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restored by activation of Akt-FoxO signaling.
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(Background: mTORC?2 is an insulin-stimulated kinase that activates kinases such as Akt.
Results: Hepatic mTORC2 deletion increased glucose output dependent on Akt-FoxO and blocked lipogenesis that was not

Conclusion: mTORC2-dependent factors other than Akt are critical for hepatic lipogenesis.
Significance: Understanding signals separating hepatic glucose output from lipogenesis is crucial for effective diabetes
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Mammalian target of rapamycin complex 2 (mTORC2) is a
key activator of protein kinases that act downstream of insulin
and growth factor signaling. Here we report that mice lacking
the essential MTORC2 component rictor in liver (Lrictor“©) are
unable to respond normally to insulin. In response to insulin,
Lrictor®® mice failed to inhibit hepatic glucose output.
Lrictor®® mice also fail to develop hepatic steatosis on a high fat
diet and manifest half-normal serum cholesterol levels. This is
accompanied by lower levels of expression of SREBP-1c and
SREBP-2 and genes of fatty acid and cholesterol biosynthesis.
Lrictor®® mice had defects in insulin-stimulated Akt Ser-473
and Thr-308 phosphorylation, leading to decreased phosphor-
ylation of Akt substrates FoxO, GSK-3, PRAS40, AS160, and
Tsc2. Lrictor“° mice also manifest defects in insulin-activated
mTORCI activity, evidenced by decreased S6 kinase and Lipinl
phosphorylation. Glucose intolerance and insulin resistance of
Lrictor®° mice could be fully rescued by hepatic expression of
activated Akt2 or dominant negative FoxO1. However, in the
absence of mMTORC2, forced Akt2 activation was unable to drive
hepatic lipogenesis. Thus, we have identified an Akt-independ-
ent relay from mTORC2 to hepatic lipogenesis that separates
the effects of insulin on glucose and lipid metabolism.

mTOR exists in two functionally and structurally distinct
protein complexes. mTOR complex 2 (mTORC2)* corre-
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sponds to the hydrophobic motif kinase of Akt (1) and other
AGC family protein kinases such as serum and glucocorticoid-
induced kinase (Sgk) and protein kinase C (PKC) (2-5). Thus,
mTORC?2 has been implicated in insulin signaling and is poised
to regulate multiple metabolic and physiologic processes.

Targeted deletion of mTORC1 and mTORC2 subunits in
mice has expanded our understanding of the complex roles for
mTOR in mammalian metabolism. Fat, muscle, and pancreatic
B cell-specific Raptor (mTORC1) and Rictor (mTORC2)
knock-out mice indicate a role for both complexes in insulin
signaling and production (6 —10). The liver is an important site
of mTOR action, as modulation of mTORC]1 in liver leads to
alteration in fatty acid oxidation, synthesis, and ketone body
production (11, 12).

The serine/threonine protein kinase Akt (also known as
PKB) is critical for transduction of insulin and growth factor
signaling downstream of PI3-kinase (13). Mammals possess
three Akt isoforms. Akt2 is the major hepatic isoform involved
in insulin action in the liver (14, 15). Akt is central to the ability
of insulin to inhibit gluconeogenesis and stimulate hepatic lipo-
genesis (15, 16). Knock-out of Akt2 in liver impairs insulin
action on glucose and lipid homeostasis (15), and human loss-
of-function mutations in Akt2 lead to insulin-resistant diabetes
mellitus (17). Conversely, expression of constitutively active
Akt in liver mimics enhanced insulin action including
decreased hepatic glucose output and stimulation of hepatic
lipogenesis (16) and activating mutations in human Akt2 pro-
duce hypoglycemia (18). These effects are in large part due to
the ability of Akt to phosphorylate and inhibit FoxO family
transcription factors that stimulate gluconeogenic gene expres-
sion via the transcriptional coactivator PGC-la (19-21).
Hepatic knock-out of Aktl and Akt2 manifests severe hepatic
insulin resistance and increased hepatic glucose output; con-
comitant hepatic deletion of FoxO1 ameliorates these effects
(22).

Conversely, Akt may affect lipid metabolism in liver in a
FoxO-independent manner (23). The ability of Akt to potently
stimulate hepatic lipogenesis in liver is partially dependent
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upon the transcription factor SREBP-1c (16) and more largely
dependent upon mTORCI signaling through the fId gene prod-
uct Lipinl (11, 12, 24, 25). Although mTORCI1 deficiency in
liver mitigates insulin-stimulated hepatic lipogenesis, activa-
tion of mMTORCI1 alone is not sufficient to drive lipogenesis (12,
23).

