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Abstract
SORCS2 is one of five proteins that constitute the Vps10p-domain receptor family. Members of this family play important 
roles in cellular processes linked to neuronal survival, differentiation and function. Genetic and functional studies implicate 
SORCS2 in cognitive function, as well as in neurodegenerative and psychiatric disorders. DNA damage and DNA repair 
deficits are linked to ageing and neurodegeneration, and transient neuronal DNA double-strand breaks (DSBs) also occur 
as a result of neuronal activity. Here, we report a novel role for SORCS2 in DSB formation. We show that SorCS2 loss is 
associated with elevated DSB levels in the mouse dentate gyrus and that knocking out SORCS2 in a human neuronal cell 
line increased Topoisomerase IIβ-dependent DSB formation and reduced neuronal viability. Neuronal stimulation had no 
impact on levels of DNA breaks in vitro, suggesting that the observed differences may not be the result of aberrant neuronal 
activity in these cells. Our findings are consistent with studies linking the VPS10 receptors and DNA damage to neurode-
generative conditions.
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Abbreviations
53BP1	� P53-binding protein 1
ADHD	� Attention deficit hyperactivity disorder
ALS	� Amyotrophic lateral sclerosis
BDNF	� Brain-derived neurotrophic factor
BSA	� Bovine serum albumin
Ct	� Cycle threshold
DEXA	� Dexamethasone
DG	� Dentate gyrus
DSB	� Double-strand break
EV	� Empty vector
FACS	� Fluorescence-activated cell sorting
GDNF	� Glial cell-derived neurotrophic factor
gRNA	� Guide RNA
GWAS	� Genome-wide association study
hnRNP-U	� Heterogeneous nuclear ribonucleoprotein U
KCl	� Potassium chloride
KO	� Knock-out
LTD	� Long-term depression
LTP	� Long-term potentiation
LUHMES	� Lund human mesencephalic
MSN	� Medium spiny neurons
NHEJ	� Non-homologous end joining
NMDAR	� N-methyl-d-aspartate receptor
PBS	� Phosphate-buffered saline
PLO	� Poly-l-Ornithine
PSD	� Post-synaptic density
PTZ	� Pentylenetetrazol
ROS	� Reactive oxygen species
SNP	� Single-nucleotide polymorphism
TBS	� Tris-buffered saline
TDP-43	� Transactivation response DNA-binding pro-

tein of 43 kDa
TH+	� Tyrosine hydroxylase-positive
TopoIIβ	� Topoisomerase IIβ
TrkB	� Tropomyosin receptor kinase B
Vps10p	� Vacuolar protein sorting (VPS) 10p
VTA	� Ventral tegmental area
WT	� Wild-type

Introduction

SORCS2 is a member of the VPS10p-domain receptor, or 
sortilin, family. The family comprises five multifunctional 
neuronal receptors: sortilin; SORLA and SORCS1-3, which 
are characterised by possession of a vacuolar protein sorting 
(VPS) 10p domain (Hermey 2009). All family members are 
involved in intracellular sorting and trafficking of various 
neurotrophic factors, transmembrane receptors and synaptic 
proteins, linking them to a broad range of cellular processes, 
including neuronal function, differentiation and synaptic 
plasticity (Glerup et al. 2014a).

Genetic and functional analyses implicate the VPS10p-
domain receptors in cognitive functions and a wide range 
of neurodegenerative and psychiatric disorders. Interroga-
tion of the GWAS catalog (https://​www.​ebi.​ac.​uk/​gwas/) 
indicates that multiple SNPs in SORCS2 are involved in 
epistatic interactions that are associated (p ≤ 5 × 10–8) with 
paired helical filament tau (PHF-tau) levels (Wang et al. 
2020). Genetic variants in SORCS2 are also significantly 
associated (p ≤ 5 × 10–8) with alcohol withdrawal (Smith 
et al. 2018) and risk-taking behaviour (Karlsson Linnér 
et al. 2019). In addition, there are suggestive associations 
(5 × 10–8 < p < 1 × 10–5) with ADHD (Alemany et al. 2015), 
anorexia nervosa (Duncan et al. 2017), response to antide-
pressants (Fabbri et al. 2018), depressive and manic episodes 
in bipolar disorder (Fabbri and Serretti 2016), memory per-
formance (Greenwood et al. 2019), and intelligence (Davies 
et al. 2018). Elevated SORCS2 levels have been detected in 
the brains of epileptic patients, as well as in the hippocampi 
of wild-type mice subjected to pentylenetetrazole (PTZ)-
induced kindling, a model of epilepsy (Malik et al. 2019). 
Meanwhile, application of PTZ-induced kindling in animals 
lacking Sorcs2 increased the levels of oxidative stress and 
led to an exacerbated oxidative stress response in primary 
neurons (Malik et al. 2019). Increased SORCS2 expres-
sion has also been observed in response to application of 
the cortisol analogue, dexamethasone (DEXA), as well as 
following alcohol exposure in a human neuroblastoma cell 
line (Smith et al. 2018). In mice, loss of Sorcs2 has been 
linked to a decreased phenotypic preference for alcohol and 
decreased alcohol withdrawal symptoms (Olsen et al. 2019), 
suggesting a general role of the receptor in the cellular and 
behavioural response to multiple stressors.

