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Radiotherapy is a prime option for treatment of solid tumors including breast cancer though side effects
are usually present. Experimental evidence shows an increase in invasiveness of several neoplastic cell
types through conventional tumor irradiation. The induction of epithelial to mesenchymal transition is
proposed as an underlying cause of metastasis triggered by gamma irradiation. Experiments were con-
ducted to investigate the role of histamine on the ionizing radiation-induced epithelial to mesenchymal
transition events in breast cancer cells with different invasive phenotype. We also evaluated the poten-
tial involvement of Src phosphorylation in the migratory capability of irradiated cells upon histamine
treatment.

MCF-7 and MDA-MB-231 mammary tumor cells were exposed to a single dose of 2 Gy of gamma
radiation and five days after irradiation mesenchymal-like phenotypic changes were observed by opti-
cal microscope. The expression and subcellular localization of E-cadherin, (3-catenin, vimentin and
Slug were determined by immunoblot and indirect immunofluorescence. There was a decrease in the
epithelial marker E-cadherin expression and an increase in the mesenchymal marker vimentin after
irradiation. E-cadherin and (3-catenin were mainly localized in cytoplasm. Slug positive nuclei, matrix
metalloproteinase-2 activity and cell migration and invasion were significantly increased. In addition, a
significant enhancement in Src phosphorylation/activation could be determined by immunoblot in irra-
diated cells. MCF-7 and MDA-MB-231 cells also received 1 or 20 wM histamine during 24 h previous to
be irradiated. Notably, pre-treatment of breast cancer cells with 20 wM histamine prevented the mes-
enchymal changes induced by ionizing radiation and also reduced the migratory behavior of irradiated
cells decreasing phospho-Src levels.

Collectively, our results suggest that histamine may block events related to epithelial to mesenchymal
transition in irradiated mammary cancer cells and open a perspective for the potential use of histamine
to improve radiotherapy efficacy.

© 2016 Elsevier Ltd. All rights reserved.

Abbreviations:  EMT, epithelial to mesenchymal transition; ER, estrogen

1. Introduction

Breast cancer is a heterogeneous disease highly predominant
among women worldwide. Histological and molecular classi-
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fication of breast cancer describes four well-defined different
phenotypes. The two major molecular classes of breast cancers
are: luminal and basal-type tumors [1]. The luminal phenotype
generally includes tumors that are estrogen receptor-positive (ER)
and comprises about 70% of human invasive mammary tumors.
The basal like carcinomas make about 15% of invasive mammary
tumors. They are often defined as triple negative breast cancer
(TNBC) since most of them are ER negative, progesterone receptor
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(PR) negative and lack human epidermal growth factor recep-
tor 2 (HER2) protein overexpression and gene amplification. In
most instances, treatment of early and late stage breast cancers
involves surgery followed by radiotherapy and/or chemotherapy.
Conventional radiation therapy for breast cancer is delivered in
fractionated doses to reduce deleterious effects on healthy tissues.
The benefits of therapeutic strategies using ionizing radiation in
reducing local-regional recurrence risk and increasing survival are
recognized. However, ionizing radiation may paradoxically pro-
mote migration and invasion abilities of tumor surviving cells
leading to local recurrences (primary tumor site) or metastases
(distant organ) via epithelial to mesenchymal transition (EMT)
induction [2-6].

EMT is a dynamic and reversible program. It is well documented
that cancer cells undergo to EMT with loss or down-regulation
of epithelial markers as E-cadherin and up-regulation of mes-
enchymal markers as vimentin, alpha smooth muscle actin and
N-cadherin. The epithelial marker E-cadherin is a glycoprotein
involved in cell-cell adhesion. 3-catenin is the intracellular bind-
ing partner of E-cadherin. E-cadherin and 3-catenin form a complex
that is required for maintaining epithelial cell-cell contacts. One of
the first steps of EMT is the disassembly of this complex with the
re-localization and/or degradation of these proteins. Besides, EMT
is associated to an enhancement of cell motility, an increase in the
expression and activity of matrix metalloproteinases (MMPs) and
in the invasiveness and metastatic ability. The Slug zinc-finger pro-
tein, a member of the Snail family, is a transcription factor involved
in EMT regulation [7].

