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Abstract 

Radiotherapy is one of the most effective
methods for the treatment of cancer, but occur-
rence of adverse reactions developing in the
co-irradiated normal tissue can be a threat for
patients. Identification of individuals at risk of
severe reaction is very difficult and consider-
able efforts have been made to correlate nor-
mal tissue toxicity with cellular responses to
ionizing radiation. Genetic markers enabling
to identify hyper-sensitive patients prior to
treatment would considerably improve its out-
come. Gene association studies should help to
identify such markers. Expression levels of
specific transcripts could be putative markers;
in fact different studies found associations
between gene expression profiles in normal
cells and the reaction of normal tissues to radi-
ation therapy. The finding that ionizing radia-
tion induces the deregulation of a high num-
ber of genes suggests that also microRNAs that
affect the expression of a large number of tar-
get genes may be involved. This review briefly
introduces the mechanisms of radiation-
induced normal tissue toxicity and summa-
rizes clinical research focused on the evalua-
tion of molecular biomarkers for predicting
risk of injury to normal tissue, mainly describ-
ing gene transcripts alterations. 

Introduction

Among non surgical treatments, ionizing
radiation (IR) is the most effective therapy for
local cancer control. It is an effective anti-can-
cer therapy commonly used to treat about 50-
60% of patient and aims at local tumor control
(Radiotherapy WC Report 2003). However, in
5-10% of the cases it results in severe toxicity
to normal tissues.1 Understanding the mecha-
nisms responsible for IR toxicity and identify-
ing at risk individuals before treatment deci-
sion would be helpful in individualizing and

optimizing cancer treatment. Several studies
aimed at finding biological predictors by look-
ing at correlations between risk of radiation-
induced injury and genomic or transcript vari-
ations. A biological marker identifying individ-
uals at risk of radiation-induced injury would
allow to perform patients stratification and to
escalate dose accordingly, maximizing individ-
ual therapeutic gain.

Ionizing radiation toxicity to normal
tissue

IR therapy can cause two different types of
toxicity: early, or acute toxicity, occurring dur-
ing or within weeks of radiation exposure, and
late toxicity that appears several months or
even 1 year after the end of treatment (Figure
1). The clinical manifestations of both toxici-
ties are well documented. Early effects can
usually appear after radiotherapy to breast,
lung and intestine and affect rapidly proliferat-
ing tissues, such as skin, gastrointestinal tract
and the haematopoietic system.2 They include
erythema, dry or moist desquamation of the
skin, mucositis, nausea and diarrhoea.2 The
occurrence of such a reaction is unpleasant for
the patient, requires considerable care and
significantly increases the risk of later devel-
opment of skin conditions such as telangiecta-
sia. In addition, if the reaction is very severe,
it can necessitate an interruption in the sched-
uled treatment, while the available data sug-
gest that a prolongation in treatment time may
result in decreased local control.3,4 Late effects
become manifest a long time after the end of
treatment in prostate, breast, bone marrow
and in some childhood cancers. Typically, they
occur in more slowly proliferating tissues,
such as kidney, heart and central nervous sys-
tem, and trigger fibrosis, atrophy and vascular
damage, which can lead to bleeding.2,5,6 As late
side effects such as hormone deficiencies,
infertility and second malignancies can be per-
manent, they provide the basis for dose con-
straints to radiation toxicity.7 Known risk fac-
tors include radiation dose and volume, condi-
tions of the patient, concurrent chemotherapy,
age and possible abnormalities in the genes
involved in DNA repair mechanisms.3,8

Evidence has emerged that the development of
radiation induced injury in normal tissue is
influenced by patient-to-patient variability9

and there are increasing indications that
genetic predisposition is a determining fac-
tor.10 This hypothesis finds support in the
observed hyper radio-sensitivity associated
with some rare autosomal recessive genetic
diseases such as Ataxia Telangiectasia (A-T),11

