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Abstract

Teebi hypertelorism syndrome (THS; OMIM 145420) is a rare craniofacial disorder characterized
by hypertelorism, prominent forehead, short nose with broad or depressed nasal root. Some cases
of THS have been attributed to SPECCIL variants. Homozygous variants in CDH11 truncating
the transmembrane and intracellular domains have been implicated in Elsahy—Waters syndrome
(EWS; OMIM 211380) with hypertelorism. We report THS due to CDH11 heterozygous missense
variants on 19 subjects from 9 families. All affected residues in the extracellular region of
Cadherin-11 (CHD11) are highly conserved across vertebrate species and classical cadherins. Six
of the variants that cluster around the EC2-EC3 and EC3—-EC4 linker regions are predicted to
affect CaZ* binding that is required for cadherin stability. Two of the additional variants [c.164G

> C, p.(Trp55Ser) and ¢.418G > A, p.(Glul140Lys)] are also notable as they are predicted to
directly affect frans-homodimer formation. Immunohistochemical study demonstrates that CDH11
is strongly expressed in human facial mesenchyme. Using multiple functional assays, we show
that five variants from the EC1, EC2-EC3 linker, and EC3 regions significantly reduced the cell-
substrate frans adhesion activity and one variant from EC3—-EC4 linker results in changes in cell
morphology, focal adhesion, and migration, suggesting dominant negative effect. Characteristic
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features in this cohort included depressed nasal root, cardiac and umbilical defects. These features
distinguished this phenotype from that seen in SPECCIL-related hypertelorism syndrome and
CDH11-related EWS. Our results demonstrate heterozygous variants in CDH11, which decrease
cell—cell adhesion and increase cell migratory behavior, cause a form of THS, as termed CDH11-
related THS.

Introduction

The CDH11 gene encodes Cadherin-11, a member of the superfamily of cadherins, which
are key molecules implicated in cell-cell adhesion and play critical roles in embryonic
morphogenesis with tightly regulated spatial and temporal expression in species ranging
from C. elegans and Drosophilato mouse and human (Nishimura and Takeichi 2009;
Borchers et al. 2001; Hyafil et al. 1981; Cavey et al. 2008; Takeichi 1995; Tepass 1999).
Cadherins are categorized into four subfamilies based on their domain layout and number of
extracellular cadherin (EC) domain repeats: classical cadherins (type | and 1), desmosomal
cadherins, protocadherins, and atypical cadherins (including FAT, Dachsous, and Flamingo/
CELSR) (Brasch et al. 2012; Yagi and Takeichi 2000). Classical cadherins that share a
conserved cytoplasmic domain and an extracellular region consisting of five tandem EC
repeats (EC 1-5) represent the most characterized subfamily. Type 1 cadherins are encoded
by the human CDH1, CDHZ, CDH3, and CDH4 genes. Type 11, defined by the absence

of the histidine—alanine-valine (HAV) motif from the EC1 repeat, are encoded by human
CDH5, CDH7, CDHS8, CDH11, and CDH12 genes (Takeichi 1995; Tepass et al. 2000).
Cadherin-11, also known as osteoblast (OB)-cadherin as it was identified initially in a
mouse osteoblastic cell line and human osteosarcoma (Okazaki et al. 1994), is a member of
transmembrane adhesive receptors, and consists of 796 amino acids. It is divided structurally
into a signal peptide, a cadherin propeptide, 5 EC domain repeats of approximately 110
amino acids each (EC 1-5), a transmembrane domain, and a conserved cytoplasmic domain
which links catenins to the actin and microtubule cytoskeleton (Okazaki et al. 1994).

It is believed that Cadherin-11 forms two types of dimers. Lateral association between
Cadherin-11 monomers, dependent on the binding of extracellular Ca2* in the linker
domains between each EC domain, forms a c¢/s dimer within the same plasma membrane,
while in adherens junctions, Cadherin-11 protrudes to form a #rans dimer (via its first EC
domain repeat) from an opposing cell surface (Patel et al. 2006). Cytoplasmic interactions
with Cadherin complexes stabilize cell-cell junctions by reorganizing the actin cytoskeleton.
Thus, Cadherin-11 is involved in dynamic control of cell-cell adhesion activity, and in turn,
can regulate cell migration and cell signaling during a variety of developmental processes
(Borchers et al. 2001).

Teebi hypertelorism syndrome (THS; OMIM 145420) was first described in a large four-
generation family, in which dysmorphic features including hypertelorism, proptosis and
ptosis segregated as an autosomal dominant trait (Teebi 1987). This craniofacial condition
was subsequently reported by multiple authors in 16 additional families (Bhoj et al. 2015;
Hoffman et al. 2007; Koenig 2003; Machado-Paula and Guion-Almeida 2003; Nakagawa et
al. 1998; Stratton 1991; Toriello and Delp 1994; Tsai et al. 2002; Tsukahara et al. 1995;
Bhoj et al. 2019; Zhang et al. 2020; Han et al. 2006). We and others recently reported rare
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missense variants in SPECCIL, a gene encoding a cytoskeletal protein involved in cell—cell
adhesion and migration, in five families with a clinical diagnosis of THS (Bhoj et al. 2015,
2019; Zhang et al. 2020).

