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Abstract

AMOTL 1 encodes angiomotin-like protein 1, an actin-binding protein that regulates cell polarity,
adhesion, and migration. The role of AMOTL 1 in human disease is equivocal. We report a large
cohort of individuals harboring heterozygous AMOTL 1 variants and define a core phenotype of
orofacial clefting, congenital heart disease, tall stature, auricular anomalies, and gastrointestinal
manifestations in individuals with variants in AMOTL 1 affecting amino acids 157 — 161, a
functionally undefined but highly conserved region. Three individuals with AMOTL 1 variants
outside this region are also described who had variable presentations with orofacial clefting and
multi-organ disease. Our case cohort suggests that heterozygous missense variants in AMOTL 1,
most commonly affecting amino acid residues 157 — 161, define a new orofacial clefting
syndrome, and indicates an important functional role for this undefined region.

Keywords

orofacial clefting; YAP; congenital heart disease; cleft lip; cleft palate; exome sequencing; genome
sequencing

Introduction:

Cleft lip with or without cleft palate (CL/P) is one of the most common birth defects

with an incidence of 1 in 700 — 1000 births (Tolarova and Cervenka, 1998; Genisca et al.,
2009; Mai et al., 2019). The etiology of CL/P is heterogenous and includes monogenic,
polygenic, and environmental causes (Leslie, 2022). CL/P can occur in isolation; however,
30 — 50% of cases represent an underlying genetic syndrome and carry high risk of multi-
organ involvement (Jugessur and Murray, 2005). Syndromes commonly associated with
CL/P include Wolf-Hirschhorn syndrome, Opitz GBBB syndrome, and Van der Woude
syndrome as well as Trisomy 13 (Schutte and Murray, 1999). Frequent comorbidities
include developmental delay, congenital heart disease, limb anomalies, and urogenital
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defects (Burg et al., 2016). Multiple signaling pathways have been implicated in the
pathogenesis of CL/P, including BMP, Wnt, SHH and Hippo signaling (Jugessur et al.,
2009). Despite advances in next generation sequencing and our understanding of biological
pathways, a definitive molecular diagnosis currently cannot be made in greater than 60%
of cases with clear evidence of heritability and in greater than 90% of simplex cases,
highlighting our incomplete understanding of the genetics of CL/P (Cox et al., 2018).

Human AMOTL 1 maps to chromosome 11921 and encodes the protein angiomotin-like
protein 1 (AMOTLZ1), one of three members of the AMOT protein family that exhibit some
functional redundancy (Bratt et al., 2002). AMOTLL1 is a cytosolic protein in mesenchymal
cells but localizes to tight junctions and adherens junctions in polarized epithelia (Hirate

et al, 2013). Targeted studies reveal a critical role for AMOTL 1 in tubulogenesis and
angiogenesis; however, a function in other tissues has not been widely examined (Wang
etal., 2011; Zhao et al, 2011; Huang et al., 2018). AMOTL1, like the two other related
proteins AMOT and AMOTL2, has been shown to bind to and regulate nucleocytoplasmic
shuttling and turnover of YAP, a key component of the Hippo signaling pathway. AMOTL 1
overexpression also inhibits Wnt signaling by promoting the degradation of -catenin
(Wang et al., 2011; Zhao et al, 2011; Huang et al., 2018). Animal models have so far

not proven successful in dissecting the role of AMOTL 1 during development, perhaps in
part due to functional redundancy among AMOT family members. Furthermore, the extent
of AMOTL I-related phenotypes in humans has yet to be fully appreciated (Zheng et al.,
2009; Zheng et al., 2016; Liegel et al., 2019).

To date, two heterozygous AMOTL 1 variants — one affecting amino acid position 157 and
another affecting amino acid position 160 — have been reported in individuals with some
phenotypic overlap, including CL/P and congenital heart disease (Liegel et al., 2019; Rips
et al., 2020). Here we describe 16 individuals from 12 families with heterozygous variants
in AMOTL 1. From these cases, we propose that pathogenic variants in AMOTL 1, most
commonly missense variants affecting amino acid 157, underlie a novel orofacial clefting
syndrome.

Materials and Methods:

Ethical Compliance:

The Institutional Review Board of the Children’s Hospital of Philadelphia approved this
study (Protocol number 16-013278). All other institutions involved in human participant
research received local IRB approval and signed appropriate consent forms.

Editorial Policies and Ethical Considerations:

Informed consent was obtained from all participants and/or their legal guardians. All studies
were performed in accordance with the Declaration of Helsinki. Permission for use of
clinical photographs was given separately. All clinical data was deidentified as part of this
study.
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Primary Cohort:

Patients were referred for evaluation by clinical geneticists due to multiple congenital
anomalies. All patients were diagnosed through exome or genome sequencing. Patients 1
and 12 were evaluated at The Children’s Hospital of Philadelphia. Trio exome sequencing
for Patient 1 was initially performed at The Children’s Hospital of Philadelphia Genetics
laboratory (2019). Repeat duo exome sequencing was performed by GeneDx. Proband-only
exome sequencing for Patient 12 was performed in The Center for Applied Genomics

at The Children’s Hospital of Philadelphia. Patients 2 - 4 and Patient 16 were evaluated

at Radboud University Medical Center. Trio exome sequencing was performed following
routine diagnostic procedures as described previously (Neveling et al., 2013). Patient 5
was evaluated at Kuopio University Hospital. Patients 6 — 8 (Family ID #6104) were
ascertained at Seattle Children’s Craniofacial Center and subject to exome sequencing
through the Center for Mendelian Genomics at the University of Washington (Seattle) as
part of a large study of 72 multi-affected, multigenerational families presenting with CL/P
(Cox et al., 2018). Patient 9 was evaluated at Washington University in St. Louis. Duo
exome sequencing was performed by GeneDx. Patient 10 was evaluated at The Hospital
for Sick Children (SickKids) in Toronto, Canada. The AMOTL 1 variant was identified

via research genome sequencing at the Center for Applied Genomics/SickKids as part

of the Autism Speaks MSSNG project (research.mss.ng). Patient 11 was evaluated at
Spectrum Health Helen DeVos Children’s Hospital, with trio exome sequencing performed
by GeneDx. Patient 13 was ascertained from the NIH Gabriella Miller Kids First cohort
(see Secondary Validation Cohort section below). Patient 14 was ascertained from a
related consortium of CL/P studies from multiple Centers under the auspices of the
Baylor-Hopkins Center for Mendelian Genomics. Patient 15 was evaluated at Medizinische
Hochschule Hannover. Exome sequencing was performed by Hannover Medical School.
Center-specific bioinformatic pipelines were applied to respective cases. The majority of
cases were brought together into the cohort described here through GeneMatcher (Sobreira
et al., 2015). Other cases were assembled through clefting cohorts (Seattle Children’s
Craniofacial Center, Center for Applied Genomics/SickKids Autism Speaks MSSNG
project, NIH Gabriella Miller Kids First cohort, and Baylor-Hopkins Center for Mendelian
Genomics). The previously published patients with AMOTL 1 variants are included in
Table 1. Numbering of all reported variants in AMOTL1 are relative to RefSeq transcript
NM_130847.3. The AMOTLL1 protein structure prediction was generated using i-TASSER
(https://zhanggroup.org/I-TASSER/).

Secondary Validation Cohort:

A variant search was also performed on three CL/P cohorts available as part of the

NIH Gabriela Miller Kid’s First program, representing genome sequencing data from 876
trios: dbGaP accession numbers - phs001420.v1.p1 (262 trios, Latin American ancestry);
phs001168.v2.p2 (376 trios, European ancestry); phs001997.v1.p1 (238 trios, African and
Asian ancestry). Initial searches were performed in the first two datasets using the variant
explorer in the Kid’s First portal (https://portal.kidsfirstdrc.org/variant) and analyzed using
the Cavatica platform. To select only rare, potentially high impact variants, we initially used
an allele frequency cutoff of 1x10~* in gnomAD v3.1, and a CADD score >15. Searchable
summary data on the African-Asian cohort was not available through the Kid’s First portal
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at the time of these analyses. Furthermore, the identity of the individual(s) harboring each
variant cannot be determined on the Cavatica platform at this time. Consequently, access to
the genome sequencing data for all 876 trios was requested and approved, and then the entire
datasets were downloaded to determine the trios and the individuals within each trio that
harbored identified AMOTL 1 variants.

Results:

Variants Affecting Amino Acids 157 and neighboring residues:

We identified a hotspot for variants in AMOTL 1 affecting amino acids 157 - 161.
Together with two previously reported cases (Liegel et al., 2019; Rips et al., 2021), these
constitute 3 recurring variants: p.(Arg157Cys) in 3 new families plus 1 previously-reported
case), p.(Argl57His) in 4 families, and p.(Pro160Leu) in 1 new family plus 1 previously-
reported individual. We additionally identified a variant affecting the adjacent amino acid
(p.(GIn161Arg)) in a similarly affected adult. The most common clinical features in the

16 patients from these families are orofacial clefting (15/16; 94%), large and dysplastic
ears (10/16; 62.5%), congenital heart disease (8/16; 50%), tall stature (7/16; 44%), hearing
loss (5/16; 31%), liver disease (5/16; 31%), and neurodevelopmental disease (5/16; 31%).
Additional findings are presented below in brief case descriptions and are summarized in
Table 1 and Supplemental Tables 1 and 4.

Patient 1 (Family A):
Patient 1 (male) presented with bilateral CL/P, bilateral coronal craniosynostosis, myopia,
bilateral mild hearing loss, recurrent otitis media, constipation, elevated aminotransferases,
unilateral cryptorchidism, recurrent fevers, easy bruising, attention deficit/hyperactivity
disorder, and global developmental delay. Growth parameters at last examination at 6 years
of age were notable for a weight of 40.9 kg (>98%), a height of 127.8 cm (94%), and
a head circumference of 53.5 cm (75%). Physical examination was notable for 2 hair
whorls (anterior and posterior/temporal), a round face with flattened midface, hypertelorism,
proptosis, blue sclera, flattened and deviated nasal tip, inverted nipples, and tapered fingers
(Figure 1). Research-based exome reanalysis within the Center for Applied Genomics with
emphasis on ciliopathy-associated genes was unrevealing. Repeat duo exome sequencing
through GeneDx was notable for a missense variant of uncertain significance (VUS) in
AMOTLI (c. 469 C>T,; p.(Argl57Cys)) that was not maternally-inherited and a missense
VUS in CAMKZ2G (¢.269 T>C; p.(Phe90Ser)), also not maternally-inherited.

