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Biallelic null variants in PNPLAS8 cause
microcephaly by reducing the number
of basal radial glia
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Patatin-like phospholipase domain-containing lipase 8 (PNPLAS), one of the calcium-independent phospholipase A,
enzymes, is involved in various physiological processes through the maintenance of membrane phospholipids.
Biallelic variants in PNPLA8 have been associated with a range of paediatric neurodegenerative disorders. However,
the phenotypic spectrum, genotype-phenotype correlations and the underlying mechanisms are poorly understood.
Here, we newly identified 14 individuals from 12 unrelated families with biallelic ultra-rare variants in PNPLAS8 pre-
senting with a wide phenotypic spectrum of clinical features. Analysis of the clinical features of current and previ-
ously reported individuals (25 affected individuals across 20 families) showed that PNPLA8-related neurological
diseases manifest as a continuum ranging from variable developmental and/or degenerative epileptic-dyskinetic en-
cephalopathy to childhood-onset neurodegeneration. We found that complete loss of PNPLA8 was associated with
the more profound end of the spectrum, with congenital microcephaly.

Using cerebral organoids generated from human induced pluripotent stem cells, we found that loss of PNPLAS8 led to
developmental defects by reducing the number of basal radial glial cells and upper-layer neurons. Spatial
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transcriptomics revealed that loss of PNPLAS altered the fate specification of apical radial glial cells, as reflected by
the enrichment of gene sets related to the cell cycle, basal radial glial cells and neural differentiation. Neural progeni-
tor cells lacking PNPLA8 showed a reduced amount of lysophosphatidic acid, lysophosphatidylethanolamine and
phosphatidic acid. The reduced number of basal radial glial cells in patient-derived cerebral organoids was rescued,
in part, by the addition of lysophosphatidic acid.

Our data suggest that PNPLAS is crucial to meet phospholipid synthetic needs and to produce abundant basal radial
glial cells in human brain development.
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Introduction

In the evolutionarily expanded cerebral cortex, the increased prolif-
eration of neural stem and progenitor cells (NPCs) underlies the in-
creased number of neurons.’ Basal radial glial cells (bRGCs) are a
distinct type of NPC and are characterized by a significant prolifera-
tive potential compared with the other types of NPCs.>** BRGCs ori-
ginate from apical radial glial cells (aRGCs). When aRGCs divide,
they produce diverse cell types other than bRGCs, such as aRGCs,
neurons and basal intermediate progenitor cells (bIPs).” In contrast,
most bRGCs undergo self-renewal divisions, leading to exponential
amplification.” Therefore, the abundance of bRGCs has been linked
to the highly expanded and folded cerebral cortex.? The difference
in the number of bRGCs can result in a phenotypic discrepancy in
mice and humans. For example, genetic variants in WDR62 are a
cause of congenital microcephaly with a reduced abundance of
bRGCs,®” but Wdr62 mutant mice exhibit a milder microcephaly
phenotype than humans.’

Patatin-like phospholipase domain-containing lipase 8
(PNPLAS), also called calcium-independent phospholipase Ay, is
a phospholipase A, (PLA,) enzyme conserved across species.® ™
PNPLAS8 transcripts have multiple translation initiation sites,

thereby expressing multiple protein sizes (molecular weights of
88, 77, 74 and 63 kDa).""*? PNPLA8 was shown to be expressed in
distinct tissues, including the brain.® The subcellular localization
of PNPLAS is unique in that it has a mitochondrial localization se-
quence unlike other PNPLA family members sharing the common
lipase consensus domain.’® PNPLAS hydrolyses phospholipids to
generate lysophospholipids and free fatty acids, thereby regulating
multiple cellular processes, namely membrane remodelling,***®
maintenance of mitochondrial function,***>” protection against
oxidative stress'®'® and lipid mediator biosynthesis.?>*!

Theloss of PNPLA8 function has been suggested to affect the CNS
in mice and humans.**>?2?*> Neurodegenerative phenotypes were
documented in Pnpla8 knockout (KO) mice, because they exhibited
spatial learning and memory deficits, with morphological altera-
tions of mitochondria in the hippocampus, despite the gross anat-
omy of their brains appearing normal.* The initial case report on
a human patient suggested that biallelic variants in PNPLA8 cause
childhood-onset neurodegeneration and/or myopathy as observed
in Pnpla8 KO mouse models.?* However, subsequent clinical reports
have raised the possibility of wider phenotypic variability ranging
from adolescence-onset movement disorder to early-onset enceph-
alopathy accompanied by congenital microcephaly.?2%32%%7
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Although the clinical features have not been detailed fully owing to
the small number of patients, the possible occurrence of congenital
microcephaly®® underscores the importance of elucidating un-
known roles of PNPLA8 in human brain development.

Here, we report 14 individuals showing neurological mani-
festations from 12 unrelated families with biallelic variants
in PNPLA8. We describe a human cerebral organoid model lack-
ing PNPLAS8 to investigate the loss-of-function (LoF) nature of
PNPLA8 variants specifically in cortical development. We ex-
plore the disease mechanism further with multi-omics ap-
proaches. Our data detail the clinical features and indicate
that a complete loss of PNPLA8 impairs bRGC-mediated cortical
expansion in humans.

Materials and methods

Additional details can be found in the Supplementary material,
Methods.

Genetic and functional analysis using samples from study partici-
pants was approved by the institutional review boards at Nagoya
City University (approval number: 70-00-0200), Yokohama City
University (approval number: A170525011) and University College
London (approval number: #310045/1571740/37/598). Parents and
legal guardians of all affected individuals consented to the publica-
tion of clinical and genetic information, including video and photo-
graphs, and the study was approved by the respective local ethics
committees. The generation and application of the induced pluri-
potent stem cells (iPSCs) were approved by the Nagoya University
Ethics Committee (approval number: 2012-0184) and Nagoya City
University Ethics Committee (approval number: 19-143). Written
informed consent was obtained from the guardians of patients.
The analysis using skin fibroblasts derived from the patient with
Leigh syndrome was approved by the institutional review board
at Jichi Medical University (approval number: J21-014).

Sixteen individuals from 14 unrelated families from around the
world were identified through international collaboration and
data sharing. Although Families 7 and 8 in this study had been pre-
viously reported without details,”*?® we included these patients
with unreported clinical and genetic data. Additionally, we re-
viewed the clinical features of previously reported patients?*27:?°
(Table 1). Physical features of weight and head circumference
were converted to standard deviation (SD) scores, corrected for
sex, age and gestational age.***! Clinically acquired brain images
were available for nine patients. Among them, only low-resolution
photographs of brain MRIs were available for Patients 6, 8, 10
and 12.

Proband-only or trio-exome/genome sequencing and bioinformat-
ics with subsequent candidate variant Sanger segregation analysis
was carried out on DNA extracted from blood-derived leucocytes at
different genetic diagnostic and research laboratories worldwide
following slightly different protocols, as described previously.*3*
Nucleotide sequences were described with reference to PNPLA8
transcript NM_001256007.3.

Y. Nakamura et al.

Previously established human iPSCs (Windy) were used in this
study.?**” Clustered regularly interspaced short palindromic re-
peats (CRISPR)/Cas9-mediated genome editing in iPSCs was per-
formed as previously described with modifications.®® Further
details are provided in the Supplementary material, Methods.