AT-like disorder,12 Nijmegen breakage syn-
drome13 and severe combined immuno-defi-
ciencies. Patients carrying a single mutation
in ATM gene, which is altered in AT patients,
have a slightly increased risk of breast cancer,
while specific sequence variants of ATM may

predict for late adverse radiation responses.14

All the described disorders are very rare and of
limited relevance in explaining the observed
IR toxicity that has the characteristics of a
complex polygenic trait resulting from the
interaction of low-penetrance genetic variants
(SNPs) of different genes with modest func-
tional effects involved in diverse cellular path-
ways.15,16 The major challenge could be to iden-
tify the combination of multiple SNPs which
affects the complex cellular and clinical pheno-
type of these patients and that could potential-
ly serve as biomarkers predicting normal tis-
sue response after IR.17,18

Expression of various genes belonging to IR-
regulated pathways (DNA repair, apoptosis,
cell cycle control, fibrosis, cell adhesion, intra-
cellular signalling, metabolism and stress
response) is modulated in response to radia-
tion. Starting from the hypothesis that differ-
ences in gene modulation could contribute to
IR toxicity, the identification of the genes dif-
ferentially expressed between patients who
experience IR side effects and patients who do
not could help in characterizing the response
to radiotherapy.5,19 Some studies have found an
association between gene expression profiles
in normal cells, such as peripheral blood lym-
phocytes, and the reaction of normal tissues to
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radiation therapy.20 Other studies tested the
possibility that, in sensitive patients, constitu-
tive alterations in the expression levels of spe-
cific RNAs could be associated with IR toxicity,
and identified genes with different expression
both in the normal injured tissue and in
peripheral blood.5,19,21-28 By assessing these
genes at baseline, i.e. before the start of ther-
apy, it could be possible to use them as bio-
markers for predicting or monitoring normal
tissue toxicity of radiation therapy,29 and thus
select cases that can be directed towards a spe-
cific therapy, or change radiotherapy dose-
fractionation prescription or plan dose distri-
butions.30 Recently, various studies showed
that IR can also modulate the expression levels
of the microRNAs (miRNAs),31,32 short non cod-
ing RNAs (about 22 nucleotides in length) that
are important regulators of gene expression.33

The small size and resistance to RNase degra-
dation make MiRNAs attractive diagnostic bio-
markers, even superior to mRNAs(34). For
these reasons they constitute a new class of
promising IR biomarkers.

SNPs associated with ionizing radi-
ation toxicity

SNPs association studies adopted the candi-
date gene approach, examining the genes
involved in biological pathways that could
determine the phenotype of interest. These
genes include the cytokine TGFb-1 that can be
activated by IR probably as a response to oxida-
tive stress and inflammation,2 and gives rise to
fibrosis35,36 and other cytokines such as those
from the cytocrome P450 family including
CYP2D6.37 The 509 C>T SNP in TGFb-1 has
been identified as a potential candidate bio-
marker for predicting the development of fibro-
sis after radiotherapy in breast and prostate
cancer.35,36 SNPs in ATM, have also been
described;14,38-41 for example, variant 5557 G>A
has been associated with fibrosis and telang-
iectasia in breast cancer patients,42 while other
specific variants have been found in radio-sen-
sitive prostate cancer patients.41 SNPs related
to other genes involved in DNA damage repair
mechanisms, such as damage sensors, dam-
age mediators, check point control, Non
Homologous End Joining (NHEJ) repair and
Homologous Recombination (HR), or in Base
Excision Repair (BER)43,44 have been identified
as well. However, none of them presents a
strong association with IR sensitivity and so
far it has not been possible to demonstrate a
complete linkage of a specific genotype to IR
toxicity. The multi-genic component of radio-
sensitivity cannot probably be investigated
with a simple SNP based candidate gene
approach; most likely each gene variant that
contributes to sensitivity will have a low-pene-
trance effect and does not substantially con-
tribute to the patient’s clinical presentation
after radiotherapy. Given the high frequency of

these gene variants, multiple SNPs, each iden-
tifying a specific gene variant, are probably
required to affect the normal tissue response.
For this reason, the application of whole
genome scans (GWAS) with dense maps of
SNPs that cover all the genome45 could be a
promising approach. These association studies
have already been successful in finding novel
genetic variants that explain a useful propor-
tion of the risk of developing some common
cancers,46 even without prior knowledge of
location or function.46-48