During mouse development (E15.5), Sorcs2 is expressed 
in the ventral hippocampus and in tyrosine-hydroxylase-
positive (TH+) neurons of the midbrain. In the adult mouse 
brain, Sorcs2 is strongly expressed in hippocampal, striatal 
and cortical neurons (Deinhardt et al. 2011; Glerup et al. 
2014b, 2016). At the cellular level, in the hippocampus 
SorCS2 is located at the post-synaptic density (PSD) of den-
drites and within synaptic vesicles (Glerup et al. 2016; Ma 
et al. 2017). Through its interactions with the BDNF receptor 
tyrosine kinase, TrkB, and the pro-BDNF receptor p75NTR, 
it is implicated in the induction of NMDA-dependent long-
term potentiation (LTP) and depression (LTD) in the hip-
pocampus, respectively (Glerup et al. 2016). Moreover, 
SorCS2 traffics TrkB to the PSD in an activity-dependent 
manner, thus playing a role in synaptic tagging and synaptic 
potentiation maintenance (Glerup et al. 2016). The receptor 
has been also implicated in the trafficking of NMDA recep-
tor subunits to dendritic and synaptic surfaces in medium 
spiny neurons of the striatum (Ma et al. 2017) and in pyrami-
dal neurons of the CA2 (Ma et al. 2017; Yang et al. 2020). 
In keeping with the above findings, Sorcs2−/− mice exhibit 
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learning and memory deficits (Glerup et al. 2016) and hyper-
active behaviour on exposure to novelty (Olsen et al. 2021).

DNA double-strand break (DSB) formation has been pre-
viously hypothesised to be involved in learning and mem-
ory in wild-type mice via a behavioural task that involved 
exploration of a novel environment (Suberbielle et al. 2013; 
Madabhushi et al. 2015). Suberbielle et al. (2013) (Suber-
bielle et al. 2013) reported the somewhat surprising finding 
of increased DSB formation in the hippocampus and pari-
etal cortex of adult wild-type mice following exploration 
of a novel environment. DSBs were most abundant in the 
DG, an important area for learning and memory. The breaks 
were repaired within 24 h leading the authors to suggest that 
transient break formation plays a role in chromatin remodel-
ling and regulation of gene expression necessary for learning 
and memory formation. Further experiments involving direct 
activation of the visual cortex and the striatum via exposure 
to visual stimuli or optogenetic stimulation, respectively, 
showed that increases in neuronal activity in the absence of 
the behavioural paradigm were sufficient to induce DSBs. 
Subsequent work by others showed that neuronal activity 
in vivo (induced via a contextual fear conditioning train-
ing paradigm) and in vitro also resulted in higher levels of 
DSBs than was seen in controls (Madabhushi et al. 2015). 
Neuronal activity-induced DSBs were found to be located in 
the promoters of a subset of early-response genes and medi-
ated by the type II topoisomerase, Topoisomerase IIβ (Topo 
IIβ): knockdown of Topo IIβ attenuated both DSB forma-
tion and early-response gene expression following neuronal 
stimulation (Madabhushi et al. 2015). In keeping with these 
findings, in vitro pharmacological stimulation of neuronal 
activity has been shown to be associated with increased DSB 
formation (Suberbielle et al. 2013; Madabhushi et al. 2015).

Given the changes in synaptic plasticity and the 
altered response to novelty and to stress observed in the 
Sorcs2−/− mice, we hypothesised that loss of the recep-
tor may lead to alterations in the number of DNA DSBs 
at baseline, following exploration of a novel environment 
and/or following a recovery period. In keeping with pre-
vious data, we detected an increase in DSB formation in 
the hippocampus of wild-type mice following exploratory 
activity and repair of these breaks after a recovery period. 
Compared to wild-type mice, Sorcs2 knock-out mice had 
higher levels of DSBs in the DG at baseline only. Next, we 
investigated whether this difference would also be observed 
in human neurons lacking SORCS2. We used CRISPR/
Cas9 genome editing to delete the gene from Lund Human 
Mesencephalic (LUHMES) human neurons (Lotharius et al. 
2002; Scholz et al. 2011). We found that when treated with 
the Topoisomerase II inhibitor, etoposide, neurons from 
SORCS2 knock-out lines had more DNA DSBs. Further-
more, untreated SORCS2−/− neurons were characterised 
by decreased viability compared to wild-type lines. There 

was no difference in the number of breaks observed in wild-
type and knock-out lines following stimulation of neuronal 
activity.

Materials and Methods

Compounds and Antibodies

Primary antibodies used in this study: polyclonal sheep 
anti-SORCS2 (AF4238, R&D Systems), monoclonal mouse 
anti-γH2A.X (JBW301, Millipore) and polyclonal rab-
bit anti-53BP1 (NB100304, Novus Biologicals). Second-
ary antibodies: rabbit anti-mouse Immunoglobulins/HRP 
(P0260, Dako), rabbit anti-sheep Immunoglobulins/HRP 
(P0163, Dako), Alexa Fluor® 488 donkey anti-mouse IgG 
(H+L) (A21202, Thermo Scientific) and Alexa Fluor® 568 
donkey anti-rabbit IgG (H+L) (A21207, Thermo Scientific). 
Etoposide was purchased from Sigma (E1383).

Animals

Mice were housed at the animal facility at Aarhus University, 
in groups of up to five mice per cage with a 12-h light/12-
h dark schedule and fed standard chow (1324, Altromin) 
and water ad libitum. Cages were cleaned and supplied with 
bedding and nesting material every week. Sorcs2−/− mice 
had been backcrossed for ten generations into C57BL/6 J 
Bomtac background (Glerup et al. 2014b). All experiments 
were approved by the Danish Animal Experiments Inspec-
torate under the Ministry of Justice (Permits 2011/561-119, 
2016-15-0201-01127 and 2017-15-0201-01192) and car-
ried out according to the ARRIVE guidelines. Behavioural 
experiments were carried out using sex- and age-matched 
mice (male, 5–6 months old). Each of the behavioural tests 
described below were carried out using naïve animals in a 
randomized order by an investigator blinded to the mouse 
genotype. No animals were excluded from the subsequent 
analysis.

Exploration of a Novel Environment

Mice in the control group (here defined as ‘home cage’) were 
kept in their original cages. Mice in the novel environment 
(‘novel environment’) and the recovery from the novel envi-
ronment (‘recovery’) groups were transferred to the testing 
room, where they were individually exposed to a novel envi-
ronment. The novel environment consisted of an Open Field 
Arena with four different novel objects and mint-like odour. 
Individual mice were allowed to explore the novel environ-
ment for 2 h. After the novel environment exploration, the 
mice in the novel environment group were sacrificed, while 
the mice in the recovery group were returned to their home 
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cages, where they recovered from the behavioural task for 
24 h before being sacrificed. The mice from the home cage 
group were sacrificed at the same time point.

