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2University of Heidelberg, Heidelberg, Germany

3Medical University of Vienna, Department of Pediatric and Adolescent Medicine, Vienna, Austria

4Department of Neurology, University of California, San Francisco, USA
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Abstract

Evolutionary development of the human brain is characterized by the expansion of various 

brain regions. Here, we show that developmental processes unique to humans are responsible 

for malformations of cortical development (MCDs), which result in developmental delay and 

epilepsy in children. We generate a human cerebral organoid model for Tuberous Sclerosis (TSC) 

and identify a specific neural stem cell type, CLIP cells. In TSC, CLIP cells over-proliferate, 

generating excessive interneurons, brain tumors, and cortical malformations. EGF receptor 

inhibition reduces tumor burden, identifying potential treatment options for TSC and related 

disorders. The identification of CLIP cells reveals the extended interneuron generation in the 

human brain as a vulnerability for disease. In addition, this work demonstrates that analyzing 

MCDs can reveal fundamental insights into human-specific aspects of brain development.

Malformations of cortical development (MCDs) comprise varied neurodevelopmental 

disorders that cause over 40% of medically refractory childhood seizures (1). Several 

MCDs including hemimegalencephaly, focal cortical dysplasia IIb, and tuberous sclerosis 

(TSC) are caused by mutations in mTOR pathway members, but their disease mechanisms 

remain elusive. TSC is a rare autosomal dominant disorder caused by mutation of either 

TSC1 (hamartin) or TSC2 (tuberin), which form a complex and inhibit the mTOR kinase. 
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Patients suffer from debilitating, often drug resistant neuropsychiatric symptoms, including 

intractable epileptic seizures, autism spectrum disorder (ASD), and intellectual disability 

(ID) (2). Most patients have focal dysplastic regions (cortical tubers) in the cortex, which 

consist of dysmorphic neurons, giant cells, and dysmorphic astrocytes (3, 4). In addition, 

80% of patients display subependymal nodules (SEN), benign tumors that form along 

the proliferative niches at the lateral ventricle and can develop into subependymal giant 

cell astrocytomas (SEGAs) (5). Analysis of human primary tissues suggested a common 

cell-of-origin for cortical tubers and SEN/SEGAs based on shared transcriptomic alterations 

(6); however, the nature of this cell remains unclear. In mice, TSC pathogenesis is initiated 

by inactivation of the second allele of either TSC1 or TSC2 (7–12), and similar results 

have been obtained in spheroids (13). Genetic analysis in patients, however, revealed loss of 

the second allele in most SEN/SEGA, but only few cortical tubers (6, 14–16), challenging 

the previously suggested two-hit model (7, 17). We hypothesized that these inconsistencies 

arise because cell types and processes specific to the human brain are critical for disease 

initiation. To identify those human-specific features, we generated human cerebral organoids 

(18) from patient-derived induced pluripotent stem cells (iPSCs) and compared our results to 

human primary material.

Cerebral organoids recapitulate TSC

To model the brain pathology of TSC, we derived iPSCs from patients with known 

TSC2 mutations who suffer from drug-resistant epilepsy and show cortical tubers and 

subependymal tumors (Fig. 1A and Fig. S1A-C). Isogenic TSC2+/+ lines were acquired 

directly from the germline mosaic first patient and generated by scarless Crispr-based 

genome editing for the second patient (Fig. S1D, E and H). Both patient mutations result 

in an early stop codon in regions commonly mutated in TSC (Fig. S1F and G). To study 

subependymal tumors, we cultured organoids in a high-nutrient (H-) medium that promotes 

proliferation (Fig. 1B, indicated by pictogram with H in staining panels). To examine 

the formation of cortical tubers, which emerge in less proliferative cortical regions, we 

transferred organoids to a low-nutrient (L-) medium adapted from a published formulation 

(19) to 3D culture (Fig. 1B, indicated by pictogram with L in staining panels; see Materials 

and Methods for details).

We found no obvious differences between genotypes within the first 90 days of culture (Fig. 

S2) corresponding to early phases of neurodevelopment, consistent with previous results 

(13). 110 days after embryoid body (EB) formation, however, nodular aggregates of cells 

expressing the proliferative marker Ki67 and the mTOR activation marker phospho-S6 (pS6) 

formed in TSC2+/- organoids cultured in H-medium (TSC2+/- H-organoids) (Fig. 1D, G, 

H and Fig. S3A to F). These structures morphologically resembled SENs (20–22) (Fig. 

1C). We validated the emergence of SEN-like tumors in organoids derived from a third 

TSC patient (Fig. 1G, H, S3C and D). SEN/SEGAs have been proposed to originate from 

an uncharacterized population of neural stem cells (NSCs) (23, 24). To test for an NSC 

origin of SEN-like tumors in organoids we stained for NSC markers. Expression of Nestin, 

ASCL1, and SOX2 (Fig. S3B, G and H) demonstrated the NSC identity of SEN-like tumors 

in organoids.
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To determine whether we could recapitulate the pathological cell types found in cortical 

tubers, we analyzed organoids cultured for 120-150 days in L-medium. In organoids derived 

from TSC2+/- cells we found neurons with an enlarged soma and thickened processes similar 

to dysmorphic neurons in cortical tubers (Fig. 1E, I and Fig. S4A-D). After prolonged 

maturation in L-medium (~230 days), clusters of enlarged pS6 positive cells appeared (Fig. 

1F, J and Fig. S4E-I). The morphology and expression of markers like GFAP and Vimentin 

were reminiscent of giant cells (GCs) (3, 5), which had characteristically low proliferation 

rates (Fig. 1F).

