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Hypoxia occurs during the development of the placenta in the first trimester and correlates with both
trophoblast differentiation and the induction of telomerase activity through hTERT expression. We sought to
determine the mechanism of regulation of hTERT expression during hypoxia. We show that hypoxia-inducible
factor 1o (HIF-1at) and hTERT expression in the human placenta decrease with gestational age and that these
are overexpressed in preeclamptic placenta, a major complication of pregnancy. Hypoxia not only transacti-
vates the hTERT promoter activity but also enhances endogenous hTERT expression. The hTERT promoter
region between —165 and +51 contains two HIF-1 consensus motifs, and in vitro reporter assays show that
these are essential for hTERT transactivation by HIF-1. Introduction of an antisense oligonucleotide for HIF-1
diminishes hTERT expression during hypoxia, indicating that upregulation of hTERT by hypoxia is directly
mediated through HIF-1. Our results provide persuasive evidence that the regulation of hTERT promoter
activity by HIF-1 represents a mechanism for trophoblast growth during hypoxia and suggests that this may
be a generalized response to hypoxia in various human disorders including resistance to cancer therapeutics

by upregulating telomerase.

Trophoblasts are unique cells that derived from the outer
cell layer of the blastocyst and exist as undifferentiated cytotro-
phoblasts in the placenta (17). During early pregnancy the
proliferation of trophoblasts is very active, similar to malignant
cells, as they invade the endometrium and maternal blood
vessels in the stroma. However, unlike tumor invasion, tropho-
blastic invasion into the endometrium is under strict control
(2). This control limits invasion, so that it primarily remains
confined to the endometrial aspect of the myometrium and
continues only until midgestation (39). Trophoblasts during
early gestation grow more rapidly than in the late gestational
period, particularly during the first 10 weeks of placental de-
velopment when the placenta resides in a relatively hypoxic
environment (34). Low oxygen tension-triggered trophoblast
proliferation can result in early onset preeclampsia and is the
major cause of maternal morbidity and mortality (4). The role
of O, tension in modulating proliferation and/or differentia-
tion within the human placenta prompted us to investigate the
importance of hypoxia inducible factor 1 (HIF-1) function in
controlling this process.

HIF-1 is a heterodimeric transcription factor composed of
the basic helix-loop-helix-PAS proteins HIF-1a and the aryl-
hydrocarbon receptor nuclear translocator (ARNT). HIF-1
mediates the transcriptional response to O, deprivation by
binding to hypoxia response elements (HREs) within promot-
ers or enhancers of genes involved in glycolysis, glucose trans-
port, erythropoiesis, and angiogenesis (3, 42). HIF-1 activity is
critical for normal development; mouse embryos lacking func-
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tional HIF-1 complexes die on or before E10.5. Hif-1~/~ em-
bryos show developmental arrest by E9.0, with significant mes-
enchymal cell death and impaired vascular development (15,
33). At '~ animals die by E10.5, displaying deficiencies in the
yolk sac and/or in placental vascularization (18, 21). Further-
more, Arnt '~ yolk sacs show decreased numbers of multilin-
eage hematopoietic progenitors (1). HIF-1 activity is therefore
essential for the proliferation, survival, and/or differentiation
of multiple embryonic tissues.

It was previously reported that trophoblasts from tropho-
blastic diseases and normal chorionic villi in early pregnancy
expressed relatively high levels of telomerase activity and that
the levels of telomerase activity in normal human villi tended
to decrease depending on gestational age (19, 29). The expres-
sion of the human telomerase catalytic subunit (hTERT) cor-
relates with telomerase activity (24, 26, 41). While telomerase
activity is an important factor in cell proliferation, hypoxia
exposure has been shown to increase hTERT gene expression,
suggesting that telomerase activation may also be a mechanism
that protects against genetic stress induced by hypoxia (25, 35).
However, the molecular mechanisms by which hypoxia acti-
vates telomerase have not been examined in any detail. Inter-
estingly, computer-assisted homology searches have revealed
potential binding sites for HIF-1 in the hTERT proximal pro-
moter.

