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INTRODUCTION 
 
Exposure to ionizing radiation (IR) is linked with an 
increased risk of developing cardiovascular and 
neurovascular diseases normally associated with aging 
[1-5]. In the brain, radiation has been associated with 
development of cerebral amyloid angiopathy (CAA), 
where toxic amyloid beta (Aβ) plaques accumulate in 
perivascular regions causing hemorrhage and stroke [5]. 
Radiation is also a risk factor for early dementia, 
however   links   to  an  increased  risk  of   Alzheimer’s  

 

disease (AD) lack solid epidemiological evidence, 
despite the fact that AD is characterized by Aβ plaque 
formation in the brain parenchyma and that CAA occurs 
in more than 80% of AD patients [6-8].  
 
While neurons are considered relatively resistant to 
radiation-induced cell death, endothelial cells (ECs) are 
particularly susceptible [9, 10]. There is increasing 
recognition that damage or dysfunction of the 
neurovascular unit in the microvasculature may 
progressively affect cerebral blood flow and brain 
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ABSTRACT 
 
Cellular  senescence  is  associated  with  aging  and  is  considered  a  potential  contributor  to  age‐associated
neurodegenerative  disease.  Exposure  to  ionizing  radiation  increases  the  risk  of  developing  premature
neurovascular  degeneration  and  dementia  but  also  induces  premature  senescence.  As  cells  of  the
cerebrovascular  endothelium  are  particularly  susceptible  to  radiation  and  play  an  important  role  in  brain
homeostasis, we investigated radiation‐induced senescence in brain microvascular endothelial cells (EC). Using
biotinylation  to  label  surface  proteins,  streptavidin  enrichment  and  proteomic  analysis,  we  analyzed  the
surface proteome of stress‐induced senescent EC in culture. An array of both recognized and novel senescence‐
associated proteins were  identified. Most notably, we  identified and validated the novel radiation‐stimulated
down‐regulation of  the protease, a disintegrin and metalloprotease 10  (ADAM10). ADAM10  is an  important
modulator  of  amyloid  beta  protein  production,  accumulation  of  which  is  central  to  the  pathologies  of
Alzheimer’s  disease  and  cerebral  amyloid  angiopathy.  Concurrently, we  identified  and  validated  increased
surface expression of ADAM10 proteolytic targets with roles in neural proliferation and survival, inflammation
and immune activation (L1CAM, NEO1, NEST, TLR2, DDX58). ADAM10 may be a key molecule linking radiation,
senescence and endothelial dysfunction with increased risk of premature neurodegenerative diseases normally
associated with aging. 
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clearance mechanisms, leading to accumulation of toxic 
metabolites, neuronal death and progressive cognitive 
decline [11, 12]. Studies suggest that initial progression 
of AD may be partially driven by early neurovascular 
degeneration [13].  
 
Cellular senescence is associated with aging in various 
brain cell types, including neurons and ECs, and has 
been associated with neurodegenerative disease [14]. 
Senescence is characterized by the induction of 
irreversible cell growth arrest, however cells remain 
metabolically and transcriptionally active. Replicative 
senescence describes cell arrest after finite population 
doublings and is typically associated with reductions in 
telomere length in cultured cells and highly proliferative 
tissue [15]. Premature stress-induced senescence is 
more common in non-proliferating cells and is caused 
primarily by oxidative stress and DNA damage [16]. 
The term “geroconversion” has also been coined to 
describe the cellular transition in aging from quiescent 
to “typically senescent”, which renders cells gerogenic 
(able to cause organismal aging) and pathogenic (able to 
cause disease) [17]. Senescent cells down-regulate the 
production of proliferative proteins but increase 
production of pro-inflammatory and pro-thrombotic 
molecules, expressing a senescence-associated secretory 
phenotype (SASP) that promotes leukocyte infiltration 
and stimulates the innate immune response [18]. 
Radiation has been shown to stimulate a stress-induced 
premature senescence-like phenotype in ECs both in 
vitro and in vivo [19-21]. In this study, we aimed to 
examine radiation-stimulated changes in ECs entering 
senescence in vitro to increase our understanding of the 
molecular mechanisms that may link radiation, 
senescence and age-associated neurodegenerative 
disorders.  
 
Proteins at the surface of cerebral endothelial cells 
communicate with both the blood and the underlying 
brain and hence play a critical role in signalling and 
transport across the blood-brain barrier. Biotin-labelling 
is a well-established approach to tag and subsequently 
enrich membrane and surface-accessible proteins from 
cell or tissue extracts [22-24]. Here we employ in vitro 
biotin labelling, mass spectrometry and proteomic 
analysis to examine changes in the surface proteome of 
irradiated brain microvascular ECs entering senescence. 
Examining the surface proteome may identify proteins 
subject to post-translational alterations affecting 
subcellular localization or protein trafficking, changes 
missed by traditional whole-cell proteomic or 
microarray studies. In addition, identification of unique 
surface markers may potentially allow development of 
novel therapeutic approaches to target removal or 
attenuation of inflammatory senescent cells through 
vascular targeting [25-27]. Here we document for the 

first time the radiation-stimulated changes in the surface 
proteome of brain ECs in culture undergoing stress-
induced senescence and discuss the potential 
significance to the early stages of neurodegeneration. 
 
RESULTS 
 
Radiation inhibits proliferation, induces 
hypertrophy and cell death in brain microvascular 
endothelial cells 
 
Exposure of bEnd.3 cells to a single 20 Gy dose of 
radiation increased cell death as measured by the trypan 
blue viability assay. Six days after irradiation or sham 
treatment the proportion of dead cells in the irradiated 
group was 4-fold higher than in the non-irradiated cell 
population (P<0.0001) (Fig. 1A). For bEnd.3 cells that 
did not undergo apoptosis and die, adherent cells 
remaining after day 6 post-IR demonstrated a clear 
change in cellular morphology (Fig. 1B). Cells became 
flattened and hypertrophic with significant changes in 
cell shape and cytoskeletal structure (caveolin and 
alpha-tubulin staining, Fig. 1B). Cells positive for the 
proliferation marker Ki67 were significantly reduced in 
populations of radiation-stimulated cells (P< 0.0001) 
(Fig. 1B, C). 
 
Radiation induces cellular senescence  
 
The majority of bEnd.3 cells remaining adherent 6 days 
post-irradiation demonstrated increased activity of the 
lysosomal enzyme, SA-β-Gal (Fig. 2A), a marker of cell 
senescence [28]. The proportion of SA-β-Gal positive 
cells reached 18 ± 6% at day 3 (P<0.05) and 65 ± 8% by 
day 6 (P<0.001) (Fig. 2B). Immunocytochemistry 
showed increased polyploidy, the presence of lobed 
nuclei and nuclear expression of the senescence-
associated cyclin-dependent kinase (CDK) inhibitors, 
p21 (WIF/CAP) and p16 (INK4A) (Fig. 2C), as well as 
increased expression of the senescence markers 
intercellular adhesion molecule 1 (ICAM-1) and 
plasminogen activator inhibitor 1(PAI-1) (Fig. 2D) [29-
31]. Western analysis of whole cell lysates confirmed 
up-regulation of ICAM-1 (P<0.0001) and PAI-1 
(P<0.01) at the protein level (Fig. 2E, F). 
 
