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Neurodevelopmental disorders are major indications for genetic referral and have been linked to more than 1500 loci in
cluding genes encoding transcriptional regulators. The dysfunction of transcription factors often results in characteristic 
syndromic presentations; however, at least half of these patients lack a genetic diagnosis. The implementation of machine 
learning approaches has the potential to aid in the identification of new disease genes and delineate associated 
phenotypes.
Next generation sequencing was performed in seven affected individuals with neurodevelopmental delay and dysmorph
ic features. Clinical characterization included reanalysis of available neuroimaging datasets and 2D portrait image ana
lysis with GestaltMatcher. The functional consequences of ZSCAN10 loss were modelled in mouse embryonic stem 
cells (mESCs), including a knockout and a representative ZSCAN10 protein truncating variant. These models were char
acterized by gene expression and western blot analyses, chromatin immunoprecipitation and quantitative PCR (ChIP- 
qPCR) and immunofluorescence staining. Zscan10 knockout mouse embryos were generated and phenotyped.
We prioritized bi-allelic ZSCAN10 loss-of-function variants in seven affected individuals from five unrelated families as 
the underlying molecular cause. RNA-sequencing analyses in Zscan10−/− mESCs indicated dysregulation of genes related 
to stem cell pluripotency. In addition, we established in mESCs the loss-of-function mechanism for a representative hu
man ZSCAN10 protein truncating variant by showing alteration of its expression levels and subcellular localization, inter
fering with its binding to DNA enhancer targets. Deep phenotyping revealed global developmental delay, facial 
asymmetry and malformations of the outer ear as consistent clinical features. Cerebral MRI showed dysplasia of the semi
circular canals as an anatomical correlate of sensorineural hearing loss. Facial asymmetry was confirmed as a clinical fea
ture by GestaltMatcher and was recapitulated in the Zscan10 mouse model along with inner and outer ear malformations.
Our findings provide evidence of a novel syndromic neurodevelopmental disorder caused by bi-allelic loss-of-function 
variants in ZSCAN10.
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Introduction
Major congenital anomalies are observed in 2%–5% of live births and 

are often accompanied by developmental delay (DD) and intellectual 

disability (ID).1 These syndromic forms of neurodevelopmental dis

orders are among the most common indications for genetic referral 

and represent a heterogenous group of conditions that can severely 

affect a child’s development. To date, more than 1500 loci have been 
linked to syndromic and non-syndromic forms of DD/ID, which col
lectively have a global prevalence of approximately 1%.2,3 While di
verse mechanisms can cause neurodevelopmental disorders, 
pathogenic genetic variation in developmentally important genes 
has a major contribution.4,5 Some of these genes encode transcrip
tional regulators, and individuals affected with these disease entities 
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often present with numerous clinical features in addition to DD/ID 
such as organ malformations and facial abnormalities.6

The largest human transcription factor family, the zinc finger 
proteins, contains >800 members, several of which are associated 
with syndromic neurodevelopmental disorders, e.g. GLI3: OMIM 
#175700; ZIC1: OMIM #618736; and ZNF462: OMIM #618619.7-11

ZSCAN10 (also known as ZFP206: OMIM *618365) encodes a human 
zinc finger-transcription factor of the C2H2 zinc finger subfamily 
with an additional N-terminal SCAN domain (Fig. 1).8,12 It is ex
pressed in human embryonic stem cells where it is believed to func
tion in the maintenance of pluripotency within the transcriptional 
network of other transcription factors like OCT4, SOX2 and 
NANOG.13-16 Compatible with a predominant role in early embry
onic development ZSCAN10 mRNA expression decreases with age 
but remains postnatally detectable in the brain, testis and pituitary 
gland.17,18

Here, we report seven affected individuals from five families 
with a clinically recognizable form of syndromic DD/ID due to 
bi-allelic loss-of-function variants in ZSCAN10 (Fig. 1).

Materials and methods
Clinical assessment

Clinical data were provided by the primary physicians. Consent to 
publish images was obtained from legal guardians. All procedures 
were performed in accordance with the Declaration of Helsinki 
(Supplementary material).

