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Regulation of the hTERT gene encoding the telomerase catalytic subunit plays an important role
in human cell senescence, immortalization, and carcinogenesis. By examining the activity of
various deleted or mutated hTERT promoter fragments, we show that an E-box element down-
stream of the transcription initiation site is critical to differential hTERT transcription between the
telomerase/hTERT-positive renal cell carcinoma cell line (RCC23) and its telomerase/hTERT-
negative counterpart containing a transferred, normal chromosome 3 (RCC23�3). This E-box
element mediated repression of hTERT transcription in RCC23�3 but not in RCC23. A copy
number–dependent enhancement of the repression suggested active repression, rather than loss
of activation, in RCC23�3. Endogenous expression levels of c-Myc or Mad1, which could activate
or repress hTERT transcription when overexpressed, did not account for the differential hTERT
transcription. Gel mobility shift assays identified the upstream stimulatory factors (USFs) as a
major E-box–binding protein complex in both RCC23 and RCC23�3 and, importantly, detected
an RCC23�3-specific, E-box–binding factor that was distinct from the USF and Myc/Mad
families. The E-box–mediated repression was also active in normal human fibroblasts and epi-
thelial cells and inactive in some, but not all, telomerase/hTERT-positive cancer cells. These
findings provide evidence for an endogenous, repressive mechanism that actively functions in
telomerase/hTERT-negative normal cells and becomes defective during carcinogenic processes,
e.g., by an inactivation of the telomerase repressor gene on chromosome 3.

INTRODUCTION

Telomeres are specialized structures at chromosome ends
that consist of tandemly repeated DNA sequences and the
associated proteins (König and Rhodes, 1997). A ribonucle-
oprotein enzyme, telomerase, catalyzes de novo synthesis of
telomeric repeat DNA to maintain telomere length and

structure (Bryan and Cech, 1999). Telomere shortening with
each cell division in the absence of a telomere maintenance
mechanism is suggested to function as an intrinsic clock that
counts cell divisions and eventually causes permanent cell
growth arrest (i.e., cellular or replicative senescence) in hu-
man cells (Chiu and Harley, 1997; Meyerson, 2000). Activa-
tion of telomerase is observed in �90% of human cancers
but not in most normal somatic cells (Kim et al., 1994; Chiu
and Harley, 1997; Meyerson, 2000). Forced expression of
telomerase activity stabilizes telomeres in normal human
cells and extends their replicative life span beyond cellular
senescence (Bodnar et al., 1998). Conversely, inhibition of
telomerase activity in cancer cells abolishes their telomere
maintenance and immortal growth (Hahn et al., 1999). These
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findings establish an important role of telomerase-mediated
telomere maintenance in human cell immortalization and
carcinogenesis and suggest that telomerase repression may
be a tumor-suppressive mechanism (Chiu and Harley, 1997;
Meyerson, 2000). The expression level of the human telom-
erase reverse transcriptase (hTERT) gene encoding the te-
lomerase catalytic subunit, which is primarily under tran-
scriptional control, represents a major determinant of
telomerase activity in human cells (Meyerson et al., 1997;
Nakamura et al., 1997; Poole et al., 2001). Thus, investigation
of transcriptional regulation of the hTERT gene should be
essential for elucidating molecular mechanisms of telomer-
ase regulation, cellular senescence, immortalization, and car-
cinogenesis in humans.

Several transcription factors have thus far been suggested
as candidates for the transcriptional regulators of hTERT
(Poole et al., 2001): the E-box–binding oncoprotein c-Myc
(Greenberg et al., 1999; Wu et al., 1999; Kyo et al., 2000) and
a ubiquitous transcription factor Sp1 (Kyo et al., 2000) are
activators; the E-box–binding factor Mad1 (Günes et al.,
2000; Oh et al., 2000), the tumor suppressor proteins p53 (Xu
et al., 2000) and WT1 (Oh et al., 1999), and the zinc-finger
factor MZF2 (Fujimoto et al., 2000) are possible repressors.
Analyses of the activator or repressor function of these reg-
ulators, however, were based largely on the effect of over-
expressed proteins. Among the consensus binding se-
quences of these regulators, two canonical E-box (CACGTG)
elements located upstream and downstream of the tran-
scription initiation site (�187 to �182 and �22 to �27,
respectively), which are the potential binding sites for c-Myc
and Mad1 (Sommer et al., 1998), have been most extensively
analyzed. Although recombinant c-Myc and Mad1 proteins
are able to bind these E-box elements (Wu et al., 1999; Kyo et
al., 2000; Oh et al., 2000), there is no direct evidence that
endogenously expressed Myc/Mad family of transcription
factors contributes to transcriptional activation of the hTERT
during transformation from normal to cancer cells. Only one
report thus far provided direct evidence for a role of endog-
enous c-Myc and Mad1 in hTERT regulation during cell
differentiation (Xu et al., 2001). Thus, the endogenous protein

factors and their DNA binding sites that are critical to the
regulation of hTERT transcription during human cell im-
mortalization and carcinogenesis still remain to be identi-
fied.

Multiple mechanisms seem to play roles in activation and
repression of the hTERT in cancer and normal cells, respec-
tively (Devereux et al., 1999; Cong and Bacchetti, 2000; Poole
et al., 2001); which of these mechanisms becomes functional,
however, varies among individual tumors, different cell
types, and cellular environments. To dissect each of these
mechanisms, it is important to have an experimental system
in which a specific regulatory mechanism can be analyzed.
In this study, we used a pair of cell lines that have similar
genetic backgrounds but differ in telomerase activity: a
telomerase-positive, human renal cell carcinoma cell
line (RCC23) and its telomerase-negative counterpart
(RCC23�3) that was generated by microcell-mediated trans-
fer of a normal human chromosome 3 into RCC23 cells
(Table 1; Horikawa et al., 1998). Progressive shortening of
telomeres as a function of cell population doublings and
induction of cellular senescence at �40 population dou-
blings after chromosome 3 transfer were observed in
RCC23�3, in agreement with the repression of telomerase
activity (Horikawa et al., 1998). The telomerase repression by
chromosome 3 transfer was a result of the marked down-
regulation of hTERT mRNA expression (Table 1; Horikawa
et al., 1998), suggesting the presence of a telomerase/hTERT-
repressor gene on this chromosome. Thus, this experimental
system consisting of two cell lines that are isogenic except
for a transferred copy of chromosome 3 should be useful to
dissect the specific regulation of hTERT that involves a pu-
tative repressor gene on chromosome 3. By systematic ex-
amination of the transcriptional activity of a series of trun-
cated or mutated hTERT gene promoter fragments, we have
identified a DNA element that is critical to the transcrip-
tional control of hTERT in RCC23 and RCC23�3 cells. This
analysis provides new insight into the endogenous regula-
tion of hTERT expression in human cells. In addition, an
artificial promoter generated during the course of this study

