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Abstract
The mutation of the X-linked protocadherin (PCDH) 19 gene in heterozygous females causes epilepsy. However, because of the erosion of 
X-chromosome inactivation (XCI) in female human pluripotent stem cells, precise disease modeling often leads to failure. In this study, 
using a mathematical approach and induced pluripotent stem cells retaining XCI derived from patients with PCDH19 missense 
mutations, we found that heterotypic conditions, which are composed of wild-type and missense PCDH19, led to significant cell-to- 
cell proximity and impaired neuronal differentiation, accompanied by the aberrant accumulation of doublecortin, a microtubule- 
associated protein. Our findings suggest that ease of adhesion between cells expressing either wild-type or missense PCDH19 might 
lead to aberrant cell aggregation in early embryonic phases, causing poor neuronal development.
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Introduction
A heterozygous mutation of the X-linked protocadherin (PCDH) 19 
gene causes monogenic epilepsy in females owing to random 
X-chromosome inactivation (XCI) (1–3). PCDH proteins are 
cell-to-cell adhesion molecules related to neurobiological proc-
esses such as neurite self-avoidance and synaptogenesis (4, 5). 
Using an overexpression system of various PCDH classes in K562 
cancer cells or model mice with PCDH19 deletion, a recent study 
demonstrated that the same type of PCDH proteins tended to ad-
here to each other (1). However, given that the mice with the het-
erozygous PCDH19 deletion did not exhibit apparent spontaneous 
seizures (1) and that most patients retained missense mutations 
(6), the deletion model might not be suitable for understanding 
PCDH19-related epilepsy.

Although human-induced pluripotent stem cells (hiPSCs) from 
patients with PCDH19 mutations are beneficial for disease model-
ing, female hPSCs often cause XCI erosion during culture. XCI ero-
sion causes a dysregulation of X-linked genes, leading to a biallelic 
expression of X-linked genes (7). Consequently, cells with a het-
erozygous mutation in the X-linked gene express both wild and 

mutant products, thereby preventing proper disease modeling 
(7, 8). Therefore, XCI must be retained to perform proper ex vivo 
modeling using female hPSCs. We recently demonstrated that 
XCI in female hPSCs was maintained with the daily use of the 
Rho kinase inhibitor, enabling proper disease modeling using fe-
male patient–specific iPSCs (8). In this study, using iPSCs derived 
from PCDH19 missense mutations with XCI (PCDH19mut-iPSCs), 
we revisited the question of how the PCDH19 missense mutation 
is linked to neuronal development.

Results
Two iPSC lines from patients with a PCDH19 heterozygous 
mutation exhibiting epilepsy (PCDH19het:mut-1656 and 
PCDH19het:mut-2314 lines) were obtained from the RIKEN 
BioResource Center. An immunofluorescence (IF) analysis using 
histone 3 lysine 27 trimethylation (H3K27me3), XCI hallmark (9), 
antibody revealed that 80% of cells in both lines were H3K27me3 
foci with the pluripotency marker OCT4 (Fig. S1a and b). These 
lines retained heterozygous mutations in exon1 of PCDH19, and 
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an expression allele analysis using complementary DNA (cDNA) 
revealed that PCDH19het:mut-1656 and PCDH19het:mut-2314 ex-
pressed PCDH19 with missense mutations of S139L and V191L, 
respectively, in a monoallelic manner (Fig. S1c), confirming that 
these lines were not subjected to XCI erosion.

Given that PCDH19 is an X-linked gene and is subjected to 
random XCI (1–3), patient cells are in mosaic states, composed of 
two PCDH19 types (wild type [WT] and mutant). The iPSC clones 
expressing WT PCDH19 could not be obtained from the same donor 
with a PCDH heterozygous mutation; therefore, to recapture the in 
vivo situation (mosaic), mixed cell experiments were conducted us-
ing a healthy human embryonic stem cell (hESC) line expressing en-
hanced green fluorescent protein (EGFP) from the adeno-associated 
virus integration site safe harbor locus (S6-egfp; Fig. S2). Two other 
healthy female hPSC lines, adipose-derived stem cell (ADSC)-iPSC 
and SEES5 (hESC) lines, which retained XCI in >80% of cells, were 
used as controls in the mixed cell experiments (Healthy-1 and 
Healthy-2, respectively, Fig. 1a) (8, 10).