Dysmorphic astrocytes, a cell type previously identified in patient tubers, share marker 

expression with GCs but are morphologically distinct (4). In organoids, we identified 

individual enlarged GFAP expressing cells morphologically similar to dysmorphic astrocytes 

with characteristic thickened and prolonged processes (Fig. S4J). GCs expressed the neural 

progenitor marker Nestin (24) (Fig. S4F) and almost all enlarged GFAP cells (GCs and 

dysmorphic astrocytes) in organoids expressed SOX2 suggesting a neural progenitor identity 

(Pat. 1: 99.7%, Pat. 2: 96%, Fig. S4J and K).

Both cortical and tumor lesions were detected in H- and L-medium organoids (Fig. S3I 

and S4L); however, the use of two different culturing conditions favored the emergence of 

the two specific phenotypes. Thus, organoids derived from TSC2+/- hiPSCs recapitulate the 

major histopathological features found in the brain of TSC patients.

Interneuron progenitors in TSC tumors

In order to characterize the cellular composition of tumors in TSC organoids, we performed 

single cell transcriptomic analysis on 220-day-old organoids grown in H-medium. At 

this age, organoids consist almost exclusively of tumor tissues (Fig. S5A). To compare 

inter-tumoral heterogeneity, three organoids were dissected into three tumor regions each 

and barcoded separately (25). Unsupervised clustering in UMAP projection identified four 

main clusters: interneurons (Cl. 1), interneuron progenitors (Cl. 2), dividing interneuron 

progenitors (Cl. 3), and excitatory neurons (Cl. 4) (Fig. 2A). Interneurons were characterized 

by the expression of canonical regulators of interneuron development like DLX2, DLX5, 

and DLX6-AS1 (Fig. 2C, S5B). Interneuron progenitors expressed DLX2, EGFR, and 

progenitor markers like HES1, SLC1A3, or VIM (Fig. 2C, S5B). Dividing progenitors of 

the interneuron lineage were characterized by additionally expressing markers like MKI67 
and TOP2A (Fig. 2C, S5B). Only a very small number of excitatory lineage cells (Cl. 4) 

were detected (3%, Fig. 2B), marked by the expression of NEUROD2 and NEUROD6 (Fig. 

S5B). Thus, tumors in TSC2+/- H-organoids consist mainly of progenitors and interneurons 

of ventral origin (Fig. 2C).

To investigate inter-tumoral heterogeneity we compared the barcoded tumor regions. The 

cell type composition was highly consistent among the ventral lineage clusters with all 

barcodes being evenly distributed (Fig. 2B and Fig. S5C, D). Whereas in the traditional view 

of tumorigenesis where TSC inactivation of the second allele is thought to be a prerequisite 

for causing the disease (7), our data suggest that a specific cell type that is sensitive to levels 

of mTOR signaling gives rise to TSC tumors.
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Copy-neutral loss-of-heterozygosity in TSC tumors

To determine whether bi-allelic inactivation is required for the initiation of tumor lesions, 

we tested the mutational status of TSC2+/--derived organoids grown in H-medium at earlier 

stages (135 to 160-days). Tumor cells were isolated from patient 1 mutant organoids by 

fluorescent activated cell sorting (FACS) for EGFR (Fig. S6A-D and F-H), which was 

highly expressed on the interneuron progenitor cells in dissected tumors (Fig. 2C, S6E). 

Genotyping of the TSC2 locus indicated that many tumors remained heterozygous (Fig. 2D, 

E and Fig. S6I-K). In organoids from patient 1 we identified complete LOH in one tumor 

and partial LOH in three tumors (Fig. 2E, Fig. S6I).

Additionally, we genotyped tumor sections and confirmed LOH in a subset of tumors of 

patient 1 and 2 (Fig. 2E, S6J and K).

To analyze recombination events in TSC tumors, we performed whole genome sequencing 

(WGS) on two heterozygous and two LOH tumor samples (Fig. 2F, Fig. S6L and M). 

WGS revealed no major genomic rearrangements in heterozygous tumors (Fig. 2F, S6L 

and M). In contrast, in LOH tumors extensive regions of chromosome 16, ranging from 

the telomere to and beyond the TSC2 locus, had become homozygous by copy-neutral 

loss-of-heterozygosity (cnLOH, Fig. 2F, S6L and M), the same genomic event resulting in 

LOH in TSC patients (6).

To test whether heterozygous tumors acquired second hit mutations we performed targeted 

amplification of TSC1 and TSC2 on four tumors and matched controls of patient 1 (Fig. 

2G). No other pathogenic SNPs were increased in tumor samples (Fig. 2G). Thus, a second 

hit at the TSC1 or TSC2 locus is not required for tumor initiation. To probe if cnLOH 

occurred at later stages during tumor progression, we investigated allelic frequencies in the 

220-day-old scRNA data (Fig. 2H). Tumor cells aggregated per barcode showed cnLOH in 

all tumors (Fig. 2H). Notably, excitatory neurons (cluster 4 Fig. 2A), did not show cnLOH, 

further supporting an interneuron origin of TSC tumors (Fig. 2H). Thus, tumors in TSC 

organoids initiated from a heterozygous interneuron progenitor and acquired cnLOH only 

during progression.

