
Abstract. Cancer cell characteristics may play a pivotal role
in the response to therapy by activating or deactivating different
molecular pathways. In the present study, we investigated the
implication of breast cancer cell features, such as HER2 and
p53 in the activation of telomerase upon exposure to ionizing
radiation. Telomerase is among the most important cancer
biomarkers, conferring to tumor cells unlimited proliferative
capacity, increased survival potential and resistance to several
types of cellular stress. We investigated possible mechanisms
regulating telomerase in six irradiated breast cancer cell lines
(MCF-7, MCF-7/HER2, MDA-MB-231, SK-BR-3, BT-474
and HBL-100) differing in their HER2, p53 and ER· status.
hTERT mRNA expression was evaluated by real-time PCR
and telomerase activity by the TRAP assay. HER2, c-myc, p53
and p21 protein levels were evaluated by Western blotting.
Silencing of hTERT and HER2 was achieved by small
interfering RNA technology. Chromatin immunoprecipitation
was used to evaluate H3 histone acetylation status, as well as
myc/mad/max and p53 transcription factors interaction with
the hTERT promoter. Our results showed for the first time,
that only HER2-positive cells, independently of their p53
status, upregulated hTERT/telomerase, while knockdown of
hTERT increased radio-sensitivity. Knockdown of HER2
also led to increased radio-sensitivity and downregulation of
hTERT/ telomerase. We also demonstrated that c-myc and
mad1 regulate hTERT expression in all irradiated breast

cancer cells. We conclude, for the first time, that HER2
phenotype upregulates hTERT through c-myc activation and
confers radio-resistance to breast cancer cells.

Introduction

Breast cancer is the most common malignancy among females
in most Western countries, with an overall lifetime risk of
10% of developing invasive breast cancer (1). Ionizing
radiation plays a key role in the treatment of breast cancer,
however, intrinsically resistant to ionizing radiation tumors
pose significant limitations to radiotherapy (2). Among factors
that contribute to tumor radioresistance are deprivation of
essential growth factors, blockade of growth factor receptors,
as HER2, or activation of genes involved in cell cycle arrest,
DNA repair and apoptosis (3,4).

The clinical efficacy of radiotherapy may be assessed
by molecular biomarkers, which constitute targets for the
diagnosis of malignancy (5-7). The observation that telomerase
activity is present in 85 to 90% of all human tumors, but not
in normal non-neoplastic cells (5,6,8) has made telomerase a
marker of malignancy and a target not only for the diagnosis of
malignancy, but also for the development of novel therapeutic
agents (9). Telomerase, is a ribonucleoprotein complex that
extends and maintains telomeres, and activation of this
enzyme is therefore required for cells to overcome replicative
senescence and obtain the ability to divide without limits
(10,11). Recently it was shown that telomerase consists of
two molecules of each telomerase reverse transcriptase
(hTERT), telomerase RNA and dyskerin (12). However, the
key component for the control of telomerase activity is the
catalytic hTERT subunit (13-15).

It has been shown that ionizing radiation may have the
potential to reduce telomerase activity, reducing therefore the
proliferative capacity of tumor cells. Furthermore, specific
changes of telomerase activity could be used as a predictive
parameter of radiation outcome and a monitor of the overall
effects of radiation (16). Telomerase enzymatic activity can be
regulated at multiple levels, including hTERT transcription,
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alternative splicing, chaperone-mediated folding, phosphory-
lation and nuclear translocation; however, the major control
mechanism of telomerase regulation seems to be at the level
of hTERT transcription (17). Different features of tumor cells
such as HER2, ER· and p53 may be responsible for the
regulation of telomerase, when these are treated by
irradiation or chemotherapy agents. hTERT expression has
been found to correlate with the overexression of HER2
gene. More specifically, in breast cancer, hTERT expression
has been found increased in HER2-positive breast tumors
and breast tumor cell lines, compared to their HER2-negative
counterparts (18). On the other hand, p53 has been shown to
directly interact with the transcription machinery and to
negatively regulate a variety of cellular genes (19). The fact
that hTERT/telomerase and p53 seem to counteract each
other in the context of cellular aging and immortalization and
that the activation of telomerase and inactivation of p53 are
characteristic of human tumors raises the question of whether
there exists a link between hTERT/telomerase regulation and
p53 (9).

