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ABSTRACT

Cranial irradiation is part of the standard of care
for treating pediatric brain tumors. However, ioniz-
ing radiation can trigger serious long-term neuro-
logic sequelae, including oligodendrocyte and brain
white matter loss enabling neurocognitive decline
in children surviving brain cancer. Oxidative stress-
mediated oligodendrocyte precursor cell (OPC) ra-
diosensitivity has been proposed as a possible ex-
planation for this. Here, however, we demonstrate
that antioxidants fail to improve OPC viability af-
ter irradiation, despite suppressing oxidative stress,
suggesting an alternative etiology for OPC radiosen-
sitivity. Using systematic approaches, we find that
OPCs have higher irradiation-induced and endoge-
nous �H2AX foci compared to neural stem cells, neu-
rons, astrocytes and mature oligodendrocytes, and
these correlate with replication-associated DNA dou-
ble strand breakage. Furthermore, OPCs are reliant
upon ATR kinase and Mre11 nuclease-dependent
processes for viability, are more sensitive to drugs
increasing replication fork collapse, and display syn-
thetic lethality with PARP inhibitors after irradia-
tion. This suggests an insufficiency for homology-
mediated DNA repair in OPCs––a model that is sup-
ported by evidence of normal RPA but reduced
RAD51 filament formation at resected lesions in ir-
radiated OPCs. We therefore propose a DNA repair-
centric mechanism of OPC radiosensitivity, involv-
ing chronically-elevated replication stress combined

with ‘bottlenecks’ in RAD51-dependent DNA repair
that together reduce radiation resilience.

INTRODUCTION

Radiotherapy is an important, effective component of the
clinical management of brain tumors; however, it can also
cause serious long-term neurologic sequelae, especially in
children (1–19). These late effects are characterized by al-
tered white matter development (20), decreases in white
matter volume (12), progressive deficits in neurocognitive
performance (1,2,7,13,14,18), and a heightened risk of sec-
ondary meningiomas or high-grade gliomas arising within
the radiotherapy field (8–10,17,21–26). These late effects are
prevalent, and two-thirds of children with brain cancer who
live longer than 5 years post radiotherapy will experience
>1 treatment-related adverse neurologic impact (2). These
adverse neurological outcomes are generally more severe
the younger a person is treated, and/or with higher cumu-
lative doses of ionizing radiation (IR) (12,13). Lasting neu-
rologic morbidities of brain irradiation can be severe, and
understanding their molecular underpinnings is imperative
to improving outcomes, particularly in the context of pedi-
atric brain cancer treatment.

Within the brain, there are multiple neural cell types and
lineages, including astrocytes and neurons that arise from
neural stem progenitor cells (NSPCs), and intermediate and
mature oligodendrocytes that arise from proliferative oligo-
dendrocyte precursor cells (OPCs) (27). NSPCs and OPCs
are both highly proliferative, whilst neurons, astrocytes and
mature oligodendrocytes exist in a post-mitotic, differen-
tiated state. During embryonic and postnatal neural cell
differentiation, each lineage has distinct markers and oc-
cupies a distinct zone (summarized in Supplementary Fig-
ure S1). The majority of cell proliferation occurs within the
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ventricular and sub-ventricular zones that are hypersensi-
tive to IR (28) that also shows higher endogenous apopto-
sis (29), with mature, differentiated cells migrating towards
grey and white matter. White matter is comprised largely
of neurons with axons protected by myelin sheaths pro-
duced by the wrapping processes of mature oligodendro-
cytes (11,30). As white matter atrophy is a hallmark fea-
ture of radiation-related brain injury (3,4,12,16,19) and, as
the extent of it correlates with neurocognitive outcomes
(2,14,16), there has been particular interest in the sensitiv-
ity of the oligodendrocyte lineage to irradiation. Indeed,
demyelination and loss of OPCs has been documented in
post-mortem human specimens obtained from irradiated
patients (31). Both in vitro cell-based and in vivo animal-
based experimental models recapitulate this, and OPCs are
now well documented as being radiation sensitive (6,31–35).

Therapeutic IR typically encompasses photon radiation
such as x-rays or gamma-rays that exert a large proportion
of their anti-tumor effects via reactive oxygen species (ROS)
generation and indirect DNA ionization (4,6,19,33,36).
Oligodendrocytes are sensitive to ROS in a variety of patho-
logic settings, including models of hypoxic-ischemic in-
jury (37–40), traumatic brain injury (41), multiple sclero-
sis (42,43), and Alzheimer’s disease (44). Supplementation
of animal diets with antioxidants such as edaravone (45),
magnesium sulfate (40) or Trolox (46) exhibited a degree of
oligodendrocyte rescue in some of these models. That being
the case, it is reasonable to hypothesize (and it has been sug-
gested (6)) that the internal oxidative environment of oligo-
dendrocytes and OPCs may contribute to their radiosensi-
tivity. However, there has yet to be a systematic study to
verify this hypothesis within the larger context of other neu-
rological lineages, or to explore the molecular mechanisms
that underlie OPC’s unique radiation sensitivity. In the ab-
sence of clear knowledge on this process, meaningful ther-
apeutic interventions to reduce the negative side effects of
brain tumor radiotherapy cannot be pursued. Here, we un-
cover previously undescribed differences in the response of
OPCs and other neural cell types to IR exposure, and chal-
lenge the notion that OPC radiosensitivity is caused pre-
dominantly by elevated oxidative stress. Rather, we present
evidence for a DNA replication-associated damage and re-
pair capacity-centric model for OPC-radiosensitivity.

MATERIALS AND METHODS

Cell culture

OPC isolation was based on (47). Briefly, anterior cortices
of E17 CD-1 mouse pups were dissected, mechanically and
enzymatically dissociated with Accumax (EMD Millipore
SCR006) and grown in a tri-gas incubator at 37◦C and 5%
CO2, 5% O2 in low adhesion tissue culture flasks (Sarstedt
83.3911.502) in DMEM consisting of 2% B-27 supplement
(Gibco 17504044), 2 mM Glutamax (Gibco 35050061), and
20 ng/ml bFGF (Stemcell 78003.2) and EGF (Stemcell
78006.2) (basal neural precursor media) for 5–7 days. Once
small spheres were visible, cells were passaged into 1

2 con-
ditioned basal neural precursor media and 1

2 OPC media,
DMEM + 2% B27, 2 mM GlutaMAX-I, 20 ng/ml bFGF
and 40 ng/ml PDGFaa (Peprotech 100–13A-100ug). Cells

were gradually changed into 100% OPC media by replac-
ing 1

2 of the existing conditioned media with OPC media
over the course of 2 weeks, and resulting oligospheres were
enzymatically dissociated into 10 cm tissue culture dishes
coated with poly-D-lysine (Millipore Sigma A-003-E) and
laminin (Invitrogen 23017015) and allowed to expand to de-
sired confluency. For neural stem cell (NSPC) isolation, the
ventricular zone of E12.5 CD-1 mouse brains were dissected
out, and tissue was mechanically and enzymatically disso-
ciated with Accumax. Cells were grown in a tri-gas incuba-
tor at 37◦C and 5% CO2, 5% O2 in NeuroCult proliferation
media (Stemcell 05702) supplemented with heparin (Stem-
cell 07980) and 20 ng/ml bFGF and EGF. When spheres
reached 100–200 �m in diameter, they were passaged using
Accumax and re-plated in low adhesion tissue culture flasks
at 20 000 cells/ml.