Perfusion and Tissue Processing

Mice were perfused transcardially with cold PBS containing 
heparin (10,000 U/L), followed by ice-cold 4% paraformal-
dehyde (PFA) in phosphate-buffered saline (PBS). Whole 
brains were dissected and post-fixed overnight in 4% PFA 
in PBS. Following post-fixation, brains were rinsed in sterile 
PBS and cryoprotected first in 10% sucrose and then in 30% 
sucrose at 4 °C until the tissue sank to the bottom of the tube. 
Brains were subsequently embedded in OCT compound 
on dry ice and stored at − 80 °C. Coronal Sects. (14 μm 
thick) containing the brain areas of interest (i.e., DG was 
sampled from three regions: − 1.755 mm, − 2.155 mm and 
− 2.555 mm relative to Bregma; CA2 and CA3 were sam-
pled from two regions: − 1.755 mm and − 2.1550 mm rela-
tive to Bregma) were obtained and mounted on Superfrost 
slides. Slides were stored at − 80 °C.

LUHMES Culture

LUHMES is a karyotypically normal human foetal mesen-
cephalic cell line conditionally immortalised with the v-myc 
oncogene. Proliferation of the neuronal precursor cells can be 
terminated by adding tetracyclin, thus halting v-myc expres-
sion. Subsequent addition of GDNF results in robust dif-
ferentiation into post-mitotic dopaminergic neurons within 
5 days. LUHMES cells (ATCC, RRID: CVCL_B056) were 
grown and differentiated as described previously (Scholz 
et al. 2011). Briefly, cell culture dishes were pre-coated with 
PLO (1 mg/ml; P3655, Sigma) and fibronectin (1 mg/ml; 
F1141, Sigma) in distilled H2O (dH2O) for at least 3 h at 
37 °C. Following incubation, the coating solution was aspi-
rated, and plates/flasks were washed two times with dH2O 
and completely air dried before cell seeding. Prior to differ-
entiation, LUHMES cells were maintained in proliferation 
medium consisting of Advanced DMEM/F12 (12634028, 
Life Technologies), l-glutamine (200 mM; 25030081, Life 
Technologies), N2 supplement (100×; 17502-048, Life 
Technologies) and b-FGF (160 μg/ml; 571502, Biolegend). 
Experiments were conducted after 6 or 14 days of differenti-
ation initiated by growing cells in differentiation media con-
sisting of Advanced DMEM/F12, l-glutamine (200 mM), 
N2 supplement (100×), cAMP (100 mM; D0627, Sigma), 
Tetracycline hydrochloride (1 mg/ml; T7660, Sigma) and 
recombinant human GDNF (20 μg/ml; 212-GD-010, R&D). 
All experiments were initiated with n = 9 lines for each geno-
type, however, occasionally the neurons “lifted” from the 
plastic/coverslip and that line was lost.

CRISPR/Cas9 Genome Editing

Guide RNAs (gRNAs) targeting SORCS2 exon 1 or exon 
3 were designed using two independent online tools: the 
Zhang Lab CRISPR Design website (https://​crispr.​mit.​
edu) and CHOPCHOP (https://​chopc​hop.​cbu.​uib.​no/), and 
were selected based on their on/off-target activity. The oli-
gos were phosphorylated and subsequently cloned into the 
px458 vector, co-expressing the Cas9 endonuclease and GFP 
(RRID: Addgene_48138). Low passage LUHMES cells were 
fed with fresh proliferating media 2 h prior to transfection. 
Cells were dissociated using TrypLE (12605036, Thermo 
Scientific), counted and 2 × 106 cells were transfected using 
the Basic Nucleofector kit for primary neurons (VAPI-1003, 
Lonza) and the D-33 programme on the Amaxa Nucleofec-
tor II B device (Amaxa Biosystems). 500 μl of pre-warmed 
RPMI media (BE12-752F, Lonza) was added following 
nucleofection. The cells were then incubated at 37 °C for 
5 min and gently added to precoated 6-well plates containing 
2 ml of freshly made proliferation medium. 2 μg of the Cas9 
plasmid containing the gRNA of interest were used in each 
transfection. Empty vector (EV) control lines were generated 
by transfecting proliferating LUHMES at an equivalent pas-
sage number with the px458 vector alone.

Forty-eight hours following transfection, cells were lifted 
as described before and centrifuged at 90 g for 10 min. The 
cell pellets were resuspended in 500 μl of warm PBS and 
GFP + cells were sorted by FACS into pre-coated 96-well 
plates, containing 100 μl of freshly prepared proliferation 
medium. After 7 days, 100 μl of fresh proliferation medium 
was added to each well, and 3 days later single cell colonies 
were identified. At this stage, one third of the cells was kept 
for genotyping, and the rest were split into two wells of a 
24-well plate for further expansion.

