FULL PAPER

B)C

Keywords: COX2; celecoxib; hTERT; telomerase

Telomerase reverse transcriptase inhibition
stimulates cyclooxygenase 2 expression in
cancer cells and synergizes with celecoxib
to exert anti-cancer effects
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Background: Telomerase and telomerase reverse transcriptase (hnTERT) confer cancer cells sustained proliferation and survival
potentials. Targeting telomerase or hTERT is a novel anti-cancer strategy. However, telomerase/hTERT inhibition alone has
minimal clinical efficacy. We explored the relationship between hTERT and cyclooxygenase 2 (COX2) and evaluated synergistic
anti-cancer effects of targeting both hTERT and COX2.

Methods: hTERT was depleted in gastric and cervical cancer cells using small interfering RNA (siRNA) and analysed for COX2
expression using quantitative PCR and immunoblotting. Viable cells and apoptotic cells in gastric cancer cells treated with hTERT
siRNA or/and the COX2 inhibitor celecoxib were measured using Trypen blue exclusion and flow cytometry. The in vivo anti-
cancer effect of hTERT depletion or/and celecoxib was evaluated using mouse xenograft models.

Results: Knocking down hTERT expression in cancer cells led to robust increases in mRNA and protein levels of COX2. The COX2
promoter activity increased substantially in hTERT-depleted cells. hTERT depletion led to the activation of p38 mitogen-activated
protein kinase responsible for the stimulation of COX2 gene transcription. hTERT depletion or celecoxib alone did not affect
cancer cell survival, whereas their combination synergistically killed them both in vitro and in vivo.

Conclusion: hTERT induces COX2 expression and simultaneously targeting hTERT and COX2 synergistically kills cancer cells.

Telomerase is an RNA-dependent DNA polymerase-lengthening
telomeric DNA at the chromosome termini and the core
telomerase complex consists of two components: the rate-limiting,
catalytic subunit telomerase reverse transcriptase (hTERT) and the
ubiquitously expressed RNA template hTERC (Blackburn, 2001,
2006; Harley, 2008). Most normal human cells lack telomerase
activity because of the stringent transcriptional repression of the
hTERT gene, whereas the induction of hTERT expression and
telomerase activation is in general a prerequisite step for malignant

transformation of human cells (Hahn et al, 1999a; Blackburn, 2001,
2006; Shay and Wright, 2007; Harley, 2008). It has been well
established that telomerase confers malignant cells an immortal
phenotype by maintaining their telomere length. If telomerase
activity or hTERT expression is inhibited, cancer cells undergo
progressive telomere shortening, thereby triggering cellular senes-
cence or apoptosis, and eventual loss of tumorigenic potential
(Hahn et al, 1999b). Thus, targeting telomerase or hTERT has
been proposed as a novel anti-cancer strategy (Hahn et al, 1999b;
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Boukamp and Mirancea, 2007; Harley, 2008; Shay and Keith, 2008;
Chen et al, 2009). However, telomerase inhibition alone has been
so far shown limited clinical efficacy (Harley, 2008) and there is a
direct need for a new strategy regarding telomerase-based cancer
therapy, for instance, a combination with other therapeutic
approaches.