Neural cell lineage differentiation

NSPCs were seeded on poly-D-lysine/laminin coated cover-
slips or culture vessels for neuronal differentiation, and on
Geltrex (ThermoFisher A1413301) coated vessels for astro-
cyte differentiation, at 25 000 cells/cm2 in complete NSPC
media. Cells were left to adhere and proliferate for 24 h.
For neuronal differentiations, media was then changed to
complete neuronal differentiation media for neurons: Neu-
robasal (Gibco 21103049), 2 mM GlutaMAX-I and 2% B-
27+ (Gibco A3582801). For astrocyte differentiation, media
was changed to complete astrocyte differentiation media:
DMEM, 2 mM GlutaMAX-I, 1% N2 (Gibco 17502048)
and 1% FBS (Gibco 16000044). Cells were differentiated
for 5–7 days, and 1

2 of media was refreshed every day for
the duration of differentiation until cells were ready for
use. Differentiation for OPCs to mature oligodendrocytes
(mOLs) was based on (Chen 2007). OPCs were seeded
on poly-D-lysine/laminin coated culture vessels at 30 000
cells/cm2 in complete OPC media. OPCs were allowed to
adhere and proliferate for 24 h, before OPC media was re-
placed with complete oligodendrocyte media: DMEM, 2
mM GlutaMAX-I, 2% B-27, 15 nM T3 (Millipore Sigma
T6397-100MG, prepared as a 15 mM stock in 0.1 M NaOH,
diluted to 1000 × 15 �M T3 in DMEM), 30 �M N-acetyl-L-
cysteine (Millipore Sigma A7250-10G, prepared as a 1000 ×
30 mM stock in DMEM, pH adjusted to 7.4), and 10
ng/ml CNTF (Stemcell 78010.1). Base oligodendrocyte me-
dia consisted of DMEM, 2 mM GlutaMAX-I and 2% B-27,
and each day, 1

2 of mOL media was refreshed with complete
mOL media with fresh T3, NAC and CNTF added to the
base mOL media at the time of use. Cells were differentiated
for 5–7 days at 5% O2.

Cell irradiation

For X-ray photon irradiation experiments, cells were plated
in Cellvis no. 1.5 glass bottom plates (Cellvis P9601.5H-N).
96-well plates were irradiated via a Varian TrueBeam Linear
Accelerator (LINAC). A planning CT scan was acquired to
delineate the irradiation volume and calculate the dose to
be delivered to a 96-well plate with 200 �l liquid in each
well. A custom fit heat moulded plastic jig was fabricated
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to provide full lateral photon scatter conditions to the 96-
well plate. 5 cm of Solid Water High Equivalency (Standard
Imaging) slabs were placed under the 96-well plate to pro-
vide full backscatter conditions and 2 cm above it to pro-
vide full charged particle equilibrium conditions. The radi-
ation plan was created to deliver the radiation dose homo-
geneously (±5%) over the 96-well plates. Using the lasers
and crosshairs of the LINAC, the 96-well plate was aligned
with the treatment couch and gantry in a reproducible, con-
sistent manner. As per the treatment plan, a field size of X
= 15 cm and Y = 10 cm was used, with a Source to Surface
Distance (SSD) of 96-cm to the top of the solid water. 2.4
Gy (or a calculated 49.6 MU) of 6 MV X-rays were delivered
with a dose rate of 300 MU/min on the Varian LINAC. For
� ray irradiations, cells were irradiated using a GammaCell
1000 Elite source (MDS Nordion), which contains a 137Cs
source that emits approximately 2.9 Gy/min.

Immunofluorescence microscopy

Cultured OPCs were treated with 1× trypsin-EDTA (10X,
Millipore Sigma 594180-100ML) in pre-warmed PBS to
facilitate removal from 10 cm dishes, centrifuged at 1500
rpm for 3 min, gently resuspended in pre-warmed com-
plete OPC media and counted. NSPCs were centrifuged at
1500 rpm for 3 min, resuspended in Accumax for 5 min at
37◦C for neurosphere dissociation, gently resuspended in
complete NSPC media and counted. Cells were plated on
poly-D-lysine (1 h, 37◦C) and laminin (overnight, 37◦C)
coated 18 mm coverslips (Mandel, NEU-GG-18-pre) at
100 000 cells/coverslip and allowed to expand overnight.
After treatment with IR or drug, cells were fixed for 10
min in 4% PFA/PBS (ThermoScientific AAJ19943K2) then
rinsed in 1× PBS. Permeabilization was performed with
1× PBS + 0.25% Triton X-100 (Millipore Sigma T8787-
250ML) for 3 min at room temperature (RT). Cells were
rinsed with 1× PBS and blocked for 30 min with 3% goat
or horse serum in PBST (1× PBS + 0.1% Tween 20 (Mil-
lipore Sigma P1379-500ML)). Primary antibodies applied
for 1 h at RT in 1% serum/PBST. Alexa Fluor secondary an-
tibodies were applied at 1:1000 dilution for 25 h RT. Nuclei
were counterstained in a 1:10 000 dilution of 1 mg/ml 4′,6-
diamidino-2-phenylindole (DAPI; Millipore Sigma D9542-
10MG) and mounted with FluorSave Reagent (Calbiochem
34578920ML).

Antibodies and reagents

Primary antibodies were Nestin (1:200, Millipore Sigma,
MAB353), Sox2 (1:200, Cell Signaling Technology
#3728S), Olig2 (1:500, Abcam ab109186), PDGFR�
(1:200, Cell Signaling Technology #3174S), NG2 (1:500,
Millipore Sigma AB5320), O4 (1:200, Millipore Sigma
MAB345), MBP (1:200, Abcam ab40390), GFAP (1:800,
Millipore Sigma AB5541), �H2AX (1:800, Abcam
ab26350), RPA2S33P (1:1000, Abcam ab211877), RAD51
(1:1000, Abcam ab133534), B-III tubulin (1:500, R&D
Systems MAB1195), H3S10P (1:500, Abcam ab14955).
Reagents and inhibitors ATMi (KU55933) used at 10
�M (Tocris, #3544), DNA-PKi (NU7441) used at 1 �M
(Selleckchem #S2638), MRE11i (Mirin) used at 25 �M

(Selleckchem #S8096), PARPi (AZD2289) used at 0.01
�M (Selleckchem #S1060), ATRi (AZD6738) used at 0.5
�M (Cayman Chemicals #21053), hydroxyurea used at 0.5
mM (Millipore Sigma H8627-5G), methyl methansulfonate
used at 100 �M (Millipore Sigma #129925-5G), thiotepa
used at 10 �M (Selleckchem #S1775), etoposide used at 0.1
�M (Millipore Sigma E1383-25mg), camptothecin used
at 1 �M (Selleckchem #S1288), cisplatin used at 1 �M
(Millipore Sigma P4393-100MG), trolox used at 10 �M
(Millipore Sigma #238813-1G), edaravone used at 10 �M
(Selleckchem S1326), N-acetyl-L-cysteine used at 30 �M
(Millipore Sigma A7250-10G), glutathione used at 10 �M
(Millipore Sigma G4251-300 MG), and EdU used at 10
�M (ThermoFisher C10339).

Microscopy image acquisition and processing

Images were acquired on a Zeiss LSM 880 Confocal Micro-
scope with Airyscan, and processed for false colorization,
overlay/colocalization, orientation and scale with Zeiss Zen
Lite. Enumeration of RAD51 and �2AX foci was per-
formed manually by counting cells using Adobe Photoshop
CC 18. Enumeration of cells for nuclear, cytoskeletal, cyto-
plasmic and membrane proteins was also performed man-
ually with Adobe Photoshop CC18. Nuclear quantifica-
tion of �2AX and RPA2S33p was performed with FIJI ver-
sion 2.0.0. Briefly, 16 bit greyscale DAPI images were pro-
cessed with Gaussian blur and auto-thresholded with De-
fault. Images were converted to binary masks and the water-
shed tool was run to separate nuclei further. Nuclear masks
were used to quantify the immunofluorescence signal of the
stain of interest via the ‘analyze particles’ function, and in-
tegrated density provided fluorescence intensity values. For
� -H2AX, RAD51 and RPA2S33p automated foci counting
analyses, maximum intensity projections from z-stacked im-
ages were analyzed using CellProfiler (BROAD Institute).
Briefly, the Speckle Counting pipeline was used to count
the number of � -H2AX, RAD51 or RPA2S33p foci per nu-
cleus using the DAPI stain as a mask. Foci were automat-
ically identified using a single intensity threshold that was
established and used across all images sets for each antibody
stain.

