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Introduction
Over the last decade, the technological development of radi-
ation therapy (RT) has led to more efficient processing tech-
niques which can deliver, with high precision, increasing doses 
saving the organ at risk, and high dose values even on small-
sized tumor targets. Approximately, 50% of all cancer patients 
will receive some form of RT (such as, external beam or 
internal RT), either alone or in combination with other treat-
ment modalities such as surgery or chemotherapy.1 Indeed, a 
great amount of scientific evidence reports that RT remains 
a vital component of the curative multimodality therapy for 
many types of cancer including breast cancer (BC). BC is a 
heterogeneous disease, at both clinical and molecular levels, 
presenting distinct subtypes associated with different clinical 

outcomes.2 In this sense, a clinical point of interest is to better 
define the most successful treatment plan, including the 
choice of the best RT modality and schedule, according also 
to specific BC molecular characterization. Thus, many efforts 
from research teams are needed to help clinicians in under-
standing the molecular portrait of a specific cancer type, in 
order to propose successful combinatorial anticancer thera-
pies in clinical practice. These multimodalities approaches are 
based on the principle that standalone, chemo- or radiother-
apeutic regimens are generally unable to control neoplastic 
lesions, whereas combining therapeutic agents with dissim-
ilar action mechanisms potentially results in synergistic 
anti neoplastic effects, as recently described by several  
authors.3,4
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Objective: Technological advances in radiation therapy 
are evolving with the use of hadrons, such as protons, indi-
cated for tumors where conventional radiotherapy does 
not give significant advantages or for tumors located in 
sensitive regions, which need the maximum of dose-
saving of the surrounding healthy tissues. The genomic 
response to conventional and non-conventional linear 
energy transfer exposure is a poor investigated topic and 
became an issue of radiobiological interest. The aim of this 
work was to analyze and compare molecular responses in 
term of gene expression profiles, induced by electron and 
proton irradiation in breast cancer cell lines.
Methods: We studied the gene expression profiling 
differences by cDNA microarray activated in response 
to electron and proton irradiation with different linear 
energy transfer values, among three breast cell lines (the 
tumorigenic MCF7 and MDA-MB-231 and the non-tum-
origenic MCF10A), exposed to the same sublethal dose 
of 9 Gy.

Results: Gene expression profiling pathway analyses 
showed the activation of different signaling and molec-
ular networks in a cell line and radiation type-dependent 
manner. MCF10A and MDA-MB-231 cell lines were found 
to induce factors and pathways involved in the immuno-
logical process control.
Conclusion: Here, we describe in a detailed way the 
gene expression profiling and pathways activated after 
electron and proton irradiation in breast cancer cells. 
Summarizing, although specific pathways are activated 
in a radiation type-dependent manner, each cell line acti-
vates overall similar molecular networks in response to 
both these two types of ionizing radiation.
Advances in knowledge: In the era of personalized 
medicine and breast cancer target-directed inter-
vention, we trust that this study could drive radiation 
therapy towards personalized treatments, evaluating 
possible combined treatments, based on the molecular 
characterization.
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Nowadays, technological advances in RT are evolving with the 
use of hadrons, such as protons, carbon ions and other ions, 
like helium. Proton radiation therapy (PRT) offers a number of 
potential advantages over conventional (photon/electron based) 
RT for cancer, due to a more localized delivery of the radiation 
dose thanks to their characteristic Bragg Peak.5–7 Precisely, the 
heavy particle enters tissue and deposits a minimal radiation dose 
on its track to the tumor. The radiation dose increases very grad-
ually with greater depth and lower energy, suddenly rising to the 
Bragg Peak when the proton is ultimately stopped.7,8 Although 
PRT may offer clinical advantages compared with conventional 
RT, it is expensive and therefore, important to evaluate whether 
the relative medical benefits are large enough to motivate the 
higher costs. On the other hand, it is important to study breast 
PRT in order to minimize the exposure of healthy tissue and, in 
this way, to reduce risk of coronary and heart disease.9

A number of challenges arise, such as to compare unconven-
tional (proton) and conventional (photon/electron) treatment 
plans when both modalities are available. Such comparison, 
should firstly evaluate the potential clinical benefit for the indi-
vidual patient based on the dose distribution, as well as more 
information regarding cell networks activated after conventional 
and unconventional RT exposure.10 A critical point of interest is 
the assumed biological effectiveness of protons. It is known that 
the dose deposition is fundamentally different between photon 
and proton RT, thus, the biological equivalent dose should be 
compared and not the physical dose. This is handled today by 
using a constant relative biological effectiveness (RBE) of 1.1 
for protons, reflecting the assumption that the physical proton 
dose has a biological effect equivalent to 10% higher than photon 
dose.5,9 The use of this generic spatially invariant RBE within 
tumors and normal tissues disregards the evidence that proton 
RBE varies with linear energy transfer (LET). The LET values 
showed by particles, range from a few hundreds of electron-
volts to many hundreds of keV. Electrons LET values go from 
about 0.25 keV µm–1 to about 2.30 keV µm–1 and, as a conse-
quence, electrons are considered low LET radiations. On the 
other hand, the LET values range of heavy ions goes from about 
15–170 keV µm–1 and they are considered high LET radiations. 
Protons show halfway values and they range between 1 and 30 
keV µm–1.11

The proton RBE increases with increasing LET, which grow 
when the beam energy decreases.12 In addition, regarding LET 
parameter, a large fraction of tumors show resistance to low LET 
ionizing radiation (IR; such as those delivered during photon or 
electron irradiation) by mechanisms that are only partly eluci-
dated.12–17 Precisely, conventional low LET IR is known to cause 
relatively well separated ionizations, resulting almost in DNA 
single strand breaks.12 In contrast, high LET ions (such as carbon 
ions), release energy densely along their track through the cell 
nucleus, creating several double strand breaks (DSB) in a narrow 
region, resulting in more complex and less repairable DNA 
damage. Understanding the molecular response to high and low 
LET irradiation RT, also in term of gene expression changes, 
became a critical point of interest. According to us, this issue has 
not been entirely understood and investigated, in order to select 

the most successful treatment plan or combinatorial treatment 
regimens.

