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Although it is advantageous for hypoxic cells to inhibit pro-
tein synthesis and conserve energy, it is also important to trans-
late mRNAs critical for adaptive responses to hypoxic stress.
Because internal ribosome entry sites (IRES) have been postu-
lated to mediate this preferential synthesis, we analyzed the
5'-untranslated regions from a panel of stress-regulated mRNAs
for m’GTP cap-independent translation and identified putative
IRES elements in encephalomyocarditis virus, vascular endo-
thelial growth factor, hypoxia-inducible factors (HIFs) 1o and
2a, glucose transporter-like protein 1, p57%*?, La, BiP, and tri-
ose phosphate isomerase transcripts. However, when capped
and polyadenylated dicistronic RNAs were synthesized in vitro
and transfected into cells, cellular IRES-mediated translation
accounted for less than 1% that of the level of cap-dependent
translation. Moreover, hypoxic stress failed to activate cap-in-
dependent synthesis, indicating that it is unlikely that this is the
primary mechanism for the maintenance of the translation of
these mRNAs under low O,. Furthermore, although HIF-1e is
frequently cited as an example of an mRNA that is preferentially
translated, we demonstrate that under different levels and dura-
tions of hypoxic stress, changes in newly synthesized HIF-1a
and f-actin protein levels mirror alterations in corresponding
mRNA abundance. In addition, our data suggest that cyclin-de-
pendent kinase inhibitor p57¥*? and vascular endothelial
growth factor mRNAs are selectively translated by an IRES-in-
dependent mechanism under hypoxic stress.

Hypoxic stress is a central component of normal development
and physiology as well as the pathology of multiple human diseases
(1—4). Cells adapt to low oxygen (O,) levels by altering their mRNA
expression and translation profiles (5, 6). Most of the transcriptional
effects are mediated by a family of hypoxia inducible factors (HIFs)*
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that transactivate genes by binding to hypoxia response ele-
ments in their promoters, introns, and/or enhancers (4, 7). In
addition to the transcriptional effects mediated by HIF, hypoxic
stress is associated with energy starvation (8, 9) and alterations
in cell cycle progression (10, 11). Furthermore, whereas global
protein synthesis is attenuated under low O,, select mRNAs
believed to be involved in the adaptive response to hypoxia are
preferentially translated.

Hypoxia-mediated inhibition of general protein synthesis
(12) is regulated primarily by the modification of eukaryotic
translation initiation factors (elFs) at two steps; that is, regen-
eration of the “ternary complex” (eIF2-GTP and met-tRNA)
and regulation of the m’GTP cap binding complex elF4F
(eIF4E/elF4A/elFAG (13, 14)). The small (40 S) ribosomal sub-
unit is recruited to the mRNA 5’ end by eIF4F. This complex is
modulated by mTOR, a conserved Ser/Thr kinase that inte-
grates environmental stimuli such as nutrient availability,
energy status, and cellular stress to regulate growth and cell
cycle progression (15). Activated mTOR binds to the elF3
translation initiation complex and phosphorylates ribosomal
kinase S61 (S6K1), which then dissociates and phosphorylates
downstream targets such as eIF4B and ribosomal protein S6
(rpS6 (16)). Under limited O,, mTOR signaling is inhibited;
4E-BP is hypophosphorylated and binds eIF4E to hinder the
assembly of the cap binding complex. The level and duration of
O, deprivation influences a variety of mechanisms of transla-
tion inhibition. For example, a biphasic decrease in global
translation is observed during anoxic (0.0% O,) stress (14).
Decreased translation under acute (1-4 h) anoxia is mediated
by phosphorylation of elF2«, whereas under prolonged anoxia
(16 h), translational repression is maintained by eIF4E inhibi-
tion via 4E-BP and elF4E sequestration by 4E-T. In contrast,
under hypoxia (0.5-1.5% O,), a delay between rapid phos-
phorylation changes detected for elongation factor eEF2,
S6K1, rpS6, and 4E-BP and decreased protein synthesis is
observed (8).

In most cells O, deprivation causes a delay in cell cycle pro-
gression (10, 11) in a HIF-1a- and c-Myc-dependent manner
(17, 18). HIF-1« induces cell cycle arrest by functionally coun-
teracting c-Myc and regulating the expression of G, checkpoint
genes. In addition, mTOR signaling has also been linked to cell
cycle progression (19, 20). Rapamycin treatment or mTOR

ation factor; RRL, rabbit reticulocyte lysate; QRT-PCR, quantitative reverse
phase-PCR; Glut-1, glucose transporter-like protein 1; VEGF, vascular endo-
thelial growth factor; EMCV, encephalomyocarditis virus; DFX, deferoxamine
mesylate; TP, triose phosphate isomerase; ELISA, enzyme-linked immunosor-
bent assay; HMGB1, high mobility group-box-containing protein 1.

JOURNAL OF BIOLOGICAL CHEMISTRY 16309


http://www.jbc.org/cgi/content/full/M710079200/DC1

IRES-independent mRNA Translation under Hypoxia

depletion affects the cell cycle, and both S6K1 and 4E-BP1 are
believed to be mediators of reduced G, phase progression.

Many genes exhibit distinct patterns of translation under
hypoxia (6, 21, 22). Although hypoxia is known to reduce global
protein synthesis, a select subset of mRNAs encoding proteins
with adaptive functions continues to be translated under low
O,. For example, translation of an endothelium-specific recep-
tor tyrosine kinase for angiopoietins (Tie2) has been shown to
increase under prolonged hypoxia as assessed by metabolic
labeling of human umbilical vein endothelial cells followed by
immunoprecipitation with anti-Tie2 antibodies (23). In addi-
tion, multiple transcripts such as eIF5, Tax-1-binding protein
(TXBP151), activating transcription factor 4 (ATF4), and ATF6
have been shown by microarray analysis to remain associated
with high molecular weight polysomes during anoxic stress (6).

Although the majority of translation is cap-dependent, 3—5%
of cellular mRNAs are believed to be translated by internal ini-
tiation (24-26). In this mechanism the 40 S ribosome is
recruited to mRNA in the vicinity of the initiation codon by
sequences generally located in the 5'-untranslated region
(UTR) called internal ribosome entry sites (IRES). Multiple
hypoxia-regulated mRNAs have been reported to contain IRES,
and it was proposed that these elements allow mRNAs to con-
tinue to be efficiently translated in O,-starved cells when cap-
dependent translation is diminished (27-30). Both HIF-1« and
vascular endothelial growth factor (VEGF) contain functional
IRES based on dicistronic vector assays (27). However, mono-
cistronic transcripts can be generated from cryptic promoters
or cryptic splice sites within the 5'-UTR in this assay, con-
founding the accurate assessment of IRES activity. This was
highlighted when a promoter-less dicistronic vector was devel-
oped to test the claim of cellular IRES activity in the 5'-UTR of
elF4G (31). Consequently, the existence of cellular IRES and
their biological role in cell adaptation to stress remains a con-
troversial field (32).