Genetic studies

After obtaining written informed consent, exome or genome se
quencing was performed as previously described (Supplementary 
material).19,20 Assembly of this international collaborative study 
cohort resulted from personal communication between collabora
tors (Families F4 and F5) and was facilitated by GeneMatcher 
(Family F3).21 Runs of homozygosity were evaluated using GSvar 
(https://github.com/imgag/ngs-bits/blob/master/doc/GSvar/roh_an 
alysis.md). The possibility of shared ancestry was evaluated based 

Figure 1 Pedigrees of investigated families and structure of ZSCAN10. (A) Pedigrees of five families with pathogenic variants in ZSCAN10, illustrating 
affected (filled symbol), healthy (open symbol) family members. Heterozygous carriers are indicated (open symbols containing central dot). Unaffected 
siblings and fetuses were not tested unless indicated. Families F5a and F5b were remotely related. Individual F5b:II.1 exhibited thalassaemia minor as 
an additional phenotype. Individual F5b.II.2 was intentionally aborted due to genetically confirmed thalassaemia major (asterisk); the fetus was a car
rier of the c.1456C>T variant in ZSCAN10. (B) Structure of ZSCAN10 and the encoded protein with known domains and position of identified variants. 
aa = amino acid; CDS = coding sequence.
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on the available sequencing datasets by manual inspection of gen
otypes in the genomic region surrounding the ZSCAN10 locus.

Zscan10 knockout in mouse embryonic stem cells

Feeder-free HM1 mouse embryonic stem cells (mESCs) used in this 
study were previously described.22 HM1 mESCs were grown in 
standard medium [Dulbecco’s modified Eagle medium supplemen
ted with 15% fetal bovine serum (FBS), ES-qualified, (ThermoFisher 
Scientific, 16141-079), 1000 U/ml leukemia inhibitory factor 
(Millipore), 1× Minimum Essential Medium Non-Essential Amino 
Acids solution, 1 mM of sodium pyruvate, 1× GlutaMAX™ supple
ment, 1× penicillin and streptomycin and 0.1 mM of 2-mercap
toethanol] supplemented with 1 µM MEK1/2 inhibitor (PD0325901, 
Sigma) and 3 µM GSK3 inhibitor (CHIR99021, Sigma). Cells were 
grown on 0.2% gelatinized (Sigma, G1890) tissue culture plates or 
dishes.

The clustered regularly interspaced short palindromic repeats 
(CRISPR)/Cas9 system was used to knock out exon 2 of Zscan10 
to generate Zscan10−/− mESCs as previously described.23 The 
guide RNAs (gRNAs) were designed using CRISpick (https:// 
portals.broadinstitute.org/gppx/crispick/public) and synthesized 
by biomers (www.biomers.net). Two guide RNAs targeting the up
stream and downstream of Zscan10 exon2 were picked up and sub- 
cloned into the pX459 vector (upstream gRNA1: ATACTGCGTTAA 
GATCTGAC; downstream gRNA2: AGAGGTGAGTGGAAAGAAAC). 
PCR and Sanger sequencing were used to select the positive cell 
clones (forward primer: ACTCCTGGTCCTCTAGACTC; reverse pri
mer: CTAGCTATGCTCACTGCCTT) (Supplementary Fig. 1).

RNA-sequencing and expression analysis

RNA-sequencing (RNA-seq) and data analysis were performed as 
previously described.24 A total of 100 ng total RNA extracted from 
mESCs was subjected to polyA enrichment and cDNA sequencing 
libraries were prepared using a NEBNext Ultra II Directional RNA 
Library Preparation Kit for Illumina (NEB, E7760L). Libraries were se
quenced as paired-end reads on a NovaSeq6000 (Illumina) with at 
least 20 million reads each. After quality control, RNA-seq data 
were aligned using HISAT2 (version 2.2.1) to Ensemble Mouse 
GRCm38 (mm10). Normalized read counts for all genes were ob
tained using featureCount (v3.18.1). Differentially expressed genes 
[false discovery rate (FDR) < 0.05] were determined in comparisons 
between experimental and control groups using Differential 
Expression Analysis for Sequence Count Data (DESeq, v1.22.1).

Characterization of the impact of the human 
ZSCAN10 c.1456C>T variant

The human wild-type ZSCAN10 cDNA was purchased from 
Genscript (OHu73812D) and PCR amplified and subcloned into 
pcDNA3/C-SF vector using HindIII and EcoRI.23 The ZSCAN10 
c.1456C>T variant cDNA was obtained using PCR amplification of 
the first 1455 bp coding region of the full-length ZSCAN10 cDNA, en
coding the first 485 amino acids of the ZSCAN10 protein. The mu
tant ZSCAN10 cDNA was subcloned into the pcDNA3/C-SF vector 
using HindIII and EcoRI. The full-length ZSCAN10 (ZSCAN10 full) 
and c.1456C>T ZSCAN10 (ZSCAN10 485) expression vectors were 
transfected into mESCs using Lipofectamine 2000 (Invitrogen). 
Forty-eight hours after transfection, the cells were harvested for 
western blot analysis, immunofluorescence staining and chroma
tin immunoprecipitation and quantitative PCR (ChIP-qPCR) ana
lysis (Supplementary material).

