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E2F1 acts as a negative feedback regulator of c-Myc-induced
hTERT transcription during tumorigenesis
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Abstract. Since induction of hTERT expression and subse-
quent telomerase activation play a critical role in the multistep
process of tumorigenesis, a better understanding of hTERT
regulation may provide not only a rationale for the molecular
basis of cancer progression but also a path to the development
of cancer prevention. The c-Myc oncoprotein can function
effectively in activating the transcriptional expression of
hTERT through E-box elements on its promoter. E2F tran-
scription factor 1 (E2F1) was found to be a repressor of hTERT
transcription by directly binding to its promoter, thereby inhib-
iting hTERT protein expression. For the extensively crosstalk
between c-Myc and E2F1 signals, which is now known to be
vital to cell fate, we speculated that E2F1 may play a negative
regulatory role in c-Myc-induced hTERT transcription. In the
present study, we chose to use human embryonic fibroblast
cells as an experimental model system, and present evidence
that the E2F1 transcription factor constitutes a negative
regulatory system to limit c-Myc transcriptional activation of
hTERT in normal cells. Furthermore, we demonstrated that
upregulation of the miR-17-92 cluster (miR-20a/miR-17-5p) is
involved in the regulation of E2F1-mediated negative feedback
of the c-Myc/hTERT pathway. Our results not only reveal
novel insights into how normal cells control the transmission
of c-Myc-mediated oncogenic signals, but also further estab-
lish E2F1 as an important molecular target for cancer therapy.
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Introduction

Telomere maintenance by telomerase has been proposed as an
essential prerequisite for cell immortalization and tumorigen-
esis. Human telomerase reverse transcriptase, hTERT, is the
catalytic subunit of telomerase, and its expression has been
proven to be the rate-limiting step for telomerase activity (1).
Studies have revealed that hTERT is expressed in over 85% of
human tumors, whereas most normal human somatic tissues
exhibit little or no expression (2,3). The differential hTERT
expression between tumor tissues and healthy normal tissues
makes this gene a reasonable candidate for association analysis
of tumorigenesis.

The c-Myc proto-oncogene plays an important role in the
regulation of many cellular programs, including proliferation,
differentiation, self-renewal and apoptosis. Aberrant expres-
sion of c-Myc is believed to be closely associated with cell
immortalization and tumorigenesis (4). Thirty years ago, when
c-Myc was initially classified as an oncogenic protein that
cooperates with Ras to transform primary embryonic rat cells,
it was already recognized that c-Myc activation contributes
to cell immortalization (5). Consistent with this, some years
later hTERT was identified as a direct transcriptional target
of c-Myc, and the transcriptional induction is independent
of additional protein synthesis (6,7). These findings define a
pathway of cell immortalization in which oncogenic c-Myc
activation induces expression of hTERT, and enhanced hTERT
expression leads to cell immortalization.

Evidence from numerous studies has clearly shown that
c-Myc-dependent hTERT transcription is one of the major
mechanisms for maintained expression of telomerase and
apparently contributes to tumorigenesis. However, not all inci-
dences of increased c-Myc expression in normal cells will result
in activation of oncogenic sequences including hTERT (8).
E2F transcription factor 1 (E2F1) is a member of the E2F
family of transcription factors and displays multiple activities
that could be involved in cell differentiation, development and
apoptosis. E2F1 was determined to be transcriptional activated
by c-Myc, and has been shown to crosstalk extensively with
c-Myc signaling, which is now believed to control cell fate
decisions (9,10). Of special interest to us, as a transcriptional
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regulator, E2F1 was found to be able to inhibit hTERT gene
transcription (11-13). Therefore, we speculated that E2F1 may
be a potential suppressor of c-Myc-induced hTERT activation,
which exhibits a negative feedback regulation in normal cells
upon c-Myc oncogenic signals.

