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Santos syndrome is caused by mutation in the

WNT7A gene

Leandro U Alves!, Silvana Santos?, Camila M Musso!, Suzana AM Ezquina', John M Opitz?, Fernando Kok?,

Paulo A Otto' and Regina C Mingroni-Netto!

We have recently described a family with a condition (Santos syndrome (SS; MIM 613005)) characterized by fibular agenesis/
hypoplasia, hypoplastic femora and grossly malformed/deformed clubfeet with severe oligodactyly, ungual hypoplasia/anonychia,
sometimes associated with mild brachydactyly and occasional pre-axial polydactyly. Autosomal dominant inheritance with
incomplete penetrance was suggested, but autosomal recessive inheritance could not be ruled out, due to the high frequency of
consanguineous matings in the region where the family lived. This report deals with linkage studies and exome sequencing,
disclosing a novel variant in WNT7A, ¢.934G> A (p.Gly312Ser), as the cause of this syndrome. This variant was present in
homozygous state in five individuals typically affected by the SS syndrome, and in heterozygous state in the son of one affected
homozygous individual. The heterozygous boy presented only unilateral complex polysyndactyly and we hypothesize that he either
presents a distinct defect or that his phenotype results from a rare, mild clinical manifestation of the variant in heterozygous
state. Variants in WNT7A are known to cause at least two other limb defect disorders, the syndromes of Fuhrmann and Al-Awadi/
Raas-Rothschild. Despite their variable degree of expressivity and overlap, the three related conditions can be differentiated

phenotypically in most instances.
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INTRODUCTION

In 2008, we described a new hereditary condition, presently known as
‘Santos syndrome’ (SS; MIM 613005), comprising asymmetric lower
limb defects with hypoplastic femora, fibular agenesis/hypoplasia,
grossly malformed/deformed clubfeet with severe oligodactyly; upper
limbs with acromial dimples, limited extension, flexion, pronation,
and supination of forearm and hands, severe ungual hypoplasia/
anonychia, sometimes associated with mild brachydactyly, and
occasionally pre-axial polydactyly.!

The condition was compared with two syndromes presenting
fibular  agenesis associated with other  defects/deformities:
brachydactyly—ectrodactyly with fibular ‘aplasia’ or hypoplasia (MIM
113310)>* and Fuhrmann syndrome (FS; MIM 228930).5% Its
clinical presentation did not perfectly fit the reported phenotypes
of either conditions or those of other phenotypically related
syndromes.

Pedigree analysis suggested autosomal dominant inheritance with a
low penetrance, but the possibility of autosomal recessive inheritance
could not be discarded because of the high regional population
inbreeding rate, as already stated clearly on the 2008 paper. The
frequencies of consanguineous matings in the region range from 9 to
33%, with corresponding average inbreeding coefficients (F) varying
from 0.3 to 1.0%.%'°

Below we report on the identification of the genetic variant
responsible for the syndrome.

MATERIALS AND METHODS

The research was approved by the Ethics Committee of the Institute of
Biosciences at the University of Sdo Paulo (CAAE: 37297114.7.0000.5464).

Patients

This study covers 12 individuals from the family with SS, originally described
by Santos et al.:' five individuals (IV:1, IV:16; TV:19; IV:20 and IV:31) with the
complete SS phenotype, one individual (V:12) with a milder and atypical
phenotype (unilateral polysyndactyly without lower limb defects) and six
unaffected individuals (IV:17, TV:29, 1V:32, V:13, V:14 and V:15). Genomic
DNA was extracted from blood samples. Pedigree is shown in Figure 1 and
clinical findings are summarized in Table 1.