Gene expression differences asso-
ciated to ionizing radiation toxicity

Based on the assumption that IR hypersen-
sitivity may reflect inherited genetic defects
associated with abnormal transcriptional
responses to radiation, the investigation of dif-
ferences in the transcriptional response by
high through-put gene expression profiling
may be a valid approach to identifying individ-
uals at risk of side effects.49 In recent years,
microarray technology has been increasingly
used in the field of cancer research, and analy-
ses of gene expression have been conducted
on irradiated cells from cancer and normal tis-
sue, or on lymphocytes (either stimulated or
EBV-immortalized) in order to understand the
side effects of IR toxicity.5,19,21-28 The majority of
the studies used RNA from biopsies in an
attempt to identify prognostic classifiers.50

Many analyses have been conducted on normal
tissues to understand their constitutive

response to IR and possibly to identify distinc-
tive genes for sensitive individuals that could
be used as biomarkers for predicting radio-
sensitivity (Table 1).

The first studies on gene expression were
conducted on single genes or on gene families
such as cytokines (small glycoproteins
involved in intercellular signaling) or growth
factors involved in mediating IR toxicity. For
example Li et al. demonstrated in a cohort of
91 early-stage breast cancer patients that
TGFb-1 levels in pre-treatment plasma sam-
ples are related to subsequent development of
radiation-induced breast fibrosis,21 while Chen
et al. showed that prolonged cytokine expres-
sion post-radiotherapy is correlated to lung
pneumonitis.51 Chaudhry et al. monitored radi-
ation induced alterations on the expression of
6 genes including RGS1 (involved in the G-pro-
tein signalling pathway), CC3 (from the com-
plement system), THBS1 (an extracellular
matrix component), vWF (involved in blood
coagulation), MADH7 (member of the TGF-b
signal transduction pathway), and on the
expression of a transcript corresponding to a
neuron derived neurotrophic factor (NENF) in
four cell lines of different origin, Jurkat, TK6,
HeLa, and HFL1.27 All the analyzed genes were
modulated by IR but in different manners,
depending o the type of cell line, thus indicat-
ing a cell type specific involvement of different
pathway in response to IR treatment.

Numerous studies where microarray analy-
ses were used to compare baseline expression
profiles from patients with severe versus mild
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Figure 1. Toxicity of radiotherapy and possible biomarkers predictive of early or late
events. SNPs in genes associated to IR-sensitivity quoted from Popanda et al.61
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normal tissue damage after radiotherapy have
been conducted in the last few years. One of
these studies analysed RNA from cultured
fibroblasts obtained from 3 breast cancer
patients with minimal or no fibrosis and three
patients with severe post-radiotherapy fibrosis.
Using a microarray enriched in cytokine RNAs,
9 cytokine-receptor transcripts were found sig-
nificantly elevated in patients that had devel-
oped fibrosis.22 Another study on 5 head and
neck cancer patients measured gene expres-
sion changes in peripheral blood mononucleat-
ed cells (PBMCs) before chemo-radiotherapy
treatment and two-weeks after its start.25

Fourteen pathways, including genes belonging
to inflammatory pathways like NFkB, IL-6 and
VEGF signalling, were identified as being most
deregulated in IR sensitive patients. These
results demonstrated the validity of PBMCs as
RNA source for genetic studies. 