Like many other rare diseases, the genetic etiology of these individuals remains unknown
for at least half of the patients, with the underlying molecular and cellular mechanisms
undetermined. As an expansion of our study focused on the identification of genetic
causes of rare craniofacial disorders, here we report 19 individuals with heterozygous
variants in CDH11 and THS assembled through international collaborations. We identified
nine different missense variants in the extracellular domain that are predicted to affect
homodimer formation in 3D structure. Cell-to-substrate adhesion study confirmed that all
of the five studied variants reduced the adhesion function, which was in accordance with
our structural modeling predictions. Moreover, we obtained fibroblasts from one individual
and morphology study demonstrated that CHD11 is involved in focal adhesion and actin
cytoskeleton organization. Consistent with decreased cell—cell adhesion activity, affected
individual’s fibroblasts demonstrated accelerated cell migration activity. Together, these data
describe THS can be caused by pathogenic heterozygous missense in CDH11, as termed
CDH11-related THS by following the dyadic approach to delineate Mendelian genetic
disorders (Biesecker et al. 2021).

Materials and methods

Research participants and genetic analysis

Informed consent was obtained from all the families according to protocols approved

by local institutional review boards and human research ethics committees. Permission

for clinical photographs was given separately. Genomic DNA was extracted from whole
blood from the affected children and their unaffected family members. Exome sequencing
was performed with a variety of standard capture Kits and data analysis was performed
independently. For kindreds A—F, research exome sequencing and genetic analysis was
performed using the Agilent V5 and Illumina HiSeq2500 at Center for Applied Genomics
at The Children’s Hospital of Philadelphia. Data were quality controlled and analyzed
using a custom-built pipeline that incorporates BWA-mem v0.7.12 for alignment, Picard
v1.97 for PCR duplication removal, and GATK v2.6.5 for variant calling. ANNOVAR and
SnpEff were used to functionally annotate the variants and collect minor allele frequency
data from 1000 Genomes Projects, ESP6500SI, EXAC, gnomAD, and Kaviar. Relatively
common variants for suspected autosomal dominant mode of inheritance were excluded
based on MAF threshold of 0.1% in either population dataset, and functional annotation,
such as synonymous, non-exonic, and non-splicing-altering. Subsequent gene prioritization
was performed on the basis of deleterious prediction and biological relevance by referring to
the Online Mendelian Inheritance in Man (OMIM) database and Human Gene Mutation
Database (HGMD). Similarly, research exome was performed on five affected family
members of kindred H. For kindred G and I, clinical exome was performed using the
MedExome SeqCap EZ assay (Roche-Nimblegen, CA) and SureSelectXT Low Input
Human All Exon v7 (Agilent Technologies), respectively; and sequenced with Illumina
NextSeq 500 (Illumina, CA) and Illumina NovaSeq 6000, respectively. Validation of CDH11
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candidate variants in all of the available affected or unaffected family members of all the
families was performed by standard Sanger sequencing.

Immunohistochemical analysis of human embryonic facial tissue

Immunohistochemical study was performed on coronal sections of human embryonic
facial tissues from 67 to 72 days gestation. Human fetal tissues were recovered, with
consent, at the Human Birth Defects Research Laboratory, University of Washington. The
age of specimens was estimated as previously described (Cox et al. 2018). Embryonic
facial tissue was embedded in paraffin and sectioned at 4-micron thickness in the

coronal plane. Sections were then stained with a primary antibody against human CDH11
(SantaCruz #sc-365867 [F-3]) followed by a Goat anti-mouse (Millipore-Sigma; DCO2L)
HRP-conjugated secondary antibody.

L cell transductions

L cells were acquired from ATCC. CDH11-WT and mutant sequences were cloned into
the pBabe-Puro-CMV + vector via the HiFi cloning system (NEB) and verified by

Sanger sequencing. Retroviral transductions were performed by cotransfection of CDH11
expression plasmids with packaging and envelope plasmids into 293Ts using FugeneHD
(Promega). Viral supernatants were supplemented with 8 pg/ml polybrene, filtered through
0.45-micron filters, and applied to L cells. L cells were transduced by spinfection at 650xg
for 90 min, cultured for 2 days, and selected with 1 pg/ml puromycin. Resistant cells were
enriched for expression with two rounds of bead selection, using anti-CDH11 antibody
(R&D Systems, MAB17901) and Dynabeads Goat anti-mouse IgG (Invitrogen) using the
manufacturer’s protocol for “Direct Technique” isolation. The same antibody was used in
conjunction with a PE-labeled goat anti-mouse secondary antibody to monitor expression by
flow cytometry.

Adhesion assay

The protocol for the adhesion assay will refer to the following solutions: Culture medium
—Dulbecco’s modified essential medium (ThermoFisher #10569-010) + 10% fetal bovine
serum; HBSS/Ca—Hank’s buffered salt solution containing 1 mM CaCl, and no magnesium
(ThermoFisher #14170-112 supplemented with 1 mM CaCl,); Binding buffer—20 mM
HEPES, 150 mM NaCl, 1 mM CacCl,, 3 mM KClI, pH 7.4; TBS/Ca—50 mM Tris pH

7.5, 150 mM NaCl, 1 mM CacCls,. 96-well microtiter plates (Immulon 4HBX plates, Thermo-
Scientific #3855) were coated with indicated amounts of recombinant CDH11-Fc fusion
protein (R&D Systems) in TBS/Ca in 50 pl total volume, overnight at 4 °C. Wells with no
protein were incubated with TBS/Ca alone. Wells were washed twice with 200 pl binding
buffer, and blocked with 100-ul binding buffer containing 1% bovine serum albumin for

