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Abstract

Background Radiation therapy (RT) is a key anti-cancer treatment that involves using ionizing radiation to kill tumor cells.
However, this therapy can lead to short- and long-term adverse effects due to radiation exposure of surrounding normal tis-
sue. The type of DNA damage inflicted by radiation therapy determines its effectiveness. High levels of genotoxic damage
can lead to cell cycle arrest, senescence, and cell death, but many tumors can cope with this damage by activating protective
mechanisms. Intrinsic and acquired radioresistance are major causes of tumor recurrence, and understanding these mecha-
nisms is crucial for cancer therapy. The mechanisms behind radioresistance involve processes like hypoxia response, cell
proliferation, DNA repair, apoptosis inhibition, and autophagy.

Conclusion Here we briefly review the role of genetic and epigenetic factors involved in the modulation of DNA repair and
DNA damage response that promote radioresistance. In addition, leveraging our recent results on the effects of low dose
rate (LDR) of ionizing radiation on Drosophila melanogaster we discuss how this model organism can be instrumental in
the identification of conserved factors involved in the tumor resistance to RT.
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1 Introduction

Several lines of evidence indicate that cancer cells are het-
erogeneous in their tumor-initiating properties, which con-
this work. tribute to tumor growth and metastasis development [1, 2].
This is relevant for radiation oncology, as the high inter- and
intra-tumoral variability of cancer cells remains the major
obstacle to the development of efficient therapies to fight
cancer. Radiation therapy (RT) with either photon (conven-
tional radiotherapy) or proton (proton therapy) beams rep-
resents one of the key anti-cancer treatment options. The
principle of RT is the killing of tumor cells with high-LET
(protons) or low-LET (photons) ionizing radiation (IR) while
minimizing injuries to normal tissue [3, 4]. It is adminis-
tered as fractionated or hypofractioned doses over several
days or weeks affecting cancer growth by ROS-induced
DNA damage and by altering fundamental cell elements
such as cell membranes. Around 65% of cancer patients are
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treated with RT either alone or in combination with other
treatments, such as chemotherapy. However short- and long-
term adverse effects are often found in cancer patients as
a consequence of radiation exposure to healthy tissue that
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normally surrounds the irradiated tumor [5, 6]. Early clinical
data suggest that also low-dose rate (LDR) of radiation (i.e.,
0.5-2 Gy per dose) can be exploited as an anti-tumor treat-
ment. LDR has been shown to reprogram the tumor microen-
vironment (TME), recruit large numbers of effector T cells,
thereby inducing tumor vascular normalization, inflamma-
tory microenvironment, increased T cell infiltration, and
enhanced anti-tumor effects with extremely reduced toxicity.
In addition, these effects can be synergized with immuno-
therapy, thus rendering tumors more sensitive to immune
checkpoint blockade response [7].

Despite the increasing technological advances that have
led to the enhancement of this therapeutic approach, many
patients experience recurrence and relapse as consequence
of tumor radioresistance. The efficacy of IR in eliminat-
ing malignant cells can vary among different tumors and
depends on either pre-existing mechanism within cancer
cells or specific radiation-induced cellular responses. This
distinction classifies resistance to RT into two main catego-
ries: intrinsic and acquired resistance. Intrinsic resistance is
inherent in cancer cells even before the initiation of treat-
ment, and it is closely linked to the inherent characteristics
of the tumor. A key player in intrinsic radioresistance is
the presence of cancer stem cells (CSCs) within the tumor
mass. CSCs constitute a small subset of self-sustaining cells
endowed with the unique capacity for self-renewal and the
ability to sustain the tumor's growth. If the radiation dosage
administered fails to significantly reduce the CSC popula-
tion, their numbers can increase during treatment, despite
visible shrinkage of the tumor. This phenomenon has been
documented across various cancer types [2, 8]. Conversely,
acquired radioresistance is a process in which cancer cells
adapt to the changes induced by irradiation, ultimately
leading to resistance against treatment. This adaptation can
occur through the activation of specific transcription factors
(TFs) triggered by exposure to radiation, enabling cancer
cells to elude the lethal effects of IR [9, 10]. Both intrinsic
and adaptive radioresistance result from changes in biologi-
cal processes such as hypoxia response, cell proliferation,
epithelial-mesenchymal transition, DNA repair, apoptosis
inhibition, and autophagy [11-15].

Furthermore, resistance to radiation treatments could be
determined by genetic and epigenetic factors that lead to
an alteration of cancer cell metabolism, which extends to
tumor microenvironment and ultimately reduces the cyto-
toxic effect of the therapy [14]. It can be surmised that as
RT determines tumor cell death by inducing DNA damage,
tumor cells with highly efficient DNA repair are prone to
radioresistance, while a defective repair renders these cells
radiosensitive.

The RT effect on tumors depends on the type of DNA
damage inflicted to IR-exposed tumor tissue. This DNA
damage, which consists of either single strand breaks (SSBs)
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or double strand break (DSB), results from direct DNA ioni-
zation, radiolysis of water that produces highly chemically
reactive species or from an impairment of mitochondrial
functions [4]. Intensive DNA damage that exceeds the DNA
repair capacity of tumors will lead tumor cells to cell cycle
arrest, senescence and ultimately death. However, a large
number of tumors can cope with high levels of genotoxic
damage and become radioresistant by activating protective
mechanisms against radiation-induced DNA breaks [16].

Here we briefly review the main mechanisms that pro-
mote tumor radioresistance focusing on the role of genetic
and epigenetic factors involved in the repair of DNA breaks.
In addition, we describe how our recent results on the effects
of LDR on the model organism Drosophila melanogaster
[17] can provide useful insights for the identification of con-
served factors involved in tumor resistance to RT.

2 The role of DNA damage response
in radioresistance at glance

Exposure to IR induces single-stranded DNA breaks (SSBs),
double-stranded DNA breaks (DSBs), base damage, and
DNA-protein cross-links in the genomic DNA. Among
them, DSBs are the most deleterious lesions that, if not
repaired correctly, can lead to genomic instability and cell
death [18]. To cope with these genotoxic insults, cells have
evolved a sophisticated network of DNA damage response
(DDR) pathways.

