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Dysregulation of mTOR signalling is a 
converging mechanism in lissencephaly

Ce Zhang1,2, Dan Liang3,29, A. Gulhan Ercan-Sencicek4,5, Aybike S. Bulut4,6, Joelly Cortes4, 
Iris Q. Cheng4, Octavian Henegariu4, Sayoko Nishimura4, Xinyuan Wang7, A. Buket Peksen4, 
Yutaka Takeo4, Caner Caglar4,30, TuKiet T. Lam8,9, Merve Nur Koroglu10, Anand Narayanan11, 
Francesc Lopez-Giraldez11, Danielle F. Miyagishima2,12, Ketu Mishra-Gorur4, Tanyeri Barak4,5, 
Katsuhito Yasuno4,5, E. Zeynep Erson-Omay4,13, Cengiz Yalcinkaya14, Guilin Wang11,15, 
Shrikant Mane11,12, Hande Kaymakcalan4,16, Aslan Guzel17,18, A. Okay Caglayan4,5,19,20, 
Beyhan Tuysuz21, Nenad Sestan3,12,22,23,24, Murat Gunel3,4,5,11,12,25,26 ✉, Angeliki Louvi3,4,5 ✉ & 
Kaya Bilguvar4,5,6,10,11,12,16,27,28 ✉

Cerebral cortex development in humans is a highly complex and orchestrated process 
that is under tight genetic regulation. Rare mutations that alter gene expression  
or function can disrupt the structure of the cerebral cortex, resulting in a range  
of neurological conditions1. Lissencephaly (‘smooth brain’) spectrum disorders 
comprise a group of rare, genetically heterogeneous congenital brain malformations 
commonly associated with epilepsy and intellectual disability2. However, the 
molecular mechanisms underlying disease pathogenesis remain unknown. Here  
we establish hypoactivity of the mTOR pathway as a clinically relevant molecular 
mechanism in lissencephaly spectrum disorders. We characterized two types of 
cerebral organoid derived from individuals with genetically distinct lissencephalies 
with a recessive mutation in p53-induced death domain protein 1 (PIDD1) or a 
heterozygous chromosome 17p13.3 microdeletion leading to Miller–Dieker 
lissencephaly syndrome (MDLS). PIDD1-mutant organoids and MDLS organoids 
recapitulated the thickened cortex typical of human lissencephaly and demonstrated 
dysregulation of protein translation, metabolism and the mTOR pathway. A brain- 
selective activator of mTOR complex 1 prevented and reversed cellular and molecular 
defects in the lissencephaly organoids. Our findings show that a converging molecular 
mechanism contributes to two genetically distinct lissencephaly spectrum disorders.

Lissencephaly comprises a spectrum of rare structural brain disorders, 
including agyria, pachygyria and subcortical band heterotopia1,2, and 
is characterized by absent or simplified cerebral gyri and thickening of 
the cortical grey matter3,4. The major clinical manifestations include epi-
lepsy and intellectual disability5. Our understanding of the underlying 
cellular events is largely derived from studies of mouse models of natu-
ral lissencephaly6, cell cultures derived from induced pluripotent stem 
(iPS) cells7,8 and post-mortem human brains9, although such samples 

are not readily accessible. Cerebral organoids derived from individuals 
with MDLS demonstrate premature neurogenesis and neuronal migra-
tion defects10,11. However, the molecular mechanisms underlying the 
pathogenesis of lissencephaly spectrum disorders remain unknown. 
Recent advances in genome editing, single-cell omics and quantita-
tive proteomics have provided insights into disease pathophysiology.

Using whole-exome sequencing (WES), we discovered recessive 
mutations in PIDD1, which encodes a death-domain-containing protein 
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with unknown function in human brain development, in patients with 
radiographically established lissencephaly spectrum disorder. Using 
iPS cell-derived cerebral organoids as a model to recapitulate the first 
trimester of human cerebrocortical development12, we integrate cel-
lular, single-cell transcriptomic and proteomic analyses to study dis-
rupted processes that lead to lissencephaly. We show that PIDD1 has 
a role in the regulation of mTOR signalling during cerebral organoid 
development and provide evidence of mTOR pathway hypoactivity in 
PIDD1-mutant organoids and MDLS organoids, thereby implicating a 
converging molecular mechanism in lissencephaly spectrum disorders.

PIDD1 variants in lissencephaly spectrum disorders
WES identified recessive mutations in PIDD1 in three unrelated consan-
guineous families (NG8, NG375 and NG1801) in the Yale Neurogenet-
ics cohort. The three affected members of the NG8 family presented 
with pachygyria, intellectual disability and arachnoid cysts13,14 and 
had a stop-gain mutation (W589X). In families NG375 and NG1801, 
three individuals with diffuse pachygyria and intellectual disability 
also had stop-gain (R331X) or splice-site (c.2042-2A>G) mutations in 
PIDD1 (Extended Data Figs. 1a–d and 2a–c, Supplementary Tables 1 
and 2 and Methods). Constitutive autoproteolysis of PIDD1 generates 
an amino-terminal fragment with an uncharacterized regulatory role 
and two carboxy-terminal fragments, PIDD1-C and PIDD1-CC. These 
two fragments operate as molecular switches through differential 
binding to RIP1 and NEMO (PIDD1-C), to trigger NF-κB pro-survival 
signalling pathways, or to CRADD and CASP2 (PIDD1-CC), to activate 
pro-apoptotic responses15 (Extended Data Fig. 1e,f). The mutations 
are predicted to lead to complete (stop-gain) or partial (splice-site) 
loss of PIDD1-CC, which includes the death domain (Extended Data 
Fig. 1e,g), thereby disrupting the CASP2-PIDDosome. Supporting these 
findings, biallelic mutations in PIDD1, CRADD or CASP2 were recently 
reported in families with lissencephaly spectrum disorders and intel-
lectual disability16–21.

Progenitor defects in mutant organoids
Hair follicle keratinocytes from an individual with a homozygous R331X 
mutation were reprogrammed to iPS cells (Extended Data Fig. 3a). 
The patient-derived cell line (patient) and an outside-family cell line 
(control) were deemed pluripotent through teratoma assays (Extended 
Data Fig. 3b) and through assessment of OCT4 and NANOG expression 
(Extended Data Fig. 3c). CRISPR–Cas9 gene editing was used to generate 
an isogenic ‘rescue’ cell line and a ‘knock-in’ cell line. For the rescue cell 
line, both mutant alleles of the patient cell line were corrected to the 
wild-type allele, whereas for the knock-in cell line, two mutant alleles 
were introduced into the control cell line (Extended Data Fig. 3d,e, 
Supplementary Fig. 2 and Methods). The control, patient, knock-in and 
rescue iPS cells had normal karyotype and gave rise to dorsal forebrain 
organoids (Extended Data Fig. 3d,f,g and Methods). The organoids 
had ventricular zone (VZ)-like, subventricular zone (SVZ)-like and 
cortical plate (CP)-like layers, thereby resembling early fetal cortical 
development (Extended Data Fig. 3h). In contrast to the control and 
rescue counterparts, patient organoids and knock-in organoids did not 
express the PIDD1-CC fragment (Extended Data Fig. 3i). These results 
demonstrate that these four iPS cell lines exhibit a stable and expected 
genomic and PIDD1 expression profile.

Control, patient, knock-in and rescue organoids were grown and ana-
lysed at day 50 (D50) and D70. Cleaved caspase-3-positive (CC3+) neural 
progenitors in the VZ-like and SVZ-like areas were reduced in patient 
and knock-in organoids (Fig. 1a,b and Extended Data Fig. 4a,b), a result 
consistent with a lack of the PIDD1-CC fragment necessary to activate 
caspase-2 and cell death17 (Extended Data Fig. 1e,f). In the SVZ, where 
basal progenitors reside, we detected a decrease in HOPX+ outer radial 
glia (oRG) cells at D50 and D70 (Fig. 1c,d and Extended Data Fig. 4c,d), 

but no differences in TBR2+ intermediate progenitor cells (IPCs) at 
D70 (Extended Data Fig. 4e,f); the latter showed reduced numbers of 
CC3+ cells (Extended Data Fig. 4g–i). No significant differences were 
seen in the number of EdU-incorporating S phase cells and MKI67+ 
proliferating cells in the VZ and SVZ at D50 (Extended Data Fig. 5a,b), or 
SOX2+ progenitors in the SVZ at D70 (Fig. 1e). Together, these findings 
demonstrate that PIDD1-mutant organoids have reduced numbers of 
HOPX+ oRG progenitors, an effect that is not attributable to changes 
in cell proliferation or cell death.

Neural progenitors in the organoid VZ undergo symmetric pro-
liferative divisions with vertical cleavage planes (60–90° relative to 
the ventricular surface) and asymmetric neurogenic divisions with 
horizontal (0–30°) or oblique (30–60°) cleavage planes22. We observed 
no differences in the number of phosphorylated histone H3-positive 
(PH3+) mitotic progenitor cells lining the apical surface of the VZ among 
genotypes at D50 (Extended Data Fig. 5c,d), a result consistent with 
unperturbed proliferation. However, patient and knock-in organoids 
had more VZ cells undergoing asymmetric division (Extended Data 
Fig. 5e,f), fewer SOX2+ progenitors and more MAP2+ neurons (Extended 
Data Fig. 5g,h), a result suggestive of an increased neurogenic state in 
PIDD1-mutant progenitors.

