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Introduction

The TGF-β superfamily comprises three TGF-β iso-
forms (TGF-β 1-3), and other cytokines involved in cell 
differentiation and proliferation that include the bone mor-
phogenetic proteins (BMP), inhibins and activins. TGF-β 
has both inhibitory and stimulatory effects on cell prolif-
eration, acting as a tumour suppressor and oncogene. In 
normal development, TGF-β promotes cell differentiation 
and inhibits proliferation, whereas during tumorigenesis 
TGF-β secreted from tumour cells often loses its inhibi-
tory function in favour of its oncogenic activity [1]. The 
mechanisms of actions of TGF-β have not yet been fully 
understood, so investigation of TGF-β intracellular signal-
ing events provides insight into normal cellular functions 
and abnormal effects of TGF-β in normal cell development, 
physiology and tumour formation. 

TGF-β signaling

A heterotetrameric complex of two trans-membrane 

receptor serine/threonine kinases mediates TGF-β signal-
ling. The receptor complex consists of a ligand binding 
type II receptor (TRII) and a signalling type I receptor 
(TRI) [2]. Smad proteins 1-8 are downstream effectors of 
TGF-β signalling, with Smad 1, 2, 3, 5 and 8 binding to 
TRI as R-Smads, Smad 4, a common intermediate Smad 
or C-Smad that binds R-Smad, and Smad 6 and 7, inhibi-
tory Smads. Smad3 specifically mediates TGF-β action, 
whereas Smads 1, 2, 5 and 8 often mediate actions of other 
members of the TGF-β superfamily. Upon phosphorylation 
and activation by TRII, TRI recruits and phosphorylates R-
Smads, and once phosphorylated, R-Smads form signalling 
heterodimers or heterotrimers with Smad4 to translocate 
into the nucleus to regulate gene expression.

With profound anti-proliferative effects on a variety of 
cell types, including several types of tumor cells  [3, 4],  the 
anti-proliferative effects of TGF-β have been reported to be 
primarily mediated through the up-regulation of cell cycle 
inhibitors such as p15INK4b and p21CIP1, and down-regulation 
of cell cycle stimulators such as c-myc and cyclin-depen-
dent kinases 4 and 6 (Figure 1). Concomitantly TGF-β may 
up-regulate the cyclin-dependent kinase inhibitors p15INK4b 
and p21CIP1 by both Smad directed transcriptional activa-
tion and indirect release of repression by c-myc. TGF-β 
also signals through other pathways such as mitogen acti-
vated protein kinase (MAPK) and protein phosphatase 2A 
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(PP2A), although the molecular details are unclear  [3, 5, 6]. 
In immortalized keratinocyte cell line (HaCaT) and several 
other cell types, TGFβ-induction of p15INK4b and p21CIP1 has 
been shown to be through Smad-independent activation of 
the MAPK pathway, and the PP2A pathway can also medi-
ate Smad-independent growth inhibition [6]. 

Telomeres and telomerase

Human telomeres are the nucleoprotein complex of chro-
mosome ends, consisting of up to three thousand TTAGGG 
repeat sequences and associated proteins. Interestingly, 
telomeres form protective caps on chromosome ends for 
genomic integrity and stability that are important for con-
tinuous proliferation including cancer [7, 8]. Owing to the 
‘end replication problem’, telomeres shorten progressively 
with each round of cell division, and subsequently, cells are 
triggered to enter a permanent growth arrest stage named 
‘replicative senescence’ when their telomeres reach a criti-
cal size that elicits the DNA damage checkpoint response or 
p53 and Rb activation [8, 9]. It is suggested that the replica-
tive senescence programmed by telomere attritions act as 
a potent barrier to cancer development. 

Telomeric DNA is synthesized by telomerase, a RNA-
dependent DNA polymerase that is generally silent in 
normal human somatic cells due to stringent repression of 
the human telomerase reverse transcriptase (hTERT) gene 
encoding the catalytic component of telomerase [8, 10, 11]. 
Expression of hTERT stimulates cell proliferation toward 
immortality [12-16] and contributes to tumor formation [17, 

18]. In contrast, inhibition of telomerase results in erosion 
of telomeres, compromise of growth capacity and apoptosis 
of highly proliferative cells [19-24]. Thus, hTERT is es-
sentially a key element in telomerase activation, telomere 
maintenance and tumor development, and is proposed as 
a promising target for anticancer therapy. 