DSBs repair in normal cells occurs by two major path-
ways: the non-homologous end joining (NHEJ) and the
homologous recombination (HR). NHEJ, which encloses
both classical c-NHEJ and alternative alt-EJ/TME], is an
error-prone repair system, as when the two DSB ends are
recognized, processed and ligated together, often results in
the loss or addition of nucleotides at the break site [19]. For
this reason, if the damage occurs in a major coding region,
the repair will generate a mutation that could adversely
affect the functionality of the cell. DSBs recognition during
c-NHE] relies on the main factors Ku70-80, which func-
tion as a heterodimer and enable the recruitment of the
other proteins critical for promoting the closure of DNA
ends. Then, the enzyme DNA-PKcs (DNA-dependent pro-
tein kinase, catalytic subunit), which has a high affinity for
the DNA-Ku structure, forms the DNA-PK complex [20],
that in turn phosphorylates itself and neighboring compo-
nents. X-ray Repair cross complementing 4 (XRCC4) also
plays a role in making this structure stable, and together
with Ku, recruits nucleases such as Artemis, PNKP,
APLF, WRN, Aprataxin, and the MRN complex (MRE11-
RADS50-NBS1), FEN1 and EXO1, that promote resection
to ultimately facilitate ligation by the XRCC4-DNA ligase
IV complex. In case of a defective or inhibited c-NHEJ
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pathway, the cell may rely on a back-up pathway, named
alt-EJ (also called micro-mediated end-joining; MME]J,
or Theta-mediated end-joining; TMEJ) to repair DSBs
[20]. alt-EJ is initiated by PARP-1 recruitment to resected
DNA-ends. Following the activation of phosphorylated
CtIP, 3' overhangs are generated by helicases such as the
MRN complex. POLQ then binds to long single-stranded
DNA (ssDNA) overhangs generated by 5'-3' resection of
DSBs and anneals sequences with 2—6 base pairs of micro-
homology to use them as primers for DNA synthesis. The
stabilized DNA ends are then ligated by LIG3—-XRCC1
or LIGI. POLQ also suppresses HR by interacting with
RADS1 thereby limiting RADS51-ssDNA nucleofilament
formation and suppressing HR activity [21].

In contrast to NHEJ, HR is an error-free DNA repair
mechanism that uses the DNA from the sister chromatid as
a template for recombination. This implies that this pathway
can only be used at certain times in the cell cycle [22]. Dam-
age recognition in HR requires the MRN complex, which
favors both short- and long-range DNA end resection by
recruiting C-terminal binding protein (CtBP)-interacting
protein (CtIP) and exonuclease 1 (EXO1), respectively [23,
24]. DNA end resection results in the generation of a single-
stranded DNA tail, which is first stabilized by Replication
Protein A (RPA) and then bound by RADS1 that removes
RPA. The replacement of RPA on the ssDNA allows RADS51
to promote the invasion of the single-stranded DNA into
the homologous double-stranded DNA template, leading to
synapsis, novel error-free DNA synthesis, strand dissolu-
tion, and repair [25]. This process relies on the activation
of the two important protein kinases Ataxia Telangiectasia
Mutated (ATM) and Ataxia Telangiectasia and Rad3 related
(ATR) by the MRN complex and RPA, respectively.

Differently for DSBs, SSBs are repaired through Base
Excision Repair (BER) pathway. BER requires the activa-
tion of poly(ADP-ribose) polymerase (PARP) that induces
extensive poly-ADP-ribosylation, recruits the Scaffold pro-
tein X-ray cross-complementing protein 1 (XRCC1), DNA
polymerase B (PolB) and DNA Ligase 3 (Ligase III) to fill
the single-nucleotide gap and ligate the newly synthesized
DNA strands [26, 27]. SSBs can be also repaired by Nucleo-
tide Excision Repair (NER) and mismatch repair (MMR).
Whereas NER removes helix-distorting lesions such as those
produced by UV, MMR corrects mismatched bases, inser-
tions and deletions acquired during DNA replication [28-30].
Depending on the amount of the DNA damage and on the effi-
ciency of DNA repair, DDR activation can result in cell sur-
vival, apoptosis, cell cycle arrest, and senescence [31]. DDR
is regulated by the activity of the protein kinases ATM, ATR,
and DNA-PKcs. ATM and ATR trigger an activating phos-
phorylation cascade, which determines the phosphorylation
of DDR mediators (e.g., p53-binding protein 1 (53BP1), H2A
histone family member X at Serine 139 (H2AXSer139 or

H2AX), breast cancer type 1 susceptibility protein (BRCA1),
and downstream kinases checkpoint kinases 1/2 (Chk1/Chk2).
Chk1 and Chk2 then in turn phosphorylate downstream effec-
tors such as p53. The activation of DNA-PKcs induces the for-
mation of a complex with the Ku heterodimer (Ku70/Ku80)
that is required for NHEJ (see below).

How cells choose either NHEJ or HR to repair DSBs,
it depends on several factors that include cell cycle phase,
chromatin quality (euchromatin vs heterochromatin), and
amount of resection [32]. HR is generally favored in the
S/G2 phases of the cell cycle, when the sister chromatid is
available as a donor template, although both HR and NHEJ
can take place throughout the cell cycle [24]. In mammalian
cells, the DNA repair pathway choice relies on a regula-
tory circuit that involves 53BP1-RIF1 and BRCA1-CtIP
[33]. During G1, RIF1, which is recruited to the DSB site
by phosphorylated 53BP1, prevents end resection thus pro-
moting NHEJ. In the S/G2 phases, CtIP is phosphorylated
by CDK2 and, associated with BRCA1, removes 53BP1 and
RIF1 from the DSB sites. Consequently, the MRN complex
is recruited on the same sites and initiates end resection.

The loss of 53BP1 rescued the severe genomic insta-
bility of BRCA1 mutants and the sensitivity of BRCA1-
mutant cells to PARP inhibitors [34, 35]. 53BP1 depletion
in BRCA1-deficient cells restores, to some degree, HR in
a manner that depends on the activation of end resection.
This phenotypic reversal relies on a functional antagonism
between BRCA1 and 53BP1, which also compete for accu-
mulation at DNA damage sites [33, 36-38]. These find-
ings indicate that initiating end resection is a key decision
point in DSB repair pathway choice, with a direct impact
on the therapeutic efficacy of PARP inhibitors. Interest-
ingly, depleting any single subunit of shieldin (that consists
of REV7, a known 53BP1-pathway component, and the
three hitherto uncharacterized proteins C200rf196/SHLD1,
FAM35A/SHLD?2, and CTC-534A2.2/SHLD3 [39]), in vari-
ous BRCA1-deficient cell lines suppressed their sensitivity
to PARPiI to a degree comparable to that of 53BP1 depletion.
This suggests that the shieldin complex, like 53BP1, sup-
presses DNA end resection and supports c-NHEJ [40]. The
evidence that shieldin shares the same functions as 53BP1
and that it can act genetically as part of 53BP1-RIF1 path-
way, lead to hypothesize that shieldin might represent the
53BP1 effector during DSBs repair pathway choice [40].

