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Bi-allelic variants in the ESAM tight-junction
gene cause a neurodevelopmental disorder associated
with fetal intracranial hemorrhage
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Summary

The blood-brain barrier (BBB) is an essential gatekeeper for the central nervous system and incidence of neurodevelopmental disorders
(NDDs) is higher in infants with a history of intracerebral hemorrhage (ICH). We discovered a rare disease trait in thirteen individuals,
including four fetuses, from eight unrelated families associated with homozygous loss-of-function variant alleles of ESAM which encodes
an endothelial cell adhesion molecule. The c.115del (p.Arg39Glyfs*33) variant, identified in six individuals from four independent families
of Southeastern Anatolia, severely impaired the in vitro tubulogenic process of endothelial colony-forming cells, recapitulating previous ev-
idence in null mice, and caused lack of ESAM expression in the capillary endothelial cells of damaged brain. Affected individuals with bi-allelic
ESAM variants showed profound global developmental delay/unspecified intellectual disability, epilepsy, absent or severely delayed speech,
varying degrees of spasticity, ventriculomegaly, and ICH/cerebral calcifications, the latter being also observed in the fetuses. Phenotypic traits
observed in individuals with bi-allelic ESAM variants overlap very closely with other known conditions characterized by endothelial dysfunc-
tion due to mutation of genes encoding tight junction molecules. Our findings emphasize the role of brain endothelial dystunction in NDDs
and contribute to the expansion of an emerging group of diseases that we propose to rename as “tightjunctionopathies.”

'Department of Molecular Medicine, University of Pavia, Pavia, Italy; *Section of Pediatric Neurology and Developmental Neuroscience, Department of
Pediatrics, Baylor College of Medicine, Houston, TX, USA; *Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX,
USA; “Texas Children’s Hospital, Houston, TX, USA; SMolecular Diagnostics and Clinical Genetics Unit, Hospital Universitari Son Espases, Palma, Illes Ba-
lears, Spain; ®Genomics of Health, Institute of Health Research of the Balearic Islands, Palma, Illes Balears, Spain; ’Genetics Institute, Rambam Health Care
Campus, Haifa, Israel; *The Ruth and Bruce Rappaport Faculty of Medicine, Technion-Israel Institute of Technology, Haifa, Israel; >AP-HP, Service de Gé-
nétique Moléculaire Neurovasculaire, Hopital Saint-Louis, Paris, France; 1OUniversité de Paris, INSERM UMR-1141 Neurodiderot, Paris, France; ''Institute
of Medical Genetics, University of Zurich, Schlieren-Zurich, Switzerland; 121zmir Biomedicine and Genome Center, Dokuz Eylul University Health Campus,
Izmir 35340, Turkey; *Izmir International Biomedicine and Genome Institute, Dokuz Eylul University, Izmir 35340, Turkey; '*Department of Medical
Biology, School of Medicine, Dokuz Eylul University, Izmir 35340, Turkey; 'SThe Genetic Institute, Emek Medical Center, Afula, Israel; °Center for the
Study of Myelofibrosis, Laboratory of Biochemistry, Biotechnology and Advanced Diagnosis, IRCCS Policlinico San Matteo Foundation, Pavia, Italy; '"Pa-
thology Unit, Azienda USL-IRCCS di Reggio Emilia, Reggio Emilia, Italy; '®Laboratory of Biochemistry-Biotechnology and Advanced Diagnostics, IRCCS
Policlinico San Matteo Foundation, Pavia, Italy; "Medical Genetics Unit, Azienda USL-IRCCS di Reggio Emilia, Reggio Emilia, Italy; 2°Neuroradiology
Unit, Azienda USL-IRCCS di Reggio Emilia, Reggio Emilia, Italy; ' Ophthalmology Unit, Azienda USL-IRCCS di Reggio Emilia, Reggio Emilia, Italy; *Child
Neurology and Psychiatry Unit, Azienda USL-IRCCS di Reggio Emilia, Reggio Emilia, Italy; **Department of Pediatrics, Faculty of Medicine, Kuwait Uni-
versity, P.O. Box 24923, Safat 13110, Kuwait; 24Tertiary ROP Center, Health Science University Kanuni Sultan Suleyman Training and Research Hospital,
Istanbul 34303, Turkey; >*Department of Medical Genetics, Basaksehir Cam and Sakura City Hospital, Istanbul 34480, Turkey; **Metabolic Pathologies
and Pediatric Neurology Unit, Pediatric Service, Hospital Universitari Son Espases, Palma, Illes Balears, Spain; 27pediatric Radiology Unit, Radiology Service,
Hospital Universitari Son Espases, Palma, Illes Balears, Spain; 28Neurobiology, Institute of Health Research of the Balearic Islands, Palma, Illes Balears, Spain;
2Department of Radiology, Division of Pediatric Radiology, Dana Children’s Hospital, Tel Aviv Sourasky Medical Center, Tel Aviv University, Tel Aviv, Israel;
39sackler School of Medicine, Tel Aviv University, Tel-Aviv, Israel; > AP-HM, Service de Génétique, Hopital de la Timone, Marseille, France; *?Medical Ge-
netics Service, CHUV, University of Lausanne, Lausanne, Switzerland; 33Inonu University, Faculty of Medicine, Turgut Ozal Research Center, Department of
Pediatric Neurology, Malatya, Turkey; **Department of Pediatric Neurology, School of Medicine, Dokuz Eylul University, Izmir 35340, Turkey; **Depart-
ment of Pediatrics B, Emek Medical Center, Afula, Israel; 36Poriya Medical Center and the Azrieli Faculty of Medicine, Bar-Ilan University, Ramat-Gan, Israel;
3’Department of Biomedical Engineering, Tufts University, Medford, MA, USA; **Department of Clinical Neurosciences, School of Clinical Medicine, Uni-
versity of Cambridge, Cambridge Biomedical Campus, Cambridge CB2 OPY, UK; **Department of Clinical Neurosciences, John Van Geest Centre for Brain
Repair, School of Clinical Medicine, University of Cambridge, Cambridge CB2 OPY, UK; 4OChildren’s Hospital of Eastern Ontario Research Institute, Uni-
versity of Ottawa, Ottawa, ON K1H 8L1, Canada; “1Brain and Mind Research Institute, University of Ottawa, Ottawa ON K1H 8L1, Canada; “2Djvision of
Neurology, Department of Medicine, The Ottawa Hospital, Ottawa, ON K1H 8L1, Canada; 43University Children’s Hospital Zurich, University of Zurich,
Zurich, Switzerland; 44Department of Pediatrics, Baylor College of Medicine, Houston, TX, USA; #Human Genome Sequencing Center, Baylor College
of Medicine, Houston, TX, USA; 46Neurogenetics Research Center, IRCCS Mondino Foundation, Pavia, Italy