Global knock-out of mTORC2 components leads to embry-
onic lethality (2, 3, 5). Here, we report deletion of the essential
mTORC?2 subunit rictor specifically in liver. Liver rictor knock-
out (Lrictor®®) mice are insulin-resistant, indicating a critical
role for hepatic mMTORC?2 in whole body glucose metabolism.
Lrictor®® mice are defective in hepatic lipogenesis, fail to
develop a fatty liver on a high fat diet, and manifest decreased
SREBP-1c transcription. We observed a 2-fold lowering of
serum cholesterol levels in Lrictor® mice and decreased tran-
scription of SREBP-2 and the genes involved in cholesterol syn-
thesis. Lrictor®® mice show decreased insulin-stimulated
phosphorylation of p70 S6 kinase and Lipin1 by mTORC1. Glu-
cose intolerance in Lrictor®® mice is suppressible by hepatic
expression of activated Akt2 or dominant negative FoxO, indi-
cating a critical role of the Akt-FoxO axis in glycemic effects of
insulin mediated through mTORC?2 signaling (15, 19). Surpris-
ingly, hepatic lipogenesis is unable to be stimulated by activated
Akt2 or dominant negative FoxO in Lrictor® mice, suggesting
the presence of Akt-independent signaling steps activated by
mTORC2 necessary for the full scope of insulin action. Thus,
mTORC?2 is the most proximal step in cellular signaling sepa-
rating the effects of insulin on glucose and lipid homeostasis
and uncouples Akt actions on glucose and lipid metabolism.

EXPERIMENTAL PROCEDURES

Animals—Mice carrying a conditional rictor allele (rictor-
[loxP/loxP)) served as controls in all experiments for Lrictor®
mice (rictor[loxP/loxP];Alb-Cre). Liver-specific rictor knock-
out mice were obtained by crossing rictor[loxP/loxP] mice
(ricF*3<nd [rjcF*3cond obtained from the mutant mouse regional
resource center) and albumin-Cre (Jackson Labs), through
male mice. Both lines were a minimum of 8 X backcrossed to
C57BL/6. Mice were maintained in central ventilated cages in a
barrier facility with 12-h light cycle control and free access to
food and water. Mice were put on both standard chow diet
(CHOW) (5008, Labdiets) or 60% kcal-fat high fat diet (HFD)
(D12492; Research Diets) at weaning at 4 weeks of age. Groups
of mice were caged individually at 5 weeks for longitudinal body
mass and food intake measurements. Separate groups were
caged in groups of 4 —5 for metabolic studies. Glucose and insu-
lin tolerance testing and hyperinsulinemic, euglycemic clamp
were conducted as described previously (26) with doses indi-
cated after 20 weeks of age. All animal procedures were
approved by Massachusetts General Hospital Subcommittee
on Research Animal Care.

Western Blotting—Radioimmune precipitation assay lysates
were prepared from insulin-stimulated tissues (vehicle injected
or 7 and 15 min after 3 units/kg insulin intraperitoneal injec-
tion) with protease and phosphatase inhibitors. Antibodies
were obtained from Cell Signaling Technology except goat
anti-rabbit-HRP conjugate (used at 1:5000 in TBST, from GE
Healthcare), and immunoblots were carried out according to
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the manufacturer’s protocols. HRP was detected using West-
Pico chemiluminescence substrate (Thermo Pierce).

Biochemical and Hormone Assays—Glucose was measured
with a glucometer specifically designed for mouse (AlphaTrak,
Abbott Animal Health). Insulin (Crystal Chemical Company),
triglyceride (Thermo), total cholesterol (Thermo), HDL
(Pointe Scientific LDL/VLDL precipitating agent), and ketones
(Cayman Chemical) were measured according to manufactur-
ers’ protocols. Tissue cholesterol and triglyceride contents were
measured enzymatically (Thermo) following Folch extraction,
and lipid mass was normalized to tissue weight and/or protein
content.

Quantitative Real-time PCR—cDNA synthesized from 25 ng
of input total RNA made with the RNAqueous-4PCR kit
(Ambion) using the Qiagen Quantiscript kit was used for input
in each qRT-PCR. We used the 2 X SYBR Green Supermix
(Bio-Rad) in a Bio-Rad CFX 96 system using 0.4 um custom
primers (see supplemental Table S1 for primer sequences and
amplicon data). All amplifications were performed in parallel
with control TBP (TATA-binding protein) primers, and results
were normalized to TBP expression across samples using the
AACt method and calculated primer efficiencies. -Fold change
(FC) is calculated as follows.