To investigate if cnLOH was required for the formation of cortical tuber-like structures, 

we analyzed giant cells in 230-day-old TSC2+/- organoids. TSC2 protein expression was 

detected in over 98% of giant cells using an antibody recognizing only the wild type TSC2 

variant (patient 1, 98.4%; patient 2, 98.7%: Fig. S7A-C). TSC2 protein was also expressed 

in giant cells in fetal cortical tubers (Fig. S7D), consistent with previous data (26, 27). This 

suggests that second-hit events are not a prerequisite for tuber formation. Thus, although 

previous studies in mice have defined loss-of-heterozygosity in Tsc1 (8, 9, 11, 12, 28) or 

Tsc2 (10) as a requirement for TSC-like phenotypes, our data demonstrate that in human 

tissues, bi-allelic inactivation is dispensable for disease initiation. Our observations are 

consistent with reports that identify bi-allelic inactivation in subependymal tumors but rarely 

in cortical tubers (6, 14–16, 29, 30).

Given that tumorigenesis in TSC organoids did not require cnLOH, we hypothesized that 

low levels of TSC1/2 complex could sensitize interneuron progenitors to further reduction of 
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TSC1 or TSC2. We observed reduced TSC2 levels in EGFR positive interneuron progenitors 

in both Ctrl and in TSC2+/--derived organoids from both patients grown in H-medium (Fig. 

S7E to H) using immunofluorescence. To quantitate TSC1 and TSC2 protein levels we 

performed targeted parallel reaction monitoring mass spectrometry (tPRM-MS) on FACS 

sorted samples from patient 1 in H-medium. Both in Ctrl and TSC2+/--derived organoids, 

TSC1 and TSC2 levels were lower in EGFR-positive samples than in EGFR-negative 

samples (Fig. S7J). Comparing EGFR-positive populations, we observed that while TSC1 

was expressed at similar levels, TSC2 was significantly more down-regulated in EGFR-

positive cells in the TSC2 mutant compared to the Ctrl population (Fig. S7K). Thus, 

although in Ctrl organoids both components of the TSC complex were equally reduced, 

in TSC tumor cells loss of one functional TSC2 allele led to disproportional reduction of 

TSC2. These data suggest that interneuron progenitors have low levels of TSC proteins, 

which could sensitize them to heterozygous mutations in TSC genes.

The developmental trajectories of tumors and tubers

To determine whether tumors and tubers have a common cell-of-origin we investigated H- 

and L-organoids at 110 days, when the TSC phenotypes are beginning to emerge (Fig. 

S8E to G). We integrated these data with the 220-day-old TSC tumor dataset (Fig. 3A). 

Unsupervised clustering in UMAP projection identified dorsal progenitor cells (Cl. 3, 10, 

12), excitatory neurons (Cl.1, 2, 4, and14), interneuron progenitor cells, and interneurons 

(Cl. 5-9, 11, 13, 16, 17), and cells resembling pre-oligodendrocyte-progenitor (OPC)-like 

cells (31) (Cl. 15) (Fig. 3A, Fig. S8B and C). The 220-day-old TSC tumors contributed 

almost exclusively to the clusters containing interneuron progenitor cells and interneurons 

(Cl. 5-9, 11, 13, Fig. 3B). The same clusters were more abundant in 110-day-old TSC2+/- 

H- and L-organoids compared with control organoids: TSC2+/- H-organoids had more 

progenitor cells (Cl. 5, 7, 11, 13, Fig. 3B), whereas in TSC2+/- L-organoids mature 

interneurons were substantially increased (Cl. 9, 16, Fig. 3B). Pre-OPC-like cells (Cl. 15) 

were slightly increased in 110-day-old TSC organoids. However, this cell type did not show 

morphological changes (Fig. S9F). Thus, OPC lineages did not seem to contribute to TSC 

lesions in organoids.

To confirm that cnLOH was not required for the initiation of TSC phenotypes, we tested 

allelic frequencies in the d110 scRNA datasets. Interneuron progenitors in TSC2+/- datasets 

did not show cnLOH, consistent with a disease initiation from a heterozygous progenitor 

(Fig. S8H). This suggests that expansion of a common interneuron progenitor rather than 

cnLOH initiates tumor and tuber phenotypes.

To characterize the common cell-of-origin we analyzed the gene expression signatures 

of the cells overrepresented in TSC organoids. Expression of markers such as DLX2, 
DLX5, SP8, COUP-TFII (NR2F2), and SCGN (Fig. S8B and D) revealed that this lineage 

originated from the caudal ganglionic eminence (CGE), a region in the ventral forebrain. 

The quiescent CGE-progenitors (Cl. 7) also expressed markers previously not found in 

interneuron progenitors, such as EDNRB and PTGDS (Fig. S8D).
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To investigate the developmental trajectories of these populations we performed RNA 

velocity and pseudotime analysis (Fig. 3C, Fig. S9A-E). RNA velocity revealed a major 

trajectory towards CGE interneurons and a small bifurcation of CGE progenitors towards 

pre-OPC-cells (Fig. 3C). Along the CGE lineage we found expression of markers for 

quiescent (GFAP, HOPX together with EDNRB and PTGDS), activated progenitors (EGFR 
and DLX2) and CGE interneurons (DLX6-AS1 and SCGN) in both Ctrl and TSC2+/- 

organoids (Fig. 3D, S9C). The small trajectory towards pre-OPC cells showed markers 

recently described for human pre-OPC lineages (31) (Fig. S9D and E). Both tumor and 

tuber organoids shared the trajectory from CGE-progenitors to CGE-interneurons (Fig. 3C). 