In turn, the principal aim of this work was to analyze and 
compare molecular responses in term of gene expression 
profiles (GEPs), induced by electron and proton irradiation in 
BC cell lines.

In addition, we performed a Monte Carlo simulation using the 
Geant4 toolkit in order to assess LET distribution inside the 
target, thus providing crucial physical information about the 
particle beam and highlighting how the different kind of inter-
action with the matter could have a role in gene expression 
regulation.

In the era of personalized medicine and BC target-directed inter-
vention, we trust that this study could drive RT towards person-
alised treatments, evaluating possible combined treatments, 
based also on the molecular characterization in BC.

Methods and Materials
Cell cultures
The human non-tumorigenic breast epithelial MCF10A cell 
line and human breast adenocarcinoma MCF7 and MDA-MB-
231 cell lines, were purchased from the American Type Culture 
Collection (ATCC, Manassas, VA) and cultured according to 
manufacturer’s guidelines. Cells were maintained using standard 
conditions in an exponentially growing culture.

Radiation treatment
2 days before irradiation cells were seeded and following irradi-
ated at subconfluence (70–80%). In order to analyze and compare 
molecular responses induced by conventional and non-conven-
tional radiation treatment modalities, cells were exposed to the 
same dose of IR (9 Gy). The dose value was chosen according to 
two assumptions: (i) a sublethal proton radiation dose of 8 Gy was 
recently described by Gameiro and colleagues able to mediate 
tumor changes in combination with immunotherapy8 and thus, 
we decide to investigate the molecular changes PRT-induced 
with those activated by conventional RT; (ii) we analyzed the 
GEPs induced by 9 Gy of IR dose because of its use during elec-
tron intraoperative RT (boost scheme) in BC care, about which 
a cell and molecular characterization was recently described by 
our group.18,19

Electron irradiation configuration
In order to study the biological response in term of gene GEP 
profiles after low LET irradiation in BC cells, we used electrons 
beam configurations. The NOVAC7 (Sordina IORT Technolo-
gies, Vicenza, Italy) IORT system was used to perform the cell 
irradiations as previously described. The beam collimation was 
performed through a polymethylmethacrylate cylindrical tubes 
with a diameter of 10 cm and face angle of 0˚. The electron accel-
erator system was calibrated under reference conditions.20 Cell 
irradiations were conducted placing the cell at the build-up of 
the depth dose distribution with 9 Gy of IR dose (100% isodose) 
and at a dose rate of 3.2 cGy/pulse.

http://birpublications.org/bjr
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Proton irradiation configuration
The proton beam irradiation was performed at INFN-LNS 
(Catania) within the CATANA experimental room. When 
reaching the CATANA treatment room, proton beam of a 
maximum energy of 62 MeV A went out in the air and flew for 
3 m before hitting the target. Through its path, the beam was 
intercepted by various elements such as scattering foils to spread 
the beam laterally, collimators to define beam profile in accor-
dance to the tumour shape and monitor chambers to measure 
the dose delivered.21 Moreover, the beam was also modified 
in term of energy and shape to be used for applications. More 
precisely, by using a superconductive cyclotron, the acceler-
ated beam was converted in a uniform clinical beam able to 
cover the entire target region passing through different passive 
elements. In addition, to cover entirely the flask surface, we used 
different beam shots and an automatic flask positioning and 
collimation system. We performed a dosimetric check before 
each beam time irradiation: the lateral beam profile was veri-
fied using a semi-conductor diode while the depth dose profiles 
and dosimetric calibrations were performed using a motorized 
Markus chamber within a water tank. The dosimetric system 
was calibrated under reference conditions.20 Cell irradiations 
were conducted placing the cell at the middle spread-out 
Bragg peak with dose value of 9 Gy and a dose rate of 15  
Gy min-1.

Dose and LET distribution using Geant4 toolkit
As above described, we used the Monte Carlo code Geant4 
(GEometry ANd Tracking),22–24 toolkit widely used to support 
technical and clinical issues in RT, in order to evaluate the depth 
absorbed dose and LET distributions of electron and proton 
beams. For the electron irradiations, the setup and the dose 
distribution were studied by modeling electron propagation 
with Monte Carlo methods using “iort-therapy” application, 
Advanced Example of GEANT4, developed by G. Russo et al.25 
This application simulates the geometry of a real clinical intra-
operative radiation therapy treatment (delivering a single high 
dose of IR immediately after surgical tumor removal in order to 
destroy the residual cancer cells) and each device component. 
The application, through the simulation of the electron accel-
erator, the beam collimation system and electron applicator, 
allowed us to calculate the real dose distribution released inside 
the cell irradiation flask.

The application used for the proton beam evaluation is called 
“HadronTherapy” and it is an Advanced Example of GEANT4. 
The code is developed by Cirrone et al. and Romano et al., 
and is able to simulate two typical proton and carbon trans-
port beam lines utilized in clinical practice and cellular 
irradiation studies.11,26 In this work, we modified the above 
mentioned open source application, in order to provide infor-
mation (such as the absorbed dose and LET values) also for 
electron beam lines. In this way, we assessed the primary and 
total dose averaged LET reproducing LET distributions in a 
realistic manner. In addition, we included in the calculation 
the secondary particle contributions due to nuclear inter-
actions and their spatial distribution in voxelized or sliced  
geometries.

Whole-genome cDNA microarray expression 
analysis
We analyzed GEPs of MCF10A, MCF7 and MDA-MB-231 cells 
induced by both electron and proton beam irradiations, using 9 
Gy of IR dose.

