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1. Disease characteristics
1.1 Name of the disease (synonyms)

See Table 1, Column 1—“Name of disease” and Column 2
—“Alternative names”.

1.2 Online Mendelian Inheritance in Man (OMIM)#
of the disease

See Table 1, Column 3—“OMIM# of the disease”.

1.3 Name of the analysed genes or
DNA/chromosome segments and OMIM#
of the gene(s)

1.3.1 Core genes (irrespective of being tested by Sanger
sequencing or next-generation sequencing)

See Table 1, Column 4—*“Cytogenetic location”, Column 5
—“Associated gene(s)” and Column 6—“OMIM# of
associated gene(s)”.
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1.3.2 Additional genes (if tested by next-generation
sequencing, including whole exome/genome sequencing
and panel sequencing)

See Table 2, Column 1—“Gene”, Column 2—*“Alternative
names”, Column 3—“OMIM# of gene” and Column 4
—*“Cytogenetic location”.

1.4 Mutational spectrum

“True anophthalmia” is defined as abortion of eye devel-
opment at the stage of the developing optic vesicle
(3—4 weeks gestation) leading to absence of the eye, optic
nerve and chiasm. However, more commonly “clinical
anophthalmia” (often interchangeable with the term “severe
microphthalmia”, see Clinical Utility Gene Card for non-
syndromic microphthalmia [1]) occurs, where a small cystic
remnant is detectable on pathology/imaging. Clinical
anophthalmia is caused by the degeneration of the optic
vesicle after it has formed, leading to the presence of a
hypoplastic optic nerve, chiasm or tract. Anophthalmia is
part of the phenotypic continuum with microphthalmia and
coloboma, and can manifest bilaterally or unilaterally (with
the contralateral eye exhibiting associated ocular anomalies
[complex], such as ocular coloboma, microphthalmia, cat-
aract and anterior segment dysgenesis) [2, 3]. In 33-95% of
anophthalmia and microphthalmia, associated systemic
anomalies can be found, however, only 20-45% are the
result of a known syndrome [2—4]. The most common
extraocular features associated with anophthalmia/micro-
phthalmia are craniofacial (including the face, ear and
neck), limb and musculoskeletal anomalies [4-7].

A complex aetiology exists with chromosomal, mono-
genic and environmental causes identified. Chromosomal
anomalies, including aneuploidy, triploidy, translocations,
deletions and duplications account for 20-30% of anoph-
thalmia/microphthalmia patients [2, 3, 8, 9]. Anophthalmia
is clinically and genetically heterogeneous, and may be
inherited through recessive (biallelic) or dominant modes,


http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-019-0479-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-019-0479-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-019-0479-1&domain=pdf
http://orcid.org/0000-0003-0763-3516
http://orcid.org/0000-0003-0763-3516
http://orcid.org/0000-0003-0763-3516
http://orcid.org/0000-0003-0763-3516
http://orcid.org/0000-0003-0763-3516
http://orcid.org/0000-0003-1688-5360
http://orcid.org/0000-0003-1688-5360
http://orcid.org/0000-0003-1688-5360
http://orcid.org/0000-0003-1688-5360
http://orcid.org/0000-0003-1688-5360
mailto:m.moosajee@ucl.ac.uk

