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Abstract: Many reports showed that hypoxia-inducible factor-la.  (HIF-1a), the main factor activated by hypoxia, plays
a role in the transcriptional regulation of the human telomerase reverse transcriptase (hnTERT), one of the critical elements
of the oncogenic process. As a hypoxia-mimetic agent, cobalt chloride (CoCly) can induce the accumulation of HIF-1a.
Herein, we demonstrated that hTERT expression was greatly decreased during CoCl,-induced apoptosis in leukemic cell
lines while overexpression of hTERT inhibited CoCl,-induced apoptosis. Knockdown of HIF-1a by shRNA in U937 cells
did not abrogate CoCl,-induced hTERT downregulation nor CoCl,-induced apoptosis while inducible expression of HIF-
la decreased the expression of hTERT. Furthermore, CoCl, could decrease the c-myc protein in all the cells tested, no
matter the HIF-1a was silenced or not. Taken together, we demonstrated that downregulation of hTERT contributes to
CoCl,-induced apoptosis in leukemic cell lines and HIF-1a is not indispensable for CoCl, induced downregulation of

hTERT.
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INTRODUCTION

Telomerase is a ribonucleoprotein enzyme complex that
is responsible for the stabilization of telomere length at the
chromosome ends. Human telomerase activity minimally
needs the catalytic subunit known as hTERT (human telom-
erase reverse transcriptase) and an RNA template. hTERT is
the rate-limiting subunit of telomerase [1]. Telomerase activ-
ity is lacking or undetectable in most human normal cells,
but presenting in most tumor cells. Recent works suggest
that telomerase can inhibit apoptosis through telomerase
activity-dependent and independent manners while inhibition
of telomerase expression can trigger apoptosis [2]. Moreo-
ver, downregulation of telomerase contributes to the effect of
several chemotherapy drugs including arsenic trioxide and
all-trans retinoid acid (ATRA) [3, 4]. These data indicate that
telomerase is a relevant target for drug development in can-
cer therapy.

The majority of solid tumors contain regions of low oxy-
gen tension (hypoxia). In response to hypoxia, mammalian
cells undergo transcriptional activation of a series of genes
involved in angiogenesis, cell proliferation and survival [5,
6]. Hypoxia-inducible factor-1 (HIF-1) is the main element
that mediates such a response. Several reports have investi-
gated the possible effects of hypoxic treatment or overex
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pression of HIF-1a. on hTERT expression and its telomerase
activity. However, controversial results were obtained [7-
11]. Some observations reported that hypoxia upregulated
hTERT expression and telomerase activity [7-10], whereas
one report showed a significant inhibition of hTERT expres-
sion by hypoxia-induced HIF-1a [11].

Previously, several groups including ours demonstrated
that cobalt chloride (CoCly), a commonly used hypoxia-
mimetic agent [12], can induce apoptosis in different cell
lines [13-16]. Proposed mechanisms of action for CoCl, in-
duced apoptosis include production of reactive oxygen spe-
cies (ROS), loss of mitochondrial transmembrane potentials,
upregulation of Fas receptor and Fas ligand et al. In this
work, we investigated the role of hTERT in CoCl,-induced
apoptosis and the relationship between CoCl,-induced HIF-
la accumulation and hTERT expression. We found that
downregulation of hTERT contributes to CoCl, induced
apoptosis in leukemic cell lines and HIF-1a accumulation is
not indispensable for CoCl, induced downregulation of
hTERT.

