N
N

N

HAL

open science

AsiDNA Is a Radiosensitizer with no Added Toxicity in
Medulloblastoma Pediatric Models
Sofia Ferreira, Chloe Foray, Alberto Gatto, Magalie Larcher, Sophie Heinrich,

Mihaela Lupu, Joel Mispelter, Francois Boussin, Celio Pouponnot, Marie

Dutreix

» To cite this version:

Sofia Ferreira, Chloe Foray, Alberto Gatto, Magalie Larcher, Sophie Heinrich, et al.. AsiDNA Is
a Radiosensitizer with no Added Toxicity in Medulloblastoma Pediatric Models. Clinical Cancer
Research, 2020, 26 (21), pp.5735-5746. 10.1158/1078-0432.CCR-20-1729 . hal-03043490

HAL Id: hal-03043490
https://hal.science/hal-03043490
Submitted on 18 Dec 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03043490
https://hal.archives-ouvertes.fr

AsiDNA is a radiosensitizer with no added toxicity in medulloblastoma pediatric models

Sofia Ferreira?, Chloe Foray™?, Alberto Gatto®* Magalie Larcher™?, Sophie Heinrich*?, Mihaela
Lupu®®, Joel Mispelter®®, Francois D. Boussin’, Celio Pouponnot*?, Marie Dutreix"?*

! Institut Curie, PSL Research University, CNRS UMR 3347, INSERM U1021, F-91405 Orsay,
France.

2 Institut Curie, Université Paris-Sud, Université Paris-Saclay, CNRS UMR 3347, INSERM
U1021, F-91405 Orsay, France.

% Institut Curie, Paris Sciences et Lettres Research University, Centre National de la Recherche
Scientifique, UMR3664, Equipe Labellisée Ligue contre le Cancer, Paris, France.

* Sorbonne Universités, Université Pierre et Marie Curie Paris 06, Centre National de la
Recherche Scientifiqgue, UMR3664, Paris, France

> Institut Curie, Research Center, PSL Research University, CNRS UMR 9187, INSERM U
1196, F-91405 Orsay, France.

® Institut Curie, Université Paris-Sud, Université Paris-Saclay, CNRS UMR 9187, INSERM
U1196, F-91405 Orsay, France

" UMR Stabilité Génétique Cellules Souches et Radiations, Inserm, Universit¢ de Paris,
Université Paris-Saclay, CEA, 18 route du Panorama 92265 Fontenay-aux Roses, France.

Running title: AsiDNA to radiosensitize medulloblastoma

* To whom correspondence should be addressed: Marie Dutreix, Institut Curie UMR3347.
Université Paris-Sud, Building 112. 15, rue Georges Clémenceau — F-91405 Orsay, France. Tel:
+33 169 86 71 86; Fax: +33 1 69 86 31 41; Email: marie.dutreix@curie.fr.

Conflict of interest: M. D. is a consultant for Onxeo and is the scientific founder of DNA
therapeutics.


mailto:marie.dutreix@curie.fr

Statement of translational relevance (120 — 150 words)

Medulloblastoma (MB) is an important cause of mortality and morbidity in pediatric oncology.
Here we propose the use the brain-penetrant DNA repair inhibitor AsiDNA, to enhance
radiotherapy efficacy in MB. Our work provides robust evidence on the well-tolerated
radiosensitizing properties of AsiDNA and how it could help address a significant unmet clinical
need in MB care by improving clinical outcomes in high-risk subsets and allowing radiation de-
escalation in standard-risk to mitigate the dose-dependent adverse effects. Robustness of
protocols used throughout this study could help translate the therapeutic benefits of AsiDNA into
other pediatric cancer models. The combination of AsiDNA with the conventionally used
treatment agent, such as radiotherapy, brings this study closer to the reality of clinic practice.
Potential for clinical translation exists as AsiDNA has already been tested in clinical trials,

showing to be well tolerated and to be safe in combination to radiotherapy.



Abstract (<250 words)

Purpose: Medulloblastoma (MB) is an important cause of mortality and morbidity in pediatric
oncology. Here we investigated whether the DNA repair inhibitor AsiDNA could help address a
significant unmet clinical need in MB care, by improving radiotherapy efficacy without

increasing radiation-associated toxicity.

Experimental design: To evaluate the brain permeability to AsiDNA upon systemic delivery,
we injected intraperitoneally a fluorescent form of AsiDNA in models harboring brain tumors
and in development. Studies evaluated toxicity associated to combination of AsiDNA with
radiation in the treatment of young developing animals at subacute, related to growth and
development, and chronic levels, related to brain organization and cognitive skills. Efficacy of
the combination of AsiDNA with radiation was tested in two different preclinical xenografted
models of high-risk MB, and in a panel of MB cell lines from different molecular subgroups and
TP53 status. Role of TP53 on the AsiDNA-mediated radiosensitization was analyzed by RNA-
Seq, DNA repair recruitment and cell death assays.

Results: Capable of penetrating young brain tissues, AsiDNA showed no added toxicity to
radiation. Combination of AsiDNA with radiotherapy improved the survival of animal models
more efficiently than increasing radiation doses. MB radiosensitization by AsiDNA was not
restricted to a specific molecular group or status of TP53. Molecular mechanisms of AsiDNA,
previously observed in adult malignancies, are conserved in pediatric models and resemble dose

increase when combined with irradiation.

Conclusion: Our results suggest that AsiDNA is an attractive candidate to improve radiation

therapy in MB, with no indication of additional toxicity in developing brain tissues.



Introduction

Medulloblastoma (MB), an embryonal tumor of the cerebellum, is the most common form of
childhood brain malignancy (1). MB comprises four biologically distinct groups: WNT
(Wingless), SHH (Sonic Hedgehog), Group 3 and Group 4 (2). Although management is adapted
to risk, prognosis and clinical outcome within groups can vary greatly (3). Standard management
includes surgery, craniospinal irradiation (CSI) and chemotherapy (4, 5), and achieves cure in
approximately 75% of cases (1). Introduction of CSI in MB management was pivotal, resulting
in the first reports of MB survivors (6). Notwithstanding, CSI is accountable for the widespread
adverse effects in MB patients (7, 8). MB survivors often experience irreversible and disabling
adverse effects in their psychological, endocrine and neurocognitive functioning (9-12). Despite
aggressive and highly toxic regimens, current protocols still fail to treat high-risk subsets of the
disease. MB remains an important cause of pediatric morbidity and mortality (1, 13). It is crucial

to reduce treatment-related toxicity while maintaining or improving cure rates in MB care.