Repressed in association with a gradual loss of pro-
liferative potential and gain of differentiation of mature 
cells, the exact role and mechanisms of hTERT repression 
in cell differentiation remains to be established [25-28]. 
Transcriptional activation of the hTERT gene is a criti-
cal, initial rate-limiting step in telomerase activation in 
human cancers. The hTERT gene promoter provides a 
platform with a number of binding sites for transcriptional 
regulation, including two typical E-boxes and several GC-
boxes for the transcription factors c-myc/Max and Sp1, 
respectively [29-31]. Expression of c-myc rapidly induces 
hTERT gene transcription [32], with the binding of c-myc 
to the E-box being coupled to cell proliferation and that is 
disengaged by Mad1 during differentiation [33]. Another 
E box binding protein called upstream stimulatory factor 
(USF) also up-regulates hTERT promoter activity.  USF  
is inhibited by the N-terminal truncated form USF2 acting 
as an inhibitory competitor that is increased in telomerase 
negative cells [34]. 

However, little is known of the mechanisms by which 
hTERT gene is repressed both during normal tissue de-
velopment and ageing related tumorigenesis. Several 
approaches have been investigated in order to repress 
telomerase during tumor development and metastasis; these 
include using RNA interference technology and antisense 
oligonucleotides to target against the template region of 
the RNA component hTR or against reverse transcriptase 
hTERT, the use of reverse transcriptase inhibitors to inhibit 
hTERT catalytic activity, and agents that promote or stabi-
lize G-quadruplex formation in telomeric DNA [35-37]. In 
addition, we recently identified a synthetic peptide that in-
hibits telomerase activity in vitro and in vivo (unpublished). 
We also investigated the significance of TGF-β inhibition 
of telomerase activity and hTERT gene expression, and the 
mechanisms by which TGF-β inhibits through the signaling 
protein Smad3 to repress hTERT gene directly.  

TGF-β regulation of telomerase activity

Among different hormones and growth factors, TGF-β 
appears to be the only potent inhibitory growth factor that 
inhibits telomerase in cell cultures under physiologically 
relevant conditions [38]. The levels of TGF-β are inversely 
correlated with the levels of telomerase activity [5]. Treat-
ment of human lung adenocarcinoma A549 cells with TGF-β 
results in complete abrogation of telomerase activity in a 
prolong time course of 30 days [4].  Interruption of TGF-β 

Figure 1 Schematic presentation of mechanisms that have been 
shown to mediate TGFβ regulation of cell cycle arrest and growth 
inhibition. 
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autocrine action in human breast cancer MCF-7 cells in-
creases telomerase activity, whereas restoration of autocrine 
TGF-β activity in human colon carcinoma HCT116 cells 
significantly inhibits telomerase activity [5].  The findings 
that inhibition of telomerase activity by TGF-β correlates 
with decreased hTERT mRNA levels suggest that inhibi-
tion occurs through transcriptional silencing of the hTERT 
promoter [4, 5]. 

While the mechanism(s) underlying hTERT gene repres-
sion induced by TGF-β remains unclear, it is possible that  
the repression is at least in part to be mediated by TGF-β 
suppression of c-myc proto-oncogene that is a hTERT 
transcription factor [5]. Firstly, the tumour suppressor ac-
tivity of TGF-β in the epithelial and lymphoid cells from 
which most human cancers arise is thought to be largely 
due to transcriptional inhibition of the proto-oncogene 
c-myc, and secondly, the repression results from binding 
of a Smad3 complex to a TGF-β inhibitory element in the 
c-myc promoter [39]. Thus, TGF-β induced hTERT gene 
repression may involve a trans action of Smad3 repression 
of c-myc, thereby inhibiting c-myc transcriptional activa-
tion of hTERT gene. 

To establish the mechanisms by which TGF-β regu-
lates telomerase, we have recently characterized the ac-
tions of TGF-β and investigated the signaling pathways 
downstream of TGF-β, and found a rapid repression of 
telomerase activity by TGF-β. 

We noted that TGF-β down regulated telomerase activ-
ity in 2-4 h in human breast cancer MCF-7 cells. Rapid 
down-regulation of telomerase activity also occurred in 
muscular smooth muscle cells and in renal epithelial 
cells, suggesting an early inhibitory mechanism in pre-
venting cell proliferation. In contrast, relatively delayed 
mechanism after 12 h of TGF-β inhibition of telomerase 
implicates multiple intracellular mechanisms mediating 
TGF-β-induced telomerase inhibition. The rapid inhibitory 
effect on telomerase of TGF-β may constitute a novel c-
myc transcription-independent mechanism through which 
TGF-β operates to elicit tumour suppressor activity. We 
hypothesize that TGF-β signal transducer Smad protein(s) 
might be involved in direct cis regulation of hTERT gene 
transcription by acting at the hTERT gene promoter, re-
sponsible for the rapid suppression of telomerase activity 
induced by TGF-β. 