GestaltMatcher analysis

We analysed facial similarities among affected subjects with con
firmed genetic disorders harbouring pathogenic variants in string 
interacting genes including ZSCAN10, CHD7, PBX1, SALL4 and 
SMAD4 using GestaltMatcher.25,26 The dataset consisted of 90 front
al images in total. 2D images of five subjects with ZSCAN10 defi
ciency (Individuals F1:II.6, F2:II.2, F2:II.3, F3:II.1 and F5B:II.1) were 
available for facial analysis (Supplementary Table 2). 
GestaltMatcher was first trained on 3438 images with 139 different 
disorders from the GestaltMatcher database to learn the facial dys
morphic features and later encoded each image into a 
320-dimensional facial phenotype descriptor (FPD). The FPDs 
formed a Clinical Face Phenotype Space, and the facial syndromic 
similarity was quantified by the cosine distance between two 
FPDs in the space. We performed t-distributed stochastic neighbour 
embedding to visualize the 90 FPDs in 2D space and expanded the 
model to recognize facial asymmetry (Supplementary Table 3).27

Dysmorphism analyses in mouse embryos

We used mice homozygous for a gene targeting Zscan10 allele gen
erated by homologous recombination in ESCs using the knockout- 
first allele method,28 adopting a strategy identifying exon 6 
common to all transcripts of Zscan10. This strategy perturbs the ex
pression of the targeted gene by inclusion of a large LacZ cassette in 
the upstream region of exon 6 that interferes with transcription 
producing the Zscan10tm2a(EUCOMM)Wtsi constitutive knockout 
allele. The mouse model was validated according to standardized 
quality control procedures (https://www.mousephenotype.org/ 
data/alleles/qc_data/mouse/MDNC/).

Episcopic image stacks were obtained from the Deciphering the 
Mechanisms of Developmental Disorders (DMDD) consortium for 
morphometric analysis as described previously.29,30 Ten paired land
marks and six unpaired landmarks were digitized three times on the 
3D surface of each head surface using the R package digit3DLand 
(https://github.com/morphOptics/digit3DLand). Morphometric ana
lysis with a focus on facial asymmetry was performed blinded for 
the genotype using 26 well-defined landmarks on mouse 3D surface 
meshes including 10 midline structures and 16 lateral/medial struc
tures. For inner ear reconstructions, 22 points were digitized on the 
manually segmented models. A full generalized Procrustes superim
position with object symmetry was performed using the R package 
Morpho.31 A Procrustes ANOVA for object symmetry was computed 
to estimate fluctuating asymmetry (FA) and the among-individuals 
variance.32,33 The sum of squares of these variance components was 
decomposed according to the genotypes. FA was defined according 
to the following equation: FA = 2(mean squareindividual × side − mean 
squareerror) (Supplementary material).

Results
Genetic characterization

Genetic diagnostic testing failed to identify pathogenic or likely 
pathogenic variants in established disease genes that have been 
associated with the affected individuals’ clinical phenotypes. 
However, a subsequent search for genes carrying ultra-rare, pre
dicted protein-truncating variants (PTVs) prioritized compound het
erozygous or homozygous variants in ZSCAN10 in all seven affected 
individuals (Fig. 1 and Table 1). No homozygous PTVs in ZSCAN10 
were listed in gnomAD (v2.1.1) or in-house databases. Carrier testing 
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on available family members showed full co-segregation of the 
ZSCNA10 variants with the clinical phenotype (Fig. 1).

From the four unique ZSCAN10 variants identified, only the stop 
variant c.1456C>T, p.(Gln486*) was listed in gnomAD (v2.1.1; 17 
times in a heterozygous state in the South Asian cohort corre
sponding to a minor allele frequency of 7 × 10−4 in this subpopula
tion.). This change was observed in a homozygous state in 
five affected individuals from Families F2, F4 and F5, originating 
from neighbouring geographic regions in Iran and Pakistan. 
Concordant with the reported consanguinity in Families F2 and 
F5, we detected extended runs of homozygosity (∼2.5 Mb to 
∼8.1 Mb) encompassing ZSCAN10 and harbouring the same homo
zygous common variants over a 1.9 Mb region. These data are in 
line with a distant shared ancestry among these families.