Based on these observations, we propose that early in the
first trimester (<10 weeks) the low oxygen tension environ-
ment maintains trophoblasts in a relatively immature, prolif-
erative state, mediated by hTERT through HIF-1. The present
study was designed to test if HIF-1 is involved in hypoxia-
induced activation of the hTERT promoter in the placental
JAR and JEG-3 cells. We provide direct evidence that induc-
tion of hTERT promoter activity by hypoxia is mediated by
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HIF-1 through two HIF-1 consensus binding sites (HREs)
located at —165 to —158 and + 44 to + 51 in the hTERT
proximal promoter. This study adds hTERT to the list of hy-
poxia-inducible genes regulated by this transcription factor.

MATERIALS AND METHODS

Samples. The samples were obtained with informed consent from patients
undergoing surgery such as cesarean section for normal placentas and uterine
evacuation for normal villi. The tissues were finely minced into small pieces with
scissors, washed in 0.9% sterile saline to avoid contamination with red blood cells
that may interfere with PCR, snap frozen, and stored at —80°C.

Cell culture. The human choriocarcinoma cell lines JEG-3 and JAR were
maintained in RPMI 1640 medium (Invitrogen, Carlsbad, Calif.) supplemented
with 10% fetal bovine serum. For hypoxic exposure, cells were subjected to 1%
oxygen in a water-jacketed CO, incubator (NAPCO, Winchester, Va.) at 37°C in
a humidified atmosphere with 5% CO, for the indicated times. In experiments
with transfected cells, each transfection was performed prior to treatment with
exposure to hypoxia.

DNA plasmids. The HIF-1a and ARNT expression vectors were described
previously (13). pGL3-181-luc is an hTERT promoter-luciferase reporter plas-
mid in which a 181-bp sequence upstream of the transcription start site of
hTERT (designated nucleotide [nt] +1) and a 77-bp sequence (5’ untranslated
region) downstream of the transcription start site are cloned into pGL3-Basic
(Promega) at Mlul and BglII sites (see Fig. 3) (41). Reporter plasmids pGL3-
181mtl-luc, pGL3-181mt2-luc, and pGL3-181mt-luc (20) contain one or two
mutations in the two putative binding sites of HIF-1 at nt —165 and + 44, which
were introduced by PCR-based site-specific mutagenesis (see Fig. 3).

Transfections and luciferase assays. Each cell line was seeded at 5 X 10° cells
per 35-mm dish and incubated overnight at 37°C in a 5% CO, incubator. For
each transfection, 1.0 pg of empty vector and/or expression vectors along with 0.3
g of promoter-luciferase DNA were mixed in 0.2 ml of Opti-MEM (Invitrogen),
and a precipitate was formed by using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s recommendations. Cells were washed with Opti-MEM,
and complexes were applied to the cells. Cells were then exposed to hypoxia
conditions (1% oxygen). At 24 h after transfection, cells were harvested and
extracts were prepared with luciferase cell lysis buffer (Pharmingen, San Diego,
Calif.). Luciferase activity was measured in extracts from triplicate samples by
using a luciferase assay kit (Pharmingen). Plasmid pCMV-GAL (Invitrogen) was
used as a reporter for transfection efficiency. We used a Gal assay kit (Invitro-
gen) to determine Gal activity. hTERT reporter gene activity is given as a ratio
of luciferase activity to Gal activity.

Antisense oligonucleotide and transfections. To inhibit the expression of en-
dogenous HIF-1a, we prepared a high-performance liquid chromatography-
purified antisense (AS) phosphorothioate oligonucleotide and, as a control, a
sense (SE) oligonucleotide based on the sequence of the HIF-1a gene (5). The
sequences of the AS and SE HIF-1a oligonucleotides were 5'-GCCGGCGCC
CTCCAT-3' and 5'-ATGGAGGGCGCCGGC-3', respectively. All nucleotides
were phosphorothioated. The AS oligonucleotide or SE oligonucleotide (0.6
M) was complexed with Lipofectamine 2000 reagent (Invitrogen) and applied
to cells. Cells were then exposed to hypoxia conditions (1% oxygen). At 24 h after
transfection, cells were harvested, and lysates were prepared for Western blot
analysis.