To generate PNPLA8 KO cerebral organoids, we used a dual SMAD in-
hibitor protocol with slight modifications.>**° We seeded 3000 iPSCs
into 96-well V-bottom plates and cultured them in the ‘induction
media’ (Supplementary material, Methods) with 50 pM Y-27632 (for
the first 48 h) for the first 6 days, with replacement every 2 days.
On the sixth day in suspension, the spheroids were transferred
into non-adherent 24-well plates, precoated with poly(2-hydrox-
yethyl methacrylate) solution (1.2 g of 2-hydroxyethyl methacrylate
in 50 ml of 95% ethanol). The spheroids were then cultured in the
‘organoid culture media 1’ (Supplementary material, Methods), re-
placed every 2-3 days. The plates were rotated on an orbital shaker
(CS-LR; TAITEC) at 70 rpm. To promote differentiation of the neural
progenitors into neurons, the spheroids were cultured in ‘organoid
culture media 2’ (Supplementary material, Methods) from Day 14
to 3 months. The culture medium was replaced every 1-3 days.
After 1 month, the organoids were cut into two or three pieces
with a scalpel under a stereo microscope (S6E; Leica) every week to
prevent cell death in the central portions.*

Patient- and control-derived cerebral organoids were generated
by a slightly different protocol. For embryoid body (EB) formation,
we seeded 188 000 iPSCs into EZ-sphere 24-well plates (~400 cells
per micro-well) and cultured them in the ‘EB formation media’
(Supplementary material, Methods) with 50 pM Y-27632 (for the first
48 h). On the third day, the culture medium was changed to ‘induc-
tion media’ until the sixth day, with replacement every 2 days. On
the sixth day, the culture medium was removed, and EB spheroids
were embedded in 200 pl of cold Matrigel and incubated at 37°C for
30 min. Subsequently, 1 ml of ‘organoid culture media 1’ was added
to the culture plates. On the 10th day, the cerebral organoids were
transferred into six-well 2-hydroxyethyl methacrylate-coated
plates on an orbital shaker at 70 rpm. On the 14th day, culture me-
dium was replaced with ‘organoid culture media 2’. The cerebral or-
ganoids were cultured for <2 months. The culture medium was
replaced every 1-3 days. After 1 month, the organoids were cut
into two or three pieces with a scalpel under a stereo microscope
every week to prevent cell death in the central portions.** For bro-
modeoxyuridine (BrdU) labelling, cerebral organoids were treated
with 10 pM BrdU for 24 h, then fixed for analysis. For treatment
with lysophosphatidic acid (LPA), 3 pM LPA was added to the me-
dium at the beginning of the eighth week of culture. Medium was
changed daily, and organoids were fixed for analysis after 7 days
of treatment.

Images of the organoids were acquired using an inverted optical
microscope (CKS53; Olympus). The organoid size was measured
based on the surface of the organoids using Image] and FIJI
software.

Cerebral organoids were fixed in 4% paraformaldehyde in PBS at
room temperature (RT) for 10 min, followed by 30% sucrose in PBS
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at 4°C for 24 h. The organoids were transferred into Tissue-Tek
O.C.T. compound, rapidly frozen in dry ice-cooled 2-methylbutane,
and kept frozen at —80°C. Subsequently, 10-um thick sections were
obtained using a cryostat. Spatial transcriptomic analysis using the
photo-isolation chemistry technique was performed as previously
described.**** Briefly, reverse transcription was performed by add-
ing ultraviolet (UV)-responsive 6-nitropiperonyloxymethyl-caged
reverse transcription primers containing T7 promotor, unique
molecular identifiers (UMIs), multiple barcodes and polyT sequence
onto the organoid sections. Immunofluorescence was then
performed to visualize regions of interest (ROIs) for subsequent
UV irradiation. To cleave 6-nitropiperonyloxymethyl moieties
from reverse transcription primers, the ROIs were irradiated with
UV light for 15 min with a Digital Micromirror Device (Polygon
1000-G; Mightex Systems). The total tissue lysate was then col-
lected and purified using 20 mg/ml proteinase K. Second-strand
DNA was synthesized by the nick translation method. For in vitro
transcription reaction, synthesized cDNAs were transcribed to
RNAs using a T7 Transcription Kit. After the collection of
ROI-specific RNAs, the RNAs were further reverse transcribed, fol-
lowed by paired-end sequencing on the Illumina platform (Read
1, UMIs and barcode; Read 2, cDNA). Sequences were separated by
the sample barcodes with UMI-tools and mapped to the reference
genome using HISAT2. UMI-tools and featureCounts were used to
generate UMI count data assigned to genes. Differentially ex-
pressed genes (DEGs) were extracted by DESeq?2 [false discovery
rate (FDR)=0.1]. The DEGs were filtered further with adjusted
P-values <0.1. DESeq2 was also used to transform the count data
into regularized log data before performing principal component
analysis using the R prcomp function. Enrichment maps were con-
structed with Cytoscape 3.9 and the BiNGO plug-in using the de-
fault settings.** The degree of enrichment for each gene ontology
(GO) was assessed and considered significant when P <0.05. Gene
set enrichment analysis (GSEA) was performed on normalized
counts of RNA-seq datasets. Enrichment P-values were estimated
by 1000 permutations. The gene set databases used were Curated
(C2; n=6449), Hallmark (H; n=50), Gene Ontology (GO) (CS5; n=
15703) and Pathway Interaction Database (C2; PID; n=196) gene
set collections.**™*® Specifically, GO results were visualized using
the Enrichment Map plug-in for Cytoscape v.3.9 (P-value <0.005,
FDR g-value < 0.05). Clusters of functionally related enriched GO
terms with at least five nodes were detected manually.

Lipidomic analysis was performed by electrospray ionization-
liquid chromatography-mass spectrometry/mass spectrometry ac-
cording to a published protocol.* Total lipids from cell lysate were
extracted by the method of Bligh and Dyer.”° To determine the
amount of each phospholipid, lipid phosphorus was measured
by Bartlett’s method.>* The analysis of phospholipid species was
performed using a hybrid triple quadrupole-linear ion trap mass
spectrometer (4500Q-TRAP; AB Sciex) with Nexera ultra-
performance liquid chromatography (UPLC) system (Shimazu). As
internal standards, a phospholipid mixture containing 12.5 pmol
of each phospholipid [phosphatidylcholine (PC) 25:0, phosphatidy-
lethanolamine (PE) 25:0, phosphatidylglycerol (PG) 25:0, phosphati-
dylinositol (PI) 25:0, phosphatidylserine (PS) 25:0 and phosphatidic
acid (PA) 34:0], 25 pmol of each lysophospholipid [lysophosphati-
dylcholine (LPC)-d49 16:0, lysophosphatidylethanolamine (LPE)-d7
18:1, lysophosphatidylglycerol (LPG) 17:1, lysophosphatidylserine
(LPS) 17:1], 250 pmol of lysophosphatidylinositol (LPI) 17:1,
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75 pmol of LPA 17:0 and 10 pmol of cardiolipin (CL) 56:0 was added
to each sample. For the analysis of free fatty acids, 12.5 pmol of ara-
chidonic acid-d8 was added to each sample as an internal standard.
Samples (1 or 3 nmol) were injected by an autosampler and sepa-
rated using an Acquity UPLC HSS T3 column (Waters) or SeQuant
ZIC-HILIC column (Merck Millipore). Data were acquired using
Analyst (Sciex) and processed using MultiQuant software (Sciex).
Lipid peaks were identified according to retention times and mul-
tiple reaction monitoring transitions and they were quantified rela-
tive to the internal standard using the peak area ratio method.

