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Background: Hypoxia promotes tumor growth, but connections to translation mechanisms are obscure.
Results:Hypoxia-enhanced tumorsphere growth of breast cancer cells is HIF-1�-dependent, and HIF-1� up-regulates eIF4E1
in hypoxic cancer cells.
Conclusion:HIF-1� promotes cap-dependent translation of selective mRNAs through up-regulating eIF4E1 in cancer cells at
hypoxia.
Significance:Our study provides new insights into the translation mechanisms in cancer cells under low O2 concentrations.

Hypoxia promotes tumor evolution and metastasis, and
hypoxia-inducible factor-1� (HIF-1�) is a key regulator of
hypoxia-related cellular processes in cancer. The eIF4E transla-
tion initiation factors, eIF4E1, eIF4E2, and eIF4E3, are essential
for translation initiation. However, whether and how HIF-1�

affects cap-dependent translation through eIF4Es in hypoxic
cancer cells has been unknown. Here, we report that HIF-1�

promoted cap-dependent translation of selective mRNAs
through up-regulation of eIF4E1 in hypoxic breast cancer cells.
Hypoxia-promoted breast cancer tumorsphere growthwasHIF-
1�-dependent. We found that eIF4E1, not eIF4E2 or eIF4E3, is
the dominant eIF4E family member in breast cancer cells under
both normoxia and hypoxia conditions. eIF4E3 expression was
largely sequestered in breast cancer cells at normoxia and
hypoxia. Hypoxia up-regulated the expression of eIF4E1 and
eIF4E2, but only eIF4E1 expression was HIF-1�-dependent. In
hypoxic cancer cells, HIF-1�-up-regulated eIF4E1 enhanced
cap-dependent translation of a subset of mRNAs encoding pro-
teins important for breast cancer cell mammosphere growth. In
searching for correlations, we discovered that human eIF4E1
promoter harbors multiple potential hypoxia response ele-
ments. Furthermore, using chromatin immunoprecipitation
(ChIP) and luciferase and point mutation assays, we found that
HIF-1� utilized hypoxia response elements in the human
eIF4E1 proximal promoter region to activate eIF4E1 expression.
Our study suggests thatHIF-1� promotes cap-dependent trans-
lation of selectivemRNAs through up-regulating eIF4E1, which
contributes to tumorsphere growth of breast cancer cells at
hypoxia. The data shown provide new insights into protein syn-
thesis mechanisms in cancer cells at low oxygen levels.

Although global translation is suppressed at hypoxia, which
contributes to conserve energy and to sustain survival during
the period of inefficient ATP production (1–3), a subset of
selective mRNAs believed to be involved in the adaptive
responses to hypoxia are preferentially translated in cancer
cells (4–6). For example, high levels of the c-Myc and
Cyclin-D1 oncoproteins, the proangiogenic factors VEGF and
Tie2, and the translation initiation factor eukaryotic initiation
factor 4E1 (eIF4E1) have been observed in many types of solid
tumors (7–10). In addition, eIF4G, ATF4, and ATF6 have been
shown to remain associated with high molecular weight poly-
somes during anoxic stress (0% O2) (11, 12).
Attenuated translation at acute anoxia (0% O2 for 1–4 h) is

regulated by phosphorylation of eIF2�, whereas translation
repression is maintained by eIF4E inhibition via 4E-BPs2 and
4E-T at prolonged anoxia (0% O2 for 16 h) (2). Hypoxia (0.5–
1.5% O2) inhibits protein synthesis through suppression of
multiple key regulators of eIF2�, eEF2, p70S6, mTOR, and rpS6
(4, 13–15). Moderate hypoxia (1.5% O2) in combination with
serum deprivation effectively inhibits mTOR activity and
causes hypophosphorylation of the mTOR substrates
4E-BP1and S6K in normal cells (16). Translational repression
in cancer cells under chronic hypoxia and glucose depletion is
independent of the eIF2� kinase PKR-like endoplasmic reticu-
lum kinase (4, 17).
Several possible mechanisms for bypassing translation inhi-

bition in mammalian cells at hypoxia (1% O2) have been inves-
tigated: 1) uncoupling of oxygen-responsive signaling pathways
frommTOR functions in breast cancer cells (1), 2) activation of
initiation through an HIF-2��RBM4�eIF4E2 complex in glio-
blastoma cells (here the HIF-2��RBM4�eIF4E2 complex cap-
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tures the 5�-cap and targets mRNAs to polysomes for active
translation and therefore evades hypoxia-induced translation
repression (18)), 3) internal ribosome entry site (IRES)-depen-
dent initiation in normal and cancerous cells (here the 5�-UTR
regions of some oncogenic mRNAs harbor IRES structures,
which facilitate direct ribosome binding independent of for-
mation of eIF4F complex at the cap (19, 20)), and 4) IRES-
independent initiation of selective mRNAs in normal and
cancerous cells (here Cyclin-dependent kinase inhibitor
p75Kip2 and VEGF mRNAs are selectively translated by an
IRES-independent mechanism in normal and cancer cells
(21)). Although these possible bypass pathways for regulat-
ing translation in hypoxic cancer cells have been studied,
the translation mechanisms underlying the adaptive and
malignant phenotype of tumors at hypoxia have remained
obscure.
Translation generally begins with the assembly of the eIF4F