Alamar Blue cell viability assay

To assess cell viability after radiation or treatment with
small molecules, Alamar Blue resazurin-based cell viability
reagent (Invitrogen DAL1100) was added to cell culture me-
dia to a final concentration of 10% in media 16 h after IR
or treatment with small molecules. Twenty-four hours later,
the resulting fluorescence was read on a Molecular Devices
SpectraMax iD3 microplate reader with excitation filters set
at 530 nm and emission at 580 nm. For each experiment, the
fluorescence from no less than three wells were averaged to-
gether per condition, and negative (no cell) controls were
used to determine background media fluorescence.

2D propidium iodide and EdU flow cytometry

For flow cytometry analyses, NSPCs and OPCs were seeded
in poly-D-lysine/plaminin coated 6-cm dishes (Greiner Bio-
One 628160) at 800 000 cells per vessel in complete NSPC
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or OPC media, and allowed to adhere and proliferate for
48 h to 90% confluency. Each repeat was performed in du-
plicate, and two 6-cm dishes were seeded per condition.
EdU (ThermoFisher C10337) or DMSO vehicle control
was added to the culture media to a final concentration of
10 �M, and cells were immediately irradiated with 0.5 Gy
�IR. Both irradiated and unirradiated cells were incubated
for a further 4 h at 5% O2, before being rinsed twice with
1× ice cold PBS, and collected into 1 ml cold PBS. Cells
were centrifuged at 1500 rpm for 3 min, and resuspended in
200 �l ice cold PBS. 800 �l ice cold 100% EtOH was added
drop-wise to cells while vortexing slowly, and cells were fixed
on ice for a 1 h. If cells were not used immediately, they
were kept in the dark at 4◦C. For EdU staining, fixed cells
were centrifuged at 2500 rpm for 5 min, and washed once
with ice cold PBS, centrifuging at 2500 rpm for 5 min again.
Cells were resuspended in 100 �l of Click-iT EdU Alexa
Fluor 488, or 100 �l of PBS for unstained controls, and
stained for 30 min in the dark. Cells were washed twice with
ice cold PBS, centrifuging at 2500 rpm for 5 min between
each wash, and resuspended in either PBS for unstained
controls, or propidium iodide (Abcam 139418). Cells were
then run on a BD Bioscience LSRII Flow Cytometer, gat-
ing sequentially for cellular debris and doublets as per stan-
dard forward and side scattering gating procedures, and sin-
gle color/unstained controls were used to set thresholds for
fluorescence. EdU and PI fluorescence intensities were then
examined, and data were analyzed with FACSDiva version
6.1.3. Full details of FACS experiment can be accessed via
https://flowrepository.org/ using experiment ID: FR-FCM-
Z527

H2DCFDA reactive oxygen species detection assay

H2DCFDA (ThermoFisher, D399-100mg) was prepared as
a stock at 20 mM in DMSO. H2DCFDA was diluted to 40
�M in NSPC or OPC complete media, and 100 �l was di-
luted 1:1 into 100 �l of media with cells in a 96-well plate
for a final concentration of 20 �M. Cells were returned to
37◦C at 3% O2 incubation for 1 h to load the dye. If antiox-
idants were added, they were added concurrently for a 1 h
incubation. For IR experiments, plates were irradiated on
a Varian TrueBeam LINAC. Immediately prior to irradia-
tion, media was removed and replaced with 200 �l cold PBS
(to avoid media autofluorescence at later microplate read-
ing step). Plates were irradiated, and resulting DCF fluores-
cence was read immediately on a Molecular Devices Spec-
traMax iD3 microplate reader with filters set for an excita-
tion of 485 nm and emission of 530 nm. For H2O2 exper-
iments, various concentrations of H2O2 were diluted into
cold PBS, and media was replaced with H2O2 in cold PBS
for 5 min at room temperature. The resulting fluorescence
was read as above. For each experiment, the fluorescence
values of no less than three wells were averaged together,
and no H2DCFDA, unirradiated and vehicle-treated con-
trols were performed with each experiment.

Alkaline comet assay

NSPCs and OPCs were grown to 90% confluency (∼5 mil-
lion cells) in poly-D-lysine and laminin coated 10 cm dishes,

and were trypsinized, collected, counted and resuspended
to 1000 cells/ml in ice cold 1× HBSS without calcium or
magnesium in 15 ml Falcon tubes and kept on ice (Fisher
Scientific 14025076). 1 ml cells were removed prior to irra-
diation for unirradiated controls, and cells were irradiated
with 0.5, 3 or 10 Gy � IR and immediately, 1 ml was re-
moved for the induction time point. Cells were spin down
at 1500 rpm for 3 min before being returned to warm, con-
ditioned and clarified media for repair. 1 h later, 1 ml of cells
were removed as the final time point. Cells were washed in
pre-chilled 1X PBS, spun down at 1500 rpm for 3 min and
resuspended in 150 �l of cold 1× PBS. Cells were mixed
with an equal volume of 1.2% (w/v) low melting point
agarose (Invitrogen, #16520–050), and quickly layered onto
a pre-chilled frosted glass slide with a 0.8% (w/v) ultrapure
agarose (Techologist Choice #7109) base layer. Coverslips
were used to maintain the agarose shape, and slides were
chilled at 4˚C in the dark until set. Coverslips were removed,
and slides were immersed in pre-chilled lysis buffer (2.5 M
NaCl, 10 mM Tris–HCl, 100 mM EDTA, 1% (v/v) Triton
X-100, 10% (v/v) DMSO, pH 10) for 1 h in the dark, then
washed three times with pre-chilled electrophoresis buffer
(50 mM NaOH, 1 mM EDTA, 10% (v/v) DMSO). Slides
were placed in electrophoresis chamber with buffer, and al-
lowed to equilibrate for 45 min before being electrophoresed
at 25 V for 25 min (0.6 V/cm), and neutralized with Tris–
HCl pH 7.4 for 1 h at 4˚C. DNA was stained with SYBR
Green (1:10,000 from Sigma #S9430) and 0.5% antifade (
= 0.5% (w/v) p-phenylenediamine in 20 mM Tris, pH 8.8,
90% (v/v) glycerol) for 10 min at room temperature. Slides
were imaged and Comet Assay IV (Perceptive Instruments,
UK) software was used to quantify tail moment for at least
100 cells per experiment.

Quantitative PCR

NSPC and OPC cell pellets were lysed with Trizol reagent
(Ambion) to extract RNA. cDNA was synthesized from
1 �g RNA using Superscript II reverse transcriptase (In-
vitrogen). qPCR analysis was performed using SYBR green
(Life Technologies) to determine target gene mRNA expres-
sion. Reactions were performed in technical triplicate and
CT values were averaged and normalized to the correspond-
ing GAPDH value to obtain the �CT value. ��CT values
were obtained by normalizing the �CT values to the NSC
cell type and expressed as fold change in expression aver-
aged over three independent repeats. The following primers
were used:

• RAD51, Forward: 5′-TGATGAGTTTGGTGTCGCAGTG
• RAD51, Reverse: 5′-CGAACATGGCTGCTCCATCTAC
• RAD52, Forward: 5′-GAGAACCAGCCCAAACTTCTGC
• RAD52, Reverse: 5′-GAACATGCTGGTTGGTGTTGC
• BRCA1, Forward: 5′-CCCAAAGATGAGCTGGAGAG
• BRCA1, Reverse: 5′-GTCCCACATCACAAGACGTG
• BRCA2, Forward: 5′-CCATTTCAGAAGACCAGTGG
• BRCA2, Reverse: 5′-ACGAACACCTATGAGTAGCC
• OLIG2, Forward: 5′-GAAGCAGATGACTGAGCCCGAG
• OLIG2, Reverse: 5′-CCCGTAGATCTGCTCACCAG
• PDGFRA, Forward: 5′-GGAGAACCTGTTGCCGGG

AC

https://flowrepository.org/
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• PDGFRA, Reverse: 5′-
TCTCGATGGCACTCTCTTCC

• GAPDH, Forward: 5′-CTCCACTCACGGCAAATTCAA
• GAPDH, Reverse: 5′-GATGACAAGCTTCCCATTCTCG

Statistics

Statistical analyses were performed using GraphPad Prism
8. Each column represents the mean ± SEM and is repre-
sentative of at least three independent experimental repeats.
Dots in dot plots represent values of single cells, and the
mean ± SEM of at least three independent experimental
repeats is shown. Data were evaluated by one-way or two-
way analysis of variance (ANOVA) followed by the Tukey’s
test, or alternatively a two-tailed Student’s t-test. A value of
P <0.05 was considered significant. For all figures in this
study, the following nomenclature was used to describe sta-
tistical significance: ns P > 0.05, * P < 0.05, ** P < 0.01,
*** P < 0.001 and **** P < 0.0001.