389

Anophthalmia including next-generation sequencing-based approaches

(y4DdODIN)
umouyun - - umouwyun S0S1ST -  BWOQO[0d YIIm pAje[os! ‘erufeyydoIoTjy
(£9DdOOIN)
QAISSIOAI [RWIOSOINY €66TP1 ZXSA byl 760019 sanIewIouqe SLI pue sjoerejed ‘erueyydodry € BUWOQO[0d YNM ‘pjefost ‘eruufeiydoIdrjy
9AISS30aI TEWIOSOINY £9¥009 EVIHATY £9¢bg1 elIsIo - (840D § pare[ost ‘erufeqiydoidTy
JUBUIWIOp [ewosoINy LY1109 945 1'cebg $60€19 - (+dODIN) + pere[ost ‘erueyiydoIdtn
QAISSIdRL [eWOSOINY 188109 Xvy 7€ 1Thg1 8€0119 - (EdODIN) € pare[ost “erufeyiydoIdty
QAISS3dAI [eOSOINY £66Th1 ZXSA £rebyl £60019 pae[ost ‘edtur]o ‘erweydouy (zdODN) T pare[ost ‘erueyiydoIdty
QAISS201 [ewosoIne ‘souwrfeyiydoIdIA
pareost ‘[earurpo ‘erwpepydouy
QAISSIdRL [eWOSOINY - - Teby1 0091¢¢ dOOIN (1dODW) 1 perejost “erufeyiydoIdry
(SV0) dwoipuLs orjaworoeoweyydo
$9S19 PdANA Aifoepuks -erupegydouy
QAISSIII [RWIOSOINY 887809 IDONS byl 026902 QuwoipuAs erwpeyydoue SInquopIees (VTIN) setewoue quuij yim erupeyydordry
SAISSIAL [RUIOSOIY 9Y8E19 INLOL 1€'vebel 88€19 - (8S3IAD 8 2dA} “aworpuLs [YoIN
QAISSIII [RWIOSOINY 56809 TNTYA ¢zebe 0SY8HT QUIOIPUAS SITRIA (VLOIN) SWOIPUAS [RUBOYOLIOMNIO BQOIUBRIA
QWOIPUAS SEPIA
BOUI00019[0s pue ‘eisede [euuop ‘erwpeyydororjy
(STIN) $192§0p unys reour] yuim erufepydosdrj (IVONASTD 1
JUBUILWOP payul[-X 96000¢ SODH Teedx 10860¢ (LSAODW) L d1wopuds ‘eru[eyiydomdIA  SOIEWOUE [E)IUSTU0D S[dN[NUI (I SID9JoP ULYS JLaur]
sarewoue
umouyun - - umouyun 00€P7C [eunsajur pue 1reay ‘oko pue efed/diy oo yim efpwnjod Suo QwoIpuAs ofjoLo)-mdey|
QAISS39I Tewosoiny 9119 1ddSD Terb-1grbg 9¢9619 - 1T dwoIpuLs 1aqnof
sarewour
yoIe [eryouelq Js1y pue erwpeypydosonu yim Ajeydesusoidsojoy
JUBUTWOP [BWOSOINY 0£2S91 arm Tv1bg 628019 sarmeay ai[-ATeydooussordojoy yum sarewoue Ameymiig (6ddH) 6 Areydesussordojoyq
umouyun - - umouyun 0S867C SsaI[ewoOUL quIT| [NSIP PuB ‘ddej [euriouqe ‘erurdy dnewseryderq (SN¥A) dwoIpuks sukig
awoipuds snjd-erureypydouy
QAISSOAI [BLIOSOINY - - umouyun 9LL009 Sunyopo reroey yim erwpeyydororjy QwioIpuAs erwpeyydororur Sukry
Qwoipuks AjL1oepuds -soureypydord£iy
suoneuLIojfew Iyio Pim soweydordAy
QAISSIORI [BWOSOINY 0€8L09 ISVYA 171¢hy 000612 QWIOIPUAS 1oSEL] (1SYSVY:) 1 QWOIPUAS Iosel]
QWIOIPUAS UI[I03-Z)[00)
QwIoIpuLs zjjon
JOHA
JUBUILWOP payul[-X 16900€ NOJOd eIy 00950¢ Haod (HQ) erseidodAy [ewwiop (290,
umouun - - umouyun 0S612¢ — erwpeyydoomnu pue SIOB) [ensnun Yim BIPIEOONXA
ssaujeap pue
QAISSIII [RWIOSOINY SH89ST ALIN ¢1de 90€L19  ‘wstuiqre ‘Areydasoroew ‘erweyydoronu ‘sisonadodiso ‘ewoqojo) QwoIpuks QVININOD
SISBD PRAJR[OS] - - b-14b1 0€S219 (019dH) 01 Areydesussordojoy QwoIpuAs uonapep g#b-14b| swosowonyy
umouyun) umouyun) - umouyun) L79509 - QUIOIPUAS [BSBUO[NO00IqRI))
QWIOIPUAS JSAD [eryourlq snojeworsueway jyapoopnasd dry
QwoIpuAs yajoopnasd dif $3j9]0 [e1oURIq SNOJRWOISURWSH
SuiSe aximeward pue jonp [ewde[oseu ‘eropradur
‘uonepIeIar YIMOIS ‘saIor) ONSLIAJOLIRYD YIIM SPI[D [eryoueIg
JUEUIWOp [ewosoIny 08SL01 VZdvidl €'vedg 029¢ll dwoIpuks JOg AWIOIPUAS [BIOBJO[NO0OIYIUEIE
wsipeuoSodAy
JUBUTWOP [BUWOSOINY 786¥%19 TAHONS e 11dg] LS#€09 srdonopeuoSodAy pue erweypydoronu ‘eisane [eueoyo ‘eIuIyIy (SINVE) dwoipuks erweyiydodnu eruryre ewsog
JUBUTWOP [RWOSOINY 80109 9XVd crdry 012901 AydonsAp [eauIod josuo-oje] YHm ‘[eITuasuod ‘joeIere)) (INV) [ eipuiuy
(s)ouad aseasip
dourLIdYU PARIDOSSE JO HINTINO (s)oudd pajerdossy uoneso[ d1eus0IL) AP Jo #INIINO SOWRU JANRUIAY QSBASIP JO dWBN

erwreyiydoronu 210Ads/erweyiydoue OIUOIPUAS pUB OIUOIPUAS-UOU (M PIIRIOOSSE ISBISIP JO MIIAIIAQ | d|qel

