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PURPOSE. A molecular diagnosis is only made in a subset of individuals with noniso-
lated microphthalmia, anophthalmia, and coloboma (MAC). This may be due to
underutilization of clinical (whole) exome sequencing (cES) and an incomplete
understanding of the genes that cause MAC. The purpose of this study is to determine
the efficacy of cES in cases of nonisolated MAC and to identify new MAC phenotypic
expansions.

METHODS. We determined the efficacy of cES in 189 individuals with nonisolated MAC. We
then used cES data, a validated machine learning algorithm, and previously published
expression data, case reports, and animal models to determine which candidate genes
were most likely to contribute to the development of MAC.

RESULTS. We found the efficacy of cES in nonisolated MAC to be between 32.3% (61/189)
and 48.1% (91/189). Most genes affected in our cohort were not among genes currently
screened in clinically available ophthalmologic gene panels. A subset of the genes
implicated in our cohort had not been clearly associated with MAC. Our analyses revealed
sufficient evidence to support low-penetrance MAC phenotypic expansions involving
nine of these human disease genes.

CONCLUSIONS. We conclude that cES is an effective means of identifying a molecular
diagnosis in individuals with nonisolated MAC and may identify putatively damaging
variants that would be missed if only a clinically available ophthalmologic gene panel
was obtained. Our data also suggest that deleterious variants in BRCA2, BRIP1, KAT6A,
KAT6B, NSF, RAC1, SMARCA4, SMC1A, and TUBA1A can contribute to the development
of MAC.
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Microphthalmia, anophthalmia, and coloboma (MAC) are
related structural, congenital eye malformations that

display a spectrum of severity and account for approxi-
mately 15% to 20% of severe visual impairment and blind-
ness in children worldwide.1–3 Microphthalmia describes an
eye with reduced volume and a total axial length that is
less than two standard deviations below the population age-
adjusted mean, while anophthalmia is defined as the clini-
cal absence of ocular tissue with no visible sign of a globe.4

Coloboma describes a defect in which tissue is missing from

the eyelid, cornea, iris, lens, ciliary body, zonules, retina,
choroid, and/or optic nerve.5 Colobomas that are situated
inferonasally are thought to arise from incomplete fusion
of the optic fissure, while colobomas located in other sites
are considered atypical and likely to have a different devel-
opmental etiology. MAC prevalence estimates per 100,000
births range from 2 to 17 for microphthalmia, 0.6 to 4.2 for
anophthalmia, and 2 to 14 for coloboma.3

Abnormalities in single genes have been shown to
cause both isolated MAC and nonisolated (syndromic)
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MAC that occurs in association with a spectrum of
extraocular defects. For example, autosomal recessive vari-
ants in STRA6, which encodes a transmembrane receptor
responsible for vitamin A and retinoic acid metabolism,
cause both microphthalmia, isolated, with coloboma 8
(MIM #601186) and microphthalmia, syndromic 9 (MIM
#601186; Matthew–Wood syndrome), in which MAC occurs
in the setting of pulmonary, diaphragm, and/or cardiac
defects.6

Whole-exome sequencing has proven to be an effective
means of identifying putatively damaging single-nucleotide
variants in individuals with MAC, but whole-exome sequenc-
ing is not always ordered on a clinical basis for individ-
uals with these eye anomalies.7,8 In some cases, commer-
cially available ophthalmologic gene panels may be used
as an alternative mode of genetic testing, mostly due to
their lower cost.9 We also note that, although many genes
associated with the development of MAC have been iden-
tified, most cases continue to have an unknown genetic
etiology.8 This suggests the need for further evidence to
support the use of clinical (whole) exome sequencing (cES)
in individuals with MAC and the need to continue to iden-
tify genes that contribute to the development of these
disorders.

Here, we analyze data from a clinical database to
determine the efficacy of cES in individuals with noniso-
lated MAC, and we evaluate the coverage of commer-
cially available ophthalmologic gene panels in light of the
variants identified by cES. We then use cES data, MAC-
specific rank annotation scores generated by a machine
learning algorithm, and previously published expression
data, case reports, and animal models to identify low-
penetrance phenotypic expansions involving MAC that
can be easily overlooked in traditional gene discovery
efforts.

METHODS

Human Subjects Research

This work was approved by the institutional review board
of Baylor College of Medicine (protocol H-47546) and
conducted in accordance with the ethical standards of this
institution’s committee on human research and international
standards.