(effl C | en CYtarg Et)ACt target (control — LrictorKO)
FC = )ACtTBP(controI — LrictorkO)

(efficiencyrge (Ea. T)

Hepatic Expression of Activated Akt2 and Dominant Negative
FoxO Proteins—Activated Akt2 (activAkt) and dominant neg-
ative (DN) FoxO1 were delivered to the liver by adenoviral
transduction. Both N-terminally myristoylated and C-terminal
hemagglutinin-tagged Akt2 with mutation of hydrophobic
motif serine to glutamate, and C-terminally myc-tagged and
truncated FoxO1 ¢cDNA (myc-tagged A256), or control LacZ
was recombined into pAd-CMYV, virus was generated per the
manufacturer’s instructions with the ViraPower system (Invit-
rogen) and purified to high titer with cesium chloride gradients
(27, 28). FoxO-DN is predicted to act against FoxO family
members FoxOl, 3a, and 4. Six- to 9-month-old Rictor condi-
tional (flox/flox) or Lrictor®® animals fed chow diet were
injected via tail vein with 1 X 10'° pfu/kg LacZ, FoxO-DN, or
activAkt, and allowed to recover for 7 days before an intraperi-
toneal glucose challenge was performed as above. Blood was
collected at day 9 after transduction for determination of serum
insulin and glucose levels. Animals were sacrificed at 10 days for
determination of liver weight, triglyceride, and cholesterol
content.

Acute Rictor and Raptor Knockdown—Lentiviral delivery was
used to stably transduce HepG2 C3A cells with shRNA con-
structs corresponding to human Rictor, Raptor, or control (red
fluorescent protein). Constructs based in pLKO1 were obtained
from the Broad Institute of Harvard and MIT RNAi platform
and are commercially available from Sigma. One multiplicity of
infection of each virus was used to transduce cells for 30 min in
8 uM Polybrene (Sigma) in full medium (high glucose DMEM
plus pyruvate with 10% serum, penicillin, and streptomycin).
After 30 min, virus was removed and fresh medium added.
After 24 h cells were transferred to full medium with 2 ug/ml
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puromycin (Sigma) for selection of stable transduction and
knockdown. Knockdown was confirmed after expanding
selected cells by Western blotting. Cells were maintained after
initial 3-day selection in 0.5 wg/ml puromycin.

FoxO Luciferase Reporter Assays—HepG2 cells stably
knocked down with control shRNA or shRNA corresponding
to Rictor or Raptor were reverse transfected in 96-well optical
plates (Perkin-Elmer Life Sciences) by adding 0.6 ul of Lipo-
fectamine 2000 (Invitrogen) to 100 ng of a 40:1 mixture of 6 X
FoxO response element firefly luciferase reporter and a CMV
promoter driven Renilla luciferase to control for transfection
efficiency and cell viability (Cignal FoxO Assay;Qiagen) and
200 ng of human FoxO1l (FLAG®-FKHR, Addgene plasmid
13507) (29) in 50 pl total volume of Opti-MEM without serum
or antibiotics (Invitrogen). As a control, a separate set of wells
were transfected with 100 ng of reporter mixture plus 200 ng of
CMVp::EGFP (Addgene plasmid 13031). After 30 min of incu-
bation, 30,000 freshly trypsinized cells were added in 100 ul of
Opti-MEM (Invitrogen) containing 5% fetal bovine serum
without antibiotics. After 24 h, medium was removed and
replaced with 50 ul of p-PBS, and firefly and Renilla luciferase
assays were serially performed using the Dual-GLO assay at
room temperature according to the manufacturer’s instruc-
tions (Promega). FoxO activity is expressed as the normalized
ratio of firefly luciferase (activated by 6 X FoxO response ele-
ments) to Renilla luciferase (constitutive CMV promoter)
activity.

Statistical Analysis—Data are presented as means * S.E.
Unpaired, equal variance, two-tailed Student’s ¢ tests were used
for statistical analysis (Bonferroni-corrected for multiple
hypothesis testing when appropriate) unless otherwise noted.
p < 0.05 was considered significant.

RESULTS

Glucose Intolerance and Insulin Resistance in Hepatic
mTORC2 Knock-out Mice—We used albumin promoter-
driven Cre recombinase (30) to delete rictor in liver using a
conditional allele (31). Fasting glucose levels of Lrictor® are
unchanged compared with control mice (Fig. 14). However,
serum insulin levels were 2-fold higher in Lrictor° mice (Fig.
1B), and pancreatic islets were enlarged (Fig. 1H) indicating
insulin resistance and a compensatory increase in insulin pro-
duction and secretion. An intraperitoneal glucose challenge
indicated glucose intolerance in Lrictor® mice fed a chow diet
(Fig. 1C). Glucose intolerance of Lrictor® mice was exagger-
ated by HFD feeding (Fig. 1D). Confirming insulin resistance,
both chow- and HFD-fed Lrictor® mice were resistant to insu-
lin tolerance testing (Fig. 1, E and F). Both phase 1 and phase 2
insulin secretion in Lrictor® mice following glucose challenge
were more than double controls, demonstrating that knock-out
mice secreted insulin exuberantly in response to glucose (Fig.
1G). Despite the doubled insulin concentration, knock-out
mice were unable to maintain normoglycemia after a glucose
load (Fig. 1, C and D).

