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ABSTRACT

Hadron therapy by proton beams represents an advanced anti-cancer strategy due to its highly
localized dose deposition allowing a greater sparing of normal tissue and/or organs at risk
compared to photon/electron radiotherapy. However, it is not clear to what extent non-
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targeted effects such as transcriptional modulations produced along the beamline may diffuse Proton irradiation:
and impact the surrounding tissue. In this work, we analyze the transcriptome of proton- handrontherapy;

irradiated mouse skin and choose two biomarker genes to trace their modulation at different
distances from the beam’s target and at different doses and times from irradiation to under-
stand to what extent and how far it may propagate, using RNA-Seq and quantitative RT-PCR. In
parallel, assessment of lipids alteration is performed by FTIR spectroscopy as a measure of
tissue damage. Despite the observed high individual variability of expression, we can show
evidence of transcriptional modulation of two biomarker genes at considerable distance from
the beam'’s target where a simulation system predicts a significantly lower adsorbed dose. The
results are compatible with a model involving diffusion of transcripts or regulatory molecules
from high dose irradiated cells to distant tissue’s portions adsorbing a much lower fraction of
radiation.

transcriptome modulation;
mouse skin; spectroscopy
FTIR microspectroscopy

1. Introduction . L . . L .
isolated cell lines in active proliferation, involving com-

A deep understanding of biological consequences of
ionizing radiation exposure requires a better knowl-
edge of many aspects of the cellular and tissue
response to the radiation insult. Previous literature
suggests the existence of complex intracellular and
inter-cellular damage signaling pathways in eukaryotic
cells that regulate the response to radiation, modulat-
ing cell-cycle progression, stimulating DNA repair, and
eventually triggering programmed cell death
(Santivasi & Xia, 2014; Weichselbaum et al., 1991). In
mammalian cells, a major component of this biological
response is mediated by gene transcription modula-
tion (Amundson, 2008; Chiani et al., 2009; Woloschak &
Chang-Liu, 1990). This transcriptional response can
considerably change on a quantitative and qualitative
point of view, in function of cell type, dose and quality
of radiation (Bufalieri et al., 2012; Giusti et al., 2014).
Moreover, tissue response to irradiation is very com-
plex and cannot be recapitulated by studies on

pletely different signaling pathways (Bufalieri et al.,
2012; Fratini et al.,, 2011; Hamada et al., 2016; Licursi
et al,, 2017). Several studies suggested that the radia-
tion response is not limited to the targeted cells but
can propagate to surrounding cells and tissues,
a phenomenon known as bystander effects (Brooks
et al,, 1974; Marin et al,, 2015; Mothersill & Seymour,
2006) and even to untargeted organs (abscopal effects,
(Mole, 1953; Yilmaz et al., 2019). Despite many studies
suggested plausible explanations and a long list of
possible effector molecules for this propagation,
detailed mechanisms are still elusive, at least for what
has been observed on tissues in vivo. Radiotherapy still
represents one of the best strategies to defeat tumors.
While the cellular damage caused by low LET radiation
is sparse and partially dependent on cellular redox
metabolism and proliferation, high LET radiation pro-
duces localized complex lesions along the particles’
tracks which result more difficult to be repaired.
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(Cohen & Awschalom, 1982; Durante, 2014; Xue
et al., 2009). Off-target effects are a crucial issue in
radiotherapy: although irradiation protocols are
becoming very accurate, the perspective of unwanted
harmful effects in tissues adjacent to the tumor is still
worrisome. Radiation-induced subcutaneous fibrosis
(RIF) is a common long-term effect following conven-
tional radiotherapy whose painful symptoms limit
therapeutic doses (Westbury & Yarnold, 2012).
Particle therapy as carried out by proton and carbon
ion beams indeed represents an advanced anti-cancer
strategy due to its highly localized dose deposition on
target tissue and lower ‘dose bath’ on normal tissue
(Durante & Flanz, 2019) but at the moment it is not
clear to what extent may the modifications induced by
irradiation diffuse to surrounding tissue. In recent
years, the appealing properties of the high-energy
protons made the interest in their therapeutic use
constantly growing (Tommasino & Durante, 2015).
Indeed, proton irradiation may reduce the total radia-
tion dose to normal tissue by approximately 60%
(Miralbell et al., 2002). Clinical proton RBE is assumed
to be 1.1, however, it remains to be established the
impact of increasing LET toward the distal end of the
Spread-out Bragg Peak (SOBP), which may result in
a higher-than expected damage, as well as the biolo-
gical consequences of the neutrons produced along
the beamline. In fact, cellular response to protons may
differ significantly from what can be predicted solely
by physical properties (Girdhani et al., 2012; Tian et al.,
2011). For example, it is not known how bystander
signaling may extend the toxic and functional effects
to the proximal unirradiated tissue (Vitti & Parsons,
2019). At least for RIF, a role of transcription modula-
tion induced by particles irradiation has been shown
(Nielsen et al., 2017) and differential gene expression
has been previously used to predict sensitivity or resis-
tance to RIF in breast cancer patients (Alsner et al.,
2007). In this study, we focus on the diffusion of tran-
scription modulation. We trace the modulation of two
biomarker genes by proton irradiation of mouse skin at
different distances from the beam'’s target and at dif-
ferent doses and times from irradiation to understand
to what extent and how far it may propagate. The
results suggest that the diffusion distance of the mod-
ulation depends on both the dose administered and
the particular modulated gene, being driven by both
adsorbed radiation and diffusion of regulatory mole-
cules from cell to cell.