CRISPR/Cas9 sgRNAs and Primer Sequences

gRNA SORCS2 exon 1: CGG​AGT​GGC​TTC​GCG​GGC​GC
gRNA SORCS2 exon 3: CCG​TCA​TCG​ACA​ATT​TCT​AC
SORCS2 exon 1 Forward primer: CCT​TTC​TCT​GCG​CTC​

TCG​
SORCS2 exon 1 Reverse primer: CCG​CCC​CTG​ATG​

ACC​ATA​
SORCS2 exon 3 Forward primer: CAG​AGT​GCC​CAG​

GAC​TGT​AC
SORCS2 exon 3 Reverse primer: ATG​TGC​CCT​AGG​TAT​

GCA​GG

Western Blotting

Cells were lysed in ice cold 1% Triton lysis buffer [20 mM 
Tris–HCl pH 8.0, 10 mM EDTA, 1% Triton X-100 and 
1× protease inhibitor cocktail (5892970001, Roche)] and 
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protein concentration was measured using Bio-Rad BSA pro-
tein assay (5000116, Bio-Rad). Protein lysates were loaded 
on NuPAGE Tris–acetate 3–8% precast gels (EA03752BOX, 
Life Technologies) and ran at 150 V for 1.5 h. Gels were 
transferred onto PVDF membranes at 30 V for 1.5 h. Mem-
branes were blocked in 5% milk in 0.2% Tween-20 in TBS 
for 1 h at room temperature and probed with primary anti-
bodies against SORCS2 (1:750; AF4238, R&D Systems) 
and GAPDH (1:10,000; MAB374, Merck) diluted in block-
ing solution overnight at 4 °C. After washes (3 × 10 min) in 
0.2% Tween-20 in TBS, membranes were incubated with 
secondary HRP-conjugated antibodies diluted 1:10,000 in 
blocking solution for 1 h at room temperature. After another 
three washes with TBS-0.2% Tween-20, blots were visual-
ised using the Pierce ECL Plus Western Blotting Substrate 
(11527271, Thermo Scientific) and exposed using autora-
diography film. Protein lysate obtained from HEK293 cells 
transfected with a plasmid overexpressing a human SORCS2 
cDNA was used as a positive control.

Immunofluorescence Staining

Slides containing brain sections were thawed at room tem-
perature, incubated for 10 min in 4% PFA in PBS and then 
thoroughly washed for 30 min in PBS containing 100 mM 
glycine (1042011000, EMD Millipore) followed by 30 min 
in PBS. Heat-mediated antigen retrieval was performed 
by placing slides in 1× sodium citrate buffer (PHR1416, 
Sigma), pH 6.0, and pulse-heated for 20 min in the citrate 
buffer in the microwave. Slides were allowed to cool for 
20 min inside the microwave, followed by 30 min at room 
temperature. Slides were then washed 3 times (15 min each 
wash) in PBS and incubated in blocking solution for 1.5 h at 
room temperature. Blocking solution contained 5% normal 
donkey serum (D9663, Sigma), 1% BSA (421501J, VWR), 
0.1% Triton-X and 0.05% Tween-20 in PBS. Slices were 
incubated with monoclonal mouse anti-γH2A.X primary 
antibody (1:50; JBW301, Millipore) in 5% normal donkey 
serum and 1% BSA in PBS at 4 °C overnight. On the follow-
ing day, slides were further incubated for 30 min at 37 °C 
and washed 3 times in PBS (15 min each wash). Slides were 
then incubated with 3% Sudan black solution in 70% etha-
nol for 10 min at room temperature. After 3 rinses in dH2O, 
slides were incubated with corresponding Alexa-conjugated 
secondary antibody (1:500; A21202, Thermo Fisher) diluted 
in 5% normal donkey serum in PBS for 1 h at 37 °C. Slides 
were then washed 3 times in PBS, followed by 3 times in 
dH2O (15 min each wash). DAPI (D9542, Sigma) diluted 
1:1000 in PBS was subsequently applied for 10 min and 
washed off with PBS (3 washes, 5 min each). Sections were 
mounted in ProLong Gold antifade mountant (P36930, 
Thermo Scientific).

Immunocytochemistry

Pre-differentiated (day 2) LUHMES were plated down 
(0.15 × 106 cells per well) and grown on acid-etched cov-
erslips, placed in 24-well plates and coated with PLO and 
fibronectin, followed by Geltrex (A1413201, Thermo Sci-
entific). Day 14 LUHMES neurons were fixed with 4% 
PFA for 15 min, rinsed with PBS and stored in TBS at 
4 °C until required. Neurons were permeabilised in 0.1% 
TBS-Triton X for 5 min. Following three rinses with TBS, 
coverslips were incubated in blocking solution (5% normal 
donkey serum in 0.1% TBS-Tween) for 1 h at room temper-
ature and then overnight at 4 °C with primary antibodies 
diluted in blocking solution. The next day, neurons were 
washed with 0.1% Tween-TBS (3 × 10 min) and incubated 
with corresponding secondary antibodies for 1 h at room 
temperature. Secondary antibodies were diluted, together 
with DAPI (1:1000; D9542, Sigma), in 4% normal donkey 
serum in 0.1% TBS-Tween. Cells were washed with TBS 
(3 × 10 min) and mounted with ProLong Gold antifade 
mountant (P10144, Thermo Scientific). Primary antibodies 
used in this study were: mouse monoclonal anti-γH2A.X 
(1:400; JBW301, Millipore), rabbit polyclonal anti-53BP1 
(1:1000; NB100304, Novus Biologicals), mouse monoclo-
nal anti-PSD93 (1:500; NBP2-58558, Novus Biologicals), 
mouse monoclonal anti-synaptophysin (1:500; SMC-
178D, StressMarq Bio.) and rabbit polyclonal anti-βIII-
tubulin (1:1000; ab15568, Abcam). Secondary antibod-
ies were Alexa Fluor 488-donkey anti-mouse IgG (1:300; 
A21202, Thermo Scientific), Alexa Fluor 596-donkey 
anti-rabbit IgG (1:500; A21207, Thermo Scientific) and 
Alexa Fluor 647 Phalloidin (1:1000; A22287, Thermo 
Scientific).