at the 5�-end of the mRNA at the m7GpppN cap (22, 23). eIF4F
consists of the cap-binding protein eIF4E1, the multidomain
adaptor protein eIF4G1, and the RNA helicase eIF4A (24). The
recruitment of eIF4E1 to eIF4G1 is the key interaction in the
eIF4F complex assembly (25, 26). Increased eIF4E1 levels
and/or activity have been demonstrated in breast (27, 28), head
and neck, colorectal, lung, ovarian (29, 30), prostate (31), blad-
der (32), brain (33), esophageal (34), and skin and cervical can-
cers (28, 35) as well as lymphomas (8, 36). The human eIF4E
family consists of three members: eIF4E1, eIF4E2 (4EHP;
4E-LP), and eIF4E3 (37, 38). On the other hand, HIF-1� pro-
motes the expression of more than 60 putative genes involved
in angiogenesis (such as VEGF, PDGF, FGF-�1, TGF-�3, and
Tie2) (39–42); glycolysis (such as enolase-1, hexokinase-2,
GLUT1, and GLUT3) (43–46); and cell proliferation, mobility,
invasion, and metastasis (such as insulin-like growth factors I
and II and c-Met) in solid tumors (47–53). Whether and how
HIF-1� affects the cap-dependent translation of a subset of
mRNAs via eIF4Es in cancer cells under hypoxia conditions has
been unknown.
In this study, we investigated the roles of HIF-1� in transla-

tion of selective mRNAs in hypoxic breast cancer cells. We
observed that hypoxia promoted cell proliferation and tumor-
sphere growth of breast cancer cells, but this promotion effect
was HIF-1�-dependent. In cancer cells, eIF4E1 was the domi-
nant factor of the eIF4E family under both normoxia and
hypoxia conditions. Although hypoxia significantly elevated
the expression of eIF4E1 and eIF4E2, the level of cellular eIF4E3
was very low in breast cancer cells at normoxia and hypoxia. On
the other hand, HIF-1� significantly up-regulated the expres-
sion of eIF4E1 but not that of eIF4E2.Weobserved that hypoxic
cancer cells weremore sensitive to the eIF4E-eIF4G interaction
inhibitor 4EGI-1 compared with normoxic cancer cells, which
suggests a key role of eIF4F-controlled translation initiation in
hypoxic cancers. Consistently, we found that HIF-1� utilized
hypoxia response elements (HREs) in the proximal promoter
region of eIF4E1 to promote eIF4E1 expression. Our study
revealed the hypoxia-dependent roles of eIF4E factors in breast
cancer cells as mediated by HIF-1�.

EXPERIMENTAL PROCEDURES

Cells, Antibodies, Plasmids, and Reagents—The HMLER cell
line was kindly provided by Dr. Robert Weinberg (Whitehead
Institute for Biomedical Research, Massachusetts Institute of
Technology). FITC-conjugated anti-CD44 (BD Biosciences;
G44-26) antibody and phycoerythrin-conjugated anti-CD24
(BD Biosciences, ML15) antibody were used for cell sorting
with flow cytometry. Sorted HMLER (CD44high/CD24low) cells
were used in this study. MEGM, mammary epithelial basal
medium, and epithelial cell growth medium were purchased
from Lonza. The compound (E)-4EGI-1 isomer was ordered
from SpeedChemical, and the purity and quality were con-
firmed by nuclear magnetic resonance (NMR). Anti-c-Myc (N
terminus) antibody used for immunostainingwas ordered from
Epitomics (catalog number 1472-1). Anti-Cyclin-D1 antibody
used for immunostaining was ordered fromNeomarkers (cata-
log number RM-9104-S). Anti-eIF4E1 (polyclonal; catalog
number 9742), anti-eIF4G1 (catalog number 2498), anti-�-ac-
tin (catalog number 4967), anti-GAPDH (catalog number
2118S), and anti-�-tubulin (catalog number 2125) antibodies
were ordered from Cell Signaling Technology. Anti-eIF4E2
(polyclonal; ab63062) and anti-eIF4E3 (polyclonal; ab105947)
antibodies were ordered from Abcam. Anti-HIF1-� chromatin
immunoprecipitation (ChIP) grade (polyclonal; ab2185), anti-
eIF1A, and anti-eIF5 antibodies were ordered from Abcam.
Human VEGF-A165 ELISA kit (catalog number KHG0111) was
ordered from Invitrogen. NE-PER� Nuclear and Cytoplasmic
Extraction Reagents were ordered from Thermo Sciences. The
c-Myc inhibitor 10058-F4 was ordered from EMD (catalog
number 475965). Cyclin-D1 inhibitor PD 0332991 was ordered
from Selleck Chemicals. Plasmid HA-HIF1�-pcDNA3 (catalog
number 18949) was ordered from Addgene. HIF-1� shRNA
(human) lentiviral particles were ordered from Santa Cruz Bio-
technology (sc-35561-V). The pGL3-Basic vector (catalog
number 1751) was ordered from Promega.
Surface Marker Analysis by Flow Cytometry/Cell Sorting—

FITC-conjugated anti-CD44 (BD Biosciences; G44-26) anti-
body, phycoerythrin-conjugated anti-CD24 (BD Biosciences;
ML15) antibody, and propidium iodide (5 �g/ml) were ordered
and used for fluorescence-activated cell sorting (FACS) assay in
accordance with the manufacturer’s protocols.
Hypoxia Treatment—Hypoxia treatment (1% O2) was per-

formed in a hypoxia incubator chamber (StemCell Technology
Inc.) by supplying it with 1% O2 (balanced by 5% CO2 and 94%
N2) for 20–25 min at a rate of over 10 liter/min with a pressure
of 1.3–1.5 p.s.i. to get rid of trace of O2 in the chamber. To
minimize glucose depletion, we replaced the medium with
fresh MEGM (4 ml/well in 6-well plates) every 24 h.
Mammosphere Growth Assays—Single cell mammosphere

culture was performed as described (54, 55) with slight modifi-
cation. For the single cell mammosphere formation assay, the
HMLER (CD44high/CD24low) population in single cell suspen-
sions was cultured (1 � 104 cell/well) in ultralow attachment
surface 6-well plates (Corning) with the MEGM (Lonza) under
normoxia or hypoxia (1% O2) conditions. After 3 or 4 days,
mammosphere (size range of 20–300 �m) numbers were
counted as described (54, 55). For the compound effects on
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CD44high/CD24low populationmammosphere formation assay,
1� 104HMLER (CD44high/CD24low) population cellswere cul-
tured in wells of ultralow attachment surface 6-well plates
(Corning) at normoxia or hypoxia for 3 days. DMSO, inactive
analog 4EGI-N, and (E)-4EGI-1 in a series of concentrations
(10, 20, 40, and 60�M) were added with treatment for 24 h. The
CD44high/CD24low population cell mammosphere numbers
were counted. Three independent experiments were per-
formed, and statistical data (mean � S.D.) are shown.
Western Blot Assay—Cellular protein extraction and West-

ern blot assays were performed as described previously with
radioimmune precipitation assay buffer (50 mM Tris-HCl, pH
7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.25% sodium
deoxycholate, 1 mM PMSF, 1� Roche Complete Mini protease
inhibitor mixture, 1� Pierce phosphatase inhibitor mixture)
(56). �-Actin and �-tubulin were used as loading controls.
Cytoplasmic Extract/mRNAPreparation—CytoplasmicVEGF-