2. Materials and methods
2.1. Irradiation

Experimental design
Experiments were performed on 6-week-old C57BL/
6 male mice (Charles River Laboratory), weighing
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27 £ 3 gr. Animals were housed in IVC-cages at con-
stant temperature (23-25°C) under a 12/12 h light/dark
cycle with ad libitum access to food and water. A total
number of 30 animals was used in this study. Mice
were randomly assigned to Sham-control group
(n = 6) and treated group (n = 24). Before each irradia-
tion, the mice were anesthetized with Zoletil (tileta-
mine) 40 mg/kg and Sedastart (medetomidine) 50 pg/
kg. All experiments were performed in accordance
with the European Communities Council directive
and ltalian regulations (EEC Council 2010/63/EU and
Italian D.Lgs. 26/2014) and all efforts were made to
replace, reduce and refine the use of laboratory
animals.

2.2. CATANA experimental room and dose
delivery system

The experimental measurements were performed at
the CATANA proton therapy facility (beam of 62 MeV/
A of energy) for the therapeutic treatment of choroidal
or iris melanoma, eye melanoma tumors (INFN-LNS,
Catania, Italy). Starting from 2016, CATANA facility
allows animal irradiation, in collaboration with
University of Catania, taking the advantage of
a dedicated holding system in-house designed to per-
form high precision and reproducible small animal
irradiation (Givehchi et al, 2011; Russo et al., 2017).
The beam goes out in the air and flies for
3 m traversing through elements modifying its energy
and the shape before hitting the target (scattering foils
spreading the beam laterally; collimators defining
beam profile and target shape; range shifter and mod-
ulator wheel modifying the particle range and the
SOBP dimension). The lateral homogeneity was the
same used during patient treatment and the dose
variation is less than 2% at irradiation position. All
animals were irradiated using a degraded SOBP rea-
lized using a PMMA modulator wheel with 14.8 mm of
plateau and a practical range of 30.2 mm; at the irra-
diation time a range shifter was placed to position the
skin. The dose accuracy is assumed to be about 3%.
The field size was shaped using a brass in-house-made
collimator that centered into the target part of mice.
The dosimetry was performed by a Markus ionization
chamber (PTW Freiburg GmbH, Germany) with gaf-
chromic EBT3 films (ISP Corp., New York, USA). At
each irradiation, the gafchromic EBT3 film was placed
before the target to control the beam flatness and the
released dose. Like for radiotherapy, the dose deliv-
ered at the experimental proton beam line was mon-
itored by a transmission ionization chamber placed
along the beam line that automatically switches off
the beam when the requested number of monitor
units (MU) are reached. A constant dose rate of 5 Gy/
min was set for all the irradiations. All animal irradia-
tions were performed at the same hour of the day to
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guarantee no response difference related to circadian
rhythm of the mice. Irradiation was delivered at the
two doses of 1 Gy and 0.1 Gy, and mice were eutha-
nized after 6 h and 24 h. Both doses are not considered
lethal and do not cause pain.

