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Abstract
Regulated in DNA Damage and Development 1 (REDD1) functions to repress signaling through
the mechanistic target of rapamycin (mTOR) protein kinase in complex 1 (mTORC1) in response
to diverse stress conditions. In the present study, we investigated the role of REDD1 in the
response of cells to growth cessation induced by serum deprivation. REDD1 expression was
induced within 2 h of depriving cells of serum, with the induction being mediated through ER
stress, as evidenced by activation of PERK, enhanced eIF2α phosphorylation, and ATF4
facilitated transcription of the REDD1 gene. In wild-type cells, signaling through mTORC1 was
rapidly (within 30 min) repressed in response to serum deprivation and the repression was
sustained for at least 10 h. In contrast, in REDD1 knockout cells mTORC1 signaling recovered
toward the end of the 10 h-deprivation period. Interestingly, Akt phosphorylation initially declined
in response to serum deprivation and then recovered between 2 and 4 h in wild-type but not
REDD1 knockout cells. The recovery of mTORC1 signaling and the failure of Akt
phosphorylation to do so in the REDD1 knockout cells were accompanied by a dramatic increase
in caspase-3 cleavage and cell death, both of which were blocked by rapamycin. Furthermore,
overexpression of constitutively active Akt rescued REDD1 knockout cells from serum
deprivation induced cell death. Overall, the results implicate REDD1 as a key regulatory
checkpoint that coordinates growth signaling inputs to activate pro-survival mechanisms and
reduce susceptibility to cell death.
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1. Introduction
The serine-threonine protein kinase mechanistic target of rapamycin (mTOR) is the master
regulator of cell growth and is principally responsible for coordinating the cellular response
to growth factors and nutrient sufficiency (1). The kinase exists in two complexes with
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distinct functions; activation of mTOR complex 1 (mTORC1) promotes cell cycle
progression and anabolic processes including ribosome biogenesis, de novo lipogenesis, and
protein synthesis, whereas mTOR complex 2 (mTORC2) modulates cell survival and
migration (2). The complexes also differ in their sensitivity to inhibition by the macrolide
immunosuppressant rapamycin, with mTORC1 being rapidly and directly inhibited whereas
mTORC2 is inhibited in some, but not all, cell types and only after prolonged treatment (3).
Inhibition of mTORC1 by rapamycin results in a reduction in both cell size and growth rate
similar to that observed following nutrient or growth factor deprivation (4).

Activation of mTORC1 is controlled by two convergent signaling pathways, one of which is
regulated by amino acids and the other by anabolic hormones such as insulin and insulin-
like growth factor 1 (IGF1) (5). Amino acids regulate mTORC1 signaling through a
heterodimeric complex consisting of either Ras-related GTP binding (Rag) A or B and Rag
C or D (6). On the other hand, insulin and IGF1 regulate mTORC1 signaling through the
small GTPase, ras homolog enriched in brain (Rheb) (7). The Rag heterodimer and Rheb act
in a cooperative manner to facilitate mTORC1 activation, and activation of both pathways is
necessary for optimal stimulation of mTORC1 signaling (5).

Several upstream repressors of mTORC1 signaling have been described including a protein
referred to as regulated in development and DNA damage responses (REDD1; aka DNA-
damage-inducible transcript 4, DDIT4) (8). REDD1 was initially identified as a stress
response gene that was induced in response to hypoxia and oxidative stress (9), but was
subsequently shown to also be induced in response to glucocorticoid treatment (10), nutrient
deprivation (11) and other stress conditions (9,12,13). Conversely, REDD1 expression is
reduced under growth-promoting conditions including refeeding a fasted animal (11) or in
skeletal muscle after a bout of resistance exercise (e.g. 14). The molecular mechanism
through which REDD1 acts to repress mTORC1 signaling is unclear, however, a variety of
evidence suggests that it acts downstream of Akt but upstream of the tuberous sclerosis
complex (TSC) to inhibit mTORC1 signaling (12). In the absence of REDD1, Akt
phosphorylates TSC2 and inhibits its GTPase activator function toward Rheb. When it is
associated with GTP, but not GDP, Rheb activates mTORC1. Thus, REDD1 inhibits
mTORC1 signaling by activating TSC2, thereby increasing the proportion of Rheb in the
GDP bound form.