A165 protein/mRNA preparation was performed with NE-
PER� Nuclear and Cytoplasmic Extraction Reagents following
the manufacturer’s instructions. About 2 � 106 HMLER
(CD44high/CD24low) cells treated with DMSO (20 �M), inactive
analog 4EGI-N (20 �M), or (E)-4EGI-1 in the indicated concen-
trations at hypoxia (1%O2) overnight were harvested by trypsin
and washed with cold 1� PBS twice followed by centrifugation
at 500 � g for 2 min. After removing the supernatant, 200 �l of
ice-cold Cytoplasmic Extraction Reagent I (with protease
inhibitor and phosphoprotease inhibitor) was added followed
by vigorous vortexing for 15 s and incubation on ice for 10min.
11 �l of ice-cold Cytoplasmic Extraction Reagent II was added
followed by vigorous vortexing for 5 s and incubation for 2min.
After vigorous vortexing for 5 s and centrifugation at 16,000� g
for 5 min, the supernatant (cytoplasmic extract) was immediately
transferred into a prechilled tube. Either the cytoplasmic extract
was used for cytoplasmic VEGF-A165 ELISA test with VEGF-A165
ELISAkit, ormRNApurificationperformedusing aTRIzol (Invit-
rogen)-chloroform-isopropyl alcohol-ethanol method followed
by real time PCRwithVEGF-A165-specific primers.
Quantitative Real Time PCR—Cellular mRNAs were ex-

tracted with TRIzol reagent (Qiagen) and cDNAs were pre-
pared. The following gene-specific primers were ordered
(Integrated DNA Technologies): 5�-AGGAGGTTG CTAAC-
CCAGAAC-3� (sense) and 5�-CATCTTCCCACATAGGCT-
CAA-3� (antisense) for human eIF4E1, 5�-CAGCACACAGA-
AAGATGGTGA-3� (sense) and 5�-CTCCAGAACTGCTCC-
ACAGAG-3� (antisense) for eIF4E2, and 5�-ACCACTTTGG-
GAAGAGGAGAG-3� (sense) and 5�-GGTCCCGAACACTG-
ACACTAA-3� (antisense) for eIF4E3. Gene-specific primers for
quantitative real time PCR (qPCR) of c-Myc, Cyclin-D1, eIF4G1,
and VEGF-A165 mRNAs were ordered from Integrated DNA
Technologies. qPCRswere performedwith anABI 7900HTqPCR
machine (Institute of Chemistry and Cell Biology, Harvard Med-
ical School) with RT2 Real-TimeTM SYBR Green/ROX PCR
Master Mix (SuperArray). Three independent experiments were
performed, and statistical data (mean � S.D.) are shown.
Chromatin Immunoprecipitation Assay—Chromatin immu-

noprecipitation assay was performed as previously described
with some modification (56). HMLER (CD44high/CD24low)
cells at hypoxia (1% O2 for 12 h � 24 h) were cross-linked with

formaldehyde, quenchedwith glycine, resuspended in SDS lysis
buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.0, with
protease inhibitors), sonicated on ice, and centrifuged at 4 °C.
Supernatant (400 �l) were diluted to a final volume of 4 ml in a
mixture of 9 parts dilution buffer (1% Triton X-100, 150 mM

NaCl, 2 mM EDTA, 20 mM Tris-HCl, with protease inhibitors,
pH 8.0) and 1 part lysis buffer. Mixtures were incubated with 4
�g of anti-HIF-1� antibody sample with rotating at 4 °C over-
night followed with incubation with 100 �l of protein A beads
with rotating at 4 °C for 4 h. After gentle centrifugation (2000
rpm), beadswere resuspended in 1ml ofwash buffer (1%Triton
X-100, 0.1% SDS, 150 mMNaCl, 2 mM EDTA, 20 mM Tris-HCl,
with protease inhibitors, pH8.0) andwashedwithwash buffer 3
times followed by one wash with a final wash buffer (1% Triton
X-100, 0.1% SDS, 500 mMNaCl, 2 mM EDTA, 20 mM Tris-HCl,
pH8.0, with protease inhibitors). The immune complexes were
eluted with elution buffer (1% SDS, 100mMNaHCO3) followed
by incubation with proteinase K and RNase A (500�g/ml each)
at 37 °C for 30min. Reverse cross-linkswere performedby plac-
ing the tubes at 65 °C overnight. ImmunoprecipitatedDNAwas
extracted and dissolved in sterile water. Quantitative PCR was
performedwith RT2 Real-timeTMSYBRGreen/Rox PCRmas-
ter mix (SuperArray) with primers: 5�-TTGACCCGGCCTA-
AAGACTC-3� (sense) and 5�-CTAAATCTTGCGTGGCG-
GTA-3�(antisense) for site 1; 5�-GAAATGGCAACG AATG-
ACCAC-3� (sense) and 5�-CTTA GTTGAGGTCCCAGGA-
CAA-3� (antisense) for site 2; 5�-GCCTGGCAGTAAGTGT
GACC-3� (sense) and 5�-GGCTTCTGGGAAGTGGA GTC-
3�(antisense) for site 3; 5�-CAGGGCCAAACGGACATA-3�
(sense) and 5�-TCCGTTTTCTCCTCTTCTGTAGTC-3� (an-
tisense) for site 4. Three independent experiments were
performed and statistical data (mean � S.D.) are shown.
HIF-1� Knockdown Assays—Lentiviral particles harboring

