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Cell cycle-specific changes in hTERT promoter activity in
normal and cancerous cells in adenoviral gene therapy:
A promising implication of telomerase-dependent
targeted cancer gene therapy
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Abstract. Based on the finding that telomerase is reactivated
solely in cancer cells, the human telomerase reverse tran-
scriptase (hnTERT) promoter has recently been used to target
cancer cells by gene therapy. The recent, surprising observation
that telomerase is physiologically activated even in normal
somatic cells during S-phase has raised concerns as to the
safety of this methodology. To clarify this issue, the present
study carefully examined the changes in endogenous telo-
merase activities, "\TERT mRNA expression, and hTERT
promoter-based transgene expression in normal and cancer
cells at synchronized phases of the cell cycle. Telomerase
activity and hTERT expression were detected at variable, but
relatively high, levels in all 12 cancer cell lines, while both
were undetectable in the 11 normal cell lines. In HepG2
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cancer cells, the highest levels of hTERT expression and telo-
merase activity, seen in the G,/S- and S-phases, were 2-3-fold
higher than the lowest levels of both, observed in G-phase and
during asynchronization. No hTERT expression or telomerase
activitiy could be detected in normal WI-38 fibroblasts at any
phase of the cell cycle, including S-phase. Consequently,
activity of the shorter h\TERT promoter, which was transferred
into HepG2 cancer cells via adenovirus transduction, was
stronger than that of the longer hTERT promoter at all
phases and that of two representatives of ubiquitously strong
promoters, at both S-phase and asynchronization, but not at
G,-phase. In contrast, neither of hTERT promoters induced
detectable transgene expressions in normal WI-38 cells at any
cell cycle phase, including S-phase. These results, particularly
the lack of problematic levels of S-phase-specific activation of
hTERT promoters in normal cells, have promising implications
for hTERT promoter-based targeted gene therapy of cancer.

Introduction

Telomeres are the distal ends of human chromosomes com-
posed of tandem repeats of the sequence TTAGGG. These
sites may function to stabilize chromosomal ends and prevent
chromosome degradation, end-to-end fusion, rearrangement,
and loss (1-4). Telomeres in somatic cells undergo progressive
shortening with each successive cell division; it has been
hypothesized that the reduction in telomere length may function
as an intrinsic clock involved in the onset of cellular senescence
(1,2,5). In immortal cells, telomeres are resynthesized and
maintained by telomerase, a specialized DNA polymerase
responsible for replication of chromosomal ends (6,7). Human
telomerase reverse transcriptase (hTERT), the catalytic sub-
unit of human telomerase, is the major determinant of
telomerase activity; ectopic expression of hTERT is sufficient
to reconstitute telomerase activity in telomerase-negative cells
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(1,2,8,9). Human telomerase activity and hTERT expression
are detected in the majority (>90%) of human cancer cells,
but are typically absent from normal cells (1,2,10,11). In
conjunction with the fact that immortalization correlates well
with a stabilization of telomere length, it has been proposed
that human cancer cells achieve immortalization through
illegitimate activation of telomerase expression (1,2,6).

One of the major challenges of cancer gene therapy is the
restriction of transgene expression to cancer cells, because
non-specific, extratumoral expression of therapeutic genes
would result in the destruction of normal tissues (12,13).
Tissue-specific promoters, such as the carcinoembryonic
antigen promoter (14), have been used as a treatment for
adenocarcinoma to achieve tumor-specific transgene
expression. These tissue-specific promoters, however, have
the disadvantage of targeting only limited cancer types. In
addition, they may exhibit insufficient cancer specificity
(leaky activation in normal cells) and/or weak activity, even
in cancer cells. To increase the potential efficacy of gene
therapy, hTERT promoters have been utilized for cancer gene
therapy (13,15,16). Although the lengths of the promoter
used differed between reports, hTERT promoter-based trans-
gene regulation should be able to target a broad range of
cancers with little effect on mature somatic cells. Recently,
the hTERT promoter was also used to generate a conditionally
replicating adenovirus (CRA); several studies have demon-
strated that hTERT promoter-based CRA can selectively
replicate in and kill a panel of cancer cells (17-20).

