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Abstract Signaling mediated by the mechanistic target of
rapamycin (mTOR) is believed to play a critical and positive
role in adipogenesis, based on pharmacological evidence
and genetic manipulation of mTOR regulators and targets.
However, there is no direct genetic evidence for an autono-
mous role of mTOR itself in preadipocyte differentiation.
To seek such evidence, we employed a conditional knock-
down approach to deplete mTOR in preadipocytes. Surpris-
ingly, while knockdown of S6K1, a target of mTOR, impairs
3T3-L1 preadipocyte differentiation, reduction of mTOR
levels leads to increased differentiation. This enhanced adi-
pogenesis requires the remaining mTOR activity, as mTOR
inhibitors abolish differentiation in the mTOR knockdown
cells. We also found that mTOR knockdown elevates the lev-
els of CCAAT/enhancer-binding protein o (C/EBPa) and
peroxisome proliferator-activated receptor v (PPARYy). Fur-
thermore, partial reduction of mTOR levels alleviates inhi-
bition of Akt by mTORCI via IRS1, while at the same time
maintaining its positive input through mTORCI into the adi-
pogenic program. The greater sensitivity of the IRS1-Akt
pathway to mTOR levels provides a mechanism that explains
the net outcome of enhanced adipogenesis through PPARy
upon mTOR knockdown.lll Our observations reveal an un-
expected role of mTOR in suppressing adipogenesis and
suggest that mTOR governs the homeostasis of the adipo-
genic process by modulating multiple signaling pathways.—
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The adipose tissue is central to lipid metabolism, insulin
actions, and energy homeostasis. Adipogenesis is regu-
lated by a gene expression program under the control of a
network of transcription factors, including the CCAAT/
enhancer-binding proteins C/EBPB, C/EBP3, C/EBPa
and peroxisome proliferator-activated receptor y (PPARYy)
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(1-3). Extracellular signals induce the expression of C/
EBPB and C/EBPS in preadipocytes, which in turn acti-
vates the expression of PPARy and C/EBPa. Subsequently,
PPARy and C/EBPa form a positive feedback loop to en-
hance and maintain their expression, resulting in activa-
tion of adipogenic genes required for adipocyte formation,
function, and maintenance of the terminally differenti-
ated state (1-3). A multitude of signals and pathways impinge
on the PPARY-C/EBPa module to regulate adipogenic dif-
ferentiation, among which Akt, a major effector of the in-
sulin/IRS/PI3K pathway, activates this module via several
mechanisms (4).

The mechanistic target of rapamycin (mTOR), a pro-
tein kinase conserved from yeast to mammals, is an essen-
tial regulator of a wide range of cellular and developmental
processes, from cell growth, to cell proliferation, to cell
survival, to various types of cellular differentiation and em-
bryogenesis (5—7). mTOR governs cellular functions and
cell fates by assembling distinct signaling complexes and
pathways that integrate signals from nutrient availability,
cellular energy levels, and growth factors. There are two
biochemically and functionally distinct mTOR complexes,
mTORCI and mTORC2, which mediate rapamycin-sensi-
tive and rapamycin-insensitive signaling of mTOR, respec-
tively (7, 8), although extensive crosstalk exists between
the two complexes (9). The best-characterized substrates
of mTORCI are two regulators of translation initiation: ri-
bosomal S6 kinase 1 (S6K1), a positive regulator, and
eukaryotic initiation factor 4E binding protein (4E-BP), a
negative regulator, both critically involved in mTOR regu-
lation of cell growth and proliferation (6, 10).