To pinpoint the site of insulin resistance, Lrictor° and con-
trol mice were subjected to hyperinsulinemic-euglycemic
clamp, where animals are held at a fixed, supraphysiologic insu-
lin level and glucose is infused adjustably to maintain nor-
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moglycemia. At base line, prior to clamp, hepatic glucose pro-
duction was equivalent between controls and knock-out mice
(Fig. 11). Upon hyperinsulinemic clamp, Lrictor®® mice failed
to suppress hepatic glucose production, where control animals
lowered production to 20% of pre-clamp values (Fig. 1/), and
the rate of glucose infusion needed to maintain normoglycemia
in Lrictor® mice was half that needed to maintain glycemia in
control mice (Fig. 1/). Rates of whole body glucose disposal,
glycolysis, and glycogen synthesis did not differ between knock-
outs and controls (Fig. 1K). Further, we found higher expres-
sion of PGC-1a and the key gluconeogenic enzyme glucose-6-
phosphatase in liver of Lrictor® mice under insulin clamp (Fig.
1L).

Decreased Triglycerides, Cholesterol, and Lower SREBP-1c
and SREBP-2 mRNA in Lrictor®® Mice—Given that insulin sig-
naling stimulates hepatic lipogenesis, we examined lipid levels
in Lrictor® mice fed chow and HFD. We noted marked
improvement in hepatic steatosis in Lrictor° mice versus con-
trol, and hepatic triglyceride content was reduced in Lrictor®
mice fed both chow and HFD (Fig. 2A). Tissue cholesterol levels
in Lrictor™? mice trended lower but were not significantly dif-
ferent from control mice (Fig. 2B). The decrease in hepatic trig-
lyceride was corroborated at the histologic level by absence of
intracellular lipid droplets in Lrictor®® mice fed HFD (Fig. 2C).
Lower triglyceride mass in Lrictor® liver was accompanied by
suppression of mRNAs encoding SREBP-1c, acetyl-CoA-car-
boxylase, fatty acid synthase, stearoyl-CoA-desaturase-1, and
cytosolic malic enzyme in Lrictor®® livers (Fig. 2D). We con-
firmed decreased protein expression of acetyl-CoA-carboxyl-
ase, the rate-limiting enzyme in fatty acid biosynthesis, by
Western blotting (Fig. 2E). A decrease in serum triglycerides
was seen in HFD-fed Lrictor® mice and a corresponding
increase in serum ketones (Fig. 2F). As insulin normally sup-
presses ketogenesis, this is another indication of hepatic insulin
resistance.

Serum total cholesterol levels and HDL were reduced ~50%
in Lrictor® mice, irrespective of diet (Fig. 2F). Measurement of
mRNAs for genes involved in sterol production or clearance
indicated that SREBP-2, the master transcriptional regulator of
cholesterol biosynthesis, was down-regulated along with a pro-
gram of cholesterol biosynthetic genes (Fig. 2G). mRNA for
apolipoprotein B, a major protein constituent of LDL choles-
terol, was reduced in the liver of Lrictor® mice, as was mRNA
for the LDL receptor, both targets of SREBP-2 (32, 33) (Fig. 2G).
It is not clear why tissue cholesterol levels are preserved in
Lrictor™ mice despite lower serum cholesterol levels (Fig. 2B).
It is possible that the relatively small pool of tissue cholesterol is
not reflective of synthetic rates or that tissue levels change to a
lesser extent than serum levels due to altered lipoprotein
metabolism. Overall, these data indicate that hepatic mTORC2
knock-out leads to decreased serum cholesterol levels and sup-
pression of SREBP-2 transcription and activity. Despite sup-
pressed hepatic lipogenesis, Lrictor®® and control mice had
equivalent body mass and food intake to 30 weeks of age when
fed either chow or HFD (60% kcal-fat) (Fig. 3).

