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REDD1 (regulated in development and DNA damage
responses) is essential for the inhibition of mTORC1 (mamma-
lian target of rapamycin complex) signaling pathway in response
to hypoxia. REDD1 expression is regulated by many stresses
such as hypoxia, oxidative stress, and energy depletion. How-
ever, the regulation of REDD1 expression in response to insulin
remains unknown. In the present study, we demonstrate that in
murine and in human adipocytes, insulin stimulates REDD1
expression. Insulin-induced REDD1 expression occurs through
phosphoinositide 3-kinase/mTOR-dependent pathways. More-
over, using echinomycin, a hypoxia-inducible factor 1 (HIF-1)
inhibitor, and HIF-1a small interfering RNA, we demonstrate
that insulin stimulates REDD1 expression only through the
transcription factor HIF-1. In conclusion, our study shows that
insulin stimulates REDD1 expression in adipocytes.

Mammalian target of rapamycin (mTOR)? integrates sev-
eral extrinsic signals that regulate cell growth and metabo-
lism. mTOR is present in two multiprotein complexes:
mTORCI, consisting of mTOR, Raptor, PRAS40, and
mLST8/GBL; and mTORC2, composed of mTOR, LST8/
GpBL, Rictor, mSinl, and Protor. mTORC1 regulates cell
growth through S6 kinase 1 and elF-4E-binding protein 1,
whereas mTORC2 modulates cell survival by phosphory-
lating Akt/protein kinase B. nTOR complexes are regulated
by TSC1/TCS2, a GTPase-activating protein for the Ras-
related small G protein Rheb, which regulates mTOR activa-
tion (1).
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In response to insulin and growth factors, TSC2 is phosphor-
ylated and inhibited by Akt/protein kinase B, leading to activa-
tion of mTORCI. In response to stress, TSC2 is activated by
phosphorylation through the LKB1/AMPK pathway, which
contributes to mTORCI inhibition. Several proteins are
involved in the regulation of mTORCI1 activity, such as
FKBP38, PRAS40, DEPTOR, or REDD1 (2-4).

REDD1 (for regulated in development and DNA damage
responses), also known as RTP801/Dig2/DDIT4, is required for
down-regulation of mTORC1 in response to hypoxia (5).
Indeed, REDD1 overexpression is sufficient to inhibit mTOR
activation, whereas loss of REDD1 blocks mTOR inhibition by
hypoxia. REDD1 controls mTORCI1 activity through 14-3-3
proteins. 14-3-3 proteins associate and inhibit TSC2 through
direct binding. REDD1, induced by hypoxia, associates with
14-3-3, relieving TSC2 inhibition (6).

REDD1 is up-regulated in response to many stresses such as
hypoxia, oxidative stress, endoplasmic reticulum stress, multi-
ple DNA damage stimuli, and energy depletion. Depending on
the physiological context, its transcription is controlled by sev-
eral transcription factors. Indeed, REDD1 is expressed through
hypoxia-inducible factor 1 (HIF-1), in MCF-7 cancer cells
under hypoxic condition cells (7, 8). REDD1 is also regulated by
activating transcription factor-4 in response to endoplasmic
reticulum stress (9—11), by p53 and p63 during DNA damage
(12), and by Elk-1 and CCAAT/enhancer-binding protein in
response to arsenic in keratinocytes (13).