3 Tumor Radioresistance to RT results
from dysregulation of DNA repair factors

Several findings have highlighted that modulation of key
factors involved in DNA repair and cell cycle regulation
described above can account for promoting resistance to RT
of several tumors. For example, radioresistant populations of
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breast cancer cells derived from IR elicit increased activa-
tion of ATM and upregulation of E-box binding homeobox 1
(ZEB1), an EMT-inducing transcription factor. ZEB1 in turns
enhances the stabilization of CHK1 and HR-dependent DNA
repair thus leading to radioresistance [41]. Recent works have
also shown that the recurrent glioblastoma (GBM) cells that
are generated from resistant residual cells, undergo a shift
from activation of ATM to ATR mediated repair pathway,
escaping the ATM inhibition and leading to better survival
of these cells following RT [42]. Furthermore, ectopic
expression of 14-3-3c, a family member of 14-3-3 proteins
(14-3-3B, €, 0/7, €, 0, v and 1) in humans implicated in the
development of cancer, has been reported to enhance NHEJ
in different tumors upregulating Chk2 and by increasing
PARP-1 expression thereby promoting radioresistance [43].
PARP-1 increased expression has been also shown to pro-
mote radioresistance in prostate cancer and in renal cell car-
cinoma [44, 45]. In the latter, this hyperactivation is caused
by the loss of DOC-2/DAB2 interactive protein (DAB2IP),
a potent tumor suppressor, which is frequently lost in Renal
Cell Carcinoma (RCC). Indeed, DAB2IP directly interacts
with PARP-1 and affects its turnover by recruiting E3-ligases
(e.g., RanBP2, TRIP12, and RNF40). Loss of DAB2IP
results in extended PARP-1 protein expression and ultimately
enhances its role in DNA repair [44]. Radioresistance in lung
cancer has been recently correlated to the upregulation of
DNA protein Rad17 and MRN complex both in vitro and
in vivo. In this case a Rad17-dependent recruitment of the
MRN complex was determined by the overexpression of
IQGAP3 GTPase-activating protein 3 that physically inter-
acts with Rad17 [46]. RNA-seq data from large cohorts of
patients from the TCGA project revealed that expression lev-
els of RADS1 were significantly elevated in advanced-stage
lung adenocarcinoma tumors compared with normal tissues
and were associated with poor survival [47]. Moreover,
NSCLC cells that express the KRAS mutant form A549 and
LU99A are more radioresistant than wild-type cells because
mutant KRAS can upregulate RADS1 expression through
oncogene MYC, thus favoring a more efficient DNA dam-
age repair and thereby cell survival [47]. Overexpression of
RADS5]1 was also observed in CDC133 4 lung cancer cells to
improve, along with Exol, repair proficiency of A549 cell
lines [48]. Increased levels of DNA-PKc and MRN complex
have been found in radioresistant cervical cancer cells [49]
that also overexpressed the Rho GTPase RhoC highlighting
the role for ChoC-ROCK?2 signaling in DNA repair.
Chromatin factors that normally bind to both DNA and
histones are also involved in mediating radioresistance.
Expression of High-mobility group box 1 (HMGBI), a
structural protein of chromatin that regulates several bio-
logical processing including DNA repair [50] has been
associated with radioresistance in bladder cancer, Esopha-
geal squamous-cell carcinoma (ESCC) tumor and breast
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cancer. Recent findings revealed that increased expression of
HMGBI1 in these tumors influences DNA damage pathways,
apoptosis, and autophagy [51-53]. Diverse tumors aber-
rantly express Cancer/Testes (CT) Antigens, whose normal
distribution is generally restricted to germ cells. Some CT
antigens are involved in DNA repair and suggested to play
a role in radioresistance. For instance, the CT melanoma
antigen-A4 (MAGE-A4) interacts with the ubiquitin ligase
RADI18 that activates Trans-lesion synthesis (TLS), which
represents a crucial DNA-damage tolerance mechanism
and allows DNA synthesis in cells where DNA damage has
occurred [54]. Moreover, the CT antigen HORMAD1 has
been proposed to promote radioresistance in Lung adeno-
carcinoma cells by enhancing HR in response to IR [55].

The massive involvement of DDR pathways in induc-
ing tumor radioresistance has driven to exploit the targeting
key DNA damage repair (DDR) factors as an important tool
to improve the efficacy of RT. Several strategies are being
employed to overcome radioresistance: (a) The development
of DDR Inhibitors, small molecules and drugs that specifically
target DDR factors, such as proteins involved in DNA repair
pathways like ATM [56], DNA PKcs [57], CHK1 [58, 59],
or WEE] [60]. These inhibitors disrupt the repair machinery,
making it difficult for tumor cells to efficiently mend radi-
ation-induced DNA damage; (b) Radiosensitizing agents,
compounds that enhance the sensitivity of tumor cells to radi-
ation. They consist of small molecules (such as oxygen mim-
ics and halogenate base analogs [61, 62]), macromolecules
(such as antibodies and short peptides that have high affinity
with antigens and receptors overexpressed on the surface of
tumor cells [63, 64]) and nanomaterials (in particular, heavy-
metal nanomaterials with high atomic number (Z) as they
can absorb, scatter, and emit radiation energy [65, 66]); (c)
Synthetic Lethality that implies the simultaneous targeting of
DDR factors in combination with radiation leading cell death.
For example, PARP inhibitors have shown success in targeting
BRCA-mutated cancer cells, inducing synthetic lethality when
combined with radiotherapy [67]. Combining immunotherapy
with radiotherapy can also sensitize tumor cells by promoting
immunogenic cell death, activating the immune system to tar-
get cancer cells. Immune checkpoint inhibitors, like anti-PD-1
or anti-CTLA-4, can further enhance this effect [68]. These
strategies hold great promise in addressing radioresistance and
improving the outcomes of radiotherapy.