In the present study we tested the hypothesis that REDD1 expression is induced by serum
deprivation, and that its induction functions to maintain attenuation of mTORC1 signaling.
We show that signaling through mTORC1 to downstream targets, including ULK1, is
rapidly (within 30 min) repressed, and is maintained for at least 10 h. We also show that
expression of REDD1 is induced within 2 h of depriving cells of serum, and its induction is
required for maintenance of mTORC1 repression during prolonged serum deprivation.
Notably, in mouse embryo fibroblasts (MEF) lacking REDD1, but not in wild type MEF,
prolonged serum deprivation leads to recovery of mTORC1 signaling which is associated
with cleavage of caspase-3 and increased cell death, both of which are prevented by
inhibition of mTORC1 using rapamycin. Overall, the results support a model in which
induction of REDD1 expression under starvation conditions acts to protect cells from
inadvertent stimulation of mTORC1, and thus induction of cell death.

2. Materials and Methods
2.1 Cell culture

Rat 2 fibroblasts, wild-type (REDD1+/+) and REDD1 knockout MEF (REDD1−/−; kindly
provided by Dr. Leif Ellison) were maintained at 37 °C and 5% CO2 in high glucose
Dulbecco’s modified eagle medium (DMEM, Invitrogen) supplemented with 1% penicillin/

Dennis et al. Page 2

Cell Signal. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



streptomycin (Invitrogen) and 10% heat-inactivated fetal bovine serum (FBS, Atlas
Biologicals) or Tet System Approved FBS (Clonetech), respectively. Activating
transcription factor 4 knockout MEF (ATF4−/−; kindly provided by Drs. David Ron and
Heather Harding) were maintained similarly with the addition of 55 μM β-mercaptoethanol
(Invitrogen) and 1× nonessential amino acids (Invitrogen) as previously described (15).
Where indicated cell culture medium was supplemented with 100 nM rapamycin, 1μM
wortmannin, or 1 μM Akt inhibitor VIII (EMD Millipore). Transfections were performed
using X-tremeGENE HP (Roche Applied Science) with a 3:1 ratio of reagent to DNA (μl/
μg) according to the manufacturer’s instructions. The following plasmids were used in
transfections: pCMV5 control plasmid, pCMV5-HA-caAkt encoding constitutively active
Akt (purchased from Addgene; submitted by Dr. Mien-Chie Hung), and pCMV5-HA-dnAkt
encoding dominant negative Akt (purchased from Addgene; submitted by Dr. Philip
Tsichlis). To evaluate LC3 puncta formation, cells were seeded onto cover slips and
transfected with GFP-LC3 plasmid. The next day cells were serum deprived as indicated and
fixed with 4% paraformaldehyde in PBS. Fluorescence images were obtained with a Nikon
Eclipse E800 fluorescence microscope. Cell viability was assessed by trypan blue dye
exclusion.

2.2 Western blot analysis
Cells were harvested in SDS sample buffer and subjected to SDS-PAGE and Western blot
analysis as previously described (16). Anti-REDD1 antibody was purchased from
ProteinTech Group Inc., anti-active Caspase 3 antibody was from Millipore, anti-GAPDH
and tubulin from Santa Cruz, and anti-ATF4 was generously provided by Dr. Michael
Kilberg. Anti-p70S6K1 phospho-Thr389, 4E-BP1 phospho-Ser65, protein kinase RNA-like
endoplasmic reticulum kinase (PERK) phospho-Thr980, eIF2α phospho-Ser51, ULK1
phospho-Ser757, and Akt phospho-Ser473 were from Cell Signaling Technology.

2.3 RNA analysis
RNA was extracted from cells with TRIzol reagent (Invitrogen) according to the
manufacturer’s protocol. RNA (1 μg) was used to generate complementary cDNA using the
High Capacity cDNA Reverse Transcription kit (Applied Biosystems). REDD1 and REDD2
mRNA in each sample was determined in triplicate by quantitative real-time PCR (qPCR)
analysis using primers previously described for rat (10) or mouse (15). REDD1 mRNA
expression was normalized to β-actin mRNA within each sample. XBP1 processing was
assessed using PCR primers as previously described (17).

