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Abstract

AsiDNA™, a cholesterol-coupled oligonucleotide mimicking double-stranded DNA breaks, was developed to sensitize tumour cells to radio- and
chemotherapy. This drug acts as a decoy hijacking the DNA damage response. Previous studies have demonstrated that standalone AsiDNA™
administration is well tolerated with no additional adverse effects when combined with chemo- and/or radiotherapy. The lack of normal tissue
complication encouraged further examination into the role of AsiDNA™ in normal cells. This research demonstrates the radioprotective properties
of AsiDNA™. In vitro, AsiDNA™ induces a DNA-PK/p53/p21-dependent G1/S arrest in normal epithelial cells and fibroblasts that is absent in
p53 deficient and proficient tumour cells. This cell cycle arrest improved survival after irradiation only in p53 proficient normal cells. Combined
administration of AsiDNA™ with conventional radiotherapy in mouse models of late and early radiation toxicity resulted in decreased onset of
lung fibrosis and increased intestinal crypt survival. Similar results were observed following FLASH radiotherapy in standalone or combined with
AsiDNA™. Mechanisms comparable to those identified in vitro were detected both in vivo, in the intestine and ex vivo, in precision cut lung
slices. Collectively, the results suggest that AsiDNA™ can partially protect healthy tissues from radiation toxicity by triggering a G1/S arrest in
normal cells.
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Introduction

Radiotherapy and chemotherapy are customarily imple-
mented in cancer treatments with curative intent; however,
these therapies are often accompanied by the development
of moderate to high levels of treatment-related toxicity. Ra-
diotherapy frequently results in loss of epithelial integrity, tis-
sue senescence, and cell death. Fibrosis formation, vascular
damage with the potential development of secondary malig-
nancies, and cardiac arrhythmia can all develop in the long
term (1,2). Toxicities correlated to chemotherapy depend on
the type of chemotherapeutic administered. These injuries
range from anorexia, vomiting, and gastrointestinal toxicities
to neurotoxicity (3). Consequently, treatment-induced toxic-
ities often interfere with the completion of the initial treat-
ment plan. To enhance treatment effect, it is crucial to alleviate
treatment-related toxicities to both improve post-treatment
outcomes and advance patients’ welfare. This can be achieved
by expanding the therapeutic index using sensitizers or pro-
tective treatment modalities to shift the normal tissue com-
plication probability or the tumour control probability (4).
The DNA repair inhibitor AsiDNA™ has previously been val-
idated as a suitable treatment agent to enhance this index.
The active part of the molecule consists of two complemen-
tary oligonucleotides of 32 bases stabilized at one blunt end
by a hexaethyleneglycol linker (5). The functionalization of a
cholesterol group at the other blunt-end of the molecule al-
lows its cellular uptake via LDL receptors expressed at the
cell membrane both in vitro and in vivo. (6,7). AsiDNA was
designed to mimic double-stranded breaks, triggering decep-
tive signalling of DNA damage and impairing DNA repair of
chromosomes damaged by radiation or chemical treatments
(8,9). Indeed, AsiDNA™ binds both DNA-dependent pro-
tein kinase (DNA-PK) and PARP enzymes, activating their
kinase and polymerase activity, and consequently leading to
modification of numerous proteins in the cell [see (10) and
references therein]. The characteristic substrates phosphory-
lated by AsiDNA™.-dependent DNA-PK activation are his-
tone H2AX and heat shock protein 90 (HSP90) (6,9,11,12).

Several preclinical studies have demonstrated an additive
or synergistic tumour control effect of AsiDNA™ combined
with radiotherapy or chemotherapy, without any added tox-
icity. (10,13-17). These observations are further supported
by in vitro data, revealing no additional toxicity after con-
tinuous or cycling treatment of AsiDNA™ on normal cell
models, while simultaneously increasing tumour cell sensitiv-
ity with no acquired resistance (7,8,18). In addition, human
clinical trials have failed to show any dose-limiting toxicity,
with none reaching the maximum-tolerated dose (19,20). Re-
cently, AsiDNA™ treatment in combination with carboplatin
+/- paclitaxel was tested in patients bearing solid tumours
(21). These case reports showed no increased toxicity of com-
bined carboplatin and AsiDNA™ treatment. Moreover, com-
bined treatment allowed the dose delivery times of carboplatin
to be exceeded before the occurrence of toxicities (21). Taken
together, these pre-clinical and clinical studies suggest that
AsiDNA™ can increase the therapeutic window by radio- or
chemo-sensitizing tumour cells upon treatment, while mini-
mizing normal tissue injuries. However, the mechanism of nor-
mal tissue resistance remains still poorly understood.

To address this knowledge gap, in the present study, we
aimed to characterize the molecular mechanism underlying
the potential normal tissue protection capacities of AsiDNA™
and to demonstrate its radioprotective potential iz vivo. To
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evaluate if the radioprotection property of AsiDNA™ is re-
tained or enhanced with different modes of radiation, we com-
bined AsiDNA™ treatment with conventional radiotherapy
(CONV-RT) or FLASH radiotherapy (FLASH-RT). FLASH-
RT is based on the delivery of dose rates over 1000 times
higher (=40 Gy/s) in comparison to CONV-RT (22). Numer-
ous studies have demonstrated that FLASH-RT diminishes the
severity of radiation-induced toxicities in normal tissues that
remains present in CONV-RT, while maintaining an equiva-
lent anti-tumour response (23-29).

Herein, we report that AsiDNA™ induces a DNA-
PK/p53/p21-dependent G1/S arrest specifically in primary
fibroblasts and immortalised epithelial cells, referred to as
normal cells within this study, resulting in improved survival
following ionizing radiation. This research provides evidence
that this mechanism could account in mouse models for re-
duced early toxicity in the small intestine and reduced late
toxicity in lung, demonstrating the potential benefit of the as-
sociation of AsiDNA™ to standard radiotherapy in cancer
treatment.

Materials and methods

Cell culture and transfection

Immortalized retinal pigment epithelial cell line hTERT (RPE-
hTERT, kindly provided by A. Londono, Institut Curie,
France), RPE-hTERT with shp53 (kindly provided by D.
Fachinetti, Institut Curie, France), immortalized primary fi-
broblasts hTERT (VH10-hTERT, kindly provided by Aart G
Jochemsen, and described in (30)), immortalized RPE-h'TERT
p21~/~ (kindly provided by R. G. Syljudsen and described in
(31)), primary human skin fibroblasts (BJ, ATCC CRL-2522),
primary human lung fibroblasts (MRC-35, kindly provided
by P. Jeggo, GDSC, Brighton, UK), and SV40-transformed
MRC-S5 fibroblasts (MRC-5v1, kindly provided by P. Jeggo,
GDSC, Brighton, UK) were cultured in DMEM/F12 gluta-
max™ supplement medium (Thermo Fisher Scientific, France)
supplemented with 10% fetal calf serum (FCS, Eurobio,
France) and 100U/ml penicillin 100 pg/ml streptomycin (P/S,
Thermo Fisher Scientific, France). A549 lung carcinoma cells
(ATCC CCL-185), HCT116 colon carcinoma cells (ATCC
CCL247), U20S osteosarcoma cells (ATCC HTB-96), and
DAOY medulloblastoma cells (ATCC HTB186) were cul-
tured in DMEM/F12 glutamax™ supplement medium sup-
plemented with 10% FCS, P/S and 1x Non-Essential Amino
Acids (MEM NEAA 100X, Thermo Fisher Scientific, France).
All cell lines were maintained in a humidified atmosphere at
37°C with 5% CO,. The absence of Mycoplasma contamina-
tion was determined in-house by using LookOut Mycoplasma
PCR (Sigma-Aldrich). Transfection of cell lines are described
in the Supplementary Materials and Methods.

Molecules

AsiDNA™ (MW = 20931.4 g/mol) is a 64-nucleotide
(nt) oligodeoxyribonucleotide consisting of two 32 nt
strands of complementary sequence connected through
a 1.19bis(phospho)-8-hydraza-2-hydroxy-4-oxa-9-oxo-
nonadecane linker with cholesterol at the 5’-end and three
phosphorothioate internucleotide linkages at each of the 5
and the 3’ ends. The sequence is: 5'-X GsCsTs GTG CCC
ACA ACC CAG CAA ACA AGC CTA GA L-CL TC TAG
GCT TGT TTG CTG GGT TGT GGG CAC sAsGsC-3',
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where L is an amino linker, X a cholesteryl tetraethylene
glycol, CL a carboxylic (hydroxyundecanoic) acid linker,
and s is a phosphorothioate linkage. AsiDNA™ was syn-
thesized and purified by LGC (UK) and kindly provided by
Wael Jdey (Valerio Therapeutics). The stock concentration
of AsiDNA™ dissolved in water was at 40 mg/ml. Nol8
(MW = 6005.8 g/mol) has the same chemical structure as
AsiDNA™ with the exception that it consists of two 8 nt
strands of complementary sequence, and was synthesized and
purified by Eurogentec (Belgium). The stock concentration of
Nol8 dissolved in water was at 61 mg/ml.

In vitro treatments

Cell culture medium was supplemented with AsiDNA™ at
concentrations of 20 or 40 umol/l 24 or 48 h prior to IR
treatment. In vitro irradiation was conducted using the Elec-
tronFLASH (S.I.T., Vicenza, Italy) at a dose rate of 0.4 Gy/s.

Cell cycle analysis

Complete medium with total 10 umol/l BrdU (Merck, France)
was added to cells for a 40 min incubation either prior to- or
post-AsiDNA™ treatment, under standard culture conditions.
For drug treatment, cells were exposed to 1 uM Olaparib
(AZD-2281, Roowin chemicals), 10 uM NU7026 (Merck,
France), and 10 uM p21 inhibitor UC2288 (Merck, France) 1
h prior to AsiDNA™ treatment. Cells were harvested, fixed
in cold 70% EtOH, and permeabilised in 1x PBS/0.5%
BSA/0.1% Tween-20. BrdU detection was performed using
FITC mouse anti-BrdU antibody (BD biosciences, France,
#51-33284X). Following 1 h incubation, the cells were cen-
trifuged and resuspended in 1x PBS containing 0.5% BSA,
10 pg/ml propidium iodide (Merck, France) and 0.2 mg/ml
RNAse A (Merck, France). The data acquisition was per-
formed using the LSRFortessa™ X-20 Cell Analyzer (BD bio-
sciences, France), and the quantification of cell cycle per-
formed using Flow]o (BD biosciences, France).

Clonogenic survival after radiation

Cells were seeded at 1.5-3 x 10° cells per 25 cm? flasks and 20
umol/l AsiDNA were added for 24 h, prior to irradiation with
doses of 0,2, 4 and 6 Gy using the electronFLASH irradiator
at a dose rate of 0.4 Gy/s. Following a recovery period of 24
h, the cells were trypsinized, counted and seeded for clono-
genic survival. Eight to twelve days post seeding, cells were
fixed and stained in 80% Methanol, 4% formaldehyde, 2.5%
crystal violet. Colonies exceeding 50 cells were counted, and
the obtained data was analysed using GraphPad Prism.

