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Tumor cells are frequently encountered in nutrient-deprived areas, though the mechanisms underlying
their survival are unclear. In the present study, we found that depriving cells of glucose caused endoplas-
mic reticulum stress (ER stress) in a breast cancer cells line, MCF-7, and that specific activation of ER
stress increased telomerase reverse transcriptase (TERT) expression. TERT expression would function
in counteracting against the stress because over-expression of TERT diminished ER stress-induced cell
death. Therefore, the results provide evidence for the underlying mechanisms of tumor progression in
stressed conditions, highlighting that ER stress induces TERT expression to withstand environmental
stress, a mechanism which we termed the ‘‘ER stress-TERT axis’’.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Because of their enhanced glucose consumption, cancer cells
are frequently encountered in areas deprived of nutrients. More-
over, solid tumors are often located for from blood vessels and
not supplied with sufficient glucose [1]. Although normal cells
would die in such situations, cancer cells do not. However, the
mechanisms by which cancer cells survive these conditions are
not well understood. One possible explanation for these observa-
tions would be due to the increased level of surviving branch of
unfolded protein response (UPR), which is induced in endoplasmic
reticulum (ER)-stressed cells, in tumors [2]. However, the mecha-
nisms of the survival in tumor cells by activating UPR induction
are enigma.

The endoplasmic reticulum (ER) plays an important role in cal-
cium homeostasis and protein folding. However, when cells are
exposed to stressed-environment such as glucose deprivation, it
causes ER disruption which results in ER stress. Disruption of ER
functions leads to the accumulation of unfolded proteins. Cells
then activate an unfolded protein response (UPR) to alleviate such
stress by: (1) increasing folding capacity, (2) inhibiting general
protein translation, and (3) promoting the degradation of mis-
folded proteins [3]. Three major ER-resident proteins have been
identified as sensors for ER stress; inositol-requiring protein-1
(IRE1), PKR-like ER kinase (PERK), and activating transcription fac-
tor 6 (ATF6). The activation of these stress-sensor proteins leads to
the expression of UPR-related factors such as glucose regulated
protein 78 (GRP78) or CCAAT/enhancer-binding protein homolo-
gous protein (CHOP). Increasing evidence has suggested that ER
stress is involved in diseases such as Alzheimer’s disease, Parkin-
son’s disease, diabetes, obesity and cancer [4,5]. In the present
study, we hypothesized that increased levels of ER stress-induced
activation of UPR to be involved in the resistance of tumor cell
death under stressed conditions.

The abnormal proliferation which occurs among cancer cells is
usually accompanied by an increase in telomerase activity. Telo-
merase adds 50-TTAGGG-30 at the 30-end of DNA strands, resulting
in a 15–10 Kbp telomeric DNA sequence being repeated at the ends
of eukaryotic chromosomes [6]. Therefore, activation of telomerase
has been suggested to function in avoiding telomere shortening.
Consistent with this model, most of cancer cells have high level
of telomerase activity [7]. Telomerase is a huge complex, composed
of the genetic template of the telomere (teromere RNA component;
TR), a reverse transcriptase (telomerase reverse transcriptase;
TERT), and other catalytic subunits [8]. Interestingly, in addition
to TERT’s role in extending telomerase activity, recent evidence
suggest that it stimulates the proliferation of mouse hair-follicle
stem cells [9] or regulates cell survival [10].
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Based on these observations and that tumor cells are frequently
encountered with stressed environment, we hypothesized that
TERT regulates ER stress-induced cell death. We investigated the
possible involvement of UPR in cancer cell resistance under
stressed conditions. In the present study, we found a link between
ER stress and TERT expression, i.e. ER stress induced TERT, which
prevented cell death. The results suggest that TERT is a novel factor
involved in regulating UPR. This ‘‘ER stress-TERT axis’’ may play a
key role in preventing the death of cancer cells in a stressed
environment.
2. Materials and methods

2.1. Materials and reagents

Tunicamycin and thapsigargin were obtained from Wako Pure
Chemical Industries, Ltd. (Japan).
2.2. Cell culture

