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ABSTRACT

Tumors must adapt to the hypoxic environment in order to grow beyond a benign microscopic mass. In addition to
transcriptional activation mediated by HIF-1a, hypoxia has also been reported to inhibit translation. The degree of translational
inhibition is dependent on the duration as well as the severity of the hypoxic insult. Anoxia (<0.02% O2) seems to have a more
rapid and dramatic effect on translation as compared to hypoxia. We show here that prolonged hypoxia dramatically and
reversibly inhibits translation in PC-3 cells. We also found that mTOR is inactivated and eIF-2a is phosphorylated during
hypoxic treatment but only the eIF-2a phosphorylation correlates with the translational repression. We further used polysome
analysis and microarray technology to analyze the impact of this translational repression on gene expression. We found that 33
mRNAs were refractory to this translational repression and that there was no correlation between mRNA induction and the
ability to recruit ribosomes during hypoxia. We also found that ribosomal protein encoding mRNAs are more sensitive to this
translational repression as compared to the majority of mRNAs. Although other reports have analyzed the effect of translation
inhibition on gene expression under anoxic conditions, we believe that this is the first report in hypoxic cells. Our results show
that the translational repression that occurs during hypoxia does impact gene expression in the highly transformed prostate
cancer cell line, PC-3.
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INTRODUCTION

Hypoxia is a term used to describe cellular environments in
which oxygen levels are below that which is normally found
in healthy tissues. Cellular oxygen environments above
0.02% oxygen but below 3% are considered hypoxic, while
environments devoid of oxygen (<0.02% O2) are considered
anoxic. Due to the aberrant nature of the tumor vascula-
ture, established tumors normally have areas of varying
degrees of hypoxia and often the center of a tumor is
anoxic (Semenza 2002; Dvorak 2003; Kizaka-Kondoh et al.
2003; Brown and Wilson 2004). Although hypoxia is often
used to describe anoxia, these are two distinct conditions
that can elicit different cellular responses.

Tumors must adapt to the hypoxic environment, for
example, by inducing angiogenesis and/or blocking apopto-
sis, in order to develop beyond a microscopic benign mass
(Gimbrone et al. 1972; Vaupel et al. 1989; Parangi et al. 1996;
Brown and Giaccia 1998; Bergers and Benjamin 2003). To

adapt to the hypoxic environment, the cell induces the
Hypoxia Inducible Factor-1, HIF-1, which is the primary
transcription factor involved with the transcriptional activa-
tion that occurs during hypoxia (Huang et al. 1998; Semenza
2001, 2002, 2003; Sonna et al. 2003). Although not as exten-
sively studied as the transcriptional effects, hypoxia has also
been reported to have a significant impact on translation.

Metabolic labeling experiments have shown that oxygen
deprivation inhibits translation in a wide variety of cell types
under both hypoxic and anoxic conditions (Kraggerud
et al. 1995; Stein et al. 1998; Tinton and Buc-Calderon
1999; Koumenis et al. 2002; Lang et al. 2002; Liu and Simon
2004; Wouters et al. 2005; Koritzinsky et al. 2006; Liu et al.
2006). Interestingly, the kinetics of this translation inhi-
bition in tissue culture cells differs between these two
conditions. Anoxia has been shown to have an immediate
effect on translation, inhibiting it by 40%–50% within 4 h
of exposure (Koumenis et al. 2002; Bi et al. 2005; Blais et al.
2006; Koritzinsky et al. 2006). In contrast, hypoxia appears
to require prolonged exposure (>16 h) and inhibits trans-
lation by 30%–50% in most cell lines tested (Connolly et al.
2006; Liu et al. 2006).

The molecular mechanism responsible for the shutdown
in translation during hypoxia and anoxia is not completely
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understood but appears to involve the repression of cap-
dependent translation (Pain 1996; Kozak 1999; Arsham
et al. 2003; Liu and Simon 2004; Merrick 2004). Hypoxia
and anoxia appear to inhibit cap-dependent translation
initiation, in part, through modulating the activity of two
kinases, mammalian target of rapamycin (mTOR) and PERK
(Koumenis et al. 2002; Arsham et al. 2003; Blais et al. 2006;
Koumenis and Wouters 2006; van den Beucken et al. 2006).

The mTOR kinase is a major regulator of translation in
response to stress and nutrient deprivation and affects both
global translation and the translation of mRNAs containing
59- terminal oligopyrimidine tracts (59-TOPs) (Gingras
et al. 2001, 2004; Hay and Sonenberg 2004). When mTOR
is inhibited, the 4E-binding proteins (4E-BPs) become
hypophosphorylated, which increases their affinity for
eIF-4E and inhibits cap-dependent translation by seques-
tering eIF-4E (Richter and Sonenberg 2005). Inactivation of
mTOR also results in the specific translational repression of
59-TOP-containing mRNAs (Gingras et al. 2004; Hay and
Sonenberg 2004; Wouters et al. 2005) through phosphor-
ylation of p70S6K (Gingras et al. 2004; Hay and Sonenberg
2004; Wouters et al. 2005). A major class of 59-TOP-
containing mRNAs is the mRNAs that encode ribosomal
proteins (rpmRNAs).

It has recently been reported that mTOR inactivation is
required for translational repression in MCF10A cells during
prolonged hypoxic treatment (Connolly et al. 2006).
However, the precise role of mTOR in mediating the trans-
lational repression during hypoxia remains unclear because
previous reports have shown that mTOR is rapidly inacti-
vated by hypoxia but translational repression requires pro-
longed exposure (Arsham et al. 2003; Liu and Simon 2004;
Liu et al. 2006).

In addition to inactivating mTOR, anoxia and under
certain conditions hypoxia activate PERK (Koumenis et al.
2002). PERK is responsible for the phosphorylation of the
translation initiation factor eIF-2a. Phosphorylated eIF-2a

cannot exchange GDP for GTP, which prevents the
conversion of the inactive eIF2-GDP into the active eIF2-
GTP form. In the absence of eIF2-GTP, the ternary
complex does not form and global translation is inhibited
(Pain 1996). The activation of PERK by hypoxia seems to
be mediated through the unfolded protein response and
occurs rapidly after exposure to acute anoxia and pro-
longed hypoxia under starvation conditions (Koumenis
et al. 2002; Blais et al. 2006; Koumenis and Wouters 2006).
There are significant differences in the kinetics of eIF-2a

phosphorylation under hypoxic and anoxic conditions
(Koumenis and Wouters 2006). Anoxia results in the rapid
phosphorylation of eIF-2a, which corresponds well with
the inhibition of translation during acute anoxia. Con-
versely, short-term exposure to hypoxia has little or no
effect on eIF-2a phosphorylation, while long-term expo-
sure has been reported to increase eIF-2a phosphorylation.
However, these changes in phosphorylation during hypoxia

do not correlate with the translational repression in
HEK293 cells (Liu et al. 2006). Additionally, long-term
exposure to hypoxia had no effect on eIF-2a phosphory-
lation in MCF10A cells even though translation was
repressed (Connolly et al. 2006). These data strongly sug-
gest that anoxia and hypoxia utilize different molecular
mechanisms to inhibit translation. Additionally, this may
also imply that the mechanisms used for translational
repression during hypoxia may be cell line dependent.

This inhibition of cap-dependent translation during hyp-
oxia does not affect all mRNAs. For example, the HIF-1a

and VEGFA mRNAs are refractory to this translational
repression (Stein et al. 1998; Gorlach et al. 2000; Lang et al.
2002). It has been reported that these mRNAs contain an
internal ribosome entry site (IRES) in their 59 UTRs (Huez
et al. 1998; Stein et al. 1998; Lang et al. 2002). IRESs are cis-
acting elements that promote internal initiation of trans-
lation by directly recruiting ribosomes to the mRNA
(Pelletier and Sonenberg 1988; Macejak and Sarnow 1991;
Vagner et al. 2001; Sarnow et al. 2005). Internal initiation
of translation is a cap-independent process and has less of a
requirement for translation initiation factors than normal
cap-dependent translation. It has been hypothesized that
the IRES elements in the VEGFA and HIF-1a mRNAs allow
these mRNAs to be translated during hypoxia when global
cap-dependent translation is inhibited (Stein et al. 1998;
Lang et al. 2002). The fact that certain mRNAs are not
translationally repressed during hypoxia can have dramatic
implications on gene expression, because proteins encoded
by these mRNAs will continue to be synthesized when cap-
dependent protein synthesis is impaired.

There are three reports that analyzed the impact of this
translational repression on global gene expression and they
all focused on anoxic conditions (Blais et al. 2004, 2006;
Koritzinsky et al. 2005). Since there appear to be differences
in the molecular mechanisms involved with the trans-
lational repression that occurs under anoxic and hypoxic
conditions, it is likely that the impact of the translational
repression on gene expression will be different. To address
this point we analyzed the effect of prolonged hypoxia
(1.0% O2) on translation and gene expression in PC-3 cells.
We show that translation in PC-3 cells is extremely
sensitive to prolonged hypoxia and that this effect corre-
lates well with the phosphorylation of eIF-2a. Additionally,
we analyzed the impact of this repression on gene expres-
sion and identified several novel genes that are refractory
to, and others that are extremely sensitive to, the trans-
lational repression that occurs during hypoxia.