*Correspondence: edoardo.errichiello@unipv.it

https://doi.org/10.1016/j.ajhg.2023.03.005.

© 2023 American Society of Human Genetics.

® The American Journal of Human Genetics 110, 681-690, April 6, 2023 681

Gheck for
Upaios


mailto:edoardo.errichiello@unipv.it
https://doi.org/10.1016/j.ajhg.2023.03.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajhg.2023.03.005&domain=pdf

Individual 1
a

al

Individual 4 Individual 5
a b

€5 -;‘.{9\ , ‘
&9 (

= Y <
Individual 6 Individual 8
a » b

c
QY -7

£
2

Individual 9 Individual 11

a a b c
y ' V/‘ \} Ny
B \8 N € .

d

Individual 13

Figure 1. Neuroimaging abnormalities in individuals with homozygous ESAM variants

Individual 1: T1-weighted (a and b) images showing various parenchymal hemorrhagic area in different evolution phases, located at the
parietal-occipital area. T2-weighted and multi-echo gradient-recalled echo (GRE) T2-weighted images (c and d) showing blood occupying
the ventricular spaces (hemoventricle). T1-weighted MRI (e and f) and FLAIR sequences (g) highlight a dysmorphic corpus callosum
(e) and poromalacic evolution of the hemorrhagic areas with ventricular dilatation (f and g) and diffuse subependymal microhemor-
rhage foci. The orange arrow in (g) indicates ventricular derivation.