2.4 Analysis of REDD1 gene transcription
REDD1 gene transcription was assessed by nuclear run-on analysis. Briefly, nuclei from
Rat2 fibroblasts were collected and prepared as previously described (18). Biotin-16-UTP
(Roche Applied Science) or unlabeled UTP was added to reach a final concentration of 0.38
mM. Reactions were incubated for 30 min at 29 °C and stopped with the addition of 7.5 mM
CaCl2 and DNase I (Roche Applied Science). RNA was isolated with TRIzol (Invitrogen)
and Biotin-labeled RNA was isolated with streptavidin-conjugated magnetic beads
(Dynabeads M-280 Streptavidin, Invitrogen) according to manufacturer’s instructions and
used to generate cDNA. Beads were treated with RNase for 20 min and the cDNA
containing supernatant was used qPCR analysis as described above.

2.4 Statistical analysis
Data are presented as means ± SEM. One-way analysis of variance and Student’s t test were
used to compare differences among groups. p < 0.05 was considered statistically significant.
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3. Results
3.1 Serum deprivation induces REDD1 transcription

To evaluate the response of cells to serum deprivation, Rat2 fibroblasts were grown to ~60–
80% confluence in DMEM containing 10% heat-inactivated FBS and then transferred to
medium that was devoid of FBS. As expected, mTORC1 signaling was rapidly (within 30
min) attenuated after placing cells in medium lacking serum, as evidenced by a reduction in
phosphorylation of mTORC1 substrate p70S6K1 on Thr389 (Fig 1A). Similarly,
phosphorylation of Akt on Ser473 was reduced after 30 min of serum deprivation. However
unlike mTORC1 signaling, which remained repressed during 10 h of serum deprivation,
phosphorylation of Akt on Ser473 increased 3.6-fold between 2 and 10 h of serum
deprivation (compare Fig 1A lanes #7–8 with #11–12). Since, activation of Akt would be
expected to enhance mTORC1 activity, a mechanism(s) must exist to prevent mTORC1
activation under conditions of prolonged serum deprivation. Thus, we sought to identify the
mechanism(s) and physiological relevance of the discordant Akt/mTORC1 signaling under
these conditions.

The stress-responsive protein REDD1 was previously identified as being responsible for
inhibiting mTORC1 signaling downstream of Akt under conditions of cellular stress (19),
and therefore the possibility that serum deprivation might induce REDD1 expression was
assessed. As shown in Fig 1A, REDD1 protein was elevated within 2 h of serum deprivation
and remained at an elevated level for at least 10 h. To explore the mechanism involved in
induction of REDD1 during serum deprivation, REDD1 protein and mRNA were examined
in cells incubated in complete growth medium or following 2 h of serum deprivation.
Compared to cells maintained in complete medium, serum deprivation led to a 2.3-fold
induction of REDD1 protein expression concomitant with a 1.7-fold induction of mRNA
expression (Fig. 1B).

An increase in mRNA expression could be due to either enhanced transcription of the gene,
reduced turnover of the message, or both. No significant difference in REDD1 mRNA half-
life was observed in serum-deprived compared to control cells. Therefore, nuclear run-on
analysis was performed to measure REDD1 gene transcription. Compared to cells grown in
complete medium, REDD1 gene transcription was elevated 4-fold following 4 h of serum
deprivation (Fig. 1C). A similar effect was not observed with actin mRNA transcription,
which exhibited a trend toward repression, likely reflecting a reduction in transcription of
most messages under serum deprived conditions.

3.2 ATF4 mediates REDD1 induction during serum deprivation
Our laboratory (20) and others (21) have previously demonstrated that REDD1 mRNA
expression is enhanced in response to ER stress, due to enhanced expression of the
transcription factor ATF4. Moreover, activation of ER stress by deprivation of serum and
growth factors has been previously observed in other cell culture models (22–24), although
the response is poorly characterized. Therefore, biomarkers of ER stress were examined to
assess whether or not serum deprivation-induced ER stress might be involved in the
induction of REDD1 expression. Phosphorylation of eIF2α on Ser51 as well as
autophosphorylation of the cytoplasmic kinase domain of the eIF2α kinase, PERK, on
Thr980 were rapidly enhanced in response to serum deprivation (Fig 2A). Moreover,
processing of the mRNA encoding X-box binding protein 1 (XBP1), which involves the
removal of a 26-base intron by the ER-resident inositol-requiring enzyme 1 (IRE1), was
significantly increased during serum deprivation (Fig 2B). While the majority of XBP1
mRNA was present in the higher molecular weight unspliced form in cells maintained in
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serum-containing medium, following 4 h of serum deprivation the lower molecular weight
spliced XBP1 mRNA was increased by 9.8-fold.