Radiation alters autophagic flux 
 
A recent study associated senescence with simultaneous 
or prior alterations in autophagy or autophagic flux 
[32], therefore accumulation of the autophagosomal 
proteins, p62 and microtubule-associated protein 
L3CBI/II, was examined. Immunocytochemistry 
demonstrated peri-nuclear accumulation of p62 in 
adherent cells at day 3 (34 ± 6%, P<0.01) and day 6 (29 
± 2%, P<0.0001) (Fig. 3A, B). Perinuclear 
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accumulation of L3CB was also observed (17 ± 2% at 
day 3, P<0.01; 8 ± 2% at day 6, P<0.05) (Fig. 3A, C). In 
opposition to that observed for SA-β-Gal, the number of 
cells positive for perinuclear L3CB and p62 puncta 
appeared to decrease over time. Western analysis 
demonstrated increased total protein levels of p62 (Fig. 
3D, E) and almost total conversion of L3CBI to the 
lipidated L3CBII form in irradiated cells by day 6 (Fig. 
3D, F), changes consistent with a radiation–induced 
blockade of autophagic flux [33].  
 
Proteomic and ingenuity pathway analysis of biotin-
enriched proteins  
 
Proteomic analysis of streptavidin-biotin enriched 
fractions from cells 6 days post-IR or sham led to the 
identification of 647 proteins in total across both sham 
and irradiated cell extracts, of which 205 proteins were 
considered differentially regulated at a fold change 
threshold of 1.5. Of the 73 proteins increased at the cell 
surface greater than 1.5-fold in response to radiation 
(Supplementary Table S2), 31 were considered 
statistically significant (P<0.05). Of the 132 proteins 
decreased  1.5-fold  at  the  cell  surface  in  response  to  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

radiation (Supplementary Table S3), 50 were 
considered statistically significantly (P<0.05). Selected 
proteins identified as differentially expressed in the 
biotin-enriched extracts were chosen for further 
validation. 
 
Causal network analysis was performed using the IPA 
platform (Supplementary Table S4).   Network 
associations were cellular movement and cell growth 
and proliferation. The top upstream regulators included 
MYC, N-MYC and p53, well-known to regulate the 
switch between apoptosis and senescence [34]. In 
addition, inclusion of “sirolimus” (otherwise known as 
rapamycin) as an upstream regulator is consistent with 
studies demonstrating that radiation can induce senes-
cence in EC through inhibition of the  PI3K/AKT/MTOR 
(mammalian target of rapamycin) pathway [35]. 
Western analysis confirmed that radiation caused a 
chronic reduction in AKT phosphorylation at day 6 (not 
shown). The top canonical pathways included EIF2 
signalling and regulation of eIF4 and p70S6K 
signalling, both downstream pathways  of  mTOR,  with 
a role in regulating protein translation, as also observed 
previously in response to low dose radiation in EC [35]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Radiation  inhibits proliferation,  induces cell death and hypertrophy  in brain endothelial cells.
Mouse bEnd.3 cells were delivered a dose of 20 Gy  ionizing radiation by  linear accelerator. (A) Floating and adherent
cells were  collected at day 6 and  cell  viability/death measured by  trypan blue  staining and  counting  in a Neubauer
chamber. Data  show  trypan blue positive cells as a percentage of  total cells. Mean of 3  independent experiments ±
SEM. (B) Representative images of non‐irradiated (control) and irradiated bEnd.3 cells stained after permeabilization for
caveolin‐1 or α‐tubulin showing cell hypertrophy and cytoskeletal rearrangement at day 6 (red, 200× magnification), or
proliferation marker Ki67  (lower panels, red, 100× magnification). Nuclei were counterstained with DAPI  (green). Co‐
localization  (yellow).  (C) The proportion of Ki67 positive cells was determined using  Image  J. Data  represent mean ±
SEM calculated in 5 fields of view (100×) from 2 independent experiments. Student’s t‐test, ****P<0.0001. 
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Figure 2.   Radiation  induces senescence‐associated markers.  (A) Representative bright  field  images of
non‐irradiated  (control)  and  irradiated  bEnd.3  cells  stained  for  lysosomal  SA‐β‐gal  activity  (perinuclear  blue
staining)  at  day  6  post‐IR  or  sham  (100× magnification).  (B)  The  proportion  of  SA‐β‐gal‐positive  cells  was
quantitated at day 3 and day 6 in 3–4 independent experiments. (C) Representative immunofluorescent images
of  nuclear  accumulation  of  CDK  inhibitors,  p21  and  p16  (red),  in  irradiated  cells  after  6  days  (red,  100×
magnification).  (D)   Representative  immunofluorescent  images  of  ICAM‐1  and  PAI‐1  staining  in  control  and
irradiated cells after 6 days (red, 200× magnification). Cells were counterstained with cell surface marker wheat
germ agglutinin conjugated to AF488 (blue). Cell nuclei were stained with DAPI in all merged images (green). (E)
ICAM‐1  and  PAI‐1  expression  were  determined  in  control  and  irradiated  cells  by  western  blotting  and
quantitated after normalization to GAPDH using Image J (Figure F; n=4 independent experiments). All data are
shown as mean ± SEM. Student’s t‐test *P<0.05, *** P<0.01, ***P<0.001, ****p<0.0001. C, control; IR, irradiated.
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Radiation reduces expression of the alpha-secretase 
and ectodomain sheddase, ADAM10 
 
Examination of the proteomic data revealed the novel 
radiation-stimulated down-regulation of ADAM10 (a 
disintegrin and metalloprotease 10) (2.5-fold, P=0.05; 
Table S3). ADAM10 is an alpha-secretase and ecto-
domain sheddase that plays an important role in the 
post-translational cleavage of multiple proteins both 
intracellularly and at the cell surface  [36]. ADAM10  is  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the protease responsible for cleavage of the amyloid 
precursor protein (APP) in the brain to a soluble 
neuroprotective fragment (sAPPα). APP cleavage by the 
beta-secretase, BACE-1, precludes formation of toxic 
amyloid beta (AB) peptides, accumulation of which 
contributes to the pathophysiology of CAA and AD [36, 
37]. Validation of ADAM10 down-regulation by im-
munocytochemistry demonstrated that high basal 
expression of this protein in non-irradiated cells was 
reduced in response to radiation  and  appeared  to  asso- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. Radiation stimulates accumulation of autophagy‐associated markers in brain endothelial cells.
bEnd.3  cells were  delivered  a  dose  of  20  Gy  ionizing  radiation  and monitored  for  3–6  days.  (A)  Representative
immunofluorescent images showing increased perinuclear p62 or L3CB‐positive puncta accumulating in permeabilized
cells at day 3 and day 6 post‐IR or sham (red, 100× magnification). Cells were counterstained with DAPI (green). The
percentage  of  cells  positive  for  p62  (B)  or  L3CBI/II  puncta  (C) were  quantitated  using  Image  J  (n=3  independent
experiments; positive cells were counted in n=8 fields of view). (D) Representative western blots of p62, L3CBI and II
autophagosomal markers  in whole  cell  lysates of  control and  irradiated  cells after 6 days.  (E)  and  (F) Bands were
quantitated after normalization to GAPDH using Image J (n=4 independent experiments). All data are shown as mean
± SEM. Student’s t‐test, *P<0.05, *** P<0.01, ***P<0.001, ****p<0.0001. C, control; IR, irradiated. 
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ciate with the hypertrophic senescent cells (Fig. 4A). 
Western analysis confirmed that total protein levels of 
both the pro and mature (active) forms of ADAM10 were 
reduced in response to radiation (Fig. 4B, C).  In addition,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