shRNA (human) HIF-1� (sc-35561-V) were ordered from
Santa Cruz Biotechnology for HIF-1� knockdown assays. Pro-
cedures and reagents for control lentivirus production and len-
tivirus infection were adapted from the Broad RNAi Consor-
tium protocols as described previously (57). Control and
shRNA (h) HIF-1� lentivirus-infected HMLER (CD44high/
CD24low) cells used formammosphere growth analyses were cul-
tured for3days atnormoxia andhypoxia. For theqPCRandWest-
ern blot assays, control and shRNA (h)HIF-1� lentivirus-infected
HMLER (CD44high/CD24low) cells were cultured for 24 h at nor-
moxia and hypoxia. Total RNAs were extracted using TRIzol rea-
gent (Qiagen), and cellular proteinswere extractedwith the above
mentioned radioimmune precipitation assay buffer.
Transfection and Luciferase Assay—For the luciferase assay,

the �171 to �34 bp DNA fragment of human eIF4E1, which
harbors the region 4, was cloned into SacI and NheI sites of
pGL3-Basic vector with primers 5�-GGTGGGGGAGAGACT-
GAGCTCCCCAGAAGCCTCTCGTTACTCACGCAGCC-3�
(sense) and 5�-GCCAAAGGCGCTAGCCACCGGTTCGAC-
AGTCGCCATCTTAGATCGATCTGATCGCACAACCGC-
TCC-3� (antisense). The �65 to �34 bp DNA fragment of
human eIF4Ewas cloned into SacI andNheI sites of pGL3-Basic
vector as a control construct with primers 5�-GGACATATC-
CGTCACGTGGCGAGCTCCTGGCCAATCCGGTTTGAA-
TCTC-3� (sense) and 5�-GCCAAAGGCGCTAGCCACCGG-
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TTCGACAGTCGCCATCTTAGATCGATCTGATCGCAC-
AACCGCTCC-3� (antisense). Point mutation (ACGTG to
AAAAG)was performedwithQuikChange II site-directedmu-
tagenesis kits (Agilent). The indicated constructs or construct
combination (with HA-HIF1�-pcDNA3 plasmid) was trans-
fected into breast cancer cellsHMLER (CD44high/CD24low) and
MDA-MB-231 with LipofectamineTM LTX and PLUSTM re-
agent (Invitrogen) using a standard protocol. After 2 days of
recovery after transfection, cells were cultured at normoxia or
hypoxia (1% O2 for 24 h). Luciferase activity was measured
using the luciferase assay system (Promega) with a Top Count
microplate scintillation counter (Canberra). Three independ-
ent experiments were performed, and statistical data (mean �
S.D.) are shown.
Statistical Analysis—All statistical experimental data are

presented as mean � S.D. Statistical significance was deter-
mined by t test (tail � 1, type � 1). Significance was expressed
as follows: *, p � 0.1; **, p � 0.05; ***, p � 0.01.

RESULTS

Hypoxia Promotes Mammosphere Growth of Breast Cancer
Cells—The capacity of mammosphere (tumorsphere) forma-
tion and growth of single cancer cells is an important charac-
teristic of tumorigenicity (55, 58, 59). Tominimize the potential
suppression effects caused by glucose deprivation on tumor-
sphere growth at hypoxia, we cultured HMLER (CD44high/
CD24low) breast cancer cells with double MEGM (4 ml/well in
6-well plate) at hypoxia and replaced the medium with fresh
MEGM every 24 h.We cultured 1 � 104 cells/well at normoxia
and hypoxia for 4 days and counted the numbers of smaller
(30–40-�m) and larger (40–50-�m) mammospheres/1000
cells every day (Fig. 1). At day 4, the small mammosphere count
per 1000 cells was 113.6 � 7.3 at normoxia and 149.3 � 5.6 at
hypoxia (1% O2), and for large mammospheres, the numbers
were 17.6 � 1.53 at normoxia and 24 � 1 at hypoxia (1% O2).
Thus, hypoxia (1% O2) significantly promoted tumorsphere
growth of breast cancer cells both in number and size compared
with normoxia (20%O2; Fig. 1,A and B). The total cell numbers
at day 4 increased at hypoxia in comparison with those at nor-
moxia (data not shown). Our data suggest that hypoxia (1%O2)
promotes cell proliferation and tumorsphere growth of these
breast cancer cells.
Hypoxia-promoted Breast Cancer Cell Mammosphere

Growth Is HIF-1�-dependent—To examine whether HIF-1�
plays a role in hypoxia-promoted tumorsphere growth, we cul-
turedHMLER (CD44high/CD24low) cells with andwithout tran-
sient knockdown of HIF-1� at normoxia and hypoxia condi-
tions for 3 days. At day 3, we measured the mammosphere
numbers and found that knockdown ofHIF-1� largely reduced
the mammosphere numbers at hypoxia but had no effect at
normoxia for both classes of mammospheres (Fig. 2, A and B).
These observations suggest that hypoxia-promoted cell prolif-
eration and mammosphere growth of breast cancer cell are
HIF-1�-dependent.
eIF4E1 Is the Dominantly Expressed Member of the Three

eIF4E Proteins in Breast Cancer Cells under Normoxia and
HypoxiaConditions—To investigate the expression of the three
members of the eIF4E family in breast cancer cells at both nor-

moxia (20%O2) and hypoxia (1%O2 for 24 h), wemeasured the
cellular mRNAs of eIF4E1, eIF4E2, and eIF4E3 by qPCR. Under
normoxia conditions, we found that eIF4E2 and eIF4E3
mRNAs are expressed only at 25 � 2.11 and 1.12 � 0.77% of
eIF4E1 mRNAs, respectively. At hypoxia, cellular eIF4E2 and
eIF4E3mRNAs levels are only 10.8 � 2.32 and 0.37 � 0.56% of
eIF4E1mRNAs, respectively (Fig. 3, A and B). These data indi-
cate that eIF4E1 is the dominantly expressed member of the
eIF4E family in breast cancer cells at both normoxia and
hypoxia. In comparison, the expression of eIF4E3 was very low
(only 1% of eIF4E1 at normoxia and 0.3% at hypoxia).
Hypoxia-up-regulated Expressions of eIF4E1 and eIF4E3 Are