MATERIALS AND METHODOLOGY

Reagents and cell lines. Acute myeloid leukemic cell
lines, including acute monocytic leukemia cell line U937,
THP-1, and acute promyelocytic leukemia (APL) cell line
NB4 as well as NB4-derived ATRA-resistant NB4-LR1
cells, were used in this work. In addition, the retrovirally
infected NB4-LR1/hTERT-GFP cells expressing both
hTERT protein and the green fluorescent protein (GFP) re-
porter from the same transcript, and the NB4-LR1/GFP sub-
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line expressing only the GFP control vector cells, were es-
tablished as described previously [17]. U937-shR-a14 (shR-
al4) and U937-shR-NC (shR-NC) were U937 cells trans-
fected with specific ShRNA against HIF-1a. and negative
control shRNA, respectively [18]. U937T™ cells were
U937T stable transformants with inducible HIF-1o expres-
sion, while U937T*™" cells were transformants with control
vector [18]. All cells were cultured at 37°C in RPMI 1640
medium (Sigma-Aldrich, St Louis, MI) supplemented with
10% heat-inactivated fetal calf serum (Gibco BRL,
Gaithersburg, ML), penicillin (100 1U/ml), streptomycin
(100 wg/ml) in 5% CO,/95% air humidified atmosphere. For
the treatments, cells were seeded at a density of 3X10°
cells/ml in the medium supplemented with or without CoCl,
(Sigma-Aldrich, St Louis, MO). Cell death was determined
by trypan-blue exclusion assay. For morphological studies,
cells were collected onto cytocentrifuge slides (Shandon,
Runcorn, UK), stained with Wright’s stain, and observed
through light microscopy (Olympus BX-51, Olympus Opti-
cal, Japan).

Flow cytometry analysis. To assess the distribution of
DNA content, 10° cells were collected, rinsed and fixed
overnight with 75% cold ethanol at —20°C. After treated with
100 ug/ml RNase A in Tris-HCI buffer (pH 7.4) and stained
with 25 ug/ml propidium iodide (PI, Sigma, St. Louis, MO),
cells were analyzed by flow cytometry (FACSCalibur, BD
Biosciences, San Diego, CA) using CellQuest Pro software
(BD Biosciences). Ten thousand cells were acquired and
analyzed for DNA content. The number of cells in sub-G;
phase (apoptotic cells) was expressed as percentages of total
events (10,000 cells).

Real-time quantitative RT-PCR. Total cellular RNA was
extracted using TRIzol reagent (Gibco BRL, Gaithersburg,
ML) and treated with DNase (Promega, Madison, WI). Re-
verse transcription (RT) was performed with 2 ug of mMRNA
by using the TaKaRa RNA PCR kit (Takara, Dalian, China)
according to the manufacturer’s instructions. For real-time
quantitative RT-PCR, the PCR sequences specific for
hTERT mRNA were 5’- CGG AAG AGT GTC TGG AGC
AA-3’(sense) and 5’-CTC CCA CGA CGT AGT CCA TG-
3’ (antisense), and for B-actin used as an internal control, 5’-
CAT CCT CAC CCT GAA GTA CCC-3’(sense), and 5’-
AGC CTG GAT AGC AAC GTA CAT G-3’ (antisense).
PCR conditions for 40 cycles were denaturation at 95 °C for
20 seconds, annealing at 56 °C for 20 seconds and extension
at 72 °C for 30 seconds. Amplification cycles were preceded
by a denaturation step (95 °C for 10 minutes) and followed
by an elongation step (72 °C for 10 minutes). RT-PCR was
performed using a ABI 7300 Real-Time PCR System (Perkin
Elmer Applied Biosystems, USA) and a SYBR Green PCR
Master Mix kit (Applied Biosystems). hTERT mRNA ex-
pression levels were calculated based on cycle threshold (Cy)
values and normalized using the endogenous reference -
actin. All RT-PCR were repeated at least three times.

Western blots. Protein extracts (10 pg) were equally
loaded on 8-12% SDS-polyacrylamide gel, electrophoresed,
and blotted onto Immobilon-PVDF membranes (Schleicher
& Schuell, Dassel, Germany). Afterwards, the membranes
were blocked with 5% nonfat milk in TBS for 2 hours, then
incubated overnight at 4°C with rabbit anti-hTERT (Rock-
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land, Gilbertsville, PA), mouse anti-HIF-1a (BD Transduc-
tion, San Jose, CA), rabbit anti-c-myc (Santa Cruz, CA),
rabbit anti-cleaved caspase 3, rabbit anti-caspase 8 (Cell Sig-
naling, Beverly, MA), or mouse anti-PARP (Santa Cruz,
CA). Following incubation with horseradish peroxidase
(HRP)-linked secondary antibodies (Cell Signaling, Beverly,
MA), the signals were detected by the chemiluminescence
phototope-HRP kit (Cell Signaling, Beverly, MA). The same
blots were re-probed with anti-p-actin (Merck, Darmstadt,
Germany) or anti-B-tubulin (Sigma-Aldrich, St Louis, MI)
antibody to ascertain equal loading of proteins among lanes.

