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Abstract
Reelin is a protein encoded by the RELN gene that controls neuronal migration in the developing brain. Human genetic
studies suggest that rare RELN variants confer susceptibility to mental disorders such as schizophrenia. However, it
remains unknown what effects rare RELN variants have on human neuronal cells. To this end, the analysis of human
neuronal dynamics at the single-cell level is necessary. In this study, we generated human-induced pluripotent stem
cells carrying a rare RELN variant (RELN-del) using targeted genome editing; cells were further differentiated into highly
homogeneous dopaminergic neurons. Our results indicated that RELN-del triggered an impaired reelin signal and
decreased the expression levels of genes relevant for cell movement in human neurons. Single-cell trajectory analysis
revealed that control neurons possessed directional migration even in vitro, while RELN-del neurons demonstrated a
wandering type of migration. We further confirmed these phenotypes in neurons derived from a patient carrying the
congenital RELN-del. To our knowledge, this is the first report of the biological significance of a rare RELN variant in
human neurons based on individual neuron dynamics. Collectively, our approach should be useful for studying reelin
function and evaluating mental disorder susceptibility, focusing on individual human neuronal migration.

Introduction
Human genetic studies of patients with mental disorders

such as schizophrenia (SCZ) have identified several possible
factors contributing to neurodevelopmental impairments,
one of which is a rare variant in the RELN gene encoding
the glycoprotein reelin1,2. Reelin is well known as a con-
troller of neuronal migration during brain development3.
Indeed, carriers of homozygous RELN mutations exhibit
lissencephaly accompanied by developmental delay4.
Moreover, studies have suggested that even partial reduc-
tion in RELN mRNA and reelin protein may be related to

several neurodevelopmental mental disorders5–8. In accor-
dance with these genetic associations, reeler mice carrying
Reln mutations demonstrate a defect in brain lamination
and exhibit abnormal behaviors3,9. Nevertheless, the biolo-
gical significance of rare RELN variants in human neurons
remains unknown.
Neuronal migration is an essential event in the con-

struction of a functional brain10. In vivo analysis using
experimental animals has revealed strictly controlled
mechanisms involved in neuronal migration11,12. Similar
regulation seems to be present in developing human
neurons; however, the single-cell dynamics of neuronal
migration remains unexamined. Considering that
sequential events occur in the developing brain, the ana-
lysis of live neurons is required for understanding neu-
ronal dynamics relevant to neurodevelopmental events in
humans.
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We previously identified an inherited rare RELN variant
(RELN-del) in one SCZ patient1. In this study, to better
understand this RELN-del effect on human neurons, we
generated isogenic RELN-del-induced pluripotent stem
cell (iPSC) lines using targeted genome editing. Since
tyrosine hydroxylase-positive (TH+) dopaminergic neu-
rons express reelin during brain development in mice13

and have been considered one of the key factors in SCZ
pathology14,15, we differentiated iPSCs into homogeneous
dopaminergic neurons. Our single-cell analysis using live
neurons revealed that healthy human neurons had con-
trolled directional migration even at the single-cell level,
while RELN-del neurons lost migration ability, particu-
larly in directionality under the impaired reelin signal. We
obtained a similar phenotype using neurons derived from
subjects carrying congenital RELN-del. Finally, our auto-
matic evaluation system of the migration of individual
neurons confirmed that RELN-del triggers sequential
disruption of directional migration.

Materials and methods
Subjects
The human female iPSC line 201B7 (HPS0063)16 was

provided by RIKEN BRC as one of the controls (CON1).
Furthermore, two healthy Japanese subjects, a 51-year-old
male (CON2) and a 41-year-old male (CON3), were
selected as sources for control iPSCs. We previously
identified two subjects with inherited heterozygous
RELN-del (chr7: 102919640–102930809, NCBI37/hg18)1:
a 58-year-old Japanese male diagnosed with SCZ (RELN1)
and his 83-year-old mother (RELN2) without SCZ. All
subjects provided written informed consent. The given
ages of the subjects are those at the time of the blood
sampling for iPSC generation.

iPSC selection
Chromosomal aneuploidy in iPSCs may be an una-

voidable side effect of the reprogramming process17. To
preclude the influence of aneuploidy on subsequent
results, we excluded iPSC lines with unexpected copy
number variations (CNVs). Although the iPSC line
derived from CON2 harbored a 20q11.21 duplication, it
was used for further analysis because this CNV has been
frequently detected in human embryonic stem cells and
iPSCs18,19. As a result, the used numbers of our generated
iPSC lines in this study were as follows: CON2 subclone 1,
CON3 subclone 1, RELN1 subclone 1–3, and
RELN2 subclone 1. The results of these lines are shown in
Supplementary Table 1. We confirmed no clinically sig-
nificant CNVs1 in the genomic DNA from CON1.

