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hypoxia is the transcription factor HIF-1 (hypoxia-inducible
factor 1), the master regulator of oxygen homeostasis. Numerous critical genes are tightly regulated by HIF-1, including
growth factors, oncoproteins, transcription factors, and glycolytic enzymes (62a), which mediate a shift in cellular metabolism toward energy conserving anaerobic glycolysis (53).
Other mechanisms of gene regulation are important to the
cellular response to stress, such as the control of translation
initiation. The importance of translational control on gene
expression was originally proposed to play a fundamental role
during development (47) and has subsequently been proven
critical in regulating numerous physiological processes in the
cell, including growth stimulation (39), cell cycle progression
(48), differentiation (55), endoplasmic reticulum (ER) stress,
(17), and oncogenic signaling in cancer (46). Translational
control provides a rapid and reversible mechanism of expression, whereas transcriptional induction can take hours to occur.
Regulation of eukaryotic protein translation occurs mainly
at the level of translation initiation. Most mRNAs recruit ribosomes through the m7G-cap structure by the eukaryotic initiation factor 4F (eIF4F) complex, followed by binding of the
43S preinitiation complex, consisting of the 40S ribosomal subunit, eIF1A, eIF3, and eIF2-GTP bound to the initiator tRNA,
before scanning downstream to the initiating AUG (29). Successful translation initiation is only achieved when eIF2␣ binds
GTP and (Met) tRNA, thereby forming the ternary complex.
Formation of this complex is dependent on the exchange factor
eIF2B, which exchanges the GDP-bound eIF2␣ for GTP. This
can be inhibited by the phosphorylation of eIF2␣ at Ser-51 by

Mammalian cells have the ability to alter their gene expression in order to adapt to a variety of environmental stresses,
including nutrient depletion, oxidative stress, UV irradiation,
reductive stress, exposure to toxins, and hypoxia, although the
exact molecular events controlling the stress response have not
been fully elucidated.
Hypoxic stress plays a pivotal role in normal human development and physiology, including embryogenesis and wound
repair, and has been well studied for its importance in the
pathogenesis of several human diseases, namely, heart disease,
stroke, diabetes, and cancer (for a detailed review, see reference 52). Hypoxia results when oxygen availability does not
meet the demand of the surrounding tissue, resulting in decreased oxygen tension. In cancer this is initiated by the rapid
proliferation of tumor cells, which gives rise to abnormal and
chaotic vasculature, leading to the development of occlusions,
blind ends, and vesicular shunts (4). The presence of hypoxic
cells in solid tumors is well documented, and both clinical and
experimental evidence suggests that the hypoxic microenvironment of a tumor helps to produce a more aggressive phenotype
(62) by functioning as a selective pressure for the clonal expansion of apoptotically insensitive cells (16). The presence of
hypoxic regions in solid tumors also correlates with a poor
prognosis and has been shown to limit the efficacy of standard
anticancer treatments, such as radiotherapy and chemotherapy
(5). A key element to cellular survival and adaptation during
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Hypoxic stress results in a rapid and sustained inhibition of protein synthesis that is at least partially
mediated by eukaryotic initiation factor 2␣ (eIF2␣) phosphorylation by the endoplasmic reticulum (ER) kinase
PERK. Here we show through microarray analysis of polysome-bound RNA in aerobic and hypoxic HeLa cells
that a subset of transcripts are preferentially translated during hypoxia, including activating transcription
factor 4 (ATF4), an important mediator of the unfolded protein response. Changes in mRNA translation
during the unfolded protein response are mediated by PERK phosphorylation of the translation initiation
factor eIF2␣ at Ser-51. Similarly, PERK is activated and is responsible for translational regulation under
hypoxic conditions, while inducing the translation of ATF4. The overexpression of a C-terminal fragment of
GADD34 that constitutively dephosphorylates eIF2␣ was able to attenuate the phosphorylation of eIF2␣ and
severely inhibit the induction of ATF4 in response to hypoxic stress. These studies demonstrate the essential
role of ATF4 in the response to hypoxic stress, define the pathway for its induction, and reveal that GADD34,
a target of ATF4 activation, negatively regulates the eIF2␣-mediated inhibition of translation. Taken with the
concomitant induction of additional ER-resident proteins identified by our microarray analysis, this study
suggests an important integrated response between ER signaling and the cellular adaptation to hypoxic stress.
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MATERIALS AND METHODS
Cell culture. HeLa cells and 293T cells were maintained in alpha-modified
Eagle medium supplemented with a 10% mixture of donor bovine serum and
fetal calf serum (FCS; 3:1). Wild-type, PERK⫺/⫺, PKR⫺/⫺, and PERK⫺/⫺
PKR⫺/⫺ mouse embryonic fibroblasts (MEFs) were maintained in alpha-modified Eagle medium supplemented with 10% FCS. The constitutively active
GADD34 C-terminal protein fragment was expressed in cells by transduction of
the A1 retrovirus as previously described (40). HT-29 cells stably transfected with
the GADD34 C-terminal fragment (HT29-A1) and control HT-29 cells transfected with the parent plasmid (HT29-Puro) were maintained in McCoy’s medium supplemented with 10% FCS, ␤-mercaptoethanol (0.55 M), nonessential
amino acids (10 M), and puromycin (1 g/ml). Cells were treated with thapsigargin (100 nM), cycloheximide (CHX; 100 mM), and actinomycin D (ActD; 100
M) where indicated.
Hypoxic treatments. All experiments were performed with exponentially growing cells. For all experiments except for polysome fractionation, cells were plated
in 60-mm glass culture dishes at a density of ⬃106 cells/plate. After approximately 20 h, the culture dishes were placed in a hypoxic culture chamber (MACS
VA500 miroaerophilic workstation [Don Whitley Scientific, Shipley, United
Kingdom]). Hypoxic conditions were achieved with 90% N2, 5% CO2, 5% H2
(anaerobic grade gas), and palladium catalysts to scavenge trace oxygen.
Isolation of polysomes and RNA. HeLa cells were plated on 150-mm glass
culture dishes at a density of ⬃7 ⫻ 106 cells/plate. Cells were left untreated for
approximately 32 h prior to hypoxic exposure (16 h) or they were left untreated
(0 h). For the isolation of intact polysomes, cells were first treated with 0.1 mg of
CHX/ml for 3 min (37°C) prior to cell lysis. Cell extracts were prepared at 4°C;
the cells were washed twice with phosphate-buffered saline containing CHX (0.1
mg/ml) and lysed in RNA lysis buffer (1% Triton X-100, 0.3 M NaCl, 15 mM
MgCl2, 15 mM Tris [pH 7.4], 0.1 mg of CHX/ml, 100 U of RNasin [Ambion,
Austin Tex.]/ml). Lysed HeLa cells were stained with Hoechst 33342 (5 g/ml) to
ensure nuclei were intact during lysis. Nuclei were subsequently removed by
centrifugation (3,000 rpm, 5 min, 4°C), and the supernatant was centrifuged
again to remove cellular debris (14,000 rpm, 5 min, 4°C). The lysate was layered
onto 10-ml continuous sucrose gradients (10 to 50% sucrose in 15 mM MgCl2–15
mM Tris [pH 7.4]–0.3 M NaCl). Approximately 20% of the total volume of the
cytoplasmic lysate was used as a source for total RNA by using phenol-chloro-