The miR-17-92 gene cluster is frequently overexpressed in
human cancers, and has been shown to promote several aspects
of oncogenic transformation (14). Recent evidence has demon-
strated that E2F1 is inhibited at the post-transcriptional step
by members of miR-17-92 (miR-20a and miR-17-5p) (15-17).
However, both E2F and Myc can induce the transcription of
miR-17-92, thus forming a complicated negative feedback
system in the interaction network (18-20). At present, some
scholars believe that miR-17-92 represents a molecular switch
for cell proliferation and apoptosis via determining the levels
of these two proteins (21,22). Based on these findings, we
speculated that miR-17-92 plays a critical mediating role in
the expression of hTERT via regulating c-Myc/E2F1 networks.

In this study, we chose to use human embryonic fibro-
blast (HEF) cells as the model system, and performed
experiments to investigate whether E2F1 can act as a nega-
tive feedback regulator of hTERT transcription in response to
c-Myc activation. Furthermore, we analyzed the effects of the
upregulation of miR-17-92 (miR-20a and miR-17-5p) expres-
sion on the crosstalk of c-Myc/E2F1 and downstream hTERT
expression.

Materials and methods

Cell culture and reagents. The HEF cells (passage 10) used in
this study have been described previously (23). Cells were
cultured in DMEM supplemented with 10% FCS
(Invitrogen Corp., Carlsbad, CA, USA), at 37°C in a humidi-
fied atmosphere containing 5% CO,. An adenovirus (type 5)
expressing c-Myc (rAd-c-Myc) was produced by subcloning
full-length c-Myc into the vector pShuttle, and the recombi-
nant adenovirus was produced by overlap recombination. The
HA-E2F1 plasmid and hTERT promoter plasmid were
constructed by standard genetic manipulations. The mutant
hTERT promoter construct was generated by the Site-Directed
Mutagenesis kit (Stratagene, Santa Clara, CA, USA) in accor-
dance with the manufacturer's standard procedure using the
wild-type hTERT promoter construct as a template. The anti-
sense oligonucleotide directed to E2F1 mRNA (5'-TAGATC
CGATCCAGCTCAGTGACA-3") was designed and provided
by Sangon Biological Co., Shanghai, China. The full-length
backbone was modified to avoid enzymatic cleavage by
DNases.

Quantitative RT-PCR analysis. For quantitative real-
time PCR (qQRT-PCR) analysis, total-RNA was extracted with
TRIzol (Takara, Dalian, China), and cDNA was prepared
using the PrimerScript reverse transcriptase kit (Takara). The
mRNA expression levels of the targeted genes were analyzed
by qRT-PCR using Applied Biosystems 7500 Real-Time PCR
and SYBR-GreenER™ reagent system from Invitrogen. The
primers used in this study are listed as following: c-Myc,
F: 5"TCACCAGCACAACTACGCCG-3' and R: 5'-CAGG
ATGTAGGCGGTGGCTT-3"; E2F1, F: 5-~AGGGGTGTGG
GGTTGATACC-3' and R: 5-TCAGACACTGCAGGAGG
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GAC-3'; hTERT, F: 5-CGGAAGAGTGTCTGGAGCAA-3'
and R: 5'-GGATGAAGCGGAGTCTGGA-3'". Expression of
the reference P-actin gene was used to normalize the expres-
sion of the mRNA for each targeted gene. Data were analyzed
using the 2-22°* method.

Western blot analysis. Total cell lysates were prepared in
1X SDS buffer. Proteins were separated by SDS-PAGE and
transferred onto PVDF membranes. Membranes were then
blotted with monoclonal antibodies specific to c-Myc (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), E2F1 (Abcam,
Cambridge, MA, USA), hTERT (Santa Cruz) and (-actin
(Santa Cruz). Antigen-antibody complexes were visualized
with enhanced chemiluminescence (Thermo Scientific,
Rockford, IL, USA).

Telomerase assay. To quantitatively detect changes in
telomerase levels, cells were assayed for telomerase activity
using the telomerase polymerase chain reaction-enzyme-
linked immunosorbent assay (PCR-ELISA) (Roche
Diagnostics, Mannheim, Germany) according to the manu-
facturer's directions and as performed previously (24).
Briefly, cells were washed with Dulbecco's phosphate-buff-
ered saline, lysed in CHAPS lysis buffer and then assayed
for protein using the Bio-Rad DC protein assay (Bio-Rad,
Hercules, CA, USA) according to the manufacturer's instruc-
tions. Cell extracts equivalent to 3 mg of protein were used.
Following PCR-ELISA, telomerase activity was detected
using a Dynex-MRX plate reader and recorded as absor-
bance units.