Expression of ATF4 is enhanced under conditions that promote phosphorylation of the
translation initiation factor, eIF2α (25), and in agreement with a previous report (26), eIF2α
phosphorylation was increased in cells deprived of serum (Fig. 2A). Therefore, the
possibility that enhanced ATF4 expression might be involved in the induction of REDD1
expression in response to serum deprivation was investigated. ATF4+/+ and ATF4−/− MEF
were grown in medium supplemented with serum and then serum deprived for various
periods of time. As expected, upon serum deprivation, elevated ATF4 expression was only
observed in ATF4+/+ MEF (Fig 2C). Notably, whereas REDD1 protein expression was
markedly induced after 4 h of serum deprivation in ATF4+/+ MEF, a similar effect was not
observed in ATF4−/− MEF (Fig 2C). To further assess the role of ATF4 in REDD1 gene
transcription during serum deprivation, the expression of REDD1 mRNA relative to
GAPDH was evaluated by qPCR. REDD1 mRNA expression was induced by 7.3-fold
following 4 h of serum deprivation in ATF4+/+ MEF, whereas there was no change in
ATF4−/− MEF (Fig 2D). The effect of serum deprivation was specific for REDD1, because
REDD2 mRNA expression was not elevated in either cell type during serum deprivation
(results not shown). Overall, these results demonstrate that serum deprivation produces ER-
stress leading to induction of REDD1 transcription.

3.3 REDD1 sustains repression of mTORC1 signaling during prolonged serum deprivation
To provide evidence in support of the idea that induction of REDD1 expression acts to
maintain repression of mTORC1 signaling during prolonged serum deprivation,
phosphorylation of p70S6K1 on Thr389, 4E-BP1 on Ser65, and ULK1 on Ser757 was
compared in lysates of REDD1+/+ and REDD−/− MEF. Phosphorylation of all three
mTORC1 substrates was rapidly reduced in both REDD1+/+ and REDD1−/− MEF following
serum deprivation (Fig 3A). Strikingly, with longer duration of serum deprivation (10 h),
phosphorylation of all three proteins returned toward control values (i.e. serum-
supplemented condition) in REDD1−/− but not in REDD1+/+ MEF. In fact from 2 to 10 h of
serum deprivation (when REDD1 induction was most notable in REDD1+/+ MEF),
phosphorylation of p70S6K1, rose by 640% in REDD1−/− MEF with no significant change
in REDD1+/+ MEF (Fig 3B-D). Elevated phosphorylation of mTORC1 substrates in the
absence of REDD1 demonstrates that REDD1 induction during serum deprivation was
particularly important in maintaining mTORC1 repression with longer duration of serum
deprivation.

3.4 REDD1 is permissive for autophagy in response to serum deprivation
Since autophagy is initiated in response to mTORC1 inhibition, the hypothesis was
investigated that REDD1 contributes to its initiation during serum deprivation. Under
normal growth conditions, mTORC1 phosphorylates ULK1 on Ser757, resulting in
repression of autophagy (27). In MEF maintained in medium supplemented with serum,
phosphorylation of ULK1 was elevated by 50% in REDD1−/− compared to REDD1+/+ MEF
(Fig 3D). In response to serum deprivation, ULK1 phosphorylation was reduced in both cell
types, such that there was no significant difference between REDD1−/− and REDD1+/+ MEF
after 2 h of serum deprivation. Notably, phosphorylation of ULK1 was restored with
prolonged serum deprivation in REDD1−/−, but not REDD1+/+ MEF (Fig 3D), suggesting
that REDD1 acts to sustain autophagy during serum deprivation. Another marker of
autophagy, autophagy marker light chain 3 (LC3) was also accessed to further evaluate this
conclusion. During autophagy, the cytoplasmic form of this protein (LC3-I) is recruited to
autophagosomes, where it is post-translationally modified by site-specific proteolysis and
lipidation into LC3-II (28). When cells were transiently transfected with LC3-GFP, vesicular
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formation increased in both REDD1−/− and REDD1+/+ MEF after 4 h of serum deprivation
(Fig 3E). Together these results demonstrate that REDD1 is permissive for autophagy during
prolonged serum deprivation.