CP abnormalities in mutant organoids
Thickening of the cerebral cortex is a key feature of lissencephaly spec-
trum disorders and a consistent radiographical finding in patients 
with PIDD1 mutations17,18 (Extended Data Fig. 2a–c). We investigated 
laminar cytoarchitecture by immunostaining with markers of deep 
(CTIP2) and upper (SATB2) layer neurons (Fig. 2a and Extended Data 
Fig. 6a,c). We observed a marked increase in the relative thickness of 
the CP in patient and knock-in organoids at D50 and D70 (Fig. 2a,b 
and Extended Data Fig. 6a,b), a result reminiscent of the thickened 
cortex characteristic of human lissencephaly. In the CP, SATB2 was 
co-localized with CTIP2 at D50 (Extended Data Fig. 6d), whereas at D70, 
we identified CTIP2+SATB2+, SATB2+ and CTIP2+ neuronal populations. 
Notably, patient and knock-in organoids had more double-positive and 
fewer single-positive (SATB2+ or CTIP2+) cells compared with control 
and rescue counterparts (Extended Data Fig. 6e,f), a result suggesting 
that neuronal differentiation is defective. At D120, SATB2+ cells were 
broadly distributed (Fig. 2c,d) and at an increased density (Fig. 2e), 
indicative of increased production in patient and knock-in organoids; 
this led to continued abnormal expansion of the CP. Golgi–Cox stain-
ing of D120 organoids did not reveal any obvious defects in neuronal 
morphology (Extended Data Fig. 6g). Altogether, these results indicate 
that PIDD1-mutant organoids display a persistent thickened CP-like 
area, defective cortical lamination and impaired neural differentiation.

Dysregulation in the transcriptome
To examine transcriptional perturbations and associated cellular 
states, we performed single-cell RNA sequencing (scRNA-seq) in 
control, patient, knock-in and rescue organoids at D70. We analysed 
151,506 cells, which formed 10 distinct and well-annotated uniform 
manifold approximation and projection (UMAP) clusters (Fig. 3a,b and 
Methods). We also performed gene ontology (GO) biological pathway 
enrichment analysis using three comparisons (patient versus con-
trol, knock-in versus control, and patient versus rescue) in the radial 
glia (RG), oRG, IPC and dividing IPC clusters. In the oRG and both IPC 
clusters, common downregulated GO terms included generation of 
neurons, neuron differentiation, neuron projection development and 
neuron development. Notably, common upregulated GO terms were 
related to protein metabolism, including translation, peptide-related 
processes, amide-related processes and ribonucleoprotein complex 
biogenesis (Fig. 3c). PIDD1 expression was highly enriched in neural 
progenitor cell clusters in control and patient organoids and reduced 
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in the latter (Fig. 3d). We used quantitative PCR with reverse tran-
scription (RT–qPCR) in D70 organoids treated with 50 μM cyclohex-
imide, an inhibitor of nonsense-mediated decay, to confirm that the 
decrease in PIDD1 expression in patient organoids is consistent with 
nonsense-mediated decay (Extended Data Fig. 1h). Average expres-
sion was lower in excitatory neuron clusters than in progenitor clus-
ters, a result consistent with a previous scRNA-seq analysis of the 
developing mouse brain23. PIDD1 is expressed throughout human 
brain development24 (Extended Data Fig. 7a), including in the VZ, the 
SVZ and the CP of gestational week 17 human fetal cortex and in the 
VZ-like and SVZ-like progenitor areas of D70 organoids (Extended Data 
Fig. 7b,c). Next, we analysed the scRNA-seq data for pathways enriched 
in PIDD1-expressing cells compared with non-expressing cells in con-
trol and patient organoids in pseudobulk (mixed-cell) samples (Fig. 3e 

and Extended Data Fig. 7d). GO enrichment analysis for biological 
processes comparing PIDD1-expressing cells with non-expressing 
cells in control organoids demonstrated upregulation in stress and 
hypoxia responses and cell death pathways (Extended Data Fig. 7d), 
a result consistent with known PIDD1 functions25,26. Downregulated 
processes included neurogenesis and neuron differentiation, which 
suggests that PIDD1 expression might be important for maintain-
ing a non-neuronal state. We also compared PIDD1-expressing cells 
in patient and control organoids to determine the impact of this 
mutation on biological processes (Fig. 3e). Metabolic processes and 
translation ontologies were upregulated in PIDD1-expressing cells in 
patient organoids, whereas generation of neurons was downregulated, 
similar to the PIDD1-expressing progenitor cell clusters in patient 
and knock-in organoids. Notably, lissencephaly was the second most 
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significant disease process enriched for differentially expressed genes 
(DEGs) that were downregulated in PIDD1-expressing cells in patient 
organoids compared with control organoids (using an OMIM data-
set of known human disease-causing genes; Extended Data Fig. 7e). 
Overall, analyses of scRNA-seq data demonstrate that disruption 
of PIDD1 may lead to dysregulation of translational, metabolic and 
neurogenic pathways.

In the human brain, mTOR signalling is a key regulator of protein trans-
lation and development of neural progenitors, including oRG cells27,28. The 
expression of many mTOR pathway genes was dysregulated in patient and 
knock-in organoids (Fig. 3f), and was either directly or inversely corre-
lated with PIDD1 expression in organoids of all genotypes (Fig. 3g). These 
results imply that PIDD1 mutation leads to mTOR pathway dysregulation 
and subsequent perturbation of protein translation and metabolism.
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Dysregulation in the proteome
To evaluate changes at the protein level, we performed high-resolution 
liquid chromatography with tandem mass spectrometry (LC–MS/MS) 
in patient and control organoids at D70 (Extended Data Fig. 8a). Path-
way enrichment analysis using the MSigDB 2020 Hallmark gene set 
with gene set enrichment analysis (GSEA; https://www.gsea-msigdb.
org/gsea/index.jsp) indicated mTOR complex 1 (mTORC1) signal-
ling as one of the top three downregulated pathways (Extended Data 
Fig. 8a,b). mTORC1 is a key mTOR pathway component that controls 
protein translation and ribosome biogenesis29. Notably, enriched 
GO terms of downregulated proteins in patient organoids compared 
with control organoids included translation, ribosome biogenesis and 
peptide-related processes (Extended Data Fig. 8c). However, these were 
found to be upregulated in the corresponding scRNA-seq datasets 
(Fig. 3c), which suggests that transcriptional upregulation might be 
a compensatory response to protein downregulation. Furthermore, 
848 DEGs in patient and control oRG cells (the progenitor cell type 
predominantly affected in patient organoids; Fig. 1c,d) overlapped 
with differentially expressed proteins (DEPs) in patient and control 
organoids. MSigDB pathway analysis of overlapping DEGs and DEPs 
in patient and control organoids also included mTORC1 signalling 
among the top three downregulated pathways (Extended Data Fig. 8d). 
Together, these analyses provide mutually supportive evidence that 
PIDD1 dysfunction leads to dysregulation of mTOR signalling at the 
transcriptomic and proteomic levels.

Increased horizontal divisions and premature neurogenesis are 
common features of PIDD1-mutant organoids (Fig. 2 and Extended 
Data Figs. 5e–h and 6a,b) and MDLS10,11 organoids, which suggests 
that they share an underlying molecular mechanism. We obtained 
and validated an MDLS iPS cell line (Extended Data Fig. 3j,k and Meth-
ods) and repeated LC–MS/MS to include control, patient, knock-in and 
MDLS organoids at D70 (Fig. 4a–f). We identified DEPs (Fig. 4a,c,e) and 
performed pathway analysis comparing patient, knock-in and MDLS 
organoids to control organoids (Fig. 4b,d,f). mTORC1 signalling was a 
downregulated pathway enriched in all three comparisons. Overall, 522 
DEGs in knock-in oRG cells compared with control oRG cells overlapped 
with DEPs in knock-in organoids compared with control organoids 
(Extended Data Fig. 8e). MSigDB pathway analysis of overlapping DEGs 
and DEPs included mTORC1 signalling among the top three downregu-
lated pathways. Consistent with this and earlier analyses (Extended Data 
Fig. 8d), mTORC1 signalling was among the top five downregulated 
pathways in overlapping DEGs and DEPs in patient organoids compared 
with control organoids (Extended Data Fig. 8f). We also found lower 
mean protein expression in patient, knock-in and MDLS organoids 
compared with control organoids (patient versus control, P = 0.0003; 
knock-in versus control, P < 0.0001; MDLS versus control, P = 0.0021) 
(Fig. 4g). This result suggests that PIDD1-mutant and MDLS organoids 
exhibit decreased translation. Last, we identified downregulated DEPs 
shared between knock-in and MDLS organoids compared with control 
organoids and between patient and MDLS organoids compared with 
control organoids and performed GO enrichment analyses for biologi-
cal processes. Translation and ribosome biogenesis were significantly 
enriched in both comparisons, which indicates that downregulated 
translation and ribosome biogenesis are convergent dysregulated 
mechanisms in PIDD1-mutant organoids and MDLS organoids (Fig. 4h). 
Altogether, these proteomic analyses indicate a decreased mTORC1 sig-
nalling signature shared between MDLS organoids and PIDD1-mutant 
organoids.

Hypoactivation of mTOR signalling
Next, we sought orthogonal evidence to show that mTOR signalling is 
decreased in PIDD1-mutant organoids and MDLS organoids. Phospho-
rylation of the ribosomal protein S6 (pS6) is an indicator of mTORC1 

activation, which promotes protein translation30. In the organoid SVZ, 
pS6 was primarily expressed in oRG cells and in a small proportion 
of IPCs (Extended Data Fig. 9a–c). Consistent with transcriptional 
dysregulation of mTOR pathway genes in PIDD1-mutant organoids 
(Fig. 3g), pS6+SOX2+ cells and/or relative pS6 signal intensities in the 
SVZ of patient, knock-in (Extended Data Fig. 9d–f) and MDLS orga-
noids (Fig. 5a,b) and protein levels of phosphorylated AKT (pAKT) 
and pS6 (Fig. 5c–e) were significantly reduced compared with control 
and rescue counterparts. These results support the transcriptomic 
and proteomic findings and identify hypoactive mTOR signalling as a 
shared molecular mechanism in two lissencephaly spectrum disorders 
with distinct genetic causes.