In the present study, we investigated the involvement of
HER2 and p53 status in hTERT/telomerase regulation in
irradiated breast cancer cells.

Materials and methods

Cell cultures. The breast cancer cell lines used were: MCF-7
(p53 wild-type, ER·-positive, weak for HER2), MCF-7/HER2
(p53 wild-type, ER·-positive, constitutively expressing HER2),
MDA-MB-231 (p53 mutant, ER·-negative, weakly positive
for HER2), HBL100 (p53 wild-type, ER·-negative, weak for
HER2), SK-BR-3 (p53 mutant, ER·-negative, HER2-positive)
and BT-474 (p53 thermosensitive mutant, acting as mutant
when cells are grown at 37˚C, ER·-positive, HER2-positive).
All cell lines were cultured in RPMI-1640 medium (Gibco,
Paisley, UK) supplemented with 10% fetal bovin serum
(Gibco), L-glutamine 2 mM (Gibco), penicillin 100 IU/ml and
streptomycin 100 μg/ml (Gibco), at 37˚C in 5% CO2.

Irradiation. Cells in exponential growth were irradiated with
10 and 20 Gy doses of ionizing radiation, using a 6MV photon
linear accelerator with a dose rate of 4.90 Gy/min at room
temperature. Ten and 20 Gy doses were chosen based on our
previous dose titration data (20). Two separate experiments
were carried out for each cell line studied. In order to ensure
a uniform dose build-up and homogeneous irradiation cells
were situated at the isocenter of two tangential opposed photon
fields of 20x20 field size. For the accurate positioning and
immobilization of the culture plates and flasks and to ensure
reproducibility and accurate doses of irradiation, a homo-
geneous polymethyl methacrylate C5H8O2 (PPMA) phantom
was constructed, as previously described by us (20).

Cell viability. Cell viability was determined with the MTT
assay using the TACS MTT kit (R&D Systems, Minneapolis,
MN, USA) according to manufacturer's instructions. The
MTT cell proliferation and viability assay is an in vitro
assay for the measurement of cell proliferation or reduction of
cell viability, when metabolic events lead to apoptosis or
necrosis.

hTERT quantitative mRNA expression. Total RNA was
extracted using TRIzol reagent according to manufacturer's
instructions (Gibco). Preservation of 28S and 18S rRNA
species was used to assess RNA integrity. Only samples with
prominent 28S and 18S rRNA components were included in
the study. Total RNA was reversed transcribed to cDNA using
SuperScript first-strand synthesis (Invitrogen Carlsbad, CA,
USA) for reverse transcription-PCR using the oligo(dT) primer
according to manufacturer's instructions. Real-time RT-PCR
for hTERT, was performed using FastStart Universal SYBR-
Green Master (ROX) (Roche, Mannheim, Germany) in a
iCycler Optical Module (Bio-Rad, Hercules, CA). Reactions
were performed in triplicate using 2 μl of cDNA per reaction
and primers specific for hTERT (forward: 5'-CCG TCT GCG
TGA GGA GAT-3'; reverse: 5'-TGG GGA TGA AGC GGA
GTC-3'), while human porphobilinogen deaminase (PBGD)
was used as a housekeeping gene (forward: 5'-AGA GTG ATT
CGC GTG GGT ACC-3'; reverse: 5'-GGC TCC GAT GGT
GAA GCC-3').

Telomeric repeat amplification protocol (TRAP). TRAP assay
is considered a sensitive and specific PCR-based functional
enzyme assay. It was performed using the TeloTAGGG
telomerase PCR ELISA PLUS kit (Roche, Indianapolis, IN,
USA), as previously described (21).