HIF-1�-dependent—To examine the roles of hypoxia and
HIF-1� on eIF4E1, eIF4E2, and eIF4E3 transcription in hypoxic
cancer cells, we cultured HMLER (CD44high/CD24low) cells
with and without HIF-1� transient knockdown at normoxia
and hypoxia conditions for 24 h andmeasured cellular mRNAs
by qPCR. We detected that hypoxia strikingly elevated the
expression of eIF4E1 (increased to about 4-fold) and eIF4E2
(increased to about 1.8-fold) in comparison with that at nor-
moxia (Fig. 3, C–E), indicating that hypoxia strongly up-regu-
lates eIF4E1, moderately increases eIF4E2, and has only a small
effect on eIF4E3 expression. These data are consistent with the
aforementioned observations that the relative expression levels
of eIF4E2 compared with eIF4E1 were decreased at hypoxia,
which is caused by the fact that the increase of eIF4E1 (4-fold) is
greater than that of eIF4E2 (about 1.8-fold). Interestingly, we
detected that shRNA-HIF-1� abrogated hypoxia-promoted

FIGURE 1. Hypoxia promotes mammosphere growth of breast cancer
cells in both size and number. A, single breast cancer cells of HMLER
(CD44high/CD24low) cells (1 � 104/well) were cultured in ultralow attachment
surface 6-well plates with MEGM (4 ml/well) at normoxia (20% O2) or hypoxia
(1% O2) for 4 days. Representative images of mammospheres at normoxia
and hypoxia were taken at the 4th day. Scale bar, 20 �m. B, statistical analyses
of mammospheres per 1 � 103 HMLER (CD44high/CD24low) cells with and
without hypoxia treatment over 4 days. At the 4th day, the numbers of
30 – 40-�m mammospheres were 113.6 � 7.3 at normoxia and 149.3 � 5.6 at
hypoxia (1% O2), and the numbers of 40 –50-�m mammospheres were 17.6 �
1.53 at normoxia and 24 � 1 at hypoxia (1% O2). Three independent experi-
ments were performed (mean � S.D., n � 3). Error bars represent S.D.
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expression of eIF4E1 (Fig. 3, C–E) but did not significantly
affect eIF4E2 expression at normoxia, indicating that hypoxia-
up-regulated expression of eIF4E1 is HIF-1�-dependent.
HIF-1�-promoted eIF4E1 Expression Is Important for Cap-

dependent Translation of a Subset of mRNAs—To further
examine the roles of hypoxia and HIF-1� on eIF4E1, eIF4E2,
and eIF4E3, we performed Western blot assays. We observed
that hypoxia increased cellular eIF4E1 (about 3-fold) and
eIF4E2 (about 1.2-fold) compared with that at normoxia.
HIF-1� knockdown significantly decreased eIF4E1 (to about
0.3-fold), but not eIF4E2, in comparison with that at normoxia
(Fig. 4A), indicating that hypoxia-promoted eIF4E1 expression
is HIF-1�-dependent. We observed that the cellular levels of

eIF4E1 proteins were much higher than those of eIF4E2 and
eIF4E3 proteins at both normoxia and hypoxia conditions. In
particular, eIF4E3 was hardly detectable both at normoxia and
hypoxia, indicating that its expression is largely sequestered in
cancer cells at both normoxia and hypoxia.
To examine whether HIF-1� plays a role in translation of a

subset ofmRNAs, we tested cellular c-Myc, Cyclin-D1, eIF4G1,
eIF1A, eIF5, and GAPDH with and without HIF-1� at nor-
moxia and hypoxia.We observed that hypoxia elevated the cel-
lular c-Myc, Cyclin-D1, and eIF4G1 proteins and that HIF-1�
knockdown dramatically decreased the levels of these proteins
but did not significantly reduce the levels of eIF1A, eIF5, or
GAPDH (Fig. 4B), suggesting that HIF-1� plays a role in the
protein expression of selective genes. Next, we observed that
HIF-1� transient knockdown in hypoxic breast cancer cells did

FIGURE 2. HIF-1� is necessary for hypoxia-promoted mammosphere
growth of breast cancer cells. A, single breast cancer cells of HMLER
(CD44high/CD24low) cells with and without HIF-1� knockdown (by control
shRNA and shRNA-HIF-1�) were cultured in ultralow attachment surface
6-well plates (1 � 104/well) with MEGM (4 ml/well) at normoxia (20% O2) or
hypoxia (1% O2) for 3 days. Representative images of mammospheres at nor-
moxia and hypoxia were taken at the 3rd day. Scale bar, 20 �m. B, statistical
analyses of mammospheres per 1 � 103 HMLER (CD44high/CD24low) cells with
and without HIF-1� knockdown at normoxia (20% O2) and hypoxia (1%
O2). At the 3rd day, the numbers of 30 – 40-�m mammospheres at hypoxia
were 112 � 13.7 in wild type and 12.67 � 2.5 with HIF-1� knockdown; the
numbers of 40 –50-�m mammospheres at hypoxia were 13.6 � 1.5 in wild
type and 2.67 � 0.57 with HIF-1� knockdown. Three independent exper-
iments were performed (mean � S.D., n � 3). **, p � 0.05; ***, p � 0.01.
Error bars represent S.D.

