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Abstract

Radiotherapy is an important treatment modality against cancer resulting in apoptosis and inhibition of cell growth. Survivin is an important
cancer biomarker conferring to tumour cells increased survival potential by inhibiting apoptosis. In the present study, we investigated the
implication of breast cancer cells features, as hormone receptors and p53 status, in the radio-resistance of breast cancer cells and in the
regulation of survivin’s expression by nuclear factor (NF)-xB and c-myc. Six breast cancer cell lines Michigan Cancer Foundation (MCF-7),
MCF-7/Human Epidermal Growth Factor Receptor (HER)2, M. D. Anderson — Metastatic Breast (MDA-MB-231), SK-BR-3, BT-474 and Human
Breast Lactating (HBL-100) were irradiated and cell viability as well as cell cycle distribution were evaluated by 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay and flow cytometry, respectively. Survivin mRNA and protein levels were evaluated by real time
PCR and Western blot analysis. Survivin and HER2 gene knockdown was performed with siRNA technology and investigation of transcrip-
tion factors binding to survivin and c-myc gene promoters was assessed by chromatin immunoprecipitation. Student’s +test and Fstatistics
were used for statistical evaluation. Our results demonstrated that only HER2™ breast cancer cells up-regulated survivin upon irradiation,
whereas HER2 knockdown in HER2 ™ cells led to survivin's down-regulation. Survivinand especially HER2 knockdown abolished the observed
G2/M cell cycle checkpoint and reduced the radio-resistance of HER2 overexpressing breast cancer cells. Additionally, HER2 was found to
regulate survivin’s expression through NF-xB and c-myc transcription factors. This study revealed the significance of HER2 in the radio-resist-
ance of HER2™ breast cancer cells through induction of transcription factors NF-«B and c-myc, leading to activation of survivin, a down-
stream target oncogene preventing apoptosis.
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Introduction

oping invasive breast cancer [1]. Radiation therapy is considered a
common treatment modality for cancer patients, because of its abil-
ity to elicit complex cellular responses in various cancerous cells
resulting in inhibition of cell growth or apoptosis [2—4]. However,

Breast cancer is the most common malignancy among females in
Western countries who have an overall lifetime risk of 10% of devel-
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the cellular and molecular mechanisms underlying the response of
tumours to radiation therapy have not been thoroughly investigated.

Survivin, a member of the inhibitor of apoptosis (IAP) family,
appears to be an important cancer therapeutic target and modula-
tion of its expression and/or function may provide rational
approaches for cancer therapeutics [5, 6]. |APs aberrantly
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function as apoptosis regulators by directly binding and inhibiting
caspases, prolonging thus cell viability and contributing possibly
to cancer by facilitating mutations and promoting resistance to
therapy [7]. Survivin has been found to be activated in most human
cancers, although it is either undetectable or expressed at very low
levels in differentiated adult tissues [8]. It is estimated that survivin
is up-regulated in around 60-70% of breast cancers and its
expression has been associated with significant reduction of apop-
tosis compared to survivin-negative tumours [8, 9]. Recently, it
was suggested that in tumours with high endogenous survivin
expression, failure to induce apoptosis may result in resistance to
radiation therapy [10]. Moreover, down-regulation of survivin was
shown to sensitize human tumour cells to ionizing radiation, as
well as cytotoxic drugs, such as etoposide and cisplatin [11, 12].

