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To define novel networks of Parkinson’s disease (PD) 
pathogenesis, the substantia nigra pars compacta of A53T 
mice, where a death-promoting protein, FAS-associated 
factor 1 was ectopically expressed for 2 weeks in the 
2-, 4-, 6-, and 8-month-old mice, and was subjected to 
transcriptomic analysis. Compendia of expression profiles 
and a hierarchical clustering heat map of differentially 
expressed genes associated with PD were bioinformatically 
generated. Transcripts level of a particular gene was 
fluctuated by 20, 60, and 0.75 fold in the 4-, 6-, and 
8-month-old mice compared to the 2 months old. Because 
the gene contained Kelch domain, it was named as Kapd 
(Kelch-containing protein associated with PD). Biological 
functions of Kapd were systematically investigated in the 
zebrafish embryos. First, transcripts of a zebrafish homologue 
of Kapd, kapd were found in the floor plate of the neural 
tube at 10 h post fertilization (hpf), and restricted to the 
tegmentum, hypothalamus, and cerebellum at 24 hpf. 
Second, knockdown of kapd caused developmental defects 
of DA progenitors in the midbrain neural keel and midbrain–
hindbrain boundary at 10 hpf. Third, overexpression of kapd 
increased transcripts level of the dopaminergic immature 
neuron marker, shha in the prethalamus at 16.5 hpf. Finally, 
developmental consequences of kapd knockdown reduced 
transcripts level of the markers for the immature and mature 
DA neurons, nkx2.2, olig2, otx2b, and th in the ventral 
diencephalon of the midbrain at 18 hpf. It is thus most 
probable that Kapd play a key role in the specification of the 

DA neuronal precursors in zebrafish embryos.

Keywords: FAF1, Kapd (Kelch-containing protein associated 

with PD), midbrain dopaminergic neurons, next-generation 

sequencing, Parkinson’s disease

INTRODUCTION

Progressive loss of dopaminergic (DA) neurons in the substan-

tia nigra pars compacta (SNpc) is the leading cause of Parkin-

son’s disease (PD) (Fearnley and Lees, 1991; Hassler, 1938). 

Neuronal loss in the nigral complex occurs over the course of 

normal aging, as well as in neurodegenerative disease. Patho-

genic clues to PD suggest that the regional selectivity of the 

lesions is specific to the neuropathological progression of PD 

and is therefore related to the molecular networks underlying 

prodromal PD. In sporadic PD, the most widespread form of 

parkinsonism, Lewy body pathology is associated with synu-

cleinopathy. Sporadic PD is linked to protein misfolding and 

the development of abnormal intracellular inclusions. The 

presence of these aggregates is essential for neuropathologic 

confirmation of the clinical diagnosis (Giasson et al., 2000; 

Tofaris and Spillantini, 2007). Although the majority of PD is 

sporadic, familial forms of parkinsonism also exist; these cases 

are associated with genetic defects in factors such as LRRK2, 

α-synuclein, UCH-L1, DJ-1, ATP13A2, Parkin, and PINK1 (Klein 

and Westenberger, 2012). The syndrome also develops as a 
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sequel to intoxication, trauma, vascular alterations, and met-

abolic diseases implicated in the formation and degradation 

of α-synuclein (α-Syn) aggregates (Forno, 1969; Galvin et 

al., 2001; Wakabayashi et al. 2007). Fas-associated factor 1 

(FAF1), identified as a death-promoting protein (Ryu et al., 

1999), participates in Fas-induced apoptosis as a member of 

the death-inducing signaling complex, and in regulated ne-

crosis through activation of poly (ADP-ribose) polymerase 1 

(PARP1). In addition, FAF1 contributes to cell death in dopami-

nergic neurons through PARP1 activation following oxidative 

stress (Sul et al., 2013; Yu et al., 2016). Hence, it would be 

worthwhile to discover the molecular networks that connect 

FAF1 with PD pathogenesis.

 To elucidate the molecular elements composing SNpc re-

gion where FAF1 contributes to PD pathogenesis, we used 

A53T mice, a model of PD. In A53T mice, the 53th residue 

of α-Syn is mutated from alanine to threonine, resulting in a 

pathologic hallmark of PD: formation of Lewy bodies, neuro-

nal inclusions consisting largely of α-Syn aggregations (Golbe 

et al., 1990; Polymeropoulos et al., 1996; 1997). Using A53T 

mice from 2 to 8 months of age, we generated transcriptom-

ic profiles of the SNpc in the presence or absence of FAF1. 

This approach provided a broader dynamic range as well as 

high specificity and sensitivity for the unbiased detection of 

key genes and transcripts. Based on the transcriptomic data, 

we generated profiles of differential gene expression corre-

sponding to the stages of neurodegenerative pathogenesis. 

The profiles, generated from total RNA isolated from the 

SNpc of mice at 2, 4, 6, and 8 months of age, were subjected 

to sequential bioinformatics analysis with ExDEGA, STRING-

db, DAVID, KEGG Mapper, GSEA-MSigDB, and MeV to iden-

tify differentially expressed genes associated with PD (DEG-

PDs). Among these genes, we focused on DEG-13 because 

its transcript levels in the right hemisphere of mice ectopically 

expressing FAF1 increased by 20- and 60-fold at 4 and 6 

months, respectively, relative to 2 months. DEG-13 encodes 

a member of the KLHDC family (Dhanoa et al., 2013) that 

contains one Kelch repeat motif and 3 & 4 Kelch domains 

at the N-terminus. Hence, we designated DEG-13 as Kapd 

(Kelch-containing protein associated with PD).

