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Summary

Oxygen (0O,) deprivation, or hypoxia, has profound ef-
fects on cell metabolism and growth. Cells can adapt
to low O, in part through activation of hypoxia-induc-
ible factor (HIF). We report here that hypoxia inhibits
mRNA translation by suppressing multiple key regula-
tors, including elF2«, eEF2, and the mammalian target
of rapamycin (nTOR) effectors 4EBP1, p705°X, and
rpS6, independent of HIF. Hypoxia results in energy
starvation and activation of the AMPK/TSC2/Rheb/
mTOR pathway. Hypoxic AMP-activated protein ki-
nase (AMPK) activation also leads to eEF2 inhibition.
Moreover, hypoxic effects on cellular bioenergetics
and mTOR inhibition increase over time. Mutation of
the TSC2 tumor suppressor gene confers a growth ad-
vantage to cells by repressing hypoxic mTOR inhibi-
tion and hypoxia-induced G, arrest. Together, elF2q,
eEF2, and mTOR inhibition represent important HIF-
independent mechanisms of energy conservation
that promote survival under low O, conditions.

Introduction

0, is essential for the viability and function of most meta-
zoan organisms and closely monitored at both the organ-
ismal and cellular levels. To survive O, deficiency, cells
activate a variety of adaptive mechanisms (Hochachka
et al., 1996), including inhibition of energy-costly mRNA
translation (Arsham et al., 2003; Koumenis et al., 2002;
Wouters et al., 2005). mRNA translation is a critical com-
ponent of cell growth and proliferation that is primarily
regulated at the initiation stage, namely the assembly
of the m’-GTP cap binding elF4E/elF4A/elF4G (elF4F)
and the 40S ribosome binding elF2/GTP/met-tRNA
ternary complexes. Formation of these complexes is
closely modulated by the phosphorylation status of
elF4E binding protein (4EBP) and elF2q and highly influ-
enced by environmental stimuli, such as mitogens and
nutrients, and environmental stresses. For example,
amino acid starvation and UV irradiation inhibit protein
synthesis by inducing elF2q+ phosphorylation at Ser51,
leading to an enhanced affinity for GDP and reduced for-
mation of the elF2/GTP/met-tRNA complex (Clemens,
2001; Liu and Simon, 2004). Additional regulation also
occurs at translation elongation (Patel et al., 2002).
Upon energy starvation, the AMPK phosphorylates
eEF2 kinase (eEF2K) on Ser398 and activates its kinase
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activity (Browne et al., 2004). eEF2K then phosphory-
lates elongation factor eEF2 at Thr56, resulting in the
inhibition of peptide elongation (Patel et al., 2002).

The Ser/Thr kinase mTOR integrates signals from
growth factors and nutrients to regulate cell size, divi-
sion, and metabolism through control of cap-dependent
translation (Abraham, 2004). Phosphorylation of down-
stream targets p705%€ and rpS6 by mTOR results in
increased ribosome biogenesis, via enhanced transla-
tion of “TOP” mRNAs encoding ribosomal proteins and
elongation factors (Schmelzle and Hall, 2000). mTOR
also phosphorylates 4EBPs, rendering them unable to
bind to and inhibit elF4E, therefore promoting cap-
dependent translation. mTOR activity is regulated by
the PI3K/Akt, AMPK, and ERK pathways (Inoki et al.,
2002, 2003; Ma et al., 2005), which converge at the tuber-
ous sclerosis complex (TSC) that consists of TSC1 and
TSC2 dimers (Kwiatkowski, 2003; Li et al., 2004a; Man-
ning and Cantley, 2003). The TSC complex represses
mTOR by acting as a GTPase-activating protein (GAP)
toward the small GTPase Rheb (Li et al., 2004b).
Whereas TSC2 phosphorylation by Akt and ERK sup-
presses TSC2 GAP activity (Kwiatkowski, 2003; Ma
et al., 2005), TSC2 phosphorylation by AMPK enhances
its activity (Inoki et al., 2002, 2003). The stress-induced
proteins REDD1 and REDD2 potently inhibit mTOR sig-
naling, and REDD1 functions downstream of Akt and up-
stream of TSC2 (Corradetti et al., 2005; Schwarzer et al.,
2005). Multiple upstream regulators of mTOR, including
PTEN, TSC1, TSC2, and LKB1, are frequently mutated in
human cancers, suggesting a possible role for deregu-
lated protein synthesis during tumor development (Tee
and Blenis, 2005).

We have previously shown that modest hypoxia (1.5%
0,) inhibits mRNA translation via the rapid hypophos-
phorylation of mTOR targets 4EBP1, p705%X, and rpS6
(Arsham et al., 2003). More recent studies have revealed
that hypoxic mTOR regulation requires the TSC1/TSC2
complex and de novo transcription and expression of
REDD1 (Brugarolas et al., 2004). REDD1 and its Dro-
sophila homolog Scylla are HIF-target genes induced
by low O, (Brugarolas et al., 2004; Reiling and Hafen,
2004). Simultaneous loss of Scylla and the related pro-
tein Charybdis decreases the survival rate of flies under
low O, (Reiling and Hafen, 2004).

Although the HIF-dependent REDD1-mediated feed-
back inhibition of mTOR provides insight into hypoxic
regulation of mTOR, the rapid mTOR inhibition (within
15 min) by hypoxia cannot be explained by transcrip-
tional activation of REDD1. In addition, the cellular
mechanism by which hypoxia activates TSC2 has not
been established nor has a role for the TSC2 substrate
Rheb in this regulation been determined. In this study,
we have investigated the effects of modest hypoxia
(1.5% and 0.5% O,) on different regulatory steps of
mRNA translation. We report that hypoxia concomi-
tantly inhibits elF20. and eEF2, as well as the mTOR
targets 4EBP1, p70%®%, and rpS6. Our data support
regulatory roles for TSC2 and HIF-inducible REDD1
during hypoxic mTOR regulation. However, we also
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demonstrate that hypoxic mTOR inhibition involves ad-
ditional signaling pathways and can occur independent
of HIF. Hypoxia promotes cellular energy starvation and
activates the AMPK/TSC2/Rheb pathway, resulting in
mTOR inhibition. TSC2 mutation in tumor cells blocks
hypoxic mTOR inhibition and hypoxia-induced cell cycle
arrest, thereby conferring a growth advantage under low
0,. In summary, we present evidence that hypoxia in-
duces conditions of energy starvation, which lead to in-
hibition of protein synthesis. Our findings indicate that
AMPK and TSC2 play important roles in coupling hyp-
oxic effects on cellular energy levels to control protein
synthesis, cell growth, and proliferation.

