
Translational repression during chronic hypoxia

is dependent on glucose levels

JEFF D. THOMAS, LIZALYNN M. DIAS, and GREGG J. JOHANNES
Department of Pathology and Laboratory Medicine, Drexel University College of Medicine, Philadelphia, Pennsylvania 19102, USA

ABSTRACT

Translation is often repressed in cell lines that are exposed to hypoxic conditions (0.5% – 1.5% O2) but this repression requires
prolonged exposure (> 16 h). We report here that prolonged exposure to hypoxia results in the depletion of glucose from the
media and that the loss of glucose correlates with the shut down in translation. Furthermore, we show that the addition of
glucose or reoxygenation restores translation in hypoxic PC3 cells. This indicates that both glucose depletion and hypoxia are
required for translational repression. We also show that eIF2a phosphorylation is reversed by glucose addition. Moreover, we
present data that strongly indicate that eIF2a phosphorylation as well as the translational inhibition that occurs when cells are
grown under conditions of glucose depletion and hypoxia is pancreatic eIF2a kinase (PERK) independent. We believe this is
the first report to show that glucose depletion is required for translational repression under hypoxic conditions and that this
explains why prolonged exposure to hypoxia is required for this inhibition. Since the physiological conditions that lead to tumor
hypoxia would also likely lead to reduced glucose levels, understanding the interplay of glucose and hypoxia in regulating tumor
metabolism will provide important information on the growth and development of solid tumors.
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INTRODUCTION

Low oxygen environments have been shown to repress
translation in a variety of cell lines. The impact on cellular
translation is dependent on both the severity and duration
of the low oxygen stress (Kraggerud et al. 1995; Stein et al.
1995; Tinton and Buc-Calderon 1999; Lang et al. 2002;
Koritzinsky et al. 2005, 2006; Liu et al. 2006; Thomas and
Johannes 2007). Under anoxic conditions (oxygen levels
below 0.02%) translation is rapidly inhibited (Blais et al.
2004; Bi et al. 2005; Koritzinsky et al. 2005), while pro-
longed exposure (> 16 h) is required for translational re-
pression under hypoxic (0.5% – 1.5% O2) conditions
(Connolly et al. 2006; Liu et al. 2006). Although the rea-
son(s) for this delay in the translational response is unclear,
it appears that both anoxia and hypoxia effect translation
by primarily inhibiting the initiation step of translation
(Wouters et al. 2005; van den Beucken et al. 2006; Thomas
and Johannes 2007).

The initiation of translation is the rate-limiting step in
protein synthesis, and as such translational regulation is
often mediated at this step (Pain 1996; Kozak 1999). To
begin translation the 43S preinitiation complex, which
consists of the 40S ribosomal subunit, the ternary complex
eukaryotic translation initiation factor 3 (eIF3), and other
eIFs, binds to the 59-cap of an mRNA through interac-
tions with the cap-binding complex (eIF4F) (Gingras et al.
1999b). eIF4F consists of three subunits (eIF4E, eIF4G, and
eIF4A) and binds the 59-cap of an mRNA via direct
interactions with eIF4E (Kozak 1992; Pain 1996; Aronica
et al. 1997). Reduced oxygen levels appear to regulate trans-
lation initiation at two major steps: (1) by inhibiting the
activity of the cap-binding complex, via reducing the avail-
ability of eIF4E (Arsham et al. 2003; Connolly et al. 2006),
and (2) by blocking the recycling of the ternary complex by
inhibiting eIF2 function (Koumenis et al. 2002; Park et al.
2005; Blais et al. 2006). Acute anoxia primarily blocks
recycling of the ternary complex, while chronic hypoxia
appears to inhibit the activity of the cap-binding complex
in addition to blocking recycling of the ternary complex
(Wouters et al. 2005; Koritzinsky et al. 2006; van den
Beucken et al. 2006).

Anoxia’s rapid affect on global translation seems to
be mediated by the unfolded protein response through
activation of the pancreatic eIF2a kinase (PERK) (Harding
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et al. 2000a; Koumenis et al. 2002; Ron 2002). PERK
phosphorylates eIF2a, which blocks the ability of eIF2 to
exchange GDP with GTP. In the absence of eIF2-GTP the
ternary complex cannot be recycled and translation is in-
hibited (Pain 1996; Bi et al. 2005). Unlike anoxia, short-
term hypoxia has no effect on translation while prolonged
exposure (> 16 h) represses translation in some but not all
cell lines. Additionally, the magnitude of this repression is
quite variable. In some cell lines translation is only inhib-
ited by < 50% even after 48 h (Tinton and Buc-Calderon
1999; Arsham et al. 2003; Connolly et al. 2006), while other
cell lines show 80% – 90% inhibition of translation after
20 h of exposure to hypoxic conditions (Thomas and
Johannes 2007). The precise mechanism required for this
translational repression under chronic hypoxia remains
elusive, but several reports have implicated mTOR inacti-
vation as well as eIF2a phosphorylation (McCay et al. 1935;
Connolly et al. 2006).