form extraction and ethanol precipitation. After 90 min of centrifugation at
39,000 rpm in an SW41-Ti rotor at 4°C, the absorbance at 254 nm was measured
continuously as a function of gradient depth. Each fraction was digested with
proteinase K, and RNA was recovered from individual fractions by phenolchloroform extraction and ethanol precipitation.
Microarray analysis. After polysome fractionation and RNA isolation, RNA
from the high-molecular-weight polysomes (fractions 7 to 10 or fraction 11) were
pooled from the normoxic samples (hereafter called 0-h poly) and from the
hypoxic samples (hereafter called 16-h poly). Prior to microarray analysis RNA
from the polysome fractions and the total RNA from the cytoplasmic lysates (0-h
total and 16-h total) was purified with the RNeasy kit (Qiagen, Mississauga,
Ontario, Canada) according to the manufacturer’s instructions. First, 20 g of
each RNA sample was processed according to the manufacturer’s standard
protocol (Affymetrix, Santa Clara, Calif.) and hybridized to an Affymetrix
HGU95Av2 chip. Three independent 16-h poly and 0-h poly samples were
obtained, and two independent 16-h total and 0-h total samples were obtained.
The data from three independent experiments were analyzed by using the Affymetrix Mass 5.0 software and Genespring software (Silicon Genetics, Redwood
City, Calif.).
Total cellular changes and polysome analysis. Prior to the assessment of gene
changes in response to hypoxic stress, data were filtered in order to decrease the
number of irrelevant unchanging genes. Genes classified as absent (Affymetrix
MAS 5.0) across all gene chips were removed from the analysis, as were genes
whose mean signal intensity for one or more samples was not greater than 600.
(This number reflects the background noise of the microarray and would not
result in a meaningful interpretation of the data generated.) To identify total
cellular changes in gene expression, we used a mean cutoff of twofold when we
compared the 0-h total gene chips to the 16-h total gene chips. Genes were
further categorized based on molecular function and sorted based on fold change
(only previously corroborated and interesting gene changes are reported here).
To identify genes that are preferentially translated during hypoxic stress, we
compared the mean signal intensities of the 0-h poly gene chips to the 16-h poly
gene chips by using a mean cutoff of twofold. In order to identify purely translationally regulated candidates, we removed genes from this list that demonstrated a concomitant increase in total mRNA expression (⬎3-fold change in the
16-h total gene chip relative to the 0-h total gene chip). Using Genespring
software, we used Venn diagrams in order to subtract genes induced by the
hypoxic stress and genes that were preferentially mobilized into the polysome
fractions during hypoxic stress. Genes were further categorized based on molecular function and sorted on the ratio of 16-h poly signal to 0-h poly signal, which
was used as a basis for interpreting the efficiency of translation during hypoxic
stress. Analysis of variance (ANOVA) was used to assess the statistical significance of the polysomal changes.
Quantitative RT-PCR. The total and polysomal RNA described above from
hypoxic and normoxic treated HeLa cells was reverse transcribed (500 ng of
RNA) in the presence of 250 pg of vesicular stomatitis virus M protein (VSV-M)
RNA (a viral transcript used as a control for reverse transcription [RT] efficiency
and quantitative real-time PCR [Q-PCR]). Quantitative PCR was performed in
triplicate to amplify all targets by using the FastStart DNA Master SYBR Green
I kit (Roche Diagnostics, Laval, Canada) according to the manufacturer’s instructions and the Roche LightCycler thermocycler. Crossing points were converted to absolute quantities based on standard curves generated for each target
amplicon. All target signals were subsequently normalized to VSV-M in order to
correct for RT-PCR efficiency. The following primers were used: hATF4 left
(5⬘-CTTACGTTGCCATGATCCCT-3⬘) and right (5⬘-CTTCTGGCGGTACCT
AGTGG-3⬘), mATF4 left (5⬘-TCCTGAACAGCGAAGTGTTG-3⬘) and right
(5⬘-ACCCATGAGGTTTCAAGTGC-3⬘), eIF5 left (5⬘-TTGAAGGAGGCAG
AGGAAGA-3⬘) and right (5⬘-ACATGTTGCACTTCTGGCTG-3⬘), txbp151
left (5⬘-CCAAAGGCTCCAAAAACAAA-3⬘) and right (5⬘-CATTTCACAGA
CTTGCCCCT-3⬘), hsCDC6 left (5⬘-5⬘-TTGTTGTTGTTTTTGAGGCG-3⬘)
and right (5⬘-CCTGGCCAACATGGTAAAAC-3⬘), VSV-M Astart (5⬘-ACGA
ATTCAAATTAGGGATCGCACCACC-3⬘) and Bend (5⬘-ACGGATCCCGTG
ATACTCGGGTTGACCT-3⬘), ATF3 left (5⬘-TAGGCTGGAAGAGCCAAAG
A-3⬘) and right (5⬘-TTCTCACAGCTGCAAACACC-3⬘), prolyl-4 hydroxylase
left (5⬘-CCCATGTCAACGTGACAGAC-3⬘) and right (5⬘-GCAGCCACTTTG
ATCCTAGC-3⬘), ATF6 forward (5⬘-AGCAGGAACTCAGGGAGTGA-3⬘)
and reverse (5⬘-GGAGGTAAGGAGGAACCGAC-3⬘), BiP forward (5⬘-CCAC
CAAGATGCTGACATTG-3⬘) and reverse (5⬘-GAAAAGCAGTAAACAGCC
GC-3⬘), and cyclin D3 forward (5⬘-AGGCTGATGGGACAGAATTG-3⬘) and
reverse (5⬘-AGCTGAGCAGAAAGCAAAGC-3⬘).
Q-PCR results are presented as either the number of transcripts in total RNA
or as the polysomal RNA per cell. The results from each transcript were nor-
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an active eIF2␣ kinase. Mammalian cells have several eIF2␣
kinases that are activated in response to a variety of cellular
stresses. PKR is activated by double-stranded RNA as a result
of viral infection, whereas the ER-resident kinase, PERK, is
activated by malfolded proteins in response to ER stress (19).
The transcriptional effects during hypoxia and the result of
HIF-1 signaling on cellular survival and adaptation are wellstudied phenomena, whereas the contribution of translational
control on hypoxia-responsive gene expression remains unclear. PERK has been implicated in the phosphorylation of
eIF2␣ and the resulting attenuation of protein translation in
response to hypoxic stress (28). Despite a profound inhibition
of translation initiation that occurs in response to hypoxia,
several discrete transcripts remain efficiently translated, including VEGF (58), HIF-1␣ (31), BiP (36), and ODC (45).
These cellular mRNAs are able to recruit ribosome binding to
internal ribosome entry sites (IRESs) without the need of cap
recognition from the eIF4F complex.
We have focused on identifying novel hypoxia regulated
genes with the use of microarray analysis of polysomal and
total mRNA populations in order to gain insight into both the
transcriptional and translational changes that occur in response to hypoxic stress. Our studies reveal the preferential
translation of numerous hypoxia-induced genes namely, eIF5,
ATF3, ATF4, ATF6, VEGF, FGF2, and IGFBP4. One of
these, activating transcription factor 4 (ATF4) is an important
mediator of the unfolded protein response (UPR), supporting
the possibility of an integrated response between the UPR and
hypoxia through the translational regulation of ATF4.
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malized to an exogenous control (VSV-M), multiplied by 100, and transformed
to a log scale prior to plotting.
Immunoblotting. After treatments, cells were placed on ice, washed with PBS,
and lysed on ice in 2⫻ WB buffer (5 mM Tris [pH 6.8], 0.5% sodium dodecyl
sulfate, 2% glycerol, 2 mM dithiothreitol) supplemented with Complete mini
protease inhibitor cocktail tables (Roche Diagnostics, Sussex, United Kingdom),
2 mM NaPPi, and 2 mM NaF for Western analysis. Protein concentrations of
each sample were determined by the modified Bradford assay as recommended
by the manufacturer (Bio-Rad, Hercules, Calif.). Proteins were resolved on
sodium dodecyl sulfate–10% polyacrylamide gels and transferred onto Hybond
ECL nitrocellulose membrane (Amersham, Arlington Heights, Ill.) with a wet
transfer system (Bio-Rad). Membranes were stained with 0.15% Ponceau red
(Sigma) to ensure equal loading and transfer and then blocked with 5% (wt/vol)
dried nonfat milk in TBST buffer (10 mM Tris base, 150 mM NaCl, 0.5% Tween
20).
Primary antibodies for anti-rabbit Ser-51 phosphorylated eIF2␣ (1:500) and
anti-mouse eIF2␣ (1:500; recognizes both the unphosphorylated and the phosphorylated forms of eIF2␣) were obtained from Cell Signaling Technologies
(Beverly, Mass.). The primary antibody for anti-mouse HIF-1␣ (1:1,000),
H72320, was obtained from Transduction Labs, Lexington, Ky. Primary antibody
sc-200 for anti-rabbit ATF4 (1:250) was obtained from Santa Cruz Biotechnology, Santa Cruz, Calif. Primary antibody for anti-mouse actin (1:10,000), A-5316,
was obtained from Sigma, St. Louis, Mo. The primary antibody for anti-rabbit
GADD34 (1:1,000) was kindly provided by David Ron (Skirball Institute). The
primary antibody for BiP (1:1,000) was kindly provided by Martin Holcik
(CHEO, Ottawa, Ontario, Canada). Anti-rabbit secondary antibody was obtained from Jackson ImmunoResearch (1:10,000), and anti-mouse secondary
antibody was obtained from Bio-Rad (1:3,000). Horseradish peroxidase-coupled
secondary antibodies were detected by enhanced chemiluminescence (ECL-Plus;
Amersham Biosciences, Piscataway, N.J.) reagent kit in accordance with the
manufacturer’s recommendations.