Western blot analysis. Irradiated and non-irradiated cells were
trypsinized, collected and centrifuged for 7 min at 2,000 rpm.
Cell pellets were lysed using Nonidet P-40 lysis buffer
containing 30 mM Tris (pH 7.5), 150 mM NaCl, 10% glycerol,
1% Nonidet P-40 and a cocktail of protease inhibitors for
30 min on ice, followed by centrifugation for 20 min at
12,000 rpm. Supernatants were transferred in new tubes and
stored at -80˚C. Protein concentration was quantified using the
Bio-Rad Bradford protein assay, with bovine serum albumin
as standard. Equal amounts of protein were electrophoresed
and separated by 10% SDS-PAGE (Bio-Rad) and transferred
to a Hybond-ECL nitrocellulose membrane (Amersham
Biosciences, Piscataway, NJ). The membrane was incubated
with specific antibodies to c-myc (sc-764), p53 (sc-6243) and
p21 (sc-397) (sc-10811, Santa Cruz Biotechnology, CA,
USA), HER2 (MS-441-S) (Thermo Fisher Scientific, UK)
(1:800) and signals were detected using anti-rabbit
immunoglobulin IgG conjugated with horseradish peroxidase
(1:5,000). The chemiluminescence was resolved by an
enhanced chemiluminescence ECL kit (Amersham, Milan,
IT). The results were normalized by anti-actin monoclonal
antibody.

Chromatin immunoprecipitation. Chromatin immuno-
precipitation was performed using a ChIP assay kit (Upstate
USA, Inc., Charlottesville, VA, USA) on irradiated and
non-irradiated cells. Briefly, cells were cross-linked by
incubating them in 1% (vol/vol) formaldehyde-containing
medium for 10 min at 37˚C and then sonicated to make soluble
chromatin with DNA fragments between 200 and 1000 bp.
Samples of total chromatin were taken at this point to use as a
positive control in the PCRs (input chromatin). The cell lysates
were precleared by incubation with G-Sepharose beads and
then incubated with the polyclonal antibodies [anti-max
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(sc-197), anti-c-myc (sc-764), anti-mad1 (sc-222), anti-p53
(sc-6243)] (Santa Cruz Biotechnology) overnight at 4˚C. For
analysis of acetylation status, antibodies against acetylated
histone H3 (06–599) (Upstate Biotechnology, Lake Placid,
NY) were used for immunoprecipitation. DNA-protein
complexes were collected with G-Sepharose beads followed
by several rounds of washing, eluted and reverse cross-
linked. Following treatment with Protease K (Sigma), the
samples were extracted with phenol-chloroform and
precipitated with ethanol. The recovered DNA was
resuspended in TE buffer and used for the PCR amplification.
The primer sequences used for hTERT promoter were
(forward: 5'-TGT CGG GGC TAG GCC GGG CTC-3';
reverse: 5'-AAC TCG CGC CGC GAG GAG A-3'). The PCR
products were fractionated on 3% agarose gels and stained with
ethidium bromide.

Knockdown of hTERT and HER2 mRNA expression. Cells
were transfected with dsRNA oligonucleotides for hTERT
[1442470148 (Invitrogen)] and HER2 [s65633 (Ambion,
TX, USA)] using Lipofectamine 2000 reagent (Invitrogen)
according to manufacturer's instructions. Cells were
cultured in Optimem medium (Invitrogen) in 96-well plates
for 24 h in order to achieve a 50% confluence by the time of
tranfection.

Statistical analysis. Statistical significance for mRNA
expression analysis, was determined using Student's t-test
using a confidence level of 95% (P<0.05). All experiments
were performed in triplicate.

The effect of siRNA against HER2 on HER2 and hTERT
mRNA expression, as well as on telomerase activity, and of
siRNA against hTERT on hTERT mRNA expression and
telomerase activity, was measured utilizing single factor
analysis of variance. F-statistics was used to quantify the
investigated effects showing the amount of overall variance
that is induced due to the knockdown effect.

In order to statistically evaluate the combined effects of
the HER2 or hTERT knockdown on cell viability, along with
the irradiation process, we employed 2-factor analysis of
variance. Cell viability was measured and evaluated against
siRNA for HER2 or hTERT and irradiation at three
timepoints (24, 48, 72 h). The time of measurement was
incorporated in the model as an additional covariate to
account for the corresponding variance component.
Additionally, confidence intervals were estimated for all
measurement sets to visualize experimental variability using
Student's t-distribution, to account for the limited number of
samples.

Results

Ionizing radiation causes different effects on hTERT/
telomerase in the different breast cancer cell lines studied.
hTERT mRNA expression levels and telomerase activity
were evaluated in all the cell lines studied. It was observed
that HER2-positive cell lines (MCF-7/HER2, SK-BR-3 and
BT-474) exhibited significantly higher hTERT/telomerase
levels than HER2-negative (MCF-7, MDA-MB-231 and
HBL100) cells (Fig. 1A and B).