western analysis of biotin-tagged cell extracts after 
streptavidin-enrichment confirmed the surface expression 
of the mature but not pro-ADAM10 protein and its down-
regulation in response to radiation (Fig. 4D-F). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure  4.  Radiation  modulates  expression  of  the  alpha‐secretase,  ADAM10.  (A) Representative
immunofluorescent  images of ADAM10 expression 6 days after  radiation  (20 Gy) or sham  treatment; ADAM10  (red),
DAPI‐stained nuclei (green); 100× magnification, n=2 independent experiments. Dotted lines in merged images indicate
the boundary of several large senescent cells with reduced ADAM10 immunostaining. (B) Representative western blots
of  whole  cell  lysates  (15  μg)  probed  for  pro‐ADAM10  and  mature  ADAM10.  (C)  Protein  bands  (ADAM10)  were
quantitated after normalization to GAPDH using  Image J. Data represent mean ± SEM of 4  independent experiments.
Student’s t‐test **P<0.01. (D–F) Representative  images of fractionated extracts (10 μg each  lane) from biotin‐labelled
cells  before  and  after  streptavidin  enrichment:  (D)  Coomassie‐stained  SDS‐PAGE  gel;  (E) streptavidin‐HRP‐probed
membrane;  (F)  anti‐ADAM10‐probed membrane.  IN,  total  cell  extract  prior  to  streptavidin  enrichment;  BB,  biotin‐
bound fraction; OUT, non‐biotinylated fraction eluted post‐streptavidin binding; C, control; IR, irradiated. 
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Radiation increases surface localization of ADAM10 
target proteins  
 
Proteins known to be targets of ADAM10 proteolytic 
activity,   either  direct  or  indirect,   were  identified  as  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

concurrently up-regulated at the cell surface in the 
proteomic datasets. Neural cell adhesion molecule L1 
(L1CAM), Nestin (NEST), Neogenin (NEO1), Toll-like 
receptor 2 (TLR2) and an ATP-dependent RNA 
helicase,   DDX58  (otherwise  known   as  retinoic  acid  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure  5.  Immunofluorescent  localization  of  ADAM10  target  proteins.  (A)  Representative  immuno‐
fluorescent images of non‐permeabilized cells stained for L1CAM, NEST, NEO1, DDX58 and TLR2 after 6 days post‐IR 
or sham (controls). Cells were co‐stained with DAPI (nuclei, green) and wheat germ agglutinin–AF488 (surface marker, 
blue).  All images are shown at 200× magnification. (B) Percentage of cells staining positively for each target protein 6 
days after IR or sham. Data represent at least 3 independent experiments, positive cells were counted in n=3 fields of
view. All data shown as mean ± SEM. Student’s t‐test **P<0.01, ***P<0.001. C, control; IR, irradiated. 
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inducible gene 1 or RIG-1) play key roles in neuro-
inflammation and innate immune activation [38-40] and 
were further validated. Immunocytochemical staining of 
non-permeabilized cells at day 6 post-IR or sham 
confirmed the increased surface expression of L1CAM, 
NEST, NEO1, TLR2 and DDX58 in response to 
radiation (Fig. 5A). The proportion of positively stained 
cells rose from 5–20% in sham-irradiated cells to 70–
90% of the cell population after irradiation (Fig. 5B). In 
addition, it was noted that hypertrophic, multinucleated 
senescent-like cells observed sporadically in the sham-
irradiated cell populations also demonstrated 
externalization of these proteins, suggesting surface 
expression was associated with both replicative and 
stress-induced senescence (Fig. 5A).   
 
DISCUSSION 
 
Radiation exposure is associated with an increased risk 
of age-associated neurodegenerative disease [3-5]. As 
aging is associated with a progressive increase in 
cellular senescence, there is a growing interest in both 
senescence and dysfunctional autophagy as facilitators 
of neurodegeneration and AD [41, 42]. In this study, we 
have shown that radiation can stimulate stress-induced 
senescence in association with blockade of autophagic 
flux in brain microvascular ECs. For the first time we 
show that this stress-induced senescence is associated 
with down-regulation of the alpha-secretase, ADAM10. 
Further, we have identified concomitant up-regulation 
of ADAM10 target proteins at the cell surface that may 
contribute to radiation-stimulated neuroinflammation 
and immune activation. 
 
In the current study, a single high dose of ionizing 
radiation induced both apoptosis and cellular 
senescence in brain microvascular ECs in vitro 
consistent with previous studies that have shown 
moderate radiation doses can induce senescence in ECs 
of various origins [43-46]. Radiation also triggered peri-
nuclear accumulation of the autophagosomal proteins, 
p62 and L3CBII, suggesting blockade of autophagic 
flux [33], replicating a recent study performed in human 
umbilical vein endothelial cells [47]. While autophagy 
and senescence are often regarded as separate survival 
pathways, autophagy blockade can induce senescence in 
various cell types [32]. Perinuclear accumulation of p62 
and L3CB appeared to peak transiently prior to 
establishment of a primarily SA-β-Gal-positive popula-
tion in this study, suggesting a similar temporal 
association. The radiation induced senescence and 
autophagy dysfunction was associated with reduced 
AKT/MTOR kinase signalling in pathway analysis, a 
finding consistent with recent studies showing: low 
dose radiation suppresses MTOR and AKT activity in 
ECs; PI3K/AKT inhibition induces both endothelial 

senescence and autophagy [35, 48, 49]. Recent studies 
coined the term “geroconversion” to describe the 
irreversible step between quiescence and senescence. A 
key role for MTOR activation in the permanent 
transitioning from replicative to non-replicative cell was 
suggested which is also responsible for the hypertrophy 
associated with a senescence-like phenotype [17, 50]. A 
mechanism through MTOR activation conflicts with the 
current findings and those in earlier publications using 
ECs. This may suggest a transient MTOR activation 
peak is missed in these studies or that cell-type specific 
pathways exist depending on the stimulus. Further 
studies are required to define the signalling pathways 
controlling radiation–induced senescence in vascular 
ECs.  
 
Biotin labelling is a well-established method to label 
surface-accessible proteins for enrichment from 
complex protein lysates prior to proteomic analysis. 
Ours is the first study to use this approach to examine 
surface changes in stress-induced senescent cells. The 
limited abundance of membrane and surface proteins 
relative to intracellular proteins often precludes their 
identification in proteomic analysis which has a limited 
dynamic range. Biotin-labelling allows potential 
recognition of proteins that may alter their abundance or 
subcellular localization by post-translational processes 
and may go undetected using microarrays or proteomic 
analysis of whole cell lysates. Identification of novel 
senescence-associated surface proteins may identify 
potential markers amenable to vascular targeting to treat 
or remove senescent cells as a therapeutic approach to 
treat age-associated disease [25-27]. Our own studies 
are investigating the use of radiation as a priming agent 
to induce novel marker expression for vascular targeting 
in brain arteriovenous malformations, of which 
radiation-induced senescence markers could be of use 
[51-53]. Identifying markers at the endothelial surface 
may have many applications for understanding and 
subsequently attenuating age-associated disease. 
 