Patients 2 — 4 (Family B):
Patient 2 (male) was born at 32 + 4 weeks gestation and has a history of intraventricular
hemorrhage with post-hemorrhagic ventricular dilation, unilateral left cleft lip, bilateral
cleft palate, congenital mixed bilateral hearing loss requiring cochlear implants, atrial
septal defect, premature adrenarche, recurrent candida infections, neutropenia, and global
developmental delay. His sister (Patient 3) has bilateral CL/P, preauricular skin tag,
congenital mixed bilateral hearing loss, atrial septal defect, feeding difficulties requiring
G-tube placement, recurrent candida infections, and global developmental delay. His
mother (Patient 4) has severe myopia, high palate, cholestasis, and scoliosis. Quad
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exome sequencing demonstrated a shared missense VUS in AMOTLI (c. 469 C>T;
p.(Argl57Cys)). Patient 2 was also found to harbor a heterozygous nonsense variant

in KANSL1 (c.3169C>T; p.(GIn1057%*)) and a heterozygous splice variant in SMURF2
(€.773-2A>C (r.spl?)). DNA methylation profile was not consistent with Koolen-de Vries
syndrome.

Patient 5 (Family C):

Patient 5 (male) presented with submucosal cleft, bifid uvula, atrial septal defect, mitral
valve prolapse, and scoliosis. Physical examination was notable for tall stature, prominent
eyes, maxillary hypoplasia, and large ears. Exome sequencing showed a de novo variant in
AMOTL 1 (c.469 C>T; p.(Argl57Cys)).

Patients 6 — 8 (Family D):

Patient 6 (female) was diagnosed at birth with bilateral cleft lip/alveolus and cleft palate.
Mother (Patient 7) has unilateral right-sided cleft lip, cleft palate, hypodontia, atrial septal
defect, and pulmonic stenosis. Maternal uncle (Patient 8) has unilateral left-sided cleft lip,
cleft palate, hypodontia (missing upper right #1, left # 1 and 2), an auricular anomaly, and
large ears. Exome sequencing demonstrated a shared missense VUS in AMOTL1 (c.470
G>A; p.(Arg157His)) in the patient, her mother and maternal uncle. The grandfather was
deceased, was not described by family as having clinical features of note, and no sample
was available for testing. The proband’s maternal grandmother presented with myopia and
eczema but without CL/P. Subsequent genetic testing on DNA isolated from whole blood
failed to identify the familial AMOTL1 variant in the grandmother, indicating possible
genetic mosaicism or subclinical disease in the grandfather.

Patient 9 (Family E):

Patient 9 (male) presented at 20-years of age with a history of right CL/P, dysmorphic
features, eustachian tube dysfunction, poor dentition, atrial septal defect, and left sided
congenital diaphragmatic hernia. Development had been normal. Duo exome sequencing
was notable for a missense VUS in AMOTL1 (c.470 G>A, p.(Argl57His)) that was not
maternally-inherited. Follow-up testing of the father showed the variant to be de novo in the
proband.

Patient 10 (Family F):

Patient 10 (female) was seen at 7-years of age due to dysmorphic features, bifid uvula,

atrial septal defect, portocaval fistula, liver fibrosis, advanced bone age, tall stature, autism,
and developmental delay. Birth history was notable for large size and NICU admission

for three weeks for feeding difficulties requiring NG tube supplementation. Growth
parameters at 7 years of age were notable for a height of 136 cm (97%) and a weight

of 36.7 kg (99%). Physical examination was notable for a high anterior hairline, broad
forehead, prominent metopic suture, bitemporal narrowing, sparse temporal hair, hypoplastic
supraorbital ridges, epicanthal folds, telecanthus, left ptosis, anisocoria, downslanting
palpebral fissures, ectropion lower eyelids, broad and depressed nasal bridge with bulbous
tip, a small nose with a hooked appearance, bifid uvula, short and poorly formed philtrum,
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thin upper lip vermilion with a midline ridge in the upper lip and downturned corners of
the mouth, microretrognathia, widely spaced and inverted nipples, umbilical hernia, long
tapered fingers, proximally placed thumbs, bilateral fifth digit clinodactyly, clinodactyly of
multiple digits, and pes planus. Brain MRI was notable for subtle pituitary abnormalities,
narrow optic chiasm, dysplastic corpus callosum, and severe thinning and flattening of
cervicomedullary junction. Genetic testing included a normal karyotype, SNP microarray,
Fragile X testing, and EZHZ2 sequencing. Methylation testing revealed hypomethylation at
imprinting center 2 (IC2) on chromosome 11p15.5, consistent with a diagnosis of Beckwith-
Wiedemann syndrome. Given the severity of the patient’s presentation and the multiple
features not explained by Beckwith-Wiedemann syndrome trio genome sequencing was
performed, which identified a de novo VUS in AMOTL1 (c.470 G>A; p.(Argl57His)).