Histamine is a biogenic amine that exerts multiple physio-
pathological actions through the stimulation of four (H1-H4)
histamine subtypes G-protein coupled receptors (GPCR) which are
widely distributed in different tissues and organs. For the last 25
years histamine has displayed an important role in cell proliferation
and tumor growth in a number of experimental models through the
stimulation of different histamine receptors [8].

Increasing evidence has also been collected indicating that his-
tamine might be a player in tumor progression modulating cell
adhesion and MMPs activity in pancreatic and mammary tumor
cells [9,10]. We have reported that ionizing radiation induced some
EMT-related events in the TNBC cells MDA-MB-231 which were
blocked upon histamine treatment before cell irradiation [9].

The proto-oncogene Src is a member of the Src family kinases
linked to cancer progression and metastatic disease. Its interac-
tion with different signaling proteins is involved in cell adhesion
and migration. A growing body of research indicates that GPCR and
Src family kinases are thoroughly implicated in multilayered forms
of cross-talk that influence a host of cellular processes [11-15].
Recently, it has been reported that activated/phosphorylated Src
is involved in the promotion of the radio-induced malignant phe-
notypes in breast cancer cells [16].

In this work we investigated whether histamine may modify
EMT events induced by ionizing radiation in breast cancer cells with
different invasive phenotype. The involvement of Src phosphoryla-
tion in histamine actions on migration of irradiated cells was also
evaluated.

2. Materials and methods
2.1. Cell culture

Human breast carcinoma cells MCF-7 and MDA-MB-231 were
from the American Type Cell Culture (ATCC). Cells were routinely
maintained in RPMI 1640 medium containing 10% fetal bovine
serum (FBS, Gibco, CA, USA), 0.3 g/l L-glutamine and 40 mg/l gen-
tamicin at 37°C in a humidified atmosphere with 5% CO2. Cells

were subcultured according to the ATCC protocol within 2 months
of resuscitation and used between passages 5 and 20. Cell cultures
were mycoplasma tested monthly using DAPI as a direct DNA stain.

2.2. Irradiation

Tumor cells were seeded and treated or not with 1pM
or 20 M histamine (Sigma-Aldrich, St Louis, MO, USA). The
selective inhibitor of Src-family tyrosine kinases 4-amino-3-
(4-chlorophenyl)-1-(t-butyl)-1H-pyrazolo[3,4-d]pyrimidine,
4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo|3,4-
d]pyrimidine (PP2, Sigma) was added to cell cultures 30 min
before histamine in combined treatments. After 24 h cells were
gamma-irradiated at a total dose of 2 Gy with an IBL 437C H type
irradiator, 137Cs source.

2.3. Morphological changes

Cell morphology and scattering were evaluated five days after
irradiation. Cells were fixed with 4% formalin and stained with
0.1% toluidine blue dye solution. Cells were observed by an optical
microscope Olympus Bx50 and photographed using an Olympus
DP73 camera.

2.4. Immunoblotting

Cells were washed in ice-cold phosphate-buffered saline, taken
up in 100 w1 of lysis buffer, and heated to 95 °C for 5 min. 30-50 pg
of protein were separated on a 12% SDS-PAGE gel and blotted onto
a polyvinylidenedifluoride membrane. Membranes were blocked
and probed with anti E-cadherin (1:400, Invitrogen, CA, USA),
anti vimentin (1:500, Invitrogen), anti [3-catenin (1:400, Invitro-
gen), anti Slug (1:100, Santa Cruz Biotechnology, TX, USA), anti
phospho-Src and Src (1:250, Cell Signaling, MA, USA), anti -actin
or a-tubulin (1:2000, Sigma) antibody overnight and with anti-
rabbit or anti-mouse horseradish peroxidase-conjugated antibody
(1:2000, Sigma) for 1h at room temperature. The immunoreac-
tive bands were detected by enhanced chemiluminescence (ECL,
Amersham Biosciences, Argentina). Densitometric analyses were
performed using the software Image] 1.42q (NIH, USA).

