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Abstract

The expression of the catalytic subunit (hTERT) represents the limiting factor for telomerase activity. In transfection studies,

high level of activity of hTERT promoter is found, whereas low copy numbers of hTERT mRNA are detected in vivo. To explain

this discrepancy, a series of vectors containing the hTERT promoter and gene were transiently transfected into HeLa cells. Four

important regions were identified. First, the core promoter has bidirectional activity. Second, the distal upstream region ()1821 to

)811 bp) involved in the splicing of the first intron and could be a key of splicing specificity. Third, the intermediate promoter region

()800 to )300 bp) could play an important role in silencing the reverse promoter activity. Fourth, the structural gene (up to +1077)

strongly reduced hTERT promoter activity. These results provide the first evidence that the first two exons play a major role in the

down-regulation of the hTERT promoter in telomerase-positive cells.

� 2002 Elsevier Science (USA). All rights reserved.
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Telomerase is a ribonucleoprotein responsible for

maintaining the ends of chromosomes, named telomeres,

composed of tandem repeats of the sequence TTAGGG

[1]. Possible functions of this non-coding DNA include

prevention of chromosome degradation, end-to-end fu-

sions, rearrangements, and chromosome loss [2]. Since
DNA polymerase cannot completely replicate chromo-

some ends, telomerase is needed to add telomeric repeats

to the chromosomes, thereby preventing the loss of telo-

meric DNA. Indeed, in normal cells, lacking telomerase

activity, each division is associated with telomere short-

ening [3]. Telomerase activity is detectable during em-

bryogenesis in a variety of fetal tissues [4]. In adults,

telomerase activity is not detectable in most human so-
matic cells [5]. On the contrary, highly proliferative cells

such as germ cells and stem cells express telomerase, as

well as 85–95% of cancer cells [6].

Studies of the human telomerase complex reveal the

presence of two major subunits: a RNA component

(hTERC) that serves as template for the polymerase

activity and a catalytic subunit with reverse transcriptase

activity (hTERT) [7,8]. The presence of both is sufficient

to reconstitute telomerase activity in vitro [9], but other

telomerase-associated proteins have been identified in

vivo [10,11]. The hTERT gene seems to be highly regu-

lated and its expression correlates with telomerase ac-
tivity [12,13]. Many studies have demonstrated that

ectopic expression of hTERT was sufficient to restore

telomerase activity in telomerase-negative cells [14–16].

Many studies have suggested that expression of

hTERT represents the limiting factor for telomerase

activity, and that the regulation of hTERT should

mainly occur at the transcriptional level. Genomic or-

ganization and promoter characterization of the hTERT

gene have been described by several groups [17–19].

These investigations demonstrate that a region named

core promoter, encompassing the proximal 283 bp re-

gion upstream of the initiation ATG codon, is essential

for transcriptional activation. Several groups have

found specific sites for activators and inhibitors of the

transcription in the hTERT promoter sequence [20–28].

Apparently complex mechanisms involving regulatory
elements distant from the 50 flanking region of the
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hTERT promoter are also implicated in the regulation

of hTERT expression [29]. Moreover, studies of RNA

processing revealed complex splicing patterns in differ-

ent cell types [12] and a potential regulation of hTERT

expression by alternative splicing [30].

The hTERT promoter induced very high expression,

similar to that of the SV40 early promoter, in transiently
transfected telomerase-positive cell lines [31]. This is in

stark contrast with the low hTERTmRNA levels detected

in telomerase-positive cell lines which was found to be as

low as 0.2–6 copies per cell [29]. These findings suggest a

complex regulation of the expression of the hTERT gene.

In this study, we explore the implication of the

structural gene itself, in the transcriptional regulation of

the hTERT gene. A series of luciferase reporter con-

structs driven by the hTERT minimal promoter and
distant sequences (from )1821 to +1071 bp) were con-

structed and transiently transfected into HeLa cells.