Survivin’s aberrant expression in the majority of human tumours
is unlikely to occur exclusively as a result of gene amplification, as
amplicons of the survivin locus have not been observed. Most likely,
regulation of survivin expression occurs at the level of transcription
as a consequence of the de-regulation of upstream transcriptional
regulators and transcription factors, as c-myc, E2F family members,
b-catenin/TCF (T-cell factor), nuclear factor (NF)-xB and signal
transducer and activator of transcription-3 (STAT3) [6, 13-16].
Additionally, different features of tumour cells, as HER2 and p53,
have been shown to be responsible for survivin’s regulation, when
cells are treated by irradiation or chemotherapy agents and further-
more survivin’s expression has been correlated with HER2/neu gene
overexpression [17, 18]. HER receptors are involved in the control
of diverse biological processes, such as proliferation, differentia-
tion, migration and apoptosis and HER2 plays an important role in
the progression of breast cancer tumorigenesis and metastasis
[19]. Overexpression or gene amplification of HER2, which occurs
in 20-30% of breast cancers, has been found to predict for a poor
clinical outcome and resistance to therapy [20].

In the present study, we investigated the effect of irradiation on
survivin’s expression in six different breast cancer cell lines, in
association with their characteristics, such as HER2 and p53 sta-
tus. We also investigated the role of NF-xB and c-myc transcrip-
tion factors in regulating survivin’s expression upon exposure to
ionizing radiation.

Materials and methods

Cell cultures and irradiation

The breast cancer cell lines that were used were : MCF-7 (p53 wild-type,
ERa", weakly positive for HER2), MCF-7/HER2 (p53 wild-type, ERa ™,
constitutively expressing HER2), MDA-MB-231 (p53 mutant, ERa”, weakly
positive for HER2), HBL100 (p53 wild-type, ERa”, weakly positive for
HER2), SK-BR-3 (p53 mutant, ERa”, HER2 ") and BT-474 (p53 thermosen-
sible mutant, acting as mutant when cells are grown at 37 °C, ERa™,
HER2"). Cells in exponential growth were irradiated with 10 and 20 Gy
doses of ionizing radiation, using a 6 MV photon linear accelerator with a
dose rate of 4.90 Gy/min. at room temperature. Ten and 20 Gy doses were
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chosen based on our previous dose titration data [21]. 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 isocentre of two tangential opposed photon fields of 20 x 20 field
size. For the accurate positioning and immobilization of the culture plates
and flasks and to ensure reproducibility and accurate doses of irradiation,
a homogeneous polymethyl methacrylate C5SH802 phantom was constructed,
as previously described by us [21].

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 viabil-
ity, when metabolic events lead to apoptosis or necrosis.

Quantification of survivin and HER2 mRNA
expression

Total RNA was extracted using Trizol reagent according to manufacturer’s
instructions (Gibco, Paisley, Scotland, UK). Preservation of 28S and 18S
rRNA species was used to assess RNA integrity. Only samples with promi-
nent 28S and 18S rRNA components were included in the study. Total RNA
was reversed transcribed to cDNA using SuperScript First Strand synthe-
sis (Invitrogen, Carlshad, CA, USA) for RT-PCR using the oligo(dT) primer
according to manufacturer’s instructions. Real-time RT-PCR for survivin,
was performed with FastStart Universal Synergy Brands (SYBR) Green
Master (ROX) (Roche, Mannheim, Germany) in a iCycler Optical Module
(Bio-Rad, Hercules, CA, USA). Reactions were performed in triplicate using
2 wl of cDNA per reaction and the primers sequences used were for sur-
vivin: forward: 5'-CGAGGCTGGCTTCATCCA-3'; reverse: 5'-GCAACCGGAC-
GAATGCTTT-3", for HER2: forward: 5-CTCGTTGGAAGAGGAACAGC-3’;
reverse: 5'-CTGAATGGGTCGCTTTTG TT-3” and for human porphobilino-
gen deaminase: forward: 5'-AGAGTGATTCGC GTGGGTACC-3'; reverse:
5-GGCTCCGATGGTGAAGCC-3'.