2 h at room temperature. Wells were washed twice with binding buffer, and once with
binding buffer containing 1% fetal bovine serum. During the blocking of the plate, cells
were harvested and labeled. L cells in 10-cm dishes were harvested by washing once with
10 ml HBSS/Ca, and trypsinizing with 2 ml 0.05% trypsin (ThermoFisher #15090-046) in
HBSS/Ca. Trypsin was neutralized with 8-ml culture medium. 3 million cells were pelleted
and washed with 10 ml HBSS/Ca, and resuspended in 1 ml HBSS/Ca containing 2 uM
Calcein-AM (ThermoFisher #C3100MP). Cells were incubated at 37 °C for 15 min, 5 ml of
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culture medium was added, and cells were incubated at 37 °C for a further 5 min. Labeled
cells were washed once with binding buffer, resuspended in 1 ml binding buffer containing
1% fetal bovine serum, and counted. Volumes were adjusted so the final cell concentrations
were 1 million cells/ml. 100 pl of cell suspension (100,000 cells) was added to wells of

the coated microtiter plate. The plate was centrifuged at 20x g for 2 min, and placed at 37
°C for 3 h. After incubation, the plate was read on a fluorescent plate reader (SpectraMax
i3, Molecular Devices) with excitation at 485 nm and emission at 535 nm. The results

of this first read were used as the input. The plate was washed with binding buffer six
times, and read again. The second read results were used as the bound value. Both input
and bound values were adjusted by subtracting the background fluorescence of the plate,
obtained as the average of the values of all the empty wells on the plate. Percent bound
numbers were generated for each well by dividing the background-adjusted bound values by
the background-adjusted input values.

Identification of heterozygous variants in CDH11 in THS

As an expansion of our study focused on the identification of genetic causes of rare
craniofacial disorders, we performed exome sequencing of nine additional participants
and their available parents from six families with either suspected de novo THS or
autosomal dominant transmission of clinical features resembling THS. We identified six
novel heterozygous missense variants in the CDH11 gene in nine individuals from six
independent families [c.164G > C, p.(Trp55Ser); ¢.418G > A, p.(Glu140Lys); ¢.778G >
A, p.(Asp260Asn); ¢.780 T > A, p.(Asp260Glu); ¢.785A > T, p.(Asn262lle); and ¢.979G
> T, p.(Gly327Trp)] (Table S1; Fig. 1a). Of these six missense variants, which were not
found in population genomics resources (i.e., 1000 Genomes Project, ESP6500SI, and
gnomAD) and were predicted to be deleterious by multiple prediction algorithms (SIFT,
Polyphen2, LRT, MutationTaster, CADD, etc.) (Table S1), three were confirmed to have
occurred de novo, two were dominantly inherited in two families with seven affected
individuals, and one was identified in an adopted singleton. Independently, three more
families with CDH11 heterozygous variants [¢.835G > C, p.(Glu279GIn); c.1121 T > A,
p.(Val374Glu); and ¢.797C > T, p.(Pro266Leu)], two of which are absent in the population
databases as well (Table S1), were identified by exome sequencing and recruited through
personal collaborations and GeneMatcher (Sobreira et al. 2015) (Fig. 1a; Tables S1, S2).
Variants p.(Glu279GIn) and p.(Pro266Leu), were then confirmed de novo and the variant
p.(Val374Glu) was shared among all six affected members of a family from Australia.

Clinical summary

All the patients had typical craniofacial features of THS as summarized in Table 1 evaluated
independently by the primary clinicians, and detailed data can be found in Table S2 (see
also Fig. 2). The defining feature of ocular hypertelorism was seen in all individuals (100%),
with a broad or high forehead in 18 of 19 individuals (95%; 10 individuals with large
anterior fontanelle), thick and/or broad eyebrows in 17 of 19 individuals (89%), a depressed
nasal root in 13 of 19 individuals (68%), a broad nasal tip in 18 of 19 individuals (95%),

and a short nose in 15 individuals (79%). Similarly, a thin upper lip (84%), a small chin with
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horizontal crease (84%), and a high palate or cleft palate (68%) were frequently observed,
whereas a few facial dysmorphic features were less frequently seen, including proptosis
(26%), ptosis (26%), an everted lower lip (37%), small teeth (16%), and delayed tooth
eruption (16%). Of interest, 2 of 19 individuals (11%) were noted to have a subtle coloboma
of the upper eyelid (Individuals four and seven), which has not been previously reported

as a feature of THS. Occasional abnormalities of the extremities, including tapered fingers,
short distal phalanges, broad thumb/big toes, small hands/feet, long/short toes, bulbous tips
of toes, broad feet, and clinodactyly of the fifth fingers/toes, were seen in 9 of 18 individuals
(50%). Developmental delay and intellectual disability were variable in seven individuals
(37%) ranging from very mild speech delay in five individuals to global delay in individual
10. Behavioral issues, i.e., autism and attention-deficit hyperactivity disorder (ADHD) were
formal diagnosed only in kindred F (individuals 8 and 10). 12 of 19 individuals (63%) had
normal overall development.

Molecular and structural analyses of CDH11 variants

Remarkably, all of the nine missense variants that we identified [p.(Trp55Ser),
p.(Glu140Lys), p.(Asp260Asn), p.(Asp260Glu), p.(Asn262lle), p.(Pro266Leu), p.
(Glu279GIn), p.(Gly327Trp), and p.(Val374Glu)] affect residues of the extracellular
cadherin repeats, each of which has been shown to be highly conserved among vertebrate
orthologs and may contribute to the formation of cisand tfrans dimers (Zhu et al. 2003;
Chappuis-Flament et al. 2001) (Fig. 1b). In addition, we noted that six out of nine

variants [p.(Asp260Asn), p.(Asp260Glu), p.(Asn262lle), p.(Pro266Leu), p.(Glu279GIn), and
p.(Val374Glu)] are very close to the EC1-EC2 and EC2—-EC3 linker regions, and one [p.
(Trp55Ser)] involves the highly conserved tryptophan anchor residue (referred to as W2
after signal peptide and propeptide cleavage) that is critical for #rans dimer formation in the
homologous CDH family members (Kitagawa et al. 2000; Tamura et al. 1998) (Fig. 1b).