To test whether lesion-specific cell types emerge we investigated the trajectories within 

interneurons as determined by RNA velocity (Fig. 3C). We found that mature interneurons 

were separated into tumor- and tuber-enriched interneurons (Fig. S10A to F). Tumor 

interneurons were enriched in GO-terms related to ribosomal proteins and translation, 

whereas tuber interneurons showed specific upregulation related to synapse formation and 

activity (Fig. S10G to O).

Although the descriptive nature of our scRNA experiments limits their generalizability, these 

data indicate that interneuron progenitors increased in TSC follow defined developmental 

trajectories and diverge into lesion specific interneuron subtypes.

Therefore, to determine whether the common developmental trajectory is present in the 

human fetal brain we integrated our data with published scRNA sequencing data from 

different fetal ages (32) (Fig. S11A). Co-clustering revealed similar cell types in the 

fetal brain (Fig. S11A and B) and pseudotime analysis confirmed trajectories towards 

interneurons and OPC-cells (Fig. S11B and C). We found similar gene expression cascades 

along the neurogenic trajectory, with markers of quiescent progenitors expressed together 

with EDNRB and PTGDS, followed by activated progenitors and interneurons (Fig S11D to 

F). Thus, developmental trajectories increased in TSC patient organoids are present in the 

human fetal brain.

As phenotypes in TSC organoids arose at later stages of organoid development, we 

hypothesized that the expanded CGE progenitors might correspond to specific progenitors in 

the fetal brain (red circle Fig. 3E).

To test this, we sub-clustered all progenitors (Fig. S11G and H) and found that 98% of fetal 

cells co-clustering with the expanded CGE-progenitors originated from gestational week 22 

(GW22, Fig. S11G, H and I). We calculated gene modules (33) in progenitors (Fig. S11J) 

and compared organoid and fetal progenitors of various stages. Quiescent CGE progenitor 

cells showed the highest correlation with fetal progenitors from GW22 (+0.74, Fig. S11K 

and L). These data suggest that the expanded CGE progenitors emerge around late mid-

gestation, a time where cortical tubers and subependymal tumors are first detected in TSC 

patients (20). Based on their CGE-origin and late emergence, we named the expanded cell 

type caudal late interneuron progenitor (CLIP) cells.
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CLIP cells and their progeny are abundant in tumors

To independently validate our observations in the scRNA experiments, we investigated 

expression of markers for CGE, MGE, and excitatory cells by immunostainings of patient 

tumor primary tissue and organoids.

We confirmed expression of EGFR in tumors in organoids and in surgically resected 

SEGAs (Fig. 4A, S12). Consistent with the scRNA sequencing results the CGE interneuron 

progenitor markers DLX2, COUP-TFII, and SP8 were found in tumors in organoids from 

three TSC patients (Fig. 4B and D, Fig. S12, S13). In contrast, NKX2.1, a marker for MGE 

progenitors or SATB2, specific for excitatory neurons, was not expressed (Fig. 4D, S14A 

and B).

To investigate the origin of TSC tumors in patients, we stained 35GW SENs. Fetal tumors 

like their organoid counterparts were enriched in CGE cells, whereas NKX2.1 expressing 

cells were rare (Fig. 4E and F, Fig. S14C and D). In contrast, NKX2.1 has been shown to 

be expressed in postnatal SEGAs (34). We confirmed expression of NKX2.1 (Fig. S14E) 

but found that postnatal tumor cells also expressed CGE markers (Fig. S14E to G). Thus, 

although fetal SENs consisted mostly of CGE cells, co-expression of NKX2.1 and CGE 

markers in post-natal SEGAs could suggest aberrant differentiation at later stages or the 

involvement of other lineages.

To test which lineages can generate tumors in TSC organoids, we utilized patterning 

protocols to generate dorsal and ventral forebrain separately (35, 36) (Fig. S15A). Dorsal 

patterning produced excitatory cells, whereas ventral patterned organoids contained both 

CGE and MGE lineages (Fig. S15C and D). Tumors were only observed in ventral patterned 

organoids (Fig. 4G and Fig. S15B), supporting an origin in the ventral forebrain. Notably, all 

tumors in ventral patterned organoids expressed abundantly the CGE markers COUP-TFII 

and SP8, whereas only a few cells were positive for NKX2.1 (Fig. 4H, Fig. S15D to H). This 

further supports the hypothesis that CGE progenitors initiate TSC tumors.

To test whether CGE progenitors in TSC tumors were CLIP cells we stained for EDNRB 

and PTGDS. Both patient primary tumor samples and organoid tumors contained cells that 

expressed these CLIP cell markers together with ventral neural stem cell (NSC) (SOX2, 

GAD1) and CGE markers (PROX1, COUP-TFII) (Organoids: EDNRB Fig. 4C and PTGDS 

Fig. S16I with PROX1, COUP-TFII, GAD1, SOX2 Fig. S16A, F and I; surgically removed 

SEGA: EDNRB Fig. 4C with GAD1 Fig. S16E and G). These data suggest that CLIP cells 

are the neural progenitors found in TSC tumors.

Besides CLIP cells, TSC tumors also contained interneurons (24) (Fig. 2A and B). 

Expression of the CGE interneuron marker SCGN (Fig. S17A and B) in fetal SENs 

(Fig. 4F, and S17D) and in tumors in organoids (Fig. S17C) supported a CGE origin for 

these interneurons. The lineage relationship between CLIP cells and CGE interneurons 

was further confirmed by EdU labeling (Fig. S17E and F). After 24h, EdU labelled cells 

co-expressed either EGFR and SCGN or both, confirming that CLIP cells produce SCGN 

positive interneurons (Fig. S17E and F).
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Our data indicating that CLIP cells originating from the CGE generate TSC tumors could 

provide an explanation for why SEN/SEGAs are typically found in the caudothalamic 

groove, the region where the CGE is located during fetal development.

