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Preferentially enhanced gene expression from a synthetic human
telomerase reverse transcriptase promoter in human cancer cells
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Abstract. Although the human telomerase reverse trans-
criptase (hTERT) promoter can regulate cancer-specific genes,
it is generally too weak to be effective. We therefore attempted
to improve the potency of synthetic hTERT promoters by
fusing the core element (E) of the hTERT promoter (H) and
the tripartite leader sequence (T) from human adenovirus 5 in
a combinatorial manner. To determine the potential as cancer-
specific promoters, we measured luciferase activity driven by
the chimeric hTERT promoters in human cancer cells. Among
various constructs, the E3-H-T promoter induced the strongest
luciferase activity in all the tested cancer cells. SK-Hepl and
Hela cells experienced 1000- and 11-fold higher expression
than the basic hTERT promoter, respectively. Relative to the
SV40 universal promoter, the E3-H-T promoter led to higher
levels of gene expression. Using EMSA, we found that the
hTERT enhancer region was specifically bound to c-Myc and
Spl. Thus, the data suggest that the E3-H-T promoter with
up-regulated cancer-specific gene expression could be useful
in cancer gene therapy.

Introduction

The selective and efficient expression of therapeutic genes is
critical for a satisfactory clinical outcome in cancer gene
therapy (1-3). Many studies have evaluated the potential of
cancer-specific gene regulatory elements (4). For example, a
prostate-specific element seems practical for inducing prostate
cancer-specific gene expression (5,6). A carcinoembryonic
antigen (CEA) gene promoter can be utilized to regulate genes
targeted for colorectal and lung cancer (7,8). MUC-1 and E2F
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promoters have been applied to breast cancers and to cancers
defective in the RB gene, respectively (9,10). However, the
specificity of these promoters is restricted to certain tumor
types due to the association of gene regulatory components
with specific human cancers.

Human telomerase reverse transcriptase (hTERT), the
catalytic subunit of telomerase, is up-regulated in more than
80% of human cancers (11). Therefore, the hTERT promoter
may be an attractive candidate for wide coverage of cancer-
specific gene expression (12,13). The cancer-specific potential
of the hTERT promoter has been demonstrated by introducing
various therapeutic genes under the control of the hTERT
promoter, including genes encoding Bax, p5S3 and caspase-8
(14-21). The unmodified hTERT promoter, however, is
generally too weak to induce sufficient gene expression
(17,18). The hTERT promoter has been cloned, and proximal
core promoter sequences essential for transcriptional
activation have been identified (14,15). Promoter sequencing
and functional analysis revealed that a 181-bp core promoter
encodes multiple binding motifs for Sp1 and c-Myc as part of
its gene regulatory function. The subgroup C human adeno-
virus tripartite leader (TPL) sequence has been shown to
enhance gene expression at the translational level (34,35).
TPL is about 200 bp in length and greatly facilitates adenoviral
late gene expression (26).

To selectively enhance the ability of the hTERT basic
promoter to regulate cancer-specific gene expression, we fused
the hTERT core promoter sequence (nt -200 to nt -11) and
TPL to the hTERT basic promoter. We then investigated the
ability of this promoter for regulating gene expression in a
variety of human cancer cells. The data indicate that addition
of the hTERT element and TPL significantly improves the
ability of the hTERT basic promoter to regulate cancer-specific
gene expression.

Materials and methods

Cell lines. Human breast (MCF-7), liver (SK-Hepl, HepG2
and Hep3B), and cervical (HeLa and 293) cancer cell lines
were purchased from the American Type Culture Collection
(ATCC; Manassas, VA). The 911 cell line from human
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Figure 1. Relative luciferase activity driven by variously modified hTERT promoters in MCF-7 cells. The pGL2-based expression vectors containing
luciferase controlled by various hTERT promoters were constructed as described in Materials and methods (left). MCF-7 cells were transiently transfected
with each construct, as well as with pGKfgal plasmid. Forty-eight hours later, cell lysates were prepared, and their luciferase activities were normalized
relative to B-galactosidase activity. The relative luciferase activity in each cell line was compared with that of the hTERT basic construct. H, hTERT basic
promoter; E, regulatory region of the hTERT promoter; T, TPL sequence; SV40, SV40 promoter.

embryonic retinoblasts, was the generous gift by Dr Van
der Eb (University of Leiden, The Netherlands) and the
thyroid cancer cells have been described previously (25).
Cells were maintained in Dulbecco's modified Eagle's medium
supplemented with 10% fetal bovine serum, L-glutamine
(2 mM), penicillin (100 IU/ml) and streptomycin (50 pg/ml).
The cells were incubated in humidified 5% CO,/95% air at
37°C.