Telomerase activity assay. Telomerase activity assay
(TRAP-ELISA) was performed using the TeloTAGGG Te-
lomerase PCR ELISA kit according to the manufacturer’s
instructions (Roche, Basel, Switzerland) with 1 ug of protein
extracts and 30 cycles. Telomerase activity was expressed as
absorbance value (OD) measured using a microtiter reader at
450 nm with a reference wavelength of 630 nm.

Statistical Analysis. The Student’s t-test was used to
compare the difference between two different groups. A
value of P<0.05 was considered to be statistically significant.

RESULTS

HIGHER CONCENTRATION OF COCL, INDUCES
APOPTOSIS OF LEUKEMIC CELL LINES

As shown previously [13], CoCl, at high concentration
(200 uM) decreased cell viability (Fig. 1A) and induced
apoptosis in leukemic NB4 and U937 cell lines. The similar
apoptosis induction could also be seen in two other leukemic
cell lines, the THP-1 and NB4-LR1 cells, as revealed by cell
viability (Fig. 1A), the appearance of typical morphological
features [such as cell shrinking, chromatin condensation and
nuclear fragmentation with intact cell membrane (Fig. 1B
and data not shown)], appearance of hypoploid cells (cells in
sub-G,) (Fig. 1C), activation of caspase 3 and caspase 8 and
degradation of PARP, a specific substrate of caspase 3 (Fig.
1D).

APOPTOSIS-INDUCING CONCENTRATION OF
COCL, DOWNREGULATES HTERT EXPTESSION IN
LEUKEMIC CELL LINES

As expected, 200uM of CoCl, induced the accumulation
of HIF-1a protein in all four leukemic cells tested (Fig. 2A).
Because HIF-1a has been implicated in the regulation of
hTERT in many tumor cell lines [7-9, 11, 19], we next ex-
amined whether CoCl, treatment could affect hTERT ex-
pression and activity. The results showed that, compared
with the untreated cells, CoCl, treatment induced a great
reduction in hTERT mRNA content in these leukemic cell
lines, as examined by real-time quantitative PCR (Fig. 2B).
Furthermore, hTERT protein also decreased in CoCl,-treated
cells (Fig. 2A) although not as significant as hTERT tran-
scripts. We extrapolated that this might be due to the long
half-life of the hTERT protein [20]. In line with this, telom-
erase activity was not significantly modified in these CoCl,-
treated cells (Fig. 2C). Besides, telomerase activity is not
always strictly related to the transcription of the catalytic
subunit [3]. In addition, we also tested whether CoCl, is able
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Fig. (1). CoCl, induces apoptosis in leukemic cells. NB4, NB4-LR1
(LR1), U937, and THP-1 cells were treated with 200 uM of CoCl,
for 24 hours. (A) Cell death was evaluated by Trypan blue exclu-
sion assay. Data are means = SD (bars) values from three separate
experiments. (B) A representative morphological changes observed
under microscope (magnificent, x1000) for THP-1 cells without
and with CoCl, treatment. (C) The representative histograms show-
ing distributions of DNA content were presented and the percent-
ages of sub-G; cells were given with means + S.D of triplicates in
an independent experiment. (D) Western blots analysis of caspase
8, cleaved caspase 3, and PARP. Activation of caspase 8 is charac-
terized by the appearance of bands at 43/45 and 23 kDa. PARP and
the appearance of a fragment of 85 kDa proteolytic fragment were
clearly shown in CoCl, treated cells. Blots were stripped and
reprobed with p-actin to verify equal loading. A represents the
cleaved fragments. All experiments were repeated for three times
and the same results were obtained.

to modify c-myc expression, because c-myc affects hTERT
expression via transactivation of hTERT gene [14, 21, 22].
The results demonstrated that CoCl, also resulted in a sub-
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stantial decrease in c-myc protein in all the cells tested (Fig.
2A), suggesting that downregulation of hTERT is likely to
be linked to the decrease of c-myc.