CLIP cells initiate cortical tuber development

To determine whether CLIP cells also give rise to giant cells that make up cortical tubers, we 

stained tuber-like structures in L-organoids and tubers in patient-derived brain tissue. Giant 

cells in organoids and in fetal cortical tubers expressed markers of ventral NSCs (GAD1 

Fig. 5A-C and Fig. S19A; EGFR Fig. S18A and S19D). Expression of CLIP cell markers 

(EDNRB Fig. 5D, F; PTGDS Fig. S18D) together with CGE markers (PROX1 and COUP-

TFII, Fig. S18B-D) in giant cells in organoids underlined their CLIP cell origin. Similarly, 

expression of EDNRB (Fig. 5E, Fig. S19A and B) and PTGDS with CGE-markers (PROX1, 

COUP-TFII, Fig. S19C) further suggested that CLIP cells are also the cell-of-origin for giant 

cells in TSC patients.

Dysmorphic neurons in cortical tubers have been shown to express excitatory and inhibitory 

neuron markers (4). In addition, early TSC lesions are populated by a high density of 

migrating neurons of unknown origin (4). To determine whether CGE interneurons produced 

by CLIP cells contribute to cortical tubers we evaluated expression of CGE (SCGN 

and COUP-TFII), MGE (Parvalbumin, PV), and excitatory neuron markers (SATB2) in 

organoids and patients. We found that at early stages most dysmorphic neurons in organoids 

were CGE interneurons (Fig. 5H and Fig. S20A to E). At later stages the contribution of 

excitatory neurons increased, while only few MGE interneurons are found (Fig. 5G and H; 

Fig. S20F and G).

To test whether CGE-interneurons are involved in early tuber lesions in patients we tested 

expression of SCGN and PV in a 25GW TSC case. At this stage tuber pathogenesis initiates 

with white matter lesions (WMLs). Similar to the organoid model, we found that WMLs 

were highly enriched in CGE-interneurons, whereas no MGE cells were detected (Fig. 5I 

and J; Fig. S21 A to D). This suggests that CGE interneurons are the migrating neurons 

previously described in TSC lesions.

Since excitatory dysmorphic neurons increased over time in organoids, we evaluated the 

contribution of different lineages during the development of TSC tubers. Around 35GW 

CGE interneurons were still increased (Fig. 5K and L). At the same time the first 

dysmorphic neurons (DNs) appeared, with CGE-DNs being more abundant in WMLs. (Fig. 

5M and Fig. S21E). With progression of tuber lesions at post-natal stages, however, numbers 

of both excitatory and MGE neurons increased (Fig. S22A to E).

MGE and CGE markers identify distinct populations during normal brain development. In 

TSC patient organoids, we detected a sub-population of dysmorphic interneurons expressing 

the MGE marker PV together with the CGE marker SCGN (Fig. S20G and H). To test 

whether this mis-differentiated population is present in cortical tubers we tested expression 

of PV with the CGE markers SCGN and SP8. In a matched control case, no cells co-

expressing these markers were found, whereas in a cortical tuber several triple positive 
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cells were detected (Fig. S22F). Taken together, our data suggest that CGE lineages initiate 

cortical lesion development in TSC. Excitatory and MGE dysmorphic neurons appear over 

time and are frequent in post-natal lesions. Furthermore, our data show that a comprehensive 

analysis of different markers is necessary to study the contribution of different lineages to 

cortical tubers as mis-differentiated cells can be observed.

EGFR inhibition reduces tumor burden

mTOR inhibition has been clinically used to treat SEN/SEGAs in TSC patients. However, 

known side-effects and limitations like tumor re-growth after drug discontinuation, 

necessitate exploring alternative therapeutic strategies (37–39). Both CLIP cells and 

proliferating cells in TSC tumors express EGFR. To assess the role of the EGFR pathway 

in tumor growth, we performed a drug testing assay in TSC2+/- H-organoids at 110 days, 

when tumors were already apparent. We used the EGFR receptor tyrosine kinase inhibitor 

(RTKI) Afatinib and Everolimus, an mTOR Complex 1 inhibitor. Organoids were treated 

for 30 days with Everolimus, Afatinib, or DMSO (Fig. S23A). Tumor reduction was 

determined by measuring areas co-expressing pS6 and EGFR. Everolimus treatment almost 

completely abolished tumors in 140-day-old organoids (Fig. 6A, B; Fig. S23B). After 

Afatinib treatment, both tumor load and mean tumor size were significantly reduced when 

compared to untreated organoids (Fig. 6A and B, Fig. S23B to D). Thus, targeting the EGFR 

pathway could be an alternative strategy for the treatment of TSC brain lesions.

Here, we show that the neurodevelopmental disorder TSC is initiated by a caudal late 

interneuron progenitor, the CLIP cells (Fig. S24). Early lesions consisted almost exclusively 

of CLIP cell lineages, whereas other cell types appeared during disease progression. 

Although our scRNA sequencing analysis is descriptive and we only analyzed organoids 

from one patient, our extensive validation in organoids from 3 TSC patients plus tissues 

from more than 10 additional TSC cases demonstrates that the TSC organoid model 

recapitulated fetal disease dynamics. However, the organoid model was limited in modeling 

post-natal processes, possibly due to the absence of environmental factors that are present in 

vivo.