2.3. Prediction of adsorbed dose

Currently, Monte Carlo (MC) methods are largely and
routinely used in clinical application since they pro-
duce accurate and efficient prediction on dose distri-
bution. MC simulations become an essential tool
when small animals are irradiated and when the
dimension of targets are less than few centimeters.
In this study, a GEANT4-based application (Allison
et al, 2006) has been employed to evaluate the
dose distributions in small animals irradiated at the
CATANA experimental room. At this purpose, this
application gives the chance to implement the target
through its DICOM microCT images (Pisciotta et al.,
2018; Russo et al., 2017) permitting to investigate the
interaction of the proton beam released at CATANA
experimental room with the real small animals anat-
omy. In detail, the GEANT4 application permits to
simulate entirely the CATANA proton beamline and
defines voxel-by-voxel the composition of the target
using its DICOM micro-CT (Pisciotta et al., 2018; Russo
et al., 2017). The micro-CT datasets were acquired
using a preclinical micro-PET/CT (Albira Si, Bruker)
available at CAPiR (Center for Advanced Preclinical
in vivo Research), University of Catania, Italy. The
datasets were acquired using 600 views in high reso-
lution configuration, an X-Ray energy of 45 kVp,
a current of 400 pA and the dimension of each CT-
voxel was equal to 125 x 125 x 125 um?>. The hadronic
and the electromagnetic processes involved in the
beam-tissue interaction were simulated using
QGSP_BIC and G4EmStandardPhysics option4 physics
lists. The first one is recommended when proton ener-
gies are below 200 MeV, and it includes the Binary
cascade model. The latter is a Physics Constructor class
designed for any applications requiring higher accu-
racy of electrons, hadrons, and ion tracking. It uses
the most accurate standard and low-energy models
and a set of EM processes with accurate simulations of
neutral and charged particle transport. Both models
have been widely validated for proton incident beams
in the energy range used in this study (Hall et al.,
2016).

2.4. RNA-Sequencing

Total RNA was isolated from frozen mouse skin sam-
ples using the miRNeasy Mini Kit (Qiagen). RNA quality
control and measures were performed with

a NanoDrop 1000 spectrophotometer (Thermo
Scientific). IGA Technology Services (Udine, Italy) cre-
ated the RNA-Seq libraries using the Illlumina TruSeq
RNA Sample Preparation Kit V2 (lllumina, San Diego,
USA) and sequenced them as specified by the manu-
facturer’s instructions using an Illumina HiSeq2000.

For each library have been generated about
40 million of single end reads of 75 base pairs. Reads
quality was checked using FastQC (version 0.11.2,
Babraham Institute Cambridge, UK) tool, then reads
were mapped to the mouse Ensembl GRCm38 tran-
scriptome index (release 84) using kallisto (version
0.43.0) (Bray et al., 2016). The following flags were
used for kallisto: -single -1 200 -s 20. Gene-level normal-
ization and differential gene expression analysis were
performed using Bioconductor (Gentleman et al., 2004)
R (version 3.2.2) (R Core Team, 2015) package DESeq?2
(version 1.16) (Love et al., 2014). Principal component
analysis of the sample gene profiles was performed
with prcomp function and plotted using ggplot2 pack-
age in R. In order to understand biological meaning of
the differentially expressed genes the resulting filtered
(adjusted p-value < 0.1) genes were clustered by func-
tional annotation using DAVID web tool (Dennis et al.,
2003; Huang et al., 2009).

2.5. Real-time RT-PCR

For each RNA sample, 0.5 pg of total RNA was reverse-
transcribed using the QuantiTect Reverse Transcription
Kit (Qiagen) and amplified with a 7500 Fast Real-Time
PCR System (Applied Biosystems), using the
SensiFAST™ SYBR® LoROX Kit (Bioline) and MicroAmp®
Optical 96-Well Reaction Plates (Applied Biosystems),
as specified by the manufacturer. Relative abundance
of transcripts was calculated with the 2A(-AACt)
method, using TAF14 as a reference gene. The
sequences of the primers used for real-time RT-PCR
assays are available upon request.

