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Confirming and expanding the phenotypes of /ZD) variants:
Coloboma, inferior chorioretinal hypoplasia, and high myopia

Yi Jiang, Jiamin Ouyang, Shiqiang Li, Xueshan Xiao, Wenmin Sun, Qingjiong Zhang

(The first two authors contributed equally to this work.)

State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-sen University, Guangzhou, China

Purpose: Two frameshift and two indel variants in FZD5 have been reported to cause coloboma in two
families with incomplete penetrance and in two isolated cases in previous studies, respectively. This study
aims to confirm this association and expand related specific phenotypes based on the genotype-phenotype
analysis of FZD5 variants.

Methods: Variants in FZD5 were collected from our in-house exome sequencing data of 5,845 probands
with different eye conditions. Multistep bioinformatics analysis was used to classify the variants. Potential
pathogenic variants and phenotypic variations were further evaluated based on family segregation and
genotype-phenotype analysis.

Results: In total, 63 rare variants were detected in FZD5. Multistep bioinformatics and genotype-phenotype
analyses suggested that eight rare heterozygous variants in nine families should be considered potential patho-
genic variants: three novel frameshift variants (c.350 356delCGCCGCT/p.Serl17%*, ¢.1403 _1406dupACCT/p.
Tyrd70Profs*130, and c¢.1428delG/p.Serd77Alafs*130) and five novel missense variants (c.388C>A/p.Ar-
g1308Ser, ¢.794G>T/p.Arg265Leu, c.1162G>A/p.Gly388Ser, c.1232A>G/p.Tyr411Cys, and c.1510A>T/p.
Met504Leu). Among the nine families, carriers of these variants showed overlapping phenotypes, including
typical uveal coloboma (12 eyes of seven patients from four families), inferior chorioretinal hypoplasia (ICH)
or optic disc hypoplasia (ODH; 12 eyes of eight patients from six families), and high myopia (10 eyes of five
patients from five families) within individual families or among different families.

Conclusions: The data presented in this study confirmed that variants in FZD5, not only frameshift variants
but also missense variants, are a common cause of uveal coloboma. In addition, ICH, ODH, and high myopia
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may be variant phenotypes that are frequently associated with FZD35 variants.

Ocular coloboma is a congenital disorder that involves
different components of the eye, including the iris, ciliary
body, choroid, retina, and optic nerve [1]. It arises from the
failed closure of an embryonic fissure during eye develop-
ment. The incidence of ocular coloboma ranges from 0.5 to
7.5 per 10,000 births [2], and ocular coloboma accounts for up
to 10% of blindness cases among children [3] and 0.7%—1.9%
of blindness cases among adults [4]. The occurrence of ocular
coloboma can be isolated, but it is frequently accompanied
by other developmental abnormalities of the eye, such as
microphthalmos, anophthalmia, and microcornea [5]. In
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rare cases, axial elongation associated with myopia is also
present in patients with coloboma [6]. Genetic defects play an
important role in the development of coloboma. Thus far, at
least 78 genes and six loci have been reported to be associated
with coloboma, as well as related syndromes [7]. However,
in most cases of isolated coloboma, only a few pathogenic
variants of genes could be confirmed in a small portion of
families [7-10].

The frizzled class receptor 5 (FZD5, OMIM 601723),
which is mapped to human chromosome 2q33.3 and consists
of two exons, is a recently identified gene responsible for
coloboma. FZD5 encodes a receptor of the Wnt signaling
pathway, which plays a specific role in early eye development
in mice, zebrafish, and Xenopus [11-15]. A frameshift variant
in FZDS5 was initially reported to result in uveal coloboma in
a large family with incomplete penetrance [15]. Recently, one
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frameshift and two indel variants in FZD35 were identified in
a small family and in two isolated cases [16].

In this study, variants in FZDS5 were collected from
exome sequencing data from 5,845 probands with different
eye conditions. Multistep bioinformatics and genotype-
phenotype analysis classified eight potential pathogenic vari-
ants (PPVs). Overlapping related phenotypes were observed in
different eyes of the same patients or in different individuals
within and among families, including uveal coloboma, infe-
rior chorioretinal hypoplasia (ICH) or optic disc hypoplasia
(ODH), and high myopia. This study not only confirmed the
association of FZD5 variants with uveal coloboma but also
expanded the mutation spectrum and associated phenotypes.