The cell-of-origin for many human brain tumors remains elusive; however, the idea that 

cancer stems from the reactivation of a remnant of developmental tissue was proposed more 

than a century ago (40, 41). Studies in mice have revealed sensitivity of adult neural stem 

cells to cancer-initiating mutations, resulting in the formation of glioblastoma, a high-grade 

brain tumor. Transcriptional similarities between CLIP cells and mouse adult neural stem 

cells suggest that CLIP cells could be involved more generally in brain cancers. Our 

data suggest that a sensitivity to increased mTOR signaling makes CLIP cells vulnerable 

to mutations in TSC2. We hypothesize that a similar mechanism could explain other 

malformations of cortical development caused by mTOR dysregulation, e.g., FCD type II.

Extensive migration of interneurons into the cortex continues in humans even after birth 

(42). As these late migrating neurons also arise from the CGE and share markers with 

CLIP cells, we speculate that CLIP cells give rise to late migrating interneurons in the 

healthy human brain. This is consistent with previous results showing that CGE-derived 
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interneurons contribute to the human brain in much higher percentages (43, 44) and with 

the observation that late-migrating SCGN interneurons from the CGE are found in humans, 

but not in mice (45). The protracted brain development seen in large, gyrated cortices was 

accompanied by the generation or expansion of cell types. These are not or less present in 

small lissencephalic brains like the mouse brain, necessitating human disease models. Our 

data suggest that CLIP cells are among the cell types specific for or amplified in the human 

brain, which would make TSC a disease unique to large, gyrated brains.

Materials and Methods summary

Detailed information on all materials and methods performed are provided in the 

supplementary materials.

IPS cell generation and culture

In brief, patients were selected from the TSC data registry of the MUV. Blood was collected 

from patients and PBMCs were isolated. Reprogramming was perfomed using Sendai 

Vectors. iPSCs cells were cultured using the Cellartis DEF-CS 500 culture system (Takara). 

Isogenic control cell lines were directly isolated (mosaic patient 1) or generated using 

scarless CRISPR repair (patient 2).

Organoid generation

Organoids were generated using either a high-nutrient (H-organoids) or low nutrient (L-

organoids) medium to favor proliferation or neuronal maturation respectively. In addition, 

organoids were patterned towards dorsal or ventral brain regions as described (35, 36).

Single cell transcriptomics and analysis

Organoids were dissociated. Library preparation was performed with the Chromium Single 

Cell 3' Library & Gel Bead Kit v.3 (10x Genomics, PN-1000075). Libraries were sequenced 

on a NextSeq 550 (Illumina) or on a NovaSeq SP lane (Illumina). Quality control and 

pre-processing was performed using Seurat R package v.3. Visualization and pseudotime 

analysis were performed using monocle3.

Immunohistochemistry

Immunohistochemistry on frozen organoid samples was performed as described with slight 

modifications (18, 35). Human brain tissue samples were collected in strict observance of 

the local legal and institutional ethical regulations. Tissue was processed for cryosections 

or paraffin sections. Antigen retrieval was performed followed by immunohistochemistry as 

described in Table S6.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

Caudal late interneuron progenitors initiate tumors and cortical tubers in Tuberous 

Sclerosis Complex.
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Fig 1. TSC2+/--derived organoids recapitulate histopathology of TSC
A Ctrl and TSC2+/- cell lines derived from two patients (see Materials and Methods for 

details).

B High- and Low-nutrient organoid protocols used to model distinct TSC phenotypes.

C H&E staining of 35GW fetal brain depicts histopathology of a fetal SEN.

D pS6 and Ki67 staining on 110- and 105-day-old TSC2+/--derived organoids in high-

nutrient medium identifies SEN-like structures. Lower panel shows higher magnification of 

inset.

E Map2 staining on 130-day-old organoids in L-medium shows dysmorphic neurons (top), 

with comparable morphology to those in a resected tuber of a 2-year-old patient (bottom). 

Nuclear counterstain with DAPI or hematoxylin.

F pS6 and GFAP identifies GCs in 230-day-old organoids comparable to GCs in patient 

tubers. Giant cells in organoids express Vimentin, as shown in patients. GCs can be 

distinguished from tumors by their lower expression of Ki67. Nuclear counterstain with 

DAPI or hematoxylin.

G Tumors identified as pS6- and Ki67-positive areas are found in TSC2+/--derived organoids 

of all three patients. Control organoids of patient 1 and two clones of repaired patient 2 

showed no tumors. Color of dots mark independent batches of experiments (See Fig. S3E for 

summary of replicates).
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H Percentage of tumor area of the total organoid area reveals similar tumor burden for 

organoids derived from three TSC2+/- patients. Color of dots mark independent batches of 

experiments (See Fig. S3F for summary of replicates).

I. Area of the soma in Map2+ neurons shows that dysmorphic neurons in TSC2+/--derived 
organoids are roughly 4-fold larger then Map2+ neurons in control organoids (Pat.1 Ctrl vs. 

TSC2+/- p<0.0001; Pat.2 Ctrl1 vs. TSC2+/- and Pat.2 Ctrl2 vs. TSC2+/- both p<0.0001; test: 

Ordinary One-Way ANOVA; See Fig. S4D for summary of replicates).