Table 1. Summary of characteristics of RCC23, RCC23�3, RCC23�3p, and REV cells

Cell
Transferred

chromosome 3a
Telomerase

activityb
hTERT
mRNAc

Telomere
lengthd Life span

RCC23 none � � maintained immortal

RCC23�3 intact 3 � �e shortens mortal
progressively (41 PDs)f

RCC23�3p 3pter-q22 � �e shortens mortal
progressively (28 PDs)f

REV 3pter-p23 � � maintained immortal
3cen-q22

a Transferred by means of microcell fusion.
b TRAP (telomeric repeat amplification protocol) assay.
c Conventional reverse transcription (RT)-PCR and quantitative real-time RT-PCR (Taqman) assays.
d Terminal restriction fragment length by Southern blot.
e At least 64-fold lower expression than RCC23 in Taqman assay.
f Senesce at 41 or 28 population doublings after microcell fusion.
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may be a better tool for cancer gene therapy than the wild-
type hTERT promoter.

MATERIALS AND METHODS

Construction of Plasmids
A fragment of the hTERT promoter (�3915 to �40) was PCR-
amplified from a bacterial artificial chromosome clone containing
the hTERT genomic sequence (Horikawa et al., 1999) and inserted
into SacI/SmaI sites of the luciferase reporter vector pGL3-Basic
(Promega Corp., Madison, WI) to generate the pBT-3915. A series of
unidirectional truncations from upstream (pBT-1125, pBT-949, pBT-
385, pBT-304, pBT-255, pBT-88, and pBT-33) were generated by
endonuclease digestion (SacI plus StuI, PstI, BstEII, BssHII, PvuII,
SmaI, or SacII, respectively) of the pBT-3915 followed by end-pol-
ishing and self-circularization. The pBT-211 (previously named
p2XEB), pBTdel-255, pBTdel-208, and pBTdel-130 were constructed
as previously described (Horikawa et al., 1999). To make mutations
in the pBT-255 construct, the QuikChange Site-Directed Mutagene-
sis kit (Stratagene Cloning Systems, La Jolla, CA) was used accord-
ing to the supplier’s protocol. For artificial promoters with addi-
tional E-box elements (pBT-255–2DEB and pBT-255–4DEB), one or
three copies of the synthetic DNA (5�-CGCACGTGGG-3�; a canon-
ical E-box italicized) were placed immediately downstream of the
hTERT promoter (into XhoI/HindIII sites) in the pBT-255. For c-Myc
and Mad1 expression constructs, human c-myc and mad1 cDNAs
were amplified by RT–PCR and inserted into the mammalian ex-
pression vector pcDNA3.1(�) (Invitrogen Corp., San Diego, CA).
All the plasmids were confirmed to have correct sequences by DNA
sequencing.

Cells and Luciferase Assay
A renal cell carcinoma cell line, RCC23, and its derivative with a
transferred copy of normal human chromosome 3 (RCC23�3) were
previously described (Horikawa et al., 1998; clone 3-C was used as
RCC23�3 in this study), and their properties are summarized in
Table 1. RCC23�3p (clone 3-B in Horikawa et al., 1998) carries a
transferred copy of partial human chromosome 3 (entire short arm
plus cen-q22) and shows phenotypes similar to RCC23�3 (Table 1).
REV is a revertant clone that emerged from senescent RCC23�3p
culture with loss of the transferred 3p22-cen loci and reacquired the
phenotypes of parental RCC23 cells (Horikawa et al., 1998, 2001;
Table 1). For the luciferase assay, cells (8.0 � 104) were seeded on
24-well plates, cultured overnight and transfected with the hTERT
promoter–luciferase plasmids (0.5 �g per well) by use of FuGENE6
transfection reagent (Roche Diagnostics, Indianapolis, IN). The ratio
of DNA to FuGENE6 was 1:3, which resulted in similar transfection
efficiencies in RCC23 and RCC23�3 cells. These conditions for
transfection in this study made the comparison between these two
cell lines more direct and reliable than in our previous study
(Horikawa et al., 1999), in which the transfection efficiency in RCC23
was significantly higher than that in RCC23�3 (also see DISCUS-
SION). The pRL-SV40 (2 ng per well; Promega) driving Renilla
reniformis luciferase was included in each transfection as a control to
normalize the transcriptional activity of hTERT promoter fragments.
The expression construct (c-Myc, Mad1, or vector alone; 1.0 �g per
well) was included in cotransfection experiments. Preparation of
cell lysates and measurement of luciferase activity were performed
by use of the dual luciferase reporter assay system (Promega). All
the data, expressed as the mean and SD, were from at least three
independent experiments.

Normal human fibroblasts (NHFs) were derived from neonatal
foreskin (Horikawa et al., 2001). Normal human prostate epithelial
cells (PrECs) were obtained from BioWhittaker, Inc. (Walkersville,
MD) and maintained according to the supplier’s protocol. Rapidly
proliferating NHFs and PrECs at early-passage culture were used in
this study. The lack of telomerase activity and hTERT mRNA in

NHFs and PrECs was confirmed as described previously (Horikawa
et al., 1998; Devereux et al., 1999). Human cell lines used in this study
that express telomerase activity and hTERT mRNA include CMV-
Mj-HEL-1 (immortalized fibroblast cell line; a gift from Dr. Olivia
Pereira-Smith, Baylor College of Medicine, Houston, TX); MCF-7
[breast cancer cell line; obtained from American Type Culture Col-
lection (ATCC), Manassas, VA]; MDA-MB-435 (breast cancer cell
line; obtained from ATCC); DU145 (prostate cancer cell line; ob-
tained from ATCC); and TSU-Pr1 (“T24”) (a gift from Dr. Carrie
Rinker-Schaeffer, University of Chicago, Chicago, IL), which was
recently identified to be bladder cancer cells rather than of prostatic
origin (van Bokhoven et al., 2001). Human mammary epithelial cells
(strain 184; a gift from Dr. Martha Stampfer, Lawrence Berkeley
National Laboratory, Berkeley, CA) and NHFs were infected with
the LXIN retrovirus containing full-length hTERT cDNA (Na-
kayama et al., 1998; Mueller et al., 2000; Stampfer et al., 2001) to
produce immortal 184-hTERT and NHF-hTERT cells, respectively.
The luciferase assay using these cells as recipients (6.0 � 104 to 1.2 �
105 per well seeded, depending on cell size and growth rate) was
carried out as described above.