To examine whether preferential adhesion occurs in specific 
cell line pairs, a series of aggregation experiments with various 
combinations of S6-egfp and other healthy controls or mutant 
lines were conducted. In the assay, an IF analysis against the 
GFP antibody was used to distinguish the cell origin and obtain 
the cell coordinates, followed by a comprehensive evaluation of 
adhesion status using bespoke mathematical modeling leveraging 
cell-to-cell proximity (Fig. 1a and Supplementary Methods). The 
model accounted for the distance distribution of all pairs of cells 
in the imaging area to classify each pair of cells as either “adhe-
sive” or “nonadhesive” by fitting a bivariate Gaussian mixture 
model. The latent status of “adhesiveness” was then propagated 
to logistic regression to jointly and rigorously estimate the odds 
ratio of cell adhesion between cells from WT and mutant lines 
over other cell combinations while adjusting the line and donor ef-
fects, of which cells from the same donor are proximate, since we 
did not obtain two cell types expressing either PCDH19 WT or a 
mutant from the same donor (Fig. S3). Unexpectedly, in contrast 
to a previous report using PCDH19-deletion mice (1), the model re-
vealed that the odd ratios of cell-to-cell proximity between 
S6-egfp/mutant pairs over other pairs were significantly higher 
(Fig. 1b), suggesting that the cells with the missense mutation 
PCDH19 significantly adhere to those with WT PCDH19.

As PCDH19 is identified as a transmembrane protein (11, 12), 
we examined whether PCDH19 localization was affected under 
heterotypic conditions. We first checked the expression levels of 
PCDH19 mRNA by qPCR in hPSCs used for the aggregation assay. 
The qPCR analysis revealed that the expression levels of 
PCDH19 in PCDH19mut-iPSC lines were comparable with those in 
healthy control lines (Fig. S4a). A western blotting analysis 
showed that there were no marked differences among the sam-
ples (Fig. S4b). The IF analysis showed that PCDH19 was stained 
in the cell-to-cell border regions, exhibiting a compartment-like 
staining pattern (Fig. S4c). However, the total percentages of the 
compartment-like structure per nucleus in WT/PCDH19mut pairs 
were comparable with those in WT/WT pairs (Fig. S4d). We further 
examined the expression status of N-cadherin, a potential inter-
actor of PCDH19 (11), by IF. The percentage of N-cadherin particles 
per nucleus was significantly different in each group, but no spe-
cific propensity was observed for the WT/PCDH19mut pairs 
(Fig. S4e and f). Consequently, although the exact mechanisms 
underlying the preferential cell-to-cell proximity under PCDH19 
heterotypic conditions remain unknown, these results suggest 
that the expression status of PCDH19 and N-cadherin in iPSCs is 
not directly linked to the cell-to-cell proximity.

Next, to examine the effect of the PCDH19 missense mutation 
on neuronal differentiation, cortical neurons were generated 
under mixed or no-mix culture conditions by the prevalent proto-
col using small-molecule cocktails (13, 14) (Fig. 2a). We confirmed 
that the protocol generated the cortical neurons with the expres-
sion of a marker, such as T-box brain transcription factor 1 (8) 
(Fig. S5). On in vitro day (IVD) 40, the neuronal differentiation sta-
tus was evaluated by an IF analysis using neuronal markers, 
microtubule-associated protein 2 (MAP2) and metabotropic gluta-
mate receptor 1 (mGLUR1), and EGFP. Interestingly, a significant 
impairment of neuronal differentiation was observed in 
PCDH19mut-iPSCs compared with that in healthy controls when 
the cells were differentiated under the no-mix culture condition 
(Fig. 2b and c). In the mixed culture condition with S6-egfp, similar 
to the results from the experiments of the no-mix culture condi-
tion, we found that PCDH19het:mut-iPSCs exhibited poor differenti-
ation rates compared with those of healthy controls (ADSC: 97.8%, 
SEES5: 48.1%, PC-1656: 5.9%, and PC-2314: 24.7% on average; 
Fig. 2d and e). Moreover, under the mixed culture condition, the 
Healthy-2 cell line showed decreased differentiation. The exact 
mechanism for the decreased differentiation of the Healthy-2 
lineage is not yet known; one possibility may be that the differenti-
ation timing between the two lines is not synchronized. However, 
this decrease was more severe in the PCDH19het:mut-iPSC lines, 
specifically in the PCDH19het:mut-1656 line (the ratios of mix/no- 
mix are as follows: Healthy-1: 1.00-fold, Healthy-2: 0.51-fold, 
PCDH19het:mut-1656: 0.08-fold, PCDH19het:mut-2314: 0.31-fold; 
Fig. 2c and e). We further assessed the effect of the PCDH19 mis-
sense mutation on neuronal complexity under the mixed culture 
condition. A Sholl analysis revealed that the neurons derived from 
PCDH19mut-iPSCs showed a tendency toward poor development 
compared with those from healthy controls (Fig. S6a and b). The 
IF analysis of PCDH19 and N-cadherin in neurons showed that 
both spread in the entire regions of the neurons, but we did not ob-
serve the aberrant staining patterns specific to PCDH19 mutant 
cells (Fig. S7). These results suggest that the neuronal differenti-
ation and complexity of PCDH19mut-iPSCs might be more affected 
when the cells are cultured under PCDH19 heterotypic conditions 
without a dramatic alteration of PCDH19 and N-cadherin expres-
sion status.