Quantitative data were generated in at least three independent ex-
periments. All data are expressed as the mean + SD or standard er-
ror of the mean (SEM), as indicated in the figure legends. Significant
differences between two groups were assessed by Student’s un-
paired t-test with Welch’s correction. Other statistical analyses
were performed using one-way ANOVA followed by Dunnett’s mul-
tiple comparisons. All statistical analyses were done using
Graph-pad Prism9 software (GraphPad Software, USA). P-values of
<0.05 indicated a significant difference between groups. In orga-
noid experiments for quantifying specific area or the number of
cells, nrepresents the number of individual cortical units (the num-
ber of organoids tested is specified in figure legends). Organoid and
NPC experiments were performed on biological replicates. For each
independent experiment, the samples were generated anew from
distinct passages of each iPSC line. The measurement of mitochon-
drial oxidative phosphorylation (OXPHOS) using skin fibroblasts
was performed on technical replicates from the Patient 1 sample
(n=1).

Results

We identified 14 individuals (six male and eight female individuals)
showing neurological manifestations from 12 unrelated families
with biallelic variants in PNPLAS8 (Fig. 1A). The age of the patients
at the last assessment ranged from 3 days to 33 years of age
(Table 1). We identified 14 variants, of which 12 were novel. Of the
14 variants, four were nonsense, five were frameshift, three were
intronic variants near an exon-intron boundary, and two were mis-
sense variants. According to the population-based variant fre-
quency data, such as the Single Nucleotide Polymorphism
database,”® 1000Genomes,>? jMorp>* and the Genome Aggregation
Database,” the frequency of all of the variants was <0.001%, sug-
gesting a strong purification effect attributable to disease
pathogenicity.

Regarding the impact on splicing, c.1625+3_1625+6del identified
in the patient from Family 1 (Patient 1) was assessed using patient
blood-derived lymphoblastoid cell lines. Sequencing of each sepa-
rated transcript by TA cloning revealed that c.1625+3_1625+6del
resulted in the skipping of exons 6-8 owing to aberrant splicing
(Supplementary Fig. 1A and B). Immunoblotting analysis for the
skin fibroblasts from Patient 1 showed a significant reduction in
77-kDa PNPLA8 expression, indicating a null effect of his genetic
variants (Supplementary Fig. 1C). Owing to the lack of patient-
derived cells, we could not assess experimentally the splicing im-
pact of c.2075-2A>G in Patient 2 and c.1684-2A>G in Patient
5. However, in silico analysis with SpliceAl’® predicted that
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Figure 1 Identification of biallelic loss-of-function variants in PNPLAS in patients with diverse neurological phenotypes. (A) Pedigrees, showing auto-
somal recessive inheritance with biallelic PNPLA8 variants in 12 unrelated families. The probands are indicated by arrows. Filled symbols denote af-
fected individuals; squares represent males and circles females. Double lines indicate first-cousin status. Pathogenic or likely pathogenic variants in
PNPLAS8 are denoted as ‘mut’, and WT sequences in PNPLAS8 are represented as ‘wt’. (B-D) Clinical photographs of Patients 1, 6 and 8. (E-G) Axial
T;i-weighted (E) and sagittal T,-weighted (F) MRI images and a brain CT image (G) of Patient 1. The arrow indicates pontocerebellar hypoplasia. (H-])
T;-weighted images of MRI (H and I) and a brain CT image (J) of Patient 2. The arrow indicates pontocerebellar hypoplasia. (K and L) Brain CT images
of Patient 5. The arrow indicates cerebellar atrophy. (M and N) Axial T;-weighted (M) and sagittal T,-weighted (N) MRI images of Patient 6. The arrow
indicates pontocerebellar hypoplasia. (O and P) T,-weighted MRI images of Patient 7. The arrow indicates pontocerebellar hypoplasia. (Q and R) Axial
T,-weighted (Q) and sagittal T,-weighted (R) MRI images of Patient 8. The arrow indicates pontocerebellar hypoplasia. (S and T) Axial T,-weighted (S)
and sagittal T;-weighted (T) MRI images of Patient 9. The arrow indicates cerebellar atrophy. (U) T;-weighted MRI images of Patient 10, with very mild
cerebellar atrophy (arrow). (V and W) T,-weighted MRI images of Patient 11c, exhibiting cerebellar atrophy (arrow). (X and Y) T,-weighted MRI images of
Patient 12, exhibiting cerebellar atrophy (arrow). Each patient is labelled as P-1 (Patient 1), P-2 (Patient 2), etc.
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€.2075-2A>G and c.1684-2A>G result in the loss of a splice acceptor
site with a A score of 0.97 and 0.93, respectively (high-specificity
cut-off: 0.8). Collectively, 12 of 14 individuals carried the combin-
ation of nonsense, frameshift and splice-site variants, which sug-
gests LoF in PNPLAS.

Clinical spectrum of PNPLA8-related neurological
disease

We collected clinical information from the newly identified pa-
tients (Table 1; facial photographs in Fig. 1B-D; additional details
in Supplementary Table 1; case reports in the Supplementary
material). Highly frequent clinical features of our patients were
central hypotonia (100%, 13/13), dystonia (67%, 8/12), seizure (71%,
10/14) and cerebellar atrophy (100%, 12/12). Among the 14 patients,
eight patients (Families 1-8; Fig. 1B-D) were characterized further
by several common features, such as congenital microcephaly
(71%, 5/7), global developmental delay attaining no milestones
(100%, 7/7), peripheral spasticity (88%, 7/8) and early-onset seizure
within 7 months of age (100%, 8/8). Neuroimaging revealed that
these patients showed a simplified gyral pattern (100%, 6/6), ponto-
cerebellar hypoplasia (100%, 7/7) and severe progressive atrophy of
the cerebral cortex (100%, 5/5; Fig. 1E-R). In contrast, four patients
(Families 11-12) were characterized by relatively mild features: at-
taining the milestone of walking (100%, 4/4), ataxia (75%, 3/4), re-
gression of milestones (100%, 4/4), mild or no intellectual
disability (75%, 3/4) and unique or absent seizures (100%, 4/4).
Brain MRI showed little or no cerebral cortical volume loss but pro-
gressive cerebellar atrophy, consistent with the pronounced move-
ment disorder observed in patients (100%, 3/3; Fig. 1V-Y and
Supplementary Videos 1 and 2). The remaining patient (Families 9
and 10) showed intermediate severity. Brain MRI also showed cere-
bellar atrophy (Fig. 1S-U).

We next assessed the correlation between the phenotypic fea-
tures and the corresponding PNPLAS variants. By combining previ-
ously reported 11 affected individuals from eight families, we
performed intergroup comparisons (Table 1, Fig. 2 and
Supplementary Table 1). Eight patients (Families 1-8) and seven
previously reported infants?*?>?”-% were at the severe end of the
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spectrum (Table 1). Regarding their genotypes, biallelic LoF variants
affecting three or four PNPLA8 protein isoforms were associated
specifically with this group (Fig. 2). Two patients (Families 9 and
10) and two previously reported children?*?® had intermediate se-
verity (Table 1). These four patients carried the combination of ei-
ther a LoF variant, missense variants or a recurrent frameshift
variant (p.Leu759Alafs*4) located at the C-terminus (Fig. 2). Four pa-
tients (Families 11-12) and two previously reported adults®® shared
a relatively mild neurodegenerative phenotype characterized by
late-onset movement disorders (Table 1 and Supplementary
Table 1). All the patients in this group harboured biallelic C-terminal
frameshift variants (p.Thr757Glnfs*10 or p.Leu759Alafs*4) (Fig. 2).