MCF-7 human breast cancer cell line was a kind gift from Nari-
aki Fujimoto (Research Institute for Radiation Biology and Medi-
cine, Hiroshima University, Japan) [11]. MCF-7 and TIG-3 cell
lines were cultured in DMEM with 10% FCS, 100 units/ml of peni-
cillin G, 100 lg/ml of streptomycin and 0.25 lg/ml of amphotericin
B (nacalai tesque, Japan). The cells were kept at 37 �C in 5% CO2/
95% air.
2.3. Transduction of hTERT by a retroviral method

pMSCV-puro-hTERT retroviral constructs were transfected into
the PT67 packaging cell line (Takara Bio USA, Madison, WI, USA)
with the FuGENE6 transfection reagent (Roche Diagnostics, Mann-
heim, Germany). The supernatant was collected and passed
through a 0.45-lm filter (Millipore, Billerica, MA, USA) after polyb-
rene was added at a final concentration of 8 lg/ml. The filtered
supernatant was then used to infect the target cells. Supernatant
from pMSCV-puro-hTERT was used to infect human MCF-7 cells.
After 24 h of incubation with the virus, the medium was replaced
with fresh complete medium containing puromycin (1 lg/ml). A
hTERT-transduced clone (mixed clone) was obtained and several
single clones isolated.
2.4. Western blotting analysis

Western blotting was performed as described previously [12].
Cells were washed with ice-cold PBS and lysed in a buffer contain-
ing 10 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 1 mM EGTA,
1 mM Na3VO4, 10 mM NaF, 10 lg/ml of aprotinin, 10 lg/ml of leu-
peptin, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1% NP-40
for 20 min. The lysate was centrifuged at 15,000 rpm for 20 min at
4 �C, and the supernatant was collected. The samples were boiled
with laemmli buffer for 3 min, fractionated by sodium dodecylsul-
fate–polyacrylamide gel electrophoresis (SDS–PAGE), and trans-
ferred at 4 �C to nitrocellulose membranes. The membranes were
incubated with anti-KDEL (StressGen; 1:1000), CHOP (Santa Cruz;
1:500), anti-PERK (cell signaling; 1:1000), anti-phospho (Ser51)-
eIF2a (cell signaling; 1:1000), anti-phospho (Ser724)-IRE1a
(Novus Biologicals; 1:1000) and anti-GAPDH (Chemicon; 1:1000)
antibodies, followed by an anti-horseradish peroxidase-linked
antibody. Peroxidase was detected using an enhanced chemilumi-
nescence system.
2.5. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated using TRI Reagent (Sigma–Aldrich, St.
Louis, MO) or TriPure Isolation Reagent (Roche Molecular Biochem-
icals, Indianapolis, IN). RT-PCR was performed as described previ-
ously [13]. Specifically, cDNA was synthesized from the total RNA
by reverse transcription using 100 U of Superscript III Reverse
Transcriptase (Invitrogen) and the Oligo (dt)12–18 primer (Invitro-
gen) in a 20-ll reaction mixture containing Superscript buffer
(Invitrogen), 1 mM dNTP mix, 10 mM dithiothreitol (DTT), and
40 U of RNase inhibitor. The total RNA and Oligo (dt)12–18 primer
were incubated at 70 �C for 10 min prior to reverse transcription.
After incubation for 1.5 h at 46 �C, the RT reaction was terminated
by denaturing the reverse transcriptase for 15 min at 70 �C. For PCR
amplification of GRP78, p23, c-Myc and GAPDH, 1.2 ll of cDNA was
added to 10.8 ll of a reaction mix containing each primer, dNTP
mix, Taq polymerase (Expand High Fidelity; Roche), and reaction
buffer. For PCR amplification of TERT, 1.2 ll of cDNA was added
to 10.8 ll of a reaction mix containing each primer, dNTP mix,
Taq polymerase (LA Taq polymerase; Takara, Japan), and reaction
buffer (GC buffer). PCR was performed in a DNA Thermal Cycler
(MJ Research, PTC-220). The following primers were used: TERT
upstream, 50-tct ttg ggg tct tgc ggc tga a-30; TERT downstream,
50-gcg tct ggg ctg tcc tga gtg a-30; GRP78 upstream, 50-tgc ttg atg
tat gtc ccc tta-30; GRP78 downstream, 50-cct tgt ctt cag ctg tca ct-
30; p23 upstream, 50-tga aaa atc caa act tac at-30; p23 downstream,
50-atc atc tgc tcc atc tac tt-30; c-Myc upstream, 50-cca gga ctg tat gtg
gag cg-30; c-Myc downstream, 50-ctt gag gac cag tgg gct gt-30; XBP-
1 upstream, 50-cct tgt agt tga gaa cca gg-30; XBP-1 downstream, 50-
ggg gct tgg tat ata tgt gg-30; GAPDH upstream, 50-aaa ccc atc acc atc
ttc cag-30; and GAPDH downstream, 50-agg ggc cat cca cag tct tct-30.
The PCR products (10 ll) were resolved by electrophoresis in an 8%
polyacrylamide gel in TBE buffer. The gels were stained with ethi-
dium bromide or gel red, and then photographed under ultraviolet
light.