2.5. Immunofluorescence studies

Cells grown on cover glasses were fixed, permeabilized, blocked
in PBS with 1% bovine seroalbumin and incubated overnight at
4°Cwith anti E-cadherin (1:100, Invitrogen), anti (3-catenin (1:100,
Invitrogen), anti Slug (1:50, Santa Cruz Biotechnologies), anti P-
Src (1:100, Cell Signaling) or anti vimentin (1:100, Invitrogen)
antibody and for 1h at room temperature with Alexa Fluor 488
dye conjugated anti-mouse (1:400, Invitrogen) or FITC-conjugated
anti-rabbit (1:100, Sigma) antibody. Nuclei were stained with
0.1 wg/ml DAPI or propidium iodide. Immunoreactivity was visu-
alized by an immunofluorescence microscope (Olympus Fluo View
FV1000).

2.6. Gelatin zymography

After 24h in serum free RPMI, supernatants from cell cul-
tures were collected, mixed with non-reducing buffer and
electrophoresed on 7% sodium dodecyl sulfate-polyacrilamide gels
with 0.1% gelatin (Sigma). The gels were washed with 0.5% Tri-
ton X-100 (v/v) in Tris-buffered saline (TBS), pH 7.4 for 30 min,
rinsed briefly with TBS, pH 7.4, and incubated in TBS, pH 7.4 supple-
mented with 1 mM Ca2* at 37° C for 24 h. Gelatinolytic activity was
visualized by staining zymograms with Coomassie Brilliant Blue
G250 (Sigma) and destaining in acetic acid-methanol-H;0 (1:3:6).
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Densitometric analyses were performed using the software Image]
1.42q (NIH, USA).

2.7. Migration and invasion assay

Cell migration was investigated using a 24-well transwell unit
with polyethylene terephthalate membranes showing a pore size
of 8.0 wm (BD Falcon, Basel, Switzerland). Equal number of MCF-
7 or MDA-MB-231 cells in serum-free RPMI was loaded into the
upper compartment. The lower chamber contained RPMI medium
plus 10% FBS. After 20 h at 37 °C non-migrated cells on the upper
surface of membranes were gently scrubbed with a cotton swab.
Cells migrated were fixed in 4% formalin and stained with 0.5%
crystal violet. Total number of migrated cells was counted. For the
invasion assay, transwell units were coated with Matrigel® (BD Bio-
sciences, MA, USA)/RPMI (1:2). After 20 h at 37 °C, cells that invaded
through Matrigel and reached to the reverse side were fixed, stained
and counted under a microscope. Controls to verify that cell pro-
liferation was not affecting migration/invasion results after 20 h
incubation were performed (data not shown).

2.8. Statistical analysis

Data were analyzed by one-way ANOVA and Bonferroni post-
test, using the GraphPad Prism Version 5.0 software (GraphPad
Software Inc, Philadelphia, USA). P values less than 0.05 were con-
sidered statistically significant.

3. Results

3.1. Effects of histamine and ionizing radiation on cell
morphology

To clarify histamine and ionizing radiation actions on MCF-7 and
MDA-MB-231 cell morphology we tested two doses of histamine
(1 M and 20 p.M) on cells seeded at low densities to guarantee
a clonogenic growth and 24 h later cell cultures were irradiated.
After 5 days non-irradiated MCF-7 cells exhibited the characteristic
epithelial phenotype with a cobblestone appearance and tight cell-
cell junction. Irradiated cells treated or not with 1 wM histamine
developed an irregular-shaped morphology with many protruding
processes, loss of cell-to-cell contact and an increase in cell scat-
tering. Additionally, MDA-MB-231 cells showed a more elongated
appearance and cell spreading than usual when they were irradi-
ated. However, pre-treatment of mammary tumor cells with 20 uM
histamine prevented the phenotypic changes induced by ionizing
radiation (Fig. 1).

3.2. Expression and subcellular localization of epithelial and
mesenchymal markers in histamine-treated and irradiated cells

In order to investigate the effects of histamine and ionizing radi-
ation on EMT molecular markers we performed immunoblot and
immunofluorescence experiments five days post-irradiation.