The majority of previous studies examining hTERT
promoter-based cancer gene therapy focused on achieving
efficacy in particular cancer models (13,15,16,21,22). The
potential adverse effects in normal cells have not yet been
thoroughly investigated, although some concerns have been
implicated by the fact that telomerase activity is observed
at low levels in certain normal cells, such as bone marrow and
peripheral blood mononuclear cells (23,24). Relatively high
levels of telomerase activity have been reported in hemato-
poietic cells, the basal layer of the epidermis, endometrial
tissues during the menstrual cycle, fetal tissues, and the
proliferative zone of intestinal crypts (1,24,25). Surprisingly
and unexpectedly, endogenous telomerase activity and hTERT
expression could also be detected in an S-phase-specific
manner in common normal somatic fibroblasts, which were
previously thought to lack both; the upregulated telomerase
played a physiological role in the proliferation of normal
cells (26). These results strongly suggest a need to evaluate
carefully the potential adverse effects of such treatment,
specifically determining if leaky expression of a transgene
under the control of the hTERT promoter would occur in
normal cycling cells to achieve harmful levels. This study
carefully examined the changes in telomerase activity, hTERT
expression, and hTERT promoter-based transgene expression
in normal and cancer cells at specific phases of the cell cycle.
The obtained results provide important general implications
for hTERT promoter-based targeted cancer gene therapy.

Materials and methods

Cell culture. The human cancer cell lines MKN-1, -28, and -45
(gastric cancer), HCT-15, LoVo, and colo-205 (colon cancer),
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HepG2 and Hep3B (hepatoma), HeLa (cervical cancer), and
HOS-MNNG, KHOS-NP, and SaOS-2 (osteosarcoma) were
obtained and maintained as described previously (20). Normal
human cell lines, WI-38 and IMR-90 (lung fibroblasts), were
obtained from the RIKEN Cell Bank (Tsukuba, Japan), while
MRC-5 (lung fibroblasts) and HUV-EC (human umbilical
vein endothelial cells) were obtained from the Health Science
Research Resources Bank (Osaka, Japan). Primary cultured
human cells, NHDF (dermal fibroblasts), NHOst (osteoblasts),
HMVEC-d (dermal-derived microvascular endothelial cells),
HMEC (mammary epithelial cells), PrEC (prostate epithelial
cells), HRE (renal epithelial cells), and SAEC (small airway
epithelial cells) were obtained from Cambrex Bio Science
Walkersville (Walkersville, MD, USA). All normal cells were
maintained according to the manufacturer's protocol.

Reverse transcription-polymerase chain reaction analysis
(RT-PCR). Extraction of total RNA from cells and semi-
quantitative RT-PCR analysis of hTERT and hypoxanthine
guanine phosphoribosyl transferase (HPRT) mRNA levels
were performed as described previously (27,28). For nested
RT-PCR analysis, cDNA was subjected to initial PCR
amplification with 20 cycles of 94°C for 30 sec, 59°C for
60 sec and 74°C for 60 sec in the presence of Tag DNA
polymerase (Promega, Madison, WI, USA) and primer set 1
(P1; sense, 5'-TTCCTGCACTGGCTGATGAGTGT-3', and
antisense, 5'-CGCTCGGCCCTCTTTTCTCTG-3") (29). Sub-
sequently, 1/25 of the amplified cDNA was subjected to a
second PCR amplification of 35 cycles of 94°C for 45 sec,
60°C for 45 sec and 72°C for 90 sec with Taq DNA polymerase
and primer set 2 (P2; sense, 5'-CCTGCTGGATTACATTAA
AGCACTG-3', and antisense, 5'-AAGGGCATATCCAACA
ACAA-3) (7).

Endogenous telomerase activity. Endogenous telomerase
activity in cells was examined using the telomeric repeat
amplification protocol (TRAP) with Telo TAGGG Telo-
merase PCR ELISAPLUS kit (Roche Diagnostics GmbH,
Mannheim, Germany) according to the manufacturer's protocol.

Cell cycle analysis. Cell cycle synchronization was induced
as described (30), with the following modifications. Briefly,
synchronization of cells in G-, S-, or G,/M-phases was
achieved by treatment with serum starvation (0.5%) for 72 h,
0.3 mM hydroxyurea (Sigma-Aldrich, St. Louis, MO, USA)
for 32 h, or 0.4 ug/ml nocodazole (Sigma-Aldrich) for 20 h,
respectively. Cells were synchronized in G,/S phase by
treatment with 5 mM thymidine (Sigma-Aldrich) for 20 h,
followed by treatment with 5 yg/ml aphidicolin (Sigma-
Aldrich) for 16 h (30). The percentage of cells entering each
phase of the cell cycle was determined by flow cytometric
analysis of propidium iodide-stained cells using a FACSCalibur
cytometer (Becton Dickinson, San Jose, CA, USA) and ModFit
software (Verity, Topsham, ME, USA).