Array-based comparative genomic hybridization

Investigation of copy number changes was performed by array-based compara-
tive genomic hybridization (array-CGH), using a 180 K chip (OGT, Oxford,
UK) with genomic DNA samples from the proband IV:31 and his mildly
affected son V:12. Cytosure Genomic DNA Labelling kit (OGT) and Agilent
Oligo a-CGH Hybridization kit (Agilent Technologies, Santa Clara, CA, USA)
were used, according to the manufacturers’ protocol. Gains and losses of
genomic sequences were called using the aberration detection statistical
algorithm ADM-2, with a sensitivity threshold of 6.0.
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Figure 1 Pedigree of family. The black symbols represent individuals with the complete phenotype of Santos syndrome (upper and lower limb malformations
with anonychia/ungual hypoplasia); the half-filled symbol represents the individual with polysyndactyly of upper limb without anonychia/ungual hypoplasia or
lower limb malformations (originally depicted in Santos et al.}). Below the symbols are shown the genotypes for the variant ¢.934G>A in gene WNT7A.

SNP-array and microsatellite markers

Genomic DNA from affected individuals (IV:1, IV:16; IV:19; IV:20; IV:31 and
V:12) was submitted to SNP-Array (50K) assays (Affymetrix GeneChip Human
Mapping 50 K Array, Affymetrix, Santa Clara, CA, USA), using the manufac-
turer's reagents (Xbal) and following the GeneChip Mapping 10K 2.0 Assay
Manual. Scanning was performed in a GenechipScanner 3000 and interpreted
with Affymetrix Genotyping Console software (Affymetrix). Multipoint
logarithm of odds (LOD) score values were calculated, for each autosome, by
the Merlin program!!
assuming a rare allele (frequency of 0.001). The penetrance rate under the
dominant inheritance model was estimated as 0.324 (95% confidence limits:
0.139-0.585).! Twenty-two polymorphic microsatellite markers mapped to
chromosome 3 (ABI Prism Linkage Mapping Sets v2.5) were genotyped in the
12 samples. Multipoint LOD score values were calculated using the Merlin
program.

under dominant and recessive inheritance models,

Whole-exome sequencing and segregation of candidate variants
DNA samples from one affected individual with SS phenotype (IV:16) and
from the individual with the atypical clinical presentation (V:12) were
submitted to whole-exome sequencing. The library was prepared with Nextera
rapid capture kit (Illumina, San Diego, CA, USA), sequence capture was
performed with Illumina Exome enrichment kit (~62 Mb target size) and
sequencing was performed using HiSeq 2500. Fastq files were aligned against
reference GRCh37 with Burrows-Wheeler Aligner (BWA);!2 realignment of
indel regions, discovery of variants and recalibration of base qualities were
performed using GATK software!? for the production of VCF files; the VCF
was annotated by ANNOVAR software.'*

Variant frequencies were compared with public variant databases: 1000
Genomes (http://www.internationalgenome.org/), NHLBI Exome Sequencing
Project (http://evs.gs.washington.edu/EVS/), Exome Aggregation Consortium
(http://exac.broadinstitute.org/) and Online Archive of Brazilian Mutations
(http://abraom.ib.usp.br/). Polyphen-2,'>  SIFT,!® 17
MutationTaster2!® were used for in silico damage prediction to the protein.
Protein sequence alignment near the best candidate variant (WNT7A) was
performed by Universal Protein Resource (Uniprot) catalog (http://www.
uniprot.org/).

Provean and

Sanger sequencing

To investigate the segregation of the variants in WNT7A and TBX5 genes, the
coding sequences were amplified by PCR. The products were bi-directionally
Sanger sequenced with the BigDye Terminator v3.1 Cycle Sequencing Kit
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method in ABI 3730 DNA Analyzer (Applied Biosystems, Foster City, CA,
USA). The results were analyzed by the Bioedit program (Ibis Biosciences,
Carlsbad, CA, USA).

RESULTS

CNV and linkage analysis

No pathogenic copy number variation was detected by
array-CGH.

LOD score values, using SNP-array and microsatellite data, were
calculated by three different strategies: (1) under recessive model
considering individual V:12 as unaffected by SS; (2) under recessive
model considering individual V:12 as affected by SS; and (3) under
dominant (k=0.324) model considering individual V:12 as
affected by SS.