Gel Mobility Shift Assay
Whole-cell extracts were prepared from exponentially growing cells
as previously described (Mudryj et al., 1991). For gel mobility shift
assays, 3 �g of protein was incubated with 32P-labeled double-
stranded oligonucleotide at room temperature for 20 min in the
binding buffer: 20 mM HEPES (pH 7.4), 1 mM MgCl2, 0.1 mM
EDTA, 40 mM KCl, 0.5 mM dithiothreitol, 1 �g of sonicated salmon
sperm DNA, 60 �g of BSA, and 1% Ficoll (Mudryj et al., 1991).
DNA-protein complexes were resolved on a 4% polyacrylamide gel
at 4°C. For supershift of the complexes, whole-cell extracts were
preincubated with the indicated antibodies before addition of 32P-
labeled oligonucleotides. The following sequences were used as the
probes: CGCACGTGGG (�20 to �29; canonical E-box italicized),
GCTGCGCACGTGGGAAGCCC (�16 to �35; canonical E-box ital-
icized), GCTGCGCACCCGGGAAGCCC (�16 to �35; mutated E-
box italicized), and GCGGACCCCGCCCCGTCCCG (�117 to �98;
consensus Sp1 binding site italicized).

Western Blot Analysis
Forty micrograms of protein was resolved on 10% polyacrylamide
gels and transferred to a nitrocellulose membrane (Hybond-ECL,
Amersham Pharmacia Biotech, Inc., Piscataway, NJ) or a PVDF
membrane (Immobilon P, Millipore Corp., Bedford, MA). Blocking
and incubation of the membranes with primary and secondary
antibodies followed the suppliers’ instructions. Protein bands were
detected by use of the ECL Western blotting detection system (Am-
ersham Pharmacia Biotech, Inc.). The following antibodies were
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA): c-Myc (sc-
764), Mad1 (sc-222), Max (sc-197), USF1 (sc-229), and USF2 (sc-861).

RESULTS

The Sequence Downstream of the Transcription
Initiation Site Is Responsible for Differential hTERT
Transcription between RCC23 and RCC23�3 Cells
Transcriptional activity of a 3955-bp hTERT promoter frag-
ment (�3915 to �40; construct pBT-3915) and a series of
5�-deleted fragments (from position �X to �40; constructs
pBT-X’s) was examined in a luciferase assay using RCC23
and RCC23�3 cells as the recipients (Figure 1). The 3955-bp
fragment (pBT-3915) showed approximately eightfold
higher activity in RCC23 than in RCC23�3, suggesting that
the difference in hTERT mRNA expression between these
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two cells can be attributed largely to differential transcrip-
tion from the hTERT promoter.

The data from the series of 5�-deleted promoter fragments
support the contributions of some known factors to hTERT
transcriptional control. Specifically, the increase in the lucif-
erase activity with the deletion of �949 to �386 (compare
pBT-949 and pBT-385) is consistent with the function of
MZF2 repressor and its binding sites within this region
(Fujimoto et al., 2000). The marked decrease with the dele-
tion of �211 to �34 (compare pBT-211, pBT-88, and pBT-33)
can be attributed to transcriptional activation mediated by
multiple Sp1 binding sites, as previously reported (Kyo et al.,
2000). Interestingly, however, a significant difference be-
tween RCC23 and RCC23�3 was observed for all of the
5�-deleted promoter fragments tested, as shown by the con-
sistently high RCC23/RCC23�3 ratio (4.2–8.3, Figure 1).
These findings indicated that transcriptional regulators
binding to the examined region (�3915 to �34), such as
MZF2 and Sp1, control hTERT transcription in both RCC23
and RCC23�3 cells but were not critical to the differential
hTERT transcription observed between the two. It is also
unlikely that the upstream E-box element (�187 to �182) is
responsible for the differential transcription, because the
deletion containing this E-box (compare pBT-211 and pBT-
88) did not abrogate the difference between RCC23 and
RCC23�3.

We next tested the activity of promoter fragments with a
35-bp deletion (�6 to �40) downstream of the transcription
initiation site. In all three constructs with this deletion (con-
structs pBTdel-255, pBTdel-208, and pBTdel-130 in Figure 1),
RCC23�3 exhibited hTERT promoter activity comparable to
that of RCC23, with RCC23/RCC23�3 ratios of 1.2 or 1.3,
significantly lower than the ratio observed with constructs
containing the 35-bp sequence. Notably, the deletion of the

downstream sequence resulted in an approximately twofold
increase in the transcriptional activity in RCC23�3, whereas
it resulted in an �40% decrease in RCC23 (compare pBT-255
and pBTdel-255). These results suggest that the region
downstream of the transcription initiation site contains a
DNA element or elements that contribute to the differential
control of hTERT transcription in RCC23 versus RCC23�3
cells.

Identification of the Downstream E-Box as a
Critical DNA Element
To pinpoint the critical DNA element(s), we created a series
of mutations within the 35-bp downstream sequence by
site-directed mutagenesis of the construct pBT-255 (mut 1–6
in Figure 2). Four of the six mutant promoter fragments (mut
1, 3, 5, and 6) showed transcriptional activities similar to that
of the wild-type promoter in both RCC23 and RCC23�3
cells. In one mutant (mut 2), we observed an �65% decrease
in the promoter activity in both RCC23 and RCC23�3, im-
plying the presence of a novel DNA element involved in the
activation of hTERT transcription; however, the difference
between RCC23 and RCC23�3 was maintained in this mu-
tant. Mutation of the downstream E-box (mut 4) resulted in
a �50% decrease in promoter activity in RCC23 while pro-
ducing a approximately twofold increase in promoter activ-
ity in RCC23�3 (RCC23/RCC23�3 ratio � 1.3), an effect
similar to that observed with promoter fragments lacking
the 35-bp downstream sequence. In contrast, when the up-
stream E-box (�187 to �182) was mutated (mut 7), no
significant change in the promoter activity was observed in
either RCC23 or RCC23�3, suggesting little or no contribu-
tion of the upstream E-box to the hTERT transcription in
these cells. In the presence of this upstream E-box mutation,