Abbreviations: 4E-BP, eukaryotic initiation factor 4E binding pro-
tein; C/EBP, CCAAT/enhancer-binding protein; mTOR, mechanistic
target of rapamycin; PPARvy, peroxisome proliferator-activated recep-
tor vy; S6K1, ribosomal S6 kinase 1.
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The involvement of mTOR signaling in adipogenesis and
lipid metabolism has been well recognized in recent years
(11). In particular, a positive role of mTOR in adipogenesis
has long been implicated by rapamycin inhibition of preadi-
pocyte differentiation (12-14). Previously we demonstrated
in 3T3-L1 cells that rapamycin-sensitive mTOR signaling con-
trols preadipocyte differentiation by regulating PPARy activ-
ity in response to amino acid sufficiency (15). It has also been
reported that constitutive activation of mMTORCI via deletion
of Tuberous sclerosis 2 (Tsc2) in MEF cells leads to enhanced
adipogenic differentiation (16). Genetic studies in mice have
revealed the involvement of S6K1 and 4E-BP in lipid metabo-
lism and adipogenesis. Systemic deletion of S6kI in mice is
reported to protect the animals against aging- and diet-
induced obesity, owing to enhanced B oxidation (17). Further-
more, S6K1 is necessary for the lineage commitment to early
adipocyte progenitors in mice (18). On the other hand, the
combined systemic disruption of 4ebpl and 4ebp2in mice in-
creases the animal’s sensitivity to dietinduced obesity, due to
increased adipogenesis, reduced lipolysis, and enhanced fatty
acid reesterification in the adipose tissue (19). While these
studies provide genetic evidence indicating a positive role for
mTORCI signaling in adipogenesis, they may be confounded
by systemic effects of the gene deletions, as mTORCI is
known to also function in the central nervous system to regu-
late energy balance (20-22). The adipose-specific knockout
of raptor, resulting in reduced fat accumulation in mice (23),
confirms an autonomous, and indispensable, function of
mTORCI in adipogenesis.

In seeking direct genetic evidence for an autonomous role
of mTOR in preadipocyte differentiation, we employed a
conditional knockdown system to deplete mTOR. Unexpect-
edly, our study uncovered a function of mTOR in the
negative regulation of adipogenesis. While an mTOR-S6K1
pathway is required for preadipocyte differentiation by regu-
lating PPAR'y activity as we previously reported (15), mTOR
also keeps the extent of adipogenic differentiation in check
by suppressing the expression of PPARy, most likely through
mTORCI inhibition of IRS1 and Akt activation.

MATERIALS AND METHODS

Antibodies and other reagents

All primary antibodies were from Cell Signaling Technology
(MA), except anti-tubulin antibody (Abcam) and anti-C/EBP anti-
body (Santa Cruz Biotechnology). All secondary antibodies were
from Jackson ImmunoResearch Laboratories, Inc. Collagenase D
was from Roche. Adenoviruses expressing Cre or luciferase were
obtained from the Gene Transfer Vector Core at the University of
Iowa. All cell culture media and reagents were from Invitrogen.
AKkti (Akt inhibitor VIII, isozyme-Selective, Akti-1/2) was from Cal-
biochem. Torinl was a generous gift from Dr. David Sabatini
(HHMI, MIT). All other reagents were from Sigma-Aldrich.

Cell culture

The 3T3-L1 preadipocytes were maintained at 37°C in 5% CO,
in DME containing 4.5 g/1 glucose and 10% fetal bovine serum
(referred to as M-1). For differentiation, the cells were grown to
confluence in M-1 and maintained in M-1 for 2 more days before

switching to M-2 medium (M-1 plus 1.5 pg/ml insulin, 0.5 mM
IBMX, and 1.0 pM dexamethasone). After 48 h, the medium was
replaced by M-3 (M-1 plus 1.5 pg/ml insulin), and differentia-
tion was allowed to proceed in M-3 for 6-8 days.

Lentivirus-delivered Cre/Lox-mediated shRNA
expression
The pSico lentiviral vector was a generous gift from Drs. T. Jacks

(MIT) and A. Ventura (Sloan Kettering Cancer Center) (24). Using
the PSICOLIGOMAKER program developed by the Jacks labora-
tory, the following target sequences for shRNAs were identified
and cloned into pSico via Hpal and Xhol sites: mMTOR-shRNAI,

“GGAGTCTACTCGCTTCT AT; mTOR-shRNA2, 5-GCATCATT-
CACCCAATAGT; S6K1-shRNA1, 5-GGAGTTTGGG AGCATTAAT;
S6K1-shRNA2, 5-GGAAGATATTTGCCATGAA. Lentiviruses were
packaged in 293T cells as previously described (25). The 3T3-L1
preadipocytes were infected with the shRNA-carrying lentiviruses,
and GFP-positive cells were enriched by cell sorting and then cul-
tured for differentiation. At the time of switching from M-1 to M-2
medium, the cells were infected by adenoviruses expressing Cre or
luciferase at MOI of 50.