Clinical Exome Sequencing

All cES data were generated at Baylor Genetics—a Clinical
Laboratory Improvement Amendments–certified laboratory.
The following quality control metrics for cES were gener-
ally achieved: >70% of reads are aligned to the target with
>95% of targeted bases covered at >20 reads, >85% of
targeted bases are covered at >40 reads, and mean cover-
age of targeted bases is >100 reads.

Subject Identification

We searched deidentified data from ∼17,000 individuals
referred to Baylor Genetics for cES (December 2011 to June
2020) for cases in which the indication for testing included
one or more MAC-related phenotypes. Cases in which a
chromosome anomaly was likely to have contributed to
one or more of the phenotypes listed in the indication
were excluded. A total of 189 individuals with “microph-

thalmia,” “anophthalmia,” or “coloboma” listed in their indi-
cation for testing were identified. Within this cohort, 91 indi-
viduals (subjects S1–S91) had one or more variants reported
back to the referring physicians as having the potential to
contribute to all or a subset of the phenotypes listed in
their indication for testing (see Supplementary Table S1).
All of these individuals had nonisolated MAC except for
subject S59.

Variant Reclassification

Variants reported back to the referring physicians of subjects
S1 to S91 as having the potential to contribute to all or
a subset of the phenotypes listed in their indication for
testing were reclassified as pathogenic, likely pathogenic,
a variant of unknown significance (VUS), likely benign, or
benign, based on the American College of Medical Genet-
ics and Genomics (ACMG) standards for the interpreta-
tion of sequence variants by a clinical laboratory geneti-
cist (November 2022; see Supplementary Table S1 for
criteria).10

Data Access

All previously unpublished variants identified in this study
were submitted to ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/; SUB13969089).

Determination of Diagnostic Certainty

Molecular and clinical data were reviewed to deter-
mine the diagnostic certainty—“definitive,” “probable,” or
“provisional”—associated with the variant(s) reported in
each individual based on criteria proposed by Scott et al.11

These criteria consider the ACMG variant classification, vari-
ant inheritance pattern, variant configuration (cis versus
trans), proband sex, and the similarity between the pheno-
types listed in the indication and phenotypes known to be
associated with disorder(s) caused by deleterious variants in
the affected gene(s).

Statistics

Two-tailed Fisher’s exact tests were used to compare
the cES efficacy between MAC subgroups. P values
were generated for these comparisons using the 2 ×
2 contingency table tool from GraphPad (https://www.
graphpad.com/quickcalcs/contingency1/). Box plots were
generated using the Alcula.com Statistical Calculator: Box
Plot program (http://www.alcula.com/calculators/statistics/
box-plot/). Two-tailed unpaired t-tests were performed
using the T test calculator tool from GraphPad (https://www.
graphpad.com/quickcalcs/ttest1/?format=C).

Commercially Available Ophthalmologic Gene
Panels

We manually curated a list of genes screened on three
commercially available ophthalmologic gene panels whose
descriptive labels were “Comprehensive Ocular Disor-
ders Panel,” “Microphthalmia, Anophthalmia, and Anterior
Segment Dysgenesis Panel,” and “MAC and Anterior Segment
Dysgenesis Panel” (September 2023).
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FIGURE. Using machine learning to rank all RefSeq genes based on their similarity to genes known to cause MAC. (A) A previously published
machine learning algorithm was trained using 122 human genes known to cause MAC and/or the human homologs of genes that cause
MAC in mice.13,14 Receiver operating characteristic style curves were generated based on a leave-one-out validation analysis performed for
each knowledge source (colored lines) and an omnibus score (black line) whose positive deviation indicates that our algorithm can identify
genes in the training set more effectively than chance (diagonal line). (B) Box plots showing the algorithmically generated MAC-specific
rank annotation scores for MAC training genes, candidate genes for which there is sufficient evidence to suggest a phenotypic expansion
involving MAC (Table 1), and selected candidate genes with some evidence suggesting an association with MAC but insufficient evidence
to suggest a phenotypic expansion involving MAC (Table 2). The median rank annotation scores of these groups—99%, 69.1%, and 87.1%,
respectively—were greater than what would be expected by chance alone (50%; dotted line).

Curation of Gene Sets

We manually curated a training set of 122 human genes
known to cause MAC and/or the human homologs of genes
that cause MAC in mice (see Supplementary Table S2).