Fig. 1. Transcriptional activity of the hTERT promoter. (A) A schematic representation of the reporter plasmids. The fragments of hTERT

promoter and structural gene are cloned into the luciferase (LUC) reporter vector pGL3-basic in the sense orientation. The 280 bp core

promoter is shown as a black bold line. Numbers refer to the number of bases upstream ()) or downstream (+) of the ATG initiation codon of

the hTERT gene. (B) Luciferase reporter plasmids containing fragments of hTERT promoter with or without structural gene were transfected in

HeLa cells. White and gray bars indicate luciferase mRNA and protein levels, respectively. PGL3-basic, which lacks the enhancer/promoter, was

used as a negative control; pGL3-control containing the SV40 enhancer/promoter was used as a positive control. The transcriptional activities in

each reporter plasmid are indicated as relative luciferase activities. The values for the positive control are indicated as 100%.
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These constructs allowed the identification of three ad-
ditional regions involved in the hTERT regulation.

Materials and methods

Cell culture. HeLa cells were grown in Dulbecco�s modified Eagle�s
medium supplemented with 5% heat-inactivated fetal bovin serum (HI-

FBS) and an antibiotics mixture (250,000 U penicillin, 25 mg strepto-

mycin, and 2.5 lg fungizone) at 37 �C in a 5% CO2 humidified incu-

bator (all products from Invitrogen, Basel, Switzerland).

Plasmid construction. The structure of the different constructions

is shown in Fig. 1A. Various lengths of DNA fragments upstream

and downstream of the initiating ATG codon of the hTERT gene

were amplified by PCR and inserted into a firefly luciferase reporter

vector, pGL3-basic (Promega, Madison, WI), a promoterless and

enhancerless vector. Plasmids were purified with Midiprep and

Miniprep Kits (Qiagen, Hilden, Germany). Constructs containing

only a fragment of the hTERT promoter were named pTERT-1821

()1821 to )23), pTERT-811 ()811 to )23), pTERT-499 ()499 to

)23), and pTERT-297 ()297 to )23). When constructs contained the

357 bp downstream of the ATG initiation codon, ‘‘ex1’’ was added to

the name of each construction. This 357 bp downstream of the ATG

corresponds to exon1, intron1, and the first 36 bp of exon2 of the

hTERT gene. Constructs containing the 1071 bp downstream of the

ATG initiation codon have the same name with addition of ‘‘ex2’’.

This 1071 bp downstream of the ATG includes exon1, intron1, and a

large part of exon2 of the hTERT gene (Fig. 1A). Fig. 2A shows

three types of reporter plasmids derived from the ‘‘ex1’’ constructs.

These constructs were generated by PCR using primers containing

one or two additional nucleotides than the standard primer. These

constructs allowed translation evaluation of the three open reading

frames (ORFs). Each construct was confirmed by sequencing (Ge-

nome Express, Grenoble, France). As shown in Fig. 3, for the three

reverse constructs, the plasmids have the same name as their ho-

mologs with ‘‘rev’’ at the end of the name. pTERT-811/ex1-rev

contains, in reverse orientation, the 297 bp core promoter, the 357 bp

sequence downstream of the core promoter, and 515 bp upstream of

the core promoter corresponding to the sequence )297 to )811 bp of

the hTERT promoter. pTERT-499/ex1-rev contains the same se-

quence as pTERT-811/ex1-rev except the sequence upstream of the

core promoter which contains only 203 bp of the hTERT promoter

()297 to )499 bp of the hTERT promoter). The pTERT-297/ex1-rev

construct contains only the core promoter and the reverse 357 bp

sequence in reverse orientation.

Transient transfection and luciferase assay. Cells were seeded at a

concentration of 100,000 cells/3.8 cm2 and cultured overnight. Transient

transfection of luciferase reporter plasmids was carried out in triplicate

using lipofectin Plus Reagent (Invitrogen, Basel, Switzerland) according

to the protocol recommended by the manufacturer. All experiments were

performed at least three times. The Renilla luciferase reporter vector

(Promega, Madison, WI) was co-transfected as an internal control for

transfection efficiency. Briefly, cells were exposed to a transfection

mixture containing 0.6 lg luciferase reporter plasmids and 0.5 lg inter-

nal control vector for 3 h at 37 �C. Then, 1 ml growth media supple-

mented with 15% HI-FBS was added to the cells. The cells were harvested

48 h after the transfection. Luciferase assays were performed using the

Dual-Luciferase Reporter Assay System (Promega, Madison, WI). To

compare the results the mean values of relative luciferase activity were

used. The levels of the different constructs were compared to the level of

the pGL3-control vector containing the firefly luciferase gene under the

control of the SV40 early promoter and to the level of the pGL3-basic

vector, a promoterless and enhancerless luciferase vector.