2.6. FT-IR spectroscopy analysis of lipid alteration

FT-IR spectra were collected at the SESAME IR
Synchrotron radiation beamline (Kamel et al.,, 2017) and
at the INFN Dafne-Light IR beamline (Cestelli Guidi et al.,,
2005). Samples from irradiated mice were preserved at
—80°C and then sectioned in a cryo-microtome. The 6
micron thickness tissue slices were deposited on ZnSe
infrared transparent windows and fixed in a solution con-
taining 1% of paraformaldehyde. Absorption spectra
were collected in transmission mode at 4 cm™' resolution
and 256 scans, using an infrared microscope coupled to
a FT-IR spectrometer with 15X objective. Focal Plane
Array maps were also collected with a globar source for
a preliminary screening to define the region of analysis



(Supplementary file, Fig. 8). For quantitative data analysis,
the same 20 um area (i.e. close to the bulb hair) was
considered for all the samples. The four skin sampling
positions corresponded to beam entrance (muscle of the
right hind leg) or 15, 26, and 40 mm distance (toward
right flank), respectively dubbed as E1, E2, E3, and E4,
(where E1 is the beam entrance). Large tissue maps
(500x600 microns) were collected using a motorized
micrometric stage and 20 um step. Oxidative stress is
one of the main factors determining radiation damage
in biomolecules in living tissues. Among the various cel-
lular components, the double layer of phospholipidic
membranes is extremely vulnerable to attacks by oxidiz-
ing species due to the presence of a large number of
unsaturated bonds, which are more reactive (Abdelrazzak
& El-Bahy, 2018). Following exposure to ionizing radia-
tion, the phospholipidic cell membrane can be deformed
with the direct consequence of a loss of integrity and
functionality. The evaluation of specific lipid absorption
bands intensity can be therefore considered an alterna-
tive method for the determination of the oxidative stress
and the induced disorder of the hydrocarbon lipid chains.
In addition to phospholipid membranes, proteins are also
targets for radiation-induced oxidative stress (Gianoncelli
et al, 2015; Panganiban et al, 2013). Highly reactive
oxygen species interact with proteins, mainly with the
hydrogen bond in the protein backbone, causing
a variation in their secondary structure which, in extreme
cases, leads to denaturation and loss of functionality
(Boyd-Kimball et al., 2005). The infrared absorption spec-
tra of sham-irradiated samples, 0.1 Gy and 1 Gy are
shown in Suppl. Fig. 9. To give an estimate of the extent
of the radiative damage at the molecular level, we
focused first on the structure of the lipid membranes. In
particular, the asymmetric stretching of methyl and
methylene groups (,sCHj3, ,sCH,) and the ester carbonyl
band (C = O) have been divided by the area under the
entire lipid stretching region centered at 2800-3000 cm ™"
to evaluate, respectively, the length of the hydrocarbon
chain of the membrane phospholipids and lipid perox-
idation. The lipid bands have been also normalized for
the total amide band to evaluate the relationship
between lipids and proteins in the tissues, which has
been observed to be correlated to high LET radiation
damage (Cestelli Guidi et al, 2012). For a complete
assignment of the IR absorption bands, see SM Table 4.
Calculating the ratios between the different functional
groups compensate also for any artifacts caused by var-
iations in the thickness of the tissue sections.

3. Results

3.1. Transcriptional response of mouse skin to
proton-irradiation

In order to analyze the transcriptional response of
mouse skin to proton irradiation, 12 mice were
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irradiated with a 1 Gy proton dose. At six hours after
exposure, 6 mice were lethally anesthetized and skin
dissection was performed at the proton beam
entrance target site (muscle of the right hind leg, E1)
or at 15 mm distance from it (E2, right flank). Total
RNA was purified from the irradiated mice samples or
from control samples (6 sham-irradiated mice, fixing
E1 sampling position arbitrarily but in the identical
body position). RNA-Seq was performed from all sam-
ples and compared. Principal Component Analysis
(PCA) showed a high heterogeneity of transcriptome
profiles in all groups, likely due to high basal expres-
sion variability, as shown by the spreading of control
samples in both dimensions. In particular, one of the 6
E1 irradiated samples profile was highly different from
all the others and therefore it was left out from further
analyses. Partial clustering was observed for the other
five E1 samples as compared with untreated controls
and E2 samples (Suppl. Fig. 1). Next, we analyzed
those genes that were differentially expressed
among the three groups. We observed statistically
significant (FDR<0.1) modulations only for the E1
group. Data reported on SM Table 1 show that follow-
ing 1 Gy irradiation, 825 genes were repressed at least
by a two-fold factor whereas 85 genes were upregu-
lated at least two-fold (SM Table 1 and Suppl. Fig. 2).
Most of these genes were similarly modulated in the
E2 group, even though not significantly, due to high
variability (not shown). Gene ontology analysis on the
85 induced genes showed ‘Immunity and Immune
system’ and ‘Disulfide bond and glycoprotein’ as the
most over-represented GO terms clusters (Suppl.
Fig. 3). These terms clusters were both highly
enriched in the list of genes modulated by neutron
irradiation in mice skin (Fratini et al., 2011, see sup-
plementary materials). As regards the repressed genes
list, we found enrichment for ‘mitochondrial and
respiration functions’ together with ‘myofibril assem-
bly and actin filament organization” which was also
enriched in the neutron modulated genes list (Suppl.
Fig. 4-5 and Fratini et al., 2011) and again ‘Disulfide
bond and glycoprotein.” The significantly modulated
genes in common between mouse skin neutron and
proton irradiation are 56 (SM Table 2 and 3), which
represents a tissue response to particle irradiation.
The similarity is also supported by the observed mod-
ulation (although not statistically significant) by pro-
ton irradiation of a group of 17 keratin and keratin-
associated genes which were similarly modulated by
neutrons (not shown). As it was evident from neutron
irradiation, the transcriptional response of skin to pro-
ton irradiation is very different from what it is typically
observed with cell lines actively replicating in culture.
Few damage checkpoint-controlled genes appear
modulated and to a very limited extent (i.e. CDKN1A,
see Suppl. Fig. 6), while unusual coordinated
responses are observed. The most striking one is
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Figure 1. Genes belonging to Keggs Calcium Signaling Pathway which are significantly repressed in the E1 group. Repressed genes