Research Ethics Board approval

Animal use was approved by the University of Calgary An-
imal Care Committee (protocol AC17-0235) in compliance
with the Guidelines of the Canadian Council of Animal
Care.

RESULTS

Oligodendrocyte Precursor Cells are radiosensitive relative to
other neural cell types, and die by apoptosis

To establish a robust model amenable to systematic anal-
ysis, we first isolated mouse embryonic NSPCs (E12.5)
and OPCs (E17) from wildtype, outbred CD-1 mice that
are an established model for brain and radiation research
(38,48,49), and differentiated these ex vivo into the main
neural cell types (27) outlined in Figure 1A. In this sys-
tem, the cultures antigenically and morphologically reca-
pitulated their in vivo counterparts when examined by im-
munofluorescence (for further rationale for using this model
system, please see Supplemental Information). To verify the
relative radiosensitivity of different neural cell types in our
system, we exposed the cells to IR and used Alamar Blue
assays as a surrogate for monitoring cell viability, as well as
immunofluorescence staining and cell enumeration to eval-
uate overall cell population numbers. Individual cultures
were exposed to 3 Gy IR, and viable cells expressing lineage-
specific markers were enumerated 24 h later and expressed
as a surviving fraction relative to the 0 Gy condition (Fig-
ure 1B). As expected (6,29–33), OPCs displayed the greatest
radiosensitivity relative to other neural cell types. To exam-
ine cell death mechanisms, cleaved Caspase 3 (an indicator
of apoptosis) (33) was measured 6 h post 3 Gy IR (Figure
1C). Astrocytes, neurons, mOLs and NSPCs showed mod-
est increases in cleaved Caspase 3 after IR, none of which
were significant (P > 0.05) relative to controls or one an-
other. By contrast, OPCs showed a significant (P < 0.0001)
7.32-fold increase in programmed cell death after IR. As in-
creased radiosensitivity can be a consequence of prolifera-
tion at the time of irradiation, we also performed a 0.25–
20 Gy IR dose course using NSPCs and OPCs that were

in a comparably proliferative state (Figure 1D). Proliferat-
ing OPCs displayed significant (P < 0.0001) radiosensitiv-
ity relative to proliferating NSPCs even at low IR doses,
suggesting that OPC radiosensitivity is not solely a func-
tion of cell division at the time of irradiation. We noted
that the lower threshold of sensitivity of this viability as-
say (i.e. the signal produced from dead cultures) was 10–
20%. For example, OPC cultures 24 h after 3 or 20 Gy IR
(as in Figure 1D) were visibly dead (Supplemental Figure
S2) but generated an average ∼20% Alamar Blue signal in
that experiment. To indicate this on all viability assays in
this study, the ‘lower limit of sensitivity (all dead)’ threshold
level (verified for that specific experiment) was applied to
datasets.

OPC radiosensitivity is not alleviated by oxidative stress sup-
pression

To interrogate the hypothesis that elevated oxidative
stress underlies OPC radiosensitivity, we monitored ox-
idative stress using the 2′,7′-dichlorofluorescin diacetate
(H2DCFDA) assay in cells exposed to IR or H2O2 (as a
positive control for oxidative stress), as we have done be-
fore (50). H2DCFDA freely permeates cells and reacts with
ROS in a stoichiometric manner to produce fluorescent
dichlorofluorescin (DCF). OPC and NSPC cultures were
pre-incubated with H2DCFDA for 1 h, irradiated or ex-
posed to H2O2, and DCF fluorescence was measured imme-
diately by microplate reader. Compared to NSPCs, OPCs
displayed greater oxidative stress at baseline and post-IR or
H2O2 treatment (Figures 1E, F). We next exposed OPC and
NSPC cells to a series of individual and mixed antioxidants,
and verified that treatments effectively suppressed oxidative
stress (Figures 1E, F and Supplementary Figure S3A, B).
To determine whether higher OPC oxidative stress was re-
sponsible for their heightened sensitivity to IR, OPCs and
NSPCs with a comparable proliferative index were treated
with antioxidants for 24 h, irradiated, and assessed for via-
bility 16 h later. While no effects were observed in NSPCs
(expected given their low oxidative stress and high viability),
surprisingly, the suppression of oxidative stress to back-
ground levels had no effect on OPC viability after IR ex-
posure (Figure 1G and Supplementary Figure S3C). Alto-
gether, these data suggest that elevated oxidative stress does
not underlie OPC radiosensitivity.

OPCs display high basal and IR-induced DNA damage bur-
den

We considered alternative explanations for OPC radiosen-
sitivity, and explored whether these cells exhibited any aber-
rant DNA damage responses. As we have done previously
(50), we used using alkaline comet assays to directly mea-
sure induction and resolution of DNA single strand breaks
(SSBs) and, to a lesser extent, DNA double strand breaks
(DSBs). OPCs and NSPCs were exposed to 3 or 10 Gy R,
and then subjected to single-cell gel electrophoresis (Figure
2A). OPCs displayed significantly (P < 0.0001) increased
DSB and SSB levels at baseline and after both doses of IR
compared to NSPCs. We also monitored the baseline pres-
ence, induction and resolution of �H2AX (H2AXS139p) foci
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Figure 1. Oligodendrocyte Progenitor Cell radiosensitivity cannot be alleviated by oxidative stress suppression. Panel A. Mammalian brain (neural) cells
of OPC or NSPC-derived lineage are distinguished by immunofluorescence using the indicated markers. Panel B. NSPCs or OPCs were differentiated into
individual neural cell lineages as in (A), exposed to 3 Gy IR, and monitored 24 h later for viability. Dashed grey lines and skull icon represents the specific
lower limit of sensitivity for this Alamar Blue assay (the point at which all cells in the culture are dead). Panel C. Neural cells were irradiated with 3 Gy
IR, then, 24 h later, immuno-stained for cleaved caspase 3, and quantified within each distinct neural lineage as a function of total cell number. To yield
an apoptotic index, irradiated cells were normalized to 0 Gy condition. Data = mean ± SEM of n = 3 with 500–1000 cells per biologic replicate. Panel D.
NSPC (green) and OPC (blue) cultures were irradiated with increasing IR doses and monitored for viability. Data = mean ± SEM of n = 3. Lower limit
of sensitivity is indicated as in (B). Panel E. The inset schematic depicts the basis of the DCF oxidative stress assay. NSPC (green) and OPC (blue) cultures
were pre-treated with or without the comprehensive antioxidant cocktail prior to 0.5 or 3 Gy IR, then monitored immediately using the DCF fluorescence
oxidative stress assay. Data = mean ± SEM of n = 3. Panel F. The experiment from (E) was repeated using a 5 min incubation with 500 �M H2O2 treatment
(or PBS alone) prior to analysis. Panel G. NSPC (green) and OPC (blue) cultures were pre-treated with an antioxidant mixture and exposed to a single
dose of 0.5 or 3 Gy X-IR, and assessed for viability as in (B). Data = mean ± SEM of n = 4. For data in (B, C, G), statistical analysis represents pairwise
comparisons analyzed with Student’s t-test. Data in (D) was analyzed with a two-way ANOVA. Data in (E–G) was analyzed by one-way ANOVA with
Tukey’s multiple comparison post-test. For all panels, ns P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001, ****P < 0.0001. Icons and graphics in figure
were created using Adobe Illustrator, or Microsoft PowerPoint.