Individual 4: MRI images at 2 days after birth: 3DT2 sagittal (a), 3DT2 coronal MPR (b), 3DT1 axial (c), 3D TOF (d). Bilateral grade III
germinal matrix - intraventricular hemorrhage (blue arrows) with supratentorial posthemorrhagic hydrocephalus. Bilateral parenchymal
hematomas with associated subpial hemorrhages (orange arrows) at different stages and parietal encephalomalacia secondary to prior
bleeding with residual clot inside (red stars). No evident vascular anomalies in MRI angiography (3D TOF sequence) were found.
Individual S (sibling of individual 4): MRI images at 7 days after birth: 3DT2 sagittal (a), 3DT2 coronal MPR (b), 3DT1 axial (c), 3D TOF
(d). Microcephaly with simplified gyral pattern and severe hypoplastic corpus callosum (blue arrow). Left parietal subcortical white mat-
ter hematoma with subpial hemorrhage (red stars) and encephalomalacia. Right frontal (orange arrow) and multiple bilateral periven-
tricular hemorrhages. MRI angiography (3D TOF sequence) shows slight narrowing of the proximal anterior and middle cerebral arteries
(green arrows).

Individual 6: MRI images at 5 days old. T1- (a) and T2- (b) weighted images showing massive dilatation of lateral ventricles with global
cerebral parenchymal destruction. Diffuse meningeal and intraventricular hemorrhage with intraventricular clotting. Focal destruction
of the septum pellucidum.

Individual 8: axial T2-weighted images showed hyperintensity and volume loss in the bilateral periventricular white matter, frontotem-
poral atrophy, dilatation in the lateral ventricles (a and b) and hypoplasia of the corpus callosum (c) (orange arrows). Bilateral periven-
tricular calcifications were observed on cranial CT (d), as indicated by the arrow.

Individual 9: Head CT (axial) showing bilateral subependymal (a) and basal ganglia/thalamus calcifications (b) (orange arrows), sugges-
tive of a previous bleeding. Dilation of the lateral ventricles and their straight shape suggest agenesis of the corpus callosum, as
confirmed in the sagittal multiplanar reformation (c).

Individual 11: Axial T2-weighted true fast sequence (a and b), axial T2 HASTE sequence (c), and axial T1-weighted sequence (d). The fetal
brain MRI shows hydrocephalus, intraventricular hemorrhage, diffuse intraparenchymal, and periventricular hemorrhages with calcifi-
cations (hypointense signals on T1-weighted images).

Individual 13: Brain MRI at 37 weeks of gestation. Axial T2 (a and b) showing severe irregular ventriculomegaly with increased extra-axial
spaces and significant decrease in gray and white matter volume. Orange arrows indicate an abnormal Sylvian fissure development in

(legend continued on next page)
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Neurodevelopmental disorders (NDDs) are a large group of
disabilities involving impairment of the brain and neuro-
cognitive development affecting >3% of children world-
wide.! NDDs include a broad spectrum of phenotypes
such as intellectual disability/developmental delay (ID/
DD), autism spectrum disorders (ASD), attention-deficit/
hyperactivity disorder (ADHD), epilepsy, cerebral palsy,
and language impairment. Comorbidity of two or more
of these conditions is frequently observed.” Furthermore,
neuroimaging findings, such as corpus callosum and white
matter anomalies, may suggest a specific etiology for
NDD.? At least 30% of NDDs are thought to have a genetic
basis, and a plethora of genes and molecular alterations
have been identified, underlying wide clinical and genetic
heterogeneity, overlapping phenotypes, and gene pleiot-
ropy, which together make molecular diagnosis a chal-
lenging task.”® The implementation of next-generation
sequencing (NGS) technologies, especially exome
sequencing (ES), which has been proposed as a first-tier
test in the diagnostic algorithm of all NDDs followed by
array-CGH when necessary, has dramatically increased
the percentage of NDD-affected individuals who receive a
molecular diagnosis.® Furthermore, diagnostic rates re-
ported in recent studies and meta-analyses are 30%-40%
or higher when trio analysis is performed and when
NDD-affected individuals eligible for diagnostic ES are
prioritized before testing based on their phenotypic
presentation.” *?