A single dose of 2 Gy significantly reduced [3-catenin expres-
sion in MCF-7 cells pre-treated with histamine. There was also
a reduction in E-cadherin expression however it was not signifi-
cant (Fig. 2A). Interestingly, immunofluorescence studies revealed
different subcellular localization of these proteins. E-cadherin
and [-catenin proteins were observed at cell membrane in non-
irradiated cells while a cytoplasmic localization for E-cadherin and
a cytoplasmic/perinuclear localization for 3-catenin were mainly
detected in irradiated MCF-7 cells, treated or not with 1 wM his-
tamine. Notably, appreciable membrane-localized E-cadherin and
[3-catenin were visualized when cancer cells were irradiated in the
presence of 20 wM histamine (Fig. 2B). Though the mesenchymal

marker vimentin is not present in MCF-7 cells as reported else-
where [17], emerging evidence from different radiation protocols
supports that ionizing radiation may induce vimentin expression
in these cells [5,16]. We could not detect vimentin by Western blot
but our immunofluorescence data could confirm a low cytoplasmic
expression of this protein when MCF-7 cells were irradiated in the
presence or absence of 1 wM histamine (Fig. 2B). There was also an
increase in the nuclear expression of the transcriptional factor Slug
in MCF-7 cells (Fig. 2C). Remarkably, all these changes were not
observed when cell cultures were treated with 20 wM histamine
and then 2 Gy gamma-irradiated.

The TNBC cells MDA-MB-231 did not express the epithelial
marker E-cadherin. However, a significant increase in the expres-
sion of the mesenchymal marker vimentin was determined in
irradiated cells (Fig. 3A). In addition, our studies revealed a cyto-
plasmic, nuclear and perinuclear localization of 3-catenin (Fig. 3B)
and asignificantaugmentation in the number of Slug positive nuclei
(Fig. 3C) when tumor cells were irradiated in the presence or not
of 1 wM histamine. Interestingly, these findings were not observed
when MDA-MB-231 cells received 20 wM histamine 24 h previous
to be irradiated.

In addition, histamine actions in non-irradiated MDA-MB-231
and MCF-7 cells were also evaluated as a control. Immunofluores-
cence studies revealed that 1 wM and 20 uM histamine induced
different subcellular localization of E-cadherin and 3-catenin, and
changes in EMT molecular markers expression (Supplementary Fig.
S1).The lower dose of histamine produced similar results as those
observed in 2 Gy-irradiated mammary tumor cells. On the contrary,
cells receiving 20 wM histamine showed membrane-localized E-
cadherin and 3-catenin, and levels of vimentin and Slug like non
irradiated control cells.

3.3. Enhancement of EMT functional markers in irradiated breast
cancer cells

Since the expression of EMT molecular markers is tightly
related to functional markers we next performed assays to inves-
tigate the gelatinolytic activity, cell migration and invasion. We
have previously reported that histamine in high concentration
could block the significant increase in the MMPs activity and
the migratory/invasive capacity induced by a single dose of 2 Gy
gamma-radiation in the TNBC cells MDA-MB-231 [9].

In the luminal breast cancer cells MCF-7 ionizing radiation
induced a similar pattern expression of EMT functional markers.
There was a significant increase in MMP2 activity and also in the
number of migrated and invading cells when MCF-7 cells were
2 Gy-irradiated in the presence or absence of 1M histamine
(Fig. 4A-C). However, these changes were not observed when cells
received 20 wM histamine 24 h before irradiation. We performed
these experiments five days after irradiation as in Section 3.2.

Asacontrol we also monitored the effects of histamine on MCF-7
cells migration and invasion in the absence of irradiation. Differ-
entresponses were noticed depending on histamine concentration.
There was an increase in cell migration and invasion with 1 wM his-
tamine. This increase was not observed when cancer cells received
20 uM histamine (Supplementary Fig. S2A). Remarkably, results
were comparable with those previously reported in non irradiated
MDA-MB-231 cells [9].