In strategy (1), by SNP-array data analysis, positive LOD score
values were found in two regions on chromosome 3: maximum
positive values of 1.406 and 1.735 were observed, respectively, in the
regions between 15 and 20cM and between 87 and 123 cM
(Supplementary Figure S1). As the result indicated chromosome 3
as candidate, we performed additional LOD score calculations using
data from 22 microsatellite markers along the chromosome. The
results were consistent with those obtained with SNP-array data:
maximum positive values of 2.098 and 2 were observed, respectively,
in the regions between pTer and 42 cM, and between 80 and 139 cM
(Supplementary Figure S1). According to family reports, individuals
II:5 and III:6 might be remotely related. Such possibility led us to
perform additional LOD score calculations, under an autosomal
recessive model, but considering individuals I:1 and I:6 as sibs. The
results pointed to significant positive LOD score values at the same
chromosome 3 locations. The maximum values, when SNPs were
used, for the first and second regions were 2.876 and 3.235,
respectively; after microsatellite data analysis, the maximum values
for the first and second regions were 2.098 and 2.0, respectively
(Supplementary Figure S1).

In strategies (2) and (3), with SNP-array and microsatellite data,
positive LOD score values were achieved only for chromosome 3, but
the maximum LOD score values were slightly lower in strategy (2),
and markedly lower in strategy (3) (data not shown), when compared
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Individual ~ Upper limbs? Lower limbs?
V-1 Anonychia/ungual hypoplasia of digit I Slight asymmetry (L>R)
Swan neck defect of third finger Genua valga
Acromial dimples Markedly thin legs
Hypoplastic fibulae
Hypoplastic femora
Deformed talipes equinovarus
IV-16 Anonychia/ungual hypoplasia of digits I, Il and Il Slight asymmetry (L>R)
Swan neck defect of third finger Thin legs
Acromial dimples Hypoplastic fibulae
Limited forearm extension and supination Left equinovarus foot
Muscular strength moderately decreased Pes metatarsus varus at right
Hypoplastic toe nails
IV-19 Anonychia/ungual hypoplasia of digits I, Il and Il Slight asymmetry (L>R)
Swan neck defect of third finger (less conspicuously in digits Il and V) Thin legs
Trigger anomaly of fourth finger Fibular agenesis
Acromial dimples Grossly malformed/deformed clubfeet
Talipes equinovarus
Severe oligodactyly (most toes absent)
IV-20 Pre-axial polydactyly at right Slight asymmetry (L>R)
Anonychia/ungual hypoplasia of digits I, Il and Ill at right Thin legs
Swan neck defect of third finger (less conspicuously in digits Il and 1V) Genua valga
Acromial dimples Fibular agenesis
Large encapsulated lipoma on right deltoid region Talipes equinovalgus (left) and varus (right)
Limited forearm supination and pronation Oligodactyly (only one complete bone axial
ray)
IV-31 Very hypoplastic distal phalanx of second finger at right (with impaired flexion) Gross asymmetry (L>R)
Anonychia/ungual hypoplasia of digits I, Il and Il bilaterally Thin legs
Swan neck defect of third finger Hypoplastic femora
Acromial dimples Fibular agenesis
Limited forearm supination Grossly malformed/deformed clubfeet
Talipes equinovarus
Severe oligodactyly
V-12 Complex pre- and post-axial polydactyly/syndactyly with triphalangeal thumb at left; homolateral limited forearm

extension, flexion and supination

2Except when mentioned, all defects are bilateral.

with results from strategy (1). In strategy (2) the maximum LOD score
was 1.786 (with SNP-array) and 2.047 (with microsatellites). In
strategy (3) the maximum LOD score was 0.897 (with SNP-array)
and 1.053 (with microsatellites).

In conclusion, linkage data pointed only to chromosome 3 as
harboring the pathogenic mutation that causes SS. Additionally, we
present the transmission of the microsatellite haplotypes near the
WNT7A gene region (Supplementary Figure S2), the best candidate
gene, according to linkage data and sequencing results presented in the
next section.

Whole-exome sequencing and segregation of candidate variants
We obtained, by sample, approximately 70M reads, average read
length of 99 bp, average coverage of 120X and 98% of target bases with
more than 20 reads.