Surprisingly, we identified two additional individuals from
two unrelated Iranian families with biallelic variants in PNPLAS8
from another non-neurological cohort (Families 13 and 14;
Supplementary Fig. 2A and B and Supplementary Table 1). A patient
from one family showed optic atrophy, and the other patient
showed non-syndromic hearing loss. These patients were homozy-
gous for distinct N-terminal frameshift variants, which affect only
the largest protein isoform (molecular weight 88 kDa) owing to the
multiple translation start sites in PNPLA8"? (Fig. 2). It is worth noting
that in the family showing optic atrophy, there was an affected sib-
ling of the proband, while he was heterozygous for the variant
(Supplementary Fig. 2B). These findings indicate the undetermined
significance of these N-terminal frameshift variants, although bial-
lelic LoF variants in PNPLA8 have been linked to neurological dis-
eases. Collectively, our data suggest that biallelic LoF variants
affecting two protein isoforms (molecular weights 77 and 74 kDa)
are sufficient for the severe developmental and progressive
phenotype.

To evaluate the molecular effects of the identified variants, we
tested PNPLAS protein expression and the amounts of mitochon-
drial phospholipids using skin fibroblasts from patients. We found
that the LoF variant identified in the severe case (Patient 6:
p-Glu296Lysfs*6) resulted in a null effect, similar to Patient 1. In
contrast, LoF variants identified in non-severe cases (Patient 12,
mild phenotype with p.Leu759Alafs*4; Patient 14, non-neuronal
phenotype with p.Val7*) exhibited weak expression of the
77-kDa PNPLAS8 protein, suggesting residual protein function
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Figure 2 PNPLAB8 protein isoforms, with the position of the identified variants. Schematic representation of PNPLAS8 protein isoforms attributable to
alternative translation initiation sites (top) and PNPLAS8 exon locations reflecting the canonical full-length transcript (NM_001256007.3, bottom).
Novel disease-associated variants (red) and previously reported variants®>%° (black) are noted. The variants identified from non-neuronal cohorts

are noted in blue. Each family is labelled as F-1 (Family 1), F-2 (Family 2), etc.
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(Supplementary Fig. 2C). In contrast, the missense variant identi-
fied in the previously reported patient?” (severe phenotype with
homozygous p.Val520Asp) resulted in a similar protein expression
level to the controls despite the severe phenotype (Supplementary
Fig. 2C). Given the localization of PNPLAS on mitochondria,™® we
next analysed the abundance of mitochondrion-specific phospho-
lipids, CL and monolysocardiolipin (MLCL).>” Although a signifi-
cant correlation was not observed between CL/MLCL abundance
and phenotypic severity, the abundance of CL and MLCL appeared
to be decreased in patient-derived skin fibroblasts compared with
control samples (Supplementary Fig. 2D and E). Our findings sug-
gest that variants in PNPLAS8 contribute to alterations in phospho-
lipid metabolism.

From the genotype-phenotype analysis, we hypothesized that dis-
rupted function of PNPLA8 leads to developmental encephalop-
athy and congenital microcephaly representing the severe end
of the phenotypic spectrum. To test whether and how PNPLAS dis-
ruption affects the developing brain, we generated cerebral orga-
noids using human iPSCs. We generated isogenic iPSC lines
using single guide RNAs (sgRNAs), which were designed to disrupt
all the protein isoforms by targeting the first two exons of PNPLAS8
(Fig. 3A). Using CRISPR/Cas9 genome-editing technology, the de-
signed sgRNA and Cas9 protein were introduced into the previous-
ly established iPSC line.***” We obtained two sets of iPSC clones
with homozygous truncating variants in PNPLAS (Fig. 3B). We con-
firmed the efficient deletion of PNPLAS protein by immunoblotting
(Fig. 3C). We next generated cerebral organoids from PNPLA8 KO
iPSCs and control (WT) iPSCs®%#*>%9 (Fig. 3D). The cerebral orga-
noids continued to grow for <12 weeks, with the appearance of
multiple ventricle-like structures (Fig. 3E). The organization of cor-
tical structures, namely SOX2* ventricular zone-like regions (VZ)
and TUJ1* neuronal areas around the VZ, was confirmed>®®°
(Supplementary Fig. 3A).

There was no difference in the organoid surface area between
PNPLA8 KO and WT cerebral organoids at 4 weeks of culture
(Supplementary Fig. 3B). Given that the organoid surface area was
not quantifiable after 4 weeks of culture owing to the cutting pro-
cedure (detailed in the ‘Materials and methods’ section), we next
evaluated the expanding potential of the proliferative zones in
the cerebral organoids. According to established terminology,®’
two proliferative zones were determined: the VZ composed of
densely packed SOX2* aRGCs,’®®° and the subventricular zone-like
regions (SVZ), composed of sparsely distributed SOX2* NPCs and
TBR2" bIPs*®®° (Fig. 3F and G and Supplementary Fig. 3C). We found
that the SVZ area was smaller in PNPLA8 KO cerebral organoids
compared with WT cerebral organoids at 12 weeks, whereas there
was no significant difference at 8 weeks of culture (Fig. 3F and H).
The size of the VZ area was similar between WT and PNPLA8 KO
cerebral organoids at both time points (Fig. 3F and I). The perimeter
and thickness of the SVZ, but not the VZ, were also smaller in
PNPLA8 KO cerebral organoids than in WT cerebral organoids
(Fig. 3F and Supplementary Fig. 3D-H). These data suggest that
loss of PNPLAS8 impairs the expansion of SVZ, but not VZ.

To investigate the neurogenic consequences of the reduced SVZ
size in PNPLA8 KO cerebral organoids, we quantified the number of
neurons in the cortical plate-like region containing deep- and
upper-layer neurons.®® The number of SATB2* upper-layer neurons
was significantly reduced in PNPLA8 KO cerebral organoids
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compared with WT cerebral organoids (Fig. 3] and K and
Supplementary Fig. 3I). In contrast, there was no significant differ-
ence in the number of CTIP2* deep-layer neurons (Fig. 3] and L). The
decreased number of upper-layer neurons is in agreement with our
findings of the reduced SVZ size in PNPLA8 KO cerebral organoids
and suggests a preferential reduction in the number of bRGCs in
the SVZ, because bRGCs have been linked to the production of
upper-layer neurons.>®%¢3

To investigate the cell types contributing to the reduced expansion
of the SVZ in PNPLA8 KO cerebral organoids, we quantified the
number of bRGCs and bIPs in the SVZ at 12 weeks of culture. The
number of PAX6*HOPX* bRGCs in the SVZ was significantly reduced
in PNPLAS8 KO cerebral organoids compared with WT cerebral orga-
noids (Fig. 4A and B). In contrast, the number of TBR2" bIPs was
similar between WT and PNPLA8 KO cerebral organoids (Fig. 4C
and D). These data suggest that the reduced abundance of bRGCs
mainly contributes to the reduced size of SVZ in PNPLA8 KO cere-
bral organoids.