Pharmacological rescue of cellular phenotypes
There are currently no viable therapeutic strategies for the prevention 
or treatment of lissencephaly. Drugs that inhibit mTOR pathway hyper-
activity have proven effective for a range of clinical indications31. We 
treated control, patient, knock-in and MDLS organoids with NV-5138 
(50 µM), an oral, brain-selective and highly specific mTORC1 activa-
tor32,33 currently in phase II clinical trials for treatment-resistant depres-
sion34, beginning at D30, a time point when neurons emerge22 (Fig. 6a). 
NV-5138 acts by directly binding to sestrin-2 and facilitating its dissocia-
tion from GATOR2, which in turn leads to mTORC1 activation32 (Fig. 6b). 
Immunostaining at D70 demonstrated that the intensity of pS6 was 
higher in the SVZ of NV-5138-treated organoids than in non-treated 
organoids, thereby confirming a robust increase in mTORC1 signalling 
in the former (Fig. 6c). Like their patient and knock-in counterparts, 
MDLS organoids displayed a thickened CP, a result consistent with pre-
mature neurogenesis10,11. Sustained application of NV-5138 prevented 
CP expansion in PIDD1-mutant organoids and in MDLS organoids at 
D70 (Fig. 6d and Extended Data Fig. 10a). Next, we asked whether it 
was possible to reverse CP defects and applied NV-5138 at D50 (Fig. 6e), 
when a thickened CP is already present (Extended Data Fig. 6a,b). At 
D70, patient and knock-in (and MDLS) organoids displayed reduced 
pS6 intensities in the CP (Fig. 6f), as in the SVZ (Fig. 5b). Delayed onset 
of drug application resulted in increased pS6 intensity in the CP (Fig. 6g) 
and reversed abnormal neuronal distribution in the CP of patient and 
knock-in organoids at D120 (Fig. 6h). These findings suggest that 
hypoactive mTORC1 signalling leads to cortical lamination defects in 
PIDD1-mutant organoids.

We also assessed the effect of NV-5138-mediated mTORC1 activa-
tion in oRG cells, which have active mTOR signalling28 and are affected 
in PIDD1-mutant organoids (this study) and in MDLS11 organoids 
(Extended Data Fig. 10b). NV-5138 application beginning at D30 led 
to robust increases in the HOPX+ oRG population in patient organoids 
and MDLS organoids at D70 (Extended Data Fig. 10c). The mean pS6 
intensity per HOPX+ cell was lower in patient and MDLS organoids than 
in control organoids and increased significantly after NV-5138 treat-
ment (Extended Data Fig. 10d). Altogether, these results demonstrate 
that NV-5138-meditated mTORC1 activation in PIDD1-mutant organoids 
and MDLS organoids can rescue the HOPX+ oRG population and increase 
mTOR signalling in these cells.

Next, we performed scRNA-seq of untreated and NV-5138-treated 
(D30–D100) control, patient and MDLS organoids (136,807 cells) 
(Extended Data Fig. 10e,f). NV-5138 directly increased the average 
expression of genes involved in translation, ribosome and ribonu-
cleoprotein complex biogenesis, metabolism and mTOR signalling 
pathways, and reduced the average expression of neuron-related 
pathways in the RG and/or oRG clusters across control, patient and 
MDLS organoids (Extended Data Fig. 10g,h). This result is in line with 
our intended use of this compound to promote mTOR signalling and 
reduce premature neurogenesis. Gene expression of translation, meta-
bolic or mTOR signalling pathways remained persistently upregulated 
in patient organoids and MDLS organoids despite drug treatment 

https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
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n = 3; MDLS, n = 3; each replicate was a mixture of 3 organoids. P value threshold: 
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(Extended Data Fig. 10i), which suggests that reversal of transcrip-
tomic defects is not required for the rescue of organoid phenotypes. 
These observations suggest that a brain-selective mTORC1-activating 
small molecule (Fig. 6c,g) can prevent or reverse morphological and 
functional defects in organoids derived from patients with distinct 
lissencephaly spectrum subtypes.

Discussion
In this study, using transcriptomic, proteomic and pharmacological 
approaches in patient-derived organoids, we implicate dysregulated 
mTOR signalling as a converging molecular mechanism contributing 
to two genetically distinct lissencephaly spectrum disorders. mTOR 
signalling is crucial for human cortical development35. Mosaic and 
germline mutations in mTOR regulatory genes that lead to pathway 
hyperactivation have been associated with focal ‘mTORopathies’, 
for example, hemimegalencephaly, polymicrogyria (increased gyra-
tion), focal cortical dysplasia and tuberous sclerosis36–41. Increased 
neural progenitor proliferation, oRG expansion and delayed neuronal 

differentiation are common features of organoids with hyperactive 
mTOR signalling36,42,43, which probably favours expansion of the pro-
genitor pool at the expense of neurogenesis. By contrast, PIDD1-mutant 
organoids and MDLS organoids with hypoactive mTOR signalling dis-
played increased neurogenesis and CP expansion. Thus, normal PIDD1 
function in the cerebral cortex may be important for maintaining pro-
genitor or non-neuronal states through normally operating mTOR 
signalling. One potential mechanism for this effect is that mTORC1 
affects neuronal differentiation through translational control44. Indeed, 
we found evidence of transcriptional dysregulation of translation and 
ribosome biogenesis and decreased translation in lissencephaly orga-
noids. A mechanical simulation model of human cortical folding45 
suggested that increased CP thickness may result in pachygyria or 
agyria. Thus, attenuating pathological expansion of the CP by restor-
ing normal mTORC1 activity may represent a downstream mechanism 
for preventing or reversing decreased gyrification and sulcation in 
lissencephaly spectrum disorders.

Our study has several limitations. At the stages analysed, orga-
noids lack cell types important for human cortical development and 
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Fig. 6 | An mTORC1 activator rescues mTOR pathway hypoactivity and 
thickened CP in PIDD1-mutant organoids and MDLS organoids. a, Control, 
patient, MDLS, knock-in and rescue organoids at D70 grown with or without 
NV-5138 (NV) starting at D30 immunostained for pS6 and CTIP2. Yellow dashed 
lines delineate the CP, the SVZ and the VZ. b, Diagram illustrating the action of 
NV-5138 on the mTORC1 pathway. c, Quantification of the relative pS6 signal 
intensity in the SVZ area of D70 organoids. d, Quantification of the relative 
thickness of the CP, the SVZ and the VZ in D70 organoids. e, Control, patient and 
knock-in organoids at D120 grown with or without NV-5138 starting at D50 

immunostained for pS6 and SATB2. f, Quantification of the relative pS6 signal 
intensity in the CP area of D70 organoids. g, Quantification of the relative pS6 
signal intensity in the CP area of D120 organoids. h, Quantification of the 
distribution of SATB2-expressing cells across 5 equal bins of the CP area in D120 
organoids shown in e. n = 7 cortical regions, n = 6 organoids, 2 batches per 
genotype (c,d,f,g); n = 6 cortical regions, n = 6 organoids, 2 batches per genotype (h). 
Statistical tests: one-way ANOVA (c,d,f,) or two-way ANOVA (g,h). ****P < 0.0001, 
***P < 0.001, **P < 0.01, *P < 0.05. Data are the mean ± s.d. (c,f–h). Scale bars, 100 µm.
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maturation, including microglia46 and interneurons47 and distinct RG 
subtypes48. The lack of post-mortem brain tissue from patients with 
PIDD1 mutations prevents us from validating the observations obtained 
using organoids. In addition to evaluating mTOR signalling in other 
lissencephaly spectrum disorders, it will be important to develop 
organoid models with a mature CP that can undergo gyrification to 
unequivocally link our findings to cortical folding. Finally, aberrant 
mTOR activation may lead to mTORopathies41, which represents a 
concern with the clinical use of mTORC1 activators. It will be essential 
to investigate whether correcting mTOR hypoactivation may be a thera-
peutic option worth exploring in lissencephaly spectrum disorders.

In conclusion, we established that mTOR pathway hypoactivation 
is a converging molecular mechanism that contributes to two geneti-
cally distinct lissencephaly spectrum disorders, thus extending the 
continuum of mTORopathies, which until now have been characterized 
by pathway hyperactivity. Our findings suggest a clinically relevant 
molecular pathway for exploring potential treatments for lissencephaly 
spectrum disorders with distinct genetic causes. We speculate that the 
mTOR pathway may be a ‘hidden hub’ in disorders of cortical misfold-
ing, with perturbation of different genes affecting mTOR signalling 
leading to distinct phenotypes (such as lissencephaly spectrum dis-
orders or polymicrogyria). Thus, the mTOR pathway might represent 
a convergent point of intervention49.
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Methods

Human participants
The study was approved by the Yale Human Investigation Committee 
(protocol number 9406007680). Institutional review board approvals 
for imaging studies, including written consent forms from all study 
participants, were obtained by the referring physicians at the partici-
pating institutions. There were no charges for participation.

WES analysis
WES was performed on three affected members of families NG8, NG375 
and NG1801 following standard protocols. In brief, 1 μg genomic DNA 
obtained from peripheral blood samples was sheered using sonica-
tion. Library preparation was performed using a KAPA HyperPrep kit 
(Roche) and dual indices. Enrichment of the exome was performed 
using IDT xGen Exome Hyb Panel v.1 (NG8) and Nimblegen Roche v.2 
human exome capture panel (NG375 and NG1801)16-plex multiplex 
capture. Purified and quantified libraries were sequenced on Illumina 
NovaSeq 6000 (NG8) and Hiseq 2500 (NG375 and NG1801) instruments 
using paired-end chemistry and 75 bp (NG375 and NG1801) and 100 bp 
(NG8) read lengths. Sufficient sequencing depth was obtained for all 
samples to call germline variants, as shown in Supplementary Table 3.