SPRINGER NATURE


https://omim.org/entry/106210?search=106210&highlight=106210
https://omim.org/entry/607108?search=607108&highlight=607108
https://omim.org/entry/603457?search=603457&highlight=603457
https://omim.org/entry/614982?search=614982&highlight=614982
https://omim.org/entry/113620?search=113620&highlight=113620
https://omim.org/entry/107580?search=107580&highlight=107580
https://omim.org/entry/605627?search=605627&highlight=605627
https://omim.org/entry/612530?search=612530&highlight=612530
https://omim.org/entry/617306?search=617306&highlight=617306
https://omim.org/entry/156845
https://omim.org/entry/221950?search=221950&highlight=221950
https://omim.org/entry/305600?search=305600&highlight=305600
https://omim.org/entry/300651?search=300651&highlight=300651
https://omim.org/entry/219000?search=219000&highlight=219000
https://omim.org/entry/607830?search=607830&highlight=607830
https://omim.org/entry/600776?search=600776&highlight=600776
https://omim.org/entry/229850?search=229850&highlight=229850
https://omim.org/entry/610829?search=610829&highlight=610829
https://omim.org/entry/165230?search=165230&highlight=165230
https://omim.org/entry/615636?search=615636&highlight=615636
https://omim.org/entry/611654?search=611654&highlight=611654
https://omim.org/entry/244300?search=244300&highlight=244300
https://omim.org/entry/309801?search=309801&highlight=309801
https://omim.org/entry/300056
https://omim.org/entry/248450?search=248450&highlight=248450
https://omim.org/entry/608944?search=608944&highlight=608944
https://omim.org/entry/613885?search=613885&highlight=613885
https://omim.org/entry/613846?search=613846&highlight=613846
https://omim.org/entry/206920?search=206920&highlight=206920
https://omim.org/entry/608488?search=608488&highlight=608488
https://omim.org/entry/615265?search=615265&highlight=615265
https://omim.org/entry/251600?search=251600&highlight=251600
https://omim.org/entry/610093?search=610093&highlight=610093
https://omim.org/entry/142993?search=142993&highlight=142993
https://omim.org/entry/611038?search=611038&highlight=611038
https://omim.org/entry/601881?search=601881&highlight=601881
https://omim.org/entry/613094?search=613094&highlight=613094
https://omim.org/entry/601147?search=601147&highlight=601147
https://omim.org/entry/615113?search=615113&highlight=615113
https://omim.org/entry/600463?search=600463&highlight=600463
https://omim.org/entry/610092?search=610092&highlight=610092
https://omim.org/entry/142993?search=142993&highlight=142993
https://omim.org/entry/251505?search=251505&highlight=251505

P. Harding et al.

390

padyuI-X

umouyun

umouu)

umouyun

QAISS0RX
pUE JUBUIWOP [BWOSOINY

QAISSAdAI

pUE JUBUIWOP [EWOSOINY
QAISSAOAI [EUIOSOINY

QAISSAOAI [EUIOSOINY

QAISSAIAI [BUWIOSOINY

JURUTWIOP [UIOSOINY

JUBUTWOP [EWOSOINY

QATSSOIAT PAUI[-X

JUBUIWIOP [BUIOSOINY

QAISSOAL
pUE JUBUIIOP PayuI[-X

DAISSAIAT
PUE JUBUTWIOP PaYUI[-X

JUBUIWOP [BWOSOINY

LSEV09

02081
Y6209

SYLOT9
97€909

[er4an!
L£0009

6Cri8I

S8¥00€

£1000¢

052081

Z1Icavin

qa4vy
IXVA

9VALS
9XIS

rdIWNd
X10

ZXos

4004

0IVVN

rdqd

1'9¢b-¢zbx

umouyun

umouyun)

umouyun

€' 1¢by

Tedg
£'6ebol

1'7Zbs1
1gehyl

TTehyl
€Tyl

8¢b-L7bx

££'9¢be

11dx

8cbx

cerezhbol

0S8¢€1E

09869¢

18019

081¥91

LL8ST9

CsS19
w19

981109

TE6L09
STI019

06510¢

006902

99100¢

00860¢

8T919

[renued jo A3oreiusd

POUI-X ‘S109JP SuUI[PIN

ad£y 10wReq ‘Qworpuks qu uoys

QWOIPUAS JoSuR[-1oWRg

(#SdYUS) Al 2dK ‘owoipudks A1K1oepLjod-qu joyg

wnnoads epoyes
aered/diy 13010 pue wmsores
snd10d oy Jo sisouae dedo3uruawoeydaoud [eprowyeousyds

QWOIPUAS RO
SUOTPULIOJ[RUI [BULIDP [BD0] PUE [BIGOISD IIM 1SKD [e)IqI0

(#1SdODIN) +1 dtwoipuks ‘erwupegydodiy
erse[dsAp
[eI9[YS OIAWOZIYT JNOYIIM IO [IIM BWOQO[0D IO eruifeyiydoIdrjy

QUIOIPUAS POOM-MIYNBIA
$199Jop deIpIed Jo/pue eruIdy onewseryderp
eise[dodAy Areuowrnd jnoypm 1o Pim erweyydoIdry