After irradiation, we observed that MCF-7, MDA-MB-231
and HBL100 cells demonstrated a significant (P<0.05)
downregulation in hTERT mRNA expression, which was
correlated with a reduction in telomerase activity, with the
exception of MCF-7 cells at 24 h. On the contrary, irradiated
SK-BR-3 and BT-474 cells, demonstrated an increase in both
hTERT expression and telomerase activity. Additionally,
MCF-7/HER2 cells showed a different profile than the parental
MCF-7 cells, exhibiting an initial hTERT/telomerase down-
regulation followed by upregulation at 72 h post-irradiation
and afterwards (P<0.05).

Implication of HER2 in the regulation of hTERT/telomerase.
The observations that HER2-positive cells (SK-BR-3 and
BT-474) exhibited upregulation of hTERT/telomerase after
irradiation compared to HER2-negative cells (MCF-7, MDA-
MB-231 and HBL100), showing hTERT/telomerase down-
regulation, along with the difference in hTERT/telomerase
profile after irradiation of MCF-7 and MCF-7/HER2 cells
prompted us to investigate the implication of HER2 status in
hTERT expression following irradiation of breast cancer cells.
We studied at first HER2 protein expression levels in all breast
cancer cell lines (Fig. 2A). As expected, weakly expressing
HER2 cells (MCF-7, MDA-MB-231 and HBL-100), showed
low HER2 levels with no significant modification after
irradiation, while HER2-positive (SK-BR-3, BT-474 and
MCF-7/HER2) cells showed high HER2 levels which were
upregulated after irradiation.

In order to further investigate the implication of HER2
status in the regulation of hTERT, we knocked down HER2
expression in HER2-positive SK-BR-3 cells using siRNA
technology and liposomal transfection. The estimated mean
values of HER2 and hTERT mRNA expression, as well as
of telomerase activity and the corresponding confidence
intervals are given in Fig. 2. We observed a dose-dependent
decrease of HER2 mRNA (panel C) and protein (panel B)
expression followed by an analogous decrease in hTERT
mRNA expression levels and telomerase activity at 24 h
post-transfection (panel C). The associated F-statistics
indicated a strong influence of siHER2 on HER2 (F=205.4,
P<0.05) and hTERT (F=239.5, P<0.05) mRNA expression.

c-myc, p53 and p21 protein levels differ in the different
breast cancer cell lines following irradiation. We also
evaluated c-myc, p53 and p21 protein levels after irradiation
in the six breast cancer cell lines (Fig. 3). We found that c-myc
protein levels were high only in non-irradiated SK-BR-3 and
BT-474 cell lines and were upregulated in SK-BR-3, BT-474
and MCF-7/HER2 cells after irradiation. MCF-7, MDA-MB-
231 and HBL100 cells demonstrated very low c-myc protein
expression after irradiation.

We then examined p53 protein levels in both p53 wild-type
(MCF-7, MCF-7/HER2 and HBL100) and p53 mutant
(MDA-MB-231, SK-BR-3 and BT-474) cells post-irradiation,
as well as the ability of p53 to induce p21 in these cell lines.
We found that wild-type and mutant p53 were upregulated in
all cell lines upon irradiation (with the exception of BT-474
cells). We also found that the ability of p53 to induce p21
differed between the cell lines studied. Wild-type p53 protein
up-regulated significantly p21 in MCF-7, MCF-7/HER2 and
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HBL100 cells, while mutant p53 protein upregulated p21 in
MDA-MB-231 and SK-BR-3 cells. p21 protein was not
detected in BT-474 cells.

Chromatin immunoprecipitation assay: correlation of hTERT
mRNA expression profile with a switch of myc/max or