An intolerance landscape plot was generated by the MetaDome server (Wiel et al. 2019).

It indicated that EC1, EC2, and the EC1-EC2 and EC2-EC3 linker regions were the

most intolerant regions for the missense variants, where the variants p.(Glu140Lys), p.
(Asp260Glu), p.(Asp260Asn), p.(Asn262lle), and p.(Pro266Leu), affecting residues with the
lowest ajy/ds scores (indicating more intolerance to a missense change), are located (Fig. 1c;
Table S1). On the other hand, variants p.(Gly327Trp), p.(Trp55Ser), p.(Glu279GIn), and p.
(\Val374Glu) were less intolerant, with slightly higher scores (Fig. 1c; Table S1). Moreover,
all of the eight affected residues are highly conserved across vertebrate species, as well as
within four additional classical type I and Il cadherins (Fig. 1d). Collectively, these provide
supportive evidence for pathogenicity of the missense variants identified. We further mapped
the variants identified in CDH11 onto CDH1, a paralogous gene of CDH11 and implicated
in a number of autosomal dominant human disorders (MIM: 137215 and 119580) (Cox et

al. 2018; Ghoumid et al. 2017; Kievit et al. 2018; Brito et al. 2015; Guilford et al. 1998;
Richards et al. 1999), and found that all but one of their corresponding paralogous residue
changes (p.Pro373Leu) in CDHI were also absent from gnomAD (Table S1), lending a
further support of the intolerant nature of the variants that we identified in CDH11. Even so,
the CDH1 variant Pro373Leu was identified in hereditary diffuse gastric cancer and has been
shown to be pathogenic through human cell in vitro assays and a zebrafish model (Kievit et
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al. 2018; Corso et al. 2007), suggesting its paralogous gene CDH11 variant p.(Pro266Leu)
could be pathogenic.

To further explore the structural impact of the nine missense variants, the three-dimensional
structures of the EC domains of wild-type and mutant CDH11 (amino acids 54-375) were
obtained using homology modeling with SWISS-MODEL and displayed with Chimera
UCSF (Guex and Peitsch 1997; Pettersen et al. 2004). First, the crystallographic structure
of homodimeric EC1-EC2 domains of mouse cadherin-11 at a 3.2 A resolution was used

as a template as it exhibits 99.52% identity with human CDH11 (PDB: 2a4e) (Patel et

al. 2006). As shown in Fig. 3a, residue Trp55 forms hydrogen bonds with both Glu140

and Pro141 from the partner chain (Fig. 3b). Replacement of Trp55 with serine, the side
chain changing from a large aromatic residue to a small neutral one, was predicted to

result in loss of a hydrophobic interaction with Pro141 from the partner chain (Fig. 3c).
Replacement of Glu140 with lysine, a negatively charged to a positively charged side

chain, was also predicted to disrupt the hydrophobic interaction with Trp55 from the
partner chain (Fig. 3d). A previous study of N-cadherin has shown that the hydrogen bond
involving the paralogous tryptophan residue is necessary for dimer formation and facilitates
a subsequent conformational change that allows Ca2* binding and stabilization of the frans
dimer (Vunnam and Pedigo 2011). Together, these findings suggest that both p.(Trp55Ser)
and p.(Glu140Lys) may modify the Ca2*-binding pocket, and therefore, potentially affect the
adhesive function.

Since residues Asp260 and Asn262, which lie in EC2—EC3 linker region, are not modeled in
the available mouse cadherin-11 structure (PDB: 2a4e), we next used the mouse cadherin-8
monomer (X-ray; 4.5 A; PDB: 2a62) (Patel et al. 2006) as a template to model the EC1-EC3
domains (amino acids 54-375). Both residues, lying in the Ca?*-binding pocket between
EC2 and EC3, form hydrogen bonds with multiple residues and provide a structural base
for Ca2* binding (Figs. S1A, S1B). Similarly, substitution of Asp260 with glutamic acid,

a small to large side chain change, was predicted to abolish the hydrophobic interaction
with Asn300 and lead to a more ‘open’ state of the Ca2*-binding pocket (Fig. S1C). A
similar finding was also observed when Asn262 is substituted by a large isoleucine (Fig.
S1E). By contrast, the p.(Asp260Asn) change seems to keep the CaZ*-binding pocket
unaltered (Fig. S1D). Lastly, we pursued this further by mapping these missense variants
onto a mouse E-cadherin protein structure (PDB: 3g2v) and demonstrated six missense
variants [p.(Asp260Glu), p.(Asp260Asn), p.(Asn262lle), p.(Pro266Leu), p.(Glu279GIn),
and p.(Val374Glu)] cluster around the linker regions (Fig. S2), which suggests these six
missense variants may change CaZ* binding ability and in turn have an impact on protein
adhesive function.

Functional studies of CDH11 variants

We performed immunohistochemical study on coronal sections of human embryonic facial
tissues from 67 to 72 days gestation. It showed strong staining of CDH11 in facial
mesenchyme at the mid-palatal region (Fig. 4a) as well as at the level of the posterior
palate (Fig. 4b), including the central palatal mesenchyme, dental mesenchyme, the eye and
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optic muscles, and the tongue. This highlighted CDH11 protein is strongly expressed in the
human developing face, in accordance with the human phenotype.