Transfection

Prior to RNA interference, cells were attached overnight in 6-
well plates for RPE-hTERT cells and in 60mm2 dishes for BJ
cells. P53 siRNA; GAG UGG AAG GAA AUU UGC UGG A
(20 nM, TP53HSS186390, Invitrogen), p21 siRNA; GAACU-
UCGACUUUGUCACCGAGACA (CDKN1, 40 nM, CDKNI-
AVHS40209, Invitrogen) or DNA-PK siRNA mix (PRKDC,
18 nM 5773 GCGUUGGAGUGCUACAACATT, 18 nM s774
GCGCUUUUCUGGGUGAACUTT, ThermoFisher Scientific)
were supplemented to the cells in Opti-MeM serum free
medium (Gibco). RNA interference was performed following
manufacturer’s instructions for INTERFERin (Polyplus trans-
fection) with medium replacement 7 h posttransfection. AsiD-

NA™ treatment on transfected cells was performed for 48 h
starting at 24 h posttransfection.

Western blot analysis

Cell pellets were lysed in lysis buffer [10 mM HEPES, pH
7.5, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl,, 1 mM
EGTA, 50 mM NaF, 20 mM £-glycerophosphate, 0.3% Tri-
ton X-100, 0.1 mM sodium orthovanadate, and complete
mini EDTA-free protease inhibitors (Roche Diagnosis)] on ice
for 5 min. Following centrifugation at 240 rcf 4°C, super-
natants were transferred into 1.5 ml Eppendorf tubes and
protein concentration determined using Bradford assay (Bio-
Rad). Twenty to thirty micrograms of protein extracts were
separated on 4-15% Mini-PROTEAN® TGX™ Precast Pro-
tein Gels (Bio-Rad) and transferred onto PROTRAN® nitro-
cellulose membrane (Whatman) using a Mini Trans-Blot Cell
(Bio-Rad). Membranes were probed overnight at 4°C with
the following primary antibodies diluted in Intercept block-
ing buffer (LI-COR Biosciences — GmbH): anti-p53 (R&D
systems, AF1355-sp, dil. 1:500), anti-p21 (Waf/Cip (12D1),
Cell Signaling Technologies, 2947s, dil. 1:1000), anti-hsp90-p
(T5/7, Cell Signaling Technologies, 3488s, dil. 1:1000), anti-
DNA-PK (Thr2609, Novus Biologicals, dil. 1:1000), and anti-
B-actin (Signa, A1978, dil. 1:2000). The membranes were
probed with the appropriate secondary antibodies diluted in
Intercept blocking buffer: IRDye 800CW goat anti rabbit
(LI-COR 926-32211, dil. 1:15000), IRDye 680RD goat anti-
mouse (LI-COR 926-32220, dil. 1:5000), IRDye 800CW goat
anti mouse (LI-COR 926-32210, dil. 1:5000), IRDye 800CW
donkey anti-goat (LICOR 926-32214, dil. 1:5000). Direct
infrared fluorescence was detected on the Odyssey Infrared
Imaging System (LI-COR Biosciences — GmbH).

Ex vivo and in vivo experimentation

Studies were performed in accordance with the recommen-
dations of the European Community (2010/63/UE) or UK
Home Office guideline for the care and use of laboratory an-
imals. Experimental procedures were explicitly approved by
the ethics committee of Institut Curie CEEA-IC #118 (Autho-
rization numberAPAFIS#5479-201605271 0291841 given by
National Authority), or by the University of Oxford’s Ani-
mal Welfare and Ethical Review Body (under project licenses
PP8415318), in compliance with the international guidelines.
All animals used within this research were acclimated for at
least 1 week prior to experimentation. Mice were housed un-
der pathogen-free conditions in cages containing sawdust with
a maximum of six animals per cage, under a controlled 12 h
light/dark cycle, a relative humidity of 55%, and a controlled
temperature of 21°C. Food and sterile water were provided ad
libitum. All experiments were conducted on C57BL/6] mice
(Charles River, France) at 8-9 weeks of age, unless otherwise
indicated in the corresponding materials and methods.

Precision-cut lung slices (PCLS)

PCLS were obtained from the lungs of female C57BL/6] mice
(Charles River, France) or male and female C57BL/6] p53
Knock-out mice (Curie collection), at 4—6 months old, as re-
cently described (32), and briefly presented in the Supplemen-
tary Materials and Methods. AsiDNA™ or Nol8 treatment of
5 pmol/l was performed for 48 h in 24-well plates, followed
by a 24 h co-incubation with 10 pmol/l EdU. EdU positive
cells were revealed using EdU DetectPro Imaging kit Imaging



(647 nm, BCK-EdUPro-IM647/BCK488-IV-IM-S, Baseclick),
and visualized with the Inverted spinning disk-TIRF-FRAP
(Nikon) with a 300 ms emission and 30% laser, DAPI (405
nm), 400 ms emission and 70% laser, 10x objective with 50
stacks of 3 um. Data analysis was performed using IMARIS
with spot function and PRISM software.

Animal irradiation and fibrosis analysis

The female C57BL6/] mice model of radiation induced lung
fibrosis was used (23,33). Mice were irradiated after 2 con-
secutive days of intraperitoneal AsiDNA™ injections (100
mg/kg), followed by a third day with intraperitoneal AsiD-
NA™ injection (200 mg/kg) and FLASH/CONV irradia-
tion. Bilateral thorax irradiation of 13 Gy was performed
using the ElectronFLASH (S.I.T., Vicenza, Italy), including a
CONV dose rate of 0.4 Gy/s and a FLASH dose rate of >100
Gy/s (beam parameters are described in Supplementary
data Table S1). Animals were immobilized under anaesthesia
(2.5% Isoflurane in air) and positioned vertically with lead
shielding designed to protect the entire body excluding the
thorax. GAFchromic™ EBT-XD film (Ashland Inc., Wayne,
NJ, USA) was used for the dosimetry of entrance and exit
dose at each irradiation. Animals were examined for weight
loss and respiratory distress daily post IR. High resolution
Micro-CT imaging (Molecubes), 100 um FDK reconstruction,
was performed to examine lung fibrosis development each
month from 4 months post irradiation. The 3D lung recon-
struction and fibrosis classification (24) were performed using
VivoQuant 2021 (VivoQuant) and Image]/FIJI (Image]) soft-
ware. For the 3D lung reconstruction, connected Hounsfield
Units (HU) (bottom panel of figure 5B) were detected. Air
filled structures represent with HU around -600 and com-
plete lung detection was set between —800 and —100 HU. In-
creased lung density was detected by the loss of connected
HU between the set margins. Upon reaching the ethical end-
point, mice were anesthetized (2.5% Isoflurane in air) and
underwent CT scanning prior to euthanasia by cervical dis-
location. Lungs were isolated and histology was performed
to detect areas of affected lung by pulmonary fibrosis. Note
that mice that were still alive at day 200 (final endpoint) were
euthanised.

Single cell RNA sequencing

Single cell RNA sequencing was performed on three controls
provided by Curras et al. (34), 1 CONV, 1 CONV AsiD-
NA™ and 1 FLASH female C57BL6/J mice 5 months post 13
Gy thorax irradiation. The protocol and data processing pro-
cedures were performed as previously described (34). In brief,
following lung tissue dissociation, single cell samples for RNA
sequencing were prepared using the droplet based scRNA-seq
system (10x GENOMICS) followed by lysis of encapsulated
single cells, RNA capturing, cDNA production, amplification,
purification, library preparation, and sequencing. scRNA-seq
data analysis was processed through the creation of a count
matrix table suitable for R (4.0.5) and analysed using Seurat
package (v4.0.1.).

Histology

For histological analysis, the lungs were removed, and gently
inflated in 4% paraformaldehyde (PFA) under mild vacuum
pressure (25 Torr, 1 h at room temperature). Lungs were fixed
for 24 h at RT, after which they were embedded in paraffin and
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cut into 7-mm thick slices. The preparations were stained with
hematoxylin—eosin or Masson trichrome (R.A.L. Diagnostics,
#361350).

Animal irradiation and intestine analysis

Female C57BL6/] mice were irradiated and treated as pre-
viously described (29). Lower body irradiation of 10 Gy
was performed using the linear accelerator described in Ruan
et al., including CONV dose rate of 0.1 Gy/min and FLASH
dose rate of 3000 Gy/s with beam parameters described in
Supplementary data Table S2. Animals were immobilized un-
der anaesthesia in a cradle exposing the lower body. Brass
shielding was used to protect the entire animal’s body exclud-
ing the abdominal region. GAFchromic™ EBT-XD film was
used for the dosimetry of the exit dose for each irradiation.
Animals were examined for weight loss with the endpoint set
at 4 days post IR. The jejunum of the small intestine was
isolated using the swiss roll technique followed by intestine
histology with haematoxylin and Eosin staining as previously
described (35). The count of intestinal crypts was performed
over a length of 3 mm for each sample and conducted twice
by independent researchers.

In vivo detection of EdU, Ki67 and p21

Female C57BL6/] mice received intraperitoneal AsiDNA™
injections (100 mg/kg) for 2 consecutive days, followed by
a third day with intraperitoneal AsiDNA™ injection (200
mg/kg). EAU (100 mg/kg) was injected 4 h prior to euthana-
sia at 0,24, 48 and 72 h post AsiDNA™ injection. The small
intestine was isolated from 3 cm after the stomach, with a to-
tal length of 10 c¢m intestine isolated overall, using the swiss
roll technique (36). Samples were fixed in 4% PFA for 36 h,
embedded in parafilm, and cut into 4 pum thick slices. These
slices were then deparaffinized and hydrated following a stan-
dard protocol. DAPI (0.5 pg/ml) staining and EdU detection
were performed using BaseClick EAU IV Imaging kit 488 M
in accordance with the manufacturer’s protocol. EAU posi-
tive cells were detected using the 3D SIM Upright Widefield
microscope (Leica), and quantified using a nuclear segmenta-
tion algorithm (Cellpose) and MIC-MAQ macro (supplemen-
tary Materials and methods), applied on nuclear DAPI signal
and the individual EdU cell signal. Furthermore, standard im-
munofluorescence was conducted to detect Ki-67 (FISHER,
MAS-14520, 1:200) and immunohistochemistry staining to
detect p21 (Tebu-Bio, E-AB-70068, 1:200).

Statistical analysis

All statistical analyses were performed using GraphPad Prism
(v 7.03). Statistical significance was set at *P < 0.05, **P <
0.01, ***P < 0.001 and, ****P < 0.0001. All statistical in-
formation is presented in the figures and figure legends.

