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Abstract (350 words)

Microphthalmia with limb anomalies (MLA, OMIM 206920) is a rare autosomal-recessive disease
caused by recessive mutations in the SMOC1 gene. It is characterized by ocular disorders
(microphtalmia or anophtalmia) and limb anomalies (oligodactyly, syndactyly, and synostosis of the
4™ and 5™ metacarpals), variably associated with long bone hypoplasia, horseshoe kidney, venous
anomalies, vertebral anomalies, developmental delay, and intellectual disability.

Here, we report the case of a woman who interrupted her pregnancy after ultrasound scans revealed
a depression of the frontal bone, posterior fossa anomalies, cerebral ventricular enlargement, cleft
spine involving the sacral and lower-lumbar vertebrae, and bilateral microphthalmia. Micrognathia,
four fingers in both feet and a slight tibial bowing were added to the clinical picture after fetal autopsy.
Exome sequencing identified two mutations in the SMOC1 gene, each inherited from one of the
parents: ¢.709G>T - p.(Glu237*) on exon 8 and ¢.1223G>A - p.(Cys408Tyr) on exon 11, both
predicted to be pathogenic by different bioinformatics software. Brain histopathology showed an
abnormal cortical neuronal migration, which could be related to the SMOC1 protein function, given
its role in cellular signaling, proliferation and migration. Finally, we summarize phenotypic and
genetic data of known MLA cases showing that our case has some unique features (Chiari Il
malformation; focal neuropathological alterations) that could be part of the variable phenotype of

SMOC1-associated diseases.



Introduction

Microphthalmia with limb anomalies (MLA, OMIM 206920), also known as Waardenburg
anophthalmia syndrome or ophthalmo-acromelic syndrome, is a rare autosomal-recessive disease
with less than 40 cases reported in the literature [1-4]. MLA is clinically characterized by ocular
anomalies (microphtalmia or anophtalmia), and limb anomalies, such as oligodactyly, syndactyly,
and synostosis of the 4" and 5" metacarpals [5-7]. Other reported malformations include long bone
hypoplasia, horseshoe kidney, and venous or vertebral anomalies [3]. Developmental delays and
intellectual disability may also be present [8].

The syndrome is caused by recessive mutations in the secreted protein acidic and rich in cysteine-
related modular calcium binding 1 gene (SMOC1, OMIM 608488) on chromosome 14924 [2]. This
gene belongs to the SMOC family, a group of extracellular glycoproteins widely expressed in various
tissues that localize to basement membranes. In mice, Smocl is highly expressed in the developing
eye and limb: a Smocl null mouse model showed delayed growth, with defects in the eyes and optic
nerves, and a peculiar hindlimb phenotype characterized by syndactyly and pes valgus, bowed tibiae,
and hypoplastic fibulae, strongly recapitulating eyes and limb anomalies of MLA patients [2].

Here, we describe an Italian family with two fetuses affected by Waardenburg anophtalmia syndrome

and identify two novel variants in the SMOC1 gene.

Clinical report.

Awoman (I11-3, Fig.1A) was brought to medical attention at 17 weeks and 3 days gestation, following
a maternal serum prenatal screening that revealed elevated alpha-fetoprotein levels (AFP = 162
U/mL), corresponding to 5.25 multiple of median (MoM), thus suggesting a possible neural tube
defect. Fetal ultrasound (US) showed a depression of the frontal bone (lemon sign), and an abnormal
positioning of the cerebellum around the brain stem coupled with the downward-sliding of the
posterior fossa contents (banana sign), cerebral ventricular enlargement, cleft spine involving the

sacral and lower-lumbar vertebrae, and bilateral microphthalmia. Following the US results and
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psychological counseling, the parents decided to interrupt the pregnancy at 18 weeks (1V.2, Fig.1A),
and gave consent for a histopathological exam. QF-PCR on amniotic fluid did not reveal numerical
anomalies of chromosomes 13, 18, and 21. Fetal karyotype was 46,XY.