To investigate how the number of bRGCs was reduced in PNPLA8
KO cerebral organoids, we first quantified the number of mitotic
cells in the cerebral organoids at 12 weeks of culture. The number
of phospho-H3" mitotic cells at the apical surface, where aRGCs
divide,** was similar between PNPLA8 KO cerebral organoids and
WT cerebral organoids (Supplementary Fig. 4A and B). The number
of phospho-H3*SOX2" NPCs in the SVZ was also similar between
PNPLA8 KO cerebral organoids and WT cerebral organoids
(Supplementary Fig. 4A and C). We next quantified the number of
apoptotic cells in the cerebral organoids at 12 weeks of culture.
The number of cleaved Caspase 3" apoptotic cells in the VZ and
SVZ was similar between PNPLA8 KO cerebral organoids and WT
cerebral organoids (Supplementary Fig. 4D-F). To assess cell div-
ision, BrdU was introduced into the culture medium for a 24-h per-
iod to label cells in the S phase, then cerebral organoids were fixed
for immunostaining with PCNA, Ki67 and BrdU (Fig. 4E). No differ-
ences were detected in the numbers of either Ki67* or PCNA*
cells in the VZ, suggesting that the number of cycling cells was
not altered in PNPLA8 KO cerebral organoids (Fig. 4F and G and
Supplementary Fig. 4G and H). Interestingly, the number of BrdU*
cells was increased in PNPLA8 KO cerebral organoids compared
with WT cerebral organoids (Fig. 4F and H). Collectively, our results
suggest that the length of the S phase was altered in the VZ of
PNPLAS8 KO cerebral organoids, potentially leading to a decreased
production rate of bRGCs and neurons in a given time frame.

Analysis of PNPLA8 KO cerebral organoids suggested a crucial role for
PNPLA8 in human brain development. However, it remained to be
determined whether the PNPLAS8 variants found in patients have
the same impact on neurogenesis. We next generated iPSCs by re-
programming peripheral blood monocytes derived from Patient 1
and his father (Control), because Patient 1 skin fibroblasts showed
a significant reduction in PNPLA8 protein expression (Fig. 5A).
Typical iPSC morphology and capacity to differentiate into three
germ layers in vitro were confirmed for quality assurance®
(Supplementary Fig. 5A and B). These iPSCs carried the same var-
iants in PNPLA8 as the patient from whom they were derived
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Figure 3 Loss of PNPLA8 reduces the size of subventricular zone-like regions and the number of upper-layer neurons in induced pluripotent stem cell-
derived cerebral organoids. (A) Schematic representation of the designed sequence of single guide RNA (sgRNA) next to protospacer adjacent motif
(PAM) for PNPLAS. (B) Sanger sequencing of the CRISPR/Cas9-mediated homozygous nucleotide insertion in induced pluripotent stem cell (iPSC) lines.
Altered sequences are indicated by an arrow and are highlighted in yellow. (C) Immunoblotting analysis of PNPLA8 using wild-type (WT) and PNPLA8
knockout (KO) iPSC lines. B-Actin was used as an internal protein-loading control. The arrow indicates the estimated 77 kDa PNPLA8 band. The fold
change of PNPLAS levels relative to f-actin, as quantified from protein bands (WT, KO-1 and KO-2), was 1.05 + 0.07, 0.07 + 0.07 and 0.04 + 0.01, respect-
ively (WT versus KO-1, P < 0.0001; WT versus KO-2, P < 0.0001), based on data obtained from four independent technical experiments. The asterisk in-
dicates a non-specific band. Full-length blots are shown in Supplementary Fig. 9C. (D) Schematic illustration of the generation of cerebral organoids
from PNPLA8 KO and WT iPSC lines. KOSR and B21 indicate knockout serum replacement and Brew 21, respectively. (E) Bright-field microscopy images
of cerebral organoids at different developmental time points. Scale bars = 500 um. (F and G) Representative immunofluorescence images of neural stem
and progenitor cell (NPC) marker, SOX2, basal intermediate progenitor cell (bIP) marker, TBR2, and nuclear marker, DAPI, at 8 and 12 weeks of culture.
ventricular zone-like regions (VZ) and subventricular zone-like regions (SVZ) are highlighted according to the spatial distribution of NPCs. Scale bars =
200 pm. (H and I) Quantification of the surface area of the VZ (H) and SVZ (I) at 8 and 12 weeks of culture. Average values + SEM from the number of
organoids in three independent experiments (at least three organoids per experiment) are plotted: WT at week 8 (n=13); WT at week 12 (n=14);
KO-1 at week 8 (n=12); KO-1 at week 12 (n=17); KO-2 at week 8 (n=12); KO-2 at week 12 (n=16). *P <0.05, **P <0.01; ns = not significant. One-way
ANOVA followed by Dunnett’s multiple comparisons test for each time point. (J) Representative immunofluorescence images of CTIP2* deep-layer neu-
rons and SATB2* upper-layer neurons at 12 weeks of culture. Scale bar = 50 um. (K and L) Quantification of the SATB2* cells (K) and CTIP2* cells (L) in the
cortical plate-like region (CP). Average values + SEM from three independent experiments (at least three organoids per experiment) are plotted: WT
(n=9); KO-1 (n=9); KO-2 (n=9). *P < 0.01; ns = not significant. One-way ANOVA followed by Dunnett’s multiple comparisons test.

(Supplementary Fig. 5C). Immunoblotting showed a significant re- from that for PNPLA8 KO cerebral organoids by using Matrigel for
duction of PNPLAS protein in Patient 1-derived iPSCs and PNPLAS more efficient induction (Supplementary Fig. S5E).>%¢%%” The cerebral
KO iPSCs (Supplementary Fig. 5D). Patient 1-derived iPSCs were in- organoids were cultured for 8 weeks before being evaluated (Fig. 5B).

duced into cerebral organoids with a slightly different protocol Patient 1-derived cerebral organoids showed a reduced SVZ size and
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Figure 4 There is a reduced number of basal radial glial cells in the subventricular zone-like regions of PNPLA8 knockout cerebral organoids.
(A) Representative immunofluorescence images of PAX6*HOPX" basal radial glial cells (bRGCs) at 12 weeks of culture. Scale bar=100 pm.
(B) Quantification of PAX6"HOPX" bRGCs in a 100-pm-wide field of subventricular zone-like regions (SVZ). SVZ is highlighted according to the spatial
distribution of neural stem and progenitor cells (NPCs). Average values + SEM from three independent experiments (at least three organoids per ex-
periment) are plotted: WT (n = 10); KO-1 (n = 11); KO-2 (n = 10). *P < 0.05, **P < 0.01, **P < 0.001. One-way ANOVA followed by Dunnett’s multiple compar-
isons test. (C) Representative immunofluorescence images of SOX2* NPCs and TBR2" basal intermediate progenitor cells (bIPs) at 12 weeks of culture.
Scale bar =100 pm. (D) Quantification of TBR2" bIPs in a 100-um-wide field of SVZ. SVZ is highlighted according to the spatial distribution of NPCs.
Average values + SEM from three independent experiments (three organoids per experiment) are plotted: WT (n=9); KO-1 (n=9); KO-2 (n=9). ns=
not significant. One-way ANOVA followed by Dunnett’s multiple comparisons test. (E) Schematic illustrations of the labelling protocols for estimation
of the cell cycle. Cerebral organoids were treated with bromodeoxyuridine (BrdU) for 24 h to identify cells undergoing the S phase. (F) Representative
immunofluorescence images of BrdU* cells and Ki67* cells at 12 weeks of culture. Scale bar = 50 um. (G and H) Quantification of Ki67* cells (G) and BrdU*
cells (H) in the VZ. Average values + SEM from three independent experiments (three organoids per experiment) are plotted: WT (n=9); KO-1 (n=9);
KO-2 (n=9). **P < 0.01; ns = not significant. One-way ANOVA followed by Dunnett’s multiple comparisons test.