Biochemical Defects in Insulin Signaling in Lrictor® Mice—
Rictor protein was not detected by Western blotting in the liver
of Lrictor® mice tested between 12 and 36 weeks (Fig. 44). We
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FIGURE 1. Liver rictor deletion leads to glucose intolerance and insulin resistance. A and B, fasting glucose levels and insulin levels. Six-month-old
group-caged, ad libitum chow-fed littermates (flox/flox, n = 11; and Lrictor®, n = 9) were fasted overnight. C and D, glucose tolerance tests were performed
after intraperitoneal glucose (1.0 mg/kg) injection in 28-week-old single-caged Lrictor*® (n = 10) and flox/flox controls (n = 10) fed either chow diet or 60% kcal
HFD. E and F, insulin tolerance test of 30-week-old Lrictor®® and control mice with regular human insulin (Lily) at 0.4 unit/kg intraperitoneally for mice fed chow
(E) and 0.75 unit/kg intraperitoneally for mice fed HFD (F). G, glucose-stimulated insulin secretion during glucose tolerance test (1.0 g/kg glucose intraperito-
neally), n = 7 for each group. H, hematoxylin and eosin-stained sections of Lrictor® mice fed HFD showing greater enlargement of pancreatic islets than
control mice (arrowheads). Three mice were examined for each genotype and representative sections are shown. I-L, glucose turnover and gene expression in
hyperinsulinemic euglycemic clamp study of Lrictor® and control mice (n = 6 for each group). /, basal hepatic glucose production (BHGP) and clamp hepatic
glucose production (CHGP). J, whole body glucose uptake (rate of disappearance, Rd), and glucose infusion rate (Ginf) during clamp. K, whole body glycolysis
(Gly) and glycogen synthesis (GS). L, gene expression of key gluconeogenic genes PGC-1a and glucose-6-phosphatase (G6P) after hyperinsulinemic euglycemic
clamp study. Error bars, mean £ S.E. *, p < 0.05; **, p < 0.01. AUC, area under the curve.

noted markedly lower total mTOR levels in Lrictor® livers,
despite normal Raptor levels (Fig. 44).

To investigate signaling events underlying impaired glyce-
mic control and to confirm that mTORC2 corresponds to the
hydrophobic motif kinase of Akt in vivo, we studied Akt phos-
phorylation. Lrictor®® mice have no base-line Akt hydrophobic
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motif (HM) Ser-473 phosphorylation and further fail to
undergo insulin-stimulated Ser-473 phosphorylation (Fig. 4B).
Further, phosphorylation of the Akt activation loop (A-loop)
site Thr-308 was significantly impaired in the liver of Lrictor®
mice (Fig. 4B). PDK, the PIP;-dependent protein kinase that
phosphorylates Akt on Thr-308, demonstrated equivalent pro-
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FIGURE 2. Rictor deletion in liver inhibits lipid and cholesterol synthesis
via SREBP-1c and SREBP-2, respectively. A and B, intrahepatic tissue trig-
lyceride (TG) and cholesterol levels. C, hematoxylin and eosin stain of liver of
6-month-old Lrictor® and control mice fed HFD from weaning indicating
failure to develop steatosis with loss of MTORC2. D, Rictor deletion inhibiting
hepatic expression of SREBP-1c and the program of genes involved in unsat-
urated fatty acid synthesis. Data are expressed in relative abundance to flox/
flox chow-fed mice, normalized to the abundance of TBP RNA. E, acetyl-CoA-
carboxylase (ACC) protein levels shown decreasing in parallel with mRNA
levels in Lrictor®® liver by Western blotting (WB). F, circulating triglyceride,
ketone body (B-hydroxybutyrate), total cholesterol, and HDL cholesterol lev-
els in chow- and HFD-fed Lrictor“® and control mice. G, hepatic expression of
genes that orchestrate cholesterol synthesis and homeostasis reduced by
rictor deletion in liver. Error bars, mean = S.E. *, p < 0.05; **, p < 0.01.

tein levels in Lrictor® livers and controls (Fig. 4B). Decreased
basal and insulin-stimulated phosphorylation of PKCa/8 on its
HM was also detected, indicating that PKC HM phosphoryla-
tion partially depends upon functional mTORC?2 in liver (Fig.
4B).

Decreased Akt phosphorylation on the A-loop and HM cor-
related with decreased insulin-stimulated phosphorylation of
Akt targets FoxO, PRAS40, TSC2, AS160, and GSK-33 (Fig.
4C). Loss of hepatic mTORC2 appeared to impair stability of
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hepatic FoxOs, as total FoxO1 and FoxO3a protein levels were
moderately decreased in Lrictor® livers (Fig. 4C). To confirm
that FoxO1 was more active in the setting of decreased Rictor
protein levels, we stably knocked down Rictor in hepatocytes
using shRNAs targeting rictor or raptor. We saw more than
doubling of FoxO transcriptional activity in rictor knockdown
cells as judged by a luciferase reporter driven by six tandem
FoxO response elements (Fig. 4D). No change in FoxO activity
was seen by loss of raptor (Fig. 4D). Knockdown of Rictor and
Raptor was confirmed by Western blotting (Fig. 4D, right).