Genes sets used for comparison included 35 genes known
to cause anomalous pulmonary venous return curated by
Huth et al.,12 83 genes known to cause epilepsy curated by
Campbell et al.,13 and 332 human olfactory genes that were
manually curated.

Machine Learning

We manually curated a training set of 122 human genes
known to cause MAC and/or the human homologs of genes
that cause MAC in mice (see Supplementary Table S2). We
used these genes to train a previously published machine
learning algorithm designed to compare the similarity of
all RefSeq genes to a set of training genes based on data
from Gene Ontology, the Mouse Genome Database pheno-
type annotation, the Protein Interaction Network Analysis
platform, the GeneAtlas expression distribution, and tran-
scription factor binding and epigenetic histone modifica-
tions data from the NIH Roadmap Epigenomics Mapping
Consortium.13,14

Leave-one-out cross-validation studies were performed
by iteratively excluding a single training gene and fitting
the machine learning model using the remaining training
genes. For each cross-validation instance, an evaluation of
all RefSeq genes was performed, including the excluded
training gene. The resulting scores were studentized, and
the score of the excluded gene was recorded. The proce-
dure was repeated so that each training gene received
a cross-validated score. We then compared the studen-
tized cross-validated scores of the training set genes to the

scores of all other RefSeq genes derived from applying
the machine learning model constructed using all training
genes. Receiver operating characteristic style curves were
generated from this comparison in which the effective-
ness of the procedure corresponds to the area under the
curve and above the diagonal line, which represents the
result that would be generated by chance alone (Fig. A).
An omnibus curve produced using fit data from all knowl-
edge sources was positive, indicating that the algorithm
could distinguish between the MAC-associated genes in the
training set and all other RefSeq genes better than random
chance.

After validating the algorithm, we generated MAC-specific
rank annotation scores ranging from 0% to 100% for all
RefSeq genes (see Supplementary Table S3). The MAC-
specific rank annotation scores of the 122 genes in the train-
ing set ranged from 100% to 10.7% with a median score of
99% (Fig. B; see Supplementary Table S4 and Supplementary
Fig. S1). In contrast, the median score for all RefSeq genes,
by definition, is 50%.

To confirm that these MAC-specific rank annotation
scores have specificity for the MAC phenotype, we deter-
mined the MAC-specific rank annotation scores of 35 genes
known to cause a different structural birth defect, anomalous
pulmonary venous return (APVR); 83 genes known to cause
a neurologic disorder, epilepsy; and 332 olfactory recep-
tor genes (see Supplementary Table S4).12,13 As expected,
the median MAC-specific rank annotation scores of each
group of genes were progressively lower: 83.6% for the
APVR genes, 76.5% for the epilepsy genes, and 5.2% for the
olfactory receptor genes (see Supplementary Fig. S1). When
the MAC-specific rank annotation scores of the MAC training
gene set were compared to those of the APRV, epilepsy, and
olfactory receptor genes using a two-tailed unpaired t-test,
they were found to be significantly greater (P < 0.0001).
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This suggests that the MAC-specific rank annotation scores
are more highly associated with genes that cause MAC than
genes that cause other phenotypes.

RESULTS

Exome Sequencing Efficacy in Individuals With
Nonisolated MAC

In 189 individuals with nonisolated MAC, a definitive diagno-
sis was made in 46 individuals and a probable diagnosis was
made in 15, making the cES efficacy rate 32.3% (61/189). If
the 30 individuals who received a provisional diagnosis were
included, the cES efficacy rate would be 48.1% (91/189).

The cES efficacy rates for individuals with microph-
thalmia, anophthalmia, or coloboma were 29.4% (25/85),
7.7% (1/13), and 33.3% (43/129), respectively, based on
definitive and probable diagnoses, or 43.5% (37/85), 15.4%
(2/13), and 51.2% (66/129) if provisional diagnoses were
included. No statistically significant difference was seen
in the cES efficacy rates between these MAC subgroups
at the P < 0.05 level, except between the anophthalmia
and coloboma subgroups when provisional diagnoses were
included (P = 0.0182).