We have analyzed the influence of hypoxic stress on the
translational regulation of multiple mRNAs encoding proteins
involved in hypoxic adaptations. In particular, we wished to
determine whether IRES elements provided a mechanism for
the selective translation of hypoxia-regulated mRNAs. When
capped and polyadenylated in vitro synthesized RNAs were
analyzed in in vitro and in vivo translation assays, only the
encephalomyocarditis virus (EMCV) 5'-UTR exhibited signifi-
cant IRES-mediated translation. Moreover, hypoxic conditions
did not activate VEGF, HIF-1«, or HIF-2« cellular IRES-medi-
ated translation. We directly measured levels of endogenous
VEGF, HIF-1a, B-actin, and cyclin-dependent kinase inhibitor
p57®2 protein in O,-starved HeLa and Hep3B cells and com-
pared the results to analysis of the distribution of these mRNAs
along polysomes isolated from HeLa cells cultured under nor-
moxic and hypoxic conditions. Unexpectedly, when decoupled
from post-translational degradation, levels of newly synthe-
sized HIF-1a, like B-actin, decreased under low O, in parallel
with the down-regulation of global protein synthesis and
decreased HIF-1a mRNA. In contrast, under low O, increases
in newly synthesized VEGF protein mirror significant increases
in VEGF mRNA abundance as well as a hypoxia-mediated
increase in the translation efficiency of VEGF mRNA. Under
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low O,, despite attenuated global translation, the synthesis of
p57" P2 appears to be maintained in an IRES-independent man-
ner, and moreover, p57°'"> may compete more effectively for
binding to translating ribosomes.

EXPERIMENTAL PROCEDURES

Cell Culture—NIH3T3, HeLa, and Hep3B cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum, 4.5 g/ml glucose, L-glutamine, 100
units/ml penicillin, and 100 ug/ml streptomycin. Dicistronic
vector constructs and in vitro synthesized dicistronic RNA
were transiently transfected into NIH3T3 cells using Lipo-
fectamine 2000 (Invitrogen). NIH3T3 cells were plated at 5 X
10* cells/well of a 24-well plate (Costar). The next day 1 pug of
bicistronic vector or 1 ug of in vitro synthesized RNA was trans-
fected/well, and after 4 h cells were split into 2 wells and cul-
tured under normoxic or hypoxic conditions. Upon comple-
tion, 20 ul of whole cell lysate was analyzed for Rluc and Fluc
activity using the Dual Luciferase Reporter Assay System
(Promega).

Metabolic Labeling, Immunoprecipitation, and Western Blot
Analysis—Before metabolic labeling cells were starved for
methionine and cysteine for 1 h (HeLa cells O, < 0.1%; Hep3B
cells O, 0.5%) or 5 h (Hep3B cellsO, < 0.1%). Labeling was
carried out on exponentially growing cells for 1 h in Dulbecco’s
modified Eagle’s medium without cold methionine or cysteine,
10% dialyzed fetal calf serum, 200 uM deferoxamine mesylate
(DFX), and 100 puCi of [**S]methionine and [**S]cysteine per
ml. Cells were washed twice with phosphate-buffered saline
containing 200 um DFX and lysed in cell lysis buffer (1% Triton
X-100, 25 mm Tris, pH 8, 300 mm NaCl, 200 um DFX, and 1
tablet of protease inhibitor (Roche Applied Science) per 10 ml
at 4 °C. Lysates were clarified by centrifugation for 15 min at
120,000 rpm. Specific activity was determined by trichloroace-
tic acid precipitation onto Whatman No. 3MM filter paper and
liquid scintillation counting. Lysate protein concentration was
determined, and 500 ug of protein was used for each immuno-
precipitated sample. Lysates were precleared overnight at 4 °C
with 30 ug of washed protein G-Sepharose beads (Amersham
Biosciences). Beads were pelleted by spinning the lysates at
6000 rpm for 1 min, and supernatants were transferred to
Eppendorf tubes containing 30 ug of pre-washed protein
G-Sepharose beads and 1.5 ug of antibody (anti-p57*'** (BD
Pharmingen), anti-HIF-1a antibody (BIOMOL), and anti-f3-
actin antibody (Abcam)) and incubated on a rocker for 3 h at
4. °C. Beads were pelleted and washed 3 X with cell lysis buffer,
20 wl of 2X SDS loading dye were added, and samples were
heated to 100 °C for 10 min, resolved on a 10% SDS-polyacryl-
amide gel, and visualized by phosphorimaging densitometry.
Whole cell lysates were prepared, and Western blot analysis
was carried out as previously described (33).

Hypoxic Treatments—Exponentially growing cells were cul-
tured under moderate hypoxic (0.5% O, 42 h), acute severe
hypoxic (O, < 0.1% 5 h), and prolonged severe hypoxic (O, <
0.1% 16 h) conditions with normoxic (21% O,) controls. Mod-
erate hypoxic conditions were achieved in a Ruskinn /n vivo 400
work station, and severe hypoxic conditions were achieved in a
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Bio-Bag Environmental Chamber (BD Biosciences). Media was
preconditioned to the correct O, level in hypoxic experiments.

Plasmid Constructs—The control dicistronic vector con-
struct pRF and pRF vectors with either the VEGF or HIF-1«
5'-UTR were gifts from Dr. G. Goodall, University of Adelaide
(27). Primers at the 5" and 3’ ends of the 5'-UTRs from murine
HIF-2«, Glut-1, La, BiP, HMG-box-containing protein 1
(HMGB1), calreticulin, aldolase A, and triose phosphate
isomerase (TPI) were used to PCR the respective 5'-UTRs from
ES cell RNA (sequences available upon request). A Spe [ site was
included in the 5" primer, and an EcoRI site was included in the
3’ primer. PCR products were digested with Spel and EcoRI
and directionally cloned into the Spel-EcoRI sites in the pRF
and promoter-less pRF linker region between the Renilla lucif-
erase (Rluc) and firefly luciferase (Fluc) coding regions.

