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Abstract 

Background Disruptions of SETBP1 (SET binding protein 1) on 18q12.3 by heterozygous gene deletion or loss-of-
function variants cause SETBP1 disorder. Clinical features are frequently associated with moderate to severe intellec-
tual disability, autistic traits and speech and motor delays. Despite the association of SETBP1 with neurodevelopmen-
tal disorders, little is known about its role in brain development.

Methods Using CRISPR/Cas9 genome editing technology, we generated a SETBP1 deletion model in human embry-
onic stem cells (hESCs) and examined the effects of SETBP1-deficiency in neural progenitors (NPCs) and neurons 
derived from these stem cells using a battery of cellular assays, genome-wide transcriptomic profiling and drug-based 
phenotypic rescue.

Results Neural induction occurred efficiently in all SETBP1 deletion models as indicated by uniform transition into 
neural rosettes. However, SETBP1-deficient NPCs exhibited an extended proliferative window and a decrease in 
neurogenesis coupled with a deficiency in their ability to acquire ventral forebrain fate. Genome-wide transcriptome 
profiling and protein biochemical analysis revealed enhanced activation of Wnt/β-catenin signaling in SETBP1 deleted 
cells. Crucially, treatment of the SETBP1-deficient NPCs with a small molecule Wnt inhibitor XAV939 restored hyper 
canonical β-catenin activity and restored both cortical and MGE neuronal differentiation.

Limitations The current study is based on analysis of isogenic hESC lines with genome-edited SETBP1 deletion and 
further studies would benefit from the use of patient-derived iPSC lines that may harbor additional genetic risk that 
aggravate brain pathology of SETBP1 disorder.

Conclusions We identified an important role for SETBP1 in controlling forebrain progenitor expansion and neu-
rogenic differentiation. Our study establishes a novel regulatory link between SETBP1 and Wnt/β-catenin signaling 
during human cortical neurogenesis and provides mechanistic insights into structural abnormalities and potential 
therapeutic avenues for SETBP1 disorder.
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Background
The cerebral cortex is the center of higher mental func-
tions for humans and contains around 100 billion cells 
that account for about 76% of the brain’s volume. Normal 
cortical development involves a set of highly complex and 
organized events, including neural stem cell proliferation, 
neuronal differentiation and appropriate positioning and 
interconnection of both excitatory and inhibitory neu-
rons [1–3]. Abnormalities of cell proliferation or neu-
rogenesis may cause malformations of the brain such as 
microcephaly, macrocephaly, or cortical dysplasia. Cor-
tical malformations and aberrant neural circuitry have 
been implicated as an important cause of neurologi-
cal disorders such as intellectual disability, autism, and 
developmental delay [4–7].

SETBP1 gene is located at 18q12.3 and is associated 
with several neurodevelopmental disorders. SETBP1 
haploinsufficiency due to heterozygous gene deletion 
or loss-of-function mutation causes SETBP1 disorder, a 
rare disorder with clinical features including expressive 
language impairment, intellectual disability, autistic-like 
traits, autism spectrum disorder (ASD), attention deficit 
hyperactivity disorder (ADHD), seizures, delayed motor 
skills and minor dysmorphic features amongst others 
[8–14]. The disorder is also known as SETBP1 haploin-
sufficiency disorder (SETBP1-HD) or Mental Retarda-
tion Dominant 29 (MIM #616,078). Its strong association 
with a phenotype of developmental delay with language 
disorder makes SETBP1 a new candidate gene for speech 
disorders [8, 12, 15, 16]. In contrast, point mutations 
of SETBP1 result in SETBP1 gain-of-function due to 
impairment in its degradation [17] and causes a different 
disorder called Schinzel–Giedion syndrome (SGS). SGS 
is a severe multi-organ disorder characterized by distinc-
tive facial features, profound neurodevelopmental and 
structural anomalies, and increased cancer risk [18–20]. 
Despite its clear association with several neurodevelop-
mental disorders, the function of SETBP1 in the develop-
ing brain remains unknown.

Human embryonic stem cells (hESCs) offer an infi-
nite cell source for the generation of neural progenitors 
(NPCs) and neurons, and have proved to be an invaluable 
in  vitro model for studying human neurodevelopment 
and associated neurological disorders. HESCs provide 
an isogenic model with defined genetic background in 
which disease-associated mutations can be generated 
using genome editing tools, such as the state-of-the-
art CRISPR/Cas9 genome editing technology [21–23]. 
SETBP1 is expressed in the ventricular zone of the devel-
oping mouse telencephalon (http:// www. eurex press. 
org) and highly expressed in human neocortex (http:// 
hbatl as. org). In order to study the effect of SETBP1-
haploinsufficency on neurodevelopment we generated a 

SETBP1 loss-of-function hESC model and investigated 
its impact on cortical neuronal differentiation. We found 
that SETBP1-deficient NPCs exhibited an extended pro-
liferative window and a decrease in neurogenesis cou-
pled with a deficiency in their ability to acquire ventral 
forebrain fate. Genome-wide transcriptome profiling and 
protein biochemical analysis indicated a novel regulatory 
link between SETBP1 and Wnt/B-catenin signaling dur-
ing human cortical neurogenesis and provides mecha-
nistic insights into the structural abnormalities and 
potential therapeutic avenues for SETBP1 disorder. Our 
data thus raise interesting questions as to the impact of 
these early developmental deficits on cortical neuronal 
differentiation.

Methods
CRISPR/Cas9 genome editing
Guide RNAs (gRNAs) were designed to target exon 
4 of the human SETBP1 gene using two independent 
CRISPR gRNA design tools: Atum CRISPR gRNA (for-
mer DNA2.0 https:// www. atum. bio/ eComm erce/ cas9/ 
input) and the CRISPR Design Tool (http:// crispr. mit. edu) 
to minimize the risk of off-target effects of Cas9 nucle-
ase. gRNA1 5′-TGT GGC CGG CTT CGC TGT GCTGG, 
gRNA2 5′-GGA GGT CAT CGC GGT TTT GCAGG gRNA3 
5′-TGA AAT TTC ATC TCG CTC ATGGG. All gRNAs 
were synthesized as oligonucleotides and cloned into the 
pSpCas9(BB)-2A-GFP plasmid (px458, Addgene) follow-
ing the protocol of Ran et al. [23]. A donor template (gene 
targeting) vector for homologous recombination was 
constructed that contains a PGK-puro-pA selection cas-
sette flanked by a 502 bp 5′ homologous arm correspond-
ing to part of exon 4 and 551  bp 3′ homologous arm in 
intron 4/5. All three gRNA target sites are located within 
the 2705  bp region between the two homologous arms 
(Fig. 1A). HESCs were transfected with a total of 4ug DNA 
in a ratio 2:3 (gRNAs:donor template) using the Amaxa 
P3 Primary Cell 4D-Nucleofector Kit (Lonza). Puromycin 
was added 3 days after electroporation at a concentration 
of 0.5ug/ml, drug resistant hESC colonies were picked one 
week later and expanded clonally. Genotyping was done by 
Nested PCR (Fig. 1A, primers used are provided in Addi-
tional file  1: Table  S1) followed by Sanger sequencing of 
candidate mutant PCR product. Only SETBP1 heterozy-
gous lines were generated in the first round of targeting 
(Fig. 1B lanes 2, 3 and 7 for mutant clones confirmed with 
5′ and 3′ PCRs).

To generate SETBP1 homozygous clones, we sub-
jected the heterozygous clone HET1 to a second round 
of targeting. The cells were nucleofected with the 
pSpCas9(BB)-2A-GFP plasmids in the absence of donor 
template plasmid. hESCs were subsequently passaged 
at clonal density and single clones manually picked and 

http://www.eurexpress.org
http://www.eurexpress.org
http://hbatlas.org
http://hbatlas.org
https://www.atum.bio/eCommerce/cas9/input
https://www.atum.bio/eCommerce/cas9/input
http://crispr.mit.edu


Page 3 of 20Cardo et al. Molecular Autism            (2023) 14:8  

expanded for genetic screening. The targeting yield sev-
eral clones carrying the original knockout allele plus a 
5  bp deletion in the other allele (Additional file  2: Fig. 
S1B, C).

Karyotyping
Sub-confluent hESCs cultures were treated with 0.1 μg/
ml Demecolcine (Sigma D1925) for 1 h at 37 °C and then 
dissociated to a single cell suspension using Accutase 
(ThermoFisher) for 10 min at 37 oC. Cells were collected 
and washed twice with PBS by centrifugation for 4 min at 
900 rpm. Cells were resuspended in 2 ml of PBS and 6 ml 
of 0.075 M KCl hypotonic solution was added to the tubes 
following incubation at 37 °C 15 min. Additional 4 ml of 
0.075 KCl was added after incubation and cells were col-
lected by centrifugation for 4 min at 900 rpm. The super-
natant was removed leaving 300 μl to resuspend the cell 
pellet by flicking. 4 ml of pre-chilled (− 20 °C) methanol/
acetic acid (3:1, VWR chemicals) was added dropwise 
and flicking to homogenize. Cell suspension was incu-
bated for 30  min at room temperature. Cells were then 
centrifuged for 4 min at 900 rpm and resuspended with 
additional 4  ml of methanol/acetic acid. Cells were col-
lected as previously and resuspended in 300 μl of metha-
nol/acetic acid. Cell suspension was dropped onto a slide 
(pre-chilled and laid on angle) from a height of around 
30 cm. Slides were air dried and chromosome spread was 
stained and mounted using a mix of mounting media 
with DAPI (1:3000). Images of chromosome spreads 
were obtained with an inverted microscope. Images were 
acquired at 100 × using the Leica Application Suite soft-
ware and manually counted on ImageJ.

HESC culture and neural differentiation
H7-WA07 (parental line) and genome-edited H7 deriva-
tives (2 clones SETBP1 ± and 2 clones SETBP1-/-) were 
maintained on Matrigel-coated plates in Essential 8 
media (TeSR-E8, Stemcell Technologies) [24]. All hESCs 
were passaged via manual dissociation using Gentle Cell 
Dissociation Reagent (Stemcell Technologies). For neural 
differentiation, hESCs were pre-plated on growth factor-
reduced matrigel in TeSR-E8. When cells reached > 80% 

confluence, cortical differentiation was initiated by 
switching TeSR-E8 to DMEM-F12/Neurobasal (2:1) 
supplemented with N2 and B27 (referred to thereafter 
as N2B27). For the first 10  days, cultures were supple-
mented with SB431542 (10 µM, Tocris) and LDN-193189 
(100  nM, StemGene). Cultures were passaged using 
EDTA firstly on day 10 at a ratio of 1:2 onto fibronectin-
coated plates. The second and third split were performed 
at around day 20 and day 30, respectively, onto poly-
D-lysine/laminin coated 24-well plates at a density of 
125,000 cells/well. Retinol-free B27 was used for the first 
25  days, followed by normal B27 from day 26 onwards. 
For Wnt/B-catenin inhibition, XAV939 (2  µM, Selleck-
Chem) was added to the media for 10 days after the sec-
ond split (day 10 to 20).

To differentiate the cells into a ventral MGE-like fate 
neural differentiation was initiated in the same way as 
described above with the addition of XAV939 (2  µM, 
SelleckChem) from day 0 to 10 and SHH-C24II (100 ng, 
1845-SH-500 BioTechne) and Purmorphamine (0.5uM, 
540,220–5 VWR) from day 10 to 20 [25, 26].