Western blot analysis. Cells were harvested and lysed on ice for 30 min in lysis
buffer (10 mM Tris [pH 8.0], 1 mM EDTA, 400 mM NaCl, 10% glycerol, 0.5%
NP-40, 5 mM sodium fluoride, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM
dithiothreitol) containing complete protease inhibitor cocktail (Roche Applied
Science, Indianapolis, Ind.). Equal amounts of protein (40 pg) were loaded onto
a sodium dodecyl sulfate-polyacrylamide gel (4 to 12% polyacrylamide) and
subjected to electrophoresis at 200 V for 50 min. The protein was transferred
onto a polyvinylidene difluoride membrane and probed with anti-hTERT anti-
bodies (H-231; Santa Cruz Biotechnology, Santa Cruz, Calif.), anti-HIF-1a an-
tibody (OZ15; Lab Vision Corporation, Fremont, Calif.), and anti-actin antibody
(C4; Roche Applied Science). The same blot was probed after the membrane
was stripped with the different antibodies. Each protein was detected by horse-
radish peroxidase-conjugated secondary antibody coupled with enhanced chemi-
luminescence Western blotting detection reagents (Amersham Biosciences, Pis-
cataway, N.J.).

TRAP assay. Protein extraction for telomerase assays was performed accord-
ing to protocols published previously, with minor modifications (16, 14). Briefly,
cells were harvested in CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate) lysis buffer (Intergen, Gaithersburg, Md.) and incubated for
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30 min on ice. After centrifugation at 15,000 X g for 20 min at 4°C, the super-
natants were used for telomerase activity assays. Telomerase activity was mea-
sured by the PCR-based telomerase repeat amplification protocol (TRAP) assay
using a TRAP-eze telomerase detection kit (Intergen). The bands were visual-
ized by silver staining.

Real-time reverse transcription (RT)-PCR analysis. Cells were seeded after a
20-h exposure to hypoxia. Transfected cells were harvested, and total cellular
RNA was isolated by using Isogen reagent (Nippon Gene, Tokyo, Japan). Total
RNAs (5 ng) were reverse transcribed into cDNAs by using a First-strand cDNA
Synthesis kit (Roche Applied Science). Real-time PCR was performed for quan-
titative estimation of h\TERT mRNA and glyceraldehyde-3-phosphate dehydro-
genase by a Light Cycler (Roche Applied Science).

In vitro transcription and translation. HIF-1 protein was synthesized in vitro
in the presence of unlabeled amino acids by using the pcDNA3-HIF-1a and
pcDNA3-ARNT expression constructs with the coupled transcription and trans-
lation system from Promega (Madison, Wis.). Translated products were analyzed
by Western blotting by using anti-HIF-1a antibody (OZ15; Lab Vision Corpo-
ration).

Electrophoretic mobility shift assays (EMSA). Oligonucleotides containing
the HIF-1 consensus DNA binding site were purchased as single-stranded DNAs
from Genosys Biotechnologies (Woodlands, Tex.). Double-stranded oligonucle-
otides were prepared by annealing complementary oligonucleotides in a buffer
containing 10 mM Tris (pH 8.0), 500 mM NaCl, and 1 mM EDTA. The se-
quences of the complementary pairs are as follow: TERT, 5'-GCGCTCCCCA
CGTGGCGGAGGG-3', and HREL, 5'-CCCTCCGCCACGTGGGGAGCGC-
3’; TERT, 5'-CTGCTGCGCACGTGGGAAGCCC-3', and HRE2, 5'-GGGCT
TCCCACGTGCGCAGCAG-3"; HRE, 5'-TCTGTACGTGACCACACTCACC
TC-3" and 5'-GAGGTGAGTGTGGTCACGTACAGA-3'; TERT, 5'-GCGCT
CCCTTTGTGGCGGAGGG-3', and HREmt1, 5'-CCCTCCGCCACAAAGG
GAGCGC-3'; and TERT, 5'-CTGCTGCGTTTGTGGGAAGCCC-3', and
HREmt2, 5'-GGGCTTCCCACAAACGCAGCAG-3'.