Other studies of gene expression have been
performed on ex vivo models consisting in in
vitro stimulated PBMCs, lymphoblastoid cell
lines (LCLs) obtained from blood Epstein-Barr
virus (EBV)-immortalized lymphocytes or cell
lines derived from normal fibroblasts of at risk
individuals and controls.5,19,23,24 The use of mod-
els enables to overcome the limitations of
working with fresh blood samples and allows to
keep cells under controlled growth condition,
thus eliminating differences due to factors
other than genetic (i.e. epigenetic or environ-
mental factors). In addition, a number of

established LCLs from patients affected by well
known genetically inherited defects causing
radiosensitive syndromes such as Ataxia
Telangiectasia (A-T) can be used as positive
controls to validate correlations of the tran-
scriptional profile to radio-sensitivity. In the
first study published on this subject, a gene
expression profiling was performed to predict
acute radiation toxicity on irradiated LCLs
from 14 radiation-sensitive patients suffering
from different types of cancer (breast cancer,
Hodgkin’s disease, low-grade lymphoma, can-
cer of tongue and salivary gland, endometrial
cancer, orbital pseudo-tumor) and 43 controls
with normal response to IR.23 After irradiation,
a cluster of 24 genes mainly involved in DNA
repair and apoptosis mechanisms was predic-
tive of IR sensitivity. In a similar study,
Svensson et al. used stimulated peripheral
lymphocytes from 21 prostate cancer patients
with severe late complications from radiation
therapy and from 17 patients without symp-
toms. Cells were irradiated with 2Gy X-rays and
gene expression profiling was analyzed before
and after irradiation. Irradiation induced the
expression of numerous genes, and these were
then used to develop a 72 genes signature pre-
dictive of late radiation toxicity that correctly
classified 63% of the patient population in
terms of whether or not the patient had devel-
oped toxicity.24 These two studies clearly
demonstrated a relationship between gene
expression profiles for lymphocytes irradiated

ex vivo and the development of acute or late
radiation injury to normal tissue.

Rødningen et al. profiled the fibroblast cell
lines obtained from breast cancer patients
with variable risk of radiation-induced fibrosis
and found a set of 18 genes that could differen-
tiate between high and low risk patients.
MXRA5 (Matrix-remodeling associated 5) was
the gene that best distinguished the 2 groups
having a > 6-fold higher expression level in
high risk-samples.26

LCLs were also analyzed in a gene expres-
sion analysis conducted to investigate late side
effects in a cohort of patients with prostate
cancer. Valdagni et al.5 tried to elucidate the
reason why, despite excellent rectal dose-vol-
ume histograms (the DVH describes the cumu-
lative distribution of dose over a specific vol-
ume) some patients experience rectal bleeding
(LRB) while others, with poor DVHs, do not.
Thirty-five genes involved in DNA repair/radia-
tion response and apoptosis, part of which had
already been found modulated by treatment in
Rieger et al.,23 were analyzed by quantitative
real-time PCR in a cohort of patients enrolled
in a clinical trial that investigated the correla-
tion between LRB and dosimetric parameters.8

The study included 30 patients undergoing
conformal radiotherapy with prescription
doses higher than 70 Gy (minimum follow-up
48 months): 10 of them were selected among
the low-risk or LRB cases (i.e. rectal DVH with
the percent volume of rectum, V, receiving
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Table 1. Main studies aimed at identifying early and late toxicity in patients or in vitro. The table includes the principal author’s name,
the tumor or cell type used and the most significant findings.

Early toxicity Tumor type and tissue tested Findings Modulation

Sonis S.25 Head and Neck (PBMCs) 5 cases IL-2, IL-6, TGFb-1, Bax, p53, TNF-a� Induced by IR
Rieger K.E. 23 Breast, Hodgkin’s disease, lymphoma, 24 genes including NUDT1, RAD23B, RUVLB1, Induced by IR

tongue and salivary gland cancer, endometrial CALM1, MAPKAP2, PPM1A, UBB, PSMB4, PSMD1,
cancer, orbital pseudotumor  CCNB1, CDC28, TNFSF7, SLC25A6, SLC25A5
and brainstem (LCLs) 14 cases

Henriquez Hernandez L.A. 28 Breast (LCLs) 12 cases 20 genes including CCT8, SEC61G, SAMD3, GABARAP Constitutive
29 genes including KRT17, IDH1, RPN2, EMP2, IQSEC1 Induced by IR