NAR Cancer, 2022, Vol. 4, No. 2 7

Figure 2. OPCs experience a high baseline and IR-induced DNA damage burden. (A) OPCs and NSPCs were irradiated with 3 or 10 Gy IR and, either
immediately (0 h) or 1 h later, subjected to alkaline single cell gel electrophoresis (comet assay) to examine DNA double strand and single strand break
induction and resolution. Tail moments were captured using Comet Assay IV software. Data = mean ± SEM of n = 3 with 200 cells per repeat. Data
were analyzed by one-way ANOVA with a Tukey’s multiple comparisons post-test. (B) Astrocytes, Neurons, Mature Oligodendrocytes and NSPCs were
exposed to 3 Gy and, from 0.5 to 24 h later, fixed and immunostained for �H2AX, Individual �H2AX foci were enumerated and expressed as dot plots of
foci per cell, with black bars = mean ± SEM from n = 3 with 50–80 cells per repeat. Pairwise comparisons were analyzed with Student’s t-test; note that
OPCs exposed to 3 Gy did not survive long enough to obtain reliable data. (C) Asynchronously growing cultures of NSPCs and OPCs were irradiated with
0.5 Gy IR and immunostained 0.5 or 24 h later for �H2AX (green), DAPI (blue) and the indicated neural lineage markers (red). (D) Individual �H2AX
foci were enumerated for the NSPCs (green) and OPCs (blue) from (C); dot plot represents foci per cell, with black bars = mean ± SEM from n = 3 with
50–80 cells per repeat. Pairwise comparisons were analyzed with Student’s t-test. (E) Cells from (C, D) were pulsed with 0.5 �M EdU ± 0.5 Gy IR and
distribution of G1, S, G2 phase populations were quantified using FACS. Panel F. Data from (D) was normalized to the 0.5 h time point (‘induced’) to
monitor the rate of �H2AX signal resolution between NSPCs (green) and OPCs (blue). For all panels, ns P > 0.05, * P < 0.05, ** P < 0.01, ***P < 0.001,
**** P < 0.0001.

(a highly sensitive, surrogate marker of DSBs) after IR in
a cell type-specific manner (51) (Figure 2B). Proliferative
NSPCs displayed increased �H2AX after 3 Gy IR com-
pared to non-proliferative neural cell types, although this
still resolved over time. 3 Gy IR triggered too much cell
death in OPCs to obtain reliable data. To solve this, we
repeated this experiment using a sub-lethal dose (0.5 Gy)

that permits OPCs to survive at least 24 h (Figure 1D) and
monitored �H2AX in OPCs and NSPCs with comparable
proliferative and cell cycle profiles (Figure 2C–E). OPCs
showed greater �H2AX at all timepoints examined. Nor-
malizing �H2AX signal to the peak of induction (at 0.5 h)
showed that overall �H2AX resolution kinetics of OPCs
and NSPCs was similar over the first 6 h, arguing against



8 NAR Cancer, 2022, Vol. 4, No. 2

Figure 3. OPCs are highly dependent upon ATR for survival. Left hand insets in all panels summarize the impact of drug treatment on cells. (A) Individual
neural cell lineages were incubated with 10 �M of the ATM inhibitor KU55933 (or an equivalent amount of the DMSO vehicle) for 1 h, then exposed to
0.5 Gy IR and monitored 40 h later for viability using microplate reader. (B) The experiment in (A) was repeated using 1 �M of the DNA-PK inhibitor
NU7441 (or an equivalent amount of the DMSO vehicle). Bars represent mean ± SEM of n = 3 normalized to 0 Gy, DMSO-treated controls. (C) The
experiment in (A) was repeated using 0.5 �M of the ATR inhibitor AZD-6738 (or an equivalent amount of the DMSO vehicle). Bars represent mean ±
SEM of n = 3 normalized to 0 Gy, DMSO-treated controls. Data in were analyzed with one-way ANOVAs amongst each neural cell type, and a Dunnett’s
multiple comparisons post-test compared each mean to the unirradiated, untreated control values. For all panels, ns P > 0.05, *P < 0.05, **P < 0.01, ***
P < 0.001 and ****P < 0.0001. Dashed grey lines represent the specific lower limit of sensitivity for this Alamar Blue assay (the point at which all cells in
the culture are dead). Graphics in this figure were created using Adobe Illustrator or Powerpoint.

a large, intrinsic DSB repair defect in these asynchronously
replicating cell cultures (Figure 2F). From 16 to 24 h, how-
ever, OPCs showed an increase in �H2AX not observed
in unirradiated OPCs, or in NSPCs under any condition.
We speculate that this could be due to irradiated OPC cells
re-entering S-phase with unresolved DNA lesions that col-
lide with replication forks to produce further, late-occurring
DSBs.

OPCs depend upon ATR protein kinase activity for survival

The mammalian response to IR involves signaling from
the ATM, DNAPK and ATR kinases, which (depending
on cell cycle phase) variably contribute to �H2AX sig-
naling, G1/S, intra-S and G2/M cell cycle checkpoint ar-
rest, the initiation of homologous recombination (HR)-
mediated DSB repair, replication fork stabilization and/or
non-homologous end-joining (NHEJ) mediated DSB repair
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Figure 4. OPCs carry a high burden of anti-oxidant insensitive but DNA replication-associated DNA damage and are are sensitive to replication fork
collapse. (A) Asynchronously growing cultures of NSPCs (green) and OPCs (blue) were pulsed with EdU for 1 h, then immunostained for EdU and �H2AX.
Total nuclear �H2AX fluorescence intensity was normalized to total nuclear volume, and then plotted for EdU positive (S-Phase, actively replicating) or
EdU negative (G1/G2, non-replicating) cells. (B) The cells from (A) were irradiated with 0.5 Gy and harvested at indicated time points, immunostained
for EdU and �H2AX. The number of nuclear �H2AX foci in EdU positive (S-phase) cells was enumerated. (C) The comprehensive antioxidant cocktail
(cyan) or an equivalent amount of vehicle (dark blue) was added to OPC cultures and, 24 h later, cells were pulsed for 1 h with EdU before being stained for
EdU and �H2AX and analyzed as in (A). (D) NSPCs or OPCs were cultured and differentiated into individual (indicated) neural cell lineages, which were
then incubated with 100 �M methyl methanesulfonate (MMS, left) or 0.5 mM hydroxyurea (HU, right) for 16 h, then washed, placed into fresh media,
and assessed for cell viability after an additional 24 h. (E) The experiment in (C) was repeated using between 0.5 to 16 h exposure to HU and only NSPC
and OPC cell cultures. (F) The experiment in (C) was repeated using either etoposide, thiotepa or cisplatin (at indicated doses) for 16 h exposure, and only
NSPC and OPC cell cultures. For panels A, B and F, black bars = mean ± SEM of n = 3 with 60–100 cells per repeat. Pairwise comparisons were made
with Student’s t-test. For panels C–E, bars represent the mean ± SEM of n = 3. Data was analyzed by one-way ANOVA followed by Tukey’s multiple
comparisons post-test. For all panels, ns P > 0.05, *P < 0.05, **P < 0.01, *** P < 0.001 and ****P < 0.0001. For panels D–F, dashed grey lines and skull
icon represents the specific lower limit of sensitivity for this Alamar Blue assay (the point at which all cells in the culture are dead). Icons in this figure were
from Powerpoint.