 Prior to investigating Kapd as a cause of PD, we studied 

the biological functions of kapd in zebrafish, a species that 

completes the entire process of embryogenesis with 3 days. 

Here, we report the spatiotemporal expression patterns and 

putative functions of kapd based on the developmental con-

sequences of its knockdown and ectopic expression in the 

brain. In addition, we discuss networks that are likely to con-

nect kapd with PD pathogenesis.

MATERIALS AND METHODS

Mouse model of PD
This study was approved by the Institutional Animal Care and 

Use Committee in Chungnam National University (approval 

No. CNU-00920). All the mice were maintained in the animal 

facility of Chungnam National University (Daejeon, Korea), 

and all animal studies were conducted in accordance with 

the institutional guidelines for the care and use of laboratory 

animals. The mice were randomly assigned to either MPTP or 

saline-treated groups. To generate the FAF1-induced mouse 

model of PD, the viral vector of FAF1 (4.3 × 1013 GC/ml) was 

injected into the right hemisphere of TG mice. The mice were 

killed 14 days after the last injection, and the brains were 

processed for further analysis. The A53T mice were kindly 

provided by Professor Eunhee Kim (Department of Bioscience 

& Biotechnology, Graduate School, Chungnam National Uni-

versity, Daejeon, Korea).

Stereological virus injection
Stereotaxic adeno-associated virus (AAV) injections were 

performed as described by Kim (Sul et al., 2013) with some 

modifications. In brief, the AAV type 1 expressing FAF1 

(AAV1-FAF1) was purchased from Vector Biolabs (USA). For 

stereotaxic injection of AAV1-FAF1 into the substantia nigra 

of the mouse midbrain, male A53T at 2, 4, 6, and 8 months 

after birth mice were anesthetized with an intraperitoneal 

injection of a mixture of Zoletil 50 (Virbac, USA) and Rompun 

(Bayer Korea, Korea). A 33 gauge injection needle was used 

to stereotaxically inject AAV1-FAF1 into the right substan-

tia nigra (anteroposterior, 3.0 mm; mediolateral, 1.2 mm; 

dorsoventral, 4.3 mm from bregma). The infusion into the 

substantia nigra was performed at a rate of 0.1 μl/min, and 

1.25 μl of AAV1-FAF1 (4.3 × 1013 GC/ml) was injected. After 

the injection, the needle was left in the substantia nigra for 

an additional 5 min and then slowly withdrawn. The skin 

over the injection site was closed by suturing. The AAV1-FAF1 

was kindly provided by Professor Eunhee Kim (Department 

of Bioscience & Biotechnology, Graduate School, Chungnam 

National University, Daejeon, Korea).

RNA isolation
Total RNA was isolated using Trizol reagent (Invitrogen, USA). 

RNA quality was assessed by Agilent 2100 bioanalyzer using 

the RNA 6000 Nano Chip (Agilent Technologies, The Neth-

erlands), and RNA quantification was performed using ND-

2000 Spectrophotometer (Thermo Fisher Scientific, USA).

Library preparation and sequencing
Libraries were prepared from total RNA using the NEBNext 

Ultra II Directional RNA-Seq Kit (New England BioLabs, UK). 

The isolation of mRNA was performed using the Poly(A) 

RNA Selection Kit (Lexogen, Austria). The isolated mRNAs 

were used for the cDNA synthesis and shearing, following 

manufacture’s instruction. Indexing was performed using 

the Illumina indexes 1-12. The enrichment step was carried 

out using of polymerase chain reaction (PCR). Subsequently, 

libraries were checked using the Agilent 2100 bioanalyzer 

(DNA High Sensitivity Kit) to evaluate the mean fragment 

size. Quantification was performed using the library quantifi-

cation kit using a StepOne Real-Time PCR System (Life Tech-

nologies, USA). High-throughput sequencing was performed 

as paired-end 100 sequencing using Hiseq X10 (Illumina, 

USA).

RNA-Seq data analysis
mRNA-Seq reads were mapped using TopHat software (Trap-

nell et al., 2009) tool in order to obtain the alignment file. 

The alignment files also were used for assembling transcripts, 
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estimating their abundances and detecting differential ex-

pression of genes, isoforms using cufflinks. We used the 

FPKM (fragments per kilobase of exon per million fragments) 

as the method of determining the expression level of the 

gene regions. The FPKM data were normalized based on 

Quantile normalization method using EdgeR within R (R 

Development Core Team, 2016). Data mining and graphic 

visualization were performed using ExDEGA (Ebiogen, Ko-

rea). GO annotation enrichment was performed using DAVID 

(Sherman et al., 2009) with default parameters. KEGG path-

way analysis was conducted using KEGG Mapper (Kanehisa 

and Sato, 2020). Gene clustering was performed using MeV 

ver. 4.9.0. Protein network analysis was performed using 

String Apps of Cytoscape ver. 3.7.2.