OVEREXPRESSION OF HTERT PROTECTS NB4-
LR1 CELLS FROM COCL, INDUCED APOPTOSIS

As documented [23, 24], telomerase expression prevents
cells from apoptosis and plays a role in cellular resistance
independently of its activity on telomeres. Given that CoCl,
could downregulate hTERT expression and that telomerase
is endowed with an anti-apoptotic function, we asked
whether ectopic expression of hTERT might protect cells
from CoCl,-induced apoptosis. Based on this hypothesis,
further investigation was performed on the retroviral trans-
duced NB4-LR1/hTERT-GFP cells overexpressing both
hTERT and GFP reporter from the same transcript and the
NB4-LR1/GFP cells infected with the control virus and ex-
pressing only the GFP protein. Because these two engineer-
ing sublines were more sensitive to CoCl,-induced apoptosis
than their parental NB4-LR1 cells (data not shown), 100 uM
CoCl, was applied to treat both cell lines for 2 days. As in
NB4-LR1 cells, CoCl, treatment induced HIF-1o. accumula-
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Fig. (2). CoCl, downregulates expression of hnTERT. The indicated
cells were treated with 200uM of CoCl, for 24 hours. (A) hTERT,
c-myc, and HIF-1a proteins were detected by Western blots with 8-
actin as equal loading control. (B) hTERT mRNA expression was
quantified using real-time quantitative PCR. The hTERT mRNA
abundance in each control was set as 1. The values represent means
of relative levels of the overall h\TERT mRNA with bars as SD of
triplicate samples. Symbol * represents P<0.01 compared with the
corresponding CoCl,-untreated cells. (C) Telomerase activity was
assessed using a TeloTAGGG Telomerase PCR ELISA kit and
arbitrarily expressed as absorbance (Asso-Aszo). All experiments
were repeated three times.
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tion associated with both hTERT and c-myc downregulation
in NB4-LR1/GFP cells. We found that the ectopic hTERT
expression significantly protected NB4-LR1/hTERT-GFP
cells from CoCl, induced toxicity, as evidenced by cell vi-
ability (Fig. 3A), morphology (data not shown), DNA con-
tent (sub-G;) (Fig. 3B), caspase activation, and PARP cleav-
age (Fig. 3C). Of note, hTERT ectopic expression change
neither HIF-1a. accumulation nor c-myc downregulation
induced by CoCl, (Fig. 3D).
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Fig. (3). Ectopic expression of hTERT blocks CoCl,-induced apop-
tosis. NB4-LR1/GFP (LR1/GFP) and NB4-LR1/hTERT-GFP
(LR1/hTERT) cells were treated with 100uM CoCl, for 2 days. (A)
Cell death was evaluated by Trypan blue exclusion assay. Data are
means + SD (bars) values from three separate experiments. Symbol
* represents P<0.01 compared between CoCl, treated LR1/GFP and
LR1/hTERT cells. (B) The representative histograms showing dis-
tribution of DNA content and the percentages of sub-G; cells were
given with means + SD of triplicates in an independent experiment.
(C) Western blots analysis of caspase 8, cleaved caspase 3 and
PARP with B-tubulin as a loading control, A represents the cleaved
fragments. (D) hTERT, HIF-1a and c-myc proteins were detected
by Western blots with B-tubulin as loading control.
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INDUCIBLE HIF-lo OVEREXPRESSION REPRESS
HTERT WHEREAS DEPLETION OF HIF-1la FAILS
TO AFFACT COCL,-INDUCED HTERT DOWN-
REGULATION