RESULTS

Hypoxia inhibits translation in PC-3 cells

PC-3 cells were grown under normoxic conditions
(20.9% O2, 5.0% CO2) and placed into a hypoxic chamber
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(1.0% O2, 5.0% CO2) for 0, 16, 20, and 24 h. The cells were
then labeled with 35S-met/cys for 30 min and the amount of
label incorporated into protein, as measured by TCA
precipitable (TCA-ppt) counts, was determined. To control
for altered label uptake and differences in cell number after
treatment, the amount of label in the total extract was also
determined. The relative translational activity of each
sample was determined by measuring the amount of label
incorporated into TCA-ppt counts normalized to the total
amount of label in the extract. This ratio was then com-
pared to that found in normoxic cells (Fig. 1, 0 h). As
shown in Figure 1A, 16, 20, and 24 h of hypoxic treatment
inhibited translation by 25%, 80%, and 90%, respectively.
The dramatic inhibition of translation that occurs during
prolonged hypoxia was completely eliminated when hypoxic

cells (1.0% O2 24 h) were returned to normoxic conditions
for 1 h (Fig. 1A, Rec). This recovery occurred even in the
presence of the transcriptional inhibitor actinomycin D (Fig.
1A, Rec Act D), indicating that continued transcription was
not needed for this recovery. Transcriptional inhibition by
Act D was monitored by measuring the decay of the c-myc
mRNA. Act D treatment resulted in the rapid loss of the
c-Myc mRNA (apparent t1/2 = 1.3 h), indicating that Act D
is inhibiting transcription in hypoxic PC-3 cells (data not
shown). The fact that the loss of label into TCA-ppt counts
is completely reversible and is not dependent on continued
transcription is consistent with an inhibition of translation.
This requirement for prolonged exposure to hypoxia is
similar to what others have reported in other tissue culture
cells (Tinton and Buc-Calderon 1999; Koumenis et al. 2002;
Lang et al. 2002; Arsham et al. 2003; Blais et al. 2004;
Koritzinsky et al. 2006; Liu et al. 2006).

Hypoxia results in the inactivation of mTOR
and phosphorylation of eIF-2a

mTOR inactivation and eIF-2a phosphorylation have both
been implicated in the translational repression that occurs
under hypoxic conditions (Gingras et al. 2001; Hay and
Sonenberg 2004; Wouters et al. 2005; Connolly et al. 2006;
Koritzinsky et al. 2006; Liu et al. 2006). In order to
investigate the role of mTOR on the translational inhibition
that we observe during prolonged hypoxia, we analyzed the
phosphorylation status of an indirect target of mTOR,
ribosomal protein S6 (RPS6). Immunoblot analysis
revealed that hypoxic treatment resulted in the rapid and
dramatic loss of RPS6 phosphorylation (Fig. 1B), indicating
that mTOR is rapidly inactivated during hypoxia. Since
hypoxia does not effect global translation at these early time
points (Fig. 1A), it is unlikely that mTOR inactivation is
responsible for this global repression.

To further confirm this result we analyzed the effect of
rapamycin (a potent inhibitor of mTOR) on translation
and compared it to the effect of hypoxia. Figure 2A shows
that rapamycin treatment for 1, 2, and 4 h had only a modest
effect on translation, inhibiting it by no more than 20%.
Longer exposure to rapamycin (24 h) inhibited translation
by 40%. As expected, immunoblot analysis of the phos-
phorylation status of RPS6 confirmed that rapamycin
treatment resulted in a rapid inhibition of mTOR activity
(Fig. 2B). We conclude from these data that hypoxic treat-
ment has a rapid and dramatic effect on mTOR activity.
While this inactivation likely has an effect on the trans-
lation of specific mRNAs, i.e., 59-TOP-containing mRNAs,
it is unlikely to be solely responsible for the 90% reduction
in global translation that occurs after 20 h of hypoxic
treatment (Figs. 1, 2; J.D. Thomas and G.J. Johannes,
unpubl. observations). However, we cannot completely
rule out the possibility that prolonged inactivation of
mTOR has a negative impact on translation.

FIGURE 1. Hypoxia reversibly inhibits translation in PC-3 cells. (A)
PC-3 cells were exposed to hypoxia (1.0% O2) for 0, 16, 20, and 24 h.
After 24 h of hypoxic treatment additional plates were returned to
normoxic conditions for 1 h in the absence (Rec) or presence of
Actinomycin D (5 mg/mL) (Rec + Act D). After treatment cells were
labeled with 35S met/cys for 30 min. The translational activity was
determined by measuring the amount of label incorporated into TCA-
ppt material relative to total label uptake. This ratio was set to 100%
for normoxic cells (0 h). The mean of triplicate samples are shown
(6 SD). (B,C) Cells were exposed to hypoxia for various times and the
amount of phosphorylated and total RPS6 (B) and phosphorylated
and total eIF2a (C) were determined by immuno-blot analysis. Actin
was used as a loading control.
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In contrast to the mTOR data, phosphorylation of eIF-
2a does correlate with the translational repression that
occurs during hypoxia. As shown in Figure 1C, hypoxia
results in the slow but dramatic increase in the phosphor-
ylation of eIF-2a that reaches a maximum by 20 h of
treatment. This correlates well with the translational repres-
sion and is in direct contrast to what is seen when MCF10A
cells and HEK293 cells are exposed to moderate hypoxia
(Connolly et al. 2006; Liu et al. 2006). Thus these data
suggest that eIF-2a phosphorylation is involved with the
translational repression that occurs when PC-3 cells are
exposed to prolonged hypoxia.

The global translational repression that occurs during
hypoxia does not affect the polysomal distribution
of the HIF-1a mRNA

It has been reported that the HIF-1a mRNA polysome
distribution is unaffected by hypoxic treatment in both
NIH3T3 cells and HeLa cells when global translation is
inhibited (Gorlach et al. 2000; Lang et al. 2002). We wanted
to determine if this occurs in PC-3 cells and also evaluate
the effect of hypoxia on the polysomal distribution of the
GAPDH, actin, and the ribosomal protein L4 (RPL4)
mRNAs. To this end we grew PC-3 cells under normoxic
and hypoxic conditions and fractionated the ribosome/

mRNA complexes by sucrose gradient centrifugation. The
A254 traces in Figure 3 show the loss of polysomal material
in cells grown under hypoxic conditions (compare fractions
7–12 in the A254 traces). This reflects the redistribution of
translating ribosomes (polysomes) into their individual
subunits resulting from a global shutdown in translation
and is consistent with the metabolic labeling experiments
(Figs. 1A, 2A). In order to accommodate the larger 40S and
60S peaks due to the disruption of ribosomes, the hypoxic
gradient was graphed on a 23 scale. Additionally, to ensure
good separation between polysomal and nonpolysomal
material we used high salt gradients, which results in the
dissociation of 80S ribosomal monomers that are not
associated with mRNA into their individual subunits
(Martin and Hartwell 1970).

The distribution of an mRNA within the polysome
gradient is reflective of its translational efficiency. The
greater the percentage of an mRNA that is associated with
polysomes the greater its translational efficiency. As shown
in Figure 3, during normoxia the vast majority of the HIF-
1a, GAPDH, and actin mRNAs were found in the poly-
somal portion of the gradient with 83%, 81%, and 91% of
the mRNA associated with high molecular weight (HMW)
polysomes (fractions 9–12), respectively. Moreover, the
majority of the GAPDH and actin mRNAs was found
predominately in fractions 10 and 11, while the HIF-1a

mRNA was more broadly distributed throughout the
polysomal portion of the gradient (fractions 8–12). This
more even distribution of the HIF-1a mRNA within the
polysomal portion of the gradient indicates that this mRNA
is translated less efficiently than the actin and GAPDH
mRNAs, under normoxic conditions. The RPL4 mRNA
had a bimodal distribution with 40% of the RPL4 mRNA
associated with HMW polysomes (fractions 10 and 11),
while the other 60% was found in the nonpolysomal
portion of the gradient (fractions 4 and 5). This suggests
that the RPL4 mRNA exists as two distinct pools in the cell,
one that is efficiently translated and one that is not. This
bimodal distribution is consistent with the known trans-
lational regulation of 59-TOP-containing mRNAs (see the
Introduction) (Avni et al. 1997; Meyuhas 2000).

