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Abstract 

Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disease leading to motor neuron loss. Cur-
rently mutations in > 40 genes have been linked to ALS, but the contribution of many genes and genetic mutations 
to the ALS pathogenic process remains poorly understood. Therefore, we first performed comparative interactome 
analyses of five recently discovered ALS-associated proteins (C21ORF2, KIF5A, NEK1, TBK1, and TUBA4A) which high-
lighted many novel binding partners, and both unique and shared interactors. The analysis further identified C21ORF2 
as a strongly connected protein. The role of C21ORF2 in neurons and in the nervous system, and of ALS-associated 
C21ORF2 variants is largely unknown. Therefore, we combined human iPSC-derived motor neurons with other mod-
els and different molecular cell biological approaches to characterize the potential pathogenic effects of C21ORF2 
mutations in ALS. First, our data show C21ORF2 expression in ALS-relevant mouse and human neurons, such as spinal 
and cortical motor neurons. Further, the prominent ALS-associated variant C21ORF2-V58L caused increased apoptosis 
in mouse neurons and movement defects in zebrafish embryos. iPSC-derived motor neurons from C21ORF2-V58L-ALS 
patients, but not isogenic controls, show increased apoptosis, and changes in DNA damage response, mitochondria 
and neuronal excitability. In addition, C21ORF2-V58L induced post-transcriptional downregulation of NEK1, an ALS-
associated protein implicated in apoptosis and DDR. In all, our study defines the pathogenic molecular and cellular 
effects of ALS-associated C21ORF2 mutations and implicates impaired post-transcriptional regulation of NEK1 down-
stream of mutant C21ORF72 in ALS.

Keywords Amyotrophic lateral sclerosis, Genetic mutation, Interactor, IPSC, Motor neuron

†Pavol Zelina and Anna Aster de Ruiter have contributed equally.

*Correspondence:
R. Jeroen Pasterkamp
r.j.pasterkamp@umcutrecht.nl
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40478-024-01852-6&domain=pdf
http://orcid.org/0000-0003-1631-6440


Page 2 of 32Zelina et al. Acta Neuropathologica Communications          (2024) 12:144 

Background
Amyotrophic lateral sclerosis (ALS) is a fatal adult-onset 
neurodegenerative disease characterized by the progres-
sive loss of upper and lower motor neurons (MNs) result-
ing in muscle weakness and atrophy [1, 2]. The majority 
of ALS patients starts to develop symptoms between 
51–66  years of age and median survival is 3–5  years 
after symptom onset [3]. Treatment options are limited 
with only a few FDA-approved drugs that have marginal 
effects on disease progression. The development of addi-
tional therapies requires a better understanding of the 
pathogenic mechanisms underlying ALS.

ALS is considered a “simplex” disease caused by a com-
bination of genetic and environmental factors [4–6]. 
From a genetic point of view, 5–10% of patients are clas-
sified as having familial ALS (fALS), and the remaining 
90–95% are sporadic ALS (sALS) patients [7, 8]. Cur-
rently, mutations in > 40 genes have been reported to 
explain a large portion of fALS cases, and genetic defects 
have also been detected in approximately 10% of sALS 
cases [9, 10]. Although these genetic findings have helped 
defining ALS disease mechanisms [11–14], the contri-
bution of many genes and genetic mutations to the ALS 
pathogenic process remains poorly understood.

To define the pathogenic mechanisms downstream of 
specific gene mutations, we have previously used prot-
eomics techniques to identify protein binding partners of 
affected proteins [15, 16]. This work, for example, identi-
fied strongly overlapping interactomes for FUS (Fused in 
sarcoma)-ATXN2 (Ataxin-2)-TDP-43 (TAR DNA-bind-
ing protein 43) and for UBQLN2 (Ubiquilin 2)-OPTN 
(Optineurin), and discovered a role for fragile X mental 
retardation protein (FMRP) in FUS-ALS [16]. Here we 
expanded this approach and performed comparative 
interactome analysis of five additional proteins recently 
linked to ALS, i.e. Chromosome 21 open reading frame 
2 (C21ORF2 also known as CFAP410) [17], Kinesin fam-
ily member 5A (KIF5A) [18, 19], NIMA-related kinase 1 
(NEK1) [20, 21], TANK-binding kinase 1 (TBK1) [22, 23], 
and Tubulin alpha 4A (TUBA4A) [24]. The most strongly 
connected protein in our dataset was C21ORF2 which 
was identified as a risk factor for ALS in a Genome Wide 
Association Study (GWAS) [17]. C21ORF2 is ubiqui-
tously expressed and evolutionary conserved. It has been 
implicated in cytoskeletal regulation, DNA repair and 
primary cilia formation and stability [25–27]. Mutations 
in C21ORF2 cause various ciliopathies, e.g. retinitis pig-
mentosa, cone-rod dystrophy [28], retinal dystrophy [29], 
Jeune syndrome [27, 30] and axial spondylometaphyseal 
dysplasia [31]. C21ORF2 binds NEK1, another ALS-asso-
ciated protein, that regulate the DNA damage response 
(DDR). The function of C21ORF2 in the nervous system 
is unknown. It was first described in an exon trapping 

study aimed at identifying genes responsible for Down 
syndrome and other hereditary disorders originating 
from chromosome 21, suggesting a role in brain develop-
ment [32]. However, whether or how C21ORF2 variants 
cause ALS-relevant phenotypes is unknown.

In this study, we performed interactome analyses of 
five more recently identified ALS-associated proteins 
(C21ORF2, KIF5A, NEK1, TBK1, and TUBA4A). These 
data will provide a valuable framework for further anal-
ysis of the pathogenic mechanisms and therapeutic 
potential of these different ALS-associated proteins. The 
interactome analysis identified C21ORF2 as a strongly 
connected protein and we therefore first performed 
expression studies to detect C21ORF2 expression in MNs 
and other ALS relevant neuron types. Based on these 
results, we expressed the prominent ALS-related variant 
C21ORF2-V58L [17] in zebrafish embryos, which caused 
motor deficits in vivo. To dissect these effects at the cel-
lular level, we generated iPSCs, and corresponding iso-
genic controls, from patients carrying C21ORF2-V58L 
mutations. Subsequent analysis of iPSC-derived MNs 
revealed that C21ORF2-V58L causes increased apopto-
sis, decreased DDR, changes in mitochondria activity, 
altered electrophysiological properties, and decreased 
expression of NEK1 in human MNs in vitro. Interestingly, 
downregulation of NEK1 has been reported to lead to 
apoptosis and altered DDR [26, 33–37]. Together, these 
results define the pathogenic effects of C21ORF2-V58L 
mutations and suggest that mutant C21ORF2 may impair 
the post-transcriptional regulation of NEK1 to induce 
MN degeneration and defective motor behavior.

Methods
Animal use and care
All animal experiments in this study were approved by 
the Centrale Commissie Dierproeven of Utrecht Uni-
versity (CCD license: AVD 1150020171565) and were 
in accordance with Dutch law (Wet op de Dierproeven 
2014) and European regulations (guideline 2010/63/EU). 
C57BL/6J mice obtained from Charles River Laborato-
ries (Wilmington, Massachusetts, USA) were housed at 
22 ± 1  °C on a wood-chip bedding supplemented with 
tissue on a 12 h/12 h day/night cycle. Animals were fed 
ad libitum.

Tissue collection, fixation and immunostaining
Mice were deeply anesthetized with Euthanimal (Alfasan) 
and intracardially perfused with ice-cold phosphate 
buffered saline (PBS, pH 7.4) followed by 4% paraform-
aldehyde (PFA) (104,005,100, Merck) in PBS. Brain and 
spinal cord were dissected and fixed overnight (ON) in 
4% PFA at 4  °C. Fixed tissue was cryoprotected in 10% 
sucrose for 24 h and then in 30% sucrose at 4  °C until 
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saturation. Tissue was snap-frozen in isopentane at 
-45 °C and stored at -80 °C. For brain and spinal cord tis-
sue, 20 μm sections were obtained using a Leica CM1950 
cryostat and mounted on SuperFrost Plus slides (Thermo 
Fisher Scientific). For immunofluorescent staining, brain 
and spinal cord tissue sections were blocked in PBSGT 
(1 × PBS + 0.2% gelatin (Merck, cat#48,723) + 0.5% Triton 
X-100) for 1 h at room temperature (RT). Primary anti-
bodies were incubated ON at 4 °C in PBSGT. Alexa Fluor-
conjugated secondary antibodies (1:500) were diluted in 
PBSGT and slides were incubated ON at 4  °C. Primary 
antibodies used:  anti-CTIP ab18465 abcam, anti-CHAT 
AF3447 R&D Systems, anti-C21ORF2 ab167351 abcam, 
anti-NEK1 A304-569A Bethyl Laboratories.  4,6-diami-
dino-2-phenylindole (DAPI) was used to stain nuclei. 
Slides with sections were washed 3 × 15 min in 0.5% Tri-
ton-X-100 in PBS (PBS-T) after each antibody and DAPI 
incubation. All slides and coverslips were mounted with 
FluorSave™ Reagent (Millipore, Cat. No. 345789), left to 
dry at RT and stored at 4 °C.

Mouse primary cortical neuron cultures
For plating neurons, 18 mm glass coverslips were placed 
in 12-well plates and coated with 20 μg/ml poly-D-lysine 
(PDL)(P7888, Sigma) for 30 min at RT. PDL was subse-
quently removed, coverslips washed 3 × with 1 × PBS, 
followed by the coating of the coverslips with 3.0  μg/
ml laminin (L2020-1MG, Sigma) for 1  h at 37ºC. After 
incubation, excessive laminin was removed and 1  ml 
culture medium (Neurobasal medium (21,103–049, 
Gibco), B-27 (12,587, Gibco), L-glutamine (25,030,081, 
Gibco), pen-strep (15,140–122, Gibco), 20  mM glucose 
(16,301, Sigma-Aldrich) was added to the well. For this 
study C57BL/6 J female mice from The Jackson Labora-
tory (RRID: IMSR_JAX:000664) were used. Cervical dis-
location was applied to sacrifice timed pregnant mice 
on E15.5 (day of plug was considered as embryonic day 
0.5 (E0.5)). Embryos were collected in ice-cold PBS and 
both male and female embryos were used. The cortices 
of two embryos were dissected and brought into a ster-
ile Eppendorf tube. Cortices in the Eppendorf tube were 
trypsinised by the addition of 1 ml fresh ice-cold PBS and 
20 μl of 0.05% trypsin and were incubated for 15 min at 
37ºC. Subsequently, supernatant was removed and 1 ml 
of dissociation medium (L15 medium (Thermo Fischer 
Scientific, cat# 21,083,027), 10% FBS, 10  µg/ml DNAse 
I (diluted 1:1000, VWR International, cat#A3778.0010)) 
was added and tissue was gently triturated until no pieces 
of tissue were visible using 200 µl pipet. Next, cells were 
spun down with a small bench rotor for approximately 
10  s, supernatant was removed and 1  ml of Opti-MEM 
was added to the cells. In a new Eppendorf tube, 10 μl of 
the cell suspensions was diluted 1:100 in 1 ml Opti-MEM 

to count the cells. The volume of the cell suspension con-
taining 1.000.000 cells was pipetted into a third sterile 
Eppendorf tube. Once again, supernatant was removed 
after the Eppendorf tube was spun down using a small 
bench rotor. 100 μl of Opti-MEM and 10 μg of the spe-
cific DNA were added to the cells. The cells with the 
DNA were dissociated by repeatedly pipetting up and 
down. Subsequently, the cell suspension was transferred 
to electroporation cuvettes (EC-0002S, NEPA GENE). 
Electroporation was performed with a NEPA21 Type 
II electroporator. The settings used for electroporation 
remained the same for all experiments; poring pulse 
175 V (duration: 5 ms; interval: 50 ms; number of pulses: 
2; decay: 10%; one direction) and transfer pulse 20  V 
(duration: 50  ms; interval: 50  ms; number of pulses: 5; 
decay: 40%; two directions). Afterwards, 300.000 trans-
fected cells were seeded on the prepared coverslips. The 
cortical neurons were maintained for 3–5 days in culture 
medium (1/2 changed every 48 h), following which cells 
were fixed and processed for future analyses.

For cCAS3 analyzes primary cortical neurons were 
stained for β3-TUBULIN (TUJ1) to stain neurons and for 
cCAS3 to detect apoptotic neurons. Pictures were taken 
using a confocal microscope (Olympus FV1000) with a 
20 × objective to visualize several neurons in one optical 
field. At least 8 neighboring optical fields covering more 
than 100 neurons were taken per experiment and condi-
tion. Percentages of GFP-positive neurons (expressing 
GFP or GFP-C21ORF2 variants) that are also positive of 
cCAS3 were quantified for each optical field and statis-
tical differences between conditions were analyzed with 
GraphPadPrism.

C21orf2 variant constructs
Human C21ORF2 DNA NM_001271441.1 
(NP_001258370) was used to create deletion (Supple-
mentary material 3: Supplementary Fig. S3A) and mutant 
variants (Supplementary material  14: Supplementary 
Table  S5) of C21ORF2 protein. Mutations of C21ORF2 
were created by PCR site-directed mutagenesis. 
C21ORF2 constructs were cloned into the BamHI-Hin-
dIII sites of pEGFP-C1 (CLONTECH) for transfection 
into N2a cells. For expression in primary neurons, EGFP-
C21ORF2 constructs were digested out from pEGFP-C1 
and ligated into of pCX-MCS-reverse (kind gift of Prof. 
Alain Chedotal, Vision Institute, Paris, France) using 
AgeI-MfeI sites. All expression plasmids were amplified 
in DH5α bacteria (Thermo Fisher, 18,265,017).

Culture of N2a cells
N2a cells (ATCC, CCL-131) were maintained in T75 
flasks (Greiner CELLSTAR) containing 10  ml growth 
medium (Dulbecco’s Modified Eagle Medium (DMEM) 
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high glucose formulation (41,966–029, Gibco) supple-
mented with L-glutamine (25,030,081, Gibco), 10% FBS 
(10,500–064, Gibco) and pen-strep (15,140–122, Gibco)). 
N2a cells were passaged 1:10 when the cells reached 
80% confluency. Only N2a cells with a passage num-
ber between one to fifteen were used for this study. For 
expression of GFP and GFP-tagged constructs in N2a 
cells, 18  mm glass coverslips (Thermo Scientific) were 
placed in 12-well plates (Costar) and were coated with 
PDL (P7888, Sigma) at a concentration of 20  μg/ml for 
30  min at RT. Excessive PDL was removed and 1  ml of 
growth medium was added to the wells. Subsequently, 
100.000 cells were seeded onto the coverslip and incu-
bated at 37ºC. After 24 h of incubation, N2a cells reached 
a confluency of roughly 70%. Cells were then transfected 
using Lipofectamine 2000 (Invitrogen, cat # 11,668,019). 
48  h post transfection N2a cells were fixed with pre-
warmed (37ºC) 4% PFA (104,005,100, Merck) for 30 min 
at RT. After washing 3 × with 1 × PBS cells were processed 
for immunostaining and further analysis.

Generation, characterization and maintenance of iPSCs
All subjects have provided written informed consent 
and generation of iPSC lines was approved by the Ethi-
cal Medical Committee of the University Medical Center 
Utrecht. Patients were diagnosed according to the 
diagnostic criteria for ALS (revised El Escorial). Con-
trols were donors without a psychiatric or neurologic 
diagnosis (Supplementary material  15: Supplementary 
Table S6).

