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Abstract

Familial exudative vitreoretinopathy (FEVR) is a rare inherited retinal eye disease,
which can lead to vision loss or total blindness. It is characterized by abnormal
development of blood vessels in the retina, which may trigger neovascularization
leading to retinal folds and detachment. FEVR is genetically heterogeneous with
eleven genes reported to date (NDP, FZD4, LRP5, TSPANI2, CTNNBI, KIF11,
ZNF408, ATOH7, RCBTBI, JAGI and ILK) and an ever-increasing number of
variants being reported in these. This project focused on generating a mutation
database and spectrum for FEVR. Variant information was gathered either from
unpublished data from the Toomes’ lab or from peer-reviewed journal articles. All of
the mutations were annotated so that they complied with the latest Human Genome
Variation Society nomenclature and were uploaded onto the Leiden Open Variation
Database. Pathogenicity classifications of variants were reassessed using the latest
pathogenic prediction tools and frequency data and were classified according to the
American College of Medical Genetics (ACMG) guidelines. In addition, missense
mutant protein structures were predicted using Modeller9.24 software and compared
with the correspondent wildtype protein model using UCSF chimera to attempt to
highlight differences to aid in variant classification. The final dataset categorized 537
unique mutations identified in 902 FEVR cases. However, only 183 variants were
confirmed by ACMG as pathogenic, and the majority of them (55.41%) were
considered as variants of uncertain significance. This study demonstrates the
difficulties in using the ACMG criteria for FEVR molecular diagnoses and highlights

the urgent need for an accurate functional assay.
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1. Introduction

1.1 Familial Exudative Vitreoretinopathy (FEVR)
1.1.1 Clinical phenotype

Familial exudative vitreoretinopathy (FEVR) is a rare hereditary eye disease, which
was first reported by Criswick and Schepens in 1969 (Criswick and Schepens, 1969).
The unifying feature of FEVR is incomplete retinal vasculature development. This
abnormal blood vessel development can lead to ischemia in the retina which triggers
secondary defects including neovascularization, exudation, retinal folds, tears and
detachments. The vision loss (due to ischemia) can develop at any age and patients
usually have long periods of stable disease, but it is a progressive disorder and patients
need life-long monitoring. However, the signs and symptoms of FEVR patients can
be widely variable, even within the same family or between two eyes of the same
patient (Toomes and Downey, 2011). Some affected individuals are asymptomatic,
whereas others could be totally blind (Kondo et al., 2003). The majority of FEVR
cases only have an eye phenotype. However, there are some non-ocular
manifestations associated with mutations in LRPS5, KIF11 and CTNNBI (discussed in

section 1.1.3).

There are different FEVR staging systems that have been used in the classification of
FEVR based on the disease severity. Gow and Oliver proposed the first FEVR staging
system in 1971, and Laqua modified it to a three-tier staging system in 1980 (Gow
and Oliver, 1971, Laqua, 1980). However, the most commonly used system is by
Pendergast and Trese which presents a detailed five-tier staging method that
incorporates fundus fluorescein angiography (FFA) findings (Pendergast and Trese,
1998). In this system, stage 1 FEVR is classified as peripheral avascularity in the
retina, often only revealed by FFA. In stage 2 FEVR, neovascularization (new blood
vessels) occurs in the retina with (2B) or without (2A) retinal exudation. Stage 3
FEVR is represented by partial retinal detachment in the extramacular area (3A:
without exudate; 3B: with exudate). Stage 4 FEVR shows partial retinal detachment
involving the macula area with (4B) or without (4A) exudate. Stage 5 associates with
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a total retinal detachment with open funnel (5A) or with closed funnel (5B) (Gilmour,
2015). Kashani et al. updated this classification by adding more details (Kashani et
al., 2014); Abnormal intraretinal neovascularization was added to stage 1 and the
exudate phenotype in the B subcategories was expanded to encompass exudate or
leakage of the blood vessels in the retina. Examples of the clinical features of different

stages of FEVR are shown in the Figure 1.

Figure 1. Clinical feature of FEVR. (A) Fundus image of a normal eye. (B) Fundus
image of stage 4 FEVR showing marked vessel straightening and a retinal fold
crossing the macula. (C) FFA image of stage 1 FEVR showing peripheral retinal
avascularity (arrows). (D) FFA image of stage 2 FEVR showing neovascularization
(arrows) around a region of peripheral retinal avascularity. Figures C and D

reproduced with permission from Temkar et.al 2019 (Temkar et al., 2019).

1.1.2 Treatment methods



There is currently no cure for FEVR and treatments are focused on halting disease
progression. The available treatment methods are based on the disease severity. In
mild stages, for example, when the vision problems are not obvious, observation and
follow-up are appropriate (Franco M. 2013). For stage 2 or higher FEVR, argon laser
photocoagulation in the retina can effectively control the progression of FEVR into
higher stages by triggering the regression of the new blood vessels (Kang et al., 2013).
In the advanced stage cases (from stage3 to stage5), vitrectomy with or without scleral
buckling surgery or prophylactic cryotherapy could be selected according to the
severity of the retinal detachment (Katagiri et al., 2018, Shukla et al., 2003). These
methods could contribute to release the traction and stabilize or improve the vision.
Furthermore, FEVR is a lifelong disease and could lead to progressive vision loss, so

follow-up is always recommended (Toomes and Downey, 2011).

There are currently new therapies being developed and trialled for FEVR. The most
common involves injecting eyes with anti-VEGF therapeutics to halt
neovascularisation and its tractional effects (Lu et al., 2018, Quiram et al., 2008,
Henry et al., 2015). These therapies have been shown to be highly effective in treating
other diseases with ocular neovascularisation, including age-related macular
degeneration (Michalska-Matecka et al., 2016) and diabetic retinopathy (Zhao and
Singh, 2018), but they are unproven in FEVR at the moment. A synthetic protein
which mimics Norrin (Noregen™) has also been developed with the aim of
developing treatments for FEVR and other disorders with abnormal retinal and

choroidal blood vessel development (https://www.retinalsolutions.com/).

1.1.3 Genetic basis and molecular pathogenesis

FEVR is genetically heterogeneous, the inheritance patterns include autosomal
dominant, autosomal recessive and X-linked. To date, genetic mutations in five genes
FZD4 (EVR1, OMIM: 133780), NDP (EVR2, OMIM: 305390), LRP5 (EVRA4,
OMIM: 601813), TSPANI2 (EVRS, OMIM: 613310), CTNNBI1 (EVR7: 617572),
and one locus on chromosome //pi3-pl2 (EVR3, OMIM: 605750, exact gene
unknown ) have been confirmed to be involved in FEVR (Robitaille et al., 2002, Chen
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et al., 1993a, Toomes et al., 2004, Jiao et al., 2004, Poulter et al., 2010, Nikopoulos
et al., 2010, Collin et al., 2013, Panagiotou et al., 2017, Downey et al., 2001). In
addition, KIF'11, ATOH7 and ZNF408 (EVR6, OMIM: 616468) have been shown to
be mutated in patients diagnosed with FEVR but it’s unclear if these are mis-
diagnosed FEVR cases (Robitaille et al., 2014, Khan et al., 2011). Furthermore,
RCBTBI, ILK, and JAG1 have all been reported as potential new FEVR genes, but
further evidence is needed (Wu et al., 2016, Park et al., 2019, Zhang et al., 2019).

It is well acknowledged that the impairment of the Norrin-B-catenin signalling
pathway is one of the main molecular pathogenesis of FEVR and its related
retinopathies Norrie disease (OMIM: 310600), retinopathy of prematurity (ROP,
OMIM: 133780) , Coats disease (OMIM: 300216), Persistent Fetal Vasculature (PFV)
and osteoporosis pseudoglioma syndrome (OPPG, OMIM 259770) (Drenser, 2016).
This signalling pathway is critical for the angiogenesis of the eye, studies showed that
the aberrations of the pathway could result in vascular abnormalities in animal models
as well as the human cases (Clevers, 2009). The Norrin-B-catenin signalling pathway
is a derivative of the Wnt-B-catenin pathway, however there are important
components of the signalling system which are different. In the Norrin-p-catenin
signalling pathway, Norrin acts as the ligand, instead of a Wnt ligand, to binds with
the unique receptor complex composed by FZD4, LRP5 and TSPANI12 to activate
the pathway. Only FZD4 is used in Norrin-f-catenin signalling, whereas in Wnt
signalling one of ten different frizzled receptors can be utilised (Xu et al., 2004).
Similarly, TSPAN12 acting as an axillary receptor is only required for Norrin-f-

catenin signalling (Junge et al., 2009).

Without Norrin binding, cytoplasmic B-catenin is degraded, which prevents its
translocation into the nucleus to interact with T-cell factor (TCF) or lymphoid
enhancing factor (LEF) and thus inhibits the expression of the target genes. However,
upon Norrin binding, the degradation of B-catenin is decreased, which allows it to
accumulate in the cytoplasm and then translocate into the nucleus and interact with

TCF/LEF and activate the expression of the target genes (Figure 2.) (Ye et al., 2010).



Even though it is still unclear how Norrin binding activates the signalling pathway,
Ke and co-workers found that Norrin works as a dimer, with each component
separately binding to an FZD4 dimer or oligomer with high affinity (Ke et al. 2013).
Similarly, Chang and colleagues found that FZD4 presents as a dimer regardless of
whether it is binding with Norrin or not in the cell membrane, and that the
combination of only FZD4 binding with Norrin is not sufficient for signal activation
of the pathway (Chang et al. 2015). LRP5, or family member LRP6, play a pivotal
role as a co-receptor to activate the pathway. Besides, TSPAN12 has been reported
to act as a molecular chaperone to bring FZD4 to interact with the Norrin dimeric

structure and facilitate the signalling system (Chang et al., 2015, Ke et al., 2013, Lai

etal., 2017).
ON OFF
LRP5
Norrin
I 00 7 A0 g, o
H ® 0000P 0000 100000
Frizzled TSPAN12 CK1a GSK3 CKla GSK3
cytoplasm ‘ Bcat ceased degration
B-cat = B-cat
-ca
. APC | @ Proteasomal B-cat
GSK3 CK1 G-C«'ﬂt —degradation
nucleus
B-catenin destruction complex B-cat
B-cat
- ‘%@ - — target genes

Figure 2. Overview of the Norrin-p-catenin pathway. Without Norrin binding,
cytoplasmic B-catenin is recognized by the complex that composed by Adenomatous
polyposis coli (APC), Glycogen synthase kinase (GSK-3), Casein kinase 1(CK1) and
Axin), and followed by proteasomal degradation which then inhibits the translocation
into the nucleus. Whereas with Norrin binding, the released signal leads the
destruction protein complex to accumulate to the cell membrane through the
activation of Dishevelled (DSH). This process inhibits the degradation of cytoplasmic
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B-catenin, allowing it to move into the nucleus, B-catenin then interacts with

TCF/LEF in the nucleus, and then activates the expression of the target genes.
1.1.3.1 Norrin

The cysteine-knot growth factor Norrin is encoded by the NDP gene which is located
at chromosome Xp/1.3. NDP is composed of three exons which encode the 133 amino
acids ligand. Norrin is expressed and secreted in the Miiller cells and acts upon the
retinal endothelial cell (Ye et al., 2009). It contains the important cysteine knot motif,
and three B loops (B1-B2, B3-p4, 5-P6) and a separate B7 at the C-terminus (Chang
et al., 2015). Mutations in the NDP gene have been found to cause Norrie disease, X-
linked FEVR, Coats disease, Persistent Fetal Vasculature (PFV) and Retinopathy of
Prematurity (ROP) (Sims, 2014). As described above, Norrin acts as the ligand and
is capable of activating the Norrin-B-catenin pathway through two Norrin monomers
forming a dimer structure allowing the two B-loops (B1-f2 and B5-B6) to bind with
the cysteine-rich domain (CRD) of FZD4 (Chang et al., 2015). Norrin also binds to
the Beta-propeller 1 or Beta-propeller 2 domains of LRPS5 by a separate binding site,
however, this remains unclear and need further evidence (Ke et al., 2013). There is
also indirect evidence that Norrin has an interaction with the extracellular loops of
TSPANI2 but further evidence is required to confirm this (Lai et al., 2017). The Ndp
knockout mice replicate the human phenotypes and show delayed development of
retinal blood vessels, incomplete development of the retinal vasculature and PFV
(Richter et al., 1998, Berger et al., 1996). The mice also show defects in the
vasculature of the inner ear and cerebellum (Luhmann et al., 2008, Rehm et al., 2002),
and female mice have fertility problems (Luhmann et al., 2005) Progressive hearing
loss is often a feature of Norrie disease but to date, no fertility or cerebellum defects

have been reported in patients with NDP mutations.
1.1.3.2 FZD4

Frizzled class receptor 4 (FZD4) is encoded by the FZD4 gene, which is located at

chromosome /1g14.2. FZD4 contains 2 exons and encodes a protein of 537 amino



acids. FZD4 belongs to the Frizzled superfamily or receptors and is composed of
seven-transmembrane regions, a highly-conserved CRD domain (~120 residues long)
at the extracellular N-terminal and a cytoplasmic C-terminal containing a Lys-Thr-
X-X-X-Trp (KTXXXW) PDZ-recognition motif (from residue number 497 to 504)
(Bang et al., 2018). Mutation in FZD4 lead to autosomal dominant or autosomal
recessive inheritance pattern of FEVR (Musada et al., 2016, Robitaille et al., 2002).
FZD4 acts as the receptor in the Norrin-B-catenin pathway, and the CRD domain is
essential for Norrin-binding and initiating the signalling system. As well, the
KTXXXW motif is important in the binding with the PDZ domain of the cytoplasmic
downstream Dvl protein (Zhang et al., 2011). Fzd4 null mice models also show
incomplete development of capillary vessels in the retina, vascular defects in the inner
ear and cerebellum along with infertility (Xu et al., 2004, Wang et al., 2001, Hsieh et
al., 2005).