ADAM10  was highly down-regulated by radiation 
stress and has not been associated previously with 
senescence, although a recent study demonstrated that 
ADAM10 can be regulated by autophagy or autophagy 
impairment in ECs [54]. Alzheimer’s disease (AD) is 
associated with reduced levels of ADAM10 in the 
human brain while ADAM10 over-expression has been 
shown to improve cognitive function in mouse models 
of AD [55]. One important target of ADAM10 in the 
brain is the transmembrane amyloid precursor protein 
(APP). ADAM10 competes with the beta-secretase, 
BACE-1, for APP [55]. Cleavage of APP by ADAM10 
stimulates the non-amyloidogenic pathway via 
formation of soluble APPα fragments, which have 
neurotrophic and neuroprotective properties. In contrast, 
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BACE-1 cleavage of APP results in the eventual 
production of toxic Aβ peptides. ADAM10 cleaves the 
APP protein within the Aβ domain, precluding the 
formation of Aβ peptides. Aβ accumulation is 
characteristic of CAA and AD and plays a major role in 
their pathogenesis [37, 55]. In CAA, Aβ peptides 
accumulate within the perivascular rather than 
parenchymal regions of the brain, causing vascular 
damage and microhemorrhage [37]. Although CAA 
occurs in more than 80% of AD patients, radiation has 
not been epidemiologically linked to AD, despite 
suggested associations [7]. Further, a recent study 
demonstrated that radiation reduces Aβ peptide burden 
and improves cognition in an AD mouse model [56]. 
Although we did not identify the APP protein in our 
data set as being regulated, hence we did not further 
validate any surface changes in this study, this does not 
preclude alteration in its function as a result of 
ADAM10 changes after radiation. 
 
In addition to non-amyloidogenic APP cleavage, 
ADAM10 contributes to neuroprotection and immuno-
modulation through the ectodomain shedding of 
numerous molecules [57, 58], of which several 
identified in the proteomic data set were validated. 
L1CAM and NEO1 are known ADAM10 targets [57, 
59]. NEO1 is normally found on the surface of growing 
nerve cells and plays a role in axon guidance during 
development [38]. L1CAM acts as a receptor for pro-
inflammatory T-cell binding at the cell surface [40]. 
Cleavage and release of the L1 fragment promotes 
neuron proliferation and survival [60]. TLR2 and 
DDX58 are also ADAM10 targets [61-63]. These 
proteins are damage-associated molecular pattern 
(DAMP) receptors that activate the innate immune 
response when bound by stress-induced ligands not of 
viral or bacterial origin [39]. Cleavage and release of 
the soluble TLR2 ectodomain suppresses TLR2 activity 
by binding and quenching DAMP ligands, an activity 
thought to reduce the development of autoimmunity 
through a negative feedback loop [61]. DDX58 is 
indirectly regulated by ADAM10, through cleavage of 
the anti-ageing protein, Klotho [62, 63]. Klotho is 
highly abundant in the brain and considered an 
important regulator of aging-related inflammation and 
protection against dysfunction. NEST is a type VI 
intermediate filament protein characteristic of neuronal 
stem cells. NEST is not normally present at the cell 
surface however there is previous evidence for its cell 
surface translocation in glioma cells [64]. NEST has 
been suggested to play a role in radio-protection [65]. 
Both ADAM10 and gamma-secretase activity appear to 
post-translationally regulate NEST expression and 
subcellular localization [64, 66]. Overall, the proteins 
identified in this study and their role in inflammation 
and innate immune activation reinforce the notion that 

radiation regulation of ADAM10 may be a key 
molecular link to neurovascular inflammation and 
ultimately, premature neurodegeneration reminiscent of 
aging.  
 
CONCLUSIONS 
 
There is an increasing interest in understanding both 
cellular senescence and autophagy and their 
contribution to neurovascular disease and 
neurodegeneration associated with aging. Radiation is 
an important risk factor for age-related diseases such as 
CAA and dementia, and the radiation-stimulated down-
regulation of ADAM10 identified here in senescent 
cells suggests ADAM10 may be a key player in the 
molecular etiology of radiation risks for CAA, dementia 
and potentially AD. 
 
METHODS 
 
Cell culture and irradiation 
 
Cells from the ATCC-derived murine brain endothelial 
cell line, bEnd.3, were cultured in Dulbecco’s Modified 
Eagles Medium (4.5 g/L glucose, 3.7 g/L sodium 
bicarbonate, 4 mM glutamine) (Invitrogen), 
supplemented with 10% fetal bovine serum, penicillin 
(100 U/mL) and streptomycin (0.1 mg/mL) and 
maintained at 37 ⁰C in humidified 95% air with 5% 
carbon dioxide. Cells were used between passages 18-
24 and passaged with 0.1% Trypsin/EDTA. Cells were 
seeded in 6-well plates for protein extraction, 8-well 
chamber slides (Thermoscientific) for 
immunocytochemistry or 75 cm2 flasks for biotin-
labelling at 30% confluence and irradiated with X-rays 
(20 Gy) generated by a 6 MV linear accelerator 
(LINAC, Elekta Synergy, Crawley, UK) at Macquarie 
University Hospital (Sydney, Australia) as previously 
described  [67]. Control cells were treated identically 
but received no radiation. 
  
Trypan blue viability assay 
 
Viable-to-dead cell ratios were determined 6 days after 
irradiation using a Neubauer chamber and trypan blue 
exclusion. Briefly, both floating and adherent cells were 
collected, washed and stained with trypan blue for 10 
min and 10 μL transferred in duplicate to a Neubauer 
chamber and the number of live (white) to dead (blue) 
cells were counted.  
 
Senescence-associated β-galactosidase activity assay 
 
Senescence-associated β-galactosidase (SA-β-Gal) 
activity was determined according to the manufacturer’s 
instructions (Abcam, ab65351) [28]. The bEnd.3 cells 
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plated in 8-well chamber slides at a density of 2 × 104 
cells/mL were fixed 3 or 6 days post-IR or sham. The 
percentage of cells with perinuclear blue staining 
observed in 5 fields-of-view with bright field 
microscopy (Magnification: 200× for controls; 100× for 
irradiated cells) was calculated in 3 independent 
experiments performed in triplicate.  
 
Immunocytochemistry 
 
Cells grown in 8-well chamber slides were fixed with 
paraformaldehyde (2%, 5 min) with (0.3% Triton-X100, 
15 min) or without permeabilization (no detergents), 
where specified. Sections were blocked in 5% donkey 
serum and 1% bovine serum albumin (BSA) prior to 
overnight staining with primary antibodies at 4⁰C. 
Primary antibodies are listed in Supplementary Table 
S1. Proteins were visualized with species-specific 
AlexaFluor647-conjugated secondary antibodies (Life 
Technologies). Cells were co-stained with wheat germ 
agglutinin (WGA) conjugated to AlexaFluor488 (Life 
Technologies) to visualize surface proteins and nuclei 
were counterstained with 4’,6-diamidino-2-phenyl-
indole dihydrochloride (DAPI, 5 μg/mL). Controls 
incubated with equimolar rabbit IgG (Santa Cruz 
Biotechnologies) or mouse IgG (BD Biosciences) 
showed no reactivity. All control sections incubated 
without primary antibodies demonstrated negative 
staining. Digital images were captured under fixed 
parameters using a Zeiss microscope with AxioCam 
HRc camera and Zen 2012 software (Carl Zeiss 
Microscopy). 
 
In vitro biotinylation and protein extraction 
 
At day 6 after irradiation or sham, cells in T75 flasks 
were prepared for biotin labelling, using a modification 
of published methods [23, 24, 68]. Briefly, cells were 
washed four times with cold 10 mL phosphate-buffered 
saline (PBS, pH 7.4) to remove all medium and secreted 
proteins. EZ-link Sulfo-NHS-LC Biotin (Thermo-
scientific) was dissolved in PBS (150 μM) and 5 mL 
added per flask and incubated at room temperature with 
gentle rocking for 5 min.  The biotin was quenched with 
1 mM Tris-HCl (pH 7.5) in PBS for 5 min. Cells were 
then washed four times in 10 mL PBS (5 min each 
wash).  Cells were lysed (2% NP40, 0.2% SDS, 1× 
protease inhibitor mix (GE Healthcare), 10 mM EDTA 
in PBS) and collected by scraping with a rubber 
policeman. Lysis was continued for 30 min on ice prior 
to sonication (40% power, 3 × 15s). The supernatant 
was clarified by centrifugation at 12000 g for 15 min at 
4⁰C to pellet insoluble debris. An aliquot was then taken 
to determine protein concentration by BCA assay 
(Pierce Biotechnology Inc.) before streptavidin 
enrichment.  