3.4. Histamine modulates phospho-Src levels in irradiated cells

Inarecentreportit was demonstrated that several breast cancer
cells exposed to gamma-irradiation (2 Gy/day for 3 days) develop
malignant phenotypes through Src activation promoting invasive-
ness [16].
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Fig. 1. Morphological changes in MCF-7 and MDA-MB-231 cells. Cells were seeded at low density, treated or not with histamine 24 h previously to irradiation and allowed
to grow until well-defined individual colonies were formed. Representative optical micrographs (100x) show the difference in cell scattering and cellular morphology.

On the basis of our studies, a single dose of 2 Gy irradiation led
to a pronounced and significant increase in cell migration and also
in phospho-Src levels in MCF-7 and MDA-MB-231 cells. However,
pre-treatment of both cell lines with 20 wM histamine significantly
decreased cell migration as well as phospho-Src levels in irradiated
cells (Fig. 5A and C). To further test whether phospho-Src levels are
involved in the migratory ability of histamine-treated and irradi-
ated cells we employed 2 WM PP2, a selective inhibitor of Src-family
tyrosine kinases. Fig. 5B and D shows that Src phosphorylation and
cell motility were almost undetectable in irradiated MCF-7 and
MDA-MB-231 cells treated with 2 WM PP2 suggesting that mod-
ulation of phospho-Src level induced by 20 wM histamine might
be responsible for the migratory behavior observed. In addition,
our immunofluorescence studies revealed that MCF-7 treated with
PP2 and then irradiated exhibited membrane-localized E-cadherin,
a similar outcome to that observed in irradiated cells that received
pre-treatment with 20 wM histamine (Fig. 5E). Thus, Src protein
might be a potential key component of histamine effect on the
radio-induced EMT.

We also evaluated the phosphorylation/activation of Src in non
irradiated MDA-MB-231 and MCF-7 cells treated with histamine in
order to check the effects of histamine alone. Immunofluorescence
studies revealed a positive membrane staining for phospho-Src
in control, and histamine treated MCF-7 cells. Interestingly, the
number of positive cells for phospho-Src membrane staining was
higher in cells receiving 1 wM histamine which also exhibited pro-
trusions as irradiated cells did (Supplementary Fig. S2B). Western
blot analysis showed different levels of phospho-Src dependent on
histamine concentration in MDA-MB-231 cells (Supplementary Fig.
S2C). In both cell lines there was only a stimulatory effect on Src
phosphorylation when non irradiated cells were treated with 1 uM
histamine.

4. Discussion

Breast cancer is the major malignancy diagnosed among women
worldwide and an important cause of cancer mortality. Despite
the improvements in outcomes due to enhanced combinations of
surgery with chemo- and radiotherapy, research is going on within
each treatment modality to increase therapeutic benefits.

Ionizing radiation may affect not only cancer cells but the cellu-
lar microenvironment and their reciprocal interactions in order to
facilitate tumor progression and metastases [5,7,18]. Local recur-
rences or metastases that occur after radiotherapy are frequently
associated to micrometastasis originated before tumor irradiation.

However, increasing experimental evidence indicates that ionizing
radiation may induce cellular changes leading to EMT and enhance-
ment of invasiveness in surviving irradiated cells. For the treatment
of breast cancer in women, 50 Gy in 25 daily fractions of 2 Gy over
5 weeks is recommended in terms of effects in normal breast.
Diverse experimental conditions including many different irradi-
ation schedules have been reported in literature to study the cells
that remain alive after fractionated irradiation and the mechanisms
involved in resultant malignant progression [4,16]. In the current
study we chose 2 Gy as a clinically relevant subletal dose to evaluate
whether histamine might modify the radiation induced mesenchy-
mal changes in breast cancer cell lines since the better knowledge
of the primary responses to initial radiation insults is the first step
for a pharmacological intervention.

We could determine that luminal and TNBC cells irradiated with
a single dose of 2 Gy exhibited mesenchymal changes supporting
a more migratory and invasive phenotype five days after irradi-
ation. Pre-treatment of breast cancer cells with 20 wM histamine
prevented these changes opening a perspective for the use of his-
tamine in prolonged experiments using multiple 2 Gy doses as an
approach to clinical schedules.