In silico prediction of loss of ZSCAN10 function

Based on in silico predictions, loss of ZSCAN10 function is the likely 
pathomechanism for the identified disease alleles (Fig. 1 and 
Supplementary Fig. 1). The ZSCAN10 transcription unit is composed 
of six exons including a first non-coding exon. The last exon, exon 6, 
is very large and contains 66% (518 out of 780 amino acids) of the pro
tein, including all 14 C2H2-type zinc finger motifs. Notably, all identi
fied variants were PTVs located within exon 6, with the most 5′ 
variant, the 1 bp deletion c.1112del, being located 160 bp down
stream of the last exon-exon junction and the most 3′ variant, the 
1 bp deletion c.2050del, being located 293 bp upstream of the termin
ation codon. According to the rules governing nonsense-mediated 
mRNA decay (NMD), the localization of a PTV downstream of the 
last exon-junction complex (more specifically, no further upstream 
than 50–55 nucleotides before the last exon-exon junction) 
and the presence of very long exons lead to reduced NMD effi
ciency.34,35 However, NMD predictions differ between e.g. the most 
upstream and downstream PTVs identified (NMDEscPredictor; 
Supplementary Fig. 1), and the question of whether aberrant tran
scripts escape NMD or not at endogenous expression levels could 
not be investigated for lack of a suitable model system. In case aber
rant ZSCAN10 mRNAs escape NMD, translation might result in pre
maturely truncated polypeptides missing 13% to 56% of the 
C-terminal wild-type protein sequence. This region contains the 14 
highly conserved C2H2-type zinc finger motifs (encoded by amino 
acids p.347–p.779), and even the most downstream PTV c.2050del, 
p.(His684Thrfs*153) alters nearly a third of them (motifs 11–14). 
These considerations together with the autosomal recessive inter
heritance patterns are in line with the hypothesis that loss of 
ZSCAN10 function is the likely consequence and pathomechanism 
of the identified disease alleles (Fig. 1).

Altered expression of stem cell marker genes in 
mouse embryonic stem cells due to loss of ZSCAN10

To further model the loss-of-function consequences in embryonic 
development, we generated Zscan10−/− mESCs lines using the 
CRISPR/Cas9 technique with two gRNAs targeting upstream and 
downstream sequences of exon 2 in which the translational start 
site (ATG) is located (Fig. 2A). RNA-seq confirmed loss of exon 2 ex
pression in Zscan10−/− mESCs cell lines (Fig. 2A). The expression of 
other exons was also decreased (Fig. 2A), which might be due to 
NMD. RNA-seq analysis detected 1310 differentially expressed 
genes, of which 710 genes were downregulated and 600 genes were 
upregulated (FDR < 0.05) (Fig. 2B). KEGG pathway analysis revealed 
that the significantly affected pathway of the downregulated genes 

is ‘ATP-dependent chromatin remodeling’, while the significantly af
fected pathway of the upregulated genes is ‘oxidative phosphoryl
ation’. When comparing the differentially expressed genes with 
ZSCAN10 target genes in mESCs,36 we observed that some of these 
genes related to stem cell pluripotency and differentiation were dys
regulated, including Pou5f1, Sall4, Mtf2, Hoxb13 and Meis2 (Fig. 2B).36

This observation supports the function of ZSCAN10 in maintaining 
ESC pluripotency and regulating their differentiation.

Impact of human ZSCAN10 protein truncating 
variant on subcellular distribution and DNA binding

Next, we sought to investigate the mechanism by which the identi
fied variants could affect the biological function of ZSCAN10. We first 
generated a wild-type human ZSCAN10 expression vector and a mu
tant ZSCAN10 expression (c.1456C>T) vector (Fig. 2C). The ZSCAN10 
c.1456C>T variant was found in many families in our cohort (Fig. 1) 
and was therefore considered representative of the pathomechan
ism. Western blot analysis confirmed the expression of both the full- 
length ZSCAN10 vector (ZSCAN10 full) and the c.1456C>T variant 
ZSCAN10 (ZSCAN10 485) vector (Fig. 2C). As POU5F1 is a critical target 
gene of ZSCAN10 (also known as ZFP206),36 we next performed 
ChIP-qPCR to show ZSCAN10 binding on mouse Pou5f1 gene pro
moter using an anti-flag antibody and mESCs transfected with differ
ent ZSCAN10 vectors. We observed that wild-type ZSCAN10 
(ZSCAN10 full) strongly bound to Pou5f1 promoter but the mutant 
ZSCAN10 (ZSCAN10 485) lost its binding activity on the Pou5f1 pro
moter (Fig. 2D). RNA-seq analysis also confirmed decreased expres
sion of Pou5f1 in Zscan10−/− mESCs (Fig. 2E and Supplementary 
material). In addition, we performed immunofluorescence staining 
to determine the subcellular distribution of the wild-type and mutant 
ZSCAN10. This analysis revealed that the wild-type ZSCAN10 
(ZSCAN10 full) was mainly localized in nuclei, whereas the mutant 
ZSCAN10 (ZSCAN10 485) protein was mainly distributed in the cyto
plasm. This observation supports the notion that the ZSCAN10 
c.1456C>T variant disrupts the nuclear transportation of the encoded 
truncated protein, which could also explain why the mutant 
ZSCAN10 protein has lost DNA binding to the Pou5f1 promoter. 
These experimental data further substantiate the predicted detri
mental impact of the identified variants and that loss-of-function is 
the likely pathomechanism underlying ZSCAN10-associated disease.