Results

AsiDNA™ induces a G1/S arrest in normal

proliferating epithelial cells and primary fibroblasts.
The adverse side effects induced by radio- and chemo-
therapies are derived from damage to dividing normal cells,
resulting in cell death within the healthy tissue (37,38). Cell cy-
cle arrest has previously been demonstrated to protect normal
cells against cytotoxic radio- and chemo-therapies (39,40).
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Consequently, in the present study, we assessed cell cycle pro-
gression in a panel of normal human cells treated with AsiD-
NA™, For this, primary skin fibroblasts (BJ), and immor-
talised normal epithelial cells (RPE-hTERT) were exposed to
20 and 40 uM of AsiDNA™ for 24 and 48 h, followed by
cell cycle analysis using PI-BrdU bivariate flow cytometric dot
plots (Figure 1A and B). The corresponding histograms show-
ing cell cycle analysis (Figure 1C and D) allow quantification
of the number of cells in each cell cycle phase (Figure 1E and
F). Analysis of these results indicated significant cell cycle ar-
rest at the G1/S boundary, which implies an accumulation of
cells in G1 and an affiliated decrease of S-phase cells (Figure
1E and F). Similar results were obtained using MRC-5 (pri-
mary lung fibroblasts) and VH10-hTERT (immortalised fi-
broblasts) (Supplementary Figure S1). It should be noted that
AsiDNA™ treatment did not induce a G2/M arrest (absence
of cell accumulation in G2/M) nor S phase arrest (absence of
BrdU negative cells) following AsiDNA treatment (Figure 1
and Supplementary Figure S1).

A functional DNA-PK/p53/p21 pathway is required
to promote AsiDNA™ -induced G1/S arrest in
normal proliferating epithelial cells and fibroblasts

Nol8, which is structurally similar to AsiDNA™ but with an
8 bp instead of 32 bp nucleotide strand, showed no capacity
to activate PARP and DNA-PK (Supplementary Figure S2A
and B). Furthermore, although p21 was moderately induced
at 48h following Nol8 treatment, no significant G1/S arrest
was observed (Supplementary Figure S2C-E). These results
prompted us to investigate the role of PARP and DNA-PK in
AsiDNA-induced cell cycle arrest. PARP and DNA-PKcs ac-
tivity were inhibited using olaparib (41), and NU7026 (42),
respectively, and cell cycle progression was examined upon
combined treatment with AsiDNA™, The inhibition of DNA-
PK activity, but not of PARP, was able to prevent AsiDNA™-
induced G1/S arrest in RPE-hTERT and BJ (Figure 2A and
Supplementary Figure S3A). This dependency on DNA-PK
activation was further confirmed using cells in which the
expression of DNA-PK was down-regulated (Figure 2B and
Supplementary Figure S3B). In support, previous research re-
vealed that the p53—p21 axis is an important pathway control-
ling G1/S arrest upon activation of the DNA damage response
(43). Therefore, the contribution of this axis to AsiDNA™-
induced G1/S arrest was further examined. Cell lines with in-
active p53 (MRC-5V1, Figure 2C) or with downregulated p53
expression (RPE-hTERT sip53, Figure 2B and RPE-hTERT
shp53, Figure 2D), displayed no AsiDNA™-induced G1/S ar-
rest. The results obtained following the downregulation of
p21 expression (Figure 2B) or p21 inhibition (Supplementary
Figure S3C) in RPE-hTERT cells revealed a leaky phenotype
with a minor accumulation of cells at the G1/S transition,
concomitantly with a minor decrease of S-phase cells fol-
lowing AsiDNA™ treatment. The efficient downregulation of
DNA-PKcs and p53 expression was confirmed with a par-
tial inhibition of p21 expression using western blot analysis
(Supplementary Figure S3D). To overcome this problem, RPE-
hTERT cells with p21 gene knock-out were acquired (31). The
result revealed a transient G1/S arrest at 24 h of treatment that
is not sustained at 48 h (Figure 2E), demonstrating an essen-
tial role of p21 to establish a robust AsiDNA-induced G1/S
arrest.

To further confirm the importance of the DNA-
PK/p53/p21 axis to trigger AsiDNA™-induced G1/S arrest,
the expression levels of p53 and p21 in response to 24h and
48h of AsiDNA™ treatment were examined by western blot
in RPE-hTERT, RPE-hTERT shp53, RPE-hTERT p21~/-,
and RPE-hTERT cells treated with NU7026. The results
revealed that AsiDNA™ exposure initiated p21 induction
in RPE-hTERT cells that was absent in RPE-hTERT p21~/~
cells (Supplementary Figure S3E), in RPE-hTERT shp53
cells (Supplementary S3F), or in RPE-hTERT treated with
DNA-PKcs inhibitor NU7026 (Supplementary Figure S3G).
Similarly, down-regulation of p53 expression in primary
fibroblasts additionally resulted in the loss of the AsiDNA-
induced G1/S arrest (Supplementary Figures S3B). Col-
lectively, these results demonstrate that DNA-PK activity
is required to promote the p53-dependent transcriptional
activation of p21 which leads to the G1/S arrest induced
by AsiDNA™. Furthermore, AsiDNA™-induced G1/S ar-
rest was reversible. Following the removal of AsiDNA™
treatment, cells restarted their cell cycle and p21 expression
returned to basal level (Supplementary Figure S4).

P53-proficient tumour cells show no G1/S arrest
upon AsiDNA™ treatment

Standalone AsiDNA™ treatment has previously been demon-
strated to cause toxicity in malignant cells, irrespective
of their p53 status, and exerted no toxicity against nor-
mal cells (7,8,18,44). As such, we subsequently investigated
AsiDNA™-induced cell cycle arrest in p53 proficient tumour
cells (A549, HCT116 and U20S). Among the three p53 pro-
ficient tumour cell lines, U20S and HCT116 displayed no
G1/S arrest after AsiDNA™ treatment. In A549 cells, a tran-
sient increase in G1 phase concomitantly with a transient
decrease in S-phase was observed at 24 h that was absent
at 48 h following AsiDNA™ treatment (Figure 3). Despite
a functional p53, the lack of G1/S arrest was further con-
firmed by the absence of p21 induction upon AsiDNA™
treatment in the examined tumour cell lines (Supplementary
Figure S5A). As expected, no G1/S arrest was observed fol-
lowing AsiDNA™ treatment in DAOY, a p53-deficient tumour
cell line (Supplementary Figure S5B). Collectively, these re-
sults strongly suggested that AsiDNA-induced p53-dependent
G1/S arrest is restricted to proliferating normal epithelial cells
and fibroblasts. As previously observed following the impact
of AsiDNA treatment on normal cell cycle progression, AsiD-
NA™ jdentically did not activate the G2/M checkpoint (Fig-
ure 3 and Supplementary Figure S5B) and the intra S-phase
checkpoint (data not shown) in the examined tumour cell
lines.

AsiDNA™ -induced G1/S arrest promotes cell
survival in response to ionizing radiation in normal
epithelial cells and fibroblasts

The G1/S cell cycle checkpoint primarily prevents damaged
DNA from being replicated during the S phase, which can
be either mutagenic or lethal for the cells. It is therefore hy-
pothesized that AsiDNA™-dependent G1/S arrest could pro-
tect healthy cells from radiation-induced toxicity. To test this
hypothesis, normal human cell lines (BJ and RPE-hTERT)
were treated with AsiDNA™ prior to irradiation. An in-
crease in cell survival was observed in p33 proficient nor-
mal cells treated with AsiDNA compared to cells without
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Figure 1. AsiDNA™ induces a G1/S arrest in healthy cells in vitro. Cells were pulse-labelled with BrdU following incubation with 20 and 40 uM of
AsiDNA™ for 24 and 48 h. Representative images of the bivariate analysis by flow cytometry of BrdU incorporation versus DNA content (PI) in (A) BJ
and (B) RPE-hTERT cells. The deconvolution of the cellular DNA content frequency histograms allows the identification of G1 phase (purple), S-phase
(orange), and G2/M-phase (green) in (C) BJ, and (D) RPE-hTERT cells. The percentage of cells in G1, S, and G2/M is shown in (E) for BJ, and in (F) for
RPE-hTERT cells. Data are expressed as mean =+ standard deviation (n = 8-9) with significance given by two-way ANOVA, Tukey's multiple comparison
tests, and represented above the bar plots. Statistical significance was set at * Pvalue < 0.05, ** Pvalue < 0.01, *** Pvalue < 0.001 and **** P

value < 0.0001.

AsiDNA™ treatment (Figure 4A). Importantly, there was no
protection from radiation induced toxicity in cells lacking the
AsiDNA™-induced G1/S arrest as observed in RPE-hTERT
shp53 cells (Figure 4B) and pS53 proficient tumour cells (A549
and HCT116) (Figure 4C). It is worth noting that the extent
of radioprotection or radiosensitivity is cell line dependent.
Indeed, we observed that primary BJ fibroblasts displayed

a higher radioprotection by AsiDNA (SFsGy/-asipna ~ 0.05,
SFsGy/+AsipNA & 0.2) compared to immortalized RPE-hTERT
CCHS (SF6Gy/-AsiDNA ~ 0.035, SFGGy/+AsiDNA ~ 006) Similarly,
HCT116 cells displayed a higher radiosensitivity conferred
by AsiDNA (SFGGy/-AsiDNA ~ 0.001, SF6Gy/+AsiDNA ~ 0.0002)
in comparison to the radioresistant A549 tumour cells
(SF6Gy/-AsiDNA ~ 0.1; SF6Gy/+ASiDNA ~ 0.07). These in vitro
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results demonstrate the essential role of the AsiDNA™-
induced G1/S arrest in protecting explicitly normal cells, with
a functional p53, against radiation-induced toxicity.

AsiDNA™ alleviates radiation-induced lung fibrosis
in mice

To demonstrate that AsiDNA™ is similarly able to pro-
tect normal tissue against radiation-induced toxicity iz vivo,
radiation-induced lung fibrosis in C57BL/6] mice, a well-
established model of late-responding radiation toxicity, was
used (45). As FLASH-RT alleviates radiation-induced lung fi-
brosis in mice (23,24), we took advantage of hosting an elec-
tron accelerator that can perform radiotherapy modalities in
both CONV-RT and FLASH-RT mode, enabling the examina-
tion of a possible gain of normal tissue protection following
combined AsiDNA™ and FLASH-RT treatment. Mice were

NAR Cancer, 2024, Vol. 6, No. 1

divided into five groups (7 = 6-9), sham-irradiated, exposed
to 13 Gy CONV £ AsiDNA™ or 13 Gy FLASH + AsiDNA™,
through bilateral thorax irradiation. Lung fibrosis was evalu-
ated using computed tomography (CT) from 4 months post-
irradiation (Figure 5A). Each lobe of the lung was collected
for histopathological analysis and single cell RNA sequenc-
ing, directly following euthanasia.