mad/max complexes in its promoter. As illustrated in Fig. 4,
a strong signal was observed in the max immunoprecipitation
in all six breast cancer cell lines, while no signal was observed
when anti-p53 was used to precipitate chromatin. In order to
verify the specificity of the procedure, precipitated DNA from
p53 samples, was subjected to PCR for the p21 promoter and
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Figure 1. hTERT mRNA expression levels, normalized to expression levels of the PBGD housekeeping gene and telomerase activity levels were compared
between non-irradiated and irradiated breast cancer cell lines at 24, 48, 72 and 96 h. (A) Comparison of hTERT mRNA levels between non-irradiated breast
cancer cell lines. (B) Comparison of telomerase activity levels between non-irradiated breast cancer cell lines. (C) hTERT mRNA expression, upon irradiation
of breast cancer cell lines. Histograms represent the fold increase or decrease of hTERT expression in irradiated cells, compared to non-irradiated cells. The
normalized hTERT expression of non-irradiated cells was set to 1.
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samples were positive for all cell lines except BT-474 (data
not shown). Acetylated H3 histone was present in all irradiated
and non-irradiated samples, but we observed a stronger
signal in non-irradiated samples of MCF-7, MDA-MB-231
and HBL100 cells in comparison to their irradiated
counterparts. The inverse was observed for MCF-7/HER2
cells where a stronger signal for H3 precipitated samples was
observed in irradiated than in non-irradiated cells (no such
difference was observed for SK-BR-3 and BT-474 cell lines).

Regarding the myc/mad/max protein complex, we observed
a strong signal for both c-myc and mad1 precipitations in
non-irradiated cells, demonstrating heterogeneity in the cell
population. MCF-7, MDA-MB-231 and HBL100 cells (with
downregulated hTERT) showed no c-myc binding, while mad1
binding was observed. In SK-BR-3 and BT-474 cells (with
upregulated hTERT), the binding of mad1 became undetectable
at 48 and 72 h, respectively. MCF-7/HER2 cells demonstrated
signals for all precipitations in non-irradiated and in 20 Gy
irradiated cells at 96 h, although a weaker signal was present
for c-myc in non-irradiated cells and for mad1 in irradiated

cells. As a control, the chromatin was immunoprecipitated
with ß-galactosidase antibodies. In these immunoprecipitates
no hTERT sequences could be detected, demonstrating the
specificity of the procedure. Input chromatin was positive for
all samples tested.

HER2 and hTERT knockdown decreases the resistance of
cancer cells to irradiation. The significance of HER2 and
telomerase in cell viability and the resistance of breast cancer
cells to irradiation was investigated after knockdown of
HER2 or hTERT and subsequent irradiation. Cell viability
was assessed by MTT assay.

As the dosage of 80 nM of siRNA against HER2 was the
most effective concerning the repression of hTERT/telomerase
in SK-BR-3 cells, we used this dosage in order to investigate
the role of HER2 in the increased radio-resistance of HER2-
positive cells (Fig. 5). We silenced HER2 expression by siRNA
against HER2 and found a significant decrease (of almost
60%, 24 h post-transfection) of cell viability in SK-BR-3 cells,
which was higher (F=3620.3>>1, P<0.05) than the decrease
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Figure 1. (D) Histograms represent the fold increase or decrease of telomerase activity in irradiated cells, compared to non-irradiated cells. The normalized
telomerase activity of non-irradiated cells was set to 1. Bars represent standard errors and asterisks designate statistically significant results (P<0.05).
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caused by irradiation (F=222.7>>1, P<0.05). Univariate 2-
factor analysis of variance indicates that both examined factors
(siRNA against HER2 and irradiation) have an even more
significant effect on cell viability by reducing it by 80%, 24 h
post-transfection (F=3869.5>>1, P<0.05).

To demonstrate whether the increased radio-resistance of
SK-BR-3 cells is mediated through hTERT/telomerase, we
also knocked down hTERT. The effect of hTERT silencing in
hTERT expression and telomerase activity is demonstrated in

Fig. 5B. As demonstrated in panel C, hTERT silencing in
SK-BR-3 cells caused a significant reduction in cell viability
in both non-irradiated and 10 Gy irradiated cells, but it was
less than the one observed after HER2 knockdown. The
analysis of variance yielded high F-statistics for both
irradiation (F=87.5) and especially hTERT knock-down
(F=567.1). Their combined effect was much stronger
(F=669.8). The corresponding P-values were <0.05 threshold
thus indicating statistically significant relationships.
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Figure 2. Effect of HER2 expression in the regulation of hTERT/telomerase. (A) Non-irradiated, 10 and 20 Gy irradiated cells were harvested at 24, 48, 72 and 96 h,
lysed and 40 μg of total protein were subjected to Western blot analysis of HER2 protein. Analysis for ß-actin was performed to show equal loading. For
simplicity, only 48-h blots are represented here. (B) Effect of HER2 knockdown on HER2 protein, as demonstrated by Western blot analysis and (C) on
HER2 and hTERT mRNA expression and telomerase activity. Bars represent standard errors and asterisks designate statistically significant results (P<0.05).