(8EDJODN) § BWOGO[0d YiM PaIe[OST BruifeyiydoT

(AINd) 3)9p

onewseryderp pue erweyydordnu ‘sisouafe Areuouwrng

QUWIOIPUAS POOM-MAYNBIA

QwoIpuAs readg

(OVaAd) 1a3yp

serpeo-erweyydoue -eruroy onewserydeip -visejdodAy Areuowng
eisejdodAy Arevownd pue erweypydoronu/erureypydouy
wSeryderp pue yreay ‘Sun| ) Jo suoneULIOJ[EW

Q[qerea pue wisiydiowsAp [eroey piw ym ‘reosrurd ‘erwpeypydouy

BI[B)IUQS [BUI)XD [BULIOUQE PUE ‘SAI[EUIOUR

[enSip ‘sreo pouniojew ‘eryieuSordru yim ‘Testurd ‘erueypydouy
sorpewoue [eudwdoroaap NSIp pue urelq s erupeyydodA
sorewoue Areymid pue erweyydoIory

uonounysAp Areymiid ynoyim 1o s Jesuo-A[res ‘AydonsAp reunay

IdONV
swoIpuks AJiqesip remod[ajur-uoreydajqorAyue-erupeyydoIdry
uonepIejar [eyuewt pue uoreydojqorAyue mim erurreyydoIdTy

QWOIPUAS DY

QwoIpuAs [eudd [eadeydose-erwreypydouy

sar[ewout pajedIsosse Pim erweyiydoue [eorur)

QwoIpuAs ersane [eadeydose pue erwpeyiydodory

SwopuAs erweyydordnu zua|

TVVIN

TdONV

s10050p 1eay [erdes pue AjeSowopnorper ‘sjoereed ‘erueyydorory

QwoIpuks D40
QWOIPUAS [BJUSPOIPIEIOIIBIO[NO)

VVIN
eise[dsAp zuo|
QwoIpuAs erupeyiydororu zuo

(SVH.L) QWOIPUAS [eUIIOPqROILIOY ],

(T1AL9S) T1 eiseidsdp oweloy qu-uoys

xordwos epoyes

AMUUOV UEO‘HU:%m z:OOE—m.-EOOun—U‘_MUO—SUO
(SMSOI) woIpuss

erse[dsAp [e10[oys pue ewoqojoo erueyydoIdr

(TISAOOW) 1 drworpuds ‘erureyiydoromy
(11SAODW) 11 dtwoIpuAs ‘erufeyydosdr

(6SdODIN) 6 drwopuds ‘erweyiydodiy

(9SdOJIN) 9 drwoIpuds ‘erueyiydordny
(SSAOJIN) § drwoIpuds ‘erureyiydordny

(#SIOO) ¥ o1woIpu£s ‘erueyiydoTpy

(£SdOOI) ¢ dropuds ‘erweyiydodiy

(2SdODOI) T dtwoipuds ‘erweyiydoidiy

(1SdOJ) 1 onwoipuks “erupeyiydodijy

(019DdOOIN)
0] BWOQO[0d PIM ‘paje[ost ‘eruufeyiydoIdry

QoueLIdYU]

(s)ouad
PAJLIO0SSE JO H#IN[INO

(S)oua3 pajeIoSSy

uonedo| onRuag0lL)

aseasIp
P Jo #HNINO

SOUIBU SANEUIdIY

ASBASIP JO AUIEN

(panunuoo) | 3jqey

SPRINGER NATURE


https://omim.org/entry/616428?search=616428&highlight=616428
https://omim.org/entry/180250?search=180250&highlight=180250
https://omim.org/entry/309800?search=309800&highlight=309800
https://omim.org/entry/300013?search=300013&highlight=300013
https://omim.org/entry/300166?search=300166&highlight=300166
https://omim.org/entry/300485?search=300485&highlight=300485
https://omim.org/entry/206900?search=206900&highlight=206900
https://omim.org/entry/184429?search=184429&highlight=184429
https://omim.org/entry/301590?search=301590&highlight=301590
https://omim.org/entry/610125?search=610125&highlight=610125
https://omim.org/entry/600037?search=600037&highlight=600037
https://omim.org/entry/607932?search=607932&highlight=607932
https://omim.org/entry/112262?search=112262&highlight=112262
https://omim.org/entry/606326?search=606326&highlight=606326
https://omim.org/entry/601186?search=601186&highlight=601186
https://omim.org/entry/610745?search=610745&highlight=610745
https://omim.org/entry/614402?search=614402&highlight=614402
https://omim.org/entry/604294
https://omim.org/entry/615524?search=615524&highlight=615524
https://omim.org/entry/180220?search=180220&highlight=180220
https://omim.org/entry/615877?search=615877&highlight=615877
https://omim.org/entry/604357?search=604357&highlight=604357
https://omim.org/entry/164180?search=164180&highlight=164180
https://omim.org/entry/610871?search=610871&highlight=610871
https://omim.org/entry/269860?search=269860&highlight=269860
https://omim.org/entry/313850?search=313850&highlight=313850

Anophthalmia including next-generation sequencing-based approaches

391

Table 2 Additional genes associated with anophthalmia/severe
microphthalmia, tested by next-generation sequencing