Immunocytochemistry and EdU‑labelling
Cultures were fixed with 4% (w/v) paraformaldehyde 
(PFA) and permeabilized with 0.1% (v/v) Triton X-100 
in PBS. Following blocking with 1% (w/v) bovine serum 
albumin and 3% (v/v) donkey serum, cells were incu-
bated with primary antibodies overnight at 4  °C. After 
three washes with PBS, cells were incubated with com-
plementary Alexa Fluor-conjugated antibodies and 
counterstained with DAPI. All antibodies were diluted 
in PBS-T 1% donkey serum and incubated overnight at 
4 degrees. Secondary antibodies were diluted (1:1000, 
Life Technologies) in PBS-T 1% donkey serum and incu-
bated for 1 h at room temperature. The primary antibod-
ies used are: Goat anti-OCT4, 1/500 (Santa Cruz), Goat 
anti-SOX2, 1/200 (Santa Cruz), Mouse anti-TRA1-60 
and Mouse anti-TRA1-81 1/200 (both Millipore), Mouse 
anti-PAX6, 1/1000 (DHSB), Rabbit anti-OTX2, 1/300, 
Rabbit anti-NEUN, 1/500, Rabbit anti-GSH2 1/500 (both 
Millipore), Mouse anti-NESTIN, 1/300 (BD), Mouse 
anti-N-CAD, 1/100 (Life technologies), Mouse anti-ki67, 

(See figure on next page.)
Fig. 1 Generation of the SETBP1-deficient hESC lines. A Schematic illustration of the wild type (WT) SETBP1 locus and targeting strategy. Exons are 
shown in black and introns in grey. The three gRNAs targeting exon 4 are indicated in arrows. The homologous arms (HA) corresponding to exon 4 
and part of intron 4/5 are indicated in yellow, which are flanked by a PGKpuropA selection cassette in the targeting vector. The positions of the two 
Nested PCR primer pairs for screening homologous recombination (HR) at the 5′ and 3′ are indicated in black and grey arrows, respectively, with 
the predicted PCR amplicon size indicated. B Agarose gels showing the final Nested PCR amplicon from the WT and targeted clones (lanes 2, 3, 7); 
left, 5′ primers; right 3′ primers. C Schematic illustration of the WT and predicted SETBP1 protein product from each of the two SETBP1 mutant allele. 
Yellow = AT hook domains, blue = SKI homologous region, green = SET binding domain, black = repeat domain. Amino acid sequence alignment of 
WT SETBP1 protein versus HR and indel allele are shown. Amino acids in red indicate the sequence different from the WT prior to the stop codon. D 
Representative immunostaining of WT, SETBP1+/- and SETBP1-/- clones for pluripotency markers SOX2 (red), TRA1-81 (green), TRA1-60 (green) and 
OCT3/4 (red) with DAPI counterstain. Bar graph shows the proportion of  EdU+ in WT, SETBP1+/- and SETBP1-/- hESCs (P > 0.05). Data presented as 
mean ± s.e.m of two independent experiments. AA: amino acid; N: NH2 terminal; C:COOH terminal. Scale bar: 50uM
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Fig. 1 (See legend on previous page.)
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1/1000 (Leica biosystems), Rabbit anti-FAM107A, 1/100 
(Atlas antibodies), Rabbit anti-PH3, 1/1000, Rabbit anti-
TBR1, 1/500, Rabbit anti-TBR2 (EOMES), 1/500, Rat 
anti-CTIP2, 1/500, Mouse anti-SATB2, 1/50, Rabbit anti-
NKX2.1, 1/500 (all from Abcam).

For EdU labelling, cultures were dissociated and plated 
at 150,000 cells per well to normalize the starting num-
ber of cells across the cultures 24  h before the EdU 
pulse. Cultures were then incubated with 10  µM EdU 
(5-ethynyl-2′-deoxyuridine) in N2B27 media for 30  min 
before PFA fixation in the case of hESC cultures and 2 h 
for NPC cultures (day 34). EdU detection was carried out 
using the Click-iT EdU Alexa Fluor 488/555 imaging kit 
as per manufacturer instructions (Life Technologies). 
This was followed by immunocytochemistry for Ki67, 
PAX6, TBR2 and FAM107.

Images were acquired using a DMI600b inverted 
microscope (Leica Microsystems). Cell counting was 
carried out using CellProfiler [27] or FIJI [28] software 
to analyse a minimum of 5–10 randomly placed fields of 
view per stain. Data were collected from two to five inde-
pendent differentiation runs, sample size (n) per experi-
ment and genotype indicated in the figure legends.

Quantitative RT‑PCR (qPCR)
Total RNA was extracted using TRIzol (Invitrogen) and 
treated with TURBO DNA-free (Ambion). cDNA was 
generated using qScript cDNA synthesis kit (Quanta Bio-
sciences). qPCR was performed with Mesa Green qPCR 
master mix (Eurogentec) with specific primers listed 
in (primers Additional file  1: Table  S1). When possible, 
primers were designed to encompass exon-exon junc-
tions. Cq values were normalized to GAPDH housekeep-
ing reference gene and changes in expression level were 
calculated using the 2-∆∆CT method [29]. All data were 
obtained from 3 independent differentiations with PCR 
carried out in 2 independent runs each with three techni-
cal replicates. All PCRs were run on a QuantStudio Real-
time PCR machine (Applied Biosystems).

Flow cytometry
Cultured CNPs at differentiation day 34 were dissociated 
in Accutase (ThermoFisher) for 10  min at 37  oC, then 
washed in PBS and counted. Samples containing 3*10^6 
cells were fixed in 70% EtOH at − 20  °C overnight. The 
cells were washed three times in DPBS and blocked in 
solution 1%BSA-3% donkey serum for 45 min. Following 
Mouse anti-NESTIN (1/300, BD) antibody in 1%BSA-1% 
donkey serum or mouse anti IgG, 2 h at RT. Cells were 
washed in PBS three times and incubated in secondary 
antibody (alexa488 1:1000, Life technologies) in 1%BSA-
1% donkey serum for 1  h at RT. Cells were washed 
twice in PBS and incubated with RNaseA (200  µg/ml, 

ThermoFisher) for 30 min. Then centrifuged and treated 
with DAPI (0.3  µg/ml, ThermoFisher) for 10  min. Cells 
were washed twice in DPBS and resuspended in 0.5  ml 
to be filtrated to remove clumps (Corning™ Falcon™ Test 
Tube with Cell Strainer Snap Cap). The samples were 
analysed on a BD LSRFortessa cell analyser (BD Bio-
sciences). Data was analyzed in FlowJo (BD Biosciences) 
and Statistical analysis was performed in SPSS (IBM).

Growth curve study
Cells were seeded in triplicate at 50,000 cells/well onto 
poly-D-lysine/laminin coated 48 well plates at day 19. 
Retinol-free B27 was used for the first 25 days, followed 
by normal B27 from day 26 onwards. Cells were dissoci-
ated into single cells every 4–5 days and counted manu-
ally in a Neubauer chamber.

RNA sequencing (RNAseq)
RNA was extracted and purified using the PureLink RNA 
Mini Kit (Thermofisher Scientific). Libraries were pre-
pared using the TruSeq Stranded mRNA kit (Illumina) 
from 1  µg RNA extracted from 3 biological replicate 
samples each collected at 3 time points of differentia-
tion (days 15, 21, and 34, n = 9 each for SETBP1-/- and 
the isogenic control cells, respectively). 75 bp paired-end 
sequencing was performed on a HiSeq 4000 sequencer 
(Illumina, USA) yielding 30–45 million reads per sam-
ple. Reads were mapped to the human genome (GRCh38) 
using Burrows-Wheeler Aligner algorithms [30] and 
individual gene read counts calculated using feature-
Counts [31]. DESeq2 was used to calculate differential 
gene expression with a cut-off of adjusted p value < 0.1 
and a fold change (FC) > 1.5 [32]. Gene Ontology func-
tional enrichment for biological processes was performed 
using DAVID (v6.8) for the top 1000 more significant 
genes (ranked by adjusted p value), with all the protein 
coding genes in our dataset as background [33]. Calcu-
lated p values were adjusted for multiple testing using the 
Benjamin-Hochberg correction. Raw sequence data files 
are publicly available from the NCBI Gene Expression 
Omnibus (GSE180185). Bioinformatics code used for 
differentially expressed genes (DEG) and gene ontology 
(GO) is publicly available in https:// github. com/ DanCF 
93/ Cardo- et- al- 2021.

Comparative analysis with the developmental human 
brain atlas
Transcriptomic data from the BrainSpan Atlas of the 
Developing Human Brain was downloaded from www. 
brain span. org. Each sample column was matched to the 
metadata and those without metadata were filtered out 
from analysis. The analysis was limited to the embryonic 
stages and genes with less than 1 FPKM in at least one 

https://github.com/DanCF93/Cardo-et-al-2021
https://github.com/DanCF93/Cardo-et-al-2021
http://www.brainspan.org
http://www.brainspan.org
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sample were omitted from the analysis. To make values 
comparable between the BrainSpan and PSC-derived 
datasets, gene expression values were transformed into 
Z-scores. Finally, Spearman’s correlation was calculated 
between both datasets.

Correlation with GWAS common variants using MAGMA
Summary statistic files for ASD and intelligence GWAS 
were downloaded from the psychiatric genomics con-
sortium website www. med. unc. edu/ pgc/. SNPs with an 
imputation value > 0.8 and a minor allele frequency > 1% 
were used for analysis. SNPs were mapped to the human 
genome with an annotation window of 5 and 10  kb 
upstream and downstream, respectively. Linkage disequi-
librium between SNPs was calculated using the European 
panel of the 1000 genomes (phase 3) as raw genotype 
data. Duplicated rs IDs for the same SNP were dropped 
from analysis and synonymous IDs were accounted for 
using the SNPdb file.

The final raw file was used to calculate the enrichment 
amongst GO terms identified from the transcriptomic 
analysis of the SETBP1 mutant cells in MAGMA [34].

Western blotting
Protein extraction was performed with RIPA buffer 
(NEB) in the presence of protease and phosphatase 
inhibitors (Sigma) and quantified using the Bio-Rad DC 
protein assay (Bio-Rad). Total protein lysates (10–15 ug) 
were resolved in Bolt bistris plus 4–12% gels (Life tech-
nologies). PVDF membranes were blocked for 2 h in 5% 
(w/v) BSA TBST buffer and the following primary anti-
bodies diluted in blocking buffer were used: Mouse anti-
GAPDH (1/5000, Abcam), mouse anti-B-catenin (sc7963, 
1/1000, Santa Cruz Biotechnology), rabbit anti-P-Ser552 
B-catenin (1/500, Cell signaling), rabbit anti-P-Ser675 
B-catenin (1/500, Cell signaling), rabbit anti-LRP6 (1/500, 
Cell signaling), rabbit anti-P-LRP6 (1/500, Cell signaling). 
Incubation was performed overnight at 4C and primary 
antibodies were detected with anti-rabbit and anti-mouse 
HRP antibodies (Abcam) using the Luminata Crescendo 
Western HRP substrate (Millipore). Protein samples from 
3 independent differentiations were analysed except the 
XAV treatment analysis where 2 rounds of differentiation 
were performed.

Statistical analysis
Statistical analyses were performed using IBM SPSS 23 
software. Student’s T test or Mann-Withney U test were 
used for comparisons between two groups. One-way 
ANOVA and Kruskal–Wallis Test were used for com-
parisons between three groups. Statistically significant 
differences were considered when p value ≤ 0.05. Two-
tailed test was used unless indicated otherwise. Statistical 

methods involving RNAseq analysis were described 
above in the RNAseq section.

