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Abstract
Hypoxia within the tumor microenvironment promotes angiogenesis, metabolic reprogramming, and tumor
progression. In addition to activating hypoxia-inducible factor-1α (HIF-1α), cells also respond to hypoxia by
globally inhibiting protein synthesis via serine 51 phosphorylation of translation eukaryotic initiation factor 2α
(eIF2α). In this study, we investigated potential roles for stress-activated eIF2α kinases in regulation of HIF-1α.
Our investigations revealed that the double-stranded RNA–dependent protein kinase R (PKR) plays a significant role in suppressing HIF-1α expression, acting specifically at the level of transcription. HIF-1α transcriptional repression by PKR was sufficient to impair the hypoxia-induced accumulation of HIF-1α and
transcriptional induction of HIF-1α–dependent target genes. Inhibition of HIF-1A transcription by PKR
was independent of eIF2α phosphorylation but dependent on inhibition of the signal transducer and activator of transcription 3 (Stat3). Furthermore, HIF-1A repression required the T-cell protein tyrosine phosphatase, which acts downstream of PKR, to suppress Stat3. Our findings reveal a novel tumor suppressor
function for PKR, which inhibits HIF-1α expression through Stat3 but is independent of eIF2α phosphorylation. Cancer Res; 70(20); 7820–9. ©2010 AACR.

Introduction
An important means by which cells respond to environmental stress is the inhibition of mRNA translation (1). A
well-characterized mechanism of inhibition of protein synthesis is through the phosphorylation of the α subunit of
the translation eukaryotic initiation factor 2 (eIF2) at serine
51 (S51; ref. 2). Phosphorylated eIF2α acts as a dominant inhibitor of the guanine exchange factor eIF2B, which prevents
the recycling of eIF2 between succeeding rounds of protein
synthesis and eventually leads to a global obstruction of
mRNA translation initiation (2). This allows cells to adapt
to stressful conditions by economizing on energy expended
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by protein synthesis (2). The adaptation process of eIF2α
phoshorylation involves the selective translation of transcription factors such as activating transcription factor 4 (ATF4)
(3) and ATF5 (4), which induce the expression of genes that
facilitate adaptation. In cases of prolonged stress, the induction of eIF2α phosphorylation leads to cell death through the
induction of apoptotic pathways (2).
In mammalian cells, eIF2α phosphorylation is mediated by
a family of protein kinases, each of which responds to distinct forms of environmental stress (2). The eIF2α kinase
family includes heme-regulated inhibitor (HRI), general control non-derepressible 2 (GCN2), endoplasmic reticulum
(ER)–resident protein kinase (PERK), and double-stranded
RNA (dsRNA)–dependent protein kinase R (PKR), which
are activated by heme deficiency, the absence of amino acids,
improperly folded proteins accumulated in the ER, and
dsRNA, respectively (2). Whereas HRI protein is mainly expressed in erythroid cells, GCN2, PERK, and PKR are found
in all tissues. Despite their diverse regulatory domains, the
kinase domains of these enzymes are significantly conserved
explaining their specificity toward eIF2α (2). In addition to
their function in phosphorylating eIF2α, there has been
strong evidence to suggest that mammalian eIF2α kinases
can also mediate biological effects independent of eIF2α
phosphorylation (5–7).
A common stress condition encountered by cells during
normal development, but also in many pathologic cases
including cancer, is the lack of oxygen or hypoxia. At certain
stages during tumorigenesis, cancer cells find themselves
in microenvironments of low oxygen. The ability to adapt
to hypoxic conditions has important effects on tumor
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development, which determines disease progression and
clinical prognosis (8). At the molecular level, coordinated
cellular responses allow tumor cells to alter gene expression
and induce survival pathways in response to hypoxic stress
by exploiting transcriptional and translational machinery (9).
Hypoxia-inducible factor 1 (HIF-1) is a key transcription factor in mediating responses to oxygen-deficient conditions.
HIF-1 plays a major role in tumorigenesis by activating many
genes that promote angiogenesis [e.g., vascular endothelial
growth factor (VEGF)], mediate metabolic reprogramming
[e.g., glucose transporter-1 (GLUT-1)], and facilitate metastasis [e.g., 3-phosphoinositide-dependent protein kinase-1
(PDK-1); ref. 8]. As such, HIF-1α levels correlate with tumor
progression and poor clinical prognosis (8). Because of its
crucial role in cancer development, HIF-1α is regarded as
an attractive target for therapeutics (8).
HIF-1 consists of an α subunit and a β subunit, which heterodimerize, bind to DNA, and induce transcription of target
genes. Whereas HIF-1β (also known as ARNT) is constitutively expressed, HIF-1α levels are tightly regulated (8).
Under normal oxygen conditions, HIF-1α is modified by prolyl hydroxylases (PHD) at specific proline residues, which
triggers binding of the tumor suppressor Von Hippel-Lindau
(VHL) protein and subsequent ubiquitination and proteasomal degradation (8). In contrast, oxygen-dependent hydroxylation does not occur in hypoxic conditions leading to the
accumulation of HIF-1α and induction of HIF-1 activity (8).
HIF-1 transcriptional activity is also controlled by oxygen
tension, as asparaginyl hydroxylation of HIF-1α by FIH-1
(factor inhibiting HIF-1) impairs its association with the
transcriptional coactivator CBP/p300 (10).
It has been long considered that regulation of HIF-1α is
exclusively a posttranscriptional process (8). However, very
recent data suggest that transcriptional control of HIF-1α
mRNA synthesis can also be important, at least under certain
conditions or in certain cell types, and can involve distinct
transcription factors such as NF-κB (11, 12), SP-1 (13), or signal transducer and activator of transcription 3 (Stat3; ref. 14).
Regulation of HIF-1α gene transcription may not affect
HIF-1α protein levels during normoxia because the PHDVHL-proteasome system is still limiting, but it can significantly alter the HIF-1α protein expression levels on hypoxia
and greatly affect the corresponding cellular response.
Hypoxia has been previously shown to induce the unfolded
protein response (UPR), which leads to PERK activation (15,
16). Many aspects of the UPR are cytoprotective, and several
studies indicate that it plays a positive role in facilitating tumor growth (17). Given that induction of eIF2α phosphorylation and upregulation of HIF-1α represent important
mechanisms of cell adaptation to hypoxic stress, we were interested to examine whether the eIF2α phosphorylation
pathway is involved in regulating HIF-1α expression. Herein,
we show that the eIF2α kinase PKR plays a specific role in
suppressing HIF-1α levels through mechanisms that are
independent of eIF2α phosphorylation and translational
control. More specifically, our data reveal that PKR can suppress the transcription of the HIF-1A gene via a mechanism
involving Stat3.
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Materials and Methods
Cell culture and treatments
PKR−/−, PERK−/−, GCN2−/−, eIF2αA/A mouse embryonic
fibroblasts (MEF) and their isogenic wild-type MEFs were
cultured as previously described (6). T-cell protein tyrosine
phosphatase−/− (TC-PTP−/−) MEFs and their isogenic counterparts were cultured as described (18). HT1080 expressing
GyrB.PKR were maintained as previously described (19).
H1299 cells were maintained in DMEM (Wisent) supplemented with 10% fetal bovine serum (Wisent) and 100 units/mL
of penicillin-streptomycin (Wisent). NiCl 2 (Sigma), CoCl2
(Fisher Scientific), and cycloheximide (Sigma) were dissolved
in distilled H2O. CPA-7 (20) and 2-methoxyestradiol (Sigma)
were dissolved in DMSO. Coumermycin (Sigma) was dissolved in DMSO. For hypoxic treatments, cells were incubated in the hypoxic chamber (Coy Laboratory Products, Inc.) in
the presence of 1% O2, 5% CO2, and 94% N2 at 37°C.
Protein extraction, immunoblot analysis,
and immunoprecipitation
Protein extraction, immunoblotting, and immunoprecipitation were performed as described (18). For immunoblotting and/or immunoprecipitation, the following antibodies
were used: mouse monoclonal antibody for mouse HIF-1α
(R&D Systems), rabbit HIF-2α (Novus Biologicals), anti-TCPTP mouse monoclonal antibody (18), mouse monoclonal
antibody for actin (Clone C4, ICN Biomedicals, Inc), rabbit
anti-tubulin (Chemicon), mouse monoclonal against PKR
(F9; ref. 18), rabbit polyclonal phosphospecific against S51
of eIF2α (Invitrogen), mouse monoclonal to eIF2α (Cell Signaling), rabbit anti–iron regulatory protein 2 (IRP2; ref. 21),
mouse anti-Stat3 (Cell Signaling), and antiphoshorylated
tyrosine 705 (Y705) Stat3 (Santa Cruz). All antibodies were
used at a final concentration of 0.1 to 1 μg/mL. After incubation with antimouse IgG or antirabbit IgG antibodies conjugated to horseradish peroxidase, proteins were visualized
with the enhanced chemiluminescence reagent (Thermo
Scientific) detection system according to the manufacturer's
instructions. Quantification of protein bands was performed
by densitometry using Scion Image from NIH.
RNA isolation and real-time PCR
Total RNA was isolated by Trizol reagent (Invitrogen)
according to the manufacturer's protocol. Total RNA (1 μg)
was reverse transcribed with the high-capacity cDNA reverse
transcription kit (Applied Biosystems International). Quantitative real-time–PCR (RT-PCR) was performed in a Miniopticon RT-PCR system (BIORAD) using the IQ SYBR
Green Supermix (BIORAD) and primers for mouse HIF-1α,
VEGF, and GLUT-1. The levels of mRNA were normalized
to mouse β-actin mRNA. cDNA of three independent experiments was analyzed in duplicates. The primers used
for quantitative RT-PCR were mouse HIF-1α sense GCACTAGACAAAGTTCACCTGAGA, mouse HIF-1α antisense
CGCTATCCACATCAAAGCAA, mouse VEGF sense
GCAGCTTGAGTTAAACGAACG, mouse VEGF antisense
GGTTCCCGAAACCCTGAG, mouse SLC2A1 (GLUT-1) sense
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Figure 1. PKR reduces HIF-1α
protein accumulation and activity
on hypoxic treatment. PKR+/+ and
PKR−/− MEFs were incubated in
normoxic (N, 21% O2) or hypoxic
conditions (H, 1% O2) for 24 h (A)
or treated with either cobalt
chloride (Co2+, 200 μmol/L) or
nickel chloride (Ni2+, 500 μmol/L)
for 20 h (B). A and B, protein
extracts (70 μg) were subjected to
immunoblot analysis for the
indicated proteins. The ratio of
HIF-1α to actin for each lane is
indicated. C, RNA was isolated
from PKR+/+ and PKR−/− MEFs
subjected to normoxia or hypoxia
(1% O2) for 24 h. Quantitative
RT-PCR was performed using
primers detecting transcripts of
mouse VEGF and GLUT-1. Results
are representative of an average of
three independent experiments.
Statistical analysis was performed,
and P values compared with
PKR+/+ in normoxia are indicated.
***, P < 0.001; **, P < 0.005.