RT-PCR assay. Three wells of transfected cells were pooled to-

gether. Two-third of the cells was used for RNA extraction and one-

third was used for the luciferase assay to compare the protein level

with the RNA level and to normalize the experiments. Total RNA of

transfected cells was extracted using Trizol-LS (Invitrogen, Basel,

Switzerland) according to manufacturer�s protocol. A DNase I

treatment was performed before the RT-PCR. Both cDNA synthesis

and PCR were performed in a single tube using the SUPERSCRIPT

Fig. 2. The effect of the three reading frames on the transcriptional activity of the hTERT promoter. (A) Schematic representation of the reporter

plasmids. Luciferase reporters contain a fragment of promoter, exon1, intron1, and beginning of exon 2 of the hTERT gene. For each reporter,

three types of constructs were generated by the insertion of one or two nucleotides. (B) Reporters were transfected in HeLa cells and luciferase

assays were performed. Numbers indicate the three possible reading frames; 1, after splicing of the first intron, the two ATG of hTERT and

luciferase gene are in phase; 2, the two ATG are never in phase, with or without splicing of the first intron; 3, the two ATG are in phase if the

first intron is not spliced.
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one-step RT-PCR with Platinum Taq Kit (Invitrogen, Basel, Swit-

zerland). Sense and antisense oligonucleotide primers amplified a

region of 468 bp of the firefly luciferase cDNA (50-AACCGCTGGA

GAGCAACTGCATAAG-30 and 50-AAACCGGGAGGTAGATGA

GATGTGA-30). The reverse transcriptase step was performed at

55 �C during 30 min followed by 2 min at 94 �C to release the Taq

polymerase. Then 25 cycles of PCR were performed, including de-

naturation at 94 �C for 2 min, annealing at 56 �C for 45 s, and ex-

tension at 72 �C for 50 s.

The RT-PCR products were denatured at 100 �C for 10 min followed

by 5 min on ice. Then 2 ll of each sample was loaded onto a nylon

membrane and fixed with UV for 5 min. The DIG-labeled probe was

synthesized by PCR on the pGL3-basic vector with the same primer set

used for the RT-PCR. Hybridization was performed at 42 �C for 2 h with

30 ng of probe per ml of hybridization buffer. After washing and detec-

tion with CDP-star (Roche, Rotkreuz, Switzerland), the membrane was

exposed to a X-Omat sensitive film (Eastman Kodak Company, NY) for

30 min. Blots are quantified by comparing its intensity to a reference

range dilution of RNA extracted from pGL3-control transfected in

HeLa cells.

Results

Identification of an inhibitory region downstream of the

ATG initiation codon of the hTERT gene

To identify the regulatory region responsible for the

repression of the hTERT gene expression, a series of

luciferase reporter plasmids, containing various lengths

of the promoter and structural gene, were prepared and

tested in transient transfection assays in telomerase-po-

sitive HeLa cells. As shown in Fig. 1, the constructs,
containing only a fragment of the hTERT promoter,

show high levels of reporter gene expression, similar

to that of the SV40 early promoter (pGL3-control).

The proximal 297 bp region is defined as the core

promoter of the hTERT gene (Fig. 1A, pTERT-297).

The 50 deletions of the promoter up to )811 bp weakly

Fig. 3. The hTERT promoter is bidirectional. (A) Schematic representation of the reporter plasmids. The region of the hTERT promoter was reversed

in the pTERT-297/ex1, pTERT-499/ex1, and pTERT-811/ex1 constructs. The new constructs were named pTERT-297/ex1-rev, pTERT-499/ex1-rev,

and pTERT-811/ex1-rev. (B) Relative luciferase activity of these three reverse constructs versus no reverse constructs: pTERT-297/ex1, pTERT-499/

ex1, and pTERT-811/ex1; and versus homologous constructs containing only the hTERT promoter: pTERT-297, pTERT-499, and pTERT-811. The

transcriptional activity in each reporter plasmid was indicated as relative luciferase activities. One hundred percent corresponded to the value of the

pGL3-control vector activity (data not shown).
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reduced transcriptional activity (Fig. 1, pTERT-499 and
pTERT-811). However, transcriptional activity in-

creased with less extended truncation (Fig. 1, pTERT-

1821). These findings suggest the existence of a minimal

promoter, sufficient to exhibit a high transcriptional

activity and the existence of a potential negative regu-

latory region between )800 and )300 bp of the pro-

moter. These observations are in agreement with recent

studies that defined the function of the proximal 181 bp
region as a minimal core promoter [20] and a negative

regulatory region between )776 and )378 bp [26].