To functionally assess the missense variants identified in this study, we used L cells, a
transformed mouse fibroblast line expressing no cadherins and widely used to study cell-
cell adhesion in the cell-to-substrate adhesion assay (Okazaki et al. 1994; Kawaguchi et

al. 1999; Accogli et al. 2019). Previous studies showed transient transfection of CDH11

into L cells led to the acquisition of the ability to bind to cadherin-11 as either a purified
protein or a surface-expressed protein on other cells (Okazaki et al. 1994; Kawaguchi et

al. 1999). We transduced L cells using a retroviral vector for stable expression with one of
the following constructs: CDH11-WT or the variants CDH11-Trp55Ser, CDH11-Glu140Lys,
CDH11-Asp260Asn, CDH11-Asn262lle, or CDH11-Gly327Trp. Similar levels of protein
expression of wild type and the mutants were observed by flow cytometry (Fig. S3). L cells
expressing CDH11-WT bound to hCadherin-11-Fc in a dose-dependent manner (Fig. 5a).
However, binding of L cells transduced with three mutant constructs (CDH11-Trp55Ser,
CDH11-Glu140Lys, and CDH11-Gly327Trp) constantly showed minimal binding (<< 1%)
even when the hCadherin-11-Fc coated concentration increased, while two other mutants
(CDH11-Asp260Asn and CDH11-Asn2621le) demonstrated weaker binding compared to
CDH11-WT. At the hCadherin-11-Fc amount of 187.5, 375, and 750 ng, the percentage of
binding between WT and all of the five mutants differed significantly (Fig. 5a). These results
indicate that the CDH11 variants affect the cell-cell adhesion function, which was consistent
with our structural modeling predictions.

To determine if the variant p.(Glu279GIn) impairs cell morphology, migration, and
proliferation, we obtained fibroblasts from individual 12 (Kindred G), and compared to

two control fibroblast lines from unrelated age-, gender-, and ethnicity-matched individuals.
We confirmed expression of Cadherin-11 in control primary human dermal fibroblasts and
determined its cellular distribution by immunostaining analysis. Cadherin-11 was expressed
and localized in small spots at randomly distributed sites, particularly at the leading
extending edge, along the protruding filopodial structures and at the cell—cell contact sites
(Fig. S4A). An increased expression was observed in the affected individual’s fibroblasts
(Fig. S4A), which also was confirmed by Western blotting (Fig. S4B). Interestingly, whilst
individual 12"s fibroblasts adhered to the substrate with an efficiency comparable to that
observed in control cells (Fig. S4C) during the initial phases of adhesion (i.e., up to 2

h after plating), a strong alteration of cell morphology was observed (Fig. 5b). Control
fibroblasts rapidly spread on plastic surface, however, individual 12”s fibroblasts remained
smaller and rounder for a longer time, presenting delayed formation of lamellipodia and

an abnormal membrane-protrusion dynamic with preferential formation of blebs and ruffles
(Fig. 5b). A large number of focal adhesions were present in individual 12”s fibroblasts,
both at the leading edge and in the center of the cell, as evidenced by paxillin staining (Fig.
5c¢). However, differently from control fibroblasts that presented the typical focal contact
punctate stain inter-connected with the stress fiber tips at the leading edge of spreading
cells, focal adhesion structures in the individual 12 were immature and actin stress fibers
were absent (Fig. 5¢). Interestingly, staining for Cadherin-11 showed protein aggregates
colocalizing with actin bundles 2 h after plating (Fig. 5d). In parallel, we used the same
fibroblasts from individual 12 to carry out in vitro wound healing assay by means of
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a wound artificially generated in vitro in a confluent cell monolayer. In agreement with
previous observations that Cadherin-11 mutants lacking the extracellular domain behaves

as a hypermorph in regard to CNC cells migration (Borchers et al. 2001; Kashef et al.

2009), individual 12’s fibroblasts were able to colonize the cell-free zone approximately
twofold faster than control cells (Fig. 5¢). Finally, we observed no measurable differences

in proliferation in three replicates between individual 12s fibroblasts and control fibroblasts
(Fig. S4D).

Discussion

In this study, we report on 19 subjects from 9 families harboring de novo or dominantly
inherited heterozygous missense variants in the extracellular domain of CDH11. Functional
studies evoke an involvement of Cadherin-11 in focal adhesion and actin cytoskeleton
organization and that variants in the extracellular domain lead to a reduced #ransadhesion,
but accelerated migration. Previous data showed that Cadherin-11 mediates cell-substrate
adhesion by physically interacting with focal adhesions (Langhe et al. 2016), and that the
extracellular domain is dispensable for promoting cell-substrate adhesion, cell protrusive
activity, and cell migration, but at a fast pace (Kashef et al. 2009; Langhe et al. 2016). In

a Xenopus graft model, grafted cranial neural crest cells overexpressing wild-type Xenopus
cadherin-11 lost the ability to migrate to the branchial arches (Borchers et al. 2001). By
contrast, overexpressing a mutant that deleted 72 amino acids between EC1 and EC2

in grafts led to accelerated migration of cells to the branchial arches (Borchers et al.