In order to determine the role of HIF-1a in CoCl,-
induced downregulation of hTERT, a HIF-1a inducible
(U937Tp°°') and the vector transfected control cell line
(U937T*™Y) [18] were used as described previously [18],
the expression of HIF-1a was significantly induced after
tetracycline withdrawal in U937TP° but not in U937T=""Y
subline (Fig. 4A). More intriguingly, hTERT transcripts
were downregulated with the HIF-1a induction (Fig. 4B)
and a slight decrease of hTERT protein could be seen (Fig.
4A). However this downregulation is delayed suggesting that
it is probably not the result of a direct action of HIF-1a on
hTERT promoter. By the way, the expression of c-myc pro-
tein decreased concomitantly with HIF-1a induction.
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Fig. (4). HIF-1a inducible overexpression represses hTERT ex-
pression. (A) U937TP° and U937T*™Y were grown for the indi-
cated days after withdrawal of tetracycline. HIF-1a,, hTERT, and c-
myc proteins were detected by Western blots with p-tubulin as a
loading control. (B) hTERT mRNA in U937TP® and U937T*™Y
cells was quantified by real-time PCR. Columns: relative levels of
the overall \TERT mRNA,; bars: SD. * and # represent P<0.01 and
P<0.05 compared to control cells, respectively.

Next, we inhibited HIF-1a expression using sShRNA spe-
cifically targeting HIF-1oo mRNA in U937 cells (U937-shR-
al4). As shown in Fig. 5A, knocking down HIF-1a inhib-
ited accumulation of HIF-1a after treatment of U937-shR-
al4 cells with 200uM CoCl, compared with the U937-shR-
NC cells. However, silencing of HIF-1a did not block
CoCly-induced downregulation of hTERT at both mRNA
(Fig. 5B) and protein levels (Fig. 5A). Furthermore, CoCl,
treatment decreased c-myc protein level in both U937-shR-
al4 and U937-shR-NC cells independently of the HIF-1a
expression. Of note trypan blue exclusion assay and flow
cytometric analysis showed that CoCly-induced toxicity and
apoptosis were similar in both cell lines (Fig. 5C and 5D).
Taken together, these results suggested that HIF-1a is not
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Fig. (5). The silence of HIF-1a by shRNA did not abrogate CoCl,-
induced downregulation of hTERT expression. U937-shR-a14 cells
expressing a sShRNA specifically directed against HIF-1a and the
vector-transfected control cells (U937-shR-NC) were treated with
200 uM CoCl, for 24 hours. (A) HIF-1a, hTERT, and c-myc pro-
teins were detected by Western blots. (B) hTERT mRNA was
measured using real-time quantitative PCR. Columns: relative lev-
els of the overall hTERT mRNA,; bars: SD. Symbol * represents
P<0.01 compared with the corresponding CoCl,-untreated cells. (C)
Cell death was evaluated by Trypan blue exclusion assay. Data are
means + SD (bars) values from three separate experiments. (D) The
representative histograms showing distributions of DNA content
were presented and the percentages of sub-G; cells were given with
means = SD of triplicates in an independent experiment.

indispensable for CoCl,-induced hTERT decrease and c-myc
most likely mediated this downregulation.
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Fig. (6). A speculative sketch of mechanisms of CoCl,—induced
downregulation of hTERT in leukemic cells. Hypoxia-mimetic
agent CoCl, downregulates the expression of c-myc in a HIF-1a
dependent and independent pathways, which in turn downregulates
the expression of hTERT.

DISCUSSION

Emerging evidence suggests that telomerase has addi-
tional extra telomeric roles in mediating cell survival and
anti-apoptotic functions against various cytotoxic stresses
[17, 25, 26]. As reported, expression of dominant negative
hTERT (DN-hTERT) or knockdown of hTERT by siRNA or
differentiation inducing agents such as ATRA, could induce
apoptosis, loss of tumorigenicity, and enhance effects of
anticancer drugs in various cancer cells [3, 23, 24]. On the
contrary, overexpression of wild type hTERT (WT-hTERT)
could increase resistance to DNA damage-related signals
[27].