1.1.3.3 LRPS

Low-density lipoprotein receptor-related protein 5 (LRPS) is encoded by the LRPS5
gene, which is located on chromosome //g13. LRPS is composed of 1615 amino
acids (encoded by 23 exons) and is a member of low-density lipoprotein receptor
(LDRP) superfamily. LRP5 contains four beta-propeller domains (composed of six
YWTD repeats), one transmembrane domain and three LDL (low density lipoprotein)

receptor domains (https://www.uniprot.org/uniprot/O75197). As described above, in

the Norrin pathway, LRP5 acts as a coreceptor and interacts with FZD4 and Norrin
to activate and induce the target gene transcription. LRPS binds with Norrin through
Beta-propeller 1 or Beta-propeller 2 domains. The C-terminus of LRPS5 also contains
five repetitive PPP(S/T)P motifs, which mediate the downstream signal of Norrin-f3-
catenin pathway by linking with Axin (Ke et al., 2013). Toomes et.al 2004 confirmed
that mutations in LRP5 could cause autosomal dominant FEVR, and Jiao et.al 2004
first reported mutations in LRP5 linked with the recessive FEVR cases (Toomes et
al., 2004) (Jiao et al., 2004). Recessive mutations in LRP5 also cause OPPG which

has the same eye phenotype as stage 5 FEVR but also has osteoporosis as a feature



(Gong et al., 2001). FEVR patients with mutations in LRPS also have reduced bone
density phenotypes (osteopenia or osteoporosis) although these are often mild and
require DEXA scanning to diagnose them (Toomes et al., 2004) (Downey et al., 2006).
The Lrp5 knockout mice models show defects in retinal vascular development

abnormalities and the reduced bone density features (Charette et al., 2017, Kato et

al., 2002).
1.1.3.4 TSPAN12

TSPANI2 is located on human chromosome 7¢g3/ and contains 8 exons which
encodes a 305 amino acids auxiliary membrane protein. TSPAN12 contains four
transmembrane domains and plays an important role in cell adhesion, migration, and
signalling (Bucher et al., 2018). Studies showed that mutations in 7SPANI2 cause
autosomal dominant and recessive FEVR (Poulter et al., 2010) (Poulter et al., 2012,
Nikopoulos et al., 2010). As described above, TSPANI12 interacts with FZD4 and
Norrin through the extracellular loop to stabilize and facilitate the activation of Norrin
signalling pathway reporter activity (Poulter et al., 2010). The Tspanl2 knockout
mice have an identical eye phenotype to the Fzd4 knockout mice and it was this
similarity which identified TSPANI12 as a key component of Norrin-f-catenin

pathway (Junge et al., 2009).
1.1.3.5 B-catenin

B-catenin is encoded by the CTNNBI gene, which is located on chromosome 3p22.1.
CTNNBI is composed of 16 exons which encode the 781 amino acids protein. B-
catenin plays a vital role in cell adhesion and cell signalling. The important regions
in B-catenin include the N-terminal domain (contain a-catenin binding site), the
central 12 Armadillo repeats, Helix C and C-terminal domain. Somatic mutations in
CTNNBI are associated with many cancers (Dubruc et al., 2014) (van Schie and van
Amerongen, 2020). De novo heterozygous mutations in CTNNB] are associated with
a severe intellectual disability syndrome and a few cases of autism have also been

reported (O’Roak et al., 2012, De Ligt et al., 2012). However, recently, FEVR has



been shown to be a feature of this intellectual disability syndrome (Panagiotou et.al
2017). In addition, heterozygous mutations which just affect the C-terminal domain
of B-catenin have also been shown to cause non-syndromic FEVR and these
mutations can be inherited (Panagiotou et al. 2017). B-catenin is the key downstream
mediator of the Norrin—pf-catenin pathway. Knockout Ctnnbl mice are embryonic
lethal and heterozygotes have a wild-type phenotype showing that these mice don’t
replicate the human phenotypes (Panagiotou et al. 2017). However, targeted deletion
of B-catenin in the vasculature show defects in the retinal vasculature development

(Panagiotou et al. 2017).
1.1.3.6 ZNF408

ZNF408 is located at chromosome //p/1.2 and contains 5 exons which encodes a
zinc finger protein (consisting of 720 amino acids). Heterozygous mutations in
ZNF408 are associated with FEVR (Collin et al., 2013), but recessive mutations are
associated with retinitis pigmentosa (Avila-Fernandez et al., 2015). ZNF408 is highly
expressed in the retina and may play a role in the development and growth of retinal
vascular development (Avila-Fernandez et al., 2015). In the znf408-null zebrafish
model, the deletion of the gene led to abnormalities in the retinal vascularization, but
the pathogenic process of how this proposed transcription factor causes FEVR or

whether it is part of the B-catenin pathway is unknown (Collin et al., 2013).
1.1.3.7 EVR3

A locus on chromosome //pl3-pl12 has been mapped and reported in a large

dominant FEVR family but the gene is not yet published (Downey et al., 2001).
1.1.3.8 KIF11

KIF11 is located on chromosome /0g23.33 and has 22 exons which encodes a
kinesin-5 (Eg5) protein with 1056 amino acids. Robitaille and colleagues first
reported that heterozygous mutations in K/F'1] are associated with FEVR (Robitaille
et al., 2014). Previously dominant mutations in K/F'/] had been reported as a cause
of microcephaly with or without chorioretinopathy, lymphedema, or mental
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retardation (MCLMR syndrome) which has an ocular phenotype which resembles
FEVR (Ostergaard et al., 2012). However, it is now clear that the microcephaly
caused by K/F'1] mutations can be mild and therefore go unreported which is why
cases are diagnosed with FEVR (Robitaille et al., 2014). KIF11 is involved in
tumorigenesis and angiogenesis and the lack of KIF11 has been shown to impaired
endothelial cell proliferation (Exertier et al., 2013). However, whether KIF11 has a
role in the [-catenin pathway is still unclear (Exertier et al., 2013). In kif1 /-knockout
zebrafish experiment, defects in the glial cells were shown which proved Eg5 plays a

role in retinal angiogenesis (Barresi et al., 2010).
1.1.3.9 Other genes and locus

There are also several genes and loci that been reported in FEVR, but the evidence
and understanding of the molecular mechanism of these genes in FEVR are not clear
or unconfirmed. Park et.al 2019 recently reported three heterozygous missense
mutations in the /LK gene on chromosome //pl5.4 (encodes Integrin-linked kinase
protein) that may cause FEVR. The Ilk-null mice also showed similar FEVR-like
vascular defects, which may indicate it plays an important role in the angiogenesis of

the retina (Park et al., 2019).

The Notch ligand JAGI1 is encoded by the JAGI gene, which is located on
chromosome 20p12.2. JAGI1 is involved in the evolutionarily conserved Notch
signalling pathway. Heterozygous J4 G/ mutations usually cause Alagille syndrome
(OMIM: 118450) which is an autosomal dominant disease with multiple defects
involving the heart, liver and other systems (Fischetto et al., 2019). Recently, Zhang
and colleagues identified three heterozygous missense mutations in JAG/ in FEVR
patients and proposed it as a candidate FEVR gene. Knock-out Notch mice show
abnormalities and disorganized of blood vessels indicating a defect in normal
angiogenesis. In addition, cell based assays using Jag/-null mice endothelial cells

also retarded vessel growth which is similar to FEVR (Zhang et al., 2019).
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Wu et. al 2016 reported RCBTBI (located on chromosome /3g/4.3) as a candidate
causative gene of FEVR as they identified heterozygous predicted null mutations in
FEVR patients. They showed knockdown of rchtbhl in a zebrafish model leads to
vascular defects. Similarly, in a cell based assay, they showed that the RCBTBI
mutations reduced the activation of a B-catenin transcriptional reporter construct
indicated that RCBTB1 may act in the Norrin-f-catenin pathway (Wu et al., 2016).
More recently, recessive mutations in RCBTBI have also been reported in retinitis
pigmentosa (RP) (Coppieters et al., 2016). This is a similar situation to ZNF408 where

dominant mutations lead to FEVR and recessive mutations cause RP.

Atonal homolog 7 is encoded by the ATOH?7 gene, which is located at chromosome
10g21.3. Khan et.al 2011 first reported mutations in ATOH?7 cause recessive FEVR
(Khan et al., 2011). Mutations in ATOH7 have also been reported in other related eye
disorders which all have a phenotype overlapping FEVR, non-syndromic congenital
retinal nonattachment (NCRNA disease) (Ghiasvand et al., 2011) and PFV (Prasov
et al., 2012). Mice studies have shown that ATOH7 is a transcription factor which
plays an essential role in the development and formation of the retinal ganglion cell

and optic nerve (Brown et al., 2001).

Finally, studies have shown that loci on chromosomes 22¢ /1.2 and 7¢22 may harbour
genes that cause FEVR through the identification of FEVR patients with cytogenetic
mutations at these regions (Gilmour et al., 2009, Gandhi et al., 2014) (Miller et al.,

2015).
1.2 Human Variation and Mutations

Genetic mutations refer to the permanent alteration in the genomic DNA molecules.
Common types of mutation at the DNA level include insertion, deletion, substitution,
translocation and inversion. Mutations are often characterised by their effect on
protein products. The substitutions of the base pairs in the DNA could lead to amino
acid substitution (nonsynonymous/missense variant) or have no effect on the protein

product (synonymous). In some instances, the DNA substitution could result in a
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nonsense variant if the amino acid codon turns into stop codons (TAA, TAG or TGA)
and result in the premature termination of the protein. DNA substitutions located in
non-coding regions of a gene, such as a splice site or a promotor region, could also
cause a dramatic change to the protein by either causing splicing defects in the mRNA
or altering the transcription of the mRNA. A small deletion or insertion in the DNA
can cause a shift of reading frame in the mRNA leading to a frameshift variant.
Alternatively, if the deletion or insertion is the integer multiple of three, it is known
as indel deletion and indel insertion variants (Mark O Johnston, 2006). Large scale
mutations are often called structural variants or mutations, and these can disrupt the

protein by altering the gene sequence.

Unfortunately, while all of these types of mutations are known to cause Mendelian
disease, the majority of them are part of the natural variation seen among the human
population. This can make it a significant challenge to be able to identify the causative
mutation in many rare diseases with small numbers of patients and often no family
history (Gilissen et al., 2012). This is now one of the biggest issues in diagnostic and
research laboratories as the majority of testing is based on whole exome or whole
genome sequencing methodologies. As an example of the size of this issue, an
average genome is expected to contain 3-4 million variants. Just focusing on those
affecting the coding regions reduces this figure to ~25,000 and removal of
synonymous variants reduced this to 5000 variants. However, removing synonymous
variants is a bit risky, as they can still cause disease by the change of codon usage
bias especially in the exonic splice enhancers regions (ESEs) (Brandis and Hughes,
2016). For example, Savissar and Hurst found that the synonymous mutations in the
ESEs could lead to large fitness or the clinical effect due to the change of translational
speed or accuracy (Savisaar and Hurst, 2018). If common variants are removed this
leave ~100-500 candidate variants (Gilissen 2012). Even when only looking at known

causative genes this means there is often a number of plausible candidates.

It is therefore very important that databases like gnomAD (Karczewski et al., 2020)

and dbVAR (Lappalainen et al., 2013) and resources like the 100,000 genomes are
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available to catalogue the variation observed in large populations. Similarly,
databases with patient variation data are becoming more and more important to allow
quick and easy interrogation of whether variations have been found previously in
patients with the same cohort, for example the Human Gene Mutation Database
(Stenson et al., 2020) and ClinVar (Landrum et al., 2018). However, all databases are
only as reliable as the data they contain and in many historical papers describing
mutations the evidence that mutations are causative, especially missense variants, can

be limited.

1.2.1 Mutation pathogenicity classification (ACMG)

The accurate interpretation of the variant effect on human diseases are essential to the
molecular diagnosis and the development of gene therapy methods. Several
guidelines have been published in preventing confusion of variant calling and
interpretation, for example, a unified variant naming method was established by the
Human Genome Variation Society (HGVS), which is of great significance for the
consistent sharing and using of variant data (den Dunnen et al., 2016). As well as this,
in 2015, the American College of Medical Genetics and Genomics (ACMG)
announced a variant pathogenicity classification guideline, which provides a five-tier
terminology to describe a variants clinical significance (pathogenic, likely pathogenic,
uncertain significance (VUS), likely benign and benign) (Richards et al., 2015a). To
determine the clinical significance of the variants, the collection of evidence from
various sources is needed. In the ACMG guidelines, a total number of 28 criteria are
provided, which include pathogenic evidences and benign evidences (Full ACMG
criteria descriptions can be accessed through the online ACMG calculator tool:

(https://www.medschool.umaryland.edu/Genetic_Variant_Interpretation_Tooll.htm

I/) (Kleinberger et al., 2016) .

A range of comprehensive criteria are considered in the ACMG guidelines including
variant types information, population frequency data, in silico prediction data,

functional data, segregation data and de novo status of the variant. For example, the
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type of variant could be an important factor and null variants (nonsense, frameshift

etc) are classified under very strong pathogenic evidence criterion (PVS1).

For in silico prediction data, the consensus prediction results of variants are obtained
from multiple computational algorithms and could be used as supportive evidence of
pathogenic (PP3) or benign (BP4) status in the ACMG). Several reliable and
commonly used predictors recommended in the ACMG include Sorting Intolerant
from Tolerant (SIFT) (Vaser et al., 2016), Polymorphism Phenotyping v2 (PolyPhen-
2) (Adzhubei et al., 2010), Protein Variation Effect Analyzer (PROVEAN) (Choi and
Chan, 2015), Combined Annotation Dependent Depletion (CADD) (Rentzsch et al.,

2019), and Mutation Taster (Schwarz et al., 2014) but there are many more available.

In addition, incorporating evidence from reliable functional assays or well-
established functional evidence could be used as pathogenic (PS3) or benign (BS3)
supporting evidence. Moreover, if a reputable source reported the variant as
pathogenic (PP5) or benign (BP6), it could also be used as a supportive evidence in
the ACMG. Such as the reliable expert judgement or reputable variant datasets which
include human annotation of variant classification (like ClinVar) (Landrum et al.,

2020).

The use of different reliable population databases (like gnomAD), which provides the
frequency of the variants in human beings is also an important factor in variant
interpretation, such as when the allele frequency is greater than 5% in human cohorts,
the strong benign variant (BS1) should be selected in the ACMG. As well as, if the
variant is absent from these databases or large control cohorts, the pathogenic

moderate evidence (PM2) should be applied.

However, there are also limitations in using ACMG classification guideline, it could
be only used to classify germline variant for Mendelian diseases. There are also
several challenges on how to ensure the greatest consistency when interpreting
variants. The quality and consistency of variant classification could be different even

after human annotations, as the probability of the variant pathogenicity could be
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weighted differently (Variant classification and interpretation-workshop report,
2017). For example, segregation criterion could be weighted for different levels of
evidence, as it subdivided into supporting, moderate or strong evidence according to
the number of individuals segregated with the disease. However, no quantitative
methods were provided by the ACMG guideline. In addition, intercalating the 28
criteria for each variant to be interpreted can be time consuming, especially for the
reclassification of large numbers of previously reported variants. In order to solve the
above challenges, several strategies have been reported in recent years. For example,
a quantitative approach underlying the cosegregation evidence has been developed in
2016 (Jarvik and Browning, 2016). Similarly, several online calculation tools based
on the supplied evidence of ACMG are also available, like the ACMG calculator
prevented by University of Maryland

(https://www.medschool.umaryland.edu/genetic_variant_interpretation_tool1.html/)

(Kleinberger et al., 2016). These calculators often need the entire human annotation
on all evidence criteria. However, there are also several web tools that provides
automatically annotation of the variants, like InterVar, which provides automatically

annotation for 18 criteria in the ACMG (Li and Wang, 2017).

1.3 Protein modelling

Understanding protein function is vital in biological, medical and pharmaceutical
fields, and plays a key role in understanding molecular pathogenesis in the human
diseases. The determination of a protein’s structure is an important step in
understanding its function. Several experimental techniques, like nuclear magnetic
resonance (NMR) and X-ray crystallography (XRC), are available in determining the
structure. However, due to the limit of some proteins could not be crystalized (which
is an essential step in the XRC) and the time-consuming properties of these
experimental techniques, the computational modelling methods becomes valuable in
predicting the three-dimensional (3D) structure of the protein (Soni and

Madhusudhan, 2017).
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1.3.1 Protein 3D structure prediction and optimization

There are currently three methods that are commonly used in protein modelling:
homology modelling, threading method and de novo (ab initio) method. As similar
amino acid sequences could potentially share similar structures, homology-based
methods use known structures as templates (with amino acid sequence homology
higher than 30%) to predict the structure of uncharacterised proteins. The commonly
used online homology modelling tools are SWISS-MODEL, Phyre2 and Modeller,
although others are available (Waterhouse et al., 2018, Kelley et al., 2015, Webb and
Sali, 2016).

The threading approach (fold recognition) also predicts protein structure based on
known homologous protein structures, but this method relies on proteins which have
similar folds or structure rather than the actual amino acid sequence. This method is
viable as there are only a limited number of protein folds seen in nature so models
can be created from evolutionarily distant proteins. Online tools are available, like I-

TASSER (Yang and Zhang, 2015).

The de novo (Ab initio) method directly predicts the protein structure through its
amino acid sequence without using any templates. It focuses on using folding
energetics and statistical methods and is the least accurate among these three

modelling approaches (Schwede, 2013).

Even though computational protein modelling has helped to bridge the gap between
amino acid sequence and protein structure, computational protein modelling is
limited and it is possible that the predictions contain illegal bond lengths, bond angles
or peptide dihedral torsion angles etc (Park et al., 2013). Thus, there are some
procedures which can be applied to refine and optimize the protein prediction
structures to increase their accuracy such as methods based on molecular dynamics
(Park et al., 2018). These optimization approaches can be basically divided into
localized (applied to the small part of the structure) and global optimization methods

(applied to the whole structure) (Gront et al., 2012).
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1.3.2 Protein structure quality evaluation

Protein structure quality evaluation is also an important step in protein modelling,
which could present the basic view of the modelling reliability. There are many
methods which can be applied, including ERRAT, Ramachandran plot, Verify 3D
among others (Colovos and Yeates, 1993, Ramachandran et al., 1963, Eisenberg et
al., 1997). ERRAT is mainly based on the statistical analysis of non-bonded
interactions of atoms. It relies on the observation that certain atoms are distributed
nonrandomly in proteins, due to energetic and geometric reasons. Thus, errors in a
predicted protein structure are more likely to cause random distribution of these non-
bonded atom types. It uses an overall quality factor to present the statistical error in

each residue in the structure (Colovos and Yeates, 1993).