Generation of adenoviral vectors. The short (260-bp; -181 to
+79) and long (1454-bp; -1375 to +79) hTERT promoters
[hTERT(S) and hTERT(L)] were isolated by MIul/BgIIl
digestion from the pGL3-181 and pGL3-1375 plasmids (the
kind gift of Dr S. Kyo, Kanazawa University, Kanazawa,
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Figure 1. Endogenous hTERT expression and telomerase activity in a variety of cancer and normal cells. (A) Endogenous hTERT mRNA was detected by
standard RT-PCR using the primer set 1 (P1) in all of 12 cancer cell lines, but was undetectable in 11 normal cells. Amplification of the HPRT gene served as
an internal control. N, no template served as a negative control. (B) Endogenous telomerase activity was detected by TRAP assay at varying levels in all
cancer cell lines, but could not be detected in any of the normal cells. Data are represented as the levels at As.

Japan), respectively (31). We generated El-deleted repli-
cation-defective adenoviral vectors, Ad.hTERT(S)-LacZ,
Ad.hTERT(L)-LacZ, Ad.RSV-LacZ, and Ad.CMV-LacZ,
which express the LacZ gene under the control of the
hTERT(S) promoter, the hTERT(L) promoter, the Rous
sarcoma virus long-term repeat (RSV) promoter, and the
cytomegalovirus immediate-early gene enhancer/promoter
(CMYV promoter), respectively (20,32). Adenoviral stocks
were prepared and titered as described previously (33,34).

Promoter activity. HepG2 (4x10° cells/well) and WI-38
(1.2x105 cells/well) cells in 6-well plates were infected with
each adenoviral vector at a multiplicity of infection (MOI)
of 10 for 1 h and at MOI of 30 for 24 h, respectively,
conditions which provided almost similar gene transduction
efficiencies in both cell types (about 30%) without apparent
cytotoxicity. The cells were synchronized at each phase of
the cell cycle as described above and subsequently harvested.
B-galactosidase activity was measured using a 3-Galactosidase
Enzyme Assay System (Promega) as described previously
(14.20).

Results

Endogenous hTERT mRNA levels and telomerase activities in
various human cancerous and normal cell types. Consistent
with our previous results, "\TERT mRNA expression was
readily detected by standard semi-quantitative RT-PCR
analysis in all of the examined cancer cells, which were

derived from a variety of tissue origins; a more sensitive
nested RT-PCR was not necessary for detection. The expression
levels varied considerably among cell types (Fig. 1A); notably,
both hepatoma cell lines (HepG2 and Hep3B) and two of the
three osteosarcoma cell lines (HOS-MNNG and KHOS-NP)
exhibited high expression levels of hTERT mRNA. Endo-
genous telomerase activity was detected by TRAP assays in
all 12 cancer cell lines at varying levels; eleven cancer cell
lines exhibited relatively high activity, while SaOS-2 cells,
which have been reported as a telomerase-negative osteo-
sarcoma (35,36), displayed only low levels of telomerase
activity (Fig. 1B). The telomerase activity in each cancer cell
line correlated well with the expression levels of hTERT
mRNA. In contrast, neither hTERT mRNA expression nor
telomerase activity could be detected in the 11 normal cell
lines derived from a variety of tissues.

Thus, these findings support the widely accepted notion
that hTERT is the telomerase catalytic subunit and is reactivated
specifically in cancer cells (6,7,37), although the diversity of
levels between individual cell lines is relatively large.