4 Changes in the epigenome influence DNA
repair in cancer cells after radiation

A growing number of works have highlighted that changes
in the epigenome can promote radioresistant phenotypes of
cancer cells. DNA methylation, post-translational modifi-
cations of histones and/or chromatin remodeling, altered
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expression of ncRNAs are implicated in changing the
expression of specific genes to avoid the cytotoxic effects
of radiation treatments [69]. In cancer cells, DNA methyla-
tion that occurs in specific genomic sites, can indeed play
a role mainly in determining intrinsic radioresistance as it
confers tolerance to the effect of RT. Moreover, following
radiotherapy, cancer methylome can be reprogrammed on
genes associated with radioresistance. Interestingly, while
hypermethylation has been identified in promoters of tumor
suppressor genes, hypomethylation was identified in specific
genes, including oncogenes [70].

DNA methylation Recent findings suggest that DNA meth-
ylation regulates the expression of specific transcriptional
factors, which in turn control the expression of radioresist-
ance gene. In small cell lung cancer (SCLC) tumors, radia-
tion increases methylation in the promoter of h”TERT gene
and this modification ultimately leads to the overexpression
of hTERT [71]. In vitro experiments revealed that methyla-
tion and upregulation of h”TERT conferred radioresistance of
SCLC cells promoting overexpression of the histone-lysine
N-methyltransferase EZH2, the enzymatic catalytic subu-
nit of Polycomb Repressive Complex 2 (PRC2). Increased
levels of this enzyme, which is the catalytic subunit of the
polycomb repressor complex 2 (PRC2), resulted in the
increase of H3K27 trimethylation (H3K27me3) that cor-
relates with SCLC cell survival following irradiation. The
dynamic methylome changes induced by RT can also results
from differential expression of DNA methyltransferases and
demethylases. Indeed, the overexpression of DNMT3B has
been recently associated with increased radioresistance in
nasopharyngeal cancer. Depletion of DNMT3B determined
demethylation of p53 and p21 promoters leading to apop-
tosis and cell cycle arrest that reverted radioresistance both
in vivo and in vitro [72]. In addition, recent studies have
shown that DNMT3A and DNMT3B, are also overexpressed
in Rhabdomyosarcoma (RMS) compared to normal mus-
cle tissue. Indeed, a combination of DNMT3a or DNMT?3B
silencing with IR resulted in increased radiosensitivity in
RMS. In particular, the silencing of DNMT3A induced cel-
lular senescence through the upregulation of p16 and p21,
while DNMT3B depletion caused significant DNA damage
and impaired DNA repair mechanisms (ATM, DNA-PKcs,
and Rad51) increasing sensitivity to irradiation [73]. Thus,
targeting DNMT3A and DNMT3B may be a promising
strategy to sensitize RMS cells to RT, especially in cases of
metastatic or recurrent RMS tumors.

Interestingly, methylation marks associated with radiore-
sistance of breast cancer cells can be also transmitted to the
daughter cells even after a long recovery period post-irra-
diation suggesting that this heritable epigenetic mechanism
underlying radioreristance could enable cell migration and
invasion of subsequent cell progeny [74]. As demethylation

of the specific tumor suppressor genes reverts radioresist-
ance, DNMT encoding genes might represent potential
therapeutic targets for the development of epigenetic drugs.
However, as the inhibition of DNMTs might determine
several unwanted effects in the methylome, great attention
should be paid when considering the employment of dem-
ethylating agents (such as 5-aza-20-deoxycytidine) in com-
bination with RT.

Post-translational modifications of histones and/or chroma-
tin remodeling The response to RT is also influenced by
histone post-translational alterations or by modifications of
histone modifiers enzymes [69]. For instance, alterations of
histone methylation have been also invoked as mechanisms
responsible for radioresistance. Reduction of the levels
of RIZ1/KMTS histone methyltransferase was associated
with radioresistance of cervical cancer cells. Moreover,
whereas H3K36me2 and H3K4me?2 marks were shown to
facilitate efficient NHEJ of glioblastoma cells and there-
fore to promote survival of radiation-resistant residual cells
[75], inhibition of EZH2 reduced H3K27me3 and favored
euchromatin and DNA transcription in the A7 glioblastoma
cells. JARID1B (KDM5B)-mediated lysine demethylation
is involved in the stemness maintenance in radioresistant
cancer cells. Increased expression of histone demethylase
JARIDI1B (KDM5B) has been indeed found in radioresist-
ant OSCC cells and considered as the favorite mechanism
that cancer cells use to avoid the cytotoxic effects of RT.
Histone acetylation is also involved in triggering radiore-
sistance. Histone acetyltransferases (HATs) and histone
deacetylases (HDACs) regulate histone acetylation level by
transferring or removing an acetyl group from acetyl CoA to
lysine residues, respectively. In general, histone lysine acety-
lation stimulates gene expression, whereas deacetylation is
associated with gene silencing. HDACs have been found
overexpressed in several tumor types, such as RMS, where
they play a crucial role in cancer onset, progression, and
resistance to therapies, including RT. For instance, in vitro
experiments revealed that the pharmaceutical inhibition of
Class I HDACs radiosensitized the two major molecular
RMS subtypes such as fusion-positive (FP)-RMS express-
ing PAX3-FOXO1 and fusion-negative (FN)-RMS [76-78].
Moreover, expression of histone deacetylases HDAC4 and
HDACS6 negatively correlates with survival of patients with
glioblastoma tumors, after RT [79]. Acquired radioresistance
was also found associated with an increase of H3K9me3
foci in lung cancers. Interestingly, the treatment of these
cancer cells with HDAC-pan inhibitors reduced the num-
ber of H3K9me3 foci and promoted radiosensitivity [80].
Radioresistance in breast cancer cells was found correlated
with decreased levels of H3K9ac, H3K27ac, and H3S10p-
K14ac that promoted chromatin compaction, suggesting
that an imbalance of HDAC-HAT activity and histone
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phospho-acetylation could also be implicated in acquired
radioresistance [81]. Despite the large number of evidence
of the involvement of HDAC in establishing radioresistance,
little is known about the role of HATs.