Others and we have reported that CoCl,, a commonly
used hypoxia-mimetic agent, could induce apoptosis in dif-
ferent cell lines including glioma, cervical and leukemic can-
cer cells [13-15]. Both the mitochondrial and cell death re-
ceptor mediated pathway are involved in CoCl, induced
apoptosis. Given the possible role of hTERT in apoptosis,
we investigate the effect of CoCl, on hTERT expression. We
found that apoptosis inducing concentrations of CoCl, down-
regulated hTERT expression at both mRNA and protein lev-
els. We therefore speculated that hTERT downregulation
might contribute to CoCl, induced apoptosis and employed a
stable hTERT overexpressing NB4-LR1 leukemic cell line.
Indeed, overexpression of hTERT significantly inhibited
CoCl, induced apoptosis in NB4-LR1 cells. These data sug-
gested that hTERT plays a role in CoCl, induced apoptosis.

The relationship between telomerase activity in terms of
telomere length maintenance and anti-apoptotic activity of
hTERT is controversial. Some reports showed hTERT lack-
ing its reverse transcriptase activity also loses its cytoprotec-
tive activity while others reported the anti-apoptotic activity
of hTERT is regardless of telomere elongation activity [17,
25, 26]. In agreement with the latter, no much significant
decrease of telomerase activity were observed during CoCl,
induced apoptosis.

CoCl, is known to block the degradation and thus induce
the accumulation of HIF-1a protein. Furthermore, HIF-1a
has been implicated in the transcriptional regulation of the
hTERT gene expression and telomerase activity. However,
controversial results were obtained in different studies. Sev-
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eral groups demonstrated that HIF-1a could directly bind to
the promoter of hTERT and upregulate the expression of
hTERT while introduction of an antisense oligonucleotide
for HIF-1a diminishes hTERT expression during hypoxia,
indicating that upregulation of hTERT by hypoxia is directly
mediated by HIF-1a [8]. On the other hand, one group re-
ported that HIF-1a may downregulate hTERT expression by
functional counteracting c-myc, which is independent of its
transcriptional activity or DNA binding activity [11]. In ad-
dition, Seimiya et al. found that hypoxia enhanced telom-
erase activity in the solid tumor A2780 and HT-29 cells but
not in the leukemic U937 cells [7]. These studies reveal a
complex relationship between HIF-1a and hTERT expres-
sion, suggesting that function of HIF-1a in leukemic cell
lines is different from that in solid tumor and the effect of
HIF-1a on hTERT regulation may depend on the cell con-
text. Furthermore, it has been recently shown that HIF-2a, a
paralog of HIF-1a either enhances or represses hTERT tran-
scription depending on the cell types [28].

To explore the role of HIF-1a in CoCly-induced hTERT
downregulation during apoptosis in leukemic cells, we estab-
lished both HIF-1a inducible expression and HIF-1o knock-
down cell lines. Induction of HIF-1o expression decreased
the expression of hTERT without any consequences on cell
viability. In contrast and unexpectedly, HIF-1o. knockdown
didn’t abrogate CoCl,-induced hTERT downregulation dur-
ing apoptosis. These results demonstrate that HIF-1a is not
indispensable for CoCly-induced downregulation of hTERT
in leukemic cell lines.

There are two c-myc, five Sp1, one Ets, and two Inr bind-
ing sites present at the hTERT core promoter [16, 29]. Out of
all these transcription factors, c-myc was the most exten-
sively studied positive regulator of hTERT transcription in
various cell lines [8, 30-32]. We found that c-myc was re-
duced by CoCl, in all the treated cells and induction of HIF-
la reduced the expression of c-myc. However, silence of
HIF-1a expression could not rescue CoCl,-induced decrease
of c-myc suggesting other pathways are involved in this
process. Given the key role of c-myc in the regulation of
hTERT, we speculate that the decreasing of c-myc might
responsible for CoCl, induced down-regulation of hnTERT.

CONCLUSION

In summary, the present study provides evidence that
downregulation of hTERT contributes to CoCl, induced
apoptosis in leukemia cell lines. C-myc is most likely in-
volved in this process and CoCl, could trigger its downregu-
lation either by HIF-1a dependent and independent way,
which warrant further investigation (Fig. 6).
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