METHODS

Probands and family members: Probands with various eye
conditions and their available family members were recruited
from the Pediatric and Genetic Eye Clinic, Zhongshan
Ophthalmic Center, Guangzhou, China. Written informed
consent adhering to the tenets of the Declaration of Helsinki
and conforming to the Guidance for Sample Collection for
Human Genetic Diseases (863-Plan) of the Ministry of Public
Health of China was obtained from participating individuals
or their guardians. Peripheral venous blood and clinical data
were collected from the participants, and genomic DNA
was prepared from peripheral venous blood as previously
described [17]. This study was approved by the Institutional
Review Board of Zhongshan Ophthalmic Center.

Mutation detection: Exome sequencing was performed on
genomic DNA samples from the participants, including
whole exome sequencing (WES) on 5,307 probands and
target exome sequencing (TES) on 538 probands. The proce-
dures for WES and TES have been described in our previous
studies [18,19]. Rare variants in FZD5 were collected from the
exome data of 5,845 probands with different eye conditions.
Bioinformatic analysis was performed to evaluate the patho-
genicity of FZD5 as follows [20]: (1) variants in noncoding
regions, synonymous variants without effects on the splicing
site according to the Berkeley Drosophila Genome Project
(BDGP), and variants in the patients with pathogenic vari-
ants in other genes were considered to be benign variants; (2)
all missense variants were predicted by five computational
tools, namely, Combined Annotation Dependent Depletion
(CADD), Rare Exome Variant Ensemble Learner (REVEL),
Sorting Intolerant From Tolerant (SIFT), Polymorphism
Phenotyping version 2 (PolyPhen-2), and Protein Variation
Effect Analyzer (PROVEAN); and (3) pathogenic evidence
for each potentially pathogenic variant was defined according
to the standards and guidelines of the American College of
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Medical Genetics and Genomics and the Association for
Molecular Pathology (ACMG/AMP) [21].

Validation of potentially pathogenic variants, as well
as available segregation analysis were conducted by Sanger
sequencing. Eight pairs of primers were designed to amplify
the fragments covering the variant positions using primer3.0.
The amplificons were sequenced using the BigDye Termi-
nator cycle sequencing kit v3.1 on a 3500xL Dx Genetic
Analyzer [22].

Phenotypic characterization: Routine clinical data, including
visual acuity, refraction and axial length (AL), slit-lamp
examination, ultrasound biomicroscopy (UBM), fundus
photographs, optical coherent tomography (OCT), and
ultrasonography, were obtained from probands and available
family members with FZD5 variants.

RESULTS

Variants detected in FZDS5 from 5,845 probands: Four
polymorphisms in FZD5 were initially excluded from
further analysis, including chr2: g.208633627C>T in the
5'-untranslated region (5'-UTR), ¢.51A>G (p. Leul7Leu),
c.647C>T (p.Pro216Leu), and c.1371C>T (p.Tyrd57Tyr).
In total, 63 rare variants in FZD35, all heterozygous, were
detected in our in-house exome data from 5,845 probands
with different eye conditions, including 20 missense, 20 in
3-UTR, 13 synonymous, seven in 5'-UTR, and three frame-
shift variants. Synonymous variants and variants in the
untranslated region were excluded for further analysis based
on bioinformatics and previous evidence. For the remaining
23 variants affecting amino acid sequence, bioinformatics
analysis, phenotype analysis, and segregation analysis
suggested that eight of the 23 variants were PPVs (Table 1)
and the other 15 were likely benign (Appendix 2). All the
eight PPVs were novel and presented in nine families (Figure
I). Of the eight PPVs, four variants were identified in four
probands with coloboma, including two frameshift variants
(c.1428delG/p.Serd77Alafs*130 and ¢.1403 _1406dupACCT/p.
Tyr470Profs*130) and two missense variants (c.388C>A/p.
Argl30Ser and c.1162G>A/p.Gly388Ser; Table 1, Table 2,
Figure 1, Figure 2). Three variants were identified in four
probands with high myopia, including one frameshift variant
(c.350_356delCGCCGCT/p.Serl17*) and two missense vari-
ants (c.1510A>T/p.Met504Leu and ¢.794G>T/p.Arg265Leu;
Table 1, Table 2, Figure 1, Figure 3). The remaining missense
variant (c.1232A>G/p.Tyr411Cys) was identified in a proband
with posterior microphthalmia (Table 1, Table 2, Figure 1).
All eight PPVs were confirmed by Sanger sequencing in the
nine families and co-segregated with diseases among avail-
able family members with variable overlapping phenotypes
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Figure 1. The pedigrees of nine families with different phenotypes and sequence chromatography of eight heterozygous variants identified
in FZDS5. In the pedigrees, M means mutation site, + means normal allele. The filled squares (male) and circles (female) represent affected
individuals. The filled patterns were divided into five types: solid black pattern (ocular coloboma), striped pattern (ICH or ODH), checked
pattern (high myopia), black and white checked pattern (posterior microphthalmia), and mixed pattern (high myopia, ICH and ODH). ICH,
inferior chorioretinal hypoplasia; ODH, optic disc hypoplasia. The black arrows indicate probands.