Gene Alternative names OMIM# of gene Cytogenetic location
BMP7 - 112267 20q13.31

YAP] - 606608 11g22.1

TBCID32 Co6orfl70 615867 6q22.31

BROMI

although most cases of non-syndromic anophthalmia are
sporadic and monoallelic resulting in haploinsufficiency,
such as with PAX6 and SOX2. The occurrence of de novo
changes, mosaicism and non-penetrance makes prediction
of the inheritance pattern difficult. Diagnosis through
molecular/genetic  testing  including  next-generation
sequencing and array comparative genomic hybridisation
(aCGH), can identify the genetic basis of bilateral anoph-
thalmia or severe microphthalmia in 80% of cases, but this
is considerably lower for unilateral cases (<10%) [1, 2, 10].
The low diagnostic frequency of unilateral anophthalmia/
severe microphthalmia indicates only a small number of
disease-associated genes have been identified, which is not
surprising given the complexity of eye development [9].
Advances in next-generation sequencing technology will
allow for the identification of previously unknown
deletions, duplications, inversions and translocations, as
well as non-coding and splice variants [11]. Whole exome
sequencing/whole genome sequencing (WES/WGS) screens
all coding genes/the whole genome, which can increase the
identification of novel disease-associated variants, including
genes in associated loci where no candidate gene has yet
been identified (Table 1), as well as eliminate loci which
have been incorrectly associated with a disease [9, 12].

The major genes associated with anophthalmia broadly
fall into two distinct categories (i) eye field initiating
transcription factors, such as SOX2 (OMIM: 184429) and
OTX2 (OMIM: 600037), or (ii) retinoic acid signalling
pathway components, including STRA6 (OMIM: 610745),
ALDHIA3 (OMIM: 600463) and RARB (OMIM: 180220)
[10, 13, 14].

Approximately 75% of incidences of bilateral
anophthalmia or severe microphthalmia carry monoallelic
(heterozygous) loss-of-function variants in SOX2 or
OTX2, or biallelic (homozygous or compound hetero-
zygous) loss-of-function variants in STRA6 [10, 15].
A wide spectrum of variants have been implicated in
anophthalmia, however, molecular analyses with larger
patient cohorts from a range of different ethnic back-
grounds is required to detect novel variants and more
accurately estimate their relative contribution (Table 1,
Table 2) [7, 10, 16-19].

The most common cause of bilateral anophthalmia and
severe microphthalmia are heterozygous variants of SOX2,
with 76 known variants (63 of which are loss-of-function
deletion, frameshift and nonsense) accounting for up to 40%
of cases [4, 10, 15]. The most common SOX2 variant is the
deletion (NM_003106.3) c¢.70_89del20 (p.Asn24Argfs*)
[10]. The majority of variants (60%) arise de novo, while
8% are known to be inherited [10]. Autosomal dominant
inheritance of disease-associated SOX2 variants can be from
an affected, non-penetrant or mosaic parent [4, 10, 20-22].
Haploinsufficiency of SOX2 can cause isolated unilateral or
bilateral anophthalmia, in addition to Syndromic Micro-
phthalmia 3, where extraocular features include brain
anomalies, neurocognitive delays, seizures, sensorineural
hearing loss, oesophageal atresia, short stature, micro-
cephaly and genital anomalies [4, 23].

Heterozygous variants in OTX2 are the second most
prevalent cause of anophthalmia, with 47 known variant
alleles, 38 of which are loss-of-function variants including
indel, frameshift and nonsense [4, 10]. Approximately 40%
of OTX2 variants arise de novo and 35% are inherited
[10, 15, 24]. The frequency of non-penetrance and variable
expressivity is high with OTX2 changes [10, 15, 24-26].
There have also been multiple confirmed cases of gonadal
mosaicism [10, 15, 24-26]. A recent study reported that for
69 microphthalmia, anophthalmia and coloboma (MAC)
patients with an OTX2 variant, in ten cases a heterozygous
OTX2 variant was transmitted from an unaffected parent,
compared with eight cases of inheritance from an affected
parent [10]. In 2011, it was found that 2/3rds of reported
parents carrying OTX2 mutations were unaffected due to
mosaicism or non-penetrance [24]. The frequency of vari-
able expressivity, non-penetrance and mosaicism for OTX2
variants may have implications for genetic counselling
[25]. Patients with OTX2 associated anophthalmia/severe
microphthalmia display extremely variable phenotypes,
with complex ocular abnormalities including anterior seg-
ment dysgenesis, retinal dystrophy and hypoplasia or
aplasia of the optic nerve and optic chiasm, and syndromic
features including pituitary abnormalities, hypopituitarism,
brain anomalies, seizures and developmental delay
[4, 24, 27, 28].

Biallelic RAX loss-of-function variants account for 2—-3%
of anophthalmia and microphthalmia, and include missense,
nonsense, frameshift and splicing variants, as well as whole
gene deletions [1, 10, 29-31]. Monoallelic carriers of RAX
variants display no ocular phenotype, while patients with
biallelic changes are usually associated with bilateral severe
microphthalmia, alongside neurological features such as
intellectual deficiency and autism [10, 30, 31].