2.6. Measurement of telomerase activity

Telomerase activity was measured by Stretch PCR with a Telo
Chaser kit (TOYOBO, Japan)

2.7. Lactate dehydrogenase leakage assay

The viability of cells was estimated by the lactate dehydroge-
nase (LDH) leakage method using a cytotoxicity detection kit
(Roche Molecular Biochemicals, Indianapolis, IN) according to the
manufacturer’s protocol. LDH activity was measured as the optimal
density at 492 nm.

2.8. Statistics

Results are expressed as the mean ± S.E. Statistical analyses
were performed using a Paired t-test.
3. Results

3.1. Glucose-deprivation caused ER stress in MCF-7 cancer cells

Nutrient deprivation, which induces ER stress, is frequently
encountered in tumor cells [14]. GRP78 has been reported to be
up-regulated in MCF-7 human breast cancer cells compared with
normal human breast epithelial cell lines at basal levels [15].
Glucose-regulated proteins were identified to be regulated by glu-
cose [16,17]. We therefore examined whether glucose-deprivation
would further cause ER stress in MCF-7 cells. We treated the cell



Fig. 1. Glucose depletion or specific inducer of ER stress activated the unfolded protein response in MCF-7 cells. (A) MCF-7 cells were treated with or without 4.5 g/l D-Glucose
in serum free media for 24 h. The cells were lysed with lysis buffer and the levels of GRP78, CHOP and GAPDH were detected by Western blotting. (B) MCF-7 cells were treated
with tunicamycin (Tm: 10 lg/ml) for 4 h and phosphorylation levels of PERK, eIF2a and IRE1a were analyzed by Western blotting. (C) MCF-7 cells were treated with
tunicamycin (Tm: 10 lg/ml) for 4 h and XPB-1 splicing was detected by RT-PCR. (D) MCF-7 cells were treated with tunicamycin (Tm: 2 lg/ml) for 2–24 h and levels of GRP78
and GAPDH were detected by Western blotting.

Fig. 2. ER stress increased expression level of TERT. MCF-7 cells were treated with
tunicamycin (Tm: 10 lg/ml) for 1–12 h and RT-PCR was performed using specific
primers for hTERT, GRP78, c-myc, p23 or GAPDH mRNA. ER stress specifically
increased hTERT levels.

Fig. 3. Characteristics of hTERT-transfected MCF-7 cells. (A) RT-PCR analysis of
MCF-7 cells and MCF-7 cells stably transfected with the hTERT gene (MCF-7-h-
TERT: mix, clone#1, clone#2, and clone#4). Levels of hTERT mRNA were increased
in the MCF-7-hTERT cell line. (B) The telomerase activity in MCF-7 and MCF-7-
hTERT cells was analyzed by Telochaser (TOYOBO, Japan). IC: internal control. PCR
cycle: 24 cycles.
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line with glucose-free medium for 24 h and analyzed levels of
GRP78 and CHOP, an UPR-regulated gene product. As shown in
Fig. 1A, we observed a marked increase in GRP78 and CHOP, indi-
cating that glucose-deprivation activates UPR in MCF-7 cells. To
specifically induce ER stress, we used tunicamycin, which inter-
feres with protein glycosylation. Treatment with tunicamycin
increased GRP78 levels and the activation of UPR branches such
as PERK, eIF2a, IRE1 and XBP-1, confirming that tunicamycin can
induce ER stress under the conditions (Fig. 1B–D). Overall, these
results suggest that ER stress is enhanced by in glucose-
deprivation or tunicamycin-treatment in MCF-7 cancer cells.