The variants were filtered by two different strategies: (1) IV:16 and
V:12 separately, under the assumption that IV:16 and V:12 were
affected by two distinct genetic diseases; and (2) IV:16 and V:12

together, considering that both phenotypes were caused by the same
genetic alteration. In both strategies, we screened exonic and non-
synonymous variants for quality, and checked against public variant
databases and 60 samples sequenced simultaneously as controls. We
selected variants occurring in homozygous state with frequencies lower
than 0.01, and variants in heterozygous state with frequencies lower
than 0.001. The remaining variants were analyzed considering
association with (a) limb development and its disorders (OMIM
(https://www.omim.org/) and literature), (b) limb defects, after mouse
knocking (MGI  (http://www.informatics.jax.org/)) and/or
(c) WNT and SHH signaling pathways (Kegg (http://www.genome.
jp/kegg/pathway.html)).

Following strategy (1), for individual IV:16, we selected only
autosomal variants in homozygosis, and obtained nine variants in
nine genes: ANKRD53, GCFC2, SMN, NCF1, APBBIIP, GLBIL2,
GPRC5B, OR5K1 and WNT7A. Among these variants, only two are
located in the candidate chromosome 3: the missense variants
¢.G592A in OR5KI and ¢.934G>A in WNT7A gene. After analysis

out
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Homo sapiens

Pan troglodytes
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Pongo pygmaeus
Rattus norvegicus
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APQASGCDLMCCGRBYNTHQYARV-WQCNCKFQWC
APQASGCDLMCCGRGYNTHQYARV-WQCNCKFHWC
APQASGCDLMCCGREYNTHQYARV-WQCNCKFHWC
APQASGCDLMCCGRGYNTHQYARV-WQCNCKFHWC
APQASGCDLMCCGRBYNTHQYARV-WQCNCKFHWC
APQASGCDLMCCGRGYNTHQYARV-WQCNCKFHWC
AQQSNGCDLMCCGRBYNTHQYSRV-WQCNCKFHWC
AQQTNGCDLMCCGREYNTHQYSRV-WQCNCKFHWC
AQHTSSCDLMCCGRBYNTHQYSRV-WQCNCKFHWC
AQHTNGCDLMCCGREYNTHQYSRV-WQCNCKFLWC
SAGADGCNLLCCGRBYNTHQFNHVSHQCNCKFHWC
LSKTNSCKVLCCGREBYNVHEVVRV-WDCQCKFYWC

Figure 2 Alignment of the amino acid sequence near the p.Gly312Ser WNT7A mutation, across different species. In gray, the conserved amino acid glycine

(at position 312 in humans).

of these nine genes according to the criteria (a), (b) and/or (c),
described above, only the variant ¢.934G>A in the WNT7A gene
remained.

Following strategy (1), for individual V:12, we obtained 179 variants
in heterozygous state, one in homozygous state (in FAM21A gene) and
three in hemizygous state in chromosome X (in COL4A6, PLXNB3
and OPNIMW genes). After selecting genes according to associations
(a), (b) and (c) described above, only six heterozygous variants were
obtained: c.G934A in WNT7A (Fuhrmann syndrome MIM 228930), c.
A3382G in FREM?2 (Fraser syndrome MIM 219000), c¢.C113A in
CEP152 (Seckel syndrome MIM 210600), c¢.G1220A in IFTI22
(cranioectodermal dysplasia MIM 218330), ¢.G496A in TRPV3
(Olmsted syndrome MIM 614594) and ¢.C698A in TBX5 (Holt-Oram
syndrome MIM 142900). Fuhrmann, Fraser and Seckel syndromes,
and cranioectodermal dysplasia are autosomal recessive disorders and
could not be explained by a variant in heterozygous state. The
Olmsted and Holt-Oram syndromes are autosomal dominant syn-
dromes, but Olmsted syndrome does not include the clinical findings
seen in individual V:12. This led us to investigate the segregation of the
variant in the TBX5 gene, which had been previously associated with
radial limb defects, and might explain the clinical features of V:12.
However, Sanger sequencing revealed that the TBX5 variant was
present in his non-affected mother (IV:32) and in one of his non-
affected sisters (V:15) who, as V:12 subject, were heterozygous for
both variants, c.C848A in TBX5 and c.934G>A in WNT7A. This
excluded TBX5 gene as the cause of the phenotype of V:12.