CT scans taken 5 months post irradiation revealed in-
creased levels of fibrosis in the CONV-RT treated group,
while fibrosis was absent in the mock-treated group and much
less pronounced in the combined CONV-RT with AsiDNA™
treated group (Figure 5B). A strong reduction of fibrosis was
also observed in the FLASH-RT treated group, which agrees
with the previously reported results (23,24), and following
combined treatment with FLASH-RT and AsiDNA™ (Fig-
ure 5B). Long-term follow-up of survival post irradiation
demonstrated that AsiDNA™ delayed or even reduced the
onset of lethal lung fibrosis when combined with CONV-RT
(Figure 5C). Similar results were obtained with FLASH-RT,
as previously reported (23), and with the combined treat-
ment of FLASH-RT and AsiDNA™ (Figure 5C). It is to note
that overall survival is similar between combined CONV-RT
and AsiDNA™ treatment, FLASH-RT standalone, and com-
bined FLASH-RT and AsiDNA™ treatment. These results
suggest that, at the cellular level, the effect of AsiDNA™ com-
bined with CONV-RT could mimic the effect of FLASH-RT
on reduced normal tissue toxicities. Histopathological anal-
yses of the lobes collected at the day of euthanasia, either
by reaching the ethical endpoint or the final endpoint (day
200), confirmed the onset of lung fibrosis in all groups but
in the non-irradiated controls (Supplementary Figure S6, and
Supplementary data Table S3).

A decreased myofibroblast gene profile is observed
in fibroblasts upon AsiDNA™ treatment

To characterize the similarity in cellular changes and expres-
sion signatures in lungs 5 months post CONV-RT, FLASH-RT,
AsiDNA™ 4 CONV-RT or non-irradiated (Control) treat-
ment, single cell suspensions were created and analysed using
scRNA sequencing. By exploiting previously published single-
cell datasets and known identifying markers (34), the identity
of the various cell clusters was determined (Figure 6A). This
analysis detected 21 distinct clusters: alveolar macrophages
(AM), proliferating AM, AT1, AT2, B-cells, basophils, ciliated
cells, ciliated club cells, club cells, dendritic cells (DC), en-
dothelial cells (EC), fibroblasts, interstitial macrophages (IM),
mesitheliocytes, monocytes, neutrophils, natural killer cells
(NK cells), NK-T-cells, smooth muscle cells (SMC), T-cells
and proliferating T-cells (Figure 6B-D). All cell types were
identified independently of the received treatment modality
but a radiation-induced cell proportion shift was detected
in the AT2, B-cells, IM and NK-T cells (Figure 6D). Addi-
tionally, the AM, DC, Monocytes and NK-cells populations
displayed altered cell proportions following CONV-RT com-
pared to the other conditions (figure 6D). Recent findings by
Curras et al. have identified a unique fibroblast subcluster ex-
clusively present in irradiated mice lungs (34). In response
to irradiation, fibroblasts can transition into myofibroblasts
which are known to secrete and modify the extracellular ma-
trix (ECM), including altering the collagen production, which
in turn contributes to pulmonary fibrosis formation (46). To
identify the contribution of fibroblasts in the development of,
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Figure 4. AsiDNA™ treatment protects p53-proficient normal cells, but not p53-proficient tumour cells, from radiation-induced toxicity in vitro. (A) p53
proficient normal cells (BJ and RPE-hTERT), (B) p53 deficient normal cells (RPE-hTERT shp53) and (C) p53 proficient tumour (HCT116 and Ab49) cells
were pre-treated with AsiDNA™ 24 h before being co-exposed to increased doses of ionizing radiation (0-6 Gy). The survival fraction was determined
8-12 days post-treatment using a clonogenic survival assay. Data are expressed as mean =+ standard deviation (n = 3 for BJ, RPE-hTERT shp53,
HCT116 and A549; n = 4 for RPE-hTERT), fitted to the linearquadratic model as a function of dose with significance given by nonlinear fit using

GraphPad Prism.

or the lack of, pulmonary fibrosis formation after CONV-RT,
CONV AsiDNA™ treatment and FLASH-RT, myofibroblast
markers expression, collagen homeostasis, fibroblast activa-
tion and EMC remodelling markers were examined within
the fibroblast cell cluster. Clustering of the fibroblast resulted
in the detection of a total of 891 cells, divided over the dif-
ferent treatment conditions (Figure 6E). Myofibroblast mark-
ers Hp and Plala, previously identified in Curras et al. (34),
revealed to be substantially increased after CONV-RT stan-
dalone (Figure 6F-G). Remarkably, Nr1d1 gene expression,
linked to healthy collagen homeostasis (47), was found to be
significantly decreased in CONV-RT compared to the control,
CONYV AsiDNA™ or FLASH-RT (Figure 6H).

These results reveal an increase in fibroblast activation and
myofibroblast transition together with an impact on the ECM,
including collagen homeostasis, in the fibroblast cell cluster
following CONV-RT standalone. This observed altered gene

expression in CONV-RT exposed fibroblast was decreased
or absent in fibroblasts exposed to CONV AsiDNA™ or
FLASH-RT, and supports the increased pathway activation
known to play an essential role in the development of pul-
monary fibrosis.

AsiDNA™ induces a cell cycle arrest in ex vivo
precision cut lung slices involving DNA-PK and p53

To investigate the AsiDNA™-induced cell cycle arrest in the
lung, ex vivo precision cut lung slices (PCLS) were used. Un-
treated C57BL6/] mice were sacrificed, and agarose inflated
lungs were isolated and cut. The PCLS were treated for 24
h with AsiDNA™ or Nol8, and EdU (a marker of replica-
tive cell division) was co-incubated for an additional 24 h.
Cell nuclei were then stained for EdU incorporation (Figure
7A). A significant loss of EdU positive cells was observed fol-
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Figure 5. AsiDNA™ delayed the onset of radiation-induced pulmonary fibrosis in vivo. (A) Scheme of the experimental protocol. C57BL6/J mice were
treated for 3 consecutive days with AsiDNA™ followed by 13 Gy CONV or FLASH irradiation of the thorax on the final day. Retro-orbital blood sampling
was performed from 1 week up to 5 months post-treatment. CT scans were recorded from 4 to 6.5 months (sacrifice) post-treatment, and lobes of the
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(Konica Minolta Company, Japan). (C) Kaplan—-Meier representation of animal surviving fraction displayed in days post-treatment. Data are expressed
with significance given by survival, curve comparison, and Logrank test. Significance: not significant, ns; * P < 0.05; ** P < 0.01, *** P < 0.001, ****
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lowing AsiDNA™ treatment compared to both untreated and
Nol8 treated PCLS (Figure 7B), suggesting that DNA-PK acti-
vation by AsiDNA™ similarly triggered cell cycle arrest, likely
at the G1/S border, in PCLS. To further support this conclu-
sion, PCLS were derived from wild-type C57BL6/] mice and
pS53 knock-out (p53—/—) mice. Upon AsiDNA™ treatment
in wild-type (WT) mice, a significant decrease in EAU positive
cells was detected compared to the untreated conditions (Fig-
ures 7C and D). Additionally, the incorporated EAU positive
cells of untreated PCLS in p53 WT and in p53 KO were simi-
lar. Strikingly, p53 KO PCLS treated with AsiDNA™ resulted
in no significant decrease in the EAU incorporation (Figure
7D). Collectively, these results strongly support the activation

of G1/S arrest induced by AsiDNA™ treatment in PCLS re-
quiring the activation of DNA-PK and p353.

AsiDNA™ alleviates radiation-induced intestine
toxicity in mice

To study the capacity of AsiDNA™ to protect normal tissue
from early responding radiation toxicity, a model of acute in-
testinal toxicity after whole abdominal irradiation in mice was
used (29). The possible gain-of-protection by AsiDNA™ was
examined in combination with CONV-RT and FLASH-RT
(Figure 8A). For crypts analysis, the intestine was isolated at
4 days post treatment, and the jejunum was further processed
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Figure 6. Single-cell RNA sequencing after irradiation and AsiDNA™ treatment. Identification of cell populations represented by (A) Dot plot of marker
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Wilcox test. (NS, P-value > 0.05; *, P-value < 0.05; **, P-value < 0.01; ***, P-value < 0.001; **** P-value < 0.0001).
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Figure 7. AsiDNA™ induces a DNA-PK and p53-dependent cell cycle arrest in the ex vivo model of precision cut lung slices. Precision cut lung slices
(PCLS) were derived from C57BL6/J WT or p53 knock-out mice and treated with EdU upon 24 h of AsiDNA™ or Nol8 treatment. (A) Representative
images of PCLS derived from WT mice (N = 2) with DAPI and EdU detection after AsiDNA™ or Nol8 treatment. (B) EdU positive cells detected after
AsiDNA™ or Nol8 treatment (N = 2). EdU was detected in 6 slices per condition with 5 readouts per slice. (C) Representative Images of PCLS derived
from WT (N = 2) and p53 knock-out mice (N = 2) with DAPI and EdU detection after AsiDNA™ treatment. (D) EdU positive cells detected after AsiDNA™
or Nol8 treatment of two WT mice. EdU was detected in 8-10 slices per condition with 5 readouts per slice. Data are expressed as mean =+ standard
deviation with significance given by two-way ANOVA, Tukey’s multiple comparison test and represented above the bar plots. Scale bar = 100 um.

for histochemistry analyses (Figure 8B). The number of dam-
aged crypts in each condition was normalized to the number
of crypts present in the non-irradiated mice. More crypts re-
mained after CONV-RT combined with AsiDNA™ treatment
compared with CONV-RT standalone (P < 0.0018) (Figure
8C). Similarly, FLASH-RT resulted in less toxicity, preserving
more of the intestinal crypts than CONV-RT (P < 0.006).
Additionally, there was no difference detected in the per-
centage of remaining crypts between FLASH-RT standalone
and FLASH-RT combined with AsiDNA™ treatment (Figure
8C). Collectively, these results showed a gain-of-protection for
AsiDNA™ only when combined with CONV-RT.