Apoptosis analysis. Detection of apoptotic cells by flow
cytometry was performed as described previously (25).
HEEF cells cultured in 6-well plates were infected with
recombinant adenoviruses at various MOIs for 48 h before
cells were harvested, and then the Annexin V/propidium
iodide binding assay was performed using a flow cytometer
(XL-MCL; Coulter Epics, Miami, FL, USA).

Reporter assay. HEF cells were transfected with the indi-
cated plasmids using Lipofectamine 2000 (Invitrogen) for
48 h, and the luciferase activity was measured using the
dual luciferase system (Promega, Madison, WI, USA) as
described previously (26). The relative luciferase activity
was expressed as a ratio of the firefly luciferase activity to
the Renilla luciferase activity.

ChIP and ChIP-re-ChIP assays. Chromatin immunoprecipita-
tion (ChIP) experiments were performed using a ChIP assay kit
(Upstate Biotechnology, Millipore, CA, USA) according to the
manufacturer's instructions. Cross-linked proteins were immu-
noprecipitated using an anti-E2F1 (Abcam), and normal mouse
IgG (Santa Cruz). For ChIP-re-ChIP experiments, primary
immunocomplexes obtained with anti-E2F1 or anti-c-Myc
were washed and eluted with 10 mM dithiothreitol, and eluates
were diluted in IP dilution buffer to perform re-ChIP with anti-
c-Myc or anti-E2F1. The recovered DNA was amplified with
specific primer pairs and analyzed by qRT-PCR. Normal IgG
and input DNA values were used to subtract and normalize
values from ChIP and ChIP-re-ChIP samples. The percent
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Figure 1. E2F1 is associated with hTERT expression and telomerase activity in c-Myc-transfected HEF cells. Cells were transfected with rAd-c-Myc (MOI 0,
10, 20, 50 and 100) for 48 h. (A) The mRNA expression of c-Myc, E2F1 and hTERT was assessed by gqRT-PCR. The histogram summarizes the results from
three independent experiments. (B) The protein expression of c-Myc, E2F1 and hTERT was assessed by western blot analysis. Representative results from three
independent experiments with similar results are shown. (C) Telomerase activity was assessed by TRAP-PCR-ELISA assay. (D) The percentage of apoptotic
cells after c-Myc transfection was analyzed using Annexin/PI staining. Values are means + SD of five independent experiments. ‘P<0.05 and “P<0.01, vs. the

blank control.

input method was used to quantitate the values of the immuno-
precipitated DNA. Primers used for the hTERT promoter
region were as follows: forward, 5'-GAGCAGCTGCGCTGT-3'
and reverse, 5-"~AGCTGGAAGGTGAAG-3..

miRNA expression level assays. The expression levels of
mature miRNAs were measured by TagMan MicroRNA
assays kit (Applied Biosystems, Foster City, CA, USA)
following the manufacturer's protocol. The U6 primers were
used as a normalization control. For relative expression levels,
the 2°24¢ method was used as previously described (27).
Experiments were carried out in triplicate for each data point,
and data analysis was carried out using Bio-Rad IQ software.

Statistical analysis. The data are expressed as means + SD.
Differences were compared by one-way ANOVA analysis
followed by LSD t-test. All statistical analyses were performed
using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA).
P<0.05 was considered to indicate a statistically significant
difference.

