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Abstract. The current study aimed to analyze the geno‑
type‑phenotype relationship in patients with variants of 
zinc finger E box‑binding homeobox 2 (ZEB2), which is a 
gene encoding a homeobox transcription factor known to be 
mutated in Mowat Wilson syndrome (MWS). Whole genome 
sequencing (WGS) was performed in 530 children, of whom 
333 had epilepsy with or without developmental delay and 
197 developmental delay alone. Pathogenic variants were iden‑
tified and verified using Sanger sequencing, and the disease 
phenotypes of the corresponding patients were analyzed for 
features of MWS. WGS was performed in 333 children with 
epilepsy, with or without developmental delays or intellectual 
disability and 197 children with developmental delay alone. 
A total of 4 unrelated patients were indicated to be hetero‑
zygous for truncating mutations in ZEB2. A total of three of 
these were nonsense mutations (novel Gln1072X and recurrent 
Trp97X and Arg921X), and one was a frameshift mutation 
(novel Val357Aspfs*15). The mutations have occurred de novo 
as confirmed by Sanger sequence comparisons in patients and 

their parents. All 4 patients exhibited signs of MWS, whereby 
the severity increased the closer a mutation was located to the 
amino terminus of the protein. The results suggest that the 
clinical outcome in MWS depends on the relative position of 
the truncation in the ZEB2 gene. A number of interpretations 
of this genotype/phenotype association are discussed in the 
present study.

Introduction

Mowat‑Wilson syndrome [MWS; Phenotype Mendelian 
Inheritance in Man (MIM) no. 235730] was first described 
in 1998 as a rare condition characterized by dysmorphic facial 
features, delayed motor development, intellectual disability 
and multisystem involvement (~1 among 50,000‑70,000 live 
births) (1). The typical facial features of MWS include hyper‑
telorism, horizontal wedge‑shaped eyebrows with medial 
flaring, deep‑set eyes, a broad nasal bridge, a prominent nasal 
tip, uplifted earlobes with a central depression, a prominent, 
pointed chin and prognathism  (2). Affected individuals 
display moderate to severe intellectual disability, and >70% of 
individuals with MWS develop epilepsy (3‑5). Multisystem 
structural anomalies include Hirschsprung disease (HSCR), 
genitourinary anomalies (hypospadias and renal tract anoma‑
lies), congenital heart defects and eye and brain abnormalities, 
including agenesis of the corpus callosum, ventriculomegaly 
and hippocampal and white matter abnormalities (6‑8). In addi‑
tion, individuals with MWS may develop microcephaly and 
a short stature as well as musculoskeletal anomalies (5,9,10). 
Due to this broad phenotypic spectrum and the varying 
degrees of disease severity, clinical diagnosis of MWS is often 
challenging but is facilitated by an analysis of the underlying 
genetic cause.

MWS has been demonstrated to be associated with 
de novo heterozygous loss‑of‑function alleles of zinc finger E 
box‑binding homeobox2 (ZEB2), which is a gene that was 
previously named ZFHX1B or SMAD interacting protein 1 
(SIP1; Gene/Locus MIM no.  605802) and is located on 
chromosome 2q22.3 (11,12). ZEB2 spans ~70 kb, comprises 
10 exons and 9 introns, and encodes ZEB2, also known as SIP1 
or SMAD interacting protein 1, which has been indicated to be 
associated with regulating the TGF‑β/BMP/SMAD signaling 
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cascade (12,13). Exon 1 is non‑coding, exon 2 contains the 
initiation codon and exon 10 encodes the homeodomain and 
the stop codon (3). ZEB2 is expressed in the majority of human 
tissues and is critical for the development and migration of 
neural‑crest cells (14), heart septation and midline develop‑
ment during early embryogenesis (15).

The ZEB2 protein contains a number of functional domains, 
including a nucleosome remodeling and deacetylase‑interac‑
tion motif, one zinc‑finger (ZF) cluster in the amino terminal 
region (N‑ZF), a SMAD binding domain, a homeodomain, a 
C‑terminal binding protein interacting domain, and one ZF 
cluster in the carboxyl terminal region (C‑ZF) (16).