Our experiments on cell morphology evidenced morphological
features corresponding to a mesenchymal cellular appearance and
cell scattering, probably due to the decrease in the intercellular
adhesive forces, in agreement with other reports using different
irradiation schedules [3,5,16]. Even if we detected a decrease in
E-cadherin and [(3-catenin expression in irradiated MCF-7 cells,
the distinctive finding was the disruption of E-cadherin-3-catenin
complex leading to cytoplasmic localization of both proteins. The
dissociation of the E-cadherin protein from 3-catenin is considered
an important feature of the EMT and sometimes it is defined as a
cause and effect of the EMT [19,20]. As expected, the mesenchymal-
like MDA-MB-231 cells did not express E-cadherin while a low
[B-catenin expression was detected in non irradiated control cells.
In addition, cytoplasmic, perinuclear and nuclear localization of 3-
catenin were also observed in irradiated MCF-7 and MDA-MB-231
cells supporting its role as a transcriptional co-activator for genes
linked to EMT and tumor invasion [21-23].

Evidence shows that histamine may regulate cell-cell adhe-
sion and cadherin expression in normal and tumor cells of diverse
origin. The reported effects are miscellaneous according to the
tissue and the histamine receptor subtype involved [24-26]. The
different results observed in this work using two histamine con-
centrations may be attributed to the activation of different receptor
subtypes since MCF-7 and MDA-MB-231 cells express the four sub-
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Fig. 2. Immunolocalization and protein levels of EMT molecular markers in MCF-7 cells. Cells were treated or not with histamine (HA) 24 h before irradiation. EMT molecular
markers were evaluated 5 days post-irradiation. (A) Representative Western Blots showing the levels of E-cadherin and 3-catenin in MCF-cells. 3-actin was used for loading
control. Densitometric analysis of Western Blots from three independent experiments are shown. Relative expression of E-cadherin and 3-catenin was calculated as a ratio
and normalized to non-irradiated control. Data represent as mean =+ SD. **p <0.01 vs non irradiated control. (B) Cells were fixed and stained for immunofluorescence with anti-
E-cadherin, anti 3-catenin or anti-vimentin antibody and the appropiate secondary antibody. Nuclei were counterstained with DAPI. Arrows indicate nuclear localization of
[3-catenin. Representative photographs are shown. 400x. (C) Immunolocalization of Slug in MCF-7 cells. Cells were treated or not with histamine (HA) 24 h before irradiation.
Subcellular localization of Slug was analyzed by immunofluorescence 5 days post-irradiation with anti-Slug antibody and a secondary antibody tagged with FITC. Nuclei were
counterstained with DAPI. Representative photographs are shown, 400x. Arrows indicate nuclear localization of Slug. Bar chart shows the percentage of Slug positive nuclei
from three independent experiments. At least five hundred cells were counted to determine the percentage of Slug positive nuclei. Data represent as mean + SD. *p <0.05

and **p<0.01 vs non irradiated control, #p <0.05 vs irradiated control.

types of histamine receptors [8]. Remarkably, our findings show
that 20 M histamine-treated and irradiated MCF-7 cells exhibited
reduced expression of E-cadherin and [B-catenin while preserved
epithelial cell morphology with both proteins mainly observed at
cell membrane. The most frequently described scenario for the
decrease of E-cadherin and (3-catenin expression is the finding of
cytoplasmic localization associated to changes in cell morphology
as described above for irradiated cells. However, there are some
reports that account for a diminution in total protein levels coupled
to membrane expression and preservation of epithelial morphol-
ogy and cell-cell adhesion with dissimilar mechanisms ascribed,

such as inhibition of proteosome degradation or different levels of
p120-catenin expression [27,28]. Besides, we should consider that
histamine concentration over 20 M may simultaneously activate
more than one receptor in MCF-7 cells and in that way affect differ-
ent steps involved in E-cadherin and B-catenin trafficking leading
to the atypical response observed [29].