Results

Hypoxia Inhibits Multiple Signaling Pathways
Regulating mRNA Translation

Multiple reports describe hypoxic (1%-1.5% O,) and an-
oxic (<0.02% O,) effects on mMRNA translation (Arsham
et al., 2003; Blais et al., 2004; Brugarolas et al., 2004;
Horman et al., 2002; Koumenis et al., 2002). Modest hyp-
oxia can occur in various physiological and pathological
conditions (embryogenesis, tumor formation, and in-
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Figure 1. Hypoxia Inhibits Protein Synthesis
by Rapidly Suppressing Multiple Key Regula-
tors of mRNA Translation

(A) HEK293 cells were subjected to normoxia
(21% O,) or hypoxia (1.5% O,) for 0-20 hr
o or treated with insulin, LY294002 (LY), or 2-
deoxy-D-glucose (2-DG) for 0.5 hr. Whole-
cell extracts were analyzed by Western blot
for phosphorylation of the indicted residues
of 4EBP1 and rpS6.

(B) Cell extracts were analyzed for phosphor-
ylation of elF2a at Ser51 and eEF2 at Thr56.
Sample loading was adjusted with total
elF2q. protein.

(C and D) Serum replete (Ser*) and serum-
depleted (Ser~) HEK293 cells were exposed
to 21% or 1.5% O, for 2-48 hr. Protein syn-
thesis was measured by %®*S-Met incorpora-
tion followed by TCA precipitation. The same
samples were also analyzed by gel electro-
48 phoresis (see Figures S1D and S1E). Results
were expressed relative to cells grown under
normoxia. Data for serum replete cells are
shown in (D). Error bars represent the stan-
dard error of the mean (SEM).

(E) HEK293 cells were grown at 0.3% O, for 0-
6 hr, and phosphorylation of 4EBP1, rpS6,
elF2q, and eEF2 was examined. 4EBP1 hypo-
phosphoryaltion is indicated by its shift from
the hyperphosphorylated y and  forms to the
less phosphorylated o form.

(F) Protein synthesis for serum replete
HEK293 cells grown at 0.3% O, is shown.
Error bars represent the SEM.

(G) Hypoxic mTOR inhibition can occur inde-
pendent of HIF activity. ARNT*/* or ARNT '~
MEFs were treated with 1.5% O, for 0-20 hr,
and phosphorylation of p705%% and rpS6
was examined by Western blot.

flammation). Therefore, we evaluated the effects of
modest hypoxia (1.5% O,) on multiple regulators of pro-
tein synthesis by using serum replete HEK293 cells and
rhabdomyosarcoma Rh30 cells that have been used for
analyzing mTOR signaling (Dudkin et al., 2001; Inoki
et al., 2003). As expected, insulin enhanced the phos-
phorylation of p705%K rpS6, and 4EBP1, whereas
LY294002 and 2-deoxy-D-glucose (2-DG) resulted in hy-
pophosphorylation of these mTOR effectors in HEK293
cells (Figure 1A). Notably, hypoxia resulted in hypophos-
phorylation of p70%®K, rpS6, and 4EBP1 within 6 hr, and
hypophosphorylation was enhanced by extended expo-
sure to low O, (20 hr) in HEK293 (Figure 1A) and Rh30
cells (Figure S1A available in the Supplemental Data
with this article online). Hypoxia (up to 20 hr) resulted
in no change in total rpS6 (Figure 1A), 4EBP1, or
p705%K protein levels (data not shown). These results
indicate that low O, alone can effectively inhibit mTOR
activity. In addition to mTOR inhibition, hypoxia also
caused the hyperphosphorylation and inhibition of elF2a
(Ser51) and eEF2 (Thr56) in HEK293 (Figure 1B) and
Rh30 cells (Figure S1B). These changes were detected
within 2 hr and enhanced by extended hypoxia. Taken
together, these data indicate that moderate hypoxia
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suppresses translation by inhibiting the activity of mTOR,
elF2, and eEF2.

Both mTOR and PERK Participate in Hypoxic
Inhibition of Protein Synthesis

Anoxia has been shown to rapidly reduce protein syn-
thesis by 60%-70% within 1 hr (Kraggerud et al., 1995)
and decrease the amount of polysome-associated
mRNA within 4 hr (Wouters et al., 2005). To assess the
effect of modest hypoxia on protein synthesis, we mea-
sured the levels of 3*S-methionine (Met) incorporation in
HEK293 cells grown under 1.5% O,. Despite more rapid
changes in 4EBP1, elF2u, and eEF2 phosphorylation
status, hypoxia alone (up to 24 hr) did not cause any sig-
nificant decrease in protein synthesis in serum replete
HEK293 cells (Figure 1C). However, ~25% and 40% re-
ductions in protein synthesis were detected after 32 and
48 hr of hypoxia (Figure 1D). A similar delay in protein
synthesis was observed in Rh30 cells where up to 24 hr
hypoxia did not result in any significant drop in protein
synthesis (Figure S1C). Of note, serum starvation facili-
tated hypoxic reduction of protein synthesis as 20%-
25% decreases in *°S-Met incorporation were detected
in HEK293 cells after 16 and 24 hr of hypoxia (Figure 1C).
Trichloroacetic acid (TCA) precipitation and gel electro-
phoresis of labeled proteins yielded comparable results
for these assays. Densitometric analysis showed a sig-
nificant 25%-30% attenuation in protein synthesis in se-
rum-deprived HEK293 cells after 16-24 hr of hypoxia,
but not in serum replete cells (Figures S1D and S1E).
This delay in protein synthesis inhibition could be due
to a requirement for threshold changes (at least 3- to
4-fold) in elF4F, elF2, and eEF2 activities that eventually
cause a significant drop in protein synthesis, especially
as hypoxic mTOR inhibition becomes more pronounced
as the treatment extends. Of note, HEK293 cells cul-
tured under more stringent hypoxia (0.3% O,) exhibited
a 25% reduction in protein synthesis by 6 hr (Figure 1F).
This accelerated drop in translation was accompanied
by 3- to 4-fold changes in 4EBP1 and rpS6 by 2 hr (Fig-
ure 1E), as opposed to changes that occurred at 6-20 hr
at 1.5% O.,. Furthermore, a 3-fold change in eEF2 phos-
phorylation occurred at 1.5% O, at 2 hr, whereas a 20-
to 30-fold change was observed at 0.5-2 hr at 0.3%
0O.,. In contrast, we saw comparable changes in elF2«
phosphorylation at 1.5% and 0.3% O,, in agreement
with published data (Koumenis et al., 2002). Serum re-
plete HEK293T cells, which exhibited a higher metabolic
rate than HEK293 cells (indicated by a higher rate of 3°S-
Met incorporation), were inhibited more readily by cul-
ture at 1.5% O,. Approximately 20%-25% reductions
were detected as early as 16 hr in HEK293T cells (Fig-
ure S1C). These results suggest that intracellular ATP
levels could influence changes in protein synthesis
rates in hypoxic cells. Additionally, hypoxic mTOR inhi-
bition is enhanced by a further decrease in O, levels and
growth factor withdrawal.