(see left insets, Figures 3A–C) (52–59). To dissect the rela-
tive important of each signaling pathway to neural cell re-
silience after IR, individual neural cell lineages were incu-
bated with small molecule inhibitors of ATM (Figure 3A),
DNAPK (Figure 3B) or ATR (Figure 3C) at concentrations
that we verified to produce the established functional out-
comes of selective loss of each protein kinase activity (Sup-
plementary Figure S4A–D) before being irradiated with 0.5
Gy. NSPCs were only weakly impacted by IR or loss of
ATM, DNAPK or ATR activity, whilst post-mitotic astro-
cytes and neurons were not impacted at all. Combined loss
of ATM or ATR with IR had a small additive impact on
NSPC viability, fitting with the fact that these are prolif-
erative cells that will utilize ATM/ATR-dependent check-
point arrest and/or S and G2-phase specific repair path-

ways (such as HR) after exposure to IR. Compared to the
NSPC lineage, OPC and mOL viability was more impacted
by 0.5 Gy IR, fitting with earlier results (Figure 1B–D).
Loss of DNA-PK activity did not impact mOL or OPC
radiosensitivity, suggesting that NHEJ-mediated DSB re-
pair is dispensable for their viability. mOLs were also un-
affected by ATM or ATR inhibition, whether irradiated or
not, most likely reflecting their post-mitotic state and thus
no need for cell cycle arrest pathways or S/G2-phase spe-
cific repair pathways. By contrast, OPC viability was nega-
tively impacted by inhibition of ATM (to a small extent) and
ATR (to a large extent), with epistasis between 0.5 Gy IR
and inhibitors in both cases. The relatively large impact of
ATR loss on OPC viability suggests a strong reliance upon
S/G2-phase specific DNA damage responses.
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Figure 5. OPCs are highly reliant upon Mre11 nuclease-dependent pathways for survival, and show an IR-dependent lethality with PARP inhibitors. (A)
A summary of the impact of PARP and/or MRE11 inhibition. (B–D) Individual neural cell lineages were treated with an equal amount of DMSO (vehicle)
or 0.01 �M of the PARP inhibitor AZD-2281 (olaparib) (B), 25 �M of the Mre11 inhibitor Mirin (C), or both PARPi and Mre11i together (D) for 1 h,
then exposed to 0.5 Gy IR and monitored 40 h later for viability using microplate reader. Bars represent mean ± SEM of n = 3 normalized to unirradiated,
DMSO control. Data were analyzed with one-way ANOVAs amongst each neural cell type, and a Dunnett’s multiple comparisons post-test compared each
mean to the unirradiated, untreated control values. For panels B–D, ns P > 0.05, *P < 0.05, **P < 0.01, *** P < 0.001 and ****P < 0.0001, while ashed
grey lines and skull icon represents the specific lower limit of sensitivity for this Alamar Blue assay (the point at which all cells in the culture are dead). (E)
Asynchronously growing cultures of NSPCs and OPCs were irradiated with 0.5 Gy IR and, 2 h later, were fixed and stained the indicated markers. Scale
bars indicate 10 �m.

OPCs carry a high burden of anti-oxidant insensitive but
DNA replication-associated DNA damage, and are sensitive
to elevated replication fork collapse

To explore whether OPC radiosensitivity and endogenous
DNA damage involves S-phase specific processes, we pulsed
asynchronously proliferative OPC and NSPC cultures with
EdU for 1 h to demarcate cells undergoing active DNA

replication. We then counterstained cells with �H2AX and
used flow cytometry to measure total nuclear �H2AX flu-
orescence (Figure 4A) or microscopy to enumerate nu-
clear �H2AX foci (Figure 4B) in S phase (EdU+) cells,
and G1/G2 phase (EdU–) cells. As expected, endogenous
�H2AX signal was highest in S-phase for both cell types,
as cells undergoing DNA replication experience low-level
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Figure 6. OPCs show normal RPA but insufficient RAD51 filament formation. (A) RPA2S33p foci were enumerated in S-phase cells from Figure 5E for
between 65–85 cells per repeat (n = 3). G2-phase cells were excluded on the basis of positive signal for the G2/M-phase marker H3S10p. (B) The average
�H2AX foci numbers from Figure 4B (green bars for NSPC, blue for OPC) were plotted relative to the mean number of RPA2S33p foci from (A). Percentage
values at the top of each condition indicate the relative RPA2S33p foci to �H2AX foci. (C) Rad51 foci were enumerated in cells as in (A) for between 65
and 85 cells per repeat (n = 3). (D) The average �H2AX foci numbers from Figure 4B (green bars for NSPC, blue for OPC) were plotted relative to the mean
number of Rad51 foci from (C). Percentage values at the top of each condition indicate the relative Rad51 foci to �H2AX foci. (E) Asynchronously growing
OPC and NSPC cells were exposed to 0.5 Gy IR, harvested as indicated between 0.5–4 h later, and immunostained simultaneously for both �H2AX and
RAD51 foci. OPC (blue dots) and NSPC (green dots) and enumerated for both �H2AX and RAD51 foci, which were expressed relative to one another
over time. For each time point, yellow crosses represent the point of average �H2AX and RAD51 foci, while dashed lines are a reference point for the
number of RAD51 in the unirradiated conditions, and dotted lines are the reference point for the number of �H2AX in the unirradiated condition. (F)
qPCR analysis of the mRNA expression from the indicated genes was performed in unirradiated OPC and NSPC cultures, with all data normalized to the
corresponding GAPDH value and expressed as fold change relative to expression in NSPC. All data represents n = 3 independent experiments. Statistical
comparisons for all data are unpaired Student’s t-tests. For all panels, ns P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001.

�H2AX due to mild ATR activation by RPA-coated lag-
ging strands (51). However, S-phase OPCs showed a 2-fold
greater �H2AX signal relative to the equally proliferative
NSPC population, raising the possibility that OPCs may be
uniquely and especially sensitive to replication stress. After
verifying that antioxidants (still) had no impact OPCs in
S phase (Figure 4C), similar to our previous observations
with asynchronous OPC cultures (Figure 1G), we exposed
cells to methyl methanesulfonate (MMS, methylates DNA

bases), or hydroxyurea (HU, depletes dNTPs) that will both
stall DNA replication forks leading to an increased risk
of collapse and ‘one-ended’ DSB formation requiring HR-
mediated repair (60). Amongst the neural cell types, OPCs
displayed the greatest sensitivity to MMS and HU (Fig-
ures 4D, E). In the context of pediatric brain tumor treat-
ment, long term sequalae are also observed after etopo-
side, thiotepa or cisplatin chemotherapy, and all three pro-
duce DNA lesions that can collide with replication forks
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Figure 7. Model of the molecular mechanism of OPC radiosensitivity. (Left, green) DNA replication in NSPCs experiences low replications stress, and
have sufficient RPA and RAD51-depenedent homologous recombination (HR) DSB repair capacity to resolve collapsed forks successfully. Additional
DNA damage incurred after irradiation is also repaired efficiently. (Right, blue) OPCs experience high rates of replication stress that interfere with DNA
replication, but have limited RAD51 filament formation. RPA-coated, resected DSBs accumulate and cannot proceed through HR. Irradiation increases
already high levels of collapsed replication forks, overwhelms insufficient OPC HR-mediated DSB repair capacity. Replication-associated DSBs accumulate
in OPCs, leading to a higher degree of radiosensitivity relative to other cell types within the developing mammalian brain. This figure was created using
Biorender.com and Microsoft PowerPoint.

to trigger collapse (60). We found that OPCs were also sig-
nificantly more sensitive to etoposide, thiotepa or cisplatin
treatment relative to NSPCs (Figure 4F), adding further
credence to a putative DNA replication stress-centric model
for OPC radiosensitivity.