Ghilotti M.19 Breast (LCLs) 20 cases �H2AX mechanisms and chromatin structure Constitutive

Late  toxicity Tumor type and tissue tested Findings Modulation

Li C.21 Breast (plasma) 91 cases TGFb-1 Induced by IR
Quarmby S.22 Breast (fibroblasts) 6 cases FMLP, TNFa, NGFR, NTRK1, EPHB2, LFNG, Induced by IR

DDR1, IFNGR, PDGFB

Svensson J.P.24 Prostate (PBMCs) 21 cases 72 genes including CDKN1A, GADD45A, FAS, DDB2, XPC Induced by IR
Rødningen O.K.26 Breast (fibroblasts) 31 cases 18 genes including MXRA5 Induced by IR
Valdagni R.5 Prostate (LCLs + PBMCs) 30 cases 13 genes including DRAP-1, LSM7, PSMB4 (LCLs) Constitutive

DRAP-1 (PBMCs) Constitutive
Henriquez Hernandez L.A.28 Breast (LCLs) 12 cases 26 genes including DDA3, STXBP1, KIF20A, Constitutive

RIT1, TPM2, C20orf155, DKFZp434L1

Model Cell lines Findings Modulation

Chaudrhy M.A.27 Jurkat (immortalized T lymphocytes) RGS1, CC3, THBS1, vWF, MADH7, NENF Induced by IR
TK6 (human lymphoblastoid normal cells)
Hela (human epithelia cervical cancer)
HFL1 (human lung embryonic)
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more than 70 Gy<20% and the percent volume
of rectum receiving more than 50 Gy < 55%
with Grade 2 or Grade 3, G2-G3 toxicity) and 20
among patients classified as at high-risk of
bleeding or HRB (V70Gy > 25% and V50Gy>60%,
with G2-G3 toxicity), 10 of which had side
effects (i.e. rectal bleeding, HRB) and 10 that
had no toxicity (high risk not bleeding,
HRNB). Intergroup comparison (between
patients with low DVH and patients with high
DVH) showed many constitutive differences:
nine genes were significantly down-regulated
in the LRB group with respect to the two high
risk groups (HRB+HRNB): AKR1B, BAZ1B,
LSM7, MRPL23, NUDT1, PSMB4, PSMD1,
SEC22L1 and UBB, all with a P<0.05. Four
genes were significantly up-regulated in the
HRNB group: DDX17, DRAP1, RAD23 and SRF,
all with P<0.05. LSM7 and PSMB4 were the
best predictors of enhanced radio-sensitivity,
while enhanced radio-resistance was best pre-
dicted by DRAP-1. Twenty-seven genes result-
ed IR-regulated in at least one group, bleeders
having (LRB+HRB) almost twice the numbers
of modulated genes than HRNB. The constitu-
tive difference of DRAP-1 was also confirmed
in stimulated PBMCs obtained from the same
cases (P=0.03). These results, if validated in
larger case series, propose DRAP-1 as a possi-
ble biomarker that could be used in clinical
practice to identify patients to whom more
“flexible” DVH constraints and/or higher RT
doses could be administered safely.

Henriquéz-Hernández et al. studied early
and late toxicity by profiling un-irradiated and
irradiated LCLs obtained from breast cancer
patients that had either early or late (after 6
months of follow-up) toxicity. They obtained a
group of 81 genes regulated by radiotherapy
and found 20 and 26 constitutive genes associ-
ated with acute and late toxicity, respectively.
After irradiation, 29 genes were found associ-
ated with early toxicity while none was related
to the development of late toxicity.28