Results
Generation of human stem cell model of SETBP1‑deficiency
A hESC model of SETBP1 deletion was generated by 
CRISPR/Cas9 assisted gene targeting in the H7 hESC 
line. Three gRNAs that recognize non-overlapping 
sequences in exon 4 were co-transfected with the target-
ing vector. Independent hESC clones were screened for 
homologous recombination firstly by PCR using primer 
pairs immediately outside the 5′ and 3′ homology arms, 
respectively (Fig.  1A). Correct homologous recombi-
nation was verified in one allele of three independent 
clones by PCR followed by Sanger sequencing (Fig.  1B 
and Additional file 2: Fig. S1A). This gene targeting intro-
duced an early stop codon in the mutant allele and is pre-
dicted to produce a truncated protein of 475 amino acid 
(aa) of the full 1596aa protein sequence (www. expasy. 
org. Figure  1C). One of the heterozygous lines (HET1) 
was subjected to a second round of editing using the 
same gRNAs without the donor plasmid, yielding sev-
eral independent clones containing a 5 bp deletion in the 
other allele (Additional file  2: Fig. S1B). This 5  bp dele-
tion introduced an early stop codon in the second allele 
and is predicted to produce a truncated protein of 1220 
aa (Additional file 2: Fig. S1C). qPCR analysis of SETBP1 
mRNA levels with primers binding downstream of the 
region targeted by the gRNAs (Forward in exon 4–5 junc-
tion and reverse in exon 5–6 junction) shows a reduction 
of at least 50% in the homozygous SETBP1 mutant clones 
(Additional file 2: Fig. S1D).

The isogenic wild-type (WT) parental line, two 
homozygous SETBP1 mutant hESC lines (Homo 1 and 
Homo 2, referred to together as SETBP1-/-), along with 
two heterozygous SETBP1 mutant hESC lines (Het 1 and 
Het 2, referred to together as SETBP1+/-), were chosen 
for subsequent studies. The SETBP1 edited lines exhib-
ited characteristic pluripotent stem cell (PSC) morphol-
ogy, expressed pluripotency markers OCT4 and SOX2, 
and grew at a similar rate to that of H7 (Fig. 1D). Moreo-
ver, they have normal karyotype (46, XX) in 73–82% of 
total metaphases analysed.

Cortical neuronal differentiation is altered 
in SETBP1‑deficient NPCs
The SETBP1 deficient and isogenic parental control 
hESCs were induced to differentiate toward cortical 
fate using a modified dual SMAD inhibition protocol as 
described previously (Fig. 2A) [24, 35]. Neural induction 
occurred efficiently in all three genotypes as indicated 
by the uniform transition into neural rosettes marked 
by N-cadherin (N-CAD) at their apical surface (Fig. 2B). 

http://www.med.unc.edu/pgc/
http://www.expasy.org
http://www.expasy.org
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To quantify the efficacy of neural induction and cortical 
fate commitment we performed antibody staining for 
markers of pan neural stem cell (SOX2, NESTIN), pro-
genitors of telencephalon (FOXG1, OTX2) and dorsal tel-
encephalon (PAX6) at day 18 (Fig. 2B–C). Indeed the vast 
majority of cells stained positive for SOX2, NESTIN, and 
OTX2 with comparable numbers of positive cells across 
the three genotypes (Fig. 2B–C), confirming normal neu-
ral induction of SETBP1-deficient hESCs. However, in 
the SETBP1-/- cultures we observed a ~ 70% reduction of 
 FOXG1+ cells (P = 2.159E−06) and a moderate (~ 15%) 
increase in  PAX6+ cells (P = 0.018) in comparison to the 
isogenic WT controls. No changes were found in the 
SETBP1+/- cultures. Consistent with immunostaining, 
RT-PCR analysis revealed a rapid induction of transcripts 
of a panel of pan-neural and forebrain-specific transcrip-
tion factors and a decrease of FOXG1 in the SETBP1-
/- cultures compared to the WT (Additional file  3: Fig. 
S2A) although the level of PAX6 appear similar until day 
30 when an upregulation was observed in the SETBP1-/- 
cultures (Additional file 3: Fig. S2A, B).

We next examined the effect of SETBP1-deficiency on 
cortical neuronal production by immunostaining for a 
panel of commonly used cortical layer-specific markers 
(TBR1/layer VI, CTIP2/layers V–VI, SATB2/layers II–III) 
and a general neuronal marker (NeuN) at days 30, 40 and 
50. We observed no significant change in  TBR1+ neu-
rons between the genotypes although the SETBP1-/- cul-
tures exhibited a tendency of increase (Fig. 2D–E), which 
was observed at transcriptional level too (Additional 
file 3: Fig. S2B). The late born  SATB2+ neurons were not 
detected at day 30 and were very low in number even at 
day 40 and 50 (~ 2%) in all cultures (Fig. 2D–E). However, 
evident decrease of  CTIP2+ neurons was observed in 
SETBP1-/- cultures compared to the WT controls at all 
timepoints (ANOVA day 30 P = 0.004, day 40 P = 0.022, 
day 50 P = 0.042) (Fig. 2D–E). A decrease of CTIP2 tran-
scripts was also observed (Additional file 3: Fig. S2B).

Reduced numbers of  CTIP2+ cells were also observed 
in SETBP1+/- cultures from day 40, although statistical 
significance was only reached at day 40. Reduced num-
bers of  NeuN+ cells were also detected in the SETBP1-
/- at all three time points analysed, although statistical 
significance was only reached in the SETBP1+/- cultures 
for day 50 (ANOVA day 30 P = 0.012, day 40 P = 0.049, 
day 50 P = 0.009) (Additional file 4: Fig. S3A, B). Similarly, 
fewer  MAP2+ cells can be observed in SETBP1-/- day 50 
cultures while the proportion of  NES+ cells was higher 
than the controls (Additional file 4: Fig. S3A). Together, 
these findings demonstrate a distorted neuronal produc-
tion in SETBP1-/- cultures, while heterozygous deletion 
of SETBP1 had a milder effect.

Loss of SETBP1 led to a bias toward neural progenitor 
proliferation
The reduced neuron production in the SETBP1-/- cul-
tures could be due to an imbalance between progenitor 
proliferation versus terminal differentiation. We there-
fore determined  PAX6+ cortical progenitor numbers 
during neurogenesis phase between days 30–50 by anti-
body staining. In the WT cultures,  PAX6+ cell numbers 
drop from ~ 75% at day 18 to 30% at day 30 and 17% by 
day 40 (Fig. 2C, Fig. 3A, B). However, the rate of reduc-
tion was slower in the SETBP1-/- cultures where approxi-
mately 45% cells remained  PAX6+ at day 40 (Fig. 3A, B), 
leading to a significant increase of  PAX6+ NPCs in the 
SETBP1-deficient cultures. This finding is mirrored by 
sustained higher levels of HES1 transcript in these cul-
tures (Additional file 3: Fig. S2B).

The above observation suggests an increase in neu-
ral progenitor maintenance in the SETBP1-/- cultures. 
To investigate whether this is due to alterations in cell 
cycle profile upon loss of SETBP1, we performed EdU 
and Ki67 double labelling at day 34 (Fig. 3C–E). EdU is a 
thymidine analogue hence its incorporation marks cells 
in the S phase, while Ki67 is a protein present during all 

Fig. 2 Neuronal differentiation is affected by loss of SETBP1 A Schematic representation of hESC cortical differentiation protocol. B Expression of 
NPC markers at day 18. Cultures were immunostained for N-cadherin (red) and DAPI (blue) showing the organization and size of the neural rosettes, 
PAX6 (green), OTX2 (red), NESTIN (NES, green), SOX2 (red) and FOXG1 (red). Dapi was used to label all nuclei. Scale bar: 100uM. C Quantitative 
data of marker expression presented as mean ± s.e.m for each genotype with a minimum of two independent experiments carried out per line 
and minimum of four per genotype (WT = 7, HET1 = 2, HET2 = 2, Homo1 = 6 and Homo 2 = 2). One-way ANOVA test with Bonferroni Post Hoc or 
Kruskal–Wallis non-parametric test, SOX2 P = 0.890, NES P = 0.499, OTX2 P = 0.606, FOXG1 P = 2.159E−06 (Post Hoc WT vs. SETBP1-/-, p = 0.000032; 
WT vs. SETBP1+/- , p = 0.331; SETBP1+/-  vs. SETBP1-/-, p = 3.77E−06), PAX6 P = 0.018 (Post Hoc WT vs. SETBP1-/-, p = 0.035; WT vs. SETBP1+/- , p = 1; 
SETBP1+/- vs. -/-, p = 0.052). (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). D Immunostaining of cortical layer markers TBR1 (layer VI) and CTIP2 (layers V–VI) 
at days 30, 40 and 50, respectively, and SATB2 (layers II–III) at day 50. Images representative of several independent experiments for each genotype 
E Quantitative analysis of the above. Data presented as mean ± s.e.m for each genotype with a minimum of two independent experiments carried 
out per line (WT = 5, Het1 = 2, 2 = 2, Homo1 = 3, and Homo2 = 2). One-way ANOVA test, Bonferroni Post Hoc; TBR1 p = 0.615 for day 30, 0.863 for 
day 40, and 0.585 for day 50; CTIP2 P = 0.004 for day 30 (Post Hoc WT vs. SETBP1-/-, p = 0.006; WT vs. SETBP1+/-, p = 1; SETBP1+/- vs. -/-, p = 0.007), 
0.022 for day 40 (Post Hoc WT vs. SETBP1-/-, p = 0.05; WT vs. SETBP1+/-, p = 1; SETBP1+/- vs. -/-, p = 0.05), and 0.042 for day 50 (Post Hoc WT vs. 
SETBP1-/-, p = 0.0071; WT vs. SETBP1+/-, p = 1; SETBP1+/- vs. -/-, p = 0.182); SATB2 P = 0.491 for day 40, and 0.348 for day 50 (*p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001). Scale bar: 100uM

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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active phases of the cell cycle (G1, S, G2 and mitosis). The 
SETBP1+/- and WT cultures contained a similar number 
of  EdU+ and  Ki67+ cells (14.24 ± 1.10% vs. 11.42 ± 0.11% 
and 19.94 ± 1.21% vs. 18.52 ± 0.93%, respectively). How-
ever, significantly more  EdU+ (28.27 ± 0.22%),  Ki67+ 
(25.45 ± 1.14%) and  EdU+Ki67+ cells (SETBP1-/-, 
18.28 ± 0.56% vs. WT, 12.3 ± 1.7%) were detected in the 
SETBP1-/- cultures (ANOVA P = 4.88E−06, P = 0.0168, 
P = 7.08E−06) (Fig.  3C, D). The fraction of  EdU+Ki67− 
cells within the  EdU+ population is often used as an 
index for cell cycle exit [36], we found that the ratio 
of  EdU+Ki67−/EdU+ is lower in SETBP1-/- cultures 
than the SETBP1+/- and WT controls with a border-
line p value (SETBP1-/-, 0.083 ± 0.013%, SETBP1+/- , 
0.054 ± 0.036% WT, 0.133 ± 0.014%; ANOVA P = 0.055) 
(Fig. 3E), suggesting that SETBP1-/- NPCs were slow in 
exiting the cell cycle compared to their isogenic coun-
terparts. The ratio of  EdU+Ki67+/Ki67+ is inversely 
related to the length of cell cycle [37]. Consistent with an 
increase in proliferation, this ratio was slightly higher in 
SETBP1-/- cultures than the controls, indicating the for-
mer have shorter cell cycle (SETBP1-/-, 0.663 ± 0.043%, 
SETBP1+/- , 0.588 ± 0.021% WT, 0.603 ± 0.034%; 
ANOVA P = 0.438) (Fig. 3E). To further delineate the pro-
genitor population targeted by SETBP1, we performed 
Ki67 co-staining with PAX6 (a marker for ventricular and 
outer radial glia), FAM107A (outer radial glia) and TBR2/
EOMES (intermediate progenitor) (Fig.  3F). Within the 
cycling  (Ki67+) progenitors, we found an enrichment of 
 PAX6+ cells in the SETBP1-deficient lines. Moreover, 
there were more cycling  TBR2+ intermediate progenitors 
in the SETBP1-/- cultures than the WT controls, provid-
ing another support on the compromised neurogenic 
state of the SETBP1-/- cultures.