Results

Co-expression of E2F1 increases the apoptosis of HEF cells
following regulation of c-Myc-dependent hTERT induction.
Both E2F1 and hTERT have been determined to be the direct
transcriptional targets of c-Myc (6,7,9,10). In this study, we
initially verified whether c-Myc activation was sufficient to

induce expression of both E2F1 and hTERT in the HEF cells.
As illustrated in Fig. 1A and B, an increase in c-Myc activity
by rAd-c-Myc transfection enhanced the expression of both
E2F1 and hTERT at the mRNA and protein levels. However,
intriguingly, no dose-dependent effect on E2F1 expression
was observed. Upon severe c-Myc activation, significant
E2F1 upregulation was induced, whereas following mild and
moderate c-Myc activation, no significant E2F1 upregulation
was noted. Regarding hTERT, an increase in the expression
level was observed in a dose-dependent manner but was
restricted to a limited amount even when c-Myc activity was
greatly increased. We further tested the telomerase activity
of HEF cells upon c-Myc activation. As shown in Fig. 1C,
only moderate/high c-Myc inputs could result in a significant
increase in telomerase activity. Since it has been determined
that in normal cells elevated E2F1 expression participates in
many aspects of the apoptotic process, we further detected the
apoptosis of HEF cells. As shown in Fig. 1D, in the presence of
high levels of c-Myc activation, the apoptosis rate of HEF cells
was also significantly increased.

Specific inhibition of E2F1 expression leads to elevated
c-Myc-induced hTERT transcription. Although the expression
of hTERT after c-Myc activation in HEF cells was observed
to be dose-dependent, it was restricted to a low level, and
when hTERT expression was markedly increased, it was
accompanied by an increased E2F1 expression of a magnitude
that could induce significant apoptosis, suggesting a negative
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Figure 2. Inhibition of E2F1 enhancs hTERT expression and telomerase activity. (A and B) HEF cells were simultaneously transfected with 20 MOI rAd-c-
Myc and with various concentrations of E2F1-specific antisense oligonucleotide (ASON) for 48 h. Target proteins were detected by western blot analysis.
Telomerase activity was assessed by TRAP-PCR-ELISA assay. (C-E) HEF cells were simultaneously transfected with 100 MOI rAd-c-Myc and 100 nM
E2F1-specific ASON. Target proteins were detected by western blot analysis. Apoptosis and telomerase activity were assessed by Annexin/PI staining and
TRAP-PCR-ELISA assay, respectively. Values are means + SD of five independent experiments.

feedback loop restricting hTERT activity during c-Myc onco-
genesis. Therefore, we subsequently examined whether E2F1
inhibition has an effect on c-Myc-induced hTERT expression.
As shown in Fig. 2A, a decrease in E2F1 expression by specific
antisense oligonucleotide (ASON) at concentrations of 50 and
100 nM led to a significant increase in hTERT expression
after moderate c-Myc activation (20 MOI rAd-c-Myc), while
as shown in Fig. 2B, the telomerase activity of HEF cells was
also significantly increased. In addition, the enhanced apop-
tosis of HEF cells in response to a high level c-Myc activation
(100 MOI rAd-c-Myc) was inhibited after specific blockage of
E2F1 expression, while the increased telomerase activity of
HEEF cells was further enhanced by inhibiting E2F1 expression
(Fig. 2C-E).

E2F1 is a transcriptional repressor for hTERT gene expres-
sion induced by c-Myc activation. E2F1 has been found to
be able to bind the hTERT promoter (at -174 and -98 bp) and
repress its expression in several human cell lines (11-13). We
therefore hypothesized that in normal cells E2F1 may act as
a transcriptional repressor that restricts h\TERT gene expres-
sion in response to oncogenic c-Myc stimulation. To test
this hypothesis, we performed a luciferase reporter assay to
examine whether E2F1 regulates hTERT promoter activity in
HEEF cells and found that overexpression of E2F1 significantly
reduced the hTERT promoter activity (Fig. 3A and B). To
detect the direct binding of E2F1 to the hTERT promoter, we

next performed ChIP assay using the anti-E2F1 antibody in
HEEF cells transfected with 20 MOI rAd-c-Myc. The qRT-PCR
results indicated that E2F1 could directly bind to the hTERT
promoter region (Fig. 3C and D). Furthermore, when E2F1
expression was inhibited by a specific ASON, the qRT-PCR
expression levels of the immunoprecipitated hTERT promoter
region was observed to have a measurable reduction (Fig. 3D).
Finally, to demonstrate that E2F1 controls c-Myc-induced
hTERT gene expression, we performed ChIP-re-ChIP assay
in rAd-c-Myc-transfected HEF cells by using anti-E2F1 and
anti-c-Myc antibodies. As shown in Fig. 3E, the qRT-PCR data
indicated that E2F1 and c-Myc simultaneously associated on
the hTERT promoter region.