ATGGATCCCAGCAGCAAG, mouse SLC2A1 (GLUT-1) antisense CCAGTGTTATAGCCGAACTGC, mouse β-actin sense
CTAAGGCCAACCGTGAAAAG, and mouse β-actin antisense ACCAGAGGCATACAGGGACA. Relative quantification was done with the REST-MCS software.
PKR targeting by short hairpin RNA
For targeting of human PKR by short hairpin RNA (shRNA)
5′-GCAGGGAGTAGTACTTAAA-3′ and 5′-GGCAGTTAGTCCTTTATTA-3′ were subcloned into pCXS U6/Zeo
expression vector. H1299 cells harboring the target vector
were selected for resistance to 400 μg/mL zeocin. As control,
zeocin-resistant cells harboring empty pCXS/zeo DNA
were used.
Reporter gene assays
Cells were transfected by Lipofectamine Plus (Invitrogen)
with 0.5 μg of pGL3 vector containing the firefly luciferase
gene under the control of the HIF-1A promoter (HIF-1A
Luc; ref. 22) or pGL3 vector alone (control). As an internal
control, 0.1 μg of pRL-TK vector (Promega Corp.), which contains the Renilla luciferase reporter gene, was used. Cells
were either lysed 48 hours posttransfection (Figs. 4B and
6D), left untreated or treated with 20 μmol/L CPA-7 for
24 hours, or cotransfected with 0.4 μg of Stat3D (previously
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described in ref. 23) or the control pcDNA and lysed 48 hours
posttransfection (Fig. 5D), as indicated in the figure legends.
Firefly and Renilla luciferases were determined in protein
extracts using the dual-luciferase reporter system (Promega
Corp.) according to the manufacturer's specifications, and
firefly luciferase was normalized to Renilla luciferase. Relative
luciferase activity refers to normalized firefly luciferase activity by the luciferase activity measured in cells transfected
with control vector.