FIGURE 3. Effects of hypoxia and HIF-1� on transcription of eIF4E1,
eIF4E2, and eIF4E3. A, eIF4E1 is dominantly transcribed in breast cancer cells
under normoxia (20% O2) conditions. The cellular eIF4E2 and eIF4E3 mRNAs
are 25 � 2.11 and 1.12 � 0.77% of that of eIF4E1 mRNAs in breast cancer
HMLER(CD44high/CD24low) cells at normoxia. Total RNAs were extracted for
quantitative real time PCR. Three independent experiments were performed
(mean � S.D., n � 3). B, eIF4E1 is primarily transcribed in breast cancer cells
under hypoxia conditions (1% O2 for 24 h). The cellular eIF4E2 and eIF4E3
mRNAs are 10.8 � 2.32 and 0.37 � 0.56% of that of eIF4E1 mRNAs at hypoxia.
C–E, breast cancer HMLER (CD44high/CD24low) cells with and without HIF-1�
transient knockdown were cultured under normoxia or hypoxia (1% O2) con-
ditions for 24 h. Hypoxia (1% O2) elevates the cellular eIF4E1 level to 4.1-fold of
that at normoxia, whereas HIF-1� knockdown abrogates it to 0.33-fold of that
at normoxia (C). Hypoxia (1% O2) elevates the cellular eIF4E2 lever to 1.8-fold
of that at normoxia (D). Hypoxia (1% O2) does not significantly affect eIF4E3
expression, whereas HIF-1� knockdown decreases it to 0.4-fold of that at nor-
moxia (E). Error bars represent S.D.
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not significantly decrease the cellular levels of c-Myc, Cyclin-
D1, or eIF4G1 mRNAs (Fig. 4C). In addition, we found that
there is no potential HRE (to which HIF-1� binds) in the pro-
moter regions (�700 bp) of these three genes. These observa-
tions indicate thatHIF-1�-up-regulated c-Myc, Cyclin-D1, and

eIF4G1 levels in hypoxic cancer cells are not likely caused by
HIF-1�-promoted transcription of these genes but by the roles
of HIF-1� in translation. To investigate whether HIF-1�-up-
regulated eIF4E1mediates the expression of c-Myc, Cyclin-D1,
and eIF4G1, we tested the efficacy of (E)-4EGI-1, an active

FIGURE 4. Effects of hypoxia and HIF-1� on cellular eIF4E1, eIF4E2, and eIF4E3 and a subset of oncoproteins. A, hypoxia elevates cellular eIF4E1 protein
to about 3-fold, whereas HIF-1� knockdown decreases it to about 0.3-fold of that of wild type at normoxia. Hypoxia increases the cellular eIF4E2 level to about
1.2-fold, whereas HIF-1� knockdown does not significantly reduce it. The eIF4E1 protein is the dominant form among the eIF4E family members under both
normoxia and hypoxia conditions. Breast cancer HMLER (CD44high/CD24low) cells with transient knockdown of HIF-1� by shRNA-HIF-1� were cultured with
double fresh MEGM (4 ml/cell in a 6-well plate) under normoxia (20% O2) or hypoxia (1% O2) conditions for another 24 h. Cellular proteins were used for Western
blot assays with �-actin as a loading control. The relative protein levels of eIF4E1 and eIF4E2 compared with that in wild type cells at normoxia are shown.
B, HIF-1� up-regulates expressions of c-Myc, Cyclin-D1, and eIF4G1, but not eIF1A, eIF5, or GAPDH, in hypoxic breast cancer cells. �-Tubulin was used as a
loading control. C, effects of transient knockdown of HIF-1� by shRNA-HIF-1� on the cellular levels of c-Myc, Cyclin-D1, and eIF4G1 mRNAs in hypoxic breast
cancer cells. D, eIF4E1-eIF4G1 interaction inhibitor (E)-4EGI-1 (40 �M; 12 h) inhibits hypoxia-promoted expressions of c-Myc, Cyclin-D1, and eIF4G1 in hypoxic
breast cancer cells. E and F, effects of (E)-4EGI-1 (12 h) on cytoplasmic VEGF-A165 protein (E) and mRNA (F) levels in hypoxic breast cancer cells. Vehicle (DMSO)
and negative analog 4EGI-N (20 �M; 12 h) were used as controls. **, p � 0.05; ***, p � 0.01. Error bars represent S.D.
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4EGI-1 isomer that binds eIF4E1 and inhibits the eIF4E1-
eIF4G1 interaction (60), on these proteins in hypoxic breast
cancer cells. We observed that (E)-4EGI-1 significantly inhib-
ited hypoxia-elevated cellular c-Myc, Cyclin-D1, and eIF4G1
levels in breast cancer cells (Fig. 4D) but did not significantly
affect the cellular levels of c-Myc, Cyclin-D1, and eIF4G1
mRNAs (data not shown), indicating thatHIF-1�-up-regulated
eIF4E1 facilitates translation of c-Myc, Cyclin-D1, and eIF4G1
mRNAs.

VEGF, which is up-regulated by HIF-1� in hypoxic cancer
cells (61), promotes cancer cell proliferation and tumor growth
(62). We examined the effects of (E)-4EGI-1 on the expression
of VEGF-A165 in hypoxic breast cancer cells. We observed that
(E)-4EGI-1 dramatically decreased hypoxia-promoted cyto-
plasmic VEGF-A165 levels (Fig. 4E) but did not significantly
affect cytoplasmic VEGF-A165 mRNA under the same condi-
tions (Fig. 4F). These results suggest that hypoxia-promoted
VEGF-A165 translation in hypoxic breast cancer cells is largely

FIGURE 5. Roles of c-Myc and Cyclin-D1 proteins and eIF4E1-mediated translation in breast cancer cell mammosphere growth. A, c-Myc inhibitor
10058-F4 inhibits hypoxia-promoted mammosphere growth of breast cancer cells. DMSO (40 �M) was used as a control. B, Cyclin-D1 inhibitor PD 0332991
suppresses hypoxia-elevated breast cancer cell mammosphere growth. C, (E)-4EGI-1 preferentially inhibits tumorsphere growth of breast cancer cells under
hypoxia in comparison with normoxia. Single HMLER (CD44high/CD24low) cells were cultures at normoxia (20% O2) or hypoxia (1% O2) for 3 days followed by
compound treatment for 1 day. Vehicle (DMSO) and negative analog 4EGI-N (40 �M) were used as controls. Three independent experiments were performed
(mean � S.D., n � 3). Error bars represent S.D.
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regulated by eIF4E1-mediated cap-dependent translation.
Taken together, the above data demonstrate that HIF-1�-pro-
moted eIF4E1 enhances cap-dependent translation of a subset
of mRNAs in breast cancer cells under low oxygen conditions.
c-Myc and Cyclin-D1 Are Involved in Breast Cancer Cell