The endoplasmic reticulum (ER)-resident kinase
PERK, which is activated by ER stress, has been shown
to inhibit mRNA translation by phosphorylating elF2a on
Ser51 (Harding et al., 1999). Severe hypoxia activates
PERK in a number of cell types (Koumenis et al., 2002).
Loss of PERK activity in MEFs significantly attenuated
hypoxic inhibition of mMRNA translation, as indicated by

only a 25% decrease in PERK™~ MEFs relative to a
55% decrease observed in PERK** MEFs after 48 hr ex-
posure to 1.5% O, (Figure S1F). This difference strongly
suggests that both the mTOR and elF2o pathways con-
tribute to hypoxia-induced translation inhibition.

Hypoxic Inhibition of mTOR Can Occur

Independent of HIF

Brugarolas et al. (2004) recently reported that TSC2 and
the HIF target gene REDD1 are necessary and sufficient
for hypoxic mTOR inhibition. This is in contrast to our
previous report that hypoxia downregulates mTOR ac-
tivity within 15 min (Arsham et al., 2003). Therefore, we
evaluated the role of HIF and HIF-inducible REDD1 in
hypoxic mTOR inhibition by using wild-type (wt) MEFs
or those carrying a null mutation for the aryl hydrocarbon
nuclear translocator (ARNT), the protein that forms het-
erodimeric DNA binding complexes with HIF-1« or HIF-
2q. HIF activity, examined by a hypoxia response ele-
ment (HRE)-luciferase reporter assay, was completely
abolished in ARNT™/~ MEFs (Figure S2A), confirming
that hypoxic induction of HIF activity is absent in
ARNT ™/~ MEFs. Hypoxia (0.5 hr) resulted in marked
hypophosphorylation of 4EBP1, p705%%, and rpS6 in
ARNT ™/~ MEFs (Figure 1G), clearly indicating that HIF
activity and REDD1 induction are not necessary for the
rapid effect of hypoxia on mTOR, especially as REDD1
is induced solely by HIF under hypoxia (Schwarzer
et al., 2005). Actinomycin D, a Pol Il transcription inhibi-
tor, effectively blocked hypoxic mTOR inhibition (Fig-
ure S2B) (Brugarolas et al., 2004). However, treatment
with actinomycin D also resulted in hyperphosphoryla-
tion of p705®K, rpS6, and 4EBP1 under both normoxic
and reoxygenation conditions (Figure S2B). The latter
observation is consistent with a report that actinomycin
D has a stimulatory effect on p705%% and rpS6 (Loreni
et al., 2000). Thus, the effects of actinomycin D on hyp-
oxic mTOR inhibition could in part result from mTOR
stimulation by actinomycin D.

Interestingly, whereas p70%®¥ and rpS6 were hypo-
phosphorylated in both ARNT** and ARNT~/~ MEFs
throughout the 20 hr of hypoxic treatment, hypophos-
phorylation was partially reversed within 2 hr in ARNT '~
MEFs. This reversal was not observed until 10 hr in
ARNT** MEFs (Figure 1G). We hypothesize that the
reduced mTOR inhibition detected in ARNT™’~ MEFs
(2-10 hr) could be due to the loss of REDD1-mediated
mTOR inhibition. The biphasic hypoxic mTOR inhibi-
tion described here is likely caused by different mecha-
nisms. Although HIF-induced REDD1 activity appears
to contribute to hypoxic mTOR inhibition, our data indi-
cate that HIF activity is not necessary for hypoxic
mTOR regulation.

Hypoxia Affects Cellular Bioenergetics

and Activates AMPK

Given that O, levels regulate oxidative phosphorylation
and that AMPK plays an important role in regulating cel-
lular energy homeostasis (Hardie et al., 2003), we inves-
tigated the effect of hypoxia on cellular energy status
and AMPK activity. AMPK is activated through binding
of AMP and subsequent phosphorylation by upstream
kinases at a threonine residue within the activation
loop of the catalytic o subunit (Thr172 in human AMPK)
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Figure 2. Hypoxia-Induced Energy Starvation and AMPK Activation Are Promoted by Growth Factor Withdrawal

HEK293 cells were exposed to 21% or 1.5% O, for 0-20 hr in the presence (A-C) or absence (D-F) of 10% serum.
(A and D) Hypoxia activates AMPK. Cell extracts were analyzed for AMPK, ACC, eEF2, and 4EBP1 phosphorylation. Levels of total AMPK are

shown to assess sample loading.

(B-F) Hypoxia modulates cellular ATP and ADP:ATP ratios. Levels of ATP (B and E) and ADP/ATP (C and F) in cell lysates. Total ATP was adjusted
to levels of ATP at 0 hr for both normoxic and hypoxic conditions. Error bars represent the SEM.

(Carling, 2004). As shown in Figure 2A, exposure to 1.5%
0O, (2-20 hr) resulted in a mild AMPK hyperphosphoryla-
tion at Thr172 in serum replete HEK293 cells. Hyper-
phosphorylation of AMPK targets acetyl-coA carboxyl-
ase (ACC), and eEF2 was more readily detected at all
time points examined in both HEK293 (Figure 2A) and
Rh30 cells (Figure S3B). Phosphorylation of these effec-
tors in HEK293 cells (including AMPK) was further en-
hanced when O, tension was decreased to 0.5%
(Figure S3A). These results indicate that low O, alone
can activate AMPK and that hypoxic AMPK stimulation
is affected by the severity of O, deprivation.