AsiDNA™ induces a reversible cell cycle arrest in
vivo

To demonstrate the capacity of AsiDNA™ treatment to ar-
rest normal cell division in vivo, we used a well-established
intestine model which exhibits a high rate of cell proliferation
within the small intestinal crypts (48,49). EAU incorporation
in intestine crypt cells of C57BL6/] mice was examined at 0,
24,48 and 72h post AsiDNA™ treatment, and the small in-
testine was isolated for immunohistochemistry analyses 4 h
after EAU incorporation (Figure 9A). A significant loss of EQU
positive cells without any decrease in Ki67 was observed im-
mediately following the final AsiDNA™ injection, compared
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Figure 8. AsiDNA™ protects intestinal crypts from radiation toxicity. (A) Scheme of the experimental treatment timeline. C57BL6/J mice were treated
for 3 consecutive days with AsiDNA™ followed by 10 Gy CONV or FLASH irradiation of the abdomen on the final day. (B) Small intestinal crypt survival of
C57BL6/J mice 4 days after abdominal radiation, normalised to non-irradiated control mice. Data are expressed as mean =+ standard deviation (n = 5-6)
with significance given by one-way ANOVA, Tukey’s multiple comparison test and represented above the bar plots. (C) Representative images of
intestinal rolls stained with H&E from each treatment group. Arrows point to the intestinal crypts. Scale bar = 200 um.

to the untreated group at time 0 h or 72 h (Figures 9B and C,
Supplementary Figure S7). However, this reduction was only
transient, as the level of EAU positive cells has recovered at 24,
48 and 72 h post AsiDNA™ treatment. Strikingly, this level
exceeds that of the control groups suggesting a boost of cell
proliferation upon release from AsiDNA™ (Figure 9C). As
the reported in vitro G1/S arrest relies on p21 induction, p21
initiation in the small intestinal crypts in response to AsiD-
NA™ treatment was monitored. The number of p21 positive
(p21*) cells was reduced in untreated groups (average of 8
and 13 p21* cells per 100 cells at Oh and 72h, respectively)
but significantly increased upon AsiDNA™ treatment (aver-
age of 64 p21* cells per 100 cells, Oh post AsiDNA™) (Fig-
ures 9D and E). Most importantly, the number of p21 posi-
tive cells decreased rapidly at 24h post treatment (average of
20 p21* cells per 100 cells, 24 h post AsiDNA™) reaching
a basal level at 48 and 72 h post treatment (average of 13
p21* cells per 100 cells, 48 and 72 h post AsiDNA™) (Figure
9D). Taken together, these results demonstrated that the loss of

DNA replication following AsiDNA™ treatment, as revealed
by the decline of EAU incorporation, correlates with p21 in-
duction, while recovery of EdU incorporation post-treatment
correlates with a decrease in p21 initiation.

Discussion

The capacity of radiotherapy to damage and eradicate tu-
mour cells comes at the expense of toxicity to the normal tis-
sue, causing severe patient distress and leads to critical con-
ditions in the treatment delivery. One approach to reduce or
mitigate these toxic side-effects is to utilise chemical or bio-
logical agents as radioprotectors, administered in parallel to
radiotherapy delivery (50). The ideal radioprotector exhibits
low toxicity and exclusive protection of normal cells against
the harmful effects of radiation, without compromising the
cytotoxic effects on cancer cells. In recent years, our labo-
ratory has developed a new class of drugs mimicking DNA
DSBs that can disrupt the DNA repair machinery of cancer
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Figure 9. AsiDNA™-induced cell cycle arrest is reversible upon release of AsiDNA™ in intestinal normal tissue. (A) Scheme of the experimental
treatment timeline. C657BL6/J mice were treated for 3 consecutive days with AsiDNA™ followed by 0-72 h of recovery. Thereafter, mice received EdU
for 4 h prior to sacrifice. (B) Representative images of intestinal rolls stained with DAPI and Click-T™ EdU AlexaFluor™ 488 for each treatment group.
(C) EdU positive cells per 1000 detected cells in small intestinal crypts after AsSiDNA™ treatment. A total number of 14 000-16 000 cells per mouse
were scored. Data are expressed as mean =+ standard deviation (n = 3) with significance given by one-way ANOVA, Brown-Forsythe and Welch tests.
Scale bar = 50 um. (D) p21 positive cells per 100 detected cells in small intestinal crypts after AsSiDNA™ treatment. A total number of 6000-11 000 cells
per mouse were scored. Data are expressed as mean =+ standard deviation (n = 3) with significance given by one-way ANOVA, Tukey’s multiple
comparison test and represented above the bar plots. (E) Representative images of intestinal rolls stained by immunohistochemistry to detect p21
expression in each treatment group. Scale bar = 200 pm.
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cells, thereby enhancing the antitumoral action of radiation
(9,51). The leading molecule used in pre-clinical and clinical
studies, termed AsiDNA™, is well tolerated, does not induce
normal tissue toxicity, and allows increased treatment dura-
tion, (17,19-21) all indicating its suitability as a radioprotec-
tor. AsiDNA™ was designed based on its ability to bind and
activate PARP and DNA-PK, with the aim of destabilizing the
DNA repair machinery (9). Although activation of DNA-PK
occurs in tumours as well as in normal cells, only tumour cells
are sensitive to AsiDNA™ treatment (7,52).

The G1/S cell cycle checkpoint is responsible for ensuring
that the optimum conditions are reached for a cell to undergo
successful cell division, through the sensing of both mitogens
and DNA damage (53). One of the key players of this check-
point is the transcription factor p53 (54). pS3 transactivates
numerous target genes involved in the induction of the cell
cycle arrest and/or apoptosis (55). In the present study, we
demonstrated that in p53 proficient normal cells, AsiDNA™
treatment results in p53 activation, leading to p21 induction
which, in turn, initiates a reversible G1/S cell cycle arrest. Nor-
mal cells deficient in either DNA-PK, pS53, or p21 are unable
to arrest at the G1/S boundary following AsiDNA™ treat-
ment. Pull-down experiments with biotinylated AsiDNA™
have revealed that DNA-PK binds to AsiDNA™ in cellulo (M.
Dutreix, unpublished results). Several studies have shown that
structured DNA, single-stranded DNA, and damaged DNA
promote the interaction of DNA-PK with p53 (56-58). We
propose that AsiDNA™ can serve as a platform to connect
DNA-PK and p53, resulting in p53 activation. In line with this
assumption, our results revealed that MRC-5 primary cells
can arrest at the G1/S boundary in response to AsiDNA™
treatment, while MRC-5V1 cells failed to do so. MRC-5V1
are SV40-transformed cells instigating p53 protein blockage
by the SV40 large T antigen (59), which abrogates the DNA
binding activity and transcriptional activity of p53. These re-
sults agree with a previous report showing the absence of p21
induction and G1/S arrest in MRC-5V 1, that were present in
MRC-5 primary cells, in response to ionizing radiation (60).

The p53 proficient tumour cell lines used within this study
(A549, U-2 OS and HCT116) did not arrest at the G1/S
boundary upon AsiDNA™ treatment, correlated with a lack
of p21 induction. However, a p53- and p21-dependent G1/S
arrest in tumour cells has been observed in response to
DNA damaging agents such as chemical compounds (61-63)
and ionizing radiation (64-66). Regardless, radiation-induced
G1/S arrest is ATM/Chk2/p53/p21-dependent (67) whereas
AsiDNA™-induced G1/S arrest, identified within this study,
revealed its dependency on DNA-PK/p53/p21. Considering
the two types of response, not only the DNA substrate dif-
fers, one being genomic DNA the other a synthetic DNA frag-
ment, but most importantly, ATM has not been found associ-
ated to AsiDNA™ in pull-down experiments (Marie Dutreix,
unpublished data), unlike DNA-PK. This also highlighted by
the fact that immunofluorescence experiments failed to de-
tect ATM phosphorylation in the nucleus upon AsiDNA treat-
ment (9). As outlined in (68), in order for p53 to accumulate
in cells and to transactivate target genes, the degradation of
pS53 must be inhibited, the p53 protein must accumulate in
the nucleus and the sequence-specific binding activity must
be induced. We have previously shown that DNA-PK is re-
cruited, and consequently activated in response to AsiDNA™
in all normal and tumour cell lines examined so far, as re-
vealed by phosphorylation of H2AX ((7,9), and unpublished
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data). These results suggest that either the recruitment of p53
to DNA-PK/AsiDNA™ complex, and downstream transacti-
vation of p21, is impaired in p53 proficient tumour cells, un-
like p53 proficient normal cells or p53 is recruited but cannot
exert properly its transcriptional activity. Normal and can-
cer cells differ by several phenotypic and genotypic modifi-
cations very well documented in ((69) and references therein).
Among them, it is well describing that the metabolism of can-
cer cells differs from that of normal cells (70). We have pre-
viously demonstrated that PARP is another important pro-
tein that is activated by AsiDNA™ (9). High PARP activity
leads to energy exhaustion in part due to NAD depletion (71).
Notably, p53 is not only a key metabolic regulator, including
NAD metabolism (72), but there is a cross-talk between p53,
NAD homeostasis and PARP (73). Fischbach et al. revealed
that p53 binds non-covalently to PARylated PARP-1, which
in turn PARylates p53 (74). In another study, Wang et al. re-
ported that the rapid recruitment of p53 (within seconds), to
laser-induced sites of DNA damage, depends upon PARyla-
tion of p53 and closely mirrored the recruitment of PARP and
Ku70 to the sites of damage (75). However, this rapid accumu-
lation of p53 did not correlate with the presence of transcrip-
tional activity. Most importantly, PARP inhibition delayed the
recruitment of p53 but did not suppress the eventual recruit-
ment of p53 at the sites of damage (75). Our research revealed
that PARP and DNA-PK are activated upon binding to AsiD-
NA™ in normal and tumour cells, assessed by PARylation
and phosphorylation of H2AX, respectively (this study, see
also (9)). However, the inhibition of PARP by olaparib was
unable to prevent AsiDNA™-induced G1/S arrest suggesting
that PARP is not a key mediator in triggering p53 transcrip-
tional activity. Taken together, we hypothesize that the lack of
pS3 transcriptional activity in AsiDNA-treated pS53 proficient
tumour cells is likely due to the inability of p53 to connect to
the AsiDNA™/DNA-PK complexes. A deeper understanding
of the subcellular localization and mobility of p53 and AsiD-
NA™ in tumour and normal cells is required to validate or
rule out our hypothesis.

In the present study, we confirmed the presence of the ac-
tivated G1/S checkpoint in complex ex vivo and in vivo bio-
logical models. The ex vivo PCLS model retains comparable
viability and tissue homeostasis during a cultivation period of
1 to 3days (76), and can be used to monitor cell prolifera-
tion using EdU incorporation (32). AsiDNA™-treated PCLS
derived from p53 WT mice revealed a severe decrease of EdU
positive cells, while this decrease was absent in PCLS derived
from p53 knock-out mice, or in PCLS p53 WT treated with
Nol8, an AsiDNA™-]ike molecule unable to activate DNA-
PK (5). This provides further evidence that AsiDNA™ treat-
ment in PCLS results in DNA-PK/p53-dependent G1/S arrest.
Additional conformation was observed in vivo where the ca-
pacity of AsiDNA™ to induce the G1/S arrest in the intes-
tine was demonstrated with a severe decrease of EdU incor-
poration in the intestinal crypts of mice directly after AsiD-
NA™ treatment. It furthermore disclosed a full recovery of
crypt division 24-48 h post-AsiDNA™ treatment, verifying
the reversibility of the G1/S arrest. Remarkably, the decrease
of EdU incorporation immediately after AsiDNA™ and its
recovery post treatment, were both concomitantly associated
with an increase of p21 expression, followed by its decrease.
This provides further evidence that AsiDNA™ can activate
a reversible G1/S checkpoint in PCLS. Moreover, the recov-
ery of cell division in the crypts is associated to an excess in
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EdU-positive dividing cells from 24 h post AsiDNA™ treat-
ment. This boost in normal cell proliferation post drug treat-
ment is a phenomenon that has been previously identified
(77,78). As AsiDNA™ has widely been identified to not result
in toxicity, this compensation occurrence might accompany
the contribution to improved tissue recovery.