Primary human fibroblasts were acquired from skin 
biopsies of ALS patients carrying the C21orf2-V58L 
mutation and sex/age-matched, unrelated healthy con-
trols. Information about the human iPSC lines used in 
this study can be found in Supplementary material  15: 
Supplementary Table S6 and these lines were generated 
at the MIND facility of the department of Translational 
Neuroscience, Brain Center, UMC Utrecht. Human der-
mal fibroblasts reprogramming was performed using the 
CytoTune®-iPS 2.0 Sendai Reprogramming Kit (Invit-
rogen, Waltham, MA, USA, Cat. No. A16517) that uses 
Sendai Virus Vectors encoding OCT3/4, SOX2, KLF4, 
and c-MYC, according to the manufacturer’s protocol. 
Briefly, low passage (P < 5) human skin fibroblasts were 
plated at a density of 250,000 cells per well in a 6-well 
plate in DMEM GlutaMAX (Thermo-Fisher, 31,966–
021), 10% FBS (Sigma, F7524), 1% pen-strep (Life Tech-
nologies, 15,140,122) and cultured at 37 °C with 5%  CO2. 
After 24 h, cells were transduced with a SendaiVirus vec-
tor expressing OCT4, SOX2, c-MYC and KLF4. After 7 
days, human fibroblasts were dissociated and seeded on 
top of gamma-irradiated mouse embryonic fibroblasts 
and cultured in human embryonic stem cell (huES) 

medium (DMEM-F12, 20% Knockout serum replace-
ment (Life Technologies, 10,828,028), 0.5% pen-strep, 
1% non-essential amino acids (NEAA; Life Technolo-
gies, 11,140,035), 1% L-Glutamine (Life Technologies, 
25,030,024), 496 mM β-mercaptoethanol (Life Technolo-
gies, 21,985–023), 20 ng/ml human basic FGF (Pepro-
tech, 100–188). After 2 to 4 weeks, iPSC colonies were 
manually picked for expansion and characterization.

The iPSC cell lines were cultured in feeder-free con-
ditions on Geltrex™ LDEV-Free Reduced Growth 
Factor Basement Membrane Matrix-coated dishes 
(ThermoFisher Scientific, Waltham, MA, USA, Cat. No. 
A1413202) with StemFlex medium (Gibco™, Waltham, 
MA, USA, Cat. No. A33493-01 + A33492-01) and were 
maintained at 37 °C and 5% CO2. Cells were kept in 2 cm 
petri dishes. iPSC lines were passaged once a week by 
incubating them with 0.5 mM EDTA in 1 × PBS (Gibco ™, 
Waltham, MA, USA, Cat. No. 14190–094) for 1 min after 
being washed with 1 × PBS. Then, the EDTA was removed 
and cells were loosened from the plates by adding 100 μl 
StemFlex medium. Subsequently, 5 μl of this cell suspen-
sion was transferred to a new 2 cm petridish with Stem-
Flex medium containing Rho-associated protein kinase 
(ROCK) inhibitor Y27632 (10 μM, Axon Medchem, Gro-
ningen, The Netherlands, Cat. No. 1683). The following 
day medium was changed to StemFlex and subsequently 
medium was changed every other day. iPSCs were char-
acterized by performing immunocytochemical staining 
for pluripotency stem cell markers using the StemLight™ 
Pluripotency Antibody Kit (Cell Signaling, Danvers, MA, 
USA, Cat. No. 9656S), quantitative reverse transcription 
PCR (RT-qPCR) for gene expression analysis for pluripo-
tency stem cell markers (relative to hUES6 line, Harvard 
University, RRID:CVCL_B194), karyotyping by G band 
staining to ensure normal karyotypes, and pluripotency 
assessment using the STEMdiff™ Trilineage Differen-
tiation Kit (StemCell Technologies, Vancouver, Canada, 
Cat. No. 05230). Successfully reprogrammed clones were 
frozen and stored in liquid nitrogen. iPSCs were main-
tained in feeder-free conditions at 37  °C with 5%  CO2 
and passaged once a week. Cells were tested for potential 
mycoplasma infection (Lonza Bioscience, LT07-318).

Differentiation of iPSC‑derived human spinal motor 
neurons
iPSC differentiation into MNs was performed as 
described previously with minor modifications [97]. In 
brief, human iPSCs were plated in 6-well plates and kept 
in StemFlex medium for 48 h. Medium was switched to 
neural differentiation medium (NDM, DMEM-F12: Neu-
robasal (1:1) with 1% pen-strep, 1% NEAA, 1% L-Glu-
tamine, 1% Sodium pyruvate, 1% N2 supplement, 2% 
B27 supplement) supplemented with ascorbic acid (AA), 
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SB431542, LDN, CHIR99021 (Sigma-Aldrich, SML1046) 
(NDM1). From day 7 to 12, NDM2 (NDM supplemented 
with AA, cAMP (Sigma-Aldrich, A6885), SB431542, 
LDN, CHIR, RA, Puromorphine) was added. At day 12, 
cells were washed once with PBS and incubated with Dis-
pase (Bio-Connect, 07923) for 4 min at 37ºC. Dispase was 
removed and cells were detached from the well with 1 ml 
of NDM3 (NDM supplemented with AA, RA, Puromor-
phine and cAMP) in order to obtain small cell clumps. 
Clumps were then transferred to non-coated 10 cm petri 
dishes (2–3 wells of a 6-well plate per 1 × 10  cm plate) 
in NDM3 medium. At day 18, aggregates in suspension 
were dissociated with Accutase (Innovative Cell Technol-
ogies, AT104) and 50,000—100,000 neurons were plated 
per well in a 12-well plate on glass coverslips (20 μg/ml 
PDL, 10 μg/ml Laminin-coated) in NDM4 (NDM supple-
mented with AA, BDNF, CNTF, GDNF, cAMP). Neurons 
were cultured for 3  days (neurite outgrowth analyzes) 
or up to 7 days for all other analyzes. For every assay at 
least 3 independent differentiations were generated per 
line. For proteasome inhibition MNs were treated with 
100  nM of MG132 (dilution of 1:100 000 from stock 
Sigma-Aldrich M7449) for 3 h and directly fixed for fur-
ther analyzes.

Co‑immunoprecipitation in iPSC‑derived motor neurons
For co-immunoprecipitation (IP), MNs were plated into 
6 well plates at a density of 2 ×  106 cells per well at the 
day 18 of the differentiation protocol and cultured for 
7 days. At day 7, medium was removed and neurons were 
washed gently with 2 ml of ice-cold 1 × PBS per well. All 
PBS was removed and neurons were from this point kept 
on ice. Neurons were lyzed in 400 µl of lysis buffer (40 
mM TrisHCl pH 7.5; 200 mM NaCl; 10% glycerol; 5 mM 
EDTA pH 8.0; 0.4% NP-40; 1 × Protease inhibitor (Com-
plete EDTA-free Roche Cat.no. 11873580001)). Lysates 
were incubated for 10 min at 4 °C on a rotating wheel and 
subsequently centrifuged for 10 min at 13,000 rpm. 60 
µl of supernatant was transferred into a new Eppendorf 
tube and kept as an input sample for Western blot analy-
sis. The rest of the supernatant was incubated for 1 h at 
4 °C with 1 µg of mouse anti-C21ORF2 antibody (abcam 
ab167351) and 150 µg of magnetic Dynabeads Protein G 
(Thermo Fisher 10003D). Dynabeads were beforehand 
washed and blocked for 10  min in lysis buffer contain-
ing 0.2 mg/ml of Albumin from chicken egg white (CEA) 
(Sigma Cat.no. A5503-10G). After antibody incubation 
beads were hold by a magnet and washed 3 × with 500 µl 
of ice-cold lysis buffer. Afterwards all buffer was removed 
and beads with input samples were kept at -20  °C until 
use.

Western blotting
For Western blotting, MN lysates were prepared as 
described for co-immunoprecipitation. At day 7 after 
plating, 2 ×  106 neurons in each well of 6 well plate were 
lysed in 400 µl lysis buffer. Neurons were lysed for 10 min 
and centrifuged for 10 min. Supernatant was transferred 
to new Eppendorf tube and 60 µl of a particular lysate 
was mixed with 20 µl of 4 × NuPAGE LDS sample buffer 
(Invitrogen, NP0007) containing 10% β-mercaptoethanol. 
Samples were boiled for 5 min at 95  °C, 30 µl of boiled 
lysate was loaded per lane and separated in a SDS-PAGE 
polyacrylamid gel and transferred onto a 0.45 µm nitro-
cellulose membrane (Amersham Hybond-C Extra, GE 
Healthcare). After blocking in 0.01% Tween 20 in Tris-
buffered saline (TBS-T) with 5% milk powder, mem-
branes were incubated with primary antibodies ON at 
4  °C. Primary antibodies used:  anti-beta-Actin A2228 
sigma Aldrich, anti-Ubiquitin MAB1510-I sigma Aldrich, 
anti-C21ORF2 27609-1-AP Proteintech, anti-NEK1 anti-
body (E-10): sc-398813 or  anti-GFP A11122 Life Tech-
nologies.  The next day, membranes were washed 3 × 5 
min in TBS-T. Membranes were then incubated with 
peroxidase-conjugated secondary antibodies for 2 h 
at RT, washed 3 × 5 min in TBS-T and developed with 
SuperSignal West Dura Extended Duration Substrate 
(Pierce, Thermo Fisher Scientific). Images were acquired 
using a FluorChem-M imaging system (Protein Simple). 
Alternatively, Alexa 800 (Life Technologies, cat A32730, 
1:10,000) was used as secondary antibody for double 
staining. Membranes were then imaged using an ODYS-
SEY Infrared imaging system. Signal quantification was 
performed using ImageJ/FIJI software. Mean intensity 
of individual bands was measured and normalized to 
β-ACTIN protein levels. Western blots from at least 3 
independent experiments were analyzed.

Immunocytochemistry
Coverslips with human iPSC cells, human iPSC-derived 
MN, mouse primary cortical neurons or N2a cells were 
fixed in 4% PFA at RT for 30  min and then washed 
3 × with PBS and directly immunostained or stored at 
4 °C until use. Samples were blocked using PBSGT solu-
tion for 30  min followed by incubation with primary 
antibodies diluted in PBSGT ON at 4  °C. Primary anti-
bodies used: anti-C21ORF2 ab167351 abcam, anti-NEK1 
A304-569A Bethyl Laboratories, anti-tubulin-beta-3 
801201 BioLegend, anti-cleaved-Caspase-3 9661S CST, 
anti-phospho-Histone-HSA.X 02-636 Millipore, anti-
CHAT AF3447 R&D Systems, anti-Ataxin2 611378 BD, 
anti-TDP-43 10782-2-AP ProteinTech, anti-UBQLN2 
H00029978-m03 Abnova, anti-TBK1 sc-398366 Santa 
Cruz Biotechnology, anti-SOD1 ab13498 abcam, anti-
OPTN ab23666 abcam, anti-Kinesin-5A ab5628 abcam 
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anti-FUS A300-293A Bethyl Laboratories, anti-C9ORF72 
GTX632041 GeneTex, anti-TUBA4A T5168 Sigma 
Aldrich. The following day, coverslips were washed by 
5 × dipping in 100  ml of PBS-T and incubated with the 
secondary antibodies diluted in PBSGT for 1 h at RT or 
ON at 4 °C. Next, after 5 washes in PBS-T, cells on cover-
slips were incubated with DAPI for 10 min at RT. After 5 
washes in PBS-T and one additional wash in PBS without 
detergent, coverslips were mounted on glass slides with 
FluorSave™ Reagent (Millipore, Cat. No. 345789).

RNA extraction, cDNA synthesis and quantitative RT‑qPCR
Total RNA was isolated from pellets of 1.000.000 iPSC 
cells or iPSC-derived MNs using the RNeasy Mini Kit 
(50) (74,104, QIAGEN), according to the manufacturer’s 
instructions. RNA quality and purity were analyzed in 
a NanoDrop. cDNA synthesis was conducted using the 
Superscript IV kit according to manufacturer’s instruc-
tions. RT-qPCR was performed with a FastStart Uni-
versal SYBR Green Master (Rox) in a QuantStudio 6 
Flex Real-Time PCR system (Applied Biosystems). Rela-
tive expression levels were determined using the ddCt 
method. ACTINB gene was used as reference for assess-
ing the expression levels of target genes.

Proteomics
Cloning of GFP tagged constructs
Expression GFP tagged constructs for FUS, KIF5A, 
TBK1, TUBA4A, C21orf2 and NEK1 were created by 
cloning human cDNA into a pCX-GFP vector (kind gift 
of Prof. Alain Chedotal, Vision Institute, Paris, France) 
downstream of the GFP sequence. FUS cDNA was 
described previously [16]. TBK1 cDNA was a kind gift 
of Nilo Riva and Dario Bonanomi (Istituto San Raffaele, 
Italy). TUBA4A cDNA was obtained from Sino Biological 
(cat #HG14067-G). KIF5A cDNA was a kind gift of Prof. 
Casper Hoogenraad (Utrecht University, the Nether-
lands). Furthermore, we used C21orf2 NM_001271441.1 
and NEK1 NM_001199400 cDNAs.

Cell culture and transfection for proteomics
N2a cells were maintained in 75 ml flasks (Greiner CELL-
STAR® T-75 flask) until they reached near confluence. 
Then cells were split into 4 × 15  cm dishes. These were 
then left to reach confluence for 48  h and then split in 
another 2 dishes each. In this way, 8 × 15 cm dishes were 
obtained with N2a cells ready to use for IP. 24  h later 
when cells reached app 50–70% confluency, cells were 
transfected. Four dishes with one of our GFP expres-
sion constructs and the other 4 with a pCX-GFP empty 
control vector using Lipofectamine 2000 (Invitrogen, 
cat # 11,668,019). The day after transfection, medium 
was refreshed. Transfection efficiency was estimated by 

plating N2a cells on coverslips and transfecting cells with 
each GFP-tagged construct as was performed for co-IP. 
The percentage of GFP-positive cells was quantified after 
48  h in 10 different optical fields per coverslip for each 
expression construct.

Immunoprecipitation for mass spectrometry
48 h after transfection, N2a cells were used for IP. Dishes 
were washed with 5 ml of ice-cold PBS and processed on 
ice at 4ºC. Each dish was then lysed by scraping cells with 
a sterile cell-scraper into 3  ml of lysis buffer (described 
earlier). The cell lysates with same construct were pooled 
into a 15 ml Falcon. After an incubation of 10 min on a 
rotating wheel in the cold room, samples were centri-
fuged for 10 min at 13,000 rpm. Supernatants were then 
put in a new Falcon tube (60 µl were kept for Western 
blot analysis) and incubated for 1  h with 25  µl of GFP-
Trap beads (Chromotek, cat gta-20) on a rotating wheel 
at 4ºC. The Falcon tubes were centrifuged for 1  min at 
400  rpm at 4ºC to pellet the beads, supernatant was 
removed, and pelleted beads were resuspended in 100 
µl of lysis buffer. 10 µl were kept for verification of co-
immunoprecipitation by Western blots and the other 90 
µl of bead suspension were transferred to a 1.5 ml Eppen-
dorf. After 2 rounds of washing in 0.5 ml of ice-cold lysis 
buffer, all superfluous liquid was removed with a syringe 
with needle and the beads stored at -20ºC until mass 
spectrometry analyses.