3.2. ER stress increased TERT expression

To find out the mechanisms of resistance to the stress, we next
investigated the possible link between ER stress and telomerase,
both activated in cancer cells [2,7]. We observed an increase in
GRP78 mRNA levels on tunicamycin-treatment, confirming ER
stress (Fig. 2). Thus, we next analyzed levels of TERT, p23 and c-
myc in ER stressed cells. As shown in Fig. 3, TERT levels increased
1–2 h after tunicamycin-treatment, which decreased thereafter.
There was no increase in c-myc or p23 levels in the tunicamycin
(1–12 h)-treated cells (Fig. 2). These findings indicate that ER stress
can specifically induce TERT expression.

3.3. TERT prevented ER stress-induced cell death

As TERT levels were increased by ER stress, we were next inter-
ested in the role of TERT in ER-stressed tumor cells. To this end, we



Fig. 4. TERT protected ER stress-induced cell death. (A) MCF-7 cells or MCF-7-
hTERT cells (clone#1, clone#2, and clone#4) were treated with tunicamycin (Tm:
10 lg/ml) for 72 h and LDH activity was measured as an indicator of cytotoxicity.
⁄⁄⁄p<0.001. n = 7. ER stress increased cell death in MCF-7 cells but not in MCF-7-
hTERT cells. (B) TIG-3 cells or TIG-3-hTERT cells were treated with tunicamycin
(Tm: 1 lg/ml) for 48 h and LDH activity was measured as an indicator of
cytotoxicity. ⁄p < 0.05. n = 8. ER stress increased cell death in TIG-3 cells but not
in TIG-3-hTERT cells.
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established a TERT-transfectant and analyzed cell viability under
ER-stress. TERT was introduced by a retroviral method to obtain
MCF-7-hTERT cells (MCF-7-hTERT mix). In addition, we also iso-
lated single clones (clone#1, #2, and #4) from the MCF-7-hTERT
mix cells. The levels of TERT and telomerase activity were drasti-
cally increased in these clones (Fig. 3). Thus, we subsequently
investigated possible roles of TERT against ER stress-induced cell
death. Tunicamycin-treatment caused an increase in death among
wild-type MCF-7 cells (Fig. 4). However, the MCF-7-hTERT cell
lines (clones #1, #2 and #4) were resistant to ER stress-induced
cell death (Fig. 4A). We further investigated whether TERT can also
protect against ER stress-induced cell death in normal cells. We
used TIG-3 cell line, the human embryonic fibroblasts [18]. ER
stress increased cell death in TIG-3 cells. However, the cell death
was significantly inhibited in TIG-3-hTERT cell line, which over
express hTERT (Fig. 4B). Thus, TERT appears to play a key role in
protecting against ER stress-induced cell death.

4. Discussion

Tumor cells are frequently encountered under condition which
induce ER stress such as hypoxia, nutrient deprivation, and
changes in pH [14]. The mechanisms by which tumor cells survive
in such a stressed environment are unclear. In the present study,
we investigated the role of UPR on cancer cell survival and found
that TERT was involved in this process. We observed that TERT
was up-regulated in response to short-term exposure to ER stress.
Then, what is the physiological significance of this observation? It
has been reported that increased expression of TERT was observed
in tumor cells, which is involved in cell survival [7]. Therefore, it is
possible that tumor cells are maintaining survival by inducing
TERT expression at the stressed environment. Indeed, we found
that ER stress induced TERT expression, which subsequently pro-
tected cell death. Thus, the high levels of TERT in tumor cells would
be associated with resistance to ER stress-induced cell death, high-
lighting possible novel strategy in the treatment of cancer. At pres-
ent, it is unknown whether this linkage would also exist on other
types of tumors, which would be an interesting subject. On the
other hand, with long-term exposure to ER stress, TERT expression
was down-regulated. Therefore, when stress exposure is pro-
longed, which cells can no longer survive, cells would down-regu-
late TERT expression. Overall, from these observations, we can
speculate possibility that TERT is monitoring the ER stress-medi-
ated cell status. Further studies are needed to examine this
hypothesis.

Overall, we found novel mechanism of tumor progression; i.e.
‘‘ER stress-TERT axis’’, to play an important role in resistance under
stressed conditions, which cancer cells frequently encounter. The
present findings provide a basic understanding of the mechanisms
of survival of cancer cells, which would offer a new strategy for
treating tumor.
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