Western blot analysis

Irradiated and non-irradiated cells were trypsinized, collected and cen-
trifuged for 7 min. at 2000 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, USA).
The membrane was incubated with specific antibodies to survivin
(sc-10811; Santa Cruz Biotechnology, Heidelberg, Germany) and HER2
(MS-441-S; Thermo Fisher Scientific, Loughborough, UK) (1:800) and sig-
nals were detected using anti-rabbit immunoglobulin 1gG conjugated with
horseradish peroxidase (1:5000). The chemiluminescence was resolved by
an enhanced chemiluminescence ECL kit (Amersham, Milan, Italy). The
results were normalized by anti-actin monoclonal antibody.
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Chromatin immunoprecipitation (ChIP) assays
for c-myc, mad1, max, p53, acetylated H3
and NF-«B

ChIP was performed with 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-con-
taining medium for 10 min. at 37°C and then sonicated to make soluble
chromatin with DNA fragments between 200 and 1000 bps. Samples of
total chromatin were taken at this point to use as a positive control in the
PCRs (input chromatin). The cell lysates were pre-cleared by incubation
with G-Sepharose beads and then incubated with the polyclonal antibodies
anti-max (sc-197), anti-c-myc (sc-764), anti- mad1 (sc-222), anti-p53
(sc-6243), anti NF-«B (sc-109) (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and anti-acetylated histone H3 (06-599) (Upstate Biotechnology,
Lake Placid, NY, USA) overnight at 4°C. DNA—protein complexes were col-
lected with G-Sepharose beads followed by several rounds of washing,
eluted and reverse cross-linked. Following treatment with protease K
(Sigma-Aldrich, Munich, Germany), the samples were extracted with phe-
nol-chloroform and precipitated with ethanol. The recovered DNA was
resuspended in Tris-HCI-EDTA (TE) buffer and used for the PCR amplifica-
tion. The primer sequences used for survivin promoter were: forward: 5’-
CTG CAC GCG TTC TTT GA-3’; reverse: 5'-GCG GTG GTC CTT GAG A-3’
and for c-myc promoter: forward: 5’-ACT TTG CAC TGG AAC TTA CAA CAC-
3’; reverse: 5'-CGA AAA AAA TCC AGC GTC TAA G-3'. The PCR products
were fractionated on 3% agarose gels and stained with ethidium bromide.

Knockdown of survivin and HER2 mRNA
expression

Cells were transfected with dsRNA oligonucleotides for survivin
(141244; Invitrogen) and HER2 (s65633; Ambion, Austin, TX, USA)
using Lipofectamine 2000 reagent (Invitrogen) according to manufac-
turer’s instructions. Cells were cultured in Optimem medium
(Invitrogen) in 96 well plates for 24 hrs in order to achieve a 50% con-
fluence by the time of transfection.

Cell cycle distribution

The cell cycle distribution of irradiated and non-irradiated survivin
knocked-down cells was determined by flow cytometry as previously
described by us [21].

Statistical analysis

Statistical significance for mRNA expression analysis, was determined
using Student’s t-test using a confidence level of 95% (P < 0.05),
whereas the effect of siRNA against HER2 on HER2 and survivin mRNA
expression, and of SiRNA against survivin on survivin mRNA expression,
was measured utilizing single factor ANnovA. The metric used to quantify
the investigated effects is the F-statistic, which shows the amount of
overall variance that is induced due to the knockdown effect. In order
to statistically evaluate the combined effects of HER2 or survivin
knockdown, along with the irradiation process on cell viability, we
employed 2-factor ANOVA.
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Results

Survivin mRNA and protein expression profiles
after irradiation of breast cancer cells

We found that the HER2™ breast cancer cell lines (MCF-7/HER2,
SK-BR-3 and BT-474) demonstrated significantly higher survivin
mRNA expression levels compared to HER2™ cell lines (MCF-7,
MDA-MB-231 and HBL100) (data not shown). Protein levels were
high in all non-irradiated cell lines, with the exception of MCF-7
cells (Fig. 1).