There are two mTOR complexes in the cell, mTOR
complex 1 (mTORC1) and mTOR complex 2 (mTORC2)
(Kim et al. 2002; Sarbassov et al. 2004). mTORC1 is
rapamycin sensitive and plays an important role in regu-
lating the availability of the cap-binding complex for trans-
lation by phosphorylating and modulating the activity of
the eIF4E binding proteins (4EBPs) (Gingras et al. 1999a;
Hay and Sonenberg 2004). Under growth stimulatory con-
ditions, mTORC1 is active and phosphorylates the 4EBPs.
Hyperphosphorylated 4EBPs do not interact with eIF4E
and thus allow eIF4E to participate in the cap-binding
complex, promoting translation. When mTORC1 is inacti-
vated, as has been reported to occur during hypoxia, the
4EBPs become hypophosphorylated, which promotes their
interaction with eIF4E. The binding of eIF4E to the 4EBPs
sequesters eIF4E and blocks its ability to participate in the
cap-binding complex, resulting in translational repression.
In addition to this global effect on translation, mTORC1
activity is also required for the efficient translation of a
subset of mRNAs that contain a 59 terminal oligo-pyrim-
idine tract (59 TOP) (Gingras et al. 2004; Wouters et al.
2005). Since most ribosomal protein mRNAs (rpmRNAs)
are 59 TOP containing mRNAs (Levy et al. 1991), hypoxia,
through the inactivation of mTORC1, likely results in the
reduction in ribosomal protein production. mTORC1 also
phosphorylates and activates ribosomal protein S6 kinase
(rpS6K), which stimulates cell growth and ribosomal bio-
synthesis. In contrast, mTORC2 is not rapamycin sensitive
and does not phosphorylate rpS6K or the 4EBPs and is not
directly involved with regulating cap-dependent translation.

In addition to inhibiting translation initiation, chronic
hypoxia has also been reported to result in the phosphor-
ylation of translational elongation factor 2 (EF2) (Connolly
et al. 2006; Liu et al. 2006). Phosphorylation of EF2 pre-
vents it from participating of translation elongation, re-
sulting in the reduction in translation (Browne and Proud
2002). However the impact of this phosphorylation on

translation remains unclear because in HEK293 and rh30
cells EF2 phosphorylation does not correlate with trans-
lational repression (Liu et al. 2006) while in MCF10A cells
EF2 phosphorylation is required for full inhibition of
translation under chronic hypoxia (Connolly et al. 2006).

The requirement for prolonged exposure to hypoxia
to induce translational inhibition may reflect changes in
cellular metabolism or gene expression that require long
periods of time to manifest themselves or may reflect
changes in the media over time. This study shows that glu-
cose depletion from the media is required for translational
repression under hypoxic conditions in PC3 cells. We also
show that glucose is utilized at an accelerated rate during
hypoxia. Additionally our data strongly suggest that the
phosphorylation of eIF2a under chronic hypoxia is PERK
independent. Together this report provides important new
information on the role of glucose in regulating translation
and explains the delayed translational repression under
hypoxic conditions. Since the conditions that result in hyp-
oxia in tumors would also lead to reduced glucose levels,
understanding the interplay of glucose and oxygen depri-
vation on cellular metabolism will likely provide new insights
on the role of translation in regulating tumor growth.

RESULTS

Conditioned media from hypoxic cells accelerates
translational repression during hypoxia

One of the curious observations about the impact of
hypoxia on translation in PC3 cells is that it takes > 16 h
of exposure to impact translation. In order to evaluate if
this prolonged exposure is required for cellular adaptation
to hypoxia or is due to alterations in the media, we ana-
lyzed the impact of fresh media (FM) and hypoxia con-
ditioned media (HM) on translation. As shown in Figure 1,

FIGURE 1. Fresh complete media reverses the hypoxia-mediated
translational repression in PC3 cells. PC3 cells were maintained in nor-
moxic conditions (N) or placed in a hypoxic chamber for 3 h (H-3)
or 20 h (H-20). One hour before labeling, complete media (FM) was
added to the cells. Conditioned hypoxic media (HM) was added to
the cells immediately before placing into hypoxia for 3 h (H-3 HM).
The cells were labeled with 35S-met/cys and the cellular trans-
lational activity was determined (%TCA/Total). Standard error bars
are shown.
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the addition of FM to normoxic (N) cells had no impact on
translation. Exposure of cells to hypoxia for 20 h (H-20)
resulted in a threefold reduction in translational activity, as
has been previously reported (Thomas and Johannes 2007).
When fresh media was added back to the hypoxic cells
(H-20 FM), translation was restored to a level that was
significantly higher (168%) than that found in normoxic
cells. As expected there was no impact on translation when
cells were exposed to hypoxia for only 3 h (H-3). However,
when cells were exposed to hypoxia for 3 h in the presence
of HM, translation was inhibited fivefold. These data show
that HM markedly accelerates (from 20 h to 3 h) the trans-
lational inhibition observed under hypoxia and that FM
can restore translation to hypoxic cells. Together these data
indicate that a compound is either consumed from the media
or secreted into the media that is directly involved with the
translational inhibition that occurs during hypoxia.

Glucose restores translation to hypoxic cells

Previous reports have implied that translational repression
may be mediated through the loss of ATP and/or increases
in the ADP/ATP ratio under prolonged hypoxic exposure
(Liu et al. 2006). There are several sources of energy found
in tissue culture media, including glucose (glc), glutamine
(gln), and pyruvate (pyr). In order to evaluate the impact
of these energy sources on translation we added each one of
these compounds to translationally repressed hypoxic PC3
cells. As shown in Figure 2, exposure of cells to hypoxia for
20 h resulted in the inhibition of translation. When glucose
was added to hypoxic cells, translation was restored (180%
of normoxic) to a similar extent as occurs when fresh
media was added (Fig. 1). The addition of glutamine or
pyruvate had no effect on the translational repression in
hypoxic cells. Reoxygenating the hypoxic cells by returning
them to normoxic conditions for 1 h (Reoxy) fully restored
translation. This latter observation is very interesting be-

cause translation fully recovers even though glucose is not
added to the media.