3.5 REDD1-mediated inhibition of mTORC1 is critical for cell survival during serum
deprivation

Autophagy is often initiated as a survival response to cell starvation to prevent or delay cell
death. To gain insight into the role of REDD1 induction in response to serum deprivation,
cell viability was evaluated. After 10 h of serum deprivation, REDD1−/− MEF exhibited a 4-
fold increase in cell death as compared to REDD1+/+ MEF (Fig 4A). To determine the role
of mTORC1 in the increased REDD1−/− MEF cell death, serum-deprivation medium was
supplemented with rapamycin to prevent the “inappropriate” mTORC1 activation. In the
presence of rapamycin, REDD1−/− MEF cell death following 10 h of serum deprivation was
reduced, such that it was no longer significantly different than that observed in REDD1+/+

MEF (Fig 4A). To examine the nature of cell death, cleavage of the apoptotic marker
caspase 3 was assessed and found to be enhanced over 3-fold following 10 h of serum
deprivation in REDD1 −/− MEF, whereas there was no change in REDD1+/+ MEF (Fig 4B-
C). In addition to attenuating the serum-deprivation-induced reduction in cell viability (Fig
4A), mTORC1 inhibition with rapamycin also attenuated caspase 3 cleavage in REDD1 −/−

MEF (Fig 4D).

3.6 REDD1 facilitates cell survival by promoting activation of Akt
One potential mechanism through which re-activation of mTORC1 could inhibit cell
survival is through multiple negative feedback pathways that act to suppress Akt. It is well
established that activation of Akt promotes cell survival and prevents apoptosis in response
to a variety of stimuli (29). Recently, Jin et al (30) demonstrated that REDD1 plays a key
role in activation of Akt to promote cell survival. Consequently, to further investigate the
mechanism responsible for improved cell viability in response to REDD1 induction, Akt
phosphorylation was evaluated in lysates of REDD1+/+ and REDD−/− MEF. Similar to Rat2
cells (Fig 1A), phosphorylation of Akt on Ser473 was rapidly reduced by serum deprivation
(30 min) in REDD1+/+ MEF, but recovered with more prolonged deprivation (Fig 5A). In
contrast, Akt phosphorylation did not recover in REDD1−/− MEF subjected to prolonged
serum deprivation. Indeed, Akt phosphorylation continued to fall such that it was almost
undetectable after 10 h of deprivation.

To evaluate the role of REDD1-mediated Akt activation in serum deprivation-induced cell
death, REDD1+/+ and REDD1−/− MEF were subjected to serum-deprivation in medium
supplemented with inhibitors to block activation of Akt (31). Whereas REDD1−/− MEF
exhibited increased cell death as compared to REDD1+/+ MEF following 10 h of serum
deprivation; wortmannin and Akt inhibitor VIII increased cell death in REDD1+/+ MEF,
such that it was no longer significantly different than in REDD1−/− MEF in the presence or
absence of either inhibitor (Fig 5B). This finding provides support for the conclusion that
activation of Akt is an important event in maintaining cell viability during serum
deprivation. To provide further support for a role for Akt in maintaining cell viability during
serum starvation, a kinase dead (K179M) dominant negative variant of Akt (dnAkt) was
expressed in REDD1+/+ and REDD1−/− MEF. As shown in Fig 5C, expression of dnAkt
increased cell death in REDD1+/+ such that it was no longer significantly different than that
observed in REDD1−/− MEF. Conversely, a constitutively active variant of Akt (caAkt)
reduced serum deprivation-induced cell death in REDD1−/− MEF to levels that were similar
to those observed in REDD1+/+ MEF. Together, these findings support the conclusion that
REDD1 plays a critical role in cell survival by coordinating activity of the Akt/mTORC1
signaling pathway in response to withdrawal of growth factors from cell culture medium.
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4. Discussion
In the present study, phosphorylation of mTORC1 substrates was repressed within 30 min of
switching cells to medium lacking serum. However, enhanced REDD1 protein expression
was not detected until later time points, a finding consistent with the conclusion that REDD1
does not contribute to the initial repression of mTORC1 signaling associated with serum
deprivation. Instead, the initial repression was likely mediated by a reduction in hormone-
induced signaling through upstream kinases such as Akt. Indeed, the initial fall in mTORC1
signaling was mirrored by a reduction in Akt phosphorylation. If the initial serum
deprivation-induced repression of mTORC1 signaling is mediated by a reduction in Akt
signaling, what purpose does increased REDD1 induction serve? The results of the present
study strongly support the conclusion that REDD1 acts to maintain repression of mTORC1
signaling during prolonged starvation periods. Thus, whereas repressed phosphorylation of
S6K1, 4E-BP1, and ULK1 was maintained for at least 10 h in REDD1+/+ MEF,
phosphorylation of the mTORC1 substrates was surprisingly restored in REDD1−/− MEF
with prolonged serum deprivation.