Treatments

For the etoposide treatment experiments, pre-differentiated 
(day 2) wild-type and SORCS2 knock-out LUHMES were 
plated down (0.15 × 106 cells per well) and differenti-
ated until day 14. LUHMES neurons were incubated with 
0.5 μM etoposide (E1383, Sigma) for 4 h at 37 °C prior to 
fixation. For the experiments involving stimulation with 
glycine, pre-differentiated (day 2) wild-type and SORCS2 
knock-out LUHMES were plated down (0.05 × 106 cells 
per well) and differentiated until day 14. LUHMES neu-
rons were incubated in a Mg2+—free ACSF (125 mM 
NaCl, 2.5 mM KCl, 26.2 mM NaHCO3, 1 mM NaH2PO4, 
11 mM glucose, and 2.5 mM CaCl2) supplemented with 
300 µM glycine (Sigma Aldrich) for 5 min, followed by a 
15 min incubation in ACSF containing 1.25 mM MgCl2 at 
37 °C prior to fixation.
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Image Acquisition and Analysis

All imaging and counting procedures were performed blind 
to genotype. Image analysis was performed using the soft-
ware package Fiji. Z-stacked confocal images, with a step 
size of 0.25 µm (brain sections) or 1 μm (LUHMES neu-
rons), were acquired on a Nikon STORM/A1 + microscope 
at 60× (brain sections) or 100× (LUHMES neurons) mag-
nification, using the NIS Elements software. The optimal 
laser intensity and gain that gave no signal in the no-primary 
antibody controls, were established and kept constant for all 
subsequent analyses. Three images of each region of inter-
est were obtained from each mouse. The number of neurons 
with one or more γH2A.X-positive foci, as well as the total 
number of nuclei within a given area (approximately 200 
nuclei on average) were counted manually and the percent-
age of γ-H2A.X-positive nuclei determined for each image. 
In the case of LUHMES neurons, nine independent wild-
type and nine independent SORCS2 knock-out lines were 
analysed. Approximately 100 nuclei (from four images 
belonging to different regions of the same coverslip) were 
counted for each line, and the number of γH2A.X/53BP1-
positive foci per nucleus was calculated.

Quantitative Reverse Transcriptase PCR (qRT‑PCR)

Cell pellets from day 14 LUHMES neurons were resus-
pended in RLT buffer (Qiagen) with 10% (v/v) 2-mercap-
toethanol. Total RNA was extracted using the RNeasy mini 
kit (Qiagen), and 1 μg per sample was reverse transcribed 
with Multiscribe Reverse Transcriptase using random hex-
amers in a 80 μl reaction. Controls, in which 25 ng RNA of 
each sample was used to make cDNA in the absence of the 
Multiscribe Reverse Transcriptase, were included to detect 
genomic contamination.

PCR amplification of the cDNA obtained for each sample 
was quantified using the TaqMan® Universal PCR Mix No 
AmpErase® UNG (Life Technologies), and the threshold 
cycle (Ct) was determined using the Applied Biosystems 
7900HT Fast Real-Time PCR System and the corresponding 
SDS software. TaqMan probes were used for the detection 
of TOP2B and eight reference genes (CYC1, ERCC6, SDHA, 
TOP1, RPLPO, SCLY, TBP and UBE4A). The GeNorm 
software was used to identify the most stably expressed 
reference genes (SDHA and UBE4A). A standard curve, 
generated from a dilution series, was run for TOP2B and 
the reference genes. The baseline and Ct values were deter-
mined for each gene and expression levels were calculated 
using the standard curve method for absolute quantification, 
where unknowns are compared to the generated standard 
curve and values are extrapolated. TOP2B expression values 
were subsequently normalised to the geometric mean of the 
reference genes.

Viability Assay

Neuronal viability was assessed using the Alamar Blue assay 
(DAL1025, Thermo Scientific). This assay was chosen as: 
(1) it does not interfere with cell functioning and (2) it is 
not an end-point assay, i.e. it allows viability to be meas-
ured at multiple time points (Rampersad 2012). Viability 
was measured at day 6 and day 14 from an equivalent num-
ber of neurons (0.25 × 106) per line by replacing the medium 
with freshly made differentiation medium containing 10% 
(v/v) Alamar Blue solution. Cells were incubated with the 
Alamar Blue solution for 2 h, after which the solution was 
transferred to a new 24-well plate and fluorescence meas-
ured in a FLUOstar OMEGA plate reader using an excitation 
wavelength of 540-570 nm, and an emission wavelength of 
580–610 nm.

Statistical Analysis

Normal distribution and variance homogeneity were 
assessed for each dataset (Suppl. Table 1) using the Shap-
iro–Wilk normality and an F test, respectively. Where lin-
ear regression models were used, normal distribution and 
variance homogeneity of the residuals were assessed using 
the Shapiro–Wilk normality test and the Spearman’s rank 
correlation test for heteroscedasticity, respectively. When 
the assumptions of normal distribution and homogeneity of 
variance were met, parametric tests were performed, and the 
data was expressed as mean ± SD. Otherwise, the data was 
reported as median with interquartile range and analysed 
using non-parametric tests. Differences between two means 
were assessed using unpaired Student’s t-test (two-tailed; 
for parametric data) or Mann Whitney test (two-tailed; for 
non-parametric data). Two-way ANOVA was performed 
when multiple means were compared. Statistical analyses 
were performed using GraphPad Prism. Sample sizes were 
estimated based on previously reported findings (Suberbielle 
et al. 2013) or pilot experiments and calculated using the 
G-power software. Null hypotheses were rejected when 
p < 0.05. Inclusion criteria were: number of animals avail-
able for the mice; number of cell lines available following 
genome editing and production of neurons. There were no 
exclusion criteria. Outlier removal was not performed.

Results

Our goals were to investigate (i) whether exploration of a 
novel environment led to a temporary increase in the num-
ber of DSBs detected in the mouse brain in our hands and 
(ii) whether deletion of Sorcs2 in mice leads to higher lev-
els of DSB formation upon exploration of a novel environ-
ment and/or a deficit in break repair. The novel environment 
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paradigm comprised three groups of mice (5–6 months of 
age): those that (a) remained in their home cage (baseline 
group); (b) explored a novel environment (novel environ-
ment group) and (c) explored a novel environment, followed 
by a recovery period in the home cage (recovery group), 
before they were sacrificed (Fig. 1a). As described previ-
ously (Suberbielle et al. 2013), the proportion of neurons 
positive for γH2A.X (a widely used marker of DNA DSBs in 
neurons and other cell types) was determined in three brain 
regions (DG, CA2 and CA3 of the hippocampus, Suppl. 
Fig. 2; Suppl. Table 2).