Ramachandran plots use a scatter plot of two peptide torsion angles (Phi: ¢ and Psi:
1)) between residues to reveal the allowed and non-allowed backbone conformations
of the protein. Many web-tools are available for plotting the Ramachandran plot of a
protein structure including RAMPAGE, PROCHECK and other (Lovell et al., 2003)
(Laskowski et al., 1996).

1.3.3 Structural comparison of protein variants

Comparative structural data could reveal the similarity and difference between
protein structures, which could contribute to highlight the evolutionary relationship,
or help to get the knowledge of unknown protein function as previously discussed. It
is well known that an amino acid substitution (point mutation) could cause
biophysical-related changes to a protein structure. Thus, it is always worthwhile to
compare the mutant protein structures with the wildtype protein structure to help
highlight the effect of the point mutation on the protein structure. For example, in
order to understand the effect a point mutation has on protein structures, MuPro uses
machine learning methods (support vector and neural networks) to predict the protein
stability changes of a point mutation by using sequence and structural information

with the prediction accuracy of 84%. It generates a statistical score (folding energy
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change: AAG) to describe relative stability changes, if the score is positive (or
negative), it means the point mutation predicted to be increased (or decreased) the
protein stability, the higher the score the higher the predicted confidence (Cheng et
al., 2005) (Cheng et al., 2006).There are other approaches available to evaluate point
mutations effects based on superimposing mutant and wildtype protein models. One
model deviation method uses the Root-Mean-Square Deviation (RMSD) score to

quantitate the differences, with lower values associated with higher similarity (Soni

and Alok, 2018).
1.4 Aims

The development of NGS-sequencing has led to the rapid identification of novel
genes and variants in the patients. However, it also brings new challenges to
determine the clinical function of the variants. Over the years, many variants and
genes were reported in FEVR patients, however, the majority of them were reported
using different classification systems. Thus, in this study, the pathogenicity of all
reported variants and available unpublished data of FEVR patients were reassessed
through ACMG guideline. The mutation spectrum and database of FEVR were

generated in order to give an overview of genetic basis of FEVR.

Thus, the aim of the project was threefold:

(1) to reassess the pathogenicity of all published FEVR-causing variants.
(2) to create a mutation spectrum and online database for FEVR.

(3) to compare in silico models of mutant proteins with wildtype models in FEVR

causative genes.
2. Methodology
2.1 Ethical approval

Ethical approval for this work was provided by the Leeds East Teaching Hospitals
NHS Trust Research Ethics Committee (Project numbers 03/362 and 17/YH/003).
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2.2 FEVR mutation database
2.2.1 Literature Search

All peer-reviewed publications which reported variant information in FEVR patients
before Feb 2020 were collected through a PubMed search. For each variant the
following information was extracted where available and annotated in an Excel file:
the variant combinations, phenotype details of patients (including clinical features,
age of onset or examination, gender, population and treatment records), screening
methods, frequency in patients’ cohorts and controls, cosegregation information,
functional assays result and pathogenicity classification of the variants reported by
the authors. Obvious duplications, like the patients reported from the same lab or

different publications from the same author group, were removed for further analysis.
2.2.2 Unpublished data

Unpublished variant data previously identified in FEVR cases from the Toomes’ Lab
were collected. As described above, the variant and phenotype information were all
summarized into the same Excel file when available. These variants were identified
by the following researchers: Dr James Poulter, Dr Helen Bottomley, Dr Evangelia

Panagiotou, Dr Denisa Dzulova, Dr David Gilmour and Dr Carmel Toomes.
2.2.3 Variant annotation

Variants were annotated according to the latest Human Genome Variation Society

nomenclature guidelines (http://varnomen.hgvs.org/) (den Dunnen et al., 2016). For

numbering the cDNA, the A of the translation start codon ATG was numbered as
position number 1 (+1) and the initiation codon as codon 1 in the reference sequence.

HGVS protein nomenclature and HGVS c¢cDNA level change were converted using

VarSome tool (https://varsome.com/) (Kopanos et al., 2019). LUMC Mutalyzer
(version 2.0.32) was used to check gene transcript symbols and variant HGVS
nomenclature  (https://mutalyzer.nl/). ~Mutalyzer Position Converter tool

(https://mutalyzer.nl/position-converter) was specifically used to convert cDNA

position into genomic locations in two human reference genomes, CRCh37 (hgl9,
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assembled in 2009) and CRCh38 (hg38, assembled in 2013) (Wildeman et al., 2008).
Variant allele frequency from different populations, like Finnish European, non-
Finnish European populations and total allele frequency, were taken from gnomAD

v2.1.1 (https://gnomad.broadinstitute.org/) (Karczewski et al., 2020). In addition,

ClinVar ID and dbSNP ID (rs number) of the variants were also searched through

HGVS nomenclature in dbSNP database (https://www.ncbi.nlm.nih.gov/snp/) and

ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/) (Landrum et al., 2018).

Ambiguous variant nomenclatures reported in several previous publications were

either resolved manually or removed from further analysis.
2.2.4 In silico pathogenicity predictions

Several computational tools were used to predict the effect of the variants on protein
structure and function. Pathogenicity of all non-synonymous variants in FEVR
patients were predicted using SIFT and PolyPhen-2 (HumVar dataset)
(http://genetics.bwh.harvard.edu/pph2/) (Vaser et al., 2016) (Adzhubei et al., 2010).

Missense and indels mutations were also predicted using PROVEAN

(http://provean.jcvi.org/index.php) (Choi and Chan, 2015). In addition, the effect of

all of the variants, including indels, missense, frameshift and nonsense variants, were

predicted using the CADD scoring system (https://cadd.gs.washington.edu/). Scaled

C-scores were used in CADD, and the single fixed cutoff value was set at 15 in this
study (a score prediction >=15, the variant was considered as deleterious in the

CADD predictor) (Rentzsch et al., 2019).
2.2.5 Pathogenicity classification

The pathogenicity of all of the variants reported in FEVR cases were assessed
according to the ACMG in a five-tier classification system (Pathogenic, Likely
pathogenic, uncertain significance, likely benign and benign) (Richards et al., 2015b).
The criteria of evidence were selected by combining all the variant information
reported in previous publications of FEVR cases and updating frequency and

pathogenic predictions as described. For example, when classifying pathogenic
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variants, there are very strong (PVS1), strong (PS1-PS4), moderate (PM1-PM6) and
supporting evidence criteria (PP1-PP5) options in the ACMG guidelines. After
categorizing the variant evidence criteria, all of the criteria were then incorporated
together in the online ACMG scoring algorithm (Genetic Variant Interpretation Tool)

(https://www.medschool.umaryland.edu/Genetic_Variant_Interpretation_Tooll.htm

/) to reach for the final classification. If the evidence of the variant was insufficient,
the variant was classified as a variant of uncertain significance (VUS). More detailed

methods used the study of several ACMG criteria were described below.
In the ACMG guideline, classification of the variants in a reputable source can be

used as a single piece of evidence. In this study, the ClinVar database

(https://www.ncbi.nlm.nih.gov/clinvar/) was used as reputable source. If the variant

was annotated as pathogenic or benign in ClinVar, the PP5 supporting evidence or

BP6 criterion were selected respectively.

Cosegregation analysis of the variant can be taken as either PP1-supporting evidence,
PP1-Moderate evidence, or PPl-strong evidence based on the extent of the
segregation. In this study, if the variant found to be segregated with FEVR in at least
three families from diverse ethnic backgrounds, the evidence of segregation was
selected as strong PP 1, whereas if segregation analysis found in two different families
(or a large one family pedigree as more than 10 affected family members), the PP1
moderate evidence was selected. Similarly, if the variant was only found to be
segregated in one small family (less than 10 affected people), the supporting evidence
PP1 was selected. In addition, as reduced penetrance is common in FEVR, and many
patients do not undergo FFA, only clinically diagnosed cases were included in the

cosegregation analysis.

Multiple in silico predictions results were only considered as a single piece of
evidence in the variant interpretation. PolyPhen-2, SIFT, PROVEAN and CADD
scores were used as computational evidence in this study. Only when all four
predictors suggested the same consistent result, either damage to the gene or gene

product (PP3) or reported as no impact (BP4), were the criteria selected respectively.
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2.2.6 Mutation spectra

Mutation spectra were generated on protein structures using Adobe Illustrator
software. The ACMG results were used for all of the variants reported in known
Norrin- S -catenin pathway genes in FEVR. The gene sequence, transmembrane
region, domain structure and disulphide bond information of these genes/proteins

were gathered from UniProt database (https://www.uniprot.org/).

2.2.7 Statistical analysis
Statistical analysis was performed using Excel.
2.2.8 Phenotype-genotype correlation

The severity of the FEVR patients, when phenotype data were available, were
classified based on the five-tier staging method presented by Pendegast and Trese,
1998 (Pendergast and Trese, 1998). The phenotype-genotype correlation was then
performed in known Norrin-f-catenin pathway FEVR genes based on the severity of

the phenotype in accordance with different variant types and genes.
2.2.9 LOVD submission

Detailed information concerning variants, clinical phenotype, screening methods of
FEVR were all uploaded to the Leiden Open Variation Database (LOVD) database
by Jasmine Chen and Dimitra-Ilektra Lerou under the supervision of the author, Dr

Carmel Toomes and Professor Johan den Dunnen (Leiden University, Netherlands).
2.3 Three-dimensional protein modelling
2.3.1 Wildtype protein structure

Three-dimensional protein modelling and comparison methods used in the study were
based on the methods performed by Seemab et al. 2019 with only minor changes

(Seemab et al., 2019).

The amino acid sequence of known [-catenin pathway FEVR genes were collected

in FASTA format from UniProt (https://www.uniprot.org/). The corresponding three-
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dimensional (3D) protein structures of the genes were then predicted through I-

TASSER software (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) and Phyre2

web tool (http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index). The best

structure was selected using the largest C-score in I-TASSER. Structures were then
compared using its coverage percentage, Ramachandran plot and ERRAT score.
Ramachandran  plots  were  generated through  Rampage  software

(http://mordred.bioc.cam.ac.uk/~rapper/rampage.php). =~ ERRAT  scores were

generated through its official website (https://servicesn.mbi.ucla.edu/ERRAT/). The

best predicted structures were then selected between I-TASSER and Phyre2 based on
the above quality evaluation tool, and then visualized through UCSF chimera

(Pettersen et al., 2004).
2.3.2 Mutant protein structure

Missense mutant structures were modelled using Modeller (version 9.24) software
using wildtype 3D structures as the templates. A basic modelling script was obtained

from Modeller 9.24 Tutorial (https://salilab.org/modeller/), and were provided in the

Appendix 3. Mutant sequence was annotated arbitrary using the wildtype sequence,
and the best mutant modelling structure was selected based on the smallest Discrete
Optimized Protein Energy (DOPE) score. Overall quality of the mutant structures was

then analysed using ERRAT and Ramachandran plots as described in section 2.3.1.
2.3.3 Comparison of wildtype and mutant protein structures

The impact of missense variants on the conformation of the protein structures were
evaluated through superimposing the mutant structure and the wildtype structure

together in the UCSF chimera software (https://www.cgl.ucsf.edu/chimera/) (Yang et

al., 2012). Root Mean Square Deviation (RMSD) scores were calculated after
superimposing using UCSF chimera software (Reply log function) (Kufareva and
Abagyan, 2012). The major deviated region between missense mutant structure and

wildtype structure was evaluated using the backbone RMSD. The impact of the
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missense variants on protein stability was also evaluated using the MuPro online

server (http://mupro.proteomics.ics.uci.edu/).

3 Results
3.1 FEVR Variant database

The first aim of this project was to perform a PubMed search to identify all of the
papers describing FEVR mutations since the first report describing NDP mutations in
1993 (Chen et al., 1993b). In total, 112 papers were identified, describing mutations
in 11 different genes with 537 unique variants. The full dataset is available in the

accompanying Excel File (All FEVR variants and cases) in Appendix 2.
3.1.1 Variants annotation

The data in the papers was not all annotated in a uniform way with different reference
transcripts being used by different authors and a variety of different mutation
annotation styles. To overcome these issues, all of the variants reported in the FEVR
patients were standardised by updating the annotations to match the latest HGVS
nomenclature guidelines and mapping all variants onto the following transcripts
reference sequences: FZD4 (NM_012193.3), NDP (NM_000266.3), CTNNBI
(NM _001904.3), KIF11 (NM_004523.3), LRP5 (NM 002335.2), TSPANI2
(NM 012338.3), ATOH7 (NM 145178.3), ZNF408 (NM 024741.2 and
NM 001184751.1), RCBTBI (NM _018191.3), JAGI (NM 000214.2) and ILK
(NM_004517.2). Unfortunately, several reported variants contained mistakes so that
they were not understandable or contained conflicting annotations (Zable 1.). For
example, for the variant ¢.316T>C (p.C106G) in FZD4 reported by Robitaille and
colleagues, the cDNA level nomenclature did not match the given protein change, if
the cDNA level nomenclature is assumed to be right, the corresponding protein level
nomenclature should be p.C106R (Robitaille et al., 2011). Thus, all of these variants
were removed from further analysis in the study. In cases where the nomenclature
was changed from that published, the original reported variant and the updated

annotations are detailed in Appendix 2. in the accompanying raw data Excel File.
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Table 1. Nomenclature errors identified for variants in previous publications

Protein
References Gene c¢DNA change Problem
change
The reference nucleotide at the position
is not 'G', it is 'A'. The reference amino
Wang et al. 2019 FZD4 c.1043G>A p-Arg348Gln o o
acid at position 348 of transcript is
‘His’, not ‘Arg’
Dailey et al. 2015 FZD4 c.40Del/ins NA The inserted sequence was not given
Robitaille et al. c¢cDNA combination did not match the
FZD4 c.316T>C p.C106G
2011 given protein nomenclature.
¢.336_402IVS
Keser et al. 2017 NDP it - NA Nomenclature not understandable
e
The reference nucleotide at the position
Wu et al. 2007 NDP c.*¥717T>C 3'UTR
is not 'T', it is “A’.
The reference in ¢.1030 is not T, it is
Lietal. 2018 KIF11 ¢.1030dupT p-S348Efs*8 -
Nomenclature was for an intronic
c.916 918+3d - ) B )
Tang et al. 2017 TSPANI2 p-*306Eext*35  position, but the coding position 918 is
elTAAAAA
not at the 3' end of the exon
The cDNA nomenclature was not
understandable and the reference
Keser et al. 2017 TSPANI2  1VS4-2A>G p.Arg42Pro

amino acid at position 42 of is ‘Glu’,

not ‘Arg’.

3.1.2 Unpublished data overview

In addition to the previously published mutations, a further 37 unpublished unique

variants (summarized in Table 2) found in FZD4, NDP, LRP5, KIF11, TSPANI12 and

ATOH7 in FEVR patients were included in the mutation dataset. Among all these

variants, 17 were novel variants (marked in bold in Table 2.). Among these 17 novel

variants, nine were classified as pathogenic using the ACMG criteria, which include

p.E431Dfs*2 and p.V17Afs*116 in FZD4; exon3 del in NDP; p.R281Sfs*34 in

KIF11; p.G479Efs*50 and p.E1270Rfs*169 in LRPS5; exon5_7del and exon7 8del in

TSPANI2 and p.K75* in ATOH7. The details of the patient phenotype, allele

frequency information, segregation data and in silico prediction scores were all

calculated and are provided in Appendix 2 in an Excel file under the name as

unpublished FEVR variants.
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Six of these variants were found in gnomAD but were not reported in previously in

FEVR patients. In this unpublished dataset, 10 protein truncating variants (including

nonsense and frameshift variants), 2 splicing variants (c.4488+2T>G and

c.2318+1G>C in LRP5) and 3 large deletions (exon3 del in NDP and exons 5_7 del,

exons 7 8 del in TSPAN12) were all assessed as pathogenic using ACMG criteria.