ZEB2 acts as a transcriptional repressor, and one of its 
characterized targets is the E‑cadherin promoter, with the 
ZEB2 C‑ZF being necessary for proper DNA‑binding and 
transactivation activities  (17). Given the complex domain 
structure of the protein, it is likely that besides N‑ and C‑ZF, 
other domains may also serve important roles in target gene 
regulation and consequently embryonic development.

Up to date, >220 pathogenic variants of ZEB2 have been 
associated with MWS, including point mutations, deletions, 
duplications and large chromosomal rearrangements according 
to the Human Gene Mutation Database (HGMD) (18). Previous 
studies have demonstrated that patients with ZEB2 deletions 
and truncations exhibit similar phenotypic severities, but those 
with larger deletions have more severe phenotypes compared 
with those with smaller deletions (19,20). It is still unclear, 
however, to what degree the variable MWS phenotypes are 
influenced directly by the nature of the corresponding ZEB2 
mutation. The analysis of genotype/phenotype associations in 
MWS is therefore required. For the majority of children with 
MWS, the facial features are not obvious during the early 
postnatal period but start to develop with increasing age (4). 
Therefore, early on, the identification of a ZEB2 mutation 
may be the only way to confirm a suspicion of MWS and 
to distinguish MWS from other genetic disorders such as 
Goldberg‑Shprintzen megacolon syndrome (Phenotype MIM 
no. 609460), with which MWS shares some clinical features 
but which is caused by variants of a different gene.

The current study described the identification of two 
previously described and two novel de novo mutations in 4 
unrelated children and associate their specific mutations with 
their distinct phenotypes.

Materials and methods

Patients. The current study assessed two cohorts of patients 
from the Shenzhen Children's Hospital (Shenzhen, China) 
between October 2016 and December 2017. The inclusion 
criteria were: i) Diagnosis of epilepsy based on International 
League Against Epilepsy criteria (ILAE2017) (21); ii) patients 
presented with developmental delays or intellectual disabilities; 
and iii) age <18 years. The exclusion criterion was that indi‑
viduals with acquired brain injuries, including head trauma, 
brain tumors, central nervous system infections, immune 
encephalitis and cerebrovascular pathological changes. Cohort 
A included 333 patients (sex, 197 males and 136 females) who 
presented with epilepsy and whose ages ranged from 1 month 
to 17 years (median age, 4.4 years). Of these, 209 also exhib‑
ited developmental delays or intellectual disabilities. Cohort B 

included 197 patients (sex, 112 males and 85 females) who 
presented with developmental delays or intellectual disabilities 
but not epilepsy (age range, 3 months to 16 years; median age, 
5.6 years). DNA samples from the patients and their parents 
were collected. The four patients in whom ZEB2 mutations 
were identified underwent a general medical examination, 
which included physical examination, doppler ultrasound of 
the heart and urinary system, abdominal X‑ray, electrocardio‑
gram, gas chromatography‑mass spectrometry (GC/MS) (22), 
which has been widely used in metabolomics analyses of 
biofluid samples, tandem mass spectrometry (MS/MS) (23), 
which is the fundamental platform technology for proteomics, 
and as a major technology for peptide sequencing. Both GC/MS 
and MS/MS were used in the screening of metabolic diseases 
in the present study. In addition, a detailed clinical assessment 
of their epilepsy that included electroencephalogram  (24) 
and MRI brain studies (25). Their developmental and general 
medical history and medical records were reviewed. Written 
informed consent was obtained from all parents or legal 
guardians of the patients. The current study was approved by 
the Ethics Committee of the Shenzhen Children's Hospital 
(reference no. 2017014).