Insulin is a potent activator of mTOR, which regulates vari-
ous physiological functions, including gene transcription, pro-
tein metabolism, cell cycle, and cytoskeleton organization.
However, sustained mTOR activation is also involved in the
development of insulin resistance. Insulin stimulates its trans-
membrane tyrosine kinase receptor, leading to the tyrosine
phosphorylation of its major substrate, IRS-1 (insulin receptor
substrate). IRS-1 is the upstream protein that controls all of the
downstream signaling pathways. One of the mechanisms
involved in the development of insulin resistance is the
decrease of the tyrosine phosphorylation of IRS-1, which is con-
comitant with an increase in its serine phosphorylation. Several
serine/threonine kinases are known to phosphorylate IRS-1
directly on serine residues, including ERK, JNK, IKKf, and
mTOR. It is crucial to understand the regulation of these
kinases to identify specific targets involved in the development
of insulin resistance (14). For this reason, we have studied the
regulation of REDD1 expression in response to insulin. We
show that insulin stimulates REDD1 expression in murine and
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FIGURE 1. Insulin induces REDD1 expression in murine and human adipocytes. 3T3-L1 adipocytes were
incubated for 16 h in normoxia (21% O,) or in hypoxia (1% O,) in absence or presence of 100 nm insulin.
A, REDD1 and 36B4 mRNA were measured by real time PCR (n = 3). B, cell lysates were analyzed by immuno-
blots with the indicated antibodies. C, human adipocytes were incubated for 16 h in normoxia (21% O,) or in
hypoxia (1% O,) in absence or presence of 100 nm insulin. The cell lysates were analyzed by immunoblots with
the indicated antibodies. D, 3T3-L1 adipocytes were stimulated for 16 h with 100 nm insulin, 100 nm insulin-like
growth factor 1 (IGFT), or 50 ng/ml fibroblast growth factor (FGF), and cell lysates were analyzed by immuno-
blots with the indicated antibodies. Representative experiments of three independent experiments are shown.

Error bars indicate +S.E. ***, p < 0.005.

human adipocytes. The expression of REDDI1 in response to
insulin is dependent on PI3K and mTOR activity and requires
the transcription factor HIF-1.

EXPERIMENTAL PROCEDURES

Materials—Insulin was obtained from Lilly (Paris, France).
Antibody to REDD1 was purchased from Proteintech (Chicago,
IL). Antibody to HIF-la (clone Hla67) was purchased from
Novus Biologicals (Littleton, CO). Antibodies to phospho-S6
kinase 1, phospho-Thr*®®-protein kinase B, phospho-Thr??*-
Tyr?** ERK1/2, and phospho-PKC substrate were purchased from
Cell Signaling Technology (Beverly, MA). Antibody to ERK2 was
purchased from Santa Cruz Biotechnology (Heidelberg, Ger-
many). Antibody to tubulin was purchased from Sigma-Aldrich.
siRNA control and two different siRNA directed against HIF-1c
(siRNA 1, s67530; and siRNA 2, s67531) were purchased from
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800 nmol/liter insulin and then for 2
additional days with DMEM and
10% fetal calf serum containing 800
nmol/liter insulin.

Human preadipocytes were ob-
tained from Biopredic (Rennes,
France) and were grown in DMEM
and Ham’s F-12 medium (Invitro-
gen) containing 15 mm HEPES, 2
mM L-glutamine, 10% fetal calf
serum (Sigma), 1% antimycotic
solution, ECGS/H-2, hEGF-5, and
HC-500 from supplement pack
preadipocyte growth medium (Pro-
mocell, Heidelberg, Germany).
They were induced to differentiate
in DMEM, Ham’s F-12, 15 mMm
HEPES, 2 mm L-glutamine, and 3%
fetal calf serum supplemented with
33 uMm D-biotin, 17 uMm panthote-
nate, 100 nMm insulin, 1 um dexam-
ethasone and for the first 3 days of
culture with 0.2 mm 3-isobutylm-
ethylxanthine (16). Cells were used
between days 2 and 7 after the end of
the differentiation protocol when the
adipocyte phenotype appeared in more than 90% of the cells.

Transfection of siRNA— After differentiation, 3T3-L1 adipo-
cytes were trypsinized, control siRNA, or siRNA directed
against HIF-1a (2 ug/2 X 10° adipocytes) were transfected
using AMAXA nucleofector according to the manufacturer’s
instructions. The cells were seeded in 12-well plates coated
with collagen IV (Sigma) and used 48 h after transfection (17).

Hypoxia Treatment—For hypoxic incubations, medium was
replaced with DMEM containing 0.5% bovine serum albumin
(w/v), and adipocytes were incubated at 37 °C for 16 h in a hypoxic
chamber (Billups-Rothenberg, Dell Mar, CA) flushed for 10 min
with gas mixture consisting of 1% O,, 5% CO,, and 94% N, as
described previously (15). For normoxic conditions, adipocytes
were incubated for 16 h at 37 °C in 95% air and 5% CO.,,.

