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GestaltMatcher facial image analysis
We analyzed facial similarity among 15 CTNND2 patients using the GestaltMatcher  (Hsieh et al., 2022; Mak et al., 2025) framework, which encodes each image into 12 x 512-dimensional embeddings via an ensemble model and test-time augmentation (Hustinx et al., 2023). Subject similarity was quantified by averaging cosine distances across all pairs.
To assess intra-cohort similarity, we compared the mean pairwise distances of CTNND2 patients to reference distributions generated from the GestaltMatcher Database (GMDB) (Lesmann et al., 2024; Mak et al., 2025), consisting of 1,555 images from 328 syndromes. Control distributions included (1) subjects with the same syndrome and (2) random subjects. For each syndrome and random sample size (n ≥ 2), 100 non-redundant cohorts were drawn and analyzed. For each cohort, we computed all pairwise cosine distances between facial embeddings. The average of these distances served as a measure of within-cohort similarity.
We conducted a five-fold cross-validated ROC analysis using these control cohorts to establish a decision threshold (c = 0.915) for facial similarity, yielding a sensitivity of 0.851, specificity of 0.862, and AUC of 0.895. The similarity of the CTNND2 cohort was then evaluated by sampling subcohorts (n = 2 to |C|) 100 times and comparing their pairwise distances to the control distributions. We ensured that the patients from the same family were not sampled in the same subcohort to avoid bias. If more than 50% of the sampled subcohorts from the group (15 CTNND2 patients) had a mean distance above the threshold, the distribution is considered more consistent with random similarity rather than phenotypic clustering.
Finally, we performed a pairwise comparison by testing each CTNND2 patient against 7,459 GMDB images (449 disorders), using leave-one-out cross-validation to assess the relative ranks of the remaining CTNND2 patients.

Generation of human iPSC lines and cell culture 
Fibroblasts at a low passage were used for reprogramming using the non-integrating Sendai virus vectors at the Karolinska Institutet iPS Core facility (now located at Lund University). Multiple iPSC clones for each individual were established in xeno-free and defined conditions E8 medium (Thermo Fisher) as previously described (Kele et al., 2016). All lines were characterized at the facility before being transferred to our laboratory: pluripotency was confirmed by flow cytometry for OCT4 and SOX2, followed by karyotyping by G-banding and cell authentication. In our laboratory, iPSC lines were cultured on human recombinant Laminin-521 (BioLamina) coated plates and passaged every 3 to 5 days using TrypLE Select (Thermo Fisher). The genomic integrity of the patient-derived lines was assessed by SNP array, optical genome mapping, and for P#1, G-banding, as described below. Two independent iPSC clones from P#1 (ALI-07-X and ALI-07-II) were taken through neural induction and showed the same phenotype. Hoewever, SNP-array analysis showed a gain at 20q11.21 in ALI-07-II, and this clone was therefore excluded from further experiments. For all subsequent experiments, including the transcriptomic analyses, ALI-07-X was used for P#1, together with one clone each of P#2 and P#3.
Structural variant analysis of patient-derived iPSC lines
The patient-derived iPSC lines were screened for chromosomal changes by SNP array (I) and optical genome mapping (II), covering all three lines, and by G-banding of P#1 (III) (Additional File 3: Fig. S2B, C). Two clones of P#1 were analysed by SNP array. Clone ALI-07-II showed a gain on chromosome 20 (20q11.21) and was not used further. Clone ALI-07-X, with no reportable change, was used for all experiments.
I. SNP-array analysis: Molecular karyotype was assessed using copy number variation analysis via SNP-array. Genomic DNA from all patient-derived iPSC lines was sent to Life & Brain GmbH for SNP array to identify potential CNVs.  Genotyping was performed with Illumina BeadArray Technology using the Illumina Infinium Global Screening Array-24 BeadChip. Genotype analysis was performed by the Cell and Gene Therapy Core, Lund University using GenomeStudio V2.0.5 and the CNV Partition 3.2.0. Data were analyzed according to the WiCell Institute stringent CNV thresholds for iPSCs. The minimum probe count was set to 30, and the reportable cutoffs were 400 kb for gains and losses and 5 Mb for loss of heterozygosity regions with a confidence cut off at 35. Calls of 45 kb or larger were also reviewed. Results are summarized in Additional File 1: Table S3.
II. Optical genome mapping: Genomic ultra-high molecular weight DNA from the three patient iPSC lines (P#1 clone ALI-07-X, P#2 and P#3) was extracted using the SP-G2 Blood & Cell Culture DNA Isolation Kit, and subsequently labelled and stained using the DLS-G2 Labelling kit (Bionano Genomics) according to manufacturer’s protocol (CG-00004, rev B and 30553-1, Rev E). The labelled and stained DNA was loaded onto a flowcell and captured using the Saphyr system (Bionano Genomics). Data were analyzed with Bionano Solve (v3.7) and interpreted using Bionano Access (v1.7.2) against the hg19 reference (Additional File 3: Fig. S2B).
III. karyotyping via G-banding. iPSC of P#1 (clone ALI-07-X) at approximately 70% confluency were prepared for G-banding karyotyping. Cells were treated with colcemid to arrest them in metaphase, followed by standard cytogenetic procedures. Twenty-five metaphases were analyzed to identify potential chromosomal abnormalities. All showed 46,XX,t(1;8)(p22;q24),t(5;18)(p15;q11), the known balanced translocation, with no additional abnormality (Additional File 3: Fig. S2C).