Oil Red O staining and lipid content assay

Oil Red O staining to examine lipid contents was performed as
reported (26) with minor modifications. Briefly, 3T3-L1 adipocytes
were washed with PBS, fixed in 10% formalin for 2 h, and stained
with 0.2% (w/v) Oil Red O solution in 60% (v/v) isopropanol for
10-60 min. Cells were then rinsed with water and air-dried at room
temperature. The stained cells were examined under a microscope
(DMI 4000B; Leica) with a 10x dry objective (Fluotar, numerical
aperture 0.4; Leica), and the bright-field images were captured at 24
bits at room temperature using a camera (RETIGA EXi; Q-Imaging)
equipped with Q-Capture Pro51 software (Q-Imaging). The images
were then processed in Photoshop CS5 (Adobe), where brightness
and contrast were adjusted. To determine lipid contents, isopropa-
nol (0.5 ml per well of 24-well plate) was added to the stained cells
to extract the dye, and the solution was transferred to a 96-well plate
and measured by a spectrophotometer at 492 nm.

Western blotting

Cultured cells were lysed in MIPT buffer (20 mM Tris-HCI at
pH?7.5, 0.1 mM NazVO,, 25 mM NaF, 25 mM glycerophosphate,
2 mM EGTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl
fluoride, 0.3% Triton X-100). The lysates were mixed at 1:1 with
Laemmli sample buffer and boiled before resolving on SDS-
PAGE and transferring onto polyvinylidene fluoride membrane
(Millipore). Primary antibody incubations followed manufactur-
ers’ recommendations. Detection of horseradish peroxidase-con-
jugated secondary antibodies was performed with Western
LightningTM Chemiluminescence Reagent Plus (PerkinElmer),
and images were developed on X-ray films.

Quantitative RT-PCR

Total RNA was isolated from differentiating 3T3-L1 cells using
Trizol (Invitrogen). cDNA was synthesized from 1 pg RNA using
qScript cDNA synthesis kit (Quanta Biosciences), followed by
quantitative PCR with StepOne Plus (Applied Biosystems). The
36B4 gene was used as a reference to obtain relative fold change
for target samples using the comparative C; method. Prevali-
dated mouse LPL, FAS, and PPAR+y primers were purchased from
Qiagen (QuantiTect Primer Assays).

Statistical analysis

All data are presented as mean + SD. Whenever necessary, sta-
tistical significance of the data comparison was analyzed by per-
forming one-sample #test.
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RESULTS

S6K1 is required for 3T3-L1 preadipocyte differentiation

Systemic deletion of S6K1 in mice protects the animals
against obesity (17, 18). To examine whether S6K1 might
be directly involved in adipogenic differentiation in a cell-
autonomous manner, we aimed to knock down S6K1 in
the mouse 3T3-L1 preadipocytes. Because S6KI1 is impor-
tant for cell growth and proliferation and because 3T3-L1
differentiation requires cell proliferation both before in-
duction of differentiation and at the clonal expansion
stage, specific assessment of the role of S6KI1 in differentia-
tion would require knockdown of the gene in confluent
and cell-cycle-arrested cells. Thus, we utilized a Cre/
lox-controlled shRNA expression system (pSico) (24), in
which a desired shRNA can only be expressed when a
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cDNA insertion separating the U6 promoter and the shR-
NA-encoding sequence is eliminated by Cre-dependent
recombination (Fig. 1A). The pSico vector carrying a spe-
cific sShRNA was first stably introduced into 3T3-L1 preadi-
pocytesvialentivirusinfection. At the time of differentiation
induction, the cells were infected with an adenovirus ex-
pressing Cre recombinase. An adenovirus expressing
luciferase was used as the control for all comparisons,
eliminating any potential complication of viral effects. Ef-
fective S6K1 knockdown was observed 3 days later (data
not shown) and sustained for at least 6 days thereafter
(Fig. 1B), which was accompanied by a decrease in the ex-
pression level of the adipocyte-specific fatty acid binding
protein aP2, a terminal differentiation marker. As shown
by Oil Red O staining (Fig. 1C), fat accumulation was drasti-
cally suppressed in S6K1 knockdown cells. Two independent
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S6KI1 is required for 3T3-L1 preadipocyte differentiation. (A) Diagrammatic depiction of Cre-

