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Summary

Previous studies have revealed that the link between c-Myc and E2F1 pathway plays a pivotal role
in regulating cell growth and death. Human telomerase reverse transcriptase (hTERT), activation
of which is required for cell immortalization and transformation, has been confirmed to be a di-
rect transcriptional target of c-Myc. It is of note that E2F1, which is also a direct transcriptional tar-
get of c-Myc, can bind the hTERT promoter and repress its expression. Thus, although oncogene
c-Myc can be activated in normal cells, for the subsequent induction of E2F1, it may still be insuf-
ficient to trigger the expression of hTERT. This negative feedback regulation, if it exists, may be
another mechanism for normal cells to control the transmission of c-Myc-mediated oncogenic sig-
nals. In this article, we reviewed current knowledge about the crosstalk among c¢-Myc, E2F1 and
hTERT, with an emphasis on the hypothesis that E2F1 negatively regulates c-Myc-induced hTERT
transcription. Additionally, we postulated that the miR-17-92 cluster-mediated regulation of c-Myc
and E2F1 expression may be of particular importance for the repression of hTERT transcription.
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BACKGROUND

Although extensive research has been done in the last 2
decades, the regulation of c-Myc activation and c-Myc-de-
pendent signal transduction pathways has not yet been ful-
ly elucidated. In this article we review current knowledge
about hTERT transcription, which has been proved to be
significantly up-regulated by c-Myc, and, based on previous
findings, we postulate that E2F1, another c-Myc-upregulat-
ed gene, may act as a negative regulator of hTERT expres-
sion for its function in repressing hTERT transcription. The
E2F1-mediated feedback inhibition of hTERT transcription,
if existing, might be an important mechanism for normal
cells to control the transmission of c-Myc signals upon on-
cogenic stress.

THE c-MYC SIGNALING PATHWAY IS DEEPLY INVOLVED IN
TUMORIGENESIS

As a transcription factor, the ¢-Myc oncoprotein has been
estimated to regulate up to 15% of all human genes. These
genes are essential to almost every aspect of cell behavior,
including cell growth and proliferation, differentiation, and
apoptosis [1]. In light of these functions, it is not surprising
that the activation of c-Myc and c-Myc-mediated downstream
signal transduction is tightly regulated in normal cells. A
great deal of recent work has determined that dysregulation
of c-Myc is closely associated with tumor initiation and pro-
gression. Supporting the role of c-Myc in human tumors is
the observation of sustained c¢-Myc activation and its asso-
ciation with poor prognosis [2]. In addition, studies using
transgenic mice, in which the c-Myc oncogene is constitu-
tively expressed in a given cell type by means of a tissue-spe-
cific promoter, have supported the view that c-Myc activa-
tion, as an initial event, is important for the formation of
certain tumors [3,4].

ACTIVATION OF HTERT IS ONE OF THE IMPORTANT STEPS OF
c-Myc-INDUCED TUMORIGENESIS

Telomere maintenance by telomerase has been proposed
as an essential prerequisite for cell immortalization and
tumorigenesis [5,6]. Human telomerase reverse transcrip-
tase, hTERT, is the catalytic subunit of telomerase, and its
upregulation is the rate-limiting step for telomerase activ-
ity [7,8]. Given the fact that ectopic expression of hTERT
leads to immortalization of many human somatic cells, it
is almost inevitable that in normal cells the transcription
of hTERT gene is tightly repressed. Elevated expression of
hTERT has been detected in over 85% of human tumors
[9]. Thus, the question emerged as to how the transcription
of hTERT gene is triggered in the process of tumorigenesis.

Over the past 10 years, mounting evidence indicates that
upregulation of hTERT is one of the important links in c-
Myc signal transduction pathway. The contribution of ele-
vated c-Myc activity to cell immortalization was already rec-
ognized nearly 30 years ago when c-Myc was classified as an
oncogenic protein that cooperated with Ras to transform
primary embryonic rat cells [10]. Consistent with this, some
years later hTERT was identified as a direct transcriptional
target of c-Myc, and the transcriptional induction is inde-
pendent of additional protein synthesis [11]. This finding
defines a pathway of oncogenic immortalization in which

c-Myc activation increases the expression of hTERT, and
increased hTERT expression leads to cell immortalization.