Coverage of Commercially Available
Ophthalmologic Gene Panels

To determine if gene panels represent a reasonable alterna-
tive to cES in individuals with nonisolated MAC, we deter-
mined the percentage of genes carrying variants identified
by cES in our cohort that would have been screened in one
of three clinically available ophthalmologic gene panels. Of
the 83 genes with variants reported in this study, the number
screened in the ophthalmologic gene panels ranged from
13 (15.7%) to 25 (30.1%). Among the 48 genes by which
a definitive or probable diagnosis was made in at least
one individual in our cohort, the number screened in the
ophthalmologic gene panels ranged from 11 (22.9%) to 13
(27.1%).

Known MAC Genes and MAC Candidate Genes

Some of the variants reported back to referring physi-
cians occurred in genes whose association with one or
more MAC-related phenotypes is reported in OMIM (https://
www.omim.org/), GeneReviews (https://www.ncbi.nlm.nih.
gov/books/NBK1116/), published review articles, or multi-
ple reported individuals as revealed by manual curation
(see Supplementary Table S1). These genes included ACTB
(n = 1), ASXL1 (n = 1), BCOR (n =2), C2CD3 (n = 1),
CCDC22 (n = 1), CHD7 (n = 3), COL18A1 (n = 1), CREBBP
(n = 2), CRPPA (n = 1), CTNNB1 (n = 1), DHCR7 (n = 1),
EFTUD2 (n = 1), FANCD2 (n = 1), FGFR1 (n = 1), FOXL2
(n = 1), FREM2 (n = 1), FZD5 (n = 1), GJA1 (n = 1), GLI2
(n = 1), KDM6A (n = 1), KMT2A (n = 1), KMT2D (n = 4),
MAB21L2 (n = 1), NAA10 (n = 1), OTX2 (n = 1), PACS1
(n = 3), PAX2 (n = 1), PAX6 (n = 1), PORCN (n = 2), PRR12
(n = 2), PUF60 (n = 1), RAB3GAP1 (n = 2), RAB3GAP2
(n = 1), RARB (n = 3), RERE (n = 1), TMEM138 (n = 1), and
TMEM67 (n = 1). The remainder of the variants identified by
cES were in “MAC candidate genes,” whose association with
the development of MAC in humans has not been clearly
established.

Comparison of MAC-Specific Rank Annotation
Scores Between Cohorts

The MAC-specific rank annotation scores of genes associ-
ated with a definitive or probable diagnosis in our MAC
cohort ranged from 23.3% to 100% with a median score
of 80.3% (see Supplementary Table S5 and Supplementary
Fig. S2). The MAC-specific rank annotation scores of genes
associated with a definitive or probable diagnosis in a previ-
ously published cohort of individuals with a different struc-
tural birth defect, APVR had a similar range, from 27.9% to
97.8%, but only had a median score of 58.2% (see Supple-
mentary Table S5 and Supplementary Fig. S2).12 When the
MAC-specific rank annotation scores of the MAC cohort
were compared to those of the APVR cohort using a two-
tailed unpaired t-test, they were found to be significantly

TABLE 1. Genes With Sufficient Evidence to Suggest a Low-Penetrance Phenotypic Expansion

Gene
Subject, MAC Type,
Diagnostic Certainty

Other Cases of MAC
in the Literature?

Expressed in the
Developing Mammalian

Visual System?*
Animal Models
With MAC?

MAC-Specific Rank
Annotation Score

BRCA2 S10, C, Definitive M in individuals with
Fanconi anemia16

Yes No 53%

BRIP1 S11, M, Definitive M in individuals with
Fanconi anemia16

Yes No 33.5%

KAT6A S38, C, Definitive M18 Yes No 64%
KAT6B S39, M, Definitive No Yes Mouse, M19,20 73%
NSF S54, M, Definitive No Yes Zebrafish, M27 98.8%
RAC1 S73, C, Probable No Yes Mouse, MA (IMPC) 70.6%
SMARCA4 S82, C, Probable MA31 Yes Zebrafish, M33,34 63.1%

Mouse, A (B2B/CvDC)
SMC1A S83, C, Definitive

S84, C, Provisional
MC in individuals with

Cornelia de Lange
syndrome35,36

Yes No 69.1%

TUBA1A S89, C, Definitive M,39 C38 Yes Zebrafish, M40 80.1%

* Based on mouse expression studies catalogued in the Mouse Genome Informatics (MGI) database. A, anophthalmia; B2B/CvDC, NHLBI
Cardiovascular Development Consortium, Bench to Bassinet Program; C, coloboma; IMPC, International Mouse Phenotyping Consortium;
M, microphthalmia.
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TABLE 2. Genes for Which There Is Currently Insufficient Evidence to Suggest a Low-Penetrance Phenotypic Expansion

Gene
Subject, MAC Type,
Diagnostic Certainty

Other Cases of MAC
in the Literature?