According to the strategy (2), we selected variants shared by the
individuals V:12 and IV:16; 14 variants were found, 11 in heterozygous
state in both patients and three homozygous variants in IV:16 and in
heterozygous state in V:12. After selecting genes associated with (a),
(b) and (c), only the variant ¢.934G> A (p.Gly312Ser) in WNT7A, on
chromosome 3, remained as candidate.

Summing up, linkage studies, associated with all strategies of
filtering variants after exome sequencing, indicated the WNT7A
variant in homozygosis as the best explanation for the characteristic
clinical features of SS: it is located on chromosome 3, and WNT7A
variants have been related to limb development and clinical features
similar to the SS phenotype. The other variant located in the candidate
chromosome 3, ¢.G592A (p.Vall98Ile) in OR5KI gene, was excluded
as candidate because OR5K1 protein is an olfactory receptor. There are
no variants in this gene previously associated with clinical presenta-
tions in humans and pathogenicity predictions by Polyphen-2, SIFT,
Provean and MutationTaster indicated that this variant is benign.
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Sanger sequencing revealed that the candidate variant ¢.934G> A in
WNT7A was present in homozygosis in five affected individuals with
the complete phenotype (IV:1, IV:16, IV:19, IV:20 and IV:32); it was
found in heterozygous state in the individual with the milder distinct
phenotype (V:12), as well as in four unaffected individuals (V:31,
V:13, V:14 and V:15). The genotypes are shown in Figure 1.

The ¢.934G>A variant in WNT7A has never been reported in
patients with limb defects, nor in sequencing databases. It is predicted
to result in a p.Gly312Ser amino acid substitution, and the glycine at
position 312 lies in a highly conserved region across different species
(Figure 2). PolyPhen-2 and SIFT predicted that this variant is probably
damaging (scores of 1.0 and 0.001, respectively); MutationTaster2
predicted that it was disease causing, and Provean, that it was
deleterious (score of 5.42).

DISCUSSION
Limb development in human embryos begins in the fourth week after
fertilization. Limb buds originate from the lateral plate mesoderm,
which is in close contact with the ectoderm.!® The ectodermal bulge of
limb buds (apical ectodermal ridge) is a region that controls, through
the action of the fibroblast growth factor proteins FGF4 and FGFS,
limb development in the proximal—distal axis,??! while the anterior—
posterior axis determines the ulnar/radial and fibular/tibial growth
width.22 SHH protein, produced in the zone of polarizing activity of
posterior (ulnar and fibular) mesoderm, is responsible for the
development of posterior structures,?® in addition to inducing the
expression of FGF4 in the apical ectodermal ridge.>* In the dorsal
(nails and thin hairy skin) and ventral (palm and sole) axes, the
WNT7A protein, produced from the dorsal ectoderm, induces the
local expression of LMX-1B, which is responsible for the development
of dorsal structures.”> WNT7A also plays a role in the maintenance of
SHH expression in zone of polarizing activity.»?® Ungual hypoplasia
(sometimes anonychia), marked fibular hypoplasia (sometimes agen-
esis) and femoral hypoplasia in affected individuals are clinical features
present in patients previously reported with WNT7A variants.®?73!
Anonychia and ungual hypoplasia probably arise from the disruption
of the dorsal-ventral axis by lack of induction of LMX-1B by WNT7A,
while fibular hypoplasia/aplasia would result from disturbances (due
to decreased SHH expression in zone of polarizing activity) in the
development of the antero-posterior axis. Finally, developmental
disruption of the proximal-distal axis (possibly due to SHH-FGF4
feedback deficiency) may lead to brachydactyly.3%3?

All WNT7A variants in humans have so far been reported in FS
(MIM 228930) and Al-Awadi/Raas-Rothschild syndrome (AARRS,
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Figure 3 Scheme of WNT7A gene. The light gray boxes indicate all known mutations associated with Fuhrmann syndrome and the dark gray ones indicate all
known mutations associated with AARR syndrome (mutation c.610G>A is associated with both AARR and Fuhrmann syndromes). An ellipse indicates the

location of the novel mutation (this report) related to Santos syndrome.