Zebrafish care and embryos
Wild-type (WT) zebrafish was obtained from Korea Zebrafish 

Organogenesis Mutant Bank (ZOMB) and grown at 28.5°C. 

Embryos were obtained through natural spawning and 

raised, and staged as described previously (Jung et al., 2020). 

Embryonic pigmentation was blocked by treating the embry-

os with 0.002% phenylthiourea after onset of somitogenesis.

Morpholino, in vitro transcription, and microinjections
Splicing-blocking morpholino (I2/E3: 5′ACGCACACACCT-

GCAAAGGA GGAGGAGAG-3′) and five-base mismatch 

morpholino (5-mismatch MO) were purchased from Gene-

Tools (USA), and dissolved in water. kapd_specific mor-

pholinos (0.2 to 1 ng) or control morpholinos were injected 

into zebrafish embryos at the 1-cell stage. kapd mRNA was 

synthesized using the Ambion mMESSAGE mMACHINE kit 

according to the manufacturer’s instructions. mRNAs were 

dissolved in nuclease-free water and diluted in 0.5% phenol 

red solution for microinjection via a Picopump microinjection 

device (WPI, USA).

Whole-mount in situ hybridization (WISH)
Embryos were fixed in 4% paraformaldehyde (PFA) over-

night, and dehydrated in 100% methanol. Embryos after 24 

h post-fertilization (hpf) were digested with 10 μg/ml prote-

ase K (Thermo Fisher Scientific). WISH was performed with 

minor modifications as described in Jung et al. (2020). Anti-

sense probes of kapd were synthesized from a specific region 

within the ORF. Antisense probes of kapd were synthesized 

using the DIG RNA Labeling Kit (T7) (Roche, USA).

Statistical analysis
All data were presented as mean ± SD. Statistically significant 

differences between the two groups were determined using 

the two-tailed Student’s t-test. Statistical significance was 

calculated using one-way ANOVA with multiple compari-

sons between groups analyzed by Dunnett’s test. Statistical 

analysis was performed using SPSS Statistics (ver. 17.0; SPSS, 

USA), and P value < 0.05 was considered statistically signifi-

cant.

Fig. 1. Transcriptomic analysis of dopaminergi.c neurons in 2- to 8-month-old A53T transgenic mice in the presence or absence of 

FAF1. (A) Stereotaxic injection of a viral vector expressing FAF1. FAF1 viral vector (4.3 × 1013 genome copies [GC]/ml) was injected into 

the right hemisphere of TG mice. (B) Striatal and midbrain sections of 4 to 6 mice per group were immunostained using an affinity-

purified polyclonal antibody against tyrosine hydroxylase (TH). Relative changes in the expression of specific proteins were analyzed on the 

samples (25 μg of protein per lane). Inj., injection. (C) DEGs with significant fold changes confirmed the purity of isolated dopaminergic 

neurons. (D) Top 35 DAVID functional annotation categories for Mus musculus gene IDs. The numbers of genes assigned to the top 26 

functional categories obtained from DAVID GO chart analysis are shown for up- and downregulated genes (red and green, respectively).
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RESULTS

SNpc-specific transcriptional profiles and gene regulatory 
networks identify DEG-13 as Kapd (Kelch-containing pro-
tein associated with PD)
To separate and identify SNpc DA neuronal populations in 

A53T mice at 2, 4, 6, and 8 months of age, we injected a 

viral vector expressing FAF1 into the midbrain of the right 

hemisphere. After 2 weeks, we immunostained for tyrosine 

hydroxylase (TH), a marker of mature DA neurons which 

is an entry enzyme into dopamine synthesis and FAF1 in 

midbrain sections from each group using affinity-purified 

polyclonal antibodies against TH and FAF1, respectively (Figs. 

1A and 1B). FAF1 was expressed at higher levels in the right 

hemisphere (FAF1-injected side) than in the left hemisphere, 

whereas TH was detected within the normal range (Fig. 1B). 

To identify DEGs associated with the pathogenesis of PD in 

the presence and absence of FAF1, total RNA from the SNpc 

of A53T and WT mice was subjected to next-generation 

sequencing (NGS). A total of 23,284 genes were screened 

and plotted for each sample (Supplementary Fig. S1). In the 

figure, red denotes up-regulation at a particular position, 

whereas blue denotes down-regulation. DA neuron markers 

in the adult SNpc (Allen Brain Atlas, ABA), including Slc6a3 

(Dat), Fam184a, Ankrd34b, Nwd2, and Cadps2, confirmed 

that FAF1 was localized in mDA SNpc labeled with the mark-

ers TH and DAT (Supplementary Fig. S2).

 To determine whether these DEGs modulate functions of 

key transcriptional regulators in PD-associated pathways, we 

subjected validated DEGs to pathway and functional catego-

ry enrichment analysis using the Kyoto Encyclopedia of Genes 

and Genomes (KEGG) and the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) (Fig. 1D). 

Categorization of DEGs by KEGG pathway analysis revealed 

that the top three gene annotations were ‘extracellular ma-

trix’, ‘aging’, and ‘inflammatory response’ (data not shown). 