Monoallelic loss-of-function PAX6 changes account for
1-2% of MAC, and are commonly associated complex
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ocular features, including aniridia, although infrequently
associated with systemic abnormalities [10]. Biallelic cases
of PAX6, such as compound heterozygous variants, usually
result in termination of pregnancy or neonatal death [10].

Variants in STRA6 can contribute to bilateral anoph-
thalmia, with 11 known missense and 15 loss-of-function
[10]. STRA6 changes which alter function can cause both
non-syndromic and syndromic anophthalmia, including
Syndromic Microphthalmia 9 (OMIM: 601186), where
termination of pregnancy or death is seen within the first 2
years of life [10, 32-34].

ALDH A3 variants have been estimated to occur in up to
10% of patients with bilateral anophthalmia and micro-
phthalmia, with 11 identified disease-associated variants
described [10, 35-37]. There has been a report of non-
penetrance, and although systemic abnormalities are rare,
there is an association with behavioural problems such as
autism [37, 38].

Monoallelic and biallelic RARB alleles can cause
anophthalmia/microphthalmia due to a loss-of-function
(such as (NM_000965.3) ¢.355C>T (p.Argll9%)) or
gain-of-function (such as (NM_000965.3) c.1159C>T
(p-Arg387Cys)) [13, 14, 35]. Disease-associated RARB
variants have been associated with Syndromic Micro-
phthalmia 12, resulting in the termination of pregnancy,
neonatal death, or severe developmental delay in those
patients who survive the neonatal period [13, 14].

Only 1% of MAC cases screened for GDF6 found a
disease-associated change, but variants are associated with
bilateral anophthalmia or severe microphthalmia [10, 16].
Variants of GDF6 are associated with Klippel Feil syn-
drome, where systemic features include congenital fusion of
the cervical spine vertebrae, a low posterior hairline and a
short neck with limited mobility [5].

All data were mined from primary literature or curated
genomic and phenotype databases, including Online Men-
delian Inheritance in Man, OMIM (http://omim.org/);
ClinVar, public archive of interpretations of clinically rele-
vant variants (http://www.ncbi.nlm.nih.gov/clinvar/); Gene
Reviews  (http://www.ncbi.nlm.nih.gov/books/NBK1116/)
and OrphaNet (https://www.orpha.net/consor/cgi-bin/Disea
se.php?lng=EN). Novel data should be shared through these
databases. They were last accessed on 09 January 2019.

1.5 Analytical validation

Sequencing of both DNA strands. Disease-associated var-
iants should be confirmed using genomic DNA from a new
extraction. Disease-associated variants found with next-
generation sequencing should be verified using Sanger
sequencing or other specific molecular methods (e.g., PCR
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digest); for further details, see the Eurogentest Guideline
[39]. It is important to look for segregation to determine
whether the variant is de novo in isolated cases, providing a
higher likelihood that it affects function. In clinical practice,
aCGH or multiplex ligation-dependent probe amplification
assay may be performed initially to detect deletions or
duplications. Some molecular service labs also offer fluor-
escence in situ hybridisation to identify rearrangements or
copy-number variation.

1.6 Estimated frequency of the disease

(Incidence at birth (“birth prevalence”) or population pre-
valence. If known to be variable between ethnic groups,
please report):

The reported birth prevalence of anophthalmia ranges
from 0.18 to 0.6 per 10,000, which is consistent across
most countries [10, 17, 40-42]. In a prospective UK
childhood incidence study of MAC cases (11.9 per
100,000), clinical anophthalmia was rare, being present in
only 5.2% (7/135) of children under 16 [18]. Of the
anophthalmic cases, two were bilateral, three were uni-
lateral and two had microphthalmia or coloboma in the
contralateral eye [8]. This study found significant
ethnicity differences in the annual live birth incidence,
however, these associations may be confounded by
socioeconomic status [18]. There is no evidence of gender
predilection.

Multiple births, maternal age over 40, low birthweight
and low gestational age are associated risk factors for
anophthalmia [6, 7, 18, 40]. Furthermore, maternal smoking
during early pregnancy, exposure to certain medications
(including the antibiotic nitrofurantoin) during early preg-
nancy and maternal viral infections (including rubella,
CMYV and influenza) may increase the likelihood of having
a child with anophthalmia [41, 43—47].

1.7 Diagnostic setting

Yes. No.
A. (Differential) diagnosis X O
B. Predictive testing X O
C. Risk assessment in relatives X O
D. Prenatal X O

Because of the time constraints of pregnancy, panel
diagnostic or WES/WGS filtering is preferred if there is a
request for prenatal diagnosis.
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2. Test characteristics

Genotype
or disease

A: True positives C: False
negative

Present Absent B: False positives D: True negative

Test

Pos. A B Sensitivity A/(A+C)
Specificity D/(D + B)
Neg. C D Pos. predict value A/(A + B)

Neg. predict
value

D/(C + D)

2.1 Analytical sensitivity

(Proportion of positive tests if the genotype is present in the
analyte.)