induced activation of shRNA expression utilizing the pSico lentiviral vector. (B) 3T3-L1 preadipocytes were
infected with two independent pSico-S6K1-shRNA lentiviruses (shS6KI1-1 and shS6K1-2). GFP-positive cells
were collected by cell-sorting and then infected with adenovirus expressing Cre or luciferase (Luc), at the
time of initiating differentiation. After 6 days of differentiation, the cells were lysed and subjected to Western
analyses. (C) Cells as described in (B) were fixed and stained with Oil Red O. Scale bar: 50 pm. (D) 3T3-L1
cells were induced to differentiate for 8 days, with the S6K1 inhibitor PF4708671 (30 pM) added 2 days be-
fore differentiation (Day —2) or on Day 0, 2, or 4 of differentiation. Data shown are representative of 3—4

independent experiments.
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shRNAs targeting S6K1 yielded similar outcomes, validat-
ing the specificity of knockdown. These results are consis-
tent with an important cell-autonomous function for S6K1
in adipogenesis.

To further determine at which stage S6K1 is necessary for
adipogenic differentiation, we examined the effect of an
S6K1-specific inhibitor, PF-4708671 (27), which was added
to the differentiation medium at the clonal expansion stage
(2 days before switching to differentiation medium), or 0, 2,
or 4 days of differentiation. The effectiveness of S6KI1 inhi-
bition was confirmed by the nearly complete loss of phos-
phorylation of S6, whereas as expected, phosphorylation of
S6K1 (by mTOR) was unaffected (Fig. 1D). Interestingly,
this S6K1 inhibitor suppressed the expression of aP2 to a
similar extent under all conditions after 8 days of differen-
tiation, even when the inhibitor treatment started on Day 4
of differentiation (Fig. 1D). This observation not only con-
firms the S6K1 knockdown phenotype but also suggests that
S6KI1 may play a role in sustaining differentiation.

Partial depletion of mTOR enhances 3T3-L1
preadipocyte differentiation

Rapamycin potently inhibits 3T3-L1 differentiation when
added after the clonal expansion phase (12, 14, 15), suggest-
ing that mTOR plays a key role in a later stage of adipogenic
differentiation. To seek genetic evidence for this specific
mTOR function separately from the expected role of mMTOR
in cell proliferation and clonal expansion, we used the same
knockdown approach as described above for S6K1. Two inde-
pendent lox-flanked shRNA sequences targeting mTOR
were introduced into 3T3-L1 cells via pSico-based lentiviral
infection, and the knockdown was activated by adenovirus-
delivered Cre expression at the time of differentiation induc-
tion. Unexpectedly, mTOR knockdown enhanced, rather
than reduced, lipid droplet formation in these cells, as shown
by Oil Red O staining and its quantification, and this was ob-
served with both shRNAs (Fig. 2A, B). Furthermore, the
knockdown of mTOR was accompanied by a reduction of
phosphorylation on T389 of S6K1 and S65 of 4E-BP1 (both
mTOR ssites) and by a clear increase of the adipogenic marker
aP2 expression (Fig. 2C). These observations suggest that,
contrary to the widely accepted notion, mTOR may have a
negative role in regulating adipogenesis.

Importantly, adipogenic differentiation in mTOR knock-
down cells, as indicated by the lipid content (Fig. 3A) and
aP2 expression (Fig. 3B), was abolished by rapamycin as
well as by Torinl, a specific inhibitor of mTOR kinase (28).
This suggests that differentiation in the cells with reduced
mTOR expression was not through any mTOR-indepen-
dent compensatory pathway and that the residual mTORC1
activity in the knockdown cells was required for differentia-
tion. Of note, phosphorylation of S6KI1 remained at a sub-
stantial level in mTOR knockdown cells, and itwas abolished
by Torinl or rapamycin treatment (Fig. 3B), which is con-
sistent with S6K1 being essential for adipogenic differentia-
tion. Taken together, our results imply a dual function for
mTOR in adipogenesis: mTOR may suppress the extent of
differentiation and at the same time play an indispensable
role in supporting differentiation.
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Fig. 2. Partial depletion of mTOR enhances 3T3-L.1 preadipo-
cyte differentiation. 3T3-L1 preadipocytes were infected with two
independent pSico-mTOR-shRNA lentiviruses (shmTOR-1 and
shmTOR-2). GFP-positive cells were collected by cell-sorting and
then infected with adenovirus expressing Cre or luciferase (Luc),
at the time of initiating differentiation. After 6 days of differentia-
tion, the cells were either (A) fixed and stained with Oil Red O
(scale bar: 50 pm) and (B) quantified for lipid contents or (C) ly-
sed and subjected to Western analyses. Representative results of
three independent experiments are shown in (A) and (C), and the
average results are shown in (B) with error bars representing stan-
dard deviation. One-sample ttests were performed. *P < 0.05.