Overexpression of the miR-17-92 cluster attenuates the E2FI-
dependent inhibition of hTERT in c-Myc-activated HEF cells.
Considerable evidence indicates that members of the miR-17-92
cluster, miR-20a and miR-17-5p, play critical roles in the regula-
tion of c-Myc/E2F1 networks (15-22). In this study, we further
investigated the effect of miR-20a/miR-17-5p overexpression
on E2F1-dependent inhibition of hTERT in c-Myc-activated
HEEF cells. To ascertain whether miR-20a/miR-17-5p directly
regulate E2F1 expression through the target sites in the 3'UTR
of E2F1 mRNA, we constructed a luciferase reporter vector
with the two putative E2F1 3'UTR target sites for miR-20a/
miR-17-5p downstream of the luciferase gene (pMIR-
E2F1-3'UTR) and the mutant version with a mutation of 6 bp
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Figure 3. E2F1 is a repressor of hTERT gene transcriptional expression induced by c-Myc. (A) Schematic diagram of pGL3 promoter constructs carrying the
wild-type sequence (PGL3-wt-hTERT) or the -98, 99/-174, 173 CG deletion (PGL3-mt-hTERT). (B) HEF cells were transfected with the indicated plasmids for
48 h and harvested for the hTERT reporter assay. The relative luciferase activity was presented as a ratio of the firefly luciferase activity to the Renilla luciferase
activity and expressed as means + SD (n=5). (C) Schematic diagram denoting the PCR primers used in the ChIP assays. FP, forward primer; RP, reverse primer.
(D) The occupancy by E2F1 at the hTERT proximal promoter region in c-Myc-transfected HEF cells was assessed by ChIP assay. (E) ChIP-re-ChIP confirmed
the association of E2F1 and c-Myc with the hTERT promoter. Antibodies used for the first and second ChIP are indicated above the lanes. The values were
subtracted from the results for ChIP and ChIP-re-ChIP samples. Results represent the means + SD of five independent immunoprecipitations.

from the site of perfect complementarity (pMIR-mutant-E2F1-
3'UTR) (Fig. 4A). Luciferase reporter vector together with the
miR-20a/miR-17-5p mimics or mimic control were transfected
into the HEF cells. As shown in Fig. 4B, a significant decrease
in relative luciferase activity was noted when pMIR-E2F1-
3'UTR was co-transfected with miR-20a/miR-17-5p mimics,
but not in the controls (P<0.05). In addition, we co-transfected
HEEF cells with 20 MOI rAd-c-Myc and miR-20a/miR-17-5p
mimics. As shown in Fig. 4C, the expression levels of miR-20a
and miR-17-5p were expected to be greatly increased after
transfection. The expression levels of c-Myc, E2F1 and hTERT
were detected by western blot analysis. As indicated in Fig. 4D,
the protein expression of E2F1 was greatly suppressed in the
HEEF cells transfected with miR-20a/miR-17-5p mimics, while

the expression of hTERT was greatly increased, accompanied
by a significant increase in telomerase activity (Fig. 4E).

Discussion

Numerous studies indicate that there is extensive crosstalk
between E2F1 and c-Myc signal transduction pathways,
and this interaction is vital to cell viability and function.
Rounbehler et al using K5 c-Myc-transgenic mice, showed
that inactivation of E2F1 not only increased the incidence of
tumor formation, but also promoted tumor initiation, indi-
cating that E2F1 activation is a control mechanism serving
to protect normal cells from c-Myc-induced tumorigen-
esis (28,29). Observations that support this hypothesis also