Total RNA extraction and its qualitative and quantitative anal-
yses were conducted as previously described.18,19 Microarray 
analysis was performed using the Whole Human Genome 4 × 
44 K cDNA kit according to the Agilent Two-Color Microar-
ray-Based Gene Expression Analysis protocol (Agilent Tech-
nologies, Santa Clara, CA). Precisely, six replicates for each 
configuration assayed were performed. Statistical data analysis, 
background correction, normalization and summary of expres-
sion measures were conducted with GeneSpring GX 10.0.2 soft-
ware (Agilent Technologies). Finally, genes were identified as 
being differentially expressed if they showed a fold change of at 
least 1.5 with a p-value < 0.05 compared to untreated cells of the 
same cell line analyzed, that was used as reference sample. The 
data discussed in this publication have been deposited in the 
National Center for Biotechnology Information Gene Expres-
sion Omnibus (GEO)27 and are accessible through the following 
GEO Series accession number: GSE103472. Microarray data 
are available in compliance with minimum information about a 
microarray experiment standards.

Ingenuity pathway analysis
Differentially expressed gene lists obtained by GEP analysis were 
studied using Ingenuity pathway analysis (IPA- Ingenuity System, 
Montain View, CA). IPA is a software application that enables 
to identify the biological mechanisms, pathways and functions 
matching a particular selected data set of genes or proteins using 
a build-in scientific literature based database (according to  web 
site https://www.​qiagenbioinformatics.​com/​products/​ingenuity-​
pathway-​analysis/, Qiagen, Germany). IPA is based on a data-
base obtained by abstracting and interconnecting a large fraction 
of the biomedical literature according to a very strict algorithm. 
The networks, displayed graphically as nodes, representing indi-
vidual proteins and edges representing the biological relation 
between nodes and are ordered by score and optimized including 
as many differentially expressed proteins as possible. A p-score 
[i.e._log(p-value)] for each possible network is computed. There-
fore, networks with scores of 2 or higher have at least 99% confi-
dence of not being generated by random chance alone.

oPOSSUM transcription factor binding sites 
analysis
The oPOSSUM analysis system identifies over represented tran-
scription factor binding sites (TFBS) in sets of co-expressed 
genes (target gene set) by comparing the target gene set against 
a pre-compiled background set of genes.28,29 Two measures of 
statistical significance, the Z-score and the Fisher score, are then 
calculated. In general, a Z-score of >10 and a Fisher score of <0.01 
identify significantly over represented transcription factor (TF) 
binding sites. We employed this system to identify TFs of interest 
in our studies. Microarray down- and upregulated genes lists of 
MCF10A, MCF7 and MDA-MB-231 cell lines treated with elec-
tron or proton irradiation with 9 Gy of IR dose, were analyzed 

http://birpublications.org/bjr
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for enrichment of TFBS using the oPOSSUM program.30 The 
conserved non-coding regions of the promoters were searched 
for matches to all TFBS profiles in the JASPAR database.28–30 
For each transcript, the top conserved regions in the 2000 bp 
upstream/downstream sequences between mouse and humans 
with minimum conservation cutoff of 0.40 and matrix match 
threshold of 80% was scanned for TFBS using a position weight 
matrices algorithm.

PubMatrix
All genes assayed in this work were analyzed using the PubMa-
trix tool as previously described order to confirm our assump-
tions and to study bibliographic relationships between proteins 
and some selected queries such as IR, radiation, cancer, BC, elec-
tron, proton, DNA DSBs.18,19,31

Results
LET evaluation in electron and proton simulations
In order to assess LET distribution inside the target, we 
performed a Monte Carlo simulation using the Geant4 toolkit. 
We used two advanced examples provided within the Geant4 
official release: iort-therapy and hadrontherapy.32 Moreover, 
a hadrontherapy tool was used to simulate the clinical proton 
facility at LNS-INFN and to assess the dose and LET distribution 
in the targets.

As shown in Figure 1, LET values for electron beams (displayed 
in the black curve) were quite constant along the penetration 
depth in the matter ranging from about 0.19 to 0.22 KeV µm–1. 
During cellular irradiations, the samples were positioned at the 
build-up of the depth-dose curve where the LET value measured 
was of 0.19 KeV µm–1 at about 25 mm depth of water equivalent 
material.

Regarding proton irradiation, LET values of a spread-out Bragg 
Peak (SOBP) generally ranging from 1 to 2 KeV  µm–1 to 10 
KeV  µm–1 before the distal part of the modulated peak were 
obtained, as widely discussed in literature.26 During cell irradia-
tion, a SOBP configuration was used. Precisely, the cell layer was 
positioned at the middle-SOBP, where LET value was of 5.4 KeV/

µm, as shown in the black curve of Figure 2, and approximately, 
29 times higher than LET values evaluated for the electron beam.

Overview of cDNA microarray gene expression 
induced by electron and proton beam irradiation
In this work, a Two-Color Microarray-Based Gene Expression 
Analyses were conducted on MCF10A, MCF7 and MDA-MB-
231 cells treated with 9 Gy of IR dose delivered using electron

(e–) and proton (p+) beam irradiations. In details, MCF10A, 
MCF7 and MDA-MB-231 irradiated cells were named as follows: 
MCF10A/e– and MCF10A/p+; MCF7/e– and MCF7/p+; 
MDA-MB-231/e- and MDA-MB-231/p+. Respective MCF10A, 
MCF7 and MDA-MB-231 untreated cell lines were used as refer-
ence samples. Comparative differential gene expression analysis 
revealed that a conspicuous number of genes had significantly 
altered expression levels by 1.5-fold or greater, compared to the 
untreated reference group as shown in Table  1. Up and down 
regulated transcripts were available at GEO database (GEO ID: 
GSE103472).