Cells were then irradiated with 10 and 20 Gy and survivin
mRNA and protein levels were evaluated and compared with those
of unirradiated cells. As shown in Figure 1, irradiated HER2" cells
demonstrated significant down-regulation of survivin mRNA
expression (P < 0.05), which was correlated with reduction in
protein levels. On the contrary, irradiated HER2 ™ SK-BR-3 and BT-
474 cells demonstrated an increase in both survivin mRNA and
protein expression levels. MCF-7/HER2 cells were differentiated
from the parental MCF-7 cell line exhibiting an initial down-regu-
lation observed especially at the mRNA level, followed by up-reg-
ulation at 72 hrs after irradiation and afterwards (P < 0.05).
Oestrogen and progesterone receptors, as well as p53 status were
not correlated with survivin’s expression.

Implication of HER2 in survivin regulation

Because only HER2 seemed to be critical for survivin’s regulation
upon irradiation, we evaluated HER2 protein expression levels in
all irradiated breast cancer cell lines (Fig. 2A). Weakly expressing
HER2 cells demonstrated low HER2 protein levels before and after
irradiation, whereas HER2™ cells demonstrated high HER2 protein
levels, which further increased after irradiation.

We then proceeded by knocking down HER2 gene in HER2
overexpressing SK-BR-3 cells using siRNA against HER2 and
transfection with liposomes. We observed a significant dose-
dependent decrease in HER2 mRNA (Fig. 2B) (F = 205.4, P <
0.05) and protein (Fig. 2C) expression followed by an analogous
decrease in survivin mRNA (Fig. 2B) (F = 105.5, P < 0.05) and
protein levels (Fig. 2C) at 24 hrs after transfection.

HER2 and survivin knockdown render breast
cancer cells less resistant to irradiation

We then silenced HER2 or survivin and subsequently irradiated HER2
overexpressing SK-BR-3 cells in order to study their contribution
to cell viability and radio-resistance. HER2 knockdown caused a
significant decrease (almost 60%, 24 hrs after transfection)
in cell viability (F = 3620.3>>1, P < 0.05), which was higher
than the decrease caused by irradiation (F = 222.7>>1, P <
0.05) (Fig. 3A). Univariate 2-factor anova indicated that both exam-
ined factors (silenced HER2 and irradiation) have a significant
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Fig. 1 Survivin mRNA and protein expression was evaluated by real time PCR and Western blotting in non-irradiated and irradiated breast cancer cell lines
respectively. Histograms represent the fold increase or decrease of survivin mRNA expression in irradiated cells, compared to non-irradiated cells. The
normalized survivin mRNA expression of non-irradiated cells was setto 1 (*P < 0.05).

effect on cell viability, reducing it by 80% 24 hrs after irradiation
(F = 3869.5>>1, P < 0.05). We then performed survivin knock-
down using siRNA against survivin (Fig. 3B demonstrates the
efficiency of the procedure) and found that it resulted in significant
reduction in cell viability in non-irradiated and in 10 Gy irradiated
SK-BR-3 cells, although significantly lower than the reduction
observed after HER2 knockdown (Fig. 3C). Anova yielded high
F-statistics for both irradiation (F = 87.5) and survivin knock-
down (F = 342.4), exhibiting a pronounced combined
effect (F = 448.6) (P < 0.05).

It has been proposed that survivin knockdown alters cell cycle
distribution. We evaluated SK-BR-3 cell cycle distribution modifi-
cations after survivin knockdown and subsequent irradiation. We
found that survivin knockdown caused no cell cycle modifications
in non-irradiated SK-BR-3 cells (Fig. 3D). However, 10 Gy irradi-
ated, non-transfected and scrambled cells demonstrated a signifi-
cant G2/M arrest (with a concomitant survivin’s up-regulation).
After survivin’s knockdown and subsequent 10 Gy irradiation,
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cells demonstrated a smaller G2/M arrest and a great increase of
the apoptotic subGO fraction.

Study of the occupancy of survivin gene promoter
by transcription factors

We then proceeded to investigate the regulation of survivin
expression upon irradiation of breast cancer cells. The binding of
transcription factors of the myc/mad/max complex, of p53 and the
acetylation status of survivin gene promoter were assessed by
ChIP assay. ChIP assay revealed no p53 binding (Fig. 4), whereas
p53 was found to bind p27 promoter in all cell lines except BT-474
(data not shown).