Figure 1. Luciferase assay of hTERT
promoter activity in RCC23 and
RCC23�3. A series of hTERT promoter
fragments (nucleotide positions follow
Horikawa et al., 1999) were cloned up-
stream of the firefly luciferase reporter
gene in the pGL3-Basic vector. Sche-
matic representation of transcription
factor binding sites is shown at top
(ER, estrogen receptor; Misiti et al.,
2000; see text for the others). The firefly
luciferase activity was normalized
with the Renilla reniformis luciferase ac-
tivity by the cotransfected pRL-SV40.
The mean and SD from at least three
independent experiments are shown.
For each construct, the activity in
RCC23 was divided by that in
RCC23�3 to determine the ratio of
RCC23/RCC23�3 as an indicator of
chromosome 3–mediated fold repres-
sion, shown at right.
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the downstream E-box mutation (mut 4 �7) again failed to
show the difference between RCC23 and RCC23�3. These
results identify the E-box located downstream of the tran-
scription initiation site as a critical cis-acting DNA element
in determining the differential hTERT promoter activity in
our cell system and suggest that this E-box element could be
involved in both activation and repression of the hTERT
transcription in RCC23 and RCC23�3, respectively.

To further examine the downstream E-box–mediated reg-
ulation of the hTERT transcription, one or three copies of
synthetic E-box sequences were inserted downstream of the
wild-type promoter (two or four copies of downstream E-
boxes in total; Figure 3). The extra copies of E-boxes did not
affect the promoter activity in RCC23, implying that the
E-box–mediated, activating mechanism is fully active with
the single endogenous copy of E-box in this cell line. In
contrast, a copy number–dependent repression of the pro-
moter activity was observed in RCC23�3, resulting in a
more obvious difference in the promoter activity between

RCC23 and RCC23�3. This result does not favor the notion
that an absence or inactivation of E-box–binding activator(s)
is primarily responsible for the repressed hTERT transcrip-
tion in RCC23�3. Instead, it supports the existence of an
E-box–mediated repressive mechanism that actively func-
tions in RCC23�3 and is defective in RCC23.

Downstream E-Box–mediated Repression Depends
on the Presence of a Transferred Chromosome 3
To further validate that a gene on the transferred copy of
human chromosome 3 is responsible for the regulation of
hTERT transcription mediated by the downstream E-box
element, the activity of wild-type, E-box mutant and syn-
thetic E-box–containing hTERT promoter fragments was ex-
amined in a second pair of RCC23-derived cells: RCC23�3p,
telomerase/hTERT-negative cells with the transferred par-
tial chromosome 3 (3pter-3q22); and REV, a telomerase/
hTERT-expressing revertant clone that emerged from

Figure 2. Identification of DNA element re-
sponsible for the differential hTERT transcrip-
tion in RCC23 and RCC23�3. Six mutations
within the region downstream of the tran-
scription initiation site (mut 1 to 6) and a
mutation at the upstream E-box (mut 7) were
made by site-directed mutagenesis of the con-
struct pBT-255. The promoter activity of each
fragment was measured by the luciferase as-
say, normalized as in Figure 1, and expressed
as a value relative to the activity of the pBT-
255 (wild-type) in RCC23. The mean � SD
ranges of the pBT-255 in RCC23 and
RCC23�3 are highlighted for statistical com-
parison between this wild-type fragment and
the mutant fragments. The ratio of RCC23/
RCC23�3 (see Figure 1 legend) is shown on
the right for each fragment.
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RCC23�3p with loss of 3p22-cen region from the transferred
chromosome (Figure 4). RCC23�3p showed the same results
as RCC23�3 for all the fragments examined: approximately
fivefold repression compared with RCC23 in the wild-type
promoter (pBT-255); approximately twofold increase with

the downstream E-box mutation (mut 4); and enhancement
of the repression in an E-box copy number–dependent man-
ner (pBT-255–2DEB and pBT-255–4DEB). In contrast, the
activities of these four promoter fragments in REV cells were
similar to those observed in RCC23, showing �50% reduced
activity of the E-box mutant fragment and no significant
change by the addition of synthetic E-box sequences. In
consequence, as observed in RCC23�3 and RCC23, the dif-
ference in hTERT promoter activity between RCC23�3p and
REV was abrogated by the E-box mutation and became
greater with the increased E-box copy number. These find-
ings show that loss of the transferred chromosome 3p22-cen
in the hTERT-repressed cells results in reversion to the
hTERT-expressing cells, consistent with our previous map-
ping of the telomerase repressor gene on 3p21-p14.2 (Tanaka
et al., 1998). On the basis of the reproducible results from two
independent, chromosome 3–transferred clones (RCC23�3
and RCC23�3p), as well as the phenotypic reversion attrib-
utable to loss of the transferred chromosomal loci (in REV),
we conclude that the downstream E-box–mediated repres-
sion of hTERT transcription depends on the function of a
gene on the transferred human chromosome 3.

c-Myc and Mad1 Can Modulate hTERT Promoter
Activity When Overexpressed but Are Not the
Critical Endogenous Factors Causing Differential
hTERT Transcription in RCC23 and RCC23�3
Previous work suggested that the transcription factors c-
Myc and Mad1, which have an ability to bind canonical
E-box elements (Sommer et al., 1998), can activate and re-
press hTERT promoter activity, respectively (Greenberg et
al., 1999; Wu et al., 1999; Günes et al., 2000; Oh et al., 2000).
The effects of these factors in RCC23 and RCC23�3 were
examined by cotransfecting c-Myc and Mad1 expression
plasmids with the luciferase plasmid pBT-255 or its E-box
mutants. As shown in Figure 5, enforced expression of c-

Figure 3. Repressive effect by E-box elements in RCC23�3. One or
three copies of synthetic E-box sequence were inserted downstream
of the hTERT promoter in the construct pBT-255 to make the con-
struct pBT-255–2DEB or pBT-255–4DEB, respectively (total number
of downstream E-box elements is shown in parentheses). As in
Figure 2, the promoter activity of each construct in RCC23 or
RCC23�3 is expressed as luciferase activity relative to the pBT-255
in RCC23.