The double-stranded oligonucleotides were end labeled with ?P by using T4
polynucleotide kinase and [y-*P]ATP. For the EMSA, end-labeled double-
stranded oligonucleotides (5,000 cpm) were incubated with 2 pl of HIF-1 protein
prepared by in vitro transcription and translation at room temperature (22°C) for
30 min in the presence of a binding buffer containing 25% glycerol, 250 mM
NaCl, 50 mM Tris (pH 8.0), 2.5 mM dithiothreitol, 5 mM EDTA (pH 7.5), and
150 ng of poly(dI-dC). When competition assays were performed, an unlabeled
HRE, TERT/HRE]1, or TERT/HRE2 oligonucleotide was incubated with pro-
tein and buffer for 5 min prior to the addition of each labeled oligonucleotide.
When supershift assays were performed, 0.5 ug of anti-HIF-1a antibody (OZ15;
Lab Vision Corporation) was incubated with protein and buffer for 5 min prior
to the addition of each labeled oligonucleotide. Samples (20 wl) were loaded
onto a 5% nondenaturing polyacrylamide gel and subjected to electrophoresis.
After electrophoresis, gels were exposed to Kodak XAR film with intensifying
screens at —80°C.

RESULTS

HIF-1a and hTERT expression in human placentas. We
examined hTERT mRNA expression in 22 normal chorionic
villi obtained from 6 to 10 weeks of gestation and 15 placentas
from 12 to 41 weeks by RT-PCR by using previously reported
methods (7, 28, 29). Although 20 of the normal chorionic villi
from the 6- to 10-week gestational period had hTERT expres-
sion, placenta tissues from the 12- to 41-week period were
negative except for four cases (Fig. 1a). Real-time RT-PCR
results confirmed that normal chorionic villi from early preg-
nancy (before 10 weeks of gestation) expressed high levels of
hTERT mRNA, whereas the level of expression from placenta
tissues after 10 weeks of gestation was dramatically lower (Fig.
1b). Similar results were obtained in hTERT protein expres-
sion by Western blot analysis (Fig. 1c). We next examined
HIF-1a protein expression by Western blot analysis and found
that 19 of the 22 normal chorionic villi obtained before 10
weeks of gestation expressed HIF-1a (Fig. 1c). In addition,
there was no observable HIF-1a protein expression in placenta
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FIG. 1. (a) Representative hTERT mRNA expression in placenta. Normal villi and placenta were analyzed by RT-PCR for hTERT and
glyceraldehyde-3-phosphate dehydrogenase expression. (b) Relative mRNA level of hTERT by real-time RT-PCR. (¢) Representative hTERT
protein expression in placentas analyzed by Western blotting for HIF-1a, hTERT, and actin as follows: 6-, 8-, and 9-week normal villi (lanes 1 to
3, respectively); 15-, 39-, and 40-week normal placentas (lanes 4 to 6, respectively); and 32-, 35-, and 38-week preeclamptic placentas (lanes 7 to

9, respectively).

samples after 10 weeks of gestation, and HIF-1a protein ex-
pression strongly correlated with hTERT expression.

We next examined both hTERT and HIF-1a expression in
preeclampsia placentas (number of placentas, 8). Based on
real-time RT-PCR results, hTERT mRNA expression in pre-
eclampsia placentas was substantially higher than that in nor-
mal placenta tissues from mid to late gestation (Fig. 1b). By
Western blot analysis, all preeclampsia placentas expressed the
HIF-1a protein expression (Fig. 1c).