WES data analysis and variant identification
WES data analysis was performed using a pipeline developed in-house. 
This pipeline follows the GATK 4.1 best practices workflow for align-
ment and variant calling. In brief, raw FASTQ files were aligned to the 
human reference (GRCh38/hg38) using the Burrows–Wheeler Aligner 
tool (v.0.7.15). PCR duplicates were removed using MarkDuplicates 
(v.2.18.29) in Picard. The accuracy of each base call was estimated by 
applying BQSR. GATK 4.1.2 software was used to perform realignment 
of insertions and deletions and the generation of GVCF files using Hap-
lotypeCaller. Once GVCF files were generated, joint variant calling was 
performed. Variant quality score recalibration was applied. Quality 
control was performed by checking the exome metrics summarizing 
the target-base coverage, genotypic sex (PLINK v.1.9), relationship 
inference (KING v.2.2.7) and contamination (Picard v.2.25.6). Variants 
were annotated using SnpEff (v.5.1), ANNOVAR and Ensembl Variant 
Effect Predictor (v.107) and an array of databases for variant allele 
frequency and effect on the encoded protein, conservation, tissue 
expression, deleteriousness and disease association. Variant filtration 
was performed according to variant sequencing quality (variant quality 
score recalibration of ‘pass’ and genotype quality score of ≥20), read 
depth (homozygous ≥ 4×, heterozygous ≥ 8×), minor allele frequency in 
gnomAD, 1K Genomes and an in-house, ethnically matched database of 
about 8,000 chromosomes (homozygous and compound heterozygous 
maximum allele frequency ≤ 0.005 and heterozygous ≤ 5 × 10−5) and 
deleteriousness of missense variants (CADD v.1.6 Phred score ≥ 20). 
Only loss of function variants (canonical splice site, frameshift inser-
tion or deletion and stop-gain) and deleterious missense variants were 
used for further analysis. A list of candidate variants is provided in 
Supplementary Table 1.

Isolation of hair follicle keratinocytes
About 8–10 hairs with intact follicles were removed from the scalp of 
patient NG375-1 using tweezers and placed in PBS (10010023; Thermo 
Fisher Scientific) containing antibiotic–antimycotic (15240062; 
Thermo Fisher Scientific) in a 60 mm dish. The shafts of the hairs were 
cut with sterile scissors so that only 2.5–5 cm remained attached to the 
follicle. Next, 0.25% trypsin–EDTA (25200056, Thermo Fisher Scien-
tific) was added to the hair follicles for 10 min at 37 °C. Afterwards, a 
1,000 μl pipette was used to pipette the trypsin solution on top of the 
follicle to ensure complete dissociation of the follicle from the hair, 
as confirmed under a microscope. The trypsin solution with follicle 
cells was inactivated by DMEM (11965092, Thermo Fisher Scientific) 

supplemented with 20% FBS (16141002, Thermo Fisher Scientific) in a 
15 ml tube and centrifuged at 300g for 5 min. The follicular keratinocyte 
cells were resuspended in EpiLife+ human keratinocyte growth supple-
ment (HKGS) (S0015, MEPI500CA, Thermo Fisher) containing 10 µM 
ROCK inhibitor (72304, Stem Cell Technologies). The cells were plated 
in 1 well of a 12-well plate coated with collagen matrix (R011K, Thermo 
Fisher Scientific) for 48 h at 37 °C. The medium was changed every 
day with EpiLife+ HKGS without ROCK inhibitor until keratinocytes 
could be seen. Keratinocytes were propagated using TrypLE select 
(12563011, Thermo Fisher Scientific) in tissue-culture-treated plates 
without collagen coating in subsequent passages.

Generation, characterization and maintenance of iPS cells
The MDLS iPS cell line was acquired from the Coriell Institute 
(GM26025). Agilent 60K Standard microarray comparative genomic 
hybridization was performed (Cell Line Genetics) on the MDLS cell 
line to confirm the chromosome 17p13.3 microdeletion. The R331X 
patient iPS cell line was generated using a CytoTune Sendai virus 2.0 
kit (A16517, Thermo Fisher Scientific), in which hair follicle keratino-
cytes were transduced following the manufacturer’s instructions for 
reprogramming fibroblasts using a feeder-dependent protocol. Two 
days before transduction, keratinocytes of passage 3 or lower were 
plated onto 1 well of a 6-well plate in EpiLife medium supplemented with 
HKGS and grown until 60% confluent. On day 0, CytoTune 2.0 Sendai 
virus was added to the cells and incubated overnight. The medium was 
replaced the next day (day 1) with fresh EpiLife medium plus HKGS, then 
daily until day 7. On day 6, culture dishes were prepared containing a 
feeder layer of irradiated CF1 mouse embryonic fibroblasts (MEFs; 
A34180, Thermo Fisher Scientific) culture dishes were prepared. On 
day 7, keratinocytes were trypsinized using TrypLE select for 5 min at 
37 °C, diluted in DMEM/F12 (11320033, Thermo Fisher Scientific) and 
centrifuged at 300g for 5 min. The cells were resuspended in EpiLife 
medium plus HKGS and plated into 2 wells of a 6-well plate with CF1 
MEFs. On day 8, the medium was changed to iPS cell medium consisting 
of DMEM/F12 20% knockout serum replacement (10828028, Thermo 
Fisher Scientific), 1× GlutaMax (35050061, Thermo Fisher Scientific), 
1× MEM nonessential amino acids (11140050, Thermo Fisher Scientific), 
100 μM β-mercaptoethanol (1985023, Thermo Fisher Scientific) and 
10 ng ml–1 human FGF-2 (100-18B, Peprotech). From day 21 onwards, 
single iPS cell colonies were manually picked by scraping the colony 
and plating them in a fresh CF1 MEF feeder plate containing iPS cell 
medium. After expansion, the iPS cell colony was adapted to mTeSR 
Plus (Stem Cell Technologies, 100-0276) feeder-free conditions in the 
next passage. Outside-family control iPS cell lines were purchased from 
the Yale School of Medicine Stem Cell Core. All iPS cell lines were karyo-
typed and confirmed to be mycoplasma free (Cell Line Genetics). iPS 
cells were cultured in mTeSR Plus stem cell medium, and the medium 
was changed every day. iPS cells were passaged every 4–5 days using 
ReLeSR enzyme (100-0483, Stem Cell Technologies) onto new plates 
coated with Matrigel (354277, Corning). All studies were performed 
using approved safety protocols of the Yale School of Medicine.

CRISPR–Cas9 editing of iPS cells
Single-cell suspensions from iPS cell colonies were prepared using 
Accutase (07920, Stem Cell Technologies) and nucleofected using 
P3 Primary Cell nucleofector solution with supplement (V4XP-3032, 
Lonza), a donor single-stranded oligodeoxynucleotide (ssODN; IDT), 
a guide RNA (gRNA; IDT) and Cas9–GFP (76006, Stem Cell Technolo-
gies) using the Lonza 4D-Nucleofector system and Lonza program 
CA-137. Nucleofected single cells were transferred into mTESR Plus 
medium supplemented with CloneR supplement (05888, Stem Cell 
Technologies) and Alt-R HDR Enhancer (1081072, IDT). GFP-positive 
cells were collected 24 h after nucleofection by FACS and re-plated 
into a 96-well plate containing mTeSR Plus with CloneR supplement for 
clonal isolation at 1 cell per well. After the colony had grown to occupy 



approximately 50% of the well surface area, one half of the colony was 
scraped using a pipette tip and collected into an Eppendorf tube for 
genomic DNA extraction using DirectPCR Lysis Reagent-Cell (301-C, 
Viagen) with proteinase K (501-PK, Viagen). Amplified PCR product 
containing the edit site was PCR-purified with a kit (28104, Qiagen) and 
sent for validation by Sanger sequencing. Sequence-verified CRISPR 
clones were subjected to karyotyping (Cell Line Genetics). The follow-
ing primers, gRNAs and ssODNs were used: R331X mutation Sanger 
sequencing primers, GTCCATGCCTGCTGGAAG (forward) and AGGGG 
AGTCTGTCTGCCTGT (reverse); gRNAs, GGTCACTGAGCAGCCTCG 
AG (knock-in) and AGGGTCACTGAGCAGCC TCA (rescue); ssODNs, 
TGCAGGCGGACGCCACAGGCCAGGGTCACTGAGCAGCCTCAAGGGG 
TCACAGGAAAGCTGAGTGAGGAAGGAGCGAGCAAC (knock-in) and 
ACTGCAGGCGGACGCCACAGGCCAGGGTCACTGAGCAGCCTCGAGGG 
GTCACAGGAAAGCTGAGTGAGGAAGGAGCGAGCAAC (rescue).

Off-target analysis
Off-target analysis was performed using the Cas-OFFinder online pro-
gram50. gRNA sequences for knock-in and rescue (as described above) 
were queried with a mismatch number of three or lower to generate a list 
of potential off-target sites, which were validated by Sanger sequenc-
ing. A total of 18 and 10 potential off-target sites were predicted with 
the gRNA used for editing patient into rescue iPS cells and control 
into knock-in iPS cells, respectively. Sanger sequencing of predicted 
off-target sites did not detect any mutations. Sequenced off-target 
sites are shown in Supplementary Fig. 2.

Generation of cerebral organoids
Unguided differentiation of organoids was performed using a STEMdiff 
Cerebral Organoid kit (08571, StemCell Technologies) for passage 
20–40 of iPS cells. For each cell line, on D0, iPS cells were detached 
using Gentle Cell Dissociation reagent (100-0485, StemCell Technolo-
gies) for 8–10 min at 37 °C. Cells were resuspended in 1 ml embryoid 
body (EB) formation medium (basal medium 1 with supplement A). 
The suspension was centrifuged at 300g for 5 min and resuspended 
in 2 ml EB formation medium and 20 µM ROCK inhibitor. EB forma-
tion medium supplemented with 20 µM ROCK inhibitor was used to 
adjust the concentration to 100,000 cells per ml. Subsequently, 100 μl 
(10,000 cells per well) was added per well of a 96-well U-shaped-bottom 
low-attachment plate (174925, Thermo Fisher Scientific) and incubated 
for 48 h at 37 °C. On D2 and D4, 100 μl EB formation medium (without 
ROCK inhibitor) was added per well. On D5, 0.5 ml induction medium 
(basal medium 1 with supplement B) was added per well of a 24-well 
ultralow-attachment plate (3473, Corning) and 1–2 EBs were transferred 
into each well and incubated for 48 h at 37 °C. On D7, human embry-
onic stem cell-qualified Matrigel was thawed on ice for 1–2 h. Using a 
wide-bore 200-μl pipette tip, 25–50 μl of medium plus a single EB from 
1 well of the 24-well plate was drawn up and transferred to 1 well of an 
organoid embedding sheet (08579, StemCell Technologies). Excess 
medium was removed. Using a pipette, 15 μl Matrigel was added onto 
each EB. The dish was subsequently placed in an incubator at 37 °C 
for 35 min to polymerize Matrigel. Using a 1-ml pipette tip, expansion 
medium (basal medium 2 with supplements C and D) was used to gently 
wash all Matrigel droplets off the embedding sheet into 1 well of an 
ultralow-attachment 6-well plate (3471, Corning) for a total of 3 ml 
expansion medium per well. Embedded organoids were incubated 
at 37 °C for 3 days. On day 10, the medium was replaced with 3 ml per 
well of maturation medium (basal medium 2 with supplement E or 
08571, StemCell Technologies). The plate of organoids was placed on 
an Infors HT Celltron orbital shaker (I69222, Infors HT) at 70 rpm in a 
37 °C incubator. A full change of maturation medium was performed 
every other day. On day 14, organoids were released from Matrigel 
droplets by incubating droplets on ice and in pre-cooled (2–8 °C) cell 
recovery solution (Corning, 354253) at 70 rpm on an orbital shaker. 
Afterwards, cell recovery solution was removed by washing in PBS 

3 times, and maturation medium was added to organoids, for which 
the medium was changed in full every other day.