ncRNAs Several findings have proven that also ncRNAs play a
role in determining cancer cell radioresistance [82]. ncRNAs
are considered as non-traditional epigenetic regulators of gene
expression and indirectly they may regulate heterochroma-
tin formation, histone modification and DNA methylation.
Among these, miRNAs have attracted more attention due to
their interplay with other epigenetic effectors that are known
to affect the RT response. In particular, the crosstalk between
miRNAs and DNA methylation has been shown to modulate
the radiosensitivity of cancer cells in response to radiation in
some tumors. For example, the hypermethylation of the pro-
moters of miRNA tumor suppressors, such as miR-9, miR-24
e miR-21 is associated with radioresistance of glioblastoma
multiforme, lung cancer cells and nasopharyngeal carci-
noma [83]. This suggests that the identification of miRNAs
regulated by methylation might represent a double target to
revert radioresistance phenotypes in cancer. IncRNAs, that
recruit chromatin-modifying complexes, interact with DNA
regulatory sequences or regulated miRNAs, can influence
both innate and acquired radioresistance of cancer cells [84,
85]. The IncRNA-mediated regulation of miRNAs has been
described as the main mechanism that preserves CSCs after
RT in different tumors by modulating the epithelial/mesenchy-
mal transition (EMT) and/or improving DNA repair induced
by radiation [86-89]. As a consequence, knocking down spe-
cific IncRNAs can revert radioresistance in certain tumors.
Indeed, depletion of NEAT1_2, a IncRNA overexpressed in
hepatocellular carcinoma and cervical cancer that acts as a
sponge for mirR-101-3p and miR-193b-3p, respectively, radi-
osensitizes tumor cells allowing both miRNA to suppress the
expression of genes that evade radiotherapy effects [90, 91]. In
addition to miRNA regulations, IncRNAs can act as scaffold
for complexes involved in histone post-translational modifi-
cations (PTMs) and this function can affect the tumor cell
response to RT. One example is provided by IncRNA PVT1
that recruits the histone acetyltransferase KAT2A and the his-
tone methyltransferase WDRCS to promote the acetylation of
H3K9 [92]. This histone PTM is responsible for the binding of
the transcription factor TIF1b and for the induction of NF90
transcription, which has been associated with nasopharyngeal
tumor growth in mice after RT. Tumor survival after RT has
been also found in colorectal cancer cells as result of concom-
itant overexpression of IncRNA LINC00630 and EZH2. High
levels of both factors lead to gene methylation and (therefore
to suppression of expression) of BEX] determining a poor
radiation response, which can be reverted by 5-azacytidine
treatment and EZH?2 depletion [93].
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5 DNA repair and CSC radioresistance:
a short overview

A low level of DNA lesions triggers DNA repair mech-
anisms and DNA damage checkpoints, which arrest cell
cycle progression in the presence of DNA damage and
allow cells to repair DNA before returning to the prolif-
erative pool. Accumulating preclinical evidence indicates
that many of these protective mechanisms are activated in
cancer stem cells (CSCs) populations possibly resulting in
treatment resistance. CSCs are a subpopulation of cells that
exhibit distinctive self-renewal, proliferation, and differen-
tiation features that play a critical role in cancer initiation,
maintenance, and progression. It has been proposed that
CSCs could be in large part responsible for the inherent
radioresistance of a different number of tumors. Further-
more, genetic diversity, epigenetics, and tumor microenvi-
ronment are known to control cancer cell stemness, thereby
influencing patient response to therapy [94]. Self-defense
mechanisms that CSCs use to elude RT include but are not
limited to amplification of alternative oncogenes, increased
expression of ATP binding cassette (ABC) membrane trans-
porters, overexpression of anti-apoptotic proteins [95].
Particularly relevant is the finding that patient-derived as
well as cultured CSCs exhibit a robust DDR as compared
to relatively more differentiated malignant cells [8]. After
irradiation, resistance correlates with less DNA damage in
glioma and breast CSCs. Moreover, enhanced activation
of ATM and ATR, as well as their two downstream check-
point kinase Chk1 and Chk2 has been shown to mediate
radioresistance of glioblastoma. CD133" glioma stem cells
elicited also altered expression of NBS1, a component of
the MRN complex involved in DSBs sensor activity [96].
Increased expression of DDR factors and other DNA repair
genes were also observed in CD133" CSCs from lung car-
cinoma, breast carcinoma-inducing cells and pancreatic
CSCs. It is believed that enhanced DDR could result from
a general adaptation to high levels of DNA replication
stress and increased ROS defense which are already active
in untreated cells and that would cause and increase activa-
tion of DDR after irradiation thereby contributing to tumor
radioresistance [97, 98].

Increasing evidence suggests that CSCs radioresist-
ance can be promoted also by dysregulation of miRNAs
through constitutive activation of carcinogenic signaling
pathways [99, 100]. A high-throughput screen of prostate
CSCs revealed that miR-139 and miR-183 could alter the
pre-metastatic niche. The expression of miR-20b-5p and
miR- 125a-5p, is known to promote the development of
radioresistant esophageal carcinomas [101]. Furthermore,
miRNAs belonging to the Let-7 family, have been associ-
ated to the process of tumorigenesis and resistance [102].
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Similarly, some circular RNAs act as regulators of the pro-
cess of tumor initiation, carcinogenesis, and resistance to
radiation. circ_0008344, for example, has been shown to
interact with miR-433-3p, regulating the response to radia-
tion in glioma cells [103].