Interestingly, a strong decrease of luciferase activity

was observed if the constructs tested contained a part of

the structural gene (Fig. 1). The three constructs that

contain the exon1 and intron1 exhibited a transcriptional

activity 10 times less than the homologous constructs

without the downstream region of the ATG initiation
codon. Furthermore, the addition of part of exon2 en-

tailed up to a 100-fold decrease of the transcriptional

activity of the hTERT promoter. These observations im-

ply a potential role for the exon1, intron1, and exon2 in

the repression of the hTERT gene expression.

A RT-PCR analysis of transfected cells showed levels

of luciferase mRNA expression consistent with the re-

spective enzyme activity (Fig. 1B). This result suggests
that this strong down-regulation, due to the presence of

a hTERT exon region, occurred at the mRNA level.

Presence of a splicing regulatory region upstream of the

hTERT core promoter

Due to the presence of an intronic region in the con-

structs, it was necessary to confirm our results by testing

the different reading frames. To create the different
reading frames, one or two nucleotides were inserted in

the standard reporter plasmids (Fig. 2A). The splicing

sites in the first intron are defined in the literature [31]. For

the first reading frame, luciferase activity is detected only

when the first intron is spliced because, only in this con-

dition will the two ATG start sites of the hTERT and lu-

ciferase genes be in phase. For the second reading frame,

no activity should be observed because the ATG sites
cannot be in phase (with or without splicing of hTERT

intron1). For the third reading frame, an activity must be

detected if the first intron was not spliced, only in this

condition will the two ATG sites be in phase.

Fig. 2B shows the results obtained with these three

possible reading frames for the three constructs pTERT-

1821/ex1, pTERT-499/ex1, and pTERT-297/ex1 (Fig. 1).

As expected, no transcriptional activity was observed
with the second reading frame (Fig. 2B, lanes 2). In con-

trast, for the first reading frame, splicing of the first intron

led to a weak luciferase activity for the three different

constructions (Fig. 2B, lanes 1). The results obtained with

the third reading frame were more surprising. Some lu-

ciferase activity was observed with all the constructs,

which indicates that splicing of the first intron did not
occur completely. Nevertheless, for the longest construct

pTERT-1821/ex1, the activity was significantly lower

than that with the first reading frame. In contrast to the

construct containing the longest promoter sequence, the

level of luciferase activity of pTERT-499/ex1 and

pTERT-297/ex1 was higher with the third reading frame

(Fig. 2B, lanes 3). Therefore, more efficient splicing of the

first intron of the hTERT gene was obtained with in-
creasing length of the hTERT promoter.

The hTERT core promoter is bidirectional

Promoters that lack TATA boxes and initiator ele-

ments frequently display bidirectional activity [32]. To

determine if this is also true for the hTERT promoter,

we conceived three reverse constructs corresponding to

pTERT-811/ex1, pTERT-499/ex1, and pTERT-297/ex1
(Fig. 3A). In the minimal construct, pTERT-297/ex1-

rev, the core promoter and the exon region are reversed,

which means that the exon region is now situated up-

stream of the promoter. This construction led to a 2-fold

transcriptional activity compared to that of the minimal

hTERT promoter activity in the correct orientation (Fig.