One potential mechanism that could be responsible for the reactivation of mTORC1
involves induction of autophagy. In cells maintained in complete, serum-supplemented
medium, mTORC1 strongly inhibits autophagy by regulating the activity of the ULK1
protein kinase complex that is required for formation of autophagosomes (27). Our results
support the previous finding that autophagy is induced within 30 min of placing cells in
serum-free medium as assessed by decreased phosphorylation of ULK1 on Ser638 and
Ser758 (32). Paradoxically, even though mTORC1 is normally acutely activated in response
to increased intracellular amino acid concentrations (33), during prolonged incubation in
medium lacking serum mTORC1 signaling apparently remains insensitive to the amino
acids that are derived from autophagy and/or proteasome activity. Due to its potent growth
promoting functions, stimulation of mTORC1 under starvation conditions would be
detrimental, resulting in development of a futile cycle in which amino acids and fatty acids
generated by autophagy would be reincorporated into proteins and lipids, respectively. Thus,
the present study suggests REDD1 functions to prevent inappropriate activation of mTORC1
under conditions that activate autophagy.

A recent report (34) showed that dexamethasone-induced cell death occurs to a significantly
greater extent in REDD1-deficient compared to –sufficient cells, and that the increase in cell
death in deficient cells is associated with repressed activation of autophagy. The results of
other studies (e.g. 9,30) confirm that REDD1 acts to control cell survival, and that it does so
by modulating apoptosis. Thus, in most cells induction of REDD1 expression acts to protect
cells from stress-induced apoptosis, whereas reduced expression of the protein has the
opposite effect. Consistent with this conclusion, in the present study, 10 h of serum
deprivation had no effect on survival in REDD1+/+ MEF, but dramatically enhanced cell
death in REDD1−/− MEF. The enhancement of cell death occurred concomitantly with
cleavage of caspase-3, which was associated with reduced phosphorylation of Akt in
REDD1−/− compared to REDD1+/+ MEF. Phosphorylation of Akt on both the activation
loop at Thr308 by PDK1 (35) and phosphorylation of the carboxy-terminus at Ser473 by
mTORC2 (36) is necessary for full activation of the kinase. Signaling through both PDK1
and mTORC2 is repressed through multiple negative feedback pathways mediated by
mTORC1 and S6K1. Specifically, mTORC1 phosphorylates growth factor receptor bound
protein (Grb10) to suppress insulin receptor-dependent phosphorylation of IRS-1 (37,38). In
a complementary pathway, S6K1 phosphorylates IRS-1 on serine residues leading to its
degradation (39) and also phosphorylates rictor, a protein unique to mTORC2 (40). Notably,
in the present study, when the activity of Akt was maintained by expression of a
constitutively active variant, cell death in REDD1−/− MEF was reduced to levels observed in
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REDD1+/+ MEF. Because Akt acts to repress caspase-3 cleavage and apoptosis by
phosphorylating BCL2-Antagonist Of Cell Death (Bad) (29), it is tempting to speculate that
maintenance of Akt phosphorylation promotes cell survival by repressing Bad-mediated
induction of apoptosis.

Berlanga et al (41) demonstrated that general control non-derepressing kinase-2 (GCN2) is
responsible for phosphorylation of eIF2α in HEK293T cells when maintained in medium
lacking serum. However in the present study, serum deprivation failed to activate GCN2 in
Rat2 cells, as assessed by phosphorylation of its activation loop on Thr898, whereas
deprivation of both serum and leucine clearly caused enhanced GCN2 phosphorylation (data
not shown). While poorly characterized, activation of ER stress in response to deprivation of
serum and growth factors has been previously observed in multiple cell culture models (22–
24). Serum deprivation produces a coordinated release of Ca+2 from the ER and enhances
markers of ER stress, including expression of glucose-regulated protein 78 (GRP78, aka
BiP) and caspase cleavage (39). Our laboratory (20) and others (21) have previously
demonstrated that REDD1 mRNA expression is enhanced in response to ER stress, however
this is the first report that withdrawal of growth factors in the form of serum deprivation
results in induction of REDD1 transcription. Additionally, the present study supports the
previous observation that activation of ER stress during serum deprivation plays a
cytoprotective role (23), and implicates REDD1 as an important mediator of the response.