Mre11 inhibition is lethal to OPCs, while PARP inhibition
synergizes with IR

Elevated replication stress arises for multiple reasons, in-
cluding innate defects in completing homology-mediated

DSB repair (59,61). This condition is typically synthetic
lethal with inhibition of poly (ADP-ribose) polymerase
(PARP)-dependent repair pathways that are an alternate
to HR (62–67). Cells with innate HR defects die charac-
teristically in the presence of PARP inhibitors, whilst HR-
competent cells are generally unaffected (Figure 5A). Ele-
vated replication stress may also arise when HR-competent
cells are pushed to an extreme by a burden of DNA dam-
age that exceeds repair capacity at a given time, but may
not be repairable by NHEJ-mediated DSB repair (e.g. ‘one-
ended’ DSBs)(54,68). Lesions persist in this scenario, and
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interfere with further replication fork progress; cells experi-
encing these conditions are typically sensitive to reductions
in HR capacity, for example by MRE11 inhibition (69–71).
To better define the nature of OPC replication stress, cells
were incubated with inhibitors of PARP, MRE11 exonu-
clease activity, or both, at concentrations verified to pro-
duce known functional outcomes of specific enzyme activ-
ity loss (Supplementary Figure S4E, F), before being irra-
diated and monitored for viability (Figure 5B–D). PARP
inhibition alone did not significantly (P > 0.05) impact as-
trocyte, neuron, NSPC, mOL or OPC viability (Figure 5B).
PARP inhibition also had no impact on viability after IR
in astrocytes, neurons, NSPCs or mOLs. In OPCs, however,
PARPi significantly (P < 0.0001) exacerbated viability loss
after IR, increasing death (in a greater than additive man-
ner) from ∼40% (IR alone) to 63% (IR + PARPi). MRE11
inhibition alone reduced astrocyte, neuron and NSPC via-
bility by ≤10%, and exacerbated IR effects to 20–25% death
(Figure 5C). By contrast, the viability of OPCs and mOLs
was reduced by 35–65% by MRE11 inhibitors alone, with
no further impact by IR. For MRE11 inhibitor-treated as-
trocytes or neurons, PARPi had no added impact (with or
without IR) (Figure 5D). PARPi and MRE11i effects were
additive in NSPCs, reducing viability by 18%, and up to
38% after IR. Combined PARP and MRE11 inhibition sig-
nificantly (P < 0.0001) reduced viability by 55% in mOLs
and 82% in OPCs, with no further impacts produced by IR.
In summary, the largest impacts on cell viability were ob-
served in OPCs after PARPi + IR (63% loss), MRE11i ± IR
(65–73% loss), and [MRE11 + PARPi] ± IR (81–82% loss).
Other than intermediate effects in mOLs, all other neuro-
logical lineages were comparatively resistant to PARPi and
MRE11i, similar to our findings with other DNA damage
response inhibitors such as ATRi (Figure 3).

OPCs complete RPA filament formation during HR-
mediated DSB repair, but exhibit insufficiency in forming
RAD51 foci

Our data suggest that OPCs are highly (and particularly)
reliant on MRE11-dependent DSB repair pathways, and
raise the possibility that OPCs harbor a modest but im-
pactful HR ‘insufficiency’ that synergizes with PARP loss
after IR. HR is initiated by 5′-3′ DSB end resection and
subsequent formation of filaments of Replication Protein
A (RPA), a heterotrimer of the which RPA2 is typically
phosphorylated (e.g. RPA2 phosphoserine 33 (RPA2S33p) in
its filamentous form (56,59,72,73). Through the action of
BRCA1 and other factors, RPA are exchanged for RAD51
filaments, which mediate DNA strand invasion and recom-
bination to repair DSBs using an intact sister chromatid
as a template (74,75). Limited HR capacity can arise from
reduced DSB end resection (requiring MRE11) and/or a
deficit in free RPA and/or RAD51 in situations where these
proteins are: (i) under-expressed, (ii) filament formation fac-
tors are dysfunctional or (iii) there are so many 5′-3′ resected
DSBs that all available RPA and/or RAD51 are sequestered
into filaments (56,58,61). Once pools of free RPA and/or
RAD51 are exhausted, already resected DSBs requiring
HR-mediated repair ‘have to wait’, cannot be repaired by
alternative pathways, and their persistence can reduce cell

viability. To investigate this, we monitored RPA2S33p and/or
RAD51 foci numbers in NSPCs and OPCs in S-phase, rel-
ative to the total burden of DSBs demarcated by �H2AX
foci (Figure 5E, 4A). The number of RPA2S33p foci gener-
ally reflected the observed relative burden of �H2AX foci
in both cell types (Figure 6A, B). RPA2S33p foci were abun-
dant in OPCs, representing 43% of persisting lesions, and
were not significantly (P > 0.05) increased 2 h post 0.5 Gy
IR. This data suggests that DSB end resection and RPA
filament formation is operational in OPCs, but ‘operating
at’ nearly maximum capacity even in resting cells. NSPCs
carried a comparatively lower burden of RPA2S33p foci in
unirradiated cells (13% of persisting lesions), but this dou-
bled to 24% by 2 h post 0.5 Gy IR, also indicative of op-
erational DSB resection. In NSPCs, RAD51 foci numbers
reflected the RPA2S33p and �H2AX foci, being low in unir-
radiated cells, increasing after IR significantly (P < 0.0001),
and being ∼35% of persisting lesions at any time. By con-
trast, RAD51 foci numbers in unirradiated OPCs was well
below the number of RPAS33p foci, encompassed only 13%
of persistent DSBs, and exposure to IR failed to increase
this in a significant manner (P > 0.05) (Figure 6C, D).

Our data so far are indicative of a deficit in the ability
of OPCs to enact Rad51-mediated HR relative to NSPCs,
and is a plausible molecular explanation for radiosensitiv-
ity. To investigate this in greater detail, we enumerated both
RAD51 and �H2AX foci in the same cells post 0.5 Gy IR
over a 0.5 to 4 h time period (Figure 6E). This this case,
S and G2 phase cells were scored together, as the combi-
nation of RAD51 and �H2AX foci precluded using mark-
ers used to exclude G2 phase. In both OPC and NSPCs,
0.5 Gy IR induced H2AX foci that peaked by 0.5–1 h and
then decreased. In NSPCs, RAD51 foci increased signifi-
cantly (P <0.0001) after IR, peaked between 1–2 h, and then
also decreased. As expected, unirradiated OPCs displayed a
greater endogenous burden of H2AX foci; these increased
and peaked 0.5 h after IR (similar to Figures 2D and 4B),
and then decreased. However, the number of RAD51 foci in
OPCs did not increase significantly (P > 0.05) above back-
ground at any time point after IR. To determine whether
decreased transcription of RAD51 or the regulatory fac-
tors RAD52, BRCA1 or BRCA2 might contribute to this
phenotype, we performed qPCR on NSPC and OPCs (Fig-
ure 6F). While positive controls (PDFGRA and OLIG2, as
per Figure 1A) for the OPC lineage showed significant (P
< 0.0001) greater transcripts in OPCs versus NSPCs, there
was no significant (P > 0.05) difference in the expression
of RAD51, RAD52, BRCA1 or BRCA2 between OPC and
NSPCs. This eliminates reduced transcription of these key
homologous recombination factors as being the underlying
mechanism. Collectively, these experiments suggest that al-
though OPC express RAD51, they experience significantly
elevated endogenous DSBs that are directed towards HR-
mediated repair processes that are confounded by a type
of ‘RAD51 exhaustion’ wherein no further RAD51 foci are
able to form after IR exposure.

DISCUSSION

To summarize (Figure 7), we find that OPCs display an el-
evated burden of replication stress-associated DSBs need-
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ing ATR and MRE11-dependent HR repair (Figures 2-5),
they irreversibly commit to this repair pathway by success-
fully resecting DSBs to form RPA filaments (Figure 6A, B),
but then encounter difficulties due to a reduced capacity to
progress towards DNA strand invasion and recombination
steps of HR that require RAD51 (Figure 6C–E). Conse-
quently, replication-stress associated DSBs persist in OPCs,
do not appear to be repaired by alternative means, and any
incoming DSBs caused by IR have the potential to push
cells towards death at lower doses relative to other neurolog-
ical cell types (Figure 1B-C), while also generating an IR-
specific PARPi sensitivity (Figure 5). As DNA-replication
linked processes give rise to the elevated OPC burden of
DNA damage needing HR, it makes mechanistic sense that
maturation into a non-replicative mOL reduces sensitivity
(Figures 1-5), chemotherapeutic agents that elevate repli-
cation stress exacerbate OPC death (Figures 4C–E), while
suppression of oxidative stress using antioxidants has no
major ‘rescue effect’ (Figure 1G and Supplementary Figure
S4C).