and rarely incomplete penetrance (Figure 1). Furthermore,
all eight variants were located in the two domains of FZDS5,
namely, the extracellular cysteine-rich Wnt-binding domain
and the seven transmembrane Frizzled domains (NCBI
database; Figure 4A), and all five missense variants involved
residues at conserved positions among eight species (Figure
4B).

Phenotypic expressivity: Coloboma, posterior microph-
thalmos, inferior chorioretinal hypoplasia, and high myopia:
In the nine families, PPVs of FZD5 were detected in 17

53

individuals with variable overlapping phenotypes. The clin-
ical features of 17 individuals from nine families with FZD5
variants are summarized in Table 2. The phenotypes of these
affected individuals were variable and included coloboma,
ICH, ODH, high myopia, and posterior microphthalmos. The
overlapping associated phenotypes were present in different
individuals within and among families, as well as in different
eyes of the same individual.

Typical uveal coloboma was present in 12 eyes of seven
patients from four families (Table 2, Figure 1). Variable initial
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symptoms were recorded in the seven patients, including
nystagmus in three cases, photophobia in one patient, stra-
bismus in one patient, and no symptoms in two patients, and
the visual acuity of the seven patients ranged from light recep-
tion to 1.2 Snellen equivalent (Table 2). Of the seven patients,
five showed bilateral coloboma (family 9574-11:2 in Figure
2C; family 5485-1I:1and I1:2 in Figure 2D, E; family 12467-
II:1 in Figure 2F and Figure 3H; family 17413-11:1 in Figure
2G), while the other two patients had uveal coloboma in one
eye and ICH or ODH in the contralateral eye (family 9574-1:1

© 2021 Molecular Vision

and II:1 in Table 2). Posterior staphyloma was observed under
ultrasonography in three eyes from two patients with typical
uveal coloboma (5485-11:2 and 17413-1I:1) in Appendix 1.
One patient (9574-1:1) showed uveal coloboma in the right eye
(Figure 2A) and ODH in the left eye, while another patient
(9574- 11:1) showed uveal coloboma in the left eye (Figure
2B) and ICH in the right eye (Figure 3G). Moreover, clinical
heterogeneity in different members with the PPV in the same
family were also present in the four families with uveal
coloboma. Bilateral uveal and iris coloboma were present in

9574-11:11

5485-11:2

Figure 2. The coloboma changes of ophthalmic examination results in patients with FZD5 variants. A-G: The fundus images demonstrated
uveal coloboma in seven individuals (9574-1:1, 9574-11:1, 9574-11:2, 5485-1:1, 5485-11:2, 12467-11:1, 17413-11:1). H: The proband (5485-11:1)
had microcornea with iris coloboma in both eyes and his sister (5485-11:2) had inferior iris coloboma in both eyes. I: The UBM result from
family 5485 illustrated iris coloboma in the right eyes of 5485-11:1 and 5485-11:2, while the UBM graph of the right eye in the father from

family 5485-1:1 was normal.
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12467-1:1 12467-1:1 12467-1:1