The functional analysis revealed that the upregulated DEGs 

were significantly enriched for the terms ‘chemical synaptic 

transmission’ and ‘oxidation-reduction process’, whereas 

downregulated DEGs were significantly enriched in ‘locomo-

tory behavior’, ‘neurotransmitter transport’, and ‘dopamine 

biosynthetic process’ (Fig. 1D). Genes specifically expressed in 

the SNpc DA neuron clusters by dissection of neuroanatom-

ical domain and further revealing regional subclusters based 

on iterative marker genes analyses might correlate their pref-

erential vulnerability to PD pathogenesis. These analyses iden-

tified DEG-13 as an upregulated SNpc-specific gene. Using 

ExDEGA, we converted principal components into quantile 

normalized expression estimates of mRNAs in each sample. 

Principal component analysis identified DEG-13 as an upreg-

ulated DEG according to the following criteria: fold change in 

Table 1. mRNA profiles of Kapd in the FAF1-enriched SNpc of A53T mice

DEG-13

(NM_178253)

2 mo/L 2 mo/R 4 mo/L 4 mo/R 6 mo/L 6 mo/R 8 mo/L 8 mo/R

Non FAF1 Non FAF1 Non FAF1 Non FAF1

Raw data 215 212 5180 359 10563 2753 280 202

Normalized RC (log2) 7.908 7.838 12.252 7.930 13.832 12.071 8.014 7.566

Data visualization was done based on the UCSC genome browser for the mouse assembly mm10, P < 0.05.

mo, month; L, left; R, right; RC, read count.

Fig. 2. Spatiotemporal expression patterns of zebrafish kapd. 

WISH analysis of kapd from the one-cell stage through 36 hpf. (A-

C) Transcripts of kapd were not detected from the one-cell stage 

through the shield stage. (D) At the bud stage, kapd transcripts 

were first detected in the FP cell of the neural tube. (E and F) 

Transcripts were abundant in the central nervous system from 10 

hpf through to 18 hpf. At 18 hpf, kapd transcripts were distributed 

in the precursor region of the midbrain, including the diencephalic–

mesencephalic boundary along the anterior–posterior (AP) axis (F). 

(G and H) At 24 hpf, kapd expression was restricted to the forebrain 

through the hindbrain including the telencephalon, mesencephalon, 

and rhombomere (H). (I) RT-PCR analysis of kapd transcripts at 

the developmental stages in zebrafish embryos. β-actin was used 

as loading control. (A-H) Scale bars = 250 μm. All embryos were 

collected synchronously from WT zebrafish for WISH analysis at 

the corresponding stages. mb, midbrain; DMB, diencephalic–

mesencephalic boundary; di, diencephalon; MHB, midbrain–

hindbrain boundary; me, mesencephalon; te, telencephalon.
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expression (FC) ≥ 2 (i.e., log2(FC) ≥ 1) and P < 0.05. Among 

the DEGs whose expression was affected by induction of 

FAF1, DEG-13 was highly upregulated (Supplementary Fig. 

S2). The pattern of DEG-13 changed over the lifespan: at 

4 and 6 months relative to 2 months of age, the gene was 

upregulated by 20- and 60-fold, respectively. By contrast, at 

8 months relative to 6 months, the gene was downregulat-

ed 60-fold (Fig. 1C). In other words, DEG-13 was validated 

among the DEGs as a gene significantly downregulated in 

the FAF1-injected hemisphere from 2 to 8 months of age in 

comparison to the control (Table 1).

 Neighborhood correlation (http://www.neighborhood-

correlation.org) compares sequence similarity, alignment 

length, and domain architecture comparison by classifying 

single and multidomain homologs with high accuracy. A rank 

plot showed that DEG-13 contains significant matches to the 

human F-box protein 42 gene (FBXO42) in the curated data-

base. Mutations in the F-box protein 7 gene (FBXO7) cause 

Parkinsonian-pyramidal syndrome, an autosomal recessive 

form of Parkinsonism (Di Fonzo et al., 2009). FBXO42, a pa-

ralog of FBXO7, encodes a protein involved in the ubiquitin–
proteasome system that may play a role in the pathogenesis 

of PD (Gao et al., 2013). DEG-13, a paralog of FBXO42, is 

involved in the Cul5-type ubiquitin–proteasome-mediated 

degradation of the selenoprotein SELENOS (Okumura et al., 

2020). As shown in Supplementary Fig. S3E, DEG-13 con-

tains one Kelch repeat motif and two 3 & 4 Kelch domains at 

the N-terminus, whereas the zebrafish homolog encodes 4 & 

5 Kelch domains and one F-Box–associated motif; this infor-

mation was obtained from the Conserved Domain Database 

by the National Center for Biotechnology Information (NCBI). 

Based on these findings, DEG-13 was named as Kapd.

Knockdown of kapd causes developmental defects in the 
midbrain during neurulation
We used zebrafish to investigate the functions of kapd be-

cause of its advantages as an experimental model (Laale, 

1977). First, we visualized the spatiotemporal expression 

patterns of kapd in zebrafish embryos using WISH. kapd 

transcripts appeared at the bud stage in the floor plate (FP) 

at the primordium of the anterior central nervous system and 

the posterior trunk of the neural tube (Fig. 2D). At 18 hpf, 

kapd transcripts were localized predominantly in the fore-

brain, midbrain, and hindbrain along a clear midline (Figs. 