In our lab, we developed a pioneering family of DNA repair inhibitors, Dbaits, to enhance the
efficacy of genotoxic agents. Dbait molecules are composed of short double-stranded
oligonucleotides, mimicking DNA double-strand breaks (DSBs) (Appendix Figure S1). Upon
uptake, cells perceive Dbait as damage and trigger an aberrant activation of the DNA damage
signaling pathways (14). Cellular Dbait activity is characterized by a pan-nuclear
phosphorylation of H2AX (yH2AX) and sustained high-levels of poly (ADP-ribose),
respectively mediated by DNA-PK and PARP (15, 16). This aberrant activation of the DNA
damage signaling pathways “blinds” cells to real chromosomal damage created by genotoxic
agents and fails to signal it to downstream DNA repair factors. Dbait-treated cells do not form
DNA damage foci after radiation, significantly hampering the recruitment and activity of the
repair proteins (14). As a result, both main DSBs repair pathways, homologous recombination
and non-homologous end joining, are inhibited. Rather than targeting a single enzyme, Dbaits
deregulate major pathways involved in the repair of DSBs. This broad mechanism of action
makes it an effective radio- and chemo-sensitizer in a wide range of malignancies (17-26)
including brain tumors, such as glioblastoma (27, 28). Preclinical studies using Dbait or its
clinical form AsiDNA did not report additional toxicity of these drugs alone or in association

with genotoxic agents. Moreover, recent results from the DRIIM Phase I/ll clinical trial



demonstrated that local AsiDNA administration improved radiation response of melanoma skin

metastases, without additional skin toxicity (29).

The sensitizing properties of AsiDNA have been extensively studied in adult cancers. However,
these properties have never been tested in young models still in development or in pediatric
tumor models. Therefore, we evaluated for the first time whether AsiDNA could be a good
candidate to improve treatment outcomes in a pediatric cancer model as MB. Because mutations
in TP53 are rare in pediatric cancers, being reported in only 10% of sporadic MBs at diagnosis
(30), we assessed the impact of p53 on the AsiDNA-sensitizing properties. This study focused in
particular on high-risk Group 3, the most refractory group. Here, we offer a comprehensive
assessment on efficacy and toxicity of the combinatorial protocols of AsiDNA to radiation, while

considering the young age of the patients and the anatomical challenges of the tumor.



Material and methods

In vitro studies

Cell culture, constructs and transfection. MB cell lines HDMBO03 (31), HDMBO03-luc, ONS76
(Health Science Research Resources Bank), DAOY (ATCC) and UW228.1 (32) were cultured as
described in (33). Glioma cell line U87-luc was cultured as described in (34). Absence of
Mycoplasma sp. contamination was determined in-house using LookOut® Mycoplasma PCR
(Sigma-Aldrich). Cell lines constructs and transfection are described in Appendix Supplementary
Methods.

In vitro treatments. AsiDNA molecules were added directly into culture medium 15 hours
before radiation treatments. Cells irradiation was performed using GSR D1 (GSM) **'Cs unit

irradiator with a dose rate of 0.8 to 1.1 Gy/minute.

Trypan blue cell viability assay. Cytotoxicity was measured by relative survival and cell death
quantification. Cells were treated with 4.8 and 15.9 uM of AsiDNA and irradiated with doses of
0, 2 or 6 Gy. Both cells in suspension and attached were harvested 7 days after AsiDNA
treatments, stained with 0.4 % trypan blue (Sigma Aldrich) and counted with LUNA cell

automated counter (Logos Biosystems). Dsy was calculated using a linear regression model.

Repair factors recruitment assay. HDMBO3 cells were treated with 7 uM of AsiDNA and
irradiated with 6 Gy. Fixation, preparation for immunofluorescence (IF) and analysis were
performed as described in (19), 2 hour after radiation. One nucleus in non-treated (NT)
conditions was disregarded from analysis of BRCA1 foci due to a high number of foci (#152).
Antibodies used: 53BP1 (CST, 4937, 1:100), BRCALl (SCBT, sc-6954, 1:100) and yH2AX
(Millipore, 05-636, 1:500).

Western Blotting and antibodies. Proteins extracts and signal revelation were obtained as
described in (35). Membranes were hybridized overnight at 4°C with anti-p53 (CST, #9282, 1:1
000); anti-p21 (SCBT, sc-6246, 1:500) and anti-B-actin (Sigma-Aldrich, a-1978, 1:5 000).

RNA extraction. Cells were treated with 7 uM of AsiDNA and irradiated with 1.8 or 6 Gy.
Total RNA was harvested using RNAeasy kit (QIAGEN) 24 hours after radiation treatments.
RNA-Seq data analysis are described in Appendix Supplementary Methods.



Annexin-V/propidium iodide assay. Cells were treated with 7 uM of AsiDNA and irradiated
with 6 Gy. Both cells in suspension and attached were harvested for analyses 48 hour after
radiation, suspended in 1x binding buffer in the presence of 1:500 of Annexin V-FITC (abcam,
ab14085) and 1:500 of propidium iodide (50ug/ml) at room temperature prior to flow cytometry

analysis.

Micronuclei assay. Cells were treated with 7 uM of AsiDNA and irradiated with 1.8 Gy.
Micronuclei staining, acquisition and analysis were performed 72 hours after radiation

treatments, as described in (36).