In wild-type mice in each of the three brain regions, we 
observed a similar pattern to that described by Suberbielle 
et al. (2013), i.e. wild-type mice exposed to the NE had 
more cells with DSBs than the mice in the baseline and the 
recovery groups (Fig. 1b, left). In contrast, this pattern was 
not present in the Sorcs2−/− mice, which, to our surprise, 
appeared to have a greater percentage of DSB-positive 
nuclei at baseline (Fig. 1b, right). Given these results, we 
next sought to test the finding of a higher number of breaks 
at baseline in the DG of the Sorcs2−/− mice using an inde-
pendent set of age and sex-matched wild-type and knock-out 

Fig. 1   Exploration of a novel environment is associated with a tran-
sient increase in DSBs in the dentate gyrus and the CA2. a Experi-
mental design. Wild-type (WT) and Sorcs2−/− mice were divided into 
three groups: ‘home cage’ (white), ‘Novel E’ (novel environment; 
light grey) and ‘recovery’ (dark grey). b For each brain region, the 
percentages of γH2A.X-positive nuclei was calculated in 5–6 month-
old WT (open bars) and Sorcs2−/− mice (dotted bars) belonging to 

one of the three experimental groups, colour coded as above. Three 
brain sections per region per mouse, n = 3 per experimental group. 
(c) Percentage of nuclei positive for γH2A.X in the DG of an inde-
pendent set of wild-type (open bars) and Sorcs2−/− (dotted bars) mice. 
Three brain sections per region per mouse, n = 7–5. *p < 0.05 (Mann–
Whitney test). Error bars represent median with interquartile range
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mice. We detected significantly higher levels of DSBs in the 
Sorcs2−/− mice (U = 4, p = 0.03; Fig. 1c).

Having determined that the Sorcs2−/− mice had higher 
levels of DNA DSBs at baseline we set out to investigate 
whether this phenotype was also present in human neurons 
lacking SORCS2. We used CRISPR/Cas9 genome editing 
(Fig. 2a) to delete the gene in the human neuronal cell line, 
LUHMES, a karyotypically normal foetal mesencephalic 
cell line that can be robustly differentiated into post-mitotic 
dopaminergic neurons (Suppl. Fig. 3), with the majority of 
cells generating trains of spontaneous action potentials after 
10–12 days of differentiation (Scholz et al. 2011). Loss of 
SORCS2 expression was shown by western blotting (Fig. 2b; 
Suppl. Fig. 4). Nine independent lines were generated using 
two different gRNAs (four produced using a gRNA target-
ing exon 1 and five from the exon 3 gRNA) were used in all 
subsequent analyses.

To evaluate the effect of knocking out SORCS2 on DNA 
DSB formation in human neurons, we stained untreated 
control (consisting of wild-type (WT) and empty vector 
(EV) lines) and SORCS2 knock-out LUHMES neurons (day 
14) for γH2A.X and 53BP1. The latter protein is quickly 

recruited to DSB sites, where it binds to γH2A.X and acts as 
a scaffold for the binding of additional DNA repair proteins 
from the non-homologous end joining (NHEJ) pathway, the 
main DNA repair pathway in post-mitotic cells (Firsanov 
et al. 2011). As previously reported for neurons (Crowe et al. 
2006), more than 90% of the analysed neurons (wild-type 
and knock-out) had fewer than three double positive foci per 
nucleus, with the majority of nuclei having no foci (Fig. 3a; 
top row). There was no significant difference in the number 
of foci per nucleus between control and SORCS2 knock-out 
neurons (U = 29, p = 0.34; Fig. 3b). Comparable levels of 
DSBs were observed between the WT and EV lines (Suppl. 
Fig. 5a), as well as between the SORCS2 KOs generated 
by targeting exon 1 and exon 3 (U = 7, p = 0.556, Suppl. 
Fig. 5b). As DNA DSBs are rare, due to their dynamic 
repair, we next assessed whether SORCS2 loss would have 
an effect on the number of DSBs following treatment with 
etoposide, which causes accumulation of Topoisomerase 
II (TopoII)-dependent DNA DSBs, by preventing their re-
ligation through stabilisation of the TopoII-DNA cleavable 
complex (Montecucco et al. 2015). As expected, etopo-
side treatment greatly increased the number of DSBs per 

Fig. 2   Strategy for knocking out SORCS2 in LUHMES using 
CRISPR/Cas9 genome editing. a Experimental design of the 
CRISPR/Cas9 experiments. gRNA sequences (underlined) within 
SORCS2 exon 1 and exon 3 used (separately) to knock out the gene 
using CRISPR/Cas9 genome editing. Created with BioRender.com. 
b Representative western blots show a complete loss of SORCS2 
in the knock-out (KO) clones after targeting exon 1 or exon 3. Sam-
ples loaded on the blot on the left correspond to: 1 and 2 lysates 
obtained from wild-type (WT) LUHMES neurons (day 14), 3–7- 

from SORCS2 KO exon 1 clones 1–5 (day 14) generated by target-
ing exon 1. Samples loaded on the blot on the right correspond to: 1 
and 2 lysates obtained from WT LUHMES neurons (day 14), samples 
3–8- from SORCS2 KO exon 3 clones 1–6 (day 14) generated by tar-
geting exon 3. Sample 9 constitutes a positive control (protein lysate 
from HEK293 cells overexpressing SORCS2). ‘L’ stands for ladder in 
both blots. SORCS2 exon 1 clone 4 and SORCS2 exon 3 clone 5 did 
not survive neuronal differentiation and were not included in any sub-
sequent experiments
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nucleus in both wild-type and SORCS2 knock-out LUHMES 
neurons Fig.  3a). However, comparing the number of 
γH2A.X/53BP1-positive foci per nucleus between etopo-
side-treated wild-type and SORCS2 knock-out lines showed 
a significant increase in the SORCS2−/− lines (t2 = 2.148, 
p = 0.047; Fig. 3c). There was no significant difference in the 
number of γH2A.X/53BP1-positive foci per nucleus between 
the SORCS2 knock-out clones derived by targeting exon 1 
and those generated by disrupting exon 3 (U = 9, p = 0.905; 
Fig. 3d). No difference was observed between the two con-
trol groups, either (Suppl. Fig. 5c).