Results
PKR reduces the levels of HIF-1α protein expression in
hypoxic cells
First, we checked the protein expression levels of HIF-1α
protein in PKR+/+ and PKR−/− MEFs maintained under normoxic (20% O2) or hypoxic conditions (1% O2) for 24 hours.
Expression of HIF-1α was barely detectable under normoxic
conditions but readily induced on hypoxic treatment
(Fig. 1A). However, hypoxic HIF-1α expression was substantially higher in PKR−/− MEFs compared with PKR+/+ MEFs
(Fig. 1A). When hypoxia-mimetic compounds, such as CoCl2
(24) or NiCl2 (25), were used to treat cells, we also observed a
higher induction of HIF-1α in PKR−/− than in PKR+/+ MEFs
(Fig. 1B). Contrary to HIF-1α, HIF-2α expression was readily
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detectable in normoxic cells and was maintained in similar
levels when cells were kept under hypoxia (Fig. 1A and B).
The lack of an induction of HIF-2α in the hypoxic MEFs is
in line with previous findings showing that HIF-2α is not upregulated in mouse embryonic cells under hypoxia (26). However, unlike HIF-2α, we found that the IRP2, which is induced
by hypoxia (21), was efficiently induced in both PKR+/+ and
PKR−/− MEFs (Fig. 1A, c) supporting a specific role of PKR in
suppressing HIF-1α in hypoxic cells.
It was next important to determine whether the higher expression of HIF-1α in PKR−/− MEFs also resulted in increased
HIF-1 activity. To do so, we examined the expression of HIF-1
target genes under normoxic or hypoxic conditions by
quantitative RT PCR. We found that the mRNA levels of
the VEGF and GLUT-1 genes were higher in PKR−/− than in
PKR+/+ MEFs under hypoxia (Fig. 1C), providing evidence
that the difference in HIF-1α protein levels has functional
significance in these cells. We also noticed that VEGF was
modestly induced in hypoxic PKR+/+ MEFs compared with
GLUT-1 (Fig. 1C). This is in line with previous studies showing a higher induction of GLUT-1 than VEGF by HIF-1α in
mouse fibroblasts under hypoxia (27, 28). Given that
HIF-2α also targets HIF-1–dependent genes such as VEGF
and GLUT-1 (29), it is also possible that constitutive expression of HIF-2α in MEFs (Fig. 1A, b; ref. 26) renders these cells
less responsive to HIF-1α–dependent gene transcription
under hypoxic conditions.
To determine whether inhibition of HIF-1α expression in
the hypoxic cells is specific for PKR, we examined the role
of other eIF2α kinases in this process. To do so, we used
MEFs deficient in PERK or GCN2 together with their genetically matched wild-type MEFs. We found that HIF-1α was
equally induced in control wild-type MEFs or MEFs lacking

PERK (Fig. 2A) or GCN2 (Fig. 2C) under hypoxic conditions. Consistent with these observations, treatment
with the hypoxia mimetic compounds CoCl2 and NiCl2
resulted in an equal induction of HIF-1α in wild-type MEFs
and MEFs lacking either PERK (Fig. 2B) or GCN2 (Fig. 2D).
Taken together, these data supported a specific role of
PKR in the negative regulation of HIF-1α under hypoxic
conditions.
Next, we attempted to determine whether inhibition of
HIF-1α expression by PKR in hypoxic cells was due to
eIF2α phosphorylation. To this end, we used MEFs containing either a wild-type allele of eIF2α (eIF2αS/S) or a
knock-in S51A mutant allele (eIF2αA/A), which produces a
protein that cannot be phosphorylated by the eIF2α kinases. We observed similar induction of HIF-1α between
eIF2α S/S and eIF2α A/A MEFs under hypoxic conditions
(Fig. 3A) or after treatment with CoCl2 or NiCl2 (Fig. 3B),
suggesting that eIF2α phosphorylation is not playing a major role in the induction of HIF-1α under these treatments.
To determine whether the decreased inducibility of HIF-1α
in PKR+/+ MEFs was not a side effect of the genetic background or immortalization of the cells that dampened their
responsiveness to hypoxic treatment, we compared HIF-1α
induction in different wild-type MEFs that were isogenic to
PERK−/−, GCN2−/−, or eIF2αA/A MEFs. We found that treatment of the various wild-type MEFs with NiCl2 resulted in
a comparable induction of HIF-1α, ruling out the possibility of a defective response of PKR+/+ MEFs to hypoxic environment (Supplementary Fig. S1). Also, PKR did not
affect HIF-1α stability in hypoxic cells because inhibition
of protein synthesis by cycloheximide treatment caused
HIF-1α destabilization in both PKR+/+ and PKR−/− MEFs
(Supplementary Fig. S2).

Figure 2. PERK and GCN2 do not affect
HIF-1α expression under hypoxic
conditions. PERK+/+ and PERK−/− MEFs
(A, B) as well as GCN2+/+ and GCN2−/−
MEFs (C, D) were incubated under normoxic
(N, 21% O2) or hypoxic (H, 1% O2)
conditions for 24 h (A, C) or treated with
either cobalt chloride (Co2+, 200 μmol/L) or
nickel chloride (Ni2+, 500 μmol/L) for 20 h
(B, D). (A–D) Protein extracts (70 μg) were
subjected to immunoblot analysis for
HIF-1α (a) and actin (b). The intensity of the
bands was normalized, and ratios (a/b)
are indicated.
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PKR controls HIF-1A gene transcription through Stat3
Recent reports have suggested that HIF-1A gene transcription can be directly induced by activated Stat3 (14,
30). Additionally, our group has previously shown that Stat3
activity is impaired by PKR due to activation of TC-PTP,
which targets the phosphorylation of Stat3 at Y705 (18).
Consistent with this finding, we observed a higher (10-fold)
phosphorylation of Stat3 at Y705 in PKR−/− than in PKR+/+
MEFs under normoxia (Fig. 5A). We also observed an
increase of Stat3 phosphorylation in the eIF2α A/A MEFs
(Fig. 5B), which was not as high as in PKR−/− MEFs (Fig.
5A). Nevertheless, increased Stat3 phosphorylation in the
eIF2α A/A MEFs did not affect HIF-1α expression (Figs. 3
and 4A). These data indicate that eIF2α phosphorylation is
necessary for a partial inhibition of Stat3, which is not sufficient to decrease the transactivation of HIF-1A gene. Unlike
PKR, neither PERK nor GCN2 displayed a role in regulating
Stat3 phosphorylation in MEFs (Supplementary Fig. S3).