Treatment with the mTORC1 inhibitor NV-5138
NV-5138 (50 µM; HY-114384, MedChem Express) was added to the 
medium at D30 or D50 of organoid differentiation. Organoid medium 
containing the drug was changed every other day until D70, D100 or 
D120.

Organoid tissue preparation and immunohistochemistry
Whole organoids were fixed in 4% paraformaldehyde (PFA) in PBS 
( J61899, Thermo Fisher Scientific) at 4 °C overnight (about 16 h). 
Organoids were washed 3 times with PBS and then incubated in 30% 
sucrose solution overnight. Organoids were embedded in tissue freez-
ing medium (72592, Electron Microscopy Sciences), sectioned with a 
cryostat (Leica) at 30–40 μm thickness and allowed to air dry overnight. 
For immunostaining, sections were washed 3 times for 10 min each 
with PBST (0.25% Triton-X in PBS) before adding blocking solution 
(0.25% Triton-X in PBS + 4% donkey serum (017-000-121, Jackson Immu-
noResearch)) for 30 min at room temperature. Blocking solution was 
removed, and primary antibodies diluted in antibody solution (0.1% 
Triton-X in PBS + 4% donkey serum) were applied to the sections over-
night (about 16 h) at 4 °C. After washing with PBST for 3 times (10 min 
each), secondary antibodies were applied for 1 h at room temperature 
(1:1,000), after which, sections were washed with PBS (3 times, 10 min 
each). To mark nuclei, DAPI (1:3,000; D1306, Thermo Fisher Scien-
tific) was added to the secondary antibody incubation solution. Slides 
were then washed three times in PBS and mounted with VectaShield 
Vibrance Anti-Fade Mounting Medium (H-1700, Vector Labs). Images 
were acquired using a LSM 880 confocal microscope (Carl Zeiss) with 
identical settings across all conditions for each antibody, and images 
were collected using Zeiss Zen software and assembled using Fiji 
(National Institutes of Health).

Antibodies
The following primary antibodies were used: mouse anti-MAP2 (1:500; 
MAB3418, Millipore); mouse anti-SOX2 (1:500; sc-365823; Santa Cruz); 
rat anti-SOX2 (1:500; 14-9811-82, Invitrogen); rat anti-CTIP2 (1:500; 
ab18465; Abcam); rabbit anti-SATB2 (1:500; ab34735, Abcam); rab-
bit anti-TBR1 (1:500; ab31940, Abcam); rabbit anti-HOPX (1:2,500; 
HPA030180, Sigma); mouse anti-HOPX (1:250; sc-398703); rab-
bit anti-CC3 (1:1,000; 9661, Cell Signaling Technologies); mouse 
anti-PH3 (1:500; 9706, Cell Signaling Technologies); mouse anti-Ki67 
(1:500; 556003, BD Biosciences); rabbit anti-EOMES (TBR2) (1:500; 
HPA028896, Sigma); sheep anti-EOMES (TBR2) (1:200; AF6166, R&D 
Systems); and rabbit anti-phospho-S6 ribosomal protein (pS6) (1:200; 
4858, Cell Signaling Technologies). EdU assay was performed using a 
Click-It Plus Edu Cell Proliferation kit (C10337, Thermo Fisher Scientific) 
per the manufacturer’s instructions.

PIDD1 protein structure
The predicted protein structure of PIDD1 was obtained from the Alpha-
Fold Protein Structure Database51,52.

Western blotting
Cold RIPA buffer (89900, Thermo Fisher Scientific) with protease 
and phosphatase inhibitors (5872, Cell Signaling Technologies) was 
used to lyse cerebral organoids or monolayer neural progenitor cells 
for 30 min on ice, followed by sonication using a Bioruptor Standard 
(Diagenode) at a high voltage setting for 5 cycles, 30 s on and 30 s off. 
Lysates were centrifuged at 14,000 rpm for 15 min and the superna-
tant was transferred into another Eppendorf tube. Protein concentra-
tion was measured using Bradford Coomassie Plus reagent (23238, 
Thermo Fisher Scientific) at an absorbance wavelength of 595 nm. Pro-
tein samples were equalized in concentration, and 4× Laemmli buffer 
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(1610747, Bio-Rad) with β-mercaptoethanol (1610710XTU, Bio-Rad) was 
added. The sample was boiled at 95 °C for 5 min and cooled on ice for 
2 min. Lysates were loaded onto 12% TGX-mini protean gels (4561044, 
Bio-Rad), and electrophoresis was conducted at 100 V until the migra-
tion front reached the end of the gel cassette. Afterwards, the proteins 
were transferred to a PVDF membrane at 100 V for 1 h. After transfer, the 
PVDF membrane was allowed to dry overnight. PVDF was reactivated 
with methanol and blocked with EveryBlot blocking buffer (12010020, 
Bio-Rad) for 5 min. Then the following primary antibodies were added in 
EveryBlot buffer for 1 h at room temperature: mouse anti-PIDD1 (Anto-1)  
(1:500; ALX-804-837-C100, Enzo); rabbit anti-pS6 (1:1,000, 4858, Cell 
Signaling Technologies); rabbit anti-S6 ribosomal protein (5G10) 
(1:1,000; 2217, Cell Signaling Technologies); rabbit anti-phospho-AKT 
(S473) (1:1,000; 4060, Cell Signaling Technologies); rabbit anti-AKT 
(pan) (C67E7) (1:1,000; 4691, Cell Signaling Technologies); and mouse 
anti-β-actin (1:5,000; A2228, Sigma). The PVDF membrane was washed 4 
times for 5 min each with TBST (Tris-buffered saline with 0.05% Tween-20).  
Then, anti-rabbit IgG, HRP (1:2,000; 7074, Cell Signaling Technologies) 
and anti-mouse IgG, HRP (1:2,000–5,000; 7076, Cell Signaling Tech-
nologies) were added in EveryBlot Buffer for 1 h at room temperature. 
The membrane was washed 4 times for 5 min each in TBST, and Clarity 
Western ECL substrate (1705061, Bio-Rad) was added for 5 min at room 
temperature to detect proteins using film-based imaging. All wash and 
antibody-incubation steps were performed under agitation. For strip-
ping of antibodies, the PVDF membrane was incubated in Restore Plus 
Stripping buffer (46430; Thermo Fisher Scientific) for 15 min at room 
temperature with agitation on a shaker, followed by TBST washes (3 
times, 10 min each), EveryBlot blocking and incubation with a different 
antibody. Uncropped and unprocessed images of western blots are 
provided in Supplementary Fig. 1.

scRNA-seq
Sample preparation. Organoids were collected and single-cell suspen-
sions were prepared using a Neural Tissue Dissociation kit (130-092-
628; Miltenyi Biotec). Single-cell suspensions were loaded onto a Chro-
mium Controller (10x Genomics) for droplet formation. scRNA-seq 
libraries were prepared using a Chromium Single Cell 3′ Reagent kit (10x 
Genomics). Samples were sequenced on NovaSeq 6000 instruments.

Quality control analysis. After receiving raw sequencing files, the human  
GRCh38 (GENCODEv32/Ensembl98) genome (https://www.ncbi.nlm.
nih.gov/datasets/genome/GCF_000001405.26) /was used as the refer-
ence genome to run the CellRanger (v.6.1.2) pipeline, including read 
alignment, barcode counting and unique molecular identifier (UMI) 
quantification. This resulted in the filtered raw count matrices contain-
ing gene expression in all inferred cells for downstream quality control. 
R (v.4.3.0)53 and Seurat (v.4.3.0)54 were used for data processing. An 
initial clustering for each individual of each species was conducted, 
and low-quality clusters with low UMIs (<500) and high mitochon-
drial content (>10%) were removed. Genes expressed in at least three 
cells were kept for downstream analysis. The remaining cells were 
re-clustered, and doublet scores were calculated using the Doublet-
Finder package. Gene expression in each cell was then normalized 
using the NormalizeData function in the R package Seurat54 (scaling 
factor = 10,000).

Transcriptomic integration of the scRNA-seq data of organoids from 
different genotypes. To embed all cells from different organoids in the 
same low-dimensional space and to subsequently visualize them on 
the UMAP, the data were integrated using Seurat. Specifically, for each 
individual sample, the top 5,000 highly variable genes were identified 
using the variance-stabilizing transformation (FindVariableFeatures 
function) implemented in Seurat, and the top 2,000 highly variable 
genes were selected for integration using the SelectIntegrationFeatures 
function. Anchors were identified across datasets using the function 

FindIntegrationAnchors based on the top 50 dimensions from canoni-
cal correlation analysis, followed by hierarchical integration of nor-
malized data using the IntegrateData function. Genes expressed in 
fewer than 100 cells were filtered out, the integrated data were scaled, 
principal components analysis was performed and significant principal 
components were selected using elbow plots. These principal compo-
nents were used for downstream UMAP visualization.