Glucose is utilized at an accelerated rate
in hypoxic cells

If glucose depletion is required for translational repression
under hypoxic conditions, then there should be lower levels
of glucose in the media of hypoxic cells, as compared to
normoxic cells. As shown in Figure 3, glucose began to be
utilized at an accelerated rate after 4 h of exposure to
hypoxic conditions, and by 15 h only 2% (1.9 mg/100 mL)
of the glucose remained. In contrast, 75% (62 mg/100 mL)
of the glucose remained in the media from normoxic cells
after 15 h. These data demonstrate that hypoxic cells utilize
glucose at an accelerated rate, as compared to normoxic
cells. Even more interesting was the finding that glucose
became nondetectable (< 1.0 mg/100 mL) coincidentally
with translational repression (16 h).

Glucose depletion does not impact translation
under normoxic conditions

In order to establish if glucose depletion is solely respon-
sible for translational repression under hypoxic conditions,
we analyzed the impact of glucose depletion on normoxic
cells. As shown in Figure 4A, glucose depletion had no
effect on the translational activity of PC3 cells grown under
normoxic conditions. However, when PC3 cells were grown
in media lacking glucose, glutamine, and pyruvate, trans-
lation was repressed z50% (Fig. 4B). The addition of glu-
cose or pyruvate to the media only had a marginal impact
while addition of glutamine completely restored trans-
lation. Consistent with this finding, PC3 cells grown in the
absence of glutamine were translationally repressed while
glucose depletion had no effect (data not shown). Thus
glucose depletion is required for translational repression
under hypoxic conditions while glutamine depletion results
in translational repression under normoxic conditions.

Addition of glucose to hypoxic cells results
in the activation of mTORC1
and dephosphorylation of eIF2a

It has been reported that the translational repression that
occurs during chronic hypoxia correlates with the inacti-
vation of mTOR, phosphorylation of eIF2a, and/or phos-
phorylation of EF2 (Arsham et al. 2003; Wouters et al.
2005; Connolly et al. 2006; Liu et al. 2006; Thomas and
Johannes 2007). Since glucose restores translation to hyp-
oxic cells we wanted to examine the effects of glucose on
these factors. To this end we maintained cells in complete
media under hypoxic conditions for 20 h and then added
glucose or glutamine to the media for 1 h. The cells were
then harvested and the phosphorylation status of EF2, rpS6,

FIGURE 2. Glucose reverses the hypoxia-mediated translational
repression in PC3 cells. PC3 cells were maintained in normoxic
conditions (N) or placed in a hypoxic chamber for 20 h (H-20). One
hour before harvesting the cells, glucose (glc), glutamine (gln), or
pyruvate (pyr) was added to the media. A plate of hypoxic cells was
returned to normoxic conditions 1 h prior to harvesting (Reoxy).
Standard deviation bars are shown.

Glucose depletion and translational repression

www.rnajournal.org 773

JOBNAME: RNA 14#4 2008 PAGE: 3 OUTPUT: Friday March 7 22:57:25 2008

csh/RNA/152278/rna8573



and eIF2a was monitored. As a control, hypoxic cells (with-
out added glc or gln) were returned to a normoxic envi-
ronment for 1 h (Reoxy). Figure 5A shows that EF2 is
phosphorylated under hypoxia in PC3 cells. Glucose, gluta-
mine, and reoxygenation all reduced the level of phosphor-
ylated EF2 relative to the hypoxic sample, but the degree
of this reduction varied considerably among experiments
(data not shown). The phosphorylation status of rpS6 was
used as an indirect measurement of mTORC1 activity
because this phosphorylation was completely rapamycin
sensitive (Fig. 5B; Gingras et al. 2004; Wouters et al. 2005).
Figure 5, A and B, shows that the amount of phosphory-
lated rpS6 was markedly reduced in hypoxic cells, and
glucose addition or reoxygenation restored the amount of
phosphorylated rpS6 to normoxic levels. Glutamine addi-
tion did not restore the phosphorylation of rpS6. Interest-
ingly, the loss of phosphorylated rpS6 always correlated
with a reduction in the amount of total rpS6. The amount
of phosphorylated eIF2a was also increased under hypoxic
conditions. Quantitative analysis of the data in Figure 5
revealed that the addition of glucose or reoxygenation re-
duced the amount of phosphorylated eIF2a relative to total
eIF2a by 47% and 20%, respectively. In contrast, glutamine
addition increased the ratio of phosphorylated eIF2a by
34%. In all cases the amount of phosphorylated eIF2a was
significantly higher in hypoxic cells, as compared to nor-
moxic cells. Taken together, the data in Figure 5 show that
addition of glucose to hypoxic cells results in the activation
of mTORC1 and the dephosphorylation of eIF2a.

mTORC1 activity is not required for translational
recovery of hypoxic cells

The activity of mTORC1 correlated well with the recovery
of translation in hypoxic cells either by reoxygenation or by
glucose addition. To determine whether mTORC1 activity
was required for restoration of translation we added rapa-

mycin, a potent inhibitor of mTORC1, 1 h prior to addition
of glucose or reoxygenation. As shown in Figure 5C, rapa-
mycin inhibited translation by z30% in normoxic cells, as
previously reported (Thomas and Johannes 2007), and
slightly enhanced the translational repression under hyp-
oxic conditions. The addition of glucose or reoxygenation re-
stored translation in the absence or presence of rapamycin
(Fig. 5C) while completely blocking the phosphorylation
of rpS6 (Fig. 5B). This strongly indicates that mTORC1
activity is not required for translational recovery.

The translational repression that occurs when cells
are grown in glucose and glutamine depleted media
under normoxic conditions does not require
eIF2a phosphorylation

Analysis of eIF2a, rpS6, and EF2 during the translational
repression that occurs when cells were grown under nor-
moxic conditions in depleted media showed that EF2 is
phosphorylated and rpS6 is dephosphorylated, while eIF2a

phosphorylation was unaffected (Fig. 6). This indicates that

FIGURE 3. Glucose utilization is accelerated during hypoxia. PC3
cells were grown in hypoxic (D) or normoxic conditions (m) and the
media analyzed for glucose content at the times (hr) indicated. The
amount of glucose present in the media at 0 h was set to 100%.
Standard error bars are shown.