RESULTS
Protein translation is inhibited by hypoxic stress. In the
present study, we used HeLa cervical carcinoma cells to study
the preferential translation of messages after severe hypoxic
stress (O2 ⬍ 0.01%). Microarray analysis was used to analyze
gene expression profiles from total cellular mRNAs and poly-

some-associated mRNAs in HeLa cells grown in a hypoxic or
a normoxic environment.
Polysomal mRNA was isolated from total cellular mRNA by
fractionation through a 10 to 50% sucrose gradient. The optical density profiles of the sucrose gradients are shown in Fig. 1.
In each gradient the top fractions (fractions 1 to 4) represent
ribosomal complexes (40S, 60S, and 80S) and free mRNAs,
whereas the bottom fractions (fractions 5 to 10 or fraction 11)
represent transcripts associated with polysomes. In order to
verify the proper identification of the polysomal peaks, cells
were treated with puromycin, an inhibitor of translation that
causes the release of nascent peptides and mRNAs from ribosomes. The resulting polysome profile demonstrated a shift of
the mRNAs from the polysomes into the free mRNA, 40S, and
60S ribosomal complexes and monosome peaks (data not
shown). After hypoxic stress, there is a significant inhibition in
protein translation, as seen by the accumulation of free mRNA
and rRNAs, with a considerable increase in the monosome
peak. HeLa cells remained ⬎98% viable throughout the 16 h
of hypoxic stress (data not shown). For microarray analysis,
mRNA associated with more than two ribosomes were pooled.
These messages are thus indicative of highly expressed transcripts that undergo preferential translation in an environment
that favors the overall inhibition of protein translation. Total
RNA was also obtained from 16-h hypoxic lysates and normoxic lysates, hereafter named 16-h total and 0-h total, respectively, treated identically to the polysomal RNA prior to sucrose gradient fractionation. Affymetrix MAS 5.0 software was
used to compare steady-state changes and polysomal changes
in gene expression between the 16-h and 0-h lysates.
Microarray analysis of total and polysomal RNA. We compared the 0-h and 16-h total mRNA species to identify changes
in overall gene expression after hypoxic stress. We found that
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FIG. 1. Hypoxic stress results in global inhibition of protein translation. (A and B) Polysome profiles (absorbance at 254 nm) in cell lysates
fractionated by sucrose density ultracentrifugation. HeLa cells were exposed to hypoxic stress for 16 h (B) or left untreated (A). Cells were treated
with CHX at 100 g/ml (37°C, 3 min) and lysed in a Triton X-100 buffer (4°C). Cell lysates were layered on a 10-ml continuous sucrose gradient
(10 to 50%) and ultracentrifuged in an SW41 rotor at 39,000 rpm for 90 min. The positions of the polysomes and ribosomal subunits are indicated.
The increase in monosome-bound transcripts and ribosomal subunits combined with the decrease in polysomes apparent in the hypoxia-treated
cells is indicative of decreased protein translation. RNA extracted from the polysome fractions was applied to a 1% agarose gel and electrophoresed. The abundant 28S, 18S, and 5S rRNAs were directly visualized by ethidium bromide staining. The polysome fractions isolated for microarray
analysis, 0-h poly and 16-h poly, are indicated.
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11.6 and 10.3% of the accurately measured genes (see Materials and Methods for a description of this interpretation) were
induced or repressed ⬎2-fold, respectively (Fig. 2A). Interestingly, of the induced genes, only 58% of them were found to be
enhanced in the polysomes, whereas the remaining 42% were
either translationally unchanged or repressed, signifying that
all transcripts are not translated with equal efficiency. These
genes were functionally clustered and are displayed in Table 1.
Many of the genes listed have been previously identified in the
literature, indicating that our microarray analysis provided an
accurate representation of known hypoxia-induced gene expression. The previously corroborated hypoxia-induced genes