Whole genome sequencing, variant identification and 
validation. Genomic DNA was isolated from probands' 
peripheral leukocyte with the QIAamp DNA Blood Mini Kit 
(Qiagen GmbH), according to the manufacturer's protocol. 
Leukocyte DNA was also obtained from the parents of the 
four probands. Sample collection from the adult participants 
was performed in Shenzhen Children's Hospital (Shenzhen, 
China) at the same time with the probands between 
December 12th, 2016 and May 5th, 2017. Totally, eight parents 
(sex, four males and four females) participated in the study 
(age range,  30‑40  years; median age,  34  years). Whole 
genome sequencing was conducted using the BGISEQ‑500 
platform (cat.  no.  1000005478; BGI  Group) performing 
paired‑end, 100 bp (PE100) sequencing as described previ‑
ously (26). Deep sequencing data were aligned to the reference 
GRCh37 build  (hg19), and variants were called using the 
Edico Dragen analysis pipeline  (27). The Edico Genome's 
Dragen Bio‑IT Platform is based on the Dragen  Bio‑IT 
Processor, a bioinformatics application‑specific integrated 
reference‑based mapping, aligning, sorting, de‑duplication 
and variant calling system  (28). Variants were annotated 
using bcfanno (v1.4; https://github.com/shiquan/bcfanno) in 
Frequency data [The Exome Aggregation Consortium (29), 
the Genome Aggregation Database (GnomAD; v2.1.1) (30), 
and 1000Genomes (G1000)  (31)] and gene‑disease data 
[ClinVar (32), Clinical genomic database (33), Online MIM 
(OMIM)  (34) and HGMD  (35)]. The predictive programs 
SIFT (v 5.2.2) (36), Polyphen2 (v2.2.2) (37), MutationTaster 
(NCBI 37/Ensembl 69)  (38) and PROVEAN (v1.1.5)  (39) 
were used to access the pathogenic potential of the vari‑
ants. Human Phenotype Ontology (HPO) items were used 
to prioritize candidate genes using Phenolyzer (40), which 
incorporates a list of gene‑disease databases, compiled from 
several data sources, including OMIM, Orphanet (41), ClinVar 
and Genome Wide Association Studies Catalog (42). Rare 
variants [<1% minor allele frequency in G1000, ExAC‑East 
Asian population (EAS), and GnomAD‑exome‑EAS] in HPO 
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candidate genes were classified into five categories (pathogenic, 
likely pathogenic, uncertain significance, likely benign, and 
benign) according to American College of Medical Genetics 
and Genomics (ACMG) Guidelines (43). Sanger sequencing 
was performed to validate the variants and for parental segre‑
gation testing.

Primers for the amplification of the four ZEB2 vari‑
ants using PCR were designed using Primer Premier  6.0 
(http://www.premierbiosoft.com; Table I) and synthesized by 
BGI Tech Solutions Co., Ltd., who also performed the Sanger 
sequencing. The source of DNA was from peripheral blood 
leukocyte. The DNA polymerase was supplied by NEBNext® 

High‑Fidelity 2X  PCR Master Mix (cat.  no.  M0541; 
New England Biolabs, Inc.). Thermocycling conditions were: 
Initial denaturation at 98˚C for 30 sec, followed by 35 cycles 
of 98˚C for 10 sec; the annealing temperature was 66˚C for 
primer pair of P1, P3 and P4 and 63˚C for primer pair of P2 
for 30 sec. Extension temperature was 72˚C for 30 sec per kb. 
Final extension temperature was 72˚C for 5 min.

Multiple sequence alignments were generated for 
homologous ZEB2 sequences to evaluate conservation 
using T‑Coffee (44). Alignments for ZEB2 were generated 
using the following sequences: Homo sapiens, NP_055610.1; 
Mus musculus, NP_056568.2; Rat tus norvegicus, 
NP_001028873.1; Gallus gallus, NP_001305395.1; Pan trog‑
lodytes, XP_001158120.1 isoform X1; Canis lupus familiaris, 
XP_005632021.2; Bos taurus, NP_001069660.2; Danio rerio, 
NP_001232895.1; Equus caballus, XP_005601530.2; and Sus 
scrofa and XP_020932163.1.

Results

Demographics and genotypic features. WGS was performed 
in 530 patients with epilepsy, developmental delays and intel‑
lectual disabilities alone or in combination, as aforementioned. 
Among these, 4 (~0.75 %) unrelated patients, ranging in age 
from 2 years and 4 months to 6 years and 5 months, who 
harbored heterozygous de novo pathogenic variants of ZEB2 
were identified.

