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Abstract

Mowat–Wilson syndrome (MWS) is a syndromic form of Hirschsprung disease that is characterized by variable degrees of

intellectual disability, characteristic facial dysmorphism, and a diverse set of other congenital malformations due to haploin-

sufficiency of ZEB2. A variety of brain malformations have been described in neuroimaging studies of MWS patients, and the

role of ZEB2 in the brain has been studied in a multitude of genetically engineered mouse models that are now available.

However, a paucity of autopsy information limits our ability to correlate data from neuroimaging studies and animal models

with actual MWS patient tissues. Here, we report the autopsy neuropathology of a 19-year-old male patient with MWS.
Autopsy neuropathology findings correlated well with the reported MWS neuroimaging data and are in keeping with data

from genetically engineered MWS mouse models. This autopsy enhances our understanding of ZEB2 function in human brain

development and demonstrates the reliability of MWS murine models.
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Introduction

Mowat–Wilson syndrome (MWS; OMIM 235730) is an

autosomal dominant disorder characterized by variable

degrees of intellectual disability, facial dysmorphism, cal-

losal agenesis, Hirschsprung disease, and a variety of

other malformations including genitourinary and cardiac

anomalies. Mowat et al. were the first to describe the

syndrome in 6 patients with characteristic facial appear-

ance and Hirschsprung disease1 and its association with

ZEB2 mutation followed.2,3 MWS is due to mutations

causing haploinsufficiency of ZEB2, which encodes

Zeb2, a transcriptional regulator.4 Garavelli et al. deli-

neated the spectrum of brain structural abnormalities in

a neuroimaging study of 54 MWS patients which

included anomalies of the corpus callosum (79.6%) and

hippocampus (77.8%), ventriculomegaly (68.5%), white

matter abnormalities (40.7%), and focal signal alterations

(22.2%) among others.5 However, MWS autopsy infor-

mation is limited6 so the neuropathological substrate of

these imaging findings remains poorly characterized or

unknown. Furthermore, a number of genetically engin-

eered mouse models have been generated, but the dearth

of human autopsies has limited our ability to correlate

them with patient neuropathology. Here, we report the

autopsy neuropathology of a 19-year-old male MWS

patient and correlate it with data from neuroimaging

studies and murine models in an effort to expand our

understanding of ZEB2 function in human brain

development.

Case Report

The subject was a 19-year-old male diagnosed by clinical

criteria with MWS, spastic cerebral palsy, epilepsy, intel-

lectual disability, ventilator-dependent chronic respira-

tory insufficiency, surgically corrected Hirschsprung

disease, scoliosis, and recurrent urinary tract infections.

He had been seizure free for months but was admitted
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following a seizure. While hospitalized, he continued to

seize and developed fever, Clostridium difficile toxin-posi-

tive watery stool, and urinary tract infection. Acute onset

of bloody output from his colostomy site and abdominal

distention ensued. He failed to improve and succumbed 9

days after admission. Consent was obtained for a com-

plete autopsy.

Systemic Autopsy Findings

At autopsy, the crown-heel length was 112 cm and body

mass was 41.8 kg, which were both less than the third

percentile for age and gender. The face was dysmorphic

with a square shape; high forehead; broad and flat-

tened nasal bridge and prominent nasal tip; thick eye-

brows; hypertelorism; posteriorly rotated ears with

thick, uplifted lobes; central fullness and lateral thin-

ning of the upper lip and mandibular prognathism.

There was marked scoliosis. All extremities showed

contractures and distal atrophy; the feet showed

varus deformities. The lungs were congested and

showed abnormal lobation. There were dense periton-

eal adhesions and an intact Roux-en-Y anastomosis.

The large intestine was dilated due to gas; there was

no evidence of gastrointestinal obstruction, perfor-

ation, or stenosis. The patient died of complications

from acute bronchopneumonia, and autopsy blood cul-

tures isolated Klebsiella pneumoniae.

Neuropathology Findings

The formalin-fixed brain was 1064.1 g (95% confidence

limits: 1395.2–1498.0 g; mean: 1446.6 g for age and

gender). The cerebrum was small with ill-defined tem-

poral sulcal pattern bilaterally and partially exposed insu-

lae (Figure 1(A)). The cerebellum appeared relatively

large compared to the cerebrum (hindbrain: 162 g;

Figure 1(B)). The putamen and head of the caudate

nucleus seemed generous in size (Figure 1(C)) and

appeared unremarkable histologically (Figure 1(D)).

Coronal sections revealed unremarkable thalami, callosal

agenesis, and cingulate gyri with a complex profile; the

hippocampi were small and malrotated (Figure 1(E)). The

hilum of the dentate gyrus was wider than expected with

reduced numbers of granule cells (Figure 1(F) and (G)).

Hippocampal sclerosis was not present. Multiple gray

matter heterotopias were noted in cerebral white matter

(Figure 1(C), (E), and (H)). The cerebellum and brain-

stem appeared well developed with focal loss of Purkinje

and granule cells in the former (Figure 1(B) and (I)).

White matter areas subjacent to the cortex and near the

ventricle showed patchy areas of attenuated Luxol fast

blue-periodic acid-Schiff (LFB/PAS) staining and vari-

able attenuation in anti-neurofilament and anti-CNPase

immunoreactivity (Figure 1(J)). In areas of white matter

with attenuated LFB staining, scattered PAS-positive

structures that immunohistochemically labeled with

anti-neurofilament antibodies were present and suggest-

ive of possible axonal injury (Figure 1(K)).

Discussion

We present the neuropathology of a 19-year-old male

patient who had many of the characteristic features of

MWS, the diagnosis of which was based on clinical cri-

teria as gene testing results were unavailable.7 During

early embryonic development, Zeb2 is expressed in

neural tube and neural crest, and some of the clinical

features of MWS can be attributed to crestopathy.4

Later in development, Zeb2 is widely expressed in the

forebrain and ZEB2 haploinsufficiency during this devel-

opmental window seems to account for most of the cen-

tral nervous system pathology in MWS patients. Overall,

the neuropathologic findings reported here correlate well

with the anomalies noted in neuroimaging studies and

experimental findings in genetically engineered mouse

models.

Autopsy gross findings included callosal agenesis,

poorly rotated hippocampi, potentially large basal gang-

lia, and patchy attenuation of cerebral white matter stain-

ing, which aligned with the reported neuroimaging data.5

Our subject had microcephaly, which occurs in most

MWS subjects.7 However, ventriculomegaly, a common

anomaly noted in imaging studies, was not detected at

autopsy perhaps due to the presence of callosal agenesis

and potentially enlarged basal ganglia. Our case exhibited

mild cerebral cortical anomalies with exposed insular

cortex and indistinct temporal sulcation. Unfortunately,

neuroimaging studies were not available for review, so if

this patient had a focal signal alteration as has been

described in some MWS subjects, we were unable to per-

form a direct neuropathologic correlation. A reported

MWS autopsy of a 35-week gestation male revealed a

short corpus callosum and cerebral white matter edema

and gliosis with perivascular mineralizations; however,

these white matter changes were not evident in our

patient, perhaps due to differences in the ages of the

subjects.6

Human autopsy data are important because to date

most of the information we have about Zeb2 function

in brain development is from genetically engineered

mouse models. Mouse and human MWS differ in import-

ant respects. Mouse models require the use of conditional

Zeb2 inactivation in order to avoid embryonic lethality,
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Figure 1. A, Lateral view of right cerebral hemisphere showing ill-defined temporal sulcal pattern bilaterally with indistinct superior and

inferior temporal sulci and exposed insula (arrow). B, Ventral view of the brain showing that the cerebellum was relatively large compared

to the cerebrum and a narrowed space between the temporal lobes. C, Coronal sections reveal generously sized putamen (*) and caudate

head (**) bilaterally. The putamen (D) and caudate (not shown) were histologically unremarkable (bar: 100mm). E, The hippocampi were

small and poorly rotated (arrowheads) while the cingulate gyri had a complex profile (*); there was agenesis of the corpus callosum with

Probst bundles. Heterotopias were evident in the cerebral white matter (arrows; C and E). F, The dentate gyrus appeared thin due to an

overall reduction in granule cell number (arrows; bar: 500mm). G, High magnification confirmed reduced numbers of dentate granule cells

(arrow, bar: 100 mm). H, Heterotopias were scattered in the white matter in LFB/PAS stained (top) and neurofilament immunostained

(bottom) sections. I, Cerebellar cortex showed rare foci of Purkinje and granule cell loss (arrow, bar: 100 mm). J, The cerebral white matter

showed patchy attenuation of LFB staining and neurofilament, but not CNPase immunoreactivity subjacent to cortex (arrowheads), while

deeper areas had patchy attenuation of all three (arrows). The asterisk (*) corresponds to the heterotopia shown in (H). K, There were

scattered PAS-positive structures (arrows) in white matter that also immunolabeled with anti-neurofilament antibodies (inset: arrow; bar:

50mm). LFB/PAS, Luxol fast blue-periodic acid-Schiff.
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because the MWS phenotype is only observed in homo-

zygous null mice; in contrast, MWS patients have 1 func-

tional ZEB2 allele, suggesting that the human nervous

system is more reliant on Zeb2 function or more sensitive

to Zeb2 deficiency than the murine nervous system.4

The effects of genetic background further complicate

matters and conspire to prevent the generation of a

single mouse model that encompasses all MWS features.4

Zeb2 is highly expressed in the developing hippocam-

pus and it was small with reduced numbers of dentate

granule cells, as reported in Zeb2 knockout mice.8 Zeb2

regulates the differentiation of oligodendrocytes, foster-

ing their maturation, while Zeb2 deficiency arrests their

differentiation and leads to impaired myelin production

and repair.9 This is consistent with the patchy areas of

attenuated cerebral white matter myelin identified at aut-

opsy. We also found evidence of possible axonal path-

ology suggesting that Zeb2 may be important in the

maintenance of axons, as described in models.10

Zeb2 is highly expressed in Bergman glia and knocking

Zeb2 out in murine cerebellar radial glia leads to defective

Bergman glia specification and cortical dyslamination.11

Autopsy showed no cerebellar cortical dyslamination and

revealed focal Purkinje and granule cell loss that may be

nonspecific. Zeb2 is important in the development of neo-

cortical and striatal interneurons and is required for

proper migration of the former into neocortex.12,13 The

neocortex showed the expected hexalaminar arrange-

ment, but we found heterotopias, which is in keeping

with altered neuronal migration. Zeb2 deficiency alters

the differentiation program of interneuron progenitors

to favor the production of GABAergic striatal inter-

neurons over neocortical interneurons.12 No perturb-

ations in neocortical or striatal interneurons were

evident at autopsy; however, more sensitive methods

would be required to reliably detect a difference in these

neuronal populations. Furthermore, it seems unlikely

that an alteration in the number of interneurons could

account for the seemingly large basal ganglia seen in

MWS, which appeared histologically unremarkable.

We report the autopsy neuropathology of a 19-year-

old male MWS patient. Autopsy neuropathology corre-

lated well with patient neuroimaging studies and data

from MWS mouse models, enhancing our understanding

of ZEB2 function in human brain development and

demonstrating the reliability of murine MWS models.
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