Evidence has accumulated that hTERT possesses many other
biological activities in addition to its canonical telomere-lengthen-
ing function (Cong and Shay, 2008). For instance, TERT was
shown to act as co-factor to stimulate the transcription of f-
catenin target genes, thereby promoting stem cell mobilisation and
proliferation (Sarin et al, 2005; Park et al, 2009). We have recently
found that hTERT interacts with f-catenin and facilitates cancer
progression by inducing epithelial-to-mesenchymal transition and
a cancer stem cell phenotype (Liu ef al, 2012). At the same time, -
catenin directly activates TERT gene transcription and telomerase
in stem and cancer cells (Hoffmeyer et al, 2012; Zhang et al, 2012).
Taken together, TERT and f-catenin form a positive regulatory
loop through which each other’s effects on stem cells and
carcinogenesis are further amplified. It is at present incompletely
understood how those non-canonical functions of TERT con-
tribute to cancer development/progression and whether they affect
the therapeutic efficacy of telomerase inhibition on cancer. To
address these issues, we sought to explore the potential association
or synergistic effects between hTERT and other known oncogenic
factors, as seen in its interplay with f-catenin. We have previously
shown that cyclooxygenase 2 (COX2), a prostaglandin-producing
enzyme involved in the pathogenesis and progression of various
types of human cancer (Crawford et al, 2004; Nardone et al, 2004;
Wang and Dubois, 2004; Sobolewski et al, 2010; Wu et al, 2010;
Adhim et al, 2011; Khan et al, 2011), activates telomerase by
upregulating hTERT expression in both normal and cancerous
epithelial cells (Liu et al, 2011). Thus, we asked whether hTERT
and COX2 affect each other positively in the present study.
Unexpectedly, inhibiting hTERT expression in cancer cells resulted
in a robust upregulation of COX2 expression, and we further
demonstrated that targeting hTERT and COX2 simultaneously led
to a synergistic therapeutic effect against cancer cells.

MATERIALS AND METHODS

Cell culture, reagents and small interfering RNA (siRNA).
Human gastric cancer cell lines AGS (ATCC, 2007) and BGC-823
(Beijing Cancer Institute, China, 2008), the cervical cancer cell line
Hela (ATCC, 2001), normal human skin fibroblasts and
osteosarcoma cell line U20S were used in the present study. For
transient siRNA oligo transfection, cells were incubated in 6-well
plates (1.0 x 10° cells per well) overnight and then treated with
siRNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacture’s instruction. We bought chemical-
modified Stealth control (5-CCUACAUCCCGAUCGAUGAU-
GUUGA-3') and hTERT (5-AGGCACUGUUCAGCGUGCU-
CAACUA-3') siRNAs from Invitrogen. To stably knock down
hTERT expression, we infected cells with a lenti-viral vector
encoding hTERT siRNA (Invitrogen) and the cells were main-
tained in puromycin-containing medium (2 ugml~') 48h post-
infection. To inhibit COX2, COX1 and p38 mitogen-activated
protein kinase (MAPK) activity, BGC-823 cells were treated with
the specific COX2 inhibitor celecoxib (50 um), aspirin (0.4 mm) and
p38 MAPK inhibitor SB203580 (10 or 20 pum) for different time
periods (all from Sigma-Aldrich, St Louis, MO, USA), respectively.

RNA extraction, reverse transcription and quantitative real-time
PCR (qPCR). Total cellular RNA in cells with different treatments
was extracted using Trizol (Invitrogen). cDNA was synthesised
using random primers (N6; Amersham, Buckinghamshire, UK)

and M-MLYV reverse transcriptase. Quantitative real-time PCR was
carried out in an ABI7700 sequence detector (Applied Biosystems,
Foster City, CA, USA) using SYBR Green kit (Applied Biosystems)
and the following primers: hTERT, 5-CGGAAGAGTGTCTG-
GAGCAA-3' (forward) and 5-GGATGAAGCGGAGTCTGGA-3'
(reverse); COX2, 5'-GCCCAGCACTTCACGCATCAG-3' (for-
ward) and 5'-AGACCAGGCACCAGACCAAAGACC-3' (reverse);
COX1, 5-CGGCTGCAGCCCTTCAATGAGT-3' (forward) and
5'-CTCTCCCCAAAGATAGAGTTTGGA-3' (reverse); f2-M, 5'-
GAATTGCTATGTGTCT GGGT-3' (forward) and 5-CATCTT-
CAAACCTCCATGATG-3' (reverse). Levels of hTERT, COX2 and
COX1 mRNA were calculated based on the threshold (CT) values
and normalisation of human f2-M expression.