FIGURE 4. Glucose does not significantly impair translation under
normoxic conditions. (A) PC3 cells were grown in media containing
0, 0.1, 1.0, and 10 g/L glucose under normoxic conditions. Cells were
harvested after 20 h and the translational activity was determined. As a
control (C), cells were grown in media (containing 1 g/L glucose)
for 48 h. (B) PC3 cells were grown under normoxic (N) conditions in
complete media (+glc, +gln, +pyr) or media minus glucose, gluta-
mine, and pyruvate (�glc, �gln, �pyr). After 20 h, glc, gln, or pyr was
added back to the media 1 h prior to labeling. Cells were labeled and
the translational activity (%TCA/Total) was determined. SEM bars are
shown.
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eIF2a phosphorylation is not required for translational
repression under these conditions. Restoration of mTORC1
activity, as measured by rpS6 phosphorylation, occurred
with glucose or glutamine addition. Since translation is
restored only when glutamine is added back to the depleted
media indicates that mTORC1 activity is not required
for translational recovery under these conditions. Since
glucose addition results in the dephosphorylation of EF2
but not translational recovery suggests that phosphoryla-
tion of EF2 is not required for translational inhibition
under these conditions. It was unexpected to find that

eIF2a phosphorylation only occurred when glutamine was
added and translation was restored because eIF2a phos-
phorylation usually correlates with translational repression.
This suggests that this level of eIF2a phosphorylation does
not inhibit translation under normoxic conditions. Overall
these data indicate that the translational repression under
hypoxic conditions utilizes a different mechanism than
translational repression that occurs under depleted con-
ditions in normoxic cells.

The translational repression that occurs during
chronic hypoxia appears to be PERK independent

It has been reported that PERK activity is induced, via the
integrated stress response, during acute anoxia and phos-
phorylates eIF2a resulting in translational repression (Bi
et al. 2005; Blais et al. 2006). In order to evaluate if PERK
activity is required for the translational repression that
occurs under chronic hypoxia, we used RNA interference to
knock down PERK and evaluated the impact on trans-
lational repression. Additionally, we evaluated if HIF1 or
HIF2 activity was required for this translational repression
by using a siRNA directed against HIF1b. HIF1b is the
binding partner of both HIF1a and HIF2a, and by knock-
ing down HIF1b the formation of both of these transcrip-
tion complexes is blocked. As shown in Figure 7A, siRNAs
directed against the PERK and HIF1b mRNAs specifically
reduced expression of their respective mRNAs by 84% and
88%, respectively. A siRNA targeting a scrambled sequence
(scr) had no effect on either of these mRNAs. As shown in
Figure 7B, hypoxic exposure of cells transfected with the
SCR, PERK, or HIF1b siRNA reduced translation by 83%,
88%, and 67%, respectively.

To verify that the PERK knockdown was sufficient to
impact PERK-dependent physiological responses we ana-
lyzed the ATF3 mRNA, whose expression is dependent on
PERK activity (Jiang et al. 2004), in thapsigargin-treated

FIGURE 5. Glucose reverses the effect of hypoxia on the phosphor-
ylation status on rpS6 and eIF2a. (A) Cells were maintained in
complete media (*) under normoxic (N) conditions or placed in a
hypoxic chamber for 20 h (H). One hour before harvesting, glucose
(glc) or glutamine (gln) was added to the media. As a control, hypoxic
cells were returned to a normoxic environment for 1 h (Reoxy). Cells
were harvested and the phosphorylation status of eIF2a, rpS6, and
EF2 was determined by Western analysis. Actin was used as a loading
control. (B) Cells were treated with rapamycin and the effect on the
phosphorylation of eIF2a, rpS6, and EF2 was analyzed in cells exposed
to normoxia (N), hypoxia (H) for 20 h, or cells exposed to hypoxia
for 20 h followed by glucose addition for 1 h. Additionally one set of
hypoxic cells was returned to normoxic conditions for 1 h (O2). Actin
was used as a loading control. (C) The translational activity was mea-
sured in PC3 cells grown under normoxic (N) and hypoxic (H-20)
conditions in the presence or absence of rapamycin (20 ng/mL). After
20 h of hypoxic treatment, glucose was supplemented into the media
(H-20 + glc) for 1 h or returned to normoxic conditions for 1 h
(Reoxy) prior to analysis. The translational activity in the normoxic
sample without rapamycin was set to 100%. The black bar represents
rapamycin treatment (rap) and the gray bar represents untreated cells
(control).

FIGURE 6. Glucose and glutamine depletion does alter the phos-
phorylation status of EF2, rpS6, and eIF2a. Cells were grown under
normoxic conditions in complete media (*) or complete media minus
glucose (glc), glutamine (gln), or both. Cells were harvested and the
phosphorylation status of eIF2a, rpS6, and EF2 was determined by
Western analysis. Actin was used as a loading control.

Glucose depletion and translational repression
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PC3 cells. Thapsigargin, through activation of the unfolded
protein response, is a potent inducer of PERK. PERK
stimulates the translational induction of the transcription
factor ATF4 (Harding et al. 2000a,b), which in turn acti-
vates the transcription of ATF3. As shown in Figure 7C,
cells treated with the PERK siRNA, but not with a scram-
bled siRNA, reduced the expression of ATF3 by fivefold in
thapsigargin-treated PC3 cells, which demonstrates that
the knockdown is sufficient to impact downstream events
mediated by PERK. The fact that the PERK knockdown
was sufficient to inhibit downstream effects mediated by
PERK, i.e., ATF3 expression, in response to thapsigargin,
but had very little, if any, impact on the translational
repression under hypoxic conditions supports the hypoth-
esis that PERK activity is not required for the translation
repression that occurs during hypoxia. Consistent with this

hypothesis, we found that the PERK
knockdown had no impact on the
induction of the ATF3 mRNA under
conditions of hypoxia and glucose dep-
rivation (Fig. 7D), which indicates that
hypoxic treatment induces ATF3 in a
PERK independent manner.