Patient 11 (Family G):

Patient 11 (male) had bilateral CL/P, tetralogy of Fallot, bilateral aplasia/hypoplasia of

the distal nasolacrimal duct, right sensorineural hearing loss, obstructive sleep apnea,
feeding difficulties requiring G-tube placement and Nissen fundoplication, elevated
aminotransferases, chronic constipation, dysmotility, Chilaiditi syndrome (colon abnormally
placed between the liver and diaphragm), hydronephrosis, global developmental delay,
attention deficit hyperactivity disorder, autism, and severe intellectual disability. Patient
never acquired fluent speech. Physical examination at 18 years of age was notable

for asymmetric posterior plagiocephaly, two posterior parietal hair whorls, proptosis,
hypertelorism, telecanthus, ectropion, prominent ears with mild underfolding, midface
hypoplasia, and prognathism. Chromosomal microarray was non-diagnostic. At last
evaluation at 18-years of age height was 186 cm (90%) and weight was 55.8 kg (10%). Trio
exome sequencing detected a de novo variant in AMOTL 1 (c.479 C>T; p.(Pro160Leu)) and
a maternally-inherited VUS in 7TR/P12. Patient died at 19 years of age from complications
of abdominal compartment syndrome.

Patient 12 (Family H):

Patient 12 is a 26-year-old female with a history of bifid uvula, submucosal cleft palate,
myopia, posterior embryotoxon, ptosis, sensorineural hearing loss, neonatal cholestasis with
persistently elevated aminotransferases, bile duct paucity, vesicoureteral reflux, dysphagia,
esophageal dysmotility, and digit contractures. Patient had mild speech delay secondary to
undiagnosed hearing loss. Growth parameters at last examination at 26 years of age were
notable for a weight of 74.8 kg (90 — 95%), a height of 174.4 cm (97%), and a head
circumference of 55 cm (50%). Physical examination was notable for ptosis, bifid uvula,
micrognathia, prominent ears with thin helices, curved toes, and bilateral contractures of
the fifth upper extremity digits (Figure 1). Prior clinical genetic testing included JAGI
sequencing (normal), FLNA sequencing (normal) and FISH for 17p11.2 and 22¢11.2
deletion (normal). Research-based exome sequencing performed at the Center for Applied
Genomics was notable for a missense VUS in AMOTL (c. 482 A>G; p.(GIn161Arg)).
There were no variants identified in NOTCH?Z. Parental samples were not available.
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Variants Affecting Other Amino Acids:

We identified 3 additional patients (Patients 14 — 16) carrying rare, potentially pathogenic
missense variants in AMOTL 1. One of these variants (c.1102 C > G; p.(Pro368Ala)),
identified in a patient presenting with unilateral CL/P, is predicted to disrupt one of the

two PPEY motifs that are reported to be important for AMOTLL1 function (Chan et al.,
2011) (Figure 2A, Supplemental Figure 2). The inheritance status of this variant is unknown.
The remaining 2 variants, which were both de novo, involve side chain charge changes
(c.1519 G > A; p.(Glu507Lys), and ¢.1735 G > A; p.(Glu579Lys)) and localize to the
actin-binding BAR domain in close proximity to each other in the predicted tertiary structure
(Supplemental Figure 2). The patient carrying the de novo p.(Glu579Lys) variant presented
with bifid uvula, constipation, obsessive behavior and developmental delay, whereas the
patient carrying the de novo p.(Glu507Lys) variant had a complex presentation including
cardiac, neurological, kidney and pulmonary findings but did not present with CL/P or
related phenotypes. Additional findings are summarized in Table 2 and Supplemental Table
2. Each of these variants impact invariant residues across the AMOT protein family and
across species (see Figure 2B).

Variants ldentified in the NIH Gabriela Miller Kid’s First CL/P Cohort:

Genome sequencing data from the NIH Gabriella Miller Kid’s First orofacial cleft
collections (total 876 trios) were queried as a validation cohort. Five variants were identified
in affected probands (Supplemental Table 3) that met the filtering criteria (allele frequency
<1x10-4 and CADD >15). The CADD scores for these variants ranged between 20.9

and 27.8. Two variants were seen between 2 and 4 times in the combined gnomAD

v2.1 and v3.1 databases, respectively, and were absent from TOPMED. The other three
represent novel rare variants (Supplemental Table 3). Among these five variants was the
AMOTL1c.470G>A; p.(Argl57His) variant, the same variant identified in our primary
cohort, supporting the biological relevance of this residue to the pathogenesis of CL/P.

The individual harboring this variant was of European ancestry and presented with isolated
bilateral CL/P and is presented in Table 1 as Patient 13. The variant was inherited from his
reportedly unaffected mother. CL/P, although variable in severity, was the only presentation
noted in all five cases (Supplemental Table 3).

Discussion:

AMOTL 1 encodes the protein angiomotin-like protein 1, which plays a critical role in

cell polarity, adhesion, and migration. To date, two heterozygous variants in AMOTL 1
affecting amino acids 157 and 160 have been reported in patients with some clinical
overlap including orofacial clefting and multi-organ disease (Liegel et al., 2019; Rips et
al., 2021); however, the pathogenicity and the full spectrum of clinical features associated
with AMOTL 1 variants remains ill-defined. Here, we present a total of 16 cases of children
and adults across 12 families with heterozygous missense AMOTL 1 variants (Tables 1 and
2, Supplementary Tables 1, 2, 3, and 4, Supplemental Figure 1 and 2). Of significance, this
expanded cohort together with the previously published cases suggest a novel syndromic
clefting disorder predominantly caused by heterozygous missense variants affecting amino
acid residues 157, 160 and 161 of AMOTL 1. Further highlighting a pathogenic role for
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AMOTL 1 variants in orofacial clefting was the finding of rare missense AMOTL 1 variants
in a large cohort of patients with isolated CL/P, which included one of the same missense
variants, p.(Arg157His), seen in our primary cohort. The remaining 3 individuals from our
primary cohort have heterozygous AMOTL 1 missense variants outside this hotspot region
but in highly conserved residues within known functional domains. This cohort shares
some features seen in individuals with variants affecting amino acids 157 — 161 (clefting,
constipation, developmental delay) but also includes an individual with severe multi-organ
disease, which is rarer in the 157 — 161 cohort (congestive heart failure, respiratory
insufficiency, consumptive coagulopathy). Further cases will be needed to better define the
phenotypic spectrum of AMOTL 1 variants that localize outside the hotspot region.