13706-1:1 13706-1:1 13706-11:1

9574-11:1 12467-11:1 , 5485-1:2

Figure 3. Representative fundus photographs from patients with FZD5 variants. A-E: Inferior chorioretinal and optic disc hypoplasia
presented in both eyes from two patients (12467-1:1 and 13706-1:1). F: The fundus photograph showed typical features of myopic fundus:
tessellated retina and partial foveal atrophy in one patient (13706-11:1). G: Inferior chorioretinal hypoplasia was observed in the lower left
area of the fundus in the right eye from patient 9574-11:1. H: Uveal coloboma and tessellated fundus, located between the coloboma and
optic disc, were observed in patient 1267-11:1. I: A normal fundus photo in individual 5485-1:2.
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Figure 4. Distribution and conservation analysis of FZDJ5 variants. A: The allele count and distribution of all FZD5 variants in the mRNA
sequence in the current study and previous studies (Ref. NM_ 003468.3). The light green rectangle represents the mRNA sequence of
FZDS5. The potential pathogenic variants in the current study are shown above the structure of the mRNA sequence, while variants in other
previous studies are shown below the structure of the mRNA sequence. The red, black, and green variants represent truncation variants,
missense variants, and in-frame variants, respectively. The blue area represents the extracellular cysteine-rich Wnt-binding domain, the
yellow area represents seven transmembrane Frizzled domains, and the two blank areas before and after the sequence represent the SSUTR
and 3'UTR, respectively. The blank area between two slashes indicates the partial sequences of the 5’UTR and 3'UTR. B: The conservation
analysis of five missense variants identified in our study. Sequence alignment of the sequences of Homo sapiens (humans) and seven other
seven species, including Pan troglodytes (chimpanzee), Macaca mulatta (monkey), Mus musculus (house mouse), Rattus norvegicus (rat),
Pelodiscus sinensis (Chinese soft-shelled turtle), Xenopus tropicalis (Western clawed frog), and Danio rerio (zebrafish). The five missense
variants were located in the conserved region of the FZDS5 protein among eight species.

siblings (5485-11:1 and 5485-11:2; Figure 2D,E,H,I). However,
the father (5485-1:1) with the same frameshift mutation had
bilateral ODH and ICH. The same situation was also present
in the other two families, 12467 and 17413, where both of the
probands (12467-11:1 and 17413-11:1) from the two families
had typical bilateral uveal coloboma. However, the father
(12467-1:1) with the PPV in family 12467 showed bilateral
high myopia, ODH, and ICH (Figure 3A-C), while the mother
(17413-1:2) with the PPV in family 17413 showed unilateral
ODH in the right eye but a normal-like fundus in the left eye.
Therefore, these heterogeneous features in family members
with PPVs, such as ODH and ICH, were likely to be variant
phenotypes associated with uveal coloboma, which might be
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considered a mild phenotype of uveal coloboma, as suggested
before [23]. In addition to the seven eyes of five people from
the four families mentioned above, ICH or ODH was also
observed in five eyes of three other family members with
PPVs in two other families (Figure 3D,E): the proband in
family 18739 had posterior microphthalmia while the proband
in family 13706 had high myopia (Figure 3F). Moreover, ICH
was also observed in a patient with typical uveal coloboma
(Figure 3H). In these families, ODH and ICH (inferior tessel-
lated fundus) might be considered coloboma-variant.

In addition to four families with typical uveal coloboma
and one family with posterior microphthalmia, PPVs in FZD5
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were also identified in four additional families, where all
probands had bilateral high myopia (families 13706, 9472,
1267, and 940; Table 2, Figure 1, Figure 3F). One PPV carrier
from one family (13706-1:1) had ICH and ODH. In addition,
high myopia in both eyes was also present in a PPV carrier
family member (12467-1:1) where the proband had bilateral
uveal coloboma.

Among the 34 eyes from 17 individuals with pathogenic
variants of FZD5 in our cohort, typical coloboma, coloboma-
variant, and high myopia were present in 12, 12, and 10 eyes,
respectively. Moreover, typical coloboma in eight eyes was
the most common among 14 eyes of seven cases with frame-
shift variants, whereas coloboma-variant and high myopia
were present in four and two eyes, respectively. For the 20
eyes of 10 individuals with missense variants, coloboma-
variant (eight eyes) and high myopia (eight eyes) were more
common than typical coloboma (four eyes).