Under hypoxic conditions the GAPDH, RPL4, and actin
mRNAs all redistributed to the nonpolysomal portion of the
gradient with only 31%, 31%, and 49% of the polysomal
mRNA remaining associated with HMW polysomes (frac-
tions 9–12), respectively. It is important to note that
although the bulk of the actin and GAPDH mRNAs
redistributed to the nonpolysomal/monosomal portion of
the gradient (fractions 6 and 7), a small portion of each
mRNA remained associated with HMW polysomes (frac-
tions 10 and 11). This may indicate that a small portion of
mRNA within the cell can still efficiently recruit ribosomes
or that a small number of cells may be refractory to the
translational repression. Unlike the GADPH and actin
mRNAs, the RPL4 mRNA completely redistributed to the

FIGURE 2. Rapamycin treatment does not mimic the translational
repression that occurs during prolonged hypoxic treatment. PC-3 cells
were exposed to rapamycin (open bars) or hypoxia (gray bars) for 0,
1, 2, 4 and 24 h. (A) Translational activity was determined as in Figure
1. The averages of triplicate samples are shown (6 SD). (B) Immuno-
blot analysis was used to analyze the amount of phosphorylated and
total rpS6 in control C or rapamycin treated PC-3 cells. Actin was
used as a loading control.
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top of the gradient (fractions 4 and 5), indicating the
inability to recruit ribosomes. Since the RPL4 mRNA is a
59-TOP mRNA, this redistribution most likely reflects the
active translational repression of this mRNA by the inacti-
vation of mTOR (Fig. 1B). In contrast to these three mRNAs
that were sensitive to the translational repression, the
polysomal distribution of the HIF-1a mRNA was relatively
unaffected by hypoxia. Specifically, 92% of the HIF-1a

polysomal mRNA remained associated with HMW poly-
somes during hypoxia. Together these data demonstrate that
the HIF-1a mRNA is refractory to the translational repres-
sion that occurs during hypoxia, which is similar to what
others have reported (Gorlach et al. 2000; Lang et al. 2002).
Thus it is likely that there are other mRNAs that are also
refractory to this hypoxia-mediated translational repression.

The HIF-1a mRNA is reduced in abundance
in response to hypoxia

We next analyzed the effect of hypoxia on the abundance of
the HIF-1a, RPL4, GAPDH, and actin mRNAs to evaluate
the relationship between mRNA induction and polysome
association during hypoxia. Figure 4, A and B, shows the
Northern blots for the selected mRNAs after hypoxic treat-
ment for 0, 1, 4, and 24 h. Quantitation of the Northern blots
(Fig. 4C) revealed that the HIF-1a mRNA was reduced
approximately threefold, the RPL4 mRNA was unaffected,
and the GAPDH mRNA was induced z2.5-fold by 24 h of

hypoxic treatment. These data show that
the effect of hypoxia on the abundance
of the mRNA does not necessarily reflect
the sensitivity of the mRNA to the trans-
lational repression. For example, the
GAPDH mRNA increases in abundance
in response to hypoxia and is sensitive to
the translational repression, whereas the
HIF-1a mRNA is reduced in abundance
and is refractory to the translational re-
pression that occurs during hypoxia.

Identification of other mRNAs
that remain associated with
polysomes during hypoxia

In order to analyze the impact of this
translational repression on gene expres-
sion during hypoxia, we used global
gene expression analysis to identify
other mRNAs that had the ability to
be maintained on polysomes during
hypoxia. To this end we carried out
microarray analysis on polysomal RNA
from hypoxic and normoxic PC-3 cells.
The data presented in Tables 1, 2, 3, and
4 were obtained from three independent

biological samples that were analyzed using the GenePix
Auto-Processing (GPAP3, Oklahoma State University) pro-
gram and annotated with DAVID 2006 (NIAID/NIH)
(Dennis et al. 2003). All of the values reported in Tables 1,
2, 3, and 4 represent fold changes observed during hypoxia
relative to normoxia. Each gene is annotated in the table
with the gene name, the fold change in abundance in
polysomal RNA (Poly RNA), the fold change in mRNA
abundance (Total RNA), the relative translatability (Poly/
Total) and the GenBank accession number.

Tables 1 and 2 show 104 mRNAs that were increased in
abundance in hypoxic polysomes by 2.0-fold or greater
(Tables 1 and 2 combined). Many of the genes that were
increased in hypoxic polysomes are involved with glucose
metabolism and glycolysis, such as heme oxygenase 1,
phosphoglycerate kinase, and lactate dehydrogenase A.

An increase in polysomal RNA can reflect changes in
mRNA abundance and/or changes in translatability of an
mRNA. Since we were interested in identifying the mRNAs
that were refractory to the translational repression, it was
important to separate the contributions of these two phe-
nomena. To this end, we determined the relative trans-
latability of each mRNA. The relative translatability of an
mRNA was determined by normalizing the change in
abundance in polysomal RNA to the change in abundance
in total RNA for each mRNA (poly/total).

Table 1 shows that 71 of these polysome-enriched mRNAs
were induced in abundance greater than or equal to the

FIGURE 3. Polysome distribution of the HIF-1a, GAPDH, RPL4, and the actin mRNAs are
differentially affected by hypoxic treatment. PC-3 cells were grown under normoxic and
hypoxic conditions (1.0% O2 20 h) and subjected to polysome analysis. Polysome lysates were
fractionated by sucrose gradient centrifugation and collected into twelve 1 mL fractions.
Absorbance profiles (A254) are shown at the top of each panel. The top of the gradient is on the
left and peaks representing the 40 S and 60 S ribosomal subunits are denoted. The
nonpolysomal region of the gradient included fractions 1–6 and the polysomal portion is
fractions 7–12. RNA was isolated from each fraction and subjected to Northern Analysis using
32P-labeled probes to detect the HIF-1a, GAPDH, RPL4, and actin mRNAs.

Thomas and Johannes

1120 RNA, Vol. 13, No. 7

JOBNAME: RNA 13#7 2007 PAGE: 5 OUTPUT: Tuesday June 5 11:58:00 2007

csh/RNA/132400/rna5348



amount they were increased in polysomal RNA, such as
GAPDH, heme oxygenase 1, and phosphoglycerate kinase 1.
This indicates that these mRNAs, although increased in
abundance, do not efficiently associate with polysomes
and thus are sensitive to the translational repression that
occurs during hypoxia. This prediction is confirmed by the
polysomal redistribution of the GAPDH mRNA (Fig. 3 and
below) and the lack of GAPDH protein induction (Fig. 5)
in response to hypoxic treatment.

Identification of mRNAs that are translationally
enhanced during hypoxia

In contrast, Table 2 shows that 33 of these 104 mRNAs that
were enriched in hypoxic polysomes were translationally
enhanced during hypoxia. We have defined translationally
enhanced mRNAs as those that are increased in hypoxic
polysomes by 50% or greater relative to changes in mRNA
abundance (poly/total $ 1.5). Therefore, these mRNAs are
present on hypoxic polysomes to a greater extent than can
be explained by increases in mRNA abundance alone. These

mRNAs are predicted to be maintained on polysomes and
thus be refractory to the translational repression that oc-
curs during hypoxia. Fourteen of these 33 translationally
enhanced genes were both induced in abundance and
maintained on polysomes, such as solute carrier family 2,
angiopoietin-like 4 (ANGPTL4), and N-Myc downstream
regulated gene 1 (NDRG1), while the rest did not increase
in abundance more than twofold in response to hypoxia
but were maintained on polysomes.

To verify that the proteins encoded by the translationally
enhanced mRNAs were induced during hypoxia, we exam-
ined the expression of NDRG1 and solute carrier family 2,
member 1 (GLUT1) by immuno-blot analysis. As shown in
Figure 5 both the NDRG1 and GLUT1 proteins are induced
by hypoxic treatment, while actin and GAPDH are unaf-
fected. It is important to note that even though the GAPDH
mRNA is induced 2.5-fold in response to hypoxia, the
protein remains unchanged, reflecting the reduced trans-
lational efficiency of its mRNA. Additionally, protein yields
from hypoxic cells are z30% (29% 6 4.6%) lower,
compared to an equivalent number of normoxic cells (data
not shown). This reduction in protein yield most likely
reflects the reduction in global protein synthesis during
hypoxia. Since the immuno-blot analysis compares equal
micrograms of protein, the specific proteins in the hypoxic
samples are overestimated.

Direct measurement of the rate of synthesis of these
proteins during hypoxia was not possible because pulse
labeling of the hypoxic cells resulted in increased cell death
and low protein yield. We attribute this to the combined
stresses of hypoxia (20 h) and the addition of met/cys-
depleted media during the pulse-labeling step.