Identification of Smad3 as a repressor of hTERT

Transcription of the hTERT gene is the first key step in 
telomerase activation (Figure 2), and the proto-oncogene 
c-myc interacts with the hTERT gene promoter resulting 
in hTERT transcription [40]. To test the hypothesis that 
inhibitory Smad3 protein might be involved in negative 
regulation of hTERT gene transcription directly, indepen-

dent of c-myc, we manipulated intracellular Smad3 gene 
expression and determined its effect on hTERT gene ex-
pression. For the first time we noted that Smad3 interacted 
with a specific site of the hTERT promoter in response to 
TGF-β stimulation, which led to a significant inhibition of 
hTERT gene transcription. Thus, Smad3 may constitute a 
negative regulatory system to balance c-myc transcriptional 
activation of hTERT gene in response to extracellular sig-
nals of TGF-β in the regulation of telomerase activity and 
cell proliferation. 

Since previous studies have shown that c-myc repres-
sion may be involved in telomerase inhibition induced by 
TGF-β [41] and that SIP1 is a TGF-β downstream element 
that mediates TGF-β induced telomerase inhibition [42], 
it is possible that the relatively rapid inhibition of telom-
erase activity is chiefly mediated by Smad3 repression of 
hTERT gene directly, whereas delayed inhibition medi-
ated by transcription-dependent activation of SIP1 and 
repression of c-myc. The involvement of Smad3 directly 
repressing hTERT gene is supported by binding of Smad3 
to the hTERT promoter DNA in vitro as demonstrated in 
gel electrophoresis mobility shift assay and in intact cells as 

Figure 2 Pathways of transcription regulations of hTERT gene by 
TGFβ. The promoter of hTERT gene consists of various binding 
sites for transcription factors and repressors. Phosphorylated and 
activated by TGFβ signaling, Smad3 migrates into the nucleus and 
acts at the hTERT gene promoter directly in silencing hTERT gene 
transcription. Roles of MAP kinase and SIP1 implicated in TGFβ 
signaling and regulation of hTERT may be involved in regulating the 
action of Smad3, which requires further investigation.
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demonstrated by chromatin immunoprecipitation. Analysis 
of hTERT gene promoter also reveals multiple putative 
binding sites for Smad3, and mutations of these sites in-
dividually suggest a CAGA box in the vicinity of a myc 
binding E-box to mediate the TGF-β- or Smad3-induced 
hTERT gene promoter activity. 

Further investigations are required to delineate charac-
teristics of Smad3 molecular interactions at hTERT gene 
promoter. Given that the Smad3 binding site CAGA box 
is adjacent to the E-box of c-myc binding site, it cannot be 
excluded that Smad3 binding to the CAGA box of hTERT 
promoter has no effect on c-myc actions in gene transcrip-
tional activation of hTERT. Indeed, previous studies have 
shown that Smad3 undergoes protein-protein interaction di-
rectly with c-myc [43]. Thus, a working model is proposed 
that Smad3 interacts with both c-myc protein and hTERT 
gene promoter DNA (Figure 3). The potential interactions 
recruits Smad3 onto the already activated hTERT gene 
promoter by c-myc. Binding to c-myc itself might impact 
upon c-myc transcriptional effect on hTERT gene. Thus, 
two modes of repression of hTERT gene by Smad3 may 
include interactions with c-myc and with hTERT gene 
promoter DNA. Molecular engineering of the interactions 
would lead to novel strategies in targeting hTERT gene 
expression and telomerase activity in cancer. 

Conclusion and Prospect
In summary, TGF-β operates with tumor suppressor 

activity in epithelial and lymphoid cells, which may be in 
part mediated by repression of telomerase activity that is 
required for most cancers. We show a novel mode of action 
for TGF-β through which Smad3 carries out a rapid hTERT 

gene repressor activity in immortal and neoplastic cells. 
Further studies are required to elucidate roles of TGF-β, 
and Smad3 intracellular signaling in telomere homeostasis 
during stem cell development and tumorigenesis.  Studies 
to engineer the interface between Smad3 and hTERT gene 
may lead to new information in anti-cancer therapeutic 
strategy by targeting telomerase gene expression and cancer 
cell immortalization. 
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