DISCUSSION

In this study, eight PPVs (three frameshift variants and five
missense variants) were detected in probands from nine fami-
lies. In total, these variants were present in 17 individuals
from the nine families. Closely related but different pheno-
types were observed in 17 individuals, and these phenotypes
overlapped in different eyes of the same individual, as well
as in different individuals within the same families or among
different families, including uveal coloboma in 12 eyes of
seven patients from four families; ICH or ODH in 12 eyes of
eight patients from six families; high myopia in five patients,
including one who also had ICH and ODH; and posterior
microphthalmos in both eyes of one individual from one
family. The following lines of evidence strongly suggest that
variants in FZD5 contribute to these phenotypes, including
extremely rare PPVs in FZD35 highly enriched in specific
families, association with closely related phenotypes in 17
individuals with FZD5 variants, cosegregation of the variants
with the phenotypes in the nine families, and overlapping
phenotypes within individual families.

Loss-of-function variants are highly rare in #ZD5 (pLoF
=0.98) based on the gnomAD database. In addition, missense
variants predicted to be damaging by multiple online tools
are also highly rare. The frameshift variants and PPVs
described in current studies are exclusively present in the
nine families described here. Such variants with damaging
effects were not detected in families with other eye condi-
tions. Based on the phenotype analysis, segregation analysis,
and ACMG criteria (PVS1, PS4, PM2, PP1, and PP4) [21],
two novel frameshift variants in FZD35, c¢.1428delG and
c.1403_1406dupACCT, were considered pathogenic variants
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in two cases with uveal coloboma. Two frameshift vari-
ants in FZD5 have been reported to cause coloboma in two
families before [15,16]. The truncated FZD5 protein, which
lacks the seven transmembrane Frizzled domains, affects the
activity of the Wnt signaling pathway, which was confirmed
by functional analysis [15]. The frameshift variants in FZD5
that were identified in the current study may have similar
effects. Through bioinformatic analysis, genotype-phenotype
analysis, and conservation analysis, five missense variants,
including two missense variants ¢.1162G>A and ¢.388C>A in
two cases with coloboma, two missense variants ¢.1510A>T
and ¢.794G>T in three cases of high myopia, and one
missense variant ¢.1232A>G in the case of posterior microph-
thalmia, were considered likely pathogenic variants in FZD5
based on the ACMG criteria, although missense variants
in FZD5 have not been reported to cause any hereditary
disease before. Interestingly, an apparent pathogenic variant,
¢.350 356delCGCCGCT, was identified in a proband with
bilateral high myopia, which not only supports the variable
phenotypes observed in different family members but also
indicates that high myopia is a closely related phenotype of
FZD5 variants.

The following points provide strong evidence to
support the association of FZDJ5 variants with the phenotype
described above: 1) novel variants with significant damaging
effects are highly rare in existing databases; 2) such PPVs
are exclusively present in families with related phenotypes;
3) overlapping phenotypes associated with FZD5 variants,
including coloboma, ICH or ODH, and high myopia, are
observed between different eyes of the same person, among
different members within the same family, or among different
members in different families; and 4) cosegregation of related
phenotypes occurs in most families. Such variable pheno-
types associated with FZDJ5 variants have not been reported
before, although incomplete penetrance was present in the
largest family with the first coloboma-associated variant
[15]. However, overlapping phenotypes between coloboma
and high myopia or between coloboma and ICH have been
described before in other genes. With an autosomal domi-
nant inheritance of ocular coloboma due to SOX2 and PAXG6,
family members with same variant exhibited myopia or
ICH [23,24]. Furthermore, in cases with syndromic ocular
coloboma due to variants in SALL4 or TFAP2A, individuals
carrying the same variant may showed coloboma in one eye
and ODH in the other or myopia and ODH [25-27].

In conclusion, eight novel variants were confirmed in
our study in nine families with various phenotypes, including
coloboma, ICH, ODH, and high myopia. Our results provide
additional evidence confirming that FZD5 variants, including
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frameshift and missense variants, can be the potential patho-
genic cause of coloboma. In addition, overlapping pheno-
types, including coloboma, ICH or ODH, and high myopia,
exclusively occurred in individuals with FZD5 variants.
Therefore, FZD5 variants may also lead to a coloboma-related
phenotype, such as ICH, ODH, or high myopia.