6 Animal models in radioresistance studies

The elucidation of radioresistance mechanisms in cancer
pathogenesis has been hindered by limited access to patient
samples, tumor heterogeneity, and the difficulty to modeling
their biology in appropriate model systems. Performing radio-
biology experiments on organisms resistant to radiation con-
sents to appreciate also small variations of molecular pathways
altered by radiation. Usually in humans very high exposures
as 10-20 Gy can lead to death, thus not always is possible to
observe long-term effects [104]. By contrast, using a radiore-
sistant organism the time to observe the IR-induced effects
is longer. Studies on analytical structural analysis coupled
with next generation sequencing and proteomic approaches
of the prokaryotic radiation resistant thermophiles could pro-
vide fundamental and conserved molecular insights that will
help develop strategies to improve radiation therapies [105].
In addition, these organisms can produce natural compounds
that, if isolated and purified, can provide potential therapeu-
tics including anticancer drugs, anti-oxidant etc. [105, 106].
Radiation therapy can also benefit the genomic and proteomic
studies on radiation tolerance of tardigrades, tiny invertebrates
belonging to the phylum Tardigrada, that possess unique radi-
oresistance features. Exposures of IR at 0.5 or 1 kGy do not
affect the survival rate of these animals both in the hydrate and
dehydrate states [107], and stress-related tardigrade genes may
be transfected to human cells providing increased tolerance to
osmotic stress and IR. Thus, the understanding of molecular
mechanisms that underlie the radioresistance of tardigrades
could be of a pivotal importance for cancer research.
Radiobiology studies also on well-established model
organisms, such as the nematode C. elegans and the fruit
fly D. melanogaster, have provided useful insights in the
identification of factors involved in determining radioresist-
ance. The availability of complete genome sequences and
sophisticated genetic/molecular tools, the high level of gene
and protein identity with humans, the possibility to conduct
genetic screens looking for genetic and molecular interac-
tions render both systems suitable models for most aspect
of human medical research including cancer biology [108].
In addition, unique and intrinsic properties elicited by these
organisms can provide even more revealing information on
important biological mechanisms involved in radioresistance.
For example, meiotic pachytene nuclei in C. elegans gonads
are hyper-resistant to X-ray irradiation as consequence of
high level of expression of enzymes involved in homologous

recombination such as the product of RAD51, DMCI (LIM15)
homolog 1 (Ce-rad-51), rather than apoptotic exclusion [109].
Interestingly, genome wide RNAI looking for modifiers of
hyper resistance of pachytene cells has led to the identifica-
tion of conserved pathways involved in this response that can
provide useful insights in the RT research [110].

Drosophila, like other insects, is more resistant to radia-
tion compared to mammals. Indeed, it has demonstrated that
exposure with radiation doses from 10 to 30 Gy does not
reduce the survival until adulthood [111]. However, Dros-
ophila is more radiosensitive during development rather than
in the adult stage [111, 112]. It has been found that expo-
sure with 40 Gy during the late third-instar larvae enhances
the adult mortality of flies compared to unirradiated control
[111]. Indeed, although in Drosophila IR exposure eradicates
more than half of larval cells, it allows a complete regenera-
tion to produce an adult fly of normal size and pattern [113].
Drosophila is also a well-established animal model to inves-
tigate basic principles of tumorigenesis in the developing or
ageing organism [114—-117]. The establishment of different
brain tumor models also has demonstrated the existence of a
complex heterogeneity in the cellular composition of tumor
tissues that could shed light on the mechanisms of tumor
relapse [118, 119]. In addition, flies have been used to dem-
onstrate that single gene inactivation perturbing the asym-
metric divisions of neural stem cells (NSCs), called neuro-
blasts (NBs) in Drosophila, during development, can rapidly
cause NB amplification and aggressive malignant tumors in
transplantation assays [120, 121]. Systemic gene targeting
in flies bearing tumors can also potentially be exploited in
a curative context. Very recently, the ubiquitous loss of the
transcription factor SPTS5 that physically interacts with MYC
oncoproteins and is essential for efficient transcriptional acti-
vation of MYC targets, has been demonstrated to extend the
lifespan of flies with brain tumors, pointing Spt5 as a poten-
tial drug target for human tumors [122].

Drosophila larval imaginal discs, consisting of single-
cell layered sacs of epithelial cells that develop into the adult
appendages such as eyes and wings, also are frequently used
as genetic models for growth control and tumor develop-
ment. Maintenance of apical-basal polarity of epithelial cells
is critical for suppression of neoplastic tumor development
[123-125]. Disc cell clones can be genetically manipulated
in vivo using genetic mosaic techniques. Clones of cells
expressing a constitutively activated form of Ras (Ras"!?)
form benign tumors, which develop into malignant tumors if
mutations in the apico-basal polarity gene such as scribble
(scrib) or discs large (dlg) are present. Interestingly, irradiation
of the imaginal disc bearing Ras""? clones, has revealed that
Ras"!? cells with higher p53 expression support survival of
neighboring Ras"’? cells with lower p53 expression by induc-
ing the Drosophila JAK/STAT ligands Unpaired1-3Upd, sug-
gesting that cooperation between oncogenic Ras and wild-type
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Table 1 DNA repair genes in humans and Drosophila
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Base Excision Repair
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APTX Aptx @ 55% APE2 -
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FEN1 Fen1 78% PARP2 -
Ku70 Ku70 44% POLB -
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RAD50 rad50 53% PMS2 Pms2 56%
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2 Also involved in other types of DNA repair
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- Absent in flies



DNA repair in tumor radioresistance: insights from fruit flies genetics

725

p53 stimulates STAT non-cell autonomously to promote tumor
radioresistance in a non-cell autonomous manner [126]).

7 The molecular characterization
of Radio-adaptive Response (RAR)
in Drosophila as a model to investigate
radioresistance

The use of Drosophila as a model organism to study DNA
repair has been proven to be very valuable to decipher the
cellular and molecular mechanisms that control and coor-
dinate the different DNA damage induced responses such

as cell cycle arrest, DNA repair, senescence, apoptosis,
and radioresistance [127, 128]. Drosophila appear to use
the major repair pathways as other organisms and most of
the key DNA repair factors are conserved between flies and
humans (see Table 1), although in some cases genes that are
critical for certain repair processes in other model organisms
are not found in Drosophila [129].