Figure 3. HIF-1α induction by hypoxia is not affected by the eIF2α
phosphorylation status. The eIF2αS/S and eIF2αA/A MEFs were incubated
in normoxic (N, 21% O2) or hypoxic (H, 1% O2) conditions for 24 h (A) or
were treated with either cobalt chloride (Co2+, 200 μmol/L) or nickel
chloride (Ni2+, 500 μmol/L) for 20 h (B). A and B, whole-cell extracts
(70 μg) were subjected to immunoblot analysis for HIF-1α (a) and actin (b).
The normalized ratio (a/b) of band intensity is indicated.

PKR reduces HIF-1α expression at the
transcriptional level
To further address the mechanism of inhibition of HIF-1α
expression by PKR, we examined the HIF-1α mRNA levels in
PKR+/+ and PKR−/− MEFs by quantitative real-time PCR. We
found that HIF-1α mRNA was more highly expressed in
PKR−/− than in PKR+/+ MEFs under normoxic conditions,
and this difference in mRNA levels was maintained after
hypoxic treatment (Fig. 4A). We also found that the status
of eIF2α phosphorylation did not have a significant effect
on HIF-1α mRNA levels as determined by the analysis of
eIF2αS/S and eIF2αA/A MEFs (Fig. 4A). These data indicated
a possible transcriptional regulation of HIF-1α expression
by PKR in normoxic as well as hypoxic cells.
To confirm that HIF-1A gene was under transcriptional
control by PKR, we performed transient transactivation
assays in PKR +/+ and PKR −/− MEFs using a luciferase
reporter gene under the control of the HIF-1A promoter.
Consistent with the upregulation of HIF-1α mRNA levels
in the PKR−/− MEFs (Fig. 1A), the reporter gene assays
revealed an ∼3-fold increase of HIF-1A promoter activity
in PKR−/− MEFs compared with PKR+/+ MEFs supporting
a transcriptional effect of PKR on HIF-1α expression
(Fig. 4B).
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Figure 4. PKR inhibits HIF-1α expression at the transcriptional level.
A, RNA was isolated from PKR+/+ and PKR−/− MEFs as well as
eIF2αS/Sand eIF2αA/A MEFs subjected to normoxia (N, 21% O2) or
hypoxia (H, 1% O2) for 24 h. Quantitative RT-PCR was performed using
primers targeting mouse HIF-1α. Statistical analysis was performed.
***, P < 0.001; **, P < 0.005 compared with PKR+/+ in normoxia; *, P < 0.05
compared with eIF2αS/S normoxia; #, P < 0.05 compared with eIF2αA/A
normoxia. B, PKR+/+ and PKR−/− MEFs were transiently transfected with
constructs containing the firefly luciferase reporter gene under the
control of the HIF-1α promoter or control vector. A second vector
containing a Renilla luciferase reporter gene was cotransfected as an
internal control. Luciferase activity was assessed 48 h posttransfection.
Relative luciferase activity of the HIF-1α promoter was normalized to
the activity of the control vector. Error bar, SEM (n = 6). Statistical
analysis was performed using the paired t test. **, P < 0.001.
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Figure 5. PKR controls HIF-1A gene transcription through Stat3. A, Stat3 was immunoprecipitated from whole-cell extracts (750 μg of protein) from
untreated PKR+/+ and PKR−/− MEFs. Immunoprecipitated protein was immunoblotted with antibodies detecting phosphorylated Stat3 at Y705 (a) or
total Stat3 (b). The ratio a/b of band intensity was measured by densitometry, normalized, and indicated at the bottom. B, extracts from untreated
eIF2α S/Sand A/A MEFs (50 μg of protein) were resolved and immunoblotted with antibodies targeting Y705 phosphorylated Stat3 protein (a), total Stat3 (b),
S51 phosphorylated eIF2α (c), and total eIF2α (d). The ratio of the bands (a/b) for each lane is indicated. C, PKR−/− MEFs were untreated or treated with
20 or 50 μmol/L of CPA-7 in hypoxic conditions (H, 1% O2) for 24 h (lanes 1–3) or left untreated or treated with CPA-7 (20 μmol/L) in the presence or
absence of CoCl2 (200 μmol/L) for 24 h (lanes 4–7). Protein extracts were subjected to immunoblotting for HIF-1α (a), Y705 phosphorylated Stat3 protein (b),
total Stat3 (c), and actin (d). D, PKR+/+ and PKR−/− MEFs were transiently transfected with pGL3 constructs containing the firefly luciferase reporter
gene under the control of the HIF-1α promoter or control vector. A second vector containing a Renilla luciferase reporter gene was cotransfected as an
internal control. Cells were treated with CPA-7 (20 μmol/L) for 24 h and lysed 27 h after transfection. Relative luciferase activity of the HIF-1α promoter was
normalized to the basal activity of control vector with respect to each treatment. Error bar, SEM (n = 4). Statistical analysis was performed using the
paired t test. #, P < 0.01; **, P < 0.001. Similarly, the MEFs were transiently cotransfected with HIF-1A Luc or control pGL3 construct with pcDNA encoding a
Stat3 dominant negative or control vector and with the internal control vector containing the Renilla luciferase reporter gene. Cells were lysed 48 h
after transfection. Relative luciferase activity of the HIF-1A Luc was normalized to the basal activity of the control vectors. Error bars, SEM (n = 4).
Statistical analysis was performed using the paired t test. *, P < 0.05.
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Figure 6. TC-PTP is involved in the
transcriptional control of HIF-1A gene by Stat3.
A, extracts from TC-PTP+/+ and TC-PTP −/−
MEFs were immunoblotted with antibodies
targeting the Y705 phosphorylated Stat3 protein
(a), total Stat3 (b), TC-PTP (c), and actin (d). The
ratio of the bands (a/b) for each lane is indicated.
B, TC-PTP+/+ and TC-PTP−/− MEFs were
incubated in normoxic (N, 21% O2) or hypoxic
conditions (H, 1% O2) for 24 h. Whole-cell
extracts (70 μg) were subjected to immunoblot
analysis with anti-HIF-1α (a), anti-TC-PTP (b),
and anti-actin (c) antibodies. C, TC-PTP+/+ and
TC-PTP−/− MEFs were treated for 24 h with
200 μmol/L CoCl2. Whole-cell extracts (70 μg of
protein) were subjected to immunoblot analysis
with anti-HIF-1α (a) and anti-actin (b) antibodies.
D, TC-PTP+/+ and TC-PTP−/− MEFs were
transiently transfected with constructs
containing the firefly luciferase reporter gene
under the control of the HIF-1α promoter or
control vector and a second vector containing a
Renilla luciferase reporter gene as an internal
control. Luciferase activity was assessed from
extracts obtained 48 h posttransfection. Relative
luciferase activity of the HIF-1A promoter was
normalized to the activity of the control vector.
Error bar, SEM (n = 8). Statistical analysis was
performed using the paired t test. **, P < 0.001.