3B). This result seems to indicate that the inhibitory role

of the region containing the exon1 and the intron1 is
effective only if this region is situated downstream of the

promoter. For the other inverted constructs, pTERT-

499/ex1-rev and pTERT-811/ex1-rev, a 200 and a 500 bp

reversed fragment of the hTERT promoter were, re-

spectively, inserted between the reverse core promoter

and the luciferase reporter gene. The 200 bp fragment

corresponds to the )500 to )300 bp of the hTERT

promoter and the 500 bp fragment corresponds to the
)800 to )300 bp of the hTERT promoter. Fig. 3B shows

that the transcriptional activities of the reverse con-

structs pTERT-297/ex1-rev and pTERT-499/ex1-rev

are, respectively, 86- and 28-fold higher than activities of

its homologous constructs in the correct orientation. In

contrast, the activity of the pTERT-811/ex1-rev is not

significantly different from the activity of its homolo-

gous construct in the correct orientation (pTERT-811/
ex1). The difference between the two first constructs and

the pTERT-811/ex1-rev is the 300 additional bp of the

hTERT promoter corresponding to the )800 to )500 bp

region of this promoter. Our experiments show that this

region, containing multiple binding motifs for MZF-2

[26], downregulates the hTERT promoter transcription

more strongly in the reverse orientation than in the

correct one.

Discussion

The hTERT gene regulation is rather complex and

not yet well understood. In this study, we addressed the
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potential role of the proximal part of the structural gene
as a negative regulatory element for the hTERT pro-

moter. To answer this question, different parts of the

hTERT promoter, with or without a part of the struc-

tural gene, were cloned in luciferase reporter vectors.

Four important regions, involved in the transcriptional

regulation of the hTERT gene, have been identified from

)1821 to +1071 bp of the gene (Fig. 4).

The first region contains the core promoter, which
gives the highest transcriptional activity. The result is

consistent with other studies using hTERT promoter

reporter vectors [17–19,31]. In addition, reverse con-

structs allowed us to conclude that this core promoter

has the particularity of being bidirectional, and that, at

least in HeLa cells, the expression in the reverse sense is

2-fold higher than the normal hTERT gene transcrip-

tional level.
The second region identified, located in the 50 flank-

ing region of the promoter between )1821 and )811 bp,

was involved in the regulation of the mRNA splicing

processing (Fig. 4). Since sequences subcloned contained

the first intron, the possible reading frames were tested.

The frequency of correct splicing of the first intron was

significantly more efficient with constructs containing

the largest part of the promoter. Indeed, spliced mRNA
was four times more frequent than non-spliced mRNA if

the construct contains the 1821 bp upstream of the ATG

start codon. In contrast, if the transfected constructs

contained a shorter promoter region, the level of non-

spliced mRNA became significantly higher than the

spliced one. It is well known that regulation of the

hTERT gene also implies alternative splicing of mRNA

[12,32]. Our results indicate that the 50 flanking region of
the hTERT promoter is involved in the splicing, at least,

of the first intron of the hTERT gene. Hence, some

regulatory factors of the RNA splicing process may be

located in the 50 flanking region of the promoter between

)1821 and )811 bp. Other studies have also suggested

that the distant 50 flanking region of the hTERT gene is

involved in the splicing regulation as several transcripts

of hTERT mRNA could be detected. In this situation,
the chromatin structure could be implied in this regu-

lation; some factors could bind these sequences and

could contribute to stabilize the spliceosome, allowing
the correct splicing [29]. Moreover, various hTERT

splicing patterns have been observed during human de-

velopment [29,33,34]. This observation provided evi-

dence that alternative splicing is non-random and could

play a role in the regulation of telomerase activity.

Nevertheless, other mechanisms could explain our re-

sults. First, variations of the different levels of the three

reading frames could be due to a switching of the ORF
during translation. However, the switch of the ORF had

to lead to similar variation for the three constructs

containing different parts of the hTERT promoter,

which was not the case in our experiment. Furthermore,

this event was observed in bacteria, virus, and yeast, but

not in higher eukaryote. Secondly, the ATG of luciferase

could be chosen as the initiated codon. Indeed, under

rare conditions, the first ATG is not always selected as
the exclusive translation initiation site [35].

The third and fourth regions were involved in re-

pression of hTERT expression. The third is located

within the promoter between )800 and )300 (Fig. 4).

The three reverse constructs containing sequences situ-

ated in the intermediate promoter region (upstream to

the core promoter) reduced hTERT transcriptional ac-

tivity. With the )500 to )300 bp region of the promoter,
the activity is decreased 2-fold. When the 300 bp of the

promoter, corresponding to the MZF-2 binding site re-

gion [26], was added, there was almost no transcrip-

tional activity detected. Therefore the inhibitory region,

containing MZF-2 binding sites, might be important to

reduce significantly or even to stop the reverse tran-

scriptional activity of the hTERT promoter.