mTOR depletion upregulates PPARy and the adipogenic
transcriptional program

We examined the expression of adipogenic genes in
3T3-L1 adipocytes and found that mTOR knockdown
resulted in significantly elevated levels of C/EBPa and
PPARvy (Fig. 4A), both key transcription factors control-
ling the adipogenic gene expression program. The expres-
sion of C/EBP@, an upstream regulator of C/EBPa and
PPARY, remained unchanged (Fig. 4A). Furthermore, the
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Fig. 3. Inhibitors of mTOR abolish adipogenic differentiation in

mTOR knockdown cells. 3T3-L1 preadipocytes were infected with
pSico-mTOR-shRNA lentivirus (shmTOR-1). At the time of initiat-
ing differentiation, the cells were infected with adenovirus express-
ing Cre or luciferase (Luc), and then Torin1 (200 nM) or rapamycin
(200 nM) was added to the media. After 8 days of differentiation,
the cells were either (A) stained with Oil Red O and quantified for
lipid contents or (B) subjected to Western analysis. Representa-
tive results of three independent experiments are shown in (B) and
the average results are shown in (A) with error bars representing
standard deviation. One-sample ttests were performed. *P < 0.05,
*#P<0.01.
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Fig. 4. mTOR depletion increases PPARy and C/EBPa levels and adipogenic gene expression. (A) 3T3-L1
preadipocytes were infected with pSico-mTOR-shRNA lentiviruses (shmTOR-1 and shmTOR-2), followed by
infection with adenovirus expressing Cre or luciferase (Luc) at the time of initiating differentiation. After 6
days of differentiation, cells were lysed and analyzed by Western blotting. (B) Cells treated as in (A) were
subjected to RNA isolation and quantitative RT-PCR. The average results of three independent experiments
are shown with error bars representing standard deviation. One-sample ttest was performed to compare Cre
virus-infected to Luc virus-infected cells for each gene. ¥*P< 0.05. (C) Cells were infected with shS6KI1 viruses
and then treated as in (A), followed by Western analysis of cell lysates.

mRNA expression levels of PPAR+y and the lipogenic genes
lipoprotein lipase (LPL) and fatty acid synthase (FAS)
were also significantly increased in mTOR knockdown
cells (Fig. 4B). These results are consistent with an upreg-
ulated adipogenic gene expression program and indicate
a negative role of mTOR in modulating this program.

On the other hand, S6KI1 knockdown dampened C/
EBPa and PPARYy expression (Fig. 4C). Previously we re-
ported that rapamycin impairs adipogenic differentiation
of 3T3-L1 cells by inhibiting PPARY transcriptional activity
and, subsequently, PPARy and C/EBPa expression (15).
The knockdown of S6K1 mirrored the effect of rapamycin,
suggesting that S6K1 may mediate mTOR function in the
positive regulation of PPARy and adipogenesis. Hence,
mTOR most likely plays two opposing roles in modulating
adipogenic differentiation through PPARvy.

mTOR depletion enhances adipogenesis through
upregulation of Akt, a regulator of PPARYy