Neuronal differentiation
Neuronal differentiation was induced as previously

reported20, with some modifications. To obtain

neurospheres, iPSCs pretreated with SB431542 (3 μM),
CHIR99021 (3 μM), and dorsomorphin (3 μM) for 1 week
(days 0–7) were dissociated using TrypLE select and
cultured in neurosphere medium consisting of MHM
(DMEM/F12 supplemented with 1× N2, 0.6% glucose, 100
units/ml penicillin, 100 μg/ml streptomycin, 5 mM
HEPES) plus 1× B27, 20 ng/ml bFGF, 10 ng/ml hLIF,
10 μM Y-27632, 3 μM CHIR99021, 2 μM SB431542,
100 ng/ml FGF8, and 1 μM purmorphamine for 2 weeks
(days 7–21). At day 14, neurospheres were dissociated for
passage. For induction of dopaminergic neurons, sec-
ondary neurospheres were collected 1 week after passage
(day 21) and plated onto Matrigel (BD)- or poly-L-orni-
thine/laminin-coated dishes in dopaminergic neuron
medium (MHM supplemented with B27, 10 μM DAPT,
20 ng/ml BDNF, 20 ng/ml GDNF, 0.2 mM ascorbic acid,
1 ng/ml TGF-β3, and 0.5 mM dbcAMP). Cells were cul-
tured in a 5% CO2/18–22% O2 atmosphere during all
experiments.

Evaluation of neuronal migration
Migration assays were performed according to a pre-

vious study21 with some modification. Briefly, secondary
neurospheres were manually collected after 1 week (day
21, defined as the beginning of neuronal induction) and
cultured on Matrigel-coated plates in dopaminergic neu-
ron medium. Time-lapse movies were acquired using
IncuCyte (Essen Bioscience, USA). For manual cell
tracking, each sequential image at 15-min intervals from
48 to 52 h after seeding in dopaminergic neuron medium
was examined by the Cell-Tracking application in ImageJ,
as described previously22. The migration distance was
measured by the XY coordinates from the origin. Plots of
cell trajectories emanating from the origin, and the
directionality ratio over time, were analyzed as previously
reported23.
For the analysis of migration angles, the position of

each cell in the XY coordinate was converted to the
movement angle from the reference position as an
inverse tangent (tan−1) of X and Y using MATLAB
(Mathworks, Natick). The cell position in image n was
termed Celln. Cell0 represented the cell position at the
starting time (defined as 48 h after the beginning of
induction) and set as the origin. The reference direction
of the cell was obtained by averaging the movement
angles over the 4 h. The movement angle of a cell at
each time point thereafter was expressed as the angle
from the coordinate axis. Migration in a direction close
to the reference direction (small angle) implies orien-
tated migration while veering from the reference
direction (larger angle) implies disorientated migration.
When a cell did not move between two sequential
images, the data at that time point were omitted from
the analysis.
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For the automatic detection of neuronal migration,
secondary neurospheres were labeled using CellLight
Nucleus-GFP (Thermo Fisher, USA). Automatic cell
tracking was carried out by the Particle Tracker applica-
tion in ImageJ24 using each sequential image at 15-min
intervals from 42 to 54 h after plating in dopaminergic
neuron medium. GFP signals, which could be detected at
all-time points, were used for further examination. To
reduce detection errors, GFP signals in aggregates were
omitted from the analysis.

Statistical analysis
Two means were compared using the Student’s or

Welch’s t-test (unpaired, two tailed). Three or more
means were analyzed by analysis of variance, followed by
Dunnett’s test for pairwise comparisons. A p < 0.05 was
accepted as a significant difference. Frequencies and ratios
were compared by Pearson’s chi-squared test with p < 0.05
accepted as significant.