To gain further insight into changes in cell cycle profile, 
we performed a flow cytometry-based cell cycle analysis 

(Fig. 3G). This assay identifies cells in three major phases 
of the cell cycle (G0/1, S and G2/M) based on their 
DNA content. Since the cellular defects observed were 
largely limited to the SETBP1-/- cultures, we focused 
on this genotype in the subsequent studies. Compared 
to the WT control, the SETBP1-/- cultures contained 
a higher percentage of NES + cells in S (9.24 ± 0.69% 
vs. 7.92 ± 1.52%) and G2/M phases (19.81 ± 0.18% vs. 
18.07 ± 0.37%, P = 0.029) and fewer cells in G0/G1 
(68.01 ± 0.31% vs. 70.24 ± 1.29%), although the number 
of cells in mitosis were similar as revealed by antibody 
staining for phosphorylated histone H3 (PH3) (Fig.  3C, 
Additional file 5: Fig. S4).

To investigate how altered cell cycle impact on the 
growth rate over time, we compared population growth 
of SETBP1-/- and WT cultures between day 19 and day 
45. Consistent with EdU incorporation and cell cycle 
analysis, more cells were found in the SETBP1-/- cultures 
than the WT from day 30 onwards (P ≤ 0.05, Fig.  3H). 
Together, these findings demonstrate that SETBP1 defi-
ciency leads to enhanced NPC division by regulating cell 
cycle.

Loss of SETBP1 compromises ventral forebrain fate 
induction
Despite its pan-forebrain expression, loss of Foxg1 in 
mice preferentially impairs lateral and medial gangli-
onic eminence (LGE and MGE) formation [38] while 
overexpression of FOXG1 in human iPSCs leads to 
overproduction of MGE-derived neurons [39]. The 
dramatic reduction of FOXG1 expression in SETBP1 
mutant cells prompted the examination of LGE and 
MGE progenitor content in the cortical cultures by 
antibody staining for GSH2 and NKX2.1 at day 24. In 
cortically differentiated WT control cultures ~ 5% cells 
stained positive to NKX2.1, a transcription factor with 

(See figure on next page.)
Fig. 3 SETBP1 deficiency enhances cortical progenitor proliferation. A Cultures were immunostained for dorsal forebrain marker PAX6 (green) at 
days 30, 40 and 50. Dapi was used to label all nuclei. Scale bar: 100uM. B Quantitative data for PAX6 positive cells presented as mean ± s.e.m for 
each genotype with a minimum of two independent experiments carried out per line (WT = 5, HET2 = 2, KO1 = 3, and KO2 = 2). One-way ANOVA 
test with Bonferroni Post Hoc was used to compare the expression between the lines day 30 P = 0.181, day 40 P = 0.032 (Post Hoc WT vs. SETBP1-/-, 
p = 0.039; WT vs. SETBP1+/-, p = 0.289; SETBP1+/- vs. -/-, p = 0.385), day 50 P = 0.041 (Post Hoc WT vs. SETBP1-/-, p = 0.182; WT vs. SETBP1+/-, 
p = 0.050; SETBP1+/- vs. -/-, p = 0.473). C WT, SETBP1+/- (HET1) and SETBP1-/- (Homo1) day 35 cultures were immunostained for EdU (green), 
Ki67 (red), PH3 (red) and counterstained with DAPI (blue). Scale bar: 100uM. D Percentage of cells positive for EdU P = 4.87E−06 (Post Hoc WT vs. 
SETBP1-/-, p = 1.25E−05; WT vs. SETBP1+/- , p = 0.240; SETBP1+/- vs. -/-, p = 9.01E−06), Ki67 P = 0.016 (Post Hoc WT vs. SETBP1-/-, p = 0.038 WT 
vs. SETBP1+/- , p = 1; SETBP1+/- vs. -/-, p = 0.025), and EdU and Ki67 (cell cycle re-entry) P = 7.07E−06 (Post Hoc WT vs. SETBP1-/-, p = 1.68E−05 
WT vs. SETBP1+/- , p = 0.354; SETBP1+/- vs. -/-, p = 1.38E−05). E Ratios of cell cycle exit and cell cycle length. Data presented as mean ± s.e.m 
from 3 independent wells with 6 random fields each. One-way ANOVA test (P = 0.055, P = 0.438). F Analysis of PAX6, TBR2 and FAM107A cycling 
progenitors in  Ki67+ population. One-way ANOVA test with Bonferroni Post Hoc,  PAX6+ P = 0.00097 (Post Hoc WT vs. SETBP1-/-, p = 0.001; WT 
vs. SETBP1+/- , p = 0.002; SETBP1 +/- vs. SETBP1-/-, p = 1),  FAM107A+ P = 0.141, TBR2.+ P = 0.007 (Post Hoc WT vs. SETBP1-/-, p = 0.036; WT vs. 
SETBP1+/- , p = 0.996; SETBP1+/- vs. -/-, p = 0.01). G Cell cycle analysis by DNA content using Flow cytometry, % of cells in each of the cell cycle 
phases. Data presented as mean ± s.e.m of 2 independent experiments in triplicates. Student’s T test, one tail (G1-G0 P = 0.118, S P = 0.255, G2-M 
P = 0.029). H Growth curve analysis from day 19 to day 45 showing the increased population growth of the SETBP1-/- (Homo1) NPCs compared to 
the isogenic controls. Statistical significant differences were found from day 30 onwards (Student’s T test, P = 6.71E−05 for day 30, 0.015 for day35, 
0.033 for day 40, and 0.050 for day 45). Data presented as mean ± s.e.m from 3 independent wells with two technical measurements. (*p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001)
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restricted expression in the MGE (Fig.  4A, B). The 
SETBP1-/- cultures contained even fewer NKX2.1+ 
cells (P = 0.003), implicating a decrease in MGE like 

progenitors. In the developing human brain, PAX6 
expression extends beyond the cortex into the LGE 
[40]. To provide further insight into the increase of 

Fig. 3 (See legend on previous page.)
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 PAX6+ cells in the SETBP1-/- cultures, we performed 
double staining of PAX6 with GSH2, a transcrip-
tion factor with restricted expression in the LGE and 
MGE (Fig. 4A, B). We detected around 20% of  GSH2+ 
cells in the WT control cultures, nearly all of which 
co-expressed PAX6. However, only 2.5%  GSH2+ and 
2.3%  GSH2+PAX6+ cells were found in the SETBP1-
/- cultures (ANOVA P = 0.006, Kruskal–Wallis Test 
P = 0.032) (Fig. 4A, B), demonstrating a reduced capac-
ity of the SETBP1-/- progenitors to adopt LGE fate. 
This finding also suggests that the observed increase of 

PAX6 + cells in the SETBP1-/- cultures are most likely 
of cortical identity.

Since the cortical protocol yielded limited number 
of ventral cell types, we also differentiated the WT and 
SETBP1-deficient hESCs using a MGE induction proto-
col (Fig. 4E). A reduction of NKX2.1+ cells was detected 
in both the SETBP1-/- and SETBP1+/- cultures com-
pared to WT controls (ANOVA P = 0.038, Fig.  4C, D). 
We didn’t detect a change in the number of  EdU+ and 
 Ki67+ cells in the SETBP1 mutant cultures (Additional 
file 6: Fig. S5). However, a marked reduction of  FOXG1+ 

Fig. 4 SETBP1 deficiency impairs acquisition of ventral forebrain identity. A Expression of dorsal forebrain marker PAX6 (green), dorso-ventral 
boundary forebrain marker GHS2 (red) and ventral marker NKX2.1 (red) in day 24 cortical NPCs. Dapi was used to label all nuclei. Scale bar: 100uM. 
B Quantitative data presented as mean ± s.e.m for each genotype with two biological replicas per line and genotype. One-way ANOVA or Kruskal–
Wallis test: PAX6 P = 0.021 (Post Hoc WT vs. SETBP1-/-, p = 0.047 WT vs. SETBP1+/- , p = 0.912; SETBP1+/- vs. SETBP1-/-, p = 0.040), NKX2.1 P = 0.003 
(Post Hoc WT vs. SETBP1-/-, p = 0.221 WT vs. SETBP1+/- , p = 0.138; SETBP1+/- vs. SETBP1-/-, p = 0.003), GSH2 P = 0.006 (Post Hoc WT vs. SETBP1-/-, 
p = 0.011 WT vs. SETBP1+/- , p = 0.803; SETBP1+/- vs. SETBP1-/-, p = 0.022),  PAX6+GSH2+/PAX6+ P = 0.032 (Post Hoc WT vs. SETBP1-/-, p = 0.022 
WT vs. SETBP1 +/- , p = 0.567; SETBP1+/- vs. SETBP1-/-, p = 0.036) (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). C Expression of pan-neural forebrain marker 
FOXG1 (red), neural radial glia marker NES (green), dorsal forebrain marker PAX6 (red), and ventral markers NKX2.1 (green) in ventrally derived (MGE) 
NPCs at day 20. Dapi was used to label all nuclei. Scale bar: 100uM. D Quantitative data presented as mean ± s.e.m for each genotype with three 
biological replicas per line and genotype. One-way ANOVA test: NKX2.1 P = 0.038 (Post Hoc WT vs. SETBP1-/-, p = 0.042 WT vs. SETBP1+/- , p = 0.098; 
SETBP1+/- vs. SETBP1, p = 1), FOXG1 P = 4.77E−06 (Post Hoc WT vs. SETBP1-/-, p = 3.86E−06 WT vs. SETBP1+/- , p = 4.8E−05; SETBP1+/- vs. 
SETBP1-/-, p = 0.103) (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). E Schematic representation of hESC ventral forebrain (MGE) differentiation protocol to 
generate ventral NPC population
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cells was also observed in MGE differentiated SETBP1-/- 
cultures (P = 4.77E−06, Fig. 4C, D). Interestingly, unlike 
in the cortical cultures where no significant reduction of 
 FOXG1+ were observed, a reduction was also detected in 
the SETBP1+/- cultures. These observations provide fur-
ther support that SETBP1-deficiency compromise ventral 
forebrain fate induction.

Genome‑wide transcriptome analysis identified 
Wnt/β‑catenin signaling as a target of SETBP1 function
To gain further insight into the molecular mecha-
nisms underlying prolonged proliferation window of 
SETBP1-deficient NPCs, we performed a genome-wide 
transcriptome analysis of neural cells derived from the 
SETBP1-/- and isogenic WT control lines by RNAseq. To 
cover all stages of cellular abnormality, samples were col-
lected from day 15 and day 21 (early and peak neural pro-
genitor stage, respectively) and day 34, when abnormal 
NPC division and neurogenesis was becoming evident. 
Principle Component Analysis (PCA) showed that 100% 
of the variance is attributed to SETBP1 genotypes, while 
the biological replicates within SETBP1-/- or the control 
samples exhibit 0% variance statistically (Fig. 5A). Com-
parison of our hESCs-derived cortical gene expression 
to the BrainSpan Atlas of the Developing Human Brain 
(http:// www. brain span. org/), found the highest degree of 
correlation being at days 21 and 34 (Fig. 5B).