In searching for a mechanism underlying this suppressive
function of mTOR, we considered the feedback inhibition
of PI3K/Akt signaling by mTORCI, which had been well
established in various biological contexts, such as insulin ac-
tions (29). mTORCI, either directly or through S6KI, can
phosphorylate IRS1 on serine residues, resulting in IRS1
degradation and/or impairment of IRS1 signaling to PI3K/
Akt. Because Akt is a major upstream regulator of PPARy in
adipogenesis (4), we asked whether the IRS1/Akt pathway
may be a mediator of the negative function of mTOR. As
shown in Fig. 5A, phosphorylation of Akt at both Thr308
and Ser473 was clearly increased upon mTOR knockdown.
Concomitantly, IRSI phosphorylation on Ser636/639, a re-
ported mTORCI site (17, 30), was almost abolished. An-
other potential mediator of the feedback inhibition of
PI3K/Akt signaling by mTORCI is Grb10, an adaptor pro-
tein that is phosphorylated and stabilized by mTORCI1 (31,
32). However, neither phosphorylation of Grb10 nor its lev-
els changed upon partial depletion of mTOR in 3T3-L1
cells (Fig. 5A). Therefore, while IRS1 may play a role, it is
unlikely that Grb10 is involved in the negative regulation of
adipogenic differentiation by mTOR.
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To ascertain whether Akt mediates the effect of mMTOR
knockdown on adipogenesis, we treated 3T3-L1 cells with
an inhibitor of Aktl and Akt2 (Akti). As shown in Fig. 5B,
Akti completely eliminated the expression of PPARy and
aP2 in mTOR knockdown cells as well as in the control cells,
which was corroborated by a drastic decrease of lipid con-
tents (Fig. 5C). The effectiveness of the inhibitor was con-
firmed by its suppression of Akt phosphorylation (Fig. 5B)
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Fig. 5. mTOR depletion enhances adipogenic differentiation
through inhibition of IRS1 phosphorylation and activation of Akt.
(A) 3T3-L1 preadipocytes were infected with shmTOR-1 virus, fol-
lowed by infection with adenovirus expressing Cre or luciferase
(Luc) at the time of initiating differentiation. After 6 days of dif-
ferentiation, cells were lysed and analyzed by Western blotting. (B
and C) Cells were treated as in (A), and Akti (4 pM) was added to
the media at the initiation of differentiation. At the end of differ-
entiation, the cells were either (B) lysed for Western analysis or (C)
stained with Oil Red O and quantified for lipid contents. Represen-
tative results of three independent experiments are shown in (A)
and (B) and the average results are shown in (C) with error bars
representing standard deviation. One-sample ttests were performed.
*P<0.05, ¥**P<0.01.



as previously reported (33). Taken together, these results
suggest that mTORCI dampens adipogenic differentiation
by suppressing Akt activation via IRS1.

DISCUSSION

Among its myriad of cellular and developmental func-
tions, mTOR has emerged as a key regulator of lipid me-
tabolism and adipogenesis in recent years. The adipogenic
function of mTORCI in vivo is evidenced by the reduced
and increased adiposity in S6k1~/~ (17, 18) and 4ebp1/2”/~
mice (19), respectively, and by the lean phenotype of adi-
pose-specific raptor knockout mice (23). A positive regula-
toryrole of mTORin adipogenesis has also been established
in preadipocyte differentiation in vitro through the effects
of rapamycin and manipulation of the mTORCI upstream
regulator TSC2 (12-16). There has been no direct genetic
evidence for the role of mTOR itself in adipogenesis ei-
ther in vitro or in vivo. Our current study was designed to
seek genetic validation of the importance of mTOR in adi-
pogenic differentiation and, surprisingly, led to the discov-
ery of an inhibitory function of mTOR.

Revelation of the unexpected negative regulation of adi-
pogenesis by mTOR owes to the partial, instead of com-
plete, depletion of mTOR by RNAi-mediated knockdown,
which apparently removes the negative regulation while
preserving the positive regulation by mTOR. mTORCI1
most likely exerts its negative function by serine phospho-
rylation of IRS1, which leads to IRS1 inhibition and sub-
sequent suppression of Akt activation. This inhibitory
pathway has been previously established for insulin/IGF
signaling in the regulation of glucose metabolism and cell
growth (7, 29). Note that mTOR, in the form of mMTORC2,
is responsible for Ser473 phosphorylation and activation
of Akt in a wide range of cell/tissue types, including adipo-
cytes and adipose tissues (34-37). Hence, mTOR has at
least three inputs that ultimately impinge on the adipo-
genic gene expression program (Fig. 6A): i) mTORCI

regulation of PPARvy activity through S6K1; i) mTORCI1
inhibition of Akt through IRS1 phosphorylation; and ¢z)
mTORC2 activation of Akt. While many pathways have
been proposed to mediate Akt regulation of PPARYy (4),
the mechanism by which mTORCI regulates PPARYy is not
yet clear. Nevertheless, mTORCI and Akt most likely
act in parallel, and both pathways are indispensable for
PPARy activation. Both rapamycin and the S6KI1 inhibitor
PF4708671 effectively block adipogenic differentiation,
even when added to cells that are well into the differentia-
tion program (15) (Fig. 1D), which is consistent with
PPARYy playing a central role in not only initiating the adi-
pogenic program but also maintaining the terminally dif-
ferentiated state (3).