Assessment of telomerase activity. Telomerase activity was
assessed using a commercial Telomerase PCR ELISA kit (Roche
Diagnostics Scandinavia AB, Stockholm, Sweden) as recommended
by the manufacturer. For each assay, 1 ug of protein was used, and
26 PCR cycles were performed after the telomerase-primer
elongation reaction. The PCR products were detected using ELISA
colour reaction and the level of telomerase activity was expressed
as absorbance in arbitrary units.

Flow cytometry. BGC-823 cells transfected with control and
hTERT siRNA were incubated with and without celecoxib at 50 um
and harvested after 4 days. The cells were fixed with 70% ethanol at
+4°C overnight and stained with RNAse A (0.5 ug)-containing
propidium iodide (50 ugml~"'). Cell cycle distribution was
determined using flow cytometry with ModFit (BD Biosciences,
Franklin Lakes, NJ, USA).

Western blot. Total cellular proteins were extracted with RIPA
lysis buffer. For the assessment of phosphorylated p38 MAPK, cells
were washed once with sodium orthovanadate-containing buffers
to inhibit phosphatases before RIPA buffer lysis. Twenty micro-
gram of proteins were subjected to SDS-polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane.
The membranes were probed with the specific antibodies against
COX2 (Cayman chemical, Ann Arbor, MI, USA), Phospho-p38
MAPK (Thr180/Tyr182), p38 MAPK (Cell Signaling Technology,
Billerica, MA, USA) or ff-actin (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) and then with secondary anti-mouse or rabbit
horseradish peroxidase-conjugated IgG (Bio-Rad, Hercules, CA,
USA), and developed with the chemiluminescence method (ECL,
Amersham, Little Chalfont, UK).

COX2 promoter activity assay. To determine the effect of A TERT
knocking down on the COX2 reporter activity, we transfected
control and hTERT-depleted BGC-823 cells with the COX2
reporter construct, in which the COX2 core promoter sequences
(—327/+59) were inserted up-stream of a luciferase-encoding
DNA fragment (Katsukawa et al, 2010; Inoue and Nakata, 2011;
kindly provided by Dr Hiroyasu Inoue, Nara Women’s University,
Japan). The COX2 promoter-driven luciferase activity was
determined using a dual luciferase reporter assay system (Promega,
Madison, WI, USA) 48h post transfection, and the target
promoter-driven firefly luciferase activity was normalised to the
renilla activity included in the kit.

Telomere length determination. BGC-823 cells were transfected
with control and hTERT siRNA and the metaphase cells made at
72h. Telomere length was determined using quantitative FISH
(QFISH) with PNA (CCCTAA)3 probe. The signal intensity in 50
cells was determined using NIS software (Nikon, Stockholm,
Sweden) and expressed in arbitrary units.

Mouse model. BGC-823 cells infected with control and sihTERT
lenti-viral vectors were collected, and 2 x 10° cells were suspended
in 100 pul PBS. The cells were then subcutaneously injected into nude
mice (Shanghai Slac Laboratory Animal Co. Ltd., Shanghai, China)
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at the right back. The experiments were carried out with the
university ethical committee approval and met the standards
required by the UKCCCR guidelines (Workman et al, 2010). The
mice harbouring control and stihTERT BGC-823 cells were divided
into two groups each, and one of them was fed with celocoxib-
containing drinking water (1.5mgml~ '), based on studies of
prostate cancer tumour model (Zheng et al, 2007; Fontana et al,
2009). Therefore, there were a total of four groups (10 mice per
group): (1) control siRNA group; (2) control siRNA plus celecoxib
group; (3) hTERT siRNA group; and (4) hTERT siRNA
plus celecoxib group. Mice were killed after 3 weeks and tumours
were collected for the measurement of weight, size and other
analyses.

Statistical analyses. Mann-Whitney U-test or Student’s t-test was
used for analyses of differences between experiment groups. All the
tests were two-tailed and computed using SigmaStat3.1 software
(Systat Software, Inc., Richmond, CA, USA). P-values <0.05 were
considered as statistically significant.