LC–MS/MS
Precipitated proteins were denatured and alkylated in 
50  µl 8  M Urea, 1  M ammonium bicarbonate (ABC) 
containing 10  mM TCEP (tris (2-carboxyethyl) phos-
phine hydrochloride) and 40 mM 2-chloro-acetamide for 
30 min. After fourfold dilution with 1 M ABC and diges-
tion with trypsin (20 µg/200 µl), peptides were separated 
from the beads and desalted with homemade C-18 stage 
tips (3  M, St Paul, MN), eluted with 80% Acetonitrile 
(ACN) and, after evaporation of the solvent in the speed-
vac, redissolved in buffer A (0,1% formic acid). After 
separation on a 30 cm pico-tip column (75 µm ID, New 
Objective) in-house packed with C-18 material (1.9  µm 
aquapur gold, dr. Maisch) using a 140 min gradient (7% 
to 80% ACN, 0.1% FA), delivered by an easy-nLC 1000 
(Thermo), peptides were electro-sprayed directly into 
a Orbitrap Fusion Tribrid Mass Spectrometer (Thermo 
Scientific). The latter was set in data dependent Top 
speed mode with a cycle time of 1 s, in which the full scan 
over the 400–1500 mass range was performed at a reso-
lution of 240,000. Most intense ions (intensity threshold 
of 15,000 ions) were isolated by the quadrupole where 
after they were fragmented with a HCD collision energy 
of 30%. The maximum injection time of the ion trap was 
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set to 50  ms with injection of ions for all available par-
allelizable time. Raw data was analyzed with MaxQuant 
[version 1.6.1.0], using the Mus Musculus (taxonomy ID: 
10,090) fasta file, extracted from UniprotKB. Oxidation 
of methionine and acetylation of the protein N-terminus 
were set as a variable, while carbamidomethylation of 
cysteine was set as a fixed modification.) The Tolerance 
for the first search was set to 20 ppm, which was lowered 
for the main search to 4.5 ppm. Peptide fragment toler-
ance was set on 0.5 Da.

The mass spectrometry proteomics data have been 
deposited with the ProteomeXchange Consortium via 
the PRIDE [98, 99] partner repository with the dataset 
identifier PXD051922.

Mass spectrometry analysis, selection of relevant interactors 
and interactome comparisons
We used the Perseus software platform (Tyanova et  al., 
2016) to analyse mass spectrometry results. For each bait 
protein, a scatterplot was created showing the median 
iBAQ intensity of proteins identified in the bait sample 
(GFP-tagged constructs) on the Y-axis versus the median 
iBAQ intensity of the proteins identified in the parallel 
control sample (GFP) on the X-axis. Proteins with the 
same intensity in the two samples that aligned along a 
diagonal continuous line in the centre of the scatterplot 
are considered background. To define the interaction 
intensity uniformly among different proteins, a cut-off 
of 4 times enrichment in the bait sample was used. Pro-
teins selected above the cut-off were then categorized by 
their function using the PANTHER classification system 
(pantherdb.org). With the same program GO analysis 
was performed with a statistical test for overrepresenta-
tion of a biological process on each defined interactome. 
We then compared interactor lists with the tool Interac-
tiVenn [100] and determined common interactors of our 
proteins. GO analysis for a biological process was per-
formed also on the groups of shared proteins with PAN-
THER. Interaction network plots were created using the 
StringDB website (https:// string- db. org) to identify inter-
actions between proteins and Gephi website (https:// 
gephi. org) to create a visualisation of the network.

Isogenic iPSC controls
Creation of isogenic lines using CRISPR/Cas9
To create an isogenic control line, we removed the 
nucleotide mutation from the genome of the iPSC line 
of Patient 1 using CRISPR/Cas9 technology. Our pro-
tocol is based on Santos et  al., 2016 [56] with some 
changes. Protein SpCas9 was provided by Niels Geijsen, 
Leiden University Medical Center (https:// divvly. com/ 
reage nts/ 631; [101]). Synthetic chemically modified 
guide sgRNA was produced by Synthego Corporation 

(Redwood City, CA, USA). sgRNA sequence is 5’-GGG 
UAU CCC CCA ACG ACC GC-3’ and it targets 
sequence of human C21ORF2 gene in intron 4 at nucle-
otide position 44,332,787 (Homo sapiens GRCh38.81 
chr21 C21ORF2 ENSG00000160226). Wildtype donor 
DNA sequence flanking the target position (44,331,558 
– 44,334,044) on each side was amplified from genomic 
DNA extracted from Control 1 iPSC line. The donor 
DNA sequence contained exon 4. Exon 4 contains the 
nucleotide mutation 44,333,234:C:A (Homo sapiens 
GRCh38.81 chr21 C21ORF2 ENSG00000160226) lead-
ing to a C21ORF2-V58L protein mutation. The donor 
DNA sequence was cloned into vector pTox-hUNCX_
Neo, a kind gift of Niels Geijsen. pTox-hUNCX_Neo 
is created from pDTA-TK vector from Addgene 
plasmid-22677 and contains a Neomycine resist-
ance cassette. Donor DNA was subcloned into pTox-
hUNCX_Neo removing DNA sequence for hUNCX, 
incorporating our donor DNA between the HindIII 
restriction site (1580) and the NdeI restriction site 
(6364). The Neomycine cassette from pTox-hUNCX_
Neo (KpnI 3596 – BamHI 5357) was incorporated 
into our donor DNA at the target position of sgRNA 
mentioned before and created DNA donor vector 
pTox-hC21_Neo.

Electroporation of iPSC cells for creation of an isogenic 
control line
Cas9 protein was thawed at RT and sgRNA was thawed 
on ice. Plasmid was prepared with an endotoxin free 
maxiprep and was not linearized. iPSC cells at 80% con-
fluency in a 2  cm dish (corresponding to approximately 
2 ×  106 iPSC cells) were detached from the dish by incu-
bation with 0.5 ml of Accutase (Innovative Cell Technol-
ogies, AT104) for 10 min at 37 °C and collected into 5 ml 
of prewarmed 37  °C OptiMEM. Cells were not counted 
to minimize cell death, and cell number was estimated 
by quantification before the experiment. For each elec-
troporation 100  µl of electroporation-mix was prepared 
(OptiMEM + 1  µl sgRNA (stock 10  µg/ µl) + 1  µl Cas9 
(stock 12.5  µg/ µl) + 5  µg DNA) in an Eppendorf tube. 
Cells were pelleted for 4 min at 200 rcf and supernatant 
was removed. The cell pellet was resuspended in 100 µl of 
electroporation mix. The cell suspension was transferred 
to electroporation cuvettes (EC-0002S, NEPA GENE). 
Electroporation was performed with a NEPA21 Type 
II electroporator. The settings used for electroporation 
were the same for all experiments; poring pulse 135  V 
(duration: 5  ms; interval: 50  ms; number of pulses: 2; 
decay: 10%; one direction) and transfer pulse 20 V (dura-
tion: 50 ms; interval: 50 ms; number of pulses: 5; decay: 
40%; two directions). Immediately 1  ml of pre-warmed 

https://string-db.org
https://gephi.org
https://gephi.org
https://divvly.com/reagents/631
https://divvly.com/reagents/631
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StemFlex 37  °C was added into cuvette using pipet pro-
vided with cuvette. 200 µl, 300 µl and 500 µl of suspen-
sion with electroporated cells were plated per well in 
12-well plate coated with Geltrex (LDEV-Free Reduced 
Growth Factor Basement Membrane Matrix, Ther-
moFisher Scientific, Waltham, MA, USA, Cat. No. 
A1413202) and containing 1  ml of pre-warmed Stem-
Flex medium (Gibco™, Waltham, MA, USA, Cat. No. 
A33493-01 + A33492-01) with ROCK inhibitor Y27632 
(10  µM, Axon Medchem, Groningen, The Netherlands, 
Cat. No. 1683). StemFlex medium was changed the next 
day. Cells were kept without selection agent for 4  days 
and at day 5 G418-Geneticin was added at a concentra-
tion 1000 µg/ml to remove all cells without donor DNA 
with Neomycine resistance. After selection, only few 
colonies appeared and these were analyzed for removal 
of the mutation. Genomic DNA was isolated from the 
cells and the DNA part containing exon 4 was amplified 
by PCR and sequenced. Clones in which the mutation 
was reversed were further characterized as described for 
other iPSC lines earlier.

Extraction of genomic DNA from iPSC cells
iPSC cells at 80% confluency in 2  cm petri dish cor-
responding to approximately 2 ×  106 iPSC cells were 
washed with 2 ml of 1 × PBS and incubated with 0.5 mM 
EDTA in 1 × PBS (Gibco ™, Waltham, MA, USA, Cat. 
No. 14190–094) for 5  min. Then, EDTA was removed 
and cells were detached from the plates by adding 1 ml 
of ice cold 1 × PBS. Cells were collected in an Eppendorf 
tube and pelleted by centrifugation for 4 min at 200 rpm. 
Cell pellets were resuspended in 250  µl of SNET buffer 
(20  mM TrisHCl pH 8.0; 400  mM NaCl; 5  mM EDTA; 
1% SDS) + 1.25 mg/ml ProteinaseK (Roche #20,425,900), 
vortexed and incubated for 20  min at 55  °C. Then the 
suspension was vortexed again, spun down and 125  µl 
of 5  M NaCl (-20  °C) was added. The suspension was 
placed on shaker for 10  min and then incubated on ice 
for 10  min. Afterwards the suspension was spun down 
for 10  min at 13,000  rpm at RT. 250  µl of supernatant 
were transferred to a new Eppendorf tube and 500 µl of 
ice cold 100% ethanol was added. After mixing the pre-
cipitated DNA was pelleted by centrifugation for 10 min 
at 13,000 rpm at 4 °C. Supernatant was removed and the 
pellet was washed with 250  µl 75% ethanol and centri-
fuged for 5  min at 13,000  rpm at 4  °C. All supernatant 
was removed, the pellet dried and resuspended in 30 µl 
of  H2O. DNA was used for PCR reactions for creating 
the donor DNA for the CRISPR/Cas9 protocol or for 
sequencing the exon4 of isogenic controls.

Analysis of neuronal morphology of MN
iPSC-derived MNs on glass coverslips were fixed and 
blocked after 3  days in culture. Then cells were incu-
bated with the following set of primary antibodies: rabbit 
anti-beta-III tubulin (1:200, BioLegend, Cat. No. 801201, 
San Diego, CA, USA) and goat anti-Chat (1:200, Mil-
lipore, Burlington, MA, USA, Cat. No. AB144P) diluted 
in PBSGT ON at 4 °C. Coverslips were washed and incu-
bated with donkey secondary antibodies: anti-rabbit 
AlexaFluor 488 (Life Technologies, Carlsbad, CA, USA, 
Cat. No. A21206) and anti-goat AlexaFluor 647 (Abcam, 
Cambridge, UK, Cat. No. AB150135) diluted 1:500 in 
PBSGT for 1 h at RT. Finally neurons were also stained 
with DAPI and mounted on glass slides with FluorSave™ 
Reagent (Millipore, Burlington, MA, USA, Cat. No. 
345789).

For neurite outgrowth analysis, images were obtained 
using the Zeiss AxioImager M2 (Carl Zeiss AG., 
Oberkochen, Germany) with a 20X objective. For each 
experimental condition, an image that consisted of 100 
tiles (10 by 10) was generated in the middle of the cover-
slip. To measure and quantify total neurite length, main 
axon length, and the number of branches per neuron, 
the MNs were traced and analysed using ImageJ/FIJI 
software and the NeuronJ plugin. Each TUBB3-channel 
image was optimized for tracing analysis by using the 
image adjust threshold tool. For every clearly identifiable 
individual MN, traces for every neurite were analyzed 
with the NeuronJ tracing tool. Four independent experi-
ments were performed and for each cell line at least 40 
neurons were analyzed. Statistical analysis was per-
formed using GraphPadPrism.

Analysis of DNA damage in iPSC‑derived MNs
MNs for DNA damage analyzes were cultured for 7 days 
as described earlier and treated with Neocarzinostatin 
for 1  h. MNs were then immediately fixed and immu-
nostained with mouse anti-yH2AX (1:500; Millipore, 
cat #05–636) and goat anti-Chat (1:500; R&D Systems, 
cat AF3447) primary antibodies followed by donkey 
anti-mouse Alexa 568 (Life Technologies, cat A10037) 
and donkey anti-goat Alexa 647 (Abcam, cat ab150135) 
antibodies and stained with DAPI. (Merk, cat 345,789-
20ML). Coverslips were mounted with FluorSave reagent 
and neurons were imaged using a confocal laser-scanning 
microscope (Olympus FV1000) with a 100X objective 
with 1024 × 1024 resolution and speed of 4 µs/pixel. Con-
focal microscope imaging settings (laser intensity, gain, 
pinhole) were maintained constant for all pictures taken. 
Neurons were scanned through the entire cell thickness 
and merged Z-stacks of the images were then analysed 
using the ImageJ/Fiji software. The DAPI channel was 
used to create ROIs used to measure yH2AX staining 
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intensity in the 568 channel. Three independent experi-
ments were performed and at least 10 cells per condition 
per line were analyzed. All statistical analysis was per-
formed in GraphPadPrism Software.

Analysis of mitochondria function in MN
Oxygen consumption rate (OCR) was analyzed in a 
XF24-3 Extracellular Flux Analyzer (Seahorse Bio-
sciences). Human iPSC-derived MNs were plated in 
24-well V7-PS plates (Seahorse Biosciences) at a density 
of 400,000 cells per well and used at DIV25 (cultured for 
7 days after plating at day18 of differentiation). Four wells 
from each plate were left blank as background controls 
and at plate positions according to Analyzer protocol. 
For measurements, cells were gently washed 2 × with 
0.5  ml/well assay medium (50  ml Agilent Seahorse XF 
Base Medium (102,353–100), 20  mM glucose, 2  mM 
glutamine, 0.5 mM NaOH), put into fresh assay medium 
for at least 30 min, and assayed. For OCR analysis, three 
baseline recordings were made, followed by sequential 
injection of the ATP synthase inhibitor oligomycin, the 
mitochondrial uncoupler p-triflouromethoxyphenyl-
hydrazone (FCCP), and the mitochondrial complex 1 
inhibitor rotenone and complex 3 inhibitor antimycin. 
For each assay, individual wells were examined after pre-
measurement washes and after assays to ensure that cells 
did not detach and major cell death did not occur dur-
ing the assay. Wells that did not fulfil these criteria were 
excluded from the analysis. Raw oxygen consumption 
rate values were used to calculate different bioenergetic 
parameters as described previously [102] and according 
to the manufacturer’s guidelines. Data from 3 independ-
ent experiments and at least 3 replicates per line were 
quantified.

Patch‑clamp electrophysiology
For recordings, 3  weeks-old cell cultures (DIV21 after 
plating at day 18 of the differentiation protocol) on cov-
erslips were used and immersed in artificial cerebrospinal 
fluid (ACSF) containing (in mM): NaCl (124), KCl (2.5), 
glucose (11), HEPES (5), NaHCO3 (26), NaH2PO4 (1), 
MgCl2 (1.3), CaCl2 (2.5). During recording cells were 
continuously superfused with ACSF at a flow rate of 
2 ml/min at 32 °C.

Recordings were performed for cultures from all lines. 
For each of the lines, recordings were performed from 
3 distinct batches (independent experiments, i.e. sepa-
rate differentiations of MNs) of cultured cells. MNs were 
patch-clamped using borosilicate glass pipettes (2.7–4 
MΩ; glass capillaries, GC150-10, Harvard apparatus, 
UK), under a BX51WI Olympus microscope (Olympus, 
France). Recordings were performed in current clamp 
using a potassium gluconate-based internal containing 

(in mM), Potassium Gluconate 139; HEPES 10; EGTA 
0.2; creatine phosphate 10; KCl 5; Na2ATP 4; Na3GTP 
0.3; MgCl2 2. For current clamp recordings, signal was 
amplified, low-pass filtered at 2.9 kHz with a 4-pole Bes-
sel filter and digitized at 20  kHz with an EPC9/2 dual 
patch-clamp amplifier (HEKA Elektronik GmbH, Ger-
many). Data were acquired using PatchMaster v2 × 78.2 
software. Cells were clamped at 0 pA for 400 ms in cur-
rent clamp, then they were subjected to a specific current 
step of 800 ms, prior to a return to 0 pA holding currents 
for another 1000 ms. The current steps during the 800 ms 
window started at -20 pA, and upon each subsequent 
sweep increased with + 5 pA compared to the previous 
step. A total of 24 sweeps were given, thus covering a 
current range from -20 to + 95 pA. The inter-sweep inter-
val was 10 s.

For biocytin labelling, 0.05% biocytin was added to 
the patch pipette medium. Subsequently the cover slip 
with cultured cells was fixed overnight in 4% PFA in a 
well plate. Subsequently PFA was removed by 3 × 15 min 
washes in PBS, followed by incubation in blocking solu-
tion (10% NGS, 0.5% Triton X-100) for 1 h at RT. Next, 
the coverslip was incubated with 555-conjugated strepta-
vidin (1:500; Thermo Fischer Scientific, S21381, USA) 
in 2% NGS, 0.4% Triton X-100 in PBS overnight at 4 °C. 
Next, coverslips were washed in PBS for 3 × 15 min and 
mounted on glass slides and coverslipped using Fluor-
Save (Millipore, 345,789, The Netherlands).

Electrophysiology data analysis and statistics
From the current–voltage relation data, excitability pro-
files and neuronal biophysical properties were calculated 
in Igor Pro-8 (Wavemetrics, USA). Excitability profiles 
were calculated as the number of action potentials (APs) 
generated during the 800  ms window of the 24 sweeps 
where currents were incrementally increased from -20 
pA to + 95 pA. Rheobase was calculated as the minimum 
current imposed to the cell to induce an AP. To deter-
mine AP threshold, we differentiated the rheobase sweep, 
calculated when voltage changes first occurred at a rate 
surpassing 20 mV/ms, and then related this timepoint in 
the original sweep to the matching membrane voltage. 
This voltage value was set as the AP threshold. Cells were 
considered spontaneously active if they fired at least 1 
AP during the sweep where 0 pA was injected through-
out. Membrane resistance was calculated with Ohm’s law 
based on mild hyperpolarizing steps that did not lead to 
active conductance. In view of many spontaneously active 
neurons where active conductance occurred during 0 pA 
steps, resting membrane potential was not assessed.

Compiled data in bar graphs were always reported 
and represented as mean ± SEM, with single data points 
plotted (single cell). Continuous data were statistically 
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analyzed using One-Way ANOVA, unpaired t-test, two-
way repeated-measures ANOVAs. For ANOVAs follow 
up post-hoc analyses were performed in case of a sig-
nificant omnibus test, using Tukey’s multiple compari-
son test. For non-parametric multi-group Boolean data, 
a Kruskall-Wallis test was used, followed up by Dunn’s 
post-hoc comparison test. For non-parametric two group 
Boolean data we used a Mann–Whitney U test. Analyses 
were performed in GraphPad 9 (USA).

Zebrafish
Zebrafish maintenance & ethics statement
Fish were housed and handled according to local guide-
lines and policies in compliance with national and Euro-
pean law. All procedures involving experimental animals 
were approved by the local animal experiments commit-
tee, Koninklijke Nederlandse Akademie van Wetenschap-
pen-Dierexperimentencommissie (AVD8010020173786). 
Adult zebrafish (Danio rerio) were maintained and 
embryos raised and staged as previously described 
[103]. Adult zebrafish were maintained in 4.5 L poly-
ethylene tanks (Tecniplast) in an Aqua Schwarz holding 
system (Göttingen) supplied continuously with circulat-
ing UV treated filtered tap water, which was exchanged 
for 10–30% daily. Average water properties were: Nitrite 
0.095 mg/L, Nitrate 16.7 mg/L, Chloride and Ammonium 
0  mg/L, hardness 9.8 dH, pH 8.2, conductivity 460 mS, 
Oxygen 6.85 ppm and temperature 28.5  °C under cycles 
providing 14 h of light and 10 h of dark (14:10 LD; lights 
on 9 a.m.; lights off 11 p.m.).

Microinjection of zebrafish embryos
Overexpression constructs of human C21ORF2-WT or 
C21ORF2-V58L cDNA were cloned into a pCS2-GFP-2A 
plasmid, a kind gift of Prof Jeroen den Hertog (Hubrecht 
Institute, the Netherlands). mRNA for zebrafish injec-
tions was produced using mMESSAGE mMACHINE 
SP6 Kit (AMBION, Life Technologies) following the 
manufacturer’s instructions. pCS2 vector DNA was lin-
earized using the NotI enzyme. 1 µg of linearized DNA 
was used for the reaction. RNA was purified by lithium-
precipitation according to manufacturer’s instructions. 
RNA was diluted in RNase free water to 0.05  µg/µl for 
the injections. Injection was performed using glass capil-
laries attached to WPI PV820 Pneumatic Pico Pump and 
Leica MZ 7.5 stereomicroscope. Settings of pump were 
adjusted to inject approximately 1 nl of mRNA solution. 
RNA was injected into one-cell stage zebrafish embryos.

Zebrafish developmental deformations and locomotor 
analysis
At 5 dpf zebrafish embryos were examined. Embryos with 
oedema, tail curvature or more severe deformations were 

counted per total number of embryos in 5 independ-
ent experiments. For locomotor experiments only freely 
swimming embryos were used. Locomotor experiments 
were performed under dark conditions at 28˚C using 5 
dpf embryos placed in a flat bottom 48-well cell culture 
plate filled with 1  ml E3 solution. Embryos were left to 
habituate for 20  min and then imaged for 1  h. Move-
ments were tracked in an automated tracking device 
(ZebraBox™; Viewpoint, Lyon, France). Locomotor activ-
ity was quantified and analyzed by ZebraLab™ software 
by Viewpoint. Total distance and time spent swimming 
were recorded for each single embryo and results were 
analyzed in GraphPadPrism.

Whole‑mount immunostaining of zebrafish embryos
Zebrafish were collected at 5 dpf and fixed in 4% PFA 
overnight at 4  °C. The day after fixation, embryos were 
washed 6 × 5  min in PBS-T (PBS + 0.1% TritonX-100) 
and left to permeabilize for 90  min at RT in 1  mg/ml 
collagenase A (Roche, cat #10,103,578,001) diluted in 
PBS. Embryos were then washed 6 × 5 min in PBS-T and 
blocked in PBSGT + 5% normal donkey serum (NDS) 
rotating ON at 4 °C. Embryos were then incubated with 
primary antibody mouse anti-SV2 (DSHB) 1:50 in 500 µl 
of PBSGT in an Eppendorf tube ON at 4 °C in a rotating 
wheel. Embryos were then gently washed 6 × 15  min in 
2 ml PBS-T RT in a 2 ml Eppendorf tube on a bellydancer 
platform. Embryos were incubated with Donkey anti 
mouse-568 antibody and alfa-bungarotoxin-conjugated 
with Alexa488 (Thermo Fisher Scientific, cat B35451) 
both diluted 1:400 in 1  ml of PBSGT ON at 4  °C in a 
cold room on a rotating wheel and subsequently washed 
6 × 15 min in 2 ml PBS-T RT gently in a 2 ml Eppendorf 
tube on a bellydancer platform. After being washed, 
embryos were mounted on glass slides with Fluorsave 
reagent (VWR, cat #345,789–20), using imaging spacers 
(PolyAn molecular surface engineering, cat #654,008) to 
protect fish from squeezing under the glass.

Analysis of zebrafish NMJ
To analyse the integrity of zebrafish embryo NMJs, 4 
independent experiments were performed and at least 5 
embryos per experiment and condition were imaged and 
analysed. The 17th-18th somites of 5 dpf zebrafish tails 
were imaged with a confocal laser-scanning microscope 
(Olympus FV1000). Merged Z-stacks of SV2 and BTX 
staining were analyzed in ImageJ/FIJI software and mean 
intensity for each channel in the entire image was meas-
ured. The resulting measurements were statistically ana-
lysed in GrapPadPrism.

For colocalization, Z-stacks were then analysed in 
Imaris software (Bitplane / http:// www. imaris. oxinst. 
com). BTX staining, a marker for the postsynaptic 

http://www.imaris.oxinst.com
http://www.imaris.oxinst.com
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compartment, was transformed into “spots” with a 
dimension of 1  µm, background correction and the use 
of automatic “quality” threshold. A mean staining inten-
sity threshold and a Y-position threshold were also used 
to eliminate the bottom of the fish, where specks of anti-
bodies tended to collect. SV2, a marker for the presyn-
aptic compartment, was transformed in “surfaces” using 
background correction and an automatic threshold. The 
same Y-position threshold was also used to define the 
surfaces. We then used the function “spots close to sur-
faces” with a distance threshold set at 0.05 µm to define 
the amount of BTX spots colocalizing with the SV2 sur-
faces. We used GraphPadPrism (https:// www. graph pad. 
com/ scien tific- softw are/ prism/) to do statistical analysis.

Microscopy and image analysis
Fluorescence microscopy was performed with an upright 
ZEISS Axio Imager 2 Upright Microscope equipped 
with an AxioCam Icc 3 camera, and LD Plan-Neofluar 
20x/0,4Korr objective using the ZEN software (Zeiss). 
Confocal microscopy was performed with a laser-scan-
ning microscope Olympus FluoView FV1000 equipped 
with objectives UPLSAPO 10X 2, UPLSAPO 20x, UPL-
SAPO 40 × 2, UPLSAPO 100 × O and AxioVision soft-
ware. Image analysis was performed using ImageJ/FIJI or 
for Zebrafish SV2/BTX colocalisation in Imaris software 
(Bitplane / http:// www. imaris. oxinst. com).

To analyse soma size, nucleus size and the signal inten-
sity for expression of a particular protein in individual 
neurons in immunostaining, the merged z-stacks of 
confocal images in the channel of interest were opened 
in ImageJ/FIJI software. The area and the immunostain-
ing signal (mean intensity) were measured for the neu-
ronal soma or nucleus by creating a ROI using tresholded 
CHAT (soma) or DAPI (nucleus) channel. 3 independent 
experiments were performed and at least 10 neurons per 
line were analyzed.

To analyze neuronal apoptosis, the number of cCAS3-
positive neurons were counted in 20 × images obtained 
with the ZEISS Axio Imager 2 and divided by the total 
number of neurons (CHAT-positive) per each optical 
field. 3 independent experiments were performed and at 
least 10 neighbouring optical fields covering more than 
100 neurons per line were analyzed.

General statistical analysis
Statistical analysis was performed in GraphPadPrism ver-
sion 9.5.1. (https:// www. graph pad. com/ scien tific- softw 
are/ prism/). Datasets were tested for normality and dif-
ferences in variance between groups to determine the 
appropriate statistical test. If not stated differently the 
following statistical tests in GraphPadPrism were used: 

to compare two independent groups, unpaired t-test 
in case of normally distributed data and nonparametric 
Mann–Whitney test in case of non-normal distribution, 
one-way ANOVA followed by the Tukey’s correction for 
multiple comparisons was used to evaluate differences 
among multiple groups if data were normally distributed, 
otherwise the Kruskal–Wallis test followed by Dunn’s 
multiple comparison test was used. Each test applied in 
experiments are stated in the figure legends. All statisti-
cal significance was ranked as the following: * P < 0.05; ** 
P < 0.01; *** P < 0.001 and **** P < 0.0001.

Results
Interactome analysis of recently identified ALS‑associated 
proteins
To further dissect the disease mechanism underly-
ing ALS and to identify potential unique or common 
disease pathways that are suitable for therapeutic 
intervention, we performed comparative interactome 
analyses of 5 recently identified ALS-associated pro-
teins (C21ORF2, KIF5A, NEK1, TBK1, TUBA4A). FUS 
was included to allow comparison to previous studies in 
which we performed similar interactome studies of FUS 
and other proteins [15, 16]. GFP-tagged proteins were 
expressed in N2a cells followed by pull down and mass 
spectrometry (Fig.  1A-H). Importantly, GFP-tagged 
proteins exhibited a subcellular distribution similar 
to those reported for their endogenous counterparts. 
Quantification of the transfection efficiency of the dif-
ferent GFP-tagged proteins showed GFP expression in 
49–73% of cells (C21ORF2 73%, FUS 70%, KIF5A 55%, 
NEK1 49%, TBK1 54%, TUBA4A 71%) (Fig. 1B-H). Bait 
proteins were captured using GFP beads and pulldown 
efficiency and specificity were confirmed using Western 
blot before mass spectrometry (Supplementary mate-
rial  1: Supplementary Fig. S1A-F). Each GFP-tagged 
bait protein was processed in parallel to a GFP control, 
and proteins that were at least 4 times more abundant 
in bait as compared to control samples were consid-
ered as interactors (Fig. 2A-F). With these criteria, 176 
interactors for C21ORF2, 182 for FUS, 36 for KIF5A, 
35 interactors for NEK1, 74 interactors for TBK1, and 
188 interactors for TUBA4A were identified. It should 
be noted, however, that the relatively low expression 
of the bait proteins and our rather stringent criteria 
for the selection of interactors may have precluded the 
selection of weaker interactors. The selected interac-
tors included both known and novel binding partners 
or indirect interactors of the different baits. Interactors 
were classified according to their reported functions 
using GO analysis (PANTHER software; pantherdb.
org) (Fig. 2A-F). In line with our previous observations, 

https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
http://www.imaris.oxinst.com
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
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interactors of FUS included DNA/RNA binding pro-
teins, DNA/RNA helicases, Elavl proteins, hnRNPs, 
snRNPs and ribosomal proteins (Fig.  2F; Supplemen-
tary material 10: Supplementary Table S1A-C) [15, 16]. 
This confirmed our ability to replicate previous results 
and the reliability of the interactome data. Below, each 
of the interactomes identified in this study is discussed 
in more detail.

C21ORF2
C21ORF2 (or cilia- and flagella-associated protein 410 
(CFAP410)) was previously associated with primary 
cilia formation and DDR [26–29]. Our results signifi-
cantly expand our understanding of C21ORF2 interac-
tion partners and potential functions (Fig. 2A). A large 
group of interactors were proteins with chaperone/

Fig. 1 Expression analysis of bait proteins for interactome analysis. A Schematic representation of GFP-tagged C21ORF2, KIF5A, NEK1, TBK1, 
TUBA4A and FUS. NTD—N-terminal domain; CTD—C-terminal domain; CCD—coil-coiled domain; KD—kinase domain; BD—basic domain; 
ULD—ubiquitin-like domain; SDD—scaffold and dimerization domain; QGSY—Glu-Gly-Ser-Tyr-rich region; G rich—Gly-rich region; E—nuclear 
export signal; RRM—RNA recognition motif; RGG —Arg-Gly-rich region; Z—zinc finger motif; L—nuclear localization signal. B–H Left panel: 
Expression of GFP and GFP-tagged proteins in Neuro2A (N2a) cells assessed by immunohistochemistry (DAPI in blue). Exogenous proteins show 
an endogenous distribution pattern. C–H Right panel: Western blots showing GFP-tagged (black arrowhead) and endogenous (white arrowhead) 
proteins. Anti-β-actin is used as loading control. Scale bar B-H: 5 µm
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Fig. 2 Analysis of the binding partners of six ALS-associated proteins. A–F Scatter plots showing the interactors of the indicated bait proteins. 
Each graph shows all proteins identified in the GFP-tagged protein sample (y-axis) versus proteins in a corresponding GFP control sample 
(x-axis). Each protein is plotted according to its intensity value (abundance) in the sample. The blue line represents the intensity value that is the 
same for both GFP-tagged protein and GFP control samples. The red line indicates the cutoff used (4 times enrichment in the GFP-tagged 
sample) to detect probable interactors. These interactors are also colored according to their predicted function (GO analysis using PANTHER 
software). For each graph the position of the GFP-tagged (bait) protein is indicated (arrow). G Heatmap summarizing the shared interactors of 11 
ALS-associated bait proteins analyzed in the current study and our previous work (Blokhuis et al., 2016)
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chaperonin function. Other prominent groups were 
comprised of ribosomal proteins, cytoskeletal proteins, 
14–3-3 proteins, DNA/RNA metabolism proteins, 
phosphatases and kinases (Supplementary material 
11: Supplementary Table  S2A). GO Biological Pro-
cess analysis showed overrepresentation of proteins 
with chaperon function involved in various processes 
such as aggrephagy, protein folding, chaperon medi-
ated autophagy and localization of proteins/RNA to 
telomeres (Supplementary material 12: Supplementary 
Table S3A).

KIF5A
KIF5A is a kinesin heavy chain subunit of the kinesin 
motor complex involved in anterograde transport that 
is essential for axon maintenance [38, 39]. While muta-
tions in the KIF5A N-terminal motor domain are asso-
ciated with the neurodegenerative diseases hereditary 
spastic paraplegia (SPG10) and Charcot Marie-Tooth 
type 2 (CMT2), mutations in the C-terminal cargo-
binding domain are linked to ALS [18, 19]. Our inter-
actome study identified proteins of the kinesin protein 
complex and cytoskeleton in addition to histone subu-
nits and ribosomal proteins (Fig.  2B; Supplementary 
material 11: Supplementary Table S2B). GO Biological 
Process analysis highlighted the role of KIF5A in axonal 
transport (Supplementary material  12: Supplementary 
Table S3B).

TBK1
TBK1 is a protein kinase with well-described roles in 
inflammatory response, innate immunity and autophagy 
[40, 41. 42]. Our pull-down study identified several 
known TBK1 interactors, including TANK, AZI2 and 
TBKBP1. These are TBK1 adapter proteins and medi-
ate TBK1 binding to different protein complexes [43]. 
Novel interaction partners included proteins with chap-
erone/chaperonin function, 14–3-3 proteins, mitochon-
drial proteins, ribosomal proteins and tubulin proteins 
(Fig.  2C; Supplementary material  11: Supplementary 
Table  S2C). GO Biological Process analysis identified 
mitochondria metabolism and mitophagy, chaperon/
chaperonin function regulating the localization of pro-
teins to telomeres and aiding protein-complex formation 
(Supplementary material 12: Supplementary Table S3C).

NEK1
NEK1 is a member of the NIMA-related kinase family of 
proteins with various roles in the cell cycle [44, 45]. NEK1 
was previously associated with primary cilia formation 
[46–49] and DDR [33, 34, 50] and is known to interact 
with C21ORF2 [26, 27, 51, 52]). As predicted, the NEK1 
interactome contained C21ORF2 in addition to 14–3-3 

proteins and a few ribosomal proteins, transcription 
factors, importins and histone proteins (Fig.  2D; Sup-
plementary material 11: Supplementary Table S2D). The 
overall enrichment of proteins into pathways was low, 
but GO analysis identified protein folding, protein target-
ing, ribonucleoprotein complex assembly and organiza-
tion, translation and peptide metabolism (Supplementary 
material 12: Supplementary Table S3D).

TUBA4A
TUBA4A is part of the alpha tubulin family, which 
together with beta tubulins compose the structure of 
microtubules [53]. The large TUBA4A interactome con-
sisted of proteins with diverse functions. As expected, 
TUBA4A pulled down other members of the tubulin 
family and transport-related motor proteins (Fig.  2E; 
Supplementary material  11: Supplementary Table  S2E). 
Potential novel interactors included mitochondrial pro-
teins, proteins with chaperone/chaperonin function, 
proteasome proteins, ribosomal proteins, histone pro-
teins, transcription factors and diverse groups of proteins 
with various functions (Supplementary material 11: Sup-
plementary Table  S2E). GO Biological Process analysis 
revealed an enrichment of proteins connected to mito-
chondria-related functions, like oxidative phosphoryla-
tion and nitrosative stress-induced apoptosis. The other 
enriched group of proteins was connected to chaperone 
functions such as localization of proteins/RNA to the 
telomere, regulation of aggrephagy, protein folding and 
chaperone-mediated autophagy (Supplementary mate-
rial 12: Supplementary Table S3E).

Comparison of different interactomes reveals distinct 
and shared pathways
Our previous work showed that comparison of the inter-
actomes of different ALS-associated proteins can iden-
tify common (disease) pathways and targets, such as 
FMRP [16]. To further explore the existence of shared 
pathways downstream of different ALS-associated pro-
teins, we compared the interactomes identified here 
with those reported in our previous study (C21ORF2, 
KIF5A, TBK1, NEK1, TUBA4A, FUS, ATXN2, TDP-43, 
C9ORF72, UBQLN2, OPTN). Although different pull-
down methods were used in both studies, comparison 
of the reported FUS interactomes revealed a significant 
overlap in interactors and pathways (Fig.  2F; Supple-
mentary material 10: Supplementary Table S1A-C) [16]. 
This observation indicated that we could compare data 
of our current and previous work. Re-analysis of all data 
confirmed our previous observations that the interac-
tomes of FUS, ATXN2 and TDP-43, and of UBQLN2 and 
OPTN display significant overlap (Fig. 2G) [16]. We also 
identified shared interactors for other combinations of 
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ALS-associated proteins, including overlap between the 
interactomes of C21ORF2, TBK1 and TUBA4A (Fig. 2G; 
Supplementary material  13: Supplementary Table  S4A; 
Supplementary material  2: Supplementary Fig. S2A, 
C), with 20 proteins found to bind all three baits. Most 
of these proteins had chaperone/chaperonin functions 
(CCT2, CCT6a, CCT8, CDC37, HSP90AA1, HSP90AB1, 
HSPA5, HSPA8, STIP1) or belonged to the tubulins 
(TUBA1B, TUBB2B, TUBB3, TUBB4B) (Supplementary 
material  13: Supplementary Table  S4A; Supplementary 
material  2: Supplementary Fig. S2A, C). Interestingly, 
C21ORF2 also shared a significant number of interactors 
with NEK1 (Fig. 2G; Supplementary material 13: Supple-
mentary Table  S4B; Supplementary material  2: Supple-
mentary Fig. S2B, D). C21ORF2 and NEK1 bound each 
other in addition to 11 other shared interactors. This 
included 6 out of 7 existing 14–3-3 proteins: YWHAB, 
YWHAE, YWHAG, YWHAH, YWHAQ, YWHAZ (Sup-
plementary material 13: Supplementary Table S4B; Sup-
plementary material   2: Supplementary Fig. S2B, D). No 
significant overlap of KIF5A interactors with interactors 

of other baits was identified. Overall, our data identify 
two larger hubs of shared interactors: one consisting of 
FUS-ATXN2-TDP-43, sharing proteins involved in RNA 
metabolism; and another formed by C21ORF2-TBK1-
TUBA4A, sharing mostly proteins with chaperone func-
tion involved in protein quality control.

C21ORF2 is strongly expressed in ALS relevant neurons
Molecular pathways shared by different ALS-associated 
proteins provide an opportunity to further understand 
the disease mechanisms underlying ALS. To exploit this 
opportunity, we focused on C21ORF2 as it bound NEK1 
[51, 52, this study] and shared a relatively high number 
of interactors with several other ALS-associated proteins 
(NEK1, TBK1, TUBA4A). The function(s) and neuronal 
expression pattern of C21ORF2 remain poorly under-
stood. Therefore, immunohistochemistry was used to 
examine whether C21ORF2 is expressed in ALS rel-
evant neurons. C21ORF2 showed strong expression in 
deep layer CTIP2-positive neurons in mouse motor cor-
tex and in CHAT-positive mouse spinal MNs (Fig.  3A). 

Fig. 3 ALS-associated C21ORF2 variants cause neuronal apoptosis. A Coronal sections of adult mouse motor cortex and spinal cord were 
co-immunostained for C21ORF2 and CTIP2 (upper panel) or CHAT (lower panel) to mark upper and lower MNs, respectively. Squares in left panels 
are shown at higher magnification in the right three panels. B Co-immunostaining for C21ORF2 and tubulin of mouse primary cortical neurons 
at 5 days in vitro (DIV). C Immunostaining for C21ORF2 and cleaved-Caspase-3 (cCAS3) of DIV5 mouse primary cortical neurons exogenously 
expressing C21ORF2-V58L. D Quantification of the percentage of cCas3-positive primary cortical neurons in cultures expressing GFP, GFP-tagged 
wild type C21ORF2 or GFP-tagged C21ORF2 variants. C21ORF2 variants are related to ALS (V58L, R211*, A222, d263), ciliopathies (L224P, C61Y) 
or both (R73P, V111M). Results from three independent experiments are plotted as means with SEM. **** P < 0.0001 Kruskal–Wallis test, Dunn’s 
multiple comparison post-hoc test. Scale bars: A, 200 µm (low magnification); 20 µm (high magnification); B, 10 µm; C, 5 µm
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Analysis of the subcellular distribution of C21ORF2 by 
immunostaining of mouse primary cortical neurons or 
by using GFP-tagged C21ORF2 in N2a cells revealed a 
predominant cytoplasmic distribution with weak expres-
sion in the nucleus (Fig.  3B; Supplementary material  3: 
Supplementary Fig. S3A). To further study this distribu-
tion pattern, protein structure prediction software http:// 
rapto rx6. uchic ago. edu/ [54] was used and shows that 
C21ORF2 contains three major domains, in addition to 
nuclear localization and export signals (NLS and NES, 
respectively) (Supplementary material 3: Supplementary 
Fig. S3B-C) similarly to previously described C21ORF2 
structure [52, 55]. C21ORF2 contained a highly struc-
tured N-terminal domain (aa 1–142; NM_001271441.1; 
NP_001258370), a low complexity middle domain (aa 
143–213), and a C-terminal domain (aa 214–376). The 
expression data suggested that C21ORF2 may shut-
tle between the cytoplasmic and nuclear compartments 
and indeed deletion of its C-terminal domain, and thus 
the NES, led to accumulation of C21ORF2 protein in 
the nucleus (Supplementary material  3: Supplemen-
tary Fig. S3A). Overall, these data show that C21ORF2 
is expressed in both cytoplasmic and nuclear compart-
ments and in upper and lower MNs, which are affected 
in ALS.

C21ORF2‑V58L causes apoptosis, reduced mitochondrial 
activity and impaired DNA damage response
Mutations in C21ORF2 have been linked to ciliopathies 
and/or ALS. To study how these mutations affect neu-
rons, GFP-tagged C21ORF2 expression constructs were 
generated carrying one of 8 different mutations that are 
associated with ALS (http:// datab rowser. proje ctmine. 
com/), ciliopathies or both (Supplementary material  14: 
Supplementary Table  S5). This selection was based 
on literature [27–29] or on the predicted detrimental 
effect and abundance of mutations in ALS [17, http:// 
datab rowser. proje ctmine. com/]. Although all mutant 

C21ORF2 proteins showed wildtype distribution pat-
terns (Supplementary material  3: Supplementary Fig. 
S3D), expression of C21ORF2-V58L induced a significant 
increase in the number of apoptotic neurons, as marked 
by cleaved-caspase-3 immunostaining (Fig. 3C, D).

To further understand the potential pathogenic effects 
of this variant in the context of ALS, C21ORF2-V58L 
was selected for further analysis and fibroblast-derived 
iPSC lines were generated from ALS patients carry-
ing C21ORF2-V58L mutations and from age/gender 
matched controls. One patient (P1) carried a heterozy-
gous C21ORF2-V58L mutation and the other patient 
(P2) two different C21ORF2 mutations on separate 
alleles (C21ORF2-V58L and C21ORF2-R60W)(Supple-
mentary material  4: Supplementary Fig. S4A-D; Sup-
plementary material  15: Supplementary Table  S6). MN 
cultures were generated using established protocols (Du 
et  al., 2015; Supplementary material  4: Supplementary 
Fig. 4E) and analyzed using various molecular and cellu-
lar approaches. First, we showed that C21ORF2 mRNA 
or protein expression was unchanged in C21ORF2-V58L 
MN cultures (Fig. 4A-E). Similarly, cell and nucleus size, 
and neurite outgrowth and branching were comparable 
in mutant and control cultures (Supplementary mate-
rial  5: Supplementary Fig. S5A-G). In contrast, ALS 
mutant cultures displayed a significant increase in the 
number of CHAT-positive MNs showing cleaved-Cas-
pase-3 staining at days in  vitro (DIV)25 (Fig.  4F-G), in 
line with the analysis of primary mouse cortical neurons 
that expressed C21ORF2-V58L constructs (Fig.  3C, D). 
Analysis of mitochondrial activity using the Seahorse 
XF analysis system showed a decrease in maximum res-
piration and spare respiratory capacity in C21ORF2-
V58L MNs as compared to control cultures (Fig.  4H-J). 
Finally, the DDR was analyzed, given the reported role 
of C21ORF2 in DNA damage repair. To induce DNA 
damage, MN cultures were treated with Neocarzinosta-
tin (0.1 µg/ml) for 1 h and stained for yH2AX protein, a 

Fig. 4 C21ORF2-V58L causes apoptosis, reduced mitochondrial activity and impaired DNA damage responses. A–L Expression and functional 
analysis of iPSC-derived motor neuron (MN) cultures at days in vitro 25 (DIV25, 7 days after plating). C1 and C2, healthy controls; P1, ALS patient 
with C21ORF2-V58L mutation; P2, ALS patient with C21ORF2-V58L/C61Y mutations. A–E C21ORF2 protein and mRNA expression is unchanged 
in mutant MNs A, B Co-immunostaining for CHAT and C21ORF2 in control and mutant. B Quantification of immunostainings as in A. C 
RT-qPCR analysis of C21ORF2 gene expression in control and mutant MNs. For relative mRNA expression the ΔCt values (ΔCt = Ct(C21ORF2) – Ct 
(ACTINB)) for each line are shown. D, E Western blot analysis using anti-C21ORF2 and anti-β-ACTIN antibodies. β-ACTIN was used as loading 
control. D Representative Western blot. E Quantification of C21ORF2/actin intensity ratio in Western blot experiments as in D. F, G The number 
of cCas3-positive MNs is increased in mutant cultures. F Co-immunostaining for cleaved-caspase-3 (cCas3) and CHAT in control and mutant 
cultures. G Quantification experiments as in F. H Representative kinetics graphs of mitochondrial oxygen consumption in cultures. I, J Quantification 
of maximum respiration and spare respiratory capacity, both of which show a significant reduction in mutant cultures. K, L Co-immunostaining 
for CHAT and yH2AX, a marker of the DNA damage response, after 1 h of neocarzinostatin (NCS) treatment. L Quantification of yH2AX staining 
intensity in MN nuclei after NCS treatment, showing a significant decrease in mutant MNs. B–E, G, I, J, L Results of at least three independent 
experiments are plotted as means with SEM. *p < 0.05; ** p < 0.01; ****p < 0.0001, G, I, J, L Kruskal-Wallis test, Dunn’s multiple comparison post-hoc 
test. Scale bars: A, 10 µm; F, 100 µm; K, 5 µm

(See figure on next page.)
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marker of DNA damage. Neocarzinostatin causes DNA 
damage and yH2AX is recruited to the site of DNA 
breaks. Staining for yH2AX was decreased in nuclei of 
C21ORF2-V58L MNs (Fig.  4K, L), suggesting a slower 

or weaker response to DNA damage. In all, these results 
show that iPSC-derived MNs carrying the C21ORF2-
V58L mutation show increased apoptosis, reduced mito-
chondrial activity and impaired DDR.

Fig. 4 (See legend on previous page.)
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To firmly establish that these defects were caused by 
the C21ORF2-V58L mutation, an isogenic control line 
was generated from the P1 line using a combination of 
Cas9 purified protein, short guide RNAs and donor DNA 
(Supplementary material  6: Supplementary Fig. S6A-C) 
[56]. Two isogenic clones were generated which showed 
similar characteristics with respect to karyotype, expres-
sion of pluripotency markers in iPSCs and C21ORF2 
expression in iPSC-derived MNs. Therefore, one of the 
clones (Iso1) was used for further experiments. Iso1-
derived MNs did not show changes in C21ORF2 mRNA 
or protein expression, as compared to MNs generated 
using its parental line (P1) or control (C1) (Supplemen-
tary material  6: Supplementary Fig. S6D-H). Next, the 
phenotypes described above were studied in MN cul-
tures derived from the isogenic control line. The increase 
in apoptosis and decrease in maximum respiration and 
spare respiratory capacity were rescued in isogenic con-
trol cultures (Fig. 5A-E). Finally, yH2AX staining showed 
that the DDR was rescued in isogenic control as com-
pared to P1 MNs (Fig. 5F-G). Together, these data show 
that the C21ORF2-V58L mutation causes several cellular 
phenotypes in patient-derived MN cultures.

C21ORF2‑V58L affects motor neuron function
To examine whether the C21ORF2-V58L mutation also 
influence MN function, we evaluated the electrophysi-
ological excitability profile of iPSC-derived MNs from 
healthy controls and ALS patients. MNs were patch 
clamped in whole-cell current clamp mode (Fig. 6; Sup-
plementary material  7: Supplementary Fig. S7A) and 
subjected to increasing amounts of depolarizing cur-
rent while their action potential (AP) output was moni-
tored. As current intensity increased, C21ORF2-V58L 
MNs produced fewer APs as compared to control MNs 
(Fig.  6A, B; Supplementary material  7: Supplementary 
Fig. S7B, C). Isogenic control (Iso1) MNs exhibited more 
AP output in response to lower current injections as 
compared to MNs generated from the parental mutant 
line. This effect was, however, less pronounced at higher 
current intensities (Fig. 6B, C).

Many of the recorded MNs exhibited spontaneous 
activity in the absence of stimulation. Analysis of differ-
ences in the rheobase, the minimal current required to 
elicit the first AP, revealed a lower rheobase in mutant 
MNs. However, this difference was only statistically sig-
nificant for the C2 to P2 comparison and no rescue was 
observed in Iso1 MNs (Fig.  6D; Supplementary mate-
rial 7: Supplementary Fig. S7D). Analysis of the actual 
percentage of spontaneously active cells in the complete 
absence of stimulation showed that mutant cultures (P1 
and P2) had a significantly higher incidence of sponta-
neously active MNs as compared to control (C1 and C2)
(Fig.  6E; Supplementary material  7: Supplementary Fig. 
S7E). In isogenic control (Iso1) cultures, this phenotype 
was not fully rescued as it was not significantly differ-
ent from P1 data (Fig.  6E). Finally, different biophysical 
membrane parameters were assessed. Membrane resist-
ance was not significantly different and other param-
eters differed between lines. Mutant MNs showed lower 
membrane capacitance and a smaller AP after hyperpo-
larization. However, these effects were not significantly 
rescued by the isogenic control (Supplementary mate-
rial 16: Supplementary Table S7).

Overall, these results show that although C21ORF2-
V58L MNs are more spontaneously active (in the absence 
of stimulation), they show a lower capacity of further 
increases in their firing frequency upon stimulation.

C21ORF2‑V58L affects motor behavior of zebrafish 
embryos
To explore whether the C21ORF2-V58L mutation also 
impacts the motor system in  vivo, zebrafish embryos 
were used. GFP (control) and GFP-tagged human 
wildtype (WT) or mutant C21ORF2 (V58L) protein were 
expressed by mRNA microinjection at the one-cell stage 
[16]. Non-injected embryos were used as an additional 
control. Expression of C21ORF2-WT or C21ORF2-
V58L led to an increased number of deformed embryos 
(approx. 20% and 30%, respectively; Fig.  7A, B). The 
deformation included pericardial oedema and curvature 
of the tail, defects that have previously been linked to cilia 
dysfunction in zebrafish [57–59]. These results suggest 

(See figure on next page.)
Fig. 5 C21ORF2-V58L mutant phenotypes are rescued in isogenic control cultures. A–G Functional analysis of iPSC-derived motor neuron (MN) 
cultures at days in vitro 25 (DIV25, 7 days after plating). C1, healthy control; P1, ALS patient with C21ORF2-V58L mutation; iso, isogenic control 1 
generated from P1. A Co-immunostaining for cleaved-Caspase-3 (cCAS3) and CHAT in control, mutant and isogenic cultures. B Quantification 
experiments as in A. Data from 3 independent experiments per line were quantified. C Representative kinetics graphs of mitochondrial oxygen 
consumption rate. Quantification of maximum respiration (D) and spare respiratory capacity (E). Raw data from 3 independent experiments 
and at least 3 replicates per line were quantified. F, G Co-immunostaining for CHAT, DAPI and yH2AX, a marker of the DNA damage response, 
after 1 h of neocarzinostatin (NCS) treatment. G Quantification of yH2AX staining intensity in MN nuclei after NCS treatment. Data from 3 
independent experiments per line were quantified. Results of three independent experiments are plotted as means with SEM *p < 0.05; 
****p < 0.0001. B, D, E, G Kruskal–Wallis test, Dunn’s multiple comparison post-hoc test. Scale bars: A, 100 µm; F, 5 µm
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Fig. 5 (See legend on previous page.)
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that dysregulation of C21ORF2 by overexpression can 
lead to significant developmental defects, in line with the 
reported role of C21ORF2 in ciliopathies [28, 29, 31, 60]. 
To examine motor behaviour and MN connectivity, only 
embryos that did not show overt developmental defects 

and were able to swim were included. Motor behaviour 
was assessed using the ZebraBox system (www. viewp 
oint. fr). Embryos were imaged for 1  h at 5  days post 
fertilization (5 dpf ). This analysis showed a decrease 
in the duration and distance of swimming for zebrafish 

Fig. 6 Higher spontaneous activity but lower capacity for further stimulation-driven excitability in C21ORF2-V58L motor neurons. A Representative 
voltage traces in response to 20 pA or 80 pA depolarizing current injections across the three conditions: Healthy control 1 (C1, black), C21ORF2-V58L 
patient 1 (P1, red), and isogenic control 1 of P1 (iso1, blue). B Average current-action potential relationships in the three conditions: C1 (black; 
 ncells = 48), P1 cells (red;  ncells = 46), iso1 (blue;  ncells = 31). Two-Way Repeated Measures ANOVA. Current × Genotype interaction. F(38,2318) = 2.082, 
p = 0.0001. C Left: Bar graph with mean and SEM for action potential number in response to 20pA across the three conditions. One-Way ANOVA: 
F(2122) = 5.148, p = 0.0071. Tukey post-hoc tests. C1 versus P1, p = 0.0192. C1 versus Iso1, p = 0.9517; P1 versus Iso1, p = 0.0197. Right: Same 
but in response to 80 pA. One-Way ANOVA: F(2,122) = 4.926, p = 0.0088. Tukey post-hoc tests. C1 versus P1, p = 0.0068. C1 versus Iso1, p = 0.1712; 
P1 versus Iso1, p = 0.6045. D Bar graph plotted as means with SEM for rheobase across the three conditions. One-Way ANOVA: F(2,122) = 2.317, 
p = 0.1029. E Bar graphs with the percentage of spontaneously active cells at 0 pA injection steps across the three conditions. C1: 19/48 cells = 40%; 
P1: 32/46 cells = 70%; Iso1: 18/31 cells = 58%. Kruskall Wallis test = 8.606, p = 0.0135. Dunn’s post-hoc tests. C1 versus P1, p = 0.0108; C1 versus Iso1, 
p = 0.3245; P1 versus Iso1, p = 0.9647. *p < 0.05; **p < 0.01

http://www.viewpoint.fr
http://www.viewpoint.fr
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Fig. 7 C21ORF2-V58L impairs motor behavior in zebrafish embryos. A Representative images of 5 days post-fertilization (5 dpf ) zebrafish embryos 
non-injected and injected with C21ORF2-WT or C21ORF2-V58L constructs. B Quantification of the number of deformed 5 dpf zebrafish embryos 
as in A. Pooled percentages from five independent experiments (total numbers of embryos analyzed—281 non injected embryos, 77 GFP injected 
embryos, 113 C21ORF2-WT injected embryos, 82 C21ORF2-V58L embryos). Data are shown as means with SEM *p < 0.05, **p < 0.01 Kruskal–Wallis 
test, Dunn’s multiple comparison post-hoc. C, D Zebrabox analysis of zebrafish embryo motor behavior at 5 dpf. Time spent swimming (seconds) 
and trajectory covered (millimeters) during 1 h were quantified. Pooled data from 4 independent experiments are plotted as means with SEM 
*p < 0.05, **p < 0.01, ****p < 0.0001 Kruskal–Wallis test with Dunn’s multiple comparison post-hoc test. Scale bar: A, 1 mm
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Fig. 8 C21ORF2-V58L affects NEK1 expression at the post-transcriptional level. A–L Analysis of NEK1 distribution and expression in iPSC-derived 
motor neuron (MN) cultures at days in vitro 25 (DIV25, 7 days after plating). C1 and C2, healthy controls; P1, ALS patient with C21ORF2-V58L 
mutation; P2, ALS patient with C21ORF2-V58L/R60W mutations; iso, isogenic control 1 generated from P1. A Co-immunostaining for NEK1 
and CHAT/ISL1 to label MNs. B, C Quantification of NEK1 expression in soma and nucleus compartments based on immunostaining as in A. D 
Ratio of NEK1 immunostaining in nucleus compared to soma. E RT/q-PCR analysis of NEK1 gene expression. For relative mRNA expression the ΔCt 
values (ΔCt = Ct(NEK1) – Ct (ACTINB)) for each line are graphed. F, G Western blot analysis using anti-NEK1 and anti- β -actin antibodies. β-actin 
was used as loading control. F Representative Western blot. G Quantification of NEK1/actin intensity ratio in Western blot experiments as in F. H–L 
Immunostaining (H, I), RT-q-PCR (J), Western blot analysis (K, L) and corresponding quantifications using MNs derived from the C1, P1 and iso1 
lines and performed as described for panels A–G. Results of three independent experiments are plotted as means with SEM **p < 0.01; ***p < 0.001; 
****p < 0.0001, (G, L) One-Way ANOVA, Tukey multiple comparison post-hoc test. (B, C, I) Kruskal–Wallis test with Dunn’s multiple comparison 
post-hoc test. Scale bars: A, 5 µm; I, 20 µm
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microinjected with C21ORF2-V58L mRNA as com-
pared to GFP- or GFP-C21ORF2-WT-injected embryos 
(Fig.  7C, D). Defects in motor behaviour in zebrafish 
embryos caused by ALS mutant proteins can result 
from changes in the neuromuscular junction (NMJ) [16, 
61–63]. Therefore, the NMJ was assessed at 5 dpf by 
immunostaining for synaptic vesicle protein 2 (SV2), a 
presynaptic marker, and labelling with α-bungarotoxin, a 
postsynaptic marker. However, no significant differences 
in the expression of or overlap between (as a measure 
of NMJ integrity) SV2 and α-bungarotoxin were found 
(Supplementary material  7: Supplementary Fig. S7F-J). 
Overall, these results suggest that the C21ORF2-V58L 
mutation affects motor behaviour in 5 dpf zebrafish 
embryos independent of overt changes in NMJ structure.

NEK1 expression is decreased in C21ORF2‑V58L motor 
neurons and rescued by proteasomal inhibition
To begin to understand the molecular consequences of 
the C21ORF2-V58L mutation that lead to the observed 
cellular defects, the expression of several ALS-related 
proteins (i.e. those used as baits in our interactome 
experiments) was examined in control and patient MNs 
(Fig.  8A; Supplementary material  8: Supplementary Fig. 
S8A-J). The expression and distribution of most of these 
proteins appeared grossly normal (Supplementary mate-
rial  8: Supplementary Fig. S8A-J), with the exception of 
NEK1 which showed reduced expression in C21ORF2-
V58L MNs as visualized by immunocytochemistry 
(Fig. 8A). NEK1 expression was similarly reduced in both 
the cytoplasm and nucleus of mutant MNs (Fig.  8A-C). 

Fig. 9 Proteasomal inhibition reverses NEK1 downregulation in C21ORF2-V58L motor neurons. A Immunocytochemistry for NEK1 in MNs from two 
control (C1, C2) lines and two ALS patient lines carrying C21ORF2 mutations (P1, P2) treated with the proteasome inhibitor MG132 (100 nM, 3 h) 
or non-treated at days in vitro 7 (DIV7). B Quantification of immunostaining of NEK1 in control and mutant neurons without or with treatment 
with MG132 as in A. C-D Western blot analysis of lysates of control and mutant MNs without or with MG132 treatment. Western blot analysis using 
anti-ubiquitin, anti-NEK1 and anti-β-actin antibodies. Beta-actin was used as loading control. C Representative Western blot. D Quantification 
of Western blot experiments as in C. Results of 3 (A, B) and 5 (C, D) independent experiments are plotted as means with SEM *p < 0.05; **p < 0.01; 
****p < 0.0001. (B) Kruskal–Wallis test with Dunn’s multiple comparison post-hoc test. D One-Way ANOVA, Tukey multiple comparison post-hoc test. 
Scale bar: A, 10 µm
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The overall subcellular distribution of NEK1 was not 
changed (Fig.  8D), suggesting that transport of NEK1 
between the cytoplasm and nucleus was not affected. 
Furthermore, while NEK1 mRNA expression was 
unchanged in C21ORF2-V58L MNs (Fig.  8E), Western 
blot analysis confirmed downregulation of NEK1 at the 
protein level (Fig.  8F, G). Immunocytochemistry, West-
ern blot and qPCR analysis showed similar NEK1 expres-
sion in healthy and isogenic control MNs (Fig. 8H-L). To 
confirm this observation using a different experimental 
approach, C21ORF2-WT and -V58L were expressed in 
N2a neuronal cells followed by NEK1 immunostaining. 
In the line of our results in iPSC-derived MNs, endog-
enous NEK1 was significantly decreased in N2a cells 
expressing C21ORF2-V58L as compared to WT protein 
(Supplementary material 9: Supplementary Fig. S9A, B). 
Together, these data indicate that the C21ORF2-V58L 
mutation causes downregulation of NEK1 expression at 
the post-transcriptional level.

Next, we examined the neural expression pattern of 
NEK1 in more detail. Similar to C21ORF2, NEK1 was 
expressed in ALS relevant cell types, such as CTIP2-posi-
tive deep layer MNs in the mouse cortex and CHAT-pos-
itive MNs in the spinal cord (Supplementary material 9: 
Supplementary Fig. S9C). Co-expression analysis of 
NEK1 and C21ORF2 in N2a neuronal cells or mouse spi-
nal MNs showed a granular distribution for both pro-
teins and confirmed their co-localization (Supplementary 
material 9: Supplementary Fig. S9D, E). In line with these 
co-localization results, our interactome analysis and pre-
vious work showed that C21ORF2 and NEK1 can form 
a protein complex (Fig.  2G; Supplementary material  13: 
Supplementary Table  S4B) [52]. To examine whether 
the C21ORF2-V58L mutation influences C21ORF2-
NEK1 binding, co-immunoprecipitation using an anti-
C21ORF2 antibody was performed on cell lysates from 
iPSC-derived MNs. NEK1 binding to C21ORF2-V58L 
was stronger as compared to wild-type C21ORF2 pro-
tein (Supplementary material  9: Supplementary Fig.  9F, 
G). Thus, the C21ORF2-V58L mutation influences NEK1 
binding and expression.

As our results indicated that C21ORF2-V58L mutant 
protein causes a decrease in NEK1 protein at the post-
transcriptional level, we explored a role for proteasomal 
degradation. iPSC-derived MNs were treated for 3 h with 
100  nM of the proteasome inhibitor MG132 followed 
by analysis of NEK1 expression by immunostaining and 
Western blot analysis (Fig.  9A-D). MG132 treatment 
led to an accumulation of ubiquitinated protein that 
was not degraded by proteasome system. Interestingly, 
MG132 treatment reversed the decrease in NEK1 expres-
sion observed in C21ORF2-V58L MNs to control levels 
(Fig.  9A-D). This suggests that C21ORF2-V58L might 

influence NEK1 protein expression by deregulating its 
proteasomal degradation.

Discussion
Genetic changes have been a valuable starting point for 
the dissection of ALS disease mechanisms. However, the 
contribution of many ALS-associated genetic mutations, 
and their effects at the protein level, remains poorly 
understood. Therefore, in this study the interactomes 
of five proteins recently linked to ALS, i.e. C21ORF2, 
KIF5A, NEK1, TBK1 and TUBA4A, were determined. 
The interactome experiments highlighted C21ORF2 as 
an important interaction hub participating in several 
molecular and cellular pathways. Subsequent studies 
of the ALS-associated C21ORF2-V58L variant showed 
various defects in zebrafish embryos in vivo and human 
iPSC-derived MNs in vitro. C21ORF2-V58L also induced 
decreased expression of another ALS-associated pro-
tein, NEK1, downregulation of which is connected to 
several of the phenotypes observed in C21ORF2-V58L 
MNs. Together, these results define the contribution of 
C21ORF2 to ALS pathogenesis and identify this gene as a 
potential interesting therapeutic target.

Common pathways downstream of ALS‑associated 
proteins
In the present study, we expanded on our previous inter-
actome analyses of FUS, TDP-43, C9ORF72, ATXN2, 
UBQLN2 and OPTN [16] by adding 5 more recently 
identified ALS-associated proteins: C21ORF2, KIF5A, 
NEK1, TBK1, and TUBA4A. The interactomes of these 
11 ALS-associated proteins can help to identify under-
lying disease mechanisms in specific subsets of patients 
but also shared pathways that could aid the development 
of treatments aimed at larger groups of ALS patients. 
While our previous work identified a high degree of 
overlap between the interactomes of 1) ATXN2, FUS 
and TDP-43 and 2) OPTN and UBQLN2, our current 
data show shared interactors between C21ORF2, TBK1 
and TUBA4A. Many of these interactors have chaper-
one functions, suggesting a shared contribution to pro-
tein quality control. This is in line with the implication of 
other ALS-associated proteins in the regulation of pro-
tein quality control, e.g. VCP, VAPBP, OPTN, UBQLN2, 
and SQSTM1 [64–68] and the link between heat-shock 
proteins, such as DNAJC7 (found in interactomes of 
both C21ORF2 and TUBA4A) and ALS [69]. It also sup-
ports the idea of targeting chaperone proteins as a treat-
ment for ALS [70, 71]. The possibility that enrichment 
for chaperones in our proteomics data is due to overex-
pression of the bait proteins seems unlikely as chaper-
ones are lacking in many interactomes, including those 
of aggregation-prone proteins such as TDP-43, FUS, and 
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SOD1 [72–78]. The specificity of our findings is further 
supported by the observation that most interactomes 
are rather specific. For example, while in our study the 
number of interactors for C21ORF2 and FUS is similar, 
their nature and reported functions are rather distinct. 
For example, FUS interactors play prominent roles in 
RNA/DNA metabolism, while the C21ORF2 interactome 
includes a variety of proteins linked to cytoskeletal regu-
lation, chaperone function, and ribosomal and mitochon-
drial roles.

In addition to chaperone proteins, several other 
classes of proteins with relevant functions were shared 
between interactomes. For example, 14–3-3 proteins 
were enriched among the shared interactors of C21ORF2 
and NEK1. 14–3-3 proteins are highly conserved regu-
latory proteins with strong neural expression and func-
tions in diverse pathways such as membrane trafficking, 
apoptosis and neurite growth. Five 14–3-3 proteins that 
bind C21ORF2 and NEK1 also interact with OPTN and 
UBQLN2, while 2 shared 14–3-3 proteins were detected 
in the TBK1 interactome. Vice versa, no 14–3-3 proteins 
were identified in the interactomes of KIF5A, TUBA4A 
and FUS. 14–3-3 proteins have previously been impli-
cated in the pathogenesis of different neurodegenerative 
disorders, including ALS [79]. For example, YWHAH 
colocalizes with TDP-43 granules in spinal cord tissue 
of sporadic ALS patients and YWHAQ promotes the 
cytoplasmic localization of TDP-43, while YWHAE and 
YWHAQ are trapped in mutant SOD1 aggregates in mice 
[80–82]. The relative abundance of 14–3-3 proteins in the 
interactomes of several ALS-associated proteins hints at 
a general role for these regulatory proteins in ALS patho-
genesis. This is interesting as the recent development of 
specific tools to target 14–3-3 proteins begins to provide 
opportunities to interfere with their function in the con-
text of disease [79, 82].

C21ORF2‑V58L causes motor neuron phenotypes in vitro 
and in vivo
Our study showed that C21ORF2 shares a relatively high 
number of interactors with other ALS-associated pro-
teins (NEK1, TBK1, TUBA4A) and hinted at several path-
ways downstream of C21ORF2 that are relevant for ALS 
pathogenesis (e.g. DNA damage repair, mitochondrial 
function and protein quality control). As C21ORF2 was 
a strongly connected protein and its neuronal functions 
in physiological and disease contexts largely unknown, 
we focused on C21ORF2 for more detailed analysis. 
Our data for the first time revealed C21ORF2 expres-
sion in mouse and human MNs, in line with a possible 
role in ALS pathogenesis, and showed that expression 
of an ALS-associated variant (C21ORF2-V58L) induces 
apoptosis in neurons. C21ORF2-V58L is the strongest 

genetic risk variant within C21ORF2 in ALS patients 
[17, 83] and is more susceptible to phosphorylation by 
NEK1 as compared to C21ORF2-WT in non-neuronal 
cells [51]. Therefore, this variant was selected for further 
studies in zebrafish embryos and human iPSC-derived 
MNs. It should be noted that the C21ORF2-V58L variant 
is also present in healthy controls in genome-wide asso-
ciation studies (GWAS), although at a much lower rate. 
This most likely reflects the importance of the remaining 
genetic background in patients and/or that C21ORF2-
V58L expression represents a potential predisposition to 
ALS which will only fully appear later in life. Neverthe-
less, the generation and use of isogenic control iPSC lines 
allowed us to establish that most of the observed pheno-
types are a consequence of the C21ORF2-V58L mutation.

The C21ORF2-V58L mutation localizes to the highly 
conserved leucine rich repeat (LRR) domain of C21ORF2 
that mediates interactions with other proteins, e.g. NEK1 
[52]. In line with this, we observed an increased interac-
tion between C21ORF2-V58L and NEK1 in neurons, as 
compared to wild-type C21ORF2. It is therefore tempting 
to speculate that the V58L substitution alters the struc-
tural character of the LRR domain affecting its molecular 
interactions [84].

Overexpression of human C21ORF2 constructs (WT 
and V58L) in zebrafish embryos led to increased devel-
opmental deformation in part of the embryos, which 
may relate to the role of C21ORF2 in primary cilia [57]. 
In embryos that escaped these early and severe develop-
mental defects and appeared morphologically normal, 
expression of C21ORF2-V58L, but not C21ORF2-WT, 
caused a decreased ability to swim, i.e. decreased motor 
function, in unhindered embryos. These defects were not 
caused by major structural changes at the neuromuscular 
junction (NMJ), although it is possible that C21ORF2-
V58L affects NMJs at later, more mature stages. Given 
these observations, it is likely that behavioral defects at 
developmental stages are caused by molecular or func-
tional changes in MNs or NMJs, for example those iden-
tified in iPSC-derived MNs carrying a C21ORF2-V58L 
mutation, especially at early disease stages (e.g. altered 
mitochondrial function or decreased excitability).

Regarding neuronal excitability profiles, we observed 
evidence for higher spontaneous activity in MNs (i.e. 
a form of hyperexcitability), but also evidence for less 
capacity to turn further stimulation into more action 
potentials (i.e. a form of hypo-excitability). Previous 
studies have also provided evidence for both hyper- and 
hypoexcitability in ALS models [85–87]. It has been pro-
posed that hyperexcitability is the main hallmark of ALS 
MNs, and that, in so far as this takes the form of mem-
brane depolarization, it results in inactivation of sodium 
currents and fewer action potentials upon further 
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stimulation (e.g. a depolarization block) [86]. The hyper-
excitability phenotype was not rescued in isogenic con-
trol MNs, but hypo-excitability was decreased, at least 
following low levels of stimulation. This suggests that 
the mechanisms of hyper- and of hypo-excitability are at 
least partially dissociable in ALS MNs.

C21ORF2 has several reported functions, i.e. in 
cytoskeletal regulation, DNA repair and primary cilia 
formation and stability. Although C21ORF2 was first 
described in an exon trapping study aimed at identifying 
genes responsible for Down syndrome and other heredi-
tary disorders [32], its functional role and mechanism-
of-action in the nervous system were unknown. Our data 
show expression of C21ORF2 in different neuron types 
and reveal that an ALS-associated mutation in this pro-
tein affects reported or suggested functions of C21ORF2, 
i.e. in DDR and mitochondrial function, in human neu-
rons. In previous work, immunostaining linked C21ORF2 
to mitochondria [88], but no functional role had been 
established. Our data suggest that C21ORF2 is important 
for mitochondrial function as C21ORF2-V58L causes 
decreased mitochondrial metabolism in human MNs 
in vitro. In addition, C21ORF2 depletion in non-neuronal 
cells was shown to lead to impaired DNA damage repair 
[26]. In line with this, the DDR is reduced in MNs carry-
ing the C21ORF2-V58L variant, suggesting this mutation 
may induce loss of C21ORF2 function in the context of 
the DDR. Interestingly, cross-talk exists between DDR or 
mitochondria and primary cilia [89, 90], and primary cilia 
are affected by knockout of and mutations in C21ORF2 
[27, 29, 52, 91]. It is therefore possible that cilium defects 
act in line with an altered DDR or decreased mitochon-
drial metabolism in C21ORF2-ALS.

Our work also links (mutant) C21ORF2 to previously 
unexplored phenotypes and potential functions for this 
protein, such as apoptosis, neuronal excitability and 
motor behavior. Of several disease-associated C21ORF2 
variants (ALS and/or ciliopathies) tested in our study, 
V58L induced increased apoptosis in primary neurons. 
This is intriguing as variants such as C21ORF2-L224P 
cause severe developmental ciliopathies (Jeune syn-
drome [27]), but no neuronal apoptosis in our in  vitro 
experiments. It is plausible that the precise location of a 
mutation or its effect on protein structure determine its 
pathogenic effect. Further, the functional consequence 
or phenotypic expressivity of variants may also depend 
on cell type or other factors, such as the (epi)genetic 
background.

Together, these results provide insight into the role 
of C21ORF2 in healthy and diseased neurons and show 
that specific ALS-associated variants cause cellular and 
behavioral changes that have previously been linked 
to ALS. Further work is needed to assess whether the 

observed phenotypes have a hierarchical relationship 
(e.g. defects in DDR or mitochondrial function leading 
to altered neuronal excitability and behavior and/or cell 
death) or act as independent disease mechanisms.

Decreased NEK1 levels in C21ORF2‑V58L human motor 
neurons
C21ORF2 and NEK1 were the top hit in the interactome 
of the other protein, which is in line previous studies 
reporting prominent C21ORF2-NEK1 binding [27, 51, 52, 
92]. C21ORF2 and NEK1 interactomes displayed consid-
erable overlap, e.g. for 14–3-3 proteins. Further, of several 
ALS-associated proteins studied only NEK1 expression 
was visibly altered, at the protein but not mRNA level, 
in C21ORF2-V58L neurons. Similar to C21ORF2, NEK1 
was localized to cortical and spinal cord MNs, and 
endogenous NEK1 binding was increased for C21ORF2-
V58L as compared to C21ORF2-WT in human MNs. 
Reduced NEK1 expression has also been found following 
knock-out of C21ORF2 in HEK293, while upregulation 
of C21ORF2 in SH-SY5Y cells increased NEK1 expres-
sion [51]. In N2a cells, we find that ectopic expression 
of C21ORF2-V58L induces reduced NEK1 expression. 
Mechanistically, our data suggest that C21ORF2-V58L 
enhances NEK1 degradation, possibly via stronger bind-
ing. We were not able to detect significant ubiquitina-
tion of NEK1 in human MNs (unpublished observations), 
hinting at the potential involvement of ubiquitin-inde-
pendent proteasome degradation or other mechanisms, 
such as lysosomal degradation. Previous studies had 
shown decreased C21ORF2-V58L-NEK1 binding, NEK1 
accumulation and reduced mRNA expression, and 
altered C21ORF2-V58L levels when using protein over-
expression in non-neuronal cells [51]. This suggests that 
the effects of C21ORF2-V58L on NEK1 are likely cell 
type-dependent and/or influenced by other factor such as 
(ectopic) protein levels or the presence of an ALS genetic 
background.

Several studies connect NEK1 loss or dysfunction with 
decreased DDR, mitochondria dysfunction and/or apop-
tosis in different cell types [34–36, 93–96]. Given our 
observation that C21ORF2-V58L causes reduced NEK1 
levels in MNs it is tempting to speculate that some of 
phenotypes observed in C21ORF2-V58L neurons result 
from decreased NEK1 expression. As impaired DDR 
caused by C21ORF2 depletion could be rescued by over-
expression of NEK1 [26], we attempted to re-express 
NEK1 in C21ORF2-V58L MNs to further establish the 
functional consequences of reduced NEK1. Unfortu-
nately, both knockdown and overexpression of NEK1 
in human MNs caused extensive cell death precluding 
analysis (unpublished observations). Therefore, further 
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studies are needed to study NEK1 deregulation in the 
context of ALS-associated C21ORF2 mutations in MNs.

Conclusions
In conclusion, our study reports a novel dataset com-
posed of the interactomes of 5 ALS-associated proteins 
that provide a framework for future studies into the 
pathogenesis of ALS or other diseases linked to the pro-
teins. We identify C21ORF2 as a highly connected pro-
tein. Functional studies show that the ALS-associated 
C21ORF2-V58L variant induces various ALS relevant 
defects in zebrafish embryos in  vivo and human iPSC-
derived MNs in  vitro, including apoptosis, reduced 
motor behavior and decreased NEK1 expression. Thus, 
these results begin to define the role of C21ORF2 in ALS 
pathogenesis and identify the C21ORF2-NEK1 complex 
as an interesting therapeutic target in ALS.
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OCR  Oxygen consumption rate
ON  Overnight
OPTN  Optineurin
P1, P2  Patient 1, patient 2
RA  Retinoic acid
ROCK  Rho-associated protein kinase
RT  Room temperature
RT-qPCR  Reverse transcription quantitative polymerase chain reaction
sALS  Sporadic amyotrophic lateral sclerosis
SPG10  Spastic paraplegia-10
SV2  Synaptic vesicle protein 2
TBK1  TANK-binding kinase 1
TBS  Tris-buffered saline
TBS-T  TBS + 0.01% Tween-20
TDP-43  TAR DNA-binding protein 43
TUBA4A  Tubulin alpha 4A
UBQLN2  Ubiquilin2
WT  Wild type

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40478- 024- 01852-6.

Supplementary material 1: Supplementary Fig. S1: Full Western blots of 
immunoprecipitated GFP-tagged proteins. (A-F) Constructs encoding 
GFP or GFP-tagged (bait) proteins were expressed in Neuro2a cells fol-
lowed by pull-down with GFP-Trap beads and Western blot analysis. All 
6 GFP-tagged bait proteins were expressed at the expected molecular 
weight and enriched in the pull-down sample.

Supplementary material 2: Supplementary  Fig. S2: Shared interactors 
of C21ORF2-TBK1-TUBA4A and C21ORF2-NEK1. (A, B) Venn diagrams 
showing the number of unique and overlapping interactors of C21ORF2, 
TUBA4A and TBK1 (A), and NEK1 and C21ORF2 (B). (C, D) Network plot 
of known interactions between shared interactors of C21ORF2, TUBA4A 
and TBK1 (C), and NEK1 and C21ORF2 (D).

Supplementary material 3: Supplementary Fig.  S3: Expression of 
C21ORF2 and C21ORF2 mutant variants. (A) GFP-tagged full length 
C21ORF2 or deletion mutants were expressed in N2a cells. The longest 
human C21ORF2 isoform (NM_001271441.1) was used and an N-terminal 
GFP-tag was added. aa, amino acid. (B) Protein structure prediction 
software (http://raptorx6.uchicago.edu) predicts three major domains 
(NP_001258370): aa 1-142 (N-terminal domain), aa 143-213 (middle low 
complexity domain) and aa 214-376 (C-terminal domain). (C) Analysis of 
the human C21ORF2 sequence (NP_001258370) identifies an N-terminal 
nuclear localization signal (NLS in red according to cNLS (https://nls-
mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi) and a C-terminal 
nuclear export signal (NES in blue according to LocNES (http://prodata.
swmed.edu/LocNES/LocNES.php). (D) Co-immunohistochemistry for 
TUJ1 and GFP followed by confocal microscopy showing expression 
of GFP, wild type GFP-tagged C21ORF2 (C21ORF2-WT) or GFP-tagged 
C21ORF2 variants in mouse primary cortical neurons at days in vitro (DIV) 
5. Scale bars: A, D, 10 µm.

Supplementary material 4: Supplementary Fig. S4: Characterization of 
iPSC lines and motor neuron differentiation. iPSC cells were created from 
fibroblasts (cultured from human skin biopsies) using the CytoTune-iPS 2.0 
Sendai Reprogramming Kit (Invitrogen). Two control lines, C1 (clone C13), 
C2 (clone PZ1-5), and 2 ALS patient lines, P1 (clone A14) and P2 (clone 2216-
6), were generated. (A) All iPSC lines displayed normal karyotypes. (B) Rep-
resentative images of the expression of the pluripotency markers OCT-4A, 
SOX2, NANOG, SSEA4, TRA-1, TRA-1-81. Expression was examined in all lines 
by immunostaining using the StemLight™ Pluripotency Antibody Kit – CST. 
(C) Quantitative RT-PCR for the pluripotency markers KLF4, C-MYC, NANOG, 
OCT4 and SOX2. ‘Relative mRNA expression’ is represented by  2-ΔΔCt values 
using the ACTIN gene as reference and compared to expression in human 
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embryonic stem cells (huES) as a control for expression of the relevant 
genes. (D) Representative images of the results of spontaneous differentia-
tions using STEMdiff™ Trilineage Differentiation Kit - STEMCELL Technolo-
gies followed by staining for ectoderm (NESTIN), mesoderm (NCAM, 
BRACHYURY) and endoderm (CXCR4) markers. (E) Schematic representa-
tion of the motor neuron differentiation protocol used (modified from 
Du et al., 2015). At day 25 of differentiation (DIV25, 7 days after plating), 
neurons expressed the motor neuron markers CHAT and ISL1. Scale bars: 
B, 5 µm; D, 10 µm; E, D0-D18 200 µm; D25 20 µm.

Supplementary material 5: Supplementary Fig. S5: Morphological 
analysis of C21ORF2-V58L motor neurons. (A-C) C1 and C2, healthy 
controls; P1, ALS patient with C21ORF2-V58L mutation; P2, ALS patient 
with C21ORF2-V58L/R60W mutations. Quantification of the size of the 
neuronal cell body and nucleus of control and mutant motor neurons 
(MNs), and the corresponding nucleus/soma ratio at days in vitro 25 
(DIV25, 7 days after plating). (D) Immunohistochemistry for tubulin 
(TUJ1) in DIV21 (3 days after plating) control and mutant iPSC-derived 
MNs. (E-G) Quantification of total neurite length, length of the main 
(longest) neurite (axon) and the number of branches of MNs. Results 
are plotted as means with SEM (A - C) Three independent experiments 
and at least 10 neurons analyzed per line. (E - G) Four independent 
experiments and at least 40 neurons analyzed per line. Scale bar: D, 50 
µm.

Supplementary material 6: Supplementary Fig. S6: Generation and 
characterization of an isogenic control line. An isogenic line was 
generated from the P1 iPSC line (carrying a C21ORF2-V58L mutation) 
using a CRISPR/Cas9 approach. (A) Sequence analysis of P1 and the 
corresponding isogenic control (Iso1) created from P1 shows removal 
of the heterozygous G>T mutation. (B) The isogenic control line 
(Iso1) displayed a normal karyotype. (C) Quantitative RT/q-PCR for the 
pluripotency markers KLF4, C-MYC, NANOG, OCT4 and SOX2. ‘Relative 
mRNA expression’ is represented by  2-ΔΔCt values using ACTIN gene as 
reference and compared to expression in human embryonic stem cells 
(huES) as a control for expression of the relevant genes. (D) Co-immu-
nocytochemistry for C21ORF2 and CHAT in iPSC-derived MNs at days 
in vitro 25 (DIV25, 7 days after plating). (E) Quantification of immu-
nostainings as in D. (F) Quantitative RT/q-PCR analysis of C21ORF2 gene 
expression in control, iso1 and mutant MNs at DIV25. For relative mRNA 
expression the ΔCt values (ΔCt = Ct(C21ORF2) – Ct (ACTINB)) for each 
line are shown. (G) Western blot analysis at DIV25 using anti-C21ORF2 
and anti-actin antibodies. actin was used as loading control. (H) Quan-
tification of C21ORF2/actin intensity ratio in Western blot experiments 
as in G. Results of at least three independent experiments are plotted as 
means with SEM. Scale bar: D, 50 µm.

Supplementary material 7: Supplementary Fig. S7: Electrophysiological 
examination of C21ORF2-V58L motor neurons and synaptic analysis in 
zebrafish embryos.  (A) Top: Brightfield image of a representative cell 
culture. Bottom: Example of a biocytin filled patched motor neuron. C2, 
healthy control; P2, ALS patient with C21ORF2-V58L/R60W mutations. 
(B) Average current-action potential relationship in cells obtained 
from C2 (gray; ncells=33) and P2 (red; ncells=17). Two-Way Repeated 
Measures ANOVA. Main effect of genotype; F(1,48)=5.01, p=0.03. (C) 
Action potentials elicited by 80 pA current injection. Unpaired t-test 
t(48)=2.096, p=0.0414. (D) Bar graph plotted as means with SEM for 
rheobase across the two conditions. Unpaired t-test t(49)=2.224, 
p=0.0308. (E) Bar graphs with the percentage of spontaneously 
active cells at 0 pA injection steps across the two conditions. C2: 7/33 
cells=21%; P2: 12/19 cells=63%. Mann Whitney U test = 182, p=0.0035. 
*p<0.05; **p<0.01. (F - J) Zebrafish embryos were injected with mRNA 
for GFP, wild type C21ORF2 (WT) or C21ORF2-V58L (V58L). Embryos 
were collected 5 days post fertilisation (dpf ) and immunostained for 
synaptic vesicle protein 2 (SV2), as a presynaptic marker, and with 
α-bungarotoxin (BTX), as a postsynaptic marker. Z-stack confocal 
images of the ventral portion of the zebrafish embryo corresponding 
to the 17th-18th somite were obtained and analyzed. Boxed area is 

shown at higher magnification at the right. (G, H) SV2 and BTX staining 
intensity analyzes using Fiji software for four conditions. (I) Ratio of BTX to 
SV2 staining. (J) Imaris software was used to analyse the immunostaining 
of embryos in 3D. Colocalization between SV2 and BTX was calculated 
in Imaris with the function “spots close to surface”. BTX signal was trans-
formed into “spots”, while SV2 signal was transformed into “surfaces” (last 
two right panels in F). The percentage of BTX “spots” within a determined 
distance (0.05 µm) from the SV2 “surface” was quantified. Scale bar: A 
upper panel 10 µm, lower panel 100 µm; F low magnification 20 µm. high 
resolution (last right panel) 5 µm.

Supplementary material 8: Supplementary Fig. S8: Expression and 
distribution of ALS-associated proteins in C21ORF2-V58L motor neurons. 
(A-J) Expression analysis of iPSC-derived motor neuron (MN) in DIV25 (7 
days after plating) cultures. C1 and C2, healthy controls; P1, ALS patient 
with C21ORF2V58L mutation; P2, ALS patient with C21ORF2-V58L/R60W 
mutations. Co-immunostaining of CHAT (to label MNs) and different ALS-
associated proteins that were analysed in our current and previous inter-
actomics studies. (A) ATX2, (B) C9ORF72, (C) FUS, (D) KIF5A, (E) OPTN, (F) 
SOD1, (G) TBK1, (H) TDP-43, (I) TUBA4A,  (J) UBQLN. Scale bar: A-J, 10 µm.

Supplementary material 9: Supplementary Fig. S9: Expression of NEK1 and 
interaction with C21ORF2. (A) Immunostaining for NEK1 in Neuro2a (N2a) 
cells (non-transfected, or transfected with constructs for GFP, GFP-tagged 
C21ORF2-WT or GFP-tagged C21ORF2-V58L. (B) Quantification of NEK1 
immunostaining as in A. Results of three independent experiments with 
10 optical fields quantified per condition are plotted as means with SEM. 
***p<0.001; ****p<0.0001. Kruskal-Wallis test with Dunn’s multiple com-
parison post-hoc test. (C) Coronal sections of adult mouse motor cortex 
(upper panels) and spinal cord (lower panels) were co-immunostained 
for NEK1 and CTIP2 (upper panels) or CHAT (lower panels) to mark upper 
and lower MNs, respectively. Squares in left panels are shown at higher 
magnification in the right three panels. (D, E) Co-immunostaining of 
endogenous C21ORF2 and NEK1 in cultured N2a cells (D) and in vivo in 
adult mouse spinal cord motor neurons (E). C21ORF2 and NEK1 show 
overlapping staining (D) and similar localization (arrows in E). (F, G) 
Immunoprecipitation of endogenous C21ORF2 protein from lysates of C1 
and P1 iPSC-derived MNs at days in vitro 25 (DIV25, 7 days after plating). 
Although both C21ORF2 and C21ORF2-V58L pull-down NEK1 protein, the 
interaction between NEK1 and C21ORF2-V58L appears stronger as shown 
by quantification of Western blots from 3 independent experiments 
(plotted as means with SEM) (G). *p<0.05; unpaired t-test.Scale bars: A, 50 
µm; C, 200 µm (low magnification), 20 µm (high magnification); D 10 µm; 
E, 10 µm.

Supplementary material 10: Supplementary Table S1 A-C: Interaction 
partners of FUS protein.

Supplementary material 11: Supplementary Table S2 A-E: Interaction 
partners of C21ORF2, KIF5A, NEK1, TBK1 and TUBA4A.

Supplementary material 12: Supplementary Table S3 A-F: GO analysis of 
interactors of C21ORF2, FUS, KIF5A, NEK1, TBK1 and TUBA4A.

Supplementary material 13: Supplementary Table S4 A-B: Shared interac-
tors of C21ORF2-TBK1-TUBA4A and C21ORF2-NEK1.

Supplementary material 14: Supplementary Table S5: C21ORF2 mutant 
variants for expression constructs.

Supplementary material 15: Supplementary Table S6: Clinical data ALS 
patients and healthy controls.

Supplementary material 16: Supplementary Table S7: Biophysical mem-
brane parameters across experimental conditions.
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