Vimentin is an intermediate filament protein functionally
involved in attachment, migration, and cell signaling, which is
expressed in normal mesenchymal cells and a wide range of trans-
formed cell types [30,31]. Vimentin is proposed as a positive
regulator of EMT since its up-regulation appears to be a prereq-
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were fixed and stained for immunofluorescence with anti 3-catenin antibody and the appropiate secondary antibody. Nuclei were counterstained with propidium iodide.
Arrows indicate nuclear and perinuclear localization of 3-catenin. Representative photographs are shown. 400x. (C) Immunolocalization of Slug in MDA-MB-231 cells. Cells
were treated or not with histamine (HA) 24 h before irradiation. Subcellular localization of Slug was analyzed by immunofluorescence 5 days post-irradiation with anti-Slug
antibody and a secondary antibody tagged with FITC. Nuclei were counterstained with DAPI. Representative photographs are shown, 400x. Bar chart shows the percentage
of Slug positive nuclei from three independent experiments. At least five hundred cells were counted to determine the percentage of Slug positive nuclei. Data represent as

mean + SD. **p<0.01 vs non irradiated control and #p <0.05 vs irradiated control.

uisite for EMT induction [32]. Further on, the de novo expression
of vimentin is considered a mechanism associated with EMT [33].
In the present work, a single dose of 2 Gy significantly increased
vimentin expression in MDA-MB-231 cells and induced the de
novo expression of vimentin in MCF-7 cells in agreement with
other reports [5,16] while the pre-treatment of irradiated cells
with the higher dose of histamine prevented this effect in both
cell lines. It is well documented that vimentin is necessary for
Slug-induced EMT associated migration and required for induc-
tion of invasiveness-related genes in different breast cancer cell
lines [34]. Recently, Tania et al. [35] have summarized the direct or
indirect performance of EMT-inducing transcription factors, such
as Twist, Snail, Slug, and Zeb, in cancer cell metastasis through
different signaling pathways, with the final consequence of the
up- or down-regulation of different mesenchymal and epithelial
EMT-related proteins. Our findings strengthen this idea since the
increase in cell migration and invasion was only verified in irradi-
ated cells characterized by the cytoplasmic expression of vimentin
and the higher number of Slug positive nuclei. Interestingly, the
inverse relationship between membrane-localized E-cadherin and
Slug nuclear expression was observed in irradiated MCF-7 cells
when cells were pre-treated with 20 wM histamine.

It is known that loss of cell-cell contact is determinant for the
migratory ability of cancer cells while the increase in MMPs lytic

activities supports cell invasion [36]. In this regard, the enhance-
ment of functional markers induced by ionizing radiation was not
detected when mammary tumor cells were previously treated with
20 wM histamine. Thus, pre-treatment of MCF-7 and MDA-MB-231
cells with 20 wM histamine prevented the expression of vimentin,
decreased the number of Slug positive nuclei and reduced cell
migration and invasion in irradiated tumor cells.

Src is a non-receptor tyrosine kinase which participates in dif-
ferent signal transduction pathways regulating biological processes
such as cell proliferation, differentiation, migration, angiogene-
sis, and survival [14]. Its level and activity are elevated in several
human cancers including prostate, lung, breast, and colorectal [15].
The activation grade of Src is determined by the net phospho-
rylation status at its regulatory residues [37]. Src functions as a
signal transducer from the cell surface receptors via phosphoryla-
tion of tyrosine residues on substrates in a sequential way being
[3-catenin one of these substrates. Tyrosine phosphorylation of 3-
catenin by activated Src alters the integrity of the cadherin-catenin
complex [38]. Consequently a loss of cadherins-mediated cell-cell
contacts and an increase in the level of cytoplasmic [3-catenin are
detected. The stabilization and accumulation of 3-catenin in the
cytoplasm activates [3-catenin signaling in the nucleus increasing
EMT related genes transcription like Slug [7]. Coluccia et al. [39]
demonstrated that the employment of Src inhibitors in human col-
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Fig. 4. EMT functional markers in MCF-7 cells. Cells were treated or not with histamine (HA) 24 h before irradiation and markers were analyzed 5 days post-irradiation. (A)
Cell migration was evaluated using transwell units. MCF-7 cells in serum-free RPMI medium were seeded in the upper compartment. The lower chamber contained RPMI plus
10% FBS. After 20 h migrated cells were fixed and stained. Bar chart represents the total number of migrated cells (mean =+ SD) from three independent experiments. *p <0.05
vs non irradiated control, ##p<0.01 vs irradiated control. Representative photographs are shown. 100x. (B) MMP2 activity was evaluated in 24 h serum-free cell culture
medium. Bar chart represents gelatinolytic activity (%) for each experimental condition vs non irradiated control cells from three independent experiments. Data represent
as mean =+ SD. *p <0.05 vs non irradiated control, #*p <0.05 vs irradiated control. A representative zymogram is shown. (C) Cell invasion was evaluated as cell migration using
inserts coated with Matrigel. Bar chart represents the total number of invading cells (mean + SD) from three independent experiments. *p <0.05 vs non irradiated control,