Each of the four distinct mutations introduced premature 
stop codons, either directly as a consequence of a codon change 
to a stop codon, or indirectly as a consequence of a frame shift. 

In patients 1, 2 and 3, the stop codons were located outside the 
known protein domains (NM_014795.3:c.290G>A/p.Trp97X; 
NM_014795.3: c.1067_1068insAGACG/p.Val357Aspfs*15; 
and NM_014795.3:c.2761C>T/p.Arg 921X, respectively) 
while in patient 4, the stop codon was located in the C‑ZF 
domain (NM_014795.3:c.3214C>T/p.Gln1072X; Fig. 1). A 
comparison of the patients' mutations with the sequences of 
their corresponding parents by Sanger sequencing indicated 
that the mutations occurred de novo (data not shown). Of 
the four mutations, the Arg921X mutation of patient 3 had 
previously been reported in a number of patients (2,4,45). 
Furthermore, the Trp97X mutation of patient 1 had been 
reported in one Chinese population  (46), while the other 
mutations were, to the best of our knowledge, novel. The 
electropherograms of the four mutations in ZEB2 along with 
the amino acid conservation in the regions of the mutations 
in several vertebrates are presented in Fig. 2. None of these 
mutations were found in G1000 and ExAC‑EAS databases. 
Each of the mutations produced a stop codon at a location 
that was 100% conserved at the amino acid level across a 
number of mammalian and avian species. Bioinformatic tools 
(Polyphen2, SIFT, MutationTaster and PROVEAN) were 
used to predict that if the truncated proteins were indeed 
produced, they would be altered in both structure and func‑
tion compared with the corresponding portions of the wild 
type protein. According to the rules of ACMG, all of the four 
mutations aforementioned were considered pathogenic.

Spectrum of phenotypic features. The four patients demon‑
strated a wide spectrum of phenotypic features (Table  II). 
Patient  1 exhibited classical features of MWS, including 
typical facial features, delayed motor development, intellectual 
disability, epilepsy, hypotonia, microcephaly, frontal cortical 
atrophy, HSCR and hypospadias. Patient 2 presented with 
distinctive facial characteristics, delayed motor development, 
intellectual disability, hypotonia, microcephaly, ventriculo‑
megaly and constipation. Patient 3 had typical facial features, 
delayed motor development, intellectual disability, epilepsy, 
hypotonia, microcephaly, myelin dysplasia and constipation. 
Patient 4 presented with relatively milder symptoms that, 
although included distinctive facial features, delayed motor 
development, intellectual disability and epilepsy, lacked the 

Table I. Primers for the amplification of four ZEB2 variants by PCR.

Patient	 Variant	 Primer (5'‑3')

P1	 c.290G>A (p.Trp97X)	 Forward: GATGTAACTGCCGCAATGTGA
		  Reverse: GGGGTGGCTGATGTTTCTCA
P2	 c.1067_1068insAGACG (p.Val357Aspfs*15)	 Forward: AGTGCCACTAAACCCGTGTG
		  Reverse: TGTCCTCCCAGGGCAGATAA
P3	 c.2761C>T(p.Arg921X)	 Forward: AGCCCACTGATGGTTTTA
		  Reverse: GAGCCTCTGAACTTGACTTT
P4	 c.3214C>T(p.Gln1072X)	 Forward: GCCTTCTTTCTCGTGCTCCT
		  Reverse: CCATCGATTAGACCGGGGTG

ZEB2, zinc finger E box‑binding homeobox2; P, patient.
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more severe symptoms aforementioned for the other three 
patients.