Hypoxia, when coupled with serum starvation, pro-
moted AMPK, ACC, and eEF2 hyperphosphorylation
within 30 min to levels comparable to those induced
by 2-DG (Figure 2D). Furthermore, hypoxia resulted in
more rapid and significant levels of mTOR inhibition in
serum-starved cells when compared with serum replete
HEK293 cells. Hypophosphorylation of 4EBP1 and rpS6
was readily detected as quickly as 30 min after a 2 hr
serum depletion (Figures 2A and 2D and data not
shown). These changes increased as hypoxic treatment

extended. Serum deprivation alone did not cause any
significant change in AMPK activity under normoxia
(0-6 hr). However, we observed mild increases in AMPK
and ACC phosphorylation after 20 hr of normoxia, pos-
sibly due to reduced glucose in the culture medium at
this time point (Figure 2D). Hypoxic AMPK activation
did not correlate with any significant increase in LKB1
autophosphorylation on Thr189, an AMPKK that has
been shown to phosphorylate AMPK (data not shown)
(Carling, 2004). Furthermore, Akt activity measured by
phosphorylation on Ser473 was only slightly reduced
by 6-20 hr hypoxia in HEK293 cells in both serum replete
and serum-depleted conditions (data not shown). The
latter suggests that the rapid hypoxic mTOR inhibition
is unlikely to be caused by the PI3K/Akt cascade.
Although 1.5% O, caused a modest hyperphosphory-
lation of AMPK, ACC, and eEF2, this level of O, did not
correlate with any significant decrease in cellular ATP
over a 20 hr time course in serum replete HEK293 cells
(Figure 2B). In contrast, a statistically significant 18%
drop occurred at 2 hr in serum-starved cells, whereas
a 50% drop in ATP levels was observed after 20 hr of
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hypoxia (Figure 2E). Moreover, 20 hr of hypoxia resulted
inan 47% increase in the ADP:ATP ratio in serum replete
cells (Figure 2C) and 30% and 55% increases in ADP/
ATP after 2 hr or 20 hr of hypoxia in serum-depleted con-
ditions (Figure 2F). Hypoxia-induced changes in ADP/
ATP were comparable to those caused by both 25 mM
2-DG and staurosporine, which inhibit intracellular bio-
energetics (Figures S3C and S3D). Taken together, our
results indicate that extended hypoxia regulates cellular
bioenergetics and that AMPK is activated by hypoxia,
possibly as a consequence of increases in the intracellu-
lar ADP:ATP ratio. A combination of hypoxia and growth
factor withdrawal further promotes the changes in ATP
levels and AMPK activity, rendering AMPK a better sub-
strate for LKB1.

AMPK Inhibits mTOR and eEF2 during Hypoxia
To investigate the effect of AMPK activation on hypoxic
mTOR modulation, serum-depleted HEK293 cells were
treated with the AMPK inhibitor compound C (2 uM or
10 uM) then exposed to 21% or 1.5% O,. As shown in
Figure 3, the AMPK inhibitor effectively blocked 4EBP1,
p705%K, and rpS6 hypophosphorylation caused by 2-DG
(Figure 3A) and low O, (Figure 3B), restoring 4EBP1,
p705%K, and rpS6 phosphorylation to levels similar to
those observed under normoxic conditions. Compound
C itself had a negligible effect on mTOR signaling under
normoxia (Figure 3B). In addition, compound C blocked
AMPK activation as evidenced by decreased AMPK,
ACC, and eEF2 phosphorylation (Figure 3C), indicating
that hypoxic activation of eEF2K by AMPK results in
the phosphorylation and inhibition of eEF2.
Methylpyruvate (MP) has been shown to be efficiently
metabolized by mitochondria, resulting in increased
ATP generation (Jijakli et al., 1996). HEK293 cells were
preincubated with 10 mM MP prior to 2-DG or low O,
treatment. MP effectively suppressed eEF2 hyperphos-
phorylation and 4EBP1 and rpS6 hypophosphorylation
caused by hypoxia and 2-DG (Figure 3D). These results
strongly support a role for energy depletion as the cause
of AMPK activation in hypoxic cells. To further verify the
role of AMPK in hypoxia-mediated inhibition of mTOR,
we generated HEK293 clones stably expressing the wt
a2 subunit of AMPK or a dominant-negative K45R mu-
tant (Figure 3E) (Mu et al., 2001). Dominant-negative
AMPK effectively blocked low Os-induced hypophos-
phorylation of p705¢X and rpS6, whereas expression of
wt AMPK affected neither basal mTOR activity nor hyp-
oxic mTOR inhibition (Figure 3F). From these data, we
conclude that AMPK activation by hypoxia promotes
mTOR and eEF2 inhibition.

TSC2-Dependent and TSC2-Independent Effects

of Hypoxia on mTOR

TSC2 activity has been shown to be regulated by cellular
energy status downstream of AMPK. Upon activation by
energy starvation, AMPK enhances TSC2 GAP activity
via phosphorylation on Ser1337, Ser1341, and Ser1345,
resulting in mTOR inhibition (Inoki et al., 2003). To as-
sess the role of TSC2 in hypoxic regulation of mTOR,
we examined hypoxic effects on mTOR by using cells
lacking TSC2. Eker rats are a genetic model for TSC2
and develop spontaneous tumors in multiple organs
due to a germline insertional mutation in one allele of
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Figure 3. AMPK Suppresses mTOR Activity under Hypoxia

(A-C) Serum-starved HEK293 cells were pretreated with 2 or 10 uM
AMPK inhibitor compound C for 30 min before exposure to 2-DG (A)
or 21% or 1.5% O, for 1 or 3 hr (B and C).

(D) Serum replete HEK293 cells were preincubated with 10 mM
methylpyruvate (MP) for 2 hr prior to 2-DG or 1.5% O, (20 hr) treat-
ment. Phosphorylation of eEF2, 4EBP1, and rpS6 are indicated.