APPENDIX 1. SUPPLEMENTARY FIGURE 1.

To access the data, click or select the words “Appendix 1.”
The ultrasonography results from patients with potential
pathogenic variants in FZDJ5. Ultrasonography revealed
posterior staphyloma in both eyes from one patient (5485-11:2;
A-B) and posterior staphyloma in the right eye from another
patient (17413-11:1; C-D)

APPENDIX 2. LIKLEY BENIGN VARIANTS IN
FZDS DETECTED IN OUR STUDY.

To access the data, click or select the words “Appendix 2.”
Note: In gnomAD, 5% varants had REVEL or CADD scores
greater than 0.856 or 29.1, while 75% had such scores less
than 0.613 or 25.1. All the 15 variants were not present in
HGMD, Abbreviations: B=benign; T=tolerated; N=neutral;
PB=possibly damaging; D=damaging.

ACKNOWLEDGMENTS

The authors are grateful to the families for their participa-
tion. This work was supported by grants from National
Natural Science Foundation of China (81770965) and the
Fundamental Research Funds of the State Key Laboratory of
Ophthalmology. The authors declare no conflict of interest.

REFERENCES

1. Onwochei BC, Simon JW, Bateman JB, Couture KC, Mir E.
Ocular colobomata. Surv Ophthalmol 2000; 45:175-94.
[PMID: 11094243].

2. Demetrio R, Ruiz-Sancho D, Roléon N, del Campo A, Blanco
C. Crystalline coloboma. Arch Soc Esp Oftalmol 2015;
90:142-3. [PMID: 25443185].

3. Yoon KH, Fox SC, Dicipulo R, Lehmann OJ, Waskiewicz AlJ.
Ocular coloboma: Genetic variants reveal a dynamic model
of eye development. Am J Med Genet C Semin Med Genet
2020; 184:590-610. .

4. Macdonald AE. CAUSES OF BLINDNESS IN CANADA: AN
ANALYSIS OF 24,605 CASES REGISTERED WITH THE
CANADIAN NATIONAL INSTITUTE FOR THE BLIND.
Can Med Assoc J 1965; 92:264-79. [PMID: 14270210].

5. Gregory-Evans CY, Williams MJ, Halford S, Gregory-
Evans K. Ocular coloboma: a reassessment in the age of

59

10.

11.

12.

13.

14.

15.

16.

© 2021 Molecular Vision

molecular neuroscience. J Med Genet 2004; 41:881-91.
[PMID: 15591273].

Chang L, Blain D, Bertuzzi S, Brooks BP. Uveal coloboma:
clinical and basic science update. Curr Opin Ophthalmol
2006; 17:447-70. [PMID: 16932062].

. Al-Somiary. Gregory-Evans CY, Gregory-Evans K. An
update on the genetics of ocular coloboma. Hum Genet
2019; 138:865-80. [PMID: 31073883].

Williamson KA, Rainger J, Floyd JA, Ansari M, Meynert A,
Aldridge KV, Rainger JK, Anderson CA, Moore AT, Hurles
ME, Clarke A, van Heyningen V, Verloes A, Taylor MS,
Wilkie AO, Consortium UK, Fitzpatrick DR. Heterozygous
loss-of-function mutations in YAP1 cause both isolated and
syndromic optic fissure closure defects. Am J Hum Genet
2014; 94:295-302. [PMID: 24462371].

Zhang X, Li S, Xiao X, Jia X, Wang P, Shen H, Guo X, Zhang
Q. Mutational screening of 10 genes in Chinese patients with
microphthalmia and/or coloboma. Mol Vis 2009; 15:2911-8.
[PMID: 20057906].

Deml B, Reis LM, Lemyre E, Clark RD, Kariminejad A,
Semina EV. Novel mutations in PAX6, OTX2 and NDP in
anophthalmia, microphthalmia and coloboma. European
journal of human genetics Eur J Hum Genet 2016; 24:535-
41. [PMID: 26130484].

Burns CJ, Zhang J, Brown EC, Van Bibber AM, Van Es J,
Clevers H, Ishikawa TO, Taketo MM, Vetter ML, Fuhrmann
S. Investigation of Frizzled-5 during embryonic neural
development in mouse. Dev Dyn 2008; 237:1614-26. [PMID:
18489003].