In order to verify that the knock-
down of HIF1b was sufficient to
impact downstream events modulated
by HIF1b, we analyzed the expression
of a HIF1a target mRNA, Adrenome-
dullin (ADM) (Kitamura et al. 1993;
Udono et al. 2001). As shown in Figure
8A, cells treated with the HIF1b siRNA
reduced the hypoxic expression of
ADM by threefold, as compared to
control cells. This effect was specific
for the HIF1b siRNA because no effect
on ADM expression was observed with
the PERK siRNA. Thus the knockdown
of HIF1b was sufficient to impact
events modulated by HIF1b. Since
translation continued to be reduced
significantly in cells treated with the
HIF1b siRNA we conclude that neither
HIF1 nor HIF2 expression is required
for the translational repression that
occurs during hypoxia in PC3 cells.
However, since the magnitude of the
translational repression was reduced in
the HIF1b knockdown we cannot rule
out the possibility that HIF1 or HIF2
expression augments the translational
repression that occurs during hypoxia.

To determine if eIF2a continued to
be phosphorylated under hypoxic con-
ditions in the cells treated with the
PERK siRNA, we analyzed the phos-

phorylation status of eIF2a. Quantitative analysis of the
data shown in Figure 8B revealed that hypoxic treatment
increased the amount of phosphorylated eIF2a relative to
total eIF2a in the control, scr siRNA, and PERK siRNA-
treated cells by 2.2-, 2.6-, and 2.4-fold, respectively. The
data in Figures 7 and 8 strongly indicate that eIF2a is
phosphorylated via a PERK independent mechanism dur-
ing chronic hypoxia and is consistent with the hypothesis
that eIF2a phosphorylation is required for translational
repression under these conditions. Together these data
indicate that hypoxia and glucose deprivation results in
the phosphorylation eIF2a and induction of the ATF3
mRNA, similar to what occurs during the unfolded protein
response. However, unlike the UPR, hypoxia and glucose
deprivation appear to mediate these changes using a PERK
independent mechanism.

FIGURE 7. Knockdown of PERK does not impact the hypoxia-mediated translational
repression. (A) PC3 cells were transfected with siRNAs targeting PERK, HIF1b, or a scrambled
(scr) sequence. Four days after transfection RNA was harvested and the amount of PERK (open
bars) or HIF1b (dark bars) mRNA present in the cells was determined by qRT-PCR. All data
were normalized to the amount of cyclophilin A mRNA. The ratio of PERK/cyclophilin A and
the ratio of HIF1b/cyclophilin A found in the cells transfected with a scrambled siRNA were set
to 100% (relative mRNA conc.). A control (Cnt) using untransfected cells is also shown. (B)
Cells were treated with siRNAs targeting PERK, HIF1b, or a scrambled (scr) sequence for 3 d.
Cells were then transferred to a hypoxic environment for 20 h (dark bars) or maintained in a
normoxic environment (open bars) and analyzed for translational activity. A separate plate of
hypoxic cells was returned to normoxic conditions (Reoxy, gray bars) for 1 h prior to analysis.
The translational activity of the cells under normoxic conditions was set to 100%. (C) PC3 cells
were transfected with siRNAs targeting a scrambled (scr) sequence or the PERK mRNA and
the amount of the ATF3 mRNA (open bars) and PERK mRNA (dark bars) present after 6 h of
thapsigargin treatment is shown. (D) PC3 cells were transfected with siRNAs targeting a
scramble (scr) sequence or the PERK mRNA and maintained in a normoxic environment (open
bars) or exposed to hypoxia for 20 h (dark bars) and the relative amount of the ATF 3 mRNA
(% ATF3 mRNA) is shown. The amount of ATF3 mRNA in the hypoxic cells transfected with
the scr siRNA was set to 100%. (E) The relative amount of the PERK mRNA found in the PC3
cells transfected with the scramble or PERK siRNA used in D is shown. Standard deviation bars
are shown. All RNAs were normalized to the cyclophilin A mRNA.
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As a control we analyzed the impact of the siRNAs on
glucose utilization and found that the cells treated with the
siRNAs targeting HIF1b and PERK showed slightly reduced
glucose utilization at 4 h of hypoxic treatment, as com-
pared to control cells or those transfected with a siRNA
targeting a scrambled sequence (Fig. 8C). However by 16 h
of hypoxic treatment all cells had equivalent levels of
glucose that became undetectable by 20 h of hypoxic
treatment.

DISCUSSION

Although it has been well documented that prolonged
exposure to hypoxia is required for translational repression,
the reason(s) for this delayed response has not been
elucidated. Our data strongly support the hypothesis that
glucose depletion is required for translational repression
under hypoxic conditions and that the prolonged exposure
time is needed for the glucose in the media to be con-
sumed. Specifically we found that when glucose is present
in the media hypoxia does not inhibit translation but when
glucose is depleted hypoxia results in the dramatic inhibi-
tion of translation. We also observed that hypoxic PC3 cells
utilize glucose at a greatly accelerated rate, as compared to

normoxic cells, and that glucose reaches undetectable levels
by 16 h of hypoxic treatment. This loss of glucose correlates
with the translational repression that occurs during hyp-
oxia (Thomas and Johannes 2007). These data, together
with the fact that the addition of glucose restores trans-
lation in hypoxic cells, strongly support the conclusion that
glucose depletion is required for translational repression
during hypoxia in PC3 cells. This dependence on glucose
depletion may be common and may help to explain why
exposure to hypoxia for 16 h or longer is required for
translational repression. It would be interesting to examine
the rate of glucose consumption in cell lines that do not
repress translation upon hypoxic exposure. Perhaps these
cell lines do not consume glucose at an accelerated rate
during hypoxia and therefore do not deplete glucose from the
media, which would allow for translation to be maintained.