In Vivo animal studies

All in vivo experiments were carried out in strict accordance with institutional, national and
European animal welfare regulations and were approved by the Local Ethical Review Board of
the Institut Curie and the French ministry. The animals have been acclimated for at least 7 days
prior to commencing experiments, and housed in pathogen-free environment on sawdust in cages
of standard dimensions with no more than 6 animals, under controlled conditions of light and
dark cycles (12h :12h), relative humidity (55%), and temperature (21°C). Food and tap water
were available ad libitum. All radiation treatments of animals receiving the combined treatment

were performed 5h after AsiDNA administration.

Xenografts. Grafting procedures were performed in adult female NMRI-Foxn1™™ mice
(Janvier, Le Genest Saint Isle, France) as described in Appendix Supplementary Methods.
Treatments cohorts were distributed with homogenous average and variation in tumor size, or

total photon count (TC).

Biodistribution studies. Treatments were done at the concentration of 0.24mg/g (1/10 Cy5.5-
AsiDNA) via IP (0.9 % NaCl) in 11 days-old pups RjOrl:SWISS and adult NMRI-Foxn1™/™
mice (Janvier, Le Genest Saint Isle, France). Grafted adults received treatments 18 and 27 days
after HDMBO3- and U87-luc grafts, respectively, or upon appearance of symptoms associated to
brain tumor growth. Brains were harvested 4 hours after treatments and Cy5.5 fluorescence
imaging on brains with visible tumors was done using Typhoon scanner (GE Healthcare) and
image analysis was done with ImageJ software. Cy5.5-AsiDNA plasma concentration of adult

NMRI-Foxn1™™ was assayed by Victor X3 (PerkinElmer) fluorescence reading.



Toxicity studies. 10 days-old pups RjOrl:SWISS mice (Janvier, Le Genest Saint Isle, France)
received 0.75mg/g of AsiDNA via IP (0.9% NaCl). A single dose of 10, 15 or 20 Gy focal
cranial irradiation was performed using small animal radiation research platform (SARRP)
(XStrahl, Inc.) Plasma circulating growth hormone was assayed by ELISA (Merck Millipore,
EZRMGH-45K) 17 days after treatments (27 days of age). MRI experiments were performed at
400 MHz (9.4 T) on a Varian/Agilent scanner approximately 6 months after treatments. Volumes
of the lateral and third ventricles were measured using Imaris software (v9.3.1; Bit Plane, Inc.).
Femur bone length was measured using a caliper tool (Fisher Scientific) from animals that
reached adulthood at their endpoint. Rotarod tests were performed approximately two months
after treatments. Further details can be found in Appendix Supplementary Methods.

Efficacy studies. NMRI-Foxn1™™ animals bearing subcutaneous and othotopic grafts started
treatments 18 and 12 days after grafts, respectively. AsiDNA treatments were administered every
other day in open week days for three weeks (total 9 times). AsiDNA was administrated locally
with 2 mg: 1 mg subcutaneous + 1 mg intra-tumoral (in 5% glucose) in animals bearing
subcutaneous grafts and administered IP with 15mg (in 0.9% NaCl) in animals bearing
orthotopic grafts. Subcutaneous xenografts were irradiated with a fractionated dose of 1.8 Gy,
using Xrad-320 (Precision X-ray (PXi), Inc) every open day for two (10 fractions) or three weeks
(15 fractions). Animals with brain orthotopic grafts received a single dose of focal cranial
irradiation of either 6.5 or 10.2 Gy, using SARRP. No apparent morbidities associated to

treatment were observed in any treatment cohort or model.

Statistical analysis
Statistical analyzes were carried out using GraphPad Prism (v 7.03). Statistical details can be

found in both figures and figure legends. Statistical significance was considered when p < 0.05.



Results

AsiDNA can be efficiently distributed to developing brain and brain tumors upon systemic
administration

The blood-brain barrier (BBB) is a natural barrier to most systemic chemotherapy drugs and thus
an obstacle in the successful development of new treatments for brain tumors. To determine
whether AsiDNA reaches the brain, we quantified the brain fluorescence upon intraperitoneal
(IP) injection of fluorescent Cy5.5-AsiDNA. Quantifications were performed on brains harvested
four hours after treatment, a time corresponding to near complete plasma clearance of AsiDNA
(96% clearance from its peak concentration at ~ 0.5 hours) (Supplementary Fig.S1).

Animals without brain tumors (mock-grafted with vehicle solution) showed no accumulation of
Cy5.5-AsiDNA in brain tissues. However, Cy5.5-AsiDNA was significantly increased in mice
bearing brain tumors of MB (HDMBO03, p=0.0085) and glioblastoma (U87, p=0.0027) (Figure
1A). Interestingly, Cy5.5-AsiDNA intensity was significantly higher at the tumor site compared
to normal brain tissues (Figure 1B) (p=0.0186, Figure 1C), showing a greater tendency to
accumulate in the tumor tissue. Moreover, cellular AsiDNA activity measured by pan-nuclear
YH2AX, was four-times higher in brain tumors than in the surrounding normal tissue (Figure
1D). Our results show that AsiDNA brain bioavailability in the presence of a tumor is due to the

BBB alterations elicited by the tumors themselves rather than the grafting mechanical disruption.

Because MB is commonly a pediatric malignancy and the BBB composition differs at the
different stages of development (37), we also evaluated the brain permeability of healthy 11-
days-old pups to Cy5.5-AsiDNA. Cy5.5-AsiDNA distributed rapidly throughout the body
(Figure 1E) and reached the young brain efficiently (p=0.0261, Figure 1A) and homogenously
(Figure 1B). Treated brains presented 3.2-times more cells with pan-nuclear YH2AX than non-
treated (NT) (Figure 1F). YH2AX was not restricted to CD34 blood vessels, indicating that
AsiDNA penetrates beyond the BBB of young murine models.

Altogether, our results suggest that AsiDNA can cross the BBB in healthy young brains and
reach and disrupt the DNA damage signaling in brain tumor tissues.

No evidence of additional toxicity by AsiDNA in developing models



To estimate the effects of AsiDNA with radiotherapy in young patients, we investigated the
impact of combination protocols in 10-days-old pups. To spare radiosensitive organs, such as
salivary glands or eyes, from the treatment plan, we used an image-guided small animal
irradiator SARRP (Figure 2A). Because of the length of the protocols and the need for continued

anesthesia, we assessed the toxicity of a single high-dose brain radiation.