J. Cell area of pS6-positive cells shows enlarged pS6 cells in TSC2+/--derived organoids. 

(Pat.1 Ctrl vs.TSC2+/- p<0.0001, Pat.2 Ctrl vs. TSC2+/- p<0.0001, Pat.1 Ctrl vs. Pat.2 

Ctrl p>0.9999, Pat.1 TSC2+/- vs. Pat.2 TSC2+/- p>0.9999; Kruskal-Wallis test with Dunn's 

multiple comparisons test; see Fig. S4E for summary of replicates)

Scale bars: C and D: 500μm; E: 20μm; inset D and F: 50μm
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Fig 2. TSC tumors consist of interneuron progenitors and acquire cnLOH during progression
A UMAP projection of cells isolated from 220-day-old TSC tumor organoids identified 

four main clusters: interneurons (Cl. 1), interneuron progenitors (Cl. 2), dividing interneuron 

progenitors (Cl. 3) and excitatory neurons (Cl. 4).

B Dataset composition and contribution of different tumor regions. 97% of cells in tumors 

were ventral cells and all nine tumor regions of three organoids were similarly distributed 

across ventral clusters (Cl. 1, 2 and 3).
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C Expression of genes specific for dividing cells (MKI67) and interneurons (DLX2 and 

DLX6.AS1) in 220-day-old TSC tumors. EGFR was specifically expressed in TSC tumor 

progenitors.

D Genotyping example of FACS sorted tumor (EGFR+) and non-tumor (EGFR-) population, 

showing a heterozygous tumor and a LOH (loss-of-heterozygosity) tumor that lost the 

WT-allele (C) within the tumor.

E Genotyping of tumors of patient 1 in FACS sorted samples showing 7 out of 11 TSC 

tumors were heterozygous, three showed a partial LOH, and one tumor showed a full LOH. 

Genotyping tumors from stained slides confirmed the presence of heterozygous and LOH 

tumors (patient 1: one TSC2+/- tumor, one LOH tumor; patient 2: three TSC2+/- tumors, 

three LOH tumors)

F B-Allele frequency (BAF) of chromosome 16 for four tumors of Pat. 1 TSC2+/--derived 
organoids. While tumor 1 and 2 remain heterozygous, a shift in BAF is seen in tumors 3 and 

4 compared to iPSCs. See Fig. S6L for BAF and LRR. Note that tumor 2 showed a partial 

cnLOH of a large section, while tumor 4 had a small complete cnLOH at the beginning of 

chromosome 16. Both cnLOH regions included the TSC2 gene.

G Targeted amplification of TSC1 and TSC2 in four tumors and matched non-tumor 

samples of patient 1. Detected SNPs are colored as annotation of clinivar database (red), 

LOVD TSC database (blue) or disease-causing SNP of patient 1 (green). The difference 

between BAF of the tumor and matched non-tumor sample is shown. No disease-causing 

SNPs increased in the tumor samples could be detected. Note that in tumor 10 there was a 

small shift of the patient SNP, confirmed as partial cnLOH (Fig. S6I).

H SNP mapping of scRNA seq data shown in panel A. Cells from tumors with sufficient 

reads (barcodes 3, 6 and 9) and excitatory neurons were aggregated per group and allelic 

frequencies were determined. All tumors showed cnLOH, while excitatory neurons (cluster 

4, Fig 2A) remained heterozygous.
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Fig 3. Late CGE progenitors give rise to TSC phenotypes
A UMAP projection of 220-day-old TSC tumor organoids with 110-day-old Ctrl and 

TSC2+/--derived organoids in H- and L-medium. All cell types of the dorsal lineage were 

present, with radial glia (RG, Cl. 3 and 10), intermediate progenitors (IPCs, Cl. 12 and 14) 

and excitatory neurons (EN, Cl. 1, 2, 4, 18). Separate a lineage of CGE-derived cells was 

identified with quiescent CGE progenitors (Cl. 7), dividing CGE progenitor cells (Cl. 5, 11, 

13) and CGE interneurons (IN, Cl. 6, 8, 9, 16, 17). Pre-OPC-like cells (Cl. 15) cluster close 

to quiescent CGE progenitors.

B Contribution of different datasets to clusters shown in panel A. 220-day-old TSC tumors 

only contributed to CGE progenitors and their progeny (Clusters 5, 6, 7, 8, 9, 11 and 13). 

These clusters were also increased in 110-day-old TSC2+/--derived organoids. H-medium 

enriched for progenitors. L-medium organoids had more mature CGE-INs (Cl. 9, and 16).

C RNA velocity projected in 2D. The cluster annotation corresponds to Fig. 3A. From the 

increased CGE progenitor population two trajectories emerge: a small trajectory towards 

pre-OPC cells (Cl. 15), and a larger trajectory towards interneurons (Cl. 6 and 9).

D Expression of genes along pseudotime in CGE lineage. Genes enriched along pseudotime 

were calculated and cells were binned into 10 groups (x axis, see Fig. S9B). All genes 

with enriched expression along the trajectory were ordered using a sliding average. Genes 

enriched in progenitors: top left. Genes in mature interneurons: bottom right. Selected genes 

were highlighted.

E UMAP of integration of organoid and fetal cells color coded for gestational ages shows 

GW22 cells co-clustered with quiescent CGE progenitor cluster (right top).
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Fig 4. CGE progenitors initiate TSC tumors
A Immunostaining for EGFR identified tumors in 110-day-old TSC2+/--derived organoids 

grown in H-medium. EGFR expression was present in adult SEGAs. Inset in primary tissue 

staining shows healthy control cortex negative for EGFR (See Fig. S12C for co-staining with 

COUP-TFII in organoids).