Prenatal/perinatal brain damage due to intracranial/
intraventricular hemorrhage (ICH/IVH) is one of the lead-
ing causes of lifelong disability, including cerebral palsy,
epilepsy, sensory impairment, and cognitive deficit.'*'®
The blood-brain barrier (BBB), whose integrity is main-
tained by junctional adhesion molecules (JAMs), is consid-
ered the core structure of the neurovascular unit (NVU)
and plays a critical role in maintaining central nervous sys-
tem homeostasis. Tight junctions (T]s) are an essential BBB
component and bi-allelic variants in the tight-junction
genes JAM2/3 (junctional adhesion molecule 2/3 [MIM:
606870 and 606871]) and OCLN (occludin [MIM:
602876]) have been implicated in individuals with
compromised BBB permeability. These subjects typically
show a combination of brain hemorrhage and calcification
together with movement disorders and cognitive and neu-
robehavioral manifestations.'?**

In this study, we identified bi-allelic variants in ESAM
(endothelial cell adhesion molecule [MIM: 614281]), a
gene not previously associated with a rare disease trait
in humans, which encodes a TJ protein related to JAM
proteins involved in the formation and maintenance of
the BBB. Genotypic (ES) and clinical phenotypic data
from individuals with ESAM variants were recruited

through GeneMatcher”® and our international collabora-
tive network. All individuals were carefully evaluated by a
multidisciplinary team of pediatric neurologists/neuro-
ophthalmologists/neuroradiologists and clinical geneti-
cists of their respective referral center. We collected clin-
ical information related to neurodevelopment, growth
parameters, dysmorphology, neurological, ocular, and
vascular manifestations, plus behavior and neuroimag-
ing. No formal intelligence testing was possible in indi-
viduals over the age of 5 years because of the severe global
developmental delay, including complete lack of lan-
guage and motor skills. Written human subject research
informed consent for genetic analysis and publication
of the clinical information, including relevant clinical
pictures, was obtained from the parents or legal guardians
of each research subject according to the Declaration of
Helsinki and Institutional Review Boards of participating
research centers.

The age of affected individuals included in the study, 8
males and 4 females (sex was unknown in a 32-week-old
fetus), ranged from 31 weeks of gestation to 13 years.
Onset of symptoms occurred in the antenatal/neonatal
period. Global developmental delay/unspecified intellec-
tual disability (GDD/UID), absent or severely delayed
speech, epilepsy, spasticity (mainly consisting of spastic
tetraparesis), hypotonia (which frequently occurred
neonatally), and dilation of lateral ventricles were
observed in all nine live-born children, the latter being
also noted in the four fetuses examined in the study
(Table S1), while variable microcephaly was reported in
four out of nine children (mean OFC Z score: —3.35;
range: —2.1 to —5.7). Following dilation of lateral ventri-
cles, thinning of the corpus callosum, hydrocephalus,
and focal white matter lesions were the most frequently
observed neuroimaging abnormalities (eight, seven, and
five individuals, respectively) (Figure 1). Notably, hydro-
cephalus was a feature also observed in all fetuses as well
as in a previously reported individual carrying an ESAM
homozygous nonsense variant (Table S1).?° Intracranial
hemorrhages (ICH) or suspected cerebral microangiop-
athy, frequently associated with cerebral calcifications
(Figure 1), were reported in all individuals, including
the four fetuses. Other vascular anomalies were repre-
sented by retinal hemorrhage (four individuals)—due to
increased tortuosity of retinal vasculature (Figures S1 and
S2)—and renal medullary hemorrhage (in a 31-week still-
birth). Dysmorphic facial features were noted in most indi-
viduals, mainly consisting of bitemporal narrowing (6/9),
highly arched eyebrow and bulbous nasal tip, which
were detected with the same frequency (5/9), followed
by presence of long eyelashes (4/9), abnormal vermilion
(4/9), high narrow palate (3/9), wide nasal bridge (3/9),

(a) and an asymmetric gyral pattern suggestive of dysgyria/polymicrogyria in (b). Small periventricular cysts are indicated by red stars.
Sagittal T2 (c) highlighting corpus callosum dysgenesis with absence of rostrum (arrow). Coronal T2 (d): hypointense lesions in the tem-
poral parenchyma (indicated by the arrow) protruding into the temporal horn of the right ventricle. GRE T2 sequences (e) demonstrate