Our cohort includes only AMOTL 1 missense variants; individuals with specific AMOTL 1
deletions or nonsense and frameshift variants have not been described. Indeed, AMOTL 1
has a pLI score of 0, suggesting some tolerance to loss-of-function. AMOTL 1 maps to
11921, and individuals with copy number variations within this interval that include the
AMOTL 1 locus have been described, with many probands presenting with orofacial clefting
and/or upper lip anomalies (Hertz et al., 1995; Li et al., 2006; Kirk et al., 2020; Firth et

al, 2009). Intriguingly, YAP, which encodes an AMOT-family binding protein, is located
~7.5 Mb from AMOTL 1 on chromosome 11 and is also deleted in many, although not all,
of these patients. Heterozygous nonsense variants in YAP have previously been associated
with CL/P (Williamson et al., 2014). Further studies are needed to clarify the relative
contributions of AMOTL1and YAPto these phenotypes. It is, however, noteworthy that
duplications of 11921 spanning AMOTL 1, including some that exclude YAP, are associated
with tall stature, bifid uvula, intellectual disability, and lip anomalies (Decipher database,
Firth et al, 2009). This observation and the hypothesized tolerance of AMOTL 1 to loss-of-
function variants (pLI of 0; LOEUF of 0.47) support the notion of a gain-of-function impact
for some of our described variants, most likely those affecting amino acid residues 157 —
161, although further studies aimed at elucidating molecular mechanisms are required to
resolve this.

Proposed Mechanism of Pathogenesis in AMOTL1-related Disease:

The precise mechanism by which pathogenic AMOTL 1 variants cause disease is currently
unknown. AMOTL1 disruption impacts cellular adhesion and cell migration (Huang et al.,
2018), cellular processes that are critical for almost all embryonic tissue morphogenetic
events, including development of the lip, palate, and heart (Ohashi et al., 2017; Antiguas
etal., 2022). AMOTL1 is an actin-binding scaffold protein that interacts with multiple
protein partners to control cell polarity and cellular mechano-responsiveness. In epithelia
and endothelia, AMOTL1 localizes to both tight junctions and adherens junctions (Wang et
al., 2011; Zhao et al, 2011). AMOTL1is a negative regulator of Wnt/B-catenin signaling
(Lietal., 2012) and has been directly implicated as a regulator of the YAP/Hippo signaling
pathway through its interaction with a number of key effector proteins of this pathway. The
role of AMOTL 1 in YAP signaling is complex: in some contexts AMOTL 1 serves as a YAP
inhibitor by activating the YAP-inhibitor LATS1/2, preventing YAP nuclear translocation,
leading to the sequestering of YAP in the cytoplasm for degradation (Chan et al., 2011,
Wang et al, 2011; Mana-Capelli et al., 2014; Mana-Capelli and Paramasivam, 2018). In
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other contexts, AMOTL 1 has been identified as an activator of YAP signaling, required
for YAP nuclear translocation and activity of the YAP-TEAD transcription factor complex
(Ragni et al., 2017; Zhou et al., 2020; Xu et al., 2021). Further work is needed to resolve
these seemingly dichotomous roles.

Notably, both Wnt/B-catenin and YAP signaling are implicated in the pathogenesis of
orofacial clefting (Jugessur et al., 2009). Loss of Wnt9bin mice results in an incompletely
penetrant and variably expressive spectrum of CL/P that mirrors that seen in humans, and
variants in WNT9B and WNT3have both been associated with CL/P in humans. Similarly,
heterozygous nonsense variants in YAP cause a multiorgan syndrome that includes CL/P
(Williamson et al., 2014). Pathogenic variants in genes encoding components of the Wnt
signaling pathway, including WNTI0A, WNTI10B, LRP6and AXINZ, are among the most
common causes of hypodontia and oligodontia (Zhu et al., 2017; Lu et al., 2019; Yu et

al., 2019; Diaz-Cuadros et al., 2020), which is also seen in at least three individuals from
our cohort. Wnt and YAP pathways are also involved in skeleton and bone formation

and homeostasis, and dysregulation of these pathways may contribute to the cranioskeletal
features seen with AMOTL 1 variants. YAP and Wnt/B-catenin signaling are also critical for
proper development of many tissues and organs, including the brain, liver, and heart, which
could explain the multi-organ disease seen in individuals with AMOTL 1 missense variants
(Figure 3).