(E and F) Kinase-inactive AMPK o2 mutant suppresses hypoxic
mTOR inhibition. HEK293 cells were transfected with empty vector,
wild-type AMPK-a2 (AMPK-WT), or kinase inactive K45R mutant
(AMPK-DN). Clones expressing similar levels of AMPK protein
were selected. (E) Levels of AMPK protein in selected clones. (F)
Phosphorylation of p705®K and rpS6 in cells exposed to 1.5% O,
for 0-20 hr.

the TSC2 gene and a subsequent loss of heterozygosity
(Yeung, 2004). Therefore, we employed two TSC2~/~
cells derived from mutant rats (ERC15, a renal carci-
noma cell line, and ELT3, a uterine smooth muscle cell
line) and a TSC2*/* cell line (TRKE2, a kidney epithelial
cell line) from wt rats. Expression of the functional full-
length TSC2 protein is absent in ERC15 and ELT3 cells
but readily detected in TRKE2 cells (Figure 5A).

Basal levels of p705%K and rpS6 phosphorylation were
lower in the TSC2*/* TRKE2 cells compared to that of
TSC2~/~ ERC15 and ELT3 cells (Figure 4A), confirming
the loss of TSC2 activity in mutant cells. p705°K and
rpS6 were readily hypophosphorylated in cells treated
with the PI3K inhibitor LY294002 (Figure 4A) and rapa-
mycin (data not shown) in all three cell lines. Although
p705%¢ and rpS6 phosphorylation was effectively re-
duced by 2-DG in TRKE2 cells, TSC2 mutations in
ERC15 and ELTS cells effectively abrogated this change
(Figure 4A). This result confirms that mTOR signaling is
refractory to energy stress in TSC2 null cells.

Hypoxia (0.5% O,) caused a marked increase in AMPK
and ACC phosphorylation in serum-starved TSC2~/~
ELT3 cells (Figure 4B), indicating a regulatory effect of



Molecular Cell

Normoxia Hypoxia

526 2052 620
- -

- .. - -

T —— -

TRKE2 (TSC2*+)

LD L L L E

A - .-

ERC15 (TSC27)
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(A) TSC2 null mutation abolishes 2-DG-in-
duced mTOR inhibition. TRKE2 (TSC2**),
ERC15 (TSC2~/7), and ELT3 (TSC2~/7) cells
were treated with LY294002 or 2-DG for
30 min. Phosphorylation of p705%K and rpS6
was assessed by Western blot.

(B) Hypoxia activates AMPK in TSC2~/~ ELT3
cells. Serum-starved ELT3 cells were ex-
posed to 21% or 0.5% O, for 0.5-48 hr. Levels
of AMPK and ACC phosphorylation were
examined.

(C-F) Serum-starved TRKE2, ERC15, and
ELT3 cells were exposed to 21% or 0.5% O,
for 0-20 hr. Cell extracts from normoxic
(Nor) and hypoxic (Hyp) conditions were ex-
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hypoxia on cellular bioenergetics and AMPK activity. In
addition, 20 hr of hypoxia resulted in hypophosphoryla-
tion of 4EBP1 in all three cell types. This is indicated by
the shift of 4EBP1 from the more hyperphosphorylated y
form to the less phosphorylated « and B forms (Fig-
ure 4C). We also observed an enhanced binding of
elF4E to 4EBP1 in all three cell types (data not shown).
These results suggest that TSC2 is not absolutely re-
quired for hypoxic inhibition of 4EBP1. Hypoxia resulted
in p70%®¢ and rpS6 hypophosphorylation in serum-
starved TSC2~/~ ERC15 and ELT3 cells after 6-20 hr,
confirming that mTOR inhibition by hypoxia could pro-
ceed independently of TSC2. However, p705% and rpS6
hypophosphorylation was greatly reduced in TSC2~/~
cells relative to TSC2** TRKE2 cells, especially after
0.5-2 hr hypoxia (Figures 4D-4F). We also observed a
similar reduction in hypoxic mTOR inhibition in serum-
starved TSC2~/~ MEFs in comparison with TSC2*/*
MEFs (Figure S4B). Taken together, these data suggest
that, although hypoxic regulation of mTOR could occur
independently of TSC2 under long-term low O,, TSC2
is critical for the rapid hypoxic effects on mTOR.

TSC2 Contributes to Hypoxic Inhibition
of mMRNA Translation
To assess the role of TSC2 in hypoxic regulation of
mTOR and protein synthesis, we established genetically
matched ERC15 cell lines expressing either wt TSC2
(clone T3 and T21) or N1643K TSC2 harboring a mutation
in the GAP domain (clone DN4). As seen in Figure 5A,
levels of wt or the mutant protein in ERC15 cells were
similar to that of endogenous TSC2 in TRKEZ2 cells (Fig-
ure 5A). Expression of wt TSC2 effectively promoted
hypoxic mTOR inhibition in serum-starved TSC2~/~
ERC15 cells, as indicated by rapid hypophosphorylation
of p70%%X or rpS6 (Figure 5B). In contrast, hypoxia had
little effect on mTOR activity in cells expressing the TSC2
N1643K mutant or empty pcDNAS3 vector (Figure 5B).
We next examined the effect of TSC2 on protein syn-
thesis under hypoxic conditions by using these cell

amined for phosphorylation of 4EBP1 (C),
p705%K, and rpS6 (D-F).

- —
R L —— -

——— — . —— —

ELT3 (TSC27/")

lines. As shown in Figure 5C, TSC2 null cells (Vector)
or cells expressing the N1643K mutant (DN4) displayed
a15% and 30% decrease in protein synthesis after 48 hr
in serum replete and serum-depleted conditions, re-
spectively. Of note, TSC2 expression resulted in statisti-
cally significant changes in 3°S-Met incorporation: 25%
and 47% under serum replete and serum-depleted con-
ditions, respectively (Figure 5C). Taken together, these
data indicate that TSC2 can regulate protein synthesis
during hypoxia and that serum starvation exacerbates
this response.

Rheb Regulates Hypoxic mTOR Inhibition

Recent genetic studies in yeast, Drosophila, and mam-
malian cells have placed Rheb downstream of TSC1/
TSC2 in the control of mTOR activity. Biochemical anal-
yses also show that Rheb is a physiological substrate for
the GAP activity of TSC2 (Li et al., 2004b). To investigate
whether hypoxia-mediated mTOR inhibition involves
Rheb, we examined the phosphorylation status of mMTOR
effectors in serum-starved HEK293 cells overexpressing
Rheb under 1.5% O.. As shown in Figure 5D, expression
of Rheb in HEK293 cells induced a modest increase in
basal rpS6 phosphorylation. Importantly, it also effec-
tively blocked 4EBP1 and rpS6 hypophosphorylation
during 20 hr of hypoxia, indicating that Rheb also medi-
ates hypoxic mTOR regulation.