are indicated by a red star.

represented by the observed coordinated negative
modulation of the calcium signaling pathway
(Figure 1). 31 genes with an established role in this
pathway are down-regulated in the E1 group, an
enrichment with high statistical significance
(P < 107°). Metabolic pathways alterations are also
observed, as in the case of the negative modulation
of glucagon pathway (Suppl. Fig. 7).

3.2. Transcriptional modulation in function of
dose and distance from the target and time

Once we identified a list of proton-modulated genes,
we planned to test the modulation of a couple of them
as a function of dose and distance from the beam’s
target in individual mice in order to estimate the capa-
city of propagate. Samples of skin were taken in mice
irradiated with 0.1 Gy (dose X) or 1 Gy (dose Y) at the
target (E1), or at 15 mm (E2), 26 mm (E3) or 40 mm (E4)
distance, at 6 or 24 hours from irradiation. A Monte
Carlo simulation code was used to predict the doses
delivered at the E2, E3, and E4 distances from the
target. Table 1 shows the predicted doses as
a function of the distance from the beam'’s target for
the 0.1 and the 1 Gy dose, respectively. We selected
one upregulated (TNFSF18) and one downregulated
(CACNG1) gene. They were selected based on the
following criteria:

Table 1. Predicted doses at the indicated distance from the
proton beam according to Montecarlo simulation (see
Materials and Methods).

Average dose (Group Y) Distance from target Gy
Delivered E1=0mm 1
Predicted E2 =15 mm 0.3791
Predicted E3 =26 mm 0.044
Predicted E4 = 40 mm 0.0021
Average dose (Group X) Distance from target Gy
Delivered E1=0mm 0.1
Predicted E2 =15 mm 0.03791
Predicted E3 =26 mm 0.0044
Predicted E4 = 40 mm 0.00021

(a) both of them were well expressed in skin;

(b) Both of them were robustly modulated by 1 Gy
of protons at E1 distance (see SM Table 1);
They showed a low rank (66" and 16 percentile
rank, respectively) in the ‘DE prior’ list that reports
the tendency of mammalian genes to be not
specifically modulated in response to cellular
homeostasis perturbations (Crow et al,, 2019);
They were obviously involved in tissutal
response to radiation: TNFSF18 is emerging as
a key gene in cancer resistance to radiation (see
discussion), while CACNG1 is involved in cal-
cium signaling, which is emerging as a relevant
factor in regulating radiation- induced
apoptosis.

(©)



Modulation was tested by real time RT-PCR, using the
gene TAF14, which does not considerably change in
the RNA-Seq experiment, as endogenous calibrator.
Fig. 2 shows modulation of TNFSF18 in individual
mice as a function of dose, distance, and time from
irradiation. (Figure 2) A group of four sham-irradiated
mice was used for comparison. It is clear that at low
dose the gene appears induced at E1 both at 6 h and at
24 h, while samples at E4 did not show this significant
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up-regulation, showing expression levels similar to
sham-irradiated samples. At the higher dose of 1 Gy,
it shows up-regulation in E1 and E2, both at 6 and
24 hs and again E4 is significantly down-regulated in
comparison to E1. CACNG1 shows significant down-
regulation at E1, E2 at low dose, 6 hours and at E1, E2,
and E3 at 24 h. At higher dose, modulation is signifi-
cant even at E4 (Figure 3). From these data, we can
conclude that both genes show a dose- and distance-