RESULTS

hTERT depletion induces upregulation of COX2 expression in
cancer cells. COX2 was found to activate hTERT transcription in
our previous study (Liu ef al, 2011). To see whether hTERT affects
COX2 expression, we knocked down hTERT in gastric and cervical
cancer cells using siRNA oligos specifically targeting hTERT
mRNA. As shown in Figure 1A, hTERT mRNA levels were
significantly diminished in cells treated with hTERT siRNA for
72h, which was accompanied by decreased telomerase activity.
These results indicated the efficient inhibition of hTERT expression
and telomerase activity in all three cell lines. We then determined
COX2 expression using qPCR and immunoblotting. Unexpectedly,
robust increases in both COX2 mRNA and protein were observed
in these cell lines (Figure 1B). hTERT depletion-mediated COX2
induction occurred already at 24h, and lasted for the whole
observation period (96h), suggesting a constitutive rather than
transient upregulation of COX2 expression (Figure 1C). In addition,
HGC-27, another gastric cancer line, and breast cancer-derived
MCF?7 cells similarly acquired significantly higher COX2 expression
following hTERT siRNA transfection (data not shown).

To determine whether hTERT knocking down specifically
upregulates COX2 expression, we further performed the following
experiments: (1) the same sets of cDNA derived from the above
cells were analysed for the transcript abundance of COXI, the
isoform of COX2 and all the three cell lines exhibited slight but not
significant decrease in COX1 mRNA level upon hTERT depletion
(Figure 1D), which is in contrast to the enhanced COX2 expression
in these cells. (2) Normal human fibroblasts and osteosarcoma
U20S cells that lack hTERT expression and telomerase activity
(Lindvall et al, 2003; Liu et al, 2012 and data not shown) were
transfected with control and hTERT siRNA, respectively, and
COX2 expression was then assessed. Both qPCR and immunoblot-
ting results showed that neither mRNA nor protein of COX2
expression increased in hTERT siRNA-treated fibroblasts
(Figure 1E). Cyclooxygenase 2 expression was even slightly reduced
in U20S transfected with hTERT siRNA compared with that in
control siRNA-treated cells (Figure 1E). These data collectively
support a causal relationship between hTERT-knocking down and
enhanced COX2 expression in hTERT + cancer cells.

The COX2 promoter is activated in hTERT-depleted BGC-823
cells. To probe the mechanism behind the COX2 induction
mediated by hTERT knocking down, we first determined dynamic
alterations in COX2 transcripts. In BGC-823 cells transfected with
hTERT siRNA, COX2 mRNA increase was readily seen at 24 h and
lasted for up to 96h, highly in accordance with its protein levels

(Figure 2A). We then transfected BGC-823 cells with a reporter
construct harbouring a core COX2 promoter sequence region
(—327 £59). The COX2 promoter activity was significantly higher
in hTERT-depleted BGC-823 cells compared with that in the cells
with the control siRNA (Figure 2B).

p38 MAPK activation is responsible for the enhanced COX2
expression mediated by hTERT depletion. It has been demon-
strated that the p38 MAPK signaling pathway has an important
role in the regulation of COX2 transcription (Subbaramaiah et al,
1998; Gauthier et al, 2005; Regalo et al, 2006; Tenhunen et al, 2006;
Sun et al, 2008; Schieven, 2009). Because telomerase inhibition was
previously shown to activate p38 MAPK in leukemic cells (Tauchi
et al, 2006), we asked whether this is the case in our setting using
carcinoma cells. For this purpose, the phospho p38 MAPK at
Thr180/Tyr182 (p-p38) was compared between control and
hTERT siRNA-treated BGC-823 and HeLa cells, and the
immunoblotting results showed a substantial increase in p-p38
levels in hTERT knocked-down cells (Figure 3A). To explore a
causal link between the enhanced p-p38 MAPK and upregulation
of COX2, we further tested whether inhibiting the p38 MAPK
activity is capable of blocking the upregulation of COX2
expression. SB203580, a specific p38 MAPK inhibitor, was used
to treat BGC-823 and HeLa cells immediately after transfection
with control or hTERT siRNA. SB203580 treatment indeed
abolished the stimulatory effect of hTERT depletion on COX2
expression in both BGC-823 and HeLa cells (Figure 3B).