At the time of diagnosis, all 4 patients exhibited some 
signs of distinctive facial features of MWS, including a broad 
nasal bridge, a prominent and pointed chin, a prominent 
nasal tip, and uplifted earlobes with a central depression. As 
an example, the characteristic facial appearance of patient 2 
is presented in Fig.  S1. Patients  1 and 2 are still unable 
to walk, patient 3 started to walk at ~3 years, but the less 
severely affected patient 4 was able to walk at ~2 years. The 
date at which these observations are still valid for patient 1 
and 2 was July 30th, 2020; for patient 3 and 4 this was June 

25th, 2020. Similar to the differential delay in the ability to 
walk, the intellectual disabilities were severe in patients 1‑3 
but moderate in patient 4. Among the four patients, only 
patient 4 could speak at age 3 years and this patient was able 
to point at objects kept out of reach. At 6 years, patient 4 
could speak short sentences with two to five words, and 
language comprehension was only moderately impaired. 
Patient 1 presented with epilepsy at the age of 2, but the 
seizures stopped after half a year even without the use of 
antiepileptic drugs. The epilepsy of patient  3 and 4 was 
easily controlled with one or two types of antiepileptic drugs, 
where patient 3 was treated with valproate (20 mg/kg/d) 

Figure 2. Electropherograms of patients with Mowat‑Wilson syndrome with ZEB2 pathogenic variants. Heterozygous truncating mutations (nonsense or 
frameshift mutations) resulting in premature termination of the ZEB2‑encoded protein are shown. (A) Patient 1, exon 3, c.290G>A (p.Trp97X). (B) Patient 2, 
exon 8, c.1067_1068insAGACG (p. Val357Aspfs*15). Inverted triangle on top of the V, where the insertion is located; * at the N, where the stop is. (C) Patient 3, 
exon 8, c.2761C>T (p. Arg921X). (D) Patient 4, exon 10, c.3214C>T (p. Gln1072X). Each figure (A‑D) also indicates the conservation among vertebrates of the 
sequence regions where the respective premature stop codons are located. Rectangles indicated the location of the nonsense mutation in the location. Triangle 
and * were used to indicate the location of frameshift mutation, insertion and the stop codon. The ZEB2 accession numbers are as follows: Homo sapiens, 
NP_055610.1; Mus musculus, NP_056568.2; Rattus norvegicus, NP_001028873.1; Gallus gallus, NP_001305395.1; Pan troglodytes, XP_001158120.1 isoform 
X1; Canis lupus familiaris, XP_005632021.2; Bos taurus, NP_001069660.2; Danio rerio, NP_001232895.1; Equus caballus, XP_005601530.2; and Sus scrofa, 
XP_020932163.1.

Figure 1. Schematic representation of the ZEB2 exons and protein structure. The figure represents the functional domains of ZEB2 and the corresponding exon 
distributions: NIM, N‑ZF, SBD, HD, CID and C‑ZF. Arrows indicate the localization of the mutations in patients, with the numbers P1‑4 representing patients 
1, 2, 3 and 4, respectively. ZEB2, zinc finger E box‑binding homeobox2; NIM, nucleosome remodeling and deacetylase‑interaction motif; N‑ZF, zinc‑finger 
cluster in the amino terminal region; SBD, SMAD binding domain; HD, homeodomain; CID, C‑terminal binding protein interacting domain; C‑ZF, zinc‑finger 
cluster in the carboxyl terminal region.
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and patient 4 was treated with valproate (25 mg/kg/d) and 
levetiracetam (30 mg/kg/d). Patients 1, 2 and 3 displayed 
hypotonia and microcephaly. MRI indicated frontal cortical 
atrophy in patient  1, ventriculomegaly in patient  2 and 
mild myelin dysplasia in patient 3. In patient 4, however, 
the MRI was normal. None of the patients had congenital 
heart disease, but patient 1 exhibited signs of HSCR and 
displayed hypospadias while the others exhibited no signs 
of multisystem involvement. The disease severity was based 
on a comprehensive evaluation of the phenotypes, including 
multisystem involvements, differential delay in the ability 
to walk and speak, and MRI findings. In general, patient 1 
presented with the most severe symptoms and patient 4 with 
the mildest. Patient 3 had no signs of HSCR, not affected by 
hypospadias and demonstrated less severe MRI findings than 
either patient 1 or patient 2. Patient 2 demonstrated no signs 
of multisystem involvements and epilepsy and hence was less 
severely affected than patient 1.