Regarding the myc/mad/max protein network, we found a
strong binding of both c-myc and mad1 in non-irradiated cells.
Max protein was found to bind to survivin promoter in all cells and
under all conditions. Irradiated HER2™ MCF-7, MDA-MB-231 and
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Fig. 2 Effect of HER2 expression in the regulation of survivin mRNA expression levels. (A) A total of 40 pg of protein from non-irradiated, 10 and
20 Gy irradiated cells were subjected to Western blot analysis of HER2 protein. Analysis for B-actin was performed to show equal loading. For simplicity
reasons, only 48 hr blots are represented here (72 hrs for MCF-7/HER2 cells). (B) Effect of HER2 knockdown on HER2 and survivin mRNA expression
levels. (Bars: standard errors; *P < 0.05). (C) Effect of HER2 knockdown on HER2 and survivin proteins, as demonstrated by Western blot analysis.

HBL100 cells (with down-regulated survivin) showed no c-myc
binding, although mad1 binding was observed. In HER2 overex-
pressing SK-BR-3 and BT-474 irradiated cells (with up-regulated
survivin), the mad1 binding became undetectable at 48 and
72 hrs, respectively. MCF-7/HER2 cells demonstrated signals for
all precipitations for non-irradiated and irradiated cells up to
96 hrs, although a weaker signal was observed for c-myc in non-
irradiated cells and for mad1 in irradiated cells (especially at
96 hrs after irradiation). Concerning histone acetylation status, we
found that acetylated histone H3 signal was increased in irradiated
HER2™ cell lines and was reduced in HER2™ cells. As a control,
chromatin was immunoprecipitated with 3-galactosidase antibodies
and no survivin promoter sequences could be detected, demon-
strating the specificity of the procedure. Input chromatin was
found positive for all samples tested.

Study of the occupancy of c-myc promoter
by NF-«B, downstream target of HER2

The preferential binding of c-myc to survivin promoter leading to
survivin's up-regulation in irradiated HER2" cells prompted us to
study the possible molecular pathways connecting HER2 and
survivin through myc. C-myc protein levels were found increased
in irradiated HER2" and decreased in irradiated HER2™ cell lines
(Fig. 5A). Similar results were obtained when c-myc mRNA levels
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were studied (data not shown). We, then, studied possible regula-
tors of c-myc promoter, also constituting intracellular signalling
molecules associated with HER2 activation. NF-kB protein which
is activated downstream of HER2 and AKT and has been found to
transcriptionally regulate c-myc, could be an attractive link
between HER2 and survivin. The occupancy of c-myc promoter by
NF-xB was therefore investigated by ChIP assay. We found that
only HER2™ cells demonstrated strong signals, whereas NF-«B
precipitates from non-irradiated breast cancer cells demonstrated
low presence of ¢c-myc promoter (Fig. 5B).