Hypoxia induces HIF-1ae and hTERT expression. Hypoxia
has been reported to upregulate both HIF-1a expression and
telomerase activity (25, 35, 36). We first examined the effect of
hypoxia on telomerase activity in JEG-3 choriocarcinoma can-
cer cells. Cells were cultured in hypoxia (1% O,) or normoxia
(20% 0O,) for 24 h, and cell pellets were analyzed by TRAP
assays. Significant upregulation of telomerase activity was in-
duced by hypoxic exposure (Fig. 2a). Because transcriptional
regulation of hTERT is the major mechanism of telomerase
activation, we next examined the effect of hypoxia on hTERT
mRNA and protein expression. To analyze whether there is a
correlation between the two, we examined the expression of

the two genes in choriocarcinoma cells in response to 1% O,.
Total RNA was isolated from the controls, and cells were
exposed to 1% O, for 1, 3, 6, 12, and 24 h. Real-time RT-PCR
revealed that h\TERT mRNA expression was increased signif-
icantly by hypoxic exposure in JEG-3 (Fig. 2b) and JAR (data
not shown) cells. A marked increase in hTERT mRNA expres-
sion was observed at 6 h, with peak induction at 12 and 24 h
(Fig. 2b). Whole-cell extracts prepared from controls and cells
exposed to 1% O, for 24 h were subjected to Western blot
analysis. Both HIF-1a and hTERT expression were increased
significantly when cells were exposed to 1% O2 (Fig. 2c).

To examine whether induction of hTERT expression by
hypoxia is mediated via a transcriptional mechanism, JEG-3
cells were transfected with pGL3-181-luc (Fig. 3a) and exposed
to 1% O, for 24 h. Whole-cell extracts were prepared, and
promoter activity was examined by the measurement of lucif-
erase activity. Activation of the hTERT promoter was
increased by about twofold by hypoxia (Fig. 3b). We next
performed cotransfection assays by using the reporter pGL3-
181-luc with HIF-1a and ARNT. HIF-1 overexpression trans-
activated the hTERT promoter by three- to fourfold over the
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FIG. 2. Hypoxia induces telomerase and hTERT expression. (a) JEG-3 cells were cultured at 20% O, or 1% O, for 24 h. Whole-cell extracts
were prepared and subjected to TRAP assays. (b) JEG-3 cells were cultured at 20% O, or 1% O, for 1, 3, 6, 12, and 24 h. Total RNA was prepared
and subjected to real-time RT-PCR analysis. (c) JEG-3 and JAR cells were cultured at 20% O, or 1% O, for 24 h. Whole-cell extracts (40 pug)

were prepared and subjected to Western blot analysis.

hTERT promoter activity in normoxia (Fig. 3b). We prepared
reporter constructs, pGL3-181mtl-luc, pGL3-181mt2-luc, and
pGL3-181mt-luc, where the one or two putative HREs were
mutated by replacement of CAC with TTT (Fig. 3a). Hypoxia
and HIF-1 overexpression did not increase the activity of these
reporter constructs in cotransfection assays (Fig. 3b). Further-
more, these mutations slightly decrease the promoter activity
(Fig. 3b). Similar results were obtained with JAR cells (data
not shown).

Disruption of hTERT expression by an AS oligonucleotide
of HIF-1a. An AS oligonucleotide has been previously used to
inhibit HIF-1a expression (5). Thus, we next used the HIF-1a
AS oligonucleotide to examine whether hypoxia-induced
hTERT expression is mediated by upregulation of HIF-1la.
When JEG-3 and JAR cells were transfected with the AS
oligonucleotide and exposed to hypoxia, the AS oligonucleo-
tide downregulated hTERT expression by more than 50%,
compared with the level of expression in SE oligonucleotide-
transfected cells (Fig. 4a). As a control, the level of actin was
monitored and found to be unaltered by the HIF-1a AS oli-
gonucleotide (Fig. 4a). We also examined the effect of the
HIF-1a AS oligonucleotide on telomerase activity and found
that significant downregulation of telomerase activity was in-
duced by transfection of the AS oligonucleotide (Fig. 4b).
These results indicate that HIF-1a induces telomerase activity
through direct interaction with hTERT regulatory regions.