Streptavidin enrichment and on-resin trypsinization 
 
Enrichment on streptavidin-agarose beads was based on 
published methods [23, 24]. Protein samples were 
thawed on ice while 600 μL Streptavidin-Sepharose HP 
slurry (GE Healthcare) was washed three times with 
500 μL buffer A (1% NP40, 0.1% SDS in PBS). The 
slurry was centrifuged at 2000 g for 1 min between 
washes. Protein extracts were resuspended to a 
concentration of 1 mg/mL and 1 mL added to the 
washed resin and mixed by rotation at room temperature 
to allow binding. After 2 h, the slurry was centrifuged 
and the supernatant discarded (non-biotinylated 
fraction). The biotin-bound resin was washed three 
times with 500 μL buffer A, then twice with buffer B 
(0.1 % NP40 substitute, 1 M NaCl in PBS). For mass 
spectrometry analysis, the resin was washed 8 times 
with 50 mM ammonium bicarbonate (pH 8) containing 
0.5% (w/v) sodium deoxycholate, then resuspended in 
300 μL of buffer and adjusted to 5 mM dithiothretol 
(Bio-Rad) in 100 mM ammonium bicarbonate and 
reduced at 70°C for 60 min.  Samples were alkylated 
with iodoacetamide (Bio-Rad) at a final concentration 
of 15 mM (in 100 mM ammonium bicarbonate) at room 
temperature for 1 h.  Finally, bound proteins were 
digested with the addition of 2 µg of trypsin (Promega) 
and incubation of the beads at 37°C overnight under 
constant agitation.  The supernatant was recovered 
following centrifugation of samples at 10000 g for 10 
min.  Sodium deoxycholate was removed by centri-
fugation (10000 g for 10 min, 3 times) following 
acidification of samples to a final concentration of 1% 
formic acid.  The supernatant was removed and peptides 
were concentrated using a SpeediVac and resuspended 
in 2% acetonitrile (0.1% formic acid) prior to LC/MS 
analysis. 
 
A separate set of biotinylated extracts were prepared for 
western analysis. Preparation was identical to that 
performed for mass spectrometry analysis however the 
final ammonium bicarbonate washes were replaced with 
one wash of 50 mM Tris-HCl (pH 7.5) prior to 
extraction of bound proteins by incubation in a solution 
of 3 mM biotin, 2% SDS and 8M urea for 15 min at 
room temperature and 15 min at 95 ⁰C.  
 
LC/MS/MS and data analysis 
 
Samples were analyzed using data-dependent and 
SWATH LC/MS/MS procedures described previously, 
with modifications [53, 69]. LC/MS/MS was performed 
using a TripleTOF 6600 mass spectrometer (AB 
SCIEX) equipped with a NanoLCTM 400 liquid chroma-
tography system (Eksigent) and cHiPLC unit 
(Eksigent).  Reverse phase separations were conducted 
using a 200 μm × 0.5 mm nano cHiPLC trap column 
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(ChromXPTM C18-CL 3 μm 120 Å; Eksigent) at a flow 
rate of 5 µL/min for 5 min (2%ACN, 0.1% FA), and a 
150 mm × 200 μm nano cHiPLC column (ChromXPTM 
C18-CL 3 μm 120 Å) using a linear gradient from 5% 
to 40% (90% ACN, 0.1% FA) at a flow rate of 600 
nL/min over 60 minutes.  Peptides were subjected to 
positive ion nanoflow analysis using an ion spray 
voltage, heater interface temperature, curtain gas flow 
and nebulizing gas flow of 2.5 kV, 150˚C, 25 and 16 
L/min, respective-ly.  For data-dependent acquisition 
experiments, a “top 20” approach utilized a full MS 
survey scan (350–1250 amu, 250 ms) followed by 20 
MS/MS product ion scans (100–1500 amu, 100 ms 
each).  Product ion scans were collected for ions with a 
2+ to 4+ charge-state and an ion intensity threshold of 
150 counts per second (cps).  Spectral libraries were 
generated by searching product ion data against all 
mouse entries in the UniProt database (release April 
2014, 20266 entries) using the Paragon algorithm in 
ProteinPilotTM software (V5.0, AB Sciex).  An Unused 
Score of 2.0 (99% confidence) was used as a cut-off, 
resulting in a protein FDR of <1%. Database searches 
were conducted with carbamido-methyl modifications 
of cysteine residues in the thorough ID mode and 
excluded biological modifications. For data indepen-
dent SWATH acquisition experiments, a variable 
windows approach (350–1250 amu) with 100 windows 
was used.  
 
ProteinPilot results and data-independent SWATH 
experiments were imported into PeakViewTM software 
2.0 (AB Sciex) and analyzed with the SWATH 
MicroApp 2.0. Peak extraction was performed for a 
maximum of 100 high confidence peptides (99%) per 
protein and six transitions per peptide, with a tolerance 
of 75 ppm using a peptide extract threshold FDR of 1%.  
Protein level quantitative comparisons were assessed by 
summing ion peak area values for the transitions of each 
peptide per protein and normalizing the total protein 
area. Fold changes for each protein were assessed by 
comparing the natural log of the normalized mean 
protein areas for each protein and back transforming the 
natural logs. A two sample t-test (0.05) was used to 
determine the significance of the protein fold change. 
Proteins with a P value of 0.05 and fold change of < 0.7 
or > 1.5 were considered significant. 
 
Causal network analysis of signalling networks in 
proteomic data was performed using INGENUITY 
Pathway Analysis (IPA) (INGENUITY System, 
www.INGENUITY.com). The full set of proteins (642) 
was used as input, with observations used for the analysis 
being average fold changes of the irradiated/control 
conditions. Default Ingenuity parameters were selected; 
the reference set considered was the default genomics 

background. The top five identified pathways, networks, 
tox lists and upstream regulators were tabulated. 
 
Western blotting 
 
Total proteins from whole cell lysates were extracted 
from irradiated (20 Gy) and control bEnd.3 cells after 6 
days using radioimmunoprecipitation (RIPA) lysis 
buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.5% 
deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 
1% NP40 substitute, 5 mM EDTA) with protease 
inhibitor mix (GE healthcare). After lysis, the material 
was sonicated for 2 min at 30 s intervals and centrifuged 
at 12000 g for 10 min at 4°C. Protein concentrations 
were determined using the BCA protein assay (Pierce 
Biotechnology Inc.) using bovine serum albumin (BSA) 
as a standard. Equal amounts of whole cell protein 
extracts (15 μg) were resolved by SDS-PAGE, 
transferred to a PVDF membrane using the iblot transfer 
system (ThermoFisher Scientific) and probed with 
primary antibodies (Supplementary Table S1) and 
species-specific secondary antibodies conjugated to 
horseradish peroxidase (HRP). Bands were detected 
using enhanced chemiluminescence. GAPDH was used 
as a loading control. NIH Image J open-source software 
(http://imagej.nih.gov/ij/) was used to quantitate protein 
bands on blots in 4 independent experiments. Results are 
expressed as mean ± SEM. Two group comparisons were 
performed using the unpaired, two-tailed Student’s t-test. 
 
For biotin-tagged protein extracts, 10 μg each of total 
extract (IN), biotin-bound extract (BB) and non-
biotinylated, unbound extract (OUT) were resolved by 
SDS-PAGE as described. Biotin was detected on blots 
using HRP-conjugated streptavidin (Abcam).  
 