E2F1 1s A MuLTIFUNCTIONAL MODULATOR OF CELL GROWTH
AND DEATH

E2F1 is also a transcription factor and displays multiple ac-
tivities that could be involved in either suppressing or pro-
moting tumor development. Until now, few cellular genes
have been demonstrated to have such a dual role in tumor-
igenesis. Generally, E2F1 is required for cell proliferation,
whose activation promotes cell proliferation and growth by
binding to the promoter region of several genes, including
those that are involved in cell cycle regulatory activities and
DNA replication, and due to this it is considered as an on-
cogene in tumor progression [12]. However, it is now clear
that in normal cells elevated E2F1 expression participates
in many aspects of the apoptotic process, either by acting
alone or in cooperation with other factors, such as p53,
to protect against tumorigenesis in the face of oncogenic
transformation [13]. Furthermore, E2F1 has been deter-
mined to be able to suppress hTERT expression by direct-
ly binding to the hTERT promoter [14-16], indicating an
additional mechanism for normal cells to control the acti-
vation of hTERT, in which E2F1 also functions as a tumor
suppressor gene.

THE CROSSTALK BETWEEN C-Myc AND E2F1 SIGNALING
PATHWAY IS THOUGHT TO PLAY A PROMINENT ROLE IN CELL
FATE DECISIONS

Both c-Myc and E2F1 are important regulators of cell signal-
ing. It has been revealed that there is a close crosstalk be-
tween c-Myc and E2F1 signaling pathway, which is believed
to control cell fate decisions [17]. It is known with certainty
that c-Myc and E2F1 can activate each other’s transcription,
thereby establishing a positive feedback circuit [18,19]. In
the absence of additional regulatory mechanisms, this cir-
cuit might be expected to overactivate both c-Myc and E2F1,
leading to cellular confusion. Obviously, this does not hap-
pen, indicating the possibility of another mechanism for
regulation of ¢-Myc and E2F1 interaction in cells. Recent
evidence indicated that in noncancerous cells the miR-17-
92 cluster is another important regulator involved in the c-
Myc and E2F1 networks [20-22]. E2F1 are inhibited at the
post-transcriptional level by members of the miR-17-92 clus-
ter such as miR-20a and miR-17-5p, while, as transcription
factors, both c-Myc and E2F1 can induce the expression of
microRNAs within the miR-17-92 cluster. Since both miR-
1792 and E2F1 are transcriptionally activated by c-Myc, this
establishes an unusual network in which c-Myc activates the
transcription of E2F1 while simultaneously inhibiting its
translation, suggesting that miR-17-92 is the negative con-
trol mechanism that prevents a runaway c-Myc/E2F1 posi-
tive feedback. By using a mathematical model, it is addition-
ally thought that the interactions between miR-17-92 and
the transcription factors c-Myc and E2F1 might represent
a molecular switch for cell proliferation and apoptosis via
determining the levels of these 2 proteins [23].

Besides the above description, because ¢-Myc and E2F1
have some common regulatory properties in cell biology,
including proliferation and apoptosis, it is also inevitable
that there are other types of interaction between these 2
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signal transduction pathways. A study using K5 c-Myc-trans-
genic mice showed that E2F1 is not required for prolifer-
ation, apoptosis, or tumorigenesis induced by c-Myc [24].
However, inactivation of E2F1 was found to not only increase
the incidence of tumor formation, but also to promote tu-
mor initiation, indicating that E2F1 activation is a control
mechanism serving to protect normal cells from the c-Myc-
induced tumorigenesis. Surprisingly, in this model system,
inactivation of E2F1 increased the level of apoptosis induced
by c-Myc overexpression [24]. Because the apoptotic process
was not impaired in this model, the accelerated tumor pro-
gression caused by E2F1 inactivation cannot result from the
lack of E2F1-mediated apoptosis, suggesting that E2F1 has
other functions to suppress the oncogenic transformation
by c-Myc. Observations that support this hypothesis also in-
clude: 1) c-Myc-mediated proliferation and lymphomagen-
esis are compromised by E2F1 loss [25]; and 2) E2F1 blocks
and c-Myc accelerates hepatic ploidy and tumorigenesis in
transgenic mouse models [26]. These results indicate that
E2F1 can counteract c-Myc oncogenic activation, especial-
ly in the process of tumor initiation.

HypoTHESIS: E2F1 MAY SERVE AS A NEGATIVE REGULATOR
oF HTERT TRANSCRIPTION UPON c-Myc ACTIVATION IN
NORMAL CELLS

In normal cells, the activity of c-Myc is tightly controlled to
maintain cellular homeostasis through multiple levels of
regulation. In theory, as a transcription factor, oncogenic
c-Myc activation can regulate up to 15% of cellular genes
[1,27]. However, only a fraction of these genes is responsive
to c-Myc activation in all cells analyzed, indicating the ex-
istence of some suppressors that function to limit the tran-
scriptional function of ¢-Myc [1].