##p<0.01 vs irradiated control.

orectal tumor cells reduced cell motility due to the prevention of
[3-catenin phosphorylation and its transcriptional activity. Though
we did not determine the level of phospho-3-catenin in the present
work we could observe that ionizing radiation induced a cytoplas-
mic localization of 3-catenin and E-cadherin, an increase in nuclear
Slug expression, vimentin expression, cell migration and phospho-
Srclevel. Pre-treatment of irradiated breast cancer cells with 20 uM
histamine prevented these events. Additionally, a positive asso-
ciation between vimentin expression and the invasive behavior
of cancer cells has been reported. Wei et al. [40] demonstrated
that vimentin may form aggregates with Src, E-cadherin and -
catenin supporting invasiveness of prostate tumor cells through
the E-cadherin-3-catenin complex regulation by phospho-Src.

The migratory behavior of MCF-7 and MDA-MB-231 cells and
the increase in phospho-Src levels observed with a single dose of
2 Gy in this work were similar to other reports with tumor cells
exposed to 2 Gy/day for 3 days [16]. Besides, our present findings
suggest that the inhibitory action of 20 wM histamine on irradiated
breast cancer cells migration is mediated by the down-modulation
of phospho-Src levels. Remarkably, the selective inhibition of Src
is proposed as a potential clinical tool to be used in the reduction
of tumor progression and in the prevention of cancer metastasis
[20,37,41,42].

In summary, the present study provides evidence that the
mesenchymal appearance and the EMT molecular and functional
markers induced by ionizing radiation in breast cancer cells with
different invasive phenotypes were reversed upon 20 wM his-
tamine treatment. Data also identify Src as a key component of
the signaling pathway involved in the migratory response atten-

uated by 20 wM histamine in irradiated breast cancer cells. Taken
together these results demonstrate that histamine actions in irra-
diated mammary tumor cells are not cell line specific.

Clinical trials using histamine dihydrochloride as a subcuta-
neous formulation in conjunction with interleukin-2 have been
carried out for the treatment of different cancers such as renal
cell carcinoma, acute myelogenous leukemia and metastatic
melanoma. When administered together, histamine enhances
interleukin-2 antitumor activity by facilitating the activation of T
cells and natural killer cells by IL-2. This therapy had an acceptable
tolerability profile in patients in phase Ill trials [43,44]. In addition,
histamine displayed antiproliferative effects in experimental can-
cer models in vitro and in vivo [8]. Recently, it has been reported that
histamine over 10 uM exhibits a radiosensitizing action involving
increased radiation-induced DNA damage, apoptosis and senes-
cence in both mammary tumor cell lines, MCF-7 and MDA-MB-231
[45]. Moreover, in vivo radioprotective effects exerted by histamine
on non-cancer tissues have also been described [46].

The research on the prospective use of histamine to enhance
radiotherapy efficacy by improving cancer cells intrinsic radiosen-
sitivity and also controlling metastatic behavior could lead to new
therapeutic strategies in order to increase antitumor effectiveness
and minimize undesirable side effects.
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