The COX2 upregulation mediated by hTERT depletion is
independent of telomere length. hTERT, as the catalytic
component of the telomerase complex, is responsible for telomere
elongation (Blackburn, 2001, 2006). We thus asked whether
hTERT inhibition led to telomere shortening, thereby triggering
p38 phsophorylation and COX2 upregulation. BGC-823 cells
treated with control and hTERT siRNA above were analysed for
telomere length and no detectable changes observed, as determined
by QFISH (Figure 3C). The results suggest a telomere lengthening-
independent effect of hTERT on the stimulation of p38 MAPK
activation and COX2 expression.

hTERT inhibition and celecoxib synergistically induce apoptosis
of gastric cancer cells. As COX2 promotes cancer cell survival
and/or proliferation (Wang and Dubois, 2004; Sobolewski et al,
2010; Wu et al, 2010; Khan et al, 2011; Chung et al, 2012), it is
important to elucidate whether the increased COX2 expression
attenuates, whereas COX2 inhibitors facilitates the anti-cancer
effect of telomerase/hTERT inhibition. To address this, we
transfected BGC-823 cells with hTERT siRNA followed by
immediate addition of celecoxib, a specific COX2 inhibitor.
Compared with control cells, hTERT depletion or celecoxib
treatment at 50 um alone did not lead to significant changes in
the cell number, however, their combination resulted in robust
decreases of viable cells (Figure 4A). Consistently, flow cytometry
analysis of DNA stained with propidium iodide showed the
accumulation of high percentage of the hTERT-depleted cells
exposed to celecoxib in the subGl position (Figure 4B). Neither
knocking down hTERT nor celecoxib treatment alone induced
increases in sub-G1 phase of BGC-823 cells compared with the
control cells (Figure 4B). Collectively, hTERT depletion promotes
the sensitivity of BGC-823 cells to celecoxib-induced apoptosis.
Because p38 MAPK inhibition abolished the COX2 induction
mediated by hTERT depletion in BGC-823 cells, we further tested
whether SB203580 could mimic the effect of celecoxib. We
similarly incubated control and hTERT siRNA-transfected BGC-
823 cells with SB203580 at 20 um for 4 days, and a significant
decrease of viable cells were observed in those cells with hTERT
depletion in the presence of SB203580 (control siRNA only
(mean £ s.d.): 5.1 x 10°+0.35 x 10°, control siRNA -+ SB203580:
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Figure 1. hTERT knocking down upregulates COX2 expression in hTERT-expressing cancer cells. Gastric and cervical cancer cells (AGS, BGC-823
and Hela) were transfected with control or hTERT siRNA, and then harvested for the analyses of hTERT, telomerase activity, COX2 and COX1
expression. Bars: s.d. (A) Efficient hTERT kocking down coupled with inhibition of telomerase activity in the cancer cells transfected with hTERT siRNA
oligos. hTERT mRNA expression and telomerase activity were determined using gPCR and telomerase ELISA kit, respectively. The level of hTERT
mRNA was arbitrarily calculated based on CT values normalised with £2-M expression and the level of telomerase activity was expressed as
absorbance in arbitrary units. (B) hTERT knocking down-mediated COX2 upregulation. gPCR and immunoblotting analyses were performed to assess
COX2 expression at both mRNA and protein levels in cell lines 72h post-transfection of hTERT siRNA. (C) Constitutive COX2 expression in hTERT-
depleted cancer cells. The cells were transfected with hTERT siRNA and harvested at different time points as indicated for COX2 protein analyses using
immunoblotting. (D) COX1 mRNA expression in hTERT-depleted cancer cells. The same sets of RNA were used to determine COX1 mRNA level using
gPCR. (E) COX2 expression in hTERT siRNA-transfected human normal fibroblasts and osteosarcoma U20S cells lacking hTERT expression and
telomerase activity. Cells were transfected with control or hTERT siRNA, and RNA and protein extracts were analysed for COX2 expression. Top panel:
COX2 mRNA expression levels as determined using gPCR. Columns: mean values of COX mRNA levels from two independent experiments. Bottom
panel: immunoblotting for COX2 protein expression in fibroblasts and U20S cells. Abbreviations: C = Control; h=hTERT.