Ghilotti et al. tried to identify markers use-
ful for predicting early radiation sensitivity in
women with breast cancer that showed acute
side effects after radiotherapy.19 They analysed
LCLs derived from PBMCs of 10 women who
manifested high toxicity after radiotherapy
(grade G2 and G4) and of 10 women which had
no side effects (G0). LCLs were used to inves-
tigate the molecular mechanisms underlying
the differences in clinical radio-sensitivity, as
a first step towards the identification of mark-
ers to stratify patients according to treatment
reaction. Sensitive patients showed a different
capacity of repairing double strand breaks
induced by IR, which was measured by phos-
phorylation of histone H2AX, and presented a
more compact chromatin. A further approach
for identifying possible markers to predict
radio-sensitivity was to search IR induced
alterations in the expression levels of genes

that, together with the histone H2AX, consti-
tute the foci, or are directly involved in DSBs
repair. Genes found associated with late toxic-
ity in patients with prostate cancer5 were also
analyzed. A significant modulation in expres-
sion levels among the 2 groups (radio-resist-
ant and radio-sensitive patients) was
observed, but there were no genes whose dif-
ferent expression could predict radiation toxi-
city.19 If the data obtained from in vitro analy-
ses of LCLs could be confirmed in larger
cohorts of samples and in vivo, predictive tests
to detect the effect of early toxicity induced by
radiotherapy in patients with breast cancer
could be proposed for clinical practice.

The above summarized studies make a
novel contribution to the clarification of the
relationship between the constitutive gene
expression profile of peripheral blood lympho-
cytes and toxicity after IR treatment. They
open up the possibility that the different con-
stitutive expression levels of a selected group
of genes may predict acute and late toxicity. 

MicroRNAs and response to radiation
The complexity of genetic cellular response

to radiation highlighted by microarray studies
suggests that miRNAs, which are potential reg-
ulators of the expression levels of a large num-
ber of target genes, may be required to influ-
ence the radiation response. MiRNAs have
been studied as potential diagnostic or thera-
peutic targets in cancer treatment and an asso-

ciation between miRNA expression in tumors
and radio-sensitivity has been observed52

(Table 2). The role of miRNAs in the DNA dam-
age response (DDR) pathway is just emerging
and some miRNAs appear to modulate the
response to cytotoxic therapy through regula-
tion of DDR genes.53 MiRNA expression pro-
files have been correlated with sensitivity or
resistance to certain chemotherapeutic
agents.54 Several studies demonstrated that
miR-34 family is a direct target of TP53 and
mediates some of the TP53-dependent effects
including DNA damage repair.55 Kato et al. used
the Caenorhabditis elegansmodel to determine
the role of miR-34 in radiation-induced cell
death in vivo and found an abnormal cellular
survival response to radiation when miR-34 is
mutationally inactivated. The authors assessed
the radio-sensitivity both of a normal breast
epithelial line (HMEC) with high levels of
miR-34 and of a breast cancer cell line (MDA-
MB-231) that had low expression of miR-34,
and found that MDA-MB-231 cells were signif-
icantly more radiosensitive. Transfection of
miR-34 into MDA-MB-231 cells protected them
from radiation- induced cell death.56 These
findings confirm that miR-34 is required for a
normal cellular response to DNA damage in
vivo resulting in altered cellular survival post-
irradiation and point to a potential therapeutic
use for anti-miR-34 as a radio-sensitizing
agent in p53-mutant breast cancers.56

To understand the basic genetic principles

Article

Table 2. In vitro and in vivo MicroRNAs modulation after ionising radiation.  

Reference Cell lines or tissue MicroRNA Modulation

Kato M.56 HMEC (human mammary epithelial cell) miR-34 Induced
MDA-MB-231 (breast cancer cell line)

Weidhaas J.B.53 A549 (lung cancer cell line) Let-7 family Down-modulated
(except Let-7g)
Let-7g Induced

Josson S.59 LNCaP, C4-2 (prostate cancer cell lines) miR-34 Induced
miR-133 Down-modulated
miR-196
miR-521

Chaudhry M.A.60 TK6 (human lymphoblastoid normal cell) miR-15 Up in TK6 (0.5Gy)
miR-16 Down in WTK-1 (0.5Gy)