Hypoxic Regulation of Cell Growth and Proliferation
Requires TSC2

In addition to its regulatory effects on mRNA transla-
tion, the TSC1/TSC2 complex negatively modulates cell
growth and proliferation (Potter et al., 2001; Tapon
et al., 2001). Moreover, low O, alters cell proliferation
by inducing cell cycle arrest or programmed cell death
(Goda et al., 2003; Schmaltz et al., 1998). TSC2 deletion
results in abnormally high levels of proliferation under
hypoxic conditions (Brugarolas et al., 2004), suggesting
that TSC2 plays a key role in the control of cell prolifer-
ation under low O,. To investigate the role of TSC2 in
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Figure 5. TSC2 and Rheb Modulate Hypoxia-Induced Inhibition of mTOR and Protein Synthesis

(A-C) TSC2™/~ ERC15 cells were stably transected with empty vector (Vec), wild-type (T3 and T21), or N1643K (DN4) TSC2. Clones expressing
TSC2 protein at levels similar to TRKE2 cells were selected. The asterisk (*) indicates a nonspecific polypeptide detected by the anti-TSC2
antibody. (A) Expression of TSC2 protein in selected ERC15 clones. (B) ERC15 clones were examined for phosphorylation of p705¢K and rpS6
after 0.5% O, treatment and serum deprivation. (C) ERC15 cells were treated with 21% or 0.5% O, for 48 hr in the presence (Ser*) or absence
(Ser™) of 10% serum. The asterisk indicates statistically significant differences between Ser* and Ser™ conditions; the diamond (<) indicates
statistically significant differences between normoxic and hypoxic samples. In (C), error bars represent the SEM.

(D) HEK293 cells were transfected with empty vector or Flag-tagged Rheb. Phosphorylation of 4EBP1 and rpS6 and expression of Flag-Rheb

were examined during O, and serum deprivation by Western blot.

hypoxic control of cell survival, size, and proliferation,
we examined the cell cycle profile of TSC2** TRKE2
cells and TSC2~/~ ERC15 cells by bromodeoxyuridine
(BrdU)/propidium iodide (Pl) staining. As shown in Fig-
ure 6A, 24 hr of hypoxia significantly reduced the prolif-
eration rate of TSC2** TRKE2 cells (Figure 6A), an effect
that was abrogated in cells lacking TSC2 (Figure 6B).
The percentages of TSC2 null ERC15 cells (stably trans-
fected with either vector or the N1643K mutant) in S
phase were not changed by low O, relative to normoxia.
However, expression of wt TSC2 (T3 and T21) effectively
restored hypoxic cell cycle arrest (Figure 6B and 6C). As
shown in Figure 6B, the reduction of cells in S phase
corresponded to a ~22% increase in cells in the G;
phase of the cell cycle. These data suggest that loss
of TSC2 confers a proliferative advantage to cells under
hypoxic conditions, allowing them to overcome hypoxia-
induced G, arrest.

We next investigated the effect of hypoxia and TSC2
on cell survival and cell proliferation by using a colony
formation assay. ERC15 cells transfected with empty
vector, wt TSC2, or mutant TSC2 were grown in the pre-
sence of 10% serum under 21% or 0.5% O, for 7 days.
Similar numbers of cell colonies were observed among
ERC15 cells treated under normoxia or hypoxia (Fig-
ure 6D), suggesting that neither hypoxia nor loss of
TSC2 resulted in any significant cell death during this
7 day treatment. Interestingly, hypoxia caused de-
creases in overall colony size (Figure 6D). Expression
of wt TSC2 in TSC2~/~ ERC15 cells promoted a further
reduction in colony size. We then examined whether
the difference in colony size was the result of changes
in cell size. As shown in Figures 6E and 6F, TSC2 inacti-

vation resulted in increased cell size. TSC2™/~ ERC15
cells expressing control vector (Vec) or the GAP mutant
(DN4) were ~6% larger than wt TSC2 expressing cells
(T3 and T21). The 7 day hypoxia treatment significantly
decreased cell size in all cell types. TSC2 did not show
any additive effect with hypoxia on cell size; a 10% de-
crease in cell size was observed in all ERC15 cell lines
regardless of TSC2 status. This result suggests that,
although TSC2 plays an important role in mediating hyp-
oxic mTOR inhibition, especially the early response, it
has a less significant effect on cell mass accumulation
under chronic hypoxic conditions. Because the differ-
ences in colony size cannot be explained by changes
in cell size, our data demonstrate that tumor cells lack-
ing TSC2 have a significant proliferative advantage un-
der low O,, and this enhanced proliferation is likely due
to escape from hypoxia-induced G1 cell cycle arrest.

Discussion

We report here several mechanisms of HIF-independent
hypoxic regulation of protein synthesis and cell growth:
(1) hypoxia-induced cellular energy depletion, (2) mTOR
inhibition via the AMPK/TSC2/Rheb pathway, (3) eEF2
inhibition mediated by AMPK, and (4) induction of ER
stress that leads to elF2q« inhibition (Figure 7). AMPK
inhibition, TSC2 null mutation, and Rheb overexpression
all suppress hypoxic mTOR inhibition. Mutations of
TSC2 in tumor cells promote cell growth under low O,
by overcoming hypoxia-induced mTOR inhibition and
G cell cycle arrest.

HIF activity and HIF-inducible REDD1 have been pre-
viously implicated as necessary for hypoxia-induced
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Figure 6. TSC2 Mutation Enhances Cell Proliferation under Low O,
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by Abolishing Hypoxia-Induced Cell Cycle Arrest

(A-C) Serum replete TRKE2 and ERC15 cells were exposed to 21 % or 0.5% O, for 24 hr. Cell cycle profile was determined by BrdU/PI staining and
analyzed by flow cytometry. (A) Hypoxia suppresses S phase entry in TSC2** TRKE2 cells. The graph shows the percentages of BrdU* TRKE2
cells under normoxic and hypoxic conditions. (B) Representative FACS plots for TSC2~/~ ERC15 cells transfected with vector (Vec) or wild-type
TSC2 (T21). (C) Quantification of BrdU™* cells for ERC15 clones. In (A) and (C), error bars represent the SEM.