Generation of CTNND2 knockout lines using CRISPR-Cas9 technology
Knockout cell lines were generated and validated at the Karolinska Genome Engineering (KGE) core and the iPSCore facilities at Karolinska Institutet, utilizing control 14 (C#1) as the parental line. CRISPR/Cas9 technology was employed to target exon 5 of hsCTNND2 (ENST00000304623.13) with two synthetic single guide RNAs (sgRNAs): (g1, 5’-CACCTGTAGAATAATCCTGT-3’ and g2, 5’-GCTTACAACAGGTCTCGAGC-3’; CRISPRevolution sgRNA EZ Kit, Synthego; 1 or 2 µg in total). These sgRNAs were precomplexed with 5 or 10 µg Cas9 protein (Alt-R® S.p. Cas9 Nuclease V3, IDT) into ribonucleoproteins (RNPs). RNPs were introduced into the cells by electroporation using an Amaxa 4D-Nucleofector (Lonza Bioscience). To obtain knockout clones, cells from both the lower and higher concentration RNP electroporations were seeded by limiting dilution. After expansion, genomic DNA was extracted from seven clones using a QIAamp DNA mini kit (Qiagen). The edited locus was amplified using KAPA HiFi Hot start polymerase (Roche) and specific oligos for CTNND2 (5’- GTAACTATGCTCTTCAAGGGTAC-3’ and 5’-GGGACGGAGTGAAATGGATAA-3’). PCR products were purified and subsequently Sanger sequenced (Eurofins Genomics). Sequencing traces were deconvoluted by DECODR software v3.0. Sequencing analysis identified a 55-bp deletion as expected. Three clones were selected, characterized, and used for the study: KO#1 exhibited heterozygosity for the deletion, while KO#2 and KO#3 were homozygous. The CRISPR-induced deletion was also confirmed in RNA-seq reads (Fig. 4A).
  
Generation of neuroepithelial-like stem cell (NESC) lines
NESCs were generated and established from the nine iPSC lines (Table S2) as previously described with dual-smad inhibition protocol (Chambers et al. 2009) with some modifications (Calvo-Garrido et al., 2021). A well-established iPSC culture was treated with hNoggin (500 ng/ml Peprotech), TGFB-inhibitor SB431542 (10 μM, STEMCELL Technologies), and GSK3 inhibitor CHIR (3.3 µM) for 12 days to induce neural differentiation. CHIR was maintained throughout the induction, hNoggin from day 1 to day 10 and SB431542 only for the first 4 days. On day 5 of induction, cells were replated on plates coated with 5 µg/mL Laminin-521 (BioLamina). On day 12, induced cells were plated at high density (40,000 cells/cm2) onto plates coated with 0.1 mg/ml poly-L-ornithine (Sigma-Aldrich), 1 μg/ml laminin L2020 (Sigma-Aldrich), and 5 µg/mL Laminin-521. NESC medium consisted of DMEM/F-12 GlutaMAX supplemented with N2 1%, B27 (0.1%), FGF2 (10 ng/ml), and Pen/Strep all from Invitrogen and EGF (10 ng/ml; Peprotech). Established NESC lines were cultured as adherent monolayers on poly-L-ornithine/Laminin 2020 coated plates, passaged at the ratio of 1:3 every third day with TrypLE Express, and frozen in the NESC medium containing 10% DMSO. For the RNA-seq analyses, P0 refers to cells collected on day 12 of neural induction, when the induced cells were replated in NESC medium, and P6 to established NESC lines after six passages.

Immunofluorescence staining
The cultured cells were fixed with 4% paraformaldehyde (PFA) for 20 minutes at room temperature, washed three times with PBS, and incubated in blocking buffer (1% (w/v) bovine serum albumin (BSA) and 0.5% (v/v) Tween-20 in PBS) for 30 minutes at room temperature. Samples were then incubated overnight with the primary antibodies diluted in blocking buffer at 4°C (Additional File1: Table S4). After three washes with washing buffer, the samples were incubated with the appropriate fluorophore-conjugated secondary antibodies diluted in blocking buffer at room temperature for 1 hour. Following three additional washes (5 minutes each) with washing buffer, the samples were stained with DAPI and washed again with the washing buffer, and fluorescence images were acquired using a Zeiss LSM 700 confocal microscope. For CTNND2 immunofluorescence quantification, 3–5 differentiation experiments were analyzed per cell line. Nine sections were quantified per differentiation, and the mean fluorescence intensity was calculated for each experiment. Statistical comparisons were performed using two-side unpaired t-test with Bonferroni correction for multiple testing.
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