Both hTERT and E2F1 are identified as the direct targets
of c-Myc. Interestingly, E2F1 is found to be able to bind the
hTERT promoter and repress its expression. Therefore,
these processes create a negative feedback loop that lim-
its the c-Myc-induced hTERT transcriptional expression.
E2F1 plays a dual role in signaling both cell proliferation
and apoptosis, which is dependent on the expression lev-
el of the protein itself. Thus, it may be hypothesized that
under mild c-Myc activation, concomitant E2F1 upregula-
tion could limit the expression of hTERT, which normally
participates in the process of cell proliferation. Whereas,
under severe c-Myc activation, the level of E2F1 protein is
greatly increased, which leads to cell apoptosis (Figure 1).

How IMMORTALIZATION IS INITIATED IN THE PROCESS OF
TUMORIGENESIS?

As noted above, miR-17-92 is within the regulatory loop be-
tween c-Myc and E2F1. If miR-17-92 is significantly upreg-
ulated in response to c-Myc activation, it can abrogate the
increase in E2F1 expression induced by c-Myc at the post-
transcriptional level, and thus attenuate the inhibitory ef-
fect of E2F1 on the transcriptional expression of hTERT.
Mutants of the hTERT promoter region might be another
mechanism by which it can escape from the negative regu-
lation of E2F1. Overall, the inhibition of hTERT transcrip-
tion by E2F1 might be an important mechanism for normal
cells to counteract the oncogenic activity of c-Myc. If the
negative regulating function of E2F1 is removed, hTERT is

oncogenic c-Myc activation - hTERT - immortalization and tumorigenesis

| =]

miR-17-92 =—————E2F1 — normal proliferation or apoptosis

Figure 1. The possible mechanism that may enable E2F1 to restrict
the transcriptional expression of hTERT induced by
oncogenic c-Myc activation.

easily activated by oncogenic c-Myc activation, and thereby
results in cell immortalization and tumorigenesis.

DiscussIioN

Precise regulation of c-Myc and its signaling pathway is crit-
ical for cellular physiology, while its perturbations have det-
rimental consequences to cells and lead to various diseases,
especially tumors. Evidence from many studies clearly shows
that c-Myc-dependent hTERT transcription is a major mech-
anism for maintaining expression of telomerase and, appar-
ently, contributes to tumor initiation [28]. However, not all
increased c-Myc expression in normal cells will result in acti-
vation of oncogenic sequences including hTERT. E2F1 was
determined to be transcriptionally activated by c-Myc and
has been shown to crosstalk extensively with c-Myc signal-
ing [17]. E2F1 was also found to be able to inhibit hTERT
gene transcription [14-16]. Therefore, we speculated that
E2F1 may be a potential negative regulator of c-Myc-induced
hTERT activation, which exhibits a negative feedback reg-
ulation in normal cells upon c-Myc oncogenic activation.

E2F1 has the ability to induce 2 seemingly contradictory
processes of cell proliferation and apoptosis. Under nor-
mal conditions, E2F1 is necessary for maintaining cell pro-
liferation. Therefore, it seems paradoxical that upregulated
E2F1 expression can also lead to apoptosis. Notably, E2F1-
induced apoptosis has a physiological role and is not just an
accidental result of ectopic expression [29]. We postulate
that in normal cells an accompanying increase of E2F1 ex-
pression suppresses the c-Myc-dependent hTERT transcrip-
tion, and once the accompanying E2F1 expression had ex-
ceeded a certain threshold, cells enter spontaneously into
apoptosis. At present, there are still no direct experimen-
tal data to support this hypothesis. In fact, there is even ev-
idence against it [30]. Therefore, specific studies designed
to provide information about the possible feedback regula-
tion are needed. Also, the integration of the miR-17-92 clus-
ter into the feedback regulation awaits further study and
might prove to be a comprehensive mechanism to initiate
tumorigenesis. Since mutants of hTERT promoter region
can make cells escape from the surveillance mediated by
E2F1, c-Myc activation, even when the activation is mild, will
lead to the transcriptional activation of hTERT and conse-
quently lead to cell tumorigenesis under such conditions.

Because hTERT activation constitutes a critical step in the
process of tumorigenesis, a better understanding of hTERT
regulation may provide not only a rationale for the molec-
ular basis of tumor initiation, but also a path to the devel-
opment of therapies based on the manipulation of h-TERT
activity. In this article, we postulate E2F1 as a negative reg-
ulator of c-Myc-induced hTERT expression, and suggest
possible explanations for ways by which cells escape this
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negative regulation. If this hypothesis were confirmed, it
would indicate several important molecular targets for can-
cer prevention.
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