1278

ZHANG et al: E2F1 AS A NEGATIVE REGULATOR OF THE c-Myc/hTERT SIGNAL

: 1.0
P<0.05
z
Z 08
miR-20a 3'-GACGL;GAUAUU U-5' 3'-GACGUGAUAUU u-5' ]
miR-17-5p 3-GACGUGACAUUCGUGAAAIC-5' 3-GACGUGACAUUICGUGAAAIC-5' ] 0.6
LT LT g o
E2F1 3’ UTRI—- IGCACUUUL IGCACUUUC— 3' 8
Position: 387-393 980-986 ‘o
= 04
o
2
Ezﬁuat?%ml" 1GGTGCCCE 16GTGCCCE== 3' < 02
Position: 387-393 980-986 -
0
mimics control mimics  control
pMIR: E2FI-3'UTR  mutant-E2F1-3'UTR
C D E
207 P<0.05 0.6
g ! rAd-c-Myc: 0 20 20 MOI S5 P<0.05
] - control  mimics << 0.5
& <z
=% g
<= 51
z =2 ]
2E g 03
E E2F1 e
v g 02
p=] =2
S S o
& hTERT -
0
control mimics  control mimics B-actin . control  mimics
miR-20a miR-17-5p rAd-c-Mye: 0 20 20 MOI

Figure 4. miR-20a/miR-17-5p are involved in the E2F1-mediated negative feedback regulation of c-Myc-induced hTERT transcription. (A) Schematic diagram
of the predicted miR-20a/miR-17-5p binding sites of the E2F1 3'UTR. The bottom panel shows the site-mutated sequence. (B) Assay for luciferase activity
was performed in HEF cells to determine the direct regulation of E2F1 by miR-20a/miR-17-5p. (C) The relative expression levels of miR-20a and miR-17-5p
were measured by qRT-PCR and expressed as a fold-change compared with the mimic control. (D) The protein expression of c-Myc, E2F1 and hTERT was
detected by western blot analysis. Representative results from three independent experiments with similar results are shown. (E) Telomerase activity of HEF
cells after co-transfection with 20 MOI rAd-c-Myc and miR-20a/miR-17-5p mimics was assessed by TRAP-PCR-ELISA assay. Values are means + SD of five

independent experiments.

induce

oncogenic c-Myc activation —— hTERT —— immortalization and tumorigenesis

induce

inhibit

miR-17-92 1E2F1

» normal proliferation or apoptosis

Figure 5. Schematic diagram of E2F1 and miR-17-92 involving c-Myc-induced hTERT transcription.

include the finding that i) c-Myc-mediated proliferation and
lymphomagenesis are compromised by E2F1 loss (30) and ii)
E2F1 blocks and c-Myc accelerates hepatic ploidy and tumori-
genesis in transgenic mouse models (31). These results further
indicate that E2F1 can counteract c-Myc oncogenic activation,
especially in the process of tumor initiation.

It is recognized that E2F1 has a dual function: it triggers
both proliferation and apoptosis via activation of downstream
target genes (32). Overexpression of E2F1 causes apoptosis via
p53-dependent and p53-independent pathways, and this is an
effective mechanism for suppressing tumorigenesis (33,34).
In this study, we observed that high expression of the c-Myc
oncoprotein induced significant apoptosis of HEF cells, and
when E2F1 expression was specifically blocked, the enhanced
apoptosis was markedly attenuated, suggesting the involvement

of E2F1-mediated apoptosis. Of note, Leone et al revealed
that E2F1 is required for c-Myc-induced apoptosis in mouse
embryonic fibroblast cells (35). However, Rounbehler et al
reported that in E2F1-null transgenic mice, tumorigenesis was
accelerated while the c-Myc-induced apoptosis and prolif-
eration were unaffected by the status of E2F1, indicating that
E2F1 has other functions with which to suppress the oncogenic
transformation by c-Myc (28,29).

Induction of hTERT expression and subsequent telomerase
activation constitute a critical step in tumorigenesis, especially
in the process of tumor initiation (4). Studies have shown that
c-Myc plays a critical role in the induction of hTERT gene tran-
scription through the E-box located within the core promoter
region (at -165 and -49 bp) (6,7). However, in normal cells,
not all c-Myc upregulation leads to the expression of hTERT
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and subsequent telomerase activation (8). In addition, studies
have found that in normal cells including embryonic fibroblast
cells, c-Myc induction is a common event which is required for
the cellular response to various types of stress but detectable
hTERT protein expression is very rare (36-38), indicating that
the c-Myc-induced hTERT transcription is tightly controlled
and limited in non-oncogenic cells.