Down in TK6 (2Gy)
WTK-1 (human lymphoblastoid p53 mutant cell) miR-21 Down in TK6 (0.5Gy)

Up in TK6 (2Gy)
Let-7 family Up in TK6

Down in WTK-1
Wagner-Ecker M.32 HDMEC (human dermal microvascular miR-16 Induced

endothelial cells) miR-20a
miR-21
miR-29c 
Let-7g
miR-18a Down-modulated
miR-125a 
miR-127
miR-148b 
miR-189 
miR-503 

Koturbash I.57 Rat (plasma and spleen) miR-194 Induced
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involved in irradiation Koturbash et al. moni-
tored the role of epigenetic changes in the
development of secondary malignancies in
near-by non-irradiated tissue during radio-
therapy in rats.57 After whole body or cranial
irradiation, alterations in DNA methylation,
histone methylation and miRNA expression
were investigated in spleen and blood. From 24
hours up to 7 months after irradiation, a sig-
nificant loss of global DNA methylation and
down-regulation of DNA methyltransferases
and MeCP2 (methyl-binding protein methyl
CpG binding protein 2), the key regulators of
DNA methylation, were observed. At the same
time points, miRNA profiling highlighted ele-
vated levels of miR-194, which putatively tar-
gets both DNA methyltransferase-3a and
MeCP2. Overall, miR-194 seems to play some
role in the maintenance of the long-term
response.58

Experiments with cancer cell lines in thera-
peutic radio-therapy settings revealed that
irradiation causes a wide range of alterations
in miRNA expression during therapy.
Weidhass et al. compared miRNA profiles of a
lung cancer cell line, A549, before and after
irradiation and found that levels of 81 out of
the 440 miRNAs analysed differed significant-
ly. Part of them was also IR modulated in nor-
mal lung epithelium cells suggesting that a
highly conserved global miRNA response
exists in lung after irradiation. Among the
modulated miRNAs, all the 8 members of the
Let-7 family except Let-7g decreased signifi-
cantly by 2-8 hours after irradiation in both
cancerous and normal lung epithelium.
Transfection of A549 cells with members of the
let-7 family increased radiosensitivity whereas
decreasing their levels induces radioresis-
tance in an in vivo model of radiation-induced
cell death in Caenorhabditis elegans, partly
through the control of the proto-oncogene
homologue let-60/RAS and of genes in the DNA
damage response pathway. These findings are
the first direct evidence that miRNAs can sup-
press resistance to anticancer cytotoxic thera-
py, a common feature of cancer cells, and sug-
gest that miRNAs may be a viable tool to aug-
ment current cancer therapies.53

Josson et al. analysed the modulation of 330
miRNAs in 2 radiosensitive prostate cancer
cell lines, LNCaP and C4-2, and found that
almost half of them were deregulated by treat-
ment. Some of these miRNAs were common to
both cell lines, for example miR-521, miR-196
and miR-133, which decreased, and miR-34,
which was induced by irradiation. Introduction
of miR-521 (the most prominently down-regu-
lated miRNA identified) in LNCaP cells made
them more sensitive to radiation treatment,
while its inhibition determined an increase of
resistance to IR treatment, proposing miR-521
as modulator of radiation response.59

Chaudhry et al. investigated by quantitative

real-time PCR the role of miRNAs in IR
response in 2 human cell lines, TK6 and WTK1,
that differed in p53 status and radiation sensi-
tivity, to verify if alterations in p53 determine
changes in miRNA responses to IR.60 Without
IR exposure the 2 cell lines already showed dif-
ferences in miRNA expression. After irradia-
tion with either 0.5 or 2Gy doses of X-rays,
many miRNAs markedly differed within the
same cell line. In particular, the expression of
miRNAs from the let-7 family was up-regulated
in irradiated TK6 cells but down-regulated in
WTK1 cells. MiR-15a and miR-16 were up-reg-
ulated in 0.5Gy-irradiated TK6 cells but down-
regulated after a 2Gy dose of X-rays.
Expression of the same miRNAs decreased in
0.5Gy-exposed WTK1. MiR-21 was up-regulated
in 0.5Gy-treated TK6 cells and its target genes
PDCD4, PTEN and SPRY2 were found to be
down-regulated. MiR-21 was down-regulated
in 2Gy-irradiated TK6 cells, while PDCD4,
PTEN and SPRY2 were up-regulated in 2Gy-
exposed TK6 cells. These results confirm a
direct involvement of miRNAs in IR response
and their dependence from p53 status.