Figure 4. Downstream E-box–mediated repression observed in
RCC23�3p but not in a revertant clone REV. RCC23�3p and REV
cells (Table 1) were used in the luciferase assay with the wild-type
hTERT promoter fragment (pBT-255), the downstream E-box mu-
tant (mut 4; see Figure 2), and the synthetic E-box–containing
fragments (pBT-255–2DEB and pBT-255–4DEB; see Figure 3). The
promoter activity of each construct in RCC23�3p or REV is ex-
pressed as a value relative to the activity of the pBT-255 in RCC23
(defined as 1.0 in Figures 2 and 3).

Figure 5. Effects of c-Myc and Mad1 overexpression on hTERT
promoter activity. c-Myc or Mad1 expression plasmid or vector
control was cotransfected with the pBT-255 and its E-box mutants
(see Figure 2). Overexpression of c-Myc or Mad1 protein was ob-
served at similar levels in RCC23 and RCC23�3 (by Western blot
analysis, not shown). Normalized luciferase activity is shown for
each combination of plasmids.
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Myc protein enhanced the activity of the wild-type hTERT
promoter in RCC23�3 but had little or no effect in RCC23. It
is likely that the overexpressed c-Myc protein can abrogate
the repressive mechanism functioning in RCC23�3. The
inability of the overexpressed c-Myc to further enhance the
promoter activity in RCC23 suggests a threshold response
for the hTERT transcriptional activation. Overexpressed
Mad1 protein decreased the transcriptional activity of the
wild-type promoter in both RCC23 and RCC23�3 (�70%
reduction in both), consistent with its repressive effect on the
hTERT transcription as suggested by others (Günes et al.,
2000; Oh et al., 2000). Results from the promoter fragments
mutated at either downstream or upstream E-box or at both
(mut 4, 7, and 4 plus 7, respectively) showed that both
activation by c-Myc expression and repression by Mad1
expression were mediated primarily by the downstream
E-box element (Figure 5).

The results of overexpressing c-Myc and Mad1 proteins
prompted us to examine whether endogenous c-Myc and
Mad1 proteins are critical factors for the difference in hTERT
transcription between RCC23 and RCC23�3 cells. Our anal-
ysis using Western blot showed that RCC23 and RCC23�3
expressed similar amounts of endogenous c-Myc and Mad1
proteins (Figure 6), consistent with the previous finding that
a transferred chromosome 3 did not affect the expression
levels of these proteins in 21NT breast carcinoma cells (Du-
crest et al., 2001). Moreover, neither of the proteins was
detected in the major E-box–binding complexes in either
RCC23 or RCC23�3 under our experimental conditions (see
details described below and shown in Figure 7). Thus, we
have obtained no evidence that the expression level or ac-
tivity of endogenous c-Myc or Mad1 is the primary deter-

minant of the differential hTERT transcription in RCC23 and
RCC23�3.

Detection of Endogenous Protein Factors That Bind
the E-Box Element: USFs and a Novel RCC23�3-
specific Binding Factor
To examine protein factors that bind the E-box element, a gel
mobility shift assay was performed using the whole-cell
extracts of RCC23 and RCC23�3. The result with the 10-bp
probe containing the downstream E-box (�20 to �29) is
shown in Figure 7. Antibodies to the E-box–binding proteins
USF1, c-Myc, Mad1, and Max were included in the binding
reactions to detect binding of these proteins. The major
shifted bands were supershifted by preincubating the ex-
tracts with the USF1 antibody (lanes 2 and 7 in Figure 7). It
is likely that these bands represented a USF1/USF1 ho-
modimer and a USF1/USF2 heterodimer (Viollet et al., 1996).

Figure 6. Western blot analysis of E-box–binding proteins. Expres-
sion levels of representative E-box–binding proteins (c-Myc, Mad1,
USF1, and USF2) and �-tubulin (a control for quantification) were
measured by densitometric analysis. The value of E-box–binding
proteins was normalized with that of �-tubulin. The expression
level in RCC23�3 is shown relative to that in RCC23. Figure 7. Gel mobility shift assay of E-box–binding proteins in

RCC23 and RCC23�3 cells. Result with use of the 10-bp probe
containing a canonical E-box (�20 to �29) is shown. For lanes 2–5
and 7–10, whole-cell extracts were preincubated with the antibodies
specific to the E-box–binding proteins indicated. Position of the USF
complexes is shown at left. The asterisk indicates an RCC23�3-
specific complex that was not supershifted or abrogated by any
antibodies tested. The open arrow indicates a complex that is su-
pershifted by the Max antibody. The supershifted bands containing
the USF1 or Max antibody are indicated. These complexes were also
detected by the 20-bp probe containing a canonical E-box (�16 to
�35), but not by the 20-bp probe with the E-box mutated (data not
shown). The strong band common to all samples was also observed
with the E-box–mutated probe and unrelated sequences (e.g., the
Sp1 probe; see MATERIALS AND METHODS) and represents a
nonspecific binding. Bottom, free probe.
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No significant difference was observed in the binding of USF
complexes between RCC23 and RCC23�3, consistent with
similar amounts of USF1 and USF2 proteins in these two cell
lines as shown by Western blot analysis (Figure 6). Neither
c-Myc antibody nor Mad1 antibody changed the profile of
shifted bands (lanes 3, 4, 8, and 9 in Figure 7). By addition of
the Max antibody, a slowly migrating, faint band was su-
pershifted (lanes 5 and 10 in Figure 7). Thus, binding of
c-Myc or Mad1 to the E-box element was not evident in
either RCC23 or RCC23�3. Another E-box–binding protein,
which remains to be identified, may form a complex with Max
to bind the E-box element in both RCC23 and RCC23�3.

Importantly, a shifted band (marked by the asterisk in Figure
7) was observed in RCC23�3 but not in RCC23. This band was
not supershifted by any of the antibodies tested and became
more evident after supershift of comigrating USF complexes
(compare lanes 2 and 7). This DNA-protein complex appears to
be relatively unstable, because the salt concentration in the

binding buffer and the electrophoresis conditions are critical to
its detection. Nevertheless, the complex was observed repro-
ducibly under our experimental conditions. The 20-bp probe
containing the downstream E-box (�16 to �35), but not the
20-bp probe with the E-box mutated, detected similar profiles
of binding, including the common USF complexes and the
RCC23�3-specific factor (data not shown). These findings sup-
port the presence of an E-box–binding factor specific to
hTERT-negative cells that plays a critical role in transcriptional
control of the hTERT gene.