We also examined whether Ca signals were observed in the 
neurons. Time-lapse imaging using a Ca indicator showed Ca ac-
tivity in the neurons in both mix and no-mix conditions (Fig. S8), 
suggesting that the heterotypic conditions did not prevent the 
generation of Ca signals in the neurons.

The mixed culture experiments using S6-egfp provide an op-
portunity to examine the effect of heterotypic conditions on the 
cells with WT PCDH19. Moreover, focusing on the S6-egfp line 
would eliminate the genetic background effect on differentiation 
status. Interestingly, the IF analysis of the cells with EGFP+ re-
vealed that the differentiation of S6-egfp neurons cultured with 
the PCDH19 mutant cells was significantly decreased compared 
with that in healthy controls (Fig. 2f and g). During Sholl analysis, 
we observed a significant decrease in the complexity of the 
S6-egfp cell line with PCDH19het:mut-1656 (Fig. S6c), whereas the 
complexity of the S6-egfp cell line with PCDH19het:mut-2314 was 
comparable with that of the healthy cell lines, suggesting that 
the neuronal complexity of WT cells might be considerably af-
fected by the type of PCDH19 mutation (Fig. S6c).

Next, to examine the developmental status of differentiating 
cells in the mixed culture conditions, we conducted doublecortin 
(DCX; immature neuron marker) (15) and SOX2 (progenitor mark-
er) (16) staining at IVD 40 (Fig. S9a). The IF analysis revealed that 
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the number of SOX2-positive cells in all groups was small (<2% of 
DAPI; Fig. S9b and c), indicating that the poor differentiation ob-
served in the PCDH19 mutant groups was not caused by the arrest 
of progenitor phases. In the DCX staining analysis, the population 
of DCX-positive cells depended on the genetic background 
(Fig. S9d and e). However, an aberrant DCX staining pattern (foci) 
was observed in many cells in the PCDH19het:mut-1656/2314 groups 
(Fig. S8c and d). Specifically, most cells in the PCDH19het:mut-1656/ 
S6-egfp groups, which exhibited a higher cell-to-cell proximity 
(Fig. 1b), displayed a foci staining pattern, whereas the healthy con-
trol lines exhibited the typical staining pattern (spreading in the 
cytoplasm; Fig. S8c and d). These results suggest that PCDH19 mu-
tations may hinder neuronal maturation phases.

To investigate whether DCX aberrant foci were specifically ob-
served in the PCDH19 heterotypic culture condition and/or in 
PCDH19 mutant cells, we conducted DCX staining in the no-mix 
condition of PCDH19het:mut-1656 and PCDH19het:mut-2314 mutants 
individually. The aberrant foci staining pattern was not observed 
in most cells in the PCDH19het:mut-1656/2314 groups; rather, these 
cells exhibited a spreading DCX pattern (Fig. S9f and g). These re-
sults indicate that the poor differentiation of PCDH19het:mut mu-
tants in the heterotypic condition is accompanied by aberrant 
DCX accumulation during neuronal maturation phases.

Finally, to gain insights into the effect of PCHD19 mutations on 
potential structural changes, we conducted a computational 
simulation of protein–protein interaction. Given that PCDH19 in-
teracts with other PCDH-family proteins (1), we first assessed 
the types of PCDH-family proteins expressed in hPSCs using a 
published RNA-sequencing dataset. PCDH1/10/17/18, in addition 
to PCDH19, was detected in the two healthy lines (Fig. S10a). 

ChimeraX analysis (17), using the predicted 3D structure by 
Alphafold2 (18), revealed that the rmsds among PCDH-family pro-
teins (19), including WT PCDH19, were <1.2, suggesting a potential 
similarity between mutant and PCDH-family proteins (Fig. S10b). 
The analysis further indicated that the rmsd between PCDH19 
and PCDH19het:mut-1656 was 0.684 and that between PCDH19 
and PCDH19het:mut-2314 was 0.769 (Fig. S10b). These results sug-
gest that 3D structure of the PCDH19 mutations (S139L: 
PCDH19het:mut-1656 and V191L: PCDH19het:mut-2314) may not 
undergo significant changes and that such similarities may be 
one of the factors responsible for cell-to-cell adhesion.