To examine whether the increased levels of phosphorylated Stat3 were responsible for increased HIF-1α protein expression, PKR−/− MEFs were exposed to hypoxic conditions
in the absence or presence of the Stat3 chemical inhibitor
CPA-7 (20). CPA-7 inhibited Stat3 Y705 phosphorylation,
and this was associated with a decrease in HIF-1α expression
(Fig. 5C). We also observed a similar regulation when PKR−/−
MEFs were treated with CoCl2 in the absence or presence of
CPA-7. That is, we found that CPA-7 impaired the induction
of HIF-1α by CoCl2 concomitantly with an inhibition of Stat3
phosphorylation at Y705 (Fig. 5C).
To analyze the effect of Stat3 phosphorylation on HIF-1α
expression, we measured HIF-1A promoter activity by luciferase reporter assays in PKR+/+ and PKR−/− MEFs. We found
that pharmacologic inhibition of Stat3 by CPA-7 resulted in
the inhibition of HIF-1A promoter activity in PKR−/− MEFs
(Fig. 5D). Similarly, expression of Stat3D, a Stat3 mutant
defective in transactivation activity that exerts a dominant
negative effect (23), decreased HIF-1A promoter activity in
PKR−/− MEFs (Fig. 5D). On the other hand, HIF-1A promoter
activity in PKR+/+ MEFs was not affected by either CPA-7 or
Stat3D expression (Fig. 5D), indicating that the higher induction of Stat3 activity in PKR−/− MEFs was responsible for the
transcriptional upregulation of the HIF-1A gene.
TC-PTP is involved in the transcriptional control that
Stat3 exerts on the HIF-1A gene
Given that induction of Stat3 activity in PKR−/− MEFs is
due to inactivation of TC-PTP (18), we wished to examine
whether TC-PTP deficiency leads to Stat3 activation and sub-
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sequent upregulation of HIF-1A gene transcription. First of
all, we detected higher levels of Stat3 phosphorylation at
Y705 in TC-PTP−/− MEFs compared with TC-PTP+/+ MEFs
(Fig. 6A), confirming that phosphorylated Stat3 is a target
of this tyrosine phosphatase (18, 31). When TC-PTP+/+ and
TC-PTP−/− MEFs were subjected to either hypoxia (Fig. 6B)
or CoCl2 treatment (Fig. 6C), we observed a higher induction
of HIF-1α protein expression in cells that were deficient in
TC-PTP, in agreement with all our previous results. This difference in HIF-1α protein expression levels was due to the
upregulation of HIF-1α gene transcription, because the
HIF-1A promoter displayed higher activity in TC-PTP −/−
MEFs than TC-PTP+/+ MEFs as shown by the luciferase reporter assays (Fig. 6D). Taken together, these data support
a negative role of TC-PTP in HIF-1α expression under hypoxia through the inhibition of Stat3.
PKR inhibits Stat3 phosphorylation and HIF-1α
expression in human cancer cells
In addition to MEFs, we looked at the role of PKR in HIF1α expression in human cells. To this end, we used the
human lung cancer H1299 cells in which PKR was targeted
by shRNA (Supplementary Fig. S4A). We found that downregulation of PKR resulted in a higher tyrosine phosphorylation
of Stat3 and induction of HIF-1α under hypoxia (Supplementary Fig. S4B and C). Consistent with MEFs, PKR inactivation
led to increased transactivation of HIF-1A gene promoter
(Supplementary Fig. S4D). To verify these observations,
we examined the effects of PKR activation on HIF-1α in
human cells under hypoxia. To do so, we used the human
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fibrosarcoma HT1080 cells, which were engineered to express
a conditionally active form of PKR in a fusion protein with
GyrB (19). When HT1080 cells stably expressing GyrB.PKR
are treated with the antibiotic coumermycin, the fusion
GyrB.PKR protein becomes dimerized and activated by
autophosphorylation leading to phosphorylation of endogenous eIF2α (ref. 19; Supplementary Fig. S5A). We previously
showed that induction of GyrB.PKR in HT1080 cells leads to
activation of TC-PTP, which in turn inactivates Stat3 by dephosphorylation (18). When these cells were maintained in
normoxic or hypoxic conditions for various periods of time,
we observed that activation of GyrB.PKR resulted in the
downregulation of HIF-1α under hypoxic treatment, which
coincided with a substantial inhibition of Stat3 phosphorylation (Supplementary Fig. S5B). Inhibition of HIF-1α expression was mediated at the transcriptional level given that
HIF-1A promoter activity was significantly reduced in normoxic cells after the activation of GyrB.PKR (Supplementary
Fig. S5C). Overall, these data support that PKR activity
negatively regulates HIF-1α expression in human cells.