Brain radiation in pups was well tolerated up to doses of 15 Gy, showing no morbidities or
evidence of ill-being (Supplementary Fig.S2A and B). Brain radiation with doses of 20 Gy was
lethal, with a marked death rate of 71.4% within the first two months and 85.7% eight months
after treatment (p<0.0001, Figure 2B). The combination of AsiDNA to 10 and 15 Gy did not
affect radio tolerance, as no change in weight or survival was observed (Supplementary Fig.S2A
and B). However, when combined to lethal doses of 20 Gy, AsiDNA significantly delayed and
spared radiation-associated deaths, presenting a death rate of only 55.6% within the first 80 days
after the treatments (p=0.0365), corresponding to 30.1% of animals saved from the lethality of
20 Gy irradiation by AsiDNA administration (Figure 2B).

Growth problems and impaired growth hormone (GH) production are common side effects in
childhood cancer survivors who have received large volumes of radiation (10). Animals
receiving 20 Gy presented approximately 20% lower average weights (Figure 2C) and
significantly shorter femur length (p=0.02, Figure 2D) compared to non-irradiated animals.
Consistently, levels of circulating GH 17 days after treatments were ~2.7-fold lower in irradiated
animals compared to non-irradiated (p=0.0175, Figure 2E). Treatment with AsiDNA alone did
not change weight, femur length (p=0.8717, Figure 2D) and circulating GH (p=0.7999, Figure
2E). Combination of AsiDNA with 20 Gy did not exacerbate the radiation-induced alterations in
the assessed parameters (Figure 2C) (p=0.1459, Figure 2D) (p=0.7999, Figure 2E). Our results

show no evidence that AsiDNA affects normal development.

To investigate the long-term impact of treatment in brain structures, we performed magnetic
resonance imaging (MRI) on the brains of treatment survivors. We observed that animals in all
treatment groups presented a moderately larger but non-significant ventricle volume as compared
to sham-treated (Figure 2F). Histological analysis showed that irradiated brains present lower
myelin levels at the corpus callosum structure (Figure 2G). Myelin rarefaction was only

significant in animals receiving radiation alone (p=0.0222, Supplementary Table S2). Overall,
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motor performance tests showed that animals receiving sub-lethal doses of radiation remained on
the rotarod for less time than other cohorts. Performance of animals receiving only AsiDNA was
unaffected (58.2 sec) and in combination with radiation, animals performed similarly to sham-

treated times (53.5 sec and 57.6 sec, respectively) (Figure 2H).

Altogether, our results indicate that the combination of AsiDNA with radiation does not
exacerbate the toxic effect of brain radiation in both subacute (measured by growth and
development) and chronic phases (measured by structural and molecular brain organization and
cognition). Moreover, to a modest but significant extent, ASiDNA seemed to protect from

radiation-induced death.
Combination of radiotherapy with AsiDNA is more effective than dose escalation

We evaluated whether AsiDNA could improve radiation therapeutic outcomes in high-risk MB,
a subset with dismal prognosis (2). We used two models of HDMBO03, a cell line that
recapitulates key features of Group 3 MB (31) — the most refractory group — and two doses of

radiation.

We first tested treatment protocols in animals bearing orthotopic grafts of luciferase-expressing
HDMBO03 (HDMBO3-luc), for higher anatomic accuracy. AsiDNA was administered by IP
injection, and the grafting area of the brain was irradiated with a single dose of 6.5 Gy or 10.2
Gy (Figure 3A). To avoid radiation-mediated morbidities that could affect animal survival and
compromise the assessment of the efficacy of treatments, we used image-guided SARRP brain
radiation to exclude radiosensitive tissues from the radiation plan. We observed that 6.5 and 10.2
Gy significantly increased survival by 10 and 12 days, respectively (p<0.0001, Figure 3B).
Interestingly, the increase in radiation dose from 6.5 to 10.2 Gy did not significantly improve
survival rates (p=0.0602). AsiDNA alone increased survival moderately but significantly, by 2
days compared to NT (p=0.0496). The combination of AsiDNA to low-dose radiation of 6.5 Gy
increased median survival by 2.5 days compared to the 6.5 Gy-only counterpart (Supplementary
Fig.S3A). AsiDNA treatments improved the magnitude and prolonged the length duration of the
response of tumors to treatment (Figure 3C, Supplementary Fig.S3B). These results confirm the
ability of AsiDNA to reach brain tumor tissues at effective therapeutic doses via systemic
administration. With the exception of one animal, histological analysis showed no obvious

enhancement of apoptosis by AsiDNA (Supplementary Fig.S3C).
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Because these fractionated radiation protocols are not technically compatible with SARRP focal
brain irradiation, we used animals bearing subcutaneous HDMBO03 grafts, to recapitulate
fractionated radiotherapy protocols with dose/fractions of 1.8 Gy. Animals received local
injections of AsiDNA and two different radiation doses: 1.8 Gy in 10 fractions, total dose of 18
Gy, and in 15 fractions, total dose of 27 Gy (Figure 3D). Both radiation protocols significantly
delayed tumor growth (p<0.0001, Supplementary Fig.S3D) and improved survival, respectively
(p<0.0001, Figure 3E). Interestingly, the increase by 50% of the total radiation dose from 18 Gy
to 27 Gy did not significantly improve tumor growth control (p=0.0889, Supplementary
Fig.S3D) nor survival (p=0.6719, Figure 3E). When treated with 27 Gy, the total number of
responders only increased by 10% (Supplementary Fig.S3E). These results suggest that maximal
efficacy of fractionated radiation is reached after 10 fractions. AsiDNA alone had a mild but
significant effect on subcutaneous tumor growth control (p=0.0193, Supplementary Fig.S3D)
and on survival, extending it 7.5 days compared to mock-treated (p=0.0085, Figure 3F). When
combined with fractionated radiation, AsiDNA increased median survival by 17 days as
compared to radiation-only, no matter the total irradiation dose, overcoming the irradiation
maximal efficacy (Supplementary Fig.S3F). Median tumor change (Supplementary Fig.S3E) and
the length duration of the response of tumors to treatment (Figure 3F) were improved by
AsiDNA. Furthermore, the gain in median survival with the addition of AsiDNA to the 18 Gy
treatment was superior to the gain provided by the 50% increase of radiation dose to 27 Gy.