Ribosomal protein mRNAs are most sensitive
to the translational repression that occurs
during hypoxia

Our analysis also identified 56 genes (Tables 3 and 4
combined) that were reduced by twofold or greater in
polysomal RNA from hypoxic cells. Since these mRNAs are
reduced in abundance, the fold change is expressed as a
factor of less than one. The reduced presence of these
mRNAs in polysomal RNA can result from a reduced
abundance of the mRNA, a reduced translatability of the
mRNA, or a combination of both. To evaluate the
contribution of changes in mRNA levels and changes in
translatability we also evaluated the relative translatability
(poly/total) of these mRNAs (see above). For our analysis,
mRNAs that had a poly/total ratio of < 0.65 were consid-
ered translationally sensitive. This analysis identified 31
mRNAs that were predicted to be translationally sensitive
to the translational repression during hypoxia (Table 4).
Interestingly, 11 out of these 31 genes encode ribosomal
proteins. This increased sensitivity to the translational
repression of these 59-TOP-containing mRNAs is

FIGURE 4. The effect of hypoxic treatment on the abundance of the
GAPDH, HIF-1a, RPL4, Actin, and GAPDH mRNAs. PC-3 cells were
grown under normoxic (0 h) and hypoxic conditions for 1, 4, and
24 h. RNA was isolated and subjected to Northern analysis using 32P-
labeled probes to detect the HIF-1a (open bars), RPL4 (black bars),
actin, and GAPDH (gray bars) mRNAs. The 18 S and 28 S ribosomal
RNAs are denoted by lines to the right of the image (when
appropriate). Actin mRNA was used as a loading control. (A)
Northern blot showing the abundance of the HIF-1a and RPL4
mRNAs. (B) Northern blot showing the abundance of the GPADH
mRNA during hypoxia. (C) Results from A and B were quantitated
and normalized to the actin mRNA using phosphorimage analysis and
ImageQuant software. The value for the 0 time point was set to 100%.
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TABLE 1. Seventy-one mRNAs are increased in hypoxic polysomes but not translationally enhanced during hypoxia

Gene name Poly RNAa Total RNAb Poly/totale GenBankd

Heme oxygenase (decycling) 1 11.0 9.6 1.1 NM_002133
Phosphoglycerate kinase 1 6.4 5.6 1.1 NM_000291
Transmembrane protein 45A 6.2 7.6 0.8 NM_018004
Procollagen-proline, 2-oxoglutarate 4-dioxygenase (alpha polypeptide ii) 6.0 4.5 1.3 NM_004199
Insulin-like growth factor binding protein 3 5.9 5 1.2 M35878
BCL2/adenovirus e1b 19kda interacting protein 3-like 5.5 4.2 1.3 AL132665
ERBB receptor feedback inhibitor 1 4.8 5.4 0.9 NM_018948
Procollagen-proline, 2-oxoglutarate 4-dioxygenase, alpha polypeptide i 4.1 5.8 0.7 NM_000917
RAS-induced senescence 1 4.1 2.9 1.4 AF438313
Growth differentiation factor 15 4.1 3.2 1.3 NM_004864
Phosphorylase, glycogen; liver 4.0 3.6 1.1 NM_002863
Solute carrier family 16 (monocarboxylic acid transporters), member 3 3.9 2.9 1.3 NM_004207
ATG16 autophagy related 16-like 1 3.9 2.8 1.4 AK024453
Dual specificity phosphatase 6 3.9 2.8 1.4 NM_001946
G protein-coupled receptor, family C, group 5, member A 3.7 2.9 1.3 AK055564
Stanniocalcin 2 3.6 2.5 1.4 AK027663
NADPH oxidase, EF-hand calcium binding domain 5 3.5 3.9 0.9 NM_024505
Deoxynucleotidyltransferase, terminal, interacting protein 1 3.4 3.4 1.0 NM_052951
G protein-coupled receptor, family C, group 5, member A 3.4 2.7 1.3 NM_003979
Ribonuclease, RNase A family, 4 3.4 2.9 1.2 NM_002937
Lactate dehydrogenase A 3.2 3.7 0.9 NM_005566
Dual specificity phosphatase 5 3.2 2.7 1.2 NM_004419
ERO1-like (S. cerevisiae) 3.0 2.5 1.2 NM_014584
Chromosome 3 open reading frame 28 2.9 4.7 0.6 NM_014367
Claudin 4 2.8 2.2 1.3 NM_001305
Heparin-binding EGF-like growth factor 2.8 2 1.4 NM_001945
Glucan (1,4-alpha-), branching enzyme 1 2.8 3.4 0.8 NM_000158
Protein phosphatase 2, regulatory subunit B (PR 52), alpha isoform 2.8 2.7 1.0 NM_002717
SRY (sex determining region Y)-box 4 2.7 2.3 1.2 AJ420500
Adenylate kinase 3-like 1 2.7 2.4 1.1 AK026966
Dihydropyrimidinase-like 2 2.6 2.2 1.2 U97105
Proline rich GLA (G-carboxyglutamic acid) 4 (transmembrane) 2.5 2.5 1.0 NM_024081
Aldolase C, fructose-bisphosphate 2.5 2.7 0.9 NM_005165
Trophoblast glycoprotein 2.4 1.9 1.3 NM_006670
Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 2.4 1.9 1.3 NM_000935
S100 calcium binding protein A2 2.4 3.2 0.7 NM_005978
Collagen, type VI, alpha 3 2.4 1.9 1.2 NM_004369
Synapse defective 1, RHO GTPASE, homolog 1 (C. elegans) 2.4 2 1.2 NM_033025
Topoisomerase (DNA) II ALPHA 170 kDa 2.4 1.9 1.3 NM_001067
Insulin-like growth factor binding protein 6 2.4 3 0.8 NM_002178
Claudin 3 2.4 1.7 1.4 NM_001306
Keratin 15 2.4 1.7 1.4 NM_002275
V-ETS erythroblastosis virus E26 oncogene homolog 1 (AVIAN) 2.3 1.9 1.2 AK001630
Growth arrest and DNA-damage-inducible, beta 2.3 1.7 1.4 NM_015675
Plasminogen activator, tissue 2.3 1.9 1.2 NM_000930
Enolase 1, (alpha) 2.3 2.5 0.9 NM_001428
Inhibitor of dna binding 1, dominant negative helix–loop–helix protein 2.3 2.3 1.0 NM_002165
Ubiquitin C 2.3 2.6 0.9 M26880
Triosephosphate isomerase 1 2.2 2.7 0.8 NM_000365
WD repeat domain 54 2.2 2.7 0.8 NM_032118
Macrophage migration inhibitory factor 2.2 2.2 1.0 NM_002415
Aldolase A, fructose-bisphosphate 2.2 1.9 1.2 NM_000034
Podocalyxin-like 2.2 3 0.7 NM_005397
Phosphoglycerate mutase 1 (brain) 2.2 2.1 1.0 NM_002629
Quiescin Q6 2.1 1.5 1.4 NM_002826
Calbindin 1, 28 kDa 2.1 3.5 0.6 NM_004929
Cyclin L1 2.1 1.7 1.2 NM_020307
Breast cancer anti-estrogen resistance 1 2.1 1.5 1.4 NM_014567
Keratin 19 2.1 2.2 0.9 NM_002276
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consistent with the redistribution of the RPL4 mRNA (Fig.
3) and most likely reflects the inhibition of mTOR during
hypoxia (Fig. 1B).

Since we knew that HIF-1a mRNA remains associated
with polysomes during hypoxia (Fig. 3) even though it is
reduced threefold in abundance (Fig. 4), we looked for
other down-regulated genes that were enriched in poly-
somes. We found one gene, matrix metallopeptidase 1
(MMP1), which was reduced in abundance more than it
was lost on polysomes (Table 3, bold type). This indicates
that even though this mRNA is reduced in abundance it is
still maintained on polysomes during hypoxia.

Confirmation that the NDRG1 and MMP1 mRNAs
remain associated with polysomes during hypoxia

We used Northern analysis to determine the polysomal
distribution of two mRNAs, MMP1 and NDRG1, which
we identified from our screen that remained associated
with polysomes and were predicted to be translationally
enhanced during hypoxia. As predicted by the microarray
analysis, both of these mRNAs remained associated with
polysomes during hypoxia. Figure 6 shows the loss of
polysomal material (compare A254 profiles for normoxic
and hypoxic cells) and the redistribution of the GAPDH
mRNA into the nonpolysomal portion of the gradient.
Both of these findings reflect the global shutdown in
translation during hypoxia and are consistent with the
data presented in Figures 1–3. In contrast, 92% of the
NDRG1 and 85% of the MMP1 mRNA remained associ-
ated with HMW polysomes during hypoxia. The band
seen above the MMP1 band, indicated by the asterisk, is
residual NDRG1 that was incompletely stripped off
the blot. This is only seen in the hypoxic gradient because
the NDRG1 mRNA is significantly induced in abundance.

These results confirm that the mRNAs encoding
MMP-1 and NDRG1 continue to associate with poly-
somes during hypoxia, thus validating our microarray
analysis.

We also analyzed the changes in total mRNA abun-
dance of these mRNAs after 0, 4, and 24 h of hypoxic
exposure (Fig. 7A). Quantitation of the Northern blots
revealed that the MMP1 mRNA decreased 3.3-fold (Fig.
7B) and the NDRG1 mRNA increased 19-fold (Fig. 7C) in
response to 24 h of hypoxic treatment. These data are
in general agreement with the microarray study, which
showed that the NDRG1 mRNA was induced by 6.9-fold
while the MMP-1 was reduced by 2.6-fold in response to
hypoxia. Taken together, the data in Figures 6 and 7 show
that continued translation during hypoxia does not require
a corresponding increase in mRNA abundance. For exam-
ple, the MMP1 mRNA is translationally enhanced but the
abundance of its mRNA is reduced during hypoxia.
Additionally, these data show that induction of an mRNA
does not ensure translational enhancement during hypoxia
as shown by the finding that the GAPDH mRNA is
translationally repressed but the abundance of this mRNA
is increased during hypoxia. Thus there does not appear to
be a direct correlation between mRNA induction and
translational enhancement during hypoxia.

Confirmation of four additional mRNAs that remain
associated with polysomes during hypoxia

We utilized qRT-PCR to analyze the polysomal distribution
of three other mRNAs, fibronectin, retinoic acid induced
17, and frizzled homolog 8, that were predicted by micro-
array analysis to be maintained on polysomes during
hypoxia (bold type, Table 2). As shown in Table 5, the
percentage of polysomal mRNA (% polysomal) for all three

TABLE 1. Continued

Gene name Poly RNAa Total RNAb Poly/totale GenBankd

TPA regulated locus 2.1 2.9 0.7 NM_018475
FLJ20105 protein 2.0 2 1.0 AK056494
Glyceraldehyde-3-phosphate dehydrogenase 2.0 2.6 0.8 NM_002046
Kruppel-like factor 6 2.0 1.6 1.3 AL117595
Phosphofructokinase, platelet 2.0 2.1 1.0 NM_002627
Cellular retinoic acid binding protein 2 2.0 1.4 1.4 NM_001878
Phosphoglucomutase 1 2.0 1.8 1.1 NM_002633
Protein phosphatase 1, regulatory (inhibitor) subunit 16A 2.0 1.7 1.2 NM_032902
Pentraxin-related gene, rapidly induced by iL-1 beta 2.0 2 1.0 NM_002852
Cysteine-rich, angiogenic inducer, 61 2.0 1.6 1.3 NM_001554
Heat shock 70 kDa protein 1A 2.0 3.6 0.6 NM_005345
Kelch-like 21 (drosophila) 2.0 1.5 1.3 NM_014851

Translationally enhanced mRNAs have a poly/total ratio of greater than 1.4.
aFold change in hypoxic polysomal RNA relative to normoxic polysomal RNA.
bFold change in hypoxic total RNA relative to normoxic total RNA.
cRelative translatability: fold change in polysomal RNA/fold change in total RNA.
dGenBank accession number.
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of these mRNAs was greater in hypoxic cells (H) than in
normoxic cells (N). In addition, we tested the polysome
association of the hypoxia inducible factor 2a (HIF-2a)
mRNA and found that this mRNA was also significantly
enriched in polysomes from hypoxic cells. We believe that
this is the first report that shows that the HIF-2a mRNA is
refractory to the translational repression that occurs during
hypoxia. All four of these mRNAs were maintained on
polysomes to a greater extent than HIF-1a (which is our
positive control for mRNAs that remain associated with
polysomes during hypoxia) as indicated by the net percent
polysomal increase from normoxic to hypoxic polysomes.
This indicates that these mRNAs are translated efficiently
under hypoxic conditions and are thus refractory to the
translational repression. In contrast, the percentage of
polysomal mRNA of the GAPDH and actin mRNAs, both

of which are sensitive to the translational repression (see
Figs. 3, 5), are reduced by more than twofold under
hypoxic conditions.

We also used qRT-PCR to determine the change in the
abundance of these mRNAs during hypoxia, relative to
normoxic conditions. This is represented as the fold change
in mRNA (FC mRNA) during hypoxia. As shown in Table
5, we observed a threefold loss of the HIF-1a mRNA
(expressed as a 0.3-fold change) and a 2.3-fold increase in
the GAPDH mRNA similar to what was determined by
Northern analysis (Fig. 4).

Thus the qRT-PCR data confirm the microarray data
and show that the fibronectin 1, frizzled homolog 8, and
retinoic acid induced 17, HIF-1a, and HIF-2a mRNAs are
maintained on polysomes in hypoxic cells when global
translation is inhibited. We are currently investigating the

TABLE 2. Thirty-three mRNAs are predicted to be translationally enriched on hypoxic polysomes

Gene namea Poly RNAb Total RNAc Poly/totald GenBanke

Fibronectin 1 5.8 1.4 4.2 NM_002026
Solute carrier family 2, member 1 (GLUT 1) 13.3 5.4 2.5 NM_006516
Frizzled homolog 8 (drosophila) 3.2 1.4 2.3 NM_031866
Filamin B, beta (actin binding protein 278) 3.8 1.8 2.1 NM_001457
Collagen, type VI, alpha 1 2.2 1.1 2.0 NM_001848
Polypyrimidine tract binding protein 2 2.0 1 2.0 AK023762
Nuclear receptor corepressor 2 2.0 1 2.0 NM_006312
Retinoic acid induced 17 2.4 1.2 2.0 AB033050
Pyruvate kinase, muscle 2.1 1.1 1.9 NM_002654
Coatomer protein complex, subunit beta 2 (beta prime) 2.8 1.5 1.8 NM_004766
Laminin, alpha 3 4.1 2.3 1.8 NM_000227
Syndecan 1 2.9 1.6 1.8 NM_002997
Angiopoietin-like 4 12.4 7 1.8 NM_016109
Integrin, beta 4 4.5 2.6 1.7 NM_000213
N-MYC downstream regulated gene 1 11.7 6.9 1.7 NM_006096
Nuclear factor (erythroid-derived 2)-like 1 2.2 1.3 1.7 NM_003204
KIAA0989 protein 2.5 1.5 1.7 NM_016201
Latent transforming growth factor beta binding protein 1 2.1 1.3 1.6 NM_000627
Peroxidasin homolog (drosophila) 2.5 1.5 1.6 AF200348
Transmembrane protease, serine 2 2.6 1.6 1.6 NM_005656
ERO1-like (S. cerevisiae) 4.2 2.6 1.6 AK024224
Centrosomal protein 250 kDa 2.7 1.7 1.6 NM_007186
Hexokinase 1 3.1 2 1.6 NM_033500
Zinc finger protein 185 (lim domain) 2.8 1.8 1.5 NM_007150
E74-like factor 3 (ETS domain transcription factor) 4.2 2.7 1.5 NM_004433
Chromosome 9 open reading frame 88 2.2 1.4 1.5 AF151783
Hypoxia-inducible protein 2 5.5 3.6 1.5 NM_013332
Laminin, beta 3 3.0 2 1.5 NM_000228
Zinc finger protein 36, c3h type-like 1 2.9 1.9 1.5 NM_004926
Solute carrier organic anion transporter family, member 4A1 3.3 2.2 1.5 NM_016354
Basic helix-loop-helix domain containing, class B, 2 3.7 2.5 1.5 NM_003670
Integrin, alpha 2 (CD49B, alpha 2 subunit of VLA-2 receptor) 3.1 2.1 1.5 NM_002203
Mitochondrial ribosomal protein S6 4.1 2.8 1.5 AK024896

Translationally enhanced mRNAs have a poly/total ratio of greater than 1.4.
aGenes in bold have been verified by Northern (Fig. 5) or qRT-PCR (Table 5).
bFold change in hypoxic polysomal RNA relative to normoxic polysomal RNA.
cFold change in hypoxic total RNA relative to normoxic total RNA.
dRelative translatability: Fold change in polysomal RNA/fold change in total RNA.
eGenBank accession number.

Thomas and Johannes

1124 RNA, Vol. 13, No. 7

JOBNAME: RNA 13#7 2007 PAGE: 9 OUTPUT: Tuesday June 5 11:58:11 2007

csh/RNA/132400/rna5348



molecular mechanism(s) that allow these mRNAs to
continue to be translated during hypoxia.

DISCUSSION

We have analyzed the effect of hypoxia on translation
and gene expression in the prostate cancer cell line PC-3.
We found that translation in PC-3 cells is inhibited by > 80%
in response to prolonged exposure to hypoxia and is much
more dramatic than what has been reported for other cell
lines (Tinton and Buc-Calderon 1999; Koumenis et al.
2002; Connolly et al. 2006; Liu et al. 2006). Several lines of
evidence indicate that this reduction in translation is not
due to a reduction in mRNA. First, we find that this inhi-
bition is completely reversed within 1 h after cells are
returned to normoxia even in the presence of the tran-
scriptional inhibitor Act D (Fig. 1A). This strongly indi-
cates that new transcription is not needed for restoration of
translational activity. Second, the microarray analysis only
identified 14 mRNAs that were reduced in abundance more
than twofold in response to hypoxic treatment (Table 3;
data not shown), indicating a negligible effect on the global
mRNA population. Third, the majority of mRNAs associate

with fewer ribosomes during hypoxia, as shown by the loss
of polysomes and redistribution of mRNAs (Figs. 3, 6;
Table 4), indicating a block in translation initiation. Thus it
is unlikely that the reduction in translational activity
observed during hypoxia is due to a loss of the global
mRNA population.

This strong translational repression that we observe in
the highly transformed prostate cancer cell line, PC-3, is in
contrast to what has been reported for breast cancer cell
lines. Connolly et al. (2006) reported that as breast cancer
cells become more transformed they become resistant to
this translational repression. This increased sensitivity of
PC-3 cells may reflect fundamental differences between
the transformation of breast cancer cell lines versus
prostate cancer cell lines or may reflect a unique charac-
teristic of the PC-3 cell line. They also show that this
translational repression is mediated through the inactiva-
tion of mTOR and that this inactivation is lost in the more
transformed breast cancer cell lines. In contrast, we show
that mTOR is rapidly inactivated in PC-3 cells during
hypoxia but this inactivation does not correlate with the
global translational repression (Figs. 1A,B, 2). However,
our data are consistent with what has been reported for

TABLE 3. Twenty-five mRNAs are reduced in abundance in hypoxic polysomes

Gene name Poly RNAa Total RNAb Poly/ Totalc GenBankd

Matrix metallopeptidase 1e 0.47 0.38 1.21 NM_002421
Phosphatase and actin regulator 3 0.34 0.31 1.08 AJ311122
MLF1 interacting protein 0.48 0.48 1.02 NM_024629
Translocase of inner mitochondrial membrane 9 homolog (yeast) 0.48 0.50 0.95 NM_012460
Mitochondrial ribosomal protein L20 0.50 0.53 0.94 NM_017971
CGI-115 protein 0.47 0.50 0.93 NM_016052
Eukaryotic translation elongation factor 1 beta 2 0.49 0.53 0.93 NM_001959
ATP-binding cassette, subfamily E (OABP), member 1 0.49 0.53 0.92 NM_002940
Replication factor C (activator 1) 4, 37 kDa 0.47 0.53 0.89 NM_002916
Proliferating cell nuclear antigen 0.45 0.53 0.86 NM_002592
Hypothetical protein FLJ32252 0.33 0.40 0.83 AK056814
Chromosome 3 open reading frame 26 0.39 0.48 0.83 NM_032359
BM022 protein 0.50 0.63 0.79 NM_020236
Geminin, dna replication inhibitor 0.49 0.63 0.78 NM_015895
Ubiquitin-conjugating enzyme E2T (putative) 0.41 0.53 0.78 NM_014176
Mitochondrial ribosomal protein L15 0.38 0.50 0.76 NM_014175
Down syndrome critical region gene 2 0.42 0.56 0.75 NM_003720
Chromosome 7 open reading frame 24 0.44 0.63 0.71 NM_024051
Cirrhosis, autosomal recessive 1A (CIRHIN) 0.49 0.71 0.69 NM_032830
Chromosome 1 open reading frame 33 0.46 0.67 0.69 NM_016183
Cyclin E2 0.40 0.59 0.68 NM_057749
MKI67 (FHA domain) interacting nucleolar phosphoprotein 0.49 0.71 0.68 NM_032390
COP9 constitutive photomorphogenic homolog subunit 3 0.48 0.71 0.68 NM_003653
Solute carrier family 25, member 5 0.48 0.71 0.67 NM_001152
Serum amyloid A-like 1 0.48 0.71 0.67 BC012010

Values <1 indicate a reduction in hypoxic samples relative to normoxic samples.
aFold change in hypoxic polysomal RNA relative to normoxic polysomal RNA.
bFold change in hypoxic total RNA relative to normoxic total RNA.
cRelative translatability: Fold change in polysomal RNA/fold change in total RNA.
dGenBank accession number.
ePredicted to be translationally enhanced in hypoxic polysomes and has been verified by Northern (Fig. 5) analysis.
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serum-starved HEK293 cells in which mTOR inactivation
does not correlate with translational repression (Arsham
et al. 2003).

Unlike the data for mTOR, we find that eIF-2a phos-
phorylation correlates well with the hypoxia-induced trans-
lational repression in PC-3 cells. This is contradictory to
what has been reported for the weakly transformed
MCF10A breast cancer cell line and is similar to what has
been reported for serum-starved HEK293 cells (Connolly
et al. 2006; Liu et al. 2006) Although the PC-3 cells were not
serum starved in our study, they are much more sensitive
to the translational repression than the HEK293 cells.
Together, these data suggest that different cell lines can
use different mechanisms to inhibit translation during
hypoxia. It is plausible to hypothesize that eIF-2a phos-
phorylation is required for translational repression in
highly transformed cell lines, while mTOR inactivation
has a much more dominant effect in less transformed cells.

This correlation of eIF-2a phosphorylation and trans-
lational repression under hypoxic conditions is similar to
what has been reported to occur under anoxic conditions.
However the kinetics of eIF-2a phosphorylation is different
under the two conditions. Anoxic treatment results in the
rapid and transient phosphorylation of eIF-2a (Koritzinsky
et al. 2006) that correlates with the translational repression.
During this initial phase, mRNAs that have upstream open
reading frames such as ATF4 are translated with more
efficiency (Blais et al. 2004). Longer exposure to anoxic
conditions results in the loss of eIF-2a phosphorylation
even though translation remains repressed. This is the
opposite of what we observe during hypoxia in PC-3 cells.
Initial exposure of PC-3 cells to hypoxia results in the
inactivation of mTOR (Fig. 1B) while prolonged exposure
increases eIF-2a phosphorylation (Fig. 1C).

Although the mechanism leading to eIF-2a phosphory-
lation by prolonged hypoxia is not known, it is possible

TABLE 4. Thirty-one mRNAs are predicted to have increased sensitivity to the translational repression during hypoxia

Gene name Poly RNAa Total RNAb Poly/ totalc GenBankd

Methyltransferase like 5 0.43 0.67 0.65 NM_014168
KIAA0101 0.50 0.77 0.65 NM_014736
Isochorismatase domain containing 1 0.49 0.77 0.64 NM_016048
Exosome component 1 0.47 0.77 0.61 NM_016046
PAK1 interacting protein 1 0.44 0.71 0.61 NM_017906
Small nuclear ribonucleoprotein polypeptide C 0.49 0.83 0.59 NM_003093
Complement component 1, R subcomponent-like 0.49 0.83 0.58 AK023419
Pyrroline-5-carboxylate reductase-like 0.41 0.71 0.58 NM_023078
H4 histone, family 2 0.41 0.71 0.57 NM_003542
Coiled-coil domain containing 5 (spindle associated) 0.43 0.77 0.55 BC014003
TATD dnase domain containing 1 0.45 0.83 0.54 NM_032026
IFP38 0.49 0.91 0.54 NM_031943
HIG1 domain family, member 1A 0.50 1.00 0.50 NM_014056
LSM3 homolog, U6 small nuclear RNA associated) 0.41 0.83 0.49 NM_014463
Eukaryotic translation initiation factor 3, subunit 6 48 kDa 0.48 1.00 0.48 NM_001568
Ribosomal protein L32 0.41 0.91 0.45 NM_000994
Zinc finger with KRAB and scan domains 1 0.49 1.10 0.44 AK056630
Ribosomal protein L10A 0.44 1.00 0.44 NM_007104
Ribosomal protein L26 0.42 1.00 0.42 NM_000987
Ribosomal protein S23 0.45 1.10 0.41 NM_001025
Ribosomal protein S3A 0.44 1.10 0.40 NM_001006
Zinc finger protein 588 0.47 1.20 0.39 NM_016220
Ribosomal protein S6 0.47 1.20 0.39 NM_001010
Ribosomal protein S2 0.49 1.30 0.38 NM_002952
Ribosomal protein L7 0.38 1.00 0.38 NM_000971
Lysosomal associated multispanning membrane protein 5 0.43 1.20 0.36 NM_006762
Shwachman–Bodian–Diamond syndrome 0.46 1.30 0.35 NM_016038
Ribosomal protein L14 0.42 1.20 0.35 NM_003973
Ribosomal protein L24 0.34 1.00 0.34 NM_000986
Nuclear import 7 homolog (S. cerevisiae) 0.43 1.50 0.29 NM_016101
TAF9B RNA polymerase II, TATA box binding protein (TBP)-associated factor, 31 kDa 0.33 3.00 0.11 BC009566

Translationally sensitive mRNAs have a poly/total ratio # 0.65. These mRNAs are more sensitive to the translational repression than the
majority of mRNAs.
aFold change in hypoxic polysomal RNA relative to normoxic polysomal RNA.
bFold change in hypoxic total RNA relative to normoxic total RNA.
cRelative translatability: Fold change in polysomal RNA/fold change in total RNA.
dGenBank accession number.
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that this process may also involve the PERK kinase as has
been shown under anoxic conditions (Koumenis et al.
2002; Blais et al. 2006; Koumenis and Wouters 2006).
Prolonged exposure to hypoxia may result in the slow
accumulation of misfolded protein in the ER. Over time,
this misfolded protein may reach a threshold level that
activates the unfolded protein response (UPR), resulting in
the activation of PERK, which in turn phosphorylates eIF-
2a. Thus chronic hypoxia may utilize a mechanism similar
to that of acute anoxia, but unlike anoxia, prolonged
exposure to hypoxia may be required for activation of the
UPR. However, it is also likely that there are other
mechanisms involved with the translational repression,
which occurs during hypoxia, that are distinct from the
mechanisms used under anoxic conditions. In fact it has
recently been reported that blocking the expression of
PERK does not completely prevent the translational repres-
sion that occurs when transformed
mouse embryonic fibroblasts are exposed
to acute anoxia (Blais et al. 2006). Thus
other mechanisms must be involved
with the translational repression that
occurs during oxygen deprivation and
it may be these other mechanisms that
are responsible for the differences in
genes that are translationally enhanced
during hypoxia and anoxia. We are
currently investigating the molecular
mechanism(s) involved with the trans-
lational repression that occurs during
hypoxia to address this issue.