Clinical phenotype

Pregnancy and birth measurements were reportedly normal in all 
individuals. However, due to variable congenital abnormalities in
cluding outer ear (7/7) and inner ear malformations (2/2 MRI data
sets available for reanalysis) with variable hearing impairment 
(4/5), microgenitalia (2/7), heart defects (1/7) and cleft palate (1/7), 
all individuals underwent further medical examination after birth. 
Common dysmorphic features noted in most of the affected indivi
duals (5/7) were facial asymmetry with unilaterally reduced facial 
movements or hypotonic facies, down slanting palpebral fissures 
and prominent epicanthic folds (Fig. 3). The dysmorphic facial 
features were highly consistent among the affected individuals, al
though of variable degrees. In Individuals F1:II.6 and F3:II.1 bilateral 
semicircular canal (SCC) dysplasia was diagnosed by cranial MRI 
(Fig. 3 and Table 1), but no other cerebral anomalies were identified. 
Evaluation of MRI data for soft tissues and bones revealed a subtle 
osseous asymmetry of the skull and midface. Uni- or bilateral hear
ing impairment or complete sensorineural hearing loss (SNHL) was 
confirmed in four individuals (4/5), however, vertigo or imbalance 
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were not reported. Motor development of the children was marked
ly delayed. Individual F4:II.2 did not achieve unsupported walking. 
All affected individuals had a mild to severe cognitive impairment. 
Five of them showed delayed or minimal speech development and 
two individuals did not develop expressive language. Individuals 
F1:II.6 and F5A:II.3 exhibited behavioural abnormalities with autis
tic features, and Individual F1:II.6 developed excessive hyperpha
gia. Laboratory findings were unremarkable besides transiently 
elevated transaminases in Individual F1:II.6.

GestaltMatcher analysis

To validate the clinical finding of facial asymmetry in ZSCAN10 de
ficiency, we used the GestaltMatcher approach, an encoder for por
traits.25 This analysis recapitulated the facial asymmetry as a 
clinical feature in all individuals. We observed that the subjects 
with ZSCAN10 deficiency were not highly similar to each other, 
except Individuals F2:II.2 and F2:II.3, who are siblings (Fig. 3). 
Comparing subjects with ZSCAN10 deficiency with other genetic 
disorders associated with string interactors of ZSCAN10 (PBX1: 
OMIM #617641; SALL4: OMIM #607323; and SMAD4: OMIM #139210) 
or suggested interacting factors (CHD7: OMIM #214800)37

(Supplementary Table 2), the clusters of individuals harbouring 
pathogenic variants in ZSCAN10 and CHD7 partially overlapped 
(Fig. 3). Individuals F1:II.6 and F3:II.1 showed a high degree of simi
larity and Individual F5b:II.1 also showed a certain degree of simi
larity to individuals with CHD7-associated CHARGE syndrome. 
This finding is consistent with the initial assessment of clinicians 
who considered CHARGE syndrome as a differential diagnosis. 
We then hypothesized that the similarity between ZSCAN10 and 
CHD7 might result from the phenotypic feature of facial asym
metry. To investigate this aspect further, we designed an experi
ment for this particular phenotypic feature (Supplementary 
material). After training the model, we tested it on the validation 
set of 50 images and six images of subjects with ZSCAN10 defi
ciency. The classification accuracy of the validation set was 82% 
(41/50 correct), indicating that the network learned to recognize 
the phenotypic feature of facial asymmetry. Moreover, all six 
ZSCAN10 frontal images were correctly classified.