Results
Establishment of isogenic RELN-del iPSCs by targeted
genome editing
We previously identified an inherited rare RELN variant,

the heterozygous RELN deletion (RELN-del) (chr7:
102919640–102930809, NCBI37/hg18), in a patient with
SCZ1. To understand the biological effect of this RELN-
del on human neuronal cells, we generated isogenic
RELN-del iPSC lines using the CRISPR/Cas9 system. Four
individual single-guide RNAs (sgRNAs) were constructed
near the start point of the deleted region in the patient
with SCZ (Fig. 1a). Among the constructed sgRNAs,
sgRNA#4 showed the strongest cleavage activity as
examined by T7EI assay (Supplementary Fig. 1a). To
achieve the reproducibility of results and to exclude the
possibility of off-target effects, we generated multiple
isogenic iPSC lines from the two parent iPSC lines (CON1
and CON2) as previously suggested25. We obtained sev-
eral isogenic lines with heterozygous or homozygous
RELN-del (Supplementary Fig. 1b). Each isogenic line was
designated as Ig-(parent iPSC name)-genotype); for

example, IgCON1 (+/−) is the heterozygous isogenic line
derived from CON1 iPSCs. These isogenic iPSC lines
retained the capacity to differentiate into all three germ
layers (Supplementary Fig. 1c). We also performed an off-
target search using CCTop26. CCTop predicted 10
potential off-target sites for sgRNA#4 in the human
genome under the following conditions: core length= 12;
max. core mismatches= 2; max. total mismatches= 3.
However, the only target at an exonic position was in the
RELN gene region (Supplementary Table 2).

Characterization of isogenic RELN-del neuronal cells
To test whether the generated isogenic RELN-del lines

demonstrate decreased reelin expression levels, we first
examined RELN messenger RNA (mRNA) expressions on
day 21 (containing predominantly neuronal progenitors
or stem cells) and in differentiated dopaminergic neurons
on day 28. A differentiation scheme is shown in Fig. 1b.
Compared with parental lines, the isogenic homozygous
RELN-del lines showed much less expressions of RELN
mRNA (Fig. 1c). There were no differences in the rate of
differentiation into TH+ cells among all the groups
(>85%; Fig. 1d).
We next performed immunocytochemistry for reelin in

TH+ dopaminergic neurons. To facilitate the direct
comparison of reelin immunoexpression among neurons
derived from different iPSC lines (CON1, IgCON1[+/−],
IgCON1[−/−]), staining was conducted simultaneously.
The highest reelin immunoexpression was detected in TH
+ dopaminergic neurons derived from parental iPSC
CON1. Weaker expression was detected in neurons
derived from CON1(+/−), and no detectable expression
was observed in IgCON1(−/−)-derived neurons (Fig. 1e).
These findings indicate that reelin expression in isogenic
RELN-del dopaminergic neurons is directly dependent on
genetic insufficiency, and the decreased reelin expression
may cause the impaired reelin signal activity. The phos-
phorylation of disabled-1 (DAB1)27 tyrosine is one of the
reelin signals required for neurodevelopment. As shown
in Fig. 1f, the amount of phosphorylated DAB1 tyrosine
(p-YDAB1) was decreased in the isogenic RELN-del cell