B DLX2 was expressed in tumors in 110-day-old TSC2+/--derived organoids and resected 

SEGA tissue. Inset in primary tissue staining shows healthy control cortex negative for 

DLX2 (Fig. S13, See Fig. S13 for EGFR and SP8 in organoid and patient tumors).

C EDNRB was expressed in tumors in 110-day-old TSC2+/--derived organoids. Zoom-in 1 

and 2; tumor regions expressing EDNRB and negative region. See Fig. S16A for co-staining 

with PROX1 and pS6 in two patients. EDNRB expression was found in adult SEGAs. Inset 

in primary tissue staining shows healthy control cortex negative for EDNRB.

D Quantification of ventral (DLX2), CGE (COUP-TFII and SP8), MGE (NKX2.1) and 

dorsal markers (SATB2) in tumors of three patients. Tumors of at least two independent 

batches were quantified shown by different colors. Ventral and CGE markers are found in all 

tumors, MGE and dorsal markers are not found (See Fig. S14B for statistical comparison).
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E Quantification of CGE markers COUP-TFII, SCGN, SP8 and MGE marker NKX2.1 in 

35GW fetal SENs (mean and standard deviation, see Fig. S14D for statistical comparison).

F Immunostaining on fetal SENs. Fetal tumors characteristically expressed Vimentin 

(Fig. S14C) and pS6 in enlarged cells. Tumor were enriched in SCGN expressing CGE 

interneurons. Only few MGE cells were found.

G Dorsal and ventral patterning of tumors of patient 1. In 120-day-old TSC2+/--derived 
organoids tumors only appear in ventral patterned organoids containing interneuron 

progenitors (Student's t-test, see Fig. S15B. for overview of samples).

H Tumors in ventral patterned organoids expressed the ventral marker DLX2 and the CGE 

markers COUP-TFII and SP8, while NKX2.1 is almost absent (Ordinary one-way ANOVA 

with Tukey HSD, see Fig. S15H for statistical comparison).

Scale bars: overview images A, B, C: 500μm; Zoom-in A, B, C: 50μm; overview F: 500μm; 

Inset F: 20μm
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Fig 5. CLIP cells initiate cortical tuber pathogenesis
A and B GCs in organoids (A) and fetal tubers (B) expressed the interneuron lineage marker 

GAD1.

C Quantification of co-expression of GAD1 and pS6 in giant cells in organoids (P1: N = 2, n 

= 6, mean = 100%; P2: N = 2, n = 8, mean = 100%)

D and E EDNRB was expressed in GCs in organoids and in fetal tubers.

F Quantification of co-expression of EDNRB and pS6 in GCs in organoids (P1: N = 2, n = 

4, mean = 95.5%; P2: N = 2, n = 6, mean = 97.2%).
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G Dysmorphic neurons at 230 days expressed the CGE-marker SCGN. Individual 

dysmorphic neurons expressed the excitatory marker SATB2 (See Fig. S20C-G for stainings 

at different timepoints).

H Quantification of expression of CGE (SCGN, COUP-TFII), excitatory (SATB2) and MGE 

markers (PV) in dysmorphic neurons (DNs) at early and late stages in organoids of two 

patients. CGE DNs were enriched at 130 days and decreased over time. Excitatory DNs 

increased over time. See Fig. S20I and J for statistical analysis.

I GFAP identified early dysplastic regions at 25GW located in the white matter below the 

cortex. There was a focal enrichment of SCGN expressing CGE interneurons, while PV 

expressing MGE interneurons were rare (See. Fig. S21A and B).

J Quantification of MGE marker PV and CGE marker SCGN in ~25GW fetal brain. 

Unaffected cortical areas, unaffected white matter, as well as white matter lesions (WML) 

and adjacent cortex (perilesional cortex) quantified for density of cells expressing PV 

or SCGN (Fig. S21A and B). WMLs were significantly enriched in CGE interneurons 

compared to all other regions (One-way ANOVA, see Fig. S21C and D for statistical 

analysis).

K At 35GW Vimentin staining identified streams of cells in WMLs and affected cortex. 

SCGN expressing cells were abundant in the WMLs, and cortex, while PV expressing cells 

were mainly found in cortical regions.

L and M Quantification of MGE marker PV and CGE marker SCGN in 35GW TSC case. 

Density of all cells is shown in L, with increase of SCGN cells in tuber and WML areas. In 

M the density of DNs expressing PV and SCGN in tuber and WML areas is shown. SCGN 

DNs were significantly enriched in WMLs, while tubers contained similar density of PV 

and SCGN cells (all neurons: Tuber p = 0.0002, WML p = <0.0001; DNs: Tuber p = 0.248, 

WML p = <0.0001; pairwise Wilcoxon-test, see Fig. S21E for overview of samples).

(Scale bars: A, B, D, E, inset K: 50μm; G: 20μm; overview I and K: 500μm)
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Fig 6. EGFR-inhibition reduces tumor burden
A 30 days of treatment started at 110 days after EB formation (see Fig. S23A). 

Immunostaining for pS6 and EGFR identified tumors (red lines) in the control group 

(DMSO) in both patients. Tumors were reduced by Afatinib and Everolimus treatment.

B Quantification of tumor area per organoid. All sections of each organoid stained on one 

slide were used for quantification. Tumors were identified as regions of overlapping pS6 and 

EGFR staining. While tumors were detected in DMSO-control for both patients, Afatinib or 
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Everolimus treatment both reduce tumor burden. (two-way ANOVA for treatment condition 

controlling for batches, Tukey's multiple comparisons test, see Fig. S23B)

(Scale bars: A.: 1mm)
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