a slightly increased VZ size compared with Control cerebral orga- that the number of HOPX" cells in the VZ was also reduced in
noids (Supplementary Fig. SF-H). Patient 1-derived cerebral organoids (Fig. 5E and F). In contrast,

Patient 1-derived cerebral organoids exhibited a reduced num- the number of TBR2" bIPs in the SVZ was similar between Patient
ber of PAX6"HOPX" bRGCs in the SVZ compared with Control cere- 1-derived and Control cerebral organoids at 8 weeks of culture

bral organoids at 8 weeks of culture (Fig. 5C and D). We also found (Fig. 5G and H). The number of SATB2" upper-layer neurons was
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Figure 5 A reduced number of basal radial glial cells and upper-layer neurons in Patient 1 induced pluripotent stem cell-derived cerebral organoids.
(A) Schematic view of generating induced pluripotent stem cells (iPSCs) from peripheral blood from Patient 1 and a parental control. (B) Bright-field
microscopy images of cerebral organoids at different developmental time points. Scale bars =500 um. (C and G) Representative immunofluorescence
images of basal radial glial cells (bRGCs) (C) and basal intermediate progenitor cells (bIPs) (G) at 8 weeks of culture. Scale bars =100 pm. (D and H)
Quantification of bRGCs (D) and bIPs (H) in a 100-um wide field of subventricular zone-like regions (SVZ). The SVZ is highlighted according to the spatial
distribution of neural progenitor cells. Average values + SEM from three independent experiments (at least three organoids per experiment) are plot-
ted: bRGCs of Patient 1 (n=10); bRGCs of control (n = 10); bIPs of Patient 1 (n = 10); bIPs of control (n = 10). ***P < 0.0001; ns = not significant. Student’s
unpaired t-test with Welch’s correction. (E) Representative immunofluorescence images of HOPX" cells in the ventricular zone-like region (VZ) at 8
weeks of culture. Scale bar =50 pum. (F) Quantification of HOPX" cells in the VZ. Average values + SEM from three independent experiments (at least
three organoids per experiment) are plotted. Control (n=10); Patient 1 (n=10); *P <0.01. Student’s unpaired t-test with Welch’s correction.
(I) Representative immunofluorescence images of CTIP2* deep-layer neurons and SATB2" upper-layer neurons at 8 weeks of culture. Scale bars =50
pm. (J and K) Quantification of the proportion of SATB2* (J) and CTIP2* (K) cells in the cortical plate-like region (CP). Average values + SEM from three
independent experiments (at least three organoids per experiment) are plotted: Control (n=9); Patient 1 (n=10); **P <0.001; ns =not significant.
Student’s unpaired t-test with Welch’s correction.

significantly reduced in Patient 1-derived cerebral organoids com-
pared with Control cerebral organoids, but there was no significant
difference in the number of CTIP2* deep-layer neurons (Fig. 5I-K).
These results confirmed not only the LoF nature of the PNPLAS8 var-
iants identified in the patient, but also the phenotypic reproducibility
of the cerebral organoid models derived from multiple iPS cell lines.

In previous studies on mice and human patients lacking PNPLA8 func-
tion, impairment of mitochondrial function and morphology was

observed in affected organs.’>*”:?* To test whether loss of PNPLAS af-
fects mitochondria in an affected patient, we examined mitochon-
drial function and morphology in skin fibroblasts from Patient 1
(Supplementary Fig. 6A). Transmission electron microscopy analysis
did not reveal altered mitochondrial morphology in the patient-
derived skin fibroblasts (Supplementary Fig. 6B). However, live-cell as-
sessment of mitochondrial OXPHOS activity using an extracellular
flux analyser revealed that the maximal respiration level was signifi-
cantly lower in the patient-derived skin fibroblasts than those from
healthy controls (Supplementary Fig. 6C and D).

Given that the function and morphology of mitochondria are
involved in the fate specification of aRGCs,*® we hypothesized
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Figure 6 Spatially resolved differential gene expression profiles in the ventricular zone-like region of cerebral organoids. (A) Schematic overview of
spatial transcriptomic analysis using the photo-isolation chemistry technique. (B) Representative immunofluorescence images of cerebral organoids
at 8 weeks of culture. The ventricular zone-like region (VZ) and subventricular zone-like regions (SVZ) are visualized with PAX6 and HOPX. The VZ was
irradiated with ultraviolet (UV) light where PAX6* radial glial cells were densely packed. Merged images of immunofluorescence and the UV-irradiated

area are shown (right-most panels). We extracted RNA samples from four distinct lines of cerebral organoids (n =

4). Each RNA sample was extracted from

at least four VZs from at least two organoids. (C) Principal component analysis for the expression profiles. Principal component (PC)1 explained 43.7%
and PC2 explained 27.2% of the variation. (D) Gene Ontology (GO)-term networks generated by BINGO enrichment analysis for differentially expressed
genes of patient apical radial glial cells. Node size represents the GO hierarchy. Yellow nodes indicate significant enrichment levels with P <0.05.
(E) Gene set enrichment analysis results ranked by normalized enrichment score (NES) using Curated gene sets and Hallmark gene sets of MSigDB sig-
natures. Negative NES, depleted signature in Patient 1; positive NES, enriched signature in Patient 1. NES cut-off >1.5 or <—1.5. False-discovery rate

g-value cut-off <0.05. (F) Enrichment plot for ‘Neocortex basal radial glia-up’,

gene set members on the rank-ordered list.

that mitochondrial function is impaired in PNPLAS8-deficient
aRGCs, which might alter determination of their fate, leading
to the reduced production of bRGCs. To test this, we next gener-
ated adherent monolayer cultures of PNPLA8 KO NPCs from the
same iPSC lines we used for the cerebral organoid experiments
and investigated mitochondrial morphology and function
(Supplementary Fig. 6E). The generated cells expressed molecu-
lar markers of NPCs and formed rosette-like structures typical
for a monolayer culture of NPCs®*’° (Supplementary Fig. 6F).