Discussion

The wide phenotypic spectrum and varying degrees of disease 
severity render a clinical diagnosis of MWS difficult, espe‑
cially when the typical facial features are not clearly present 
at an early age. Therefore, none of the 4 patients in the current 
study were identified to carry truncating ZEB2 mutations and 

had not been clearly diagnosed as exhibiting MWS despite 
displaying signs of the disorder. In fact, it was only after iden‑
tification of mutations in ZEB2 that a diagnosis was made.

The detailed clinical assessment showed considerable 
patient‑to‑patient differences in disease manifestations, which 
ranged from mild in patient 4 to severe in patient 1. While 
patient 4 presented with mild delayed motor development, 
intellectual disability and epilepsy, but no multisystem involve‑
ments, patient 1 exhibited severely delayed motor development, 
severe intellectual disability, epilepsy, hypotonia, microcephaly, 
frontal cortical atrophy, HSCR and hypospadias. The disease 
severity in patients 2 and 3 was milder compared with that in 
patient 1 but more severe compared with that in patient 4. The 
molecular genetic analysis revealed that patient 4 had a trun‑
cating mutation in the ultimate exon 10, which encodes a highly 
conserved cluster of zinc fingers. This mutation resembles one 
described by Ivanovski et al (47) (c.3031delA, p. S1011Afs*64), 
which was associated with mild to moderate intellectual 
disability, no seizures and absence of HSCR (47).

As premature stop codons in the ultimate exon do not lead to 
nonsense‑mediated decay of mRNA and may not alter mRNA 
stability or translatability (48), it can be assumed that the trun‑
cated protein accumulated in this patient. This protein retains 
a number of protein‑ and DNA‑interacting domains but lacks 
part of the domain that is associated with target gene interaction. 
Notwithstanding the fact that MWS‑associated ZEB2 alleles 

Table II. Clinical features and ZEB2 mutations in patients with MWS.

Patient characteristic	 P1	 P2	 P3	 P4

Age	 3 y	 2 y 4 m	 3 y 2 m	 6 y 5 m
Sex	 M	 F	 M	 M
Exon affected by the mutation	 3	 8	 8	 10
Mutation	 c.290G>A	 c.1067_1068insAGACG	 c.2761C>T	 c.3214C>T
Novel	 No	 Yes	 No	 Yes
AA	 p. Trp97X	 p. Val357Aspfs*15	 p. Arg921X	 p. Gln1072X
Inheritance	 De novo	 De novo	 De novo	 De novo
CFA	 HT, BNB, PNT, 	 HT, BNB, PNT, 	 HT, DSE, BNB, 	 HT, BNB, PNT, 
	 UECD, PC	 UECD, PC	 PNT, PC	 UECD, PC
WA	 ‑a	 ‑a	 3 y	 2 y
ID	 ++	 ++	 ++	 +
Speech	 ‑	 ‑	 ‑	 FW
Epilepsy (medication received)	 +	 ‑	 + (VPA)	 + (VPA, LEV)
Disposition	 Happy	 Happy	 Happy	 Happy
Hypotonia	 +	 +	 +	 ‑
MC	 +	 +	 +	 ‑
BA	 FCA	 ETV	 MD	 ‑
HSCR	 +	 ‑	 ‑	 ‑
CO	 ‑	 +	 +	 ‑
Other organ malformations	 Hypospadias	 ‑	 ‑	 ‑

aNot able to walk at the time of assessment. y, year; m, month; M, male; F, female; AA, amino acid; CFA, characteristic facial appearance; HT, 
Hypertelorism; BNB, broad nasal bridge; PNT, prominent nasal tip; UECD, uplifted earlobes with a central depression; PC, pointed chin; DSE, 
deep‑set eyes; WA, walking at age; ID, intellectual disability (++ severe, + moderate); FW, few words; VPA, valproate; LEV, levetiracetam; 
MC, microcephaly; BA, brain anomaly; FCA, frontal cortical atrophy; ETV, enlargement of the third ventricle; MD, myelin dysplasia; HSCR, 
Hirschsprung disease; CO, constipation; ZEB2, zinc finger E box‑binding homeobox2; MWS, Mowat‑Wilson syndrome; P, patient.
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seemingly represent loss‑of‑function alleles or haploinsufficiency, 
it is still theoretically possible that a truncated protein lacking 
a DNA interaction domain may act in a dominant‑negative 
fashion. Such dominant‑negative action, however, may be partial 
and not devastating for various reasons, for instance due to the 
fact the truncated protein is less stable or the retained wild type 
mRNA and protein are upregulated (49,50). Further elucidation 
of this would require a deeper molecular analysis of expression 
and activity of the mutant ZEB2.