4.5 x 10°£0.38 x 10°, hTERT siRNA only: 4.4 x 10°+0.44 x 10°  inhibition affected cell fate in hTERT-depleted BGC-823 cells.
and hTERT siRNA 4 SB203580: 2.7 x 10°+0.25 x 10°% P<0.01  Aspirin is known to primarily inhibit COX1 (up to 100 times more
when the hTERT siRNA + SB203580 group was compared with all ~ sensitive to COX1 than COX2), especially at a low concentration
other groups). In addition, we also sought to determine how COX1  (Simmons et al, 2004; Langley et al, 2011) and therefore, it was
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Figure 2. hTERT depletion stimulates COX2 gene transcription.

(A) Constitutive COX2 mRNA expression in hTERT-depleted BGC-823
cells. The cells were transfected with hTERT siRNA and harvested at
different time points as indicated for COX2 mRNA analyses using
gPCR. The level of hnTERT mRNA was arbitrarily calculated based on CT
values normalised with f2-M expression. Shown is a representative of
two independent experiments with similar results. (B) The COX2
promoter activation in hTERT knocked-down cells. BGC-823 cells were
first transfected with hTERT siRNA and then with the COX2 promoter
construct, and luciferase activity was assessed after 48 h (see Materials
and Method for details).

used to treat the above cells. We only observed a slight, non-
significant decline in viable cells in hTERT-depleted cells in the
presence of 0.4mwm aspirin (control siRNA only (mean ts.d.):
3.5 x 10° £ 0.40 x 10°, control siRNA + aspirin: 3.4 x 10° £0.55
% 10°, hTERT siRNA only: 3.0 x 10°+0.35 x 10> and hTERT
SiRNA + aspirin: 2.5 x 10° £ 0.50 x 10% P>0.05 when the hTERT
siRNA + aspirin group was compared with all other groups).

Inhibition of both hTERT and COX2 retards tumour growth in
the mouse xenograft model of human gastric cancer. To
determine whether the above results obtained from in vitro
observations could be recapitulated in an in vivo setting, we further
performed the experiments with the xenograft model of human
gastric cancer in nude mice (Workman et al, 2010). BGC-823 cells
were infected with either an empty lenti-viral vector or one
generating hTERT siRNA to stably knockdown hTERT expression,
and 2 x 10° cells were then subcutaneously injected into the back
of nude mice following 1 week selection with puromycin. Both
BGC-823 control and hTERT siRNA cells formed tumours with
comparable size and weight in nude mice (Figure 5A). The
celecoxib treatment had no inhibitory effects on tumour growth in
BGC-823 control cell-bearing mice. However, tumour size and
weight were significantly diminished in BGC-823 hTERT siRNA
cell-bearing mice fed with celecoxib (Figure 5A). Furthermore,
compared with the other three groups, cellular constituents in
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Figure 3. The COX2 upregulation mediated by hTERT depletion is dependent on the p38 MAPK activation, whereas independent of telomere
shortening. (A) p38 MAPK activation in cancer cells transfected with hTERT siRNA. BGC-823 and Hela cells were transfected with control or
hTERT siRNA and harvested at 72h for analyses of phosphorylated and total p38 MAPK using immunoblotting. (B) The abolishment of hTERT
depletion-mediated COX2 upregulation by inhibiting p38 MAPK activity. BGC-823 and Hela cells were transfected with control or hnTERT siRNA
followed by exposure to the specific p38 MAPK inhibitor SB203580, and harvested at 72 h for analyses of COX2 expression using immunoblotting.
(C) Telomere-lengthening-independent p38 MAPK activation and COX2 upregulation in hTERT-inhibited BGC-823 and Hela cells. Cells were
transfected with control and hTERT siRNA and harvested at 72 h. Telomere length was assessed using quantitative FISH with PNA (CCCTAA)3
probe. (D) The signal intensity derived from PNA (CCCTAA)3 probe was determined using a NIS software (Nikon) and expressed in arbitrary units.
Left panel: BGC-823 cells and right panel: Hela cells. Bars: s.e.m. Abbreviations: C = Control and h=hTERT.
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Figure 4. hTERT knocking down and celecoxib exposure synergistically induce apoptosis of BGC-823 cells in culture. (A) Significant decrease of
viable cells in hTERT knocked-down cells treated with celecoxib. BGC-823 cells were transfected with control and hTERT siRNAs, respectively, and
then exposed to celecoxib at 50 um for 96 h. Viable cells were counted using Trypan blue exclusion. (B) Synergistic induction of apoptosis in BGC-
823 cells treated with the combination of hTERT siRNA and celecoxib. BGC-823 cells with different treatments were stained with Pl and analysed
for sub-G1 (apoptotic cells) accumulation using flow cytometry. The percentage of Sub-G1 cells for each treatment was indicated. Shown is a
representative of two independent experiments with similar results. Abbreviations: C = Control; h=hTERT.