Deregulated transcripts for each configuration analyzed in this 
study and above mentioned, were selected according to their 
involvement in specific biological pathways using IPA. Precisely, 
the top enriched canonical pathways were analyzed and listed in 
Tables 2–4.

The result of this mapping revealed the involvement of factors 
controlling specific pathways in each cell line tested, also different 
between the two irradiation modalities, as following reported. 
Moreover, candidate genes were studied using the PubMatrix 
tool31 in order to test their involvement in selected queries radi-
ation related and to draw assumptions described in “Discussion” 
section.

MCF10A non-tumorigenic cell line
GEPs analysis by IPA conducted on MCF10A cells reveals the 
activation of different intracellular signaling in a cell line and 
radiation type-dependent manner, as displayed in Table  2. 
Precisely, after e- irradiation, MCF10A cells activated the 

Figure 1.  LET evaluation in electron simulation. The gray curve 
represents the depth dose curve and the black curve the LET 
values at different depth into the material. LET, linear energy 
transfer.

Figure 2.  LET evaluation in electron simulation. The black 
dots represents the depth dose curve and the gray dots the 
LET values at different depth into the material.  LET,linear 
energy transfer.

http://birpublications.org/bjr
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following top five statistically relevant pathways: Ephrin A, LPS/
IL-1, APR, JAK2 and mineralocorticoid signaling. Some of them, 
were often activated in cancer cells, where these signaling drive 
the inflammation process and the cancer survival/death balance. 
On the other hand, even after p+ irradiation, the inflammation 
process was achieved and sustained by HIPPO, oncostatin, IL-17 
and chemokine signaling, representing four out of the five statis-
tically relevant highlighted pathways. In addition, after p+ expo-
sure, mitochondrial dysfunction were induced in MCF10A cell 
line, sustained by genes listed in Table 2 and principally involved 
in the mitochondrial respiratory chain. Finally, in Table  2, we 
provided the top five canonical pathways selected using the 
list of common deregulated genes after e- and p + exposure in 
MCF10A cell line. In particular, after both irradiation modali-
ties, JAK, dolichol and mineralocorticoid signaling were modu-
lated, and driven by the common deregulate genes listed in the 
final part of Table 2. Their role in radiation cell response need to 
be further explored.

MCF7 BC cell line
As shown in Table  3, MCF7 BC cell line, after e- irradiation, 
was able to activate specific set of genes (listed in Table  3), 
controlling cell cycle block and DNA damage IR-induced 
repair. So, among the top statistically relevant pathway modu-
lated after this kind of radiation, we selected cell cycle control 
and TP53 signaling, processes known to be modulated by IR. In 
addition, MCF7 e- treated cells, were found to activate macro-
phages, renin-angiotensin and netrin signaling, involved in the 
regulation of the immune responses and known to be able to 
modify tumor and its microenvironment also after radiation 
exposure.

Even after p+ exposure, TP53 signaling was selected as the top 
statistically relevant pathway, underlying once again, its driving 
role in survival/death balance after irradiation. Moreover, 
MSP-RON, PEDF, Paxilin and FAK pathways were also selected, 
and described as able to modulate invasiveness in cancer cells.

Finally in Table 3, we provided the top five canonical pathways 
selected using the list of the common deregulated genes after e- 
and p+ exposure in MCF7 BC cell line. Specifically, after both 
irradiation modalities, TP53, melanoma, PEDF, BC and p14/
p19arf signaling were modulated, and driven by the common 
deregulated genes listed in the final part of Table 3.

Summarizing, as shown in Table 3, only MCF7 treated cells acti-
vated TP53 intracellular signaling after both e- and p+ irradia-
tion by using multiple key genes.

MDA-MB-231 BC cell line
As above described for the MCF10A and MCF7 cell lines, we 
performed IPA analysis of the MDA-MB-231 DEG lists, e- and 
p+ induced. As shown in Table  4, these BC cells were able to 
activate different intracellular signaling in a cell line and radi-
ation type-dependent manner. In particular, after e- irradiation, 
MDA-MB-231 cell line activated the following top five statis-
tically relevant pathways: Tec Kinase, histidine, APR, JAK and 
epithelial to mesenchymal transition pathways, known to play 
a crucial role in cell fate also after stress stimuli such as those 
induced by IR exposure. Conversely, a major induction of inflam-
mation signaling is activated after p+ exposure and sustained by 
IL-17, T/B cell and CDC40 signaling, as shown in Table 4.

Finally, as above performed for the other cell lines used in this 
work, we provided the top five canonical pathways selected using 
the list of the common deregulated genes after e- and p+ expo-
sure in MDA-MB-231 BC cells. Therefore, after both irradia-
tion modalities, TR/RXR, stem cells, adhesion and epithelial to 
mesenchymal transition signaling were modulated, and driven 
by the common deregulated genes listed in the final last part of 
Table 4. Their role in radiation cell response need to be further 
clarified. Interestingly, as shown in Table 4, after both the irradia-
tion conditions, STAT3 seems to play a key role in the inflamma-
tion network and in response to IR, as also recently described by 
our group,3 representing an interesting biomarker of IR exposure.

Gene expression signatures of proton and electron 
irradiations
Finally, in order to evaluate the unique and common deregu-
lated gene lists after e- and p+ irradiation in MCF10A, MCF7 
and MDA-MB-231 cell lines, we performed Venn diagrams as 
shown in Figure 3.

In particular, MCF10A cell line deregulates 477 and 
1483 different genes after e- and p+ irradiations, respec-
tively. Moreover, a 81-gene signature of shared dereg-
ulated genes after both irradiation modalities, was also  
selected.