At a significant level of adjusted P ≤ 0.1, we identified 
6060, 9997 and 17,654 differentially expressed transcripts 
at the three analysed time points, respectively (see exam-
ple of day 34 in Fig.  5C). Consistent with the observed 
bias in NPC proliferation in the SETBP1-/- cultures, we 
observed an up-regulation of a number of neural prolifer-
ation marker genes such as FGF8, DISC1, HES1, CDC20B 
and CCND1 at day 34 (Fig.  5D). This is complemented 
by a down-regulation of genes involved in neurogenesis 
such as DLL1, ASCL1, NEUROD1, NEUROG2 and DCX 
(Fig.  5D). Moreover, at the same timepoint, basal pro-
genitor (TBR2), pan neuronal (TUBB3, MAP2) and corti-
cal layers specific marker genes (TBR1, CTIP2/BCL11B, 
CUX1/2, SATB2, RELN) were found down-regulated in 
the SETBP1-deficient cultures (Fig. 5E). In contrast, NES 
was twofold higher in the SETBP1-/- samples than the 
controls (Fig.  5E). These findings support the observed 

NPC SETBP1-deficient phenotype and demonstrate a 
further role for SETBP1 in cortical NPC proliferation and 
neurogenesis.

Using DAVID 6.8 gene functional classification tool 
[33] on the top 1000 differentially expressed protein cod-
ing genes, we identified that the top enriched gene ontol-
ogy (GO) terms concerned mainly biological processes 
such as regulation of transcription, cell adhesion and 
extracellular matrix organization. KEGG (Kyoto Ency-
clopedia of Genes and Genomes, https:// www. genome. 
jp/ kegg) pathway analysis revealed Wnt, hippo, PI3K-Akt 
and ECM-receptor interaction signaling amongst the top 
enriched pathways up-regulated in SETBP1-/- cultures 
(Additional file 7: Fig. S6). All these pathways are highly 
relevant to the regulation of NPCs proliferation and neu-
rogenesis [41–45].

Wnt signaling is known to play an important role in 
cortical development. Altered Wnt pathway was iden-
tified at all three differentiation stages, with the biggest 
changes observed at day 21 (FC 2.73, Padj = 0.0029) and 
day 34 (FC 2.53, Padj = 0.0014) (Additional file  7: Fig. 
S6B, C). We therefore examined further the gene set for 
transcripts involved in Wnt signaling (hsa04310) at day 
34 (Fig.  5F, G and Additional file  8: Fig. S7A–C). Strik-
ingly, the majority of the Wnt ligands, both canonical 
and non-canonical, were highly up-regulated in SETBP1-
deficient cells, with fold change varying from 2.5 to 73 
(Fig.  5F, G and Additional file  8: Fig. S7A, C). Also up-
regulated were the canonical Wnt/β-catenin signaling 
responsive genes C-MYC (4.8×), CYCLIND1 (CCND1, 
2x) and AXIN2 (4.7×) (Fig. 5F and Additional file 8: Fig. 
S7A and C). In contrast, genes involved in β-catenin deg-
radation complex (GSK3 β, CSNK, AXIN1/2, APC) were 
mostly down-regulated (Additional file  6: Fig. S5A). We 
next used MAGMA (a tool for gene and gene-set analy-
sis) to determine the association between risk variants 
identified from previously published ASD, and Intelli-
gence GWAS, and enriched gene-sets identified from our 
RNAseq experiments. We chose to analyze these traits 
as they have clinical manifestations overlapping with 
SETBP1-HD. Amongst the analyzed gene-sets, “positive 
regulation of Wnt signaling” showed a nominal enrich-
ment for genes associated with ASD in our day 34 data-
set indicating a potential link between our in vitro model 

(See figure on next page.)
Fig. 5 Genome-wide transcriptome profiling revealed SETBP1 regulation of Wnt signaling. A Principle component analysis (PCA) of the samples. 
B Heatmap depicting correlation with Allen Brain atlas at early, mid and late gestational trimesters and prenatal trimester. C Heatmap depicting 
17,654 differentially expressed transcripts at day 34 (padj ≤ 0.1). D Example of neurogenic and proliferation related genes differentially expressed 
at day 34. E Example of neuronal marker genes downregulated at day 34, and upregulation of neuronal marker NES. F, G Differentially expressed 
genes associated with canonical non-canonical Wnt pathway at day 34. H Representative images of Western blot analysis for Wnt signaling proteins 
for WT and SETBP1-/- (Homo1). I Relative protein level of B-catenin, B-catenin p-S552 and p-S675, and LRP6 co-receptor and p-LRP6 at day 21, 30 
and 40 to WT basal levels. Data from 3 independent differentiations analysed in duplicates or triplicates. Student’s T test was used to compare the 
expression between the two lines. (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). All tested proteins were normalized to GAPDH

http://www.brainspan.org/
https://www.genome.jp/kegg
https://www.genome.jp/kegg
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Fig. 5 (See legend on previous page.)
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and the autistic traits observed in some of the SETBP1-
HD patients (Additional file 9: Fig. S8A, B).

To ascertain that Wnt/β‐catenin signaling is indeed 
elevated in SETBP1-deficient NPCs at the protein level, 
we determined the level of β-catenin and Wnt co-recep-
tor LRP6 in day 21, day 30 and day 40 neural cultures 
by Western blot (Fig.  5H). Activation of the canonical 
Wnt signaling results in N-terminal phosphorylation of 
β-catenin by GSK3β, leading to degradation of β-catenin 
[46, 47]. We found that the level of total β-catenin was 
significantly higher in SETBP1-/- cultures than the con-
trols at day 30 (P = 0.031), although no differences were 
found at day 21 and 40 (Fig. 5I). It has been reported pre-
viously that C-terminal phosphorylation of β-catenin in 
serine 552 and serine 675 (p-S552 and p-S675) by AKT 
and PKA can enhance β-catenin/TCF reporter activa-
tion [48, 49]. We detected an average of 2.5-fold increase 
of p-S552 (p = 0.00024) and 1.5 fold increase of p-S675 
(p = 0.019) in SETBP1-/- cultures than the controls at day 
30 (Fig. 5I).

Another key phosphorylation event in the activation of 
the Wnt signaling cascade is the phosphorylation of the 
LRP5 and LRP6 co-receptors [50, 51], LRP6 is known 
to play a more dominant role during embryogenesis. 
We observed a near two-fold increase of phosphoryl-
ated LRP6 (p-LRP6) in day 30 SETBP1-/- NPCs than the 
isogenic control cells (p = 0.046, Fig. 5I). Together, these 
studies validated the increase of Wnt/β-catenin activa-
tion in SETBP1-deficient cells and provide the first dem-
onstration of a regulatory role for SETBP1 in canonical 
WNT signaling in cortical NPCs.

Pharmacological inhibition of Wnt/β‑catenin pathway 
rescues proliferation defect of SETBP1‑/‑ cortical NPCs 
and ameliorates MGE fate induction deficit
To establish a causal relationship between the increased 
Wnt/β-catenin signaling and over proliferation of 
SETBP1-deficient NPCs, we interrogated Wnt signal-
ing using XAV939 (XAV), a small molecule tankyrase 
inhibitor that stabilizes Axin and stimulatesβ-catenin 

degradation [52]. SETBP1-/- and WT NPC cultures 
were exposed to XAV for 10  days from day 11, a time 
window prior to the phenotypic manifestation (Fig.  6A 
and Additional file  10: Fig. S9A). Wnt signaling inhibi-
tion by XAV was verified by evident reduction in total 
β-catenin, p-S552/p-S675 as well as p-LRP6 comparing 
treated SETBP1-/- with respective to the no XAV sister 
cultures in both WT and SETBP1-/- cultures (Fig.  6B). 
Importantly, after XAV treatment, total β-catenin, p-S552 
and p-S675 in SETBP1-/- cells were no longer different 
to the isogenic control cells without XAV treatment. As a 
control for inhibitor specificity, the levels of the GAPDH 
were not affected by XAV treatment.

The effect on XAV treatment in NPCs proliferation was 
examined via cell cycle analysis of DNA content (Fig. 6C). 
An increase of cells in G1 phase and a decrease of cells 
in G2-M was observed for both SETBP1-/- and control 
 NES+ NPCs. In XAV treated SETBP1-/- cultures, the 
number of cells in G2-M phase was restored to a level 
similar to those in the WT cultures with or without XAV 
(15.18 ± 0.51 and 15.02 ± 1.07, P = 0.902). We next exam-
ined the effect of XAV on the cultures at day 20, 30, 40 
and 50 (Fig.  6D and Additional file  10: Fig. S9). Com-
pared to non-treated SETBP1-/- cultures, immunostain-
ing revealed that, at day 20 there is a > 50% increase in 
 FOXG1+ NPCs in the SETBP1-/- cultures (12.62 ± 8.22 
vs. 37.15 ± 4.09, P = 0.027). (Fig.  6D). Moreover, as 
expected, XAV treatment in the WT cultures accelerated 
neuronal differentiation as demonstrated by a reduced 
number of  PAX6+ and  NES+ cells and concurrent 
increase of  NeuN+ and  MAP2+ cells in comparison to no 
XAV sister control cultures (Additional file 10: Fig. S9B, 
C). XAV treatment also resulted in a significant increase 
in  CTIP2+ cells in both WT and SETBP1-/- cultures, so 
the  CTIP2+ cell numbers in the treated SETBP1-/- cul-
tures reached to a similar levels to those in the basal 
WT cultures (eg. day 30 WT untreated 16.97 ± 1.50 vs. 
SETBP1-/- XAV 17.82 ± 6.20, P = 0.844) (Fig.  6D and 
Additional file  10: Fig. S9B, C and E). XAV treatment 
didn’t have a significant effect on the number of  TBR1+ 

Fig. 6 Phenotypic rescue of SETBP1 deficiency by pharmacological interrogation of Wnt signaling. A Experimental scheme. Differentiation cultures 
under basal condition (control) or exposed to 2uM XAV939 from day 11 to day 21. B Western blot analysis at day 35 for the effects of XAV treatment 
on WNT signaling proteins. Data was obtained from 2 independent differentiations analysed in duplicates or triplicates and shown as relative 
levels to the WT. Student’s T test was used to compare the expression between the two lines, B-catenin basal P = 0.033, XAV P = 0.542, S552 basal 
P = 0.023, XAV P = 0.906, S674 basal P = 0.024, XAV P = 0.554, LRP6 basal P = 0.153, XAV P = 0.644, P-LRP6 basal P = 0.004, XAV P = 0.012. C Effect of 
XAV treatment on cell cycle profile at day 35. Data presented as mean ± s.e.m of 2 independent experiments in triplicates. Student’s T test, one tail, 
was used to compare the expression between the two lines and the two conditions (WT basal vs. XAV G0-G1 P = 0.029, S P ≥ 0.05, G2-M P ≥ 0.05, 
SETBP1-/- basal vs. XAV G0-G1 P = 0.021, S P ≥ 0.05, G2-M P = 0.0045. D Immunofluorescence images of cultures in basal (DMSO) or XAV treated 
conditions at day 20 and 30. Cell nuclei were labelled by DAPI. Scale bar: 100uM. Bar- graphs showing quantification of FOXG1 (green) positive NPS 
at day 20 and CTIP2 (green), TBR1 (red) and NeuN (green) positive neurons at day 30. Student’s T test was used to compare the expression between 
the two lines,  FOXG1+ cells: basal P = 0.002, XAV P = 0.001;  CTIP2+ cells: basal P = 0.029, XAV P = 0.214;  TBR1+ cells: basal P = 0.672 XAV P = 0.258, 
 NeuN+ cells: basal P = 0.038, XAV P = 0.333 (*p ≤ 0.05, **p ≤ 0.01). E Schematic illustration depicting the role of SETBP1 in regulating NPC pool 
expansion and forebrain fate induction

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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and  SATB2+ cell populations on all time points although 
a decrease of  TBR1+ cells was detected at day 50 (Fig. 6D 
and Additional file 10: Fig. S9). Compared to non-treated 
SETBP1-/- cultures, cells in XAV treated cultures exhib-
ited pronounced neuronal arborisation similarly to those 
in the WT control cultures without XAV (Additional 
file 10: Fig. S9B).