Altogether, orthotopic and subcutaneous models of HDMBO03 models displayed similar
responses to AsiDNA and radiation treatments, independent of the delivery protocols, providing
evidence for the robustness of our observations. Our results demonstrate that the addition of
AsiDNA to radiation improves treatment outcomes more effectively than increasing radiation

doses.

AsiDNA treatments enhance MB cells’ radiosensitivity irrespective of their genetic

background

As the different MB groups and certain genetic alteration profiles diverge in their treatment
response in clinics (2), we investigated the differential sensitivity to AsiDNA treatment of

different MB cell lines. We used a panel of four MB cell lines from different molecular groups
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(SHH and Group 3) and TP53 status (wt, wild type; mut, mutated), and analyzed their
proliferation and death upon treatment.

As expected, TP53 status predicted MB cell lines’ radiosensitivity; TP53 wt cell lines HDMBO03
and ONS76 were more radiosensitive (half-maximal dose survival (Dsp) = 1.7 and 3.4 Gy,
respectively), than TP53 mut DAOY (Dso= 4.2 Gy) and UW228.1 (Dso= 4.8 Gy) (Figure 4A and
D). These observations meet the prognostic value of TP53 in MB, especially in SHH-MB, as
SHH-MB harboring aberrations in the TP53 gene have poorer treatment response and dismal
prognosis (38). In contrast to intrinsic radiosensitivity, the effect of AsiDNA-alone treatment was
independent of the TP53 status or molecular group, as all four cell lines were sensitive to
AsiDNA in a significant and dose-dependent manner (Figure 4A). The reduction in survival
obtained from the addition of AsiDNA to 2 Gy, similar to the median doses practiced in clinical
fractionated protocols (5), is significantly greater than the impact of increasing radiation alone
(Supplementary Table S1). AsiDNA treatments decreased the survival fraction in a cytotoxic
manner, increasing the percentage of cell death relative to the radiation counterpart in all cell
lines (Figure 4A).

Because of the common emergence of TP53 mutations at relapse and the almost universal failure
to treat MB recurrence (39), we tested the radiosensitizing effect of AsiDNA in HDMBO03-
shTP53 depleted for TP53 expression. HDMBO03-shTP53 c05 cells expressed 1.43-times lower
levels of p53 protein upon radiation and failed to activate their downstream target p21 (Figure
4B). TP53 depletion induced a 1.6-fold change in radioresistance, increasing the dose required to
kill 50% of cells population (Dsg) from 2.1 Gy in HDMBO03-shControl to 3.3 Gy in HDMBO03-
shTP53 (Figure 4C and D). Treatment combinations of AsiDNA with radiation bypassed the
radioresistance mediated by TP53 depletion, showing similar Dsy to those of HDMBO03-
shControl for both doses of AsiDNA (Figure 4C and D). These results confirm that AsiDNA
does not rely on TP53 to increase radiation sensitivity.

In conclusion, the cytotoxicity of AsiDNA treatments appears to be independent of the MB

intrinsic radiosensitivity, molecular group and TP53 status.

AsiDNA induces similar changes and potentiates the expression programs involved in the

response to radiation
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To understand how AsiDNA treatments confer comparable radiosensitization across cell lines
that respond differently to radiation, we performed RNA-Seq analysis in HDMBO03 (TP53 wt,
Group 3, Dsp=1.7 Gy) and in DAOY (TP53 mut, SHH group, Dso= 4.2 Gy). Both cell lines were
treated with AsiDNA and radiation doses of 1.8 Gy and 6 Gy.

Principal component analysis (PCA) demonstrated that HDMBO03 and DAQY cluster separately,
and 94.8% of the variability in the sample is associated with the cell of origin (Supplementary
Fig.S4A). Fold-change expression upon 6 Gy radiation or AsiDNA against NT samples showed
no correlation in treatment response between the two cell lines (r=0.12 and r=0.05, respectively)
(Figure 5A). Basal and treatment-response expression patterns in HDMBO03 and DAOY differed
drastically. However, the expression profiles of ASiDNA and 6 Gy radiation correlated
significantly in each cell line (r=0.72 and r=0.64 for HDMBO03 and DAQY, respectively) (Figure
4B). These results suggest that AsiDNA-mediated transcriptional response mirrors the cell-

specific response modulated by irradiation.

Hierarchical clustering was used to identify subsets of genes showing coordinated expression
changes at increasing doses of radiation: eight clusters were identified for HMDBO03, and seven
for DAQOY. Among these clusters, clusters 3 and 5 in HDMBO03 and clusters 2 and 4 in DAOY
showed the strongest expression of dose-dependent regulation (Supplementary Fig.S4B and C).
In HDMBO3, cluster 3 consists of down-regulated genes involved in cell cycle progression,
whereas cluster 5 comprises up-regulated genes involved in p53-mediated pathways and others
regulating cell fate, death, progression, differentiation and cellular inflammation that are up-
regulated (Figure 5C). In DAOQY, cluster 2 consists of down-regulated genes regulating
epithelial-mesenchymal transition, whereas cluster 4 comprises up-regulated genes involved in
cellular inflammation (Figure 5E). Differences between regulated pathways in response to
radiation in both cell lines are likely due to their TP53 status. In these defined clusters, AsiDNA
alone lead to a regulation of the same set of genes as a 1.8 Gy dose. Combining AsiDNA and
radiation further enhances expression of these genes and is comparable to increasing radiation
doses in both HDMBO03 and DAOY .