The fourth inhibitory region is located in the struc-
tural gene between the beginning of the exon1 and a

large part of the exon2 (Fig. 4). This sequence could play

a major role in the repression of the hTERT promoter

activity. Indeed, the transcription level of constructs

with a part of the structural gene was decreased up to

20- to 50-fold, compared with the transcription level of

the homologous construct lacking structural gene com-

ponents. If a longer part of the second exon was added,
the transcription was decreased up to 100-fold. More-

over, reverse constructs showed that this region did not

Fig. 4. Schematic representation of the four important regions involved in the hTERT gene regulation. The )297 to +1 bp region corresponding to

the core promoter shows a bidirectional activity. The )811 to )499 region contains inhibitors which contribute to repress reverse transcription of the

core promoter. The )1821 to )811 region is involved in mRNA splicing processing. Finally the +1 to +1077 bp region contains inhibitor of the

hTERT gene transcription.
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inhibit the transcriptional activity of the hTERT gene
when reversed and situated upstream of the core pro-

moter. This region might be required for the binding of

transcription repressor(s). It could explain why the

hTERT core promoter, which has a transcriptional ac-

tivity similar to that of the SV40 early promoter in vitro,

induces a very low level of gene expression in vivo [29].

In our experiments, the luciferase mRNA expression

was consistent with the respective enzyme activity.
Nevertheless, it is important to consider that the low

level of detected luciferase could also be the consequence

of the mRNA instability generated by the fusion be-

tween hTERT and luciferase mRNA.

In conclusion, our results show that the first two

exons of the hTERT gene play an important role in the

regulation of its expression. We furthermore found the

most distal upstream promoter region to play a role in
the regulation of hTERT mRNA splicing. How these

sequences regulate the expression of the hTERT gene

merits to be further elucidated.

Acknowledgments

We thank Prof. Ivan Stamenkovic for critical reading of the

manuscript. This work was funded by a grant from the Swiss National

Science Foundation (Grant No. 3200-061624.00).

References

[1] C.W. Greider, Telomere length regulation, Annu. Rev. Biochem.

65 (1996) 337–365.

[2] C.W. Greider, Chromosome first aid, Cell 67 (1991) 645–647.

[3] R.C. Allsopp, H. Vaziri, C. Patterson, S. Goldstein, E.V.

Younglai, A.B. Futcher, C.W. Greider, C.B. Harley, Telomere

length predicts replicative capacity of human fibroblasts, Proc.

Natl. Acad. Sci. USA 89 (1992) 10114–10118.

[4] W.E. Wright, M.A. Piatyszek, W.E. Rainey, W. Byrd, J.W. Shay,

Telomerase activity in human germline and embryonic tissues and

cells, Dev. Genet. 18 (1996) 173–179.

[5] S. Yasumoto, C. Kunimura, K. Kikuchi, H. Tahara, H. Ohji, H.

Yamamoto, T. Ide, T. Utakoji, Telomerase activity in normal

human epithelial cells, Oncogene 13 (1996) 433–439.

[6] N.W. Kim, M.A. Piatyszek, K.R. Prowse, C.B. Harley, M.D.

West, P.L. Ho, G.M. Coviello, W.E. Wright, S.L. Weinrich, J.W.

Shay, Specific association of human telomerase activity with

immortal cells and cancer, Science 266 (1994) 2011–2015.

[7] J. Feng, W.D. Funk, S.S. Wang, S.L. Weinrich, A.A. Avilion,

C.P. Chiu, R.R. Adams, E. Chang, R.C. Allsopp, J. Yu, The

RNA component of human telomerase, Science 269 (1995) 1236–

1241.

[8] L. Harrington, T. McPhail, V. Mar, W. Zhou, R. Oulton, M.B.

Bass, I. Arruda, M.O. Robinson, A mammalian telomerase-

associated protein, Science 275 (1997) 973–977.

[9] T.L. Beattie, W. Zhou, M.O. Robinson, L. Harrington, Recon-

stitution of human telomerase activity in vitro, Curr. Biol. 8 (1998)

177–180.