(D-F) ERC15 cell clones were grown in the presence of 10% FBS under 21% or 0.5% O, for 7 days. (D) ERC15 colonies were stained with 0.2%
crystal violet. (E) Quantifications of size of ERC15 cells subjected to normoxic (light bars) and hypoxic (dark bars) conditions. Cell size was de-
termined by forward scatter (FSC) for cells in G; phase of the cell cycle. (F) Representative FACS plots for cell size measurements described in
(E). ERC15 cells (Vec and T3) treated under normoxia (a); representative plots for Vec (b) and T3 cells (c) under normoxic and hypoxic conditions.

In (E), error bars represent the SEM.

mTOR regulation (Brugarolas et al., 2004). However,
although our data support a regulatory role for HIF in
this hypoxic signaling, we demonstrate that hypoxic
mTOR inhibition can occur independent of HIF. The lat-
ter is demonstrated by the rapid mTOR inhibition in both
ARNT** and ARNT~/~ MEFs. Our data support a regula-
tory role for TSC2 during hypoxic mTOR inhibition. More
importantly, we provide a molecular basis for TSC2
regulation, namely hypoxia-induced energy starvation
and activation of the AMPK/TSC2/Rheb pathway.
We propose that hypoxic mTOR regulation involves
multiple pathways, including energy-dependent control
mediated by AMPK/TSC2/Rheb, inhibition by the HIF/
REDD1/2 pathway, and TSC2-independent mTOR inhi-
bition (Figure 7).

Protein synthesis consumes a great deal of ATP.
Thus, a physiological consequence of hypoxia is the
rapid change in signaling events controlling protein syn-
thesis. We report such inhibitory signaling changes, as
indicated by the concomitant inhibition of elF2a, eEF2,
4EBP1, p70%°K, and rpS6, within 30 min. Whereas elF2q

inhibition is likely induced by ER stress via PERK, eEF2
and mTOR inhibition involves AMPK. In contrast to the
rapid signaling changes, we observed a delay (between
24 and 32 hr) in the direct inhibition of 3*S-Met incorpo-
ration itself by using multiple cell lines. This delay sug-
gests that signaling events occur ahead of a manifested
biological change. The delay in protein synthesis inhibi-
tion likely results from the requirement of threshold
amounts of signaling changes and from compound ef-
fects of multiple stresses such as hypoxia and depletion
of growth factors, amino acids, and glucose in the cul-
ture medium. This is supported by the acceleration of
hypoxia-induced inhibition in protein synthesis by
growth factor withdrawal or more stringent hypoxia (Fig-
ures 1C, 1F, and 5C). We observed changes in protein
synthesis when ADP:ATP achieved a ratio of 65%. It is
noteworthy that the vast majority of solid tumors are
characterized by insufficient vasculature and heteroge-
neous oxygenation. This combination of stresses may
mimic the environment in solid tumors where cells ex-
perience chronic depletion of O,, growth factors and
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Figure 7. Schematic Diagram for the Signaling Pathways Modulated by Low O, that Lead to Translational Inhibition

Hypoxia suppresses signaling for translation initiation, elongation, and ribosome biogenesis via concomitant inhibition of elF2«, eEF2, and
mTOR downstream targets 4EBP1, p705°, and rpS6. The mTOR regulation involves the AMPK/TSC2/Rheb pathway and is activated by hyp-
oxia-induced decreases in cellular bioenergetics. The elF2a phosphorylation may be triggered by ER-stress activated PERK, and the eEF2 in-
hibition involves AMPK. HIF-inducible REDD1 has been implicated in the regulation of mMTOR upstream of TSC2. Mutations of TSC2 in tumor cells
greatly impede hypoxia-induced mTOR inhibition and G arrest. Thus, hypoxic translational control may ultimately affect cell growth and pro-

liferation under low O,.

glucose. Therefore, the energy starvation and protein
synthesis inhibition reported here may reflect the out-
come of combined stresses experienced by cells within
solid tumors.

Multiple reports have shown that AMPK is critical for
coordinating cell growth, proliferation, and survival un-
der energy starvation conditions. Phosphorylation of
TSC2 by AMPK protects cells from energy deprivation-
induced apoptosis (Inoki et al., 2003). AMPK also coor-
dinates cellular bioenergetics with the metabolic de-
mands of cell proliferation by inducing a p53-dependent
cell cycle checkpoint (Jones et al., 2005). Induction of
this metabolic arrest promotes cell survival. We show
here that AMPK acts as a hypoxic energy sensor and
is stimulated by the changes in cellular energy status
induced by low O,. AMPK inhibits ATP-consuming ana-
bolic processes during hypoxia such as mRNA transla-
tion and lipid biosynthesis, as reflected by hyperphos-
phorylation of eEF2 and ACC in our studies. It could
also upregulate ATP-generating catabolic cellular pro-
cesses such as lipid peroxidation and glycolysis. Thus,
the AMPK-mediated mechanisms for energy mainte-
nance could be a cellular mechanism for survival during
hypoxia. Although it remains to be examined whether or
not AMPK plays a role in hypoxic G; arrest, hypoxia-
induced cell cycle arrest observed in our studies is likely
another survival mechanism induced under this energy-
deficient state. Tumor cells could take advantage of

these mechanisms to survive energy deprivation, until
hypoxia-stimulated adaptations such as angiogenesis
and glycolysis allow for the reestablishment of energetic
balance.

AMPK appears not to be required for hypoxic mTOR
regulation in some cases (Arsham et al., 2003; Brugaro-
las et al., 2004). It is worth noting that experimental con-
ditions, such as the duration of hypoxic stress, the se-
verity of hypoxia, and the availability of growth factors
all affect changes in AMPK activity caused by hypoxia.
AMPK is a heterotrimeric complex comprised of a cata-
lytic o subunit and regulatory § and v units, and each
subunit exists in two to three isoforms. The enzyme,
when composed of different subunits in different cell
types, may respond with varying sensitivity to AMP
changes, resulting in different levels of stimulation (Har-
die et al., 2003). Moreover, different cells may vary in
their relative levels of AMP and ATP during hypoxia,
therefore responding differently to energy starvation.
Thus, although the AMPK/TSC2/Rheb/mTOR pathway
represents an important mechanism for mTOR regula-
tion under chronic hypoxia, distinct cell types may be
regulated differently by hypoxia.