HIF-1 interacts with putative HREs in the hTERT pro-
moter. To determine whether HIF-1 has direct interaction with
the putative HREs derived from the hTERT promoter, EMSA
were performed. Two oligonucleotides corresponding to nt
—173 to —158 (TERT/HREL1) and + 36 to + 57 (TERT/
HRE2) of the hTERT promoter were incubated with HIF-1a
and ARNT prepared by in vitro transcription and translation
and subjected to electrophoresis. A DNA-protein complex was
formed when either TERT/HRE1 or TERT/HRE2 was incu-
bated with HIF-1-programmed rabbit reticulocyte lysate (Fig.
5a and b) but not with unprogrammed lysate (data not shown).
The addition of a 50-fold molar excess of cold HIF-1 consensus
oligonucleotide (Santa Cruz Biotechnology) markedly reduced
binding (Fig. 5a and b). To further substantiate HIF-1 binding
to these oligonucleotides, we performed competition assays
using an end-labeled HIF-1 consensus oligonucleotide and
cold TERT/HRE1 or TERT/HRE2 as competitors. While
both unlabeled TERT/HRE1 and TERT/HRE2 competed the
HIF-1 binding to the wild-type probe, when present in the
reaction at a 200-fold molar excess, the cold HIF-1 consensus
oligonucleotide competed more efficiently at a 50-fold molar
excess (Fig. 5c¢). These results confirm that HIF-1 binds to both
TERT/HREI and TERT/HRE?2 and indicate that the affinity
of HIF-1 binding to the TERT/HRE1 or TERT/HRE2 is lower
than to the consensus HIF-1 sequence. This finding indicates
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FIG. 3. Transactivation of hTERT promoter activity by hypoxia exposure and HIF-1 overexpression. (a) Schematic representations of the
HIF-1 response elements and the pGL181-luc, pGL181mtl-luc, pGL181mt2-luc, and pGL181mt-luc reporters are shown. (b) JEG-3 cells were
cotransfected with the pGL181-luc, pGL181mt1-luc, pGL181mt2-luc, and pGL181mt-luc (0.3 g each) constructs and 1.0 wg (each) of the HIF-1
expression constructs (HIF-1a and ARNT) or the empty vector pcDNA3 under hypoxic conditions (1% O,); activity is reported as relative
luminescence units (RLU). Error bars indicate standard deviations in triplicate assays.

that hypoxia-induced hTERT expression is due to the en-
hanced activity of HIF-1a on the hTERT promoter.

We performed additional EMSA using TERT/HREmtl1 or
TERT/HREmt2 as probes. These oligonucleotides did not
form a DNA-protein complex with HIF-1 (Fig. 6a and b). We
next performed competition assays with an end-labeled HIF-1
consensus oligonucleotide and cold TERT/HREmt1 or TERT/

HREmt2 as competitors. While the cold TERT/HRE1 and
TERT/HRE2 competed the HIF-1 binding to the wild-type
probe, the cold TERT/HREmtl and TERT/HREmt2 did not
compete (Fig. 6¢). Taken together, the results indicate that the
putative HIF-1 binding sites in the h"TERT promoter (between
—165 and —158 and between +44 and + 51) are essential for
the regulation of hTERT by HIF-1.

a b
JAR JEG-3 SE AS
SE AS SE AS

FIG. 4. Disruption of hTERT expression by an AS oligonucleotide of HIF-1a. (a) JEG-3 and JAR cells were transfected with an AS or SE
oligonucleotide relative to the HIF-1a. cDNA sequence by using Lipofectamine 2000. Cells were then exposed to hypoxic conditions (1% O,). A
cell lysate was prepared after 24 h and analyzed by Western blotting for protein level by using antibodies to HIF-1a, hTERT, and actin. (b) JEG-3
cells were transfected with the HIF-1a AS or SE oligonucleotide by using Lipofectamine 2000. Cells were then exposed to hypoxic conditions (1%
0O,). Whole-cell extracts were prepared and subjected to a TRAP assay.