Table 1.  Microarray differentially expressed gene lists

Cell line Cell details Irradiation modality 
(particle type)

Configuration 
name

Genes differential expressed (>1.5 fold)

Number of genes Down Up
MCF10A Non-tumorigenic 

mammary epithelial cells
e– MCF10A/e– 558 179 379

p+ MCF10A/p+ 1564 943 621

MCF7A Tumorigenic breast 
adenocarcinoma cell line

e– MCF7/e– 2554 1272 1282

p+ MCF7/p+ 364 68 296

MDA-
MB-231

Metastatic breast invasive 
ductal carcinoma

e– MDA-MB-231/e– 355 190 165

p+ MDA-MB-231/p+ 1109 237 872

http://birpublications.org/bjr
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On the other hand, MCF7 BC cell line deregulates 2413 and 223 
different genes after e- and p+ irradiations, respectively. In addi-
tion, a 141-gene signature of shared deregulated genes after both 
irradiation modalities, was also selected.

Finally, MDA-MB-231 BC cell line deregulate 201 and 995 
different genes after e- and p+ irradiations, respectively. More-
over, a 154-gene signature of shared deregulated genes after both 
irradiation modalities, was also selected.

Table 2.  MCF10A GEPs IPA analysis

IPA analysis of GEP IR induced in MCF7 breast cancer cell line

Type of radiation 
treatment (particle 
type)

Top canonical pathway enes involved p-value Overlap %

e- Cell cycle control of 
chromosomal replication

CDC6; CDC45; CDK6; MCM2;MCM4;
MCM6; MCM7; ORC1;ORC6; POLA2; 
POLE; PRIM1; PRIM2; RPA4

2.63E-05 14/38 36.8

p53 signaling APAF1; ATM;BAX; BBC3;BRCA1;
CDKN1A; CHEK1; 
DRAM1; FAS;GADD45A1; 
GADD45B; IRS1; MDM2;
PIK3C2B; PIK3R3; PIK3R5;
PML; PRKDC; SERPINB5; 
SNAI2; TIGAR; TLR9;  
TNFRSF10B; TP53I3; TP53INP1; TRIM29

1.35E-04 26/111 23.4

Role of macrophages, 
fibroblasts and endothelial cells 
in rheumatoid arthritis

ATM; CALML5; CCL5; CEBPB; CEBPD; 
DAAM1; DKKL1; FN1; FOS; FZD2; FZD6; 
PZD7; GNAO1; ICAM; IL6; IL15; IL1RN; 
RAK4; IRS1; LEF1; LRP1; LTB; MAPK9; 
NFAT5; NFATC2; NFATC4NFKBIA; 
NGFR; PDGFA; PIK3R3; PIK3R5; PLCB3; 
PLCD4; PLCG2; PPP3R1; PRKCZ; 
PRKD3; RYK; SOCS1; SOCS3; TCF7L1; 
TCF7L2; TLR2; TLR9; TNF; 
TNFRSF11B; WNT4; WNT6; WNT5B

1.28E-03 50/296 16.9

Renin-angiotensin signaling ADCY4; ADCY5; AGTR1; ATM; 
CCL5; FOS; IRS1; ITPR1; MAP3K1; MAPK9; 
PMAPK13PIK3C2B; PIK3R3; 
PIK3R5; PLCG2; PRKAR2A; 
PRKAR2B; PRKD3; PTGER2; SHC2; 
SHC3; TLR9; TNF;

2.27E-03 24/119 20.2

Netrin signaling ABLIM3; ENAH; NFAT5; NFATC2;
NFATC4; NTN1; PPP3R1;
 PRKAR2A; PRKAR2B; RAC2; RYR1

2.45E-03 11/39 28.2

p+ p53 signaling BBC3; CDKN1A; FAS; GADD45A;
MDM2; PIK3CD; PIK3R5; SNAI2;
TIGAR; TLR9; TNFRSF10B; TP53INP1

4.80E-07 10.8 12/111

MSP-RON signaling pathway ACTA1; ACTA2; ITGAM;
PIK3CD; PIK3R5; TLR9

5.25E-04 10.2 6/59

PEDF signaling DOCK3; FAS; PIK3CD; PIK3R5;
SERPINF1; SRF; TLR9

6.18E-04 8.3 7/84

Paxilin signaling ACTA1; ACTA2; ITGAM; ITGAX; PIK3CD;
PIK3R5; SOS1; TLR9

6.40E-04 7.3 8/110

Fak signaling ACTA1; ACTA2; CAPN8; PIK3CD;
PIK3R5; SOS1;TLR9

1.54E-03 7.1 7/98

e-/p+ (common genes) p53 signaling BBC3; CDKN1A; FAS; GADD45A;
MDM2; PIK3R5; SNAI2;TIGAR;
TLR9;TP53INP1

5.56E-09 9 10/111

Melanoma signaling CDKN1A; MDM2;PIK3R5; TLR9 5.93E-04 7.3 4/55

PEDF signaling FAS; PIK3R5; SERPINF1; TLR9; 2.87E-03 4.8 4/84

Hereditary breast cancer 
signaling

CDKN1A; GADD45A; PIK3R5;
SMARCA2;TLR9

2.96E-03 3.6 5/139

Role of p14/P19arf in tumor 
suppression

MDM2; PIK3R5;TLR9 3.16E-03 7.1 3/42

GEP, gene expression profile; IPA, Ingenuity pathway analysis; IR, ionizing radiation.
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IPA analyses of the 81-, 141-gene and 154-signatures, are shown 
in Tables 2–4 as described above. Moreover, all the mentioned 
GEP lists (with the up- and downregulated transcripts), are avail-
able in a Supplementary Material 1.

We trust that all collected data and in particular those included 
in the supplementary material 1, could represent a useful tool in 
order to select specific biomarkers of e- and p+ cell response for 
future clinical applications.