Mammosphere Growth at Hypoxia—To examine whether
c-Myc andCyclin-D1 are implicated in breast cancer cell mam-
mosphere growth at hypoxia, we tested the efficacy of c-Myc
inhibitor 10058-F4 (63) and Cyclin-D1 inhibitor PD 0332991
(64) on HMLER (CD44high/CD24low) cell mammospheres. We
observed that both inhibitors significantly inhibited hypoxia-
promoted mammosphere growth of these breast cancer cells
(Fig. 5, A and B), indicating that c-Myc and Cyclin-D1 are
important for cancer cell mammosphere growth under hypoxia
conditions.
To further investigate whether eIF4E1-mediated cap-depen-

dent translation dominates in hypoxic cancer cells, we treated
tumorspheres with (E)-4EGI-1 together with vehicle and the
inactive analogue 4EGI-N at hypoxia and normoxia. As
expected, we observed that (E)-4EGI-1 preferentially inhibited
hypoxia-promoted tumorsphere growth, whereas vehicle- and

4EGI-N (40 �M)-treated tumorspheres increased in both num-
ber and size (Fig. 5C). These results suggest that eIF4E1-regu-
lated cap-dependent translation dominates (at least is indispen-
sible) in mammosphere growth of breast cancer cells under
hypoxia conditions. Together, these data demonstrate that
HIF-1�-promoted cap-dependent translation of selective
mRNAs through up-regulating eIF4E1 contributes to breast
cancer cell mammosphere growth at low oxygen levels.
HIF-1� Utilizes HREs in the Proximal Promoter of eIF4E1 to

Promote Its Transcription in Hypoxic Cancer Cells—As eIF4E1
is the dominant member of the eIF4E family in breast cancer
cells and is the key factor for cap-dependent translation initia-
tion, here we focused on understanding the mechanism of how
HIF-1� promotes eIF4E1 expression. We analyzed the pro-
moter regions of human eIF4E1 genes.We found that the�1 kb
region of eIF4E1 harbors six potential HREs and that there are
two potential HREs in the proximal (��100 bp) promoter
region of eIF4E1 (Fig. 6A).
We performedChIP assayswith the four promoter regions of

eIF4E1 and anti-HIF-1�-specific antibodies. We observed that
region 4 exhibited binding affinity to HIF-1�, but regions 1, 2,

FIGURE 6. HIF-1� binds and activates HREs in the fourth region of human eIF4E1 promoter. A, the diagram of human eIF4E1. Black box, coding exon; light
green box, non-coding exon; arrow, direction from 5� to 3�. There are six potential HREs in eIF4E1 mRNA �1 kb promoter regions. Regions (1, 2, 3, and 4) in eIF4E1
promoter contain consensus HRE (core sequence, ACGTG).The proximal promoter fourth region (�100 bp) of eIF4E1 harbors two potential HREs. B–E, ChIP
assays show binding affinity between HIF-1� and the HREs in four promoter regions of human eIF4E1. F, hypoxia (1% O2 for 12 h) increases the binding affinity
between HIF-1� and the fourth HRE in HMLER (CD44high/CD24low) cells. The bottom images show quantitative PCR products from ChIP assays in agarose gels.
IgG was used for mock immunoprecipitation. Three independent experiments were performed (mean � S.D., n � 3; t test; **, p � 0.05; ***, p � 0.01).
G, luciferase assays in the CD44high/CD24low population show that HREs in the fourth region of eIF4E form an HIF-1� binding site. Hypoxia (1% O2 for 24 h)
promotes luciferase activity, whereas point mutation in HREs of the fourth region abrogates these effects. Red letters show the point mutation in HREs in the
fourth region. Relative luciferase activities of three experiments are reported (mean � S.D., n � 3; t test; **, p � 0.05; ***, p � 0.01). Error bars represent S.D.
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and 3 did not (Fig. 6,B–E). Furthermore, we found that hypoxia
treatment increased binding affinity between region 4 and
HIF-1� in breast cancer cells, indicating that HIF-1� might
bind the HREs in region 4 (Fig. 6F). To confirm the HREs in
region 4 as the HIF-1� binding site, we generated the HRE
mutant (ACGTG to AAAAG) and tested it with luciferase
assays at normoxia and hypoxia. We observed that hypoxia
increased luciferase activity of wild type, and overexpressed
HIF-1� further elevated its activity, whereas point mutation
abrogated these hypoxia- and HIF-1�-promoted luciferase
activities (Fig. 6G).We verified the above results in another type
of breast cancer cell, MDA-MB-231 (data not shown). These
results demonstrated that HIF-1� utilizes the HREs in region 4
of eIF4E1 to up-regulate eIF4E1 expression in breast cancer
cells at low oxygen concentrations. Taken together, our data
elucidate the previously unknown mechanisms of HIF-1� pro-
motion of cap-dependent translation of selective mRNAs in
hypoxic cancer cells.