2E and 2F), and expanded to the cranial neural crest at 24 

hpf (Figs. 2G and 2H). The neural FP in the anterior regions 

of in zebrafish embryos rolls up and fuses dorsally to directly 

generate the central canal, giving rise to tel-, mes-, and di-en-

Fig. 3. Repression of kapd expression decreases the size of the mesencephalon, including the midbrain ventricle, at 24 hpf. 

Microinjection of kapd morpholino (0.1 ng) into an embryo at the one-cell stage to knock down DEG-13. (A) 5-mismatch MO and (B-D) 

kapd morphants were categorized as class I, II, or III (C I, C II, or C III). (E) Rescue of a kapd morphant (0.2 ng) with kapd mRNA (30 pg). (F-J) 

Dorsal view of the midbrain, midbrain–hindbrain boundary, and hindbrain of kapd morphants at 24 hpf. (F) 5-mismatch MO. (G-I) At 24 

hpf, embryos were injected with kapd MO. (J) kapd mRNA (30 pg) was injected into a kapd morphant at the one-cell stage (0.2 ng). (K) 

The proportion of moderately deformed embryos (class II) was higher after rescue with kapd mRNA. (L) Measurement of midbrain widths 

revealed a significant reduction of the neural tube in kapd morphants. Statistical significance was calculated using one-way ANOVA, and 

multiple comparisons between groups were analyzed by Dunnett’s test. (A-J) Scale bar = 250 μm. MHB, midbrain–hindbrain boundary; 

ce, cerebellum; tec, tectum.
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cephalon (Clarke, 2009). Therefore, we investigated whether 

kapd contributes to the process of neurulation in zebrafish 

embryogenesis.

 To assess the role of kapd in neurulation, we employed 

antisense morpholinos to knock down its expression. Micro-

injection of kapd-specific antisense oligonucleotide morpholi-

nos (kapd MOs; 0.1 ng per embryo) into zebrafish embryos 

at the one-cell stage caused significant reduction of the 

midbrain, including the midbrain ventricle, at 24 hpf (Figs. 

3D and 3F). Morphological defects were categorized into 

three classes on the basis of severity: class I (Fig. 3B), without 

distinguishable defects; class II (Fig. 3C), reduced midbrain 

volume, shrunken neural tube, and ventricle contraction; and 

class III (Fig. 3D), shortened head and no discernible neural 

tube. kapd MOs generated class II and class III embryos in a 

dose-dependent manner (Fig. 3K). At doses of 0.1 and 0.2 

ng per embryo, kapd MOs generated class III at rates of 38% 

and 72%, respectively. To quantitate morphological defects 

Fig. 4. Spatiotemporal expression patterns of markers for presumptive midbrain and DA progenitors at 10 hpf. (A-D) WISH analysis 

using rx3 and pax2.1 as a molecular marker for the forebrain and midbrain domains indicates that loss of kapd function disrupted the 

presumptive midbrain development. (A) WT embryo. Microinjection of kapd mRNA (30 pg per embryo) into wild-type embryos thickened 

the anterior forebrain (B). kapd 5-mismatch control embryos had the similar expression patterns in the presumptive midbrain (C) to that 

of WT (A). In contrast, knock-down of kapd (0.2 ng morpholino per embryo) repressed MHB (asterisk) and telencephalic precursors 

in kapd morphants at 10 hpf (D). (E-H) WISH analysis with wnt8b as a molecular marker for the midbrain in anterior brain patterning. 

wnt8b transcripts were present in the midbrain of WT (E) and control embryos injected with 5-mismatch (G). Overexpression of kapd (kapd 

mRNA 30 pg per embryo) shortened the MHB area (F) while knock-down of kapd (0.2 ng of kapd morpholino per embryo) remarkably 

reduced the level of wnt8b transcripts in the MHB (asterisk) and anterior midbrain of the morphants (H). (I-P) WISH analysis with wnt1 

and fgf8 as molecular markers for DA progenitors at 10 hpf. WT embryos (I and M), embryos injected with kapd mRNA (J and N). kapd 

mRNA injected embryos showed narrower and reduced expression patterns for wnt1 (J) and fgf8 (N). The level of wnt1 transcripts was 

not significantly changed in the midbrain neural keel region of kapd morphants (L). However, transcripts of fgf8 were reduced in the 

MHB neural keel in comparison to those of control embryos at 10 hpf (M-P). (A-P) Scale bars = 250 μm.
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in neurulation of kapd morphants, we measured the width 

of the midbrain at 24 hpf, and then performed imaging 

and statistical analysis (Fig. 3L). kapd morphants all had re-

duced midbrain size. When kapd was ectopically expressed 

via microinjection of kapd mRNA (30 pg per embryo) into 

kapd morphants (0.2 ng per embryo) at the one-cell stage, 

the morphological defects in the midbrain and neural tube 

were significantly rescued, and wild-type phenotypes were 

restored (Figs. 3E and 3J). Neural crest cells are continuously 

produced at the lateral edges of the neural plate, suggesting 

that neural crest-promoting signals are present for the initial 

induction of neurulation (Moury and Jacobson, 1990). To-

gether, these observations indicate that proper expression of 

kapd is essential for the development of the midbrain during 

the neurulation period.

kapd modulates differentiation of DA progenitor cells in 
the presumptive midbrain
The positional specification of the dopaminergic cell lineage 

during normal development is regulated by extrinsic fac-

tors that impose regional characteristics on DA progenitors 

at early developmental stages (Holzschuh et al., 2003). To 

elucidate the requirement for kapd in specification of pre-

sumptive midbrain, we injected kapd morpholino (0.1 ng) or 

mRNA (50 pg per embryo) into wild-type zebrafish embryos 

at the one-cell stage. kapd morphants and embryos over-

expressing kapd were subjected to WISH analysis using the 

markers rx3 and pax2.1 for forebrain and MHB (midbrain–
hindbrain boundary), respectively (Stigloher et al., 2006). 

In embryos overexpressing kapd, the expression patterns of 

rx3 and pax2.1 in the presumptive midbrain at 10 hpf were 

similar to those in controls (Figs. 4A-4C; square brackets). By 

contrast, knockdown of kapd altered the transcript levels of 

both rx3 and pax2.1 from the rostral MHB to the telencepha-

lon region without eye field at 10 hpf (Figs. 4C and 4D). The 

expression patterns of Wnts, BMPs (bone morphogenetic 

proteins) and FGFs (fibroblast growth factors), which are 

markers of the neural crest derivatives and DA progenitors, 

were examined following overexpression and knockdown of 

kapd at 10 hpf (Arenas, 2014; Liem et al., 1995; Nguyen et 

al., 1998; Villanueva et al., 2002). Wnt8, which is involved 

in neural crest induction and differentiation of DA neurons, 

is expressed at the diencephalic anlage in the midbrain, hy-

pothalamus, and MHB at 24 hpf (Duncan et al., 2015; Lewis 

et al., 2004; Russek-Blum et al., 2008). Transcripts levels of 

wnt8b were remarkably reduced in the midbrain neural keel 

Fig. 5. Knockdown of kapd expression alters the expression patterns of the molecular markers shha and shhb. (A-D) WISH analysis 

using shha as a molecular marker for the thalamus (asterisks) and zona limitans intrathalamica (ZLI) revealed that loss of kapd function 

disrupts diencephalic differentiation. (A) WT embryo. Microinjection of kapd mRNA (50 pg per embryo) into WT embryos increased 

expression in the hypothalamus (hy) (B). Expression patterns of kapd in the hypothalamus of 5-mismatch MO control embryos (C) 

were similar to those of WT embryos (A). By contrast, in kapd morphants at 16.5 hpf, knockdown of kapd (0.2 ng MO per embryo) 

decreased expression in the hypothalamus (D). (E-H) shhb transcripts were present in the ventral FP (asterisks) of WT embryos at 16.5 

hpf (E). Overexpression of kapd did not cause significant changes in the ventral FP of the forebrain (F), whereas knockdown of kapd 

(0.2 ng of kapd morpholino per embryo) markedly decreased the level of shhb transcripts in the ventral diencephalon of the morphants 

(H). Embryos were examined for expression of the ventral neural marker, gli1, at 16.5 hpf. Transcript levels of gli1 were not affected by 

overexpression or knockdown of kapd (I-L). (A-L) Scale bar = 250 μm.
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in the morphants, accompanying shrinkage of the MHB neu-

ral plate, but were not altered significantly in WT or controls 

at 10 hpf (Figs. 4E-4H). Expression patterns of wnt1 in kapd 

morphants were similar to those in WT and 5-mismatch con-

trol embryos (Figs. 4I-4L). On the other hand, overexpression 

of kapd dramatically decreased expression of wnt1 (Fig. 4J). 

Transcript levels of dkk1b, an antagonist of Wnt and a neural 

tube marker (Glinka et al., 1998), were robustly elevated in 

the prechordal plate region, significantly elevating the num-

ber of dopaminergic neurons at 18 hpf, relative to the 5-mis-

match MO control (data not shown). Hence, it is conceivable 

that kapd contributes to development of the midbrain neural 

keel and MHB, as well as to specification of DA precursors, 

via networks involving Wnts and FGFs.

kapd contributes to SHH signaling involved in the mDA 
neuronal differentiation
As neurulation continues, neural ectoderm cells produce a 

pseudostratified epithelium, undergoing polarized cell divi-

sions to establish a well-defined midline by 18 hpf (Ciruna 

et al., 2006; Clarke, 2009). In cranial neurulation and neural 

crest migration, laterally segregated cells are apparent by 

12 hpf, and convergence movements form the neural keel 

by 14 hpf, the neural rod at 18 hpf (when the clear midline 

is established), and finally the neural tube at 20 hpf. The 

development of diencephalic DA cells in the hypothalamus, 

ventral thalamus and caudal diencephalon may contribute to 

specification of DA cell lineage (Smeets and Reiner, 1994). To 

determine how kapd is involved in the differentiation of do-

paminergic neurons, we analyzed the expression patterns of 

shha and shhb, which are markers of the FP and notochord 

(Ertzer et al., 2007), respectively, upon ectopic expression or 

knockdown of kapd. Overexpression of kapd expanded the 

expression domain of shha from the ventral toward the dor-

sal hypothalamus in the midbrain (Fig. 5B), which is closely 

involved in the specification of mesodiencephalic dopami-

nergic (mdDA) neurons (Mesman et al., 2014). Knockdown 

of kapd substantially decreased the expression area of shha 

in the zona limitans intrathalamica (ZLI) and hypothalamus 

(Fig. 5D). Knockdown of kapd abolished the domain of shhb 

transcripts in the ventral diencephalic area of the FP (Fig. 5H). 

Gli1 is an activator of SHH target genes, whereas Gli1 activity 

is transcriptionally not required for initial SHH signaling (Bai 

et al., 2002). To investigate the possible role of kapd in SHH 

signaling, we assayed the expression patterns of gli1 upon 

ectopic expression or knockdown of kapd. Interestingly, the 

expression patterns of gli1 at 16.5 hpf were not significantly 

altered by overexpression or knockdown of kapd (Figs. 5I-

5L). These observations confirm that kapd contributes to SHH 

signaling, lending further support to the idea that SHH and 

kapd regulate development of both the FP and midbrain or-

ganizer (Hegarty et al., 2013) in the ventral diencephalon.

kapd is required for differentiation of the DA precursor 
cells to the DA neurons
To investigate the molecular mechanism by which knock-

down of kapd changes the regulatory networks associated 

with differentiation of the immature DA neurons, we visual-

ized spatiotemporal expression of markers of immature DA 

neurons of the ventral diencephalon, nkx2.2 and olig2, in 

kapd morphants at 18 hpf (Borodovsky et al., 2009; Briscoe 

et al., 1999). The SHH-responsive gene nkx2.2 is a type II 

homeodomain transcriptional regulator required for speci -

cation of ventral cell populations (Briscoe et al., 1999); it is 

expressed in Otp-dependent DA neurons at the medial hypo-

thalamus (Del Giacco et al., 2008). The level of nkx2.2 tran-

scripts was markedly decreased in the ventral diencephalon, 

including the hindbrain ventral region, in kapd morphants 

relative to WT and control embryos at 18 hpf (Figs. 6B and 

6C).

 In zebrafish, olig2 is expressed in a SHH signal-dependent 

manner in a subset of diencephalic progenitors committed to 

a DA neuronal fate (Barth and Wilson, 1995; Guner and Karl-

strom, 2007; Park et al., 2002). Expression of olig2 begins in 

the ventral neural tube before nkx2.2 and is extinguished pri-

or to terminal DA differentiation (Al Oustah et al., 2014). To 

determine whether knockdown of kapd affects development 

of the ventral diencephalon, we analyzed the expression pat-

terns of olig2 in kapd morphants at 18 hpf. The domain ex-

pressing olig2 was significantly diminished in kapd morphants 

relative to WT and control embryos (Figs. 6D-6F). Therefore, 

it is likely that proper expression of kapd is essential for differ-

entiation of DA precursors into immature DA neurons in the 

ventral diencephalon and dorsal forebrain at 18 hpf. Conse-

quently, expression of th, a marker of mature DA neurons 

in the ventral diencephalon (Filippi et al., 2010), completely 

disappeared in DA neurons of kapd morphants (Figs. 6G-6I).

 To determine whether kapd plays roles in regulating both 

DA neurons and late midbrain neural crest cells, we examined 

the expression of markers of the DA lineage. Otx2b, a marker 

of the midbrain, is normally expressed in DA progenitors and 

mature DA neurons in the ventral midbrain (Simeone et al., 

2011). Zic2b, a marker of the cranial neural crest, influences 

induction of neural crest at the neural plate border (TeSlaa 

et al., 2013). WISH analysis revealed that otx2b expression 

was reduced in the midbrain and forebrain ventricle of kapd 

morphants relative to WT and 5-mismatch MO control em-

bryos (Figs. 6G-6I). Knockdown of kapd specifically repressed 

expression of zic2b in the neural crest of the midbrain region 

in kapd morphants (Fig. 6O) relative to control embryos (Figs. 

6M and 6N) at 18 hpf. Therefore, it is likely that kapd is es-

sential for cranial neural crest induction and midbrain neural 

tube morphogenesis, which are prerequisites for develop-

ment of DA precursors and specification of DA neurons.

DISCUSSION

Identification of DEG-13 at the prodromal phase of PD in 
the transcriptomic files
Some genes critical to PD age of onset, rather than risk, have 

been identified; however, loci that modulate risk have been 

discovered much more successfully than those that modulate 

age of onset. A genome-wide study revealed that DEG-13 

influences age of onset in both familial and non-familial PD 

(Hill-Burns et al., 2016). Consistent with these data, in this 

study we identified core transcriptional factors implicated in 

PD pathogenesis, based on the genetic architecture of famil-

ial and non-familial PD, using FAF1-induced A53T mice. Tran-
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scriptomic profiling revealed that Kapd (Klhdc1) was up-reg-

ulated 20- and 60-fold in 4- and 6-month-old mice, respec-

tively, relative to 2-month-old mice, whereas expression was 

dramatically reduced at 8 months, reflecting dramatic motor 

impairment and premature lethality. Our study also corrobo-

rates the results of segregation analyses that discovered DEGs 

with critical effects on age of onset of familial PD during the 

prodromal period. The data presented here highlight the 

advantages of our approach and the qualified performance 

compared with databases of PD patients.

Positional specification of the dopaminergic cell lineage 
under normal expression of kapd
According to the Conserved Domain Database administered 

by the NCBI, mouse Kapd contains one Kelch repeat motif 

and two 3 & 4 Kelch domains at the N-terminus, whereas 

zebrafish kapd encodes 4 & 5 Kelch domains and one F-Box–
associated motif. Kelch repeat proteins play important roles 

in a variety of human neurological disorders such as GAN 

(giant axonal neuropathy) and brain tumors (Bomont et al., 

2000). Other Kelch repeat proteins participate in physiologi-

cal processes including cell signaling, protein traf cking, and 

transcriptional regulation (Chin et al., 2007).

 We demonstrated that kapd expression in the midbrain is 

required for induction and maintenance of nkx2.2 and olig2 

in the prethalamus, as well as for induction of th in the di-

encephalic anlage (Fig. 6). All of these are pro-neural genes 

involved in SHH signaling-driven neurogenesis of neural pro-

genitor cells and specification of DA neuronal identities in the 

midbrain (Jessell, 2000). Ubiquitin-dependent regulation of 

translation is an important feature of cell fate determination. 

For example, the ubiquitin ligase CUL3 in complex with its 

vertebrate-specific substrate adaptor KBTBD8 (Kelch repeat 

and BTB domain-containing protein 8) is an essential regula-

tor of human neural crest specification (Werner et al., 2015). 

Our description of the maturation of the diencephalic DA 

neurons serves as a further example of this. Thus, SHH sig-

naling is essential for the involvement of kapd in neural crest 

specification in the midbrain and subsequent generation of 

DA neuronal identities.

 Interestingly, kapd morphants exhibited no significant 

change in pitx3 expression patterns at 18 hpf, whereas 

knockdown of kapd decreased expression of nurr1 relative to 

the controls (Supplementary Fig. S4). Because Pitx3 potenti-

ates Nurr1 in specification of the dopaminergic phenotype in 

mice (Jacobs et al., 2009), it is very likely that kapd modulates 

Nurr1-mediated transcription in mdDA neurons. This, in turn, 

implies that Pitx3 is a crucial factor for the specification of the 

dopaminergic phenotype. In regard to the proposed modula-

tory effect of FAF1 in this PD mouse model, our data provide 

evidence that the pathogenic transcription factor, kapd is an 

essential regulator of the DA cell lineage.

Establishment of diencephalic anlage based on kapd and 
SHH signaling
Knockdown of kapd substantially decreased the area of shha 

expression in the ZLI and prethalamus. By contrast, overex-

pression of kapd increased the expression domain of the hy-

pothalamus in the diencephalic anlage (Fig. 5B). To confirm 

Fig. 6. Knockdown of kapd decreases the transcript levels of 

markers of immature and mature DA neurons in the ventral 

diencephalon at 18 hpf. (A-F) WISH analysis with nkx2.2- and 

olig2-specific probes detected reduction in their transcripts in the 

ventral diencephalon at 18 hpf. (A) WT embryo, (B) 5-mismatch MO 

control, and (C) kapd MO (0.2 ng of kapd morpholino per embryo). 

(G-L) WISH analysis of kapd MO (0.2 ng of kapd morpholino per 

embryo) using otx2b and th as probes. (G) otx2b transcripts in 

the midbrain of WT embryos at 18 hpf. (H) Embryos injected with 

5-mismatch showed similar patterns to those of WT embryos. 

(I) kapd MO shows remarkable reduction of otx2b transcripts in 

the midbrain including midbrain ventricle at 18 hpf. Transcripts 

of th in WT (J), 5-mismatch control (K), and kapd MO (L) at 18 

hpf. th transcripts were present in the ventral diencephalon in WT 

and 5-mismatch control whereas the expression was lost in the 

corresponding areas of kapd morphants. (M-O) Embryos were 

examined for the expression of neural crest marker, zic2b at 18 hpf. 

Transcripts of zic2b in WT (M) and 5-mis MO control (N). Injection 

of kapd MO caused notable reduced zic2b expression domains, 

ventral diencephalic and mesencephalic region at 18 hpf (O). (A-O) 

Scale bars = 100 μm.
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loss of function, we administered the SHH inhibitor cyclopa-

mine to embryos ectopically expressing kapd from 4 hpf until 

the time of sacrifice. The spatiotemporal expression patterns 

of shha at 16.5 hpf revealed that overexpression of kapd did 

not rescue the shha expression domain in the prethalamus 

(n = 35/44; data not shown). By contrast, knockdown of 

kapd caused severe phenotypic changes, including shorten-

ing of the spinal cord and delayed brain patterning (data not 

shown). Taken together with the data from our SHH inhibitor 

studies, these observations imply that kapd acts downstream 

of SHH signaling (Fig. 7) to play a critical role in the formation 

of the prethalamus.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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