WNT inhibition via XAV at day 0–10 was part of the 
MGE differentiation paradigm (Fig.  4E). Since the pro-
duction of NKX2.1+ progenitors was lower in SETBP1-
deficient cultures, we investigated a potential effect of 
extended XAV treatment (d0-20) on MGE differentia-
tion of SETBP1 mutant cells. We found that longer XAV 
exposure resulted in an increase of NKX2.1+ cells in both 
the WT and SETBP1 mutant cultures compare to the 
standard MGE protocol. Under XAV d0-20 condition, 
while NKX2.1+ cell numbers still appear lower in the 
SETBP1 mutant cultures compared to the WT controls, 
no statistical differences were reached (Additional file 11: 
Fig. S10). Together, our data demonstrates that inhibition 
of Wnt/β-catenin signaling can restore the neurogenesis 
and fate induction defects of SETBP1-/- NPCs and thus 
provide a functional verification that SETBP1 is playing a 
role in WNT signaling.

Discussion
During development, corticogenesis is tightly regulated 
temporally and spatially with a progressive temporal 
restriction in progenitor potential to ensure the genera-
tion of correct numbers of neurons in time and space. 
NPCs firstly reproduce themselves to expand the pro-
genitor pool via symmetric or proliferative cell divisions 
[53, 54]. Later, cell division pattern changes to asym-
metric neurogenic divisions that generates an NPC that 
re-enters the cell cycle and a postmitotic neuron, or sym-
metric neurogenic divisions that yield two neurons [55, 
56]. Defects in this process can lead to a wide range of 
brain malformations such as micro- or macrocephaly. 
Using genome-edited hESC and in  vitro cortical differ-
entiation as an experimental model, we report here that 
loss of SETBP1 impairs neurogenesis and affects neu-
ral progenitor fate choice, thus identifying SETBP1 as 
an important regulator governing the delicate balance 
between NPC expansion and terminal differentiation. 
This newly discovered biological function of SETBP1 in 
human neural development is consistent with its high-
level expression in the developing cortex and its evolu-
tionary conservation.

Dysregulation of Wnt signaling in SETBP1-deficient 
neuronal cultures presents another interesting new find-
ing of this study. This regulatory relationship was demon-
strated at both transcript and protein level with further 
support of functional interrogation and phenotypic 

rescue. Wnt signaling is known to play an important 
role in cortical development. Elevated canonical Wnt 
signaling by enforced expression of stabilized β-catenin 
promotes cell cycle re-entry of NPCs, leading to their 
excessive expansion in telencephalon [57]. A prominent 
feature of our SETBP1-deficiency model is prolonged 
NPC proliferation, due to shortened cell-cycle length and 
reduced cell cycle exit rate. Therefore, the increased Wnt 
signaling in SETBP1-/- cultures is likely a key contribu-
tor to the aberrant NPC proliferation. Schinzel–Giedion 
syndrome-associated SETBP1 mutations have recently 
been shown to impair mouse neurogenesis and prolifera-
tion of iPSC-derived NPCs although via Wnt independ-
ent mechanisms [57, 58].

Interestingly, dysregulated Wnt signaling have been 
recently reported in a growing number of studies employ-
ing patient-derived iPSC or CRISPR/Cas9 edited hESC 
models of neurodevelopmental disorders that include 
schizophrenia, ASD and intellectual disability [58–62]. 
Elevated Wnt signaling has been implicated as a cause of 
the macrocephaly observed in ASD patients [63]. Despite 
the relatively small sample size of the ASD GWAS, we 
observe a tendency for enrichment of common variants 
associated with ASD amongst Wnt signaling genes. The 
current study suggests that increased Wnt signaling may 
be also an underlying mechanism of the cognitive and 
motor impairment observed in patients with SETBP1 
disorder.

In murine myeloid progenitor cells, SETBP1 has been 
suggested to exert transcription factor function through 
binding of Hoxa9/10 promoters [64], while binding of 
Setbp1 to Runx1 promoter in a similar cell model caused 
a downregulation of RUNX1 expression [65]. Moreo-
ver, SETBP1 can bind to gDNA in AT-rich promoter 
regions and trigger gene expression via recruiting HCF1/
KMT2A/PHF8 epigenetic complex [66]. Another way 
suggested by which SETBP1 exert its regulatory func-
tion is via interaction with oncogene SET [67]. Most of 
these studies were carried in myeloid progenitor cells or 
SGS mutation related models resembling SETBP1 gain 
of function and a direct regulation of Wnt signaling by 
SETBP1 in the context of human brain development has 
not been reported to date. While further investigation is 
needed to unravel how SETBP1 modulate Wnt/β-catenin 
signaling in neural cells, our work uncover a new func-
tion of SETBP1 and a therapeutic road to explore in the 
context of SETBP1 haploinsufficiency.

FOXG1 is the most significantly down-regulated tran-
script in SETBP1-/- NPC cultures. Given the established 
role for Foxg1/FOXG1 in ventral forebrain development, 
its reduction is the likely cause of compromised generation 
of LGE- and MGE-like NPCs in the SETBP1-/- cultures 
[38–40]. Foxg1 has been shown to directly suppress Wnt 
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ligand expression and Wnt signaling in model organisms 
[68, 69]. Therefore, reduced FOXG1 may also attribute to 
the elevated WNT activity in SETBP1-deficient cultures. 
The MGE differentiation protocol used in this study applies 
WNT inhibition by exposing the cultures to a Wnt inhibi-
tor XAV at day 0–10 to facilitate ventral patterning. We 
observed a decreased production of NKX2.1+ MGE like 
progenitors, a phenotype not appeared to be associated with 
a change of cell cycle characteristics. However, extended 
XAV exposure (day 0–20) was able to partially reverse the 
number of NKX2.1+ cells. This observation implies WNT 
overactivation as a likely underling cause of the SETBP1-
dependent ventral fate deficit. It is interesting to note that, 
unlike the cortical NPC neurogenesis deficit being mostly 
confined to the SETBP1-/- genotype, compromised ventral 
fate induction was also evident in the SETBP1+/- cultures, 
thus this neurodevelopmental phenotype might be more 
relevant to pathogenesis of SETBP1-HD.

Moreover, SETBP1 deficiency resulted in a significant 
reduction of  CTIP2+ cells and slightly higher numbers of 
 TBR1+ cells albeit not statistically significant. Previous 
studies in mouse and zebrafish suggest that Foxg1 confers 
the competence of cortical NPCs for the characteristic 
ordered generation of layer-specific neuronal subtypes by 
coordinating Wnt and Shh signaling pathways in the telen-
cephalon [70, 71]. Therefore, SETBP1-dependent FOXG1 
hypofunction may also contribute to the distorted neuronal 
production in our SETBP1-/- cultures. Our data opens new 
avenues to explore the functional link between FOXG1 and 
SETBP1 genes in the context of brain development.

Limitations
Despite the robust findings made in independent iso-
genic PSC lines, the distorted NPC proliferation and 
neurogenic differentiation were more evident in cul-
tures with homozygous deletion of SETBP1 while the 
SETBP1+/- cultures exhibit either mild or no deficits. 
However, SETBP1-HD arose from heterozygous gene 
deletion of SETBP1 and it is possible that children suf-
fering from this disorder may harbour other genetic vari-
ants or there exist a specific modifier gene that aggravate 
the loss of SETBP1. Future work on patient-iPSC derived 
neural cultures is thus needed, albeit the challenge in col-
lecting tissue samples for rare disorders such as this.

Conclusions
In conclusion, we identified an important role for SETBP1 
in controlling forebrain progenitor expansion and neu-
rogenic differentiation. Disturbed NPC proliferation and 
neuronal differentiation can lead to brain malformation 
as it happens in other neurodevelopmental disorders. Our 
finding of disturbed cortical progenitor proliferation and 
defective neurogenesis in SETBP1-/- model lend itself 

an invaluable tool to further investigate the aetiology of 
SETBP1 disorder. Moreover, this study revealed a novel 
regulatory link between SETBP1 and Wnt/β-catenin sign-
aling during human cortical neurogenesis and provides 
mechanistic insights into structural abnormalities and 
potential therapeutic avenues for SETBP1 disorder.

Abbreviations
ASD  Autism spectrum disorder
CRISPR  Clustered regularly interspaced palindromic repeats
CAS9  CRISPR-associated protein 9
HESC  Human embryonic stem cell
iPSC  Induced pluripotent stem cell
LGE  Lateral ganglionic eminence
MGE  Medial ganglionic eminence
N-Cad  N-cadherin
NES  Nestin
NPC  Neural progenitor cell
KEGG  Kyoto Encyclopedia of genes and genomes
PCA  Principle component analysis
SET  SET nuclear proto-oncogene
SETBP1  SET binding protein 1
SETBP1 ±   SETBP1 heterozygous deletion
SETBP1-/-  SETBP1 homozygous deletion
SETBP1-HD  SETBP1 haploinsufficiency disorder
SGS  Schinzel–Giedion syndrome
WNT  Wingless and Int-1
WT  Wild type

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13229- 023- 00540-x.

Additional file 1: Table S1. Primers for PCR and qPCR used in the study. 
qPCR primers were designed to anneal at 60C.

Additional file 2: Fig. S1. Generation of the SETBP1-deficient hESC lines. 
A Schematic illustration of the targeted allele of SETBP1 locus. The 5’ and 
3’ homologous arms (HA) corresponding to exon 4 and part of intron 4/5 
are indicated in yellow, which are flanked by a PGKpuropA selection cas-
sette in the targeting vector. The positions of the two nested PCR primer 
pairs for screening homologous recombination (HR) at the 5’ and 3’ are 
indicated in black and grey arrows, respectively. B Agarose gels showing 
the predicted PCR amplicon from the targeted clones using the 5’ and 3’ 
primer pairs, respectively (lanes marked with *). C Alignment of Sanger 
sequencing product the sequence flanking gRNA1 target locus for the cell 
lines used in the study. A deletion of 5bp (CAGCG) was detected in the 
second allele of the SETBP1-/- lines following the second round of CRISPR/
Cas9 editing. D Relative quantification of SETBP1 mRNA levels with prim-
ers binding downstream of the region targeted by the gRNAs (Forward in 
exon 4-5 junction and reverse in exon 5-6 junction) Student’s T test was 
used to compare the expression levels between the mutant clones and 
the parental (WT) line. WT vs. Homo1 P=0.003, WT vs. Homo2 P=0.0005 
(**p ≤ 0.01, **p ≤ 0.001).

Additional file 3: Fig. S2. Validation of cortical induction by qPCR. A qPCR 
analysis of pluripotency and telencephalic marker genes. RNA samples 
were harvested every 5 days from day 0 to 30. Levels of mRNA expression 
were normalized to day 0 mRNA levels. SETBP1-/- levels were normalized 
against WT levels. Data shown are Log2RQ levels. B qPCR analysis of neural 
stem cell and neuronal marker genes. RNA samples were harvested every 
5 days from day 21 to 50. Levels of mRNA expression were normalized to 
day 21. SETBP1-/- levels were normalized against WT levels. Data shown 
are RQ levels. Data shown as mean ± s.e.m of two independent differen-
tiations analyzed in triplicates. Student’s T test was used to compare the 
expression between the two lines (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001).
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Additional file 4: Fig. S3. Reduced neuronal production in SETBP1-/- cul-
tures. A The WT control, SETBP1+/- and SETBP1-/- cultures were immu-
nostained for NeuN at days 30, 40 and 50 and MAP2 and NESTIN at day 50. 
B Graphs showing quantitative measurements for NeuN. Data presented 
as mean ± s.e.m for each genotype with a minimum of two independent 
experiments carried out per line (WT = 5, HET1=2, HET2 = 2, Homo1 = 
3, and Homo2 = 2). One-way ANOVA test, Bonferroni Post Hoc; *p≤0.05, 
Scale bar: 100uM.