2.1.1 If tested by conventional Sanger sequencing

Less than 100%. The proportion is likely <100%, because
primers may be localised on sequences containing SN'Vs or
rare variants, which results in a preferential amplification of
one allele (allele dropout). A supplementary deletion/
duplication diagnostic test should be performed for genes
with a known proportion of large genomic deletions/dupli-
cations as outlined in the section “Analytical validation”.

2.1.2 If tested by next-generation sequencing

Less than 100%. The proportion is likely <100%, because
there might be disease-associated variants in regions that
could not be enriched and/or sequenced by next-generation
sequencing owing to suboptimal coverage of some regions
of interest with this technology depending on next-
generation sequencing strategy. If amplicon-based enrich-
ment strategies are being used, primers may be localised on
SNVs or rare variants, which results in preferential ampli-
fication of one allele. In patients with a highly suggestive
phenotype in whom testing for specific gene alterations
proves negative, a supplementary deletion/duplication
diagnostic test should be performed for genes with a known
proportion of large genomic deletions/duplications as out-
lined in the section “Analytical validation”.

2.2 Analytical specificity

(Proportion of negative tests if the genotype is not present.)

2.2.1 If tested by conventional Sanger sequencing

Nearly 100%. False positives may arise owing to mis-
interpretation of rare polymorphic variants.

2.2.2 If tested by next-generation sequencing

Less than 100%. The risk of false positives owing to mis-
interpretation of rare polymorphic variants may be higher
compared with Sanger sequencing because of greater
number of analysed genes.

2.3 Clinical sensitivity
(Proportion of positive tests if the disease is present.)
2.3.1 If tested by conventional Sanger sequencing

Of those patients that undergo genetic testing of known
causative genes with Sanger sequencing, <10% of patients
with unilateral isolated anophthalmia will receive a mole-
cular diagnosis. Those with bilateral severe cases will have
a 75% diagnostic rate if aCGH and the coding regions of the
following four genes are screened; SOX2, OTX2, PAX6 and
STRAG6 [15].

2.3.2 If tested by next-generation sequencing

See section “If tested by conventional Sanger sequen-
cing”. Variant detection rates are higher when WES is
combined with aCGH and high-resolution analysis of
intragenic microdeletions and microduplications are
performed. WGS may aid in the detection of function-
affecting variants in the promotor region, introns
and other non-coding regulatory elements, and provide
better coverage than exome sequencing. Regulatory
element disruption in anophthalmia remains largely
uncharacterised.

2.4 Clinical specificity
(Proportion of negative tests if the disease is not present.)
2.4.1 If tested by conventional Sanger sequencing

Unknown, however, if anophthalmia is not present, it is
unlikely that a positive test will be detected.

2.4.2 If tested by next-generation sequencing

See section “If tested by conventional Sanger sequencing”.
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2.5 Positive clinical predictive value

(Lifetime risk to develop the disease if the test is positive.)
Anophthalmia is a congenital anomaly; hence, patients
will be born with this defect, therefore nearly 100%.

2.6 Negative clinical predictive value

(Probability not to develop the disease if the test is
negative.)

Nearly 100% as a congenital anomaly (but need to check
no evidence of microphthalmia through axial length
measurements).

Index case in that family had been tested:

Nearly 100%. If the non-affected relative is not a carrier
of an identified disease-associated variant, they have no
increased risk, except a small risk related to the prevalence
in the general population.

Index case in that family had not been tested:

Unknown.

3. Clinical utility

3.1 (Differential) diagnostics: the tested person is
clinically affected

(To be answered if in 1.9 “A” was marked)

3.1.1 Can a diagnosis be made other than through a
genetic test?

No. O (Continue with 3.1.4)
Yes. X

Clinically

Imaging

Endoscopy

Biochemistry

00 0N K

Electrophysiology
Other (please describe)

3.1.2 Describe the burden of alternative diagnostic
methods to the patient

Prenatal diagnosis can be performed through 2D or 3D
ultrasonography during the second trimester (or at 12 weeks
post-conception with a transvaginal ultrasound) or foetal
magnetic resonance imaging (MRI) to visualise the orbit
[2, 48-50]. However, ultrasound examination may appear
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normal in affected foetuses, particularly in early scans
where eye development is arrested after initial formation of
the early eye cup [51].

Postnatal diagnosis can be made through clinical exam-
ination. In order to define whether anophthalmia is “true” or
“clinical/severe microphthalmia”, MRI brain and orbit
imaging can be used to determine the absence of the globe,
optic nerve and optic chiasm or amorphous tissue with a
hypoplastic optic nerve, respectively [2, 52].

A diagnosis of anophthalmia can be made relatively
easily and cost-effectively, but if this anomaly is seen,
children should be investigated within a multidisciplinary
team, including paediatricians and clinical geneticists, to
ensure this is not part of a syndrome. Further monitoring
may be required as syndromic manifestations may present
later in childhood.

3.1.3 How is the cost effectiveness of alternative diagnostic
methods to be judged?

Clinical examination and ultrasound imaging provides a
cost-effective diagnosis [1].