However, the majority of missense variants (21/22) were annotated as VUS in

accordance with ACMG guideline.

Table 2. Summary of unpublished variants in FEVR patients. “®

Gene c¢DNA change Protein change ACMG Previous reported information
Dailey et al. 2015, Yang et al. 2012, Drenser et
FZD4 c.1513C>T p.Q505* Pathogenic
al. 2009, Toomes et al. 2004
FZD4 c.1463G>C p.G488V VUS Novel
FZD4 ¢.1293_1296delAAGA p.E431Dfs*2 Pathogenic Novel
Wang et al. 2019, Li et al. 2018, Rao et al. 2017,
Tang et al. 2016, Musada et al. 2016, Salvo et
FZD4 c.1282_1285delGACA p.D428Sfs*2 Pathogenic
al. 2015, Yang et al. 2012, Robitaille et al. 2011,
Nikopoulos et al. 2009, Seo et al. 2015
FZD4 c476T>G p-M159G VUS Novel
FZD4 c.355G>A p.G119S VvUS Found in gnomAD, first report for FEVR
Tang et al. 2016, Chen et al. 2019, Iwata et al.
2019, Wang et al. 2019, Li et al. 2018, Huang
et.al 2017, Musada et al. 2016, Seo et al. 2015,
FZD4 c.313A>G p-M105V vus
Salvo et al. 2015, Yang et al. 2012, Robitaille et
al. 2011, Jia et al. 2010, Qin et al. 2005, Kondo
et al. 2003
FZD4 ¢.169G>C p.G57R VUS Novel
¢.40_49delCCCGGGGGC
FZD4 p.P14Sfs*44 Pathogenic Li et al. 2018, Khan et al. 2017
G
FZD4 ¢.49insCCCGGGGGCG  p.V17Afs*116 Pathogenic Novel
Shastry, 1997, Wu et al. 2007, Drenser et al.
NDP c.125A>G p.H42R vus
2006
NDP exon3 del large deletion Pathogenic Novel
KIF11 ¢.839_840delAG p-R281Sfs*34 Pathogenic Novel
KIF11 c.907G>A p.V3031 VUS Novel
LRPS5 c.118C>T p.R40C VvuUS Found in gnomAD, but first report in FEVR
LRPS5 c.487G>A p.G163R VvUS Found in gnomAD, but first report in FEVR
LRPS5 c.1279G>A p.A427T VUS Novel
LRPS c.1378G>A p-E460K VvuUs Lietal. 2018
LRP5 c.1436delG p.G479Efs*50 Pathogenic Novel
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LRPS5 c.1741A>G p.I581V VUS Found in gnomAD, but first report in FEVR
LRPS c.1828G>C p.G610R vus Keser et al 2017, Qin et al. 2005
LRPS5 c.2116G>A p.G706R VvUS Found in gnomAD, but first report in FEVR

Hull et al. 2019, Jiao et al. 2004 (¢.2302C>G in

LRPS5 c.2254C>T p.R752W VvuUS the article, wrong nomenclature) and Ai et al

2005
LRPS c.2318+1G>C splicing/intronic Pathogenic Wang et al. 2019
LRPS5 ¢.2918T>C p.L973P VUS Novel
LRPS5 c.3107G>A p.R1036Q VvUS Stiegel et al. 2012, Stiegel et al. 2013
LRPS5 ¢.3245A>G p.Y1082C VvuUS Found in gnomAD, but first report in FEVR
LRPS ¢.3379T>C p.F1127L VvuUs Chen et al. 2019, Wang et.al 2019
LRP5 ¢.3561delG p-K1187Nfs*65 Pathogenic Novel
LRPS ¢.3683G>A p.C1228Y VUS Novel
LRP5 ¢.3804delA p.E1270Rfs*169 Pathogenic Novel
LRPS c.3914G>A p.C1305Y VvuUs Hull et al. 2019

Likely
LRPS c.4099G>A p.E1367K Ai et al. 2005, Jiao et al. 2004
pathogenic

Chen et al. 2019, Wang et.al 2019, Tang et al.
LRPS c.4488+2T>G splicing/intronic Pathogenic

2017, Toomes et al. 2004
TSPANI2 exon5-7del large deletion Pathogenic Novel
TSPANI2 exon7-8del large deletion Pathogenic Novel
ATOH7 ¢.223A>T p.K75* Pathogenic Novel

*@- Novel variants are in bold typeface.
3.1.3 All variants overview

The complete mutation dataset consisted of all the published and unpublished
mutations minus the ones removed due to errors. In total, 537 unique variants were
identified in 902 FEVR cases in 11 genes (FZD4, NDP, CTNNBI, KIF11, LRP5,
TSPANI2, ATOH7, ZNF408, RCBTBI, ILK and JAGI) and three loci (/Ip13-pi2
(EVR3), 22¢g11.2 and 7¢g22. The number of unique variants and cases with mutations
in each of the different FEVR genes were summarized in Table 3. From this data, it
can be seen that 339 FEVR cases were associated with variants in FZD4, accounting
for 37.58% of the total 902 FEVR cohort. The next most commonly mutated genes
in FEVR were LRP5 (26.71%), TSPAN12 (12.97%) and NDP (11.31%). However,
the highest number of unique variants were found in LRPS5, which contributed 33.33%
of the total number of unique variants identified in FEVR patients, followed by FZD4
(25.14%), TSPAN12 (15.08%) and NDP (10.80%) respectively. For CTNNB1, KIF11,
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ATOH7, and ZNF408 genes, a relatively small number of cases harboured mutations
in one of these genes (92 in total) and a total of only 74 unique variants were reported.
Furthermore, only 11 FEVR cases with 10 unique variants were reported in the new

candidate FEVR genes: RCBIBI, ILK and JAGI.

Table 3. Summary of the number of cases and unique variants in FEVR

Cases Unique variants
FZD4 339 (37.58%) 135 (25.14%)
NDP 102 (11.31%) 58 (10.80%)
CTNNBI1 12 (1.33%) 9 (1.68%)
KIF11 44 (4.88%) 40 (7.45%)
LRP5 241 (26.72%) 179 (33.33%)
TSPANI2 117 (12.97%) 81 (15.08%)
ATOH7 14 (1.55%) 7 (1.30%)
ZNF408 22 (2.44%) 18 (3.35%)
RCBTBI1 2 (0.22%) 1 (0.19%)
ILK 3 (0.33%) 3 (0.56%)
JAGI 3 (0.33%) 3 (0.56%)
Loci 3 (0.33%) 3 (0.56%)
Total 902 537

The distribution of the different predicted protein consequences observed in the FZD4,
LRP5, NDP and TSPAN12 were investigated (Figure 3). In all of these four proteins,
missense variants accounted for the highest percentage followed by truncating
variants. For example, in LPRS, 80% of variants were predicted to cause missense
alterations, 12% were predicted to result in premature termination codons, 7% were

splicing variants, and 1% caused in-frame deletions.

Similarly, when the total dataset was analysed, the majority of variants were found to
result in missense variants (61%), followed by premature termination codons (31%).
The splicing variants, stop loss or start loss, and in-frame variants were also reported
in these genes, but with a lower percentage. In addition, raw data and distribution of

variants types in other genes were also provided in Table 4.

Table 4. Distribution of variants types in FEVR

FZD4 NDP CTNNB1  KIF11 LRP5 TSPAN1I2 ATOH7 ZNF408 Total
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Missense 74 42 1 7 143 38 2 15 322
Protein truncating® 56 15 7 27 21 29 4 3 162
In frame indels 4 0 0 1 2 0 1 0 8
Stop loss & Start

1 0 0 0 0 2 0 0 3
loss
5°UTR & 3°UTR 0 1 0 0 0 0 0 0 1
Splicing 0 0 1 5 13 12 0 0 31
Total 135 58 9 40 179 81 7 18 527

a: including nonsense, frameshift and large deletions.
FZD4
N 5'UTR & 3'UTR TSPAN12

Stop loss & Start loss

Inframeindels___ _— 1(1%)

4(3%)

1(2%)
Stop loss &
Start loss

2(2%)

\Qm

Splicing

LRPS Splicing

In frame indels 13 (7%)

2(1%) |

\

Protein truncating™._
21 (12%)

Splicing

a1(6%)_ TOTAL

Stop loss & Start loss
3 (1%)

In frame indels _—
8 (1%)

N\
\

5’UTR & 3'UTR
1(0%)

Figure 3. Distribution of unique variants types in FEVR patients. Protein

truncating variants showed in the Pie Chart include nonsense, frameshift and large

deletions variants.

3.1.4 Pathogenicity classification

As detailed in Table 3, the majority of variants and cases were reported in eight genes
(FZD4, NDP, CTNNBI, KIF11, LRP5, TSPANI2, ATOH7 and ZNF408). Analysis
was therefore undertaken to classify the pathogenicity of unique variants found in

these eight genes according to ACMG guidelines. In total, analysis of 527 variants
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classified 183 (34.7%) as pathogenic and 42 (7.97%) as likely pathogenic (Table 5.).
However, VUS accounted for the majority of variants with 55.41% (292 in 527)
receiving this score after reclassifying by the ACMG guideline. As expected, the
missense variants reported in FEVR were problematic to classify, with 86.34% of
missense variants lacking sufficient evidence to classify as (likely) pathogenic or
(likely) benign and were categorised as VUS in the study (7able 6). There were also
several variants reclassified as benign (3) or likely benign (6) in FEVR (details were

provided in Mutation Spectra section 3.1.5).

Table 5. Pathogenicity classification of variants in FEVR

ACMG FZD4 NDP CTNNB1 KIF11  LRPS TSPANI2 ATOH7 ZNF408  Total
Pathogenic 56 14 6 31 29 43 4 0 183
Likely

16 9 2 3 8 2 0 2 42
pathogenic
VUS 59 35 1 6 137 36 3 15 292
Likely benign 1 0 0 0 4 0 0 1 6
Benign 2 0 0 0 1 0 0 0 3
Total 135 58 9 40 179 81 7 18 527

Table 6. Percentage of VUS missense variants in FEVR

FZD4 NDP CTNNB1 KIFI11 LRP5 TSPANI12 ATOH7 ZNF408 Total
VUS

57 34 1 5 131 36 2 12 278
missense
Total

74 42 1 7 143 38@ 2 15 322
missense

86.34

Percentage  77.03% 80.95%  100.00% 71.43% 91.61% 94.74% 100.00% 80.00%

*(a). include 2 missense start loss variants.

Apart from these eight genes, mutations in RCBTBI, ILK and JAGI were reported as
potential candidate genes in FEVR and three cases of FEVR were reported with
cytogenetic abnormalities on chromosome 22¢ /1.2 and 7¢q22, but no genes have been
identified at these loci yet. However, for these genes and loci, only a limited number
of cases and variants have been reported (7able 7). Only three missense variants were
reported in JAGI in FEVR, and the pathogenicity evidence for all of them were not
sufficient, with all of the variants classified as VUS by the ACMG criteria. Similarly,
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three missense variants were reported in /LK but only one of these variants was
classified as likely pathogenic. Furthermore, two studies found a large
microduplication and a large microdeletion in the same locus 22¢g/1.2 in FEVR by

Gilmour et al. 2009 and Gandhi et al. 2014 respectively.

Table 7. Summary of reported variants of FEVR in potential genes and loci

Reference Gene c¢DNA change Protein change ACMG™ AF (Total)
Wuetal. 2016 RCBTB1 c.1172+1G>A splicing/intronic Pathogenic NA

ILK c.157T>A p.L53M VUS 0.0004313

ILK c.631C>T p.R211C VUS 0.0009512
Park et al. 2019

Likely
ILK c.950G>A p.R317Q 0.00001193
pathogenic

JAGI c413C>T p.-A138V VvuUs NA
Zhang et al.

JAGI c.1415G>A p.R472H VvuUs 0.00008749
2019

JAGI c.2884A>G p.T962A VvuUs 0.00008354

microduplication

Gandbhi et al.

locus 22q11.2 of chr22¢g11.2 large deletion pathogenic NA
2014

(2.21 Mb in size)

Gilmour DF et.al microdeletion of

locus 22q11.2 large deletion pathogenic NA
2009 chr22g11.2
Miller et al. genetic deletion at

locus 7q22 large deletion pathogenic NA
2015 chr7¢22

* ‘AF’ indicates allele frequency
*(a) The ACMG classification of the variants in these candidate genes were made by assuming the genes are causative for

FEVR.

3.1.5 Mutation spectra

To look at the types and location of the reported mutations on the protein domain
structures, mutation spectra were generated for the genes encoding the Norrin-f-

catenin pathway components: FZD4, NDP, TSPAN12, LRP5 and CTNNBI.

In Figure 4, the schematic distribution of all of the variants at the amino acid level of
FZD4 is provided. From the mutation spectrum it can be seen that nearly all of the
truncating variants were classified as pathogenic in FZD4, only one variant
p.F82Afs*45 was considered as likely pathogenic due to the lack of sufficient
evidence (cosegregation data was not provided and in silico prediction result was not

available through CADD). Several new insights of previously reported variants in
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FZD4 were revealed by their reanalysis. For example, p.G530E was considered as
likely benign, p.P33S and p.P168S were considered as benign according to ACMG
criteria. The two benign results were due to their relatively high allele frequency in
gnomAD (p.P33S: 0.01618 and p.168S: 0.01775 in total population respectively),
where as the likely benign variant was due to p.G530E was reported to be observed

in healthy individuals and the Clinvar database also reported it as a benign variant.

In addition, FZD4 contains a number of the disulphide bonds located between
residues 45-106, 53-99, 90-128, 117-158, 121-145, 181-200, 204-282 and 302-377.
From the mutation spectrum it can be seen that many of these were mutated in FEVR
cases with a total number of 14 missense variants located in the disulphide formation
points of FZD4: p.C45S, p.C45R, p.C45Y, p.C106S, p.C53S, p.CO0R, p.C128R,
p.C117R, p.C181Y, p.C181R, p.C204Y, C204R, p.C204F and p.C302Y. Among
them, several variants (p.C45R, p.C45Y, p.C181Y and p.C204Y, p.C204R) were
classified as likely pathogenic whereas the remaining were considered as VUS due to

the lack of the evidence, such as cosegregation data etc.

The number of variants reported in different domains of #ZD4 in FEVR could also
be observed from the mutation spectrum. The majority of the variants were located
in the CRD domain (amino acids 45-204), with 52 variants reported in total including
36 missense variants (removed one benign variant p.P168S which confirmed by the
ACMGQG). Another hotspot for mutations was the Lys-Thr-X-X-X-Trp (KTXXXW)
PDZ-binding motif (499-504), in the cytoplasmic tail of FZD4, which contained six

variants including one missense variant (p.K499E).
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Figure 4. Mutation spectrum of FZD4 in FEVR patients. A schematic
representation of the FZD4 protein with pathogenic variants marked in red and likely
pathogenic, uncertain significance, likely benign and benign variants coloured in
purple, blue, light green and dark green respectively. All of the variants were
annotated with HGVS protein level nomenclature, but ‘p.” symbols were all omitted

ek

in order to have a clearer view. was used as describing stop codon in the study.

” symbol in the figure indicates a disulphide bond.

The mutation spectrum of TSPAN12 in FEVR patients is shown in Figure 5. There
were 13 pathogenic splice variants and 7 large pathogenic deletions (include a whole
gene deletion and exon deletions) reported which are not annotated on the protein

structure.

Six missense variants were located in amino acid residues which form disulphide
bonds in the large extracellular loop of TSPAN12 (159-206, 160-181 and 182-189),
which were p.C159G, p.C159Y, p.C160Y, p.C181F, p.C189Y and p.C189R. The

p.C189Y variant was classified as likely pathogenic in the ACMG.
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It is also noted that one frameshift variants (p.F73Lfs*46) was classified as likely
pathogenic in the ACMG in TSPAN12, which was due to the lack of cosegreagtion
data and the in silico prediction result. Two start change missense variants p.M1V

and p.MIT (also described as p.0?) were both considered as pathogenic.