susceptibility artifacts consistent with brain calcification (arrow).
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Figure 2. Family pedigrees and genetic findings
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Bi-allelic ESAM variants are shown in thirteen affected individuals, including four fetuses, from eight unrelated families. The c.115del
(p-Arg39Glyfs*33) frameshift variant was identified in six individuals from families A, B, E, and F, originating from the same geographic
area in Turkey (southeastern Anatolia). The c.287del (p.Pro96Leufs*33) frameshift variant was detected in two affected siblings from
Spain (family C). The c.35T>A (p.Leul2*) nonsense variant was identified in a family of Algerian descent (family D). The
c.4514+1G>A splice site variant was identified in two independent families of Arab Bedouin descent (families G and H). +/+, +/—,
and —/— represents homozygosity for the wild-type allele, heterozygosity, and homozygosity for the mutant allele, respectively. An
asterisk beneath an individual indicates that ES was performed. Arrowheads indicate the probands. TOP, termination of pregnancy;

SB, stillbirth; SAB, spontaneous abortion; wks, weeks of gestation.

upslanted palpebral fissures (3/9), and microretrognathia
(2/9), the latter being also present in a fetus (Table S1
and supplemental note).

ES identified homozygous ESAM loss-of-function (LoF)
variant alleles in all affected individuals belonging to eight
independent families (from A to H) (Figure 2 and supple-
mental note). The same frameshift variant in exon 2,
c.115del (p.Arg39Glyfs*33), was detected in six individuals
from four unrelated families, including a 31-week stillbirth
(individuals 1, 2, 3, 7, 8, and 10). Individuals 4 and 5 are
affected siblings carrying the c.287del (p.Pro96Leufs*33)
frameshift variant in exon 3. Individual 6 harbored a
nonsense variant within the first gene exon, c.35T>A
(p-Leul2*). Although archival autopsy material was not
available for his affected sibling (individual 11), a fetus of
32 weeks, it is highly likely that the same variant was pre-
sent based on strict phenotypic comparison. Individuals 9,
12, and 13 carried the same homozygous splice variant
in intron 3 (c.451+1G>A) predicted to cause loss of donor
splice site by multiple in silico tools (e.g., HSF, MaxEntScan,
SpliceAl, CADD-Splice). In all probands no other poten-

tially relevant variants were identified either in known
genes associated with neurological and vascular condi-
tions/phenotypes, according to PanelApp, HPO, and
GTR, or by filtering the variants for coherent inheritance
patterns.

Interestingly, all individuals harboring the c.115del
variant originated from the same geographic region in
Turkey (southeastern Anatolia), suggesting a founder ef-
fect. The variant was not reported in the SHGP (Saudi Hu-
man Genome Program) database, the largest genome re-
pository in the Middle East,”*®* nor in the Iranome
database,?” the GME (Greater Middle East) Variome Proj-
ect,’® or the Turkish Variome (TRV) database.?' Similarly,
the c.4514+1G>A variant was detected in three individuals
from two independent families with the same ethnic
origin (Arab Bedouin) and was also absent in the aforemen-
tioned databases.

All the variants were classified as likely pathogenic ac-
cording to the ACMG/AMP criteria (PVS14+PM2) and were
predicted to trigger nonsense-mediated mRNA decay
(NMD). In all cases, ESAM was embedded in ROH/AOH
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Figure 3. In vitro matrigel tubulogenesis assay

(A) Endothelial colony-forming cells (ECFCs) isolated from indi-
vidual 1 showed significantly decreased tubulogenesis compared
to the ECFCs obtained from a healthy control (HC) and parents
of individual 1.

(B and C) Quantification of tubulogenesis was performed consid-
ering the number of branch points (B) and the tube length (C).
Data shown (+SD) are from 3 independent experiments.
**p < 0.01. Scale bar: 200 mm. More technical details are provided
in the supplemental note.

(runs of homozygosity/absence of heterozygosity) stretches
spanning from 1.8 to 13.85 Mb in size, consistent with
shared ancestry and/or recent consanguinity. Details
of the variants are publicly available in the ClinVar data-
base (https://www.ncbi.nlm.nih.gov/clinvar/) with the
following accession numbers: SCV002818296 (c.115del),
SCV002818297 (c.287del), SCV002818299 (c.35T>A), and
SCV002818300 (c.451+1G>A). The predicted 3D struc-
tures of the mutant protein products are shown in
Figure S3. The crucial immunoglobulin-like (Ig) domains
(aa 30-150 and 157-239) and the helical transmembrane
domain (aa 247-279) were abolished, whereas the putative
motifs predicted by AlphaFold (https://alphafold.ebi.ac.uk/
), which are absent in the wild-type protein, did not match
with any known protein signature explored through
different databases and bioinformatic tools (e.g., Motif
Scan, ScanProsite, BlastP).