Table 3.  MCF7 GEPs IPA analysis

IPA analysis of GEP IR induced in MCF7 breast cancer cell line

Type of radiation 
treatment 
(particle type)

Top canonical 
pathway Genes involved p-

value Overlap %

e- Cell cycle control 
of chromosomal 
replication

CDC6; CDC45; CDK6; MCM2;MCM4; 
MCM6; MCM7; ORC1; ORC6; POLA2; 
POLE; PRIM1; PRIM2; RPA4

2.63E-
05

14/38 36.8

p53 signaling APAF1; ATM; BAX; BBC3; BRCA1; 
CDKN1A; CHEK1; DRAM1; FAS; 
GADD45A1; GADD45B; IRS1; MDM2;
PIK3C2B; PIK3R3; PIK3R5; PML; PRKDC;
SERPINB5; SNAI2; TIGAR; TLR9; 
TNFRSF10B; TP53I3; TP53INP1; TRIM29

1.35E-
04

26/111 23.4

Role of macrophages, 
fibroblasts and 
endothelial cells in 
rheumatoid arthritis

ATM; CALML5; CCL5; CEBPB; CEBPD; 
DAAM1; DKKL1; FN1; FOS; FZD2; FZD6; 
PZD7; GNAO1; ICAM; IL6; IL15; IL1RN; 
IRAK4; IRS1; LEF1; LRP1; LTB; MAPK9; 
NFAT5; NFATC2; NFATC4NFKBIA; NGFR; 
PDGFA; PIK3R3; PIK3R5; PLCB3; PLCD4; 
PLCG2; PPP3R1; PRKCZ; PRKD3; RYK; 
SOCS1; SOCS3; TCF7L1; TCF7L2; TLR2; 
TLR9; TNF; TNFRSF11B; WNT4; WNT6; WNT5B

1.28E-
03

50/296 16.9

Renin-angiotensin 
signaling

ADCY4; ADCY5; AGTR1; ATM; CCL5; 
FOS; IRS1; ITPR1; MAP3K1; MAPK9; 
PMAPK13PIK3C2B; PIK3R3; PIK3R5; 
PLCG2; PRKAR2A; PRKAR2B; PRKD3; 
PTGER2; SHC2; SHC3; TLR9; TNF;

2.27E-
03

24/119 20.2

Netrin signaling ABLIM3; ENAH; NFAT5; NFATC2; 
NFATC4; NTN1; PPP3R1; PRKAR2A; 
PRKAR2B; RAC2; RYR1

2.45E-
03

11/39 28.2

p+ p53 signaling BBC3; CDKN1A; FAS; GADD45A; 
MDM2; PIK3CD; PIK3R5; SNAI2; 
TIGAR; TLR9; TNFRSF10B; TP53INP1

4.80E-
07

10.8 12/111

MSP-RON signaling 
pathway

ACTA1; ACTA2; ITGAM; PIK3CD; 
PIK3R5; TLR9

5.25E-
04

10.2 6/59

PEDF signaling DOCK3; FAS; PIK3CD; PIK3R5; 
SERPINF1; SRF; TLR9

6.18E-
04

8.3 7/84

Paxilin signaling ACTA1; ACTA2; ITGAM; ITGAX; 
PIK3CD; PIK3R5; SOS1; TLR9

6.40E-
04

7.3 8/110

Fak signaling ACTA1; ACTA2; CAPN8; PIK3CD; 
PIK3R5; SOS1; TLR9

1.54E-
03

7.1 7/98

e-/p+ (common genes) p53 signaling BBC3; CDKN1A; FAS; GADD45A; 
MDM2; PIK3R5; SNAI2; TIGAR; 
TLR9; TP53INP1

5.56E-
09

9 10/111

Melanoma signaling CDKN1A; MDM2; PIK3R5; TLR9 5.93E-
04

7.3 4/55

PEDF signaling FAS; PIK3R5; SERPINF1; TLR9; 2.87E-
03

4.8 4/84

Hereditary breast 
cancer signaling

CDKN1A; GADD45A; PIK3R5; 
SMARCA2; TLR9

2.96E-
03

3.6 5/139

Role of p14/P19arf in 
tumor suppression

MDM2; PIK3R5; TLR9 3.16E-
03

7.1 3/42

http://birpublications.org/bjr
www.birpublications.org/doi/suppl/10.1259/bjr.20170934/suppl_file/Supplementary_material_1.xlsx
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Identification of over-represented transcription 
factor binding sites in GEPs
Microarray gene data  sets were loaded into oPOSSUM tool in 
order to identify the top-3 most statistically relevant TFs able 
to regulate gene expression changes induced by radiation treat-
ments. Table 5 displays the top-3 TFs selected for each experi-
mental configurations, by oPOSSUM analysis.

We analyzed whether the three different breast cell lines used in 
this work (MCF10A, MCF7 and MDA-MB-231), irradiated with 
e- and p+ particle beams, shared common gene expression regu-
lators. Thus, TFBS analysis was performed on down- and upex-
pressed gene lists taking together (unique list with up and down 
genes) and alone (up or down gene lists), as shown in Table 5. 
Overall, not always the same TFs were selected by oPOSSUM 
tool among different irradiation modalities, thus, no simple 
generalization could be proposed.

Generalizing, we speculate that TFs of the forkhead box (FOX) 
family (in particular FoxD3, FoxI1 and FoxA1) and ATrich inter-
action domain 3 (ARID3) could be proposed as general regu-
lators of transcriptome changes IR-induced (for both e- and 
p+), in almost all the cell lines used in this work. FOX TFs were 
described as regulators of growth, invasion, metastasis processes, 
and also in radiation gene expression response.33,34 In particular, 
here we identify FoxD3, FoxI1 and FoxA1 as specific TFs IR-in-
duced in breast cell lines, up to today poorly described in this 

topic. On the other hand, ARID family members were described 
to have a role in cell cycle control, transcriptional regulation and 
in chromatin structure modification. In particular, our data are 
in line with those described by Ma and colleagues regarding 
ARID3 protein, also known as DRIL1, proposed as a gene 
expression key regulator, activated by TP53 following radiation 
induced DNA damages.35 In summary, we think that TFs regu-
lators of gene expression changes induced by e- and p+ irradia-
tion are multiple for all breast cell lines tested, although ARID 
and FOX TFs members seem to be have a driving role in GEPs 
changes IR-induced. No simple generalized conclusions can be 
proposed, and other specific TFs regulators could be involved in 
other analysed cell lines .