TNFSF18

24 h from irradiation
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* ¥
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Figure 2. Expression of TNFSNF18 in samples of individual mice taken at the indicated distance (E1-E4), dose (X=0.1 Gy, Y=1 Gy)
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dependent modulation in individual mouse and that
the effect for CACNG1 vanishes at E4 distance for the
low dose (Predicted Adsorbed Dose
(PAD) = 0.00021 Gy), while for TNFSF18 the threshold
could be much higher (E3 distance at 1 Gy,
PAD = 0.044 Gy).

3.3. Cell damage at different distances from the
beam target

In order to correlate the observed gene modulations
with cell damage, we used FT-IR spectroscopy analysis
of lipid alteration (see Materials and Methods). In par-
ticular, the ratios between the integrated areas of dif-
ferent vibrational bands were calculated on a control
sham-irradiated mouse and at E1, E2, E3, and E4 dis-
tance on a mouse 6 h after irradiation. Both low dose
(0.1 Gy) and high dose (1 Gy) were analyzed.

The effect of radiation on the lipid content in the
cell was investigated calculating the lipid/protein ratio
from the amide Il band centered at 1650 cm™" and the
total lipid stretching bands (Cakmak et al., 2012). The
ratio was normalized for the same value in position E4
to take into account the variability between animals
(Fig. 4a). To evaluate the alterations in tissue lipids,
change in the length of the phospholipids hydrocar-
bon chain has been evaluated and correlated to the

membrane integrity (LeVine & Wetzel, 1998). The ratio
of the methylene CH, asymmetric band (2924 cm™)
and the methyl CH; (2959 cm™) asymmetric band
(Fig. 4b) was also evaluated to estimate the branching
of the hydrocarbon chains which in turn is an indicator
of membrane damage. Finally, the carbonyl content in
the lipids was calculated considering the ratio of the
area under the carbonyl ester band centered at
1750 cm™' with the total integrated area under the
lipid stretching bands (Fig. 4c). The methyl group
asymmetric stretching band centered at 2959 cm™
was divided by the total lipid stretching bands to
give an estimation of methylation in the lipids
(Figure 4(a,b,c,d).

Following these observations, the lipid/protein ratio
was constant for the low dose at all distances, and
comparable with the control sample, and significantly
decreased for the E1 and E2 positions at high dose.
A similar decrease was observed in skin of mice irra-
diated with 1 Gy of neutrons (Cestelli Guidi et al., 2012).
The ratio between the CH3 and CH, asymmetric band is
also constant except for the high dose at position E1
and E2, indicating a decrease in the phospholipids
chain length close to the beam target. At the same
time, an increase of the unsaturation level in lipids and
of the lipid methylation was observed from the olefinic
and carbonyl bands.
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Figure 4. Quantitative analysis of the FTIR absorption bands mainly related to lipid peroxidation: (a) Area of the lipid stretching
band (2800-3000 cm-1) normalized by the area of the protein amide Il band (1650 cm-1); (b) area of the CH3 asymmetric peak
(2959 c¢m-1) divided by the area under the CH2 asymmetric peak (2924 cm-1); (c) area of the carbonyl ester absorption peak
divided by the total area of the lipid stretching bands; (d) area of the CH3 asymmetric band normalized by the area under the total

lipid stretching bands.



This observation rules out lipid peroxidation and
extensive tissue damage by proton irradiation at the
lower dose at all the distances. On the other end, at
1 Gy dose a striking difference from the control is
evident both at the beam target and at E2 distance.
We can conclude that tissue damage is dose-
dependent and it is not detectable by FTIR at the
lower dose and at distance = 26 mm from the beam
target at the higher dose where damage could be
limited to sparse cells.