Additional file 5: Fig. S4. Flow cytometry gating strategy for Cell cycle 
analysis based on DAPI content. A P1 snapshot, B P2 or single cell popula-
tion snapshot, C Nestin+ progenitors population, D Cell cycle phases 
profile in WT cultures Nestin+ progenitors, E Cell cycle phases profile in 
SETBP1-/- cultures Nestin+ progenitors.

Additional file 6: Fig. S5. Proliferation analysis on day 35 MGE cultures. 
Quantification of EdU and Ki67 positive cells in ventral differentiation at 
day 35. Data presented as mean ± s.e.m. for each genotype with three 
biological replicas carried out per line (WT, HET1, HET2, Homo1, and 
Homo2) ANOVA test, EdU P = 0.557, Ki67. P = 0.657.

Additional file 7: Fig. S6. Differentially expressed KEGG pathways. A Top 
20 enriched KEGG pathways in day 15 dataset. B Top 20 enriched KEGG 
pathways in day 21 dataset. C Top 20 enriched KEGG pathways in day 34 
dataset. Differentially expressed genes used in this analysis were restricted 
to those with adjusted p value<0.1 and a FC>1.5. Benjamini-Hochberg 
correction was applied for multiple comparisons.

Additional file 8: Fig. S7. Altered expression of genes associated with 
Wnt pathway at day 34. A Transcriptomic expression of canonical-Wnt 
related genes represented as Log2FC. B Heatmap depicting differentially 
expressed transcripts for Wnt signalling (GO:0016055). Differentially 
regulated transcripts used in this analysis were restricted to those with 
adjusted p value<0.1, and a FC>1.5. Benjamini-Hochberg correction was 
applied for multiple comparisons. C WNT signalling pathway graphical 
representation rendered by Pathview. Image shows up and downregu-
lated pathway components in the SETBP1-/- compared with parental for 
canonical, planar cell polarity and calcium pathways after intersecting the 
data with KEGG pathway maps.

Additional file 9: Fig. S8. MAGMA enrichment results. A Barplots indicat-
ing enrichment for common variants associated with ASD at day 21 (left) 
and day 34 (right). B Barplots indicating enrichment for common variants 
associated with Intelligence at day 21 (left) and day 34 (right). Green 
dashed line indicates nominal p value threshold, red dashed line indicates 
Bonferroni adjusted-p-value threshold for multiple comparisons.

Additional file10: Fig. S9. Phenotype recovery after XAV939 treatment. 
A Experimental scheme indicating window for XAV939 treatment. B, C 
Phase contrast and fluorescent images of cultures in basal and XAV condi-
tion at day 40 and day 50. The blue staining in the 3rd and 5th column 
are nuclei stained with DAPI. Scale bar: 100uM. D–F Bar- graphs showing 
quantification of TBR1, CTIP2 and SATB2 positive neurons from basal and 
XAV939 treated cultures at day 40 and 50. Data presented as mean ± s.e.m 
for each genotype with a minimum of three independent experiments 
carried out per line.  Student’s T test was used to compare the expression 
between the two lines in each condition, Basal cultures: Day 40 TBR1+ 
cells P=0.714, CTIP2+ cells P=0.03, SATB2+ cells P=0.476; Day 50 TBR1+ 
cells P=0.390, CTIP2+ cells P=0.035, SATB2+ cells P=0.166. XAV treated 
cultures: Day 40 TBR1+ cells P=0.177, CTIP2+ cells P=0.979, SATB2+ cells 
P=0.255; Day 50 TBR1+ cells P=0.016, CTIP2+ cells P=0.830, SATB2+ cells 
P=0.298.  (*p ≤ 0.05).

Additional file11: Fig. S10. Effect of extended XAV939 treatment in 
ventral cultures. A, B Experimental scheme indicating windows for XAV939 
treatment in the standard MGE protocol and XAV extended protocol. C 
Immunostaining of day 20 cultures for NKX2.1 (green) and COUP-TFII (red). 
D Quantitative data of NKX2.1 marker expression presented as mean ± 
s.e.m. for each genotype with three biological replicas carried out per 
line (WT, HET1, HET2, Homo1, and Homo2) E Expression of PAX6 (red). 
F Expression of GSH2 (red). Dapi was used to label all nuclei. Scale bar: 
100uM.

Acknowledgements
We thank Dr. Robert Andrews (Cardiff University Data Clinic), and the 
Advanced Research Computing at Cardiff (ARCCA) team for invaluable sup-
port with RNA-seq data analysis. Sequencing was performed at the Oxford 
Genomics Centre. Thanks also to all members of the M.L. laboratory for helpful 
discussions during this study and to Ms. Eliza Wide for technical assistance.

Author contributions
LFC and ML conceived and designed the study. LFC generated the SETBP1-
deficient cell lines, carried out the experiments and analysed the data. DCF 
analysed the RNAseq data. LFC and ML interpreted the data and wrote the 
paper. All authors read and approved the final manuscript.

Funding
This work was supported by the UK Medical Research Council grant MR/
L020807/1 and the Neuroscience and Mental Health Innovation Institute 
Donations—FLiNR Grant.

Availability of data and materials
The raw RNA sequencing data generated during the current study is available 
in the GEO repository, accession number GSE180185. The datasets used and/
or analysed during the current study are available from the GitHub repository 
(https:// github. com/ DanCF 93/ Cardo- et- al- 2021) and the corresponding 
author on reasonable request. All data generated or analysed during this study 
are included in this published article [and its supplementary information files].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 19 July 2022   Accepted: 7 February 2023

References
 1. Douglas RJ, Martin KA. Neuronal circuits of the neocortex. Annu Rev 

Neurosci. 2004;27:419–51.
 2. Shepherd GM. Corticostriatal connectivity and its role in disease. Nat Rev 

Neurosci. 2013;14(4):278–91.
 3. Molyneaux BJ, Arlotta P, Menezes JR, Macklis JD. Neuronal subtype speci-

fication in the cerebral cortex. Nat Rev Neurosci. 2007;8(6):427–37.
 4. Fitzgerald MP, Covio M, Lee KS. Disturbances in the positioning, prolifera-

tion and apoptosis of neural progenitors contribute to subcortical band 
heterotopia formation. Neuroscience. 2011;176:455–71.

 5. Vaccarino FM, Grigorenko EL, Smith KM, Stevens HE. Regulation of 
cerebral cortical size and neuron number by fibroblast growth factors: 
implications for autism. J Autism Dev Disord. 2009;39(3):511–20.

 6. Cavallin M, Rujano MA, Bednarek N, Medina-Cano D, Bernabe Gelot A, 
Drunat S, et al. WDR81 mutations cause extreme microcephaly and 
impair mitotic progression in human fibroblasts and Drosophila neural 
stem cells. Brain. 2017;140(10):2597–609.

 7. Breuss M, Heng JI, Poirier K, Tian G, Jaglin XH, Qu Z, et al. Mutations in 
the beta-tubulin gene TUBB5 cause microcephaly with structural brain 
abnormalities. Cell Rep. 2012;2(6):1554–62.

 8. Filges I, Shimojima K, Okamoto N, Röthlisberger B, Weber P, Huber AR, 
et al. Reduced expression by SETBP1 haploinsufficiency causes develop-
mental and expressive language delay indicating a phenotype distinct 
from Schinzel-Giedion syndrome. J Med Genet. 2011;48(2):117–22.

https://github.com/DanCF93/Cardo-et-al-2021


Page 19 of 20Cardo et al. Molecular Autism            (2023) 14:8  

 9. Marseglia G, Scordo MR, Pescucci C, Nannetti G, Biagini E, Scandurra 
V, Gerundino F, Magi A, Benelli M, Torricelli F. 372 kb microdeletion 
in 18q12.3 causing SETBP1 haploinsufficiency associated with mild 
mental retardation and expressive speech impairment. Eur J Med Genet. 
2012;55(3):216–21. https:// doi. org/ 10. 1016/j. ejmg. 2012. 01. 005.

 10. Schinzel A, Binkert F, Lillington DM, Sands M, Stocks RJ, Lindenbaum 
RH, et al. Interstitial deletion of the long arm of chromosome 18, del(18)
(q12.2q21.1): a report of three cases of an autosomal deletion with a mild 
phenotype. J Med Genet. 1991;28(5):352–5.

 11. Imataka G, Ohwada Y, Shimura N, Yoshihara S, Arisaka O. Del(18)
(q12.2q21.1) syndrome: a case report and clinical review of the literature. 
Eur Rev Med Pharmacol Sci. 2015;19(17):3241–5.

 12. Bouquillon S, Andrieux J, Landais E, Duban-Bedu B, Boidein F, Lenne B, 
et al. A 5.3Mb deletion in chromosome 18q12.3 as the smallest region of 
overlap in two patients with expressive speech delay. Eur J Med Genet. 
2011;54(2):194–7.

 13. Tinkle BT, Christianson CA, Schorry EK, Webb T, Hopkin RJ. Long-term 
survival in a patient with del(18)(q12.2q21.1). Am J Med Genet Part A. 
2003;119A(1):66–70.

 14. Jansen NA, Braden RO, Srivastava S, Otness EF, Lesca G, Rossi M, et al. 
Clinical delineation of SETBP1 haploinsufficiency disorder. Eur J Hum 
Genet. 2021. https:// doi. org/ 10. 1038/ s41431- 021- 00888-9.

 15. Cody JD, Sebold C, Malik A, Heard P, Carter E, Crandall A, et al. Recurrent 
interstitial deletions of proximal 18q: a new syndrome involving expres-
sive speech delay. Am J Med Genet A. 2007;143A(11):1181–90.

 16. Kornilov SA, Rakhlin N, Koposov R, Lee M, Yrigollen C, Caglayan AO, et al. 
Genome-wide association and exome sequencing study of language 
disorder in an isolated population. Pediatrics. 2016;137:4.

 17. Piazza R, Valletta S, Winkelmann N, Redaelli S, Spinelli R, Pirola A, et al. 
Recurrent SETBP1 mutations in atypical chronic myeloid leukemia. Nat 
Genet. 2013;45(1):18–24.

 18. Hoischen A, van Bon BW, Gilissen C, Arts P, van Lier B, Steehouwer M, et al. 
De novo mutations of SETBP1 cause Schinzel-Giedion syndrome. Nat 
Genet. 2010;42(6):483–5.

 19. Ko JM, Lim BC, Kim KJ, Hwang YS, Ryu HW, Lee JH, et al. Distinct neuro-
logical features in a patient with Schinzel-Giedion syndrome caused by a 
recurrent SETBP1 mutation. Childs Nerv Syst. 2013;29(4):525–9.

 20. Carvalho E, Honjo R, Magalhaes M, Yamamoto G, Rocha K, Naslavsky M, 
et al. Schinzel-Giedion syndrome in two Brazilian patients: Report of a 
novel mutation in SETBP1 and literature review of the clinical features. 
Am J Med Genet A. 2015;167A(5):1039–46.

 21. Gonzalez F, Zhu Z, Shi ZD, Lelli K, Verma N, Li QV, et al. An iCRISPR plat-
form for rapid, multiplexable, and inducible genome editing in human 
pluripotent stem cells. Cell Stem Cell. 2014;15(2):215–26.

 22. Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex genome 
engineering using CRISPR/Cas systems. Science. 2013;339(6121):819–23.

 23. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. Genome engi-
neering using the CRISPR-Cas9 system. Nat Protoc. 2013;8(11):2281–308.