Discussion
In the era of personalized medicine, prognostic and thera-
py-predictive molecular markers are required to guide cancer 
therapeutic decisions between different RT modalities and 
schedules.36 As above described, PRT may offer clinical advan-
tages compared with conventional RT with X-rays (photons) 
or electrons for many cancer patients, mainly as a result of a 
more favorable distribution of the radiation dose and increased 
relative biological effectiveness.6,37,38 The use of PRT in treating 
tumors is, therefore, a topic of great interest and early reports 
of clinical outcomes after these kind of treatments have been 
encouraging. However, few data are available regarding the 
PRT-induced molecular changes and a comparison between 

Figure 3.  Venn diagrams of the number of unique and shared differentially expressed genes in breast cell lines, after proton and 
electron irradiations. (A) MCF10A cell line deregulate 477 and 1483 genes after electron and proton irradiations, respectively. 
Moreover, a 81-gene signature of shared deregulate genes after both irradiation modalities, was also selected. (B) MCF7 BC cell 
line deregulate 2413 and 223 genes after electron and proton irradiations, respectively. Moreover, a 141-gene signature of shared 
deregulate genes after both irradiation modalities, was also selected. (C) MDA-MB-231 BC cell line deregulate 201 and 995 genes 
after electron and proton irradiations, respectively. Moreover, a 154-gene signature of shared deregulate genes after both irradia-
tion modalities, was also selected.

http://birpublications.org/bjr
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those induced by conventional RT. So, this topic needs to be 
more elucidated.6,37,38

Thanks to the high-throughput technologies such as cDNA 
microarray analysis, at the molecular level numerous genes have 
been shown to be responsive to radiation exposure and specific 
gene signatures have been used to predict radiosensitivity in many 
cancer types including glioblastoma, cervical, breast, colorectal, 
head and neck cancer cells.18,19,39 The idea that different radia-
tion qualities induce differential expression of genes related to 
intracellular signaling (cell cycle control, apoptosis pathways, 
DNA damage responses etc), has been for many years one of 
the recognized explanations for the increased effectiveness of 
charged particles compared to photons/electrons. However, 
recent evidence supports the concept that cell response to radia-
tion is influenced at different levels of complexity, including the 
molecular one.5,40 In this sense, many efforts by research teams 
are needed to help clinicians in understanding the molecular 
portrait of a specific cancer type, in order to propose successful 
combinatorial anticancer therapies in clinical practice.

As known, IR causes direct or indirect damage to principal 
biological molecules according to its LET value. When the radi-
ation has a high LET, cell damages are mainly induced by direct 
ionization of macromolecules including DNA (causing DSBs), 
RNA, lipids, and proteins. On the other hand, low LET radiations 
mainly cause DNA single strand breaks and indirect damage to 
macromolecules, due to the generation of reactive oxygen species 
and reactive nitric oxide species, which can both oxidate macro-
molecules and activate several intracellular signaling pathways, 
leading to stress responses and inflammation.12,18,19,41,42

Here, we analyzed and compared molecular responses induced 
by conventional and non-conventional radiation treatment 
modalities (using electron and proton beams respectively), 
delivering the same dose of IR (9 Gy), in tumorigenic and non- 
tumorigenic breast cell lines. In particular, we considered to use 
a sublethal proton radiation dose (9 Gy), which is able to mediate 
tumor changes in combination with immunotherapy, as recently 
described by Gameiro et al.8 We compared PRT-induced molec-
ular changes with those activated by conventional RT. In addi-
tion, we analyzed the GEPs induced by a high IR dose such as 
9 Gy because of its use during electron intraoperative RT (boost 
scheme) in BC care, a cell and molecular characterization which 
has been recently described by our group.18,19

In this study, we used the Monte Carlo code Geant4, in order 
to evaluate the depth dose and LET distributions of electron 
and proton beams. As known, Monte Carlo methods are a 
broad class of computational algorithms that rely on repeated 
random sampling to obtain numerical results. They are based 
on the idea to use randomness to solve problems that might be 
deterministic in principle and are mainly used for optimization, 
numerical integration, and generating draws from a probability 
distribution.43 Our results showed that LET values calculated for 
electron beams were quite constant along the penetration depth 
in the matter and during cellular irradiations. Otherwise, LET 
values calculated during proton irradiation at the middle-SOBP, 
were approximately 29 times higher than those evaluated during 
electron irradiations (Figures 1 and 2).