In response to DNA damaging agents, dividing cells stall or
arrest their cell cycle progression to detect and repair DNA
damage before they can resume the cell cycle (67). This con-
tributes to the maintenance of both genome integrity, and
overall survival. The results within this research revealed a sig-
nificant increase of the survival of normal cells, iz vitro, upon
radiotherapy combined with AsiDNA™, compared to stan-
dalone treatment. This radioprotection was absent in tumour
cells, independent of the p53 status, as well as in normal cells
with a p53 deficient status. This confirms the necessity of an
active and intact DNA-PK/p53/p21 cascade to exploit the ra-
dioprotection of normal tissue driven by AsiDNA™-induced
G1/S arrest. More interestingly, this arrest overcomes the ra-
diosensitizing activity of AsiDNA™ for which this molecule
has been designed for (51).

The protective capacities of AsiDNA™ were similarly iden-
tified iz vivo in the intestine crypt survival, as early model of
radiation induced toxicity (29), and in the radiation-induced
lung fibrosis, as late model of radiation induced toxicity
(23). Combined CONV-RT with AsiDNA™ treatment re-
sulted in an increase in crypt survival, compared to CONV-
RT standalone, confirming the capacity of AsiDNA™ to pro-
tect against radiation induced toxicity in vivo. The intestinal
epithelium regenerates itself through the proliferation and dif-
ferentiation of stem cells (79). The intestine can therefore fully
regenerate from any type of damage if the stem cells remain
functional, revealing the capacity of AsiDNA™ to protect the
stem cells in the crypts by acting at the G1/S transition. Re-
markably, pharmacologic inhibition of the G1/S transition by
CDK4/6 inhibitors prior to radiation (80), or by UCN-01
prior to chemotherapy (40) also protect the gastrointestinal
epithelium in mice. The protective capacities of AsiDNA™
treatment were confirmed in vivo, with similar results ob-
tained on the late radiotoxicity model of radiation-induced
pulmonary fibrosis. Here, once again, AsiDNA™ combined
with CONV-RT revealed increased protection of the lung to
radiation toxicity presented by a delay in the onset of radia-
tion induced fibrosis, compared to CONV-RT standalone.

Finally, the combination of AsiDNA™ with FLASH-RT,
a RT modality that has been shown to alleviate radiation-
induced toxicity (23,29), was explored. In one respect,
FLASH-RT was shown to be less toxic, with decreased early
(intestine model) and late (lung model) toxicity compared
with CONV-RT, thereby reconfirming the FLASH effect.
However, AsiDNA™ combined with CONV-RT did not result
in the same delay in the onset of fibrosis compared to FLASH
radiotherapy standalone, while combined AsiDNA™ CONV-
RT treatment was as efficient as FLASH-RT standalone at
protecting intestinal crypts. This may be explained by the
possible limitations in the capacity of AsiDNA™ to inter-
fere with the complex, and still relatively unknown, mecha-
nism driving fibrosis in late responding tissues (81). More-
over, AsiDNA™ combined with FLASH-RT treatment did not
result in any additive effect on the protection of toxicity in
the intestinal crypts nor the lung, compared to FLASH-RT as
standalone treatment. Interestingly, single cell RNA sequenc-
ing of irradiated lungs revealed a closer resemblance between
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CONV AsiDNA™ and FLASH-RT in profibrotic gene sig-
natures within the fibroblast population, in comparison to
CONV-RT standalone. Similar results on profibrotic gene sig-
natures were observed in the alveolar macrophages popula-
tion (A. Sesink, and P.-M. Girard, unpublished results). Fouil-
lade et al. (2020) revealed that FLASH irradiation tends to
minimize DNA damage, compared to CONV irradiation, re-
sulting in less induction of senescent cells and less prolifer-
ation of stem/progenitor cells to replace the damage tissue.
The authors suggest that a full potential of replication, ex-
pectedly of the progenitor cell population, is required for the
FLASH effect in vivo. On the other hand, AsiDNA does not af-
fect the quantity of radiation-induced DNA damage (9). How-
ever, by enforcing dividing cells (e.g. stem/progenitor cells)
into the G1-phase, it allows the cells to repair before entering
into S-phase, increasing the survival of cells that will replace
the damaged tissue. Collectively, our results indicate that the
activity of AsiDNA™ and FLASH-RT could draw upon dis-
similar mechanism interference to result in the same capacity
to preserve the progenitor cell population within the targeted
organ (i.e. lung, gut). Additional research is in progress to ex-
plore the spatio-temporal dynamics of mechanisms leading to
radiation-induced pulmonary fibrosis (34).

In summary, we have identified an AsiDNA™-induced re-
versible G1/S-arrest dependent on the DNA-PK/p53/p21 ac-
tivation cascade exclusively in healthy normal cells. The acti-
vation cascade can be exploited to protect the normal tissue
against radiation induced toxicity while maintaining tumour
control, thereby acting as a unique bilateral agent.

Data availability

The scRNA-seq datasets generated from non-irradiated con-
trol mice have been deposited in the Gene Expression Om-
nibus (GEO) repository, with the accession code GSE211713.
The scRNA-seq datasets generated from irradiated mice in-
cluding CONV-RT, AsiDNA CONV-RT and FLASH-RT have
been deposited in the Gene Expression Omnibus (GEO) repos-
itory, with the code GSE240510.

Supplementary data
Supplementary Data are available at NAR Cancer Online.

Acknowledgements

AsiDNA™ molecules were kindly provided by Wael Jdey (Va-
lerio Therapeutics). We would like to acknowledge L. Besse
and M-N. Soler for their helpful advice on image process-
ing and the accessibility of the microscopy platform (Insti-
tut Curie, Orsay). We would further like to express out sig-
nificant gratitude to V. Favaudon for his support throughout
the work. We acknowledge L. Portier, and J. Soulier for their
excellent technical support, and the Pathex platform (Institut
Curie, Paris) for their aid in the assessment of pulmonary fi-
brosis in lung histology samples. The graphical abstract was
created with Biorender.com.

Author contributions: Anouk Sesink and Pierre-Marie Gi-
rard designed and conceptualized the research; Anouk Sesink,
Margaux Becerra, Nathalie Berthault, Jia-Ling Ruan, and So-
phie Leboucher performed experiments and analyzed, vali-
dated, and visualized the results; Sophie Heinrich and Kristof-
fer Petersson analyzed and validated the results; Maxime


https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae011#supplementary-data

NAR Cancer, 2024, Vol. 6, No. 1

Dubail and Charles Fouillade developed ex vivo models;
Anouk Sesink and Pierre-Marie Girard wrote the original
manuscript draft. Marie Dutreix, and Pierre-Marie Girard
supervised the work; Kristoffer Peterson, Wael Jdey, Marie
Dutreix and Pierre-Marie Girard acquired the fundings. All
authors critically revised, edited, and approved the final ver-
sion of the manuscript.

Funding

The work was supported by grants to PM.G. from Euro-
pean Union’s Framework Program for Research and Innova-
tion Horizon 2020 (ITN THERADNET) [under the Marie
Sktodowska-Curie Grant Agreement no. 860245], and from
Valerio Therapeutics (Paris, France) [CT10605]; the work
was also supported by a grant to M.D. from S.I.T. Sor-
dina IORT Technologies S.p.A.(Vicenza, Italy) [CT9792]; A.S.
was the recipient of a PhD fellowship from ITN THERAD-
NET [Grant Agreement no. 860245] and from Fondation
pour la Recherche sur le Cancer (ARC, Villejuif, France);
M.D. and PM.G. wish to thank the Centre National de la
Recherche Scientifique (CNRS), Institut Curie and Université
Paris-Saclay for their financial and technical support.

Conflict of interest statement

Wael Jdey is employed by Valerio Therapeutics (former
ONXEO). Valerio Therapeutics owns the patent for AsiDNA.

References

1. Barnett,G.C., West,C.M., Dunning,A.M., Elliott,R.M., Coles,C.E.,
Pharoah,P.D. and Burnet,N.G. (2009) Normal tissue reactions to
radiotherapy: towards tailoring treatment dose by genotype. Nat.
Rev. Cancer, 9, 134-142.

2. De Ruysscher,D., Niedermann,G., Burnet,N.G., Siva,S.,
Lee,A.W.M. and Hegi-Johnson,E. (2019) Radiotherapy toxicity.
Nat. Rev. Dis. Primers, 5, 13.

3. Al-Mahayri,Z.N., Patrinos,G.P. and Ali,B.R. (2020) Toxicity and
pharmacogenomic biomarkers in breast cancer chemotherapy.
Front. Pharmacol., 11, 445.

4. Hellman,S. (1980) Improving the therapeutic index in breast
cancer treatment: the Richard and Hinda Rosenthal Foundation
Award lecture. Cancer Res., 40, 4335-4342.

5. Quanz,M., Berthault,N., Roulin,C., Roy,M., Herbette,A.,
Agrario,C., Alberti,C., Josserand,V., Coll,J.L., Sastre-Garau,X.,
et al. (2009) Small-molecule drugs mimicking DNA damage: a
new strategy for sensitizing tumors to radiotherapy. Clin. Cancer
Res., 15, 1308-1316.

6. Berthault,N., Maury,B., Agrario,C., Herbette,A., Sun,].S.,
Peyrieras,N. and Dutreix,M. (2011) Comparison of distribution
and activity of nanoparticles with short interfering DNA (Dbait)
in various living systems. Cancer Gene Ther., 18, 695-706.

7. Thierry,S., Jdey,W., Alculumbre,S., Soumelis,V., Noguiez-Hellin,P.
and Dutreix,M. (2017) The DNA repair inhibitor dbait is specific
for malignant hematologic cells in blood. Mol. Cancer Ther., 16,
2817-2827.

8. Jdey,W., Thierry,S., Russo,C., Devun,E, Al Abo,M.,
Noguiez-Hellin,P., Sun,].S., Barillot,E., Zinovyev,A., Kuperstein,I.,
et al. (2017) Drug-driven synthetic lethality: bypassing tumor cell
genetics with a combination of AsiDNA and PARP inhibitors.
Clin. Cancer Res.,23,1001-1011.

9. Berthault,N., Bergam,P., Pereira,F., Girard,P.M. and Dutreix,M.
(2022) Inhibition of DNA repair by inappropriate activation of
ATM, PARP, and DNA-PK with the drug agonist AsiDNA. Cells,
11, 2149.