 24. Arber C, Precious SV, Cambray S, Risner-Janiczek JR, Kelly C, Noakes Z, 
et al. Activin A directs striatal projection neuron differentiation of human 
pluripotent stem cells. Development. 2015;142(7):1375–86.

 25. Cruz-Santos M, Cardo LF, Li M. A Novel LHX6 Reporter cell line for tracking 
human iPSC-derived cortical interneurons. Cells. 2022;11(5):853.

 26. Noakes Z, Keefe F, Tamburini C, Kelly CM, Cruz Santos M, Dunnett SB, 
et al. Human pluripotent stem cell-derived striatal interneurons: dif-
ferentiation and maturation In vitro and in the rat brain. Stem Cell Rep. 
2019;12(2):191–200.

 27. Stirling DR, Swain-Bowden MJ, Lucas AM, Carpenter AE, Cimini BA, Good-
man A. Cell Profiler 4: improvements in speed, utility and usability. BMC 
Bioinf. 2021;22(1):433.

 28. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch 
T, et al. Fiji: an open-source platform for biological-image analysis. Nat 
Methods. 2012;9(7):676–82.

 29. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods. 
2001;25(4):402–8.

 30. Li H, Durbin R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics. 2009;25(14):1754–60.

 31. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose 
program for assigning sequence reads to genomic features. Bioinformat-
ics. 2014;30(7):923–30.

 32. Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.

 33. da Huang W, Sherman BT, Lempicki RA. Systematic and integrative analy-
sis of large gene lists using DAVID bioinformatics resources. Nat Protoc. 
2009;4(1):44–57.

 34. de Leeuw CA, Mooij JM, Heskes T, Posthuma D. MAGMA: generalized 
gene-set analysis of GWAS data. PLoS Comput Biol. 2015;11(4):e1004219.

 35. Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M, 
Studer L. Highly efficient neural conversion of human ES and iPS cells by 
dual inhibition of SMAD signaling. Nat Biotechnol. 2009;27(3):275–80.

 36. Li Y, Muffat J, Omer A, Bosch I, Lancaster MA, Sur M, et al. Induction of 
expansion and folding in human cerebral organoids. Cell Stem Cell. 
2017;20(3):385.

 37. Mairet-Coello G, Tury A, Van Buskirk E, Robinson K, Genestine M, DiCicco-
Bloom E. p57(KIP2) regulates radial glia and intermediate precursor cell 
cycle dynamics and lower layer neurogenesis in developing cerebral 
cortex. Development. 2012;139(3):475–87.

 38. Xuan S, Baptista CA, Balas G, Tao W, Soares VC, Lai E. Winged helix 
transcription factor BF-1 is essential for the development of the cerebral 
hemispheres. Neuron. 1995;14(6):1141–52.

 39. Mariani J, Coppola G, Zhang P, Abyzov A, Provini L, Tomasini L, et al. 
FOXG1-dependent dysregulation of gaba/glutamate neuron differentia-
tion in autism spectrum disorders. Cell. 2015;162(2):375–90.

 40. Shi Y, Wang M, Mi D, Lu T, Wang B, Dong H, et al. Mouse and human share 
conserved transcriptional programs for interneuron development. Sci-
ence. 2021;374(6573):eabj6641.

 41. Moon RT, Kohn AD, De Ferrari GV, Kaykas A. WNT and beta-catenin signal-
ling: diseases and therapies. Nat Rev Genet. 2004;5(9):691–701.

 42. Reya T, Clevers H. Wnt signalling in stem cells and cancer. Nature. 
2005;434(7035):843–50.

 43. Wahane SD, Hellbach N, Prentzell MT, Weise SC, Vezzali R, Kreutz C, et al. 
PI3K-p110-alpha-subtype signalling mediates survival, proliferation and 
neurogenesis of cortical progenitor cells via activation of mTORC2. J 
Neurochem. 2014;130(2):255–67.

 44. Poon CL, Mitchell KA, Kondo S, Cheng LY, Harvey KF. The hippo pathway 
regulates neuroblasts and brain size in drosophila melanogaster. Curr 
Biol. 2016;26(8):1034–42.

 45. Bejoy J, Song L, Li Y. Wnt-YAP interactions in the neural fate of human 
pluripotent stem cells and the implications for neural organoid forma-
tion. Organogenesis. 2016;12(1):1–15.

 46. Kim W, Kim M, Jho EH. Wnt/beta-catenin signalling: from plasma mem-
brane to nucleus. Biochem J. 2013;450(1):9–21.

 47. MacDonald BT, Tamai K, He X. Wnt/beta-catenin signaling: components, 
mechanisms, and diseases. Dev Cell. 2009;17(1):9–26.

 48. Fang D, Hawke D, Zheng Y, Xia Y, Meisenhelder J, Nika H, et al. Phospho-
rylation of beta-catenin by AKT promotes beta-catenin transcriptional 
activity. J Biol Chem. 2007;282(15):11221–9.

 49. Taurin S, Sandbo N, Qin Y, Browning D, Dulin NO. Phosphorylation of 
beta-catenin by cyclic AMP-dependent protein kinase. J Biol Chem. 
2006;281(15):9971–6.

 50. Zeng X, Huang H, Tamai K, Zhang X, Harada Y, Yokota C, et al. Initiation 
of Wnt signaling: control of Wnt coreceptor Lrp6 phosphorylation/
activation via frizzled, dishevelled and axin functions. Development. 
2008;135(2):367–75.

 51. Zeng X, Tamai K, Doble B, Li S, Huang H, Habas R, et al. A dual-kinase 
mechanism for Wnt co-receptor phosphorylation and activation. Nature. 
2005;438(7069):873–7.

 52. Huang SM, Mishina YM, Liu S, Cheung A, Stegmeier F, Michaud GA, et al. 
Tankyrase inhibition stabilizes axin and antagonizes Wnt signalling. 
Nature. 2009;461(7264):614–20.

 53. Malatesta P, Hartfuss E, Gotz M. Isolation of radial glial cells by fluores-
cent-activated cell sorting reveals a neuronal lineage. Development. 
2000;127(24):5253–63.

 54. Rakic P. A small step for the cell, a giant leap for mankind: a hypoth-
esis of neocortical expansion during evolution. Trends Neurosci. 
1995;18(9):383–8.

 55. Gotz M, Huttner WB. The cell biology of neurogenesis. Nat Rev Mol Cell 
Biol. 2005;6(10):777–88.

 56. Huttner WB, Kosodo Y. Symmetric versus asymmetric cell division during 
neurogenesis in the developing vertebrate central nervous system. Curr 
Opin Cell Biol. 2005;17(6):648–57.

https://doi.org/10.1016/j.ejmg.2012.01.005
https://doi.org/10.1038/s41431-021-00888-9


Page 20 of 20Cardo et al. Molecular Autism            (2023) 14:8 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 57. Chenn A, Walsh CA. Regulation of cerebral cortical size by control of cell 
cycle exit in neural precursors. Science. 2002;297(5580):365–9.

 58. Brennand KJ, Simone A, Jou J, Gelboin-Burkhart C, Tran N, Sangar S, et al. 
Modelling schizophrenia using human induced pluripotent stem cells. 
Nature. 2011;473(7346):221–5.

 59. Topol A, Zhu S, Tran N, Simone A, Fang G, Brennand KJ. Altered WNT 
signaling in human induced pluripotent stem cell neural progenitor cells 
derived from four schizophrenia patients. Biol Psychiat. 2015;78(6):e29-34.

 60. Srikanth P, Han K, Callahan DG, Makovkina E, Muratore CR, Lalli MA, et al. 
Genomic DISC1 disruption in hiPSCs alters Wnt signaling and neural cell 
fate. Cell Rep. 2015;12(9):1414–29.

 61. Wang P, Lin M, Pedrosa E, Hrabovsky A, Zhang Z, Guo W, et al. CRISPR/
Cas9-mediated heterozygous knockout of the autism gene CHD8 and 
characterization of its transcriptional networks in neurodevelopment. 
Mol Autism. 2015;6:55.

 62. Kwan V, Unda BK, Singh KK. Wnt signaling networks in autism spectrum 
disorder and intellectual disability. J Neurodev Disord. 2016;8:45.

 63. Bernier R, Golzio C, Xiong B, Stessman HA, Coe BP, Penn O, et al. Disruptive 
CHD8 mutations define a subtype of autism early in development. Cell. 
2014;158(2):263–76.

 64. Oakley K, Han Y, Vishwakarma BA, Chu S, Bhatia R, Gudmundsson KO, 
et al. Setbp1 promotes the self-renewal of murine myeloid progenitors 
via activation of Hoxa9 and Hoxa10. Blood. 2012;119(25):6099–108.

 65. Vishwakarma BA, Nguyen N, Makishima H, Hosono N, Gudmundsson 
KO, Negi V, et al. Runx1 repression by histone deacetylation is critical 
for Setbp1-induced mouse myeloid leukemia development. Leukemia. 
2016;30(1):200–8.

 66. Piazza R, Magistroni V, Redaelli S, Mauri M, Massimino L, Sessa A, et al. 
SETBP1 induces transcription of a network of development genes by 
acting as an epigenetic hub. Nat Commun. 2018;9(1):2192.

 67. Antonyan L, Ernst C. Putative roles of SETBP1 dosage on the SET onco-
gene to affect brain development. Front Neurosci. 2022;16:813430.

 68. Smith R, Huang YT, Tian T, Vojtasova D, Mesalles-Naranjo O, Pollard SM, 
et al. The transcription factor Foxg1 promotes optic fissure closure in the 
mouse by suppressing Wnt8b in the nasal optic stalk. J Neurosci Off J Soc 
Neurosci. 2017;37(33):7975–93.

 69. Fotaki V, Smith R, Pratt T, Price DJ. Foxg1 is required to limit the formation 
of ciliary margin tissue and Wnt/beta-catenin signalling in the develop-
ing nasal retina of the mouse. Dev Biol. 2013;380(2):299–313.

 70. Shen Q, Wang Y, Dimos JT, Fasano CA, Phoenix TN, Lemischka IR, et al. The 
timing of cortical neurogenesis is encoded within lineages of individual 
progenitor cells. Nat Neurosci. 2006;9(6):743–51.

 71. Danesin C, Peres JN, Johansson M, Snowden V, Cording A, Papalopulu N, 
et al. Integration of telencephalic Wnt and hedgehog signaling center 
activities by Foxg1. Dev Cell. 2009;16(4):576–87.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Impaired neurogenesis and neural progenitor fate choice in a human stem cell model of SETBP1 disorder
	Abstract 
	Background 
	Methods 
	Results 
	Limitations 
	Conclusions 

	Background
	Methods
	CRISPRCas9 genome editing
	Karyotyping
	HESC culture and neural differentiation
	Immunocytochemistry and EdU-labelling
	Quantitative RT-PCR (qPCR)
	Flow cytometry
	Growth curve study
	RNA sequencing (RNAseq)
	Comparative analysis with the developmental human brain atlas
	Correlation with GWAS common variants using MAGMA
	Western blotting
	Statistical analysis

	Results
	Generation of human stem cell model of SETBP1-deficiency
	Cortical neuronal differentiation is altered in SETBP1-deficient NPCs
	Loss of SETBP1 led to a bias toward neural progenitor proliferation
	Loss of SETBP1 compromises ventral forebrain fate induction
	Genome-wide transcriptome analysis identified Wntβ-catenin signaling as a target of SETBP1 function
	Pharmacological inhibition of Wntβ-catenin pathway rescues proliferation defect of SETBP1-- cortical NPCs and ameliorates MGE fate induction deficit

	Discussion
	Limitations
	Conclusions

	Acknowledgements
	References