Figure 3. Effect of ionizing radiation on c-myc, p53 and p21 protein expression in MCF-7, MCF-7/HER2, MDA-MB-231, HBL100, SK-BR-3 and BT-474
breast cancer cells. For simplicity, only 48-h blots (non-irradiated, 10 and 20 Gy irradiated cells) are presented here. Western blot analysis for ß-actin was
performed to show equal loading.
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Discussion

Radiotherapy plays an important role in the management of
breast cancer but the frequent occurrence of radiation-resistant

tumors is a common clinical problem. Knowledge on the
molecular mechanisms employed by tumor cells to evade the
inhibitory activity of radiotherapy is essential for the design of
novel treatment strategies aiming to improve the effective-
ness of radiotherapy (2). In the present study, we investigated
the role of HER2 and p53 status in the regulation of hTERT
expression and telomerase activity in different breast cancer
cell lines after ionizing irradiation.

We observed that MCF-7/HER2, SK-BR-3 and BT-474
(highly expressing HER2) cells demonstrated higher hTERT/
telomerase levels than MCF-7, MDA-MB-231 and HBL100
(weakly expressing HER2) cells. Following irradiation HER2-
positive cells further upregulated HER2, c-myc and hTERT
expression. The observation that MCF-7/HER2 cells, differing
from their parental MCF-7 cell line only in their HER2 status,
demonstrated a different hTERT expression profile and
telomerase activity upon irradiation, suggests the implication
of HER2 in telomerase regulation. This is in accordance with
previous findings, in which hTERT expression has been found
to be increased in HER2-positive compared to HER2-negative
breast tumor cell lines (18). HER2 is a highly characterized
oncoprotein, involved in the control of diverse biological
processes, such as proliferation, differentiation, migration and
apoptosis (22). As a receptor tyrosine kinase related to the
epidermal growth factor receptor, HER2 mediates tumor
formation in breast, ovary, lung, stomach, colon, kidney,
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Figure 4. Chromatin immunoprecipitation analysis of hTERT promoter in
irradiated and non-irradiated breast cancer cell lines. Differential c-myc/
max, mad1/max and p53 binding and histone H3 acetylation status in hTERT
promoter in irradiated and non-irradiated MCF-7, MCF-7/HER2, MDA-MB-
231, HBL-100, SK-BR-3 and BT-474 cells is shown.

Figure 5. (A) SK-BR-3 cells were transfected with siRNA against HER2. Twenty-four hours post-transfection, cells were irradiated with a single 10 Gy dose
and cell viability was assessed by MTT assay 24, 48 and 72 h post-irradiation. Cell viability in non-transfected, non-irradiated cells was considered to be
100%. Bars represent standard errors and asterisks designate statistically significant results (P<0.05). (B) SK-BR-3 cells were transfected with siRNA for
hTERT. Increasing doses of siRNA for hTERT (33 and 100 nM) caused effective silencing of hTERT measured by real-time PCR and of telomerase activity,
measured by TRAP assay. (C) SK-BR-3 cells were transfected with 33 nM of siRNA for hTERT, irradiated with a single 10 Gy and measured for cell viability
using MTT assay 24, 48 and 72 h post-irradiation. Bars represent standard errors and asterisks designate statistically significant results (P<0.05).
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bladder and salivary gland. It has been shown that HER2
overexpression accounts for 20 to 30% of human breast tumors
and affects prognosis adversely (23,24).