Expressed in the
Developing Mammalian

Visual System?*
Animal Models
With MAC?

MAC-Specific Rank
Annotation Score

AFF4 S4, C, Provisional No Yes Mouse, MA (IMPC) 67%
ANK3 S5, C, Provisional C41 Yes No 94.1%
BRAT1 S9, MC, Provisional M42 Yes No 35.9%
KIF2A S42, C, Probable M43 Yes No 37.6%
LRP4† S48, C, Provisional No Yes Mouse, M44 96.8%
TCTN3† S48, C, Provisional No Yes Mouse, A45 99.2%
RP1L1 S53, C, Provisional C46 Yes Zebrafish, M47 86.6%
SKI S79, MA, Provisional No Yes Mouse, MC48 87.5%
SLC12A5 S80, M, Provisional No Yes Mouse, M (IMPC) 92.3%
THOC2 S85, C, Provisional C49 Yes Zebrafish, M50 18.2%

* Based on mouse expression studies catalogued in the Mouse Genome Informatics (MGI) database. A, anophthalmia; C, coloboma; IMPC,
International Mouse Phenotyping Consortium; M, microphthalmia.

† These variants occurred in the same individual.

greater (P < 0.0001). This provides additional evidence of
the specificity of the MAC-specific rank annotation scores.
The only gene leading to a definitive or probable diagno-
sis in both cohorts was EFTUD2, which is known to cause
both MAC and cardiac defects, including APVR, in the setting
of mandibulofacial dysostosis with microcephaly, Guion–
Almeida type (MIM# 610536).12

Identification of Phenotypic Expansions Involving
MAC

Variants in some MAC candidate genes may be present in
individuals in our cohort by chance and/or may be contribut-
ing only to their non-MAC phenotypes. To distinguish these
genes from genes that are likely to contribute to the devel-
opment of MAC, we determined if (1) there were published
reports of individuals with MAC who carried a putatively
damaging variant in the candidate gene, (2) changes in the
candidate gene’s homolog(s) cause MAC-related phenotypes
in animal models, (3) the candidate gene is known to be
expressed in the developing visual system, and/or (4) the
candidate gene has a high MAC-specific rank annotation
score.

Among candidate genes associated with a definitive or
probable diagnosis in our cohort, there is sufficient evidence
to suggest a low-penetrance phenotypic expansion involv-
ing MAC for BRCA2, BRIP1, KAT6A, KAT6B, NSF, RAC1,
SMARCA4, SMC1A, and TUBA1A (Table 1). As a group, these
genes have higher MAC-specific rank annotation scores than
would be expected by chance with a range of 98.8% to 33.5%
and a median score of 69.1% (Fig. B).

Among candidate genes associated with a probable or
provisional diagnosis in our cohort, we were able to iden-
tify additional evidence to suggest a possible association
with MAC for AFF4, ANK3, BRAT1, KIF2A, LRP4, TCTN3,
RP1L1, SKI, SLC12A5, and THOC2 (Table 2). Although these
genes currently do not have sufficient evidence to support
a low-penetrance phenotypic expansion involving MAC, it is
possible that they will ultimately be shown to cause MAC
in humans in future studies. As a group, these genes have
higher MAC-specific rank annotation scores than would be
expected by chance with a range of 99.2% to 18.2% and a
median score of 87.1% (Fig. B). This is consistent with this
group being enriched for bona fide MAC genes.

DISCUSSION

Obtaining a molecular diagnosis though genetic testing has
the potential to provide benefits to affected individuals and
their families.15 cES is not universally ordered on individu-
als with nonisolated MAC. This may be due to uncertainty
regarding the efficacy of cES in this population and the
exclusive use of alternative genetic testing modes such as
commercially available ophthalmologic gene panels. We also
note that a molecular diagnosis is only identified in a minor-
ity of individuals with MAC that undergo genetic testing.8

This suggests that some causative genes have yet to be iden-
tified. In this study, we used a machine learning approach
to identify low-penetrance phenotypic expansions involving
MAC that can be easily overlooked in traditional gene discov-
ery efforts.