The Downstream E-Box Acts as a Negative
Regulatory Element in Normal Human Cells but Not
in Some Telomerase/hTERT-positive Cells
We examined whether the repressive mechanism mediated
by the downstream E-box element functions in other types
of normal and immortal human cells (Figure 8). In NHFs

Figure 8. Examination of the downstream
E-box–mediated mechanism for the hTERT
repression in normal human cells, retroviral
hTERT-expressing cells, and endogenous
hTERT-expressing immortalized and cancer
cell lines. NHF-hTERT, retroviral hTERT-ex-
pressing NHFs; CMV-Mj-HEL-1, immortal-
ized fibroblast cell line; 184-hTERT, retroviral
hTERT-expressing mammary epithelial cells
184; MCF-7, breast cancer cell line; MDA-MB-
435, breast cancer cell line; DU145, prostate
cancer cell line; TSU-Pr1(‘T24�), bladder can-
cer cell line. (A) The promoter activity of the
downstream E-box–mutated fragment (mut
4; see Figure 2) was compared with that of the
wild-type fragment (pBT-255), which was de-
fined as 1.0 in each cell line. (B) The promoter
activity of the synthetic E-box–containing
fragments (pBT-255–2DEB and pBT-255–
4DEB; see Figure 3) was compared with that
of the wild-type pBT-255 [defined as 1.0 in
each cell line, as in (A)]. For both A and B,
note that absolute values of hTERT promoter
activity in normal cells (NHFs and PrECs)
and the retroviral hTERT-expressing cells
(NHF-hTERT and 184-hTERT) are much
lower (1⁄20 to 1⁄100) than in the endogenous
hTERT-expressing cell lines.
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and PrECs, the mutation of the downstream E-box (mut 4)
resulted in 2.5-fold and 1.9-fold increases, respectively, in
hTERT promoter activity compared with the wild-type frag-
ment (pBT-255) (Figure 8A). These data suggest that the
E-box acts as a negative regulatory element in these normal
human cells, as in RCC23�3. A similar increase in hTERT
promoter activity with the E-box mutation was also ob-
served in retroviral hTERT-immortalized NHFs (NHF-
hTERT) and mammary epithelial cells (184-hTERT). The
NHF-hTERT and 184-hTERT cells, as well as normal human
cells (NHFs and PrECs), showed much lower activity (1⁄20 to
1⁄100) of the wild-type hTERT promoter than the other im-
mortalized and cancer cell lines (see Figure 8 legend). It is
therefore most likely that in these retroviral hTERT-immor-
talized cells, the transcription of the endogenous hTERT
gene remains tightly repressed and the E-box–mediated re-
pressive mechanism still functions. In contrast, an immor-
talized fibroblast cell line, CMV-Mj-HEL-1, and breast can-
cer cell lines MCF-7 and MDA-MB-435 showed no change or
a slight decrease in the promoter activity with the E-box
mutation (Figure 8A), suggesting that the E-box–mediated
repressive mechanism is inactive in these immortal, endog-
enous telomerase/hTERT-positive cells, as in RCC23. Inter-
estingly, however, in prostate cancer DU145 and bladder
cancer TSU-Pr1(“T24”) cells, the E-box element still ap-
peared to be able to negatively regulate hTERT transcription
(Figure 8A). Thus, it is likely that the downstream E-box–
mediated repressive mechanism is active in various cell
types and becomes inactivated in some, but not all, cases of
human cell immortalization and carcinogenesis. This notion
was supported by the data obtained by use of the synthetic
E-box–containing promoter fragments (Figure 8B). Normal
and retroviral hTERT-immortalized cells of fibroblastic or
epithelial origin (NHFs, PrECs, NHF-hTERT, and 184-
hTERT) showed the enhancement of repression of the
hTERT transcription in an E-box copy number–dependent
manner, as observed in RCC23�3 cells. This copy number–
dependent effect was not observed in MCF-7 breast cancer
cells (like RCC23 and in contrast to 184-hTERT of breast
epithelial origin), whereas it was evident in DU145 prostate
cancer cells (like PrECs).

DISCUSSION

Several known transcription factors have been reported to
act as the positive or negative regulators of hTERT transcrip-
tion (Poole et al., 2001). However, they may not necessarily
represent physiological regulators of hTERT, because previ-
ous studies were based largely on an examination of over-
expressed and/or recombinant proteins rather than endog-
enous proteins (Greenberg et al., 1999; Oh et al., 1999, 2000;
Wu et al., 1999; Fujimoto et al., 2000; Günes et al., 2000; Kyo
et al., 2000; Xu et al., 2000). In the present study, two genet-
ically similar cell lines, with and without hTERT expression,
were used in a systematic search for an endogenous factor
responsible for the differential hTERT transcription. We
found that the E-box element downstream of the transcrip-
tion initiation site (located at �22 to �27) is responsible for
the differential hTERT transcription between hTERT-posi-
tive RCC23 and hTERT-negative RCC23�3. This down-
stream E-box (or proximal E-box) was previously demon-
strated to mediate activation and repression of the hTERT

transcription by overexpressed c-Myc (Greenberg et al.,
1999) and Mad1 (Günes et al., 2000), respectively. Although
we also observed the downstream E-box–mediated effects of
c-Myc and Mad1 overexpression (Figure 5), examination of
endogenous c-Myc and Mad1 proteins by Western blot and
gel mobility shift assays (Figures 6 and 7) did not show that
the amount or binding activity of these endogenous proteins
controlled the hTERT transcriptional level in RCC23 and
RCC23�3. These results support the idea that overexpressed
c-Myc is able to regulate different genes from those regu-
lated by physiologically expressed c-Myc (Guo et al., 2000;
Drissi et al., 2001), although we cannot completely rule out
the possibility that a small amount of endogenous c-Myc
and/or Mad1 binds to the hTERT promoter in vivo. Further
analyses (e.g., chromatin immunoprecipitation) will be nec-
essary to address this issue. The endogenous c-Myc and
Mad1 proteins, in fact, play a central role in the transcrip-
tional regulation of hTERT during cell differentiation
(Nozawa et al., 2001; Xu et al., 2001). It is likely that different
endogenous E-box–binding proteins regulate hTERT tran-
scription during carcinogenic processes and cell differentia-
tion. Mechanisms responsible for hTERT activation may also
vary among cell types and individual tumors. Thus, al-
though the Myc/Mad family did not seem critical in our cell
system, our data do not necessarily exclude a role of the
Myc/Mad family in hTERT activation during carcinogenic
processes.