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

17

Herath,N.I., Berthault,N., Thierry,S., Jdey,W., Lienafa,M.C.,
Bono,F,, Noguiez-Hellin,P., Sun,].S. and Dutreix,M. (2019)
Preclinical studies comparing efficacy and toxicity of DNA repair
inhibitors, olaparib, and AsiDNA, in the treatment of
carboplatin-resistant tumors. Front. Oncol., 9, 1097.

Quanz,M., Herbette,A., Sayarath,M., de Koning,L., Dubois,T.,
Sun,].S. and Dutreix,M. (2012) Heat shock protein 90alpha
(Hsp90alpha) is phosphorylated in response to DNA damage and
accumulates in repair foci. J. Biol. Chem., 287, 8803-8815.
Kotula,E., Faigle,W., Berthault,N., Dingli,F., Loew,D., Sun,J.S.,
Dutreix,M. and Quanz,M. (2013) DNA-PK target identification
reveals novel links between DNA repair signaling and cytoskeletal
regulation. PLoS One, 8, ¢80313.

Coquery,N., Pannetier,N., Farion,R., Herbette,A., Azurmendi,L.,
Clarencon,D., Bauge,S., Josserand,V., Rome,C., Coll,].L., et al.
(2012) Distribution and radiosensitizing effect of
cholesterol-coupled dbait molecule in rat model of glioblastoma.
PLoS One, 7,e40567.

Biau,J., Devun,F,, Jdey,W., Kotula,E., Quanz,M., Chautard,E.,
Sayarath,M., Sun,J.S., Verrelle,P. and Dutreix,M. (2014) A
preclinical study combining the DNA repair inhibitor Dbait with
radiotherapy for the treatment of melanoma. Neoplasia, 16,
835-844.

. Herath,N.I., Devun,F, Lienafa,M.C., Herbette,A., Denys,A.,

Sun,].S. and Dutreix,M. (2016) The DNA repair inhibitor DT01 as
a novel therapeutic strategy for chemosensitization of colorectal
liver metastasis. Mol. Cancer Ther., 15, 15-22.

Herath,N.I., Devun,F., Herbette,A., Lienafa,M.C., Chouteau,P.,
Sun,].S., Dutreix,M. and Denys,A. (2017) Potentiation of
doxorubicin efficacy in hepatocellular carcinoma by the DNA
repair inhibitor DTO01 in preclinical models. Eur. Radiol., 27,
4435-4444.

Ferreira,S., Foray,C., Gatto,A., Larcher,M., Heinrich,S., Lupu,M.,
Mispelter,]., Boussin,E.D., Pouponnot,C. and Dutreix,M. (2020)
AsiDNA is a radiosensitizer with no added toxicity in
medulloblastoma pediatric models. Clin. Cancer Res., 26,
5735-5746.

Jdey,W., Kozlak,M., Alekseev,S., Thierry,S., Lascaux,P.,
Girard,P.M., Bono,F. and Dutreix,M. (2019) AsiDNA treatment
induces cumulative antitumor efficacy with a low probability of
acquired resistance. Neoplasia, 21, 863-871.

Le Tourneau,C., Dreno,B., Kirova,Y., Grob,].]., Jouary,T.,
Dutriaux,C., Thomas,L., Lebbe,C., Mortier,L., Saiag,P., et al.
(2016) First-in-human phase I study of the DNA-repair inhibitor
DTO01 in combination with radiotherapy in patients with skin
metastases from melanoma. Br. J. Cancer, 114, 1199-1205.

Le Tourneau,C., Delord,].P., Kotecki,N., Borcoman,E.,
Gomez-Roca,C., Hescot,S., Jungels,C., Vincent-Salomon,A.,
Cockenpot,V., Eberst,L., et al. (2020) A phase 1 dose-escalation
study to evaluate safety, pharmacokinetics and pharmacodynamics
of AsiDNA, a first-in-class DNA repair inhibitor, administered
intravenously in patients with advanced solid tumours. Br. J.
Cancer, 123, 1481-1489.

Kotecki,N., Jungels,C., Hoerner,E, Canon,]., Colinet,B. and De
Beaumont,O. (2021) Long stabilization and disease control with
AsiDNATM, a first-in-class DNA repair inhibitor in combination
with carboplatin with or without paclitaxel in patients with
advanced solid tumors: a case report. Oncol. Cancer Case Rep.,
07,001-007.

Esplen,N., Mendonca,M.S. and Bazalova-Carter,M. (2020) Physics
and biology of ultrahigh dose-rate (FLASH) radiotherapy: a
topical review. Phys. Med. Biol., 65, 23TR03.

Favaudon,V., Caplier,L., Monceau,V., Pouzoulet,E, Sayarath,M.,
Fouillade,C., Poupon,M.E, Brito,l., Hupe,P., Bourhis,]., et al.
(2014) Ultrahigh dose-rate FLASH irradiation increases the
differential response between normal and tumor tissue in mice. Sci.
Transl. Med., 6,245ra293.

Fouillade,C., Curras-Alonso,S., Giuranno,L., Quelennec,E.,
Heinrich,S., Bonnet-Boissinot,S., Beddok,A., Leboucher.,S.,



18

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Karakurt,H.U., Bohec,M., et al. (2020) FLASH irradiation spares
lung progenitor cells and limits the incidence of radio-induced
senescence. Clin. Cancer Res., 26, 1497-1506.

Simmons,D.A., Lartey,EM., Schuler,E., Rafat,M., King,G., Kim,A.,
Ko,R., Semaan,S., Gonzalez,S., Jenkins,M., et al. (2019) Reduced
cognitive deficits after FLASH irradiation of whole mouse brain
are associated with less hippocampal dendritic spine loss and
neuroinflammation. Radiother. Oncol., 139, 4-10.
Velalopoulou,A., Karagounis,I.V., Verginadis,L.I., Goia,D., Kim,M.,
Shoniyozov,K., Cengel K., Diffenderfer,E., Dong,L., Metz,]., et al.
(2020) Proton FLASH radiation spares normal skin and soft
tissues of the murine leg from radiation-induced damage while
being equipotent with standard proton radiation in controlling
sarcoma growth. Cancer Res., 80, 5349.

Velalopoulou,A., Karagounis,I.V., Cramer,G.M., Kim,M.M.,
Skoufos,G., Goia,D., Hagan,S., Verginadis,L.I., Shoniyozov,K.,
Chiango,], et al. (2021) FLASH proton radiotherapy spares
normal epithelial and mesenchymal tissues while preserving
sarcoma response. Cancer Res., 81, 4808-4821.

Diffenderfer,E.S., Verginadis,L.I., Kim,M.M., Shoniyozov,K.,
Velalopoulou,A., Goia,D., Putt,M., Hagan,S., Avery,S., Teo,K.,

et al. (2020) Design, implementation, and in vivo validation of a
novel proton FLASH radiation therapy system. Int. J. Radiat.
Oncol., 106, 440-448.

Ruan,].L., Lee,C., Wouters,S., Tullis,I.D.C., Verslegers,M.,
Mysara,M., Then,C.K., Smart,S.C., HillLM.A., Muschel,R.]., et al.
(2021) Irradiation at ultra-high (FLASH) dose rates reduces acute
normal tissue toxicity in the mouse gastrointestinal system. I7t. J.
Radiat. Oncol. Biol. Phys., 111, 1250-1261.

Lenos,K., de Lange,]., Teunisse,A.F, Lodder,K., Verlaan-de
Vries,M., Wiercinska,E., van der Burg,M.]., Szuhai,K. and
Jochemsen,A.G. (2011) Oncogenic functions of A(MDMX in in
vitro transformation of primary human fibroblasts and embryonic
retinoblasts. Mol. Cancer, 10, 111.

Hauge,S., Macurek,L. and Syljuasen,R.G. (2019) p21 limits S
phase DNA damage caused by the Weel inhibitor MK1775. Cell
Cycle, 18, 834-847.

Dubail, M., Heinrich,S., Portier,L., Bastian,]., Giuliano,L., Aggar,L.,
Berthault,N., Londono-Vallejo,].A., Vilalta,M., Boivin,G., et al.
(2023) Lung organotypic slices enable rapid quantification of
acute radiotherapy induced toxicity. Cells, 12,2435

Jin,H., Yo0o,Y., Kim,Y., Kim,Y., Cho,]. and Lee,Y.S. (2020)
Radiation-induced lung fibrosis: preclinical animal models and
therapeutic strategies. Cancers (Basel), 12,1561.
Curras-Alonso,S., Soulier,]., Defard,T., Weber,C., Heinrich,S.,
Laporte,H., Leboucher,S., Lameiras,S., Dutreix,M., Favaudon,V.,
et al. (2023) An interactive murine single-cell atlas of the lung
responses to radiation injury. Nat. Commun., 14, 2445.
Groselj,B., Ruan,].L., Scott,H., Gorrill,]., Nicholson,]., Kelly,].,
Anbalagan,S., Thompson,]., Stratford, M.R.L., Jevons,S.]., et al.
(2018) Radiosensitization In vivo by histone deacetylase inhibition
with No increase in early normal tissue radiation toxicity. Mol.
Cancer Ther.,17,381-392.

He,X.Y., Xiang,C., Zhang,C.X., Xie,Y.Y., Chen,L., Zhang,G.X.,
Lu,Y. and Liu,G. (2015) p53 in the myeloid lineage modulates an
inflammatory microenvironment limiting initiation and invasion
of intestinal tumors. Cell Rep., 13, 888-897.

Wang,K. and Tepper,].E. (2021) Radiation therapy-associated
toxicity: etiology, management, and prevention. CA Cancer J.
Clin., 71, 437-454.

Prieto-Callejero,B., Rivera,F, Fagundo-Rivera,]., Romero,A.,
Romero-Martin,M., Gomez-Salgado,]. and Ruiz-Frutos,C. (2020)
Relationship between chemotherapy-induced adverse reactions
and health-related quality of life in patients with breast cancer.
Medicine (Baltimore)., 99, €21695.

Tian,]., Doi,H., Saar,M., Santos,]., Li,X., Peehl,D.M. and Knox,S.].
(2013) Radioprotection and cell cycle arrest of intestinal epithelial
cells by darinaparsin, a tumor radiosensitizer. Int. J. Radiat.
Oncol. Biol. Phys., 87,1179-1185.

40.

41.

42.

43.

44,

4S.

46.

47.

48.

49.

50.

51,

52.

53.

54.

5S.

S6.

57.

58.

59.

NAR Cancer, 2024, Vol. 6, No. 1

Mull,B.B., Livingston,].A., Patel,N., Bui,T., Hunt,K.K. and
Keyomarsi,K. (2020) Specific, reversible G1 arrest by UCN-01 in
vivo provides cytostatic protection of normal cells against
cytotoxic chemotherapy in breast cancer. Br. J. Cancer, 122,
812-822.