From the mutation spectrum of TSPAN12, the majority of variants can be seen to be
located in the second extracellular loop (also called the largest extracellular loop, 111-
224), which contained 31 variants (include 18 missense variants). The first
extracellular loop (34-59) only contained two missense p.T49M, p.V42A and two
frameshift variants in comparison. The transmembrane domains of TSPAN12 also
harboured a high proportion of missense mutations including p.L17R, p.N18S,
p.L19R, p.P65L, p.C71F, p.G78E, p.L101H, p.I103V, p.I103T, p.C105R, p.A237P,

p-M238T and p.L245P.
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Figure 5. Distribution of variants of TSPANI12 in FEVR. A schematic
representation of TSPAN12 with variants annotated with the latest HGVS protein
level format but with the ‘p.” was omitted for a clearer view. Pathogenic variants
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marked in red and likely pathogenic, uncertain significance, likely benign and benign

variants coloured in purple, blue, light green and dark green respectively.

Figure 6. shows the distribution of FEVR variants in NDP/Norrin. The disulphide
bonds in NDP are located between amino acid residues 39-96, 55-110, 65-126 and
69-128. Eight missense variants were reported at these disulphide bond locations
including p.C39R, p.C55F, p.C55Y, p.C110G, p.C65W, p.C126R (likely pathogenic),
p.C69G and p.C69Y. The important domains in the NDP/Norrin protein were three
p-hairpins structure (f1- 2, f3- 4 and [5- f6) and [7. The highest variants
number were reported in f1- 2 (39-48 and 57-66) hairpin, which include 12
missense, one frameshift and one nonsense variants. The second largest number of
variants were reported in the 5- £6 (94-109 and 114-123) region, with a total of 10
missense and one frameshift variants reported. Similarly, in £5- 6, 3- 4 (74-78
and 89-92) region, only one missense and one frameshift variant were reported. In
B7 (126-130), only two missense variants were reported in NDP in FEVR. It is
therefore clear that the cysteine knot structure of Norrin/NDP is vital for is ligand

binding properties and missense mutations are likely to disrupt this tertiary structure.
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Figure 6. The distribution of FEVR variants in Norrin/NDP. A schematic
representation of Norrin/NDP cysteine knot motif with variants annotated with the
latest HGVS protein level format but with the ‘p.” was omitted for a clearer view.

Pathogenic variants marked in red and likely pathogenic, uncertain significance,
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likely benign and benign variants coloured in purple, blue, light green and dark green

respectively.

The schematic distribution of variants in LRP5 in FEVR is shown in Figure 7. This
figure shows several variants (p.11362V, p.A97V, p.T173M and ¢.2092-4C>T) which
were reclassified as likely benign by ACMG and a missense mutation (p.Q89R)
classified as benign. The reason for the likely benign reclassifications includes a lack
of segregation data, observed in healthy individual or in silico evidence suggest the
variant as neutral. The benign variant p.Q89R is mainly due to the relatively higher
allele frequency (0.01833 in total) found in the human population (details can be seen

in the Appendix 2.)

Several disulphide bonds formation points, 913-926, 1240-1253, 1305-1323, and
1343-1361, in LRPS5 are the location of 6 missense variants (p.C913F, p.C1253F,
p.CI1305R, p.C1305Y, p.C1343G and p.C1361G). The highest reported hotspot
region of variants found in LRP5 in FEVR was Beta-propeller 2 domain (341-602),
which includes 43 missense variants (48 variants in total). The second hotspot variant
region in LRP5 was Beta-propeller 3 (644-903), which reported 28 missense variants
in FEVR (31 variants in total). Moreover, in the Beta-propeller 1 (32-288) and Beta-
propeller 4 (945-1212) domains, 16 missense (18 in total, removed three likely benign
and benign variants classified in the ACMG in the area) and 16 missense (18 in total)
variants were reported respectively. In LDL-receptor region (1257-1370), 14
missense variants (18 in total) were found in FEVR (removed one missense likely
benign variant (p.[1362V) in this region). Only five variants were reported in the

PPPSP motifs.
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Figure 7. The distribution of variants in LRPS in FEVR patients. Schematic representation of LRP5 with mutations mapped onto the structure.

Pathogenic variants marked in red and likely pathogenic, uncertain significance, likely benign and benign variants coloured in purple, blue, light

green and dark green respectively. For non-coding variants, the latest HGVS cDNA change nomenclature was used. A different style was used to
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draw the LRP5 protein structure due to the large size of LRP5 (1615aa). The sequence and domain information were gathered though UniProt
database. The exon and domain length of the protein were drawn approximately to scale. The area marked by light blue in the figure represent

PPPSP motifs.
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The FEVR mutation spectrum of [-catenin is shown in Figure 8. Only 9 variants
were reported in this gene in FEVR, which mostly occurred in the 12 Armadillo
repeats and C-terminal domain region. These are all the reported cases with FEVR
but clinical information pertaining to the wider syndromic features seen in the [-

catenin intellectual disability syndrome was not investigated in all of these cases.

P706Qfs*31

Y333*
L580Tfs*28 H720*

H369Tfs*2 .
T s TELWQRfs 18 TT Q623"

— 11 28 [4 |5 | e Hi7 |8 Hoe Jtw H u 1
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N ~ Pdd Helix-C 1

C.734+1G>A

Figure 8. Mutation spectrum of the pB-catenin in FEVR patients. Pathogenic
variants marked in red and likely pathogenic, uncertain significance, likely benign
and benign variants coloured in purple, blue, light green and dark green respectively.
Due to f-catenin having a relatively long sequence length (781aa), distribution of
the variants in the protein structure overview were given. Sequence of the domain
information were gathered through the combination of the mostly frequently used in

the peer-reviewed articles (Mo et al., 2009, Gottardi and Peifer, 2008, Xing et al.,

2008, Panagiotou et al., 2017) .

3.1.6 Frequently reported variants

The majority of mutations in FEVR patients are family specific. However, a few
variants which were reported more than once were observed. The most frequently
reported variant in FZD4 was ¢.313A>G (p.M105V), which was reported in 32 FEVR
patients with different ethnicities including Chinese, Japanese, Finnish and Caucasian.
This was followed by c.1282 1285del (p.D428Sfs*2) and ¢.205C>T (p.H69Y),

which reported in 24 and 16 FEVR patients respectively. The available ethnicity data
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reported in p.D428Sfs*2 including Chinese, Caucasian and Indian; For p.H69Y, the

reported ethnicity including Chinese and Japanese.

Similarly, in NDP the most frequently reported variants were ¢.362G>A (p.R121Q),
c.361C>T (p.R121W) and ¢.125A>G (p.H42R), which have been reported in 9, 5 and
5 FEVR patients respectively. The available ethnicity data of p.R121Q mutation were
reported in the Chinese, Italian, Polish, Indian, Mexican, Dutch and Spanish FEVR
patients. However, for the other two variants, the ethnicity data were mostly

unavailable or only reported in patients from the same ethnicity.

In LRPS, the ¢.4488+2T>G variant was reported in 6 FEVR patients in Chinese and
Caucasian ethnicity, and ¢.4099G>A (p.E1367K), c.3361A>G (p.N1121D ),
c.1264G>A (p.A422T), and ¢.3379T>C (p.F1127L), which reported in 5, 5, 4 and 4
FEVR patients respectively and either with unavailable ethnicity data or were from

the same ethnicity group.

The most frequently reported variants in 7SPANI2 were c¢.1A>G (p.M1V, also
described as p.0?), ¢.149+3A>G (p.L23Gfs*88), ¢.469-1G>A and c.285+1G>A
(p.R50Dfs*12), which were reported in 6, 5, 3 and 3 FEVR patients respectively. The
ethnicity of ¢.285+1G>A were reported from Chinese and Nigeria patients, and
c.149+3A>G were reported from Caucasian and Chinese FEVR patients. However,
for other three variants, the ethnicity data were unavailable or only reported from the

same ethnicity group. The raw data were available at Appendix 2.
3.1.7 Phenotype-Genotype correlation

In the total number of 902 FEVR cases, only 501 cases of them were presented with
available phenotype data (228 in FZD4, 52 in NDP, 12 in CTNNB1, 29 in KIF11, 90
in LRPS, 61 in TSPANI12, 10 in ATOH7, 14 in ZNF408, 2 in RCBTBI and 3 in JAG!
respectively). However, no new phenotype-genotype correlation was found in the
study other than the association of reduced bone mineral density in cases with LRP5
mutations, microcephaly in K/F'/1 cases and syndromic features in some CTNNBI

casces.
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3.1.8 LOVD

All of the variants in this study have been uploaded to the LOVD database along with
their ACMG classifications. This data will be accessible online after the manuscript
containing the data from this study is published. In the meantime, the raw data of all
the variants and ACMG classification details are provided in the accompanying excel
files. Unpublished data information was also provided in a separate file in Appendix

2 under the name of Unpublished FEVR variants.
3.2 Protein modelling

Protein modelling was performed to try and determine if this methodology could be
used as an alternative method to accurately classify a mutation as pathogenic or

benign.
3.2.1 Wildtype 3D protein structures analysis

The 3D protein structures of FZD4, NDP/Norrin, TSPAN12, f-catenin and LRP5
proteins were predicted through I-TASSER and Phyre2 software respectively. 100%
coverage of FZD4, NDP/Norrin, TSPANI2 and f -catenin was achieved in I-
TASSER protein modelling, whereas in Phyre2, relatively lower coverage (FZD4:
84.92%, NDP/Norrin: 78.20%, TSPAN12: 72.13% and f-catenin: 70.42%) were
presented. In addition, for LRPS, the 92.88% coverage obtained through I-TASSER
was not 100% because the software limits the protein length to 1500 so only residues
pertaining to amino acids 1-1500 in LRP5 were predicted. Only 36.35% coverage of
LRPS5 was achieved by Phyre2.

The overall protein modelling quality was evaluated through Ramachandran plots and
ERRAT. The ERRAT score for FZD4, NDP/Norrin, TSPAN12, and f -catenin
protein structures from I-TASSER were all higher than the structures predicted by
Phyre2. However, the Ramachandran plot data favoured the structures predicted by
Phyre2 higher than compared to the structures given by [-TASSER. The details of the

comparison results were provided in the Table §.
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Table 8. Wildtype Structure comparison between ITASSER and Phyre2

Protein Software COVERAGE ERRAT Ramachandran (number of residues)

FZD4 ITASSER 100% 89.981 In favoured region: 419 (78.3%)
In allowed region: 65 (12.1%)
In outlier region: 51 (9.5%)
Phyre2 84.92% (456/537) 32.540 In favoured region: 421 (92.1%)
In allowed region: 24 (5.3%)
In outlier region: 12 (2.6%)
NDP ITASSER 100% 73.729 In favoured region: 81 (61.8%)
In allowed region: 34 (26.0%)
In outlier region: 16 (12.2%)
Phyre2 78.20% (104/133) 72.973 In favoured region: 98 (96.1%)
In allowed region: 4 (3.9%)
In outlier region: 0 (0.0%)
TSPAN12 ITASSER 100% 80.135 In favoured region: 232 (76.6%)
In allowed region: 43 (14.2%)
In outlier region: 28 (9.2%)
Phyre2 72.13% (220/305) 65.537 In favoured region: 215 (91.9%)
In allowed region: 13 (5.6%)
In outlier region: 6 (2.6%)
CTNNBI ITASSER 100% 95.520 In favoured region: 678 (87.0%)
In allowed region: 74 (9.5%)
In outlier region: 27 (3.5%)
Phyre2 70.42% (550/781) 94.891 In favoured region: 495 (89.4%)
In allowed region: 55 (9.9%)
In outlier region: 4 (0.7%)
LRPS ITASSER 92.88% (1500/1615) NACY In favoured region: 1073 (71.6%)
In allowed region: 271 (18.1%)
In outlier region: 154 (10.3%)
Phyre2 36.35% 66.944 In favoured region: 533 (87.5%)
(587/1615) In allowed region: 59 (9.7%)
In outlier region: 17 (2.8%)

“®: NA indicates not available

The I-TASSER modelling results of wildtype protein structures of all five proteins
were chosen in this study due to the higher coverage and higher ERRAT values. The
wildtype structures of FZD4, TSPANI2, NDP/Norrin, B -catenin, and LRPS5
generated C-scores (confidence score for evaluating the models predicted through I-
TASSER) of -1.16, -1.35, -1.24, -2.67 and 0.39 respectively (Figure 9). The 3D
protein structure in these proteins were marked by different colours according to

different domain sequences.
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Figure 9. Predicted 3D wildtype protein structures of FZD4, NDP/Norrin,
TSPAN12, LRP5 and B-catenin (CTNNB1) by I-TASSER. Domain sequences
were obtained from UniProt database. All the structures were predicted through I-
TASSER, different domains and motifs were annotated by different colours in UCSF

Chimera. ‘TM’ symbol represents transmembrane domain and ‘Sig P’ represents
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signal peptide region. ‘BP’ in the LRPS5 structure is the abbreviation of Beta-propeller

domain.
3.2.2 Comparison of wildtype and mutant protein structures

After superimposing of the mutant protein structures with the corresponding wildtype
structure of FZD4 in the UCSF chimera, RMSD values were calculated (Table 9.).
From Table 9, it can be seen that the overall RMSD value ranges from 0.419 A
(p.C458) to 0.762 A (p.C204R) between the missense mutant models and wildtype
FZD4 model. In addition, except for the variants p.C45S (0.419 A), p.G119S (0.462
A) and p.G530E (0.499 A), the overall RMSD value were all higher than 0.5
Angstrom (A), and indicated the deviation occurred between the mutant protein

structures and the wildtype structure.

The value of MUpro was also calculated (Table 9.). It is noteworthy that the majority
of missense variants in FZD4 decreased the protein stability (AAG<0), and only two
missense variants (p.S497F:0.035 and p.E40Q:0.039) increased the protein stability
(AAG>0). In addition, the overall model quality from the ERRAT score was
acceptable (quality score higher than 70) with the exception of p.C117R (68.242) and
p.C90R (68.242). As well as, full raw data of all the deviations of the RMSD
backbone value in the amino acid level were provided in the Appendix 1. Table Al.
The data showed that the deviated region in all of the variants affected the Signal-
peptide region, CRD domain region in FZD4, and they all shared the common
deviated region from residues 508-537. Interestingly, it is noteworthy that there was
no significant difference found in the comparisons between the variants that have
already been reassessed as likely benign or benign and those likely pathogenic
variants (like the comparative data of p.P33S (benign) and p.C45Y (likely

pathogenic).