The phenotypes of individuals with AMOTL 1 variants affecting amino acids 157 and
neighboring residues overlap with other well-known syndromes such as Hardikar syndrome
[MIM #301068] caused by pathogenic nonsense and frameshift variants in MEDI12 (Li et al.,
2021), Opitz GBBB syndrome [MIM #300000] caused by loss of function variants in MID1
(Cox et al., 2000), Teebi hypertelorism syndrome [MIM #145420] caused by pathogenic
variants in SPECCIL and CDH11 (Bhoj et al., 2015; Li et al., 2021), and Simpson-Golabi
Behmel syndrome [MIM #312870] caused by pathogenic variants in GPC3 (Pilia et al.,
1996). Of note, many of these genes are similarly implicated in YAP signaling, f-catenin
signaling, adherens junctions, cytoskeletal organization, and cell migration, consistent with
a shared mechanism of disrupted cell signaling and migration at the heart of clefting
syndromes (Saadi et al., 2011; Galli et al., 2015; Wilson et al., 2016; Bhoj et al., 2019;
Kolluri and Ho, 2019).

Missense variants affecting amino acids 157 and 160 are most commonly represented in
our cohort and in previous reports, suggesting a mutational hot-spot and specific importance
of these amino acid residues to the function of AMOTLL1 (Figure 2A). These residues map
within the larger glutamine-rich N-terminus of AMOTLZ1 within a stretch of amino acids
that is one of the most highly conserved regions shared across all species and amongst all
members of the AMOT protein family. No function has yet been ascribed to this specific
region. An experimentally-derived structure of AMOTLL is currently not available and no
interacting proteins have been identified that bind to this region (Figure 2B). Consequently,
a clear pathogenic mechanism, especially for the variants affecting the conserved residues
157-161, cannot be illuminated at this time. Generation of a predicted AMOTL1 structure
(using i-TASSER) indicates that the two variants that localize to the BAR domain may
reside in close proximity and thus have similar functional impact (Supplemental Figure
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2). We nevertheless hypothesize that the described AMOTL 1 variants, particularly those
affecting residues 157 — 161, may have a gain-of-function or dominant negative effect in
contrast to missense variants affecting other domains and residues, explaining the disparate
phenotypes. Further experimental work will be needed to better understand both the normal
function of AMOTL1 during embryonic development and the functional impact of these
variants.

AMOTL1 and neuropsychiatric phenotypes

Seven probands described in our cohort have neurological phenotypes, including 5
individuals with missense variants affecting residues 157 and 160 (Patients 1, 2, 3, 10 and
11) and 2 probands with other missense variants (Patients 15 and 16). Patient 1 has a VUS
in CAMKZ2G that was not maternally inherited. Paternal testing could not be performed.
Pathogenic variants in CAMKZ2G are associated with autosomal dominant intellectual
disability, and so it is plausible that Patient 1’s global developmental delay reflects a

dual diagnosis and is unrelated to his AMOTL 1 variant. Patient 2 was born prematurely
and had an intraventricular hemorrhage, which may be responsible for his developmental
delay. He was also found by exome sequencing to have a nonsense variant in KANSL1,
although the DNA methylation profile was not consistent with Koolen-de Vries syndrome.
Patient 11 has a VUS in TR/P12, which is associated with autosomal dominant intellectual
disability; however, this variant was maternally-inherited and the mother has no neurological
phenotype. Patient 11 also had a complex post-operative course after cardiac repair, which
may have contributed to his global delays. For Patients 3, 10, 15 and 16 no etiology other
than the identified AMOTL 1 variant was reported that could explain the neuropsychiatric
phenotypes and structural brain differences.

De novo variants in AMOTL 1 have also recently been reported in large exome studies of
patients with intellectual disability and autism (Kaplanis et al., 2020; Satterstrom et al.,
2020). Of note, at least one of the individuals identified in the Kaplanis intellectual disability
cohort — a patient with the recurrent p.(Pro160Leu) variant — also reportedly has orofacial
clefting (Dr. P. Kruszka, personal communication). Intellectual disability, developmental
delay and autism are also frequent features in patients with copy number variants covering
AMOTL 1. Further work is required to clarify the role of missense AMOTL 1 variants in
neurological disease and the penetrance of neurological phenotypes in AMOTL I-related
disease.

Animal Models of AMOTL1

To date, data from animal models have not completely recapitulated the phenotypes
identified in our human cohort. Specifically, murine models of AMOTL 1 deficiency

and variant-specific mouse models (p.(Arg157Cys)) did not exhibit the overt cardiac

or craniofacial phenotype described in humans (Liegel et al., 2019). Interestingly, the
p.(Arg157Cys) mouse mutant exhibited extremely reduced survival through unknown
mechanisms while two deletion alleles presumably leading to complete AMOTL 1 loss of
function did not affect survival. These data and the heterozygous inheritance of the alleles
reported here again may reflect either a gain-of-function or dominant negative mechanism
for variants affecting amino acids 157 and 160 of AMOTL1. As mentioned earlier, a gain-of-
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function or dominant negative mechanism for AMOTL I-associated clefting may explain the
disparate phenotypes seen with distinct AMOTL 1 variants (Supplemental Table 2).

The mechanism of lethality in the p.(Arg157Cys) mouse model is unknown. Of note, during
embryogenesis YAP is supposed to be excluded from the nucleus of cells that form the

inner cell mass, and this is critical for proper embryo development (Tremblay and Camargo,
2012). It is possible that reduced viability reflects dysregulated YAP nuclear exclusion

due to disruption of AMOTL 1 function and consequent failure of embryo development.
Regarding the absence of clefting and congenital heart disease, it is possible that these are
reduced-penetrance traits, with the threshold of activity in mice being different to humans as
seen with other CL/P gene mouse models. Indeed, in our cohort not all individuals harboring
AMOTL 1 variants manifested clefting or congenital heart disease, with marked variability
even within families.