Discussion

Because radiotherapy plays an important role in the management
of breast cancer, understanding the molecular mechanisms
employed by tumour cells to evade the inhibitory activity of
radiotherapy is of major importance. In the present study, we
investigated the response of six different irradiated breast cancer
cell lines in survivin’s expression and regulation in relation to
breast cancer cells characteristics, as oestrogen, progesterone,
HER2/neu Receptors and p53 status. We found that HER2 overex-
pressing breast cancer cells demonstrated significantly higher
survivin mRNA and protein expression levels compared to their
HER2™ counterparts, confirming previous reports proposing a
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Fig. 3 (A) SK-BR-3 cells were transfected with siRNA against HER2, irradiated twenty-four hours after transfection with a single 10 Gy dose and cell via-
bility was assessed by MTT assay 24, 48 and 72 hrs after irradiation. Cell viability in non-transfected, non-irradiated cells was considered to be at 100%
(Bars: standard errors; *P < 0.05). (B) SK-BR-3 cells were transfected with SiRNA against survivin. Increasing doses of siRNA (33 and 100 nM) reduced
survivin mRNA and protein levels. (C) SK-BR-3 cells were transfected with 33 nM of siRNA against survivin, irradiated with a single 10 Gy dose and meas-
ured for cell viability using MTT assay 24, 48 and 72 hrs after irradiation (Bars: standard errors; *P < 0.05). (D) SK-BR-3 cells were transfected with
SiRNA against survivin and subsequently irradiated with a single 10 Gy dose. Cell cycle distribution analysis was performed for non-irradiated/
non-transfected (1), non-irradiated/scrambled (2), non-irradiated/survivin knocked down (3), irradiated/non-transfected (4), irradiated/scrambled (5) and
irradiated/survivin knocked down (6) cells. For simplicity reasons, only 48 hrs after irradiation histograms are presented here.

significant relationship between survivin expression and HER2
overexpression in primary breast tumours [17, 18]. We also found
that ionizing radiation caused further survivin and HER2 up-regu-
lation in breast cancer cell lines overexpressing the receptor. Up-
regulation of survivin has been associated with increased tumour
aggressiveness and decreased patient survival rates, in addition to
poor response to chemotherapy [18, 22]. It has also been shown
that tetracycline-regulated short term induction of HER2 expres-
sion induced up-regulation of survivin in HER2™ MCF-7 cells [23].

In order to further investigate HER2 implication in survivin's
regulation after irradiation of breast cancer cells, we proceeded by
knocking down HERZ gene in the HER2" SK-BR-3 cells and we
observed significant down-regulation of survivin mRNA and pro-
tein levels suggesting a more extended role of HER2 in inhibition
of apoptosis in breast cancer. Genetic and pharmacologic

© 2011 The Authors

approaches to block HER2 expression have been previously
assayed in HER2" BT-474 cells and survivin was also found to be
down-regulated [18].

We then proceeded by investigating the implication of HER2
and/or survivin in cell viability and radio-resistance of breast can-
cer cells, after knockdown of either HER2 or survivin and irradia-
tion of the radio-resistant HER2" SK-BR-3 cells. We found that
survivin and especially HER2 knockdown reduced significantly the
radio-resistance of SK-BR-3 cells. We have demonstrated in a pre-
vious report of ours the implication of HER2 in human Telomerase
Reverse Transcriptase (hTERT) telomerase regulation and the
effect of hTERT knockdown in the reduction of the radio-resist-
ance of SK-BR-3 cells [24]. Taken together, the above findings
suggest, for the first time to our knowledge, the implication of
HER2 in the induction of at least two oncogenes, survivin and
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telomerase in breast cancer providing an explanation for the radio-
resistance of HER2 overexpressing breast cancers.

We also observed that although irradiation caused a significant
G2/M arrest (with a concomitant survivin up-regulation), survivin
knockdown and subsequent irradiation of HER2 overexpressing SK-
BR-3 cells, abolished the cells ability to arrest at the G2/M phase
and increased the apoptotic subGO fraction, suggesting that sur-
vivin's induction upon irradiation induces a G2/M arrest necessary
for SK-BR-3 cells to overcome the irradiation effects. It has been
reported that survivin knockdown alters cell cycle distribution in col-
orectal and sarcoma cell lines, resulting in an increased G2/M frac-
tion 24 hrs after transfection causing thus, at the time of irradiation,
blockage in a more radio-sensitive stage of the cell cycle [25, 26].