4. Discussion

In this study we analyzed the transcriptional response
of mice skin to 1 Gy dose of proton irradiation. As we
previously showed in the case of a biologically com-
parable dose of neutrons, the transcriptomic changes
are very different from those observed on epithelial
cell lines irradiated in culture (Bufalieri et al., 2012;
Chiani et al., 2009; Giusti et al., 2014; Lanza et al.,,
2005). As in the case of neutron irradiation, in proton-
irradiated mouse skin the typical transcriptional
response pathways that are activated by irradiation in
proliferating cell lines are not consistently modulated.
On the other hand, in analogy with the neutron irradia-
tion, the list of significant modulations is enriched in
genes involved in the immune response and in differ-
ent aspects of carbon metabolism. Moreover, several
gene coding for keratins or keratin-associated proteins,
which appeared down-regulated by 1 Gy neutron irra-
diation, are also repressed by protons (even though
not in a statistically significant way). We also observed
a striking down-regulation of calcium signaling and
up-regulation of genes involved in the control of apop-
totic response as TNFSNF18, BBC3 and SNS2. The role
of ion channels in radiation-induced cell death is well
established (Huber et al., 2015). Modulation of ion
channels such as Ca®*-activated K* channels or Ca**-
permeable nonselective cation channels belonging to
the super-family of transient receptor potential chan-
nels may contribute to radiogenic cell death as well as
to DNA repair, glucose fueling, radiogenic hypermigra-
tion or lowering of the oxidative stress burden (Huber
et al., 2015). TNFSF18 codes for a regulatory ligand of
TNFSFR18, glucocorticoid-induced tumor necrosis fac-
tor receptor (GITR), which belongs to the tumor necro-
sis factor receptor superfamily. This receptor,
expressed in T lymphocytes, exerts an anti-apoptotic
function in these cells. It was previously reported
(Wang et al., 2005) that GITR is also highly expressed
in mouse skin, specifically in keratinocytes, and that it
is under negative transcriptional control of p21Cip1/
WAF1, independently from the cell cycle. GITR, which
we found induced in neutron-irradiated skin (Fratini
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et al., 2011), protects keratinocytes from UVB-induced
apoptosis both in vitro and in vivo (Wang et al., 2005).
Its ligand coded by TNFSF18 could be involved in this
protection from DNA damage-induced apoptosis as
supported by its radioprotective role in murine
mesothelioma cancer stem cells (Wu et al, 2018).
BBC3 and SNS2 were found in a group of 29 genes
differentially expressed in reconstituted human skin
tissue following different doses of low-LET irradiation
(Tilton et al., 2016). Once characterized the skin tran-
scriptional response to proton irradiation, a crucial
aspect to elucidate is how localized the observed mod-
ulations are. To approach this issue, we focused on two
modulated genes, one induced (TNFSF18) and one
repressed (CACNG1). We tested the expression of
these genes in individual mice as a function of the
distance from the irradiation beam target at different
times and doses. Our analysis shows a clear distance-
dependent trend, which is sharper for the lower dose
and persisting on time for both doses. TNFSF18 is
apparently still modulated at 15 mm from the target
at both doses, 1 Gy and 0.1 Gy (estimated doses: 0.38
and 0.038 Gy, respectively, which are 2.6-fold, lower
than the delivered dose). CACNG1 appears still modu-
lated at 40 mm from the target at the highest dose
(estimated dose: 0.0021 Gy which is 476-fold lower
than the dose on target) and at 26 mm at lower dose
(22.7 fold lower than the delivered dose).

5. Conclusion

Taken together, these results suggest that the diffusion
distance of the gene modulation depends partially on
the dose administered as well as on the particular
modulated gene. For both biomarker genes the tran-
scriptional modulation effect can propagate beyond
the limit of cell damage detection, suggesting that
non-hit cells may adopt a regulation similar to that
one observed in hit cells. The most plausible scenario
is depicted in Figure 5: Regulatory molecules (i.e. pro-
teins or noncoding RNAs) (Nikjoo & Khvostunov, 2003;
Xu et al., 2014) diffuse from hit cells (whose number
strictly depends from the adsorbed dose) and transmit
the transcriptional modulation to distant portions of
the skin containing a much lower number of hit cells at
the irradiation target and in the distant sections. This
capacity of diffusing makes the modulation gradient
much shallower in function of the number of the hit
cells so that transcriptional modulation can be
detected in considerably distant tissue portions,
which adsorbed an extremely low dose of radiation.
This concept which was largely accepted for electro-
magnetic radiation seems now extendable to particle
radiation.
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Figure 5. Model for the diffusion of transcriptional modulations: radiation-hit cells (red), distributed as predicted by Montecarlo
simulation, are secreting regulatory molecules (transcription factors or regulatory RNAs, dots and sticks) which transfer the
modulation to non-hit cells (“converted”, gray). Created using BioRender.
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