Zscan10 knockout mouse model

Guided by clinical findings in human, we performed expanded 
imaging analyses to study the involvement of Zscan10 in murine 

Figure 2 Characterization of Zscan10 in mouse endothelial stem cells and its functional impact. (A) Top: Schematic diagram showing the strategy to 
knock out the Zscan10 gene in mouse endothelial stem cells (mESCs). Two gRNAs targeting upstream (gRNA1) and downstream (gRNA2) of Zscan10 
exon 2 were used to knock out exon 2 of the Zscan10 gene in mESCs. Bottom: RNA-sequencing (RNA-seq) data coverage plot showing the expression 
of the Zscan10 gene in wild-type and Zscan10 knockout mESCs (Zscan10−/−). Exon 2 of Zscan10 is lost in Zscan10−/− cell lines (grey shaded area). (B) 
Volcano plot showing the differentially expressed genes (DEGs) in Zscan10−/− mESCs compared with control mESCs, including 710 downregulated genes 
and 600 upregulated genes. The genes regulated by Zscan10 and related to pluripotency and differentiation of ESCs are labelled. FC = fold-change; FDR  
= false discovery rate. (C) Top: Schematic diagrams showing the structures of wild-type ZSCAN10 (ZSCAN10 full) and ZSCAN10 c.1456C>T variant (ex
pressing only the first 485 amino acids of the ZSCAN10 protein) expression vectors. Bottom: Representative western blot showing expression of 
ZSCAN10 full and ZSCAN10 485 protein. (D) Chromatin immunoprecipitation and quantitative PCR (ChIP-qPCR) shows the binding affinity of 
ZSCAN10 full, ZSCAN10 485 mutated protein on the Pou5f1 promoter in different vector transfected mESCs. Empty vector transfected mESCs were 
used as a negative control. ****P < 0.0001. (E) RNA-seq data coverage plot showing the expression of the Pou5f1 gene in wild-type and Zscan10−/− 

mESCs. Chr17 = chromosome 17. (F) Representative images of immunofluorescence staining show the subcellular distribution of ZSCAN10 full and 
ZSCAN10 485 proteins. The wild-type ZSCAN10 protein (ZSCAN10 full) is located mainly in the nucleus, whereas the mutant ZSCAN10 protein 
(ZSCAN10 485) is located mainly in the cytoplasm.
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embryonic development. We used mice homozygous for a 
gene targeting the Zscan10 tm2a allele (Zscan10tm2a(EUCOMM)Wtsi) 
(Supplementary material).28 We acquired 3D facial datasets from 
three homozygous Zscan10-deficient mice at embryonic Day 14.5 

and three matched wild-type controls.29 Symmetric and asymmet
ric shape variations were obtained and observed differences (both 
within FA or between individuals) were large and significant using 
Fisher’s F-test (Fig. 4B). Principal component analysis (PCA) of 

Figure 3 Facial dysmorphisms and neuroimaging findings in subjects with ZSCAN10 deficiency. (A) Dysmorphic features in ZSCAN10 deficiency in
clude facial asymmetry (Individual F1:II.6 and F3:II.1) with reduced facial movements, outer ear malformations, down slanting palpebral fissures and 
prominent epicanthic folds. (B) MRI-based 3D reconstruction of the inner ear. Right (R) and left (L) inner ear reconstructions showing bilateral aplasia of 
the horizontal semicircular canals (SCC) and dysplasia of the vestibule in Individual F1:II.6 and SCC dysplasia in Individual F3:II.1 as well as a healthy 
individual as the control. (C) 2D visualization of 90 images from individuals with pathogenic variants in ZSCAN10, CHD7, PBX1, SALL4 and SMAD4 by 
t-distributed stochastic neighbour embedding.
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Figure 4 Facial dysmorphism in Zscan10-deficient mouse embryos. (A) Twenty-six surface landmarks (10 paired in black plus six unpaired in orange) 
were affixed in triplicates on three independent wild-type (WT) and three Zscan10−/− embryonic Day (E)14.5 embryos. (B) Among-individual Procrustes 
variance32 and fluctuating asymmetry (FA). Variance (VAR) estimates were multiplied by 104 and FA by 105. (C) Principal components of symmetric vari
ation. Left: Coloured meshes correspond to variation (negative–positive) along PC1 (left) or PC2 (right). Blue corresponds to contraction and red to expan
sion compared with the opposite side, i.e. the shape on left corner corresponds to the shape inferred for the negative PC2 and indicates the deviation 
from the shape on its right; for instance, in the knockout (KO) there is a relative opening of the ear compared with the WT. Right: Colours correspond to 
individuals (three replicates per individual): filled circles represent KO individuals and crosses represent WT individuals. (D) Differences between sym
metric averages. Shape corresponds to the least-squared (LS) means of the KO and the colours show the expansion38 or contraction (blue) from the WT. 
Shape changes are very similar to PC2 (α = 18°) from C. (E) Representative head volumes for WT and Zscan10−/− E14.5 embryos showing smaller eye size 
and ear opening (white arrows). (F) Principal components of asymmetric variation indicate that Zscan10-deficient and WT mice appear to have very 
different asymmetry patterns, with Zscan10-deficient mice displaying larger and more fluctuating deviations. (G) Principal components of inner ear 
reconstitution. Average reconstitutions were computed and overlayed (grey for WT and blue for Zscan10−/−) showing a mild difference between 
Zscan10-deficient and WT mice with PC2 accounting for 20% of the variance corresponding to a misalignment of one of the semicircular tubes and 
a shortening of the cochlea (black arrow).
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symmetric shape variation showed that PC2, which describes skull 
shape, relative eye size and ear opening, consistently opposed 
Zscan10-deficient to wild-type mice (Fig. 4C–F). We next assessed 
the ear malformation phenotype from the generalized Procrustes 
analysis of 22 landmarks on the 3D inner-ear model. We detected 
a mild difference between Zscan10-deficient and wild-type mice, 
with PC2 accounting for 20% of the variance corresponding to a mis
alignment of one of the semicircular canals and a shortening of the 
cochlea (Fig. 4G).