Topoisomerase IIβ (TopoIIβ) is the active form of topoi-
somerase in terminally differentiated cells, such as neurons. 
Treatment with etoposide had no impact on expression levels 
of TOP2B, which encodes TopoIIβ (F1, 16 = 0.978, p = 0.337, 

Suppl. Fig. 6). In addition, there was no significant differ-
ence in TOP2B levels between genotypes either prior to or 
following etoposide treatment (F1, 16 = 2.652, p = 0.123, 
Suppl. Fig. 6).

Given the link between neuronal activity and TopoIIβ-
mediated DNA DSBs (Madabhushi et al. 2015), we next 
investigated whether an established paradigm of neuronal 
stimulation would have a differential impact on the forma-
tion of DNA DSBs in SORCS2 knock-out and wild-type 
LUHMES neurons. Incubation with glycine (300 µM) led 
to an increase in the number of DNA breaks (Suppl. Fig. 7a, 
b).We next compared the impact of glycine treatment in 
control (WT and EV) and SORCS2−/− lines. No significant 
difference in the number of DNA DSB foci was observed 
between the two groups (t14 = 0.383, p = 0.708, Fig. 4).

Fig. 3   Knocking out SORCS2 leads to increased TopoIIβ-dependent 
DSB formation in LUHMES neurons. a Representative confocal 
images from untreated (top row) and etoposide-treated (bottom row) 
wild-type (WT) and SORCS2 knock-out (KO) LUHMES neurons 
(day 14) immunostained with γH2A.X (green) and 53BP1 (red), 
and counterstained with DAPI (blue). White arrows point towards 
γH2A.X/53BP1 dual positive foci, and red- towards foci positive 
for γH2A.X only. Images were taken at 100× magnification; scale 
bars: 10 μm. b Number of DSBs (γH2A.X/53BP1-positive foci) per 
nucleus in untreated WT (white bar) and SORCS2 KO (grey bar) 
LUHMES neurons (day 14); n = 9 independent cell lines per geno-

type. Mann–Whitney test, p > 0.05. Error bars represent median 
with interquartile range. c Number of DSBs (γH2A.X/53BP1-
positive foci) per nucleus in etoposide-treated (dotted bars) WT 
(white bars) and SORCS2 KO (grey bars) LUHMES neurons (day 
14); n = 9 independent lines per genotype. * p < 0.05, Unpaired Stu-
dent’s t-test; error bars represent means ± SD. d Number of DSBs 
(γH2A.X/53BP1-positive foci) per nucleus in etoposide-treated 
SORCS2 KO LUHMES neurons (day 14) generated by targeting 
exon 1 (n = 4 independent cell lines) or exon 3 (n = 5 independent cell 
lines). Mann–Whitney test, p > 0.05; error bars represent median with 
interquartile range. Approximately 100 nuclei counted per cell line
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Finally, given the potential negative impact of DSB 
formation on neuronal function and survival, we exam-
ined the effect of knocking out SORCS2 on the overall 
neuronal viability both at early (day 6) and late (day 14) 
stages of differentiation. At day 6, there was no signifi-
cant difference in the viability of wild-type neurons com-
pared to that of the SORCS2 knock-out clones (t16 = 0.296, 
p = 0.771; Fig. 5a). However, at day 14, we detected a 
significant reduction in the viability of SORCS2−/− clones 
compared to controls (t15 = 3.387, p = 0.004; Fig. 5b).

Discussion

Our data in wild-type mice are in agreement with the results 
of Suberbielle et al. (2013), who showed that exploration of 
a novel environment is associated with the acquisition of 
DNA DSBs, which are repaired after a recovery period. We 
found, however, no evidence to support our initial hypoth-
esis that Sorcs2 knock-out mice would show a greater num-
ber of breaks associated with the exploratory behaviour or 
impaired recovery from this experience. In contrast, some-
what surprisingly, we observed higher levels of DNA DSBs 
in the DG of Sorcs2−/− mice that remained in their home 
cage. We subsequently confirmed this in an independent set 
of knock-out and wild-type mice.

We next investigated whether higher levels of DNA DSBs 
would be also found in human neurons lacking SORCS2. 
DNA DSBs were rare in both mutant and wild-type lines, 
as has been reported previously for rat primary cortical 
neurons (Crowe et al. 2006), and there was no detectable 
difference in γH2A.X immunoreactivity between the geno-
types. As expected, treatment with the TopoIIβ inhibitor, 
etoposide, led to an increase in the number of breaks in both 
lines. The SORCS2−/− lines, however, had significantly more 
breaks following etoposide treatment. Despite the increased 
number of TopoIIβ-dependent breaks in the knock-out cell 
lines, there was no difference in TOP2B expression levels in 
mutant lines either before or after treatment with etoposide. 
As enhanced TopoIIβ activity and DSB levels have been 
observed following stimulation of neuronal activity (Madab-
hushi et al. 2015), we next investigated whether stimulation 
of neuronal activity would lead to a differential response in 
the neurons lacking SORCS2. We found no evidence that 
loss of SORCS2 rendered the human neurons more suscep-
tible to neuronal activity-evoked DNA DSBs. This result is 

Fig. 4   Treatment with Glycine has no differential effect on DNA 
DSB formation in SORCS2 knock-out (KO) LUHMES neurons. 
No significant difference in the number of DSBs (γH2A.X/53BP1-
positive foci) per nucleus was identified between wild-type (WT) 
(white bar) and SORCS2 KO (grey bar) LUHMES neurons (day 14) 
following treatment with Glycine. Error bars represent means ± SD; 
n = 8 independent cell lines per genotype. Unpaired Student’s t-test, 
p > 0.05