Although E2F1 has been proven to be a suppressing
regulator of hTERT expression, little is known concerning
the influence of E2F1 on c-Myc-induced hTERT activation. In
this study, we present evidence that E2F1 negatively regulates
c-Myc-dependent hTERT transcription in HEF cells through
direct binding to the promoter region. As E2F1 is also a
transcriptional target of c-Myc, it thus establishes a negative
feedback pathway in which responsive E2F1 protein expression
inhibits hTERT expression and acts as an apoptotic trigger,
thus counteracting the c-Myc oncogenic signal transduction
in normal cells. Of note, we performed the same experiments
in hTERT-negative human osteosarcoma U20S cells but no
expression changes of hTERT and E2F1 were observed upon
rAd-c-Myc transfection (data not shown), indicating that
the negative feedback pathway for suppression of hTERT
transcription is no longer functional when tumorigenesis has
occurred. Our study therefore extends the explanation of how
E2F1 counteracts c-Myc oncogenic activation, and provides a
clue to the understanding of mechanisms of hTERT activation
in the process of tumor initiation.

The miR-17-92 cluster, also called oncomir-1, is among the
first miRNAs to be validated as showing oncogenic potential.
Genomic amplification and elevated expression of miR-17-92
were both found in various human malignances, and its
enforced expression exhibits strong tumorigenic activity in
multiple mouse tumor models (39). miR-17-92 carries out
pleiotropic functions during both normal development and
malignant transformation, as it acts to promote proliferation,
inhibit differentiation, increase angiogenesis, and sustain
cell survival (39). Considerable evidence indicates that the
miR-17-92 cluster is critically involved in the regulation of
c-Myc/E2F1 networks (15-22). E2F1 was found to be inhibited
at the post-transcriptional level by members of the miR-17-92
cluster (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-17-92 and E2F1
can be transcriptionally activated by c-Myc, this establishes an
unusual network in which c-Myc activates the transcription of
E2F1 while simultaneously inhibiting its translation. Over the
past few years, based on observations using transgenic mouse
models and mathematical models, the regulation of miR-17-92
on c-Myc/E2F1 networks was thought to represent a molecular
switch for cell proliferation and apoptosis. Therefore, we
speculated that miR-17-92 also plays a regulatory role in the
expression of hTERT via determining the relative protein level
of c-Myc and E2F1. In this study, by performing a dual-lucif-
erase reporter assay, we determined that in non-oncogenic
HEF cells miR-17-92 (miR-20a/miR-17-5p) can directly
inhibit E2F1 expression through the target sites in the 3'UTR
of E2F1 mRNA. Furthermore, we investigated the effects of
the upregulation of miR-20a/miR-17-5p expression on hTERT
transcription in HEF cells with moderated c-Myc activation,
and observed that the hTERT expression and subsequent
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telomerase activity were significantly enhanced. This result
indicates that miR-17-92 is involved in the regulation of cross-
talk between c-Myc/E2F1, and its upregulation can attenuate
the restriction of E2F1 on c-Myc-induced hTERT expression,
and as a result, boost the risk of tumorigenesis. In addition,
we also hypothesized that mutants of the hTERT promoter
region might be another mechanism by which it escapes from
the transcriptional suppression of E2F1 and due to this fact,
normal cells can easily be transformed by oncogenic c-Myc
activation. Fig. 5 is a schematic diagram of how E2F1 nega-
tively regulates c-Myc-induced hTERT transcription and the
involvement of the miR-17-92 cluster (40).

Taken together, in the present study, we showed that E2F1
acts as a negative feedback regulator of c-Myc-induced hTERT
transcription. If this negative regulating mechanism of E2F1 is
attenuated or abrogated by miR-17-92 upregulation, hTERT is
easily activated by c-Myc overexpression, thereby leading to
cell immortalization and tumorigenesis.
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