Comparative differential gene expression analysis performed in 
the MCF10A non-tumorigenic breast cells and in tumorigenic 

Table 5.  Top-5 statistically relevant pathways of the selected gene signatures

Pathway name Genes found 
in GEP list Entities (total) p-value

MCF10A 81-gene 
signature

1 Mineralocorticoid biosynthesis 2 20 7.89E-3

2 Glucocorticoid biosynthesis 2 23 1.03E-2

3 Androgen biosynthesis 2 27 1.4E-2

4 Regulation of IFNA signaling 2 28 1.49E-2

5 Interleukin-7 signaling 2 31 1.81E-2

MCF7 141-gene 
signature

1 Transcriptional regulation by TP53 22 486 4.11E-8

2 TP53 regulates transcription of cell death genes 8 83 5.88E-6

3 Transcriptional activation of p53 responsive genes 3 6 0.00005

4 Transcriptional activation of cell cycle inhibitor p21 3 6 0.00005

5 TP53 regulates transcription of death receptors and ligands 4 18 0.00006

MDA-MB-231 154-
gene signature

1 Histone acetyltrasferases (HATs) acetylate histones 6 110 1.68E-3

2
RUNX1 regulates transcription of genes involved in B cell 
Receptor (BCR) signaling

2 7 2.95E-3

3
Arginine methyltransferase (RMTs) methylate histone 
arginines

4 53 3.24E-3

4 Metalloprotease Deubiquitinating enzymes (DUBs) 3 32 5.93E-3

5 Histone deacetylase (HDACs) deacetylate histones 4 63 5.94E-3

GEP, gene expression profile.

http://birpublications.org/bjr
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MCF7, MDA-MB-231 BC cell lines after electron and proton 
irradiations, revealed that the GEPs were significantly altered 
compared to those of the untreated reference groups as shown 
in Table  1. In addition, top enriched canonical pathway anal-
ysis highlighted the involvement of a set of factors controlling 
specific pathways for each cell line tested and overall different 
between the irradiation treatment modalities (Tables 2–4).

Summarizing, as shown in Table 2, MCF10A non-tumorigenic 
cell line, exposed to both electron or proton irradiation, dereg-
ulated multiple factors involved in inflammatory and oxidative 
cell signaling.

On the other hand, MCF7 BC cells exposed to electron and 
proton irradiation deregulated several genes involved in cell 

Figure 4.  Venn diagram of the number of unique and shared differentially expressed genes after electron irradiation in breast cell 
lines. Specifically, 449, 2397 and 277 unique genes were deregulated after electron irradiation in MCF10A, MCF7 and MDA-MB-231 
cells, respectively. Moreover, 93 deregulate genes were shared between MCF10A and MCF7; 14 genes between MCF10A and 
MDA-MB-231 and 62 between MCF7 and MDA-MB-231 BC cell lines. Finally, only 2 genes were modulated after electron exposure, 
in all the three cell lines.

Figure 5.  Venn diagram of the number of unique and shared differentially expressed genes after proton irradiation in breast cell 
lines. Specifically, 1485, 294 and 990 unique genes were deregulated after proton irradiation in MCF10A, MCF7 and MDA-MB-231 
cells, respectively. Moreover, 14 deregulate genes were shared between MCF10A and MCF7; 63 genes between MCF10A and 
MDA-MB-231 and 54 between MCF7 and MDA-MB-231 BC cell lines. Finally, only two genes were modulated after proton exposure, 
in all the three cell lines.

http://birpublications.org/bjr
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cycle regulation and cell death process, as reported in Table 3. 
Particularly, in this work we highlighted that TP53 signaling 
plays a key role in MCF7 cells after both irradiation conditions. 
TP53 intracellular signaling was selected among the top-five 
statistically relevant pathways in MCF7 BC cells, after proton 
or electron irradiations, but probably was activated by different 
genes. This result represents, in our opinion ,one of the main 
findings of this work. As known, TP53 is often described as “the 
genome guardian”, because it exerts a crucial role in cell fate 
decision following IR-induced DNA damage. Indeed, the influ-
ence of TP53 status represents a relevant characteristic for cell 
survival because after IR exposure this factor is activated by the 
ATM-ATR pathway and is known to be able to regulate strand 
breaks repair (survival) or cell death induction (i.e. apoptosis).39 
In particular, in MCF7 cells after both electron and proton irra-
diation, an interesting number of genes belonging to the TP53 
signaling, were deregulated, some of which are involved in 
cell cycle arrest, DNA repair and cell death processes (such as 
BRCA1, BAX, CDKN1A, GADD45A, FAS etc.). Moreover, these 
genes were often described as deregulated after IR exposure and 
could be further investigated as a target of therapeutic combina-
torial BC interventions.

In addition, more similarly to MCF10 cells, the IR-induced GEP 
profiles (by electron and proton irradiation), in MDA-MB-231 
BC cell line highlighted the deregulation of several genes involved 
in the immunological and inflammatory signaling (Table  4). 
These data are in line with those recently published by our group 
regarding the cytokine signatures released in MCF10A, MCF7 
and MDA-MB-231 BC cell lines after single high radiation dose. 
In particular, our results revealed that MCF10A and MDA-MB-
231 cell lines were characterized by a secretion of almost all the 
cytokines assayed revealing the activation of several inflamma-
tory signaling.44

In this work, we highlighted the activation of the JAK signaling 
after electron exposure in both MCF10A and MDA-MB-231 
cells. JAK-STAT is another pathway that plays a key role in 
regulating the immune response to IR. Indeed, the STAT 
proteins are considered to be important for cell viability in 
response to different stimuli such as IR.3 In BC cells it has been 
described that the IL-6 JAK/STAT3 pathway could promote 
BC progression, metastasis, resistance to treatment45 and, at 
the same time, IL-6 through STAT3 can then activate IL-6/
STAT3 signaling in neighboring cells. Today, this pathway is 
well studied because of its key role in several cancer types and 
also as a molecular driver and a potential therapeutic target of 
inflammatory and invasive ductal BC disease, after neoadju-
vant chemotherapy.46,47

In addition, as shown in Tables 2 and 4, MCF10A and MDA-MB-
231 proton irradiated shared a common deregulated IL-17 
signaling. IL-17 protein is a proinflammatory cytokine produced 
by activated T-cells. This cytokine regulates the activities of 
NF-kappaB (NFκB) and mitogen-activated protein kinases.48 
NFκB is a well-defined radiation-responsive TF that regulates 
more than 200 target genes able to influence cell  cycle regula-
tion after irradiation, to suppress apoptosis and to induce cellular Ta
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