Discussion
The identification of four different bi-allelic PTVs in ZSCAN10 in se
ven affected members of five families establishes ZSCAN10 as a 
gene confidently implicated in this syndromic neurodevelopmen
tal disorder. Highly consistent phenotypic features include global 
developmental delay, behavioural abnormalities and variable facial 
asymmetry with outer and inner ear malformations leading to pro
found SNHL. Although the expression of ZSCAN10 decreases in the 
later stages of human embryonic development,13-16 residual ex
pression in the brain and testis may be associated with phenotypic 
features that include cognitive impairment and, in some cases, mi
crogenitalia and maldescended testis (Table 1).

ZSCAN10 is conserved in Boreoeutheria with 71.21% sequence 
identity shared between Homo sapiens (NP_116194.1) and Mus 
musculus (NP_001028597.2). The human ZSCAN10 gene has the 
same number of exons as the mouse orthologue, including five 
translated exons and one untranslated first exon. In line with the 
localization of the PTVs identified in affected individuals, exon 6 
and thus the zinc finger C2H2 domains were targeted in the mouse 
model investigated in this study.28 In a previously published mouse 
model, the Zscan10 knockout was induced by inserting a vector into 
intron 1 upstream of the ATG start codon.38 Both murine models 
had a C57BL/6 background and were expected to result in a com
plete knockout. Although they showed significant phenotypic over
lap, the observed embryonic lethality in homozygous knockouts 
was higher in our study (Supplementary material), possibly due to 
dietary differences or residual amounts of ZSCAN10 derived from 
alternative transcripts. Owing to embryonic lethality, we cannot 
provide a detailed comparison to the adult mouse phenotype that 
was published previously.38 The behavioural alterations reported 
by Kraus et al.38 in homozygous mutant mice showed similarities 
to the human phenotype but comparison remains difficult. Other 
morphological abnormalities in this mouse model (e.g. organ and 
eye malformations) were not observed in our clinical cohort. 
Unfortunately, analysis of facial asymmetry and inner ear were 
not performed in adult mice.38 However, findings on outer and in
ner ear malformations as well as facial asymmetry observed in 
the mouse model used in this study showed striking similarities 
to the human phenotype of ZSCAN10 deficiency. This suggested a 
high degree of conservation of involved transcriptional networks 
between mice and humans.

To date, the exact function of ZSCAN10 is still unclear. Its inter
action with SOX2 and OCT4 suggests an involvement in the pluri
potency of embryonic stem cells.12,14,39 Therefore quantification 
of ZSCAN10 transcripts has been proposed as a highly sensitive 
marker for the detection of undifferentiated human induced pluri
potent stem cells (iPSCs), rendering this assay an approach for 
quality control of iPSC-derived cell therapy products.40 Our obser
vations in mESCs outlined that loss of ZSCAN10 dysregulates sev
eral genes associated with pluripotency and differentiation of 

ESCs. Nevertheless, there is evidence suggesting that ZSCAN10 
might be dispensable for pluripotency of mESCs.41

Human ZSCAN10 has been characterized as a regulator of the 
exosome complex and has a proposed role in regulating glutathi
one homeostasis in aged iPSCs.17,42 Recently, an upregulation of 
ZSCAN10 expression in glioma cells was associated with an 
OCT4-dependent oncogene with excessive cell proliferation, and 
the authors proposed a role in the Wnt/β-catenin signalling path
way.43 Our functional studies in mESCs carrying a representative 
human protein truncating variant clearly indicated a critical effect 
on ZSCAN10 function altering its subcellular localization and im
pairing DNA binding, in particular to the string interacting genes. 
These in vitro observations strongly suggested that the identified 
bi-allelic variants in ZSCAN10 lead to a loss-of-function by activat
ing the NMD pathway and/or altering the subcellular distribution of 
a potentially resulting truncated ZSCAN10 protein.