Dicistronic pSP64 plasmids were constructed as follows.
pSP64 (Promega) was HindITI-digested, blunt-ended, digested
with Xbal, and then ligated to the EcoRV-Xbal Rluc fragment
from pRF. Subsequently, the Xbal IRES Fluc fragments isolated
from the corresponding 5'-UTR pRF constructs were cloned
into the Xbal-digested pSP64 Rluc plasmid.

In Vitro Synthesis of Dicistronic RNA—Dicistronic pSP64
constructs were linearized by digestion with EcoRI. Capped
and polyadenylated transcripts were synthesized, DNase-
treated, and precipitated using the mMessage mMachine large
scale RNA protocol (Ambion). A 4:1 ratio of cap analog
m7G(5")ppp(5')G:GTP was used.

In Vitro Translation—EMCV, VEGF, HIF-1w, and HIF-2« in
vitro synthesized dicistronic RNA was translated in rabbit
reticulocyte lysates (RRL; Promega) according to the protocol
supplied by the manufacturer. 0.1 pg of in vitro synthesized
transcript was added to a 50-ul reaction, and upon completion
2.5 ul of the lysate was then analyzed for Rluc and Fluc activity
using the Dual Luciferase Reporter Assay System (Promega).

VEGF ELISA—The concentration of human VEGF protein
in cell culture supernatants was determined by ELISA assay
(R&D Systems). One hour before collecting the supernatant
the media was changed so that only newly synthesized VEGF
would be assayed. Preconditioned media was used for
hypoxic experiments.

Quantitative RT-PCR—Total RNA was isolated from cells
using the Trizol reagent protocol (Invitrogen). Polysome RNA
was extracted with acidic phenol from sucrose fractions and
ethanol-precipitated with 15 ug of glycogen. cDNA was pre-
pared using the Superscript First-strand Synthesis System for
RT-PCR (Invitrogen). Quantitative RT-PCR (QRT-PCR) anal-
ysis was performed in an Applied Biosystems 7900HT
Sequence Detection System with amplification quantified by
SYBR green (VEGF, HIF-la, and PB-actin) and Tagman
(p57%'P2). Sequences are available upon request.

Polysome Analysis—Polysome analysis was carried out as
described previously (34). Ten to 50% linear sucrose gradients
containing 100 mm KCl, 5 mm MgCl,, 2 mm dithiothreitol, and
20 mm HEPES, pH 7.4, were prepared in 12-ml Beckman ultra-
centrifuge tubes with a two-chamber gradient mixer. Normoxic
control and hypoxic HeLa cells were incubated with cyclohex-
imide (100 wg/ml, freshly prepared in ethanol) for 15 min
before harvesting. Cells were washed and then lysed on ice by
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treatment with 500 ul of ice-cold TMK100 lysis buffer (10 mm
Tris-HCI, pH 7.4, 5 mm MgCl,, 100 mm KCl, 2 muM dithiothre-
itol, 1% Triton X-100, and 100 units of RNase inhibitor (Pro-
mega) per mlin diethyl pyrocarbonate-treated water) for 5 min.
The nuclei were cleared at 10,000 X g for 10 min at4 °C, and the
supernatants were loaded over the top of sucrose gradients.
These gradients were ultracentrifuged at 38,000 rpm for 90 min
at 4 °C (Beckman SW41 rotor). Thirteen fractions (750 ul per
fraction) were collected into 1.5-ml microcentrifuge tubes con-
taining 70 ul of 10% SDS, and the gradient profile was moni-
tored via UV absorbance at 254 nm with a UA-5 detector
(ISCO, Lincoln, NE). Each sample was digested with 8 ul of
protease K (20 mg/ml) solution at 37 °C for 30 min and stored at
—80 °C before RNA extraction.

RESULTS

Analysis of the 5'-UTRs of Stress-regulated mRNAs for IRES-
mediated Translation—To confirm and extend the observation
that hypoxia-regulated mRNAs contain IRES sequences, we
cloned murine 5-UTRs of multiple stress-regulated mRNAs
(Fig. 1A) into the dicistronic vector pRF (Fig. 1B) upstream of
the second cistron encoding firefly luciferase activity (Fluc). In
this vector a bicistronic RNA is transcribed from the SV40 pro-
moter, and Renilla luciferase activity (Rluc) indicates the level
of cap-dependent translation, whereas Fluc activity depicts
cap-independent translation. The 5'-UTR of EMCV was cho-
sen as a positive control for viral IRES activity, and the immu-
noglobulin heavy chain-binding protein (BiP) 5'-UTR was used
as a positive control for cellular IRES elements (35) because it
was the first cellular IRES identified. The La autoantigen
5'-UTR was also selected for analysis because La has been
reported to be translated by an IRES-mediated mechanism and
acts as an IRES trans-acting factor (36). We analyzed VEGF and
HIF-1a 5'-UTRs because these mRNAs are important in the
response to hypoxia, and functional IRES elements have been
described in their 5'-UTRs based on similar assays (27). In addi-
tion, we assayed HIF-2q, glucose transporter-like protein 1
(Glut-1), p57%'P2, HMGBI, calreticulin, aldolase A, and TPI
transcripts for IRES elements, because the level of these pro-
teins is elevated upon growth factor withdrawal or hypoxic
stress (6, 37). Constructs containing murine 5'-UTRs were
transfected into murine NIH 3T3 cells because the original
studies characterizing hypoxia-mediated IRES translation were
performed in these cells (27). Cell lysate luciferase activity was
assayed and expressed as a ratio of Fluc/Rluc activity indicating
the relative levels of IRES to cap-dependent translation. The
value of Fluc/Rluc activity was normalized to the control vector,
pRF, arbitrarily set at 1. The BiP 5’-UTR in this dicistronic
vector assay resulted in a 5-fold increase in relative Fluc activity
over the pRF control (Fig. 1C). Because BiP was previously
reported to contain an IRES element (35), we chose to further
characterize 5'-UTR exhibiting Fluc/Rluc activity at this level
or higher. We determined that EMCV, VEGF, HIF-1a, HIF-2q,
Glut-1, p57%'P2, La, and TPI appeared to support cap-indepen-
dent translation at a level equal to or greater than BiP, whereas
HMGB], calreticulin, and aldolase A did not (Fig. 1, C and D).

To test the role of IRES as a mechanism for cap-independent
translation of select mRNAs involved in the cellular response to
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A SUTR | Length bp Context Published | Positive in activity, cryptic promoters or aber-
described IRES | IRES assay rant splice sites have been observed
EMCV 637 viral infection yes yes . .