Overall, the study results demonstrated that the missense mu-
tation PCDH19 was more significantly proximate to normal cells, 
inducing poor neuronal differentiation accompanied by aberrant 
DCX accumulation in both wild and mutant cells (Fig. 2h). These 
results suggest a new possibility for the cause of PCDH19 epilepsy.

Discussion
Given that some patients with PCDH19 epilepsy retain the PCDH19 
deletion, the mechanism by which the same class of PCDH19 is 
clustered might be underlying in such patients, as previously con-
ceived by cancer cells and mice models (1, 11). However, using 
patient-specific iPSCs with normal XCI, we demonstrated that 
two different PCDH19 mutant cells shared a similar propensity 
to adhere to WT cells, inducing poor neuronal development.

With regard to the impaired neuronal differentiation in the het-
erotypic conditions, we observed an aberrant accumulation of 
DCX (Fig. S9). Given that DCX is an X-linked gene and that hetero-
zygous mutations can cause subcortical band heterotopia, which 
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the mathematical modeling for cell adhesion assay was performed as follows: the schematic shows the distance between two cells, which is modeled by a 
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Fig. 2. The heterotypic condition of PCDH19 impairs neuronal differentiation. a) An experimental scheme for the assay of neuronal differentiation under 
PCDH19 heterotypic conditions. Differentiation into cortical neurons from hPSCs was performed in either single or mixed cell line conditions. In the 
mixed culture experiments, an hPSC line was cocultured with S6-egfp WT at the same cell number (1:1 ratio) and differentiated into neurons. An IF 
analysis was used to evaluate the differentiation status. Anti-GFP was used to distinguish the cell origins. b and c) Neuronal differentiation in a single cell 
line culture. The representative images (b) and the quantification results of MAP2+/mGLUR1+ cells are shown (c). d and e) Neuronal differentiation in 
mixed culture. The representative images (d) and the quantification results of MAP2+/mGLUR1+/GFP− cells are shown (e). f and g) Neuronal differentiation 
in mixed culture. The representative images (f) and the quantification results of MAP2+/mGLUR1+/GFP+ cells are shown (g). The arrowheads indicate the 
neuron from the S6-egfp line. Each dot represents the percentage of positive cells from an individual imaging area. At least 99 neurons were analyzed in 
each experimental group. One-way ANOVA with a post hoc test (Tukey) was applied to multiple comparisons. h) A model for PCDH19 epilepsy onset. 
Owing to random XCI, the cells with the PCDH19 missense mutation expressed either missense or WT PCDH19. Consequently, the heterotypic conditions 
generated more cell-adhesive situations. The proximity between cells induced poor neural differentiation, which might be the cause of PCDH19 epilepsy.
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can lead to epilepsy and is predominantly observed in females (20), 
a PCDH19-related disorder might be partially linked to the abnor-
mal accumulation of DCX. In addition to the marked accumula-
tion of DCX observed in the PCDH19het:mut-1656 group (Fig. S9d 
and e), this group also exhibited more pronounced deficiencies 
in neuronal differentiation (Fig. 2e and g), complexity (Fig. S6b 
and c), and high cell-to-cell proximity (Fig. 1b), compared with 
the PCDH19het:mut-2314 group. These results suggest that the 
more proximal cells are to each other, the worse the neuronal 
differentiation.

We further observed that the influence of neuronal 
complexity between WT and mutant cells was different in the 
PCDH19het:mut-2314/s6-egfp pair (Fig. S6b and c). Given that a part 
of PCDH19 associates with chromatin remodeler neuroLSD1, affect-
ing gene expression related to differentiation, memory, and cogni-
tive functions (21, 22), the finding suggests that the gene 
expression status related to neural complexity may be more affected 
in mutant cells than in WT cells and/or by the type of mutation.

The detailed molecular mechanisms underlying the preferen-
tial adhesion and impairment of neuronal development under 
PCDH19 heterotypic conditions are yet to be fully elucidated. 
However, considering that there are ∼500 X-linked genes, includ-
ing PCDH19 and DCX, associated with diseases (23), the disease 
modeling using patient-specific iPSCs retaining XCI could be bene-
ficial to elucidate precise disease mechanisms in females.
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