Changes to brain white matter underlie a large propor-
tion of the late effects of pediatric cranial radiotherapy.
OPCs are the immature precursors of post-mitotic, myeli-
nating oligodendrocytes that comprise most white mat-
ter, are present in high abundance in the early, developing
brain, and the oligodendrocyte lineage have long been un-
derstood to be radiation sensitive (6,31–35). In this study,
we have generated systematic cellular and molecular evi-
dence for a new DNA damage and repair centric model
for OPC radiosensitivity, arguing against the hypothesis
that elevated oxidative stress is a major driver of the phe-
nomenon. While elevated oxidative stress is a feature of
OPC biology, that it can be suppressed without measur-
able impacts on OPC survival after IR indicates that an
excess of reactive oxygen species is not causal to the el-
evated radiosensitivity. Instead, our data collectively sug-
gest a model wherein OPCs carry a high replication stress-
associated DNA damage burden that requires continual
HR-mediated repair processes––a scenario that is prone to
‘bottleneck’ when challenged with radiation-induced DNA
damage, due to limited available RAD51 needed to sup-
port the strand invasion and recombination steps HR to
the same extent as other cell types also found in the brain.
It is important to stress that we do not dispute that OPCs
and other cells in the oligodendrocyte lineage experience
high levels of oxidative stress––indeed, we also found this to
be true. Oligodendrocyte lineage cells are rich in iron, low
in antioxidants (such as glutathione), are highly metaboli-
cally active and are rich in oxidative radical-producing or-
ganelles (such as peroxisomes), all of which exacerbate ROS
generation (11,30,76). Depletion of antioxidant precursors
from oligodendrocytes impairs maturation, myelin forma-
tion and triggers apoptosis (77–79). Oligodendrocytes are
highly sensitive to oxidative stress in models of hypoxic-
ischemic injury (37,38,40,45,80), traumatic brain injuries
(41,81), multiple sclerosis (43), and Alzheimer’s disease (44).
Indeed, reactive oxygen species in the oligodendrocyte lin-
eage have been modulated by anti-oxidants for clinical gain
in multiple disease models (20,40,45,46,80–87). In contrast
to these successes, however, antioxidants have not shown

clear benefit in animal models of brain irradiation exam-
ined over the past decade. These observations fit with our
molecular data and, although OPC oxidative stress does re-
spond robustly to short- and long-term antioxidant treat-
ment, their failure to mitigate white matter changes and
OPC loss supports our assertion that there is a distinct eti-
ology for innate OPC radiosensitivity, namely replication
stress.

Replication stress happens for a variety of reasons,
including collisions between replication forks and alky-
lated bases, SSBs, DNA–protein adducts, DNA crosslinks,
RNA:DNA hybrids and G-quadruplexes, or the perturba-
tion of DNA polymerase progression (56,61,68). ATR has
a critical role in suppressing the continuing firing of ori-
gins during replication stress to limit the amount of ss-
DNA generated, and thus the amount of RPA needed to
protect it (52,54,58,68). If the intra-S checkpoint is not
activated by ATR, origins continue to fire as replication
stress accumulates, RPA is exhausted, and forks collapse
with increased frequency (55,58). Similarly, cellular pools of
RAD51 become exhausted as BRCA1/2-dependent path-
ways exchange RPA for RAD51 filaments as part of HR-
mediated DSB repair (75). As RAD51 filament-dependent
HR events are slow by nature, eukaryotic cells display a
limit in the net amount of HR that can take place at a given
time, with any additional DSB repair requiring HR (i.e. re-
sected and/or RPA-coated DSBs) being delayed until suf-
ficient free RAD51 is made available (58,59,67). We sug-
gest that our observations indicate a RAD51 filament for-
mation exhaustion model for OPC radiosensitivity, where
HR is operating at near capacity in the baseline, unirra-
diated state, and newly arising lesions via IR cannot pro-
ductively undergo HR. This explains the innate sensitivity
of the oligodendrocyte lineage to ATR inhibition but also
MRE11 inhibition, as both are implicated in modulating
fork speed and HR initiation in the event of fork collapse
(53,57,69–71,74,88,89). This model may also explain why
PARP inhibition had little impact on OPC viability alone,
but its effects are greater than additive with IR as it ‘forces’
a larger proportion of IR-induced DSBs to be repaired via
HR-mediated processes, which are already ‘over-subscribed
to’ and unable to cope with increased DSB burdens. These
results may also help mechanistically explain data showing
that PARP inhibition has selective, slow cytotoxic effects on
fetal tissue- but not adult tissue-derived OPCs from mice
(90).

A key question that arises is what is the molecular ba-
sis for endogenous OPC replication stress? We postulate
that this potentially could be due to an abundance of
RNA:DNA hybrids (also called R-loops) that could arise
from the specific transcription program of that phase of
OPC physiology. R-loops are thermodynamically stable,
three-stranded nucleic acid structures that form as nascent
transcripts are produced by RNA polymerase, and are
physiologically normal, regulate gene expression and DNA
replication, but can cause DNA damage upon collision with
replication machinery (91,92). While mRNA metabolism
and RNase H-dependent processing processes R-loops in
most cells, it is possible that the developmental and tran-
scriptional context of an OPC results in the accumulation
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of these R-loops thus producing innately high replicative
stress.

The other important future direction is to address why
OPCs are not able to support RAD51 filament formation
to the same extent as NSPCs, especially given that RPA fil-
ament formation levels are comparable, as are transcrip-
tion of the RAD51, RAD52, BRCA1 and BRCA2 genes
(Figure 6F) that are RAD51-associated factors important
for RAD51 function in DSB repair (93,94). To consolidate
this work, it will be important to systematically monitor
the mRNA and protein expression of all RAD51-regulatory
factors in both the in vitro cell models used here, as well as in
vivo mouse brains across early development. One challenge
with this will be to obtain specific and sensitive antibodies
that detect these factors in the mouse neurological context.
Monitoring �H2AX foci in OPCs over time in developing
mice is also a key experiment, albeit also technically chal-
lenging to achieve due to the logistics of anesthetization of
early postnatal mice, subsequent tissue isolation, and cry-
opreservation in the timeframe relevant to DSB repair fol-
lowing acute IR exposure.

An interesting implication of this work relates to the
etiology of secondary, radiotherapy-induced brain tumors,
most often meningiomas and high-grade gliomas arising
within the field of original radiation. These increase in in-
cidence with IR or chemotherapy dose and the youth of
the patient (9,15,17,95). OPCs are suspected as the cell
of origin for malignant gliomas, which are characterized
by PDGFR� gene amplifications and mutations and ex-
press high levels of OPC-specific markers such as Sox10,
Nkx2.2, and Olig1/2 (8,21–23,25,26,95–98). Studies in B
cell leukemia precursors have shown that highly transcribed
lineage-specific genes such as Pax5 are prone to damage and
mutations through direct transcription associated fragility,
or interactions between replication and transcription ma-
chinery (99). It is possible that highly transcribed loci in
OPCs (such as PDGFR�) accumulate DNA damage, lead-
ing to greater risk of amplification and/or activating mu-
tations. In support of this, such alterations are observed in
the genetic and molecular profiling of pediatric and young
adult treatment-induced gliomas (8,22,26).

Finally, our data support the idea that OPCs have an in-
herent genomic instability that might predispose them to
oncogenesis, particularly in the context of genotoxic insults
at ages where OPCs are most abundant and proliferative.
This fits with recent work profiling premalignant OPCs as
likely sources of glioma, determining that Nf1-Trp53 mu-
tant OPCs within in vivo mouse models over-express HR-
mediated DNA repair and nonsense-mediated decay mark-
ers, hypothesizing that transcription associated replication
stress as a driver for gliomagenesis (100). Considering the
sensitivity of OPCs to IR, we propose that perturbation of
this sensitive cell type at an early age may underlie (at least
in part) many of the late effects of pediatric cranial radio-
therapy, including increased risk of cancer formation. Using
this knowledge to develop interventions that better protect
OPCs during radiotherapy merits further investigation, as
it is needed to reduce the long-term negative impacts of this
otherwise excellent treatment modality on childhood cancer
survivors’ lives.
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