2001). Both overexpression graft models resulted in altered expression of cranial neural
crest markers, suggesting that, in Xenopus, the cadherin-11-mediated migration process of
cranial neural crest cells must be tightly balanced. Interestingly, co-expression of wild type
and this mutant partially inhibited and rescued the early migration, instead of blocking
migration. This indeed suggests that the deletion mutant exhibited a dominant negative
effect, rather than loss-of-function (LoF) (Borchers et al. 2001). Of note, homozygous
truncating variants in CDH11 were previously reported in four families with Elsahy—Waters
syndrome (EWS) (MIM: 211380), following autosomal recessive mode of inheritance
(Castori et al. 2018; Harms et al. 2018; Taskiran et al. 2017). Although limited functional
studies were performed on these truncating variants in previous studies, it is likely that they
exert a LoF effect. Our results suggest that the identified missense variants exert a dominant
negative effect, though a loss-of-function mechanism is also possible. Interestingly, the
study in Xenopus also identified the expression of a neural crest marker, twist, is strongly
reduced when overexpressing the dominant negative variant (Borchers et al. 2001). Of

note, pathogenic variants of its orthologue 7W/ST1in human have been implicated in
Saethre—Chotzen syndrome with hypertelorism. We speculate that the missense variants in
CDH11 reduced transadhesion and increased cell migration may alter the critical gene
expression in the early embryonic development and result in hypertelorism. Moreover, other
cadherins have been implicated in autosomal dominant or recessive Mendelian disorders,
including aforementioned heterozygous variants of CDHI (encoding epithelial cadherin) in
blepharocheilodontic syndrome (MIM: 119580), isolated and familial non-syndromic cleft
lip with or without cleft palate, as well as diffuse gastric cancer with or without cleft lip
and/or palate (MIM: 137215); CDH3(i.e., placental cadherin) biallelic pathogenic variants
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causative of ectodermal dysplasia, ectrodactyly, and macular dystrophy (MIM: 225280)
(Kjaer et al. 2005), and congenital hypotrichosis with juvenile macular dystrophy (MIM:
601553) (Sprecher et al. 2001); and more recently pathogenic heterozygous variants of
CDHZ (i.e., neuronal cadherin) in a syndromic neurodevelopmental disorder (Accogli et al.
2019). The phenotypes appears to correlate with the tissue types where the cadherins are
most predominantly expressed as how they were originally named.

It is noteworthy that the four families with the previously described homozygous CDH11
variants (causing EWS) and the nine families we present here with heterozygous variants
in CDH11 share some general craniofacial features, including hypertelorism, proptosis,
ptosis, a broad forehead, broad and thick eyebrows, a short nose with a broad nasal

tip, and a thin upper lip. However, these two cohorts of individuals are vastly different

in the prevalence and severity of developmental delay/intellectual disability and skeletal
abnormalities, which is quantified in Table 1. There are clearly two distinct phenotypes, as
even after these patients had a heterozygous CDH11 variant identified, a diagnosis of EWS
was not considered as the phenotype was too divergent.

The vast majority (18/19) individuals in this study had normal or only minor developmental
delays. All the patients with EWS have global developmental delay. Only two subjects
with heterozygous CDH11 missense variants have truncal skeletal findings, specifically
pectus excavatum and vertebral fusions. Conversely, cardiac and umbilical defects were
only found in individuals with heterozygous CDH11 missense variants and are not with
any EWS patients. However, only five subjects with EWS have been reported so far, and

it is possible that cardiac and umbilical phenotypes will be observed in future individuals
with such variants. Small eyelid coloboma was highlighted in one of the five EWS subjects
(Harms et al. 2018). Interestingly, two individuals in our cohort were also noted to have
very small colobomas of the upper eyelid. We note that one of the three related individuals
previously reported by Tsai et al. (2002) with a diagnosis of THS was described to have
coloboma of the iris and retina; however, exome analysis 15 years later revealed a known
pathogenic variant in ACTGI [c.209C > T p.(Pro70Leu)], leading to a revised diagnosis of
Baraitser—Winter syndrome (BWS) (Tsai et al. 2018). This is consistent with our previous
observation that subjects in this family resembled individuals with BWS (Bhoj et al. 2019).
Given the different molecular etiology, we excluded these individuals for further discussion
in the context of THS.

We reviewed the 16 other individuals who were well-documented in the literature with THS
but without a molecular diagnosis (Teebi 1987; Koenig 2003; Machado-Paula and Guion-
Almeida 2003; Nakagawa et al. 1998; Stratton 1991; Toriello and Delp 1994; Tsukahara

et al. 1995; Han et al. 2006) and found phenotypic features overlap considerably with the
subjects summarized here. These features include recognizable craniofacial dysmorphism
including hypertelorism, proptosis, ptosis, a broad forehead, broad and thick eyebrows,

a short nose with a broad and/or depressed nasal root, and a thin upper lip; minor
abnormalities of extremities such as clinodactyly, mild syndactyly, and small hands and feet;
congenital heart defects; and umbilical defects (Table 1). Similarly, substantial craniofacial
overlap was also noted between SPECC1L-associated hypertelorism syndrome (Bhoj et al.
2015, 2019; Zhang et al. 2020; Kruszka et al. 2015) and this cohort (Table 1). Interestingly,
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among these shared craniofacial features, the occurrence of a depressed nasal root seems

to be largely different between the two groups. Specifically, individuals with SPECCIL-
associated hypertelorism syndrome generally have a broad nasal root and tend to have a
high nasal root (100%) whereas 8 individuals (Teebi 1987; Nakagawa et al. 1998; Tsukahara
et al. 1995) with THS in the literature (62%) and 13 individuals from our cohort (68%)
have a depressed nasal root. This may help clinically distinguish CDH11-related THS from
SPECCI1L-related hypertelorism syndrome. The broad nasal root in individual 4 is probably
related to her ethnic background. As previously speculated by us (Bhoj et al. 2019), it is
suggested that these eight individuals with a clinical diagnosis of THS without a molecular
diagnosis should be considered for SPECCIL gene sequencing, and now including CDH11
as well. Furthermore, craniosynostosis and diaphragmatic hernia were absent in our cohort,
while they were occasionally observed in SPECC1L-associated hypertelorism syndrome
(19-23%) (Bhoj et al. 2019).