Gunderson,C.C. and Moore,K.N. (2015) Olaparib: an oral
PARP-1 and PARP-2 inhibitor with promising activity in ovarian
cancer. Future Oncol., 11, 747-757.

Veuger,S.]J., Curtin,N.]J., Richardson,C.]., Smith,G.C. and
Durkacz,B.W. (2003) Radiosensitization and DNA repair
inhibition by the combined use of novel inhibitors of
DNA-dependent protein kinase and poly(ADP-ribose)
polymerase-1. Cancer Res., 63, 6008-6015.

Bartek,]. and Lukas,]. (2001) Pathways governing G1/S transition
and their response to DNA damage. FEBS Lett., 490, 117-122.
Ferreira,S. and Dutreix,M. (2019) DNA repair inhibitors to
enhance radiotherapy: progresses and limitations. Cancer
Radiother., 23, 883-890.

Jackson,L.L., Vujaskovic,Z. and Down,].D. (2010) Revisiting
strain-related differences in radiation sensitivity of the mouse lung:
recognizing and avoiding the confounding effects of pleural
effusions. Radiat. Res., 173, 10-20.

Crosby,L.M. and Waters,C.M. (2010) Epithelial repair
mechanisms in the lung. Am. J. Physiol. Lung Cell. Mol. Physiol.,
298, L715-L731.

Chang,]., Garva,R., Pickard,A., Yeung,C.C., Mallikarjun,V.,
Swift,]., Holmes,D.E, Calverley,B., Lu,Y., Adamson,A., et al.
(2020) Circadian control of the secretory pathway maintains
collagen homeostasis. Naz. Cell Biol., 22, 74-86.

Marshman,E., Booth,C. and Potten,C.S. (2002) The intestinal
epithelial stem cell. Bioessays, 24, 91-98.

Parker,A., Maclaren,O.]., Fletcher,A.G., Muraro,D., Kreuzaler,P.A.,
Byrne,H.M., Maini,P.K., Watson,A.]. and Pin,C. (2017) Cell
proliferation within small intestinal crypts is the principal driving
force for cell migration on villi. FASEB J., 31, 636-649.
Checker,R., Patwardhan,R.S., Jayakumar,S., Maurya,D.K.,
Bandekar,M., Sharma,D. and Sandur,S.K. (2021) Chemical and
biological basis for development of novel radioprotective drugs for
cancer therapy. Free Radic. Res., 55, 595-625.

Biau,J., Chautard,E., Verrelle,P. and Dutreix,M. (2019) Altering
DNA repair to improve radiation therapy: specific and multiple
pathway targeting. Front. Oncol., 9, 1009.

Jdey,W., Thierry,S., Popova,T., Stern,M.H. and Dutreix,M. (2017)
Micronuclei frequency in tumors is a predictive biomarker for
genetic instability and sensitivity to the DNA repair inhibitor
AsiDNA. Cancer Res., 77,4207-4216.

Hume,S., Dianov,G.L. and Ramadan,K. (2020) A unified model
for the G1/S cell cycle transition. Nucleic Acids Res., 48,
12483-12501.

Engeland,K. (2022) Cell cycle regulation: p53-p21-RB signaling.
Cell Death Differ. 29, 946-960.

Ozaki,T. and Nakagawara,A. (2011) Role of p53 in cell death and
Human cancers. Cancers (Basel), 3, 994-1013.

Soubeyrand,S., Schild-Poulter,C. and Hache,R.]. (2004) Structured
DNA promotes phosphorylation of p53 by DNA-dependent
protein kinase at serine 9 and threonine 18. Eur. J. Biochem., 271,
3776-3784.

Achanta,G., Pelicano,H., Feng,L., Plunkett,W. and Huang,P. (2001)
Interaction of p53 and DNA-PK in response to nucleoside
analogues: potential role as a sensor complex for DNA damage.
Cancer Res., 61, 8723-8729.

Shieh,S.Y., Ikeda,M., Taya,Y. and Prives,C. (1997) DNA
damage-induced phosphorylation of p53 alleviates inhibition by
MDM2. Cell, 91, 325-334.

Ahuja,D., Saenz-Robles,M.T. and Pipas,].M. (2005) SV40 large T
antigen targets multiple cellular pathways to elicit cellular
transformation. Oncogene, 24, 7729-7745.



NAR Cancer, 2024, Vol. 6, No. 1

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Kohli,M. and Jorgensen,T.]. (1999) The influence of SV40
immortalization of human fibroblasts on p53-dependent radiation
responses. Biochem. Biophys. Res. Commun., 257, 168-176.
Shin,S.Y., Yoon,H., Ahn,S., Kim,D.W., Bae,D.H., Koh,D., Lee,Y.H.
and Lim,Y. (2013) Structural properties of polyphenols causing
cell cycle arrest at G1 phase in HCT116 human colorectal cancer
cell lines. Int. . Mol. Sci., 14, 16970-16985.

Yun,H.]J., Jeoung,D.]., Jin,S., Park,].H., Lee,E.W., Lee,H.T.,
Choi,Y.H., Kim,B.W. and Kwon,H.]. (2022) Induction of cell cycle
arrest, apoptosis, and reducing the expression of MCM proteins in
Human lung carcinoma A549 cells by Cedrol, isolated from
Juniperus chinensis. J. Microbiol. Biotechnol., 32, 918-926.
Liu,Z., Liu,Q., Xu,B., Wu,J., Guo,C., Zhu,E, Yang,Q., Gao,G.,
Gong,Y. and Shao,C. (2009) Berberine induces p53-dependent cell
cycle arrest and apoptosis of human osteosarcoma cells by
inflicting DNA damage. Mutat. Res., 662, 75-83.

Wang,Z., Zhao,Z., Lu,]., Chen,Z., Mao,A., Teng,G. and Liu,FE.
(2015) A comparison of the biological effects of 1251 seeds
continuous low-dose-rate radiation and 60Co high-dose-rate
gamma radiation on non-small cell lung cancer cells. PLoS Oue,
10,e0133728.

Halacli,S.O., Canpinar,H., Cimen,E. and Sunguroglu,A. (2013)
Effects of gamma irradiation on cell cycle, apoptosis and
telomerase activity in p53 wild-type and deficient HCT116 colon
cancer cell lines. Oncol. Lett., 6, 807-810.

Shen,H. and Maki,C.G. (2010) p53 and p21(Waf1) are recruited
to distinct PML-containing nuclear foci in irradiated and
Nutlin-3a-treated U20S cells. J. Cell. Biochem., 111, 1280-1290.
Shaltiel,I.A., Krenning,L., Bruinsma,W. and Medema,R.H. (2015)
The same, only different - DNA damage checkpoints and their
reversal throughout the cell cycle. J. Cell Sci., 128, 607-620.
Ljungman,M. (2000) Dial 9-1-1 for p53: mechanisms of p53
activation by cellular stress. Neoplasia, 2,208-225.

Hanahan,D. (2022) Hallmarks of cancer: new dimensions. Cancer
Discov., 12, 31-46.

Amoedo,N.D., Valencia,].P., Rodrigues,M.F, Galina,A. and
Rumjanek,ED. (2013) How does the metabolism of tumour cells
differ from that of normal cells. Biosci. Rep., 33, €00080.
Girard,P.M., Berthault,N., Kozlac,M., Ferreira,S., Jdey,W.,
Bhaskara,S., Alekseev,S., Thomas,F. and Dutreix,M. (2020)
Evolution of tumor cells during AsiDNA treatment results in

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

19

energy exhaustion, decrease in responsiveness to signal, and higher
sensitivity to the drug. Evol. Appl., 13, 1673-1680.

Lacroix,M., Riscal,R., Arena,G., Linares,L.K. and Le Cam,L.
(2020) Metabolic functions of the tumor suppressor p353:
implications in normal physiology, metabolic disorders, and
cancer. Mol. Metab., 33, 2-22.

Pfister,N.T., Yoh,K.E. and Prives,C. (2014) p53, DNA damage, and
NAD+ homeostasis. Cell Cycle, 13,1661-1662.

Fischbach,A., Kruger,A., Hampp,S., Assmann,G., Rank,L.,
Hufnagel, M., Stockl,M.T., Fischer,].M.E, Veith,S., Rossatti,P., et al.
(2018) The C-terminal domain of p53 orchestrates the interplay
between non-covalent and covalent poly(ADP-ribosyl)ation of p53
by PARP1. Nucleic Acids Res., 46, 804-822.

Wang,Y.H., Ho,T.L.E, Hariharan,A., Goh,H.C., Wong,Y.L.,
Verkaik,N.S., Lee,M.Y., Tam,W.L., van Gent,D.C.,
Venkitaraman,A.R., ez al. (2022) Rapid recruitment of p53 to
DNA damage sites directs DNA repair choice and integrity. Proc.
Natl. Acad. Sci. U.S.A., 119, e€2113233119.

Liu,G., Betts,C., Cunoosamy,D.M., Aberg,P.M., Hornberg,].J.,
Sivars,K.B. and Cohen,T.S. (2019) Use of precision cut lung slices
as a translational model for the study of lung biology. Respir. Res.,
20, 162.

Hietanen,K.E., Jarvinen,T.A., Huhtala,H., Tolonen,T.T.,
Kuokkanen,H.O. and Kaartinen,L.S. (2019) Treatment of keloid
scars with intralesional triamcinolone and 5-fluorouracil injections
- a randomized controlled trial. J. Plast. Reconstr. Aesthet. Surg.,
72, 4-11.

He,S., Roberts,P.]., Sorrentino,].A., Bisi,].E., Storrie-White,H.,
Tiessen,R.G., Makhuli,K.M., Wargin,W.A., Tadema,H., van
Hoogdalem,E.]., et al. (2017) Transient CDK4/6 inhibition
protects hematopoietic stem cells from chemotherapy-induced
exhaustion. Sci. Transl. Med., 9, eaal3986.

Noah,T.X., Donahue,B. and Shroyer,N.E. (2011) Intestinal
development and differentiation. Exp. Cell. Res., 317,2702-2710.
Wei,L., Leibowitz,B.]., Wang,X., Epperly,M., Greenberger,].,
Zhang,L. and Yu,]. (2016) Inhibition of CDK4/6 protects against
radiation-induced intestinal injury in mice. J. Clin. Invest., 126,
4076-4087.

Arroyo-Hernandez,M., Maldonado,F,, Lozano-Ruiz,F.,
Munoz-Montano,W., Nunez-Baez,M. and Arrieta,O. (2021)
Radiation-induced lung injury: current evidence. BMC Pulm.
Med., 21, 9.

Received: August 10, 2023. Revised: February 1, 2024. Editorial Decision: February 26, 2024. Accepted: February 27, 2024
© The Author(s) 2024. Published by Oxford University Press on behalf of NAR Cancer.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.



	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflictof interest statement
	References