3.1.4 Will disease management be influenced by the result
of a genetic test?

No. O

Yes. X
Therapy (please —
describe)

Prognosis (please Yes, if a variant in a gene is

describe) associated with a syndrome, it may
lead to further investigations for
systemic involvement to prevent
morbidity and maximise function,
e.g., patients with SOX2
anophthalmia syndrome suffer
from a range of multisystem
abnormalities including seizures
and sensorineural deafness, hence
early diagnosis will lead to prompt
supportive treatment, having long
term health economic benefits.

Management
(please describe)

Anophthalmia should be managed
by specialists with expertise in this
condition. Socket expansion using
enlarging conformers can mini-
mise facial deformity, which can
be started very soon after birth. In
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Table (continued)

patients with anophthalmia, there
is often an underdevelopment of
the bony orbit, eyelid or fornices.
Without intervention, the socket
remains underdeveloped and pre-
vents the ability for prosthesis later
in life. In addition, in unilateral
cases may lead to more pro-
nounced facial asymmetry. The
cosmetic deformity may result in
psychological stress for the patient
in the social environment. Intro-
duction of socket expanders to add
volume to the socket facilitates the
progressive growth. In addition,
supportive treatment for associated
systemic abnormalities identified
by genetic diagnosis must be
monitored e.g., reversal of sleep
pattern treated with melatonin
supplements, growth assessment
due to pituitary abnormalities,
such as in the case of SIX6 variants
[52]. Genetic counselling should
be provided for the patient and
family where appropriate, espe-
cially if the mode of inheritance
can be identified [2].

3.2 Predictive setting: the tested person is clinically
unaffected but carries an increased risk based on
family history

(To be answered if in 1.9 “B” was marked.)

3.2.1 Will the result of a genetic test influence lifestyle and
prevention?

If the test result is positive (please describe):

Anophthalmia is a congenital eye anomaly, therefore, if
it is not clinically present at birth then this will
not develop later in life. However, if an individual is
clinically unaffected but a carrier, this information will
inform family planning if the mode of inheritance can be
identified.

If the test result is negative (please describe):

If the clinically unaffected person has a negative test
result, no further follow-up is required. The result will
inform family planning.

3.2.2 Which options in view of lifestyle and prevention does
a person at-risk have if no genetic test has been done
(please describe)?

A patient with anophthalmia has no vision in the affected
eye. If there is bilateral involvement, in addition to other
syndromic features, this may impact all aspects of lifestyle
including schooling and future profession. Hence, a clinical
diagnosis can help to provide support from an early age for
both the patient and family, at home and at school, and
guide career and work choices.

3.3 Genetic risk assessment in family members of a
diseased person

(To be answered if in 1.9 “C” was marked.)

3.3.1 Does the result of a genetic test resolve the genetic
situation in that family?

Yes, although there may be variable expressivity, non-
penetrance and germline mosaicism, which will complicate
the advice that can be given.

3.3.2 Can a genetic test in the index patient save genetic or
other tests in family members?

If a disease-associated change is identified in the index
patient, family members can be tested, but ophthalmic
examination is also helpful, for example to ascertain
microphthalmia or other related ocular features on the
phenotypic continuum. Test negative family members, who
are clinically unaffected, do not need any further investi-
gation or monitoring.

3.3.3 Does a positive genetic test result in the index patient
enable a predictive test in a family member?

Yes, if the variant is known.
3.4 Prenatal diagnosis
(To be answered if in 1.9 “D” was marked.)

3.4.1 Does a positive genetic test result in the index patient
enable a prenatal diagnosis?

Yes. Germline mosaicism and/or non-penetrance render the
prediction of recurrence risk difficult in monogenic anoph-
thalmic individuals; however, molecular genetic studies for
known variants are possible on amniotic fluid foetal cells
withdrawn after 14 weeks of gestation or on chronic villus
sampling at 10-12 weeks gestation, and can facilitate the
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diagnosis of anophthalmia [1, 2, 51]. In addition, transvaginal
ultrasonography enables the detection of anophthalmia from
12 weeks gestation, through 2D or 3D ultrasonography during
the second trimester or using foetal MRI to visualise and
analyse the orbit of a foetus [2, 48-50].

Non-invasive prenatal diagnosis of aneuploidies and
some monogenic disorders can be achieved by molecular
testing of cell-free foetal DNA (cffDNA) from maternal
plasma [53-58]. While non-invasive prenatal diagnosis of
anophthalmia is not currently available, the reduced risk of
non-invasive, early screening (7-9 weeks), makes cffDNA a
valuable emerging tool for diagnosis of genetic disorders,
particularly for patients with known risk [53, 54].

4, If applicable, further consequences of
testing

Please assume that the result of a genetic test has no
immediate medical consequences. Is there any evidence that
a genetic test is nevertheless useful for the patient or his/her
relatives? (Please describe)

Identifying the genetic cause can aid in identifying
additional syndromic features in addition to guiding genetic
counselling by identifying the mode of inheritance. Pre-
implantation diagnosis may be an option for bilateral
anophthalmia/severe microphthalmia.
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