Clustering and annotation. Well-established organoid markers were 
used to annotate all the cell types55–57. Samples were clustered into 
the following cell classes: immature excitatory neuron (DCX, STMN2 
and GAP43); upper layer excitatory neuron (NEUROD2, SATB2 and 
FRMD4B); deep layer excitatory neuron (BCL11B, TBR1 and NEUROD2); 
RG (SOX2); oRG (SOX2, HOPX, FAM107A and LIFR); dividing progeni-
tor (SOX2, MKI67 and TOP2A); intermediate progenitor (EOMES and 
TMEM158); proliferating intermediate progenitor (EOMES, TMEM158, 
MKI67 and TOP2A); and astrocyte (S100B and GFAP). DEGs and GO 
analyses in different conditions (control, patient, knock-in and res-
cue) for each cell type were identified using the default setting for the 
function (FindAllMarkers) in Seurat. An average log2-transformed fold 
change of >0.3 and an adjusted P value of <0.05 were used as thresholds 
to find significant DEGs using the two-tailed Wilcoxon rank-sum test. 
The cor() function in R with method = ‘pearson’ was used to calculate 
the gene expression correlation (r). The R package TopGO was used for 
GO analysis with all protein-coding genes as the background gene list.

MS analysis
Protein and sample preparation. Organoids were suspended in 400 µl 
RIPA buffer containing protease and phosphatase inhibitor cocktail 
(3×). Two bursts (10% amp) of sonication for 15 s each with on–off for 
1 s were carried out to lyse the tissue samples. The cell suspension was 
centrifuged at 14,000 rpm for 10 min, and 125 µl of the supernatant 
was removed. Chloroform–methanol–water protein precipitation was 
performed, and dried protein pellets were each resuspended in 75 µl 
8 M urea containing 400 mM ABC, reduced with DTT alkylated with 
iodoacetamide, and enzymatic digestion with trypsin was performed 
for 3 h and followed with additional trypsin (0.1 µl of 0.5 µg µl–1) for 
overnight digestion at 37 °C. The digestion solution (total volume of 
200 µl) was quenched (with 10.1 µl of 20% trifluoroacetic acid) during 
the desalting step with C18 MacroSpin columns (The Nest Group). The 
effluents from the desalting step were dried and re-dissolved in 50 µl 
buffer solution (LB, 98% H2O, 2% acetonitrile and 0.2% trifluoroacetic 
acid). An aliquot was taken, the concentration measured using a Na-
nodrop instrument and the sample diluted to 0.06 µg µl–1 with LB. A 
1:4 dilution of 10× Pierce Retention Time Calibration mixture (88321) 
was added to each sample before injecting into a UPLC Q-Exactive HFX 
mass spectrometer to check the retention time.

Label-free quantification
Data collection. Label-free quantification data-dependent acquisition 
was performed using a Thermo Scientific Q-Exactive HFX mass spec-
trometer connected to a Waters M-Class Acquity ultra-performance 
liquid chromatography (UPLC) system equipped with a Waters Sym-
metry C18 180 μm × 20 mm trap column and a 1.7 μm, 75 μm × 250 mm 
nanoAcquity UPLC column (35 °C). Next, 5 µl of each digest was re-
constituted in loading buffer A to a concentration of 0.05 µg µl–1 and 
injected in a block-randomized order. UPLC peptide trapping was car-
ried out for 3 min at 5 µl min–1 in 99% buffer A (0.1% formic acid in water) 
and 1% buffer B (0.075% formic acid in acetonitrile) before eluting with 
linear gradients that reached 6% B at 2 min, 25% B at 200 min and 85% 
B at 205 min. Three blanks (first with 100% acetonitrile, second and 
third with buffer A) followed each injection to ensure against sample 
carryover. The following settings for the Q-Exactive HFX mass spec-
trometer were used: 120,000 MS scan resolution with an automatic 
gain control (AGC) target of 3 × 106 (max IT of 100 ms) and scan range 
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of 350–1,500 m/z in profile mode; 30,000 MS2 scan resolution with an 
AGC target of 1 × 105 (max IT of 100 ms) and scan range of 200–2,000; 
and top 20 peptide higher-energy collisional dissociation (HCD) frag-
mentation consisting of an isolation window of 1.6 m/z, normalized 
collision energy of 28, peptide match preferred with all multiple charge 
states, and dynamic exclusion of 20.0 s. All MS and MS/MS peaks were 
detected in the Orbitrap.

Data analysis. The LC–MS/MS data were processed using Progenesis 
QI software (Nonlinear Dynamics, v.4.2) with protein identification 
carried out using an in-house Mascot search engine (2.8). The Pro-
genesis QI software performs chromatographic and spectral align-
ment (one run is chosen as a reference for alignment of all other data 
files), mass spectral peak picking and filtering (the ion signal must 
be at least 3 times the s.d. of the noise) and quantification of proteins 
and peptides. A normalization factor for each run was calculated to 
account for differences in sample load between injections and diff
erences in ionization. The normalization factor was determined by 
calculating a quantitative abundance ratio between the reference 
run and the run being normalized, with the assumption being that 
most proteins or peptides are not changing in the experiment so that 
the quantitative value should be equal to 1. The experimental design 
was set up to group multiple injections (technical and biological 
replicates) from each run into each comparison set. The algorithm 
then calculated the tabulated raw and normalized abundances and 
ANOVA P values for each feature in the dataset. The MS/MS spectra 
were exported as.mgf (Mascot generic files) for database search-
ing. The Mascot search algorithm was used for searching against the 
Swiss Protein database with taxonomy restricted to Homo sapiens, 
and carbamidomethyl (Cys), oxidation (Met), phospho (Ser, Thr and 
Tyr), deamidation (NQ) and acetylation (K, protein N termini) were 
entered as variable modifications. Two missed tryptic cleavages were 
allowed, precursor mass tolerance was set to 10 ppm and fragment 
mass tolerance was set to 0.02 Da. The significance threshold was set 
based on a false discovery rate (FDR) of 2% with 95% MOWSE score 
confidence levels. The Mascot search results were exported as .xml 
files and then imported into the processed dataset in Progenesis QI 
software, in which identified peptides were synced with the corre-
sponding quantified features and their corresponding abundances. 
Protein abundances (requiring at least one unique peptide with scores 
above the significant threshold) were then calculated from the sum of 
all unique normalized non-conflicting peptide ions for a specific pro-
tein on each run. Resulting label-free quantification data were expo
rted, and comparative analyses were calculated in Excel. To detect 
significant differences in protein abundances between conditions, 
we performed a t-test using the package of Bioconductor (v.3.18)58, 
with a FDR threshold of 0.1. Significantly upregulated or downregu-
lated proteins were functionally annotated using the Reactome 2022 
pathway and MSigDB 2020 Hallway databases. Pathways with FDR 
q values < 0.05 were considered significant.

Riboprobe synthesis
RNA probes complementary to human PIDD1 were synthesized  
from cDNA templates of PIDD1 5′ (forward primer: 5′-CAGGAGATGCT 
TCAGAGGATTC-3′; reverse primer: 5′-GTCCAAATCTGAGGTCAGG 
AAC-3′; size 926 bp) and PIDD1 3′ (forward primer: 5′-TCTGGTACAC 
CACCAAGAACTG-3′; reverse primer: 5′-GGATGCTGTCCTGGTAC 
TTGC-3′; size 879 bp) sequences through in vitro transcription and 
labelled with digoxigenin-11-UTP (11277073910, Roche).

In situ hybridization
Human fetal brain tissue and cerebral organoids were fixed by immer-
sion in 4% PFA (in PBS), cryoprotected in 30% sucrose (in 4% PFA) 
and sectioned on a cryomicrotome (Leica Microsystems). Sections 
(30–40 μm) were mounted on SuperFrost slides (12-550-143, Thermo 

Fisher Scientific), dried overnight and processed for in situ hybridiza-
tion. In brief, the sections were post-fixed in 4% PFA (15 min), washed 
in PBS (3 times, 5 min each), treated with proteinase K (10 μg ml–1, 
30 min; 3115879001, Roche), post-fixed in 4% PFA (15 min), rinsed in 
PBS and transferred to a hybridization solution (50 µg ml–1 heparin 
(H4784, Sigma), 200 µg ml–1 acetylated BSA (00630517, Invitrogen), 
500 µg ml–1 brewer’s yeast tRNA (10109525001, Roche), 50% forma-
mide (295876, Sigma) and 5× SSC, 1% SDS) containing 0.1–0.5 µg ml–1 
digoxigenin-labelled riboprobe. Hybridization was allowed to pro-
ceed overnight at 70 °C. Three 45-min washes were performed with 
solution X (1% SDS, 2× SSC and 50% formamide) at 70 °C, followed 
by washes with TBST (3 times, 15 min each). Sections were incubated 
in 10% heat-inactivated lamb serum (16070096, Thermo Fisher Sci-
entific) for 1 h at room temperature, and then in TBST containing 1% 
lamb serum and 1:5,000 dilution of alkaline phosphatase-coupled 
anti-digoxigenin, Fab fragments (11093274910, Roche) for 2 h at room 
temperature. Post-antibody washes consisted of 3 TBST changes (15 min 
each). Histochemical detection of alkaline phosphatase activity was 
performed using the chromogen combination of nitro blue tetrazo-
lium (350 mg ml–1; 11383213001, Roche) and 5-bromo-4-chloro-indoxyl 
phosphatase (175 mg ml–1; 11383221001, Roche) in alkaline phosphatase 
reaction buffer NTMT (100 mM Tris-HCl pH 9.5, 100 mM NaCl, 50 mM 
MgCl2 and 1% Tween-20). After completion of the colour reaction, sec-
tions were washed in TBST, dehydrated and mounted with Eukitt (15322, 
Electron Microscopy Sciences). Sections were analysed using a Stemi 
stereomicroscope or an AxioImager (Zeiss) fitted with an AxioCam 
MRc5 digital camera. Images were captured using AxioVision software 
(Zeiss) and assembled in Adobe Photoshop.

Golgi–Cox staining of organoids
D120 organoids were fixed in 4% PFA and processed using a FD Rapid 
GolgiStain kit (PK401, FD Neurotechnologies). Organoids were sec-
tioned at 70 μm, mounted on gelatinized slides and processed for Golgi 
staining following the manufacturer’s instructions.