Clinical Considerations of AMOTL1-related Disease

Two previously published cases reported variants in amino acids 157 and 160 of AMOTL1
and were associated with orofacial clefting, congenital heart disease and multiple congenital
anomalies. Our expanded patient cohort strengthens evidence for this association and
emphasizes additional features such as distinct dysmorphisms (abnormal head shape,
craniosynostosis, hypertelorism, large ears), myopia, hearing loss, micrognathia, immune
dysfunction, scoliosis, tall stature, chronic constipation, liver dysfunction and global
developmental delay. We recommend that individuals with AMOTL 1 variants, especially
those affecting amino acid residues 157 — 161, be screened by: 1) careful examination for
evidence of orofacial clefting and velopharyngeal insufficiency, 2) regular eye examinations
to evaluate for myopia, 3) regular audiology examinations to screen for hearing loss,

4) echocardiogram and electrocardiogram to screen for congenital heart disease and
arrhythmia, 5) screening and aggressive treatment of constipation, 6) evaluation of liver
function, 7) scoliosis evaluation and 8) developmental assessment. We anticipate refinement
of these recommendations as additional probands are identified.

Conclusion

In this study, we report 16 additional individuals with AMOTL 1 variants, bringing the
total in the literature to 19 individuals. Caveats of the study include limited clinical
information for some individuals, the lack of confirmed inheritance pattern in 6 patients
and unresolved mechanism of disease. Although our data indicate decreased penetrance
of CL/P in individuals with missense AMOTL 1 variants affecting amino acids 157 and
160, incomplete penetrance is a common feature of most monogenic causes of CL/P.
Nevertheless, orofacial clefting is the most common feature seen in our cohort, although
this may in part be due to selection bias. Despite these limitations, we propose that
AMOTL 1 variants affecting amino acids 157, 160 and 161 cause a recognizable phenotype
of orofacial clefting, congenital heart disease, and tall stature with variable dysmorphic
features, gastrointestinal involvement, and developmental delay. We further suggest that
variants affecting other residues of AMOTL 1 cause multiorgan disease with or without
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CL/P. Increased characterization of the spectrum of AMOTL I-related disease is critical for
anticipatory guidance and appropriate screening for comorbidities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Patient Photos. A-B) Patient 1 at 6-years of age C-D) Patient 9 as an infant and at 20 years

of age E-F) Patient 12 at 26-years of age

Am J Med Genet A. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Strong et al. Page 19

A.
o Unknown Inheritance
O De Novo
@ nherited
2 S
T S o
1 BAR (Coiled-Coil) Jpoz
1 188 191 310 313 367 370 434 778 953 956
B.
PPxY motd 2
153 157 160 161 165 33 388 373
| CH L R | | |
Homo saplens AMOTL1 Y R P Q Q H R Q  §
Pan trogiodytes AMOTL1 Y R P Q Q H R Q TH
Bos taurus AMOTL1 Y R P Q Q H R Q TH
Canis lupus famiiaris AMOTL1 Y R P Q Q H R Q TH
Mus musculus AMOTL1 Y R P Q Q H R o] T
Gailus gallus AMOTL1 Q R P Q Q H R Q TH
Xenopus laevis AMOTL1 N R P Q Q H R ] TH
L
Homo sapiens AMOT A H A RQE P Q Q
Homo sapiens AMOTL2 Y ocFWRE R @ E P Q Q Q A Q

g

Homo sapiens AMOTL1

Pan troglodytes AMOTL1

Bos taurus AMOTL1

Canis lupus familiaris AMOTL1
Mus musculus AMOTL1
Gallus gallus AMOTL1
Xenopus leevis AMOTL1

mmmmmmmX
ADDIDAAIDR
ADDIDAADRD

Homo sapiens AMOT
Homo sapiens AMOTL2

E
E

Figure 2:
A. Schematic of the AMOTL 1 protein with location of described variants. This includes

the 12 new variants identified in the families described in this report plus the 2 previously
reported variants. P1, P2 and P3 denote the LPTY and two PPxY domains (amino acids

188 — 191 [LPTY], 310 — 313 [PPxY], and 367 — 370 [PPxY], respectively). The pink box
denotes the coiled-coil or BAR domain (amino acids 434 — 778). The blue-grey box denotes
the PDZ-binding domain (EVLI, amino acids 953 — 956). B. Alignment of AMOT protein
regions across species. Black shading with white text highlight residues conserved across
the listed species and AMOT family members. The dark red columns mark the residues
impacted by the patient variants, with the variant residues indicated at the top of each red
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column. Numbering of the amino acid sequence and the domain impacted (if known) is
shown above each alignment.
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Figure 3:
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Hippo/YAP
Signaling

Bone Formation
and Maintenance

Orofacial Clefting,
Heart Development

Proposed mechanism for AMOTL I-related disease. AMOTL 1 plays a role in cell migration,
adhesion and polarity either directly or through the Wnt/B-catenin and YAP pathways.
AMOTL 1 variants may cause orofacial clefting and disrupt cardiac development through its
effect on cellular dynamics. Additionally, the Wnt/p-catenin and YAP pathways are involved
in bone formation, and disruption of these pathways due to variants in AMOTL 1 may cause
the cranioskeletal phenotypes seen in patients.

Am J Med Genet A. Author manuscript; available in PMC 2024 May 01.




Page 22

Strong et al.