are referenced, including genes involved in glucose metabolism
(Glut3, PGK, and G6PD), angiogenesis (VEGF, HO-1, PAI,
and angiogenin), pH regulation (CA9 and CA12), cell stress
response (CHOP, ORP150, and BiP), and cell death (NIP3
and BIK).
Although changes in overall transcripts were conservative,
hypoxic stress is known to cause a remarkable inhibition in
protein translation. Indeed, 88.5% of genes demonstrated no
increase in translation or were subjected to a substantial decrease in translation after hypoxia. By comparing the expression profiles of the 0-h poly and 16-h poly microarray chips we
were able to deduce that 2.5% of genes demonstrated in-
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FIG. 2. Scatter plots of oligonucleotide probes as affected by hypoxic stress. Total and polysomal RNAs were hybridized to the Affymetrix
Human Genome U95A (HG-U9Av2) oligonucleotide microarray chip. Relative gene probe intensities (x axis) of total RNA (A) and polysomal
mRNA (B and C) of aerobic cells (0 h) were plotted against the corresponding gene probe intensities (y axis) of hypoxia-treated cells (16 h). Gene
probes above the top green line represent genes induced ⬎2-fold; gene probes below the bottom green line represent genes repressed ⬎2-fold.
(C) Gene probes in green represent genes that were induced ⬎2-fold in the polysomes but whose total mRNA was not induced ⬎2-fold. A short
list of these translational candidates is presented in Table 2. Gene probes in yellow represent genes whose expression was induced ⬎2-fold in both
the total RNA and polysomal mRNA profiles.

TABLE 1. Steady-state changes in gene expressiona
Category and probe set

Energy generation and metabolism
40193_at

Fold change

Poly 16/0

GenBank no.

19

12.9

X51956

14
11

12.7
18.8

X92720
M35878

32331_at
31488_s_at

6
5

7.4
2.3

X60673
S81916

40107_at
38042_at
36979_at

3
2.4
2.4

5.5
1.6
3.1

AF054987
X03674
M20681

Description

Reference(s)

ⴚ10.0

M72393

ⴚ3.8

ⴚ3.6

M21154

ENO2 gene for neuron specific (gamma)
enolase
Phosphoenolpyruvate carboxykinase
Human insulin-like growth factor-binding
protein 3
Adenylate kinase 3 (AK3)
Phosphoglycerate kinase (alternatively
spliced)
Aldolase C
Glucose-6-phosphate dehydrogenase (G6PD)
Glucose transporter-like protein III
(GLUT3)
Calcium-dependent phospholipid-binding
protein (PLA2)
S-Adenosylmethionine decarboxylase

9.2
8.7
5.9
4

15.0
17.4
2.9
5.4

M11567
D14874
X51405
AF022375

Angiogenin
Adrenomedultin precursor
Carboxypeptidase E
Vascular endothelial growth factor (VEGF)

20
10

83
20
20

85.6
8.8
20.4

X66839
J03910
U90441

37, 63

38637_at
33127_at

17.3
13.5

20.5
11.9

L16895
U89942

37037_at
41750_at

10.2
8.1

14.9
8.6

M24486
D49489

34795_at

7.8

5.4

U84573

36454_at
36666_at

5.8
5.7

9.6
5.1

AF037335
M22806

Carbonic anhydrase IX
Metallothionein-IG (MTIG)
Human prolyl 4-hydroxylase alpha (II)
subunit
Human lysyl oxidase (LOX)
Human lysyl oxidase-related protein (WS914)
Human prolyl 4-hydroxylase alpha subunit
Protein disulfide isomerase-related protein
P5
Lysyl hydroxylase isoform 2 (PLOD2)
mRNA
Carbonic anhydrase precursor (CA12)
Prolyl 4-hydroxylase ␤-subunit

12.2
11.3
6.3

15.8
9.4
7.2

ⴚ6.1
ⴚ5
ⴚ3.3

ⴚ10.6
ⴚ3.8
ⴚ2.5

AF035528
M11717
Z23090

16.5
15.1

20.7
8.3

AB013924
AF079221

654_at
2011_s_at
38010_at

15.3
11.9
10.8

12.5
3.8
10.4

L07648
U34584
AF002697

37028_at
37228_at

3.4
ⴚ4.6

6.0
ⴚ5.9

U83981
U01038

3.5
ⴚ7.3

2.9
ⴚ2.3

U47414
X66364

ⴚ5.3
ⴚ4.7
ⴚ3.9
ⴚ3.3
ⴚ3
ⴚ2.3

ⴚ3.6
ⴚ7.0
ⴚ3.9
ⴚ2.4
ⴚ4.4
ⴚ2.7

U05340
M25753
M92287
X51688
AF053306
X05360

Cyclin G2
PSSALRE for serine/threonine protein
kinase
p55CDC
Cyclin B
Cyclin D3 (CCND3)
Cyclin A
Mitotic checkpoint kinase Mad3L
CDC2

X77956
D28423

1d1 mRNA
Pre-mRNA splicing factor SRp20

37188_at
1586_at

35938_at
262_at

Matrix metabolism and pH regulation
40309_at
926_at
34390_at

Cell stress response or DNA repair
442_at
36614_at
38986_at
1955_s_at
1104_s_at
36785_at
Cell death and proliferation
37168_at
39436_at

Cell cycle
1913_at
1206_at
38414_at
1945_at
1794_at
1943_at
35699_at
1803_at
RNA splicing or transcription
36618_g_at
351_f_at

ⴚ23
ⴚ4

ⴚ12.0
ⴚ2.4

X15187
X87949
Z49835

tra1 mRNA
BiP
Protein disulfide isomerase (glucose-related
protein 58)
Smad6 mRNA
Human heat shock protein (hsp 70)
28-kDa heat shock protein
TSC403 protein
BCL2/adenovirus E1B 19-kDa interacting
protein 3a
Human MXI1 mRNA
Human Bcl-2 interacting killer (BIK)
Homo sapiens E1B 19K/Bcl-2-binding
protein Nip3
Apoptosis-associated protein (GADD34)
pLK mRNA

42
13
61
24
24
24, 61

7, 24, 50

60

60

63
60

36

27
6
34

12

50

a
Results of Affymetrix HGU95A-V2 microarray analysis used to identify steady-state changes in gene expression during hypoxia. Affymetrix MAS5.0 software and
Genespring 5.0 were used to compare 16-h total to 0-h total RNA to determine gene changes induced or repressed ⬎2-fold. Genes were functionally clustered and
referenced if previously identified in the literature. Only named genes are included in this list; expressed sequence tags were omitted. Analysis is representative of two
independent microarray analyses performed with RNA isolated from two independent experiments. Values for decreased candidates are in boldface.
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Angiogenesis or vessel dynamics
1103_at
34777_at
36606_at
36100_at

ⴚ12

24
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element in its 5⬘ untranslated region (UTR); as such there is an
increase in the efficiency of BiP translation in response to
hypoxia. ATF3 demonstrated a similar expression pattern to
BiP under hypoxic stress, exhibiting a transcriptional induction
in the total lysate and mobilization of the transcript onto the
polysomes (Fig. 3D and E). The increase in the translational
efficiency of ATF3 in response to hypoxia (Fig. 3F) indicates
the likelihood of a combined transcriptional and translation
induction of ATF3, a possibility to be further determined.
ATF4 protein expression is induced during hypoxia. Previous reports have established a regulatory mechanism for the
translational control of ATF4 in response to ER stress and
amino acid starvation (18). The 5⬘UTR of human ATF4 encodes three short open reading frames (uORFs), two of which
are conserved in all known species. These mediate the repression of ATF4 expression in unstressed cells. Under conditions
of eIF2␣ phosphorylation, successful reinitiation at the authentic start codon results in the efficient translation of ATF4. Our
observation that hypoxia results in the mobilization of ATF4
mRNA onto the polysomes made us question whether ATF4 is
preferentially translated during hypoxic stress. Both the microarray and the Q-PCR analysis suggest a posttranscriptional
induction of ATF4 during hypoxia. This was further corroborated by the induction of the ATF4 protein after both 4 and
16 h of hypoxia (Fig. 4A), with maximal ATF4 induction by 4 h.
The translational regulation of ATF4 was further supported by
the observation that treatment with the transcriptional inhibitor ActD did not prevent the accumulation of ATF4 protein
during hypoxia (Fig. 3B). Similar observations were found with
a second transcriptional inhibitor, DRB (data not shown). To
refute the possibility that ATF4 protein expression was mediated by increased protein stability during translation, HeLa
cells were treated with the translational inhibitor CHX before
treatment with hypoxia and after 1 h of hypoxia (Fig. 4C and
D). Cells treated with CHX before hypoxic stress do not induce
ATF4 protein during 4 h of hypoxia and do not further induce
ATF4 if treated with CHX after 1 h of hypoxic stress. ATF4
has a short half-life between 30 min and 1 h (32), which supports the observed immediate degradation of ATF4 after CHX
treatment. These findings are consistent with the previously
reported translational regulation of ATF4 during ER stress
and amino acid deprivation (18).
Phosphorylation of eIF2␣ by PERK is necessary for ATF4
translation during hypoxia. The activation of eIF2␣ kinases
and phosphorylation of eIF2␣ has been shown to be essential
for the selective translational induction of ATF4 in response to
both ER stress and amino acid starvation (18). The importance
of PERK in the phosphorylation of eIF2␣ during hypoxic and
anoxic stress has been reported (28).
Parallel analysis of ATF4 mRNA in the polysomes of
PERK⫹/⫹ and PERK⫺/⫺ MEFs revealed that in the absence of
PERK there was a significant decrease in the amount of ATF4
mRNA recruited to polysomes and translated under both normoxic and hypoxic conditions (Fig. 5B and C). As expected,
eIF2␣ phosphorylation was induced in response to hypoxic
stress only in PERK⫹/⫹ MEFs (Fig. 5C). In a previous study,
analysis of PKR knockout (PKR⫺/⫺) MEFs during hypoxic
stress was not shown to have any impact on the levels of eIF2␣
phosphorylation (28). Our analysis of MEFs derived from wildtype, PKR knockout (PKR⫺/⫺), and PERK/PKR double

Downloaded from http://mcb.asm.org/ on June 25, 2019 by guest

creased translational efficiency by ⬎2-fold during hypoxia (Fig.
2C), as determined by their increased polysomal association
without a concomitant increase in total cellular mRNA. It is
important to stress that this portion of the differentially regulated genes would have been missed if only the total cellular
transcript profiling had been performed. The data comparing
gene expression of the polysome-associated transcripts from
0-h and 16-h hypoxia-treated HeLa cell extracts were used to
generate a list of translational candidates. The genes listed in
Table 2 were chosen based on high levels of mRNA in the
polysomes at 16 h versus at 0 h (poly 16/0) and were grouped
based on cellular function. One example, ATF4, has been
described in the literature as being translationally induced in
response to ER stress and amino acid starvation (18).
Patterns of gene expression during hypoxia. Two predominant patterns of gene expression emerged throughout the analysis of the microarray data: changes in the steady-state mRNA
levels and translationally mediated changes. Changes in the
steady-state levels of mRNA could be a result of changes in
transcription or may involve changes in mRNA stability. These
were marked by an increase in total mRNA expression and
may or may not correlate with their presence in the polysomes,
since not all cellular transcripts are translated with equal efficiency. In contrast, genes that are regulated exclusively at the
translational level display a higher efficiency of translation, as
seen by their presence in the polysomes but do not demonstrate any change in their gene expression at the level of total
mRNA. We used Q-PCR to verify the translational regulation
of six candidate genes identified by our microarray analysis
(Fig. 3). Q-PCR values were normalized to an internal control,
VSV RNA encoding the M protein (VSV-M), added exogenously to each RT reaction. All data was converted to the
number of transcripts per cell for a more meaningful interpretation of the data sets. Hypoxia causes numerous changes in
gene expression, including those of housekeeping genes such
as actin and GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Thus, using a spiked viral mRNA as an internal control not only allows for the control of gene expression differences between normoxic and hypoxic samples, it also allows us
to control for differences in the efficiency of each RT reaction.
Data from the translationally regulated candidates and transcriptionally regulated genes are illustrated in Fig. 3. Translationally active transcripts demonstrate a redistribution onto
the polysomes without a concomitant increase in the amount of
mRNA in the total lysate (Fig. 3A and B); therefore, translationally regulated genes are more efficiently translated in response to hypoxia (Fig. 3C). Even genes that appeared to be
statistically insignificant by ANOVA (TXBP151 and eIF5),
demonstrated consistent increases in their translational efficiency as determined by Q-PCR analysis. In contrast, transcriptionally induced genes exhibit a substantial increase in both the
total lysate and the polysomal fractions (Fig. 3D and E). Examples of this regulation are the HIF-1-responsive genes, carbonic anhydrase 9 (CA9) and prolyl-4-hydroxylase-2 (P4H2).
These genes, however, do not increase their overall translation
efficiency (Fig. 3F). The detection of BiP in the high-molecular-weight polysomes substantiates the possibility of identifying
a third expression profile, a transcriptional and translationalcoupled response. BiP is both transcriptionally induced by hypoxia and preferentially translated, perhaps due to an IRES
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TABLE 2. Hypoxia-induced translationally regulated genesa
Poly 16/0

ANOVA value

Total 16/0

GenBank no.

Name: derivation

Antiapoptosis or apoptosis

4.1
2.7
2.7
2.3
2.3
2.0

0.179
0.243
0.015
0.100
0.007
0.063

2.2
1.3
1.8
1.5
1.9
1.8

U33821
X75861
S81914
Z15108
AB020680
AF099935

TXBP151: Tax1-binding protein
TEGT: testis enhanced gene transcript (BAX inhibitor 1)
IER3: immediate early response 3
PRKCZ: protein kinase C, zeta
BAG5: BCL2-associated athanogene 5
GG2-1: tumor necrosis factor-induced protein

Cell cycle regulator

2.0

0.040

1.8

U22398

KIP2: Cdk-inhibitor p57KIP2

DNA repair

2.4
2.3

0.126
0.113

1.7
1.4

D83702
D21089

CRY1: cryptochrome 1
XPC: xeroderma pigmentosum

Metabolism

5.0
3.5
2.9
2.1
1.9
1.6

0.023
0.052
0.148
0.205
0.064
0.288

1.2
1.6
1.9
1.2
1.1
1.6

AF061741
AA873266
Y10275
X69433
M15182
X15573

SDR1: short-chain dehydrogenase/reductase 1
PDK3: pyruvate dehydrogenase kinase
PHKG1: phosphorylase kinase
IDH2: isocitrate dehydrogenase 2
GUSB: glucuronidase
PFKL: phosphofructokinase

Stress response/UPR

9.0
5.0
2.4
2.0
2.0
1.9
1.9

0.013
0.037
0.129
0.336
0.250
0.054
0.080

2.7
1.2
1.7
1.8
1.0
0.9
1.0

L19871
AL022312
D83702
AB017642
X68277
AF005887
U09759

ATF3: Activating transcription factor 3
ATF4: activating transcription factor 4
Casein kinase 1, epsilon
OSR1: oxidative-stress responsive 1
DUSP1: dual specificity phosphatase 1
ATF6: activating transcription factor 6
MAPK9: mitogen-activated protein kinase 9

Regulation of transcription

3.1
3.0
2.8
2.6
2.5
2.3
2.3
2.2
2.2
2.1
2.1
2.0
2.0
2.0
1.9
1.8
1.8

0.257
0.181
0.010
0.033
0.168
0.017
0.113
0.216
0.068
0.022
0.500
0.025
0.027
0.004
0.097
0.480
0.702

2.5
0.5
1.3
1.9
1.0
2.0
1.6
1.5
1.9
1.4
1.1
1.2
1.1
1.6
0.9
1.9
1.5

U49020
AB015051
AB000468
U11861
AF069733
X51345
M95929
X91648
AF038177
M34539
M25077
Z35278
AF078096
U71300
M16801
M27691
AF019214

MEF2A: MADS box transcription enhancer factor 2
DAXX: death-associated protein 6
RNF4: ring finger protein 4
G10: maternal G10 transcript
TADA3L: transcriptional adaptor 3
JUNB: junB proto-oncogene
PMX1: paired mesoderm homeobox
PURA: purine-rich element binding protein A
FHX: FOXJ2 forkhead factor
FKBP1A: FK506 binding protein 1A
SSA2: Sjögren syndrome antigen A2
RUNX3: runt-related transcription factor 3
FOXC1: forkhead box C1
SNAPC3: small nuclear RNA activating complex
NR3C2: nuclear receptor
CREB1: cAMP responsive element binding protein 1
HBP1: HMG-box containing protein 1

Signal transduction

4.0
2.2
2.0

0.070
0.167
0.154

1.4
1.6
1.3

L11284
M62403
M97815

MAP2K1: mitogen-activated protein kinase kinase 1
IGFBP4: insulin-like growth factor binding protein 4
CRABP2: cellular retinoic acid binding protein 2

Protein biosynthesis

2.8
2.5

0.004
0.014

1.7
2.0

X94754
AL050281

MARS: methionine-tRNA synthetase
NAG: neuroblastoma-amplified protein

Regulation of translation

3.4

0.459

1.7

U49436

eIF5: eukaryotic translation initiation factor 5

Angiogenesis

2.2
2.0

0.032
0.053

1.3
0.7

U43368
M27968

VEGFB: vascular endothelial growth factor B
FGF2: fibroblast growth factor 2

Iron ion transport

5.5

0.000

1.3

L20941

FTH1: ferritin, heavy polypeptide 1

Proteolysis

3.5

0.048

1.9

AB029027

PITRM1: pitrilysin metalloproteinase 1

a

Results of microarray analysis to identify transcripts that were specifically associated with high-molecular-weight polysomes in hypoxia-treated cells. Genespring 5.0
software was used to compare the relative expressions of polysome-bound mRNAs in hypoxic (16-h poly) and normoxic (0-h poly) cells. Genes that were induced
⬎2-fold in the polysomes (poly 16/0) and induced ⬍3-fold in the total cellular mRNA (total 16/0) were considered for further analysis. ANOVA was used to assess
the statistical significance of the changes in mRNA found in polysomal fractions. In this analysis, reported P values between 0 and 0.1 represent highly significant
changes with little variance in the data set. P values between 0.1 and 0.3 represent changes that have a higher degree of variation between replicate experiments but
are maintained as biologically relevant changes. There is a high probability that differences observed between hypoxic and normoxic samples are due to chance when
ANOVA P values exceed 0.5. A subset of the genes identified by this analysis were functionally clustered and are represented in this table.
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FIG. 3. ATF4 mRNA is more efficiently translated during hypoxia. (A) Translational candidates. The total mRNA expression does not change
during hypoxia. Total RNA was isolated prior to sucrose gradient fractionation from hypoxia treated (16 h) or normoxic (0 h) HeLa cells, reverse
transcribed, and quantified by real-time PCR. The quantities of each transcript are described as the number of transcripts isolated from total RNA
per cell. Each sample was independently normalized to a spiked internal control. Q-PCR analysis was replicated in triplicate. The results are
representative of the average ⫾ the standard error of the mean (SEM) of at least five independent experiments. (B) Translational candidates.
Transcripts are enriched in the polysomes during hypoxia. High-molecular-weight polysomes from hypoxia-treated (16 h) or normoxic (0 h) HeLa
cells were pooled (fractions 7 to 11), reverse transcribed, and quantified by real-time PCR. The quantities of each transcript are described as the
number of transcripts isolated from polysomal RNA per cell. Each sample was independently normalized to a spiked internal control. Q-PCR
analysis was repeated in triplicate. The results are representative of the average ⫾ the SEM of at least five independent experiments. (C) Trans-
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knockout (PERK⫺/⫺, PKR⫺/⫺) mice confirmed these findings
(Fig. 6). However, we sought to examine directly the effects of
disrupting both the PKR and the PERK signaling pathways on
ATF4 expression during hypoxia.
As expected, hypoxia increased the levels of eIF2␣ phosphorylation and the induction of ATF4 in the wild-type and
PKR⫺/⫺ MEFs. Under normoxic conditions all MEFs exhibited very little expression of ATF4. Within 1 h of hypoxic stress,
ATF4 expression was induced in both the wild-type and the
PKR⫺/⫺ MEFs (Fig. 6A and B). Although the magnitude of
this induction appears to be lower in the PKR⫺/⫺ cells relative
to the wild type, the consequence of this on the eIF2␣ signaling
pathway remains to be elucidated. Similar results were obtained with cells treated with thapsigargin. Treatment of double-knockout (PERK⫺/⫺ PKR⫺/⫺) MEFs with either hypoxia
or thapsigargin failed to induce phosphorylation of eIF2␣ or
increase translation of ATF4 (Fig. 6C), whereas the PKR⫺/⫺