Western Blot Analysis—Serum-starved cells were treated
with ligands, chilled to 4 °C, and washed with ice-cold phos-
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RESULTS

Insulin Induces REDDI1 Expres-
sion in Adipocytes—We have inves-
tigated the effect of prolonged insulin
stimulation on REDD1 expression in
adipocytes. Murine (3T3-L1) and
human adipocytes were stimulated
with insulin for 16 h and REDD1
mRNA, and protein levels were ana-
lyzed (Fig. 1). In 3T3-L1 adipocytes, in
normoxic conditions, insulin stimu-
lates REDD1 mRNA and protein
expression. Incubation of adipocytes
in hypoxia (1% O,) stimulates REDD1
expression. Importantly, this expres-
sion is enhanced when adipocytes are
incubated with insulin under hypoxia
(Fig. 1, A and B). In hypoxic condi-
tions, increased REDD1 expression is
correlated with an inhibition of S6K-1
phosphorylation in basal and insulin-

100

FIGURE 2. REDD1 is induced by insulin in a time- and dose-dependent manner. A, 3T3-L1 adipocytes were
stimulated with 100 nm insulin for 4, 8, or 16 h, and cell lysates were analyzed by immunoblots with the
indicated antibodies. B, 3T3-L1 adipocytes were stimulated for 16 h with increasing insulin concentrations
(from 0.1 to 100 nm), and cell lysates were analyzed by immunoblots with the indicated antibodies. Represen-
tative experiments and quantification of six independent experiments are shown. Error bars indicate =SEE. *, p <

stimulated conditions. Similar results
were observed in human adipocytes
(Fig. 10).

To test the specificity of insulin

0.05.

phate-buffered saline (140 mm NaCl, 3 mMm KCl, 6 mMm
Na,HPO,, 1 mm KH,PO,, pH 7.4), and solubilized with radio-
immune precipitation assay buffer (50 mm Tris, pH 7.5, 150 mm
NacCl, 1% Nonidet P-40, 0.1% SDS, 0.5% sodium deoxycholate, 1
mM orthovanadate, 5 mm NaF, 2.5 mm Na,P,0O., and Complete
protease inhibitor mixture (Roche Diagnostics) for 30 min at
4. °C. Lysates were centrifuged (14,000 rpm) for 10 min at 4 °C,
and the protein concentration was determined using BCA protein
assay reagent (Thermo Fisher Scientific, Brebiéres, France). Cell
lysates were analyzed by Western blotting. Immunoblots were
revealed using a Fujifilm LAS-3000 imaging system. Quantifica-
tions were realized using MultiGauge or Image] software.

mRNA Analysis—RNA was isolated from adipocytes (TRIzol;
Invitrogen), and cDNA was synthesized using Transcriptor first
strand cDNA synthesis kit (Roche Diagnostics). Relative quan-
tification of gene expression was measured by real time PCR.
The primer sets used for REDD1 were: forward, 5'-TACTG-
CCCACCTTTCAGTTG-3' and reverse, 5'-GTCAGGGAC-
TGGCTGTAACC-3'; for HIF-1a: forward, 5'-TCCATGTG-
ACCATGAGGAAA-3" and reverse, 5'-CTTCCACGTTGCT-
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action, other growth factors were
tested for their ability to stimulate
REDD1 expression. 3T3-L1 adipocytes were stimulated for 16 h
with insulin, insulin-like growth factor 1, or fibroblast growth
factor 2, and expression of REDD1 and HIF-1a was assessed by
immunoblotting. All growth factors increase HIF-la and
REDD1 expression, although to a different extent (Fig. 1D).
To characterize the expression of REDD1 in response to
insulin, a time course of induction and a dose-response curve
were performed. 3T3-L1 adipocytes were treated with insulin
for increased period of time, and REDD1 expression and phos-
phorylation of S6 kinase 1 were detected by immunoblots (Fig.
2A). REDD1 expression increases after 4 h of insulin treatment
up to 16 h. Phosphorylation of S6K-1 in response to insulin is
decreased in the presence of elevated REDDI1 protein level.
3T3-L1 adipocytes were stimulated for 16 h with increasing
amounts of insulin (ranging from 0.1 nm to 100 nm). Insulin
stimulates REDD1 expression even at physiological concentra-
tion (0.1 nm) and in a dose-dependent manner (Fig. 2B).
Insulin Stimulates REDD1 Expression through PI3K/mTOR
Pathways—To elucidate the molecular mechanisms involved in
REDD1 induction by insulin, we have investigated the implica-
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To study the implication of PKC
in the expression of REDDI in
response to insulin, we used phorbol
12-myristate 13-acetate (PMA), a
specific activator of PKC and
GFX109203X (GFX), a PKC inhibi-
tor. Human adipocytes were incu-
bated with insulin or PMA in the
absence or presence of GFX for 16 h
in normoxia or in hypoxia. PKC activ-
ity is revealed using a phospho-
PKC substrate antibody (pSub-PKC),
which detects PKC-dependent phos-
phorylation of endogenous proteins.
As shown in Fig. 3D, activation of
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FIGURE 4. Regulation of REDD1 expression in response to insulin in 3T3-L1 adipocytes. 3T3-L1 adipocytes
were incubated in normoxia (21% O,) or in hypoxia (1% O,) for 16 h in the absence or in presence of 100 nm
insulin with or without 10 um U0126, 50 um LY294002, 40 nm rapamycin, or 10 um GFX. Cell lysates were
analyzed by immunoblotting with the indicated antibodies. Quantifications of REDD1 expression obtained
from three to five independent experiments are shown. Error bars indicate +S.E. *, p < 0.05.