Efficacy of cES and Comparison to
Ophthalmologic Gene Panels

The efficacy of cES in our cohort of 189 individuals with
nonisolated MAC was 32.3% (61/189) when considering
only individuals with a definitive or probable diagnosis and
48.1% (91/189) if individuals with a provisional diagnosis
are included. This suggests that cES has a high efficacy
rate among individuals with nonisolated MAC. The cES data
analyzed in this study were generated between December
2011 and June 2020. It is likely that cES studies ordered after
this time period would have even higher efficacy rates due
to advancements in cES technology and our ever-increasing
knowledge of gene/phenotype associations. cES is limited in
its ability to detect structural variants, copy number variants,
and deep intronic variants. These variants are more easily
detected by clinical genome sequencing, which we would
expect would have a higher diagnostic rate.

To determine if gene panels would have yielded compara-
ble results to cES in our cohort, we determined how many of
the 83 genes affected by variants in this study are screened
in three clinically available ophthalmologic gene panels. We
found that only a subset of these affected genes—between
13 (15.7%) and 25 (30.1%) genes—were screened on these
panels. Similar results were obtained when we considered
only the 48 genes by which a definitive or probable diag-
nosis was made—between 11 (22.9%) and 13 (27.1%) genes.
This suggests that cES has the potential to identify putatively
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damaging variants in individuals with nonisolated MAC that
would be missed if only a clinically available ophthalmologic
gene panel was obtained.

BRCA2 and BRIP1

Ophthalmic phenotypes, including microphthalmia, are a
common feature of Fanconi anemia.16 However, pathogenic
autosomal recessive variants in BRCA2 and BRIP1, which
cause Fanconi anemia complementation group D1 (FANCD1;
MIM #605724) and J (FANCJ; MIM #609054), respectively,
have not been previously reported in individuals with MAC.
In this study, subject S10 had iris coloboma and biparental
c.[4965C>G];[7007G>C], p.[(Y1655*)];[(R2336P)] pathogenic
variants in BRCA2, and subject S11 has microphthalmia
and biparental c.[2392C>T];[2392C>T]; p.[(R798*)];[(R798*)]
pathogenic variants in BRIP1. This suggests that biallelic
pathogenic variants in BRCA2 and BRIP1 can cause MAC
in the setting of Fanconi anemia.

KAT6A and KAT6B

KAT6A and KAT6B encode lysine (K) acetyltransferases
that have been shown to play a critical role in transcrip-
tional regulation and various developmental processes.17

Heterozygous variants in KAT6A cause Arboleda–Tham
syndrome (MIM #616268). Heterozygous variants in KAT6B
cause genitopatellar syndrome (MIM #606170) and Ohdo
syndrome, SBBYS variant (MIM #603736) that have over-
lapping features. Subject S38 has a left-sided coloboma of
the optic nerve with visual impairment and phenotypes
consistent with Arboleda–Tham syndrome caused by a de
novo pathogenic c.3385C>T, p.(R1129*) [NM_006766.3] vari-
ant in KAT6A. Microphthalmia has been previously reported
in a man with phenotypes consistent with Arboleda–
Tham syndrome who carried a c.5924A>G, p.(N1975S)
[NM_006766.3] variant in KAT6A that was passed to his
affected daughter, who did not have MAC.18

Subject S39 carries a de novo pathogenic c.5646del,
p.(N1883Tfs*2) variant in KAT6B and has microphthalmia
and phenotypes consistent with Ohdo syndrome, SBBYS
variant. Although we could not identify additional individ-
uals with MAC who have KAT6B-related disorders, we note
that mice who are homozygous for a hypomorphic Kat6b
allele that results in a 90% reduction in Kat6b mRNA have
microphthalmia.19,20

BRPF1 is a chromatin reader that binds to and acti-
vates KAT6A and KAT6B.21 Heterozygous loss-of-function
BRPF1 variants cause intellectual developmental disorder
with dysmorphic facies and ptosis (IDDDFP; MIM #617333).
Recently, two individuals with IDDDFP and MAC have
been described—one with microphthalmia and coloboma
who carried a de novo c.1756_1757insT, p.(Glu586Valfs*12)
[NM_001003694.1] BRPF1 variant and one with coloboma
who carried a c.655G>T, p.(Glu219*) [NM_001003694.1]
BRPF1 variant.21,22 Taken together, these data suggest that
variants affecting the BRPF1-KAT6A/KAT6B complex can
cause microphthalmia and coloboma.