Expressions of endogenous hTERT mRNA in cancer and
normal cells at each phase of cell cycle. Previous studies
demonstrated that telomerase activity in cancer cells changed
throughout the cell cycle (30,38). A recent study revealed
that h"TERT was also expressed in normal human fibroblasts,
which were previously thought to lack hTERT expression and
telomerase activity. This expression, however, was restricted
to the S-phase (26). These results suggest that hTERT
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Figure 2. Synchronization of cancer and normal cells at specific phases of the cell cycle. HepG2 cancer and WI-38 normal cells were synchronized at G-,
G,/S-, S-, and G,/M-phases by treatment with 0.5% serum starvation for 72 h, 5 mM thymidine for 20 h with 5 yg/ml aphidicolin for additional 16 h, 0.3 mM
hydroxyurea for 32 h, and 0.4 yg/ml nocodazole for 20 h, respectively. The percentage of the cells entering the specific phase of the cell cycle was determined

by flow cytometric analysis of propidium iodide-stained cells.

expression and/or telomerase activity might be detected in
many normal cell types during S-phase of the cell cycle. We
next compared the maximal levels of both hTERT expression
and telomerase activity in normal cells with those in cancer
cells. After synchronizing HepG2 hepatoma cells and WI-38
normal fibroblasts, we examined hTERT mRNA expression
and telomerase activity. We chose the HepG?2 and WI-38 cell
lines for these experiments, because they have been widely
used for both telomerase (26,30,37) and adenoviral gene
therapy studies (20,34,39).

Through several pilot studies, we determined the optimal
conditions for cell synchronization and adenoviral gene
delivery/expression, as shown in Materials and methods.
HepG2 and WI-38 cells were successfully synchronized and/or
arrested at Gy-, G,/S-, S-, or G,/M-phases by treatment with
serum starvation, thymidine/aphidicolin, hydroxyurea, or
nocodazole, respectively. Assessment of DNA content by
flow cytometry demonstrated that the percentages of cells in
the desired phases of the cell cycle were high and similar
between HepG2 and WI-38 cells (Fig. 2).

We examined the expression of endogenous " TERT mRNA
in HepG2 and WI-38 cells by RT-PCR analysis at each phase
of the cell cycle. HepG2 cancer cells exhibited high levels of
hTERT mRNA at all phases of the cell cycle, including
G,-phase, as well as under conditions of asynchronization
(Fig. 3A). In contrast, \TERT mRNA expression could not
be detected in WI-38 normal fibroblasts at any phase of
cell cycle, either by standard RT-PCR analysis or the more
sensitive nested RT-PCR analysis (Fig. 3B), although a
recent report noted that h\TERT mRNA could be detected
in WI-38 cells during S-phase by standard PCR using the
same primers (P2) (26).

A
HepG2
Asyn G, G/SSG/M S N
hTERT
(P1)
B
WI-38
Asyn G, G/SG/M S P N
hTERT
(P1)
hTERT
(P2)
hTERT
(Nested)
HPRT

Figure 3. Endogenous hTERT mRNA expression at specific phases of the
cell cycle in cancer and normal cells. HepG2 (A) and WI-38 (B) cells were
synchronized at each phase of cell cycle, as described in Fig. 2. hTERT
mRNA expression was then examined by RT-PCR. (A) hTERT mRNA
expression was prominent in HepG2 cancer cells at all phases by standard
RT-PCR analysis using the primer set 1 (P1). (B) In contrast, hTERT
mRNA expression could not be detected by either standard RT-PCR using
primer sets 1 or 2 (P2) or by nested RT-PCR. The HPRT gene was amplified
as an internal control. Asyn, asynchronized cells; N, no template served as a
negative control; P, template from HepG?2 served as a positive control.
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Figure 4. Endogenous telomerase activities at specific phases of the cell cycle
in cancerous and normal cells. HepG2 and WI-38 cells were synchronized at
each phase of the cell cycle, as described in Fig. 2. Telomerase activities
were examined by TRAP assay. Data were represented as telomerase activity
normalized to the supplied standard control.
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Figure 5. Schematic representation of replication-defective adenoviral
vectors. A LacZ gene, downstream of the hTERT(S), hTERT(L), RSV, or
CMV promoters was inserted into E1-deleted replication-defective adenoviral
vectors.