Fig. 1 Characterization of isogenic RELN-del iPSCs and neurons. a The target sites of the CRISPR-sgRNAs used in this study. CRISPR-sgRNA#1 and
#2 target the sense strand, whereas sgRNA#3 and #4 target the antisense strand. b Schematic illustration of the differentiation of dopaminergic (DA)
neurons. c Quantitative real-time PCR was performed to measure RELN expression in neurospheres (day 21) and dopaminergic neurons (day 28).
CON1: neurosphere n= 4, DA neuron n= 5. CON2: neurosphere and DA neuron n= 4. IgCON1(+/−): neurosphere n= 4, DA neuron n= 3. IgCON1
(−/−): neurosphere n= 3, DA neuron n= 4. IgCON2(+/−): neurosphere n= 3, DA neuron n= 6. IgCON2(−/−): neurosphere n= 4, DA neuron n=
5. Bars represent the mean ± SD. **p < 0.01, ***p < 0.001 vs respective parental neurospheres. †p < 0.05, ††p < 0.01 vs respective parental DA neurons.
d Analysis of dopaminergic neuron differentiation efficiency by quantifying the ratio of TH+ to TUJ1+ cells at day 23 (n= 180 cells). Bars represent
mean ± SD. e Representative images of early dopaminergic neurons (day 23= 48 h after the start of induction) immunostained for TH and reelin. The
white bar in the image represents 200 μm. f Immunoblotting for phosphorylated tyrosine DAB1 (p-YDAB1), total DAB1, and β-actin using DA neurons
at day 28. The values of p-YDAB1/total DAB1 are as follows: CON1= 100, IgCON1(+/−)= 84, and IgCON1(−/−)= 75. g The venn diagram
containing the altered gene expression in IgCON2(+/−) (blue) or IgCON2(−/−) (red). h GO analysis identified enriched categories for the altered
genes in both IgCON2 neurospheres. A list of the top 10 categories showing the smallest p-values
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lines compared with that in parental lines, indicating that
the reelin signal is impaired in isogenic RELN-del
neurons.
To characterize the isogenic RELN-del neuronal cells,

we compared the gene expression profiles of isogenic
RELN-del and their parental neurospheres (Fig. 1g, Sup-
plementary Table 3), considered to be a direct effect of
RELN-del. The upregulated genes in isogenic RELN-del
neurospheres were mainly associated with the cell cycle
(Fig. 1h upper, Supplementary Table 4). In contrast, the
downregulated genes in isogenic RELN-del neurospheres
were enriched in cell movement GO terms (Fig. 1h lower,
Supplementary Table 5).

SCZ patient-derived RELN-del impairs the directionality of
dopaminergic neuronal migration
To examine whether isogenic RELN-del neurons

exhibited impaired cell movement as a result of GO
analysis, we performed a single-cell-tracking assay, which
makes it possible to capture individual cell movement.
Neurons derived from parental iPSCs (CON1 and CON2)
migrated straight toward the outside, while those from
isogenic RELN-del lines exhibited circuitous trajectories
(Fig. 2a, Supplementary Fig. 2). For an objective indicator
of directionality, we compared quantitative indices of
migration between parental lines and isogenic RELN-del
lines. Comparing total migration distance over 4 h from
48 to 52 h after dopaminergic induction, IgCON1 (+/−),
IgCON2 (+/−), and IgCON2 (−/−) did not show sig-
nificant differences from each parental line, although
IgCON1 (−/−) demonstrated a larger migration distance
(Fig. 2b). The parameter of directionality ratio, the
straightline length between the start point and the end-
point of the migration trajectory divided by the length of
the trajectory, showed sequentially lower values in iso-
genic RELN-del line neurons than their parental line
neurons during the observed time. This corresponded
with decreasing reelin expression (Fig. 2c, d).
The directional ratio is sometimes influenced by cell

speed23. To preclude this, we also measured the stability of
each cell movement angle. Cells with greater directional
movement will show smaller angles (i.e., straighter trajec-
tories) compared with cells with disorientated (circuitous)

movement. Measurement metrics are summarized and
schematically depicted in Fig. 2e. The movement angle for
Celln (αCelln) is defined as the angle of the displacement
vector for Celln from the coordinate axis, with positive
angles indicating counter-clockwise motion and negative
angles indicating clockwise motion. As shown in Fig. 2f, g
and Supplementary Fig. 3, the movement angles in parental
lines were usually less than 20° (−20° < αCelln < 20°; 87% of
the total for CON1, 83% for CON2). However, fewer angles
were within this range for isogenic RELN-del groups (71%
of the total for IgCON1 [+/−], 65% for IgCON1[−/−], 73%
for IgCON2[+/−], and 70% for IgCON2[−/−]). The dis-
tribution ratio based on the movement angles in isogenic
RELN-del groups was significantly different from parental
groups (Fig. 2h). Taken together, it appeared that RELN-del
causes the disruption of directed migration in human
neurons at the single-cell level, and this effect was depen-
dent on reelin dosage (Fig. 2i).