Discussion
Our study shows that PKR suppresses HIF-1α expression
and consequently the transcription of its target genes. This
phenomenon is specific for PKR and mediated by a reduction
in the transcription of the HIF-1A gene itself. As illustrated in
our model (Fig. 7), the ability of PKR to impair HIF-1α synthesis is exerted through the activity of TC-PTP and Stat3.
Hypoxia affects gene expression at the level of translation,
in part through the eIF2α phosphorylation pathway (32). Intriguingly, despite the effort of the hypoxic cell to conserve
energy by inhibiting global protein synthesis, HIF-1α mRNA
is efficiently translated under hypoxic conditions to promote
endurance to the assaulting stress (33). As is the case with
many signaling pathways, feedback mechanisms are necessary to maintain control, equilibrium, and plasticity of major
cellular processes. Herein, we present evidence that PKR
compromises expression of HIF-1α independent of translational control consistent with previous reports that the eIF2α
kinases can regulate key cell signaling pathways involved in
proliferation, apoptosis, viral replication, and tumorigenesis
independent of their function in protein synthesis (5, 6).
Our study reveals that PKR regulates HIF-1α expression by
modulating the activity of Stat3. Stat3 is a member of the Stat
family that has been described predominantly as oncogenic,
as it has been shown to play a positive role in transformation,
suppression of apoptosis, proliferation, invasion, and chemoresistance (34). Our work supports our previous findings
that PKR inhibits Stat3 phosphorylation and activity (18). We
also provide a specific example of an affected Stat3 target
gene, HIF-1A, which is importantly a major facilitator of tumor progression. Phosphorylated eIF2α partially contributes
to Stat3 inhibition, although this is not sufficient to suppress
the transcription of the HIF-1A gene highlighting a dominant
role for PKR for this process.
In line with our previous work (18), our data show that
PKR functions to prevent basal activation of Stat3 and pro-
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vide genetic evidence supporting the notion that Stat3 phosphorylation and its ability to upregulate transcription of the
HIF-1A gene is antagonized by TC-PTP. The function of
TC-PTP as a tyrosine phosphatase has been shown to attenuate cytokine signaling and negatively regulate cell cycle progression by inhibiting Janus-activated kinases, Src family
kinases, and Stat3 (31). In addition to its ability to attenuate
proliferation, the ability of TC-PTP to decrease Stat3-mediated
transcription of the HIF-1A gene may have important
implications within the tumor microenvironment as an inhibitor of the angiogenic switch. In line with this notion,
TC-PTP has been recently shown to antagonize vascular endothelial growth factor receptor 2 signaling in endothelial
cells (35), suggesting that it can also inhibit angiogenesis
by suppressing HIF-1α expression and secretion of VEGF
in tumor cells.
From an evolutionary point of view, HIF-1α is highly
conserved given that the majority of metazoa use homologues of HIF transcription factors to adapt to oxygen deprivation. Furthermore, studies in mammals, Drosophila, and
Caenorhabditis elegans have shown that regulation of
HIF-1α by PHD-mediated proteasomal degradation is conserved, as well as a number of HIF target genes (36). On
the other hand, PKR is not expressed in all metazoans, providing evidence that HIF appeared before PKR in evolution.
Also, PKR evolved in more complex organisms. In vertebrates, the kinase domains of PKR evolved with a faster rate
compared with the kinase domains of the other three eIF2α
kinases, namely, GCN2, PERK, and HRI (37). The accelerated
evolution of PKR has been attributed to virus infection
(37, 38). More specifically, the rapid evolution of PKR kinase

Figure 7. PKR acts as a transcriptional suppressor of HIF-1A. PKR
inhibits HIF-1α expression at the transcriptional level in normoxic cells.
This is mediated by the ability of PKR to impair Stat3 phosphorylation at
Y705 through the activation of the tyrosine phosphatase TC-PTP.
Inhibition of Stat3 phosphorylation is necessary and sufficient to
decrease transcription of HIF-1A. This is a mechanism that accounts for
the inhibition of HIF-1α accumulation by PKR in hypoxic cells with
possible implications in chemotherapies that activate PKR and impair
HIF-1α expression and function.
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domains in vertebrates has been coupled with positive selection of specific sites, particularly in residues near the eIF2α
binding site. In primates, positive selection was observed in
each of the three domains of PKR (dsRNA-binding domain,
spacer region, and kinase domain), consistent with the extensive history of viral factors that bind PKR in these separate
domains (38). However, it is not presently known whether
these adaptive changes of PKR play a role in the regulation
of HIF-1α expression.
The novel role of PKR in the hypoxic response is in accordance with previous reports describing tumor-suppressing
functions for the kinase (39–42). Because mutations of the
PKR gene have not been found in human tumors, its expression in tumor cells may indeed be of therapeutic potential.
This is because PKR activity is induced by antioncogenic signaling (42) as well as by treatments with chemotherapeutic
drugs (43). In regard to hypoxia, 2-methoxyestradiol has been
shown to act as an inhibitor of tumor growth and vascularization through its ability to downregulate Stat3 and HIF-1α
(44, 45). Interestingly, 2-methoxyestradiol is a potent inducer
of apoptosis in tumor cells by activating PKR (46). We observed that 2-methoxyestradiol treatment of hypoxic MEFs
resulted in the downregulation of HIF-1α in a manner that
was dependent on PKR (Supplementary Fig. S6). This observation supports the notion that PKR is a valid target of antiangiogenic chemotherapies that disrupt HIF-1α expression
and function. Furthermore, chemotherapeutic drugs such
as etoposide, doxorubicin, and related topoisomerase inhibitors lead to an inhibition of HIF-1α synthesis and accumula-

tion in response to hypoxia (47–49). Given that PKR becomes
activated by doxorubicin (50) and other chemotherapeutic
means (43), its activation may significantly contribute to suppression of tumor growth by drugs targeting HIF-1α.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Acknowledgments
We thank Dr. M. Tremblay (McGill University, Montreal, Canada) for the
TC-PTP+/+ and TC-PTP−/− MEFs, Dr. D. Ron (Skirball Institute of Biomolecular
Medicine, New York, NY) for GCN2+/+, GCN2−/−, PERK+/+, and PERK−/− MEFs,
Dr. R. Kaufman (University of Michigan Medical School, Ann Arbor, MI) for
eIF2α S/S and eIF2α A/A MEFs, and Dr. C Michiels (FUNDP-University of
Namur, Belgium) for the pGL3 HIF-1A promoter construct.

Grant Support
Canadian Cancer Society Research Institute grant 17285 (A.E. Koromilas).
A.I. Papadakis is a recipient of the Victor K. Lui Fellowship from McGill University, the Weekend to End Breast Cancer Studentship from Montreal Centre
for Experimental Therapeutics in Cancer (MCETC), and the Doctoral Frederick
Banting Charles Best Canadian Graduate Scholarship from Canadian Institutes
of Health Research. P. Peidis is a recipient of a MCETC postdoctoral award,
and H. Muaddi is a recipient of the FRSQ Master's Training award.
The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
Received 01/18/2010; revised 06/28/2010; accepted 06/30/2010; published
OnlineFirst 10/05/2010.

References
1.