Abbreviations 
 
Ab, amyloid beta; AD, Alzheimer's disease; ADAM10, 
a disintegrin and metalloproteinase-domain containing 
protein 10; APP, amyloid precursor protein; BACE-1, 
beta-site amyloid precursor protein cleaving enzyme 1;  
BSA, bovine serum albumin; CAA, cerebral amyloid 
angiopathy; DAMP, damage-associated molecular 
pattern; DDX58, dead box protein 58/RIG-1-like 
receptor 1, EC, endothelial cell; FDR, false discovery 
rate, Gy, Gray;  IR, ionizing radiation; L1CAM, neural 
cell adhesion molecule 1; L3CB, microtubule-
associated protein 1 light chain 3 beta, LC/MS, liquid 
chromatography-mass spectrometry; LINAC, linear 
accelerator;  NEO1, neogenin 1; NEST, nestin; SA-b-
gal, senescence-associated beta-galactosidase; SASP, 
senescence-associated secretory phenotype; SWATH, 
sequential window acquisition of all theoretical mass 
spectra; TLR2, toll-like receptor 2. 
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Table S1. Antibodies used in this study.

Antibody Catalog Number Species Source 
P21 (Waf1/Cip1) sc-6246 Mouse monoclonal Santa Cruz 
MAP L3CB sc-376404 Mouse monoclonal Santa Cruz 
PAI-1 sc-8979 Rabbit polyclonal Santa Cruz 
ICAM-1 sc-1511R Rabbit polyclonal Santa Cruz 
TLR2 sc-10739 Rabbit polyclonal Santa Cruz 
NEST sc-20978 Rabbit polyclonal Santa Cruz 
NEO1 sc-15337 Rabbit polyclonal Santa Cruz 
P16 (CDKN2A) PAI-46620 Rabbit polyclonal Thermofisher 
α-Tubulin ab6046 Rabbit polyclonal Abcam 
Caveolin1 ab2910 Rabbit polyclonal Abcam 
Ki67 ab16667 Rabbit monoclonal Abcam 
P62 ab56416 Mouse monoclonal Abcam 
DDX58 ab45428 Rabbit polyclonal Abcam 
ADAM10 ab2124695 Rabbit monoclonal Abcam 
L1CAM ab24345 Mouse monoclonal Abcam 
GAPDH ab181602 Rabbit monoclonal Abcam 
Wheat germ 
agglutinin – AF488 

W11261 - Life Technologies 

Table S2. Proteins increased at cell surface (≥ 1.5‐fold). 

Protein 
Fold 

Changea 
P 

valueb Protein Name 
P22777|PAI1  9.5 0.00 Plasminogen activator inhibitor 1 
P97798|NEO1  9.3 0.03 Neogenin 
Q9QUN7|TLR2  5.2 0.07 Toll-like receptor 2 
P23927|CRYAB  6.8 0.00 Alpha-crystallin B chain 
Q9D0J4|ARL2  3.3 0.10 ADP-ribosylation factor-like protein 2 

Q6Q899|DDX58  2.9 0.04 
Probable ATP-dependent RNA helicase DDX58, retinoic acid 
inducible gene 1 protein (RIG-1) 

P49945|FRIL2  2.8 0.04 Ferritin light chain 2 
P07724|ALBU  2.8 0.35 Serum albumin 
Q8BHN3|GANAB  2.8 0.10 Neutral alpha-glucosidase AB 

Q9DC70|NDUS7  2.8 0.50 
NADH dehydrogenase [ubiquinone] iron-sulfur protein 7, 
mitochondrial 

Q8K1N2|PHLB2  2.5 0.11 Pleckstrin homology-like domain family B member 2 
O08638|MYH11  2.5 0.05 Myosin-11 
Q6PHZ2|KCC2D  2.3 0.43 Calcium/calmodulin-dependent protein kinase type II subunit delta 
P11276|FINC  2.3 0.01 Anastellin 
Q08879|FBLN1  2.3 0.22 Fibulin-1 

Q8BMF4|ODP2  2.2 0.01 
Dihydrolipoyllysine-residue acetyltransferase component of pyruvate 
dehydrogenase complex (PDC-E2), mitochondrial 

Q9QZQ1|AFAD  2.1 0.43 Afadin 
Q9Z0R6|ITSN2  2.1 0.09 Intersectin-2 
Q60680|IKKA  2.0 0.15 Inhibitor of nuclear factor kappa-B kinase subunit alpha 
P99029|PRDX5  2.0 0.21 Peroxiredoxin-5, mitochondrial 
Q64133|AOFA  1.9 0.00 Amine oxidase [flavin-containing] A 
P97770|THUM3  1.9 0.47 THUMP domain-containing protein 3 
Q6P5H2|NEST  1.9 0.02 Nestin 
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P13597|ICAM1  1.9 0.21 Intercellular adhesion molecule 1 
P07356|ANXA2  1.8 0.00 Annexin A2 
P02089|HBB2  1.8 0.06 Hemoglobin subunit beta-2 
Q0KL02|TRIO  1.8 0.00 Triple functional domain protein 
Q9WTR1|TRPV2  1.8 0.03 Transient receptor potential cation channel subfamily V member 2 
Q9QUM9|PSA6  1.8 0.15 Proteasome subunit alpha type-6 
Q64727|VINC  1.8 0.07 Vinculin 
P40124|CAP1  1.8 0.00 Adenylyl cyclase-associated protein 1 
P85094|ISC2A  1.7 0.02 Isochorismatase domain-containing protein 2A, mitochondrial 
Q03963|E2AK2  1.7 0.03 Interferon-induced, double-stranded RNA-activated protein kinase 
Q5U430|UBR3  1.7 0.23 E3 ubiquitin-protein ligase UBR3 
Q80X90|FLNB  1.7 0.00 Filamin-B 
P54116|STOM  1.7 0.01 Erythrocyte band 7 integral membrane protein 
Q9CZ30|OLA1  1.7 0.10 Obg-like ATPase 1 
Q9Z331|K2C6B  1.7 0.04 Keratin, type II cytoskeletal 6B 
O09172|GSH0  1.6 0.28 Glutamate--cysteine ligase regulatory subunit 
Q02053|UBA1  1.6 0.05 Ubiquitin-like modifier-activating enzyme 1 
P00493|HPRT  1.6 0.01 Hypoxanthine-guanine phosphoribosyltransferase 
Q61171|PRDX2  1.6 0.01 Peroxiredoxin-2 
Q7TPR4|ACTN1  1.6 0.01 Alpha-actinin-1 
P03995|GFAP  1.6 0.14 Glial fibrillary acidic protein 
P97434|MPRIP  1.6 0.10 Myosin phosphatase Rho-interacting protein 
P26041|MOES  1.6 0.00 Moesin 
Q9D6K9|CERS5  1.6 0.21 Ceramide synthase 5 
P48678|LMNA  1.6 0.09 Lamin-A/C 
Q8BHY3|ANO1  1.6 0.17 Anoctamin-1 
Q8C522|ENDD1  1.5 0.16 Endonuclease domain-containing 1 protein 
P10107|ANXA1  1.5 0.00 Annexin A1 
A6X935|ITIH4  1.5 0.16 Inter alpha-trypsin inhibitor, heavy chain 4 
P11627|L1CAM  1.5 0.19 Neural cell adhesion molecule L1 
Q9WVL2|STAT2  1.5 0.19 Signal transducer and activator of transcription 2 
Q8VED5|K2C79  1.5 0.09 Keratin, type II cytoskeletal 79 
P21279|GNAQ  1.5 0.21 Guanine nucleotide-binding protein G(q) subunit alpha 
Q80X95|RRAGA  1.5 0.30 Ras-related GTP-binding protein A 
Q64261|CDK6  1.5 0.02 Cyclin-dependent kinase 6 
Q8CGE9|RGS12  1.5 0.89 Regulator of G-protein signaling 12 
P26039|TLN1  1.5 0.25 Talin-1 
Q9R112|SQRD  1.5 0.00 Sulfide:quinone oxidoreductase, mitochondrial 
Q99PT1|GDIR1  1.5 0.17 Rho GDP-dissociation inhibitor 1 
P34884|MIF  1.5 0.01 Macrophage migration inhibitory factor 
Q8R2Q8|BST2  1.5 0.20 Bone marrow stromal antigen 2 
Q9WUP4|PORED  1.5 0.04 Polyprenol reductase 
Q61595|KTN1  1.5 0.05 Kinectin 
Q61584|FXR1  1.5 0.35 Fragile X mental retardation syndrome-related protein 1 
A2A699|F1712  1.5 0.32 Protein FAM171A2 
Q9WTI7|MYO1C  1.5 0.05 Unconventional myosin-Ic 
A6H6E2|MMRN2  1.5 0.04 Multimerin-2 
Q9EPL8|IPO7  1.5 0.10 Importin-7 
P70275|SEM3E  1.5 0.37 Semaphorin-3E 
P48036|ANXA5  1.5 0.10 Annexin A5 
a Fold change (Ratio irradiated/controls; mean of 3 independent experiments). b P value (Student’s t‐test). 
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Table S3. Proteins decreased at the cell surface (≤ 1.5‐fold). 