Anamnestic data revealed that a previous pregnancy (IV.1, Fig.1A) was interrupted at 13 weeks after
prenatal US scans showed bilateral lower limb hypoplasia and malpositioned feet. No further analyses
were performed on this fetus.

Informed consent was obtained from the parents of the index case and the internal Ethics Committee
of the Department of Medical Sciences, University of Torino, Italy approved the study.

Fetal DNA was sent to an external company (Breda Genetics, Brescia, Italy) to perform exome-
sequencing analysis using the Human All Exon V6 kit on a NextSeg500 platform (Agilent
technologies, Santa Clara, CA, USA). Exome sequencing revealed two variants in the SMOC1 gene
(ref NM_022137.5; GenBank protein AAH11548); ¢.709G>T - p.(Glu237*) on exon 8 and
€.1223G>A - p.(Cys408Tyr) on exon 11 (Fig.1B)(Clinvar SCV000809038, SCV000809039;
http://www.ncbi.nlm.nih.gov/clinvar). Sequencing of SMOC1 in both parents revealed that the
mother carried the ¢.709G>T variant and the father carried the c.1223G>A variant.

As parents gave consent to determine the exome sequencing secondary findings, a ¢.660ins18 -
p.(Pro220insAspCysLysAspLysSer) variant in exon 4 of the low density lipoprotein receptor gene
(LDLR, NM_000527) was reported. However, it was not possible to test the segregation of this variant

in the father or the paternal relatives.

Fetal autopsy, histopathological examination and exome sequencing.

Fetal autopsy showed a globally small fetus with male external genitalia, weighing 166 g. Crown-
rump length (CRL) was 12 cm, crown-heel length (CHL) was 20 cm, foot length was 2 cm, biparietal
diameter (BPD) was 4 cm, and occipito-frontal diameter was 4.5 cm. Externally, it showed
micrognathia, arachnodactyly of the hands, cleft spine with a 0.15 cm sacral meningocele, and four

fingers in both feet (Fig.1C). X-ray scan revealed a slight tibial bowing (Fig1.C). Brain, thoracic and
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abdominal organs were normal, but the histopathological exam showed a focal abnormal cortical

neuronal migration (Fig.1D).

Discussion.

We report the case of a woman who decided to interrupt her pregnancy after the ultrasound finding
of multiple congenital anomalies. Autopsy data suggested MLA syndrome, a diagnosis corroborated
by bioinformatics analysis with the Phenomizer tool [9]; selecting lower limb defects as mandatory
(since they were visible in both pregnancies), MLA syndrome was among the more probable diseases,
scoring a p-value of 0.08. Indeed, exome sequencing analysis showed two heterozygous variants in
the SMOCL1 gene. Neither variant was reported in the literature. The ¢.709G>T creates a stop codon,
is predicted to encode for a truncated, non-functional protein, and is not present in the gnomAD
database (http://gnomad.broadinstitute.org). The ¢.1223G>A is a missense variant affecting a highly
conserved cysteine residue. A single occurrence of this variant is reported in the gnomAD database
with a frequency = 4x10° (rs1326644602). Bioinformatics analysis using Varsome
(https://varsome.com/) labeled this variant being of uncertain significance using the American
College of Medical Genetics and Genomics classification [10]; however, combining the results of
different bioinformatics tools, yielded a DANN score, which classifies the pathogenicity of genetic
variants between 0 (less damaging) and 1 (most damaging), of 0.998 [11]. To verify if the two variants
were in cis or in trans on the SMOCL1 gene, we tested both parents; each resulted to be the carrier of
one of the two mutations, demonstrating the fetus had a compound heterozygous genotype. Although
most of the mutations associated with MLA reported so far are nonsense or affect a splice site (Fig.1E,
highlighted in red and blue, respectively), three different missense variants segregating with the
disease have been published, namely the ¢.812G>A - p.(Cys271Tyr) [1], and the ¢.833C>T -
p.(Arg278Cys) and ¢.848C>A - p.(Thr283Asn) [3]. Taken together, these data indicate that the fetus
was affected by MLA syndrome associated with two novel compound heterozygous mutations in the

SMOC1 gene. Interestingly, a previous pregnancy of the mother was interrupted after prenatal US
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revealed the presence of lower limb anomalies: although no further physical, histological or genetic
tests were performed at the time, the lower limb involvement may suggest that this fetus was also
affected by the MLA syndrome.