VoL. 24, 2004 HIF-1 TRANSACTIVATES hTERT IN TROPHOBLASTS 6081

a b c

HIF-1a Antibody - =~ - - =~ = #

Cold TERT/HRE2 - - Xs0 X200 - - -
HIF-io Antibody - - - - 4 Tt GOl TERTMRE] = = = = Xoo xwe =
Cold HRE - - X50 X200 - - - X50 X200 - HIF-1 - + + + + + +
HIF-1 -+ o+ o+ 4+ - + + + o+ .

NS —*

NS —»

TERT/HRE1 TERT/HRE2 HRE

FIG. 5. Analysis of HIF-1 interaction with the putative HREs in the hTERT promoter. (a and b) **P end-labeled TERT/HRE1 or **P
end-labeled TERT/HRE2 oligonucleotide was used as a probe. For the competition assays, a 50-fold or 200-fold molar excess of the HRE was used.
For the supershift assay, anti-HIF-1a antibody (0.5 pg) was added to the binding reaction. The thick arrow indicates HIF-1/DNA complexes, and
the thin arrows indicate supershifted bands. (c) The HIF-1 consensus oligonucleotide was end-labeled with *?P. For the competition assays, a
50-fold or 200-fold molar excess of the TERT/HREI and of the TERT/HRE2 oligonucleotides were added to the binding reaction, respectively.
For the supershift assay, anti-HIF-1a antibody (0.5 pg) was added to the binding reaction. The thick arrow indicates HIF-1/DNA complexes, and
the thin arrows indicate supershifted bands. NS, nonspecific.
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FIG. 6. Analysis of HIF-1 interaction with the mutated HREs in the hTERT promoter. (a and b) **P end-labeled TERT/HREmt1 or **P
end-labeled TERT/HREmt2 oligonucleotide was used as a probe. For the competition assays, a 200-fold molar excess of the HRE was used. For
the supershift assay, anti-HIF-1a antibody (0.5 png) was added to the binding reaction. (c) The HIF-1 consensus oligonucleotide was end labeled
with *?P. For the competition assays, 200-fold molar excesses of TERT/HRE1, TERT/HRE2, TERT/HREmt1, TERT/HREmt2, and HRE were
added to the binding reactions. For the supershift assay, anti-HIF-1a antibody (0.5 pg) was added to the binding reaction. The thick arrow indicates
HIF-1/DNA complexes, and thin arrows indicate supershifted bands. NS, nonspecific.
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DISCUSSION

Placental hypoxia is one of the most critical situations during
pregnancy. Continuous hypoxia exposure results in an in-
creased risk for stillbirths and pregnancy-related diseases, such
as preeclampsia (4). There has been much recent information
about new vasoactive and proproliferative factors being se-
creted by the placenta in response to hypoxia (4, 31). Some of
these reports show that the abundance of HIF-1a protein in
the human placenta is significantly decreased with gestational
age, and we confirm this in the present study (4, 6). The finding
of increased HIF-1a protein expression in the first trimester is
consistent with the low intervillous blood flow and physiolog-
ical hypoxia that have been reported during the early stages of
placental development (32). In the present study we also show
that the HIF-1a expression correlates with hTERT expression
(and telomerase activity), which decreases with increased ges-
tational age (19, 29). For the first time we show that the
transcription factor HIF-1 induces hTERT expression.