Impaired Insulin-mediated Activation of mTORCI in Lric-
tor*® Liver—In Lrictor® mice we saw impairment of insulin-
stimulated p70 S6 kinase phosphorylation on its HM (Thr-389)
and Thr-421/Ser-424 (Fig. 5). A corresponding decrease in
phosphorylation of ribosomal S6 protein confirmed lower S6K
activity (Fig. 5). Phosphorylation of 4E-BP1 on all sites exam-
ined seemed to remain intact (Fig. 5), indicating selective mod-
ulation of mTOR activity by hepatic rictor knock-out. Thus, it is
possible that 4E-BP1 is more tightly linked to nutrient availabil-
ity in liver than it is to insulin signaling. Finally, a decrease in
mTORCI1-dependent insulin-stimulated Lipinl phosphoryla-
tion on Ser-106 was seen in Lrictor®® livers (Fig. 5).

Activation of Akt and Inhibition of FoxO Suppress Glycemic but
Not Lipogenic Defects in Hepatic mTORC2 Knock-out Mice—To
determine the significance of decreased Akt activation by
mTORC2, we genetically activated Akt2, the dominant hepatic
isoform (15, 21), in the livers of control and Lrictor® mice. We
activated Akt2 (activAkt) both by using an N-terminal myris-
toylation sequence and by HM substitution of Ser-474
with a glutamic acid residue, mimicking phosphorylation by
mTORC2. Both of these modifications have been previously
shown to activate Akt (16, 34).

Akt phosphorylates and inhibits FoxO in part by causing its
nuclear exclusion and sequestration by 14-3-3 proteins, and
FoxO is known to be a downstream negative effector of insulin
signaling through Akt (35), so we also determined whether
it played a critical role in the diabetogenic phenotypes of
Lrictor®® mice. As all three FoxO isoforms are expressed in
liver, FoxO1, FoxO3a, and FoxO4, we attempted to inactivate
effects of all three FoxOs by hepatic expression of a truncated,
dominant negative form of FoxO1 (FoxO-DN) (36).

Glucose levels in activAkt;Lrictor° and FoxO-DNjLrictor®
mice returned to that of control animals following an intraperi-
toneal glucose challenge (Fig. 6A). Serum insulin levels in
Lrictor® mice expressing hepatic activAkt and FoxO-DN also
returned to normal (Fig. 6B).

However, in contrast to glycemic phenotypes, forced hepatic
expression of activated Akt2 or FoxO-DN failed to stimulate
hepatic triglyceride accumulation and raise serum triglyceride
levels in Lrictor® mice versus controls (Fig. 6C). A modest
increase in liver weight was seen with FoxO-DN and activAkt in
Lrictor® livers (Fig. 6D), but not an increase in hepatic triglyc-
eride content (Fig. 6E). Full activation of Akt in Lrictor®® and
control livers was confirmed by equal and robust activAkt-me-
diated phosphorylation of FoxO and Akt targets GSK-38,
PRAS40, and Tsc2 (Fig. 6F). In contrast, we failed to see equiv-
alent activation of mMTORCI in Lrictor® mice. ActivAkt stim-
ulated mTORCI1 to phosphorylate of S6K, ribosomal S6 pro-
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tein, and 4EBP-1 at Thr-70 in control livers and to a lesser
extent or not at all in Lrictor® mice (Fig. 6G).

DISCUSSION

In summary, we find that hepatic mMTORC2 regulates glu-
cose, lipid, and cholesterol homeostasis. nTORC2 inactivation
affects signaling through Akt and FoxO, which entirely explains
defects in glucose metabolism downstream of insulin signal-
ing. However, we demonstrate that genetic inactivation of
mTORC2 renders activated Akt incapable of stimulating
hepatic lipogenesis and prevents development of hepatic stea-
tosis during high fat feeding (Fig. 7). Thus, the effects of Akt on
hepatic glucose and lipid metabolism are separable by different
outputs of mMTORC2.

Loss of Rictor in liver leads to complete loss of Akt phosphor-
ylation at the HM, and diminution of PKCa/B phosphorylation
on the HM (1, 37). However, what was unexpected was that loss
of mTORC?2 also reduced PDK-dependent phosphorylation of
Akt on the A-loop. Thus, in liver, unlike in mouse embryonic
fibroblasts or cells in culture (1-3, 5), A-loop phosphorylation
is either dependent upon HM phosphorylation, or loss of
mTORC?2 function impairs PDK-dependent phosphorylation
of Akt in a manner independent of the HM.