In order to analyze the effect of
hypoxia on gene expression we carried
out microarray analysis of polysomal
RNA (translational profiling) from hyp-
oxic cells. We found that out of the
20,000 genes on the array, only 104
mRNAs were shown to be increased in
hypoxic polysomes when compared to
normoxic polysomes (Tables 1 and 2

combined). Many of these mRNAs are not efficiently
translated during hypoxia, such as GAPDH (see Table 1).
This mRNA is induced in abundance 2.6-fold in response
to hypoxia but is translationally repressed during hypoxia.
The GAPDH mRNA is enriched in hypoxic polysomes only
because it is increased in abundance more than it is reduced
in polysome association. Since the GAPDH mRNA is in-
duced in abundance during hypoxia we cannot say if the
newly synthesized mRNA is unable to recruit ribosomes
while the older mRNA continues to be translated. However,
since the actin mRNA, which is not induced, also redis-
tributes to the top half of the gradient, it is likely that both
previously synthesized and newly synthesized mRNAs are
unable to efficiently recruit ribosomes during hypoxia.

Comparison of these genes to those found enriched in
polysomes from anoxic DU145 cells identified only five
mRNAs, NDRG1, ANGPTL4, hypoxia inducible protein 2,
BHLHB2, and Stanniocalcin 2, which were enriched in poly-
somes during hypoxic and anoxic conditions (Koritzinsky
et al. 2005). All of these mRNAs are significantly induced in
abundance during hypoxia (>3.0-fold) and anoxia, and this
may contribute to their enrichment on polysomes in both
systems. The other 99 mRNAs that we identified are unique
to our system and may reflect mRNAs that are regulated
by hypoxia in PC-3 cells and not DU145 cells or may be
due to differences in the microarrays used in the differ-
ent experiments. Alternatively, these differences may reflect
fundamental differences in gene expression at both the
translational and transcriptional levels between anoxic and
hypoxic cells. To further evaluate the differences between
anoxia and hypoxia we examined the translational enrich-
ment of three mRNAs that have been reported to be

FIGURE 6. The NDRG1 and MMP1 mRNAs remain associated with polysomes during
hypoxic treatment. PC-3 cells were subjected to polysome analysis as in Figure 3. 32P-labeled
probes were used to detect the polysomal distribution of the NDRG1, MMP1, and GAPDH
mRNAs in normoxic and hypoxic conditions.After probing with NDRG1 the blot was stripped
and probed for MMP1. In the hypoxic blot for MMP1 the arrow head denotes the MMP1
band. The upper band, denoted by an asterisk, is incompletely stripped NDRG1 mRNA from
the previous probing.

FIGURE 5. Proteins encoded by two translationally enhanced
mRNAs, NDRG1 and Glut1 are induced during hypoxia. PC-3 cells
were grown under normoxic (N) or hypoxic conditions (H) for 20 h.
Twenty micrograms of protein were separated by 10% SDS-PAGE and
the amount of NDRG1, GLUT1, GAPDH, and actin proteins were
analyzed by immuno-blot analysis. Actin was used as a loading
control. Arrow denotes the NDRG1 band.
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translationally enriched during anoxic treatment (Blais
et al. 2004). In PC-3 cells we found that ATF4
(NM_001675), eIF5 (NM_001969), and TXBP151
(NM_006024) were not translationally enriched in hyp-
oxic polysomes with fold changes in poly RNA/change in
total RNA of 1.4/1.9, �1.2/�1.2, and 1.4/1.3, respectively.
Thus it is likely that anoxia and hypoxia impact the
translation of specific mRNAs differently, resulting in
certain mRNAs being translationally enhanced during
hypoxia while others are translationally enhanced during
anoxia. It would be interesting to directly address this
question by identifying translationally enhanced mRNAs
under hypoxic and anoxic conditions in the same cell line
using the same methodology.

Of the 104 mRNAs enriched in hypoxic polysomes
(Tables 1 and 2 combined), we further classified a subset
of these as translationally enhanced during hypoxia (Table
2). These 33 mRNAs showed the most robust polysome

association during hypoxia and were increased in hypoxic
polysomes to a greater extent than could be explained by
increases in mRNA abundance. We tested four mRNAs
from this subset, fibronectin 1, frizzled homolog 8, retinoic
acid induced 17, and NDRG1, and found that all continued
to associate with polysomes during hypoxia (Fig. 5; Table
5). This indicates that these mRNAs have the ability to be
translated during hypoxia when global translation was
inhibited. Evaluation of the 59 UTRs of the translationally
enriched mRNAs showed that 16 out of the 33 translation-
ally enriched mRNAs have a GC content > 60% but no
other distinguishing features.

It has been hypothesized that IRES-mediated translation
may be responsible for the continued efficient recruitment of
ribosomes during hypoxia. Recently, it has been shown that
the VCIP mRNA is translationally enhanced during acute
anoxia and that this mRNA contains an IRES element that is
active during acute anoxia (Blais et al. 2006). It has also been
reported that certain IRES elements continue to function
when eIF2a is phosphorylated (Fernandez et al. 2002; Komar
and Hatzoglou 2005) and our data indicate that mRNAs that
have the ability to recruit ribosomes during hypoxia must do
so in the presence of phosphorylated eIF-2a. Together these
data strongly support the hypothesis that IRES elements
allow mRNAs to be translated during hypoxia. In order to
test this hypothesis we are currently cloning the 59 UTRs of
several of the translationally enhanced genes into reporter
constructs to test for IRES activity.

Since some of the mRNAs, such as actin and GAPDH,
which are translationally inhibited during hypoxia appear
to still associate, albeit inefficiently, with the translational
machinery, it is possible that the proteins encoded by these
mRNAs continue to be synthesized during hypoxia but at
an extremely low rate. Thus an mRNA that is translation-
ally suppressed during hypoxia may be able to overcome
this suppression by inducing the mRNAs to a sufficient

FIGURE 7. The effect of hypoxic treatment of the steady-state levels
of the NDRG1, MMP-1, and actin mRNAs. PC-3 cells were grown
under normoxic (0 h) and hypoxic conditions for 4 and 24 h. (A)
Equal micrograms (5 mg) of RNA were subjected to Northern analysis
using 32P-labeled probes to detect the NDRG1, MMP1, and actin
mRNAs. The 18 S or 28 S ribosomal RNAs are denoted by a line to the
right of the image (when appropriate). Actin mRNA was used as a
loading control. Results were quantitated for NDRG1 (B) and MMP1
(C) after normalization to the actin mRNA using phosphorimage
analysis and ImageQuant software. The value for the 0 time point was
set to 1.

TABLE 5. qRT-PCR analysis confirming continued polysomal
association of specific mRNAs during hypoxia

% Polysomala

Gene N H FC mRNAb

HIF-1a 69 73 0.3
Fibronectin 1c 37 65 1.4
Retinoic acid induced 17c 47 65 1.9
Frizzled homolog 8c 48 56 1.8
HIF-2a 29 67 1.5
GAPDH 48 21 2.3
Actin 67 32 1.5

aPercent of mRNA associated with HMW polysomes (fractions
9–12).
bFold change in abundance in total RNA from hypoxic cells relative
to normoxic cells.
cIdentified as translationally enriched from microarray analysis
(Table 2).
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level to maintain protein production. This is consistent
with our gene expression data that show many induced
mRNAs are enriched on hypoxic polysomes but not trans-
lationally enhanced (Table 1). In contrast to this mecha-
nism of maintaining protein production during hypoxia,
there appears to be a unique class of mRNAs that are
unaffected by this translational repression (Table 2). These
latter mRNAs likely use an alternative molecular mecha-
nism of translation initiation, such as internal initiation of
translation. The proteins encoded by these mRNAs will
continue to be efficiently synthesized when global trans-
lation is repressed and thus are likely to be induced in the
proteome of hypoxic cells to an extent not predicted by
total mRNA analysis.