We propose that the genetic and molecular characteri-
zation of the biological effects of LDR exposures on fruit
flies could provide useful insights for understanding the
tumor radioresistance in human cells. LDR can induce
radio-adaptive response (RAR) that is a protective phe-
nomenon where a small initial low radiation dose (priming)
reduces the response to a subsequent high radiation dose

Sense Transcripts
RIS Natural Antisense
Transcripts (cis-NATs
IR-induced DSB \i/ RNA pol Il
o~y RNA pol ?
L\/V:»\ f A))‘::,//
LDR \ / S
& N dsRNAs 22" 4 @)
Logs | ogs-PD ~4sRNAS o Logs-PD
Mutants q
Logs-PD SR
dsRNA Complex
dsRNAs

accumulation I ""f*“*&

l

Enhanced DNA repair;
Chromatin Modifications

Fig.1 Model that explains why Logs PD depletion protects Dros-
ophila chromosomes from excessive damage. We can speculate that
following IR-induced IncRNA transcription (i.e. sense and antisense
transcription), the resulting long dsRNAs are processed by a canoni-
cal RNAi machinery into Ago2-LogsPD loaded esiRNA which are
able to silence the cognate transcripts. However, as discussed in the
text, the contribution of these siRNAs in DNA repair is very lim-
ited. Although IncRNA transcription at chromosome breaks in flies

- Py, yrvert
esiRNAs .« «™
TR

|

Transcription
Regulation

results mainly from RNA polymerase II (RNA pol II), the contribu-
tion of other RNA polymerase is still debated (RNA pol?). Our recent
results indicate that depletion of Logs PD either as a consequence
of LDR treatment or by strong hypomorphic and nulla mutations in
Logs encoding gene, could affect the formation of esiRNAs and in
turn determine accumulation of dsRNA precursors which ultimately
favor a more efficient DNA repair activity (see text for further details)
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«Fig.2 Impact of PRKRA expression on human cancer cell lines and
tumor tissue. A Analysis of the dependency from PRKRA expres-
sion on 1095 human cancer cell lines performed using DepMap por-
tal (https://depmap.org/portal/). Dependency is reported as Chronos
score. B In-depth analysis of PRKRA expression in human cancer
biopsies. All data were obtained from TGCA pan-cancer atlas via
UALCAN web tool. The statistical analysis performed was One-
Way ANOVA. P-values of less than 0.05 were considered signifi-
cant (¥***p<0.001; **p <0.005; *p<0.05). C Mutational Profile of
PRKRA on human cancer biopsies. Alteration frequency: percentage
of patients carrying the indicated alteration. All data were obtained
from pan-cancer TGCA atlas using cBioPortal (https://www.cbiop
ortal.org/). BLCA: Bladder urothelial carcinoma; BRCA: Breast inva-
sive carcinoma; CESC: Cervical squamous cell carcinoma; CHOL:
Cholangiocarcinoma; COAD: Colon adenocarcinoma; ESCA: Esoph-
ageal carcinoma; GBM: Glioblastoma multiforme; HNSC: Head and
Neck squamous cell carcinoma; KICH: Kidney chromophobe; KIRC:
Kidney renal clear cell carcinoma; KIRP: Kidney renal papillary cell
carcinoma; LIHC: Liver hepatocellular carcinoma; LUAD: Lung ade-
nocarcinoma; LUSC: Lung squamous cell carcinoma; PAAD: Pancre-
atic adenocarcinoma; PRAD: Prostate adenocarcinoma; PCPG: Pheo-
chromocytoma and Paraganglioma; READ: Rectum adenocarcinoma;
SARC: Sarcoma; SKCM: Skin cutaneous melanoma; THCA: Thyroid
carcinoma; THYM: Thymoma; STAD: Stomach adenocarcinomna;
UCEC: Uterine corpus endometrial carcinoma

(challenging). RAR relies on an efficient DNA repair activ-
ity and increased level of antioxidant enzymes [130-132].
First discovered in cultured human lymphocytes [133],
RAR has been observed in several mammalian systems
as well as in zebrafish and Drosophila using various end
points such as cell death, chromosome breakage, mutation
rate and DNA repair [17, 130, 131]. Moreover, the effects
of RAR depend on several factors such as the cell, tissue,
animal types, as well as the genetic background. The dose,
dose rate, and time period between priming and challeng-
ing dose may be crucial for a cell to induce RAR. It is
still unclear what dose and dose rate might trigger RAR in
humans [132, 134]. This is also complicated by the high
degree of inter-individual variation, which in turn depends
on the radio-sensitivity of an individual. Thus, the evalu-
ation of whether low radiation doses or dose rates repre-
sent a risk estimate factor for radiation protection purposes
requires a better understanding of the RAR.

We recently found that the chronic treatment with a
priming y-radiation dose of 0.4 Gy (at dose rate of about
2.5 mGy/h, herein LDR) strongly reduces (~50%) the fre-
quency of chromosome breaks occurring at least in S-G2
in third instar larval brains indicating that the LDR triggers
a RAR that renders Drosophila mitotic cells more resist-
ant than untreated cells to DNA damage [17]. Our results
also indicated that this RAR does not rely on a modula-
tion of apoptosis and that it depends on post-replicative
repair mechanisms. Genetic analyses revealed that mutants
in DNA damage repair master genes failed to elicit RAR
indicating that radioresistance required a canonical repair
and DDR. We have demonstrated that radio-adapted cells