Wagner-Ecker et al. studied IR effects on
human endothelial cells (HDMEC) and found
that radiation up-regulates the expression of
let-7g, miR-16, miR-20a, miR-21 and miR-29c,
and reduces the expression of miR-18a, miR-
125a, miR-127, miR-148b, miR-189 and miR-
503. Over-expression or inhibition of let-7g,
miR-20a and miR-189 markedly influenced
clonogenic survival and cell proliferation.
Radio-sensitivity of HDMEC was significantly
influenced by differential expression of miR-
125a, miR-127, miR-189, and let-7g: while miR-
125a and miR-189 had a radio-protective effect,
miR-127 and let-7g enhanced radio-sensitivity.32

In summary, miRNA expression is either
down- or up-modulated by radiation treatment
in different models and can be under control of
genes regulating response to irradiation such
as p53. Modulation of some miRNAs, for exam-
ple miR-15, miR-16 or miR-21, depends on the
dose of radiation or on the tissue type, suggest-
ing that miRNAs act at specific steps of
response to irradiation. All these findings sug-
gest that miRNAs could be promising biomark-
ers for a direct blood test from patients before
radiotherapy to determine differences in radia-
tion sensitivity. In addition, some miRNAs could
be targeted for therapeutic benefit, for example
anti-miR-34 molecules might prove useful in
radio-sensitizing tumors for better treatment.

Conclusions

Although the literature on biomarkers in
cancer biology and tumor therapy outcome is
rapidly expanding, the study of biomarkers in
normal tissue radiobiology is still at the begin-

ning. A number of studies have reported main-
ly positive associations between certain genet-
ic variants and the risk of injury to normal tis-
sue after radiotherapy, supporting the hypoth-
esis that normal tissue toxicity can be consid-
ered as a complex quantitative trait and that
naturally occurring genetic variations can to
some extent account for the observed inter-
patient variability. GWASs will probably enable
to capture an additional fraction of the existing
genetic determinants. Gene and miRNA
expression analyses will complement this
investigation. Gene expression profiles have
identified a number of genes that can discrim-
inate at risk patients, and in some cases
patients classification has been improved by
considering the joint behavior of functionally
related genes belonging to the same pathways.
This approach might better accommodate the
existing genetic heterogeneity within a
patient group. The joint behavior of functional-
ly or spatially related genes may be significant,
whereas the activity of individual genes may
not. Another advantage of this approach is that
it might lead to a more relevant biological
interpretation of the results. However, no sin-
gle gene or functionally related set of genes
was found that, by itself, correlated perfectly
with the observed clinical radiation toxicity.
Several studies identified miRNAs that were
altered in response to radiation treatment.
Functional studies showed that miRNAs can
confer radiation sensitivity by modulating
DDR proteins, making them promising mark-
ers for predicting IR sensitivity. The studies
summarized here support the hypothesis that
patients who develop severe reactions to radio-
therapy have an intrinsic radiosensitivity that
can be identified in peripheral blood lympho-
cytes by quantifying gene expression response
to IR. 

Most of the prognostic profiles discussed in
the review have been tested on one dataset
and the predictive assays have only been vali-
dated on small numbers of samples. A larger,
possibly multicentric validation is needed, and
the biological mechanisms in which these
markers are involved should be investigated to
support the rationale for their use in clinical
settings. The final goal will be to establish the
basis for a simple clinical test that could be
used to predict response to treatment there-
fore enabling to stratify patients according to
their risk-level and adjust radiation to individ-
ualize patient treatment.
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