tion of protein kinases that are activated in response to insulin.
To this end, we have used specific pharmacological inhibitors
against ERK, PI3K, mTOR, and PKC (Fig. 3). Human adipocytes
were stimulated with insulin for 16 h in normoxia or in hypoxia
in the absence or presence of inhibitors, and REDD1 expression
was detected by immunoblotting. As previously, insulin and
hypoxia stimulate REDD1 expression, and the combination of
the two treatments led to additive effects. Inhibition of ERK
phosphorylation by U0126, a mitogen-activated protein kinase/
ERK inhibitor, does not significantly inhibit the expression of
REDD1 in response to insulin and hypoxia (Fig. 34). In contrast,
LY294002, an inhibitor of PI3K, inhibits the expression of REDD1
in response to insulin in normoxia. LY294002 does not prevent the
effect of hypoxia, but it blocked the effect of insulin on the expres-
sion of REDD1 (Fig. 3B). Rapamycin, a potent inhibitor of mTOR,
decreases the expression of REDD1 in response to insulin in nor-

1 1 PKC by PMA stimulates the phos-
phorylation of several endogenous
proteins. Moreover, PMA increases
expression of REDD1. Inhibition of
PKC activity by GFX does not inhibit
REDD1 expression induced by insulin
in normoxia as well as in hypoxia (Fig.
3D). These results suggest that in
human adipocytes, insulin stimulates
REDD1 expression through PI3K/
mTOR signaling pathways.

These inhibitors were also used in
3T3-L1 adipocytes (Fig. 4). As in
human adipocytes, the expression
of REDDI induced by insulin is
completely inhibited by the PI3K
inhibitor, LY294002 (Fig. 4A), and
partially inhibited by the mTOR
inhibitor, rapamycin (Fig. 4B).
However, in contrast to human adi-
pocytes, in 3T3-L1 adipocytes, inhibition of ERK by U0126 par-
tially inhibited the expression of REDD1 in response to insulin
in normoxia, without any significant effect in hypoxia (Fig. 4C).
Inhibition of PKC by GFX does not affect the insulin-induced
REDD1 expression, but it inhibits only the expression of
REDD1 in response to insulin in hypoxia (Fig. 4D). These obser-
vations suggest that in 3T3-L1 adipocytes, insulin stimulates
REDD1 expression through the PI3K/mTOR pathway.