We found that the USF complex was the major protein
factor binding to the E-box element within the hTERT pro-
moter in RCC23 and RCC23�3 cells under our experimental
conditions. However, no significant difference in the amount
of USF binding (Figure 7) or the expression level of USF
proteins (Figure 6) was observed between RCC23 and
RCC23�3. Thus, the USF complex by itself does not account
for the differential hTERT transcription. Whether the USF
complex indeed activates hTERT transcription and whether
a posttranslational modification (Cheung et al., 1999) or as-
sociation with other proteins modulates the function of USF
in hTERT transcription deserve further investigation.

Sp1 protein, which binds to the hTERT core promoter
region, has been identified as a transcriptional activator of
hTERT (Kyo et al., 2000; Poole et al., 2001). Our luciferase
assay (Figure 1) suggested that the Sp1 binding sites con-
tribute to the basal activity of the hTERT promoter in both
RCC23 and RCC23�3. The gel mobility shift assay showed
similar amounts of Sp1 binding in RCC23 and RCC23�3
(data not shown). It is therefore unlikely that the Sp1 bind-
ing by itself is primarily responsible for the differential pro-
moter activity. However, a slight but reproducible difference
between the two cell lines made by the fragments without a
downstream E-box (i.e., pBTdel-130, pBTdel-208, and pBT-
del-255 in Figure 1 and mut 4 and mut 4 plus 7 in Figure 2),
which was more evident in our previous study because of
the different transfection conditions (Horikawa et al., 1999;
also see MATERIALS AND METHODS), may still suggest a
possibility that the Sp1 binding sites and/or neighboring
sequences make a minor, E-box–independent contribution
to the repression by chromosome 3 transfer. It is also possi-
ble that the Sp1 and its binding sites could play a major role
in hTERT activation in some immortalized and cancer cells.
For example, NHFs appeared to have not only the E-box–
dependent mechanism (Figure 8) but also the Sp1-mediated
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mechanism for tightly repressing hTERT transcription.
NHFs and an hTERT-negative fibroblast cell line showed
less Sp1 binding activity in the gel mobility shift assay, as
well as much lower promoter activity of the fragment con-
taining four Sp1 binding sites and no E-box (pBTdel-130) in
the luciferase assay, than an hTERT-positive fibroblast cell
line (Horikawa, I., unpublished data).

An important finding in this study is the evidence for the
E-box–binding factor specific to the telomerase/hTERT-neg-
ative RCC23�3 cells (Figure 7). The supershift experiment
suggested that this RCC23�3-specific factor was distinct
from the Myc/Mad and USF families of transcription factors
(Figure 7). The luciferase assay in Figure 2 showed that the
downstream E-box sequence where this RCC23�3-specific
factor binds can function as a negative regulatory element in
RCC23�3 (because its mutation, mut 4, increased the hTERT
promoter activity in RCC23�3 but not in RCC23). The neg-
ative regulatory role of this E-box element was strongly
supported by the finding that additional E-box sequences
repressed hTERT promoter activity in a copy number–de-
pendent manner in RCC23�3, but not in RCC23 (Figure 3).
The results from a second set of hTERT-negative and -pos-
itive cells (RCC23�3p and REV; Figure 4) were identical to
those from RCC23�3 and RCC23, further validating the
importance of the downstream E-box in regulation of the
hTERT transcription by chromosome 3 transfer. These data
lead us to the conclusion that an endogenous mechanism for
the transcriptional repression of hTERT, which probably
requires the binding of the RCC23�3-specific factor to the
downstream E-box, actively functions in RCC23�3 and is
defective in RCC23. Considering that RCC23, RCC23�3, and
RCC23�3p are genetically similar except for the transferred
copy of human chromosome 3 and that the reversion from
RCC23�3p to REV occurred with loss of the transferred
chromosome loci (Horikawa et al., 1998), the transcriptional
repression mechanism can be associated with the function of
a putative telomerase/hTERT repressor gene located on this
chromosome. The most direct scenario is that the putative
repressor gene encodes for the RCC23�3-specific E-box–
binding factor detected in our gel mobility shift assay. Al-
ternatively, a protein encoded by the putative repressor
gene may either upregulate the expression of the RCC23�3-
specific factor or enhance its DNA binding activity through
protein-protein interaction and/or protein modification
(e.g., phosphorylation). It is also possible that the USF com-
plex participates in this repressive mechanism, because it
has been suggested to act not only as a transcriptional acti-
vator but also as a repressor (Carter et al., 1997; Ghosh et al.,
1997; Kiermaier et al., 1999).

The examination of a role of the downstream E-box in
hTERT transcription in various types of human cells (Figure
8) suggested that the E-box–mediated repressive mechanism
is also functioning in hTERT-negative normal cells and ret-
roviral hTERT-immortalized (and most likely endogenous
hTERT-repressed) cells of fibroblastic and breast and pros-
tate epithelial origins. The breast cancer cell line MCF-7
appeared to lack the E-box–mediated repressive mechanism,
as suggested by the lack of effects of either the E-box muta-
tion or the increase in E-box copy number. Conversely, the
prostate cancer cell line DU145 showed the same profile of
effects of the E-box mutation and the additional E-box copies
as its normal counterpart PrECs, suggesting that the hTERT

activation in this cell line occurred without an inactivation of
the E-box–mediated repressive mechanism. Notably, the gel
mobility shift assay detected the band of interest (which was
specific to RCC23�3 in Figure 7) in both MCF-7 and DU145
cell lines, as well as in normal human cells (NHFs, PrECs,
and breast epithelial 184 cells) (data not shown). Taking all
data together, we propose that the downstream E-box ele-
ment is a target site for the negative regulatory mechanism
that functions in various types of normal human cells. We
hypothesize three different types of contributions of the
downstream E-box element and its binding factors to hTERT
transcriptional activation in human cancers: 1) an unidenti-
fied E-box–binding factor (RCC23�3-specific factor in Fig-
ure 7) may be lost or become defective in DNA binding by
deletion or inactivating mutation of the repressor gene on
chromosome 3 (Steenbergen et al., 1996; Tanaka et al., 1998;
Cuthbert et al., 1999), thereby abrogating the E-box–medi-
ated repressive mechanism. In this case, the E-box element
may be converted to a positive regulatory element in which
an activator (possibly the USF) comes to manifest its effect
(for example, RCC23 renal cell carcinoma); 2) the E-box–
mediated repressive mechanism may be impaired through
an event other than the loss or defective DNA binding of the
unidentified E-box–binding factor (for example, MCF-7
breast cancer); and 3) some mechanism independent of the
downstream E-box may activate the hTERT expression even
with the E-box–mediated repressive mechanism functioning
(for example, DU145 prostate cancer).