Endogenous telomerase activities in cancer and normal cells
at each phase of cell cycle. Next, we examined endogenous
telomerase activity in HepG2 and WI-38 cells by TRAP assay
at each phase of cell cycle. High levels of telomerase activity
were observed in HepG2 hepatoma cells throughout the cell
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cycle, including in Gy-phase, although cell cycle-dependent
changes of telomerase activity levels were prominent (Fig. 4).
Telomerase activity at G,/S- and S-phases were 2-3-fold higher
than that seen under conditions of asynchronization. Despite
the S-phase-specific upregulation (30,38), the fact that telo-
merase activities in G, and G,/M (i.e., out of S-phase of cell
cycle) remain relatively high is surprising. In contrast, no
telomerase activity was detected in WI-38 normal fibroblasts
at any phase of the cell cycle. These results suggest that both
baseline hTERT expression and the resulting telomerase
activity are significantly higher in cancer cells than the maximal
levels seen in normal cells, despite the tight regulation of
hTERT expression in both cell types in a cell cycle-dependent
manner.

Cell cycle-dependent transgene regulation in cancer and
normal cells using the hTERT promoters carried in an adeno-
viral vector. Although several studies have identified hTERT
promoters of different lengths, a recent report demonstrated
that two hTERT promoters [hW"TERT(L): -1375 to +79 and
hTERT(S): -181 to +79] had similar, potent activities in
several cancer cell lines (31). We therefore constructed
four El-deleted replication-defective adenoviral vectors,
Ad.hTERT(L)-LacZ, Ad.hTERT(S)-LacZ, Ad.RSV-LacZ,
and Ad.CMV-LacZ, which expressed LacZ under the control
of the hTERT(L), hTERT(S), RSV, and CMV promoters; the
latter two, both strong promoters functioning in all cell types,
served as positive controls (Fig. 5). We initially infected
either HepG2 or WI-38 cells with each adenoviral vector.
After either synchronizing the cells at G,- or S-phase or
leaving the cells without any synchronization, we measured
B-galactosidase activity, as described in the Materials and
methods.

Highly S-phase-specific transgene expression was observed
in HepG2 cancer cells after adenoviral delivery of transgenes
controlled by either hTERT promoter; the activities of both
hTERT promoters in HepG2 cells at S-phase were 5-7-fold
higher than those seen at G,-phase (Fig. 6). Unexpectedly,
the activity of hTERT(S) was significantly higher than that of
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Figure 6. hTERT promoter activity at specific phases of the cell cycle in cancerous and normal cells. HepG2 and WI-38 cells were infected with either
adenoviral vector shown in Fig. 5, then synchronized at each phase of the cell cycle as described in Fig. 3. We then measured 3-galactosidase activities; each bar

represents the mean + the standard error.
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hTERT(L) in HepG2 cells under all conditions, including
G,- and S-phases. Notably, hTERT(S) activity at S-phase and
under conditions of asynchronization, but not during G,-phase,
was higher than RSV and CMV promoter activities. In contrast,
no hTERT(S) or hTERT(L) activity could be detected in WI-38
normal fibroblasts at any phase of the cell cycle or under
conditions of asynchronization.

Discussion

Although the anti-cancer effects and cancer-selectivity of
hTERT promoter-based cancer gene therapy look promising
(13,15,16,21,22), the potential safety issues have remained
concerning, because of both the potential telomerase activity
in subsets of normal cells and the physiological upregulation
of telomerase activity specifically during S-phase of the cell
cycle, recently reported even in normal somatic cells, which
were previously believed to lack both hTERT expression
and telomerase activity (1,23-25). Through careful analysis
of telomerase throughout the cell cycle, we elucidated the
critical potential safety issues of hTERT promoter-based
gene therapy. The results were promising, supporting the
safe clinical applicability of hTERT promoter-based gene
therapy. We observed high cancer-specificity of endogenous
telomerase activity and hTERT expression (Fig. 1); the
generality of this finding was verified using 12 cancerous and
11 normal cell types, including WI-38 normal fibroblasts
previously used by Masutomi et al (26). In addition, endo-
genous hTERT expression, endogenous telomerase activity,
and hTERT promoter activity in WI-38 normal fibroblasts
were undetectable at all phases of the cell cycle, including
S-phase. This result sharply contrasted the high levels of all
three seen in HepG2 cancer cells even at Gy-phase. The
discrepancy of our results with the previous study reporting
detectable telomerase activity in normal cells may result
from the different experimental systems and methods used;
these methods included the release after synchronization in
contrast to direct synchronization to obtain specific phases
of the cell cycle, conventional transfection in contrast to
adenoviral gene transduction, and the sensitive immuno-
precipitation-TRAP as opposed to the standard TRAP assay
in the previous and current studies, respectively (26).