Using the GestaltMatcher approach, we confirmed facial asym
metry as a recognizable core feature of ZSCAN10 deficiency. This 
suggested that clinical diagnosis may be supported by an artificial 
intelligence approach. In addition, the phenotypic overlap with 
other molecularly defined syndromes could provide insights into 
shared pathomechanisms. While OCT4 and NANOG have not 
been implicated in human disease, heterozygous de novo variants 
in SOX2 cause syndromic microphthalmia-3 (MCOPS3; OMIM 
#206900) characterized by eye malformations as well as extraocular 
manifestations including intellectually disability and hearing loss 
(Supplementary Table 4).44 Interestingly, while the overlap be
tween ZSCAN10- and SOX2-associated presentations seems to be 
currently limited to facial asymmetry in humans, mice homozy
gous for a gene trap Zscan10 allele were shown to phenocopy an 
eye malformation previously reported for Sox2 hypomorphs.38 In 
addition to the confirmed ZSCAN10 interaction partners, which 
are established (SOX2) or bona fide candidate disease genes (OCT4, 
NANOG), gene–disease associations have also been described for 
other interactors of ZSCAN10 annotated in STRING-DB. This in
cludes the transcription factors PBX1 (congenital anomalies of kid
ney and urinary tract syndrome with or without hearing loss, 
abnormal ears, or developmental delay; OMIM #617641), SMAD4 
(Myhre syndrome; OMIM #139210) and SALL4 (Duane-radial ray 
syndrome; OMIM #607323) (Supplementary Table 4).26 Common 
features of these disorders comprise developmental delay, asym
metric facial features and organ malformations. For PBX1-associated 
disease, malformations of the outer ears have been reported, which 
are reminiscent of the abnormalities observed in ZSCAN10 
deficiency.45 Notably, our investigation of Zscan10−/− mESCs 
showed a dysregulation of Sall4 outlining their string interaction. 
Furthermore, as also suggested by GestaltMatcher, the affected sub
jects share a high degree of facial similarity with CHD7-associated 
CHARGE syndrome (OMIM #214800; Fig. 3), which often comprises 
dysplasia of the SCCs.46 So far, no direct functional link between 
ZSCAN10 and CHD7 has been established in humans. However, 
it has been shown that CHD7 co-localizes with the transcription 
factors OCT4, SOX2 and NANOG, which are known interaction 
partners of ZSCAN10.47 In mice, Zscan10 and Chd7 are both re
ported to maintain pluripotency during early embryonic develop
ment as interacting factors within the same transcriptional 
network.37,48 Comparable to the Zscan10 knockout mouse model, 
Chd7 mice also show morphological abnormalities as well as em
bryonic lethality.49,50 Although further investigations using ap
propriate model systems are needed to define the molecular 
cascades that cause pathology, our study further supports the im
portance of ZSCAN10 in embryonic development.

2480 | BRAIN 2024: 147; 2471–2482                                                                                                                         L. Laugwitz et al.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awae058#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awae058#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awae058#supplementary-data


Data availability
Sequence datasets have been generated and contributed by different 
study sites and have not been deposited in a public repository due to 
varying local consent regulations. Depersonalized data and add
itional experimental data that this study is based on, can be provided 
upon request. All variants have been deposited into ClinVar (https:// 
www.ncbi.nlm.nih.gov/clinvar/) under Institute of Medical Genetics 
and Applied Genomics, University of Tübingen, including SUB11 
294153, SUB11294175, SUB11294201 and SUB11294215. RNA-seq 
data generated for this work have been deposited to GEO under ac
cession number GSE234680 (token: sdghqywezbexpol).

Web resources
The URLs for the data presented herein are as follows:

gnomAD server, https://gnomad.broadinstitute.org
The Human Protein Atlas, https://www.proteinatlas.org
GTEx Portal, https://gtexportal.org
Online Mendelian Inheritance in Man (OMIM), https://www. 

omim.org
Ensembl Variant Effect Predictor, https://www.ensembl.org/ 

Homo_sapiens/Tools/VEP
Combined Annotation Dependent Depletion, https://cadd.gs. 

washington.edu
UCSC, https://genome.ucsc.edu (UCSC Genome Browser on 

Human, GRCh38/hg38 Assembly)
STRING-DB, https://string-db.org (v11.5)
NMDEscPredictor, https://nmdprediction.shinyapps.io/nmde 

scpredictor/
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