Table 9. Model comparison of missense mutant structure and wildtype FZD4

structure of FEVR patients

Mutant structures "® Overall RMSD value "® ERRAT © MUpro score @
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G22E
P33S
E40Q
C458
C45R
c4sY
S51T
C53S
G57R
Y58C
T611
H69Y
A75T
A75G
C90R
Q95E
M105V
MI105T
C106S
114N
[114T
1114S
G115V
CI17R
G119S
CI28R
N152K
MI157V
MI57K
MI157T
MI159T
M159G
E160Q
P168S
E180K
CI8IR
CI81Y
C204R
C204Y
C204F
M223K
W226R
T2341
T237R

0.643
0.696
0.578
0.419
0.633
0.602
0.571
0.564
0.582
0.621
0.644
0.625
0.704
0.666
0.614
0.574
0.681
0.740
0.645
0.603
0.691
0.632
0.578
0.630
0.462
0.646
0.565
0.736
0.547
0.564
0.649
0.694
0.509
0.668
0.525
0.573
0.636
0.762
0.582
0.704
0.689
0.634
0.563
0.680
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71.456
75.992
78.639
75.425
73.535
76.371
73.346
74.102
76.182
76.281
76.371
77.127
78.828
75.992
68.242
77.316
72.968
71.834
73.724
79.206
75.425
70.321
77.505
68.242
75.047
73.157
73.724
79.017
76.749
78.072
74.669
74.291
74.858
76.560
75.992
76.560
78.072
74.291
73.724
72.212
75.047
75.236
77.505
75.992

-0.815
-1.028
0.039

-1.822
-1.399
-1.336
-0.791
-1.308
-1.359
-0.927
-0.463
-0.275
-0.720
-0.845
-0.965
-0.607
-1.017
-1.550
-1.319
-1.117
-1.266
-0.943
-0.746
-0.523
-0.559
-0.967
-1.091
-1.127
-1.774
-1.530
-1.071
-1.683
-0.554
-0.847
-0.698
-1.150
-0.741
-0.950
-0.603
-0.427
-1.383
-0.108
-0.154
-0.635



L239P 0.653 78.639 -1.345

Y250C 0.642 73.913 -0.895
R253C 0.514 77.316 -0.738
R253H 0.667 77.883 -1.173
L273R 0.534 73.724 -2.157
C302Y 0.507 72.023 -0.864
F328S 0.686 77.883 -1.474
W335C 0.676 71.456 -1.098
A339T 0.689 74.102 -0.480
M342V 0.689 76.560 -0.986
K358N 0.700 76.938 -0.377
I360F 0.548 75.992 -0.640
R417Q 0.592 77.127 -0.689
1437T 0.666 73.535 -2.407
V442E 0.704 75.236 -1.276
T445P 0.635 71.456 -1.010
D470N 0.652 76.182 -1.590
G488D 0.616 77.316 -0.518
G488V 0.627 72.590 -0.310
G492R 0.706 75.614 -0.932
S497F 0.569 76.938 0.035

K499E 0.613 73.724 -0.829
G525R 0.587 77.316 -1.107
G330E 0.499 70.132 -0.433

*@®- Missense mutant variants were annotated with the latest protein change HGVS nomenclature
with a omitted symbol “p.” for a clearer view.

*®)- The overall RMSD value indicated the deviation of mutant structure with its wildtype FZD4
structure

*©- The overall model quality score of the missense mutant structures predicted through ERRAT
software.

*@- The AAG predicted through MUpro software, which indicated the evaluation of the missense
variants on the protein stability.

The quality of the FZD4 missense mutant structure models were also assessed
through Psi/Phi Ramachandran plot, and the residues favoured region were all with
the acceptable model quality as over 85.0%. For example, in the representative figures
provided in Figure 10, the Ramachandran plot of FZD4 p.G22E mutant structure
revealed that, among 537 residues analysed, 462 (86.4%) were in the favoured region
and a further 54 residues (10.1%) were in the allowed region whereas only 19 (3.6%)
of residues were in the outlier region. The outlier residues included in the C-terminus

region were only pertaining to residues 536, 531 and 523 in the p.G22E model.
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However, similar results also showed in the reclassified benign p.P33S mutant model,
465 (86.9%) residues were in the favoured region, and 49 (9.2%) and 21 (3.9%) were
in allowed and outlier region respectively. From the superimposing figures, the most
deviated region between mutant protein structures and wildtype structure could also
be seen (see all figures in Appendix 1 Figure Al.) and representative figures of
p-G22E and p.P33S (Figure 10). The superimposing figures between mutant protein
structures (marked yellow) with wildtype FZD4 structure (coloured in blue) of
p.G22E and p.P33S shared the same deviation region in the C-terminus. However, in
the representative ERRAT mutant p.G22E and p.P33S analysis models, the overall
quality of p.G22E model was 71.456, which the majority of error occurred in the
signal-peptide region and c-terminus (501-522) region (confidence level chosen by
99% in the study). Similarly, ERRAT analysis result also presented in the reclassified

benign variant (p.P33S, overall quality value was 75.992).
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Figure 10. Representative examples of structure deviations between wildtype
and missense mutant FZD4 protein 3D structures. (A). The superimposing of
wildtype and mutant protein structure of p.G22E and p.P33S mutant in Chimera. The
wildtype structure was coloured in blue, and the mutant structure was coloured in
yellow. (B). Ramachandran plot of the p.G22E and p.P33S mutant protein structures
of FZDA4. (C). ERRAT result of p.G22E and p.P33S mutant protein models.
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The missense mutant structurers of NDP/Norrin and TSPANI2 presented low
ERRAT value (average ~ 40 to ~60 representatively), like the representative figures

shown in Figure 11. and Figure 12. Thus, no further analysis was performed for

these proteins.
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Figure 11. Representative examples of structure deviation comparison between
wildtype and missense mutant NDP/Norrin protein 3D structures. (A). The
mutant models (p.A8P and p.R38C) superimposing with wildtype model in Chimera.
Wildtype and mutant structure coloured by blue and yellow respectively. (B). The

mutant models ERRAT score.
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(B ) Overall quality factor**: 61.616
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Figure 12. Representative examples of structure deviations comparison between
wildtype and missense mutant TSPAN12 protein 3D structures. (A). The mutant
models (p.L17R and p.N18S) superimposing with wildtype model in Chimera.
Wildtype and mutant structure marked by blue and yellow respectively. (B) The

mutant models ERRAT score.
4. Discussion

In this project an FEVR mutation database has been created using the LOVD platform.
The database contains the variants identified in eight genes known to cause FEVR
when mutated, but also includes the data from three candidate FEVR genes which are

awaiting confirmation from second reports.

While the majority of the information contained in the database was already available
in peer-reviewed journals, it is a time-consuming process to review the 100+ papers.
Furthermore, the data presented in the articles was often annotated using different
nomenclature or non-standard descriptions which made the data hard to interpret in a
timely manner. Similarly, a number of mutation repositories are available such as
ClinVar (Landrum et al.,, 2020) or HGMD (Human Gene Mutation Database)
(Stenson et al., 2020) and there were a few FEVR mutations already uploaded onto
LOVD. However, HGMD is not freely available to the research community and the
other available datasets are often incomplete or are only limited to the variant
information and miss off valuable information such as the associated phenotypic
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information or cosegregation data. Therefore, the systematic collection, annotation
and in silico re-assessment of the variants using the latest ACMG guidelines and

frequency data is of great benefit to the scientific and diagnostic community.
4.1 Pathogenicity classification

The reclassification of the variants reported in FEVR has highlighted a number of
errors in the published literature. A number of these are likely to be typographical
errors or poor reporting methods and were removed from the study (7able 1.).
However, some of the variants were reported as pathogenic or potentially pathogenic
but the historical context of the paper meant that the evidence supporting these
classifications was often weak. For example, before the availability of population
databases like gnomAD, researchers would screen control cohorts using Sanger
sequencing to exclude the variant as a polymorphism. As the definition of a
polymorphism is a variant with an allele frequency greater than 1%, this meant that
the researchers often only excluded the variant in 175 individuals from the same
ethnic background (Collins and Schwartz, 2002). This resulted in a number of
variants which are now known to be too common to be mutations being in the
literature as causative. Examples of this include the variants p.P33S and p.P168S in
FZD4 which have allele frequencies of 0.01618 and 0.01775 respectively in gnomAD.
In total, nine variants were re-classified as benign or likely benign in this study
(p-G5308S, p.P33S and p.P168S in FZD4; p.Q89R, p.A97V, p.T173M, p.11362V and
c.2092-4C>T in LRPS; and p.G290S in ZNF408). As well as, for the variants
interpretation in ZNF408 gene, the evidence for the loss-of-function variants (like
nonsense variants) in this gene were not applied with the PVS1 criterion (very strong
criterion for null variant in a gene which loss of function could cause of the disease)
in the ACMG due to the probability of loss of function intolerance (pLI) is zero in
gnomAD v2.1.1, which means the gene or transcript is more likely to tolerate protein
truncating variation. As well, among all 18 variants in ZNF408 in FEVR patients,
83.33% of variants (15/18) were classified as VUS (Table 5.), only two de novo

missense variants which absent from controls were able to classify as likely
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pathogenic. This result suggests that the evidence of ZNF408 in FEVR patients may
not that strong. Thus, cleaning up the data in this way is important as there are many
examples of researchers reporting variants as pathogenic just because they have
previously been published as such. A recent study has reassessed the frequency of a
number of autosomal dominant inherited retinal disease genes and variants and shown
that as many as 10% of reported mutations have allele frequencies greater than 1%

and some reported disease gene may not actually be real (Hanany and Sharon, 2019).

The ACMG classification system was used to classify all of the variants in the
database (Richards et al., 2015a). The ACMG system is an attempt to add some
standardisation to the classification of a variant as pathogenic or benign. In this study,
only 183 variants among 527 unique variants in ¥ZD4, NDP, CTNNBI, KIF11, LRP?5,
TSPANI2, ATOH?7 and ZNF408 were reclassified as pathogenic by ACMG (Table 4),
and 55.41% (292/527) variants were reclassified as uncertain significance. These
results all indicated the difficulty and limit of classifying variants pathogenicity in the
ACMG. This is a particular issue for missense variants as the majority of these
(86.34%) in the study were confirmed as VUS. While the data will still facilitate
genetic counselling, and potentially pre-implantation technologies and prenatal
diagnostics (Hoffman-Andrews, 2017), VUS are often a limiting factor for new
upcoming treatments (as mentioned in section 1.2). For rare diseases like FEVR,
getting enough patients to test therapies in clinical trials is often an issue as patient
numbers are often small. However, many of the clinical trials will not risk including
cases with a tentative mutation or VUS as if the variant is not the cause of the disease
there is the potential that the whole clinical trial will fail. VUS therefore have the
potential to slow down the development of therapies but even those which make it
through to clinical services may not be available to patients who do not have a very

convincing molecular diagnosis.

FEVR is a particularly problematic disease to classify using the ACMG guidelines.
Non-penetrance is a major issue with FEVR and there are many reports of

asymptomatic mutation carriers (Toomes and Downey, 2011). It is therefore expected

52



that a number of mutations will be present in population databases such as gnomAD.
The high proportion of asymptomatic carriers also means that many cases are
recruited as “sporadic” cases with no family history so this limits the opportunity for
cosegregation studies which is a major feature of ACMG classification (Jarvik and
Browning, 2016). These features are likely to contribute to the high number of VUS

observed in this study.

Clearly the availability of a functional assay is very important to help classify VUS
in FEVR. As the majority of FEVR mutations affect the Norrin-p-catenin signalling
pathway, many research teams use the TOPflash reporter assay to investigate if
variants alter the transcriptional response of B-catenin (Han et al., 2020, Xu et al.,
2004, Panagiotou et al., 2017). However, in this study results using this assay were
not included as a functional assay due to questions about the reliability of this assay
for diagnostic purposes. For example, some studies which have used this assay on
FEVR mutations and SNPs and have shown that it can’t differentiate between them
(Qin et al., 2008). Similarly, LRP5 polymorphisms are known to contribute to
variations in bone mineral density in the general population and many of these
polymorphisms, including some present in 20% of the general population, also shown
statistically significant reductions in the TOPflash assay at levels similar to FEVR

mutations (Urano et al., 2009).

Another functional assay which is used to assess the functional nature of variants in
FEVR are zebrafish models (Collin et al., 2013, Wu et al., 2016). In these assays the
zebrafish orthologue of the gene being analysed is knocked down using morpholino’s
or CRISPR gene editing and mRNA corresponding to the wildtype or mutated human
gene is injected into the mutant zebrafish embryos to determine if the phenotype can
be rescued. However, unpublished data from the Toomes’ lab has shown that SNPs
and mutations can both give similar pathogenic readouts from this assay, so again it
was not included as functional data in the ACMG classifications. Developing a high-

throughput robust functional assay for FEVR is therefore a priority.
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In the absence of a reliable functional assay, in-silico tools are often used to predict
the pathogenic nature of a variant. In this study, four predictors (SIFT, PROVEAN,
CADD and PolyPhen-2) were used to contribute to the PP3/BP4 criteria in the ACMG
classification. However, there are more than 20 predictors that are available in recent
years. Thus, the use of more available computational predictors may help to provide
more robust prediction evidence. In addition, the CADD score used in this study to
determine whether the variants were deleterious was arbitrary set to a cutoff of 15
(CADD c-score >15 as deleterious). This is very low and a single cutoff in CADD
may lead to the decrease in sensitivity and specificity as the boundary to consider
whether a variant is deleterious or neutral may differ in individual genes, as different
genes may have divergent tolerance to variants (van der Velde et al., 2017). Thus, if
gene-specific thresholds were set for the CADD score, more robust in silico
prediction could be obtained for certain criterion (PP3/BP4) in the ACMG. A tool has
been designed which assigns each disease gene an optimal cutoff based on published

mutations, GAVIN software (https://molgenis20.gcc.rug.nl/) (van der Velde et al.,

2017). This tool suggests the optional cutoff for CADD for FZD4 is 28.45 (>28.45 as
deleterious), TSPANI12 (24.75), CTNNB1 (28.78), LRP5 (27.71) and ZNF408 (32).
Clearly all of these figures are much higher than the cutoff used in this study and if
these were used it is likely that even more of the published mutations would be
reclassified as VUS. While in silico tools are better than nothing, it is clear that they
are not developed enough to be used confidently in a diagnostic setting. Maybe new
tools developed with the aid of artificial intelligence and machine learning will lead

to improvements in the future.

Moreover, only the total allele frequency, European (non-finish) and European (finish)
population data from the gnomAD database were taken into consideration when
addressing corresponding frequency-related criteria in the ACMG (like stand-alone
strong benign evidence (BA1 criterion), applied when allele frequency > 5%).
However, it could be generating more accurate results if race-matched control data

were used for the variant interpretation as the consequence of the impact of genetic
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diversity (different populations may have divergent tolerance to certain mutations in
the gene) on the Mendelian disease (Sirugo et al., 2019). For example, the c.3361A>G
(p.N1121D) variant in LRP5, it was classified as uncertain significance by the ACMG
guideline in the study when using the total allele frequency of the variant as
0.0006110 in the gnomAD database. However, this variant was reported only in the
Chinese FEVR patients, thus the using of East Asian (EA) population frequency
(0.007922) will lead to the classification of the variant as likely benign in the ACMG
for the EA population of FEVR patients. This also addressed the using of race-

matched frequency control data is important for more accurate variant interpretation.
4.2 Protein modelling

In this study, in silico protein modelling was used to try and aid the classification of
FEVR mutations. The data generated highlighted differences between the mutant and
the wildtype protein structures. For example, the MUpro values (Table 9.) showed
that the majority of missense variants in FZD4 decreased the protein stability
(AAG<0), and two missense variants (p.S497F:0.035 and p.E40Q:0.039) increased
the protein stability (AAG>0). However, further work will be required to determine if
these values are robust enough to use in a diagnostic setting. For example, the analysis
should be repeated with SNPs in FZD4 to see what sort of MUpro scores these

generate.

Similarly, superimposing mutant and wildtype structures of FZD4 showed regions
which were commonly deviated for many variants such as residue 508-537 and the
CRD domain. However, at the moment it is not easy to explain why variants in the
signal peptide would cause deviations in the cytoplasmic domain of FZD4 so caution
must be taken in overinterpreting these data. One limitation is that the deviated
regions were only based on a single backbone RMSD value in amino acid sequence
level. Also, it is noteworthy that the method used in this study may not be the best
way of comparing protein structures and more accurate ways exist like RamRMSD
or logPr (Jung et al., 2013). Furthermore, no model optimization methods were
performed in the study and the model quality evaluation score obtained from ERRAT
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were not satisfactory. Moreover, the ERRAT results showed the errors were highly
likely to have occurred in the C-terminal regions and this may explain why this region
was highlighted for all the missense mutations in FZD4. Thus, the deviation region
found in this comparison of the protein structures may not be robust enough to use
for diagnostic classifications. For example, the benign variants reclassified in the
study like p.P33S generated results which were similar to pathogenic or uncertain
significant variants. New developments in this field such as dynamic modelling may

generate more reliable results but at the moment the tools were not satisfactory.

