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SUMMARY

C21ORF2 and NEK1 have been identified as amyotrophic lateral sclerosis (ALS)-
associated genes. Both genes are also mutated in certain ciliopathies, suggesting
that they might contribute to the same signaling pathways. Here we show that
FBXO3, the substrate receptor of an SCF ubiquitin ligase complex, binds and
ubiquitylates C21ORF2, thereby targeting it for proteasomal degradation.
C21ORF2 stabilizes the kinase NEK1, with the result that loss of FBXO3 stabilizes
not only C21ORF2 but also NEK1. Conversely, NEK1-mediated phosphorylation
stabilizes C21ORF2 by attenuating its interaction with FBXO3.We found that the
ALS-associated V58L mutant of C21ORF2 is more susceptible to phosphorylation
by NEK1, with the result that it is not ubiquitylated by FBXO3 and therefore ac-
cumulates together with NEK1. Expression of C21ORF2(V58L) in motor neurons
induced from mouse embryonic stem cells impaired neurite outgrowth. We sug-
gest that inhibition of NEK1 activity is a potential therapeutic approach to ALS
associated with C21ORF2 mutation.

INTRODUCTION

Dysfunction of systems responsible for protein quality control as well as altered RNA metabolism has been

implicated in the pathogenesis of amyotrophic lateral sclerosis (ALS) (Ling et al., 2013; Shahheydari et al.,

2017). The ubiquitin-proteasome system is essential for maintenance of protein homeostasis at the level of

protein degradation. Indeed, various neurodegenerative diseases including ALS are characterized patho-

logically by the formation of inclusion bodies consisting of insoluble and unfolded proteins tagged with

ubiquitin, suggesting that a defect in or overload of the ubiquitin-proteasome system may play an impor-

tant role in the formation of these structures (Ardley and Robinson, 2004; Neumann et al., 2006).

The E3 ubiquitin ligases mediate the transfer of ubiquitin to substrate proteins and include CRL1 ligases,

also known as S phase kinase associated protein 1 (SKP1)–Cullin 1 (CUL1)-F box protein (SCF) complexes

(Wang et al., 2014). In each SCF complex, the COOH terminus of the scaffold protein CUL1 binds the RING-

finger protein RBX1 and thereby recruits an E2 enzyme, whereas the NH2 terminus of CUL1 binds SKP1 and

an associated F box protein, the latter of which is responsible for substrate recognition (Skaar et al., 2013).

The F box domain of F box proteins mediates direct binding to SKP1 (Bai et al., 1996). Approximately 70 F

box proteins have been identified in humans, each of which specifically recognizes a distinct group of sub-

strates, with the result that SCF complexes mediate the ubiquitylation and degradation of a large variety of

proteins (Nakagawa et al., 2020; Nakayama andNakayama, 2006). F box proteins are categorized into three

classes on the basis of their substrate interaction domains: FBXW proteins (which contain WD40 repeat do-

mains), FBXL proteins (which contain leucine-rich repeat [LRR] domains), and FBXOproteins (whose protein

interaction domains are poorly characterized) (Jin et al., 2004).

ALS is characterized by the selective dysfunction and loss of motor neurons (Brown and Al-Chalabi, 2017).

Most knowledge of ALS pathogenesis has been obtained by functional analysis of causal or risk genes (Chia

et al., 2018; Weishaupt et al., 2016). A recent genome-wide association study and meta-analysis identified

the chromosome 21 open reading frame 2 gene (C21ORF2) as being associated with ALS (van Rheenen

et al., 2016). The C21ORF2 protein contains thee highly conserved LRR domains (Scott et al., 1998), but

the function of these repeats and that of C21ORF2 itself remain largely unexplored. C21ORF2 is known
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Figure 1. C21ORF2 Is a Substrate of SCFFBXO3

(A) Lysates of HEK293T cells expressing FLAG-C21ORF2 or transfected with the corresponding empty vector (Vec) were

subjected to immunoprecipitation (IP) with antibodies to FLAG, and the resulting precipitates as well as the original cell

lysates (Input) were subjected to immunoblot (IB) analysis with antibodies to SKP1, CUL1, FBXO3, FLAG, and HSP90

(loading control).

(B) Schematic representation of truncated variants of human FBXO3. The F box and ApaG domains are indicated. aa,

amino acids.

(C) Lysates of HEK293T cells expressing FLAG-tagged FBXO3 variants (FL, DC, or DN) were subjected to

immunoprecipitation with antibodies to FLAG, and the resulting precipitates were subjected to immunoblot analysis with

antibodies to SCF components (SKP1, CUL1, and RBX1) and FLAG. The asterisk indicates nonspecific bands.
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Figure 1. Continued

(D) Lysates of HEK293T cells expressing FLAG-C21ORF2 and Myc epitope-tagged FBXO3 variants (FL, DN, DC, DNC, or

DNM) were subjected to immunoprecipitation with antibodies toMyc, and the resulting precipitates as well as the original

cell lysates were subjected to immunoblot analysis with antibodies to FLAG and Myc.

(E) Lysates of HEK293T cells expressing HA-tagged ubiquitin (ubi), FLAG-C21ORF2, and Myc-FBXO3, as indicated, were

subjected to immunoprecipitation with antibodies to FLAG, and the resulting precipitates as well as the original cell

lysates were subjected to immunoblot analysis with antibodies to HA, FLAG, and Myc.

(F) HEK293T cells expressing HA-C21ORF2 with or without FLAG-FBXO3 were treated with cycloheximide (CHX, 25 mg/

mL) for the indicated times, lysed, and subjected to immunoblot analysis with antibodies to HA, FLAG, and HSP90.

Representative immunoblots (upper) as well as quantitative analysis of the band intensity for HA-C21ORF2 normalized by

that for HSP90 (lower) are shown. Quantitative data are mean G SEM values from three independent experiments. The p

value was determined by two-way ANOVA.

(G) HEK293T cells coexpressing HA-C21ORF2 and FLAG-FBXO3 (FL or DN) were incubated in the absence or presence of

cycloheximide (25 mg/mL) or 10 mM MG132 (or dimethyl sulfoxide [DMSO] vehicle) for 4 h, lysed, and subjected to

immunoblot analysis with antibodies to HA, FLAG, and b-actin (loading control). Representative immunoblots (upper) as

well as quantitative analysis of the percentage of HA-C21ORF2 remaining (normalized by b-actin) in cycloheximide-

treated cells compared with the corresponding cells without cycloheximide treatment (lower) are shown. Quantitative

data are mean G SEM values from four independent experiments. The p value was determined by one-way ANOVA

followed by Tukey’s post hoc test.

See also Figure S1.
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to form a functional complex with NEK1 (never in mitosis gene A related kinase 1) (Wheway et al., 2015).

Several homozygous mutations of C21ORF2 and of NEK1 have been identified in individuals with ciliopa-

thies, a group of genetic disorders caused by a defect of primary cilia (Thiel et al., 2011; Wheway et al.,

2015). Case-control studies have also revealed that certain missense or loss-of-function mutations of

NEK1 are more frequent in individuals with familial or sporadic ALS in European countries and China (Bren-

ner et al., 2016; Gratten et al., 2017; Kenna et al., 2016). NEK1 possesses both serine-threonine and tyrosine

kinase activities in vitro (Letwin et al., 1992), and it functions in the repair of DNA damage and in cell cycle

regulation (Chen et al., 2008; Fry et al., 2012; Melo-Hanchuk et al., 2017). C21ORF2 andNEK1may therefore

play a cooperative and key role in ALS pathogenesis by contributing to the same signaling pathways.