The converging phenotypes of patients with variants in SPECCI1L or CDH11 genes highlight
the relevance of balanced cadherin expression during craniofacial morphogenesis. Indeed,
the correct delamination of cranial neural crest (CNC) cells from the neuroectodermal
epithelium, their migration toward the head and branchial arches and differentiation in
several different tissues rely on an epithelial-to-mesenchymal transition (EMT) process,
characterized by downregulation of type | cadherins (i.e., CDH1 and CDHZ2) and increased
expression of the type Il cadherin CDH11 (Kimura et al. 1995; Alimperti and Andreadis
2015). Of note, SPECCLL has recently been identified as a novel regulator of adherens
junction stability through PI3K-AKT, and loss of SPECC1L expression in mouse embryos
results in increased CDH1 levels, augmented adherens junction stability and defects in
cranial neural crest cell delamination (Wilson et al. 2016). Similarly, CDH1 overexpression
in the neural folds shows reduced or delayed delamination of the CNC cells (Taneyhill 2008;
Theveneau and Mayor 2012). Conversely, reduction of CDH11 adhesive function results in
non-directional and incomplete CNC cell migration in Xenopus models (Becker et al. 2013).

It has been recognized in the cancer field that upregulation of CDH11, resulting in changes
in cellular function including cell migration, invasion, and epithelial-to-mesenchymal
transition, correlated with tumor progression (Huang et al. 2010; Marchong et al. 2010;

Li et al. 2012; Tomita et al. 2000; Pishvaian et al. 1999). Analyzing all of CDH11 variants
reported in cancer subjects from cBioPortal database (Gao et al. 2013) (7= 83,238 subjects
and queried on April 7th, 2020) returned 1084 unique somatic variants. Among these,
c.778G > A p.(Asp260Asn) was found in three subjects, with one having bladder urothelial
carcinoma and two having uterine endometrioid carcinoma. However, to date there is no
suggestion of an increased susceptibility to malignancy in association with germline CDH11
variants.

Recently, a variety of genes have been implicated in several allelic syndromes with

both autosomal recessive and dominant modes of inheritance (Esmaeeli Nieh et al.

2015; Motta et al. 2019; Meyer-Schuman and Antonellis 2017; Nabais Sa et al. 2019),
such as KIFIA, LZTR1, DEAFI, AARS, YARS, GARA, and HARS. Homozygous (or
compound heterozygous) loss-of-function (LoF) variants, including nonsense, frameshift,
splice-altering, and missense, in K/F1A leading to motor and sensory neuron degeneration
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in in vitro studies have been implicated in hereditary sensory and autonomic neuropathy
and hereditary spastic paraplegia phenotype, whereas de novo dominant variants of K/F1A
in the kinesin motor domain affecting the kinesin-mediated cargo transport in a dominant
negative manner result in progressive encephalopathy and brain atrophy (Esmaeeli Nieh et
al. 2015). Similarly, a number of genes (i.e., AARS, YARS, GARA, and HARS) encoding
aminoacyl-tRNA synthetases can cause both dominant and recessive disorders through
dominant negative and LoF effects, respectively (Meyer-Schuman and Antonellis 2017).
Another well-known example would be Noonan syndrome due to either dominant negative
or recessive LoF variants in LZTR1 (Motta et al. 2019). Most recently, both dominant
negative and recessive LoF variants in a previously known gene for autism, DEAFI, also
identified to cause a spectrum of neurodevelopmental disorders (Nabais Sa et al. 2019). Our
study further supports the concept of allelic syndromes with different inheritance patterns
due to different variants’ biological functions.

Conclusion

We report 19 individuals from 9 families with a clinical diagnosis of THS and heterozygous
missense variants in CDH11. Following the recent recommendation to name Mendelian
genetic disorders (Biesecker et al. 2021), we propose CDH11-related THS for this cohort of
patients. In vitro functional assessment demonstrated that all of the six studied variants
affect the cell—cell frans adhesion function or accelerated cell migration, supporting

a disease mechanism. Compared to individuals with SPECC1L-related hypertelorism
syndrome with a high prevalence of broad/high nasal root, subjects with CDH11-related
THS tend to have a depressed nasal root. In general, CDH11-related THS is associated

with a more variable, less severe phenotype with less pronounced dysmorphic features and
generally normal or only mildly delayed development compared to CDHI11-related EWS.
There are also differences in associated structural features, with cardiac or umbilical defects
being features of CDH11-related THS and skeletal anomalies in CDHI11-related EWS.
Advances in our understanding of the emerging spectrum of THS and phenotype associated
with heterozygous CDH11 variant will benefit families by facilitating counselling and aiding
in reproductive decision making.
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pA»i\sn262Il
CDH11 RSKRGWVWNQF NRPLEPPSE TLTDVNDNPPKFPQSVYQMSVSEAAVP ETQEGVIKL TVKISVEDAD
Rhesus RSKRGWVWNQF NRPLEPPSE TLTDVNDNPPKFPQSVYQMSVSEAAVP ETQEGVIKL TVKIAVEDAD
Elephant RSKRGWVWNQF NRPLEPPSE TLTDVNDNPPKFPQSVYQMSVSEAAVP ETQEGVVKL TVKIAVEDAD
Dog RSKRGWVWNQF NRPLEPPSE TLTDVNDNPPKFPQSVYQMSVSEAAVP ETQEGVVKL TVKIAVEDAD
Mouse RSKRGWVWNQF NRPLEPPSE TLTDVNDNPPKFPQSVYQMSVSEAAVP ETQDGVVKL TVKISVEDAD
Chicken RSKRGWVWNQF NRPLEPPSE TLTDVNDNPPKFPQSVYQMSVSEAAVP ETQEGVVKL TVKITVEDAD
X_tropicalis RSKRGWVWNQF NKPLEPPSE TLTDVNDNPPKFPQSAYPMSVSEAAVP QTQEGVVKL TVKISVEDFD
Zebrafish RSKRGWVWNQF NKPLEPPSE TLTDVNDNPPKFAQGVYAMAVSEDKVP ETQEAVIKL IVKISVEDAD
CDH8 RSKRGWVWNQM SKPLEPPSE TLTDVNDNPPKFAQSLYHFSVPEDVVL QAQDGIIRL TVKIVVEDAD
CDH1 RQKRDWVIPPI NA-VEDPME TVTDTNDNPPIFNPTTYKGQVPENEAN VYNNDGILKT TVTVDVLDVN
CDH3 RHKRDWVVAPI AS-VEDPMN EILDANDNAPMFDPQKYEAHVPENAVG ESNQGILTT TIVVHVEDVN
CDH2 RQKRDWVIPPI NQ-VENPID TVTDVNDNPPEFTAMTFYGEVPENRVD NSNDGLVTV TVSVTVIDVN
CDH4 RRKRDWVIPPI NK-VENPID TVTDVNDNPPEFTASTFAGEVPENRVE VTNEGMVTV GVTISIMDIN
Fig. 1.