In addition, the FZD4 and NDP (Norrin) wildtype 3D structures were also predicted
through I-TASSER software, whereas the experimental models for these two proteins
were available in the Protein Data Bank with good coverages (FZD4: covered
residues 42-517; NDP: covered residues: 25-133). Thus, it could contribute to
generate more reliable results if wildtype experimental models were used for these

two proteins as references to predict the missense mutant structures in the study.
4.3 Mutation spectra

Mutation spectra in the study were generated to help highlight the mutation hotspot
in the causative genes of FEVR. The missense mutation affecting disulphide bonds
were shown to be reported at a relatively high frequency in FEVR genes. For example,
14 missense variants were reported in eight disulphide bonds positions in FZD4 and
many missense variants occurred in the same positions, eg. p.C45S (likely
pathogenic), p.C45Y (likely pathogenic) and p.C45R (uncertain significance). The
difference between the pathogenicity classifications of these three missense variants
in the same position was due to p.C45R lacking cosegregation data. However, it is
likely that the p.C45R is also a pathogenic variant as disulphide bonds are known to
play a key role in the stabilization of the protein structures (Karimi et al., 2016). This

example highlights the limit of the ACMG classification in practical use.

In FZD4, the mutation hotspot was CRD domain (52 variants), which followed by
KTXXXW PDZ-binding motif (6). These results further supported the importance of
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these regions in the normal function of FZD4 protein. For example, the CRD domain

of FZD4 is the Norrin-binding site (Zhang et al., 2011).

The mutation hotspot of 7SPANI2 found in this study was the second (large)
extracellular loop (31 variants) in FEVR, which also indicated that this region may
plays a vital role in protein structure and function and this is consistent with reports
which show that the large extracellular loop of TSPANI2 is important in enhancing

the signalling of Norrin-FZD4 binding (Lai et al., 2017).

The mutation hotspot found in the NDP gene in the study correspond to the [1- 2
hairpin, which includes 14 variants in total. The second largest number of variants
were reported in the B5- 6 region (11 in total). These results suggested that these
two hairpins may be important in the function of Norrin and consistent with this is
the work of Chang and colleagues who found that the f1-f2 and B5-f6 regions of
Norrin contact the CRD domain of FZD4 (Chang et al., 2015).

The highest reported hotspot region of variants found in LRP5 in FEVR in the study
was the Beta-propeller domains in the extracellular region of the protein; domain 1
(18 variants), domain 2 (48 variants), domain 3 (31 variants) and domain 4 (18
variants). These regions are known to bind ligands and are therefore crucial to the

function of LRP5 (Ke et al., 2013).
5. Summary and future expectations

In this study, the collection and reclassification of reported variants in FEVR led to
the building of a mutation spectrum and database for FEVR. This data provides a free,
up to date resource for diagnostics labs and will contribute to the accurate genetic
diagnosis of patients. The study also highlights the difficulty of classifying the
missense variants in FEVR, and highlights the importance of creating new reliable

functional assays to classify variants in FEVR.
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7. Appendices

Appendix 1.

Table A 1. Model comparison of missense mutant structure and wildtype FZD4

structure of FEVR patients (Raw data)

Mutant

structures

Deviation in average distance of the atoms (RMSD backbone score) (residue number). *(a)

G22E

P33S

E40Q

C458

C45R

C45Y

S51T

C53S

G57R

Y58C

T611

H69Y

A75T

A75G

5-6, 10-12, 14, 16, 18-21, 25-28, 30-34, 51, 70, 109-111, 133-136, 141, 160-161, 163-164, 195, 208-209, 244,
246, 273-276, 335, 418-423, 466, 505-537

4,6,8,10-12, 14-38, 40-43, 47-52, 55-59, 63-64, 66-78, 80, 109-112, 118, 133-161, 163-166, 208-209, 240,
243-244, 249, 275-276, 295-297, 336, 390, 404, 407-424, 432, 466, 496-537

4-6, 10-13, 15-17, 20-21, 24-37, 41-51, 57-64, 66-77, 102, 106-112, 125, 133-142, 145-149, 163-164, 176,
183, 186, 195, 201, 240, 242-247, 276, 297, 330, 332-336, 339-341, 408, 411-412, 415-419, 421-425, 428,
466-467, 496, 498, 500-537

2-10, 14, 16-21, 23, 26-27, 30, 32-49, 51, 56-71, 86, 88, 104-115, 132-133, 135-145, 147-153, 158, 163-164,
168-170, 178, 182, 185-192, 203, 205-209, 211-214, 217, 244, 246, 273-277, 279, 283-285, 289, 295-299,
332,334-338, 342, 372-373, 382, 390, 407-427, 430, 465-466, 468-470, 497-499, 502-537

5-6, 11-12, 14, 16, 18-21, 24-33, 36, 47-48, 51, 59, 109-110, 133-137, 141, 163-164, 195, 208-209, 244, 273-
275,335, 418, 421, 423, 466, 502-537

6,8, 10, 12-24,26-27, 30-32, 36-52, 56-74, 86, 103-114, 133, 137, 141-145, 147-149, 151-153, 163-164, 168,
171-173, 176-178, 185-189, 205-209, 211-214, 216-217, 244, 246, 273-276, 279, 297, 332, 334-336, 342,
345-346, 373,390,411, 413-427, 429-430, 465-470, 473-474, 504-537

2,14, 16-22,24-28,30-32, 35-37,47, 51, 57, 59, 70, 86, 109-110, 133-135, 141, 163-164, 169-170, 244, 246,
276, 335-336, 418-421, 423-425, 429, 466, 505-537

5-6, 10-17,19-34, 36, 51, 57, 64, 67-68, 70-71, 73, 110, 133-137, 141, 155, 163-164, 195, 243-244, 276, 332-
333, 335-339, 411-424, 466, 496, 504-537

8-9, 11-12, 14, 18, 20, 26-27, 30, 32-38, 40-43, 45, 51, 59, 106-113, 133, 135-137, 141, 145, 158, 163, 166,
169-170, 174, 178, 206, 244, 273-276, 279, 297, 336, 408, 411-428, 430, 466, 469, 505-537

2,11-12, 14, 16, 18-21, 23-24, 26-37, 45-48, 50-51, 58-60, 64, 70-72, 81, 86-87, 107-110, 134, 136-137, 141,
153, 163-164, 168, 170-173, 175-180, 182, 186, 194, 239, 242-244, 246, 274-276, 336, 417-424, 464, 466-
468, 470, 497-537

2, 14-21, 25-28, 30, 32-33, 35-37, 42-43, 46-48, 51, 57-60, 86, 107-112, 133-135, 141, 163-164, 168-170,
206, 244, 246, 273-274, 276, 335, 414-425, 466, 502, 504-537

5-6, 10-12, 14-21, 23, 27, 33, 36-38, 40-52, 56-74, 86, 88, 104-114, 133, 141-145, 147-148, 151-153, 163-
164, 166, 168-170, 178, 182, 185, 205-207, 211-213, 217, 244, 246, 273-276, 279, 297, 332, 334-337, 390,
407-408, 410-430, 466, 469-470, 499, 502, 505-537

2, 5-6, 10-18, 20-42, 86, 108-111, 133-136, 141, 145, 151-156, 158, 160, 163-164, 168-170, 176, 206, 242-
2438, 250, 276, 332, 335, 338, 342, 344-346, 362, 392, 415-425, 465-470, 497, 499, 502-537

3-8, 10, 14-38, 40-43, 49-52, 57, 63-64, 66-74, 76-77, 108-113, 118, 133-137, 140-142, 145-149, 151-152,
154-158, 160-161, 163, 166, 176, 195-196, 208-209, 240, 243-244, 275-276, 279, 294-297, 299, 363, 390,
411, 414-424, 466, 496, 498, 501-502, 504-537
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C90R

Q95E

M105V

M105T

C106S

1114N

1114T

11148

G115V

CI17R

G119S

C128R

NI152K

M157V

M157K

M157T

M159T

4-6, 11-12, 14-21, 23-34, 36-38, 41-44, 47-52, 57, 59, 63-64, 66-77, 102, 109-110, 125, 133-142, 144-149,
155, 158, 163, 166, 174, 240-245, 247, 276, 297, 357, 385, 388, 390, 394, 400-401, 404, 407, 417-424, 432,
452, 455-457, 459-464, 466-467, 471-473, 476, 496, 498-537

4-6, 11-17, 20-21, 26-27, 31-34, 36, 41-52, 57-63, 65-77, 102, 107-110, 112, 125, 134, 136-137, 140-142,
146-148, 163-164, 176, 186, 195, 240, 242-247, 276, 296-297, 330, 332-333, 335-337, 339, 341, 362, 364,
408, 411-412, 414-419, 421-425, 466-467, 498-537

3-8, 10, 14, 16-38, 40-44, 47, 49-52, 57, 63-77, 80, 109-113, 118, 133-138, 140-142, 145-158, 160-161, 163,
166, 169, 186, 188, 208-209, 240-244, 295, 297, 390, 408, 411-424, 496, 498-537

3-6, 8, 10-44, 47-58, 63-81, 102, 109-113, 118-119, 122, 125, 133-142, 144-161, 163-166, 168, 186, 208-
209, 239-244, 249, 275-276, 279, 295-299, 349, 351, 360, 363, 390, 400, 408, 411-424, 432, 460, 466, 496-
537

2-10, 12-20, 26-27, 30, 32-51, 57-70, 86, 88, 104-114, 132-139, 141-145, 147-149, 151-153, 158, 163-164,
168-170, 178, 182, 185-192, 195, 205-207, 244, 246, 273-276, 279, 284, 289, 295-297, 332, 334-338, 342,
345-346, 390, 407-408, 410-430, 497, 505-537

4-6, 11-17, 19-21, 26-27, 30-37, 39, 41-51, 57-59, 61-64, 66-77, 106-110, 112, 125, 133-137, 139-142, 146,
163-164, 174, 176, 183, 186, 195, 201, 204, 242-244, 247, 276, 333, 335-337, 339, 383, 417-418, 420-425,
466-468, 500-537

4-8,10-12, 14-44, 47, 49-58, 63-80, 109-113, 118, 133-137, 139-142, 144-161, 153-164, 166, 168, 186, 208-
209, 240-245, 276, 295, 297, 339, 351, 390, 400, 408, 411-424, 496-537

2,4-6, 8,10-17, 20, 26-27, 30-51, 57-76, 102-115, 118, 125-126, 132-134, 136-151, 160-161, 163, 169-170,
174, 176, 186-188, 195, 201, 204, 208-209, 240-249, 277, 284-285, 296-297, 330-336, 339-345, 351, 362,
365-366,411-412, 414-426, 428, 466, 495-537

2,5-6,15-33,36-37,45-48, 50-52, 57-60, 67-69, 70, 86, 108-111, 133-137, 141, 153, 155, 158-161, 163, 176-
177, 206-207, 209, 211-214, 217, 244, 273-274, 276, 332-333, 337-337, 339, 390, 411-430, 457, 460-475,
478, 504-537

1,3-6,10-12, 15-28, 30, 33-34, 36-38, 41-51, 57, 63-77, 102, 109-110, 112-113, 118-119, 125, 134-142, 144-
155, 158, 163, 166, 174, 239-245, 276, 297, 335, 357, 360, 363-364, 382-383, 385, 390, 417, 412-424, 463-
464, 466-468, 496-537

5-6, 10-21, 24-33, 36-38, 41-43, 45-48, 51, 57, 59-60, 86, 107-113, 133-135, 141, 163-164, 168-170, 178,
206, 244, 273-276, 279, 297, 336, 407-408, 411-412, 414-415, 417-419, 421-424, 496-497, 501-502, 505-
537

1-2, 8-12,14, 16-21, 24-36, 38-39, 43-51, 57-61, 64, 70-74, 76-77, 81, 86-87, 107-111, 125, 132, 134, 136-
138, 141, 153, 160, 163-164, 168-170, 172-173, 176-178, 180, 182, 186, 194-195, 210, 244, 246, 252-253,
273-274,276, 335, 345-346, 361-362, 365, 415, 418-424, 464-470, 473, 497-499, 501-537

2,14-21, 25-28, 30-33, 35-37, 48, 51, 59, 86, 108-111, 141, 163-164, 169-170, 178, 206, 211-212, 244, 273-
276, 335, 411, 414-423, 425, 464-466, 468-470, 504-537

4-8, 10-59, 63-80, 109-113, 177-179, 133-142, 144-166, 186, 188, 240-244, 273, 276, 297, 335, 339, 390,
408, 411-412, 414-423, 466, 496, 498, 500-537

14-33, 36-37, 51, 57, 59, 70, 86, 108-111, 133-135, 141, 163-164, 169-170, 206, 243-244, 273-277, 332, 335-
337,411, 415-416, 418-421, 423-425, 466, 501-537

4,6, 8, 10-12, 15, 17, 20-37, 42, 47, 50-52, 57-59, 68, 70-71, 73, 77, 108-111, 118, 133-141, 144-145, 147,
151-155, 158-159, 163-164, 186, 244, 273-276, 279, 295, 297, 336, 411, 414-424, 466, 505-537

4-5,10-12, 15, 17, 20-21, 25-27, 30, 32-34, 36-37, 42, 109-112, 133-135, 141, 158, 160-161, 163, 169-170,
174, 195-196, 240, 243-244, 276, 297, 336, 415, 417-426, 466, 496, 498-537
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M159G

E160Q

P168S

E180K

CI181R

C181Y

C204R

C204Y

C204F

M223K

W226R

T2341

T237R

L239P

Y250C

R253C

R253H

L273R

2, 5-6, 8-9, 14-44, 48, 50-52, 56-60, 68, 80, 105-114, 133, 137, 141, 145, 147, 149, 151-155, 157-159, 161,
163-164, 166, 178, 186, 188-189, 205-209, 211-214, 217, 240, 243-244, 273-276, 279, 284, 289, 295, 297,
331-339, 372, 390, 404, 407-408, 411-430, 466, 469, 496-537

5-7, 14-27, 29-34, 36, 59, 70, 109-110, 112-113, 132-133, 137, 141, 163-164, 169-170, 176, 244, 273-275,
279, 284, 297, 335-336, 417, 421-423, 466, 496, 498, 502-537

4,10-38,40-58, 63-80, 109-113, 118-119, 133-142, 144-159, 161, 163-166, 168-169, 186, 240, 242-244, 276,
297,335, 339, 408, 411-412, 414-424, 466, 496, 498-537

4-6, 11-16, 20, 27-28, 30, 32-34, 36, 46-51, 57-59, 63-64, 66-74, 76-77, 109-110, 112, 125,134, 104-142,
146, 163-164, 177-178, 243-245, 247, 276, 297, 333, 335-336, 339, 415, 418-419, 421-425, 428, 466-467,
496, 498, 500-537

6, 8-14, 16-21, 26-38, 40-51, 57-62, 70, 105-114, 133-136, 141, 145, 158, 163-164, 186, 206, 211-213, 244,
273-276, 279,297, 411, 414-428, 430, 465-466, 468-470, 499, 502, 504-537

4,11-12, 15-16, 18-21, 26-27, 30-36, 48-49, 59, 70, 109-110, 112, 133, 135-136, 141, 163-164, 169-170, 243-
244, 273-275, 297, 335-336, 417-424, 432, 466, 496, 502, 505-537

1-2, 4-8, 10-11, 15-51, 59-65, 67-82, 84, 86-87, 104-114, 132, 134-137, 140-143, 146-148, 150-156, 163-
164, 167-170, 172-173, 176-183, 185-187, 190, 193-197, 200, 202, 205-206, 209-212, 214, 242, 244-248,
250, 276, 286, 291-292, 295, 297, 335-336, 342, 345, 361-361, 364-366, 372, 381-389, 392, 417, 419-426,
428-429, 453, 456-471, 473-475, 478, 497-537

13-21, 26-27, 31-34, 108-111, 133, 135-136, 141, 160-161, 163-164, 243-244, 273, 276, 336, 418-419, 421-
423, 466, 501-502, 505-537

1-2, 6-7, 10, 14-34, 36-39, 41-52, 57-62, 64, 67-77, 80-81, 84, 86-87, 105-112, 134-135, 141, 153, 163-164,
167-170, 172-173, 176-178, 182, 185-186, 195, 244, 273-276, 288, 291, 297, 335-336, 345, 362, 416-425,
428-429, 460-461, 463-471, 473, 475, 504-537

5-6, 11-12, 14, 16-17, 20-21, 23-36, 45-51, 57-60, 64, 68, 70-77, 81, 86, 107, 110, 125, 134-137, 141, 160,
163-164, 172-173, 176-177, 186, 244, 252, 274-276, 336, 418, 421, 423-424, 466, 504-537

2, 5-6, 15, 18-39, 81, 86, 109-110, 125, 132, 134-137, 141, 153, 163-164, 172-173, 176-178, 195, 244, 246,
273,335,362, 365, 418, 421-423, 466, 505-537

4,6, 8, 10, 15-30, 32, 34, 36-38, 42, 47-52, 57-59, 63-64, 66-77, 109-111, 118, 133-142, 145-146, 149, 152,
154-155, 158-159, 163, 166, 169-170, 243-244, 276, 279, 295, 297, 360, 364, 417-419, 421-423, 466-467,
496, 498, 501, 503-504, 507-537

2,4,10-16, 18-21, 23-24, 26-37, 39, 41-51, 57-59, 61, 63-64, 67-73, 86-87, 106-112, 125, 132-134, 136-137,
140-142, 146-147, 163, 169-170, 174, 176-177, 186-187, 194-195, 243-244, 276, 297, 333, 335-336, 415-
430, 466-468, 498-505, 508-537

4, 6,8, 10-12, 14-38, 40-42, 49-52, 57, 63, 66-74, 76-77, 80, 109-112, 118, 133-142, 145-149, 151-159, 163,
166, 169-170, 239-244, 276, 297, 390, 404, 407-408, 411-412, 414-424, 466, 496-537

4,8, 10, 13-16, 18-21, 26-28, 30, 32-37, 51, 55, 70, 86, 109-110, 125, 132-133, 137, 141, 163-164, 169-170,
176-177, 195, 243-244, 333-336, 417-432, 466, 496, 501-502, 505-506, 509, 511-537

4-6, 10, 13-14, 16, 18, 20-38, 42, 51, 64, 68, 70-71, 73, 109-111, 133, 141, 146, 154-155, 158, 163, 169-170,
274, 243-244, 252-253, 274-276, 297, 411-424, 466, 504-537

3-8, 10-44,47,49-52, 56-57, 63-64, 66-77, 80, 108-113, 118, 133, 135-137, 140-142, 145-159, 163, 166, 169-
170, 239-244, 249, 274-276, 295, 297, 335, 363-364, 390, 408, 411, 414-424, 466, 496, 498, 500-537

3-6, 10-17, 20-30, 32-33, 36-37, 42, 50-51, 57, 59, 66-68, 70-71, 73, 76-77, 80, 86, 108-112, 133-141, 145,
151, 158, 163, 166, 169-170, 178, 243-244, 252, 275-276, 297, 336, 390, 411-412, 414-415, 417-424, 466,
496, 505-537
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C302Y

F328S

W335C

A339T

M342V

K358N

1360F

R417Q

1437T

V442E

T445P

D470N

G488D

G488V

G492R

S497F

14, 16, 18, 20, 24-33, 43-53, 55-64, 66-80, 86, 102-103, 105-110, 134-137, 139-142, 146, 160-161, 163-166,
169-170, 186, 195, 243-244, 276, 418, 421-423, 466-467, 498-537

2, 5-6, 10-12, 15-18, 20-37, 44, 46-52, 57-61, 64, 70-77, 81, 86, 106-111, 130, 133-137, 141, 160, 163-164,
172-173, 176-177, 195, 208-209, 242-248, 250, 276, 291, 335, 337, 362, 365, 418, 422-424, 464-468, 470,
498-499, 502, 505, 508-537

1-2,4-6, 11-14, 16, 20-21, 25-28, 30, 32-53, 57-77, 102, 106-113, 125, 134-142, 145-151, 163-164, 166, 169,
174, 176, 183, 186-187, 195, 201, 204, 231-247, 276, 297, 330, 332-337, 339, 341, 383, 411, 416, 418-419,
421-425, 466-467, 495-496, 498-537

4, 8-9, 11-21, 26-28, 30, 32-37, 39, 64, 109-112, 125, 132-133, 137, 141, 163-164, 172-173, 176-178, 180-
183, 186, 195-196, 244, 246, 333-337, 416-432, 466-467, 506-537

4, 6-8,10-38, 40-45,47,49-51, 57, 63-64, 66-74, 76-77, 109-113, 118, 133-138, 140-142, 145-147, 149, 151-
158, 163-164, 166, 169-170, 239-245, 273, 276, 297, 363, 390, 411, 414-423, 466, 496-537

4, 6-8, 10, 14-38, 40-44, 47, 49-51, 57, 63-64, 66-74, 76-77, 108-113, 118, 125, 133, 135-137, 141, 145-147,
149, 151, 154-159, 163, 166, 169-170, 239-247, 276, 297, 360, 364, 390, 411, 414-424, 466, 496-537

4,8, 10-17,20-34, 36-43, 51, 57, 59, 66-70, 77, 86, 88, 107-113, 118, 133-141, 144-145, 147-149, 151-152,
154-155, 158-159, 163-164, 169-171, 174-178, 240, 243-244, 252-253, 273, 276, 279, 297, 332, 390, 400,
404, 407-408, 410-430, 466, 496, 501-502, 504-537

4-6, 11-14, 16-22, 25-30, 32-52, 57-64, 66-77, 102, 106-113, 125, 133-137, 140-142, 145-151, 155, 163, 174,
176, 183, 186, 195, 239-249, 297, 330, 332-344, 408, 411-412, 414-416, 421-425, 466-467, 495-537
6,8,10-12, 15-17, 20-42, 46-53, 56-60, 67-68, 70-74, 76-78, 80, 107-113, 117-119, 122, 130, 133-141, 144-
161, 163-164, 166, 177, 186, 205-206, 208-209, 214, 244, 273-276, 279, 284, 295, 297-299, 336, 390, 400-
401, 403-424, 466, 505-506, 508-537

2,5-6,10-12, 14, 16-19, 20-36, 38-39, 46-48, 50-51, 57, 59, 67-68, 86, 107-111, 134-137, 141, 152-156, 160,
163-164, 169-170, 242-248, 273-277, 336, 345, 362, 415-415, 464-470, 473, 504, 506-537

2, 4-6, 10-16, 18-21,26-27, 30-51, 57-59, 63, 65-73, 106-113, 125, 132-134, 140-142, 145-149, 151, 155,
163-164, 169-170, 174, 176, 183, 186-187, 195, 201, 204, 240, 242-245, 247, 273-275, 284-285, 296-297,
330, 332-339, 365, 411, 418, 411-424, 428, 432, 466-467, 496, 498, 500-537

3-10, 12-21, 26, 30, 32-52, 56-70, 86, 88, 101, 104-115, 133-139, 141-145, 147-153, 158-159, 163-164, 168-
170, 182, 185-192, 205-209, 211-214, 216-218, 244, 273-277, 279, 284-285, 289, 295-299, 329, 332, 334-
338, 342, 345-347, 372-373, 382, 390, 403-432, 435, 462-463, 465-466, 468-471, 474, 505-537

4, 10-17, 20-21, 23-24, 26-28, 30-51, 57-64, 66-74, 86-87, 106-110, 112-113, 125, 132-134, 136-138, 140-
142, 145-149, 160-161, 163-164, 166, 169-170, 174, 176-178, 183, 186-189, 194-195, 201, 243-244, 276,
330-336, 339, 412, 415-432, 464, 466-468, 496, 498-502, 508-537

2,5-6, 10, 15-34, 36-50, 59-62, 64, 67, 69-74, 78, 80-81, 86, 107-111, 134, 137, 141-142, 147-148, 151-155,
160-161, 163-164, 168-170, 172, 176-178, 182, 194, 206-207, 209, 211-213, 217, 244, 273, 276, 332, 335-
336,392,417, 421-425, 428-429, 463-471, 473, 478, 507-537

4, 8-9, 11-12, 15-17, 19-43, 46-59, 63-81, 83, 86, 102, 109-113, 133-159, 161, 163-166, 169-170, 239-244,
247, 295, 297, 332, 336, 351, 356-357, 360, 363-364, 390, 400-401, 404, 407-408, 411, 417-418, 421-423,
463-464, 466-467, 496-537

2,8-9, 11-12, 14, 20-21, 23-24, 26-34, 36, 39, 43-48, 50-51, 57-59, 64, 70-72, 81, 86-87, 107-111, 134, 137,
141, 153, 160, 163-164, 168-170, 172-173, 175-178, 180, 182, 185-186, 194, 242, 244, 246, 276, 291, 336,
345,415-416, 418-419, 421, 423-425, 465-468, 470, 473, 499, 502-537
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K499E 2,4-10, 12-14, 16-20, 26, 30, 31-51, 57-70, 86, 88, 104-115, 133, 137-138, 141-145, 147-153, 158, 163-164,
168-170, 174, 178, 182, 185-191, 202, 205-207, 217, 244, 273-276, 279, 284, 286, 289, 295-297, 332, 334-
339, 342, 346, 372, 390, 407-408, 410-430, 466, 469, 497-499, 502, 505-537

G525R 2,8-21, 23, 26-27, 30, 36-38, 40-51, 57-62, 64-65, 67-68, 70, 86, 106-113, 133, 137, 141, 143-145, 147-148,
152-153, 160-161, 163-164, 168-170, 172, 176-178, 206-207, 211-214, 217, 244, 246, 273-276, 336, 342,
345-346, 411, 414-424, 464-470, 473, 505-537

G530E 4-6, 10-12, 14-30, 33-34, 36-38, 41-47, 49-51, 57, 63-64, 66-77, 80, 109-110, 112, 130-142, 145-149, 151,
154-155, 158, 163, 166, 169-170, 174, 176, 186, 209-210, 240, 242-246, 276, 297, 335-340, 390, 411, 417,
421-424,460-471, 496, 498, 500-537

*®- The column indicated the deviation of RMSD backbone score found in the amino acid position of

the residue in the mutant protein structure with its wildtype FZD4 structure.
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Figure A 1. All mutant structures of FZD4 superimposing with wildtype model
in FEVR, and the Ramachandran plot of the mutant model of FZD4.
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Appendix 2.
The following link 1 was the Excel file for all FEVR variants and cases.

All FEVR cases (cases reported from the same lab were removed).xlsx

The link 2 was the Excel file for all the unpublished FEVR variants data.

unpublished FEVR variant overview.xlsx
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https://leeds365-my.sharepoint.com/:x:/g/personal/umds_leeds_ac_uk/ESkQVv-Rr8dGiPkqD_5Ht6oBGAgGFCgr4Mt_TuHnoq0i0g
https://leeds365-my.sharepoint.com/:x:/g/personal/umds_leeds_ac_uk/EftgP7LNlnZIqGFlid8Ajh8BxKYPFX0MBcIk36c-7Py54Q

Appendix 3.

The script used for the mutant protein modelling in the Modeller9.24 software were

based on the basic modelling script which could obtain from the Modeller website

(https://salilab.org/modeller/tutorial/basic.html). The example of the script used of
modelling the p.G22E mutant structure by using FZD4 wildtype protein structure as

the reference in the Modeller9.24 was given below (Figure A2).

The target sequence of p.G22E of FZD4 was prepared in the FASTA format, and
named as qgseq.ali (Figure A2 (A).) Build profile.py basic script was downloaded
from the Modeller website. Changed the target sequence file name as qseq.ali (Figure
A2 (B).) Downloaded align.py script from Modeller website, and changed the
template as the wildtype FZD4 protein structure (generated from I-TASSER in the
study) and changed the name of the protein structure into the wildtype FZD4.pdb file
name (Figure A3 (C).). Downloaded model-single.py script from Modeller website,
and modelling p.G22E by using wildtype FZD4 structure as the reference (Figure A3
(D).) Selected the best model based on the lowest DOPE score that generated in the
modelling process, and downloaded model evaluation.py script from the Modeller

website to evaluate the modelling quality of the best structure (Figure A3 (E).)

(A) >P1l;qseq

Sequence:qseq:::::::0.00: 0.00
MAWRGAGPSVPGAPGGVGLSLELLLQLLLLLGPARGFGDEEERRCDPIRISMCQNLGYNV
TKMPNLVGHELQTDAELQLTTFTPLIQYGCSSQLQFFLCSVYVPMCTEKINIPIGPCGGM
CLSVKRRCEPVLKEFGFAWPESLNCSKFPPQNDHNHMCMEGPGDEEVPLPHKTPIQPGEE
CHSVGTNSDQYIWVKRSLNCVLKCGYDAGLYSRSAKEFTDIWMAVWASLCFISTAFTVLT
FLIDSSRFSYPERPIIFLSMCYNIYSIAYIVRLTVGRERISCDFEEAAEPVLIQEGLKNT
GCAIIFLLMYFFGMASSIWWVILTLTWFLAAGLKWGHEAIEMHSSYFHIAAWAIPAVKTI
VILIMRLVDADELTGLCYVGNQNLDALTGFVVAPLFTYLVIGTLFIAAGLVALFKIRSNL
QKDGTKTDKLERLMVKIGVFSVLYTVPATCVIACYFYEISNWALFRYSADDSNMAVEMLK
IFMSLLVGITSGMWIWSAKTLHTWQKCSNRLVNSGKVKREKRGNGWVKPGKGSETVV*
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rom modeller

log.verbose()
env = environ()

= sequence_db(env)
read(seq_database_file='pdb_95.pir', seq_database_format='PIR',
chains_list="ALL', minmax_db_seq_len=(30, 4000), clean_sequences=

.write(seq_database_file='pdb_95.bin', seq_database_format='BINARY',
chains_list="ALL")

.read(seq_database_file="'pdb_95.bin', seq_database_format='BINARY',
chains_list="ALL')

= alignment(env)
append(file="'qseq.ali', alignment_format='PIR', align_codes='ALL")

= aln.to_profile()

.build(sdb, matrix_offset rr_file='${LIB}/blosum62.sim.mat"',
gap_penalties_ld= -50), n_prof_iterations=1,

check_profile=False, max_aln_evalue=0.01)
.write(file="build_profile.prf', profile_format='TEXT")

= prf.to_alignment()

.write(file="build_profile.ali', alignment_format="'PIR')

n modeller ir

= environ()

= alignment(env)

= model(env, file='FZD4', model_segment=('FIRST:A', 'LAST:A'))
.append_model(mdl, align_codes='FZD4', atom_files='FZD4.pdb")
.append(file="qseq.ali', align_codes="'qseq"')

.align2d()

.write(file="qseq-FZD4.ali', alignment_format='PIR')
.write(file="'qseq-FZD4.pap', alignment_format='PAP')

modeller imp *
modeller.automodel

env = environ()

a = automodel(env, alnfile='qseq-FZD4.ali',
knowns="'FZD4', sequence='gseq ',
assess_methods=(assess.DOPE,

assess.GA341))
a.starting_model
a.ending_model =
a.make()
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modeller *
modeller.scripts i complete_pdb

log.verbose()

env = environ()

env. libs.topology.read(file="'$(LIB)/top_heav.lib')
env. libs.parameters.read(file="$(LIB)/par.lib")

mdl = complete_pdb(env, 'gqseq .B99990001.pdb')

s = selection(mdl)
s.assess_dope (output="ENERGY_PROFILE NO_REPORT', file='gseq.profile’,

normalize profile=T smoothing window=15

Figure A 2. Example of the screenshots of the scripts used in Modeller9.24 for
modelling p.G22E by using wildtype FZD4 structure as the reference. (A). The
sequence format of p.G22E mutant of FZD4. (B). Screenshot of the script of
Biuld profile.py file used in modelling p.G22E. (C). Screenshot of the script of
Align.py file used in aligning the target p.G22E sequence on wildtype FZD4 structure.
(D). Screenshot of the script of model.py used in generating the models in
Modeller9.24. (E). Screenshot of the script of evaluate_model.py used in evaluate the

mutant model quality.
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