The induction of REDD1 expression in response to serum deprivation in the present study is
consistent with findings from previous studies showing that in Drosophila, larvae subjected
to a starvation regime exhibit induction of mRNA expression of the REDD1 orthologs scylla
and charybdis (42). Furthermore, our laboratory has demonstrated that food deprivation
promotes REDD1 expression in rat skeletal muscle, and that re-feeding rapidly (within 45
min) restores expression of the protein to the value observed in freely-fed rats (11). The
present study extends the earlier ones and supports a model in which serum deprivation-
induced induction of REDD1 expression occurs through a mechanism involving activation
of the ER-resident eIF2α kinase PERK, and subsequent enhancement of ATF4 expression,
and REDD1 functions to coordinate mTORC1/Akt signaling in a manner that facilitates cell
survival (Fig 6).

5. Conclusions
Taken together, the data from the present study provide evidence that REDD1 is a vital
component in the response of cells to growth cessation induced by serum deprivation. In the
absence of REDD1, mTORC1 fails to be appropriately restrained during prolonged serum
deprivation and Akt signaling is suppressed, leading to reduced cell survival. Thus, these
findings identify REDD1 expression as a key regulatory checkpoint that coordinates growth
signaling inputs to activate pro-survival mechanisms and reduce susceptibility to cell death.
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4E-BP1 eukaryotic initiation factor 4E binding protein 1
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ATF4 activating transcription factor 4

ca constitutively active

dn dominant negative

ERK extracellular signal-related protein kinase

FBS fetal bovine serum

GCN2 general control non-derepressing 2

IGF1 insulin-like growth factor 1

LC3 autophagy marker light chain 3

mTORC1 mammalian target of rapamycin in complex 1

p70S6K1 70-kDa ribosomal S6 kinase 1

PERK protein kinase RNA-like endoplasmic reticulum kinase

REDD1 Regulated in DNA Damage and Development 1

ULK1 UNC-51-like kinase 1

XBP1 X-box binding protein 1
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Highlights

• Expression of the mTORC1 inhibitor REDD1 was induced by serum
deprivation.

• In the absence of REDD1, mTORC1 signaling recovered during serum
deprivation.

• REDD1 maintained mTORC1 repression and facilitated autophagy.