Characterization of congenital RELN-del iPSCs and neurons
To investigate whether undirected migration is also

observed in congenital RELN-del neurons, we generated
iPSC lines from the peripheral blood monocytes of two
congenital heterozygous RELN-del subjects, which we
previously identified1 (RELN1, the patient with SCZ, and
RELN2, his healthy mother). To confirm the heterozygous
deletion of RELN in congenital RELN-del iPSC lines, we
performed TaqMan copy number assays. As shown in Fig.
3a, RELN-del was detected in iPSC lines as well as in
blood monocytes from the source subjects (RELN1 and
RELN2).
We examined RELN mRNA expression in neurospheres

on day 21 and in differentiated dopaminergic neurons on
day 28, using congenital RELN-del lines. Dopaminergic
neurons differentiated from control iPSCs showed ele-
vated RELN mRNA expression compared with pro-
genitor/stem cells in neurospheres derived from the same
iPSCs (Fig. 3b), indicating that dopaminergic neuron
differentiation is associated with increased reelin expres-
sion. In contrast, dopaminergic neuronal cells derived
from congenital RELN-del iPSCs exhibited significantly
reduced RELN mRNA expression compared with controls
(Fig. 3b).

Fig. 2 Loss of directed migration trajectory in isogenic RELN-del neurons. a Plots of 10-cell trajectories emanating from the origin. 1 pixel=
3.42 μm. b Quantification of total migration distance over 4 h (48–52 h after plating). Bars represent the mean ± SD. ***p < 0.001. n= 10. c Upper:
Definition of directionality ratio. Lower: Directionality ratio over elapsed time. Plots represent the mean ± SEM. n= 10. d Directionality ratio of the last
point trajectory. Bars represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. n= 10. e Schematic diagram showing the cell movement angle at each
time point n relative to the coordinate axis. αCelln= angle for Celln. f Distribution of the cell movement angles for each genotype plotted on circular
histograms. Each histogram shows a representative cell for each genotype. The diameter represents the cell numbers. g Summary of 10 cells from
each genotype shown as a histogram. h The distribution of cells based on their movement angles. Angles are absolute values relative to the origin
(negative is clockwise). For example, 0°−20° include both αCelln= 0°−20° and −20°–0°. Each bar represents the proportion of the total analysis points
according to the angular movement range 0°–20°, 20°–60°, and 60°–180° for each genotype. CON1 n= 149, CON2 n= 163, IgCON1(+/−) n= 159,
IgCON1(−/−) n= 159, IgCON2(+/−) n= 145, IgCON2(−/−) n= 152. *p < 0.05, ***p < 0.001. i Graphical abstract
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Previous studies have reported that iPSCs derived from
SCZ patients differ in their capacity to differentiate into
dopaminergic neurons and produce dopamine compared
with iPSCs derived from healthy controls28,29; however,
this remains controversial. Under our induction protocol,

all iPSCs, including RELN-del iPSCs from the patient with
SCZ (RELN1), demonstrated a high capacity to differ-
entiate into TH+ cells (over 85%) (Fig. 3c, d). This made it
possible to analyze relatively homogenous neurons. In
contrast, dopaminergic neurons derived from the

c
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Fig. 3 Generation of iPS cells carrying congenital RELN-del. a Confirmation of genomic RELN deletion in RELN-del iPSCs by the TaqMan copy
number assay. Calibrator= a sample carrying two copies of RELN. b Quantitative real-time PCR was performed to measure RELN expression in
neurospheres (day 21) and dopaminergic neurons (day 28). CON1: neurosphere n= 4, DA neuron n= 5. CON2: neurosphere and DA neuron n= 4.
CON3: neurosphere and DA neuron n= 5. RELN1-1: neurosphere n= 4, DA neuron n= 6. RELN2: neurosphere n= 4, DA neuron n= 6. Bars are
mean ± SD. *p < 0.05, **p < 0.01, †††p < 0.001 (DA neuron: CON vs RELN-del). The results of CON1 and CON2 were cited from Fig. 1c. c Representative
images of early dopaminergic neurons (day 23= 48 h after the start of dopaminergic neuron induction), followed by immunostaining for TH and
TUJ1. Bars represent 50 μm. d Analysis of dopaminergic neuron differentiation efficiency by quantifying the ratio of TH+ to TUJ1+ cells at day 23
(n= 180 cells). Bars represent the mean ± SD. The results of CON1 and CON2 were cited from Fig. 1d. e Measurement of dopamine concentration in
the culture supernatant of dopaminergic neurons at day 28. CON1 n= 5, CON2 n= 4, CON3 n= 3, RELN1-1 n= 5, RELN2 n= 4. Bars represent mean
± SD. **p < 0.01. f Immunoblotting for phosphorylated DAB1 tyrosine (p-YDAB1), total DAB1, and β-actin using DA neuron at day 28. The relative
intensities of p-YDAB1/total DAB1 are as follows: CON1= 100, CON2= 224, CON3= 133, RELN1-1= 92, RELN1-2= 26, RELN1-3= 86, and
RELN2= 76
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congenital RELN-del iPSCs (RELN1-1 and RELN2)
released substantially less dopamine compared with
neurons derived from control iPSCs (Fig. 3e).
To address whether each congenital RELN-del TH+

neuron showed an impaired reelin signal similar to iso-
genic RELN-del line neurons, we performed immuno-
blotting experiments for p-YDAB1 and total DAB1. The
amount of p-YDAB1 was decreased in congenital RELN-
del lines compared with control lines (Fig. 3f). These
findings confirm that this rare RELN variant causes
decreased reelin expression and impaired reelin signaling
in human neurons.
Next, we performed a live cell-tracking analysis using

congenital RELN-del lines. Dopaminergic neurons
derived from healthy control iPSCs (CON1, CON2, and
CON3) migrated straight toward the outside, while those
from congenital RELN-del iPSCs (RELN1 and RELN2)
exhibited circuitous trajectories (Fig. 4a and Supplemen-
tary Figs. 2 and 4). Unlike isogenic RELN-del neurons,
congenital RELN-del neurons lost the mobilization
capacity for both distance and direction (Fig. 4b–d).
Single-cell analysis of movement angles indicated that
congenital RELN-del neurons severely lost the direction-
ality of migration (Fig. 4e, f and Supplementary Figs. 3 and
5).
To investigate whether the impaired migration in dis-

tance and directionality was due to the reduction of reelin
secretion in congenital RELN-del lines, we performed
experiments using recombinant reelin protein. Although
the exogenous reelin induced more impairment of the
neuronal migration distance, it had no effect on neuronal
directionality at the single-cell level (Fig. 4g, h).

Automatic evaluation system using single-cell trajectory
analysis
We speculate that our analysis method is worthy for

screening neuron dynamics at the single-cell level without
any bias. We then performed single-cell trajectory analysis
with an automatic detector using a GFP signal for 12 h
(Fig. 5a). The trajectory of each neuron could be tracked
by GFP signals (Fig. 5b). Compared with control neurons
(CON1), RELN-del neurons (IgCON1[−/−] and RELN1-
1) showed meandering migration trajectories (Fig. 5c).
Consistent with the manual tracking results, automatic
analysis showed that the migration directionality decayed
with decreasing reelin expression (Fig. 5d, e).

Discussion
The inaccessibility of the living human brain is a major

obstacle to elucidate neuronal function in humans and the
pathogenesis of mental disorders. Recently, iPSCs have
made it possible to examine living human central nervous
system neurons. Human iPSC-derived neurons show gene
expression patterns similar to those in the developing
human brain30 and reflect their various traits in vitro31–33.
Considering that reelin functions well in the developing
brain, the establishment of RELN-del iPSCs is an ideal
strategy to assess the significance of rare RELN variants in
human neurons.
The reelin-dependent signaling pathway is involved in