Considering the crucial role of ESAM in angiogenesis,
endothelial permeability, and leukocyte transmigra-
tion®*** as well as its enriched expression in the endothe-
lium (GTEx, BioGPS, HPA) and the peculiar vascular alter-

ations observed in the identified individuals harboring
ESAM variants (especially of the brain), we assessed the
capability of endothelial progenitors (endothelial colony-
forming cells [ECFCs]) to form capillary-like structures
in vitro. Compared to an age- and sex-matched control
sample, ECFCs of individual 1 showed dramatic phenotyp-
ical changes of proliferation, migration, and tubulogenesis
(Figure 3A) in terms of both number of branch points and
tube length (Figures 3B and 3C), which were almost
completely abrogated. On the other hand, the ECFCs iso-
lated from her healthy heterozygous parents showed com-
parable values to the control sample.

The fetal brain of individual 10, carrying the c.115del
(p-Arg39Glyfs*33) homozygous frameshift variant, showed
lack of ESAM staining in the capillary endothelial cells
(Figure 4A), which is consistent with the LoF effect of the
c.115del bi-allelic variant. On the other hand, intense
expression of ESAM was observed in the cerebral endothe-
lium of an age- and sex-matched control sample, where
it was abundantly localized in the plasma membrane of
endotheliocytes (Figure 4B). The immunohistochemical
findings are in agreement with the results of reverse tran-
scription polymerase chain reaction (RT-PCR) performed
on ECFCs of individual 1, showing no detectable ESAM
expression (Figure S4), as well as with the in silico NMD
predictions and the 3D-modeling, which overall indicate a
lack of functional protein. Furthermore, microscopic and
histochemical analysis revealed periventricular leukomala-
cia (Figure 4C) and brain calcification with abundant
presence of so-called "ferruginated" neurons, implying
mineralization of neurons as a consequence of hypoxic-
ischemic damage (Figure 4D).

In this study, we describe a severe neurodevelopmental
rare disease trait caused by homozygous LoF variants of
ESAM in thirteen individuals, including four fetuses,
from eight unrelated families. Global developmental
delay/unspecified intellectual disability (GDD/UID) with
absent or severely delayed speech, epilepsy, varying de-
grees of spasticity, ventriculomegaly, and intracranial
hemorrhage constitute the cardinal clinical features of
the ESAM-related phenotype, being observed in all live-
born individuals. Other notable clinical signs were thin
corpus callosum and variable microcephaly. Among the
clinical features, intracranial hemorrhage, together with
hydrocephalus and cerebral calcifications, represented
the first observable prenatal anomalies that prompted
further genetic investigations and, thus, is hypothesized
as the etiological trigger of downstream neurodevelop-
mental defects. In addition to the frank neurological
manifestations, ESAM alterations also appear to cause
a well-defined spectrum of ophthalmological signs,
particularly retinal ischemia and abnormal retinal
vascular morphology.

ESAM encodes an endothelial cell-selective adhesion
molecule, a member of the immunoglobulin receptor fam-
ily, which mediates homophilic interactions between
endothelial cells. Previous studies demonstrated that
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ESAM expression is primarily restricted to embryonic and
adult vasculature, where it regulates endothelial perme-
ability and neutrophil extravasation.’*> Mouse model
experiments showed that ESAM regulates albumin extrav-
asation at the glomeruli and plays a role in the initiation of
diabetic nephropathy.*® A recent proteomic study of indi-
viduals affected by diabetic kidney disease confirmed
ESAM as a candidate circulating biomarker to predict the
risk of progression to kidney failure.*” In this regard, we
did not observe renal dysfunction in our pediatric subjects,
although later manifestations cannot be completely ruled
out and careful follow-up in the next years would be indi-
cated. Interestingly, a proteomic analysis revealed that
ESAM interacts with endoglin,*® encoded by ENG, whose
mutation causes hereditary hemorrhagic telangiectasia
(HHT [MIM: 187300]), a condition that includes ICH as a
clinical feature.

In a previous study, a de novo heterozygous frame-
shift variant in ESAM exon 4, c.543_546dup (p.Va-
1183Argfs*48), was reported in a 23-year-old male individ-
ual affected by schizophrenia and developmental delay.*”
Therefore, it could be hypothesized that monoallelic LoF
variants in ESAM may at most contribute (possibly
together with other factors) to mild neurological pheno-
types, in contrast to the severe phenotype we observed
in all our homozygous probands. Nevertheless, we did
not observe overt neuropsychiatric features in any of our
probands’ heterozygous parents nor in other carrier family
members. This finding is in line with the gene constraint
metrics (pLI: 0.20; LOEUF: 0.59; sHet: 0.05; %HI: 63.38)
and the presence of an ~34 kb deletion encompassing
ESAM in the DGV (Database of Genomic Variants) reposi-
tory (nsv556487), indicating that ESAM is quite tolerant to
haploinsufficiency, as it is for triplosensitivity (pTriplo:
0.28).%° Altogether, it is at most possible to speculate
that heterozygous LoF variants may represent a suscepti-
bility factor characterized by incomplete penetrance,

Figure 4. ESAM immunohistochemistry
and hematoxylin and eosin staining in the
damaged brain tissue (white matter) of in-
dividual 10

(A and B) A capillary with ESAM-negative
endothelial cells in the proband (A)
compared to a control sample (B), as indi-
cated by the blue arrows. Magnification:
40 HPE

(C) Periventricular leukomalacia in individ-
ual 10: the white matter close to the lateral
ventricle (V) shows multiple areas of calcifi-
cation (blue arrow). Hematoxylin and eosin
staining, magnification 4 HPFE.

(D) Calcified areas showing elongated sticks
and round bodies as a result of encrusted
(“ferruginated”) neurons and their axons
with mineral salts. Hematoxylin and eosin
staining, magnification 20 HPF. More tech-
nical details are provided in the supple-
mental note.

and, in any case, further studies are needed to better
address this point.

Our in vitro tubulogenesis assays recapitulated findings
in null mice (Esam~'~) where a decrease of tube formation
and vascular density was documented, although without
overt morphological defects of the vasculature.’” On the
contrary, we observed a high frequency of vascular mani-
festations (intracranial hemorrhage, cerebral calcifications,
focal white matter lesions, hydrocephalus, and dilation
of lateral ventricles), in agreement with the critical role
of ESAM in endothelial homeostasis. The fact that both
null mice and human subjects carrying homozygous LoF
variants in ESAM show a non-lethal (although extremely
severe) phenotype could potentially be explained consid-
ering the redundant functional role of ESAM in physiolog-
ical angiogenesis and the presence of other endothelial
adhesion molecules which may compensate for its
dysfunction.

It is noteworthy that the phenotype associated with bi-
allelic variants of ESAM overlaps very closely with other
known conditions characterized by endothelial dysfunc-
tion due to mutation of genes encoding tight junction
molecules, namely JAM2, JAM3, and OCLN. Bi-allelic LoF
variants of JAMZ2 are associated with idiopathic basal
ganglia calcification (IBGC8 [MIM: 618824]), a condition
commonly characterized by intracerebral calcifications,
cognitive decline, learning difficulties, seizures, slurred
speech, movement disorders, and psychiatric symp-
toms.'??° Homozygous LoF variants in JAM3 have been
identified in individuals with multifocal intraparenchy-
mal hemorrhage and subependymal calcification as
cardinal features (HDBSCC [MIM: 613730]), accompanied
by reduced white matter volume, porencephaly, and
massive cystic degeneration resulting in enlarged ventri-
cles.”!"** In most of the cases, this condition is extremely
severe, with death occurring in the first few weeks of life,
while alive individuals develop profound developmental
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Table 1.

Phenotypic comparison of individuals with bi-allelic variants in JAM2, JAM3, OCLN, and ESAM

Clinical features JAM2 JAM3 OCLN ESAM

Head and neck

Microcephaly no yes yes yes

Cataracts no yes yes (rare) no

Facial dysmorphisms no no yes: long philtrum, microretrognathia, yes: bitemporal narrowing, highly arched eyebrow,
low-set ears, anteverted nares, bulbous nasal tip, long eyelashes, high narrow palate,
high arched palate wide nasal bridge, upslanted palpebral fissures,

microretrognathia, anteverted nares

Neurologic

Developmental delay yes yes (severe) yes (severe) yes (severe)

Seizures yes (rare) yes yes yes

Spasticity yes yes yes yes

Hypotonia no yes yes yes

Neuroimaging findings

Intracranial calcifications  yes yes yes yes

Intracranial hemorrhage no yes no yes

Ventriculomegaly no yes yes yes

Corpus callosum anomalies no yes yes yes

Abdomen

Hepatomegaly no yes yes no

Genitourinary

Renal anomalies no yes (rare) yes (rare) yes (rare) (renal medullary hemorrhage)

Disease onset adulthood neonatal neonatal antenatal/neonatal

delay, microcephaly, generalized spasticity, and seizures,
as we observed in our cohort of affected individuals.
Finally, bi-allelic LoF variants affecting a tight junction
protein, occludin, have been reported in individuals
showing profound developmental delay, early-onset
seizures, microcephaly, ventriculomegaly, spasticity,
polymicrogyria, loss of white matter, and intracranial cal-
cifications, referred to as pseudo-TORCH syndrome 1
(PTORCH1 [MIM: 251290]).**?* Overall, neurological
manifestations (namely DD, seizures, spasticity, and hypo-
tonia) and intracranial calcifications represent the cardi-
nal clinical features shared among these conditions,
which we also observed in ESAM-affected individuals,
whereas ICH seems specifically restricted to JAM3- and
ESAM-related phenotypes (Table 1). Furthermore, individ-
uals with pathogenic variants in COL4A1, encoding type
IV collagen alpha-1 chain protein (a vascular basement
membrane protein highly expressed in brain vessels),
show intracerebral hemorrhage with calcifications, poren-
cephaly, cystic brain lesions, hydrocephalus, seizures, and
retinal arterial tortuosity.*'** In aggregate these data sug-
gest that defective cell adhesion and solute flux through
the paracellular spaces in the neurovascular unit (NVU)
is a key pathomechanism of brain calcification and hem-
orrhage in this group of disorders, which we here propose
to rename as “tightjunctionopathies.”

Prenatal ICH is a strong risk factor for perinatal mortal-
ity and adverse neurodevelopmental outcome. In a recent
systematic review, cerebral palsy (CP) was observed at
postnatal follow-up in 32% of fetuses with prenatal diag-
nosis of ICH, in most cases accompanied by severe neuro-
developmental delay.'® Accordingly, we observed varying
degrees of spasticity (mainly consisting of spastic tetrapa-
resis) in all children with bi-allelic ESAM variants,
together with GDD/UID and other neurological manifes-
tations. Genetic testing is rarely considered in the
diagnostic workup of CP individuals, although a recent
systematic review and meta-analysis reported non-negli-
gible diagnostic yields of ES and CMA (23% and 5%,
respectively).*® Our findings add a piece of knowledge
to the genetic causes of CP conferring vulnerability to
brain injury during prenatal life and causing long-term
neurodevelopmental complications.

In summary, our study reveals a rare Mendelian condi-
tion associated with bi-allelic ESAM variants and empha-
sizes the increasingly emerging role of brain endothelial
dysfunction in neurodevelopmental disorders. In fact,
the interplay between vascular and neuronal systems
is critical for the normal growth and function of
neurons, considering that brain development relies
heavily on proper cerebrovascular maturation forming a
complex system of multidirectional communication
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known as the “neuro-glial-vascular” unit.*’—>° Therefore,
it is conceivable that alterations in cerebrovascular pro-
cesses during early development may have long-lasting
neurodevelopmental consequences, including non-mal-
formative conditions. In fact, endothelial dysfunction
leading to impaired cerebral angiogenesis has been docu-
mented in a mouse model hemizygous for the ASD-
related 16p11.2 deletion, pointing to a potential role for
endothelial impairment in ASD pathogenesis.”" In this
regard, a previous ASD postmortem brain study suggested
an impairment in cerebral angiogenesis,®> whereas a
functional imaging study proposed a possible link be-
tween ASD and altered cerebral blood flow.”* Altogether,
these data also open a new perspective on potential treat-
ment options for mitigating endothelial cell dysfunction
in neurodevelopmental conditions due to altered BBB
function.
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