To date, 22 MLA patients from 14 families have been reported to carry mutations in the SMOCL1 gene
[1-4, 12] (see table 1 for a comparison of published clinical and genetic data)(Fig. 1E). Geographical
origin of patients varies. Most pathogenic variants are nonsense (stop codon gain and single base
frameshifts); a few were splicing mutations that probably induced skipping of the nearby exons,
which is predicted to lead to an out-of-frame transcript. Among these, we included the c.857G>A
variant [12], which affects the last base of exon 8; this variant was predicted to change the amino
acid, and it is likely to cause the skipping of exon 8.

Only three known variants are missense, all located in exon 8 which encodes for most of the second
thyroglobulin domain. The fourth missense change was found in our patient, and is located in exon
11, likely affecting the Ca™ extracellular binding domain.

The case we have described here is the first fetal diagnosis. In addition to MLA, cleft spine and sliding
of the posterior fossa content (Chiari 1l malformation) were visible, never prevbiously reported in
MLA. However, given the high incidence of Chiari Il malformation at birth (~1:1,000) [13], we
cannot exclude this is a coincidental finding.

As MLA is a rare recessive disease, consanguinity between parents of an affected subject is often
reported. Indeed, all published MLA patients carry a homozygous SMOCL1 pathogenic variant. This
suggests that, even when there is no reported consanguinity, parents may have inherited the mutation
from a common ancestor. Our proband has the only occurrence of compound heterozygosity for
SMOC1 variants.

Finally, we had the unprecedented opportunity to perform a brain histopathological exam, showing
an alteration of neuronal migration. SMOC1, as well as other proteins of the extracellular matrix is
known to play a role in cell signaling, proliferation, and migration [14], although its function has

never been linked to the central nervous system development. The clinical consequences of altered
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neuronal migration are still not completely understood, but it is intriguing that eight MLA patients
present intellectual disability and one case has epilepsy, which is known to be associated with focal
cortical alterations [15]. Other brain histopathological exams from MLA-affected subjects are needed
to further investigate if this focal altered neuronal migration is part of the array of signs and symptoms
of MLA.

In addition to SMOC1 variants, whole exome sequencing identified an insertion in exon 4 of the
LDLR gene as an incidental finding. In the father of the fetus and multiple members of his family, a
history of hypercholesterolemia was known (Fig. 1A). Exon 4 of the LDLR gene is frequently hit by
mutations associated with hypercholesterolemia [16], and a similar variant (c.664_681dupl8,
p.Asp227_Glu228insCysLysAspLysSerAsp) was reported as probably pathogenic [17]. As it was not
possible to verify the presence of this variant in other family members, we can only speculate that
this was the cause of the familial hypercholesterolemia reported in the father and his relatives.

In conclusion, we have further shown the diagnostic value of exome sequencing in solving complex
cases and describe two novel variants in the SMOC1 gene associated with a unique feature (Chiari Il

malformation), and focal neuropathological alterations that may be characteristic of MLA.
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Figure 1. Pedigree, gene-protein scheme, X-ray, and brain histopathology.

Panel A. Pedigree of the reported family. Squares represent male subjects, circles represent female
subjects, and black triangles indicate a termination of pregnancy (VTP = voluntary termination of
pregnancy, TTP = therapeutic termination of pregnancy). A solid black wedge indicates subjects
affected by hypercholesterolemia. Subjects whose DNA was available are marked with a bar above
the symbol; below, the variants identified are reported. Panel B shows electropherograms of the two
mutations identified in the SMOC1 gene in 111-2. In panel C, frontal (left) and lateral (right) X-ray
analysis of the fetus showing: 1- Micrognathia; 2- Arachnodactyly of the hands; 3- Cleft spine; 4-
Bowed tibiae; 5- Foot oligodactyly. Panel D shows two hematoxylin/eosin-stained sections of the
brain parietal cortex. The upper panel (control) displays a physiological pattern of neuronal migration.
The lower panel (111-2) shows a focal alteration of neuronal migration. Panel E shows a scheme of
the SMOCL1 gene and its protein (above), with the main protein domains (amino acids interval in
brackets) (https://www.ebi.ac.uk/interpro/). The 12 SMOCL1 exons are represented in scale. Below
known reported variants (see Table 1 for clinical details) with the protein change or the predicted
effect on splicing. Only four variants, including the ¢.1223G>A, are missense changes (purple). The
two variants described in the manuscript are boxed. Nomenclature of some published mutations has