Expression values of key effector genes in these pathways help one understand the impact of the
combined treatments. CDKN1A (p21), with roles on cell cycle arrest; BBC3 (PUMA), an inducer
of apoptosis; and GADDA45A, regulator of DNA repair, can serve as an example of the additive

14



endorsement of AsiDNA to the transcriptional radio response in HDMBO03 (Figure 5D).
Moreover, the number of significantly up-regulated genes in the p53 pathway does not change
with increasing radiation doses, whereas adding AsiDNA to 1.8 and 6 Gy increases this number
from 20 to 22 and 26, respectively. In DAQOY, CXCL1 (C-X-C Motif Chemokine Ligand 1),
IL1A (Interleukin l1a) and IFIT2 (Interferon Induced Protein With Tetratricopeptide Repeats 2)
show AsiDNA-mediated additivity (Figure 5F). Both radiation doses promote a regulation
change in seven of the TNFa pathway genes set, whereas a combination of AsiDNA increased
the number of overlapping genes from 7 to 13 and 28 in 1.8 and 6 Gy doses, respectively

(Supplementary Fig.S4D).

Our results indicate that AsiDNA modulates the expression of the same cell-specific pathways
that are activated in response to radiation and reinforces their transcriptional response, as do
higher radiation doses. The pathways showing the strongest regulation on radiation in HDMBO03

and DAOY are associated with cell death programs, such as p53 and TNFa, respectively.

AsiDNA-mediated DNA repair inhibition increases markers of genetic instability,

reinforcing radiation-mediated cytotoxicity, favoring necrotic cell death

To understand the cytotoxic impact of the AsiDNA-mediated radio-mimicking transcriptional
response in MB, we evaluated the type of cell death induced in HDMBO03 and DAQOY upon
irradiation, and AsiDNA. Upon irradiation, both HDMBO03 and DAQY activate apoptotic death
(Figure 6A), whereas necrosis is increased only in HDMBO03. The necrotic fraction is further
increased when AsiDNA is associated with radiation in both cell lines. Interestingly, the
preferential irradiation-induced cell death in DAQOY cells is apoptosis with or without AsiDNA
(Figure 6A). Thus, AsiDNA seems to increase necrosis, independent of the genetic background
and the radiation-induced cell death pathway.

In previous works, the mechanisms of DNA repair inhibition by AsiDNA have been thoroughly
characterized in adult tumor models, which are often deficient in TP53 and have high degree of
genetic instability. To evaluate the impact of AsiDNA on the major DSB repair pathways in a
pediatric cancer model, we assessed the ability of HDMBO03 (TP53 wt) to form foci of non-
overlapping repair factors after radiation, such as 53BP1, involved in non-homologous end-
joining repair, and BRCAL, involved in homologous recombination repair. As expected,

radiation alone led to a significant increase of foci formation of 53BP1 and BRCA1, (p<0.0001)

15



(Figure 6B and C). In both cell lines, AsiDNA induced, as previously reported, a characteristic
pan-nuclear YH2AX that persisted in irradiated cells (Figure 6B and C). Recruitment of 53BP1
and BRCA1 was significantly inhibited after irradiation in cells treated with AsiDNA, as shown
by the decrease of 1.4 and 2-fold, respectively, in the mean number of foci formed by 53BP1
(p=0.0097) and BRCAL (p<0.0001) after irradiation (Figure 6B and C). The inhibition of DNA
repair factor recruitment by AsiDNA upon irradiation is independent of the TP53 status, and the

mechanism of AsiDNA DNA repair inhibition are conserved in pediatric tumors.

Micronuclei are a universal marker of genomic instability (40) and a predictive biomarker of
AsiDNA sensitivity (36). To evaluate the consequences of the AsiDNA-mediated DNA repair
inhibition in MB, we assessed the frequency of micronuclei 72 hours after low radiation
treatments of 1.8 Gy in HDMBO03 (TP53 wt) and DAOY (TP53 mut). Radiation significantly
increased the frequency of micronuclei 3.2- and 1.6-fold in HDMBO03 and in DAOQY,
respectively (p=0.0002 and p<0.0001, respectively) (Figure 6D). Compared to NT, AsiDNA led
to a 1.8- and 1.6-fold increase in micronucleated cells in both HDMBO03 and DAOY (p=0.0575
and p<0.0001, respectively), making the effect in DAQY as strong as the effect of radiation.
When combined with radiation, AsiDNA led to a further increase of the frequency of
micronuclei in an additive manner (Figure 6D). These observations corroborate the observations
that AsiDNA impairs repair of radiation genotoxic insults. The increase of micronucleated cells
suggests that AsiDNA could kill cells through mitotic accident, leading to necrotic death,
favoring a more protracted and continuous cytotoxic effect over the one provided by radiation

alone.
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Discussion

Contrary to other pediatric cancers, various reports show that MB survivors still show a high-risk
of morbidity (13). For more than 25 years, no new drugs have been approved by the food and
drug administration for treatment of pediatric brain tumors (41). To our knowledge, our studies is
one of the few MB preclinical studies that have tested the combination of new approaches to
conventional therapies, in addition to comprehensively analyzing and describing both the
efficacy and toxicity of the proposed protocols. Two protocols using either fractionated
irradiation on subcutaneous tumors or single-dose brain irradiation were employed because, due
to technical challenges, focal brain irradiation could not be safely repeated on small animals.
Nonetheless, the applicability of the protocols and models used was validated by the
reproduction of the various clinically described adverse effects caused by childhood brain

irradiation and by the similar observations of treatment efficacy in both models and protocols.

The various assessments at subacute and chronic periods after treatment did not show that
AsiDNA added toxicity to the effects caused by brain irradiation. In contrast, animals receiving a
combination of treatments showed better survival than their radiation-only counterparts. The
absence of added toxicity with AsiDNA has already been reported in various studies using adult
models in association with radiotherapy (22, 25, 27), doxorubicin (18, 21), carboplatin (26) and
oxaliplatin and 5-fluorouracil (24). The clinical trial DRIIM (NCT01469455) demonstrated that
combining AsiDNA with radiotherapy does not increase radiation-induced skin toxicity in
patients (29). The mechanism underlying the AsiDNA specificity for tumor tissues is not yet
fully understood. The low distribution of the drug and poor activation of AsiDNA targets (pan-
nuclear yH2AX) within the healthy tissues surrounding the tumor suggest that distribution and

activity of AsiDNA occurs preferentially within tumor tissues.