It should be noted that the downstream E-box we identi-
fied as a critical element (�22 to �27), but not the upstream
E-box (�187 to �182), is conserved among human, mouse,
and hamster (Guo et al., 2001). It would be of interest to
investigate whether the E-box–mediated mechanism also
controls the transcription of mouse and hamster telomerase
reverse transcriptase genes.

Our previous study by means of chromosome 3 transfer
(Horikawa et al., 1998) revealed the changes in cellular phe-
notypes, including the endogenous hTERT expression, te-
lomerase activity, telomere length, and cellular life span
(summarized in Table 1). Our data in this study provided a
molecular basis for these cellular changes. The experiments
based on transient transfection of the hTERT promoter re-
gion has enabled us to identify and analyze a critical DNA
element near the transcription initiation site. Although the
promoter activity measured in the luciferase assay qualita-
tively recapitulated the expression level of endogenous
hTERT mRNA, the difference between RCC23 and
RCC23�3 exhibited in the luciferase assay (RCC23/
RCC23�3 ratio 4.2–8.3; Figure 1) was not as obvious as the
difference in expression levels of the endogenous mRNA
(RCC23/RCC23�3 ratio 64 or more by Taqman assay; Table
1). This may imply that other mechanisms that are not
reflected in our transient transfection-based assay also con-
tribute to the transcriptional repression of the endogenous
hTERT gene by the telomerase/hTERT repressor gene on
chromosome 3. DNA sequences outside of our longest pro-
moter fragment (�3915 to �40), e.g., a region highly con-
served between human and mouse (around �5.5 kb) and
minisatellite tandem repeats within the introns 2, 6, and 12
(Szutorisz et al., 2001; Leem et al., 2002), may play a supple-
mentary role in the hTERT repression. Also possible is an
involvement of DNA methylation and histone acetylation
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(Devereux et al., 1999; Cong and Bacchetti, 2000; Dobosy and
Selker, 2001). The methylation profiles of CpG sites within
the endogenous hTERT promoter region (covering approxi-
mately �500 to �100) in RCC23 and RCC23�3 were found
to be the same overall, with an unmethylated CpG site of the
downstream E-box in both cell lines (Devereux et al., 1999;
and unpublished data). Treatment of RCC23 or RCC23�3
with the histone deacetylase inhibitor trichostatin A (300 or
500 nM for 24 h) produced no effects on the endogenous
hTERT expression. Interestingly, however, the treatment
with trichostatin A in combination with the DNA demethy-
lating agent 5-aza-2�-deoxycytidine (3 �M for 96 h) resulted
in a partial but significant induction of the hTERT expression
in RCC23�3 cells (unpublished data). Whether a DNA
methylation- and histone deacetylation–associated change
in higher-order chromatin structure at the hTERT gene locus
directly contributes to the hTERT repression in RCC23�3
and whether it has a functional relation to the E-box–medi-
ated repressive mechanism remain to be examined. Our
recent cloning of the whole, functional copy of the hTERT
gene locus in a single bacterial artificial chromosome clone
(Leem et al., 2002) should be helpful to obtain a full picture
of the hTERT regulation during developmental and carcino-
genic processes.

The expression profile of hTERT (i.e., expressed in most
cancers and repressed in most normal somatic tissues) has
given impetus to the use of the hTERT promoter as a tool for
cancer-specific expression of cytotoxic genes in anticancer
therapy. Indeed, the use of the hTERT promoter–driven
cytotoxic gene expression system has given promising re-
sults in cell culture and animal models (Gu et al., 2000; Koga
et al., 2000; Majumdar et al., 2001). A possible concern about
this approach, however, is the leaky expression of cytotoxic
genes in normal tissues, which may cause detrimental side
effects (Dachs et al., 1997). Our results demonstrated that
synthetic copies of the E-box element placed downstream of
the hTERT promoter resulted in the tighter repression in the
telomerase-negative RCC23�3 and normal human cells of
fibroblastic and epithelial origins while maintaining the high
activity in some telomerase-positive cancer cells (i.e., RCC23
and MCF-7) (Figures 3 and 8B). It is our expectation that the
modified hTERT promoter (pBT-255–4DEB) should mini-
mize the cytotoxicity in normal cells without loss of cyto-
toxic effect on cancer cells when it is used to drive cytotoxic
genes in anticancer therapy. Further studies will be needed
to prove this concept and develop a therapeutic vector and
an efficient gene delivery system.

In an apparent contrast to our results, Ducrest et al. (2001)
showed that the telomerase repression by human chromo-
some 3 in a breast cancer cell line, 21NT, was not associated
with the repression of hTERT promoter activity. Our genetic
complementation test by generation of somatic cell hybrids
of RCC23 and 21NT cells suggests that different genes on
human chromosome 3 are responsible for the telomerase
repression in these two cell lines (Tanaka, H., Horikawa, I.,
Barrett, J.C., and Oshimura, M., manuscript in preparation).
The difference in mode of effects by chromosome 3 transfer
between the two cell lines (i.e., telomerase repression with or
without the repression of the hTERT promoter activity) also
supports the presence of two distinct telomerase repressor
genes on this chromosome.

In conclusion, this study provides the first evidence for an
endogenous mechanism of hTERT transcriptional repression
that may be inactivated during carcinogenic processes. It
also highlights the hTERT repression as a function of human
tumor suppressor genes. The purification and cloning of the
RCC23�3-specific E-box–binding factor will greatly facili-
tate understanding of telomerase regulation in normal and
cancer cells and may open up a new strategy for telomerase-
targeted anticancer therapy.
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