Holcik M, Sonenberg N. Translational control in stress and apoptosis. Nat Rev Mol Cell Biol 2005;6:318–27.
2. Wek RC, Jiang HY, Anthony TG. Coping with stress: eIF2 kinases
and translational control. Biochem Soc Trans 2006;34:7–11.
3. Vattem KM, Wek RC. Reinitiation involving upstream ORFs regulates
ATF4 mRNA translation in mammalian cells. Proc Natl Acad Sci
U S A 2004;101:11269–74.
4. Zhou D, Pallam LR, Jiang L, Narasimhan J, Staschke KA, Wek RC.
Phosphorylation of eIF2 directs ATF5 translational control in
response to diverse stress conditions. J Biol Chem 2008.
5. Raven JF, Koromilas AE. PERK and PKR: old kinases learn new
tricks. Cell Cycle 2008;7:1146–50.
6. Krishnamoorthy J, Mounir Z, Raven JF, Koromilas AE. The eIF2α
kinases inhibit vesicular stomatitis virus replication independently
of eIF2α phosphorylation. Cell Cycle 2008;7:2346–51.
7. Baltzis D, Pluquet O, Papadakis AI, Kazemi S, Qu LK, Koromilas AE.
The eIF2α kinases PERK and PKR activate glycogen synthase kinase
3 to promote the proteasomal degradation of p53. J Biol Chem 2007;
282:31675–87.
8. Semenza GL. Defining the role of hypoxia-inducible factor 1 in cancer biology and therapeutics. Oncogene 2010;29:625–34.
9. Kenneth NS, Rocha S. Regulation of gene expression by hypoxia.
Biochem J 2008;414:19–29.
10. Lancaster DE, McDonough MA, Schofield CJ. Factor inhibiting
hypoxia-inducible factor (FIH) and other asparaginyl hydroxylases.
Biochem Soc Trans 2004;32:943–5.
11. Rius J, Guma M, Schachtrup C, et al. NF-κB links innate immunity to
the hypoxic response through transcriptional regulation of HIF-1α.
Nature 2008;453:807–11.
12. Belaiba RS, Bonello S, Zahringer C, et al. Hypoxia up-regulates
hypoxia-inducible factor-1α transcription by involving phosphatidy-

7828

Cancer Res; 70(20) October 15, 2010

13.

14.

15.

16.

17.
18.

19.

20.

linositol 3-kinase and nuclear factor κB in pulmonary artery smooth
muscle cells. Mol Biol Cell 2007;18:4691–7.
Vlaminck B, Toffoli S, Ghislain B, Demazy C, Raes M, Michiels C.
Dual effect of echinomycin on hypoxia-inducible factor-1 activity under normoxic and hypoxic conditions. FEBS J 2007;274:5533–42.
Niu G, Briggs J, Deng J, et al. Signal transducer and activator of transcription 3 is required for hypoxia-inducible factor-1α RNA expression in both tumor cells and tumor-associated myeloid cells. Mol
Cancer Res 2008;6:1099–105.
Koumenis C, Naczki C, Koritzinsky M, et al. Regulation of protein
synthesis by hypoxia via activation of the endoplasmic reticulum kinase PERK and phosphorylation of the translation initiation factor
eIF2α. Mol Cell Biol 2002;22:7405–16.
Koritzinsky M, Magagnin MG, van den Beucken T, et al. Gene expression during acute and prolonged hypoxia is regulated by distinct
mechanisms of translational control. EMBO J 2006;25:1114–25.
Ma Y, Hendershot LM. The role of the unfolded protein response in
tumour development: friend or foe? Nat Rev Cancer 2004;4:966–77.
Wang S, Raven JF, Baltzis D, et al. The catalytic activity of the
eukaryotic initiation factor-2α kinase PKR is required to negatively
regulate Stat1 and Stat3 via activation of the T-cell protein-tyrosine
phosphatase. J Biol Chem 2006;281:9439–49.
Kazemi S, Papadopoulou S, Li S, et al. Control of α subunit of
eukaryotic translation initiation factor 2 (eIF2 α) phosphorylation by
the human papillomavirus type 18 E6 oncoprotein: implications for
eIF2 α-dependent gene expression and cell death. Mol Cell Biol
2004;24:3415–29.
Littlefield SL, Baird MC, Anagnostopoulou A, Raptis L. Synthesis,
characterization and Stat3 inhibitory properties of the prototypical
platinum(IV) anticancer drug, [PtCl3(NO2)(NH3)2] (CPA-7). Inorg
Chem 2008;47:2798–804.

Cancer Research

Downloaded from cancerres.aacrjournals.org on July 24, 2017. © 2010 American Association for Cancer Research.

Published OnlineFirst October 5, 2010; DOI: 10.1158/0008-5472.CAN-10-0215
Transcriptional Inhibition of HIF-1A Gene by PKR

21. Wang J, Chen G, Muckenthaler M, Galy B, Hentze MW, Pantopoulos K.
Iron-mediated degradation of IRP2, an unexpected pathway involving a
2-oxoglutarate-dependent oxygenase activity. Mol Cell Biol 2004;24:
954–65.
22. Minet E, Ernest I, Michel G, et al. HIF1A gene transcription is dependent on a core promoter sequence encompassing activating and inhibiting sequences located upstream from the transcription initiation
site and cis elements located within the 5′UTR. Biochem Biophys
Res Commun 1999;261:534–40.
23. Wang S, Raven JF, Durbin JE, Koromilas AE. Stat1 phosphorylation
determines Ras oncogenicity by regulating p27 kip1. PLoS ONE
2008;3:e3476.
24. Ji Z, Yang G, Shahzidi S, et al. Induction of hypoxia-inducible factor1α overexpression by cobalt chloride enhances cellular resistance to
photodynamic therapy. Cancer Lett 2006;244:182–9.
25. Davidson TL, Chen H, Di Toro DM, D'Angelo G, Costa M. Soluble
nickel inhibits HIF-prolyl-hydroxylases creating persistent hypoxic
signaling in A549 cells. Mol Carcinog 2006;45:479–89.
26. Park SK, Dadak AM, Haase VH, Fontana L, Giaccia AJ, Johnson RS.
Hypoxia-induced gene expression occurs solely through the action
of hypoxia-inducible factor 1α (HIF-1α): role of cytoplasmic trapping
of HIF-2α. Mol Cell Biol 2003;23:4959–71.
27. Gleadle JM, Ratcliffe PJ. Induction of hypoxia-inducible factor-1,
erythropoietin, vascular endothelial growth factor, and glucose
transporter-1 by hypoxia: evidence against a regulatory role for Src
kinase. Blood 1997;89:503–9.
28. Allen JW, Johnson RS, Bhatia SN. Hypoxic inhibition of 3-methylcholanthrene-induced CYP1A1 expression is independent of
HIF-1α. Toxicol Lett 2005;155:151–9.
29. Patel SA, Simon MC. Biology of hypoxia-inducible factor-2α in
development and disease. Cell Death Differ 2008;15:628–34.
30. Vollmer S, Kappler V, Kaczor J, et al. Hypoxia-inducible factor 1α is
up-regulated by oncostatin M and participates in oncostatin M signaling. Hepatology 2009;50:253–60.
31. Shields BJ, Court NW, Hauser C, Bukczynska PE, Tiganis T. Cell
cycle-dependent regulation of SFK, JAK1 and STAT3 signalling by
the protein tyrosine phosphatase TCPTP. Cell Cycle 2008;7:3405–16.
32. Bi M, Naczki C, Koritzinsky M, et al. ER stress-regulated translation
increases tolerance to extreme hypoxia and promotes tumor growth.
EMBO J 2005;24:3470–81.
33. Gorlach A, Camenisch G, Kvietikova I, Vogt L, Wenger RH,
Gassmann M. Efficient translation of mouse hypoxia-inducible
factor-1α under normoxic and hypoxic conditions. Biochim Biophys
Acta 2000;1493:125–34.
34. Aggarwal BB, Kunnumakkara AB, Harikumar KB, et al. Signal transducer and activator of transcription-3, inflammation, and cancer: how
intimate is the relationship? Ann N Y Acad Sci 2009;1171:59–76.
35. Mattila E, Auvinen K, Salmi M, Ivaska J. The protein tyrosine phosphatase TCPTP controls VEGFR2 signalling. J Cell Sci 2008;121:
3570–80.