The increase in glucose consumption is likely explained
by the hypoxia-mediated shift from oxidative phosphory-
lation to gylcolysis, often referred to as the Warburg effect
(Warburg 1956; Shaw 2006). Hypoxia represses oxidative
phosphorylation (Kim et al. 2006; Papandreou et al. 2006)
and increases the expression of several glucose transporters,
especially Glut1 and -3, which increases glucose transport
into the cell (Semenza 2003; Schofield and Ratcliffe 2004;
Brahimi-Horn et al. 2007; Thomas and Johannes 2007).
This hypoxia-mediated increase in glucose utilization and
potential glucose depletion is often overlooked when exam-
ining the impact of hypoxia on gene expression and cellular
metabolism. It is possible that many of the cellular events
attributed to chronic hypoxia may be a result of the com-
bined stresses of hypoxia and glucose depletion.

Since it has been shown that glucose starvation can have
a suppressive effect on translation under normoxic con-
ditions in certain cell lines (Gomez et al. 2004; Vander
Mierde et al. 2007) we wanted to determine if the trans-
lational repression that we observe under hypoxic con-
ditions is merely a consequence of glucose depletion. Our
data clearly show that short-term (20 h) glucose depletion
under normoxic conditions has little impact on protein
synthesis while dramatically inhibiting translation under
hypoxic conditions. This strongly indicates that the trans-
lational repression that is observed during chronic hypoxia
requires both glucose and oxygen depletion. Interestingly,
glutamine, but not glucose, restores translation in nor-
moxic cells that are energy starved while glucose, but not
glutamine, restores translation under hypoxic conditions.
This implies that the molecular mechanisms responsible for
translational repression under hypoxia/glucose depletion
and normoxia/glutamine depletion are distinct. Consistent
with this hypothesis we find that eIF2a phosphorylation
correlates with the translational repression in glucose
depleted/chronically hypoxic cells but not in energy starved
normoxic cells.

We find that chronic hypoxic treatment results in the loss
of phosphorylated rpS6 (reflecting mTORC1 inactivation),

FIGURE 8. eIF2a phosphorylation and glucose utilization is not
inhibited in cells treated with siRNAs targeting HIF1b or PERK.
(A) PC3 cells were untransfected (cnt) or transfected with siRNAs
targeting HIF1b or the PERK mRNA and exposed to hypoxia for 20 h.
The amount of the ADM (open bars) and HIF1b (gray bars) mRNAs,
relative to untransfected (cnt), are shown. (B) The phosphorylation
status of eIF2a was analyzed in the Scr and PERK siRNA-treated cells
under normoxic (N) and hypoxic (H) conditions. Actin was used as a
loading control. (C) Glucose utilization during hypoxia was measured
in control cells (r) and cells treated with siRNAs directed against
HIF1b (D), PERK (3), or a scrambled sequence (scr, u). Standard
deviations bars are shown.
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the phosphorylation of eIF2a, and an increase in the
phosphorylation status of EF2. Restoration of translation
by glucose addition or reoxygenation correlated with mTORC1
activation and the reduction of phosphorylated eIF2a,
while glutamine addition, which does not restore trans-
lation, did not. Together these data show that inactivation
of mTORC1 and phosphorylation of eIF2a correlates with
the hypoxia-mediated translational repression. However
unlike previous reports (Arsham et al. 2003; Bernhardt et al.
2006; Connolly et al. 2006; Liu et al. 2006; Thomas and
Johannes 2007) we show that both of these events are
reversed by glucose addition as well as reoxygenation. The
observation that mTORC1 inactivation occurs within a few
hours of hypoxic treatment (Thomas and Johannes 2007)
when glucose levels are still high (Fig. 3) indicates that
mTORC1 activity is initially more responsive to oxygen
levels than to glucose levels. However upon prolonged
exposure to hypoxia, addition of glucose activates mTORC1.
This suggests that the regulation of mTORC1 by hypoxia
and glucose is altered when cells are exposed to chronic
hypoxia. These observations and our previous studies
(Thomas and Johannes 2007) strongly suggest that hypoxia
alone can inactivate mTOR while eIF2a phosphorylation
requires both hypoxia and glucose deprivation.

Although mTORC1 activity correlates well with the
translational activity, several lines of evidence indicate that
mTORC1 is not the key player in regulating global trans-
lation when cells are exposed to hypoxic and low glucose
conditions. First, our previous work has shown that
mTORC1 is inhibited by 2 h of hypoxic treatment while
translational repression requires > 16 h of hypoxic treat-
ment (Thomas and Johannes 2007); second, rapamycin
treatment only has a modest effect on translation under
normoxic conditions; and third, translational recovery by
either glucose or reoxygenation is not affected by rapa-
mycin treatment. Thus, we conclude that the inhibition of
mTORC1 by hypoxia has only a modest impact on trans-
lation, most likely resulting from the specific translational
repression of 59 TOP mRNAs. Furthermore, its activity is
not required for translational recovery by reoxygenation
or glucose addition. These data appear to be in contrast to
what has been reported to occur in the immortalized breast
epithelium cell line MCF10A, in which mTOR inactivation
and EF2 phosphorylation are responsible for the trans-
lational repression mediated by chronic hypoxia (Connolly
et al. 2006). These authors also report that the more trans-
formed breast cancer cell lines, HTB20 and CRL2324, had
constitutively active mTOR and were refractory to the
hypoxia-mediated translational repression (Connolly et al.
2006). Since PC3 cells are highly transformed they are more
similar to the HTB20 and CRL2324 cells than to the
MCF10A cells. Although mTORC1 is not constitutively
activated in the PC3 cells, its inactivity is not required for
translational repression under chronic hypoxia. Thus both
prostate cancer and breast cancer cell lines uncouple