Fig. 5   Knocking out SORCS2 is associated with decreased neu-
ronal viability at late (day 14), but not early (day 6) stages of neu-
ronal differentiation. Neuronal viability of wild-type (WT) (white 
bar) and SORCS2 knock-out (KO) (grey bar) LUHMES neurons 

measured at early (day 6) (a) and late (day 14) (b) stages of differ-
entiation. **p < 0.01 (unpaired Student’s t-test); Error bars represent 
means ± SD; n = 8–9 independent cell lines per genotype
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in keeping with our finding that Sorcs2−/− mice appeared to 
have a similar number of DNA DSBs to wild-type mice fol-
lowing exploration of a novel environment; however, further 
work is required to determine both the impact of neuronal 
activation in mice and in other types of human neurons.

There are a number of potential explanations for the link 
between SORCS2 loss and DNA DSBs. Previous work 
(Malik et al. 2019) implicated SorCS2 in protection against 
the oxidative stress-induced DNA damage and neuronal 
loss caused by a PTZ-induced kindling paradigm. Similarly, 
Smith et al. (2018) showed that SORCS2 expression is stim-
ulated by other stressors, such as alcohol and DEXA (Smith 
et al. 2018). DEXA administration induces DNA damage, 
which can be prevented by application of reactive oxy-
gen species (ROS) blockers (Ortega-Martínez 2015), thus 
SORCS2 loss may exacerbate the effect of cellular stress-
ors on DNA damage. Previous work (Morotomi-Yano et al. 
2018) provides evidence for the participation of Topo IIβ in 
the cellular response to DSBs induced by laser microirradia-
tion. It is possible, therefore, that etoposide treatment brings 
to light topoisomerase-mediated repair of breaks caused by 
loss of SORCS2, but independently of topoisomerase activ-
ity. Future experiments could test this hypothesis. Another 
possibility is that SORCS2 loss impacts the number of DNA 
DSBs through loss of interaction with DNA repair proteins. 
SORCS2 has been shown to co-localise with the transactiva-
tion response DNA-binding protein of 43 kDa (TDP-43) in 
ALS post-mortem brains (Miki et al. 2018). TDP-43 is an 
RNA/DNA-binding protein that has recently been implicated 
in DSB repair (Mitra et al. 2019). SORCS2 also interacts 
with Heterogeneous Nuclear Ribonucleoprotein U (hnRNP-
U) (Fasci et al. 2018). This DNA and RNA binding protein 
interacts with NEIL1, a DNA glycosylase implicated in the 
repair of DNA damaged by reactive oxygen species, stimu-
lating its base excision activity (Hegde et al. 2012). Given 
the role of the VPS10P family in intracellular trafficking, 
future work could investigate whether SORCS2 is involved 
in trafficking the above proteins.

While the cellular mechanism underlying the increase 
in DNA DSBs associated with SORCS2 loss is still 
uncertain, it is of interest that mature (but not immature) 
SORCS2−/− neurons showed decreased viability, in keep-
ing with findings in mouse primary neurons lacking Sorcs2, 
which show higher rates of apoptosis (independent of 
autophagy) when subject to lysosomal stressors (Almeida 
et al., submitted). The maintenance of genome integrity is 
very important, particularly for post-mitotic long-lived cells, 
such as neurons, and DNA damage is linked to neurodegen-
erative disorders, ageing and decreased expression of genes 
important for brain maintenance and function (Madabhushi 
et al. 2015). Further work is required, however, to investigate 
which aspect(s) of SORCS2 function underlie the observed 
decrease in viability.

This study is subject to a number of limitations. An 
important factor is the small number of replicates per-
formed for the animal-based experiments. It is notable, 
however, that the set up was sufficient to reproduce the 
pattern seen by Suberbielle et al. in wild-type mice under-
going the novel environment task (Suberbielle et al. 2013) 
and that we replicated the finding of increased numbers 
of breaks in the mutant mice that remained in the home 
cage in an independent set of mice. It is also notable that 
experiments performed in mice and a human cell line lack-
ing SORCS2 both showed that SORCS2 loss was associ-
ated with a greater number of DNA DSBs, although this 
phenomenon was only observed in the human neurons 
following treatment with the Topoisomerase II inhibi-
tor, etoposide. Further work is required to determine the 
mechanisms underlying the findings.

In summary, we have shown that SorCS2 loss in mice 
leads to higher levels of γH2A.X-positive DNA breaks. 
Loss of SORCS2 in human neurons led to an increase in 
the number of TopoIIβ-dependent breaks and decreased 
neuronal viability. Our findings in both species suggest 
that the impact of SORCS2 loss is not mediated by a dif-
fering response to neuronal activation. An increase in 
DNA DSBs may lead to an altered transcriptional profile, 
affect genome integrity and ultimately lead to cell death. In 
agreement with this notion, DNA damage is increasingly 
being linked to cognitive impairment, dementia and other 
neurodegenerative disorders (Mullaart et al. 1990; Adamec 
et al. 1999; Madabhushi et al. 2014; Shanbhag et al. 2019; 
Thadathil et al. 2019), and attenuating the DNA damage 
response to DSBs has been demonstrated to be protective 
in models of several neurodegenerative disorders (Tux-
worth et al. 2019). Our findings are in keeping with the 
known involvement of other sortilin family members in 
cognition, ageing and neurodegenerative disorders and 
with the recent finding that SNPs in SORCS2 are involved 
in epistatic interactions associated with pathological hall-
marks of Alzheimer’s disease (Wang et al. 2020). Future 
experimental work should assess hypotheses based around 
SORCS2’s role in the cellular response to stress and/or 
DNA repair pathways and measure the impact of loss of 
Sorcs2 on the epigenome and transcriptome of the ageing 
dentate gyrus.
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