In continuation, we were interested to investigate the activity of
survivin's promoter upon irradiation in breast cancer cells.
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Survivin's promoter contains a response element for proteins of
the myc/mad/max complex, whereas survivin’s overexpression in
tumours has been linked to loss of wild-type p53 [6, 27]. It has
been suggested that survivin may belong to a group of genes
targeted for transcriptional repression by p53, providing thus a
supplementary mechanism by which p53 exerts its important role
in tumour suppression [27, 28]. We found that wild-type and also
some mutant forms of p53 were able to up-regulate downstream
targets, such as p21, but no direct binding was obvious on sur-
vivin promoter. p53 could be responsible for the observed survivin
repression in HER2™ MCF-7, HBL100 and MDA-MB-231 cells
through an indirect mechanism, which could involve the p21/E2F
pathway or another p53-induced transcriptional repressor of
survivin [13]. This could also be applied to MCF-7/HER2 and SK-
BR-3 cells, where, initially, survivin was not up-regulated.
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Transcriptional repression by p53 is complex and most repressed
genes have no classical p53-binding sites in their promoter. The
mechanism is generally ascribed to sequestration of components
of the basal transcription machinery by p53 through protein—
protein interactions in the absence of DNA binding [29, 30]. It has
been reported that accumulation of wild-type p53 in human
ovarian cancer cells induced survivin transcriptional repression
which did not require direct sequence specific DNA binding to
survivin promoter.

Regarding the activity of the proximal E-box of survivin pro-
moter, we observed a switch of myc and mad proteins binding, at
the time-points after irradiation when survivin expression was
enhanced or reduced respectively. Max protein was found to bind
to survivin promoter in all cells and under all conditions, which
was expected, because max forms heterodimers with either myc
or mad for the regulation of target genes. Here, we provide, for the
first time to our knowledge, evidence of a more general involve-
ment of c-myc and its network proteins in different breast cancer
cells in association with their HER2 status and ionizing radiation.
The implication of myc/mad/max protein network in the regulation
of survivin’s expression had been previously demonstrated in SK-
BR-3 cells [6]. Also, it has been proposed that transactivation by
c-myc may involve the recruitment of histone acetyltransferases,
which could result in increased histone acetylation of the pro-
moter [30]. We found that acetylated histone H3 signal was
increased in irradiated HER2 " cells and reduced in HER2" cells,
proposing a supplementary mechanism by which c-myc may
mediate transcriptional activation.

The up-regulation and preferential binding of c-myc to the sur-
vivin promoter leading to survivin’s up-regulation in irradiated
HER2" cells prompted us to investigate the possible molecular
pathways connecting HER2 and survivin, through myc. HER2 is a
receptor type tyrosine kinase with distinct intracellular signalling
pathways, including mitogen-activated protein kinase (MAPK) and
PI3K/AKT pathways [31]. The importance of the PI3K/AKT path-
way in the cell survival signal of growth factor receptors has been
previously demonstrated and because NF-«B can be activated
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downstream of AKT, it is likely that survivin’s expression could be
regulated by this cascade. Additionally, c-myc has been found to
be one of the molecular targets of NF-«B [32, 33]. In our study, we
found that NF-xB was able to bind and activate c-myc only in irra-
diated HER2™ cells, whereas no activation was observed in HER2™
cells. The importance of the HER2-PI3K/AKT pathway in the regu-
lation of survivin’s expression has already been demonstrated in
HER2™ SK-BR-3 cells treated with Herceptin [31]. This is the first
time to our knowledge, that the importance of this pathway and of
the downstream targets NF-xB and c-myc is demonstrated for dif-
ferent breast cancer cell lines upon irradiation.

In conclusion, our findings point towards the implication of
HER2 and p53 in the regulation of survivin’s expression in
irradiated breast cancer cells, with p53 being responsible for
survivin’s repression through an indirect mechanism, although
HER2 positivity enables breast cancer cells to overcome this
repression by inducing survivin among other possible target
genes. This study also supports the implication of the PI3K/AKT
pathway downstream of HER2, through NF-«B and c-myc induc-
tion, leading to the activation of target oncogenes, as survivin. In
order to verify our findings in vivo, we are already in the process
of evaluating our findings in fresh cancer tissues derived from
breast cancer patients.
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