0AOU 3p = @ ‘UMOUNUN = N ‘[eusdled = d ‘[euldew = Je ‘S[eWa) = 4 ‘B[eW = |\l :SUONRIAIGQY

sasoubeig
91/2 + + JLIRIYIASH
Aejaq
9T/S + + + + + [eluswidojansq
oT/g + + + $1S01]09S
JUBWBAJOAU|
9T/2 + + | sunwuw
D
9T/L + + + + + + + & amumseL
9T/S + + + + + R, aseasiq Jani
9T/ + + 5 uonednsuo)
aseasig HeaH
9T/8 + + + + + + + + m [enuabuo)
9T/S + + + + + S ss07 ButieaH
= sleq3
9T/0T + + + + + + + + + + = onseldsAg
5 febuen
9T/€ + + + S eidoAN
(o
9T/ST + + + + + + + + + + + + + + + m mm__ﬂ_%wu
9T/L + + + + + + + AmEm_;eoEm\E
as <
‘NG ‘1edT 010N leusared 0rON JeusaleN | umouxun 0NON 010N 0NON umounun | umouxun | Jeussrein 010N umoudun | eulaleiN | JeudaleN | umouxun S oueIByu|
TeND aag aag aa g g g
)
(091d) | (025Td) | (028TY) | (HisTY) | (¥7T9TO) | (M09Td) | (HisTY) | (HisTH) | (HZGTYH) | (HiGTY) | (HisTd) | (O26TY) | (O6Td) | (026Td) | (DL6TY) | (Oi5Td) |5 8bueyd
d d d d d d d d d d d d d d d d S pIoV oulwy
KL
1<92 1<0 1<92 V<9 o<V 1<0 V<9 V<9 V<9 V<9 V<9 1<92 1<92 1<92 1<92 1<92 abueyd
6170 6910 6970 0L¥ 2810 6110 0L¥ 0L¥d 0L¥0 0Lt 0L%0 6970 6970 6910 6970 6910 Jred aseq
4//IN6 alewsa ETEN ETE ETE alewsa ENEN alews ETE ENEN 9lewsa alewsa ETEN alews alewsa 3leIN ENEN XoS
6102 ‘[ €1 zT T ()8 6 8 l 9 S 4 € 14 T # usITed
Arewwns | S50 | 6102 e B b1
: I H 9 4 3 a 2 g v Ajiwred
T9T - /GT SPIOY OUIWY U] SIUBLIBA YA S|enpIAIpu| Joy sadAlouayd
‘T alqel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 23

Strong et al.

0AOU 8P = @ ‘UMOUNUN = N ‘BeWd) = 4 ‘BJeW = |\l ‘UIBWIOP AXdd = an|g ‘Urewop 109-paj109/4y/g = Muld ‘aWOIpuAs ssansip Alojelidsal 81nde = SQYY :SUONRIABIGY

e Bey unis [eaibojoreussa
ez SI0IABY3Y BAISSaSUO ‘Aejap [ejuswidolanap [eqolD | afeylowsay [ewAysuaied [eigaisdenul pue [eanpgns duaydsiway Yo [ea1fojonaN
e/ AyredojnBeos aandwnsuod |eaibojorewaH
e ain|iey Aaupiy anay Areuinopuas
€T aseasip xnya. [eabeydosaoised ‘uoirednsuo)d |_UNISAIUI0NSED)
€2 Burlous ‘sa1biajfe ‘ewyISy abeysiowsy Areuow|nd ‘Aousiongnsul Aloresidsal ‘SQYy Areuowng
et uoljewIOfew uaje Jo ulaA ‘ain|rey Leay aAnsabuod JenaseA/oeIpIRD
£ e|NAN pyIg ON arereddi) Yajo 18| [eJateIUN (dr12) Bunyerd
az‘nt 0/0N 3G 0/ON 30 umouMun ERETIE]
(sA1625M9) d (sA1205n19)d (e1vg9goid) d abueyd plov oulwy
V<9 GELTD V <9 6TST D 9<0¢0TT? abueyD Jred sseg
4T ‘e dlewa 3leIN Sl_IN X8S
Ksewwng 9T ST i # Uudlred
1 b c Ajiwrey

Author Manuscript

Author Manuscript

SPIOY OUIWY J8YIO U] SIUBLIBA UIIAA S[enplAlpu] Joy sadAlouayd

‘¢ dlgeL

Author Manuscript

Author Manuscript

Am J Med Genet A. Author manuscript; available in PMC 2024 May 01.



	Abstract
	Introduction:
	Materials and Methods:
	Ethical Compliance:
	Editorial Policies and Ethical Considerations:
	Primary Cohort:
	Secondary Validation Cohort:

	Results:
	Variants Affecting Amino Acids 157 and neighboring residues:
	Patient 1 (Family A):
	Patients 2 – 4 (Family B):
	Patient 5 (Family C):
	Patients 6 – 8 (Family D):
	Patient 9 (Family E):
	Patient 10 (Family F):
	Patient 11 (Family G):
	Patient 12 (Family H):
	Variants Affecting Other Amino Acids:
	Variants Identified in the NIH Gabriela Miller Kid’s First CL/P Cohort:

	Discussion:
	Proposed Mechanism of Pathogenesis in AMOTL1-related Disease:
	AMOTL1 and neuropsychiatric phenotypes
	Animal Models of AMOTL1
	Clinical Considerations of AMOTL1-related Disease

	Conclusion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Table 1:
	Table 2:

