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Summary

Robinow syndrome (RS) is a genetically heterogeneous disorder with six genes that converge on the WNT/planar cell polarity (PCP)
signaling pathway implicated (DVL1, DVL3, FZD2, NXN, ROR2, and WNTS5A). RS is characterized by skeletal dysplasia and distinctive
facial and physical characteristics. To further explore the genetic heterogeneity, paralog contribution, and phenotypic variability of RS,
we investigated a cohort of 22 individuals clinically diagnosed with RS from 18 unrelated families. Pathogenic or likely pathogenic var-
iants in genes associated with RS or RS phenocopies were identified in all 22 individuals, including the first variant to be reported in
DVL2. We retrospectively collected medical records of 16 individuals from this cohort and extracted clinical descriptions from 52 pre-
viously published cases. We performed Human Phenotype Ontology (HPO) based quantitative phenotypic analyses to dissect allele-spe-
cific phenotypic differences. Individuals with FZD2 variants clustered into two groups with demonstrable phenotypic differences
between those with missense and truncating alleles. Probands with biallelic NXN variants clustered together with the majority of pro-
bands carrying DVL1, DVL2, and DVL3 variants, demonstrating no phenotypic distinction between the NXN-autosomal recessive and
dominant forms of RS. While phenotypically similar diseases on the RS differential matched through HPO analysis, clustering using
phenotype similarity score placed RS-associated phenotypes in a unique cluster containing WNTSA, FZD2, and ROR2 apart from
non-RS-associated paralogs. Through human phenotype analyses of this RS cohort and OMIM clinical synopses of Mendelian disease,
this study begins to tease apart specific biologic roles for non-canonical WNT-pathway proteins.

Introduction Recently, we have shown that RS is characterized by ge-

netic and allelic heterogeneity,>* which poses a challenge

Robinow syndrome (RS) is a genetically heterogeneous dis-
order first described by Robinow et al. in 1969."% RS can be
arbitrarily subdivided into autosomal recessive (AR) RS and
autosomal dominant (AD) RS. There is significant locus het-
erogeneity, with pathogenic variants having been identified
in six genes: DVL1 (MIM: 601365), DVL3 (MIM: 601368),
FZD2 (MIM: 600667), NXN (MIM: 612895), ROR2 (MIM:
602337), and WNTSA (MIM: 164975). All RS-related genes
encode proteins that play a role in the non-canonical
WNT/planar cell polarity (PCP) signaling pathway.’

to studying the disease as it may require use of multiple ge-
nomics approaches to investigate the underlying molecu-
lar causes in affected individuals. For instance, AR-RS is
associated with biallelic loss-of-function (LoF) variants in
the orphan tyrosine kinase receptor, ROR2 (RRS1 [MIM:
268310])>° and in the oxidative stress response protein,
NXN (RRS2 [MIM: 618529]),”® both of which can be
caused by single-nucleotide variants (SNVs) combined
with large deletions.”* In contrast, insertions and dele-
tions (indels) in two out of the three human orthologs of
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the Drosophila dishevelled (dvl) gene, DVL1 and DVL3, are
the most frequent cause of sporadic and AD-RS (DRS2
[MIM: 616331], DRS3 [MIM: 616894])>°~'! and recur inde-
pendently in an estimated 33% of individuals with a diag-
nosis of RS.” Disease-associated variant alleles found in
DVL1 and DVL3 cluster within the penultimate and last
exons of each gene, generating a —1 frameshift with a pre-
mature termination codon (PTC) in the last exon. All the
indel variants are predicted to produce a highly basic, pro-
line-rich C-terminal tail, suggesting those variants create a
gain-of-function mutant protein. Notably, no variant
affecting the DVL2 paralog has been observed in RS co-
horts thus far, even though all three paralogs were shown
to have overlapping function during development and
share about 59%-67% of amino acid similarity.'**
Screw-tail dog breeds (boxers and others) are homozygous
for a 1-bp deletion in DvI2 and the dogs’ phenotype is
similar to RS, further suggesting that, like DVLI and
DVL3, DVL2 could be yet another RS gene.'” Missense
and truncating variants in FZD2, which encodes a highly
conserved seven-pass transmembrane protein of the Friz-
zled family of membrane receptors, cause ~14% of RS.?
Lastly, heterozygous missense variants, potentially leading
to hypomorphic alleles of the extracellular soluble ligand
of ROR2, WNT5A,>1718 are estimated to cause ~10% of
dominant RS (DRS1 [MIM: 180700]).*'%"'® A molecular
understanding of RS is obfuscated by genetic heterogene-
ity, and phenotypic overlap between RS and other disor-
ders, notably, Aarskog-Scott syndrome (AAS [MIM:
305400]).> 17

Clinically, RS is characterized by prominent forehead,
hypertelorism, broad nasal bridge, anteverted nares, and
midface hypoplasia, common features reported in both
AR-RS and AD-RS.?>?! However, some phenotypic features
are variable and differences in the frequency of manifesta-
tion might be considered as penetrance of the endopheno-
type. Hemivertebrae and scoliosis were reported in AR-RS,
while umbilical hernias are almost exclusively observed

in AD-RS.? Thus far, there has been no comprehensive
analysis of the genotype-phenotype correlations of RS
caused by specific variants in all genes currently associated
with RS; i.e., investigating allelic phenotypes of patho-
genic variants, particularly for NXN and genes causative
of AD-RS that were recently discovered.

Here, we identified RS DNA variants in 22 unpublished
individuals with RS/RS-like phenotypes with a combination
of gene-targeted Sanger sequencing, exome sequencing
(ES), and genome sequencing (GS) and review the molecu-
lar and clinical published data on all previously published
individuals carrying variants affecting NXN and AD-RS-
associated genes (N = 68 individuals). Notably, we describe
the first individual with RS with a likely pathogenic indel in
DVL2, a gene that has not previously been associated with
RS or any other human phenotype. We established geno-
type-phenotype correlations for all AD-RS genes, which
revealed core as well as gene-specific clinical traits. Using
Human Phenotype Ontology (HPO) terms, we performed
a quantitative phenotypic similarity analysis of the entire
cohort and for Online Mendelian Inheritance in Man
(OMIM, https://omim.org/) diseases. Gene- and allele-spe-
cific phenotypic differences within RS were revealed. In
addition, most of the differential diagnoses considered for
RS share a high degree of phenotypic similarities with RS,
and they together can be quantitatively distinguished
from diseases caused by WNT, FZD, or ROR paralogs not
associated with RS. These data support the hypothesis
that the skeletal features in RS are caused by perturbation
of the non-canonical WNT/PCP pathway rendered by alter-
ations of specific paralogs during development.

Subjects and methods

Subjects

The RS cohort reported here consists of two groups: (1) a pheno-
type-driven cohort in which recruited individuals had a clinical
diagnosis of RS; (2) a genotype-driven cohort for which
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individuals were referred for clinical laboratory diagnostic testing
at the Baylor Genetics (BG) or GeneDx and were found to have
likely pathogenic or pathogenic variants in AD-RS genes (NXN
was not investigated in those diagnostic laboratories at the time
of ascertainment) (Figure S1). After ascertainment of probands to
the cohort using a genotype-driven approach, it was found that
all probands were clinically diagnosed as having RS before molec-
ular diagnosis, except individual BAB14592. This study focuses on
AD-RS genes and the recently identified AR-RS gene NXN; individ-
uals carrying RORZ2 variants were not included in this study. In to-
tal, we collected 22 subjects from 18 unrelated families. RS was
sporadic in the two cohorts except for three families (HOUS5112,
HOU4020, and HOU4115) with an affected father or an affected
mother and grandfather. DNA was obtained after all relevant fam-
ily members provided written, informed consent. The study was
approved by the institutional review board (IRB) at BCM (IRB pro-
tocols nos. H-43246 and H-29697). BAB14964 was identified by
the UK’s 100,000 Genomes Project.*>

Sanger sequencing

Samples from subjects clinically diagnosed as RS were investigated
via Sanger sequencing of the penultimate and last exons of DVL1
and DVL3, in addition to the entire single-exon gene FZD2.
Primers used are (1) DVL1 exon 14-15 forward (Fwd), GACACAGG
TGCTGTCAGGAG; (2) DVL1 exon 14-15 reverse (Rev), GCACAC
GGTCAACAAGATCA; (3) DVL3 exon 14-15 Fwd, ACCACGGTC
TCTCTCATCCA; (4) DVL3 exon 14-15 Rev, AAGACGGACGGAT
GGAGAGA; (5) FZD2 screen L, GCCGCGAGTAAAGTTTGCAA;
(6) FZD2 screen R, ACAAACCTITGTGGGGGTGTT; (7) DVL2
exonl5 F TGGGCTACATAACATCCACAA; (8) DVL2 exonlS5 R,
CCAGGGCTCCATCCCTAT. Primers (7) and (8) were used to
confirm the variant found in BAB14964 via GS. The PCR reactions
were performed using TaKaRa LA Taq DNA Polymerase (Takara Bio)
with the protocol as follows: 98°C for 30 s (94°C for 60 s, 65°C for
20 s, 68°C for 20 min) repeated 32 times, 68°C for 10 min. PCR
products were then sequenced by standard Sanger dideoxy capil-
lary sequencing. All PCR products containing candidate indel al-
leles detected by Sanger sequencing were further confirmed by
cloning both alleles into a TOPO TA cloning vector (Life Technol-
ogies). To determine specific allele sequences, the recombinant
clones were transformed into chemically competent Escherichia
coli strain One Shot TOP10 (Invitrogen). Single-colony purified
clones were isolated and grown overnight in selective medium.
Ten individual clonal colonies were then Sanger dideoxy capillary
sequenced. Pedigrees and chromatograms of all variants are shown
in Figure S2.

Variant detection

DNA samples from individuals lacking pathogenic variants in
either DVL1, DVL3, or FZD2 and their unaffected relatives were
submitted for ES through the Baylor-Hopkins Center for Mendelian
Genomics initiative.”> ES was performed at the BCM Human
Genome Sequencing Center (HGSC) using 0.5 pg of genomic
DNA. An Illumina paired-end, pre-captured library was constructed
according to the manufacturer’s protocol with modifications
described in the BCM-HGSC.?* Six to 10 pre-captured libraries
were pooled and then hybridized in solution to the HGSC in-
house-developed VCRome 2.1 design with custom spike-in** ac-
cording to the manufacturer’s protocol (NimbleGen SeqCap EZ
Exome Library SR User’s Guide) with minor revisions. Illumina
sequencing was performed, with a sequencing yield average of 11

Gb; 97.5% of targeted bases were covered to a depth of 20x or
greater with an average depth of coverage of 118.6x. In parallel
to the exome workflow, a single-nucleotide polymorphism (SNP)
array was performed for a final quality assessment. This included
orthogonal confirmation of sample identity and purity using the
Error Rate In Sequencing (ERIS) pipeline developed at the HGSC.
Using an e-GenoTyping approach, ERIS screens all sequence reads
for exact matches to probe sequences defined by the variant and po-
sition of interest. A successfully sequenced sample must meet qual-
ity control metrics of ERIS SNP array concordance (>90%) and ERIS
average contamination rate (<5%). To prevent bias in the filtering
and parsing of rare variants caused by different annotation soft-
ware, multiple annotation software tools that often provide distinct
interpretations and varying levels of false-positive and false-nega-
tive findings were used. This has been shown to improve variant
annotation, particularly for indels.”®

Thus, two variant discovery methods were used in parallel, start-
ing with the HGSC Mercury analysis pipeline.”?” The Mercury
pipeline moves data from initial sequence generation on the in-
strument to annotated variant call files (VCFs) via multiple anal-
ysis tools, including xAtlas, for variant calling.”® In addition, we
used the Genome Analysis Toolkit (GATK) HaplotypeCaller to pro-
duce joint-called files with indel realignment and base recalibra-
tion for all families whose DNA was sequenced. We identified de
novo mutations in silico by using read-depth information extracted
from the BAM files of either parent or proband using the in-house
developed software DNM-Finder.?’ Candidate variants were
filtered against exome data in publicly available databases,
including the Genome Aggregation Database (gnomAD),*” the Na-
tional Heart, Lung, and Blood Institute (NHLBI) Exome
Sequencing Project (ESP) Exome Variant Server, the Atheroscle-
rosis Risk in Communities Study (ARIC) database,®' and our inter-
nal Baylor-Hopkins Centers for Mendelian Genomics variant
analyzer database of approximately 12,000 exomes. In parallel,
we also took results from webtools that predict functional effects
of candidate variants, such as Polymorphism Phenotyping v2 (Pol-
yPhen-Z),‘)’2 Sorting Intolerant From Tolerant (SIFT),** and Com-
bined Annotation Dependent Depletion (CADD).** In addition,
all affected individuals’ exomes were screened for copy-number
variants (CNVs) using XHMM*® and our in-house-developed algo-
rithm for detecting homozygous exonic deletions, HMZDel-
Finder.*® ES data were also used to calculate B-allele frequency
and delineate genomic intervals exhibiting absence of heterozy-
gosity (AOH) consistent with identity-by-descent.’” Segregation
studies were performed using standard PCR amplification of ES
identified variants, and PCR products were purified with Exo-
SAP-IT (Affymetrix) and sequenced by dideoxy nucleotide Sanger
sequencing. Pedigrees and chromatograms are shown (Figure S2).

ES of BAB14592 was performed at the BG diagnostic labora-
tory,*® whereas ES of 8310037 was performed at GeneDx using a
previously reported protocol.*” For 8310037, genomic DNA from
the proband and parents was used; the exonic regions and flank-
ing splice junctions of the genome were captured using the IDT
xGen Exome Research Panel v1.0. Massively parallel (NextGen)
sequencing was done on an Illumina system with 100-bp or
greater paired-end reads. Reads were aligned to human genome
build GRCh37/UCSC hgl9 and analyzed for sequence variants
using a custom-developed analysis tool. Additional sequencing
technology and variant interpretation protocol have been
described previously.®’ The general assertion criteria for variant
classification are publicly available on the GeneDx ClinVar sub-
mission page (http://www.ncbi.nlm.nih.gov/clinvar/submitters/
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26957/). For IFH, the variant was identified by a variety of testing
methods and confirmed by Sanger at GeneDx.

GS of BAB14964 was performed by the UK’s 100,000 Genomes
Project (The National Genomics Research and Healthcare Knowl-
edgebase v7, Genomics England. https://doi.org/10.6084/m9.
figshare.4530893.v7. 2020).

Quantitative phenotypic analyses based on HPO terms
To quantify genotype-phenotype correlations within RS and
across diseases included in the RS differential diagnosis, we retro-
spectively collected and re-analyzed the clinical phenotypes of
68 individuals (30 males and 38 females) carrying pathogenic var-
iantsin DVL1, DVL2, DVL3, FZD2, WNT5A, and NXN. This cohort
consists of the 16 individuals described in this current study in
addition to 52 individuals described previously in the literature.
In total 23 DVLI, one DVL2, nine DVL3, 17 FZD2, 14 WNT5A,
and four NXN individual clinical phenotypes were included (pro-
bands and affected relatives for whom phenotype was available)
(Tables S1 and S2). Briefly, variant allele-associated phenotypes
were annotated with HPO terms for each affected individual. All
diseases (n = 7,977, including number symbol, plus sign, percent-
age sign, and no symbol in OMIM) and genes (n = 4,102, asterisk
symbol in OMIM) that have been annotated with HPO terms by
OMIM were downloaded from the HPO resource page (https://
hpo.jax.org/app/download/annotation). Distribution plot of the
number of HPO terms per proband was used to assess depth of
phenotyping in this cohort. Individual similarity matrices were
generated with the OntologyX suite of R packages using the
Lin’s semantic similarity score and the average method.***' Simi-
larity matrices were then used to generate distance matrices of in-
dividual similarity. Hierarchical agglomerative clustering (HAC)
was performed on distance matrices with the Ward’s method**
with the number of clusters set based on visualization of the gap
statistic curve. Individual similarity scores were visualized using
the ComplexHeatmap package in R, and statistical analysis of in-
dividual groups was done using the OntologyX suite. Annotation
grids were generated with the OntologyX suite of packages and
then edited to exclude ancestral terms and to order columns by
phenotype frequency.

To assess the phenotypic landscape of differential diagnoses of
RS and compare it with WNT-pathway-associated diseases, a
similar disease-to-gene and disease-to-disease HPO analysis was
performed. Thirty-one Mendelian disorders (Table S3), including
RS caused by perturbation of the WNT genes (DVLI1, DVL3,
FZD2, WNTS5A, ROR2, and NXN), non-RS diseases related to
WNT paralogs, and syndromes on the differential diagnosis for
RS were identified to use in HPO analysis. These 31 diseases were
separately assessed for phenotypic similarity to all (1) genes and
(2) diseases with OMIM HPO annotation. HPO-annotated pheno-
types for the 31 diseases were queried against all disease-associated
genes (n = 4,102) or all diseases (n = 7,946) annotated with HPO
terms by OMIM for phenotypic similarity. Lin semantic similarity
scores between all pairs of the 31 diseases and all genes or diseases
annotated with HPO terms were calculated. The top 10 phenotyp-
ically similar gene-associated or disease HPO term sets to each dis-
ease in the group of 31 diseases described above were parsed and
duplicates removed. Every combination of two that includes one
member from the group of 31 diseases and one from the top
phenotypically similar gene-associated phenotype matches was
taken, and p value calculated via comparison of the phenotypic
similarity score between that group of two and 100,000 randomly

selected groups of two from all OMIM HPO-annotated genes or
diseases, respectively (p value cutoff <0.001). The gap statistic
was calculated for cluster number k = 1 to 20 (gene analysis) or
15 (disease analysis), and the resultant curve was visualized to
select optimal number of clusters to use. HAC analysis and visual-
ization of phenotypic similarity and clustering was then per-
formed as described above for RS proband phenotypes.

The same approach was used to perform an unbiased query for all
HPO-annotated diseases (n = 7,971) to assess which clinically
described diseases have significant (p < 0.003) similarity overlap
with six HPO-annotated RS phenotypes associated with six non-ca-
nonical WNT/PCP pathway genes (DVL1, DVL3, WNTS5A, FZD2,
NXN, ROR2). A higher p value cutoff was used as p < 0.001 was
too stringent for this analysis. p values here are used to define
which set of diseases or genes in addition to the query set to include
in HAC and heatmap visualization to further classify disease. This
analysis was also done against HPO-annotated genes (data not
shown). Lastly, the phenotypes of FZD2-related omodysplasia 2
(MIM: 164745), related mesomelic/rhizomelic dysplasias,** and
16 FZD2 patients were compared with 7,963 OMIM disease pheno-
types for similarity (p < 0.001). To help determine whether FZD2
proband phenotypes were more similar to RS than omodysplasias,
a distribution of all pairwise scores between diseases and probands
was visualized and average similarity score of FZD2 probands to
both AD and AR omodysplasia and RS was performed (Figure S3).

Statistical analysis of gene-associated phenotypes

For each phenotype, the individuals were categorized into five ge-
notype groups (Table S2). Fisher’s exact test was done on each
phenotype (considering all genotypes) by utilizing statistic pack-
age in R language. For every genotype, individuals were dichoto-
mously categorized into either “have” or “not have” regarding
pathogenic variants in the given RS-associated gene. If a particular
phenotype is not correlated to a specific genotype, we should
expect a similar prevalence of “have” and “not have” individuals
distributed among all genotypes. The p values were adjusted using
the p.adjust R function and Benjamini-Hochberg method
(method = fdr). The significance threshold was set to 0.05. Patient
prevalence of each genotype/phenotype was visualized by using
the seaborn package in python language.

Results

Mutational patterns in AD-RS genes

Targeted gene sequencing (N = 7), ES (N = 14), and GS (N
= 1) were performed to identify pathogenic variants that
may cause RS in our cohort. As a result, pathogenic or likely
pathogenic variants in genes/candidate genes associated
with RS or Mendelian disorders with phenotypic overlap
with RS were found in all 22 individuals (Figures S1 and
S2). As shown in Table 1, four individuals (4 out of 22,
18%) have pathogenic or likely pathogenic variants in
DVL1, including two de novo recurrent 1-bp deletion alleles
and two novel variants for which inheritance could not be
established. Notably, BAB13797 was found to have a previ-
ously unreported heterozygous splicing variant in DVLI,
which is the first splicing variant reported in this gene
thus far. Two individuals (2 out of 22, 9%) were found to
have novel variants in DVL3. Five individuals (5 out of
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Table 1.

Summary of variants detected in RS-related genes in this study

Variant ACMG ACMG
Individual ID  Origin Gene type Inheritance ~ Zygosity ~ Variant Effect classification  criteria
BAB10168 in-house DVL1 —1fs de novo Het c.1519delT p-Trp507 pathogenic PVS1, PS1,
cohort Glyfs*142 PS2, PM2, PP4
BAB13793 in-house  DVLI —1fs unknown Het c.1592delC p.Pro531 likely PVS1, PM2
cohort Argfs*118 pathogenic
BAB9945 in-house ~ DVLI —1fs de novo Het ¢.1519delT p-Trp507 pathogenic ~ PVS1, PS1, PM2,
cohort Glyfs*142 PM6, PP4
BAB13797 in-house DVL1 splicing unknown Het c.1640-1C>T NA likely PVS1, PM2
cohort pathogenic
BAB14964 100,000 DVL2 +1fs de novo Het €.2105dupC p-Pro703 likely PS2, PM2, PM4
Genomes Serfs*103 pathogenic
Project
8310037 GeneDx DVL3 —1fs de novo Het c.1751_ p-Asp584 pathogenic ~ PVS1, PS2,
1754delATCG Glyfs*83 PM2, PP4
IFH GeneDx DVL3 splicing unknown Het c.1715-2delA NA pathogenic ~ PVS1, PS1, PM2
BAB10686 in-house FZD2 missense  unknown Het ¢.1300G>A p.Gly434Ser pathogenic PS1, PM2, PMS,
cohort PP3, PP4
BAB11377 in-house  FZD2 nonsense  unknown Het c.1644G>A p.Trp548* pathogenic ~ PVS1, PS1,
cohort PM2, PP4
BAB13798 in-house FZD2 nonsense  inherited Het c.1644G>A p.Trp548* pathogenic PVS1, PS1,
cohort PM2, PP1, PP4
Father of in-house  FZD2 nonsense  unknown Het c.1644G>A p-Trp548* pathogenic ~ PVS1, PS1,
BAB13798 cohort PM2, PP4
BAB14592 BG FZD2 Fs unknown Het ¢.367_388dup p.Phel30 likely PVS1, PM2
GCCCTCATGA Cysfs*98 pathogenic
ACAAGTTCGGTT
BAB7986 in-house WNTS5A  missense unknown Het c.248G>A p-Cys83Tyr likely PM2, PMS,
cohort pathogenic PP3, PP4
BAB11664 in-house WNT5A  missense  inherited Het c.461G>T p-Cys154Phe  uncertain PM2, PP3, PP4
cohort significance
BAB10972 in-house WNT5A  missense  unknown Het c.461G>T p-.Cys1l54Phe  uncertain PM2, PP3, PP4
Father of cohort significance
BAB11664
BAB14600 GeneDx WNT5A  missense  de novo Het c.247T>G p.Cys83Gly likely PM2, PMS,
pathogenic ~ PM6, PP3, PP4

Het, heterozygous; fs, frameshift; BG, Baylor Genetics Clinical Diagnostics Laboratory.

22, 23%), including two from the same family, were found
to have pathogenic or likely pathogenic variants in FZD2,
including four recurrent missense and truncating variants,
as well as one novel frameshift variant. Four individuals (4
out of 22, 18%), two of them from the same family, were
found to have novel variants in WNT5A. Notably, one in-
dividual (1 out of 22, 5%) was found to have a de novo 1-bp
duplication in exon 15 of DVL2 (MIM: 602151), which is
the first RS-associated variant identified in DVL2.

We found sixteen (16 out of 22, 73%) of the 22 studied
subjects had pathogenic or likely pathogenic variants in
4 RS-related genes (DVL1, DVL3, FZD2, and WNT5A) or a
candidate gene (DVL2), including nine novel (10 individ-
uals) and three recurrent variants (six individuals). As
shown in Figure 1, altogether, 18 unique variants from
24 unrelated subjects in DVL1,*>*°t1#%%5 10 variants in
10 DVL3-unrelated individuals,>'***” seven variants in
14 unrelated FZD2 individuals,>**°! and 11 variants in

WNTS5A from 12 unrelated subjects®''®°% were identi-
fied (Figure 1, Table S4).

All variants in DVL1 and DVL3 are small indels or
splicing variants (Figures 1A and 1C). In silico prediction
of splicing variants by the Human Splicing Finder web
tool®* (https://www.genomnis.com/access-hsf) indicates
that cryptic splice acceptor sites downstream of the canon-
ical site may be activated, resulting in the use of the —1
frame, which is consistent with other observed indels. Da-
nyel et al. (2018) isolated RNA from blood and lympho-
blastoid cell line samples of an individual who has a
splicing variant at the position ¢.1715-2A>C in DVL3,
and confirmed expression of both WT and expected —1 fra-
meshifting mutant mRNAs.*” In summary, monoallelic —1
frameshift variants clustered within the penultimate and
last exon of DVL1 or DVL3 cause AD-RS.

Recurrent monoallelic missense or truncating variants
constitute the majority of the FZD2 variants associated
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with dominant RS (Figure 1D). Notably, six unrelated in-
dividuals have been found to have variants in FZDZ2 that
alter the same amino acid Gly434 to serine or valine.
The C to T transition rate at methylated CpG sites is
~10-fold higher than those at unmethylated sites,>* >’
which may contribute to the high recurrence (two of
the variants are C to T transitions). The high frequency
of pathogenic variants at the G434 position may result
in steric hindrance, altering the affinity or stability of
the interaction between FZD2 and DVL1°® as this
conserved region is one of the motifs required for binding
and stabilizing the interaction with DVL1.>” In addition,
seven individuals present with truncating variants at
p-Trp548* or p. Trp547*. FZD2 is a single-exon gene that
is likely not subject to nonsense-mediated mRNA decay
(NMD), thus this truncating allele may produce a stable
mRNA product but potentially prevent translation of a

/.
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within the coding region of DVL2 resulting
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ants within the coding region of DVL3 re-
sulting in AD-RS: the variants in DVL3 are
mostly small insertions or deletions,
except for four splicing variants. All muta-
tions, analogous to DVL1, are predicted to
lead to —1 frameshifting of the reading
frame. PTC created by —1 frameshifting
variants is displayed by an orange dia-
mond. Zoomed-in view shows the bases
affected by variants in exon 14 and 15.
(D) Predicted protein translational effects
of FZD2 variants resulting in AD-RS: path-
ogenic variants in FZD2 are missense or
truncating variants affecting mostly the
Frizzled domain. (E) Predicted protein
translational effects of WNTS5A variants re-
sulting in AD-RS: pathogenic or likely
pathogenic variants in WNT5A are mostly
missense, except for two indels. The major-
ity of WNTS5A variants involve substitution
or creation of a cysteine residue.
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discontinuous motif across three intracellular loops in
Frizzled protein that modulate the Fzd2-Dvl1 interaction
(Figure 1D).*859

Variants in WNTS5A are mostly missense, except for two
indels (one is an in-frame duplication and another is a ho-
mozygous frameshifting variant, with carrier parents unaf-
fected), all localized to exon 3 and exon 4 of the gene
(Figure 1E). A striking feature of WNTS5A is that a majority
(13 out of 14, 93%) of variants causing RS replace or intro-
duce a cysteine, except for the biallelic frameshifting
variant (p.Tyr188Metfs*31).°> WNT5A is a cysteine-rich
protein; there are 24 conserved cysteine residues across
the entire protein. Disulfide bond formation is critical for
tertiary structure, folding, and function of Wnt pro-
teins.®” It is notable that four unrelated individuals were
found to have variants altering the second cysteine of
WNTSA, Cys83, to one of four different amino acids:
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glycine, serine, tryptophan, and tyrosine. A systematic
analysis of cysteines and associated disulfide bonds in the
mouse Wnt3a showed that mutation of any cysteine of
Wnt3a leads to perturbation of disulfide bond formation,
which either affects secretion/activity or leads to altered
binding affinity with FZD, causing diminution of Wnt
signaling.®’ Based on these findings, we speculate that
the removal or addition of cysteines disrupts disulfide
bond formation in WNTS5A, therefore altering the tertiary
protein structure and affecting the function of WNTS5A.

Biallelic LoF variants in NXN have been found to cause a
new type of AR-RS.** Notably, two related individuals were
found to have compound heterozygous variants consisting
of a maternally inherited 3-bp deletion and a paternally in-
herited intragenic 84-kb deletion that encompasses the
entire first exon. This intragenic deletion was putatively
formed by Alu-Alu-mediated rearrangement (AAMR). To
evaluate the potential genomic instability AAMR risk for
RS-associated genes, we used the AluAluCNVpredictor
tool (http://alualucnvpredictor.research.bcm.edu:3838)%%;
the AAMR relative risk score for NXN is above the 0.6 cutoff
for AAMR risk based on genome-wide Alu-Alu density and
predicted relative risk susceptibility to genomic instability
(MIM genes, 0.866; RefSeq genes, 0.843). This indicates
that there is a higher probability of AAMR-mediated
exonic deletion CNV formation at NXN compared with
most other RefSeq genes.

Differential diagnosis of RS

We identified six individuals (6 out of 22, 27%) with path-
ogenic or likely pathogenic variants in other disease-associ-
ated genes (Table 2, Figures S1 and S2). Four individuals,
three from the same family, were found to have novel
hemizygous or heterozygous 1-bp deletions in FGDI.
Missense and indel variants in FGD1 are associated with
X-linked AAS,"” which has phenotypic overlap with AD-
RS. Another individual, BAB9133, was found to have a
variant of uncertain significance (VUS) in ARIDIB (MIM:
614556) and a pathogenic copy-number loss spanning
17.5 kb of the gene TCF4 (MIM: 602272) (Figure S4), which
is associated with Pitt-Hopkins syndrome (MIM:
610954).°° In BAB11295, a heterozygous de novo missense
variant was identified in PPPICB (MIM: 600590). This
pathogenic variant has been reported to cause Noonan
syndrome-like disorder with loose anagen hair 2 (MIM:
61 7506).64760

Clinical phenotyping in subjects with RS-associated
variant alleles
A comprehensive genotype-phenotype table of both our
in-house and published RS individuals was established by
combining the individual patient phenotype information
with the sequencing results (Table S2). The only subject
carrying DVL2 variant was not included in this phenotyp-
ing analysis.

Based on the data collected in this study (Figure 2, Table
S2), there are clinically recognizable phenotypic features

that are present at the same rate in RS regardless of geno-
type. Some of the more common physical features among
all genotypes (prevalence more than 60% in each geno-
type), potentially comprising a clinical synopsis, include
midface hypoplasia (90%, N = 54 out of 60); hypertelorism
(79%, N = 50 out of 63); prominent eyes (65%, N = 35 out
of 54); anteverted nares (88%, N = 49 out of 56); wide, low
nasal bridge (90%, N = 55 out of 61); gingival hyperplasia
(81%, N = 42 out of 52); limb length anomaly, including
mesomelia/micromelia/rhizomelia (91%, N = 60 out of
66); brachydactyly (89%, N = 55 out of 62); and broad first
toe (67%, N = 33 out of 49). Additionally, hypoplastic geni-
talia in males (93%, N = 25 out of 27) was common among
all RS subjects, irrespective of the genetic etiology, but
prevalence of hypoplastic genitalia in females was variable
in different genotypes.

DVLI-associated RS probands were significantly more
likely to have macrocephaly (95%, N = 21 out of 22), trian-
gular mouth (82%, N = 14 out of 17), and increased bone
density (82%, N = 9 out of 11). In addition, clinical find-
ings suggest lower prevalence of upslanting palpebral fis-
sures (26%, N = 5 out of 19) and short stature (38%, N =
8 out of 21), whereas an increased prevalence of high fore-
head (95%, N = 20 out of 21), bilobed tongue (80%, N = 16
out of 20), and umbilical hernia (59%, N = 10 out of 17)
were associated with DVL1 variant alleles, although these
observed trends do not reach statistical significance
(Figure 2, Table S2). These findings further support the
recently published association of cranial osteosclerosis in
DVLI-associated RS.®” These data are not available for the
majority of other genotypes. Exceptions include one or
two individuals with other genotypes who were found to
have normal bone density and, in a study by Shayota
et al. (2020), an individual with WNT5A-associated RS
and a second with RORZ2-associated RS were found to
have mild osteopenia of the non-cranial skeleton, or
normal bone density measurements.®’

Congenital heart defects were more common in RS sub-
jects who have pathogenic variants in DVL3 (78%, N = 7
out of 9) (Figure 2, Table S2). Among the congenital heart
defects observed across individuals with RS, atrial septal
defect (ASD) and ventricular septal defect (VSD) were
most common, while individuals carrying DVL3 patho-
genic variants tended to have more complex defects,
including hypoplastic right heart syndrome, hypoplastic
left heart syndrome, pulmonary atresia, and aberrant sub-
clavian artery. In addition, trends of increased prevalence
of omphalocele (43%, N = 3 out of 7) and cleft lip and/
or palate (67%, N = 6 out of 9) were also observed, as
were decreased prevalence of abnormal ear shape and posi-
tion (63%, N = 5 out of 8), female genital hypoplasia (25%,
N =1 out of 4), and hypoplastic phalanges (50%, N = 3 out
of 6) among DVL3-associated RS.

Individuals with RS caused by variants in FZD2 seem to
be more mildly affected with significant lower prevalence
of dental anomalies (58%, N = 7 out of 12) and hypoplastic
phalanges (0%, N = O out of 3), as well as trends of
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Table 2.

Summary of variants detected in individuals with differential diagnoses of RS in our in-house cohort

Individual Variant OMIM
ID Origin Gene type Inheritance Zygosity — Transcript Variant Effect phenotype
BAB10066  this report FGDI Fs unknown Hemi NM_ c.1422delT p-Phe474 Aarskog-Scott
004463.2 Leufs*34 syndrome, 305400
BAB11334  this report FGDI Fs unknown Hemi NM_ c.367delC p-Leul23*  Aarskog-Scott
Affected 004463.2 syndrome, 305400
maternal
grandfather
of BAB11808
BAB11333  this report FGDI Fs inherited Het NM_ c.367delC p-Leul23*  Aarskog-Scott
Affected 004463.2 syndrome, 305400
mother of
BAB11808
BAB11808  this report FGDI Fs inherited Hemi NM_ c.367delC p-Leul23*  Aarskog-Scott
004463.2 syndrome, 305400
BAB8747 White FGD1 Fs de novo Hemi NM_ c.892dupT p-Cys298 Aarskog-Scott
et al.” 2018 004463.2 Leufs*5 syndrome, 305400
BAB8751 White FGD1 Fs de novo Hemi NM_ ¢.527dupC p.Leul77 Aarskog-Scott
et al.” 2018 004463.2 Thrfs*40 syndrome, 305400
BAB11295 this report PPPICB missense de novo Het NM_ c.146C>G p-Pro49Arg Noonan syndrome-
206876.1 like disorder with
loose anagen hair
2, 617506
BAB8743 White PTPN11 missense de novo Het NM_ c.836A>G p-Tyr279Cys Noonan syndrome
etal.’ 2018 002834.4 1, 163950
BAB8740 White RAC3 missense de novo Het NM_ c.176C>G p-Ala59Gly neurodevelopmental
etal.’ 2018 005052.2 disorder with
structural brain
anomalies and
dysmorphic facies,
618577
BAB8759 White SH3PXD2B Fs inherited Hom NM_ €.969delG p-Arg324 Frank-Ter Haar
et al.’ 2018 001017995.2 Glyfs*19 syndrome, 249420
INPPL1 missense inherited Hom NM_ c.1636G>A p-Val546lle opsismodysplasia,
001567.3 258480
BAB8836 White - translocation de novo Het/Hemi - 46,XY,der(X)t - -
etal.’ 2018 (X; 6)(p22.31;
q25.3).arrf[GRCh37]
6925.3927(157,
870,814_170,881,
475)x3, Xp22.33p22.
31 (409,876_8,
199,541)x0
BAB9133 this report ARIDIB missense unknown Het NM_ c.2374T > C# p-Tyr792His Coffin-Siris
017519.2 syndrome 1,
135900
TCF4 deletion unknown Het - seq[GRCh37]del - Pitt-Hopkins
(18) (q21.2) chr18: syndrome,
8.52,940,259- 610954
52,957,780

Fs, frameshift; Hemi, hemizygous; Het, heterozygous; Hom, homozygous. #This variant is a VUS.

decreased prevalence of hypertelorism (60%, N = 9 out of
15); wide, low nasal bridge (76%, N = 13 out of 17); brachy-
dactyly (67%, N = 10 out of 15); clinodactyly (57%, N =8
out of 14); broad thumb (25%, N = 3 out of 12); nail
dysplasia (0%, N = O out of 8); bifid first and/or second
phalanges (0%, N = 0 out of 3); hypoplastic phalanges
(0%, N = 0 out of 3); and male genital hypoplasia (67%,
N = 4 out of 6) compared with individuals with other ge-
notypes (Figure 2, Table S2). The only exception is a trend

of higher prevalence of long philtrum (92%, N = 12 out of
13). Interestingly, four females with FZD2-related RS, of 11
females studied, were found to have anomalies of the
uterus: BAB7987 and BAB7988 have retroverted uterus,
while BAB11377 and patient 1 reported by Warren
et al.>! were found to have a bicornuate uterus.

For WNT5A-associated RS, a trend of decreased preva-
lence of abnormal ear shape and position (50%, N = 5
out of 10) was observed. In addition to core phenotypes,
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Genital hypoplasia (M)
Wide, low nasal bridge
Limb length anomaly
Brachydactyly
Midface hypoplasia
Dental anomalies
Anteverted nares
Clinodactyly
Hypertelorism
Abnormal ear shape and position
Gingival hyperplasia
Long philtrum
High forehead
Short nose
Frontal bossing
Short stature
Broad first toe
Prominent eyes
Mesomelia
Hypoplastic phalanges
Genital hypoplasia (F)
Triangular mouth
Micrognathia
Broad thumb
Macrocephaly
Bilobed tongue
Blue sclerae
Long eyelashes
Cleft lip and/or palate
Upslanting palpebral fissures -
Nail dysplasia -
Heart defects
Thin upper lip
Pectus anomaly
Hearing loss
Omphalocele -

Absent uvula
Camptodactyly -
Inguinal hernia -

Figure 2. Phenotypic analysis of subjects
with pathogenic variants in DVL1, DVL3,
FZD2, WNT5A, and NXN

Prevalence (0-1.0) of phenotypes in sub-
jects with pathogenic variants in DVLI,
DVL3, FZD2, WNT5A, and NXN shown
in Table S2 is displayed by heatmap.
Within the heatmap, black indicates a
higher prevalence, while light peach color
indicates lower prevalence; light gray indi-
cates these specific data are not available.
The phenotypes are listed in order of over-
all decreasing prevalence. A key is pro-
vided on the right.

2), or pectus anomaly (0%, N =
0 out of 2). These phenotypic features
are variably present in RS associated
with other genes. Notably, the preva-
lence of short nose is greater than
90% in other genotypes, but only
50% in NXN individuals (N = 2 out
of 4).

_02 Quantitative assessment of RS
clinical phenotypes

Obstructive sleep apnea To quantify and visualize genotype-
Bifid first and/or second phalanges _ q fy . 8 yp
Scoliosis and/or kyphosis phenotype correlations, semantic
E‘-’”Z!I?”‘l’:a"?s 1 ] similarity scores were calculated using
mboilical hernia
Increased bone density (skull)r an HPO-based analy31s (Flgure 55)
selzuresi | ' ' ' ' -00  The DVL2 subject was included in
pvLt DVL3 FzD2 WNTS5A NXN

all individuals were observed to have dental anomalies
(100%, N = 7 out of 7) and genital hypoplasia (100%, N
= 5 out of 5 for male; N = 3 out of 3 for female) (Figure 2,
Table S2). However, no individuals were found to have
camptodactyly (0%, N = O out of 5), renal anomalies
(0%, N = 0 out of 6), hearing loss (0%, N = 0 out of 5),
or omphalocele (N = 0 out of 5). The prevalence of these
phenotypic features is variable in other genotypes.

NXN is a novel AR-RS-related gene, with only four indi-
viduals identified, including two from the same family.**
Based on the phenotypic results (Figure 2, Table S2), in
addition to core phenotypes, all NXN individuals have
short stature (100%, N = 2 out of 2), high forehead
(100%, N = 4 out of 4), long philtrum (100%, N = 4 out
of 4), triangular mouth (100%, N = 4 out of 4), dental
anomalies (100%, N = 2 out of 2), abnormal ear shape
and position (100%, N = 2 out of 2), clinodactyly (100%,
N = 4 out of 4), nail dysplasia (100%, N = 2 out of 2), hy-
poplastic phalanges (100%, N = 2 out of 2), and omphalo-
cele (100%, N = 2 out of 2). NXN individuals were not
found to have upslanting palpebral fissures (0%, N =
0 out of 3), bifid first and/or second phalanges (0%, N =
0 out of 2), scoliosis and/or kyphosis (0%, N = 0 out of

this analysis. The number of HPO

terms per proband is shown in

Figure S6. Phenotypic similarity

scores between each RS proband
and/or the annotated diseases were calculated and visual-
ized in a cluster heatmap where number of clusters was
determined by visualization of the gap statistic curve (Fig-
ures 3A, 3B, and S7).

Even within the highly similar phenotypic spectrum
associated with RS variant alleles, subclusters of related
phenotypes were computationally identifiable. As shown
in Figure 3B, 84% of DVLI and DVL3 probands (N = 27
out of 32), as well as the new DVL2 proband (red dashed
rectangle), clustered into the two most similar groups
(blue rectangle). This finding demonstrates that pheno-
types related to variants in DVL1, DVL2, and DVL3 are
similar and distinct from the “phenotype signature” and
information content embodied within the specific clinical
description of the trait for the given RS-associated genes.
These results are supportive of a phenotypic diagnosis of
RS in the individual with the DVL2 variant.

Only four individuals were found to have biallelic vari-
ants in NXN.** Note that all the NXN individuals along
with the OMIM-described NXN_RRS2 phenotype (MIM:
618529) were grouped into aforementioned DVL clusters
(Figures 3B and 3C), blurring the phenotypic distinction
between the AD and NXN-related AR forms of RS.

No data
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similarity score

Figure 3. RS cohort summary and geno-
type-phenotype characterization

(A) Cohort description. Clinical notes and
molecular diagnoses of 68 subjects were
collected, including 16 subjects in this
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matrix produced from Lin semantic simi-
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and individual probands are labeled on top

1 1 DVL2_Subject68

D FZD2_Subject31

1 1 NXN_Subject58 3
va

~1Mb Del

______________

1p.GIn273* / 1Mb telomeric deletion |
| Compound het 1

of and to the right of the heatmap. Within
the heatmap, dark red indicates a higher
similarity, while dark blue indicates lower
similarity. A key is provided on the left.
Blue rectangle: 84% of DVL1 and DVL3 in-
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lighted by a red dashed rectangle) grouped
into these two clusters in addition to the
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have truncating variants. Black rectangle:
FZD2 outlier subject (FZD2_Subject31),
whose clinical phenotypes are less similar
to RS individuals. Black dashed rectangle:
NXN_Subject58, who has a ~1-Mb dele-
tion. (C) Variants observed in NXN result-
ing in AR-RS: variants are displayed by
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frame deletion and an Alu-Alu-mediated
exonic deletion of the entire exon 1. (D)
Patients with variants affecting FZD2 are
score. Most of the individuals with missense variants affecting

Gly434 in FZD2 were grouped into the missense cluster (green rectangle), whereas most of the individuals with truncating variants

at C-terminal end of FZD2 were grouped into the truncating cluster

(purple rectangle). Variants are displayed (blue circles) with larger

circles representing identical variants in unrelated individuals. One outlier individual (FZD2_Subject31, black rectangle) was identified to
have a truncating variant affecting the N terminus of the Frizzled-like domain.

Probands with variants in FZD2 exhibited two pheno-
typic clusters (green boxes in DVL cluster and purple
box, Figure 3B). Interestingly, most FZDZ2 individuals
grouped into the DVL cluster have missense variants
(N = 5 out of 8), whereas those in the purple cluster all
have truncating variants (N = 5 out of 5). This suggests
that RS probands with different variant allele types in
FZD2 present with distinctive phenotypic signatures. In
addition, for one FZD2 proband (FZD2_Subject 31;
BAB14592), who has a 22-bp duplication (c.367_388
dup), HPO similarity analysis indicates that this individual
is an outlier whose phenotype is not similar to other RS in-

dividuals. As shown in Figure 3D, all other individuals
have truncating variants affecting the C-terminal end of
the Frizzled domain; the BAB14592 duplication variant
allele affects the N-terminal end of the Frizzled-like
domain. To ascertain which phenotypes differentiate these
missense and truncating clusters, we performed genotype-
phenotype analysis of FZD2 individuals with missense var-
iants and individuals with truncating variants. The outlier
individual was excluded. As shown in Figure S8 and Table
S5, there are some core phenotypes (prevalence > 80% in
both groups) including anteverted nares, long philtrum,
short limbs, abnormal ear shape and position, broad
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forehead, and midface hypoplasia. In general, individuals
having missense variants in FZD2 are overall more severely
affected than those with truncating variants. All the indi-
viduals with missense variants have hypertelorism (N = 7
out of 7), upslanting palpebral fissures (N = 5 out of 5),
prominent eyes (N = 5 out of 5), gingival hyperplasia (N
= 5 out of 5), dental anomalies (N = 5 out of 5), and a sacral
dimple (N = 4 out of 4); however, for individuals with trun-
cating variants, frequencies for these features are only 29%
(N=2outof7),17% (N = 1 out of 6), 43% (N = 3 out of 7),
33% (N = 1 out of 3), 33% (N = 2 out of 6), and 0% (N =
0 out of 3), respectively. Most of the individuals with
missense variants exhibited a thin vermillion border
(80%, N = 4 out of 5), bilobed tongue (67%, N = 46), bra-
chydactyly (86%, N = 6 out of 7), and clinodactyly (83%, N
= 5 out of 6). However, only 33% (N = 2 out of 6), 17% (N
=1 out of 6), 57% (N = 4 out of 7), and 43% (N = 3 out of
7), respectively, of individuals with truncating variants
were observed to have those phenotypes. Exceptions are
that high forehead was observed in 88% of individuals
with truncating variants, but only half of individuals
with missense variants (50%, N = 3 out of 6). All male sub-
jects with a truncating variant have genital hypoplasia (N
= 4 out of 4), but the only male with a missense variant
does not.

Most WNTSA probands had quantitative phenotypes
that grouped into five different clusters instead of grouping
into any specific clusters (Figure 3B), which suggest that in-
dividuals with variants in WNT5A have more variable phe-
notypes. As WNTSA is an upstream ligand, this finding
may potentially be due to the described crosstalk of
WNTSA with pathways other than the non-canonical
WNT/PCP pathway.®®

Specificity of RS gene traits and clinical phenotyping

To visualize individual phenotypic feature overlap of
individuals in this study compared with other selected
Mendelian disorders (including different types of RS,
FZD2-related omodysplasia, and the most frequent differ-
ential diagnosis, Aarskog-Scott syndrome) with pheno-
types gleaned from OMIM, an annotation grid was
generated to show HPO terms (i.e., clinical phenotypes)
associated with each proband and disease (Figure S9). Indi-
viduals/different types of RS in DVL clusters and the FZD2
missense cluster had the highest similarity score, therefore
reflecting the higher degree of overlap between pheno-
typic features. The outlier FZD2 individual (FZD2_Subject
31) only has six phenotypes in common with RS individ-
uals and also presents with 12 distinct phenotypes
(vertigo, knee flexion contracture, bowel incontinence,
neurogenic bladder, fibular aplasia, bilateral talipes equino-
varus, popliteal pterygium, myelomeningocele, sparse
eyebrow, highly arched eyebrow, smooth philtrum, and
curly hair), which suggests that frameshift variants at the
N-terminal end of FZD2 may cause a different phenotype.
In fact, this patient was clinically diagnosed with popliteal
pterygium syndrome (MIM: 119500), although variants in

IRF6 were not detected by clinical ES. The only individual
(black dashed box) who has a nonsense variant in NXN in
trans with a ~1-Mb 17p13.3 telomeric deletion containing
NXN* and 14 additional genes (Figure 3B and 3C) presents
with bladder stones and nephrolithiasis, suggesting that
other genes deleted in this region, or mapping elsewhere
in the genome, may have contributed to those pheno-
types. Nine of these 14 deletion-mapped genes are known
OMIM genes and three genes are related to AR disease
traits, including VPS53 (MIM: 615850), GEMIN4 (MIM:
606969), and TIMM22 (MIM: 607251). In addition, a hemi-
zygous missense VUS in a non-disease-associated gene,
RPH3AL (MIM: 604881), was found in this region.
Although none of these genes has been associated with
disease in the heterozygous state, it is possible that hap-
loinsufficiency of gene(s) within the region or deletion of
regulatory regions cause additional phenotypic effects. In
addition to overlapping phenotypic features, the disease
most frequently on the differential diagnosis of RS,
FGD1_AAS, exhibits distinct phenotypic features that
may be useful in clinical differentiation.

Quantitative assessment of diseases on the RS
differential and WNT signaling

To visualize similarity of RS and all of the diseases on the dif-
ferential for RS-like phenotypes (Table 2), HPO analysis was
performed similarly for 31 diseases (Figure S5; Table S3).
Two distinct comparisons were performed: a disease-to-
gene phenotypic comparison (Figures 4A and 4D) and a dis-
ease-to-disease phenotypic comparison (Figures 4B and 4E).
We chose seven clusters for disease-to-gene phenotype
comparison (Figure 4A) and seven clusters for disease-to-
disease phenotypic comparison (Figure 4B) using visualiza-
tion of the gap statistic curve along with phenotypic simi-
larity by heatmap. All the abbreviations and identifier
numbers for diseases included are shown in Table S3.

As expected, ROR2_RRS1, NXN_RRS2, WNT5A_DRS1,
DVL1_DRS2, and DVL3_DRS3 are closely clustered
together (red box in Figure 4D). In addition, most of the
differential diagnoses observed in our in-house cohort (Ta-
ble 2) are clustered together with RS and associated genes
(green box). These are easily distinguished from diseases
caused by WNTSs, FZDs, or RORs paralogs (Figure 4C) not
specific to WNT/PCP signaling (gray box). FGD1_AAS
(black arrow) has the highest similarity scores with RS
compared with other diseases on the differential diagnosis
for RS, which is consistent with our observation that half
of the individuals having variants associated with diseases
on the RS differential rather than RS have Aarskog-Scott
syndrome (Table 2).

The heatmap of disease-to-disease phenotypic similarity
analysis is shown in Figure 4E. Similarly, RS caused by
DVL1, DVL3, WNT5A, ROR2, and NXN are robustly clus-
tered together (red rectangle). Most of the differential
diagnoses of RS are also clustered together with RS (green
rectangle), which indicates that phenotypes of those dis-
eases are likely to substantially overlap with RS. Similar
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Figure 4. Quantitative similarity analysis of RS phenotype supports high similarity of known differential diagnoses and indicate lack
of similarity with diseases caused by variants affecting paralogous WNT-pathway genes

(A) Gap statistic curve for heatmap displayed in (D). Gap statistic for RS, RS-like, WNT paralog-associated diseases, and top disease-asso-
ciated gene phenotype matches (p < 0.001) is displayed on the y axis and number of clusters tested on the x axis. The point on the curve
where slope changed from a trend of higher to lower (i.e., additional numbers of clusters were not adding as much to the gap statistic)
was used to choose optimal number of clusters (k = 7). (B) Gap statistic plot to determine number of clusters to display by heatmap in (E).
Gap statistic for RS, RS-like, WNT paralog-associated diseases, and top disease phenotype matches (p < 0.001) is displayed on the y axis
and number of clusters tested on the x axis. The gap statistic curve along with the heatmap representation in (C) were used to select the
number of clusters that both represented the visually appreciable clusters in the heatmap and the greatest increase in gap statistic (k = 7).
(C) Number of WNT, FZD, and ROR paralogs in human. (D and E) Semantic similarity heatmap results between disease-associated phe-
notypes of RS, RS phenocopies, WNT-associated disease phenotypes, and significantly similar known disease gene phenotypes (D) and
OMIM-annotated disease phenotypes (E). Red rectangle: RS caused by DVL1, DVL3, WNTS5A, ROR2, and NXN are clustered together with
RS genes. Black arrow: the most frequent differential diagnosis of RS, Aarskog-Scott syndrome, has the highest similarity scores with RS.
Green rectangle: most of the differential diagnoses observed in our in-house cohort are clustered together with RS and RS genes. Gray
rectangle: diseases caused by WNTS, FZDs, or RORs not specific in WNT/PCP signaling, which can be distinguished from the RS cluster.
Unique clusters are represented by different colors, and diseases/genes are labeled on top of and to the right of the heatmap. Within the
heatmap, dark red indicates a higher similarity, while dark blue indicates lower similarity. A legend is provided on the left-hand side.

to the disease-to-gene comparison heatmap, diseases
related to other WNTS5, FZDs, or RORs were grouped into
unique clusters (gray box) separate from RS and can be
seen to have much larger dissimilarity than within the
cohort-only comparison in Figure 3.

Discussion

In this study we investigate the molecular and clinical fea-
tures of RS and conditions within the clinical differential di-

agnoses of RS. We present nine novel pathogenic or likely
pathogenic variants in four RS genes and a new candidate
gene, DVL2, which aids in the delineation of the molecular
patterns of variants causative of AD-RS. HPO term-based
quantitative phenotypic analyses of subjects and specific
RS gene-associated disease traits (1) dissected gene- and
allele-specific phenotypic differences between RS-associ-
ated variants, and (2) revealed that most of the phenotypi-
cally similar diseases on the RS differential cluster together
with RS and can be quantitatively distinguished from dis-
eases caused by non-RS-associated WNTSs, FZDs, or RORs.
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Figure 5. Photographs and radiographs of BAB14964 who has a likely pathogenic variant in DVL2

(A) Facial characteristics include a tall forehead with high anterior hairline, hypertelorism, low nasal bridge, low-set ears, smooth phil-
trum, downturned corners of the mouth, and micro-retrognathia; standing photographs show micromelia with mesomelic predomi-
nance and genu valgus. (B-F) Selected radiographs from skeletal survey at 2 days old. (B) Chest radiograph and (C) magnified view: there
are 11 rib pairs, with small accessory rib ossicles bilaterally, arising between the seventh and eighth ribs (white arrows). A resolving
sagittal cleft is also shown in the T6 vertebral body (black arrow). There is a possible anterior rib fusion anomaly of the left first and sec-
ond ribs. The T9 and T10 vertebral bodies are mildly hypoplastic, more easily seen on the lateral spine radiograph (D). Radiographs of
upper limb (E) and lower limb (F) show diffuse osteosclerosis with some narrowing of the medullary spaces. There is mild mesomelic
shortening of the upper limb, and mild rhizomelic shortening of the lower limb. (G and H) Radiographs of left arm (G) and left
hand (H) at age 3 years. Mesomelic shortening is now more pronounced but remains mild. Diffuse osteosclerosis is no longer apparent.
There is hypoplasia of the first metacarpal, second and fifth distal phalanges, and fifth middle phalanx, with associated clinodactyly of

the little finger.

These data support the hypothesis that specific WNT, FZD,
and ROR paralogs are involved in RS.

We report the first RS-related likely pathogenic variant in
DVL2, which is a 1-bp duplication and causes a +1 frame-
shift. Detailed phenotypic information, photographs, and
radiographs of the DVL2 proband are shown in Figure 5
and Table S1. HPO analysis confirmed that this subject
has similar phenotypes to subjects with DVL1/DVL3 vari-
ants (Figures 3B and S9). As shown in Figure S10, this +1
frameshifting variant in DVL2 and —1 frameshifting vari-
ants in DVL1/DVL3 are all predicted to generate a novel
C-terminal tail of DVL proteins, whereas —1 variant in
DVL2 and most of +1 variants in DVL1/DVL3 at the
same location are predicted by conceptual translation to
cause a much shorter C-terminal tail. This finding supports
our hypothesis that frameshifting variants in DVL genes
may act in a gain-of-function (GoF) manner instead of hap-
loinsufficiency. Additional evidence to support a GoF role
for the variant DVL C-terminus in bone development
may come from a recent report that used whole-genome
variant association across 100 screw-tail breed dogs. It sug-
gested a similar underlying pathophysiology as it identi-
fied a homozygous —1 frameshift mutation in exon 15 of
DVL2. The dogs exhibited corresponding phenotypes of
RS, including brachycephaly, hypertelorism, short limbs,

and vertebral malformations.'® Collectively, frameshift
variants producing a variant C-terminus have been found
in all three DVL gene paralogs in mammals, leading to skel-
etal dysplasia.

Most of the pathogenic variants in WNT5A are related to
cysteine changes, whereas recurrent missense and trun-
cating variants in FZD2 cause AD-RS. Probands with vari-
ants in FZD2 exhibited two phenotypic clusters, one of
missense variants and another of truncating variants
(Figure 3B). As shown in Figure 3D, all other individuals
have truncating variants affecting the C-terminal end of
the Frizzled domain, except for an outlier individual,
who has a 22-bp duplication affecting the N-terminal
end of the Frizzled-like domain. Whether the mutant
mRNA escapes NMD cannot be predicted as FZD2 is a sin-
gle-exon gene. This finding suggests that the frameshift
variant at the N-terminal end of FZD2 may cause develop-
ment of a unique set of phenotypic traits, and that the
recurrent missense or truncating variants affecting the
C-terminal Frizzled domain contribute to the development
of AD-RS.

Although omodysplasia 2 (OMOD2) has been related to
FZD2 variants in the OMIM database and several individ-
uals,**>' a recent published review” as well as our
quantitative HPO analysis (Figure 3) indicate that it is
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unclear whether FZD2-related phenotypes should be clas-
sified as AD-RS, omodysplasia, or both. After the original
description of the association of FZD2 with AD OMOD?2
by Saal et al.,*® Nagasaki et al.°° also suggested that the
phenotypic overlap between AD OMOD2 and RS, particu-
larly AD-RS, was significant. The same study asserted that
AD OMOD?2 could be considered an RS-like syndrome. A
review of OMOD2-related phenotypic traits, which were
clinically described before as associated with FZD2
variation,®”~’" revealed that many features not included
in the OMIM clinical synopsis are indeed present
in OMOD?2 probands and represent features (i.e., hyperte-
lorism, dental crowding, midface hypoplasia) that
strengthen the phenotypic overlap between OMOD2
and RS. To address this question, an HPO analysis was per-
formed for 16 FZD2 subjects (the outlier subject with the
22-bp duplication, FZD2_Subject31, is excluded) and mes-
omelic and rhizo-mesomelic dysplasias gleaned from the
International Skeletal Dysplasia Society nosology and clas-
sification of genetic skeletal disorders (2019 revision).*’
This analysis revealed that all 16 FZD2 subjects group
with RS caused by NXN, DVL1, DVL3, ROR2, and
WNTS5A, and as well this FZD2 group, is distinct from
the cluster of omodysplasias and mesomelic dysplasias
(Figure 6). Taken together, these data objectively support
the contention that OMOD?2 is not a unique clinical en-
tity distinguishable from RS and should instead be consid-
ered as FZD2-associated AD-RS.

It should be noted that there is an imbalance in the
number of HPO terms among individuals from different
RS gene groups (Figure S6), and this could represent either
incomplete phenotypic evaluation of a particular individ-
ual or it could reflect true differences in phenotypic
manifestations for particular genotypes. As discussed
above, individuals with variants in FZD2, especially trun-
cating variants, tend to be more mildly affected, as repre-
sented by the lower number of associated phenotypes.
While individuals with WNT5A-RS have more variable
numbers of associated phenotypes, this may be due to
crosstalk of WNTSA in different WNT signaling pathways.
One exception is that three individuals (WNTSA_Subject
5, 11, and 12) were not grouped with other RS subjects
(Figure 3B). This exception may be primarily due to the
lack of clinical data (those individuals all have fewer than
10 HPO terms; Figure S9), as most of the phenotypic
information for these three individuals is not available.
We anticipate that, with additional patient data
collection and allelic series investigations, future studies
of these genes could deepen our understanding of trait
manifestations and potential limitations of quantitative
phenotyping.