Expression of REDDI in Response to Insulin Depends on
HIF-1 Transcription Factor—Expression of REDD1 has been
shown to be regulated by several transcription factors, such as
HIF-1. HIF-1 is composed of two subunits: HIF-183, which is
constitutively expressed, and HIF-1a. Activation of HIF-1 is
correlated with the level of expression of the HIF-1a subunit.
Growth factors stimulate HIF-1« translation, whereas hypoxia

FIGURE 3. Insulin stimulates REDD1 expression through PI3K/mTOR-dependent pathways in human adipocytes. Human adipocytes were incubated in
normoxia (21% O,) or in hypoxia (1% O,) for 16 h in the absence or presence of 100 nm insulin, with or without 10 um U0126 (A), 50 um LY294002 (B), 40 nm
rapamycin (C), or 10 um GFX (D). Cell lysates were analyzed by immunoblots with the indicated antibodies. Representative experiments and quantification of
REDD1 expression obtained from five to eight independent experiments are shown. Error bars indicate =S.E. * p < 0.05.
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and REDD1 protein expression was determined by immunoblotting. A repre-
sentative experiment of three independent experiments is shown. B, 3T3-L1
adipocytes were stimulated in normoxia (21% O,) or in hypoxia (1% O,) in the
absence or presence of 100 nm insulin and 20 um echinomycin for 16 h. The
cell lysates were analyzed by immunoblotting with the indicated antibodies,
and the quantification of REDD1 protein level obtained in three independent
experiments is shown. Error bars indicate £S.E. *, p < 0.05; **, p < 0.01.

inhibits its degradation through proteasome. First, we have
determined the effect of insulin on HIF-la expression in
3T3-L1 adipocytes. After insulin stimulation, cytosolic and
nuclear fractions were separated, and HIF-1a expression was
detected by immunoblots (Fig. 5). Insulin stimulates HIF-1«
and REDD1expression in response to insulin.

To investigate the implication of HIF-1 transcription factor
in the insulin-induced REDD1 expression, we have used echi-
nomycin, a HIF-1 inhibitor. Echinomycin inhibits binding of
HIF-1 to hypoxia-responsive element, which contains a
5'-ACGT-3’ sequence, but does not inhibit the accumulation of
the HIF-1a subunit (18). When 3T3-L1 adipocytes were stim-
ulated for 16 h with insulin in the absence or in presence of
echinomycin, echinomycin totally inhibited the expression of
REDD1 in response to insulin and hypoxia (Fig. 5B).
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To confirm the implication of HIF-1 transcription factor in
insulin- and hypoxia-induced REDD1 expression, 3T3-L1 adi-
pocytes were transfected with two distinct siRNAs directed
against HIF-1a. Transfection of HIF-1a siRNA (siRNA HIF-1«
1 and 2) totally inhibited HIF-1a« mRNA expression (Fig. 6A4).
Down-regulation of HIF-1« protein level is sufficient to abolish
both insulin- and hypoxia-induced REDD1 expression (Fig.
6B). These results strongly suggest that in 3T3-L1 adipocytes,
both insulin and hypoxia stimulate REDD1 expression through
HIF-1 transcription factor.

DISCUSSION

In adipose tissue, insulin regulates glucose and lipid homeo-
stasis through the stimulation of glucose transport and inhibi-
tion of lipolysis. Insulin mediates its effect by the activation of
two major signaling pathways: ERK-dependent and PI3K/
mTOR pathways (19). Activation of signaling pathways by insu-
lin has been well documented and occurs through the phos-
phorylation of IRSs. In contrast, mechanisms involved in the
down-regulation of insulin signaling are less described. In the
present study, we show that the expression of a mTOR inhibi-
tor, REDD], is induced by insulin in murine and human adipo-
cytes. Insulin-induced REDD1 expression occurs through
PIBK/mTOR signaling pathways and the activation of HIF-1
transcription factor.

Inadipocytes, insulin stimulates REDD1 expressioninadose-
dependent manner with a 1.93 * 0.4-fold increase at physiolog-
ical concentration of insulin (1 nm). This observation strongly
suggests that REDD1 could be physiologically regulated by
insulin. Its expression in response to insulin is maximal after
16 h and is maintained at least up to 24 h (data not shown).
Insulin and hypoxia have an additive effect on REDD1 expres-
sion. This synergistic effect could be because insulin and
hypoxia activate different transcription factors implicated in
REDDI1 expression. However, our results demonstrate that
both insulin and hypoxia regulate REDD1 expression through
the activation of HIF-1. Using echinomycin, an inhibitor that
prevents HIF-1 binding to specific target sequences in pro-
moter and siRNA against HIF-1«, we demonstrate that REDD1
expression induced by insulin and hypoxia is dependent on
HIF-1 transcription factor in adipocytes. These observations
suggest that HIF-1 is the only transcription factor implicated in
the expression of REDD1 in response to insulin and hypoxia in
adipocytes. Although HIF-1 has been originally described to
regulate REDD1 expression (7), other transcription factors reg-
ulate REDD1 expression such as ATF4 or C/EBP in response to
oxidative and endoplasmic reticulum stress (10, 11, 13) as well
as p53 and p63 (12) in different cell types.