Functional effect of the nonsense single-nucleotide variant in 
PIDD1
The single-nucleotide variant identified in the patient from the NG375 
family is predicted to introduce a premature stop codon and to result in 
truncation of the PIDD1 protein, possibly triggering nonsense-mediated 
decay. PIDD1 transcript levels were compared in control, patient and 
rescue organoids at D70 with and without treatment with 50 µM 
cycloheximide for 2 h. Organoids were then analysed by RT–qPCR for 
the PIDD1 transcript (forward primer: 5′-GAGCAGCCACCCTTTGCG; 
reverse primer: 5′-CTCGCATCTGCAGGACACA), with GAPDH as an inter-
nal control (forward primer: 5′-TGGTCTCCTCTGACTTCAACAGCG; 
reverse primer: 5′-AGGGGTCTACATGGCAACTGTGAG).

Immunostaining and western blot quantifications
All quantifications were performed using Fiji. Only cortical structures 
or regions on the periphery of the organoid were analysed. Cortical 
structures with visible apical and basal sides, appropriate morphol-
ogy (distinct progenitor and neuronal layers, see below) and healthy 
appearance were chosen for quantification.

We defined organoid layers based on a previous study using the same 
organoid generation protocol56. Ventricular length was defined as an 
uninterrupted stretch of apical surface populated by RG, as shown by 
PH3 or RG marker (SOX2 or PAX6) staining. The VZ was defined as a layer 
of cells directly abutting the ventricle, with a distinctive radial organi-
zation of nuclei and high density of cells, as revealed by DAPI staining, 
and may be positive for SOX2 or PAX6. The SVZ was defined as a zone 
basally adjacent to the VZ but apically adjacent to the CP that contains 
cells expressing HOPX or TBR2. The progenitor zone was defined as the 
combined area of the VZ and the SVZ. The CP was defined as the area 
staining positive for neuronal markers such as CTIP2, SATB2 and TBR1.
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The total thickness of the CP, the SVZ and the VZ was determined by 

a 90° vertical line extending from the ventricular apical surface to the 
basal surface. The relative thickness of each layer was calculated by 
normalizing the thickness of each layer (defined as described above) 
to the combined thickness of the VZ, the SVZ and the CP.

All cell counts were normalized per mm2 area unless indicated oth-
erwise. All organoid immunostaining quantifications were performed 
using at least two independent organoid batches. When quantifying 
co-localization, the cell was double positive only if the signal from both 
channels analysed clearly corresponded in shape.

Western blot quantifications were performed using the Analyze-Gels 
functions of ImageJ, and proteins of interest were normalized to the 
β-actin loading control.

Quantification and statistics
Quantifications are represented as scatter plots (with the centre black 
line representing the mean) or as bar graphs (with error bars represent-
ing the s.d.). Statistical analysis was performed using GraphPad Prism 
10.3.1 software. Tests for significance on image quantification values 
were performed using ordinary one-way ANOVA or ordinary two-way 
ANOVA, with an α level of 0.05 and Tukey’s test (one-way) and Dun-
nett’s test (two-way) to correct for multiple comparisons, or two-tailed 
unpaired t-test with an α level of 0.05. P values are indicated in figures 
by asterisks. P values for all quantifications are listed in Supplementary 
Table 5.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Summary statistics for WES data analyses are provided in Supplemen-
tary Tables 1 and 3. Individual-level phenotype data of patients with 
PIDD mutations are provided in Supplementary Table 2. Sequencing 
data of patients with PIDD1 mutations are publicly restricted owing 
to consent forms not allowing broad sharing of raw genomic data. 
scRNA-seq files have been deposited into the Sequence Read Archive 
with accession number PRJNA1168541. MS data have been deposited 
into the Proteomics Identification Database with accession number 
PXD056364. Deposited files associated with figures for scRNA-seq 
and MS are provided in Supplementary Table 6. AlphaFold (https://
alphafold.ebi.ac.uk) was used to predict the PIDD1 protein structure. 
Human Brain Transcriptome (https://hbatlas.org/pages/hbtd) was 
used to display PIDD1 mRNA expression across brain regions and devel-
opmental time points. Pathway enrichment analysis was performed 
using the MSigDB 2020 Hallmark gene set from GSEA (https://www.
gsea-msigdb.org/gsea/index.jsp), the OMIM disease dataset (https://
www.omim.org) and the Reactome 2022 pathway database (https://
reactome.org/).

Code availability
Our scRNA-seq and MS R pipelines have been deposited into GitHub 
(github.com/danliangunc/PIDD1-lissencephaly) with no restrictions.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Homozygous mutations in PIDD1 are associated with 
lissencephaly spectrum disorders. a, Simplified pedigrees for the NG375, the 
NG8, and the NG1801 families with the indicated mutations in PIDD1. b, Magnetic 
resonance images (MRI) of the index case and iPS cell donor NG375-1 (arrow);  
axial (T2-weighted), sagittal and coronal (T1-weighted) images demonstrating 
bilateral diffuse pachygyria; the upper and middle gyri in the temporal lobes 
are diffusely and symmetrically thickened and smooth; no microgyria was 
observed; the ventricles are large. c,d, Axial images of index cases (arrows) from 
the NG8 (c, T1-weighted) and NG1801 families (d, T2-weighted) demonstrating 
diffuse pachygyria. e, Domain structure of the PIDD1 full-length (FL) protein 
indicating serine autoproteolysis sites (arrowheads) and resulting fragments 
PIDD1-N, PIDD1-C, and PIDD1-CC. The locations of the stop-gain (R331X, W589X) 
and canonical splice-site (c.2042-2A>G) mutations (vertical lines) are indicated 

on PIDD1-FL. f, PIDD1-FL derived C-terminal fragments PIDD1-C and PIDD1-CC 
containing the death domain participate in complexes with either RIP1-NEMO 
(“NEMO-PIDDosome”) or CRADD-Caspase-2 (CASP2) (“CASP2-PIDDosome”)  
to regulate cell survival or apoptosis, respectively. g, Protein structure of PIDD1 
(UniProt ID: Q9HB75) generated by AlphaFold with indicated N- and C-termini 
(yellow), death domain (light blue), and stop-gain mutation sites (black).  
h, Quantification of relative expression levels of PIDD1 mRNA from RT-qPCR of 
organoids at D70 treated with 50 μM cycloheximide (CHX) for 2 h and 
untreated counterparts. n = 3 organoids, 3 independent experiments per 
genotype. Statistical test: Two-tailed unpaired t test: **, P < 0.01*, P < 0.05, ns, not 
significant. LRR: leucine-rich repeats; ZU5: domain present in ZO-1 and Unc5-
like netrin receptors; DD: death domain.



Extended Data Fig. 2 | Magnetic Resonance Imaging (MRI) of affected 
individuals with mutations in PIDD1. a, NG375 family. Axial T2-weighted and 
coronal T1- and T2-weighted MR images of two siblings with the stop-gain R331X 
mutation, showing cortical thickening, simplification of gyri, and fronto- 
temporal atrophy. b, NG8 family. Axial T1- and T2-weighted and coronal T2- 
weighted MR images of three siblings with the stop-gain W589X mutation. Axial 
T1-weighted and T2-weighted MR images with bilateral and diffuse thickening 

of the cortex and simplification of gyri with an anterior > posterior gradient. 
Coronal T2-weighted MR images with diffuse pachygyria. Enlargement of the 
subarachnoid spaces consistent with arachnoid cysts are also noted. c, NG1801 
family. Axial T1- and T2-weighted and coronal T2-weighted MR images of one 
individual with the c.2042-2A>G splice-site mutation, showing frontal pachygyria 
and simplification of gyri.
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Extended Data Fig. 4 | Neural progenitor cell abnormalities in PIDD1-mutant 
organoids. a, Control, patient, knock-in, and rescue organoids at D50 
immunostained for apoptotic cell marker cleaved-caspase 3 (CC3). Dashed yellow 
lines delineate the SVZ/VZ. b, Quantification of CC3+ cells per mm2 SVZ/VZ area. 
c, Control, patient, knock-in, and rescue organoids at D50 immunostained for 
oRG cell marker HOPX. Dashed yellow lines delineate the SVZ/VZ. d, Quantification 
of HOPX+ cells per mm2 SVZ/VZ area. e, Control, patient, knock-in, and rescue 
organoids at D70 immunostained for IPC marker TBR2. Dashed yellow lines 

delineate the SVZ. f, Quantification of TBR2+ cells per mm2 SVZ area. g, Control, 
patient, knock-in, and rescue organoids at D70 immunostained for oRG marker 
HOPX, TBR2, and CC3. h, i, Quantification of the faction of CC3+ cells co-expressing 
either TBR2 (h) or HOPX (i). n = 12 cortical regions, n = 6 organoids, 2 batches of 
3 organoids per genotype (b, d, f); n = 6 cortical regions, n = 6 organoids, 2 batches 
per genotype (h, I). Statistical test: one-way ANOVA; ****, P < 0.0001; **, P < 0.01;  
*, P < 0.05; ns, not significant. Scale bars, 100 µm (a, c, e) and 50 µm (g).
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Extended Data Fig. 5 | Increased neurogenesis in PIDD1-mutant organoids. 
a, Control, patient, knock-in, rescue organoids at D50 immunostained for EdU 
and MKI67 (also known as Ki67). Dashed yellow lines delineate the CP and SVZ/VZ. 
b, Quantification of EdU+ cells in SVZ/VZ. c, Immunostaining for phospho-histone 
H3 (PH3) in the VZ. d, Quantification of PH3+ cells at the ventricular surface.  
e, Diagram illustrating cleavage angle measurement (top); representative 
examples of vertical, oblique, and horizontal divisions in PH3+ cells (bottom). 
Nuclei are stained with DAPI. f, Quantification of the cleavage angle (relative to 
apical surface) in PH3+ cells. g, Immunostaining for differentiating neuron 

marker MAP2 and SOX2 in cortical region of patient and rescue organoids at 
D70. h, Quantification of MAP2+ and SOX2+ cells in a cortical region of control, 
patient, knock-in, and rescue organoids at D70. n = 12 cortical regions, n = 6 
organoids, 2 batches of 3 organoids per genotype (b, d); dividing apical 
progenitor cells from n = 12 organoids were counted per genotype (f); n = 6 
cortical regions, n = 6 organoids, 2 batches per genotype (h). For (g), n = 6 
cortical regions, n = 3 organoids per genotype. Statistical test: one-way 
ANOVA per genotype; ****, P < 0.0001; ***, P < 0.001; ns, not significant. Scale 
bars, 100 µm.
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Extended Data Fig. 6 | Cortical plate defects in PIDD1-mutant organoids.  
a, Control, patient, knock-in, and rescue organoids at D50 immunostained for 
deep-layer neuron marker CTIP2. Dashed yellow lines delineate the CP, SVZ, 
and VZ. b, Quantification of relative thickness of VZ, SVZ, and CP. c, Control, 
patient, knock-in, and rescue organoids at D50 immunostained for upper-layer 
neuron marker SATB2. d-e, Patient and rescue organoids at D50 (d) and at D70 
(e) immunostained for CTIP2 and SATB2. f, Quantification of SATB2+/CTIP+, 