DISCUSSION

In this study, not only did we provide evidence that HIF-1�
promotes cap-dependent translation of selective mRNAs in
hypoxic cancer cells, but more significantly, we unraveled the
mechanisms by which HIF-1� activates eIF4E1. In particular,
we elucidated that hypoxia-promoted tumorsphere growth of
breast cancer cells is HIF-1�-dependent. Hypoxia elevates
expressions of eIF4E1 and eIF4E2, whereas HIF-1� preferen-
tially promotes eIF4E1 expression in breast cancer cells. The
expression of eIF4E3 is largely sequestered in breast cancer
cells. We further demonstrated that HIF-1� promotes cap-de-
pendent translation of a subset of mRNAs through up-regulat-
ing eIF4E1 (Fig. 7). We identified that HIF-1� utilizes HREs in
the proximal promoter region of eIF4E1 to promote its tran-
scription in hypoxic cancer cells. These findings provide new
insights into the protein synthesis mechanisms of adaptive
advantages in cancer cells in a low oxygen environment.
Importantly, our finding that HIF-1� promoted eIF4E1

expression in hypoxic cancer cells may explain the generally
elevated eIF4E1 levels in a wide range of solid tumors, which
associate with “chronic” hypoxia (when tumors outgrow their
blood supply due to uncontrolled proliferation) and “acute”
hypoxia (transient periods of low oxygen caused by aberrant
blood flow). This study unravels the previously unknown roles
of HIF-1� in translation via eIF4E and might supply a novel
pathway ofHIF-1�/eIF4E1/eIF4F as targets for the treatment of
hypoxic cancers. It is presumed that HIF-1�-up-regulated
eIF4E1 increases the availability of eIF4E1 for the translation of
a subset of mRNAs with highly structured 5�-UTRs whose
translation is highly eIF4E1-dependent.
Interestingly, during the submission of this study,Osborne et

al. (65) reported that eIF4E3 competes with eIF4E1 in cap
structure binding and therefore acts as a tumor suppressor.We
found that the cellular eIF4E3 is very low comparedwith eIF4E1
in breast cancer cells at both normoxia and hypoxia, indicating
that the cancer cells have acquired the capacity to sequester the
tumor repression activity of eIF4E3 by unknown mechanisms.
Previous studies reported that HIF-2��RBM4�eIF4E2 com-

plex-activated initiation is an alternative pathway for cap-de-

pendent translation (18) and that eIF4E2 does not bind to
eIF4G (38). We observed that eIF4E1 is most abundant among
all eIF4E familymembers in breast cancer cells under both nor-
moxia and hypoxia conditions, suggesting that eIF4E1, not
eIF4E2, may be the primary regulator for cap-dependent trans-
lation of a subset of mRNAs, such as c-Myc, Cyclin-D1, and
eIF4G1, in these breast cancer cells. The observations that
hypoxic tumorspheres aremore sensitive to the eIF4E1-eIF4G1
interaction inhibitor (E)-4EGI-1 compared with those at nor-
moxia strongly suggest that eIF4E1-mediated cap-dependent
translation, but likely not IRES-dependent or eIF4E2-depen-
dent initiation, plays a primary role in translation initiation in
hypoxic breast cancer cells. Our data indicate that agents tar-
geting the eIF4E1-eIF4G1 interaction might be potent candi-
dates for the treatment of cancer in a low O2 environment.

The sensitivity of hypoxic tumorspheres to the eIF4E1-
eIF4G1 interaction inhibitor (E)-4EGI-1 and the elevated
expressions of eIF4E1, c-Myc, Cyclin-D1, and eIF4G1 suggest
that hypoxia-suppressed mTOR activity does not affect the
cap-dependent translation of selectivemRNAs in cancer cells at
hypoxia. This is in agreement with previous reports that breast
cancer cells acquire resistance to uncoupling hypoxia-respon-
sive signaling of mTOR activity from cap-dependent transla-
tion repression.Our observations thatVEGF is dominantly reg-
ulated by eIF4E1-mediated cap-dependent translation are
consistent with previous reports that VEGF is primarily medi-
ated by IRES-independent translation (21). We observed that
hypoxia promoted eIF4E2 expression, which was not signifi-
cantly decreased byHIF-1� knockdown, suggesting that eIF4E2

FIGURE 7. Schematic diagram for HIF-1� functions in cap-dependent
translation of selective mRNAs, cell proliferation, and tumorsphere
growth of cancer cells in low O2 environment. Hypoxia promotes the
expression of eIF4E family members eIF4E1 and eIF4E2 in breast cancer cells.
The expression of eIF4E3 is largely inhibited in cancer cells at both normoxia
and hypoxia. HIF-1� binds HREs in the eIF4E1 promoter region and up-regu-
lates eIF4E1 expression. Increased eIF4E1 facilitates formation of eIF4E-eIF4G
complex, elevates translation of selective mRNAs important for cancer cell
adaptation to hypoxia stresses, and subsequently promotes cancer cell pro-
liferation and tumorsphere growth at low O2 conditions. Breast cancer cells
acquire resistance to hypoxia by uncoupling the oxygen-responsive signal-
ing pathway from mTOR function, eliminating suppression of protein synthe-
sis mediated by hypophosphorylated 4E-BPs (1, 66) (in dashed frame). Black
arrows or lines are from previous reports of other groups (1, 66); blue arrows or
lines are from this study. p-4E-BPs, hyperphosphorylation of 4E-BPs; AMPK,
AMP-activated protein kinase; RHEB, Ras homolog enriched in brain.
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transcription is not (at least is not largely) regulated by HIF-1�.
The upstream pathway mediating eIF4E2 expression needs
future elucidation.
The multidomain scaffold adaptor protein eIF4G1 is

required for eIF4E1-involved cap-dependent and IRES-depen-
dent translation initiation. We observed that hypoxia signifi-
cantly elevated cellular eIF4G1, whereas HIF-1� depletion sig-
nificantly decreased eIF4G1, suggesting that the expression of
eIF4G1 in hypoxic cancer cells is at least partly HIF-1�-depen-
dent.WhetherHIF-1�-promoted eIF4G1 expression facilitates
IRES-dependent initiation in hypoxic cancer cells is a concern
for futurework. In summary, our study demonstrated thatHIF-
1�-promoted cap-dependent translation of a subset of mRNAs
through up-regulating eIF4E1 is a driving element of tumor
growth, providing a novel pathway of protein synthesis mech-
anisms in cancer cells at low oxygen levels.
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