The use of two different models in the high-risk Group 3 MB provided robust information on the
radiosensitizing properties of AsiDNA, indicating that AsiDNA efficacy is independent of the
radiation doses and protocols — fractionated or single-dose — or route of administration — local or
systemic. AsiDNA increased the time tumors responded to treatment, resulting in improvement
of median survival, validating the ability of AsiDNA to penetrate the brain tumor tissues at
efficient doses by systemic administration. Interestingly, the combination of AsiDNA with low

radiation doses showed better outcomes than increasing radiation doses. As such, AsiDNA could
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help achieve the same therapeutic benefits with lower radiation doses, mitigating dose-dependent

adverse effects of radiation.

Treatment additivity is preferable in the pediatric oncology realm, as frequently they do not show
overlapping toxicities (42, 43). In vitro studies demonstrated that the mostly additive
radiosensitizing effect of AsiDNA is not restricted to Group 3 MB but applies across different
molecular groups, irrespective of intrinsic radiosensitivity, genetic background or TP53 status.
Mutations on TP53 commonly emerge at MB relapse, conferring radioresistance to the recurring
tumor (44). Using a TP53-silenced model, we demonstrated that AsiDNA can in fact reverse the
radioresistance induced by TP53 loss. It would be interesting to further explore the potential of
AsiDNA to increase treatment response in recurrent MB, for which there is no available
treatment (39).

Some have proposed that targeted therapies with a broader spectrum of action could offer new
hope in pediatric oncology care (45) because low rates of mutations and contrasting differences
across groups limit options for rational and targeted therapy (46-48). Mechanistic insights into
the AsiDNA broad spectrum of radiosensitization suggest that the cytotoxic outcome of AsiDNA
is the result of a two-way operation: (i) on one hand, AsiDNA increases the number of key
factors involved in programmed cell death and their expression, as do higher radiation doses
without evoking real DNA damage; (ii) on the other hand, the DNA repair inhibitor AsiDNA
hampers the cell’s attempt to repair the DNA damage induced by radiation. The mostly additive
cytotoxic nature of AsiDNA is not reliant on a programmed cascade of events or on a single

pathway and is able to directly and indirectly reinforce the tumor radiation (Figure 6E).

Here, we present preclinical evidence that the brain-penetrant DNA repair inhibitor AsiDNA is a
potential candidate to improve radiotherapy efficacy in MB models without added toxicity.
AsiDNA has great potential for clinical translation in pediatric clinical testing as clinical trials
have demonstrated AsiDNA to be well tolerated and safe in combination with radiotherapy.
Radiosensitization by AsiDNA may help address a significant unmet clinical need in MB care by
augmenting treatment efficacies and consequently improving clinical outcomes in high-risk
subsets and by allowing for radiation de-escalation in standard-risk patients, thus mitigating
dose-dependent morbidities. Protocols used throughout this study could be translated for other
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pediatric cancers for higher therapeutic benefits, especially considering the genetic background-

independent activity of this drug.
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Figure 1 - Brain bioavailability of AsiDNA in developing models and animals bearing orthotopic
brain tumors. (A) Cy5.5 average fluorescence intensity relative to NT brain background, scanned on
harvested brains 4h after administration of Cy5.5-AsiDNA through IP injection in adult models bearing or
not orthotopic grafts (mock-grafts, HDMBO03-luc or U87-luc) and in 11 days-old pups (young brain).
Significance tested by Welch T-test (B) Representative brain Cy5.5 fluorescent scan of the conditions
mentioned above in (A). Black arrows indicate the grafting site. (C) Comparison of Cy5.5 mean
fluorescence present in the brain tissue and the tumor per animal. Significance tested by paired T-test. (D)
Representative brain immunofluorescence, stained for YH2AX (green) and nuclei stained with DAPI
(blue) after AsiDNA IP injection in adult brain with tumor (normal tissue, left of white line; tumor tissue,
right of white line); numbers indicate number of YH2AX positive nucleus in both tissues. (E) Live
fluorescence imaging of Cy5.5-AsiDNA distribution 1 and 4h after IP injection in pups. Radiant
efficiency scale from minimum (2.38x10") to maximum (6.86x10™). (F) Representative brain
immunofluorescence, stained for CD34 (red) and YH2AX (green) and nuclei stained with DAPI (blue)
after AsiDNA IP injection in 11 days-old pups. Numbers represent the mean total number of YH2AX
positive nucleus and of which do not co-localize with CD34 staining + standard deviation (n=3). (D, F)

Scale bar = 200 um. Significance: non-significant, ns; * p<0.05 and ** p<0.01.

Figure 2 — No increase of radiation toxicity with AsiDNA treatment in young models. 10 days-old
pups received 0.75mg/g of AsiDNA via intraperitoneal IP and SARRP brain irradiation of 10, 15 or 20
Gy;(A) upper panel, dose-distribution (colored) of the irradiated volume superimposed to the CT-scan
image guidance; lower panel, representation of alopecia in the irradiated area 7 days after treatment. (B)
Kaplan-Meier representation of animal surviving fraction. Significance given by Logrank test. (C) Mean
weight in grams £ SD, over time after treatments. Period of time without death events highlighted by the
green rectangle. (B and C: sham-treated, n=12; 20 Gy, n=14; AsiDNA, n=13; AsiDNA + 20 Gy, n=12).
(D) Mean femur length in mm measured from animals that reached adulthood. (E) Mean circulating GH
17 days after treatments, measured by ELISA. (F) Logl0 mean volume of the brain ventricles
approximately 6 months after treatments (upper panel) and representative brain MRI highlighting in
yellow the measured structures, corresponding to the lateral and third brain ventricles (lower panel). (G)
Fold-change of Luxol Fast Blue intensity for myelin quantification in corpus callosum brain structures 8
months after treatments (normalized to the sham-treated values) (upper panel) and representative
histological sections (lower panel). Scale bar = 300um. (H) Mean rotarod performance two months after

treatments represented in minutes (min). (D-H) cohorts receiving AsiDNA treatments are represented in
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orange, cohorts without AsiDNA are represented in blue. Significance given by two-way ANOVA test

and represented bellow bar plots. Significance: non-significant, ns; * p<0.01; **** p<0.0001.