SATB2+/CTIP2− and SATB2−/CTIP2+ cells in CP. g, Golgi-Cox staining of 
neurons in the upper CP of control, patient, and knock-in organoids at D120. 
Pial surface is to the top. All experiments were performed with images from 
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Statistical test: one-way ANOVA; ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; ns, 
not significant. Scale bars, 100 µm (a, c, d) and 50 µm (e, g).



Article

−log10(P−value)

0 5 10 15

nervous system development
neuron differentiation

generation of neurons
neurogenesis

neuron development
neuron projection development

cell development
cellular component morphogenesis

plasma membrane bounded cell projection ...
neuron projection morphogenesis

−log10(P−value)
0 5 10 15 20

cellular response to stress
programmed cell death

apoptotic process
regulation of programmed cell death

regulation of apoptotic process
negative regulation of programmed cell d...

response to hypoxia
negative regulation of apoptotic process

cellular response to hypoxia
cell death

                  Downregulated Upregulated

d

a

anemia
diamond−blackfan anemia

−log10(adjusted p value)

0 0.1

encephalopathy
lissencephaly

kallmann syndrome
hypoglycemia

pseudohypoaldosteronism

−log10(adjusted p value)
0 1 2 3

e

Control Patient

D
70 Knock-in Rescue

                  Downregulated

Upregulated

b

Age (Days)

Si
gn

al
 in

te
ns

ity
 (L

og
2)

50 100 200 500 2000 10000 30000

3

4

5

6

7

●●
●●

●●●
●●●

●

●
●●●●

●
●●●●●

●

● ●
●
●
● ●

●
●

●
● ● ●

●
●●●

●
●●●●

●
●

●●●●●
●
● ●

●
●

●●

●

●
●●●●●

●

●●●

●
●●
●
●
●
●
●

●
●

●
●

●

● ●
●

●●

●
●

●

●
●

●

●●
●● ●

●
●●
●
●●

●

●

●
●●

● ●
●●
●
●

●
●

●
●●

●
●●●

●
● ●●

●

●

●

●
●● ● ●

● ●
●●

●

●●●
●●●

●●●
●

●

●
●
●

●

●●●●●●●
●●●

●
●

●

●
●●

●
●●

●

● ●
●
●
● ● ●

●
● ● ●

●
●●

●
●●●●●●●●

●
●

●●●
●
● ●

●
●

●●●

●

●

●●●●●●●●●●●●●●●●●●●

●

●●●●

●●●●
●
●●●●●●●
●
●

●
●

●●●

●

●● ●●
●

●
●●●

●
●

●●

●
●

●●●●●

●●●
● ●●●●●●

●

●●●

●
●●

●●● ●●●●
●●●●
●●●
●●●●●●●●●●●●●●●● ●●●●●●●●

●●●●
●●●●●●

●●●●
●●●●●●●●●●●

●●●●●●
●● ●●

●●●

●

●●●

●●●●●
●●●● ●● ●

●● ●
●●●●●

●

●●●●●●●●●●●●●●●●●●
●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●

●●

●●●●●●●
●●●
●●●

●●●●

L

Period: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

●
●
●

NCX
HIP
AMY

STR
MD
CBC

c

PIDD1-expressing vs non-expressing cells in control organoids 
(pseudobulk analysis)

GW17

Extended Data Fig. 7 | Analyses of PIDD1 mRNA expression. a, PIDD1 exon 
array signal intensity in human fetal, postnatal, and adult brain (hbatlas.org). 
b,c, Representative images of sections of control, patient, knock-in, and rescue 
organoids at D70,  (n= 4 organoids per genotype) (b) and sections of human 
fetal cortex at gestational week (GW) 17 (c) following in situ hybridization with  
a probe detecting the 3′ end of the PIDD1 transcript. Inset (c) shows a high- 
magnification view of the area delineated by a black rectangle. d, GO enrichment 
analysis for biological processes of PIDD1-expressing vs non-expressing cells in 
control organoids at D70. Bar graphs of downregulated (left) and upregulated 

(right) GO pathways for PIDD1-expressing compared with non-expressing cells 
in control organoids (pseudobulk analysis). e, Disease enrichment analysis of 
PIDD1-expressing cells in control vs patient organoids using the OMIM expanded 
dataset. Bar graphs of downregulated (left) and upregulated (right) GO pathways. 
GO analysis was performed using all PIDD1-expressing and non-expressing cells 
in patient (n = 4) vs control (n = 4) organoids. Two-tailed Fisher’s exact test and 
P < 0.05 was used as the threshold for analyses in (d, e). Scale bars, 2 mm (b, c), 
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Extended Data Fig. 8 | Comparison of transcriptomic and proteomic datasets 
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downregulated for the comparison. d-f, Venn diagrams and pathway analysis 
of shared downregulated DEGs/DEPs in scRNA-seq (oRG cell-type) and MS 

datasets from patient vs control (d), knock-in vs control (e), and patient vs 
control (repeat analyses) (f). The MSigDB2020 Hallmark gene set from GSEA 
was used in all pathway analyses. In (a) a P value of 0.1 was used as threshold for 
determining DEPs. PE analysis was conducted with a P value threshold of 0.05 
using two-tailed Fisher’s exact test. Control, n = 3; patient, n = 3 batches, 3 
organoids per batch, were analyzed per MS experiment. The patient vs control 
dataset in this figure and the knock-in vs control dataset in Fig. 4 are from two 
independent MS experiments.
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Extended Data Fig. 9 | Hypoactive mTOR signalling in SVZ progenitors of 
PIDD1-mutant organoids. a-b Control organoids at D70 immunostained for 
pS6 and oRG marker HOPX or IPC marker TBR2. Nuclei are stained with DAPI. 
Dashed white box indicates the magnified area shown to the right; dashed white 
lines delineate the SVZ/VZ. c, Quantification of HOPX+/pS6+ or TBR2+/pS6+ 
cells in the SVZ. d, Control, patient, knock-in, and rescue organoids at D70 
immunostained for SOX2, CTIP2, and pS6. e, Quantification of pS6+/SOX2+ 

cells per mm2 SVZ area. f, Quantification of pS6 relative intensity in the SVZ area. 
n = 13 cortical regions, n = 6 organoids, 2 batches of 3 organoids per genotype 
(c); n = 8 cortical regions, n = 4 organoids, 2 batches of 2 organoids per genotype 
(e, f). Statistical tests: two-tailed unpaired t-test; ****, P < 0.0001 (c); one-way 
ANOVA; ****, P < 0.0001; **, P < 0.01; ns, not significant (e, f). Data are mean±s.d. 
(c, e, f). Scale bars, 100 µm.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | An mTORC1 activator rescues cellular defects and 
upregulates mTOR signalling, translation, and metabolism in PIDD1-mutant 
organoids. a, Control, patient, and knock-in organoids at D70 grown with or 
without NV-5138 (NV) immunostained for CP markers CTIP2, TBR1, and SATB2. 
Dashed yellow lines delineate the CP, SVZ, and VZ. b, Control, patient, and 
MDLS organoids at D70 grown with or without NV-5138 (NV) immunostained 
for oRG cell marker HOPX and pS6. c, Quantification of HOPX-expressing cells 
in the SVZ. d, Quantification of pS6 relative intensity in HOPX-expressing cells 
in the SVZ. e, UMAP projection of all cells from scRNA-seq of control, patient, 
and MDLS organoids at D70. EN, excitatory neuron. f, Dot plot expression of 
selected established marker genes used for cell-type classification of entire 
dataset. g, Normalized average pseudo-bulk gene expression in RG cells 
(upper) and oRG cells (bottom) for gene sets related to selected GO terms in 
different conditions. Colour bar represents -log10 (adjusted P value). h, Paired 

comparison for normalized average pseudo-bulk gene expression in RG cells 
(upper) and oRG cells (bottom) for gene sets related to selected neuron-related 
GO terms in different conditions. Colour bar represents scaled gene expression. 
i, Paired comparison for normalized average pseudo-bulk gene expression  
in RG cells (upper) and oRG cells (bottom) for gene sets related to selected 
translation and metabolism-related GO terms in different conditions. Colour 
bars represent scaled gene expression. n = 6 cortical regions, n = 6 organoids, 
two batches per genotype (c); n = 50 cells, n = 4 organoids, two batches of two 
organoids per genotype (d). Statistical tests: two-tailed unpaired t-test (c); 
***, P < 0.001; **, P < 0.01; ns, not significant; one-way ANOVA (d); ****, P < 0.0001; 
***, P < 0.001; **, P < 0.01; *, P < 0.05. Organoids analyzed by sc-RNAseq: control, 
n = 2; control + NV, n = 2; patient, n = 2, patient + NV, n = 2, MDLS, n = 2, 
MDLS + NV, n = 2. Data are mean±s.d. (c). Scale bars, 100 µm (a) and 50 µm (b).
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