Genetic inactivation of mTORC2 leads to hepatic insulin
resistance. Lrictor® mice fail to suppress hepatic glucose out-
put and show double normal fasting and glucose-stimulated
insulin levels. We suspect that higher insulin levels in Lrictor®
mice facilitate glucose disposal in the periphery, which remains
insulin-sensitive. During insulin clamp, Lrictor® mice failed
to respond to hyperinsulinemia, leading to hepatic glucose out-
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put that equals that in the fasted animal. In the hyperinsuline-
mic state, expression of key gluconeogenic genes was increased,
suggesting that the mechanism of increased hepatic glucose
output in Lrictor®® mice is by inappropriately elevating
gluconeogenesis.

Gluconeogenic gene expression is regulated by insulin sig-
naling through Akt and subsequent phosphorylation and inhi-
bition of the FoxO transcription factors. Glucose intolerance
and elevated hepatic glucose production in double Aktl;Akt2
hepatic knock-out mice is rescued by concomitant loss of func-
tion in FoxO1 (22). This is concordant with our observation
that either by expression of activated Akt or dominant negative
FoxO1, we fully restored glucose sensitivity and normalized
insulin levels in Lrictor® mice. This argues that insulin-depen-
dent regulation of hepatic glucose homeostasis via mTORC2 is
principally through Akt-FoxO. As our FoxO-DN is expected to
mitigate activity of all FoxOs, our results do not indicate which
hepatic FoxO family member, 1, 3a, or 4, is responsible for
mediating increased hepatic glucose output in Lrictor® mice.
Although mTORCI1 activity is decreased in our mTORC2
hepatic knock-out, we conclude that excess hepatic glucose
production is the consequence of deranged signaling of
mTORC2 to Akt-FoxO and not due to decreased mTORC1
activity because (i) in our data, knockdown of rictor and not
raptor increased FoxO activity in hepatocytes; (ii) hepatic rap-
tor knock-out mice do not show glucose intolerance (11, 12, 24);
and (iii) short term rapamycin treatment, which inhibits
mTORC1 selectively, inhibits fasting-refeeding induced
lipogenic but not gluconeogenic gene expression (25, 38).
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FIGURE 4. Requirement of Rictor for normal hepatic insulin signal trans-
duction. A, lysates from livers of 12-week-old Lrictor® and control mice were
blotted for Rictor, mTOR and Raptor. Band C, livers were collected at 7 and 15
minutes after intraperitoneal insulin (3 units/kg) or vehicle injection in
24-week-old chow- or HFD-fed mice. The results shown are representative of
four sets of immunoblots, n = 4 mice analyzed for each condition and time
point. B, Akt phosphorylation was eliminated at Ser-473 and blunted at Thr-
308 by liver-specific rictor deletion. Total PDK levels were preserved. PKC
phosphorylation at the HM site Ser-660 was reduced. C, decreased Akt acti-
vation in Lrictor® mice was evident by lower phosphorylation of phospho-
FoxO-T32, phospho-PRAS40-T246, phospho-AS160-T642, phospho-TSC2-
T1462, and phospho-GSK3B-S9. D, FoxO transcriptional activity was
measured by a FoxO response element luciferase reporter. HepG2 cells with
stable lentiviral knockdown of red fluorescent protein (control), Rictor (two
different hairpins), or Raptor were transfected with a 6X tandem FoxO
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FIGURE 5. Defects in insulin-stimulated mTORC1 activation in Lrictor®
mice. Total protein lysates were prepared as in Fig. 4. Phospho-p70 S6K-T389,
phospho-p70 S6K-T421/S424, phospho-56-5235/236, and phospho-Lipin1-
S106 were decreased in Lrictor“® mice fed chow and HFD. Phospho-4E-BP1-
S65 phospho-4E-BP1-T37/46 appeared to be refractory to loss of mMTORC2.

During the preparation of this manuscript, Lamming et al.
demonstrated that long term treatment of rapamycin, which
disrupts both mTORC1 and mTORC?2 (39), mediates insulin
resistance leading to hyperglycemia via disruption of
mTORC2 and not mTORCI1 (40), a finding concordant with
our results.

Lrictor®® mice have lower hepatic triglyceride levels, lower
serum triglyceride levels, and lower serum cholesterol levels.
This is accompanied by a lowering of mRNAs for the key lipo-
genic and cholesterogenic transcription factors SREBP-1c and
SREBP-2, respectively (41). Because of the quality of commer-
cially available antibodies, we were unable to show decreased
nuclear SREBP-1c or SREBP-2 in Lrictor®® livers. However,
decreased mRNAs for well established SREBP transcriptional
targets acetyl-CoA-carboxylase-1, fatty acid synthase, stearoyl-
CoA-desaturase-1, and malic enzyme correlate highly with
decreased SREBP-1 activity (32, 33).