In contrast to patient 4, patients 1, 2 and 3 all exhibited 
coding region truncations originating in internal exons 
(exons 3 and 8) where premature stop codons usually lead to 
nonsense‑mediated decay of the corresponding mRNAs and 
hence a severe reduction or total absence of polypeptides that 
otherwise may be derived from them (47). This would mean 
that the corresponding alleles are all equally nonfunctional 
null‑alleles, leaving their carriers with ZEB2 protein derived 
from just one wild type copy of the gene. The corresponding 
symptoms would be consistent with an earlier report on gene 
deletions that had established haploid insufficiency of ZEB2 
in MWS  (51). Previous studies have revealed no obvious 
genotype‑phenotype associations in patients with MWS except 
in cases where large deletions are associated with more severe 
phenotypes (20,52). A recent study indicated that milder clinical 
presentations can be identified with variant ZEB2 proteins that 
are predicted to preserve some functionality (47). Likewise, the 
present study revealed that the severity of the corresponding 
disease phenotypes would seem to depend on where exactly 
the truncation is localized, being most severe in patient 1 
carrying the allele with the truncation localized closest to the 
amino terminus and being mildest in patient 4 with the trunca‑
tion closer to the carboxyl terminus. It is conceivable that the 
expression level of the wild type allele may be influenced by the 
nature of the mutant allele, thereby potentially enabling partial 
compensation of the loss of protein from the mutant allele (53). 
It is equally conceivable, however, that alternative splicing 
events of the mutant mRNA may lead to altered mRNAs 
that can, or cannot, be properly translated depending on the 
allele. In addition, disease severities may also be influenced by 
varying genetic backgrounds of the different patients. Each of 
these mechanisms, alone or in combination, may then influence 
the phenotypes associated with a given allele (54).

Alternatively, it is possible that the mutant mRNAs of 
patients 1, 2, and 3, as suggested for the mRNA of patient 4, 
are not subject to nonsense‑mediated decay and are translated, 
leading to accumulation of the truncated proteins. If so, it 
would appear that the smaller the resulting polypeptide is, the 
more severe the phenotype. This may be consistent with the 
earlier notion that while ZEB2 deletions lead to severe disease, 
intragenic mutations that are predicted to preserve some ZEB2 
protein functionality lead to milder clinical manifestations (47), 
supporting the notion that not all alleles are necessarily 
complete loss‑of‑function alleles. Larger proteins, such as those 
only truncated in exon 8 (as in patients 2 and 3), would likely 
preserve more functionality and may lead to less severe pheno‑
types than those truncated in exon 3 (as in patient 1). None of the 
domains, however, in which the proteins of patients 1, 2 and 3 
are truncated, have been recognized to carry specific functions 
despite their general sequence conservation. To explain the 
allele‑specific disease manifestations, other molecular or cell 

biological properties of the corresponding polypeptides should 
be investigated, such as differences in specific half‑lives or 
nuclear/cytoplasmic distributions.

In conclusion, the current study described 4 patients with 
de novo ZEB2 mutations, two novel and two recurrent, that 
were associated with features of MWS. Indeed, it was only 
through a molecular genetic analysis that a clear diagnosis 
became possible in these patients due to the rarity and pheno‑
typic variability of MWS. The analysis revealed the possibility 
of an association between the nature of the truncating mutation 
and the phenotype. The results suggested that not all ZEB2 
alleles found in MWS are complete loss‑of‑function alleles. In 
the current study, the number of patients assessed was small 
and additional experiments, including experiments in animal 
models, may be necessary to identify the mechanisms by 
which each allele is responsible for its distinct associated set 
of symptoms.
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