Construction of luciferase expression plasmids controlled by
modified hTERT promoters. The plasmid pT7-blue-hTERT,
encoding the hTERT basic promoter, has been described
previously (26). This plasmid, and pGL2-C, were digested
with Kpnl and HindIIl and the hTERT basic promoter was
ligated into the pGL2-C vector to generate pGL2-H, in which
luciferase was expressed under the control of the hTERT
promoter. The hTERT core promoter region (E; nt -200 to
nt -11) was PCR-amplified using pT7-blue-hTERT as a
template and the primers 5'-GATTCGCGGGCACAGACGC-3'
(forward) and 5'-CGCGGAAAGGAAGGGGAGG-3' (reverse).
The PCR product was subcloned into pMOSblue (pMOSblue
blunt-ending kit; Amersham Pharmacia) and its sequence was
verified using an ABI PRISM 377 automatic DNA sequencer.
The E piece from pMOSblue-E was digested with HindIII,
blunt ended, and digested with Kpnl and subcloned into
pGL2-H, which had been digested with EcoRI, blunt ended,
and digested with Kpnl, to generate pGL2-E-H. The TPL
sequence (T) was recovered by RT-PCR, using total-RNA
from 293 cells infected with human adenovirus 5 as a template,
and the primers 5'-ACTCTCTTCCGCATCGCTTGC-3'
(forward) and 5'-CTTGCGACTGTGACTGGTTAGAC
GCC-3' (reverse), as described previously (27). The PCR
product was directly subcloned into pCR2.1 plasmid
(Invitrogen, Carlsbad, CA) and its sequence was verified.

The T fragment isolated from pCR2.1-T was digested with
Xbal and Pstl, and subcloned into pSP72-H containing the
basic promoter within the BamHI site, which had been
digested with the same enzymes. The resultant pSP72-H-T
was utilized for further construction of other TERT-based
promoters, along with pCR2.1-C, pCR2.1-H and pMOSblue-E.

Luciferase reporter gene assay. Luciferase assay was per-
formed as previously described (28). Briefly, cells in 6-well
plates were transfected with 0.8 ug of pGL2 construct and
0.2 ug of pGKBgal, expressing B-galactosidase from a phospho-
glucokinase promoter, by using Lipofectamine plus reagent
(Gibco BRL, Gaithersburg, MD). Two days after transfection,
the cells were washed with phosphate-buffered saline and
lysed in 200 ul of reporter lysis buffer (Luciferase assay Kkit;
Promega, Madison, WI). Luciferase activity was determined
with a Luminometer, as described by the manufacturer. Values
were normalized relative to 3-galactosidase activity. The data
were obtained from two or three independent experiments.

Electrophoretic mobility shift assay (EMSA). The 110 bp
Smal subfragment of the E3-H-T promoter, containing the
E-box and SP1 binding sites, was 5'-end labeled using [y-*2P]-
ATP and T4 polynucleotide kinase (Promega). For c-Myc
and Spl, 1x107 293T cells were harvested and lysed to
recover nuclear extracts. One nanogram of the radiolabeled
hTERT probe was incubated with 12 ul of nuclear extracts
at room temperature for 20 min in a reaction volume of 25 yul
(31). Two microgrames of the non-specific competitor
poly(dIedC) was included to minimize the binding of non-
specific proteins to the labeled target DNA. For competition
experiments, 1 yg of c-Myc or Spl antisera (Santa Cruz
Biotechnology) was added to the reaction mixture before
or after treatment. The mixtures were resolved in 5% non-
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Figure 2. Enhancement of gene expression potency by E3-H-T promoter in
various human cancer cells. Relative luciferase activities were determined in
various human cancer cell lines, as described in Fig. 1. Luciferase activities
driven by E3-H-T were significantly increased in all the human cancer cells.
All luciferase activities were normalized relative to that induced by the hTERT
basic promoter, which was set to 1.0 in each cell line.

denaturing polyacrylamide gels (60:1 acrylamide to bisacryl-
amide ratio) containing 2.5% glycerol in 0.5X TBE buffer at
4°C. The gels were dried and visualized by autoradiography.

Results

Construction of synthetic hTERT promoters and evaluation of
their potency in MCF-7 cells. To determine if modified hTERT
promoters could preferentially enhance gene expression in
human cancer cells, we manufactured various types of hTERT
promoters. The hTERT regulatory portion (E) and the TPL
sequence (T) were attached to the upstream and downstream
of the hTERT basic promoter, respectively (H; Fig. 1, left
panel). We then assayed the ability of each construct to
regulate luciferase activity in human breast cancer MCF-7
cells. Addition of E-H slightly increased luciferase expression
(Fig. 1, right panel). By contrast, the addition of TPL to H
(H-T) substantially enhanced the promoter activity, up to
2.8+0.5-fold. Surprisingly, addition of 1-2 E fragments to
H-T had the opposite effect, decreasing promoter strength,
whereas addition of 3 E fragments to H-T enhanced luciferase
activity by 8.5+2.3-fold. Moreover, E3-H-T promoter strength
was stronger than that of the SV40 promoter (4.2+2.3-fold).
A similar pattern of promoter activity was observed in the
human HelL a cervical cancer cell line (data not shown). These
findings indicate that the triple addition of the regulatory
element of hTERT promoter, plus the tripartite leader sequence
most dramatically enhance the gene expression potential of
the hTERT basic promoter.