Fuhrmann S, Stark MR, Heller S. Expression of Frizzled genes
in the developing chick eye. Gene expression patterns GEP
2003; 3:659-62. [PMID: 12972002].

Cavodeassi F, Carreira-Barbosa F, Young RM, Concha ML,
Allende ML, Houart C, Tada M, Wilson SW. Early stages
of zebrafish eye formation require the coordinated activity
of Wntll, Fz5, and the Wnt/beta-catenin pathway. Neuron
2005; 47:43-56. [PMID: 15996547].

Van Raay TJ, Moore KB, Iordanova I, Steele M, Jamrich M,
Harris WA, Vetter ML. Frizzled 5 signaling governs the
neural potential of progenitors in the developing Xenopus
retina. Neuron 2005; 46:23-36. [PMID: 15820691].

Liu C, Widen SA, Williamson KA, Ratnapriya R, Gerth-
Kahlert C, Rainger J, Alur RP, Strachan E, Manjunath SH,
Balakrishnan A, Floyd JA, Li T, Waskiewicz A, Brooks BP,
Lehmann OJ, FitzPatrick DR, Swaroop A. A secreted WNT-
ligand-binding domain of FZD5 generated by a frameshift
mutation causes autosomal dominant coloboma. Hum Mol
Genet 2016; 25:1382-91. [PMID: 26908622].

Aubert-Mucca M, Pernin-Grandjean J, Marchasson S, Gaston
V, Habib C, Meunier I, Sigaudy S, Kaplan J, Roche O, Denis
D, Bitoun P, Haye D, Verloes A, Calvas P, Chassaing N, Plai-
sancié J. Confirmation of FZD5 implication in a cohort of 50
patients with ocular coloboma. European journal of human
genetics. Eur J Hum Genet 2021; 29:131-40. .


http://www.molvis.org/molvis/v27/50
http://www.molvis.org/molvis/v27/appendices/mv-v27-50-app-1.tif
http://www.molvis.org/molvis/v27/appendices/mv-v27-50-app-2.doc
http://www.ncbi.nlm.nih.gov/pubmed/11094243
http://www.ncbi.nlm.nih.gov/pubmed/25443185
http://www.ncbi.nlm.nih.gov/pubmed/14270210
http://www.ncbi.nlm.nih.gov/pubmed/15591273
http://www.ncbi.nlm.nih.gov/pubmed/16932062
http://www.ncbi.nlm.nih.gov/pubmed/31073883
http://www.ncbi.nlm.nih.gov/pubmed/24462371
http://www.ncbi.nlm.nih.gov/pubmed/20057906
http://www.ncbi.nlm.nih.gov/pubmed/26130484
http://www.ncbi.nlm.nih.gov/pubmed/18489003
http://www.ncbi.nlm.nih.gov/pubmed/18489003
http://www.ncbi.nlm.nih.gov/pubmed/12972002
http://www.ncbi.nlm.nih.gov/pubmed/15996547
http://www.ncbi.nlm.nih.gov/pubmed/15820691
http://www.ncbi.nlm.nih.gov/pubmed/26908622

Molecular Vision 2021; 27:50-60 <http://www.molvis.org/molvis/v27/50>

17.

18.

19.

20.

21.

22.

Wang Q, Wang P, Li S, Xiao X, Jia X, Guo X, Kong QP, Yao
YG, Zhang Q. Mitochondrial DNA haplogroup distribution
in Chaoshanese with and without myopia. Mol Vis 2010;
16:303-9. [PMID: 20208987].

Sun W, Huang L, Xu Y, Xiao X, Li S, Jia X, Gao B, Wang P,
Guo X, Zhang Q. Exome Sequencing on 298 Probands With
Early-Onset High Myopia: Approximately One-Fourth Show
Potential Pathogenic Mutations in RetNet Genes. Invest
Ophthalmol Vis Sci 2015; 56:8365-72. [PMID: 26747767].

Sun W, Xiao X, Li S, Jia X, Wang P, Zhang Q. Germline
Mutations in CTNNBI1 Associated With Syndromic FEVR
or Norrie Disease. Invest Ophthalmol Vis Sci 2019; 60:93-7.
[PMID: 30640974].