been edited to adhere to the sequencing data and nucleotide/amino acid position (see ClinVar).
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€.709G>T - p.Glu237*
1 2 3 TGGAAGAGGCC
°0 T
Ml 1 2 3

¢.1223G>A - p.Cys408Tyr

+/c.1223G>A +/c.709G>T CTACT g TGACC
1T 1 L 2%
VTP TTP
13w 18w
c.1223G>A
c.709G>T*

SPARC/Testican Ca** binding

E Kazal-type ser-protease inhibitors (a.a. 359-424)
(a.a. 37-89)
Signal peptide Thyroglobulin type 1 Thyroglobulin type 1 SMOC1-extracellular Ca** binding
(a.a. 1-26) (a.a. 92-162) (a.a. 224-296) (a.a. 315-429)
( I I I [ 1 T h)

SMoC1 B
NM_022137.5 €.211CT €.395dupA  c.664+1G>A €.910delG €.1223G>A
p.Arg71* p.Tyr132fs sk.ex7 p.Asp304Metfs p.Cys408Tyr
(out of frame) \
c.223C>T c.378+1G>A ¢.709G>T c.857G>A c.1108C>T
p.Arg75* c.378+1G>T p.Glu237* sk.ex 8 p.GIn370*
sk. e}<f3 (out of frame)
274C5T {out offrame) 718C5T C.848C>A
p.GIn92* p.GIn240* p.Thr283Asn
c.812G>A c.832C>T
p.Cys271Tyr p.Arg278Cys
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Table 1. Comparison of clinical features of SMOC1-related MLA

Geograph.

Ocular anomalies

Skeletal anomalies

Anopht

Optic

Cranio-

Case Mutation 1 Mutation 2 Age Sex - Cons - Upper limbs Lower limbs Other . Other PMID
Origin almia Nerve facial

€.211C>T; €.211C>T; 7 Mo F Pakistani Y Unilat - - Bilat postaxial Pierre-Robin 21750680
p.Arg71* p.Arg71* ray defect sequence
€.223C>T; €.223C>T; 40 M Calabrian Y Bilat Absent Bilat 4-5 Bilat postaxial Severe ID | 21750680
p.Arg75* p.Arg75* yrs metacarpal ray defect

fusion
C.274C>T; C.274C>T; 11 F Puertorican N Bilat - Fingers Bilat postaxial Bowed H-S 21750680
p.GIn92* p.GIn92* yrs contracture ray defect; tibias, kidney

Bilateral 2-3 Talipes
cutaneous SYD equino-varo

c.378+1G>A c.378+1G>A - F Turkish Y Bilat - Syndactyly; 4-5 Bilateral OLD; Arched FTT; 21194678
(skipping ex.3) (skipping ex.3) metacarpal Hypoplastic Palate Sacral

fusion; fibula dimple

CLD;

Simian Crease
c.378+1G>T €.378+1G>T 12 F Egyptian Y Bilat Absent Proximal thumb Bilat ray defect Mild Arched Global 21194680
(skipping ex.3) (skipping ex.3) yrs placement; 4-5 scoliosis Palate DD

metacarpal

fusion; CLD;