showing the profile of the running enrichment score and positions of

These cells were used as an alternative in vitro model to aRGCs.
There were no dysmorphic mitochondria in PNPLA8 KO NPCs,
similar to the patient-derived skin fibroblasts (Supplementary
Fig. 6G). Furthermore, live-cell assessment of cellular bioenerget-
ics revealed that mitochondrial OXPHOS activity was also
barely affected in PNPLA8 KO NPCs (Supplementary Fig. 6H
and I). These results suggest that mitochondria-related fate spe-
cification process is unlikely to be dysregulated in PNPLA8-deficient
NPCs.
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Figure 7 Loss of PNPLAS affects phospholipid metabolism in neural progenitor cells, leading to reduced abundance of basal radial glial cells. (A) Gene set
enrichment analysis results in the ventricular zone-like region (VZ) ranked by normalized enrichment score (NES) using the Pathway Interaction
Database gene sets of MSigDB signatures. Positive NES, enriched signature in Patient 1. NES cut-off >1.5. False-discovery rate g-value cut-off <0.05.
(B) Enrichment plot showing ‘lysophospholipid pathway’. (C) Heat map of the marker genes from the ‘lysophospholipid pathway’ gene set in the com-
parison of Patient 1 apical radial glial cells (aRGCs; left columns) versus control aRGCs (right columns). Expression values are represented as colours and
range from red (highest expression) to pink (moderate), light blue (low) and dark blue (lowest expression). The core enrichment genes, which contribute
most to the enrichment result of the gene set, were determined by the running enrichment scores. (D) Induced pluripotent stem cell-derived neural pro-
genitor cells (NPCs) and culture supernatants were subjected to lipidomic analysis to quantify phospholipids (PLs), lysophospholipids (LPLs) and free fatty
acids (FFAs). (E) Individual lipid species detected in lipid extracts from wild-type (WT) NPCs or PNPLA8 knockout (KO) NPCs, grouped by class. The log, fold
change values of liquid chromatography-mass spectrometry/mass spectrometry profiles are shown. Data from PNPLA8 KO-1 and KO-2 NPCs are

(Continued)
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To explore further how corticogenesis is impaired in
PNPLAS8-deficient patients, we next performed spatial transcrip-
tomics to assess spatially resolved gene expression levels in
aRGCs of cerebral organoids generated from Patient 1-derived
iPSCs. We used a photo-isolation chemistry technique that allowed
us to determine expression profiles specifically from photo-
irradiated ROIs.*>*® According to the photo-isolation chemistry
protocol, in situ reverse transcription was performed (Fig. 6A), and
immunostaining defined the VZ (Fig. 6B). UV irradiation allowed
for the VZ-specific amplification of cDNAs (Fig. 6A). The library
preparation using the obtained cDNAs provided >3.0 x 10° reads
per sample. These reads were mapped to >2.0 x 10* reference genes
by RNA-seq analysis. Thus, we successfully obtained assessable
spatial gene expression data from cerebral organoids. Principal
component analysis showed distinct expression profiles between
Control and Patient 1 samples (Fig. 6C).

To characterize gene expression profiles, we detected
DEGs from the data. As shown in the heatmap of DEG clustering,
there were 104 upregulated and 43 downregulated genes
in Patient 1, compared with the Control (Supplementary Fig. 7A
and Supplementary Table 3). The DEGs were analysed using
Cytoscape-based BiNGO software for enrichment analysis.**
Among three significantly enriched biological processes, we found
the enrichment of ‘regulation of neuron differentiation’, suggesting
a premature shift towards differentiating divisions in patient
aRGCs (Fig. 6D). Next, we performed GSEA and determined signifi-
cantly different expressions of gene sets from the mSigDB
database.*®**””! Among the acquired data, we found that gene
sets related to ‘Neocortex basal radial glia-up’ and ‘Human neocor-
tex’ were much less enriched in Patient 1-derived cerebral
organoids®® (Fig. 6E and F). These results support our notion that
loss of PNPLA8 impairs bRGC-mediated neurogenesis. We next cre-
ated an enrichment map to visualize GSEA results using the GO tool
as a gene-set source.”? This visualization showed the enrichment of
gene sets related to neuron development (e.g. ‘regulation of axono-
genesis’) in Patient 1-derived cerebral organoids (Supplementary
Fig. 7B). The GSEA results showed enrichment of multiple cell
cycle-related gene sets, such as MYC targets, DNA repair, mitotic
spindle and G2/M checkpoint, in Patient 1-derived cerebral orga-
noids (Fig. 6E and Supplementary Fig. 7C).”>”* The enrichment of
WNT/B-catenin signalling mitochondrial OXPHOS, and mitochon-
drial organization was observed in Patient 1-derived cerebral orga-
noids (Fig. 6E and Supplementary Fig. 7D). Collectively, our results
suggest changes in the length of the cell cycle and potential dysre-
gulation of the balance between progenitor pool expansion and
neuronal differentiation.®®7>7%

In addition, we investigated the differential gene expression
profiles in the SVZ by spatial transcriptomics using Patient 1
and Control cerebral organoids (Supplementary Fig. 7E-G and
Supplementary Table 4). GSEA revealed that the SVZ of Patient 1

Figure 7 Continued
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cerebral organoids shared characteristic gene enrichment profiles ob-
served in the VZ, such as bRGC, DNA repair, mTORC1 signalling,
OXPHOS, G2/M checkpoint and MYC targets (Supplementary Fig. 7H).

We next analysed pathways involved in the neurodevelopmental
defects of PNPLA8-deficient patients using the transcriptomics
data. The Pathway Interaction Database, a collection of curated
pathways focusing on signalling and regulatory pathways rather
than metabolic processes or generic mechanisms such as tran-
scription and translation,*® revealed ‘lysophospholipid pathway’
as the top-ranked enrichment only in the VZ of Patient 1-derived
cerebral organoids (Fig. 7A and B and Supplementary Fig. 7I).
Within the dataset, LPAR2 was significantly enriched in Patient
1, whereas LPARI was not enriched in Patient 1 (Fig. 7C). LPA acts
as a signalling molecule through its distinct G protein-coupled re-
ceptors (LPAR1-6) with diverse effects during brain develop-
ment.”?# Specifically, LPAR2 is thought to be involved in neural
differentiation, whereas LPAR1 is likely to mediate various re-
sponses, such as proliferation.?”#* These results suggest the pos-
sible link between dysregulated neurogenic signalling pathways
and the aberrant phospholipid metabolism in PNPLA8-deficient
aRGCs.

To examine whether loss of PNPLAS affects phospholipid metab-
olism, we next performed lipidomic analysis using iPSC-derived
NPCs and culture supernatants (Fig. 7D). The amounts of LPA, LPE
and PA were decreased in PNPLA8 KO NPCs compared with WT
NPCs, whereas there was no significant difference in that of other
phospholipids and free fatty acids (Fig. 7E). These results suggest
thatloss of PNPLA8reduces the synthesis of LPA, LPE and PA through
decreased PLA, activity. To examine a possible role of these phos-
pholipids in the decrease in bRGC abundance, we subjected patient-
derived cerebral organoids to a 7-day treatment in the presence or
absence of LPA during the last week of culture. Treatment with
LPA increased the number of bRGCs in Patient 1-derived cerebral or-
ganoids (Fig. 7F and G). These data suggest that PNPLA8-dependent
phospholipid synthesis, or atleast LPA, is crucial to ensure the abun-
dance of bRGCs during human brain development.

Discussion

In this study, we provide insight into the understanding of
PNPLA8-related neurological diseases (Supplementary Fig. 8). This
insight is based on the clinical and genetic evaluation of newly
identified patients with PNPLAS8 variants. Our data indicate that
biallelic null variants in PNPLAS8 cause microcephaly through the re-
duced abundance of bRGCs. Our findings from the combination of
iPSC-based models and multi-omics analysis suggest that PNPLA8
contributes to membrane remodelling and the fate-determination
process in aRGCs.

combined as ‘KO’. Bars represent the mean values for individual lipid species + SEM for four independent experiments. Each dot indicates a single
measurement of lysophosphatidic acid (LPA; n = 83), lysophosphatidylethanolamine (LPE; n = 47), lysophosphatidylcholine (LPC; n = 24), lysophospha-
tidylinositol (LPI; n = 27), phosphatidic acid (PA; n=104), phosphatidylcholine (PC; n = 104), phosphatidylethanolamine (PE; n = 101), phosphatidylino-
sitol (PI; n=92), phoshatidylglycerol (PG; n=104), phosphatidylserine (PS; n=89), cardiolipin (CL; n=280) and free fatty acids (FFA; n=64).
(F) Representative immunofluorescence images of HOPX*PAX6" basal radial glial cells at 8 weeks of culture. Scale bars =50 um. (G) Quantification of
the proportion of HOPX*PAX6" cells in the subventricular zone-like region (SVZ). Average values + SEM from three independent experiments (at least
three organoids per experiment) are plotted: Control — LPA (n=9); Control + LPA (n=9); Patient-LPA (n = 11); Patient + LPA (n=11); *P < 0.05, **P <0.01,
****P < 0.0001; ns = not significant. One-way ANOVA followed by Dunnett’s multiple comparisons test.
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Our clinical data show the wide phenotypic spectrum of
PNPLA8-related neurological diseases, forming a continuum ran-
ging from mild to severe forms of developmental and degenerative
epileptic-dyskinetic encephalopathy. Besides the phenotypic vari-
ability, our data allowed for the detailed evaluation of genotype-
phenotype correlations. The homozygous recurrent C-terminal
frameshift variants presented with a milder form of developmental
and degenerative epileptic-dyskinetic encephalopathy, character-
ized by a late-onset movement disorder. According to the
‘nonsense-mediated mRNA decay (NMD) rule’, premature termin-
ation codons located 55 nucleotides or more downstream of the
last exon—exon junction are considered to escape from NMD, lead-
ing to the translation of truncated protein.®? As evidenced by
Patient 12-derived cells exhibiting a detectable expression of
PNPLA8 protein, the C-terminal truncating variant is likely to
avoid NMD and lead to less severe clinical manifestations
(Supplementary Fig. 2C).?° In contrast, biallelic null variants affect-
ing at least the 77 kDa protein isoforms presented with the severe
form of developmental and degenerative epileptic-dyskinetic en-
cephalopathy, characterized by early-onset severe neurological
manifestations (Fig. 2). These patients typically showed congenital
microcephaly and pontocerebellar hypoplasia. Termed as a novel
clinical entity, ‘pontocerebellar hypoplasia with microcephaly’,
the potential co-occurrence of these anomalies in cerebral and
cerebellar structures has been proposed.®®> Our findings support
this concept and imply a potential common mechanism underlying
cortical and pontocerebellar development in humans.

Our CL/MLCL analysis using patient-derived skin fibroblasts did
notreveal a clear correlation between the phenotype and mitochon-
drial phospholipid metabolism. It might come from the small num-
ber of patient samples or the tissue specificity, as indicated in
previous research.®* However, the usefulness of skin fibroblasts
cannot be ruled out because a noticeable trend of reduction was ob-
served in the comparison between patient samples and control
samples regarding the amount of phospholipids. Further studies
are needed to determine a biomarker that reflects the phenotypic
severity.

The identification of our patients led to the initial hypothesis
that complete loss of PNPLA8 function impairs corticogenesis.
Using cerebral organoids lacking PNPLA8, we revealed a reduced
abundance of bRGCs. A specific decrease in the number of upper-
layer neurons supports the pathogenesis of microcephaly with
the impairment of the expansion of bRGCs.®® In this study, we
used two slightly modified protocols for generating cerebral orga-
noids from WT and PNPLA8 KO samples, and from Control and
Patient 1-derived samples. This was necessary because the initial
method was inefficient for generating cerebral organoids using
Control and Patient 1-derived iPSCs, primarily owing to the low for-
mation rate of the VZ and SVZ. Given that our focus was to evaluate
the number of bRGCs, we selected the evaluation time point based
on the presence of bRGCs and the morphology of the VZ/SVZ.
Despite the use of two slightly modified protocols, the impact of
PNPLAS8 on bRGCs was consistent. Given that PNPLA8 variants can
cause a broad spectrum of severity, further study is required to clar-
ify the impact of the other variants, such as C-terminal truncating
variant, on brain development.

Mitochondrial function has been linked to the fate decisions of
NPCs.®® However, loss of mitochondrial phospholipase PNPLAS af-
fected neither the function nor the morphology of mitochondria
in NPCs, whereas there was a significant reduction of the maximum
oxygen consumption in patient-derived skin fibroblasts. This dis-
crepancy could be attributed to the energetic dependence, because
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NPCs are predominantly dependent on glycolytic metabolism
rather than OXPHOS.®® Given that neurons are dependent on
OXPHOS,®® mitochondrial dysfunction might also occur in neurons,
thereby contributing to the progressive neurodegeneration of both
the cerebrum and cerebellum. Our data indicate thatloss of PNPLA8
appears to have little effect on NPC mitochondria and the fate-
determining mechanisms in which mitochondria are involved.

By using a photo-isolation chemistry technique, we provide spa-
tially resolved in situ transcriptional profiles of cerebral organoid sec-
tions. Our data indicate that aRGCs lacking PNPLA8 preferentially
committed to differentiated neurons instead of bRGCs in cerebral or-
ganoids. The upregulation of gene sets related to ‘DNA-repair’ sug-
gests an extended S phase in patient NPCs, because the S phase can
be delayed in response to replication stress or diverse types of DNA
damage.® Additionally, contrary to the fact that the transcriptional
state of bRGC emerges in the VZ during early cortical neurogenesis,®”
the expression levels of bRGC-related genes were reduced in patient
aRGCs. These data suggest that loss of PNPLA8 dysregulates the
length of the cell cycle and reduces the production of bRGCs by alter-
ing the fate specification of aRGCs. The upregulation of lysophospho-
lipid signalling genes in patient-derived cerebral organoids suggests
the contribution of PNPLAS to the fate-decision process with its mem-
brane remodelling capacity. It needs to be addressed further whether
PNPLAS8-related phospholipid metabolism contributes to the fate-
decision process and which pathway is involved in the pathogenesis
through rescue experiments.

Our lipidomics data reveal the reduced abundance of LPA, LPE
and PA in PNPLA8 KO NPCs. In line with the unaffected morphology
and function of mitochondria, the amount of CL was also unaffected
in PNPLA8 KO NPCs. The reduction of LPA and LPE can be explained
by decreased PLA, activity.®® However, the significant reduction
of both LPA and PA suggests the impaired de novo synthesis of
phospholipids.?® Given that LPE can be catabolized to glycerol
3-phosphate, which is a starting material for the de novo synthesis
of phospholipids, the reduction of LPE might also affect PA synthe-
sis.® Collectively, it is likely that loss of PNPLAS impairs phospho-
lipid catabolism, leading to reduced synthesis of phospholipids in
NPCs. The role of the PNPLA8-dependent phospholipid synthesis in
bRGC genesis is supported further by our demonstration that the
addition of LPA to the culture medium led to an increase in the num-
ber of bRGCs in patient-derived cerebral organoids. Pinson et al.” dis-
cussed how fatty acids are building blocks for membrane synthesis
and are essential for bRGC proliferation in the developing modern
human brain. It therefore appears worthwhile to investigate the re-
lationship between PNPLA8-dependent phospholipid synthesis and
human brain development.

Data availability

Sequencing data have been deposited in the National Center for
Biotechnology Information Gene Expression Omnibus (GSE229956
and GSE248252).
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