We propose that, through the aforementioned path-
ways, mTOR maintains the homeostatic state of adipogen-
esis (Fig. 6A). Upon rapamycin inhibition of mTORCI or
depletion of S6KI, the essential input from mTORCI to
PPARY is abrogated, resulting in inhibition of adipogene-
sis despite hyperactivation of Akt (Fig. 6B). However, when
the protein level of mTOR is partially reduced (as in our
knockdown experiments), the three effectors are differen-
tially affected; the remaining mTOR allows sufficient lev-
els of mTORCI for S6K1 and PPARYy activation, as well as
mTORC2 for Akt phosphorylation, but the inhibition of
IRS1 is markedly alleviated due to reduced mTORCI activ-
ity, leading to hyperactivation of Akt and a net increase
of adipogenesis (Fig. 6C). The differential responses of
mTORCI and mTORC2 to depletion of mTOR are consis-
tent with those observed by Lamming et al. in mouse liver,
where reduction of mTOR protein levels by heterozygous
deletion of the mtor gene led to decreased mTORCI activ-
ity without affecting mTORC2 signaling (38). This is also
conceptually reminiscent of the reported observations
that reducing p85a expression levels by 50% enhances
PI3K signaling and insulin sensitivity (39), whereas abla-
tion of p85a expression impairs PI3K functions (40, 41).
In that case, presumably an intermediate level of p85a re-
sults in optimal stoichiometry of the p85-pl110-IRS com-
plex and thus maximal PI3K signaling.

A B

IRS1

l

mTORCA Rap ==—{ mTORC1
PI3K

l l mTORC2 *

S6K1 Akt +—d S6K1
1 i1 ):¢

adipogenic gene expression
(homeostasis)

adipogenic gene expression
(inhibited)

IRS1 IRS1
l mTORC1 u
PI3K PI3K
! mTORC2 l Il mrore2
Akt +—J S6K1 Akt +—J
adipogenic gene expression
(enhanced)

Fig. 6. mTOR controls homeostasis of adipogenesis - a model. (A) We propose that two pathways, mTORCI-
S6K1 and PI3K-Akt, act in parallel to positively control adipogenic gene expression and differentiation. The
two pathways are not redundant; rather, each is required. In addition, mTORCI suppresses IRS1 and subse-
quently Akt, whereas mTORC2 contributes to Akt activation. The physiological levels of these players and sig-
nals maintain the homeostatic state of adipogenesis. (B) Upon rapamycin treatment or S6K1 depletion, the
mTORCI-S6K1 pathway is inhibited, and adipogenesis is blocked. (C) When mTOR is partially depleted by
knockdown, the levels of both mMTORCI1 and mTORC2 are still sufficient to signal to S6K1 and Akt, respectively.
However, reduction of mTORCI alleviates the inhibition of IRS1, leading to hyperactivation of Akt and en-
hanced adipogenic differentiation. Gray color denotes reduction of protein level or signaling strength.
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Laplante et al. recently reported that overexpression of
the mTOR inhibitor DEPTOR promotes adipogenesis in
vivo (42), which corroborates our main conclusion in this
study. Overexpression of DEPTOR is found to suppress
Ser636,/639 phosphorylation of IRS1 and enhance Akt
phosphorylation in adipocytes (42). DEPTOR is capable
of inhibiting both mTORCI and mTORC2 kinase activity
(43); hence, the differential effects of DEPTOR overex-
pression on mTORCI inhibition of Akt and mTORC2 ac-
tivation of Akt mirror those of mTOR depletion. It has also
been reported that increased dietary leucine intake coun-
ters the effects of high-fat diet on increased adiposity in
mice without affecting food intake (44), which is consis-
tent with a negative role of mTORCI in adipogenesis, as
leucine is known to activate mTORC]1 (45-47).

In conclusion, our findings underline a homeostatic role
of mTOR in adipogenesis. The level of mTOR protein and/
or activity influences the balance between adipogenesis-
promoting and adipogenesis-suppressing functions and
determines the net outcome of fat formation. These new mo-
lecular insights may contribute to the development of thera-
peutic strategies against obesity and related diseases. Bl
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