tumours were much less dense in the group mice bearing hTERT-
depleted cells and fed with celecoxib (Figure 5B).

DISCUSSION

In addition to its telomere-lengthening function through which
cellular telomere size are stabilised and malignant transformation
thereby occurs (Blackburn, 2001, 2006; Shay and Wright, 2007),
recent evidence has further demonstrated many other biological
activities of hTERT independent of a telomere-elongation effect.
These non-canonical functions of TERT facilitate proliferation of
both normal and malignant cells, and/or enhance their resistance to
various stressful insults by directly or indirectly upregulating growth
factors or their receptors and pro-survival factors (Cao et al, 2002;
Stewart ef al, 2002; Lindvall et al, 2003; Smith et al, 2003; Dudognon
et al, 2004; Massard et al, 2006; Cong and Shay, 2008). When
hTERT is inhibited, the effect and expression of growth and survival
factors are in general attenuated. However, the study presented here
unexpectedly showed that hTERT knocking down led to a
significant increase in COX2 expression, a well-defined oncogenic
promoter, in gastric, cervical and breast cancer cells. Cyclooxygenase
2 is a rate-limiting enzyme in the production of diverse prostanoids
with potent biological activities and induces oncogenesis by
promoting cell proliferation and resistance to apoptosis (Wang
and Dubois, 2004; Sobolewski et al, 2010; Wu et al, 2010; Chen et al,
2011; Khan et al, 2011). Given these facts, it is thus of importance to
define the functional significance of COX2 upregulation in hTERT-
depleted cancer cells. To address this issue, we evaluated the both
in vitro and in vivo effect of the hTERT depletion and COX2
inhibition alone or in combination on BGC-823 cells (Workman
et al, 2010). Either hTERT knocking down or celecoxib alone did not
induce cell apoptosis in culture, whereas the combined treatment led
to a dramatic decrease in cell numbers. More importantly, this was
also the case in the mouse xenograft gastric cancer model: stably
knocking down hTERT plus celecoxib administration significantly
retarded tumour growth in mice. The present results thus strongly
suggest a synergistic anti-cancer effect when hTERT and COX2 are
targeted simultaneously. It should be pointed out, however, that
subcutaneous xenografts do not mimic the exact in vivo environ-
ment of gastric cancer (Workman et al, 2010), and further studies

are therefore required to precisely evaluate the treatment efficacy by
using an orthotopic xenograft model.