Protein 
Fold 

Changea 
P 

valueb Protein Name 
O88342|WDR1  0.2 0.10 WD repeat-containing protein 1 
P97310|MCM2  0.2 0.00 DNA replication licensing factor MCM2 
P14869|RLA0  0.2 0.02 60S acidic ribosomal protein P0 
Q8CGP2|H2B1P  0.3 0.08 Histone H2B type 1-P 
P09242|PPBT  0.3 0.00 Alkaline phosphatase, tissue-nonspecific isozyme 
P35969|VGFR1  0.3 0.03 Vascular endothelial growth factor receptor 1 
P62880|GBB2  0.3 0.01 Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-2 
P16382|IL4RA  0.3 0.02 Interleukin-4 receptor subunit alpha 
P08113|ENPL  0.3 0.07 Endoplasmin 
Q9D662|SC23B  0.3 0.03 Protein transport protein Sec23B 
Q9D7S7|RL22L  0.4 0.02 60S ribosomal protein L22-like 1 
Q9CZJ2|HS12B  0.4 0.00 Heat shock 70 kDa protein 12B 
P97311|MCM6  0.4 0.06 DNA replication licensing factor MCM6 
Q6P4T2|U520  0.4 0.14 U5 small nuclear ribonucleoprotein 200 kDa helicase 
Q99JW4|LIMS1  0.4 0.08 LIM and senescent cell antigen-like-containing domain protein 1 
Q7TPV4|MBB1A  0.4 0.09 Myb-binding protein 1A 
P49718|MCM5  0.4 0.00 DNA replication licensing factor MCM5 
Q9JJI8|RL38  0.4 0.01 60S ribosomal protein L38 
O35598|ADA10  0.4 0.05 Disintegrin and metalloproteinase domain-containing protein 10 
Q9Z2X1|HNRPF  0.4 0.00 Heterogeneous nuclear ribonucleoprotein F, N-terminally processed 
P19253|RL13A  0.4 0.01 60S ribosomal protein L13a 
Q99J27|ACATN  0.4 0.07 Acetyl-coenzyme A transporter 1 
Q62465|VAT1  0.4 0.14 Synaptic vesicle membrane protein VAT-1 homolog 
P49717|MCM4  0.4 0.05 DNA replication licensing factor MCM4 
Q9QYJ0|DNJA2  0.4 0.04 DnaJ homolog subfamily A member 2 
P97857|ATS1  0.4 0.03 A disintegrin and metalloproteinase with thrombospondin motifs 1 
Q3TDQ1|STT3B  0.4 0.04 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit  
Q91WF3|ADCY4  0.4 0.01 Adenylate cyclase type 4 
P13864|DNMT1  0.5 0.02 DNA (cytosine-5)-methyltransferase 1 
Q8BK67|RCC2  0.5 0.20 Protein RCC2 
P61164|ACTZ  0.5 0.29 Alpha-centractin 
P61211|ARL1  0.5 0.10 ADP-ribosylation factor-like protein 1 
P62245|RS15A  0.5 0.02 40S ribosomal protein S15a 
Q64337|SQSTM  0.5 0.01 Sequestosome-1 
P02468|LAMC1  0.5 0.17 Laminin subunit gamma-1 
P62918|RL8  0.5 0.67 60S ribosomal protein L8 
P15116|CADH2  0.5 0.23 Cadherin-2 
Q8R422|CD109  0.5 0.04 CD109 antigen 
Q80TN5|ZDH17  0.5 0.02 Palmitoyltransferase ZDHHC17 
Q9ES46|PARVB  0.5 0.15 Beta-parvin 
Q9CXW4|RL11  0.5 0.02 60S ribosomal protein L11 
P62270|RS18  0.5 0.23 40S ribosomal protein S18 
Q03145|EPHA2  0.5 0.09 Ephrin type-A receptor 2 
P62301|RS13  0.5 0.01 40S ribosomal protein S13 

Q6P5D8|SMHD1  0.5 0.27 
Structural maintenance of chromosomes flexible hinge domain-
containing protein 1 