Telomerase correlates with hTERT expression and plays an
important role in cell growth, cell immortalization, and cancer
progression (12, 27, 38). Hypoxia also induces cell proliferation
(10, 30). It has been previously reported that the exposure of
human cells to hypoxic conditions results in the induction of
telomerase activity through hTERT expression (25, 35). How-
ever, until our present report it has been unclear what mech-
anisms are involved in hypoxia-induced hTERT expression.
There are at least two possibilities to consider about the rela-
tionship between hypoxia and induction of telomerase activity.
First, hypoxic conditions could induce a DNA damage re-
sponse by causing telomere damage. In response to this dam-
age HIF-1a may induce telomerase in order to heal the dam-
aged chromosome ends. Alternatively, the hypoxia induction
of telomerase could trigger an antiapoptotic response as has
been reported previously (40, 45). While the present experi-
ments did not distinguish between these possibilities, we did
determine the molecular mechanism for the activation of the
hTERT gene during hypoxia. We examined the induction of
the hTERT promoter activity in choriocarcinoma cells induced
by hypoxia and HIF-1 in a transient expression system and
found that hypoxia markedly increased the expression of HIF-
la. In addition, the level of hTERT increased under hypoxic
conditions as determined by real-time RT-PCR analysis. In
choriocarcinoma cell lines, cotransfection with both HIF-1a
and ARNT expression vectors and the hTERT promoter-lu-
ciferase reporter plasmid revealed that the hTERT promoter
was activated by HIF-1. When AS oligonucleotides were used
to reduce HIF-1a expression, hTERT expression was also sig-
nificantly diminished during hypoxia. Using EMSA, we iden-
tified the active HIF-1 responsive elements in the hTERT core
promoter. To test the generality of these results, we confirmed
by ChIP assays in ME180 cervical cancer cells that these ele-
ments were crucial for HIF-1 binding (data not shown).

The HREs (5'-RCGTG-3") overlap the E box (CACGTG),
which is known to bind several nuclear factors, such as c-Myc,
Max, and Mad (20, 37, 43, 44). In the present study, the
hTERT promoter activity was decreased by mutations of the
HREs in normoxic conditions (Fig. 3b). HIF-1 may compete
with these factors for binding to these sites. Recent findings
show that hypoxia downregulates c-Myc expression (23). Un-
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der hypoxic conditions, HIF-1a may play a predominant role in
regulating the promoter activity of hTERT. In support of this,
we found that in ME180 cancer cells, HIF-1 upregulates the
hTERT promoter and endogenous hTERT levels (data not
shown). Taken together, these data strongly indicate that hy-
poxia-induced hTERT expression is due to the enhanced ac-
tivity of HIF-1 on the hTERT promoter. Furthermore, the
HRE:s in the hTERT promoter are essential for the upregula-
tion of hTERT during hypoxia since the hTERT promoter was
not transactivated by hypoxia when the HREs were mutated by
using hTERT promoter luciferase constructs.

While there have been several descriptive reports of various
markers associated with preeclampsia, including tumor necro-
sis factor a, vascular endothelial growth factor, and insulin-like
growth factors (8, 9, 11, 22), the precise role, if any, of these
proteins in preeclampsia remains unclear. The data presented
here demonstrate not only that abnormalities in HIF-1a ex-
pression are associated with preeclampsia but also that " TERT
expression may restore the proliferating capability of pre-
eclamptic trophoblasts. In placenta predisposed to preeclamp-
sia, HIF-1a expression remains abnormally elevated under hy-
poxic conditions, and trophoblasts remain in a relatively
immature state of differentiation. As a direct consequence,
trophoblast invasion into the uterus is limited and uteropla-
cental perfusion is reduced (5). This conclusion is consistent
with the clinical manifestations of preeclampsia, including
shallow trophoblast invasion into the uterus and abnormally
high trophoblast proliferation. Nevertheless, the aberrant ex-
pression of a large number of factors in preeclamptic pregnan-
cies suggests that the pathogenesis of this disease is complex
and likely involves many regulatory systems. The results of the
present experiments suggest that monitoring HIF-la and
hTERT expression may be a useful diagnostic marker of pre-
eclampsia. Equally important, these data suggest a novel target
for therapeutic intervention to ameliorate or prevent this life-
threatening condition.

In conclusion, we demonstrate that hTERT expression is
upregulated following the induction of HIF-1 during exposure
of hypoxia and that HIF-1 directly induces the hTERT tran-
scription. Given that low oxygen levels and hTERT activation
are crucial for placental development, this function of HIF-1
may represent an important mechanism of regulating placental
growth mediated by hTERT during hypoxia.
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