Gene expression ability of the synthetic E3-H-T promoter in
various human cancer cells. We assayed whether the E3-H-T
promoter would up-regulate gene expression in other human
cancer cell lines. Hepatocellular carcinoma (SK-Hepl and
Hep3B), hepatoblastoma (HepG2), undifferentiated thyroid
(ARA), follicular (FRO), poorly differentiated papillary carci-
noma (PNA), and retinoblastoma (911) cells were employed
(Fig. 2) (25). As expected, we found that the newly synthesized
E3-H-T promoter could markedly enhance luciferase activity,
compared with the hTERT basic promoter. The highest increase
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Figure 3. Specific binding of c-Myc and Spl to the hTERT promoter. The
ability of c-Myc and Sp1 to bind to the E3-H-T promoter was analyzed by
incubating cell extracts containing c-Myc and Spl with a radioactive probe
covering the putative binding motifs. The reaction mixtures were resolved
by running 6% non-reducing native PAGE and exposing the gels to X-ray
film. A significantly retarded band was clearly observed only in the absence
of competitors. Lane 1, DNA probe with no cell extract (negative control);
lane 2, probe plus cell extract; lanes 3 and 4, probe plus cell extract plus
c-Myc antiserum; lanes 5 and 6, probe plus cell extract plus Spl anti-
serum.

was observed in SK-Hepl cells (1000-fold), whereas the lowest
was observed in HeLa cells (11-fold).

c-Myc and Spl binding to the E3-H-T promoter. We used
EMSA assays to determine whether the c-Myc and Sp1 trans-
cription factors directly interact with their presumptive binding
sites in the E region of E3-H-T (Fig. 3). Radioactive DNA
probes covering the c-Myc and Spl binding motifs using
E3-H-T was synthesized as a template. c-Myc and Spl were
directly obtained from 293T nuclear extracts. We observed
that both c-Myc and Spl were associated with the E region,
as revealed by retardation of the labeled band (lane 2). More-
over, the addition of antibodies to c-Myc and Spl antibody
efficiently inhibited this complex, indicating specific inter-
actions between the target site and the transcription factors
(lanes 3-6). These findings indicate that endogenous c-Myc
and Spl in human cancer cells could specifically bind to
binding motifs in the E3-H-T promoter, resulting in further
activation of the synthetic promoter.

Discussion

The human telomerase reverse transcriptase (W\TERT) promoter
holds promising potential for a wide range of cancer-targeted
gene expression. One of the major limitation of the hTERT
basic promoter, however, is the relatively low level of gene
expression (our data, 17,29). To overcome this drawback, we
generated a genetically modified hTERT promoter (E3-H-T),
leading to improved gene expression.

The hTERT promoter has been identified to lack both a
TATA and a CAAT box, whereas the hTERT core region
(nt -181 to nt +77) includes two distal and proximal E-boxes
for c-Myc and internal five Sp1 binding sites. Availability of
these transcription factors provides strong evidence for their
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direct involvement in hTERT activation (14,31). Previously,
various synthetic hTERT promoters were generated by inserting
gene regulatory elements originating from either hTERT or
other sources, including TATA boxes (20,26), c-Myc binding
sites (E-boxes) or Spl sites (21,32,33). The data clearly showed
that preferential gene expression can be driven by these kinds
of modification. Addition of copies of c-Myc and Spl
binding sites to the original hTERT promoter was shown to
improve cancer-selective amplification of the conditionally-
replicating recombinant adenovirus (32). Taken together with
our data, the findings strongly indicate that multimerization
of the hTERT core region could increase the gene
expression by hTERT in a cancer-specific manner. Our
finding also implies that the up-regulated gene expression
occurs via the direct interaction between transcription
factors and presumptive binding motifs. However, the
promoter strength, even with the triple addition of the
hTERT core region (E3-H), was not as strong as expected.

The TPL motif has been found to positively prompt gene
expression at the translational level, by stimulating mRNA
export from the nucleus to the cytoplasm and by no need for
translational factors (34,35). Based on this, we attached a
TPL sequence, along with the hTERT core region, to the basic
promoter. We found that the addition of TPL and three trans-
cription factor-binding motifs (E3-H-T) dramatically increased
gene expression. Activation of the E3-H-T promoter was
observed exclusively in cancer cells, not in normal human
cells, such as the human lung fibroblast cell line MRC-5
(data not shown). Interestingly, the insertion of the trans-
cription factor-binding motif in the opposite direction down-
regulated promoter activity to 0.03-0.1 of that in its absence
(data not shown). This may have been caused by an inappro-
priate three-dimensional space created by the opposite
orientation of the binding motif. We also found that the
increased expression by E3-H-T varied widely in the
different cancer cells, which may have been due to a
variation in the abundance of endogenous transcription
factors.

In summary, we found that the novel synthetic hTERT
promoter, E3-H-T, significantly enhanced gene expression.
This promoter may have practical potential in cancer gene
therapy, and we are currently investigating this issue by testing
its ability to enhance the expression of therapeutic genes, such
as the anti-angiogenesis gene.
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