[10] K. Collins, R. Kobayashi, C.W. Greider, Purification of Tetra-

hymena telomerase and cloning of genes encoding the two protein

components of the enzyme, Cell 81 (1995) 677–686.

[11] J. Nakayama, M. Saito, H. Nakamura, A. Matsuura, F. Ishikawa,

TLP1: a gene encoding a protein component of mammalian

telomerase is a novel member of WD repeats family, Cell 88 (1997)

875–884.

[12] A. Kilian, D.D. Bowtell, H.E. Abud, G.R. Hime, D.J. Venter,

P.K. Keese, E.L. Duncan, R.R. Reddel, R.A. Jefferson, Isolation

of a candidate human telomerase catalytic subunit gene, which

reveals complex splicing patterns in different cell types, Hum. Mol.

Genet. 6 (1997) 2011–2019.

[13] M. Meyerson, C.M. Counter, E.N. Eaton, L.W. Ellisen, P.

Steiner, S.D. Caddle, L. Ziaugra, R.L. Beijersbergen, M.J.

Davidoff, Q. Liu, S. Bacchetti, D.A. Haber, R.A. Weinberg,

hEST2, the putative human telomerase catalytic subunit gene, is

up-regulated in tumor cells and during immortalization, Cell 90

(1997) 785–795.

[14] A.G. Bodnar, M. Ouellette, M. Frolkis, S.E. Holt, C.P. Chiu,

G.B. Morin, C.B. Harley, J.W. Shay, S. Lichtsteiner, W.E.

Wright, Extension of life-span by introduction of telomerase into

normal human cells, Science 279 (1998) 349–352.

[15] C.M. Counter, M. Meyerson, E.N. Eaton, L.W. Ellisen, S.D.

Caddle, D.A. Haber, R.A. Weinberg, Telomerase activity is

restored in human cells by ectopic expression of hTERT (hEST2),

the catalytic subunit of telomerase, Oncogene 16 (1998) 1217–

1222.

[16] S.L. Weinrich, R. Pruzan, L. Ma, M. Ouellette, V.M. Tesmer, S.E.

Holt, A.G. Bodnar, S. Lichtsteiner, N.W. Kim, J.B. Trager, R.D.

Taylor, R. Carlos, W.H. Andrews, W.E. Wright, J.W. Shay, C.B.

Harley, G.B. Morin, Reconstitution of human telomerase with the

template RNA component hTR and the catalytic protein subunit

hTRT, Nat. Genet. 17 (1997) 498–502.

[17] I. Horikawa, P.L. Cable, C. Afshari, J.C. Barrett, Cloning and

characterization of the promoter region of human telomerase

reverse transcriptase gene, Cancer Res. 59 (1999) 826–830.

[18] M. Takakura, S. Kyo, T. Kanaya, H. Hirano, J. Takeda, M.

Yutsudo, M. Inoue, Cloning of human telomerase catalytic

subunit (hTERT) gene promoter and identification of proximal

core promoter sequences essential for transcriptional activation in

immortalized and cancer cells, Cancer Res. 59 (1999) 551–557.

[19] M. Wick, D. Zubov, G. Hagen, Genomic organization and

promoter characterization of the gene encoding the human

telomerase reverse transcriptase (hTERT), Gene 232 (1999) 97–

106.

[20] S. Kyo, M. Takakura, T. Taira, T. Kanaya, H. Itoh, M. Yutsudo,

H. Ariga, M. Inoue, Sp1 cooperates with c-Myc to activate

transcription of the human telomerase reverse transcriptase gene

(hTERT), Nucleic Acids Res. 28 (2000) 669–677.

[21] K.J. Wu, C. Grandori, M. Amacker, N. Simon-Vermot, A.

Polack, J. Lingner, R. Dalla-Favera, Direct activation of TERT

transcription by c-MYC, Nat. Genet. 21 (1999) 220–224.

[22] S. Misiti, S. Nanni, G. Fontemaggi, Y.S. Cong, J. Wen, H.W.

Hirte, G. Piaggio, A. Sacchi, A. Pontecorvi, S. Bacchetti, A.

Farsetti, Induction of hTERT expression and telomerase activity

by estrogens in human ovary epithelium cells, Mol. Cell. Biol. 20

(2000) 3764–3771.