showed increased levels of Nbs1 and Rad50 proteins as well
as an accelerated dynamic of the recruitment of YH2AV (the
fly counterpart of mammal yYH2AX). Collectively, our data
suggest that RAR depends on a more efficient DNA dam-
age repair than to the fact that the chromatin is less sensi-
tive to damage [17]. Finally, by RNA-Seq analysis we found
that RAR was associated to a modulation of genes mainly
involved in the regulation of non-coding RNAs demonstrat-
ing that this response is mediated by epigenetic mechanisms.
We found that radioresistant Drosophila mitotic cells exhibit
a reduction in the expression of logs-RD, which encodes an
isoform of the fly ortholog of the mammalian Dicer partners
TARBP/PACT. The ds-RNA binding protein Logs-PD inter-
acts with Dicer-2 stimulating this helicase during the nucleo-
lytic processing of hairpin-derived endo-siRNA, cis-Natural
Antisense Transcript (NAT)-derived endo-siRNA, as well
as exo-siRNAs generated from an inverted repeat transgene
[135, 136]. The Dicer2-LoqsPD complex is then required to
process esiRNA precursor hairpins with long stems, which
results in the production of AGO2-associated small RNAs.
DSBs are known to recruit locus-specific siRNAs in different
organisms, including flies, to facilitate HR-dependent DNA
repair [137, 138]. DNA damage-induced siRNAs in flies are
generated upon transcription, which is limited in a region
between a transcription start site and the end of the broken
DNA. DNA ends at the break act as transcription initiation
site that could lead to the generation of antisense transcripts,
which ultimately give rise to dsSRNA and then siRNAs [139].
However, giving that DNA repair in fruit flies appears inde-
pendent on siRNA biogenesis [140] and that DNA repair
in logs mutants is not impaired, it can be envisaged that
endogenous siRNAs derived from cis-antisense transcripts
as well as from other dsSRNA sources that are normally con-
verted to siRNA by Logs-PD, are not directly involved in
repairing DSBs in flies. We propose that reduced levels of
Logs-PD lead to the accumulation of esiRNA precursors that
could result in a more efficient DNA repair or a more profi-
cient DDR (Fig. 1). A class of esiRNA precursors involved
in this effect is represented by cis-NATSs as long antisense
transcripts originating from a DSB are known to template
DSB repair through an RNA:DNA hybrid intermediate [141,
142]. Moreover, cis-NATSs can induce chromatin and DNA
epigenetic changes and promote chromatin remodeling [143]
(Fig. 1). Thus, permanence of cis-NATSs would likely favor a
more competent activity of DNA repair machinery of either
LDR-primed or logs mutant cells, compared to unprimed
cells, thus resulting in a reduction of chromosome breaks
following y-ray acute irradiation (Fig. 1). However, given
that Logs proteins are necessary for the regulation of miR-
NAs pathways involved in self-renewal of Drosophila stem
cells [144, 145], our data could also suggest that RAR is also
associated with a modulation of pre-microRNA processing
during stem cell maintenance.
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Our analysis on LDR treated flies reveals that the
radio-adaptive response shares common features with that
observed in tumor cells and in CSCs that are resistant to
IR. First, in both cases the radioresistance results from
an adaptation of cells to stress already in the untreated
state. Second, resistance correlates with significantly less
DNA damage in both radio-adapted Drosophila neuro-
blasts and cancer cells [135, 146-149], which depends on
increased activation of the DNA damage response after
irradiation rather than on an intrinsic reluctance of chro-
matin to break. Third, resistance of Drosophila cells and
of tumor and/or CSCs manifests during the S phase by HR
and involves the accumulation of DDR factors including
the components of the MRN complex, which are well con-
served between mammals and fruit flies [129] (Table 1).
Thus, we are convinced that data obtained from the analy-
sis of radio-adaptive response in flies could provide useful
insights for the study of tumor radioresistance and its link
to the DNA damage response.

In order to confirm the importance of Logs-PD in
human cancers and its involvement in tumor radioresist-
ance, we firstly analyzed dependency of human cancer
cell lines from Logs-PD human orthologs, PRKRA and
TARBP2, using DepMap portal (https://depmap.org/por-
tal/). Our preliminary Chronos score results revealed that
although no dependency has been observed for TARBP2
(Data not shown), a large number of cancers (Anaplastic
Thyroid cancer, Adenosquamous Pancreatic tumor, Leio-
myosarcoma, Liposarcoma, Lung Neuroendocrine tumor,
Undifferentiated Pleomorphic Sarcoma and Rhabdoid can-
cer) exhibited a strong dependency on PRKRA (Fig. 2).
The double stranded RNA-activated protein kinase PKR is
a mediator of the effects of interferon. It is mainly required
for the activation of EIF2AK?2/PKR in the absence of
dsRNA leading to phosphorylation of EIF2S1/EF12-alpha
and inhibition of translation and induction of apoptosis.
It is also involved in the production of siRNAs for post-
transcriptional gene silencing. PRKRA mutation is asso-
ciated with dystonia, but evidence of its involvement in
tumors is very limited and only refers to its overexpres-
sion [150-152]. We then analyzed PRKRA gene expres-
sion levels in tumor biopsies from the TCGA human pan-
cancer dataset using Ualcan web tool (https://ualcan.path.
uab.edu/index.html). Our analysis revealed that, whereas
PRKRA expression varies among the tumors analyzed,
7 tumors showed PRKRA down-regulation compared
to the normal counterpart, suggesting a putative tumor
suppressor function in this subset of human cancers that
should be further explored. Interestingly, these tumors
included Bladder Cancer [153], Thyroid Carcinoma [154],
Kidney Chromophobe Carcinoma [155] and Prostate
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adenocarcinoma [156], which are well known radioresist-
ant tumors (Fig. 2B). Accordingly, mutational analysis of
alterations, obtained with cBioPortal (https://www.cbiop
ortal.org/) (Fig. 2C) in either PRKRA gene or protein,
showed that PRKRA is poorly affected by genomic altera-
tions such as mutations and deletions while mRNA down-
regulation represents a very frequent alteration for this
gene in the Prostate adenocarcinoma, Uveal Melanoma,
Low-grade glioma, Pheochromocytoma, Bladder Cancer,
Thyroid Carcinoma and Kidney Carcinoma tumors that
have been also in this case described to be resistant to RT
treatments [153—159]. It is worth noting that low levels of
PRKRA mRNA are the most prominent feature of the Kid-
ney Chromophobe Carcinoma tumor, a subtype or radiore-
sistant RCC. Altogether, we think that these preliminary
results suggest a potential association between loss of
PRKRA and tumor radioresistance. Whether this associa-
tion can explain the radioresistance of these tumors, it is
a task we are currently tackling.

8 Conclusions

Despite several improvements in cancer treatment, tumor
relapse continues to occur in a high proportion of patients
after radiation therapy. We have reviewed here the genetic
and epigenetic players involved in the enhanced DNA repair
of different cancer cells following irradiation. However, for
most tumors the events that lead to genome maintenance
strategies are not quite clear thus limiting the development of
radio-sensitizing approach that could overcome radioresist-
ance. Nevertheless, we proposed that understanding of the
genetic and molecular bases that underlie radioresistance in
the model organism Drosophila melanogaster, could provide
useful insights for the identification of new conserved fac-
tors/pathways involved in resistance to radiation. Indeed, our
recent characterization of radio-adaptive response in flies has
revealed that the RNA binding protein Logs/PRKRA could
be bona fide considered an unprecedented factor involved in
tumor radioresistance [17]. These results, along also with our
recent observations [160], add to the very large set of evidence
that underscore the importance of Drosophila as an attractive
invertebrate model organism for human cancer biology [114,
161, 162]. Finally, as the radioadaptive response is part of the
non-(DNA)-targeted effects that can be maintained even for
long period and are continuously monitored for assessing the
risk associated with low dose/low dose rate during human
daily life, our results, combined also with our observations on
the effects of reduced background radiations [163-165] can
also provide useful insights for studying the environmental
and occupational adaptive response [131, 132, 134].
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