The impact of the translation repression that occurs
during hypoxia on actual tumor growth is still unknown;
however, the fact that two critical factors in the cellular
response to hypoxia, HIF-1a and HIF-2a, are encoded by
mRNAs that are refractory to this translation repression
indicates that overcoming this inhibition is important in
the cellular adaptation to hypoxia and tumor growth
(Gorlach et al. 2000; Lang et al. 2002). Consistent with
this hypothesis, it has been recently reported that mRNAs
that are translationally enhanced during acute anoxia, in a
PERK dependent manner, are involved with the cellular
adaptation to hypoxia and induction of angiogenesis (Blais
et al. 2006). Interestingly, this anoxic study identified the
MMP13 mRNA as being translationally activated during
acute anoxia. This protein is very similar to MMP1, which
we identified to be translationally enhanced during chronic
hypoxia. MMP13 and MMP1 are both interstitial collage-
nases involved with remodeling of the extracellular matrix
for angiogenesis and cancer cell migration (Goldberg et al.
1986; Freije et al. 1994; Deryugina and Quigley 2006). It is
possible that MMP13 is preferentially translated during
acute anoxia while MMP1 is preferentially expressed during
chronic hypoxia. Since tumors exhibit varying degrees of
oxygenation and often contain areas of chronic hypoxia as
well as areas of acute anoxia, it is interesting to speculate
that MMP13 is preferentially translated and expressed in
areas of acute anoxia while MMP1 is preferentially trans-
lated and expressed in areas of chronic hypoxia (Vaupel
et al. 1989; Kizaka-Kondoh et al. 2003) . Thus mRNAs that
are translationally enhanced during hypoxia may help the
cells adapt to the chronic hypoxic condition, which can
occur in the center of a tumor, while mRNAs that are
translationally enhanced during acute anoxia may help the
cells to adapt to acute anoxia, which occurs when tumor
blood vessels are occluded. This blockage is usually tran-
sient, and the genes translationally enhanced under acute
anoxia may help the cell adapt to this rapid loss of oxygen.
Therefore, understanding the molecular mechanism(s),
whether it be internal ribosome binding, low cap require-
ment, or some other mechanism, that allows mRNAs to be
translated during hypoxia may lead to the discovery of

novel targets for attacking cancer by blocking its ability to
adapt to the hypoxic environment.

MATERIALS AND METHODS

Tissue culture and hypoxic treatment

PC-3 (ATCC # CRL-1435) cells were grown in Ham’s F12-K
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) pre-
equilibrated to 1.0% O2, 5% CO2 at 37°C. Oxygen levels were
verified using an independent oxygen sensor (Drager, Inc.). Acti-
nomycin D (Act D; MP Biomedical, Inc.) was used at 5 mg/mL
and rapamycin (Alexis Biochemicals) was used at 2 mg/mL.

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). Cells
were then washed twice with PBS, lysed in 1 mL of RIPA buffer,
transferred to Eppendorf tubes, and placed at �20°C. For the
TCA precipitation (ppt), 75 mL of extract were added to 1 mL of
ice cold 10% trichloroacetic acid (TCA; Fisher Scientific) and in-
cubated on ice for 30 min. The mixture was then passed through a
glass filter (GF/C Millipore) and washed using a vacuum mani-
fold, according to the manufacturer’s instructions (Millipore).
The dried filters were placed into 5 mL of scintillation fluid and
read in a scintillation counter. For total counts per minute, 20 mL
of total extract were placed onto a glass filter, dried, and read as
above. Counts were normalized to microliters of extract and
percent of TCA incorporation was determined by dividing the
TCA ppt cpm/mL extract by total cpm/mL extract. All experiments
were performed a minimum of three times with duplicate wells.

Immuno-blot analysis

Whole-cell extracts were prepared by lysis in RIPA buffer
containing Halts protease inhibitor cocktail (Pierce) using stan-
dard procedures. Protein concentration was determined using the
Biorad DC Kit. Thirty-five micrograms of protein were separated
by 10% SDS-PAGE and transferred to Immobilion-P membrane
(Millipore). Transfer efficiency was evaluated by Ponceu S stain-
ing of the membrane. Antibodies for RPS6 (5G10), phosphory-
lated RPS6 (ser 235/236), eIF2a, and phosphorylated eIF-
2a(Ser 51) were purchased from Cell Signaling Technology.
Anti-GAPDH (Ambion, Inc.), anti-NDRG1 (N-19, Santa Cruz
Biotech), and GLUT 1 (ab652, Abcam) were also purchased. The
blot was developed using an ECL Plus Detection Kit (Amersham
Biosciences). After detection the blot was striped and probed
using anti-actin (Sigma).

Polysome analysis

PC-3 cells were untreated or placed in a hypoxic chamber for 20 h
and subjected to polysome analysis as described (Johannes and
Sarnow 1998). Briefly, after treatment, cycloheximide was added
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to 100 mg/mL, 3 min prior to harvesting. Polysome lysates were
prepared in polysome extraction buffer (15 mM Tris-CL at pH
7.6, 15 mM MgCl2, 0.3 M NaCL, 1% Trition X-100, 0.1 mg/mL
cycloheximide, and 1 mg/mL heparin), and subjected to sucrose
gradient (10%–50%) centrifugation. After centrifugation, gra-
dients were collected into twelve 1 mL fractions while the Abs254

was continuously monitored using an ISCO fractionator (Brandel,
Inc.). The RNA in the fractions was extracted and equal volumes
of RNA from each sample were analyzed by Northern analysis as
described below. Semiquantitative analysis of the polysome
gradients (A254) was performed by analyzing the area under the
polysomal (fractions 7–12) and nonpolysomal portion (fractions
2–6). All polysomal analysis was done a minimum of three times.

Northern analysis

Polysomal RNA (see above) or 5 mg total RNA, isolated using the
RNAeasy kit (Qiagen), was fractionated through a 1.2% formal-
dehyde gel, transferred to a Genescreen Plus membrane (Perkin
Elmer), cross-linked, and probed with body labeled cDNA probes
generated using the RadPrime Kit (Invitrogen) following standard
protocols (Ausubel 1987). Transfer and RNA integrity were eval-
uated by methylene blue staining of the membrane. Hybridization
was performed using standard techniques in aqueous buffer
(Ausubel 1987). After washing, blots were visualized and quanti-
tated using PhosphorImager analysis and Imagequant software
(Amersham). All Northerns, total and polysomal, were done a
minimum of three times.

Quantitative real-time PCR (qRT-PCR)

RNA templates for qRT-PCR consisted of total RNA or pooled
sucrose gradient fractionated RNA. RNA isolated from the non-
polysomal (fractions 2–5), monosomal/low molecular weight
polysomal (fractions 6–8), and HMW polysomal (fractions 9–12)
fractions was pooled and 0.2 mg of the RNA were then sub-
jected to qRT-PCR. The percentage of each mRNA associated
with HMW polysomes (% polysomal) is shown. Validated
primer/probe sets were purchased from ABI and the gene and
catalog numbers are as follows: actin: Hs99999903_m1; GAPDH:
Hs99999905-m1; HIF-1a: Hs00153153-m1; HIF-2a: Hs01026149_m1;
NDRG1: Hs00608389-m1; fibronectin 1: Hs00415006_m1; frizzled
homolog 8: Hs00259040-s1; and retinoic acid induced 17:
Hs00277476-m1. For total RNA analysis, cyclophilin A
(Hs99999904_m1) was used as a loading control and normalized
to actin mRNA. Analysis was done using the MxPro Software
(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 and had percent errors of
less than 10%.

Microarray analysis

Polysomal RNA from normoxic and hypoxic cells was obtained by
pooling equal volumes of RNA from fractions 9–12 of the
gradients. Polysomal or total RNA was used to synthesize Cy3-
and Cy5-labeled aRNA using the Amino Allyl MessageAmpII
aRNA Amplification Kit (Ambion). Equal micrograms of each
labeled aRNA were combined and hybridized to the DNA micro-
array (Human Genome Oligo Set V.2.0-; Qiagen) using SlideHyb

buffer #1 (Ambion) at 65°C for 16 h. The slide was then washed,
dried, and scanned using an Axon dual laser GenePix 4000
scanner. The data were collected and initially analyzed with the
GenePix Pro 5.1 software. The data from three biological
replicates were then analyzed by the GenePix Auto-Processor
Software (GPAP3; Oklahoma State University) using local lowess
normalization-pin by pin intensity dependent normalization. The
correlation among biological replicates was > 0.85. The resulting
quantitation is shown in Tables 1, 2, 3, and 4. The cutoff value for
increase in abundance in polysomal or total RNA was twofold.
After analysis the genes were annotated using the DAVID 2006
software (NIH). The microarrays were purchased from the
Genomics Facility at the Drexel University College of Medicine.
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