regulation of mTORC1 from global translational repres-
sion. A similar phenomenon is also seen in HEK293 cells in
which rpS6 is hypophosphorylated within 6 h of hypoxic
treatment but translational repression requires greater than
16 h of exposure (Liu et al. 2006). Thus in these trans-
formed cell lines mTORC1 activity is uncoupled from
global translational repression. It would be interesting to
determine if glucose consumption correlated with the trans-
lational repression in the MCF10A cell line and if glucose
depletion in conjunction with hypoxia inhibits translation
in the more transformed breast cancer cell lines. It is pos-
sible that the glucose dependency on translational repres-
sion during hypoxia is common in highly transformed
cells and not in primary cells or weakly transformed cell
lines.

Consistent with our previous work, our data indicate
that the phosphorylation of eIF2a plays a central role in
regulating translation when cells are grown in hypoxic
and depleted glucose conditions. Similar observations have
been reported to occur under acute anoxic conditions
(Koumenis et al. 2002; Bi et al. 2005; Koritzinsky et al.
2006); however, the molecular mechanisms leading to the
phosphorylation of eIF2a under the two conditions must
be distinct. Under anoxic conditions the phosphorylation
of eIF2a is rapid and PERK dependent while phosphory-
lation under chronic hypoxia is slow and appears to be
PERK independent (Bernhardt et al. 2006; Blais et al. 2006;
Connolly et al. 2006; Koritzinsky et al. 2006; van den
Beucken et al. 2006). Since it has been shown that PERK
can be activated by glucose deprivation under normoxic
conditions (Elouil et al. 2007; Shang et al. 2007), it would
be interesting to know if PERK activation during anoxia is
influenced by glucose.

Although our knockdown data strongly support the
hypothesis that the phosphorylation of eIF2a is PERK
independent, we cannot completely rule out the possibility
that the trace amounts of PERK remaining in the cells is
sufficient to phosphorylate eIF2a when cells are grown
under hypoxic and depleted glucose conditions. However,
the fact that the PERK knockdown is sufficient to inhibit
the expression of ATF3 in thapsigargin-treated cells, but
not in hypoxic-treated cells, strongly suggests that if PERK
were involved with the hypoxia-mediated translational
repression and eIF2a phosphorylation we would have
detected it in our system. If the phosphorylation of eIF2a

is PERK independent, as our data indicate, it is likely that
one of the other eIF2a kinases, such dsRNA-activated
protein kinase (PKR) (Chong et al. 1992), general control
of nitrogen metabolism kinase 2 (GCN2) (Dever et al.
1992), or the heme-regulated inhibitor kinase (HRI) (Chen
and London 1995), might be involved with increasing
the phosphorylation of eIF2a (Kaufman 2004). Conversely,
chronic hypoxia and glucose deprivation might inactivate
phosphatase PP1, which would reduce the dephosphoryla-
tion of eIF2a, resulting in a net increase in phosphorylated
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eIF2a (Vander Mierde et al. 2007). We are in the process of
investigating the molecular mechanism involved with the
increased phosphorylation of eIF2a during glucose deple-
tion and chronic hypoxia.

Under these conditions in which mTORC1 is inactivated
and eIF2a is phosphorylated it has been reported that
certain mRNAs continue to be translated (Blais et al. 2004;
Koritzinsky et al. 2006; Thomas and Johannes 2007). It is
likely that these mRNAs have the ability to recruit ribo-
somes when cap-dependent translation is suppressed and
there is a reduced level of ternary complex. One such
mechanism is utilized by the ATF4 mRNA where the
presence of short upstream open reading frames (uORFs)
in its 59 UTR blocks the ability of ribosomes to reinitiate at
the ATF4 AUG when ternary complex is abundant (Lu et al.
2004). When the ternary complex becomes limited, such
as when eIF2a is phosphorylated, ribosome bypass the
second uORF and reinitiate translation at the ATF4 AUG
stimulating translation of this protein. Another mechanism
that may be involved is internal initiation of translation, in
which internal ribosome entry sites (IRESs) directly recruit
ribosomes to the mRNAs containing these elements (Hellen
and Sarnow 2001; Komar and Hatzoglou 2005). IRES-
mediated translation has been implicated in the transla-
tion of several mRNAs that continue to be translated during
hypoxia such as HIF1a (Lang et al. 2002) and VEGFA
(Miller et al. 1998) and is by definition cap independent
and thus would not be impeded by a reduction in cap-
binding complex mediated by mTORC1 inactivation.
Additionally, the cricket paralysis-like virus (CrPV) inter-
genic IRES functions by mimicking the initiating tRNA and
thus is not dependent on eIF2 activity or cap-binding
complex (Wilson et al. 2000a,b). Although no cellular IRES
has been shown to use a similar mechanism, the cationic
amino acid transporter (cat-1), platelet derived growth
factor, and VEGF IRESs have been reported to be stimu-
lated when eIF2a is phosphorylated (Fernandez et al. 2002;
Gerlitz et al. 2002). Thus it is possible that certain cellular
IRESs may be able to bypass the need for both eIF4F and
the ternary complex. Although it appears that certain
mRNAs are refractory to the translational repression that
occurs during hypoxia (Thomas and Johannes 2007), the
precise mechanism(s) that is used by these mRNAs to
recruit ribosomes remains to be elucidated. It is also
important to note that although translation is severely
reduced it is not completely blocked under these condi-
tions, and therefore mRNAs can still recruit ribosomes but
much less efficiently. Therefore, the loss of protein pro-
duction that results from the suppression of translation
can likely be overcome by increasing the abundance of the
mRNA, without the need for an alternative mechanism of
translational initiation.