Our data clearly demonstrate that TSC2 is involved in
hypoxic regulation of protein synthesis and cell prolifer-
ation. TSC2 mutation in tumor cells not only effectively
suppresses AMPK-induced mTOR inhibition but also
overcomes hypoxia-induced cell growth arrest. We
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further demonstrate that TSC2 mutations confer a prolif-
erative advantage to tumor cells by abrogating hypoxia-
induced G arrest. This change in the cell cycle profile
cannot be explained by modulation of cyclin D1 or
p27, as hypoxia reduces cyclin D1 and enhances p27
levels regardless of their TSC2 status (data not shown).
More investigation is needed to determine the mecha-
nism by which TSC2 mutation abrogates hypoxic cell
cycle arrest. Our data suggest that the growth advan-
tage of TSC2 null tumor cells under low O, does not re-
sult from increases in cell size. Although chronic hypoxia
significantly reduces cell size, TSC2 mutation does not
block this change. The lack of any significant effect of
TSC2 on hypoxic cell size regulation could result from
TSC2-independent mTOR inhibition and translational
regulation under hypoxia. Alternatively, the lack of cell
size regulation may simply be related to the enhanced
proliferation of TSC2~/~ cells under low O, especially
because cell size is coupled to both cell growth and pro-
liferation.

In summary, we demonstrate that hypoxia controls
protein synthesis by concomitantly inhibiting multiple
key translational regulators independent of HIF activity.
Inhibition of mMTOR and eEF2 involves an AMPK-depen-
dent mechanism triggered by hypoxic energy starva-
tion. Although hypoxic mTOR regulation is mediated by
multiple mechanisms, the AMPK/TSC2/Rheb pathway
represents an important mechanism for HIF-independent
control of translation, especially during chronic hypoxia.
TSC2 is also important for hypoxic regulation of cell
growth, and loss of TSC2 function allows cells to escape
hypoxia-induced mTOR inhibition and cell cycle arrest.
Targeting components of these regulatory pathways
may disrupt the growth and proliferation of tumor cells
and hamper their ability to adapt to hypoxia in vivo.

Experimental Procedures

Materials

Anti-TSC2 (C-20) and anti-actin were from Santa Cruz Biotechnol-
ogy and Chemicon International. Anti-Flag was from Sigma. All other
antibodies were purchased from Cell Signaling technology. TRKE2
cells, ERC15 cells, and ELT3 cells were generously provided by
Dr. C.L. Walker (University Texas, MD Anderson) (Howe et al.,
1995). TSC2~/~, p53~/~, TSC2*/*, and p53~/~ MEFs were gifts from
Dr. Kwiatkowski at Harvard University. Rh30 cells were from Dr. P.J.
Houghton (St. Jude Children’s Research Hospital). Rat AMPK-o2
and K45R AMPK-«2 mutant encoded in pcDNAS3 vector were gener-
ously provided by Dr. M. Birnbaum (University of Pennsylvania).
Human wt TSC2 and N1643K mutant in pcDNA3-His vector were
gifts from Dr. E. Henske (Fox Chase Cancer Institute). The Rheb
cDNA was generated by RT-PCR and cloned into pcDNA3 vector
with N-terminal 2 x Flag tag. AMPK inhibitor compound C was ob-
tained from Merck.

Cell Culture, Transfection, and Clone Selection

MEFs established from ARNT** and ARNT '~ mice were immortal-
ized by SV40 large T-antigen. Both MEFs and HEK293 cells were
maintained in DMEM containing 10% FBS and glutamine. TRKE2,
ERC15, and ELT3 cells were cultured in DF8/F12 medium containing
10% FBS as described previously (Howe et al., 1995). For serum
starvation, cells were cultured in serum-free media for 2 hr before
normoxia, hypoxia, or pharmacological treatment. For serum replete
conditions, cells were grown in fresh DMEM media containing 10%
FBS for 2 hr before any treatment. For pharmacological treatments,
cells were exposed to insulin (100 pM) (Sigma), LY294002 (10 uM)
(Cayman Chemical), or 2-DG (25 mM) (Sigma) for 30 min or 10 mM
methylpyruvate for 2 hr. The cells were plated at densities such

that they reached ~50%-70% confluence at the time of study and
were allowed to adhere overnight prior to any treatment.

HEK293 and ERC15 cells were transfected with Lipofectin (Invitro-
gen). Stable transfectants for AMPKz2 in HEK293 and TSC2 in
ERC15 were selected with 0.8 mg/ml or 0.4 mg/ml geneticin (Invitro-
gen), respectively. The clones were maintained in 0.5 mg/ml and
0.2 mg/ml geneticin.

Protein Synthesis by 3°S-Met Incorporation

HEK293 or ERC15 cells were exposed to normoxia or hypoxia (1.5%
0O,) for 2-48 hr in serum replete (10% FBS) or serum-depleted (0%
FBS) conditions. Cells were then switched to Met-free DMEM media
supplemented with 10 pCi **S-Met (Amersham Biosciences) and in-
cubated for 1 hr. The cells were lysed in RIPA buffer containing com-
plete protease inhibitor (Roche) and 1 mM PMSF. Radioactivity in
the cell lysate was examined by TCA precipitation followed by
Microbeta scintillation counting (PerkinElmer) (Lang et al., 2002).
Alternatively, cell lysate was resolved by 12.5% SDS-PAGE and
examined by autoradiography. The amount of radiolabeling was
adjusted with the protein content of each sample.

ATP and ATP/ADP Measurements

Levels of ATP or ADP:ATP ratio in HEK293 cell extracts were deter-
mined by ATP bioluminescence assay kit CLS Il (Roche Applied Sci-
ence) and ApoGlow assay kit (Cambrex), respectively.

BrdU Labeling

ERC15 cells were labeled with 10 uM bromodeoxyuridine (BrdU) for
the last 45 min of treatment after exposure to normoxia (21% O,) or
hypoxia (0.5% O,) for 24 hr. Cells were fixed with ice cold 70% eth-
anol and stained with propidium iodide (10 pg/ml) and Alexa Fluor-
488 conjugated anti-BrdU antibody (Molecular Probes) and ana-
lyzed by flow cytometry (Becton Dickenson).

Statistical Analysis

Results are average + standard error of mean (SEM) of six to eight
samples from two independent studies. Statistic analyses were
done by two-tailed Student’s t test. Error bars represent SEM for
Figures 1, 2, 5, and 6. Statistical significance was defined as * and
Op < 0.05, *p < 0.01.

Supplemental Data

Supplemental Data include four figures and can be found with this
article online at http://www.molecule.org/cgi/content/full/21/4/521/
DC1/.
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