[23] S. Oh, Y. Song, J. Yim, T.K. Kim, The Wilms� tumor 1 tumor

suppressor gene represses transcription of the human telomerase

reverse transcriptase gene, J. Biol.Chem. 274 (1999) 37473–37478.

[24] H. Li, Y. Cao, M.C. Berndt, J.W. Funder, J.P. Liu, Molecular

interactions between telomerase and the tumor suppressor protein

p53 in vitro, Oncogene 18 (1999) 6785–6794.

[25] D. Xu, Q. Wang, A. Gruber, M. Bjorkholm, Z. Chen, A. Zaid, G.

Selivanova, C. Peterson, K.G. Wiman, P. Pisa, Downregulation of

telomerase reverse transcriptase mRNA expression by wild type

p53 in human tumor cells, Oncogene 19 (2000) 5123–5133.

[26] K. Fujimoto, S. Kyo, M. Takakura, T. Kanaya, Y. Kitagawa, H.

Itoh, M. Takahashi, M. Inoue, Identification and characterization

of negative regulatory elements of the human telomerase catalytic

S. Renaud et al. / Biochemical and Biophysical Research Communications 300 (2003) 47–54 53



subunit (hTERT) gene promoter: possible role of MZF-2 in

transcriptional repression of hTERT, Nucleic Acids Res. 28 (2000)

2557–2562.

[27] C. Gunes, S. Lichtsteiner, A.P. Vasserot, C. Englert, Expression of

the hTERT gene is regulated at the level of transcriptional initiation

and repressed by Mad1, Cancer Res. 60 (2000) 2116–2121.

[28] D. Xu, N. Popov, M. Hou, Q. Wang, M. Bjorkholm, A. Gruber,

A.R. Menkel, M. Henriksson, Switch from Myc/Max to Mad1/

Max binding and decrease in histone acetylation at the telomerase

reverse transcriptase promoter during differentiation of HL60

cells, Proc. Natl. Acad. Sci. USA 98 (2001) 3826–3831.

[29] A.L. Ducrest, M. Amacker, Y.D. Mathieu, A.P. Cuthbert, D.A.

Trott, R.F. Newbold, M. Nabholz, J. Lingner, Regulation of

human telomerase activity: repression by normal chromosome 3

abolishes nuclear telomerase reverse transcriptase transcripts but

does not affect c-Myc activity, Cancer Res. 61 (2001) 7594–7602.

[30] G.A. Ulaner, J.F. Hu, T.H. Vu, L.C. Giudice, A.R. Hoffman,

Telomerase activity in human development is regulated by human

telomerase reverse transcriptase (hTERT) transcription and by

alternate splicing of hTERT transcripts, Cancer Res. 58 (1998)

4168–4172.

[31] Y.S. Cong, J. Wen, S. Bacchetti, The human telomerase catalytic

subunit hTERT: organization of the gene and characterization of

the promoter, Hum. Mol. Genet. 8 (1999) 137–142.

[32] A. Gavalas, H. Zalkin, Analysis of the chicken GPAT/AIRC

bidirectional promoter for de novo purine nucleotide synthesis, J.

Biol. Chem. 270 (1995) 2403–2410.

[33] G.A. Ulaner, J.F. Hu, T.H. Vu, L.C. Giudice, A.R. Hoffman,

Tissue-specific alternate splicing of human telomerase reverse

transcriptase (hTERT) influences telomere lengths during human

development, Int. J. Cancer 91 (2001) 644–649.

[34] X. Yi, J.W. Shay, W.E. Wright, Quantitation of telomerase

components and hTERT mRNA splicing patterns in immortal

human cells, Nucleic Acids Res. 29 (2001) 4818–4825.

[35] M. Kozak, Initiation of translation in prokaryotes and eukary-

otes, Gene 234 (1999) 187–208.

54 S. Renaud et al. / Biochemical and Biophysical Research Communications 300 (2003) 47–54


	Implication of the exon region in the regulation of the human telomerase reverse transcriptase gene promoter
	Materials and methods
	Results
	Identification of an inhibitory region downstream of the ATG initiation codon of the hTERT gene
	Presence of a splicing regulatory region upstream of the hTERT core promoter
	The hTERT core promoter is bidirectional

	Discussion
	Acknowledgements
	References