Our work shows that the translational inhibition medi-
ated by chronic hypoxia requires both a low oxygen envi-
ronment and depleted glucose. This glucose dependency is

likely mediated through changes in the ADP/ATP ratio or
ATP levels, which are key signals that regulate cellular
metabolism in response to energy stress (Liu et al. 2006).
Moreover, our work strongly indicates that mTORC1 activ-
ity is rapidly inactivated by hypoxia alone but is not
involved with the inhibition of global translation under
conditions of chronic hypoxia and glucose depletion. In
contrast, eIF2a phosphorylation appears to require both
low glucose and low oxygen conditions and correlates
well with the translational repression. These conditions
are likely to be found in the hypoxic regions of tumors
where inadequate blood flow would result in both reduced
oxygen and glucose delivery. Under these conditions it is
likely the translation is severely impaired. This inhibition of
translation may have important consequences in tumor cell
survival as well as sensitivity to chemo or radiation therapy.
Therefore understanding the translational status of hypoxic
tumor cells may provide important insights into the growth
and treatment of tumors.

MATERIALS AND METHODS

Tissue culture and hypoxic treatment

PC3 (ATCC # CRL-1435) cells were grown in DMEM media
(Mediatech) supplemented with 10% FBS (Mediatech) and Pen/
Strep at 37°C in 5% CO2. For hypoxic treatment, cells were plated
under normoxic conditions and grown for 16 – 20 h and then
placed into a hypoxic chamber (Coy Laboratory) preequilibrated
to 1.0% O2, 5% CO2 at 37°C. Oxygen levels were verified using
an independent oxygen sensor (Drager, Inc.). Rapamycin (Alexis
Biochemicals) was used at 2 mg/mL. For the glucose depletion
experiments DMEM media without glucose was supplemented
with the appropriate amount of glucose. For the reoxygenation
experiments hypoxic cells were retuned to a normoxic environ-
ment (air, 5% CO2, 37°C) for 1 h before assaying or labeling. Cells
were treated with 100 mM thapsigargin for 6 h prior to isolating
RNA.

Metabolic labeling

Cells were labeled for 30 min by adding 70 mCi/mL of Pro-mix
(Pro-mix L-35S, Amersham Bioscience) to the media (1 mL) in 12
well plates. After labeling, cycloheximide was added to 100 mg/mL
and incubated for 5 min (to block further protein synthesis) and
the amount of label incorporated into TCA perceptible (ppt)
counts was performed as previously described (Thomas and
Johannes 2007). Translational activity was determined by nor-
malizing the TCA ppt counts to total label incorporation into the
cells.

Glucose assays

The glucose concentration in the media was determined using
the Glucose Assay Kit (Biovision Research Products) following
the manufacturer’s instructions. Media was changed 2 h before
placing the cells in the hypoxic chamber and the 0 time point was
set to 100%.
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Immuno-blot analysis

Whole cell extracts were prepared by lysis in RIPA buffer
containing HALTS Protease Inhibitor Cocktail (Pierce) using
standard procedures. Protein concentration was determined using
the Bio-Rad DC Kit. Thirty-five micrograms of protein were
separated by 10% SDS-PAGE and transferred to Immobilon-P
membrane (Millipore). Transfer efficiency was evaluated by
Ponceu S staining of the membrane. Antibodies for RPS6
(5G10), phosphorylated RPS6 (ser 235/236), EF2, and phosphor-
ylated EF2 (Thr-56), eIF2a, and phosphorylated eIF-2a (Ser 51)
were purchased from Cell Signaling Technology. The blot was
developed using the ECL Plus Detection Kit (Amersham Bio-
sciences). After detection the blot was stripped and reprobed using
anti-actin (Sigma). Quantitation was performed by determining
the density of the bands from the resulting autoradiogram using
the Quantity One software (Bio-Rad).

siRNA transfection

PC3 cells were transfected with siRNA (200 nM) directed against
PERK (ID: 137,754), ARNT (ID: 106,533), or a scrambled siRNA.
All siRNAs were purchased from Ambion. Transfections were
performed using Oligofectamine (Invitrogen) according to the
manufacturer’s protocol. Forty-eight hours after transfection cells
were subjected to hypoxic (1% O2) or normoxic conditions for
20 h. Cells were then metabolically labeled or RNA was isolated.
The effectiveness of the knockdown was determined by qRT-PCR.

Quantitative real-time PCR (qRT-PCR)

RNA templates for qRT-PCR consisted of total RNA isolated using
the RNA easy kit (Qiagen). Primer/probe sets were purchased from
ABI and the gene and catalog number are as follows: GAPDH,
Hs99999905-m1; PERK (EIF2AK3), Hs00178128_m; HIF1b,
Hs00231048_m1; ADM, Hs00181605_m1; ATF3, Hs00231069_m1.
For RNA analysis, cyclophilin A (Hs99999904_m1) was used as a
loading control. Analysis was performed using the MxPro Soft-
ware (Stratagene) using the MX 3000 and the Brilliant qRT-PCR
system according to the manufacturer’s instructions. All probes
were tested in no RT control reactions, and all reactions were
performed in duplicate or triplicate.
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