In addition to HER2 status, p53 status has also been
reported to be correlated with the regulation of hTERT/
telomerase in human tumor cells. Overexpression of wild-type
p53 has been shown to downregulate telomerase enzymatic
activity in a number of cancer cell lines, independently of its
effects on growth arrest and apoptosis. This has been attributed
to transcriptional repression of hTERT by wild-type p53, since
it was preceded by downregulation of hTERT mRNA through
five Sp1 transcription factor-binding sites within the hTERT
core promoter (25). Previously, it was shown that p53-
induced hTERT repression occurs through an indirect
mechanism mediated by the p21/E2F pathway (26). In the
present study, we investigated p53 expression in both p53
wild-type (MCF-7, MCF-7/HER2 and HBL100) and p53
mutant (MDA-MB-231, SK-BR-3 and BT-474) cell lines, as
well as the ability of wild and mutant p53 protein to induce
p21 expression. We found that all cell lines expressed p53
which was upregulated after irradiation and induced p21
expression with the exception of BT-474 cells. The above
findings suggest that p53-dependent induction of p21 could be
responsible for the hTERT repression observed in MCF-7,
HBL100 and MDA-MB-231 cells, but also for the relatively
tardive upregulation of hTERT in MCF-7/HER2 cells. The
low p21 expression in SK-BR-3 cells and the absence of
expression in BT-474 cells, could be responsible for the steady
hTERT upregulation after irradiation.

We then analyzed the occupancy of hTERT promoter by
endogenous p53, c-myc, mad1 and max proteins, as well as the
acetylation status of H3 histone, in irradiated and non-irradiated
breast cancer cell lines. hTERT promoter was not detected at
any p53 precipitate in accordance with recent observations
showing that the repression of hTERT expression by
endogenous p53 is indirect and mediated by p21 and the
Rb/E2F pathway (26). It is known that p53 acts as repressor
in a vast number of genes (27,28). Unlike transcriptional
activation by p53, which is mediated through direct p53
binding to consensus sites in the regulatory regions of target
genes (28), transcriptional repression is less well understood,
since the promoters of repressed genes, usually do not contain
consensus binding sites. We found for the first time, that
hTERT upregulation was correlated with preferential fixing
of myc/max complexes in the proximal E-box in the
promoter region of hTERT gene in HER2-positive irradiated
cells, while hTERT downregulation was correlated with
fixing of mad1/max in HER2-negative cells. The critical role
of c-myc and its network proteins in regulating hTERT
promoter has been demonstrated by several studies in different
types of cancer including breast cancer, lung cancer and
leukemic cells (29-31).

It has been suggested that transactivation by myc, may
involve recruitment of histone acetyltransferases (32), which
consequently would result in increased histone acetylation at
the promoter region. We did not observe loss, but a reduction
of acetylated H3 signal in HER2-negative cell lines (MCF-7,
MDA-MB-231 and HBL100), in which hTERT was down-
regulated and the inverse was observed for the HER2-positive
MCF-7/HER2 cell line. These findings are in accordance with

the relative litterature but we cannot exclude the possibility
that the recruitment of histone deacetylases by mad repressor
complexes to the hTERT promoter may also be taking place at
cis-regulatory elements other than E-boxes.

In order to confirm the role of HER2 and hTERT in the
radio-resistance of HER2-positive cells, we proceeded with
silencing of both genes through transfection with liposomes
and subsequent irradiation of HER2-positive SK-BR-3
cells. We observed that HER2 and hTERT knockdown
caused significantly higher decrease in cell viability than the
one caused by ionizing radiation. The combination of hTERT
or HER2 knockdown along with irradiation, increased
significantly cell mortality, especially after HER2 silencing,
suggesting that HER2 phenotype is important for the viability
of HER2-positive cells, whose reduction could be attributed
to the downregulation of target genes, such as telomerase.

In conclusion, we propose a model in which HER2 and
p53 play an important role in the regulation of hTERT/
telomerase after irradiation in breast cancer cells, suggesting
that wild-type p53, as well as two forms of mutant p53
(mutations R280K and R175H of MDA-MB-231 and SK-
BR-3 respectively), could be responsible for the down-
regulation of hTERT/telomerase upon irradiation, through an
indirect mechanism, involving p21 induction. Also, HER2
overexpression, through proteins of the myc/mad/max
network seemed to be a functional transcriptional regulator
of hTERT expression in irradiated breast cancer cells.
However, as hTERT/telomerase regulation is a complex
process, further relative studies are needed. In order to verify
our findings in the in vivo situation, we are already in the
process of evaluating our results in fresh tissues obtained
from breast cancer patients. Furthermore, our results point
towards the potential use of small interference RNA
technology against hTERT in HER2-positive breast cancers,
targeting not only the inhibition of cancer cell proliferation but
also the enhancement of their radio-sensitivity.
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