Our study demonstrated that hTERT inhibition led to enhanced
COX2 promoter activity in BGC-823 cells, indicating the
transcriptional activation of the COX2 gene. The p38 MAPK
signalling pathway is one of critical regulators in controlling COX2
gene transcription (Subbaramaiah et al, 1998; Gauthier et al, 2005;
Regalo et al, 2006; Tenhunen et al, 2006; Sun et al, 2008; Schieven,
2009), whereas a previous report showed that telomerase inhibition
stimulated p38 MAPK activity in leukaemic cells (Tauchi et al,
2006). Consistent with these findings, we indeed observed
significantly increased phosphorylation of p38 protein in BGC-
823 and Hela cells transfected with hTERT siRNA but not with
control siRNA. Moreover, the p38 MAPK inhibitor SB203580
abolished the upregulation of COX2 mediated by hTERT
depletion. Taken together, the activation of the p38 MAPK
pathway is responsible for the upregulation of COX2 expression
observed in hTERT-depleted cancer cells.

In their study, Tauchi et al (2006) found that telomerase
inhibition in leukaemic cells treated with a specific inhibitor, the
G-quadruplex-interactive agent telomestatin or transfected with the
dominant-negative hTERT expression vector, led to telomere
shortening and subsequently DNA damage response, thereby
triggering the activation of p38 MAPK, which is clearly associated
with a telomere-lengthening-dependent effect. However, telomere
shortening was not seen in gastric cancer cells treated with hTERT
siRNA within a few days, or actual telomere attrition does occur but
the resolution of QFISH was not high enough to detect such subtle
alteration. In that case, the p38 MAPK activation is unlikely
attributable to telomere dysfunction. It is currently unclear how
hTERT inhibition stimulates the p38 MAPK activation in our
setting and further studies are required to elucidate the underlying
mechanism(s). Nevertheless, it is evident from our present findings
that hTERT depletion-mediated COX2 upregulation is unrelated to
telomere shortening or independent of its telomere-lengthening
function.

A number of previous studies have shown that telomerase or
hTERT inhibition induces apoptosis of certain cancer cells that
occurs rapidly before telomeres become shorter (Zhang et al, 1999;
Cao et al, 2002; Massard et al, 2006). However, hTERT depletion
seemed not to inhibit the proliferation and survival of BGC-823
cells at least within a 96-h period, as seen in many other types of
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Figure 5. hTERT knocking down and celecoxib synergistically inhibit tumour growth in the mouse xeongraft tumour model. BGC-823 cells were
infected with control and hTERT siRNA lenti-virual vectors and the levels of hTERT (A) and COX2 (B) mRNA were determined using gPCR. Shown is
a representative of two experiments with similar results. Control and stably hTERT-depleted BGC-823 cells were then subcutaneously injected into
the back of nude mice. Half (10 mice) of each group were fed with celecoxib-containing drinking water (1.5mgml ~"). The mice were killed after
3 weeks. (C) Tumour size (left panel) and weight (right panel) in mice with different treatments. (D) H&E staining of xeongraft tumours. C and

Con = Control; si=siRNA; h=hTERT.

cancer. Typically, telomerase or hTERT inhibition leads to
telomere shortening in cancer cells, and it takes a period for
cellular telomeres to become dysfunctional, thereby activating
DNA damage response and triggering apoptosis or senescence
(Boukamp and Mirancea, 2007). This time-lag might significantly
affect the efficacy of telomerase inhibition and limits its clinical
application (Hahn et al, 1999b; Boukamp and Mirancea, 2007;
Harley, 2008). Our findings should help overcome these dis-
advantages by combining telomerase and COX2 inhibitors together
and have important implications in the telomerase-based anti-
cancer strategy.

In summary, we show here that hTERT inhibition stimulates
COX2 gene transcription and constitutive COX2 expression via the
p38 MAPK signalling activation in different types of cancer
cells. This effect of hTERT is independent of its telomere-
lengthening function. Given a potent role of COX2 in promoting
cancer cell proliferation and survival, its increased expression may
attenuate the anti-cancer effect of telomerase or hTERT inhibition.
Consistently, the combined treatment of hTERT siRNA and

celecoxib synergistically kills cancer cells in both in vitro cell
culture and in the mouse xeograft cancer model (Workman et al,
2010). By providing a rational template for simultaneously
targeting telomerase and COX2 to treat cancer, our findings may
path a new avenue in telomerase-based cancer therapeutics.
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