• REDD1 induction promoted phosphorylation of Akt and cell survival.
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Figure 1. Serum deprivation induces expression of the mTORC1 inhibitor REDD1
Rat2 fibroblasts were grown in complete medium containing 10% FBS and then transferred
to medium that was devoid of FBS (SFM) as indicated. (A) Phosphorylation of p70S6K1 on
Thr389 and Akt on Ser473 as well as expression of REDD1 and tubulin were assessed in
whole cell lysates by Western blot analysis. Representative blots are shown. (B) Following 2
h of serum deprivation REDD1 protein was assessed in whole cell lysates by Western blot
analysis and is expressed relative to tubulin. Expression of mRNA was assessed by qPCR
analysis of REDD1 and GAPDH mRNA extracted from Rat2 fibroblasts. Results represent
means ± SEM (n = 4) for two independent experiments. (C) Transcription of REDD1, actin,
and GAPDH mRNA were evaluated in nuclei harvested from Rat2 fibroblasts following 2 h
of serum deprivation by nuclear run-on assay as described under Materials and Methods.
Results represent means ± SEM (n = 3). *p<0.05 vs respective control.
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Figure 2. REDD1 induction by serum deprivation requires ATF4
(A) Rat2 fibroblasts were grown in complete medium containing 10% FBS and then
transferred to medium that was devoid of FBS (SFM) as indicated. Phosphorylation of
eIF2α on Ser51 and PERK on Thr980 as well as tubulin expression were assessed in whole
cell lysates by Western blot analysis. Results are representative from two independent
experiments with each condition independently assessed twice within each experiment. (B)
PCR analysis of XBP1 splicing was performed as described under Materials and Methods.
Results represent means ± SEM (n = 4) for two independent experiments. ATF4+/+ and
ATF4−/− mouse embryonic fibroblasts (MEF) were serum deprived for various periods of
time as indicated in the figure. (C) Expression of ATF4, REDD1, and tubulin were assessed
in whole cell lysates by Western blot analysis. Representative blots are shown. (D) qPCR
analysis was performed on RNA extracted from ATF4+/+ (black bars) or ATF4−/− (gray
bars) MEF for REDD1 relative to GAPDH mRNA. Results represent means ± SEM (n = 4)
for two independent experiments with each condition independently assessed twice within
each experiment. *p<0.05 vs respective control.
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Figure 3. REDD1 maintains inhibition of mTORC1 signaling during serum deprivation
(A) REDD1+/+ and REDD1−/− mouse embryonic fibroblasts (MEF) were serum deprived as
indicated. Phosphorylation of p70S6K1 on Thr389, 4E-BP1 on Ser65, and ULK1 on Ser757,
as well as expression of REDD1 and tubulin were assessed in whole cell lysates by Western
blot analysis. Representative blots are shown. Quantitation of phosphorylation of p70S6K1
on Thr389 (B), 4E-BP1 on Ser65 (C) and ULK1 Ser757 (D) from Western blots in A
expressed relative to GAPDH. Results represent means ± SEM (n = 4) from two
independent experiments with each condition independently assessed twice within each
experiment. *p<0.05 vs respective control. (E) REDD1+/+ and REDD1−/− MEF were seeded
onto cover slips and transfected with GFP-LC3 plasmid. The next day cells were serum
deprived as indicated and fixed for fluorescence imaging using a Nikon Eclipse E800
fluorescence microscope. Representative images are shown.
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Figure 4. REDD1-mediated inhibition of mTORC1 promotes cell survival during serum
deprivation
(A) Cell viability was assessed in REDD1+/+ and REDD1−/− MEF by trypan blue dye
exclusion in complete medium or following 10 h in medium lacking serum (SFM) in the
presence or absence of 100 nM rapamycin. Results represent means ± SEM (n = 4) from two
independent experiments with each condition independently assessed twice within each
experiment. (B) Caspase 3 cleavage was assessed in whole cell lysates by Western blot
analysis. Representative blots are shown. (C) Quantitation of caspase 3 cleavage from
Western blot in B. Results represent means ± SEM (n = 4) from two independent
experiments with each condition independently assessed twice within each experiment. (D)
Phosphorylation of caspase 3 cleavage, p70S6K1 on Thr389, REDD1 and GAPDH were
assessed by Western blot analysis in cells treated as described in C. Representative blots are
shown. *p<0.05 vs respective control.
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Figure 5. REDD1-induced Akt phosphorylation mediates cell survival during prolonged serum
deprivation
(A) REDD1+/+ and REDD1−/− mouse embryonic fibroblasts (MEF) were serum deprived as
indicated. Phosphorylation of Akt on Ser473 and GAPDH expression were evaluated by
Western blot analysis. Representative blots are shown. (B) Cell viability was assessed in
REDD1+/+ and REDD1−/− MEF following 10 h of serum deprivation in the presence or
absence of 1μM wortmannin or 1μM Akt inhibitor VIII. (C) Cell viability was assessed in
REDD1+/+ and REDD1−/− MEF following 10 h of serum deprivation (SFM) with the
transient overexpression of dominant negative Akt (dnAkt), constitutively active Akt
(caAkt), or empty vector (EV). Results represent means ± SEM (n = 4) from two
independent experiments with each condition independently assessed twice within each
experiment. with each condition independently assessed twice within each experiment
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Figure 6. REDD1-mediated Akt activation promotes cell survival during serum deprivation
Working model for serum deprivation induced mTORC1 inhibition. Serum deprivation leads
to activation of PKR-like ER-localized kinase (PERK), which phosphorylates the eIF2α
subunit to promote expression of activating transcription factor 4 (ATF4), and elevated
REDD1 mRNA transcription. REDD1-mediated inhibition of mTORC1 during prolonged
serum deprivation facilitates relief of a negative feedback pathway to promote activation of
Akt in a manner that promotes cell survival.
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