MIM 276820), both rare autosomal recessive conditions. WNT7A
variants in homozygosis were reported most often in inbred Muslim
populations from the Middle East. The literature records six different
pathogenic WNT7A variants: p.Glu72Lys (FS);?”3% p.Ala109Thr (ES);3
p-Arg222Trp  (FS);?83%  p.Glu272X  (AARRS);®  p.Arg292Cys
(AARRS)®? and p.Gly204Ser (AARRS and FS).3%*! The variant p.
Gly312Ser in WNT7A is described in this paper for the first time
(Figure 3).

Woods et al. demonstrated, i vivo and in vitro, that in FS there is a
partial loss of function of the WNT7A protein, whereas in AARRS
there is a complete loss of WNT7A function. This might account for
the clinical features shared by these syndromes, and the more severe
AARRS phenotype. Both AARRS and FS are characterized by
anonychia/hypoplastic nails, variable degrees of ulnar ray deficiency,
pelvic dysgenesis and severe lower limb hypoplasia (sometimes
aplasia). Usually FS patients present a less severe phenotype, with
4-5 digits per hand and rarely phocomelia, while AARRS affected
individuals have 1-3 digits per hand and, frequently, phocomelia.*?
However, it is striking that variant p.Gly204Ser was found in patients
with FS and AARRS (Figure 3), showing that this correlation is not
absolute.

Accordingly, both SS and FS might result from partial loss of
function of the WNT7A protein. Similarities and differences between
these and other syndromes have been discussed in our 2008 paper,'
which pointed out that, despite the variable degree of overlap and
expressivity of the features between the FS and SS, (1) severe distal
ulnar defects might be present only in FS, (2) femur and pelvis defects
seemed to be much more severe and frequent in FS, while (3) foot
malformation was usually more severe and conspicuously typical in
SS. In spite of the occasional overlap of some signs in the three
conditions (FS, AARRS and SS), it is clear that they can be
differentiated in most instances. Since all three syndromes represent
the phenotype of pathogenetic variants in the WNT7A gene, they
could be certainly referred to as a group of ‘WNT7A-related
syndromes with ungueal and fibular defects,” but the nomenclature
SS, AARRS and FS could be retained to describe the three subgroups
of clinical phenotypes.

Although variant ¢.934G> A in homozygosis explains perfectly the
phenotype of Santos syndrome, intriguingly the son (V:12) of the
proband presents the WNT7A variant in heterozygous state, and his
clinical presentation is quite different from that of other affected
family members (Table 1), without the main features expected to
result from variants in WNT7A. So, additionally, his exome sequen-
cing was individually filtered, in an attempt to identify variants in

other genes that could explain his clinical presentation. The best
candidate found was the heterozygous variant c.C848A in TBX5.
Heterozygous variants in TBX5 cause Holt-Oram syndrome, which is
characterized by radial anomalies, often including thriphalangeal
thumb, associated with atrial septal defects.>* The complex limb
malformation of individual V:12 in his left hand includes a thripha-
langeal thumb. However, segregation analysis ruled out this variant as
a candidate because it was found in samples from two unaffected
individuals (his mother and his sister). No other candidate variant was
found that could explain why he was affected. Three alternative
hypotheses might explain the phenotype of V-12: (1) the milder
phenotypic expression of the WNT7A variant in heterozygous state;
(2) unidentified environmental factors; (3) an additional undetected
distinct causative genetic variant, his phenotype not being related with
the WNT7A variant. If this is the case, the defect is not due to a coding
region alteration or the variant was not identified by our approach of
filtering variants detected by the exome sequencing, which was based
on information about protein function related to limb development.

In conclusion, the cause of SS is convincingly explained by the
homozygosis of a WNT7A gene variant. The variant we found is allelic
to those responsible for FS and AARRS. The proband’s son presents
distinct limb defects, possibly without any relationship with Santos
syndrome. Our findings contribute to broaden the spectrum of clinical
presentation of WNT7A variants.
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