Molecular genetic findings in individuals with heterozygous CDH11 variants. a Pedigrees
and genotypes of de novo or dominantly inherited CDH11 variants identified in nine
kindreds A-I. b Schematic of CDH11 protein showing conserved domains and variants
identified in kindreds A-I listed at the top and bottom. Conserved domains include five
extracellular cadherin repeats (EC1-5), a transmembrane domain (TM), and a cytoplasmic
tail (C). ¢ An intolerance landscape plot generated by MetaDome for CDH11 variant
analysis. A ratio of ajy and ds was calculated based on gnomAD population data and
pathogenic variants from the ClinVar to profile genetic intolerance for protein domains. It
showed EC1, EC2, and the EC1-EC2 and EC2-EC3 linker regions were the most intolerant
EC repeats. d The affected residues highly conserved across vertebrate species and classical
cadherins
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Fig. 2.

Clinical images of individuals in this cohort include facial photographs, hands, and feet.
Kindred and individual identifiers correlate with those in pedigrees and in Table S2
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A:Glu140

Fig. 3.
Three-dimensional structure analysis. a Three-dimensional structure modeling of CDH11

dimer using homology modeling with SWISS-MODEL (PDB: 2a4e). Residues Trp55

and Glu140 were shown with sticks. b Hydrophobic bonds between Trp55 and Glu140/
Pro141 from the partner chain. ¢ Substitution of Trp55 with serine predicted to disrupt
the hydrophobic bonds. d Replacement of Glu140 with lysine also predicted to disrupt the
hydrophobic bonds with Trp55 from the partner chain
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Fig. 4.

Irr?munohistochemical detection of CDH11 in coronal sections of 67—-72d human embryonic
facial tissue. Strong CDH11 staining is evident in facial mesenchyme at the mid-palatal
region (a) as well as at the level of the posterior palate (b). aand b are sections

from different facial specimens. Regions of strong staining include the central palatal
mesenchyme (i), dental mesenchyme (ii), the eye and optic muscles (iii), and the tongue

(vi). Both the nasal cartilage (iv) and Meckel’s cartilage of the lower jaw (v) show negligible
staining. ¢ No primary antibody control

Hum Genet. Author manuscript; available in PMC 2022 June 30.
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Fig. 5.

Hgterozygous variants in CDH11 change cell-substrate adhesion and migration property.

a Cell-to-substrate adhesion assay showing L cells expressing five CDH11 mutants have
consistently reduced frans adhesion at the hCadherin-11-Fc amount of 187.5, 375, and

750 ng. The data are shown as the mean + s.e.m. of five independent experiments on

an interleaved bar plot. Two-tailed paired #test, ***P < 0.001; ****P < 0.0001. b Actin
staining (Actin-stain 488 Fluorescent Phalloidin, Cytoskeleton) of cells fixed 2 h after
plating showing relevant morphological alteration of fibroblasts from individual 12 (Kindred
G) with the p.(Glu279GlIn) variant (Indi. 12) as compared to age-and sex-matched control
cells (CTR). Insert, higher magnification showing peripheral blebs and ruffles and lack of
stress fibers and lamellipodia in Indi. 12. Bar, 40 um. The cell area was calculated using
ImageJ software and plotted as mean area £ SD (on the right). Two different control

cell strains were used. More than 600 cells from each population over three separate
experiments were measured. ***P < 0.005. ¢ Immunofluorescence analysis using anti-
Paxillin monoclonal antibody (clone D9, Santa Cruz Biotechnology) and phalloidin showing
abundance of immature focal adhesions not associated to actin stress fibers in individual 12
as compared to matched control cells. Bar, 20 um. d Immunofluorescence analysis using
anti-CDH11 monoclonal antibody (clone 5B2H5, ThermoFisher Scientific) and phalloidin
showing protein aggregates colocalizing with actin bundles in fibroblasts from individual
12. Bar, 10 um. e In vitro wound closure assays showing increased migration in fibroblasts
from individual 12 as compared to control cells (7= 2). Representative images are shown
from three independent time course cell migration experiments, each performed at least in
triplicate. The white dotted lines define the areas lacking cells. The invaded area at 0, 24 and
48 h has been quantified using ImageJ software, and values of percentage of wound closure
+ SD are shown in the graph below. ***£ < 0.005
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