The recently-proposed theory that S-phase-specific
activation of telomerase is physiologically necessary for
proliferation, but not the maintenance of telomere length,
of normal cells remains a possibility (26). The levels of
telomerase activity in normal cells, however, are significantly
lower than those in cancer cells, being almost undetectable
by the standard TRAP assay. The abnormally high telomerase
activities in cancer cells may play a different, pathological
role in the maintenance of the telomere length, leading to
cancer cell immortalization (1,2,6). The differences in hTERT
expression levels and hTERT promoter activities between
cancer and normal cells should be much larger than the
fluctuations seen in each cell subset throughout the cell cycle,
regardless of parent cell type. Consequently, leaky transgene
expression in normal cells remains close to undetectable
levels, which likely does not approach a problematic level for
the majority of hTERT promoter-based targeting cancer gene
therapies.

MUROFUSHI et al: hTERT PROMOTER IN CANCER AND CYCLING NORMAL CELLS

Insufficient activity of tissue-specific promoters, as well
as insufficient cancer-specificity has remained the critical
problem with tissue-specific promoter-based targeting cancer
gene therapy (40-42). These drawbacks significantly diminish
the clinical utility of this technique, as weak anti-cancer
effects often result in little or no benefit. The activity of
hTERT(S) promoters were stronger than that of the RSV and
CMYV promoters, representative strong promoters, in HepG2
cancer cells under conditions of asynchronization and during
S-phase, although it was weaker than the RSV and CMV
promoters at G,-phase. While stronger promoter activity
than that of RSV and CMV does not guarantee an increased
efficacy in all cancer gene therapy strategies, previous studies
suggested that stronger therapeutic gene expression resulted
in more beneficial outcomes using a variety of cancer gene
therapy approaches (12,13). In previous studies, the RSV
promoter was the best of three representative strong promoters
for achieving optimal therapeutic expression levels of a
suicide gene, providing maximal anti-cancer effects without
conspicuous adverse side effects in the treatment of metastatic
liver cancer (14). Therefore, a good quality for a useful cancer-
specific promoter should be stronger activity than the RSV
promoter in targeted cancer cells (14). Thus, stronger activity
of the hTERT(S) promoter than those of RSV and CMV
promoters is clearly beneficial, supporting the usefulness of
hTERT(S) in cancer gene therapy. It would be interesting
to compare hTERT(S) activity with therapeutic potential
using specific therapeutic genes and cancer models in future
studies that focus on potential clinical applications.

Previous studies have utilized several different hTERT
promoter lengths of 1720-bp (-1543 to +77) (43,44), 457-bp
(-378 to +79) (13,22), 204-bp (-239 to -36) (16,17), and 260-bp
(-181 to +79) (15,21) for gene therapy strategies. Each hTERT
promoter region worked well when examined individually,
but these have not been compared with each other in gene
therapy strategies. We therefore carefully evaluated the
activities and cancer specificities of the longest [W"TERT(L); -
1375 to +79] and the shortest [h' TERT(S); -181 to +79]
hTERT promoters in specific phases of the cell cycle. These
studies elucidated that hTERT(S) exerted stronger activity
in cancer cells at all phases of the cell cycle and under
conditions of asynchronization than the hTERT(L) promoter.
The differential promoter activities may be explained by
negative regulatory elements between -578 and -378, up-
stream of the transcriptional start site of the hTERT gene;
a previous study suggested that MZF-2 (myeloid-specific
zinc finger protein 2) bound to this site, potentially playing
a role in the transcriptional repression of hTERT (45). The
most important finding, however, for the application of
gene therapy technology to clinical medicine is that neither
hTERT(L) nor hTERT(S) exhibited any detectable promoter
activity in normal cells at any phase of the cell cycle,
including S-phase. Taken together, this study indicates that
hTERT(S) will be effective and safe for future targeted
cancer gene therapy, at least in combination with adenoviral
gene therapy.

In conclusion, hTERT(S), the suitable hTERT promoter,
carried by an adenoviral vector conferred strong transgene
expression in a strictly cancer- and S-phase-specific manner.
The levels of S-phase-specific hTERT promoter activity in
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normal cells were virtually undetectable, which will likely
not be problematic for targeted cancer gene therapy.
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