P25206|MCM3  0.5 0.02 DNA replication licensing factor MCM3 
P16330|CN37  0.5 0.07 2',3'-cyclic-nucleotide 3'-phosphodiesterase 
P97351|RS3A  0.5 0.00 40S ribosomal protein S3a 
P11688|ITA5  0.5 0.08 Integrin alpha-5 light chain 
O08573|LEG9  0.5 0.05 Galectin-9 
Q9JHJ0|TMOD3  0.5 0.00 Tropomodulin-3 
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Q9D819|IPYR  0.5 0.21 Inorganic pyrophosphatase 
Q8BWY3|ERF1  0.5 0.19 Eukaryotic peptide chain release factor subunit 1 
Q7TNC4|LC7L2  0.5 0.12 Putative RNA-binding protein Luc7-like 2 
Q5SWU9|ACACA  0.5 0.00 Biotin carboxylase 
P54761|EPHB4  0.5 0.07 Ephrin type-B receptor 4 
P62830|RL23  0.5 0.09 60S ribosomal protein L23 
P20029|GRP78  0.5 0.02 78 kDa glucose-regulated protein 
P20444|KPCA  0.6 0.11 Protein kinase C alpha type 
Q8VDW0|DX39A  0.6 0.04 ATP-dependent RNA helicase DDX39A 
Q64151|SEM4C  0.6 0.34 Semaphorin-4C 
P02463|CO4A1  0.6 0.79 Arresten 
Q9D5V5|CUL5  0.6 0.25 Cullin-5 
Q8R1F1|NIBL1  0.6 0.34 Niban-like protein 1 
Q01705|NOTC1  0.6 0.30 Neurogenic locus notch homolog protein 1 
Q9D8N0|EF1G  0.6 0.10 Elongation factor 1-gamma 
P62242|RS8  0.6 0.05 40S ribosomal protein S8 
P61620|S61A1  0.6 0.00 Protein transport protein Sec61 subunit alpha isoform 1 
Q8BX57|PXK  0.6 0.23 PX domain-containing protein kinase-like protein 
Q7M759|AB17B  0.6 0.03 Alpha/beta hydrolase domain-containing protein 17B 
P35979|RL12  0.6 0.01 60S ribosomal protein L12 
P08775|RPB1  0.6 0.59 DNA-directed RNA polymerase II subunit RPB1 
Q9JLV5|CUL3  0.6 0.22 Cullin-3 
Q9QUR6|PPCE  0.6 1.00 Prolyl endopeptidase 
Q9CU62|SMC1A  0.6 0.89 Structural maintenance of chromosomes protein 1A 
Q8R1M2|H2AJ  0.6 0.26 Histone H2A.J 
Q60605|MYL6  0.6 0.16 Myosin light polypeptide 6 
P11440|CDK1  0.6 0.84 Cyclin-dependent kinase 1 
P62908|RS3  0.6 0.01 40S ribosomal protein S3 
O55222|ILK  0.6 0.07 Integrin-linked protein kinase 
P13439|UMPS  0.6 0.13 Orotidine 5'-phosphate decarboxylase 
Q9Z0L0|TPBG  0.6 0.15 Trophoblast glycoprotein 
Q05793|PGBM  0.6 1.00 Basement membrane-specific heparan sulfate proteoglycan core protein 
P51410|RL9  0.6 0.02 60S ribosomal protein L9 
B2RU80|PTPRB  0.6 0.03 Receptor-type tyrosine-protein phosphatase beta 
Q80U95|UBE3C  0.6 0.20 Ubiquitin-protein ligase E3C 
Q61739|ITA6  0.6 0.09 Integrin alpha-6 light chain 
Q9D1R9|RL34  0.6 0.58 60S ribosomal protein L34 
O70475|UGDH  0.6 0.99 UDP-glucose 6-dehydrogenase 
P14131|RS16  0.6 0.00 40S ribosomal protein S16 
Q9JIK5|DDX21  0.6 0.07 Nucleolar RNA helicase 2 
P97333|NRP1  0.6 0.11 Neuropilin-1 
Q9D0E1|HNRPM  0.6 0.00 Heterogeneous nuclear ribonucleoprotein M 
Q8BP67|RL24  0.6 0.01 60S ribosomal protein L24 
Q9D198|SYF2  0.6 0.89 Functional Spliceosome-Associated Protein 29 
P17225|PTBP1  0.6 0.26 Polypyrimidine tract-binding protein 1 
Q9JJ28|FLII  0.6 0.12 Protein flightless-1 homolog 
O35286|DHX15  0.6 0.31 Putative pre-mRNA-splicing factor ATP-dependent RNA helicase 
P70168|IMB1  0.6 0.09 Importin subunit beta-1 
O35218|CPSF2  0.6 0.25 Cleavage and polyadenylation specificity factor subunit 2 
Q9D8Z1|ASCC1  0.6 0.99 Activating signal cointegrator 1 complex subunit 1 
Q9QZM4|TR10B  0.6 0.03 Tumor necrosis factor receptor superfamily member 10B 
Q8BIJ6|SYIM  0.6 0.32 Isoleucine--tRNA ligase, mitochondrial 
P16056|MET  0.6 0.06 Hepatocyte growth factor receptor 
P97363|SPTC2  0.6 0.34 Serine palmitoyltransferase 2 
Q62167|DDX3X  0.6 0.23 ATP-dependent RNA helicase DDX3X 
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Q8BTJ4|ENPP4  0.6 0.99 Bis(5'-adenosyl)-triphosphatase enpp4 
Q9JL15|LEG8  0.6 0.04 Galectin-8 
P61358|RL27  0.6 0.01 60S ribosomal protein L27 
Q3UH93|PLXD1  0.6 0.19 Plexin-D1 
Q02257|PLAK  0.6 0.05 Junction plakoglobin 
O70503|DHB12  0.6 0.35 Very-long-chain 3-oxoacyl-CoA reductase 
Q05920|PYC  0.6 0.21 Pyruvate carboxylase, mitochondrial 
P62849|RS24  0.6 0.10 40S ribosomal protein S24 
P80315|TCPD  0.6 0.00 T-complex protein 1 subunit delta 
P12382|K6PL  0.6 0.99 ATP-dependent 6-phosphofructokinase, liver type 
P35293|RAB18  0.6 0.32 Ras-related protein Rab-18 
Q9D8E6|RL4  0.6 0.01 60S ribosomal protein L4 
O89103|C1QR1  0.6 0.06 Complement component C1q receptor 
O54890|ITB3  0.6 0.85 Integrin beta-3 
P23116|EIF3A  0.6 0.99 Eukaryotic translation initiation factor 3 subunit A 
B2RXS4|PLXB2  0.6 0.16 Plexin-B2 
O88746|TOM1  0.6 0.34 Target of Myb protein 1 
Q61024|ASNS  0.6 0.01 Asparagine synthetase [glutamine-hydrolyzing] 
P63037|DNJA1  0.6 0.21 DnaJ homolog subfamily A member 1 
Q62351|TFR1  0.7 0.09 Transferrin receptor protein 1 
Q60865|CAPR1  0.7 0.13 Caprin-1 
Q99LC5|ETFA  0.7 0.34 Electron transfer flavoprotein subunit alpha, mitochondrial 
Q06806|TIE1  0.7 0.29 Tyrosine-protein kinase receptor Tie-1 
P16110|LEG3  0.7 0.11 Galectin-3 
P55284|CADH5  0.7 0.19 Cadherin-5 
Q9CZR2|NALD2  0.7 0.49 N-acetylated-alpha-linked acidic dipeptidase 2 
Q9DCD0|6PGD  0.7 0.28 6-phosphogluconate dehydrogenase, decarboxylating 
a Fold change (Ratio irradiated/controls; mean of 3 independent experiments). b P value (Student’s t‐test). 
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Table S4. Ingenuity pathway analysis.

TOP CANONICAL PATHWAYS   
Name p-value Overlap 
EIF2 signalling 2.47E-34 27.6% 51/185 
Regulation of eIF4 and p70S6K signalling 1.01E-17 21.2% 31/146 
Epithelial adherens junction signalling 6.12E-15 19.2% 28/146 
Caveolar-mediated endocytosis signalling 2.56E-13 26.8% 19/71 
Germ cell-sertoli cell junction signalling 4.87E-13 16.9% 27/160 
   
TOP NETWORKS   
Name p-value # molecules 
Cellular movement 1.79E-05 – 4.51E-32 214 
Cellular growth and proliferation 8.08E-06 – 5.18E-29 285 
Cellular assembly and organization 8.13E-06 – 3.12E-26 211 
Cellular function and maintenance 1.79E-05 – 3.12E-26 249 
Protein synthesis 1.26E-05 – 2.77E-24 139 
   
TOP TOX LISTS   
Name p-value Overlap 
Renal necrosis/cell death 3.00E-09 8.5% 42/496 
NRF2-mediated oxidative stress response 3.73E-05 8.5% 20/234 
PPAR/RXR activation 4.99E-05 9.3% 17/183 
Hypoxia-inducible factor signalling 2.74E-04 12.9% 9/70 
Mitochondrial dysfunction 3.50E-04 8.5% 15/176 
   
TOP UPSTREAM REGULATORS   
Upstream Regulator p-value of overlap Predicted 

Activation 
MYC 1.28E-40 Inhibited 
MYCN 1.37E-37 Inhibited 
TP53 1.80E-34 - 
sirolimus 4.69E-31 Activated 
5-fluorouracil 7.19E-28 Activated 