thapsigargin-treated control demonstrated a phosphorylated
eIF2␣ signal, as well as induced ATF4 protein expression.
GADD34 expression antagonizes the induction of ATF4 during hypoxia. GADD34 protein can directly interact and activate the catalytic subunit of type 1 protein serine/threonine
phosphatase (PP1), which in turn functions to dephosphorylate
eIF2␣ to allow protein translation to resume (9, 40, 41). Recently, ATF4 was found to bind and activate a conserved ATF
site in the promoter sequence of GADD34, providing a model
for a negative feedback loop that might control protein translation during ER stress (35). To date, there is no evidence that
GADD34 is induced during hypoxia. The data obtained with
the wild-type, PKR⫺/⫺, and double-knockout MEFs during
hypoxic stress revealed that the induction of GADD34 was
inhibited when the PERK signaling pathway was repressed
(Fig. 6B and C and Fig. 7). To determine whether GADD34
expression can antagonize eIF2␣ phosphorylation and ATF4

lation efficiency increases for translationally regulated genes. The efficiency of translation during hypoxic treatment (16 h) and normoxia (0 h) was
plotted as the percentage of total mRNA associated with polysomes: (quantity of poly mRNAtime x/quantity of total mRNAtime x) ⫻ 100%.
(D) Hypoxia-induced genes. Total mRNA expression is induced during hypoxia. Total RNA was isolated prior to sucrose gradient fractionation
from hypoxia-treated (16 h) or normoxic (0 h) HeLa cells, reverse transcribed, and quantified by real-time PCR. The quantities of each transcript
are described as the number of transcripts isolated from total RNA per cell. Each sample was independently normalized to a spiked internal
control. Q-PCR analysis was replicated in triplicate. The results are representative of the average ⫾ the SEM of at least three independent
experiments. (E) Hypoxia-induced genes. Transcripts are enriched in the polysomes during hypoxia. High-molecular-weight polysomes from
hypoxia-treated (16 h) or normoxic (0 h) HeLa cells were pooled (fractions 7 to 11), reverse transcribed, and quantified by real-time PCR. The
quantities of each transcript are described as the number of transcripts isolated from polysomal RNA per cell. Each sample was independently
normalized to a spiked internal control. Q-PCR analysis was repeated in triplicate. The results are representative of the average ⫾ the SEM of
at least three independent experiments. (F) Changes in translation efficiency for hypoxia induced genes. The efficiency of translation during hypoxic
treatment (16 h) and normoxia (0 h) was plotted as the percentage of total mRNA associated with polysomes: (quantity of poly mRNAtime x/
quantity of total mRNAtime x) ⫻ 100%.
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FIG. 4. ATF4 is translationally induced after hypoxic stress. (A) Immunoblot analysis of ATF4 and HIF-1␣ protein content in HeLa cells
exposed to hypoxia or left untreated for the indicated period of time. Actin serves as a loading control. (B) Immunoblot of ATF4 and BiP in HeLa
cells treated with hypoxia for the indicated period of time in the presence or absence of the transcriptional inhibitor ActD (100 M) added 5 min
before treatment. Similar results were obtained by using another transcriptional inhibitor, DRB at 100 M (data not shown). Actin serves as a
loading control. (C) Immunoblot of ATF4 and HIF-1␣ in HeLa cells treated with hypoxia for the indicated period of time in the presence or
absence of the translational inhibitor CHX (100 M). Actin serves as a loading control. (D) Immunoblot of ATF4 and HIF-1␣ in HeLa cells
exposed to hypoxia for the indicated period of time. Cells were first treated with hypoxia, followed by the addition of the translational inhibitor
CHX for 15 min, 30 min, or 1 h. Actin served as a loading control.
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induction during hypoxia, HT29 cells stably expressing a Cterminal truncated mutant of GADD34 (HT-29 A1) were
treated with hypoxia and thapsigargin. These cells express the
insert of a retroviral clone A1, which encodes the COOHterminal 299 amino acids (292 to 590) of the hamster GADD34
protein (40), which causes the constitutive dephosphorylation
of eIF2␣. Treatment of HT-29 A1 cells with hypoxia severely
inhibited the phosphorylation of eIF2␣ and induction of
ATF4; however, HT-29 cells expressing the parental plasmid

(HT29-Puro) exhibited the same expression profile as wildtype and PKR⫺/⫺ MEFs in response to hypoxia. Similar results
were obtained when these cells were treated with thapsigargin.
These findings suggest that ATF4 regulates the expression of
GADD34, which in turn can inhibit the ATF4 signaling pathway during hypoxia. Q-PCR analysis verified that reduced levels of ATF4 protein expression observed in the knockout
MEFs and the HT29-GADD34 truncated mutant was not the
product of decreased ATF4 mRNA levels (Fig. 5A). Interest-
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FIG. 5. PERK is required for induction of ATF4 in response to hypoxic stress. (A) High-molecular-weight polysomes from normoxic cells
(PERK⫹/⫹, PERK⫺/⫺, PKR⫺/⫺, PERK⫺/⫺ PKR⫺/⫺, HT29-A1, and HT29-Puro) were pooled (fractions 7 to 11), reverse transcribed, and
quantified by real-time PCR. The quantity of ATF4 is described as the number of ATF4 transcripts isolated from polysomal RNA per cell. Each
sample was independently normalized to a spiked internal control. Q-PCR analysis was repeated in triplicate. (B) High-molecular-weight
polysomes from hypoxia-treated (16 h) or normoxic (0 h) PERK⫹/⫹ and PERK⫺/⫺ cells were pooled (fractions 7 to 11), reverse transcribed, and
quantified by real-time PCR. The efficiency of ATF4 translation during hypoxic treatment (16 h) and normoxia (0 h) was plotted as the percentage
of total mRNA associated with polysomes: (quantity of poly mRNAtime x/quantity of total mRNAtime x) ⫻ 100%. Each sample was independently
normalized to a spiked internal control. Q-PCR analysis was repeated in triplicate. (C) Immunoblot of ATF4 and eIF2␣ phosphorylated on Ser-51
[eIF2a(p)] in PERK⫹/⫹ and PERK⫺/⫺ MEFs for the indicated period of time after hypoxic stress. Actin served as a loading control.
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FIG. 6. PERK is necessary for ATF4 signal transduction during
hypoxic stress. Immunoblot of ATF4, eIF2␣(p), total eIF2␣, and
GADD34 from hypoxia-treated and 100 nM thapsigargin (Tg)-treated
wild-type, PKR⫺/⫺, and PKR⫺/⫺ PERK⫺/⫺ double-knockout MEFs
for the indicated periods of time. Actin served as a loading control.

ingly, the PKR⫺/⫺ and double-knockout MEFs express higher
basal levels of ATF4 mRNA than the wild-type MEFs. Similarly, higher ATF4 mRNA levels are expressed in HT29 cells
expressing the COOH-terminal truncated GADD34.
DISCUSSION
Adaptation to environmental stress is essential for long-term
cell survival. Mechanisms that control cellular responses to
stress are often exploited by tumor cells, allowing them to
survive and thrive in unfavorable environments. As an example, metabolic changes that provide a growth advantage to
tumor cells exposed to a hypoxic microenvironment are mediated in large part by the heterodimeric transcription factor
HIF-1. The shift in cellular metabolism toward the energy
conserving anaerobic glycolysis is facilitated by the HIF-1-regulated glycolytic enzymes (phosphoglycerate kinase 1 and aldolase A) and glucose transporters (GLUT-1 and GLUT-3)
(14, 54, 56). Tolerance to hypoxia is also promoted through

changes in protein translation. Translation is the second largest
consumer of ATP (22) in the cell, and its coordinated shutdown may be one strategy to ensure energy conservation in the
cell when ATP levels are limiting. It has been well established
that hypoxic stress results in a profound inhibition in translation (30, 33, 43), thereby causing the majority of mRNA transcripts to experience diminished translational efficiencies. Our
microarray analysis revealed that 95% of cellular mRNA species that do not change or decrease in abundance during hypoxia experience a decrease in their translational efficiency.
PERK has been implicated in the inhibition of translation
during hypoxia through the phosphorylation of eIF2␣ at Ser-51
(28). However, despite PERK-mediated inhibition, the translation of some genes remains unaffected, whereas others, e.g.,
HIF-1␣ and its downstream gene products (31) are translated
more efficiently. Consequently, cells must be capable of maintaining and inducing gene expression in order to mediate cellular adaptation and cell viability during hypoxia.
A collective analysis of data generated by microarray and
Q-PCR facilitated the identification of three classes of gene
expression that likely contribute to this strategy. The first category includes mRNAs that are transcriptionally induced and
are more efficiently translated under hypoxic stress; both BiP
and ATF3 are examples of this method of gene regulation (Fig.
3D to F; additional candidate genes are listed in Table 1). A
second category includes genes that are transcriptionally induced and whose translational efficiencies are either unchanged or diminished in response to hypoxia. CA9 and P4H2,
both HIF-1-regulated gene products, demonstrate a decrease
in their translational efficiencies during hypoxia (Fig. 3D to F;
additional candidate genes are listed in Table 1). The third
class of gene expression includes genes that are more efficiently
translated during hypoxia without an associated transcriptional
induction in total mRNA. Genes that correspond to this cat-
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FIG. 7. Overexpression of GADD34 can antagonize ATF4 signaling during hypoxia. Immunoblot of ATF4, eIF2␣(p), total eIF2␣, and
GADD34 from hypoxia-treated or 100 nM thapsigargin (Tg)-treated
HT29-Puro (parental) cells or HT29-A1 cells expressing a C-terminal
fragment of GADD34 that constitutively dephosphorylates eIF2␣
(GADD34trunc) (41). Actin served as a loading control.
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egory include eIF5, txbp151, ATF6, and ATF4 (Fig. 3A to C;
additional candidate genes are listed in Table 2). Similar analyses have been previously used to identify translationally regulated genes involved in host cell response to poliovirus infection (26), T-cell activation (38), VHL expression (14), and
most recently in oncogenic signaling through Ras and Akt (46).
Thus, a combination of changes in steady-state mRNA and
translational changes in gene expression can modulate the
cellular responses to stress.
The selective inhibition of cap-dependent translation could
regulate the translational expression of important hypoxia-responsive genes with IRESs. IRES-mediated initiation was first
discovered in picornaviruses such as poliovirus (25). Many
cellular IRES elements—namely, PDGF2 (2), c-sis (51),
APAF-1 (8), c-myc (59), and XIAP (23)—function under stress
conditions when rates of protein synthesis via cap-dependent
translation are reduced. Specifically, VEGF (58), HIF-1␣ (31),
BiP (36), and ODC (45) have demonstrated functional IRES
activity during hypoxic stress. The importance of IRES expression as a key regulator of translation during hypoxia currently
remains undetermined. We are undertaking efforts to determine which, if any, of the translationally regulated transcripts
reported possess functional IRESs.
ATF4, an important mediator of the UPR, is ubiquitously
expressed at low basal levels, although poorly translated in
unstressed cells due to the presence of three uORFs in its
5⬘UTR (18). This regulatory mechanism resembles that of the
yeast protein GCN4. In yeast, global inhibition of translation
occurs upon amino acid depletion. Active GCN2 phosphory-

lates eIF2␣ and preferentially promotes the synthesis of
GCN4, a transcription factor that controls the expression of
genes involved in amino acid biosynthesis (21).
Translation of ATF4 rapidly follows eIF2␣ phosphorylation
during times of ER stress, arsenite treatment, and amino acid
starvation (17). During hypoxia PERK activation results in the
phosphorylation of eIF2␣ (28); taken together, this suggests an
important UPR-integrated response to hypoxic stress. Microarray analysis of total cellular mRNAs revealed the transcriptional induction of many other ER-resident proteins, including GADD34, GRP58, HSP70, Grp78/BiP, and HSP28
(Table 1), as well as CHOP/Gadd153, ORP150, and Gadd45
(C. Koumenis, unpublished data), further supporting the connection between hypoxia and the UPR.
Our studies with PERK⫺/⫺ MEFs have shown that this kinase is absolutely required for ATF4 translation (Fig. 5C).
Interestingly, even in the absence of efficient translation, ATF4
mRNA is still recruited, to some extent, into the polysome
fraction. Since we and others have shown that the initiation of
translation at the authentic start codon of ATF4 is dependent
on PERK phosphorylation of eIF2␣ (18, 28), our results (Fig.
5B) suggest that ATF4 mRNA can be recruited to the polysome fraction in the absence of PERK activity through initiation and translation of upstream ORFs.
Although others have suggested that anoxic induction of
ATF4 is regulated at the level of protein stability (1), our
experiments with CHX treatment of HeLa cells (Fig. 4) suggest a requirement for de novo protein synthesis. Although we
cannot exclude that increased protein stability of ATF4 may
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FIG. 8. Model depicting the role of ATF4 during Hypoxic stress. Hypoxia and oxidative stress activate the eIF2␣ kinase PERK. Phosphorylation of eIF2␣ results in the global inhibition of protein translation. Some transcripts, such as ATF4, ATF6, and eIF5, are able to escape this
general control mechanism. Transcriptional induction of GADD34 results in the activation of PP1 and the dephosphorylation of eIF2␣ after
prolonged exposure to hypoxia. The microarray data also support the notion that numerous ER-resident proteins are induced in response to
hypoxic stress, suggesting that cellular adaptation to hypoxic stress may rely on a integrated ER-generated stress signal.
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opment of tumor cell resistance to hypoxia is imperative for the
discovery of effective therapies. The ability of hypoxic tumor
cells to simultaneously promote angiogenesis, metastasis, and
glycolysis, substantiates the need of cellular adaptation for
continued cell viability. Whether the ATF4 signaling pathway
is a key element that promotes cell survival during hypoxia still
needs to be determined. Interestingly, the overexpression of a
novel hypoxia regulated gene, SKIP3, has been implicating in
destabilization of ATF4 protein in multiple primary human
tumors (3). The occurrence of deregulated ATF4 expression in
primary cancers therefore implicates ATF4 signaling in tumor
progression.
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