VEGF 1014 hypoxia Sea on in potential IRES sequences, an.d
HIF-1a 257 hypoxia yes yes these can generate monocistronic
HIF-2a 381 hypoxia no yes transcripts that encode Fluc activ-
G-IrP|1 ?gg Eypox!a no yes ity. To test for the existence of cryp-
ugpz ybara no = tic promoters in the VEGF, HIF-1a

ps7 279 hypoxia no yes Kip2 .
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Zhang (31). The SV40 promoter and
B svao | [Chimeric i_-R. Luciferase| 5iyTR [F. Luciferase | [SV40 SV40 intron sequence were removed
RF | promoter Intron ™ Gene Gene Poly A Enhancer from the dicistronic vector con-
5 structs, and these modified pRF
C 1 D 1000:7 plasmids were subsequently trans-
fected into NIH3T3 cells and
60 - o 7501 assayed for Rluc and Fluc activity
9 0_3: (Fig. 2C). Results were compared
@ 40 4 ‘g 500 | with those obtained from the intact
o ic dicistronic vector constructs (Fig.
e o 2B). Without the SV40 promoter, a
201 ] dicistronic RNA is not synthesized,
and only background levels of Rluc
0 = O and Fluc activity should be
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& \‘\6" §,c$ Q{(f\ Q§f" & ,(139' v S e 0\,,;9“' & & observed. As expected, when con-
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FIGURE 1. Analysis of the 5'-UTRs of stress-regulated mRNAs for IRES-mediated translation. A, a list of the

constructs were analyzed, only
base-line levels of Fluc and Rluc

5'-UTRs from stress-regulated mRNAs that were analyzed in the dicistronic vector assay for IRES-mediated

translation and the results, shown in table form. EMCV was chosen as a positive control for viral IRES activity and
BiP and La as positive controls for cellular IRES activity. VEGF, HIF-1a, HIF-2e, Glut-1, p57X*2, HMGB1, calreti-
culin, aldolase A, and TPI transcripts were analyzed for IRES elements because the level of these proteins is
elevated under growth factor withdrawal (GFW) or hypoxic stress. ER, endoplasmic reticulum. B, schematic
representation of the dicistronic vector RF. C and D, NIH3T3 cells were transiently transfected with dicistronic
vector constructs with the listed 5'-UTRs cloned in the polylinker region between the Rluc and Fluc codons and
analyzed 42 h later for luciferase activity. Luciferase activity was expressed as the ratio of Fluc/Rluc to indicate
the relative level of IRES to cap-dependent translation. The value of Fluc/Rluc was normalized to the control
pRF arbitrarily set at 1. TPl is graphed separately due to extremely high Fluc/Rluc levels.

hypoxic stress, dicistronic vector constructs containing the
5'-UTRs of EMCV, VEGF, HIF-1q, and HIF-2a« mRNAs were
transfected into NIH3T3 cells cultured under moderate
hypoxic (0.5% O, 42 h; supplemental Fig. 1A) or severe hypoxic
(0, < 0.1% 16 h; supplemental Fig. 1B) conditions with a nor-
moxic control. Levels of Rluc activity dropped under low O,
and served as a control for hypoxia-mediated decreases in glo-
bal translation. Because IRES elements are postulated to main-
tain the translation of mRNAs involved in the adaptive
response, we expected to observe an increase in cap-indepen-
dent relative to cap-dependent translation. However, we found
no significant differences in the ratio of Fluc/Rluc between nor-
moxic and hypoxic conditions, indicating that IRES activity of
the mRNAs analyzed was not regulated by hypoxia (supple-
mental Fig. 1, A and B). Therefore, we hypothesized that the
maintenance of IRES-mediated translation of select mRNAs
under low O, was sufficient for the adaptive response.

Fluc Activity from the VEGF, HIF-lo, HIF-2¢, Glut-1,
p57%"% La, BiP, or TPI 5'-UTR Is Not the Result of Cellular
IRES-mediated Translation—Although the dicistronic vector
assay is a standard approach for characterizing cellular IRES
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activity were detected (Fig. 2C). In
addition, as predicted, when the
VEGF, HIF-la, HIF-2q, Glut-1,
p57%"P2, La, BiP, and TPI promoter-
less constructs were analyzed, only
base-line levels of Rluc activity were
observed. However, similar levels of
Fluc activity were obtained in the
promoter-less versus the corresponding intact dicistronic vec-
tors (Fig. 2, Cversus B). This indicates that the Fluc activities for
the VEGF, HIF-1q, HIF-2q, Glut-1, p57%"2, La, BiP, and TPI
constructs are due to a cryptic promoter in each construct
rather than cellular IRES sequences.

Only the 5'-UTR from EMCV Exhibits Significant IRES-me-
diated Translation—Although the data in Fig. 2 demonstrate
that the 5'-UTRs of VEGF, HIF-1«, and HIF-2« contain cryptic
promoters, it remained possible that these 5'-UTRs neverthe-
less contain IRES elements. To determine whether cellular
IRES were present in VEGF, HIF-1«, and HIF-2a 5'-UTRs, we
analyzed the translation of in vitro synthesized dicistronic
RNAs. This method circumvents the aberrant transcriptional
regulation observed with dicistronic vector assays (Fig. 2).
Capped and polyadenylated RNAs from the dicistronic vector
constructs were synthesized from the SP6 promoter (Fig. 3A4)
and in vitro translated in RRL (Fig. 3B) or introduced into
NIH3T3 cells and cultured under normoxic or hypoxic condi-
tions (O, < 0.1% 6 h; Fig. 3C). Lysates and RRL translation
extracts were assayed for luciferase activity, and results are
expressed as the ratio of Fluc/Rluc activity and normalized to
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FIGURE 2. Firefly luciferase activity from the VEGF, HIF-1¢, HIF-2¢, Glut-1, p57%iP2, La, BiP, or TP15’-UTR
is not the result of cellular IRES-mediated translation. A, schematic representation of dicistronic (RF) and
promoter-less constructs (RF—). Dicistronic vector constructs (B) and promoter-less constructs (C) were tran-
siently transfected into NIH3T3 cells and assayed 16 h later for Fluc and Rluc activity.

RF values. Of note, the EMCV IRES directed Fluc activity at
14-fold greater levels than control in RRL and 90-fold greater
levels than control in NIH3T3 lysates, and no increase in EMCV
IRES translation was observed when cells were cultured under
hypoxia. In contrast, the level of VEGF, HIF-1«, and HIF-2«
cellular IRES translation was only 1-3-fold over that of control
and less than 1% that of the level of cap-dependent translation.
Cellular IRES are theorized to allow the efficient translation of
select mRNAs under low O, (38-40). However, we did not
observe a significant increase in cellular IRES activity under
hypoxic conditions (Fig. 3C). This result demonstrates that the
5'-UTRs of VEGF, HIF-1¢, and HIF-2a mRNAs do not direct
efficient cap-independent translation under normoxic or
hypoxic conditions.
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L

ent translation is not the primary
mechanism for hypoxia-mediated
synthesis of the mRNAs examined.
As an initial step toward under-
standing what mechanisms might
be important, we assayed levels of
global protein synthesis under
severe hypoxia (O, < 0.1% for 16 h).
For these experiments HeLa cells
were used because translational reg-
ulation is well studied in this system
(6,13, 41). In addition, we have per-
formed many of the dicistronic
assays in HeLa cells as well as
NIH3T3 cells and obtained identi-
cal results (data not shown). Cells
were cultured under prolonged nor-
moxic and severe hypoxic condi-
tions and pulse-labeled for 1 h with
[**S]methionine and [**S]cysteine.
The rate of protein synthesis was
determined by measuring the incor-
poration of trichloroacetic acid-
precipitable counts (Fig. 4, A-C).
Prolonged and severe hypoxia
reduced total protein synthesis in
HelLa cells by 57-70% and served as
an important control for hypoxic
treatment.

To determine how severe hypoxic
stress affects the translation of
endogenous HIF-la mRNA, we
pulse-labeled HeLa cells under nor-
moxic and prolonged severe
hypoxic culture conditions (O,<
0.1% for 16 h) and immunoprecipi-
tated cell lysates with anti-HIF-1o
antibodies (Fig. 44). Cells were pre-
treated and labeled in the presence
of DFX, an iron-chelating agent,
which inhibits the post-translational degradation of HIF-1a.
Others have reported that HIF-1« is preferentially translated
under hypoxic stress (38, 42—44); consequently, we were sur-
prised to observe that levels of newly synthesized HIF-1a were
not maintained under prolonged, severe hypoxia and, instead,
decreased in parallel to attenuated global protein synthesis (Fig.
4A). The specificity of the HIF-1a antibody was confirmed by
the absence of nonspecific bands in immunoprecipitations per-
formed with the pre-immune control (Fig. 4B). When cells were
instead cultured for 2 h under moderate hypoxia (0.5% O,) with
DFX in the culture media, we did not observe a decrease in
global protein synthesis or change in the translation rate of
HIF-1« (Fig. 4B). This control demonstrates that reduced levels
of HIF-1a protein (Fig. 44) correlate with a decrease in global
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protein synthesis and is not the result of potential off target
effects of DFX.

QRT-PCR analysis of polysome gradients from HeLa cells
cultured under normoxic and anoxic conditions indicated
p57"P2 mRNA remained associated with translating polysomes
under stress, whereas B-actin did not (6, 23). Therefore, we
hypothesized that p57%"P> might be preferentially translated
under hypoxia. We analyzed the translation of B-actin as a neg-
ative control because its synthesis has been shown to decrease
under hypoxic stress (23). Concordantly, we observed that the
synthesis of p57" /P> protein was maintained under prolonged,
severe hypoxic stress, but levels of newly synthesized B-actin
decreased 60% (Fig. 4C).

To determine whether the synthesis of another critical
adaptive protein, VEGF, is maintained under severe hypoxic
stress, we examined the levels of VEGF by ELISA assay because
multiple anti-VEGF antibodies failed to immunoprecipitate
VEGF protein (data not shown). HeLa cells were cultured under
normoxic or prolonged, severe hypoxic conditions (O, < 0.1%
for 16 h), and the medium was changed 1 h before analysis so
that only newly released VEGF was measured. A 9-fold increase
in VEGF protein was observed under prolonged, severe hypoxic
versus normoxic conditions (Fig. 4D).

Changes in the level and phosphorylation status of factors
critical for the regulation of protein translation initiation were
examined by Western blot analysis (Fig. 4F). Under prolonged
and severe hypoxic treatment, we did not detect a change in the
phosphorylation status of e[F2a. This is consistent with previ-
ously published data indicating that the phosphorylation of
elF2a peaks between 1 and 2 h in HeLa cells under anoxic
conditions and remains unaltered under severe hypoxia (41).
Although we did not see a change in eIF4E protein levels, we did
observe a shift in 4E-BP1 to the hypophosphorylated form, con-
sistent with published studies (8, 14). Cells cultured for West-
ern blot analyses were not treated with DFX so that the post-
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FIGURE 3. Only the 5’-UTR from EMCV exhibits significant IRES-mediated translation. A, schematic repre-
sentation of dicistronic vector constructs and in vitro transcribed dicistronic RNAs. Dicistronic in vitro tran-
scribed RNAs were translated in RRL (B) and transiently transfected into NIH3T3 cells cultured under normoxic
and hypoxic conditions (C). Luciferase activity was expressed as the ratio of Fluc/Rluc to indicate the relative
level of IRES to cap-dependent translation. The value of Fluc/Rluc was normalized to the control vector, pRF,

increased  dramatically  under
hypoxia; in contrast, p57*"P? protein
levels exhibited a small increase
under prolonged, severe hypoxia
(Fig. 4F). HeLa cells were treated
with cycloheximide, and the stabil-
ity of p57'P? protein was measured.
We did not detect significant differ-
ences between the rate of normoxic
and hypoxic p57""P* degradation
(supplemental Fig. 2). Although
B-actin mRNA and newly synthe-
sized protein decreased 60% under
severe hypoxic stress (Fig. 4C), total
B-actin protein levels remained
constant (Fig. 4F), most likely due to
the long half-life of B-actin protein.

The distinct expression patterns
of HIF-1a, VEGF, p57¥'P2, and B-actin proteins could be caused
by differential mRNA accumulation, selective translation, or
altered protein stability. To further explore the underlying
mechanism for these observations, we analyzed mRNA abun-
dance in HeLa cells cultured under normoxic and prolonged,
severe hypoxic conditions by QRT-PCR. In cells exposed to
0O, <0.1% for 16 h, HIF-1a.and B-actin mRNA levels decreased
55 and 64%, respectively, whereas VEGF mRNA levels
increased 8 —9-fold (Fig. 4E). We concluded that the increase in
newly synthesized VEGF protein under severe hypoxic stress
(9-fold; Fig. 4D) correlates with increased VEGF mRNA levels
(8 —9-fold), whereas decreases in newly synthesized HIF-1aand
B-actin protein (70%, 60%) correlate with decreased mRNA lev-
els (55%, 64%). In contrast, the accumulation of p57<?> mRNA
(15% increase) and the translation of p57%'P* protein (1:1) is
maintained under prolonged, severe hypoxia.

Translational Regulation of Select mRNAs under Acute
Hypoxic Stress—In the previous section we characterized the
translational regulation of select mRNAs under prolonged,
severe hypoxia. However, because translational regulation pro-
vides a mechanism for rapid changes in select gene expression,
we were interested in testing whether the translation of mRNAs
involved in the adaptive response to low O, was different under
acute versus prolonged severe hypoxia. To accomplish this,
human hepatoma cells (Hep3B) were cultured under normoxia
and acute, severe hypoxia (O, < 0.1% for 5 h) and analyzed
using the same experimental design described in Fig. 4. In cells
cultured at O, < 0.1% for 5 h, global protein synthesis was
reduced 18-20% (Fig. 5, A and B), whereas the level of newly
synthesized HIF-1« and B-actin protein decreased 40 and 50%,
respectively (Fig. 5, A and B). In contrast, the level of newly
synthesized p57"'P? increased 60% (Fig. 5A). Similar results
were obtained in HeLa cells cultured under acute, severe
hypoxia (data not shown).
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FIGURE 4. Translational regulation of endogenous mRNAs involved in the adaptive response to low O,.
HelLa cells were cultured under normoxic, moderate hypoxic (B; O, < 0.5% 2 h) or severe hypoxic (A and C;
0, < 0.1% 16 h) conditions and then pulse-labeled for the last hour with [**SImethionine and [**S]cysteine. The
rate of protein synthesis was determined by the incorporation of trichloroacetic acid-precipitable counts.
Metabolically labeled Hela cells were immunoprecipitated with anti-HIF-1q, anti-p57%2, and anti-B-actin
antibodies. Cells were pretreated and labeled in the presence of DFX to eliminate the post-translational nor-
moxic degradation of HIF-1a subunits. D, HeLa cells were cultured under prolonged normoxia or hypoxia, and
then 1 h before analysis the medium was changed so that only newly synthesized VEGF protein was measured.
The concentration of VEGF protein in the media was determined by ELISA assay. E, the levels of HIF-1a, p57¥iP2,
B-actin, and VEGF mRNA in Hela cells cultured under normoxia or prolonged hypoxia was assessed by QRT-
PCR. Results are the average of three experiments, and error bars represent the S.E. F, Western blot analysis
showing the accumulation of HIF-1a, p57""?, B-actin, phosphorylate (P)-elF2c, elF2q, elF4E, and 4E-BP1 pro-
tein under normoxia and prolonged hypoxia. Cells for HIF-1a Western blot analysis were not treated with DFX
during culture.

The levels and phosphorylation status of factors critical for
translation initiation were examined by Western blot analysis
(Fig. 5C). No significant changes in eIF-2a phosphorylation or
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levels of elF4E total protein were
observed, and as predicted, 4E-BP1
shifted to a more hypophosphoryla-
ted form. HIF-la protein levels
increased significantly due to post-
translational  stabilization,  as
expected. p57°P? and B-actin pro-
tein levels remained the same under
these conditions. We measured
p57%P2  HIF-la, and pB-actin
mRNA levels in Hep3B cells by
QRT-PCR (Fig. 5D). HIF-la and
B-actin mRNA levels decreased
under acute hypoxia by 13 and 36%,
whereas p57°P> mRNA levels
increased 32%. Again we observed
that hypoxia-mediated changes in
newly synthesized protein corre-
lated with changes in mRNA levels.
In conclusion, the translational reg-
ulation of HIF-la, B-actin, and
p575"P2 mRNAs is the same under
acute versus prolonged hypoxia.
Hypoxia-mediated Changes in the
Translation of HIF-1o, pS7<P2
B-Actin, and VEGF Correlate with
Changes in mRNA Levels under
Both  Moderate and  Severe
Hypoxia— As stated previously, the
mechanisms of inhibition of global
protein synthesis depend on the
level of O,. We, therefore, deter-
mined whether different degrees of
O, deprivation influence the syn-
thesis of a subset of mRNAs encod-
ing proteins critical for cellular
responses to hypoxic stress. This
question was of particular impor-
tance to us because in development
various disease states and the tu-
mor microenvironment cells are
exposed to a wide range of O, levels.
Therefore, we compared the trans-
lation of HIF-le, B-actin, VEGF,
and p57%P* mRNAs under moder-
ate hypoxia (0.5% O, 42 h) to our
previous results obtained under
severe hypoxia (O, < 0.1% 5 and
16 h: Figs. 4 and 5) using the same
experimental design (Fig. 6, A and
B). After moderate hypoxic stress
total protein synthesis was reduced
by 47-52% (Fig. 6, A and B). The
level of both newly synthesized
HIF-la and B-actin  protein

decreased 40%, whereas the level of newly synthesized p57*'P?
was maintained (90%; Fig. 6, A and B). Under these conditions
newly synthesized VEGF protein increased 2.5-fold (Fig. 6C).
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FIGURE 5. Translational regulation of select mRNAs under acute hypoxic stress. A and B, Hep3B cells were
cultured under normoxic or hypoxic (O, < 0.1% 5 h) conditions and then pulse-labeled for the last hour with
[**SImethionine and [**S]cysteine. The rate of protein synthesis was determined by the incorporation of tri-
chloroacetic acid-precipitable counts. Pulse-labeled Hep3B cells were immunoprecipitated with anti-HIF-1q,
anti-p57X"*2, and anti-B-actin antibodies. Cells were pretreated and labeled in the presence of DFX to eliminate
the post-translational normoxic degradation of HIF-1a subunits. C, Western blot analysis showing the accu-
mulation of HIF-1a, p57¥iP2, B-actin, phosphorylated (P)-elF-2q, elF2q, elF4E, and 4E-BP1 protein under nor-
moxia and acute hypoxia. Cells for Western blot analysis were not treated with DFX during culture. D, the levels
of HIF-1q, p57""*2, and B-actin mRNA in Hep3B cells cultured under normoxia or acute hypoxia were assessed
by QRT-PCR. Results are the average of three experiments, and error bars represent the S.E.

When we analyzed total protein levels and the phosphoryla-
tion status of key translation initiation factors upon moderate
hypoxic treatment, we observed that the level of total elF-2«
and elF4E protein dropped with 42 h of hypoxic treatment (Fig.
6E). elF2a phosphorylation decreased in parallel with total
elF2a protein levels, and 4E-BP1 protein exhibited a shift to a
hypophosphorylated form. As expected, HIF-1«a protein levels
increased under prolonged hypoxic stress, whereas p57<*% and
B-actin protein levels were unchanged.

We quantitated p57°'P?, VEGF, HIF-1q, and $-actin mRNA
levels in Hep3B cells cultured under normoxia or prolonged
hypoxia by QRT-PCR (0.5% O, 42 h; Fig. 6D). HIF-1a, p57<'P2,
and B-actin mRNA levels decreased 39, 22, and 23% and were
similar to the decreases in newly synthesized HIF-1a (40%),
B-actin (40%), and p57"'"* protein (10%) under prolonged
hypoxia. Moreover, the change in VEGF protein paralleled the
changes in VEGF mRNA (2.5:3.6) under prolonged hypoxia.
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T weew ¢ (-actin

82%

0.1%

VEGEF and p57'7° mRNAs Prefer-
entially Associate with Polysomes
under Low O,—To complete our
investigation of selective translation
under low O, we analyzed the poly-
some profile of HeLa cells cultured
under normoxic and hypoxic
(<0.1% O, 16 h) conditions (Fig. 7).
When we compared the bulk A, of
sedimenting ribosomes under nor-
moxic and hypoxic conditions, we
observed an increase in the 80 S
peak and a corresponding collapse
in polysome fractions (Fig. 7A). This
is consistent with the hypoxia-me-
diated decrease in global protein
synthesis measured by metabolic
labeling (Fig. 4, A and C). QRT-PCR
analysis of the distribution of
HIF-1a and B-actin mRNAs in frac-
tions isolated from normoxic and
hypoxic polysome gradients reveals
that their sedimentation rate does
not change with hypoxic stress.
However, there is less overall
HIF-1a and B-actin RNA associated
with the gradient under low O,, (Fig.
7B). This is in agreement with our
previous data that demonstrate
decreases in the accumulation of
newly synthesized HIF-la and
B-actin proteins are matched by
decreases in corresponding mRNA
abundance (Fig. 4, HIF-1a 70%:55%;
B-actin 60%:64%). In addition, the
levels of VEGF mRNA associated
with polysomes increased signifi-
cantly with hypoxic stress, and this
result strongly correlates with
significant hypoxia-mediated
increases in VEGF mRNA and accu-
mulation of newly synthesized VEGF protein (8 —9-fold, 9-fold;
see Figs. 4 and 7). Furthermore, VEGF mRNA displays a shift
toward heavier polysomes under hypoxia. From these data we
conclude that hypoxia-mediated VEGF gene regulation
includes both a significant increase in mRNA levels as well as an
increase in translation efficiency. Under low O,, the accumula-
tion of newly synthesized p57*'P? protein parallels the levels of
p57°P2 mRNA (100%:115%; Fig. 4); however, p57<P* mRNA
exhibits a shift toward heavier polysomes. This suggests that
p57°"P2 mRNA may compete more effectively for binding to
translating ribosomes in hypoxic cells.

We began this study with the hypothesis that the translation
of a subset of mRNAs critical for hypoxic adaptation was main-
tained under low O, by an IRES-mediated mechanism. Instead,
our data indicate that under different levels and durations of
hypoxic stress, changes in the synthesis of HIF-1q, p57°®?,
B-actin, and VEGF protein mirror alterations in the corre-
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FIGURE 6. Hypoxia-mediated changes in the translation of HIF-1«, VEGF, and B-actin correlate with
changes in mRNA levels under both moderate and severe hypoxia. A and B, Hep3B cells were cultured
under normoxic or moderate hypoxic conditions (0.5% O, 42 h) and then metabolically labeled for the last hour
with [**S]methionine and [**S]cysteine. The rate of protein synthesis was determined by the incorporation of
trichloroacetic acid-precipitable counts. Pulse-labeled Hep3B cells were immunoprecipitated with anti-HIF-1q,
anti-p57X"*2, and anti-B-actin antibodies. Cells were pretreated and labeled in the presence of DFX to eliminate
the post-translational normoxic degradation of HIF-1a subunits. C, Hep3B cells were cultured under normoxia
and prolonged moderate hypoxia, and then 1 h before analysis the media was changed so that only newly
synthesized VEFG protein was measured. The concentration of VEGF protein in the media was determined by
ELISA assay. D, the levels of HIF-1a, p572, B-actin, and VEGF mRNA in Hep3B cells cultured under normoxia or
prolonged moderate hypoxia were assessed by QRT-PCR. Results are the average of three experiments, and
error bars represent the S.E. E, Western blot analysis showing the accumulation of HIF-1e, p57%?, B-actin,
phosphorylated (P)-elF-2a, elF2«, elF4E, and 4E-BP1 protein under normoxia and prolonged moderate
hypoxia. Cells for HIF-1a Western blot analysis were not treated with DFX during culture.

sponding mRNA levels. Furthermore, our data suggest that
p57""*? and VEGF mRNAs are translated more competitively
under low O, in an IRES-independent manner. In conclusion,
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this study clarifies the translational
regulation of a subset of mRNAs
important in the response to low O,,.

DISCUSSION

To test the theory that mRNAs
important in the adaptive response
tolow O, were selectively translated
in an IRES-dependent manner, we
analyzed a panel of hypoxia-regu-
lated mRNAs for IRES-mediated
translation using a dicistronic vec-
tor assay system. Although viral
IRES elements have been well char-
acterized, the existence of cellular
IRES has been debated (31, 45). In
keeping with previous reports, we
found that VEGF, HIF-1«, HIF-2q,
Glut-1, p57%'P2, and TPI 5'-UTRs
conferred “IRES-mediated transla-
tion” in the dicistronic vector assay;
however, results obtained from pro-
moter-less dicistronic experiments
and direct mRNA transfection of
dicistronic  transcripts demon-
strated that this was due to cryptic
promoter activity rather than IRES-
mediated translation. During the
preparation of this manuscript, Bert
et al. (45) reported that 5'-UTRs
from VEGF receptor-1, early
growth response 1, HIF-1«, VEGF,
c-Myc, and X-linked inhibitor of
apoptosis protein mRNAs exhibit
cryptic promoter activity. To cir-
cumvent the aberrant transcrip-
tional regulation observed with
dicistronic vector assays, we trans-
fected capped and polyadenylated
in vitro synthesized dicistronic
mRNAs into NIH3T3 cells. When
VEGF, HIF-lo, and HIF-2«a
5'-UTRs were analyzed, they dis-
played low levels of IRES activity
(<1% the level of cap-dependent
translation). However, because cel-
lular IRES have been postulated to
play a central role in the adaptation
of the cell to hypoxic stress, it was
critical to analyze levels of IRES-me-
diated translation under low O,. We
find that low levels of IRES-medi-
ated activity observed with VEGEF,
HIF-1a, and HIF-2a 5'-UTRs did
not increase under acute, severe

stress (<0.1% O, 6 h). IRES-mediated translation is an attrac-
tive model for the maintenance of hypoxia-regulated mRNAs
under stress. However, given that cap-independent translation
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FIGURE 7. Distribution of HIF-1a, p57¥2?, B-actin, and VEGF mRNAs
across Hela cell polysome gradient. A, sucrose gradient profiles of cytosolic
extracts from normoxic and hypoxic Hela cells. The absorbance profile
(A4 nm) Of the gradient is shown. The top of the gradient is to the left; the
positions of absorbance peaks corresponding to pre-ribosomal ribonucleo-
protein particles (RNPs), 40 S, 60 S, and 80 S, and polysomes are indicated.
B, detection of mRNAs across the Hela cell polysome gradient. RNAs were
extracted from the collected fractions, and the level of HIF-1q, p57""2, B-ac-
tin, and VEGF mRNAs in each fraction were assessed by QRT-PCR. Values in
each fraction were normalized to the first normoxic fraction that was set at 1.
Analysis is representative of three independent normoxic and hypoxic poly-
some gradients.

levels for VEGF, HIF-1q, and HIF-2ao mRNAs are less than 1%
that of the level of cap-mediated translation (which drops
20-70% during O, deprivation), it is unlikely that IRES play a
primary role in the translation of these mRNAs under hypoxic
stress.

Although it is advantageous for cells to inhibit protein syn-
thesis to conserve energy, it is also important to translate
mRNAs involved in the adaptive response to hypoxia. Because
mRNAs can have intrinsically different initiation rates under
conditions where translation components are limiting, (46) we
examined whether this level of regulation was important for a
subset of mRNAs important in O, adaptation. Microarray anal-
ysis of polysome profiles from normoxic and anoxic cells has
yielded important information regarding selectively translated
mRNAs under anoxic stress (6, 14). However, the recruitment
of mRNAs onto polysomes could either increase or decrease
protein production depending on subsequent post-transla-
tional processes, such as translation elongation, peptide chain
termination, and protein folding (47). Therefore, we chose to
directly study the translation of endogenous HIF-1a, p57**2,
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B-actin, and VEGF mRNAs by metabolic labeling and immu-
noprecipitation or ELISA assays and compare these results to
their distribution on normoxic and hypoxic polysome gradi-
ents. Although HIF-1« is frequently cited as an mRNA that is
preferentially translated, our studies indicate that, when
decoupled from post-translational degradation, the accumula-
tion of newly synthesized HIF-la protein, like B-actin,
decreases under moderate and severe hypoxia. This is sup-
ported by the observation that under low O, less HIF-1a and
B-actin mRNA is associated with translating polysomes, and
this parallels decreased HIF-1a and -actin mRNA abundance.
In contrast, the sedimentation rate of HIF-1la and B-actin
mRNA under normoxic and hypoxic conditions along the poly-
some gradient appears unchanged. This suggests that the trans-
lation efficiency of these mRNAs does not change with hypoxic
stress.

Likewise, the translational regulation of VEGF has been
widely investigated. We observed that increases in newly syn-
thesized VEGF protein mirrors increases in VEGF mRNA.
Under hypoxic stress, more VEGF mRNA is transcribed, its
stability increases, and these significant increases in VEGF
mRNA levels are consistent with the biologically important
increases in VEGF protein levels under low O,. Furthermore,
we observed that the level of p57°2 and VEGF mRNA associ-
ated with translating polysomes increases and shifts to heavier
weight fractions under low O, despite attenuated global protein
synthesis. This is in agreement with previous studies which
have shown that p57°""* and VEGF mRNA remain associated
with the translating polysome peak in microarray analysis of
normoxic- and anoxic-bound polysomes (6). We suggest that
p57°"2 and VEGF mRNAs may be more competitive in their
ability to bind a limiting translation initiation factor(s) in
hypoxic cells.

In this manuscript we examined the hypoxia-mediated reg-
ulation of a subset of mRNAs involved in the adaptive response
to low O,. Two classes of mRNAs were observed. We found
evidence of genes that maintain their rate of protein synthesis
(HIF-1oe and B-actin) and, in addition, genes whose rate of pro-
tein synthesis was increased (p57""**> and VEGF) under low O,,
as accessed by their distribution along normoxic and hypoxic
polysome gradients. There are also mRNAs such as glyceralde-
hyde-3-phosphate dehydrogenase and 5'-terminal oligopyrim-
idine-RNAs, whose rate of protein synthesis decreases with
hypoxic stress (48, 49). These mRNAs display a shift toward free
ribosomes along hypoxic compared with normoxic polysome gra-
dients, suggesting that they are less competitive in binding critical
translation initiation factors and contribute to decreases in global
protein synthesis observed with hypoxic stress (Figs. 4—6). How-
ever, our data suggest that decreased transcription may also con-
tribute to hypoxia-mediated global translation attenuation. This
likely contributes to the delay between the rapid phosphorylation
changes detected for eEF2, S6K1, rpS6, and 4E-BP and the down-
regulation of protein synthesis during hypoxic stress (8). In
accordance with these results, inactive RNA polymerase II preini-
tiation complexes have been observed on a subset of promoters in
hypoxic cell extracts (50).

Interestingly, under all the hypoxic conditions studied, we
observed hypophosphorylation of 4E-BP1. Significant increases
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in elF2a phosphorylation were not detected; however, these
studies were not performed under acute anoxic conditions
where this level of translational control is prominent (13, 14).
Limiting eIF4E activity caused by increased 4E-BP1 binding
may be associated with decreased cell proliferation (20), and
alterations in eIF4E activity may act as a sensor for cell cycle
regulation. Finally, the cyclin-dependent kinase inhibitor
p57"P2 promotes G, arrest in cell cycle progression (51), and its
translation may contribute to adaptive, energy conserving
responses to hypoxic stress.

In conclusion, these studies clarify the hypoxia-mediated
translational regulation of a subset of mRNAs believed to be
important in the adaptive response to low O,. For the mRNAs
examined, hypoxia-mediated changes in newly synthesized
protein parallel changes in the corresponding mRNA levels.
Moreover, we observe this mechanism of regulation irrespec-
tive of the cell line or level and duration of hypoxic stress exam-
ined. In addition, the distribution ofp57**? and VEGF mRNAs
shifts along the polysome gradient to higher weight fractions,
which may also contribute to the adaptive response to low O,
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