The synergy between insulin and hypoxia could be explained
by the fact that they regulate HIF-1 through distinct mecha-
nisms. Indeed, it has been well demonstrated that hypoxia acti-
vates HIF-1 activity through the stabilization of the a-subunit
and the recruitment of co-activators such as p300-CBP (CREB-
binding protein) (20), whereas insulin, and more generally
growth factors, activate HIF-1 through the enhancement of
HIF-1« translation (21). Treatment with insulin under hypoxia
would induce an increase in HIF-1« translation and a stabiliza-
tion of this protein, allowing an increased activity of HIF-1 tran-
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FIGURE 6. REDD1 expression induced by insulin is dependent on the transcription factor HIF-1. 3T3-L1 adipocytes were transfected with two distinct
HIF-1a siRNA (#7 and #2) as described under “Experimental Procedures” and were incubated in normoxia (21% O,) or in hypoxia (1% O,) in the absence or
presence of 100 nm insulin for 16 h. HIF-1a mRNA was measured by real time PCR (A), and cell lysates were analyzed by immunoblotting with the indicated
antibodies. Representative experiments of at least three independent experiments are shown, as well as the quantification of several independent

experiments.

scription factor. This synergy between insulin and hypoxia has
also been observed for the regulation of the expression of apelin
(22).

The expression of REDD1 in response to insulin is dependent
on PI3K and mTOR signaling pathways because LY294002 and
rapamycin inhibit the expression of REDD1 in response to insu-
lin in both human and murine adipocytes. The effects of these
inhibitors are probably targeted directly to the activity of HIF-1
because PI3K and mTOR are implicated in the activation of
HIF-1 in response to hypoxia and insulin (21, 23, 24). In con-
trast, inhibition of ERK and GFX is less efficient in inhibiting
REDDI1 expression. This is not surprising because ERK does not
seem to regulate HIF-1 activity in response to insulin (21). PKC
increases the stability of HIF-1e, leading to HIF-1 activation
(25, 26), which could explain why GFX inhibits the expression
of REDD1 only under hypoxia. In adipocytes, we propose that
insulin regulates REDD1 expression through an increase in
HIF-1« translation followed by the activation of HIF-1 and the
expression of REDDI1.
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Increased REDD1 expression in response to insulin could be
envisioned as a regulatory loop to restore a basal signaling path-
way. In this feedback mechanism, insulin activates its receptor,
leading to the tyrosine phosphorylation of IRS proteins and the
activation of ERK and PI3K/mTOR pathways. Prolonged insu-
lin treatment down-regulates insulin signaling by promoting
inhibitory serine phosphorylation of IRS-1 by serine/threonine
kinases such as JNK, IKK, ERK, S6K, and mTOR (27). We pro-
pose that long term induction of REDD1 expression by insulin
could represent a mechanism necessary to terminate the signal
on mTOR and to restore the ability of insulin to stimulate a
normal pathway. This hypothesis could be generalized to other
growth factors because insulin-like growth factor 1 and fibro-
blast growth factor stimulate REDD1 expression in adipocytes.
Moreover, during the revision of our paper, Frost et al. (28)
demonstrated that REDDI1 is induced by insulin-like growth
factor 1 in skeletal muscle and C2C12 myotubes. However,
because REDD1 plays a role in the generation of reactive oxygen
species by an unidentified mechanism (12) and because reactive
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oxygen species accumulation is in general associated with cel-
lular insulin resistance (29), increased REDD1 expression in
response to insulin could participate to the development of
insulin resistance. This latter hypothesis is reinforced by the
observation that expression of REDD1 is significantly higher in
liver of morbidly obese patients (30).

In conclusion, we demonstrate that in adipocytes, insulin
stimulates REDD1 expression through HIF-1 activity. Further
experiments will be required to investigate the role of REDD1 in
insulin signaling pathway and insulin resistance.
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