CAD
€.395dupA; €.395dupA; 6 Mo M Gipsy Y Bilat Remnan | Bilat 4-5 Bilat postaxial Bowed tibia H-S 21750680
p.Tyr132fs*1 p.Tyr132fs*1 (ltalian) ts metacarpal ray defect kidney

fusion
€.664+1G>A €.664+1G>A - M Lebanese Y Bilat Absent CLD; Bilateral SYD FTT; ID 21194678
(skipping ex.7) (skipping ex.7) CAD
€.709G>T; €.1223G>A; - M Italian N Microp | - Aracnodactily Ray absence; Cleft spine Frontal bone | Abnor- This report
p.Glu237* p.Cys408Tyr htalmia tibial bowing (lower depress.; mal

lumbar and Sliding of cortical
sacral) the posterior | neuro-nal
fossa migra-tion

content;
Micro-
gnatia




9a | ¢.718C>T,; c.718C>T; - Japanese Bilat Absent | 4-5 metacarpal Bilateral OLD; FTT; right | 21194678
p.GIn240* p.GIn240* fusion; Bowed tibia; cryptorchi
CLD; Metatarsal dism
CAD; Simian synostosis; Pes
Crease valgus; 2-3
cutaneous SYD;
Hypoplastic
fibula
9b | ¢.718C>T; €.718C>T,; - Japanese Bilat Absent 4-5 metacarpal Bilateral OLD; FTT 21194678
p.GIn240* p.GIn240* fusion; Simian Bowed tibia;
Crease metatarsal
synostosis; 2-3
cutaneous SYD;
hypoplastic
fibula
10a | c.812G>A; C.812G>A, 13 Pakistani Bilat - - Pes planus; 2-5 28085523
p.Cys271Tyr p.Cys271Tyr yrs syndactyly; Left
postaxial
polydactyly
Bowed and
hypoplastic tibia
10b | c.812G>A, C.812G>A, 9 yrs Pakistani Bilat - - Pes planus; 2-5 ID 28085523
p.Cys271Tyr p.Cys271Tyr fusion;
10c | c.812G>A; c.812G>A,; 6 yrs Pakistani Bilat - - Left oligo- Speech 28085523
p.Cys271Tyr p.Cys271Tyr syndactyly; Right disorder
2-5 fusion;
Pes planus
11 | ¢.832C>T; €.832C>T; 10 Sicilian Bilat Absent CLD (5™ 4-5 cutaneous Arched ID 21750680
p.Arg278Cys p.Arg278Cys yrs SYD palate
12 | c.848C>A; C.848C>A; 14 Turkish Bilat - Short 5th 2-5 cutaneous 21750680
p.Thr283Asn p.Thr283Asn yrs metacarpal bone SYD;
4-5 metatarsal
fusion
13a | c.857G>A; €.857G>A, 13 Arabian Unilat - SYD ID 23646827
p.Arg286His p.Arg286His yrs
13b | c.857G>A: c.857G>A; 18 Arabian Bilat - SYD ID 23646827
p.Arg286His p.Arg286His yrs
14 | ¢.910delG; €.910delG; 9 Lebanese Bilat - Cutaneous SYD; | Bilat. Postaxial Cleft palate H-S 21750680
p.Asp304Metfs | p.Asp304Metfs yrs 5™ finger ray defect; kidney;
*59 *59 hypoplasia Cutaneous SYD ID




(2-4 left, 2-3
right)

15

c.1108C>T ;
p.GIn370*

€.1108C>T;
p.GIn370*

18
yrs

Turkish

Bilat

Absent

Bilat 4-5
metacarpal
fusion;
CAD;
Elbows
contracture

Bilat postaxial
ray defect;
Coxa valga

Severe
ID;
Epilepsy;
Cryptorch
idism

21750680

Mo: months; yrs: years; Cons.: consanguinity; CLD: clinodactyly; CAD: camptodactyly; SYD: syndactyly; OLD: olygodactyly; FTT: failure to thrive; ID: intellectual disability; H-S: horseshoe; DD: developmental

delay; a dash (-) means the data was not reported in the referred paper.

Cases from the same family and identical phenotype were reported as a single entry. Cases from the same family with substantially different phenotype were reported with the same number followed by a letter (a-c).
Nomenclature of some mutations from PMID:21750680 has been changed to reflect the correct nucleotide/amino acid position.