We have now identified C21ORF2 as a substrate of F box only protein 3 (FBXO3). The SKP1-CUL1-FBXO3

(SCFFBXO3) complex ubiquitylates and thereby triggers the degradation of C21ORF2, but the binding of

FBXO3 to C21ORF2 is prevented by NEK1-mediated phosphorylation of C21ORF2. Phosphorylation by

NEK1 thus stabilizes the C21ORF2 protein. In a reciprocal manner, we also found that C21ORF2 stabilizes

NEK1. Of note, the protein encoded by an ALS-associatedmutant form ofC21ORF2, C21ORF2(V58L), is not

a substrate of SCFFBXO3. Furthermore, mouse embryonic stem cell (ESC)-derived induced motor neurons

(iMNs) harboring the corresponding heterozygous missense mutation of mouse C21orf2 manifested a

reduced neurite length. Our findings provide biological evidence that C21ORF2 degradation mediated

by SCFFBXO3 determines the abundance of NEK1 and contributes to the phenotype of motor neurons.
RESULTS

C21ORF2 Is a Substrate of SCFFBXO3

To investigate the molecular function of C21ORF2 (also known as CFAP410) and its role in ALS pathogen-

esis, we searched for proteins that associate with C21ORF2. Analysis of published data for C21ORF2-bind-

ing proteins identified by affinity purification combined with mass spectrometry revealed that such proteins

included SKP1, CUL1, and FBXO3 (Wheway et al., 2015). To validate this finding, we subjected immunopre-

cipitates of FLAG epitope-tagged C21ORF2 expressed in HEK293T cells to immunoblot analysis. We de-

tected SKP1, CUL1, and FBXO3 in the immunoprecipitates, thereby confirming the interaction between

these proteins and C21ORF2 (Figure 1A). Immunoprecipitation analysis with a series of truncated mutants

of FBXO3 also confirmed that the F box domain is responsible for binding to the SKP1-CUL1-RBX1 catalytic

module of SCFFBXO3 (Figures 1B and 1C), consistent with the general features of F box proteins (Bai et al.,

1996). In addition, immunoprecipitation analysis revealed that an FBXO3 mutant comprising amino acids

58 to 278 (DNC) bound C21ORF2, whereas FBXO3(DNM), consisting of the COOH-terminal 193 amino

acids, did not, indicating that residues 58–278 of FBXO3 are responsible for binding to C21ORF2 (Figures

1B and 1D). To test whether C21ORF2 is ubiquitylated by SCFFBXO3, we first examined the ubiquitylation

level of C21ORF2 in cells with or without FBXO3 overexpression. Such in vivo ubiquitylation analysis

showed that FBXO3 overexpression increased the ubiquitylation level of C21ORF2 (Figure 1E). Moreover,
iScience 23, 101491, September 25, 2020 3
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Figure 2. The ALS-Associated V58L Mutant of C21ORF2 Is not a Substrate of SCFFBXO3

(A) Immunoprecipitation and immunoblot analysis of the interaction between FLAG-tagged C21ORF2 (WT or V58L) and

Myc-tagged FBXO3 in HEK293T cells.

(B) In vivo ubiquitylation analysis of FLAG-tagged C21ORF2 (WT or V58L) in HEK293T cells.

(C) SH-SY5Y cells engineered to express HA-tagged C21ORF2 (WT or V58L) on exposure to DOX were incubated with or

without (�) DOX (1 mg/mL) for 2 days. The cells cultured with DOX were then incubated without DOX for the indicated

times, after which they were lysed and subjected to immunoblot analysis with antibodies to HA and HSP90.

Representative blots (upper) and quantitative analysis of the band intensity for HA-C21ORF2 normalized by that for

HSP90 (lower) are shown. Quantitative data are means G SEM from three independent experiments. The p value was

determined by two-way ANOVA.

(D) In vitro binding assay for glutathione S-transferase (GST)-tagged FBXO3 and His6-tagged C21ORF2 (WT or V58L). The

recombinant proteins were incubated together overnight at 4�C, after which GST or GST-FBXO3 removed by

precipitation with glutathione beads as well as a portion of the His6-C21ORF2 input (10%) were subjected to immunoblot

analysis with antibodies to His6 and to GST.

See also Figure S2.
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treatment of cells with the proteasome inhibitor MG132 induced the accumulation of C21ORF2 and

increased its ubiquitylation level, suggesting that ubiquitylated C21ORF2 is degraded by the proteasome

(Figure S1A). We then determined the rate of C21ORF2 degradation in HEK293T cells by blocking protein

synthesis with cycloheximide. We found that hemagglutinin epitope (HA)-tagged C21ORF2 was degraded

more rapidly in cells overexpressing FBXO3 than in control cells, suggesting that FBXO3 promotes

C21ORF2 degradation (Figure 1F). Furthermore, in contrast to cells expressing full-length (FL) FBXO3,

cycloheximide treatment did not reveal degradation of C21ORF2 in cells expressing FBXO3(DN), which

is unable to interact with SKP1 (Figure 1G). We confirmed that proteasome inhibition by MG132 attenuated

the degradation of C21ORF2 apparent in cells overexpressing FBXO3(FL) after their exposure to cyclohex-

imide (Figure 1G). Together, these observations indicated that FBXO3 promotes C21ORF2 degradation in

a manner dependent on the catalytic activity of both SCFFBXO3 and the proteasome.

To identify the sites of C21ORF2 ubiquitylation, we expressed a mutant protein in which all eight lysine res-

idues were replaced with arginine (8KR) in HEK293T cells (Figure S1B). However, we found that the 8KR

mutant was ubiquitylated at a level similar to that apparent for the wild-type (WT) protein (Figure S1C), sug-

gesting that C21ORF2 is ubiquitylated at sites other than lysine residues, possibly including the NH2-ter-

minal amine group (McDowell and Philpott, 2013).
The ALS-Associated V58L Mutant of C21ORF2 Is Not a Substrate of SCFFBXO3

An ALS-associated missense mutation of C21ORF2 results in a V58L substitution in the second of the three

LRRs (van Rheenen et al., 2016) (Figure S2A). We tested whether this mutant protein is also a substrate of

SCFFBXO3. FBXO3 bound to the NH2-terminal region of C21ORF2(WT) containing the LRRs as well as to the

corresponding COOH-terminal region containing the LRR COOH-terminal (LRRCT) domain (Figure S2),

whereas FBXO3 did not bind to C21ORF2(V58L) and the mutant protein was not ubiquitylated in

HEK293T cells (Figures 2A and 2B), suggesting that FBXO3 is the only ubiquitin ligase for C21ORF2 and

that the ALS-related V58L mutation prevents the ubiquitylation of C21ORF2. Given that SCFFBXO3 targets

C21ORF2 for proteasomal degradation, C21ORF2(V58L) might be expected to bemore stable than theWT

protein. To compare the stability of theWT and V58L proteins in neuronal cells, we generated SH-SY5Y cell

lines in which the expression of HA-tagged forms of these proteins was inducible by doxycycline (DOX) with

the use of the Tet-on system (rtTA-TetP-HA-C21ORF2-WT and -V58L, respectively). The cells were incu-

bated with DOX for 2 days to induce the expression of C21ORF2(WT) or C21ORF2(V58L), after which further

transcription was blocked by removal of DOX and the cells were subjected to immunoblot analysis 2, 4, or

6 h later. The percentage amount of C21ORF2(V58L) remaining during the time course was significantly

greater than that of C21ORF2(WT) (Figure 2C), indicating that C21ORF2(V58L) is indeed more stable

than is C21ORF2(WT) as a result of not being a substrate of SCFFBXO3.

To confirm that C21ORF2 binds FBXO3 directly and that the V58L mutation of C21ORF2 disrupts this bind-

ing, we performed a pull-down assay with recombinant proteins expressed in and purified from Escherichia

coli. Unexpectedly, we found that not only C21ORF2(WT) but also the V58L mutant bound to FBXO3 (Fig-

ure 2D). Given that SCF complexes often recognize substrates in a modification-dependent manner (Skaar

et al., 2013), this finding suggested the possibility that either posttranslational modification such as phos-

phorylation of C21ORF2 or some other molecule regulates the interaction between C21ORF2 and FBXO3.
iScience 23, 101491, September 25, 2020 5



Figure 3. FBXO3-Mediated C21ORF2 Ubiquitylation Is Negatively Regulated by NEK1

(A) Immunoprecipitation and immunoblot analysis of the interaction between FLAG-tagged C21ORF2 (WT or V58L) and

Myc-tagged NEK1 in HEK293T cells.

(B) In vitro kinase assay of recombinant His6-C21ORF2 phosphorylation by Myc-tagged NEK1-N811 (WT or K33R)

immunoprecipitates prepared from HEK293T cells. The reaction was performed for 15 min at 30�C, after which the
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Figure 3. Continued

reaction mixtures were treated (or not) with l phosphatase and then subjected to Phos-tag or Laemmli SDS-PAGE

followed by immunoblot analysis with antibodies to His6 and Myc.

(C) Immunoprecipitation and immunoblot analysis of the effect of Myc-tagged NEK1 (WT or K33R) expression on the

interaction of FLAG-C21ORF2 with Myc-FBXO3 in HEK293T cells. Myc-FBXO3 and Myc-NEK1 were distinguished on the

basis of molecular size.

(D) In vivo assay of the effect of Myc-tagged NEK1 (WT or K33R) expression on the ubiquitylation of FLAG-C21ORF2 in

HEK293T cells.

(E) HEK293T cells were transfected first with two different small interfering RNAs (siRNAs) for NEK1 or with a control siRNA

(day 1) and then with an expression vector for HA-C21ORF2 (day 2), incubated with 10 mMMG132 or DMSO vehicle for 3 h

(day 3), lysed, and subjected to immunoblot analysis with antibodies to HA and NEK1. The band intensity for HA-

C21ORF2 (normalized by that of HSP90) was quantified by densitometry.

(F) HEK293T cells expressing FLAG-tagged C21ORF2 (WT or V58L) and Myc-tagged NEK1 (WT or K33R) were lysed,

treated (or not) with l phosphatase, and subjected to Phos-tag or Laemmli SDS-PAGE followed by immunoblot analysis

with antibodies to FLAG and Myc.

(G) In vivo assay of the effect of Myc-NEK1(K33R) expression on the ubiquitylation of FLAG-C21ORF2(V58L) in HEK293T

cells.
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The Interaction between FBXO3 and C21ORF2 Is Prevented by NEK1-Mediated

Phosphorylation of C21ORF2

Given that NEK1was previously shown tobindC21ORF2 and is implicated in the pathogenesis of ALS, we exam-

ined whether NEK1 might phosphorylate C21ORF2 and thereby regulate its interaction with FBXO3. Immuno-

precipitation analysis showed that both C21ORF2(WT) and C21ORF2(V58L) bound NEK1 in HEK293T cells,

although the extent of the interaction with NEK1 was less pronounced for the V58L mutant than for

C21ORF2(WT) (Figure 3A). To investigate whether NEK1 directly phosphorylates C21ORF2, we performed an

in vitro kinase assay with recombinant C21ORF2 purified from bacteria and an immunoprecipitated fragment

of NEK1 that consists of the NH2-terminal 811 amino acids and includes the kinase domain. Phos-tag SDS-poy-

lacrylamide gel electrophoresis (PAGE), which separates phosphorylated forms of proteins as higher molecular

mass bands (Kinoshita et al., 2009), revealed multiple upward band shifts of C21ORF2(WT) after its incubation

withNEK1-N811 andATP (Figure 3B). Such band shifts were not detected after treatment of the reactionmixture

with lambda (l) phosphatase or in the presence of the kinase-dead K33R mutant of NEK1-N811 instead of the

WT fragment, suggesting that C21ORF2(WT) was phosphorylated at multiple sites by NEK1. Of note, overex-

pression of NEK1(WT) inhibited the binding of C21ORF2 to FBXO3 as well as attenuated the ubiquitylation of

C21ORF2 inHEK293T cells, whereas forced expression ofNEK1(K33R) increasedboth C21ORF2-FBXO3binding

and C21ORF2 ubiquitylation (Figures 3C and 3D). These results suggested that the FBXO3-mediated ubiquity-

lation of C21ORF2 is negatively regulated byNEK1-dependent phosphorylation of C21ORF2. In addition, NEK1

knockdown resulted in a reduction in the abundanceofC21ORF2 inHEK293T cells, and this effect was prevented

by proteasome inhibition induced by MG132 treatment (Figure 3E), suggesting that phosphorylation by NEK1

stabilizes C21ORF2 by protecting it from proteasome-dependent degradation.

Given that C21ORF2(V58L) did not bind FBXO3 in vivo but did so in vitro (Figures 2A and 2D) and that the

interaction of NEK1 with C21ORF2(V58L) was less pronounced than was that with C21ORF2(WT) (Figure 3A),

we predicted that C21ORF2(V58L) might be phosphorylated to a greater extent by NEK1 compared with

C21ORF2(WT), resulting in its inability to bind to and to undergo ubiquitylation by FBXO3 in vivo. To assess

this possibility, we compared the intracellular phosphorylation levels of C21ORF2(WT) and its V58L mutant.

The extent of C21ORF2(V58L) phosphorylation was indeed greater than that of C21ORF2(WT) in HEK293T

cells overexpressing NEK1 (Figure 3F). Of note, dominant negative inhibition of endogenous NEK1 func-

tion by forced expression of NEK1(K33R) promoted the ubiquitylation of C21ORF2(V58L) (Figure 3G).

Together, these data suggested that ubiquitylation of C21ORF2 by SCFFBXO3 is negatively regulated by

NEK1-mediated phosphorylation of C21ORF2. Moreover, the binding of C21ORF2(V58L) to and its ubiqui-

tylation by FBXO3 in vivo are prevented as a result of its increased susceptibility to phosphorylation by

NEK1 compared with C21ORF2(WT).
C21ORF2 Stabilizes NEK1

To investigate the cellular function of C21ORF2, we inactivatedC21ORF2 in HEK293T cells with the CRISPR/

Cas9 system.We confirmed that C21ORF2 protein was depleted (Figures 4A and S3) and that the amount of

C21ORF2 mRNA was reduced (Figure 4B), probably as a result of nonsense-mediated decay, in two

knockout (KO) clones. We noticed that the abundance of endogenous NEK1 protein, but not that of
iScience 23, 101491, September 25, 2020 7



Figure 4. C21ORF2 Stabilizes NEK1

(A) Immunoblot analysis of NEK1 in two C21ORF2 KO clones of HEK293T cells as well as in the parental cells.

Representative immunoblots (left, with the arrowhead indicating the endogenous C21ORF2 band and the asterisk

indicating a nonspecific band) and quantification of the band intensity for NEK1 normalized by that of a-tubulin (right) are

shown. Quantitative data are meansG SEM for five independent experiments. The p values were determined by one-way

ANOVA followed by Tukey’s post hoc test.

(B) Reverse transcription (RT) and quantitative polymerase chain reaction (qPCR) analysis of the abundance of C21ORF2

and NEK1 mRNAs (normalized by that of GAPDH mRNA) in cells as in (A). Data are means G SEM for three independent

experiments. The p values were determined by one-way ANOVA followed by Tukey’s post hoc test. N.S., not significant.

(C) Cycloheximide chase analysis of Myc-NEK1 in HEK293T cells expressing (or not) FLAG- C21ORF2.

(D) SH-SY5Y cells engineered to express HA-C21ORF2 on exposure to DOX were incubated with DOX (0, 0.5, or 1 mg/mL)

for 2 days, lysed, and subjected to immunoblot analysis with antibodies to NEK1 and HA.

(E) Cells incubated with DOX (1 mg/mL) as in (D) were subsequently incubated in the absence of DOX for 0, 12, 24, or 48 h

before immunoblot analysis.

See also Figure S3.
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NEK1 mRNA, was also significantly reduced in these C21ORF2 KO clones (Figures 4A and 4B), suggesting

that C21ORF2 stabilizes NEK1 at the protein level. Examination of the dynamics of Myc-NEK1 degradation

in cycloheximide-treated HEK293T cells with or without C21ORF2 overexpression revealed that C21ORF2

suppressed the degradation of NEK1 (Figure 4C). Given that C21ORF2(V58L) was more stable than

C21ORF2(WT) in SH-SY5Y cells (Figure 2C), we hypothesized that the increased abundance of C21ORF2

that results from such ALS-associated C21ORF2 mutation might result in an increase in the amount of

endogenous NEK1. To test further whether the abundance of endogenous NEK1 is affected by the amount

of C21ORF2, we induced the expression of HA-C21ORF2 in engineered SH-SY5Y cells by DOX treatment.

We found that the abundance of endogenous NEK1 was indeed increased by such DOX treatment (Fig-

ure 4D). Conversely, the abundance of endogenous NEK1 decreased in parallel with the decline in the

expression of HA-C21ORF2 in these cells after DOX washout (Figure 4E). Collectively, these results indi-

cated that C21ORF2 stabilizes NEK1 by suppressing its degradation.
C21ORF2 and NEK1 Are Up-Regulated in FBXO3 KO Cells

To examine whether FBXO3 regulates NEK1 abundance indirectly by promoting the proteasomal degra-

dation of C21ORF2, we inactivated FBXO3 in SH-SY5Y cells with the use of the CRISPR-Cas9 system. We
8 iScience 23, 101491, September 25, 2020



Figure 5. C21ORF2 and NEK1 Are Up-Regulated in FBXO3 KO Cells

(A) Immunoblot analysis of C21ORF2, NEK1, and FBXO3 in two FBXO3 KO clones of SH-SY5Y cells as well as in the

parental cells. Representative blots (left) and quantitative analysis of the band intensity for C21ORF2 and NEK1

normalized by that for tubulin (right) are shown. The arrowhead and asterisk indicate the band for endogenous C21ORF2

and a nonspecific band, respectively. The arrows indicate the bands for isoforms of endogenous FBXO3. Quantitative

data are means G SEM from five independent experiments. The p values were determined by one-way ANOVA followed

by Tukey’s post hoc test.

(B) An FBXO3 KO clone of SH-SY5Y cells was infected with a lentivirus encoding FLAG-FBXO3 or with the corresponding

empty virus (Vector), lysed, and subjected to immunoblot analysis with antibodies to NEK1, C21ORF2, FLAG, and FBXO3.

The arrowhead and asterisk indicate the band for endogenous C21ORF2 and a nonspecific band, respectively.

See also Figures S4 and S5.
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found that the abundance of C21ORF2 protein was increased in two FBXO3 KO cell clones (Figures 5A and

S4), whereas that of C21ORF2 mRNA was not significantly altered (Figure S5A), consistent with the notion

that the loss of FBXO3 results in the stabilization of C21ORF2 protein. The abundance of NEK1 protein was

also increased in the FBXO3 KO cell clones (Figures 5A and S4). Given that the amount ofNEK1mRNA was

also increased in these cells (Figure S5A), both this effect and the accumulation of C21ORF2 protein likely

contributed to the up-regulation of NEK1 protein induced by FBXO3 ablation. The expression of FLAG-

FBXO3 in the FBXO3 KO cells reduced the abundance of both C21ORF2 and NEK1 (Figure 5B) without

affecting the amounts of the corresponding mRNAs (Figure S5B). Together, these results provide a link be-

tween our observations that FBXO3 promotes the proteasomal degradation of C21ORF2 and that

C21ORF2 stabilizes NEK1. In other words, our findings suggest that FBXO3 negatively regulates the abun-

dance of both C21ORF2 and NEK1.
Mutation of C21orf2 Induces NEK1 Stabilization in ESCs and an Aberrant Phenotype in iMNs

Given that the ALS-associated C21ORF2(V58L) mutant is stabilized as a result of its not being targeted by

SCFFBXO3 for degradation, we hypothesized that the accumulation of the mutant protein might have

adverse effects on motor neurons in patients with ALS. To assess this hypothesis, we analyzed the pheno-

type of motor neurons (iMNs) differentiated from mouse ESCs expressing green fluorescent protein (GFP)

under the control of the Hb9 promoter (Hb9::GFP), which is selectively active in motor neurons (Wichterle

et al., 2002). The valine-58 residue of human C21ORF2 that is replaced with leucine in association with ALS

is conserved in the mouse protein (Figure 6A). To achieve robust and homogeneous induction of motor

neuron differentiation in ESCs, we generated DOX-NIL ESCs, in which polycistronic expression of the tran-

scription factors NGN2, ISL1, and LHX3 (NIL factors) is induced in response to DOX treatment, with these

factors having been shown to be sufficient for such differentiation (Mazzoni et al., 2013; Velasco et al., 2017).

We then subjected these DOX-NIL ESCs to heterozygous knockin of the V58L mutation ofC21orf2, thereby

generating VLKI ESCs (Figure 6B). The extent of alkaline phosphatase staining (Figure S6A) as well as the

amounts ofOct4 and Fgf4mRNAs (Figure S6B) did not differ between VLKI ESCs and the parental DOX-NIL

ESCs, indicating that knockin of the C21orf2 mutation had no effect on ESC pluripotency. Consistent with

our finding with HEK293T cells that C21ORF2(V58L) is stabilized as a result of its impaired interaction with

FBXO3 (Figure 2), we found that the abundance of endogenous C21ORF2 was increased in VLKI ESCs

compared with parental cells (Figure 6C), whereas the amount of C21orf2 mRNA was reduced in VLKI

ESCs (Figure 6D), possibly as a result of negative feedback by the encoded protein. Cycloheximide chase

analysis confirmed that total C21ORF2 protein was relatively stable in VLKI ESCs (Figure S6C). We also

found that the amount of NEK1 protein was increased in VLKI ESCs (Figure 6C), without an increase in
iScience 23, 101491, September 25, 2020 9



Figure 6. C21orf2 Mutation Induces NEK1 Stabilization in ESCs and Impairs Neurite Outgrowth in iMNs

(A) Amino acid sequence alignment of vertebrate C21ORF2 orthologs. Residue 58 (arrowhead) is enclosed in the red box.

(B) Sanger sequencing of DNA extracted from parental (DOX-NIL) and VLKI ESCs. The codon for valine-58 of C21orf2 is

shown within the dashed box.

(C) Immunoblot analysis of endogenous C21ORF2 and NEK1 in parental and VLKI ESCs. Representative blots (left) and

quantitative analysis of the band intensity for C21ORF2 and NEK1 normalized by that for HSP90 (right) are shown.

Quantitative data are meansG SEM from three independent experiments. The p values were determined with Student’s t

test.
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Figure 6. Continued

(D) RT-qPCR analysis of C21orf2 and Nek1 mRNA abundance (normalized by that of Gapdh mRNA) in parental and VLKI

ESCs. Data are means G SEM for three independent experiments. The p values were determined by Student’s t test.

(E) Representative immunofluorescence analysis of parental and VLKI iMNs generated after exposure of the

corresponding ESCs to DOX (3 mg/mL) for 2 days. The cells were stained with antibodies to bIII-tubulin (neuronal marker),

and the fluorescence of GFP was monitored directly. Scale bar, 50 mm.

(F) Quantification of neurite length for parental and VLKI iMNs in images similar to those in (E). The length of neurites

formed by iMNs differentiated from parental and VLKI ESCs was measured in eight wells (n = 8: four wells of a six-well

plate in each of two independent experiments). Total neurite length for at least 15 iMNs per well was measured, with the

average values being calculated and plotted for each genotype. The internal line and box boundaries indicate themedian

and quartile values. The p value was determined with Student’s t test.

See also Figure S6.
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the abundance of the corresponding mRNA (Figure 6D), consistent with our earlier finding that C21ORF2

stabilizes NEK1 (Figure 4). To determine the possible effect of the C21orf2 mutation on the phenotype of

motor neurons, we generated iMNs from VLKI ESCs by exposing the cells to DOX in order to induce expres-

sion of NIL factors. Immunoblot analysis of the VLKI cells at 2 days after DOX addition confirmed the accu-

mulation of C21ORF2 and NEK1 compared with the levels of these proteins apparent in parental cells (Fig-

ure S6D). We measured the length of neurites formed by the GFP-positive cells and found that the average

neurite length for VLKI iMNs was significantly shorter than that for iMNs differentiated from the parental

ESCs (Figures 6E and 6F). Although the detailed mechanism underlying this phenotype of VLKI iMNs re-

mains to be determined, the accumulation of C21ORF2 or NEK1 induced by C21orf2 mutation likely trig-

gers aberrant differentiation or dysfunction of iMNs.
DISCUSSION

Multiple SCF-type ubiquitin ligases play pivotal roles in regulation of the cell cycle and suppression of

tumorigenesis, with the functions of these enzymes having been studied mostly in relation to cancer devel-

opment (Nakayama and Nakayama, 2006; Wang et al., 2014). On the other hand, emerging evidence im-

plicates SCF complexes in the development of several neurodegenerative diseases. Mutations in the F

box protein FBXO7 (encoded by PARK15), for example, have been shown to give rise to early-onset auto-

somal recessive Parkinson’s disease (Shojaee et al., 2008), and SCFFBXL5 has been found to catalyze ubiq-

uitylation of a-synuclein, which contributes to the Lewy body-like pathology of Parkinson’s disease (Gerez

et al., 2019). In addition, down-regulation of CUL1 and SKP1 has been observed in animal models of Hun-

tington’s disease and spinocerebellar ataxia type 3 (SCA3) (Bhutani et al., 2012), and SCFFBXO33 modulates

the ubiquitylation and solubility of the polyglutamine protein SCA3 (Chen et al., 2019). However, no bio-

logical data have been available on the potential role of SCF-type ubiquitin ligases in the pathogenesis

of ALS. AlthoughCCNF, which encodes cyclin F (also known as FBXO1), is a causative gene of ALS (Williams

et al., 2016), we previously found that SCFFBXO1 does not mediate the ubiquitylation of other major ALS-

related proteins (Yu et al., 2019). We now demonstrate that an SCF-type ubiquitin ligase is associated

with ALS pathogenesis by showing that C21ORF2 is a substrate of SCFFBXO3 in vivo, whereas its ALS-asso-

ciated mutant V58L is not.

The substrates and biological roles of FBXO3 remain to be fully characterized. FBXO3 regulates gene

expression associated with cytokine-driven inflammation as well as bone morphogenetic protein (BMP)

signaling by mediating the proteasomal degradation of FBXL2 and SMAD-specific E3 ubiquitin ligase 1

(SMURF1), respectively (Chen et al., 2013; Li et al., 2015; Mallampalli et al., 2013). FBXO3 also increases

the transcriptional activity of autoimmune regulator (AIRE) at genes for tissue-specific antigens by medi-

ating its ubiquitylation (Shao et al., 2016). Although the ApaG domain in the COOH terminal region of

FBXO3 is indispensable for recognition of FBXL2 (Mallampalli et al., 2013), our results now show that

FBXO3 binds to its substrate C21ORF2 not via the ApaG domain but through the region upstream of

this domain (Figure 1B). At least 21 conserved homology domains including the ApaG domain have

been identified as sites of substrate binding in FBXO-type F box proteins (Jin et al., 2004; Skaar et al.,

2013). Our data now indicate that FBXO3 possesses at least one other substrate recognition domain in

addition to its ApaG domain. In general, substrate recognition by F box proteins is regulated by posttrans-

lational modification (Skaar et al., 2013). In most cases, phosphorylation of a degron in the substrate facil-

itates its interaction with the F box protein. Phosphorylation of threonine-404 in FBXL2 and that of threo-

nine-68 and serine-156 in AIRE are thus indispensable for the interaction with FBXO3 (Chen et al., 2013;

Shao et al., 2016). However, we have now found that the binding of FBXO3 to C21ORF2 is negatively
iScience 23, 101491, September 25, 2020 11
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regulated by NEK1-catalyzed phosphorylation of C21ORF2, again suggesting that FBXO3 possesses at

least two distinct domains for substrate recognition and that these domains differ in their phosphorylation

requirement. Binding between an F box protein and its substrate, such as that between FBXO11 and CDT2

or between FBXL2 and p85b (Kuchay et al., 2013; Rossi et al., 2013), has previously been found to be in-

hibited by substrate phosphorylation.

Functional interaction between C21ORF2 andNEK1 has been previously suggested. The impaired repair of

DNA damage apparent in C21ORF2-depleted HeLa cells was thus normalized by overexpression of NEK1

(Fang et al., 2015). In addition, a ciliopathy phenotype of zebrafish induced by injection of a NEK1 antisense

morpholino-oligonucleotide was rescued by co-injection of human C21ORF2mRNA (Wheway et al., 2015).

These studies suggest that C21ORF2 andNEK1 play complementary roles in the same biological pathways.

Given that we have now shown that C21ORF2 and NEK1 stabilize each other in a manner dependent on

SCFFBXO3, our study may provide a possible explanation for the functional interaction between

C21ORF2 and NEK1 observed in HeLa cells and zebrafish. Of note, we found that the V58L mutant of

C21ORF2 undergoes excessive phosphorylation by NEK1, which attenuates its interaction with FBXO3

and thereby increases its stability, resulting in turn in the stabilization of NEK1 and in an aberrant motor

neuron phenotype. NEK1 is thus a potential target for a kinase inhibitor that might be expected to limit

the accumulation of C21ORF2 and thereby rescue neuronal function.

C21ORF2 is widely expressed among tissues, but its function has not been well elucidated (Wang et al.,

2016). A reduced level of C21ORF2 expression has been observed in the brain of individuals with Down syn-

drome (Shim et al., 2003), suggesting that it may play a key role in neurons. C21ORF2mutations have been

found to cause early-onset retinal dystrophy, Jeune syndrome, and axial spondylometaphyseal dysplasia,

the latter of which is also caused by NEK1 mutations (Khan et al., 2015; Wang et al., 2016, 2017; Wheway

et al., 2015). These conditions are all categorized as ciliopathies, given that they result from dysfunction

of the primary cilium, a solitary organelle located at the cell surface that regulates various cellular functions

(Fliegauf et al., 2007). The proportion of lumbar motor neurons with a primary cilium was found to be

reduced in a transgenic mouse model of ALS (Ma et al., 2011). Although the function of the primary cilium

of motor neurons remains unknown, the accumulation of C21ORF2 in motor neurons of individuals with

ALS-associatedC21ORF2mutations might induce dysfunction of the primary cilium and thereby contribute

to ALS pathogenesis.

We found that stabilization of C21ORF2 protein resulted in an increased abundance of NEK1 and impaired

the growth of neurites in iMNs. However, there is no genetic or biological evidence indicating that over-

expression of NEK1 leads to dysfunction of motor neurons. Indeed, heterozygous frameshift mutations

of NEK1 have been identified as causal mutations of ALS, suggesting that NEK1 haploinsufficiency gives

rise to the development of ALS (Brenner et al., 2016). Consistent with this notion, motor neurons derived

from human induced pluripotent stem cells harboring a heterozygous 2434A>T mutation of NEK1 were

found to contain half the normal amount of NEK1 protein and to manifest impairment of DNA damage

repair (Higelin et al., 2018). However, the effects of several other ALS-associated missense mutations,

such as p.Asn181Ser located in the kinase domain, on NEK1 function remain to be determined. Demonstra-

tion that some suchmissensemutations increase the kinase activity of NEK1 would provide genetic support

for our suggestion that overexpression of NEK1 may contribute to the development of ALS.

With regard to potential substrates of NEK1 that might play a role in the pathogenesis of ALS, NEK1 binds

ALS2 and vesicle-associated membrane protein B (VAPB), both of which function in the endoplasmic retic-

ulum transport system and are implicated as ALS-related proteins (Cirulli et al., 2015). In addition, kinesin

family member 3A (KIF3A) was identified as an interacting protein for NEK1 and harbors putative phosphor-

ylation sites (Surpili et al., 2003). KIF3A is a subunit of the heterotrimeric KIF3 motor complex that is essen-

tial for the elongation of neurites and which is down-regulated in the motor cortex of individuals with spo-

radic ALS (Hirokawa et al., 2009; Pantelidou et al., 2007). It is possible that pathogenic effects of NEK1

haploinsufficiency or hyperactivity are due to altered phosphorylation of these or other proteins.

Together, our data thus show that SCFFBXO3 targets C21ORF2 for proteasomal degradation and that the

ubiquitylation of C21ORF2 is negatively regulated by NEK1-mediated phosphorylation of C21ORF2. Cross

talk between ubiquitylation and phosphorylation thus regulates the abundance of C21ORF2. On the other

hand, C21ORF2 suppresses the degradation of NEK1, which means that SCFFBXO3 limits the amounts of
12 iScience 23, 101491, September 25, 2020



Figure 7. Proposed Model for the Mechanism by Which C21ORF2 Mutation Might Give Rise to ALS

Cross talk between FBXO3-mediated ubiquitylation and NEK1-catalyzed phosphorylation determines the intracellular

abundance of C21ORF2, which in turn stabilizes NEK1. The V58L mutation of C21ORF2 disrupts the operation of this

regulatory system, resulting in the accumulation of both C21ORF2 and NEK1 and giving rise to an aberrant motor neuron

phenotype.
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both C21ORF2 and NEK1. The ALS-associated V58L mutant of C21ORF2 is more stable than is the WT pro-

tein because it is phosphorylated to a greater extent by NEK1 and therefore resistant to ubiquitylation by

FBXO3. It therefore mediates more robust inhibition of NEK1 degradation and gives rise to an aberrant

phenotype of motor neurons. The accumulation of C21ORF2 and NEK1 thus likely contributes to the path-

ogenesis of ALS caused by mutation of C21ORF2 (Figure 7).
Limitations of the Study

The results of this study were obtained with cultured cells. Validation of our findings will thus be required

with animal models.
Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Keiko Nakayama (nakayak2@med.tohoku.ac.jp).

Materials Availability

All unique and stable reagents generated in this study are available from the Lead Contact with a

completed Materials Transfer Agreement.

Data and Code Availability

Original data from replicated experiments have been deposited to Mendeley Data: https://doi.org/10.

17632/gg2d67hm43.1.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. C21ORF2 Is Ubiquitylated for Proteasomal Degradation in a Lysine-Independent 

Manner, Related to Figure 1 

(A) HEK293T cells expressing HA-ubiquitin and FLAG-C21ORF2, as indicated, were incubated with 

10 µM MG132 or DMSO vehicle for 4 h and were then assayed for in vivo ubiquitylation of FLAG-

C21ORF2 as in Figure 1E. 

(B) Schematic representation of the 8KR mutant of human C21ORF2, in which all eight lysine 

residues are replaced with arginine. The three LRR domains and the LRR COOH-terminal (LRRCT) 

domain are shown. 

(C) Lysates of HEK293T cells expressing HA-ubiquitin and FLAG-C21ORF2 (WT or 8KR), as 

indicated, were subjected to immunoprecipitation with antibodies to FLAG, and the resulting 

precipitates were subjected to immunoblot analysis with antibodies to HA and to FLAG. 

  



 

Figure S2. FBXO3 Binds to a Broad Region of C21ORF2, Related to Figure 2 

(A) Schematic representation of truncated variants of human C21ORF2.  

(B) Immunoprecipitation and immunoblot analysis of the interaction of FLAG-tagged C21ORF2 

variants (FL, N-term, or C-term) with Myc-tagged FBXO3 in HEK293T cells. 

  



  

Figure S3. Original Uncropped Immunoblots of Figure 4A, Related to Figure 4 

Arrowheads indicate specific immunoreactive proteins.  



   
Figure S4. Original Uncropped Immunoblots of Figure 5A, Related to Figure 5 

Arrowheads indicate specific immunoreactive proteins.  



Figure S5. Expression of C21ORF2 and NEK1 in FBXO3 KO Cells, Related to Figure 5 

(A) RT-qPCR analysis of C21ORF2 and NEK1 mRNA abundance (normalized by that of GAPDH 

mRNA) in parental cells and in two FBXO3 KO clones of SH-SY5Y cells. Data are means ± SEM for 

three independent experiments. The p values were determined by one-way ANOVA followed by 

Tukey’s post hoc test.  

(B) RT-qPCR analysis of C21ORF2 and NEK1 mRNA abundance (normalized by that of GAPDH 

mRNA) in FBXO3 KO cells infected with a lentivirus encoding FLAG-FBXO3 or with the 

corresponding empty virus (Vector). Data are means ± SEM for three independent experiments. N.S., 

Student’s t test.   

  



Figure S6. Characterization of VLKI ESCs, Related to Figure 6 

(A) Alkaline phosphatase staining of parental (DOX-NIL) and VLKI ESCs cultured on feeder cells. 

Scale bar, 500 μm.  

(B) RT-qPCR analysis of Oct4 and Fgf4 mRNA abundance (normalized by that of Gapdh mRNA) in 

parental and VLKI ESCs. Data are means ± SEM for three independent experiments. N.S., Student’s t 

test.  

(C) Parental and VLKI ESCs were treated with cycloheximide (25 μg/ml) for the indicated times, lysed, 

and subjected to immunoblot analysis with antibodies to C21ORF2 (top). The remaining percentage 

of C21ORF2 (normalized by the amount of α-tubulin) was determined by densitometry (bottom).   

(D) Immunoblot analysis of C21ORF2 and NEK1 in parental and VLKI iMNs formed after exposure of 

the corresponding ESCs to DOX (3 µg/ml) for 2 days.   

  



Table S1. Primers for RT-qPCR Analysis, Related to Figure 4 and Figure S6 

Gene Primer sequence (5'→3') Direction 

C21orf2 (mouse) CAGCTCTGCAACTGAGACCA Forward 

GGCAGTCAGGATGTTCCTATTCT Reverse 

Nek1 (mouse) CCTGGCCAAGCCACCTC Forward 

ACAAACACAGCGGTTCTGA Reverse 

C21ORF2 (human) CCCAGGGTGAAGACAGTCAC Forward 

TCCACCCTCTATGTCCCGAG Reverse 

NEK1 (human) ACGTCCTGTGTCACTGAGTTTT Forward 

ACATACTGTCTGCCATCTTCTGT Reverse 

Oct4 (mouse) GATGCTGTGAGCCCAAGGCAAG Forward 

GGCTCCTGATCAACAGCATCAC Reverse 

Fgf4 (mouse) GAGGCGTGGTGAGCATCTT Forward 

ACACTCGGTTCCCCTTCTTG Reverse 

GAPDH (human) AGGTGAAGGTCGGAGTCAAC Forward 

GACAAGCTTCCCGTTCTCAG Reverse 

Gapdh (mouse) CCAATGTGTCCGTCGTGGATCT Forward 

GTTGAAGTCGCAGGAGACAACC Reverse 

 

 

  



TRANSPARENT METHODS 

Cell culture 

HEK293T (ATCC, CRL-3216) and SH-SY5Y (ATCC, CRL-2266) cells were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (50 

U/ml), streptomycin (50 μg/ml), 2 mM L-glutamine, 1% MEM–nonessential amino acids, and 1% 

sodium pyruvate (Thermo Fisher Scientific). Mouse ESCs (kindly provided by K. Eggan, University of 

Harvard) were maintained with mitomycin C–treated MEF (DR4) feeder cells (ATCC, CRL-1045) in 

ES culture medium consisting of DMEM supplemented with 15% Hyclone FBS (Thermo Fisher 

Scientific), penicillin (50 U/ml), streptomycin (50 μg/ml), 2 mM L-glutamine, 1% MEM–nonessential 

amino acids, 1% sodium pyruvate, 0.1 mM β-mercaptoethanol, recombinant leukemia inhibitory factor 

(LIF, 1000 U/ml) (EMD Millipore), 3 μM CHIR99021 (Stemgent), and 1 μM PD0325901 (Stemgent). 

The medium was changed every day.  

 

Construction of plasmids 

For generation of transient expression vectors, cDNAs encoding human C21ORF2, FBXO3, and 

NEK1 were amplified from HEK293T or HeLa cells, cloned into pENTR (Thermo Fisher Scientific), 

and verified by sequencing. The resulting vectors were subjected to recombination with various 

destination plasmids with the use of LR clonase II (Thermo Fisher Scientific) in order to obtain 

expression plasmids for the corresponding FLAG-, HA-, or Myc epitope–tagged proteins. Point and 

deletion mutants were generated by PCR-based mutagenesis. For generation of a lentivirus encoding 

FLAG-FBXO3, the corresponding cDNA was inserted into CSII-EF-MCS (Riken BRC #RDB04378) 

together with a puromycin resistance gene. For generation of lentiviruses for DOX-inducible 

C21ORF2 constructs, cDNA encoding HA-C21ORF2 (WT or V58L) was cloned into pEN_TTGmiRc2 

(Addgene #25753) after removal of the coding regions for EGFP and miR-30a with the use of 

restriction enzymes. The resulting vectors were subjected to recombination with the pSLIK-neo 

destination plasmid (Addgene #25735). For generation of a lentivirus for DOX-inducible NIL factors 



(NGN2, ISL1, LHX3), human cDNAs encoding the NIL factors were amplified with or without 

overhangs containing the sequence encoding the 2A self-cleaving peptide and were then cloned into 

the same modified pEN_TTGmiRc2 vector. The resulting vector was subjected to recombination with 

pSLIK-neo. Bacterial expression vectors were constructed by insertion of FBXO3 cDNA into pGEX-

6P-3 (Addgene #27-4599-01) and of cDNA encoding C21ORF2 (WT or V58L) into pET30a (Novagen 

#69909-3). For construction of Cas9-sgRNA plasmids, the single guide RNAs (sgRNAs) were 

designed with the use of the CRISPR Design Tool (http://crispr.mit. edu) or CRISPRdirect 

(https://crispr.dbcls.jp), and the corresponding DNA sequences were subcloned into pSpCas9(BB)-

2A-Puro(PX459) V2.0 (Addgene #62988) (Ran et al., 2013). 

 

Cell transfection 

HEK293T and SH-SY5Y cells were transiently transfected with plasmid DNA with the use of the PEI 

MAX (Polysciences) and FuGENE HD (Promega) reagents, respectively. HEK293T cells were 

transfected with human NEK1 (Ambicon silencer select s9442 and s9443) or negative control 

(medium GC,Thermo Fisher Scientific) siRNAs with the use of the RNAiMax reagent (Thermo Fisher 

Scientific).  

 

Immunoprecipitation and immunoblot analysis  

Cells were washed with phosphate-buffered saline (PBS) and lysed for 10 min at 4°C in NP-40 lysis 

buffer [0.5% Nonidet P-40, 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10% glycerol] supplemented with 

a protease inhibitor cocktail [aprotinin (10 μg/ml) (Sigma), leupeptin (10 μg/ml) (Peptide institute), 1 

mM phenylmethylsulfonyl fluoride (Wako)]. The lysates were centrifuged at 20,000 × g for 15 min at 

4°C to remove debris, and the resulting supernatants were subjected to immunoprecipitation or direct 

immunoblot analysis. For immunoblot analysis, lysate supernatants were mixed with Laemmli buffer 

and fractionated by SDS-PAGE, the separated proteins were transferred to a polyvinylidene difluoride 

membrane, and the membrane was incubated first with primary antibodies and then with horseradish 



peroxidase (HRP)–conjugated secondary antibodies to mouse or rabbit immunoglobulin G (IgG). 

Immune complexes were detected with the ChemiDoc Touch System (Bio-Rad). For 

immunoprecipitation, the lysate supernatants were incubated with Dynabeads Protein G (Life 

Technologies) conjugated with antibodies to FLAG or to Myc. The resulting immunoprecipitates were 

washed three times with PBS containing 0.1% Triton X-100 and 10% glycerol and were then 

subjected to immunoblot analysis. Relative band intensities were quantified by densitometry with the 

use of ImageJ (Schneider et al., 2012). 

 

Cycloheximide chase analysis 

Cells were incubated with cycloheximide (25 μg/ml) (Sigma) for the indicated times and then 

subjected to immunoblot analysis. 

 

In vivo ubiquitylation assay 

HEK293T cells transfected with expression vectors for HA-ubiquitin (in house), Myc epitope–tagged 

FBXO3 (WT or mutant), and FLAG-tagged C21ORF2 (WT or mutant) were lysed with NP-40 lysis 

buffer under denaturing conditions (0.1% SDS) for disruption of noncovalent protein-protein 

interactions, and the lysates were subjected to immunoprecipitation with antibodies to FLAG followed 

by immunoblot analysis with the indicated antibodies (Nakagawa et al., 2015). 

 

In vitro binding assay 

Recombinant GST-tagged FBXO3 (2 µg/ml) and recombinant His6-tagged C21ORF2 (WT or V58L, 20 

ng/ml) that had been expressed in and purified from E. coli BL21 (DE3) (Agilent Technologies) were 

incubated overnight at 4°C with rotation, after which GST-FBXO3 was precipitated with glutathione-

agarose beads. The resulting precipitates were subjected to immunoblot analysis with antibodies to 

His6 and to GST. 

 



RNA isolation and RT-qPCR analysis 

RNA was isolated from cells with the use of an SV Total RNA isolation system (Promega) and was 

subjected to RT with a PrimeScript RT reagent kit (Takara Bio). The resulting cDNA was subjected to 

real-time PCR analysis with a StepOnePlus real-time PCR system (Life Technologies) and Fast 

SYBR Green Master Mix (Thermo Fisher Scientific). The sequences of PCR primers are listed in 

Table S1. Data were analyzed according to the 2–ΔΔCT method and were normalized by the amount of 

mouse or human GAPDH mRNA.  

 

In vitro assay of phosphorylation 

HEK293T cells were transiently transfected with an expression vector for Myc epitope–tagged NEK1-

N811 (WT or K33R), and the Myc-tagged proteins were immunoprecipitated and purified with the use 

of a c-Myc Tagged Protein Mild Purification Kit ver. 2 (MBL). His6-C21ORF2 (WT or V58L, 100 ng) 

that had been expressed in and purified from bacteria was incubated for 15 min at 30°C with the 

purified Myc–NEK1-N811 (100 ng) in 30 μl of kinase assay buffer [1 mM EGTA, 25 mM Tris-HCl (pH 

7.6), 10 mM MgCl2, 5 mM β-glycerophosphate, 0.5 mM Na3VO4, 2.5 mM dithiothreitol, 0.01% Triton-

X100, 0.1 mM ATP]. For detection of the mobility shift of phosphorylated proteins, the reaction 

mixtures were subjected to SDS-PAGE on 8% acrylamide gels containing 65 μM Phos-tag (Wako). 

The effects of λ phosphatase (New England Biolabs) were examined as described by the 

manufacturer. Molecular mass markers for Phos-tag gels were not available, but data were 

interpreted by comparison of immunoblots with or without Phos-tag. 

 

Generation of cell lines by lentivirus transduction 

For persistent expression of FLAG-FBXO3 in FBXO3 KO SH-SY5Y cells, lentiviruses were produced 

in HEK293T cells cotransfected with the packaging plasmids pCAG-HIVgp (Riken BRC #RDB04394) 

and pCMV-VSV-G-RSV-Rev (Riken BRC #RDB04393) as well as with CSII-EF-MCS harboring 

FLAG-FBXO3 cDNA and a puromycin resistance gene (Miyoshi et al., 1998). Culture supernatant 



containing the released lentiviruses was added to the medium of FBXO3 KO SH-SY5Y cells together 

with polybrene (8 μg/ml) (Sigma). The infected cells were selected by treatment with puromycin (2 

μg/ml) for 2 days. DOX-C21ORF2 SH-SY5Y cells and DOX-NIL ESCs were generated by infection 

with corresponding lentiviruses in the presence of polybrene (8 μg/ml) followed by G418 selection 

(500 μg/ml) for at least 7 days. The lentiviruses were produced by transfection of HEK293T cells with 

pSLIK-neo encoding rtTA-TRE–regulated HA-C21ORF2 or NIL factors together with the packaging 

and pseudotyping plasmids psPAX2 (Addgene #12260) and pMD2.G (Addgene #12259) (Shin et al., 

2006).  

 

DOX-inducible generation of iMNs and immunofluorescence analysis 

The generation of iMNs from DOX-NIL ESCs was performed as described previously (Velasco et al., 

2017), with some modifications. To obtain embryoid bodies, we collected ESCs by treatment with 

trypsin and seeded them in AK medium consisting of Advanced DMEM-F12:Neurobasal (1:1) 

medium, 10% KnockOut SR (Thermo Fisher Scientific), penicillin (50 U/ml), streptomycin (50 μg/ml), 2 

mM L-glutamine, and 0.1 mM 2-mercaptoethanol. The embryoid bodies were subsequently 

dissociated by incubation for 20 min at 37°C with TrypLE Express (Thermo Fisher Scientific), and the 

dissociated cells were passed through a 70-μm cell strainer (BD Falcon). The cells (5 × 104 per well) 

were transferred to six-well plates containing iMatrix-511(Wako)–coated cover glasses. Expression of 

NIL factors was induced by the addition of DOX (3 μg/ml) to culture medium supplemented with brain-

derived neurotrophic factor (50 ng/ml) (Peprotech). After 2 days, the cells were fixed with 4% 

paraformaldehyde in PBS, permeabilized with 1% Triton X-100, and exposed for 60 min to 2% bovine 

serum albumin in PBS. The cells were then incubated for 16 h at 4°C with antibodies to βIII-tubulin, 

washed twice with PBS containing 0.1% Tween-20, and incubated for 45 min at room temperature 

with AlexaFluor 546–conjugated secondary antibodies to mouse IgG. Fluorescence images were 

acquired with a Nikon C2si microscope. Neurite length of the iMNs was measured semiautomatically 

with the use of NeuronJ software, an ImageJ plugin (Meijering et al., 2004). Staining of ESCs for 



alkaline phosphatase was carried out with the use of an Alkaline Phosphatase Staining Kit II 

(Reprocell).  

 

Gene knockout by CRISPR/nonhomologous end joining (NHEJ)  

The target sequences of sgRNAs were 5'-GCCTGGAGGTGATCACGCTC -3' within exon 3 of 

C21ORF2 and 5'-TAGGGTCAGCGGCGCCGTCT-3' within exon 1 of FBXO3. HEK293T and SH-

SY5Y cells were transiently transfected with the corresponding Cas9-sgRNA plasmid and were 

treated with puromycin (10 and 5 μg/ml, respectively) for 2 days. The surviving cells were then cloned 

by the limiting dilution method. The resulting single cell–derived clones were expanded, and their 

DNA was extracted for genomic PCR analysis and sequencing.   

 

Genome engineering by CRISPR/homology-directed repair (HDR) 

A sgRNA was designed to target the sequence 5'-CTGTTGAGGCACGTAAGCCC-3' within intron 4 of 

C21orf2. To induce homologous recombination, we introduced the Cas9-sgRNA plasmid together with 

a linearized template vector containing C21orf2 mutant homology arms and a hygromycin resistance 

gene flanked by LoxP sites into DOX-NIL ESCs by electroporation with a 4D-Nucleofector (Lonza). 

After 24 h, the cells were selected by treatment with hygromycin (100 μg/ml) for 7 days. An 

expression vector containing Cre recombinase cDNA and a puromycin resistance gene (in house) 

was introduced into the surviving cells by electroporation in order to remove the hygromycin 

resistance gene. After 24 h, the cells were treated with puromycin (3 μg/ml) for 1 day, and the 

surviving colonies were cloned by the colony pick-up method. Individual clones were expanded, and 

their DNA was extracted for genomic PCR analysis and sequencing. 

 

Antibodies 

Antibodies to βIII-tubulin (ab7751) were obtained from Abcam; those to SKP1 (12248), to RBX1 

(11922), and to β-actin (3700) were from Cell Signaling Technology; and those to Myc (sc-40), to 



NEK1 (SC-398813), and to FBXO3 (SC-514625) were from Santa Cruz Biotechnology. HRP-

conjugated antibodies to HA (11667475001) were from Roche. Antibodies to FLAG (F4042), HRP-

conjugated antibodies to FLAG (A8592), and antibodies to α-tubulin (T6074) were obtained from 

Sigma-Aldrich. Antibodies to Myc (562-5) were from MBL; those to CUL1 (32-2400) were from Life 

Technologies; those to HSP90 (610418) were from BD Biosciences; and those to GST 

(R4TM1222100) and to His6 (R4-TP1111100) were from Recenttec. HRP-conjugated antibodies to 

mouse IgG (W4021) and to rabbit IgG (W4011) were from Promega. AlexaFluor 546–conjugated 

antibodies to mouse IgG were obtained from Molecular Probes. HRP-conjugated Mouse TrueBlot 

ULTRA (18-8817-33) was from Rockland. For detection of human C21ORF2, antibodies were 

obtained from Proteintech (27609-1-AP) and Genetex (GTX119046). For detection of mouse 

C21ORF2, antibodies were produced in house.   

  

Statistical analysis 

All experiments for statistical analysis were performed at least three times. Data were analyzed with 

the unpaired two-tailed Student’s t test for comparisons between two groups, or by one-way analysis 

of variance (ANOVA) followed by Tukey’s post hoc test for comparisons among three groups. Time 

courses were compared by two-way ANOVA. Data are presented as means ± SEM, and a p value of 

<0.05 was considered statistically significant. 
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