Xu'Y, Guan L, Xiao X, Zhang J, Li S, Jiang H, Jia X, Yang
J, Guo X, Yin Y, Wang J, Zhang Q. Mutation analysis in
129 genes associated with other forms of retinal dystrophy
in 157 families with retinitis pigmentosa based on exome
sequencing. Mol Vis 2015; 21:477-86. [PMID: 25999675].

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J,
Grody WW, Hegde M, Lyon E, Spector E, Voelkerding K,
Rehm HL, Committee ALQA. Standards and guidelines for
the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular
Pathology. Genet Med 2015; 17:405-24. [PMID: 25741868].

Chen Y, Zhang Q, Shen T, Xiao X, Li S, Guan L, Zhang J,
Zhu Z, Yin Y, Wang P, Guo X, Wang J, Zhang Q. Compre-
hensive mutation analysis by whole-exome sequencing in 41

23.

24.

25.

26.

27.

© 2021 Molecular Vision

Chinese families with Leber congenital amaurosis. Invest
Ophthalmol Vis Sci 2013; 54:4351-7. [PMID: 23661368].

Wang P, Liang X, Yi J, Zhang Q. Novel SOX2 mutation
associated with ocular coloboma in a Chinese family. Arch
Ophthalmol 2008; 126:709-13. .

Goolam S, Carstens N, Ross M, Bentley D, Lopes M, Peden J,
Kingsbury Z, Tsogka E, Barlow R, Carmichael TR, Ramsay
M, Williams SE. Familial congenital cataract, coloboma,
and nystagmus phenotype with variable expression caused
by mutation in PAX6 in a South African family. Mol Vis
2018; 24:407-13. [PMID: 29930474].

Ullah E, Wu D, Madireddy L, Lao R, Ling-Fung Tang P, Wan
E, Bardakjian T, Kopinsky S, Kwok PY, Schneider A, Baran-
zini S, Ansar M, Slavotinek A. Two missense mutations in
SALLA4 in a patient with microphthalmia, coloboma, and
optic nerve hypoplasia. Ophthalmic Genet 2017; 38:371-5.
[PMID: 27661448].

Borozdin W, Boehm D, Leipoldt M, Wilhelm C, Reardon W,
Clayton-Smith J, Becker K, Miihlendyck H, Winter R, Giray
O, Silan F, Kohlhase J. SALL4 deletions are a common cause
of Okihiro and acro-renal-ocular syndromes and confirm
haploinsufficiency as the pathogenic mechanism. J Med
Genet 2004; 41:el113-[PMID: 15342710].

Aliferis K, Stoetzel C, Pelletier V, Hellé S, Angioi-Duprez
K, Vigneron J, Leheup B, Marion V, Dollfus H. A novel
TFAP2A mutation in familial Branchio-Oculo-Facial
Syndrome with predominant ocular phenotype. Ophthalmic
Genet 2011; 32:250-5. [PMID: 21728810)].

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 20 January 2021. This reflects all typographical corrections and errata to the

article through that date. Details of any changes may be found in the online version of the article.

60


http://www.molvis.org/molvis/v27/50
http://www.ncbi.nlm.nih.gov/pubmed/20208987
http://www.ncbi.nlm.nih.gov/pubmed/26747767
http://www.ncbi.nlm.nih.gov/pubmed/30640974
http://www.ncbi.nlm.nih.gov/pubmed/25999675
http://www.ncbi.nlm.nih.gov/pubmed/25741868
http://www.ncbi.nlm.nih.gov/pubmed/23661368
http://www.ncbi.nlm.nih.gov/pubmed/29930474
http://www.ncbi.nlm.nih.gov/pubmed/27661448
http://www.ncbi.nlm.nih.gov/pubmed/15342710
http://www.ncbi.nlm.nih.gov/pubmed/21728810

	Reference r27
	Reference r26
	Reference r25
	Reference r24
	Reference r23
	Reference r22
	Reference r21
	Reference r20
	Reference r19
	Reference r18
	Reference r17
	Reference r16
	Reference r15
	Reference r14
	Reference r13
	Reference r12
	Reference r11
	Reference r10
	Reference r9
	Reference r8
	Reference r7
	Reference r6
	Reference r5
	Reference r4
	Reference r3
	Reference r2
	Reference r1
	Table t1
	Table t2