www.aacrjournals.org

36. Hampton-Smith RJ, Peet DJ. From polyps to people: a highly familiar
response to hypoxia. Ann N Y Acad Sci 2009;1177:19–29.
37. Rothenburg S, Seo EJ, Gibbs JS, Dever TE, Dittmar K. Rapid evolution of protein kinase PKR alters sensitivity to viral inhibitors. Nat
Struct Mol Biol 2009;16:63–70.
38. Elde NC, Child SJ, Geballe AP, Malik HS. Protein kinase R reveals
an evolutionary model for defeating viral mimicry. Nature 2009;457:
485–9.
39. Koromilas AE, Roy S, Barber GN, Katze MG, Sonenberg N. Malignant
transformation by a mutant of the IFN-inducible dsRNA-dependent
protein kinase. Science 1992;257:1685–9.
40. Barber GN, Wambach M, Thompson S, Jagus R, Katze MG. Mutants
of the RNA-dependent protein kinase (PKR) lacking double-stranded
RNA binding domain I can act as transdominant inhibitors and
induce malignant transformation. Mol Cell Biol 1995;15:3138–46.
41. Meurs EF, Galabru J, Barber GN, Katze MG, Hovanessian AG.
Tumor suppressor function of the interferon-induced double-stranded
RNA-activated protein kinase. Proc Natl Acad Sci U S A 1993;90:
232–6.
42. Mounir Z, Krishnamoorthy JL, Robertson GP, et al. Tumor suppression by PTEN requires the activation of the PKR-eIF2α phosphorylation pathway. Sci Signal 2009;2:ra85.
43. Mounir Z, Koromilas AE. Uncovering the PKR pathway's potential for
treatment of tumors. Future Oncol 2010;6:643–5.
44. Becker CM, Rohwer N, Funakoshi T, et al. 2-methoxyestradiol
inhibits hypoxia-inducible factor-1{α} and suppresses growth of
lesions in a mouse model of endometriosis. Am J Pathol 2008;
172:534–44.
45. Moser C, Lang SA, Mori A, et al. ENMD-1198, a novel tubulin-binding
agent reduces HIF-1α and STAT3 activity in human hepatocellular
carcinoma(HCC) cells, and inhibits growth and vascularization
in vivo. BMC Cancer 2008;8:206.
46. Shogren KL, Turner RT, Yaszemski MJ, Maran A. Double-stranded
RNA-dependent protein kinase is involved in 2-methoxyestradiolmediated cell death of osteosarcoma cells. J Bone Miner Res
2007;22:29–36.
47. Merighi S, Simioni C, Gessi S, et al. A(2B) and A(3) adenosine receptors modulate vascular endothelial growth factor and interleukin-8 expression in human melanoma cells treated with etoposide and
doxorubicin. Neoplasia 2009;11:1064–73.
48. Lou JJ, Chua YL, Chew EH, Gao J, Bushell M, Hagen T. Inhibition of
hypoxia-inducible factor-1α (HIF-1α) protein synthesis by DNA
damage inducing agents. PLoS ONE 2010;5:e10522.
49. Choi YJ, Rho JK, Lee SJ, et al. HIF-1α modulation by topoisomerase
inhibitors in non-small cell lung cancer cell lines. J Cancer Res Clin
Oncol 2009;135:1047–53.
50. Peidis P, Papadakis AI, Muaddi H, Richard S, Koromilas AE.
Doxorubicin bypasses the cytoprotective effects of eIF2α phosphorylation and promotes PKR-mediated cell death. Cell Death Differ
2010 Jun 18 [Epub ahead of print].

Cancer Res; 70(20) October 15, 2010

Downloaded from cancerres.aacrjournals.org on July 24, 2017. © 2010 American Association for Cancer Research.

7829

Published OnlineFirst October 5, 2010; DOI: 10.1158/0008-5472.CAN-10-0215

eIF2α Kinase PKR Modulates the Hypoxic Response by
Stat3-Dependent Transcriptional Suppression of HIF-1 α
Andreas I. Papadakis, Efrosyni Paraskeva, Philippos Peidis, et al.
Cancer Res 2010;70:7820-7829. Published OnlineFirst October 5, 2010.

Updated version
Supplementary
Material

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
doi:10.1158/0008-5472.CAN-10-0215
Access the most recent supplemental material at:
http://cancerres.aacrjournals.org/content/suppl/2010/10/04/0008-5472.CAN-10-0215.DC1

This article cites 48 articles, 17 of which you can access for free at:
http://cancerres.aacrjournals.org/content/70/20/7820.full#ref-list-1
This article has been cited by 1 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/70/20/7820.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, contact the AACR Publications
Department at permissions@aacr.org.

Downloaded from cancerres.aacrjournals.org on July 24, 2017. © 2010 American Association for Cancer Research.