Our data agree with prior observations that hepatic triglyc-
eride accumulation is dependent upon activation of Akt in liver
(15, 16). However, our results suggest that activation of Akt
alone is insufficient to activate lipogenesis in Lrictor®® mice.
Given that we observed failure to activate mTORC1 by insulin
and by activated Akt in mTORC2-deficient liver, one possibility
is that lipogenesis requires mTORC2 to fully and indepen-
dently activate both Akt and mTORCI1 (Fig. 7). Data in support
of this model have recently emerged from elegant loss-of-func-
tion models (23). Further, hepatic loss of function of mMTORC1
leads to protection against hepatic steatosis and excess choles-
terol synthesis stimulated by HFD feeding (11, 12). These

response element luciferase construct and a control CMV-Renilla luciferase
reporter as well as human FoxO1 or EGFP control. Transcriptional activity was
expressed as the normalized ratio of inducible FoxO response element activ-
ity to control, constitutive, noninducible CMV-Renilla luciferase activity.
Knockdown was verified by Western blotting (right). A second control,
shLacZ, significantly slowed cell growth, preventing sufficient expansion for it
to be transfected and used in reporter assays. n = 3. Error bars, mean = S.E.
Significance by one-way ANOVA. NS, not significant.
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FIGURE 6. Hepatic expression of activated Akt2 and dominant negative
FoxO in Lrictor®® mice separates insulin-stimulated glucose and lipid
metabolism. A, response of Lrictor® mice to an intraperitoneal glucose chal-
lenge was normalized by hepatic expression of activAkt or FoxO-DN versus
control (LacZ). B, insulin levels returned to control levels following hepatic
expression of activAkt or FoxO-DN. C, serum triglyceride (TG) levels were qua-
drupled in control flox/flox mice with hepatic activAKT expression but
unchanged in Lrictor® mice. No effect of FoxO-DN expression was seen in
control or Lrictor®® mice. D, liver weight increased only modestly in Lrictor®
mice with activAkt or FoxO-DN, and this increase was significantly lower than
that seen in control flox/flox mice. E, despite a small increase in liver size, no
increase in hepatic triglyceride content was seen in Lrictor® animals versus
controls. Control mice had a 4-fold increase in hepatic triglyceride content
with activAkt expression. F, both control and Lrictor® mice had robust phos-
phorylation of activAkt on Thr-308 and Akt targets FoxO, GSK-33, PRAS40,
and Tsc2. G, despite full Akt activity toward other targets, slightly lower activ-
ity of mTORC1 was seen in Lrictor®® livers with activAkt relative to control.

effects may be due to loss of mMTORCI1-mediated Lipinl phos-
phorylation, which serves to activate SREBP-1c (24). Indeed in
Lrictor® livers treated with insulin, we see decreased phos-
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FIGURE 7. Model of metabolic effects of hepatic mTORC2 knock-out. Nor-
mally, mTORC2 serves to support Akt activity and thereby suppress hepatic
glucose output and stimulate hepatic lipogenesis via HM phosphorylation
and by facilitating PDK-mediated A-loop phosphorylation (left). When
mTORC2 is lost, Akt is no longer activated, hepatic glucose output is
increased, and hepatic lipogenesis is suppressed (middle). In hepatic nTORC2
knock-out mice, forced Akt activation can suppress hepatic glucose output
but no longer increases lipogenesis, indicative of mTORC2 outputs that
increase lipogenesis in parallel with Akt (right).

phorylation of Lipinl on Ser-106, indicative of decreased
mTORCI activity.

Our results strongly argue, irrespective of whether mTORC1
is involved, that without functional mTORC2, activated Akt is
unable to fully activate lipogenesis (Fig. 7). We show that genet-
ically delivered activated Akt has full activity toward its usual
substrates FoxO, Tsc2, PRAS40, and GSK-38, and drives lipo-
genesis fully in control livers. This invokes additional outputs of
mTORC2, other than Akt, that are important for normal
hepatic lipid metabolism. Two possibilities are an additional
communication of mMTORC2 to mTORCI1 independent of Akt
or an output of mTORC2 that regulates lipid metabolism in
parallel to Akt and mTORC]I. Further experiments are needed
to clarify these possibilities.

We suggest that mTORC2 is the highest branch-point in
hepatic insulin signaling that is able to separate the stimulatory
effects of insulin on lipogenesis from suppression of gluconeogen-
esis. mTORC2 activity could be selectively modulated to suppress
gluconeogenesis and simultaneously suppress lipogenesis, allow-
ing for better therapy of type 2 diabetes mellitus, which is fre-
quently complicated by hepatic steatosis. Better understanding of
how mTORC2 signals might allow effective therapies for diabetes,
steatohepatitis, and hypercholesterolemia.
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