As shown in Table 2, 12 individuals reported here and
from the literature were found to have pathogenic variants
in genes related to diseases with phenotypic overlap with
RS in our cohort, and most of the differential diagnoses
are grouped together with RS based on our HPO analysis
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(Figures 4D and 4E). We suggest adding FGD1I to RS gene
panels for clinical studies as (1) pathogenic variants in
FGD1 are the most frequent molecular diagnostic finding
in clinically diagnosed RS with otherwise negative testing,
and (2) FGD1_AAS has the highest similarity score with RS
in our HPO analysis.

To specifically investigate if there are any other pheno-
copies with RS, RS caused by DVL1, DVL3, WNT5A, ROR2,
and NXN were used to query for similarity to OMIM-anno-
tated diseases (n = 7,946), diseases with the highest similar-
ity score were selected and the results were visualized by a
cluster heatmap. As shown in Figure S11, RS caused by
different genes are strongly clustered together (red box).
FGD_AAS1 grouped with 28 skeletal dysplasias in the clus-
ter with the highest similarity to the RS cluster (blue box).
FZD2_OMOD2 was clustered with omodysplasia 1 (MIM:
258315) (green box), with lower similarity scores than dis-
eases in blue cluster. The identified diseases observed to be
phenotypically similar to RS may help identify molecular
diagnoses in unsolved cases clinically diagnosed as RS.

We have previously suggested RAC3 (MIM: 602050) as a
potential candidate AD-RS gene based on one clinically
diagnosed subject with apparent RS and a de novo missense
variant allele in RAC3.> However, recent studies have
defined a neurodevelopmental clinical phenotype distinct
from RS associated with RAC3 variations.”””” Besides dys-
morphic facial features, the individual described in White
et al.?> also had developmental delay, seizures, abnormal
electroencephalogram (EEG), and a thin corpus callosum.
A clinical reevaluation of this individual is more consistent
with a distinct RAC3-related neurodevelopmental disorder
(MIM: 618577)7%77* than with RS.

Previously, the most important clinical signs for the char-
acterization of RS were defined as hypertelorism, nasal fea-
tures, midface hypoplasia, mesomelic limb shortening, bra-
chydactyly, clinodactyly, micropenis, and short stature,
which were present in more than 75% of individuals with
either AD-RS or AR-RS.?" In our study (Table S2, Figure 2),
midface hypoplasia, hypertelorism, prominent eyes, ante-
verted nares, wide, low nasal bridge, gingival hyperplasia,
limb length anomaly, brachydactyly, broad first toe, and
male hypoplastic genitalia were observed in more than
60% of individuals in each genotype. However, only 38%
(N = 8 out of 21) of DVLI individuals have short stature,
which contrasts with the prevalence of short stature in all
other RS types (69%-100%), although this trend did not
reach statistical significance (Table S2). Moreovet, scoliosis
was present in more than 75% of individuals with the reces-
sive form (ROR2 mediated), but less than 25% of individuals
with the dominant form based on a previous report.”’ In
this study, only AR-RS individuals with variants in NXN
were studied but none of them had scoliosis. In AD-RS
groups, there was a lower than 50% prevalence of scoliosis
found for each genotype, consistent with previous observa-
tion that this is not a common phenotype in AD-RS. It has
been suggested that dental crowding and hypodontia were
more severe and frequently observed in individuals with

AD-RS.?! We observed that the prevalence of dental anom-
alies reaches >85% in all genotype groups exceptin individ-
uals with FZD2-RS (58%).

A group of papers published recently reported some ge-
notype-phenotype correlations among 13 individuals re-
cruited at an RS clinical conference in 2018, and most of
those patients are also included in this current analysis.
Bifid tongue was associated with individuals with patho-
genic variants in the DVLI1, ROR2, GPC4, or NXN genes
but was not observed in individuals with WNT5A-RS.”*
The prevalence of bifid tongue is 38% (N = 3 out of 8) in
our cohort of individuals with pathogenic WNT5A varia-
tion, comparable with other genotypes. Mesomelia was
seen in individuals encompassing all genetic variants
except one NXN individual based on previous report.”®
However, the NXN individuals reported here were
observed to have mesomelia at a prevalence of 50% (N =
2 out of 4). These differences demonstrate the need for
characterization of additional NXN individuals to more
precisely define an NXN-associated phenotypic spectrum.

The genotype-phenotype correlations identified in this
study may also help characterize the phenotypic spectrum
of RS caused by variants in different genes and allelic types
(e.g., missense versus frameshift) within those genes, help-
ing to understand the molecular functions of RS genes.
Almost all cases of DVLI-RS have macrocephaly, and
increased bone density (skull), which are phenotypes sug-
gestive of increased WNT canonical signaling levels.”” It is
possible that not only perturbation of WNT/PCP signaling
but also a disturbed balance between the levels of WNT/
B-catenin and WNT/PCP signaling may underlie RS patho-
biology. In DVL3-related RS, a significantly higher preva-
lence of heart defects was found. Notably, DvI3 knockout
mice show cardiovascular outflow tract defects, but Dvi1
knockout mice did not show any cardiac defects,'*’®
which implicates DVL3 as a key factor in heart develop-
ment in both humans and mice. The complexity of the
WNT signaling mechanisms in humans is primarily due
to an abundance of gene paralogs encoding for 19 different
WNTs, 10 different FZDs, three different DVLs, and two
RORs.”? As demonstrated in Figure 4, diseases caused by
other WNTs, FZDs, and RORs are not similar to RS and
formed distinct clusters. Thus, our analysis suggests that
phenotypes of diseases caused by other WNTs, FZDs, or
RORs are distinct from RS and further supports that RS is
caused by perturbation of the specific pathway activated
by WNTSA, FZD2, and ROR2 instead of other genes in or
branches of WNT signaling.

We identified previously unreported pathogenic variants
in known RS genes as well as genes associated with other
conditions on the RS differential. These findings deepen
our understanding of the molecular and clinical etiology
of RS. In 2018, White et al.” reported molecular diagnoses
of a cohort of 21 individuals clinically diagnosed with RS.
In that cohort, 61.5% of individuals were found to have
pathogenic variants in known, previously published RS-
associated genes, 24% of individuals were found to have
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variants in genes associated with diseases considered to be
on the AD-RS differential, and 14.5% of individuals were
unsolved or solved by candidate RS-associated genes that
had not yet been observed in a sufficient number of pro-
bands to establish a firm association. If we re-examine those
data in our current in-house database (as of October 2021,
82 individuals in total), those numbers are 75.6%, 14.6%,
and 9.8%, respectively. Based on these numbers, it can be
concluded that the major genes underlying the molecular
etiology of RS have been identified, although the discovery
of novel candidate genes only observed in a single individ-
ual (i.e., DVL2) or in a few individuals (i.e., NXN) requires
additional investigation of individuals with RS.

ES is becoming a first-line test for molecular diagnosis of
congenital disease,”” and the dissection of gene and allele-
specific phenotypic spectrums using HPO-based pheno-
typic similarity analyses may help to provide more specific
prognosis and counseling based on variant or gene impli-
cated, and, ultimately, provide genotype-guided manage-
ment. Moreover, ES can be particularly enlightening in
(1) conditions with locus heterogeneity, (2) multi-locus
pathogenic variation (MPV), and (3) genocopies as exem-
plified by RS and Aarskog syndrome.

In summary, our study: (1) identifies previously unde-
scribed pathogenic variant alleles, (2) provides evidence
for a new RS disease gene DVL2, (3) examines paralog spec-
ificity of trait manifestations, (4) delineates allele-specific
phenotypic differences, (5) provides biological insights
into a genetically heterogeneous disorder, (6) indicates
that missense or truncating variants affecting the C-termi-
nal end of the Frizzled domain in FZD2 lead to a clinical
phenotype consistent with RS, and (7) reveals the power
of deep phenotypic analyses to tease apart genetically het-
erogeneous disorders.

Data and code availability

The code supporting the current study has not been depos-
ited in a public repository because it is being updated
locally to accommodate further analysis, but it is available
from the corresponding author on request. The accession
numbers for the identified variants in this paper are Clin-
Var: SCV000256688, SCV001438002, SCV001438003,

SCV001438004, SCV001438005, SCV001438006,
SCVvV001438007, SCV001438008, SCV001438009,
SCV001438010, SCV001438011, SCV001438012,

SCV001438013, SCV001438014, and SCV00143805 and
the preliminary identifier SUB9931810. The dbGAP acces-
sion number for all exome sequences reported in this paper
and with consent for data sharing in controlled-access
databases is dbGAP:phs000711.v5.p1.
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Supplemental information can be found online at https://doi.org/
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