brain function, particularly for brain development. One of
the major reelin signals is the phosphorylation of DAB1,
which is required for neuronal migration34. We showed
that both isogenic and congenital RELN-del neurons
demonstrate a reduction in p-YDAB1. Therefore, this
RELN variant causes an impaired reelin signal in neurons,
resulting in a disruption in directional migration. A
number of previous studies have strongly suggested that
the genetic anomaly of RELN35–37 and impaired reelin
signals7,38,39 are vulnerable factors for SCZ. Thus, it is
reasonable to assume that the disrupted directional
migration triggered by RELN-del may be relevant for SCZ.
Moreover, we found that the addition of recombinant
reelin was ineffective for reversing the disruption of
directional migration. However, recombinant reelin
reduced the migration distance, which is in agreement
with previous studies40,41, assuming that it acted on
neurons. A previous study reported that human neural
stem cells expressing reelin can migrate even if they are
injected in the brain of reeler mice40. Taken together, our
findings may suggest the importance of endogenous reelin
expression for directional migration in human neurons.
Further studies are warranted to confirm our findings.
While we identified a common phenotype in both

congenital and isogenic RELN-del neurons, we also found
some differences between them. For example, decreased
dopamine production was observed only in congenital
RELN-del neurons. Considering that the differentiation
efficiency into TH+ neurons was similar (>85%) among
all RELN-del iPSCs, the intracellular degradation of
dopamine may be promoted in congenital RELN-del
neurons. We have not identified the additional RELN-del
subjects in more than 2000 SCZ patients. The small

Fig. 4 Congenital RELN-del dopaminergic neuron shows migration defects. a Plots of 10-cell trajectories emanating from the origin. 1 pixel=
3.42 μm. b Quantification of total migration distance over 4 h (48–52 h after plating). Bars represent the mean ± SD. ***p < 0.001. n= 10. c
Directionality ratio over elapsed time. Plots represent the mean ± SEM. d Directionality ratio of the last point trajectory. Bars represent the mean ± SD.
***p < 0.001. n= 10. e Summary of 10 cells from each genotype shown as a histogram. f The distribution of cells based on their movement angles.
CON1 n= 149, CON2 n= 163, CON3 n= 158, RELN1-1 n= 124, RELN2 n= 150. ***p < 0.001. g Effect of recombinant reelin on migration distance.
**p < 0.01 vs RELN1-1 without recombinant reelin. h Effect of recombinant reelin on migration directionality. The results of CON1 and CON2 were
cited from Fig. 2
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number of subjects carrying rare RELN variant is the
limitation of our study. To elucidate a direct causal link
between neuronal phenotypes and rare genetic variants
such as RELN, the derivation of both isogenic and patient-
specific iPSCs, such as those in this study, should prove to
be a promising strategy.
The neurosphere outgrowth assay is an established

assay for measuring neuronal migration ability21; how-
ever, most studies using this assay focus on migration
distance. Our single-cell trajectory analysis demonstrated
that healthy control iPSC-derived neurons demonstrate
strictly controlled migration even in vitro, particularly
with regard to direction. As we used highly homogenous
neurons, there seems to be few signals from other cell
types such as a glia in this system. Thus, our findings will
be useful for addressing direct neuron dynamics at single-
cell levels in humans. In addition to our study, some
reports have demonstrated that iPSC-derived neurons
show migration ability similar to that in vivo42,43.
Although it should be noted that iPSC-derived neurons
do not completely recapitulate the physiology of the
human brain, they are undoubtedly full of novel findings
about human brain dynamics.
Newborn neurons including dopaminergic neurons in

midbrain migrate radially as well as neurons in cerebrum
and cerebellum during brain development44–47. In gen-
eral, migrating neurons are aligned along the radial glia,
while we observed that iPSC-derived neurons could
independently migrate from the radial glia. Our findings
suggest that reelin widely plays a role in brain develop-
ment, and may be useful for studying the mechanisms
underlying neuronal migration independent of the radial
glia in humans.
Clarifying the genetic, molecular, and cellular mechan-

isms underlying disease susceptibility is essential for the
development of effective treatments. In this study, we
demonstrated that a rare RELN variant causes an impaired
reelin signal, resulting in a loss of directionality during
individual human neuronal migration. We believe that
our analysis, using both isogenic and congenital RELN-del
iPSCs, made it possible to come to this conclusion.
Moreover, our automatic detection system demonstrated
the utility of RELN-del iPSCs for screening and evaluating
human neurodevelopmental impairment. Our study,
focusing on the directionality of individual cell migration,
provides a foundation for the elucidation of reelin func-
tion in neural development and may contribute to novel
therapeutic strategies for mitigating mental disorder
susceptibility.
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