Figure 3 — AsiDNA treatments improve radiotherapy efficacy in high-risk medulloblastoma.
Animals bearing orthotopic grafts of HDMBO03 (A, B, C) or subcutaneous grafts of HDMBO03-luc (D, E,
F) received the represented treatment plan (A, D, respectively): (A) single brain irradiation with doses of
6.5 Gy or 10.2 Gy, with IP injections of AsiDNA of 9x 2mg, 3x/week for 3 weeks (w); (D) fractionated
treatment, with 10 or 15 fractions of flank irradiation (yellow circles) of 1.8 Gy and local AsiDNA
treatments (red squares) of 2mg, 3x/week for 3 weeks (w); (B, E) Kaplan-Meier representation of
percentage of living fraction of animals (B: NT, n=17; 6.5 Gy, n= 19, 10.2 Gy, n=10; AsiDNA, n= 10;
AsiDNA+6.5Gy, n=10; E: n=10 in each treatment arm). Significance given by Logrank test. Significance:
not significant, ns; * p<0.05; ** p<0.01; *** p<0.001 and **** p<0.0001. (C, F) Median duration in days

of orthotopic (C) and subcutaneous (F) tumor response to treatments in days.

Figure 4 - AsiDNA treatments radiosensitize medulloblastoma cell lines in a cytotoxic manner
regardless TP53 status and molecular group. Survival to AsiDNA (0, light grey circle; 4.8, dark grey
square; or 15.9 uM, black diamond), radiation (0, 2 or 6 Gy), or both was monitored 6 days after
treatment by Trypan Blue cell counting in medulloblastoma cell lines (HDMB03, ONS76, DAOQY,
Uw228.1, HDMBO03-shControl, HDMBO03-shTP53). (A) upper panel, percentage of living cells relative
to non-treated (NT) condition; lower panel, percentage of cell death relative to total cells. Data are
expressed as mean + SD of three independent cultures. Detailed significance is presented in
Supplementary Table S1. (B) Validation of TP53 knockdown by western blot detection of overall protein
levels of p53 and its direct target p21 in HDMBO03 parental, HDMBO03-shControl (shCtr) and HDMBO03-
shTP53 mass culture c02 and c05 six hours after 6 Gy radiation. (C) Efficacy of AsiDNA (0, 4.8 or
15.9uM), radiation (0, 2 or 6Gy), or both was monitored 6 days after treatment by Trypan Blue cell
counting in HDMBO03-shControl and HDMBO03-shTP53 c05. Data are expressed as mean + SD of three
independent cultures. (D) Calculated dose in Gy leading to 50% survival (Dsg), with or without AsiDNA
(0, 4,8 and 15.9 uM) given by a linear regression model. Numbers indicate the maximal Ds, difference

observed after AsiDNA treatment.

Figure 5 - AsiDNA induces similar changes and potentiates the cell-specific expression programs
involved in radiation response. (A) Comparison of transcriptional changes in response to radiation and
AsiDNA in HDMBO03 and DAQY. The plot shows the average log, fold change after 6.0Gy (left panel)
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and AsiDNA (right panel) for all genes expressed in both HDMBO03 (x-axis) and DAOY (y-axis) relative
to NT. (B) Comparison of transcriptional changes in response to radiation and AsiDNA in HDMBO03 (left
panel) and DAQY (right panel) for all genes expressed upon 6 Gy radiation (y-axis) and AsiDNA (x-axis)
relative to NT. Significantly differentially expressed genes are highlighted in their respective colors
(significant at FDR < 1%). The Pearson correlation coefficient for differentially expressed genes is shown
on top (r). (C, E) Violin plots show the distribution of relative expression levels across all genes in cluster
3 (top down-regulated, left panel) and 5 (top up-regulated, right panel) for HDMBO03 (C), and in cluster 2
(top down-regulated, left panel) and 4 (top up-regulated, right panel) for DAOY (E). Each dot represents
the average expression of a single gene in a given condition relative to NT conditions. The top 5 enriched
hallmark signatures (MSigDB) are shown for both clusters above each panel, along with the
corresponding enrichment ratio in parenthesis. Significantly overrepresented signatures at 10% FDR are
highlighted in dark bold. The top 5 enriched hallmark signatures (MSigDB) are shown for both clusters
above each panel, along with the corresponding enrichment ratio. Significantly overrepresented signatures
at 10% FDR are highlighted in dark bold and filled dots. (D, F) The bar plots show the mean expression
levels of selected genes (TMM-normalized counts) in p53 signaling pathway for HDMBO03 (D) and in
TNFa signaling pathways for DAOY (F) at different treatment conditions, + SD of n=3.

Figure 6 — Inhibition of DNA repair enzymes recruitment by AsiDNA favors necrotic cytotoxicity.
(A) Mean percentage of apoptotic and necrotic cells were measured by annexin V/ Propidium iodide
staining and analyzed by FACS. Data is represented by the mean * standard deviation of n=3. (B, C)
Analysis of the 53BP1 (B) and BRCAL(C) foci formation in HDMBO3 cells 2 h after 6 Gy irradiation,
with or without 7 UM AsiDNA treatments. Upper panels: representative images from cells’ nucleus;
Lower panels: quantification of foci number per nucleus (bar: mean value £ SEM). NT — non treated
conditions. Significance tested by unpaired t-test: * p<0.05; **p<0.01; **** p< 0.0001. Scale bar = 10
pum. (D) Mean percentage of nucleus containing micronuclei (MN) after 72 h after 1.8 Gy irradiation.
Significance given by two-way ANOVA test and represented bellow bar plots. Significance: non-
significant, ns; *** p<0.001; **** p<0.0001. (E) Model of the broad-spectrum of AsiDNA

radiosensitization in MB cell lines with different TP53 status.
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