NSF

N-ethylmaleimide-sensitive factor (NSF) is a homo-
hexameric AAA ATPase that plays a role in intracellular
vesicle transport, membrane fusion, and synaptic transmis-
sions.23,24 In 2019, Suzuki et al.24 reported two Japanese girls
who carried missense variants in NSF whose phenotypes

included microcephaly, hypotonia, early-onset seizures,
global developmental delay, and respiratory insufficiency.
This disorder was subsequently named developmental
and epileptic encephalopathy 96 (DEE96; MIM #619340).
Subject S54 is a 5-month-old male who carries the same
de novo c.1688C>T, p.(Pro563Leu) [NM_006178.4] seen
in patient 2 from Suzuki et al.24 He represents the third
individual reported with DEE96. His phenotypes include
microphthalmia, microcornea, seizures, abnormal brain
architecture, cerebral hypomyelination, seizures, respiratory
failure, micropenis, and dysmorphic features.

Suzuki et al.24 also reported that expression of wild-type
NSF in the Drosophila eye using the GAL4-UAS system did
not result in any detectable phenotype, but expression of
NSF carrying the two pathogenic variants associated with
DEE96 resulted in eye defects with the p.(Pro563Leu) vari-
ant causing complete obliteration of the eyes associated with
high levels of cell death being observed in the developing
eye discs.24 Ectopic expression of the mutated NSF genes
under the control of the pan-neuronal nSyb-GAL4 driver
resulted in embryonic or first instar larval lethality. Suzuki
et al.24 concluded that the NSF variants that cause autoso-
mal dominant DEE96 generate dominant negative alleles,
although a different gain-of-function mechanism was not
excluded.

The International Mouse Phenotyping Consortium
(IMPC) has reported that Nsf+/− mice have abnormal retinal
morphology, but MAC was not reported, and complete loss
of Nsf causes embryonic lethality.25,26 However, Hanovice et
al.27 have reported that zebrafish with variants in nsfb—one
of two nsf genes in zebrafish—have mild microphthalmia,
retinal pigment epithelium hypopigmentation, and lens
defects.

These findings, combined with NSF’s high MAC-specific
rank annotation score of 98.8%, lead us to conclude that
MAC-related phenotypes may be caused by deleterious vari-
ants in NSF.

RAC1

RAC1 encodes a RHO GTPase involved in modulation of the
cytoskeleton and plays a role in phagocytosis, mesenchymal-
like migration, neuronal polarization, axonal growth,
adhesion, differentiation, cellular growth, and cell cycle
regulation.28 Pathogenic variants in RAC1 cause intellectual
development disorder, autosomal dominant 48, whose cardi-
nal features include global developmental delay, intellec-
tual disability, structural brain anomalies, and dysmorphic
facial features (MIM #617751). Subject S73 carries a de novo
likely pathogenic c.198A>T, p.(R66S) [NM_018890.4] variant
in RAC1. She has a chorioretinal coloboma, delayed motor
milestones, delayed speech, intellectual disability, hypoto-
nia, coarse dysmorphic features, short stature, hyperexten-
sibility, and failure to thrive. The IMPC has reported that
Rac1+/− mice have microphthalmia and anophthalmia.26

This, combined with RAC1’s high MAC-specific rank annota-
tion score of 80.5%, leads us to conclude that MAC-related
phenotypes can be seen in individuals with deleterious
RAC1 variants.

SMARCA4

SMARCA4 encodes a catalytic subunit of SWI/SNF complexes
that play a role in regulating gene expression and
has been shown to associate with the Fanconi anemia–
related gene FANCA in the nucleus.29,30 Heterozygous vari-
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ants in SMARCA4 have been shown to cause Coffin–
Siris syndrome 4 (MIM #614609), a neurodevelopmental
syndrome. Subject S82 carries a de novo likely pathogenic
c.2738C>T, p.(P913L) [NM_001128849.1] SMARCA4 variant
and has optic nerve coloboma, delayed motor milestones,
hypotonia, agenesis of the corpus callosum, and other
phenotypes commonly seen in individuals with Coffin–
Siris syndrome 4. Errichiello et al.31 reported an individual
with microphthalmia and mild Coffin–Siris syndrome 4 who
carried a c.2935C>T, p.(Arg979*) loss-of-function variant in
SMARCA4.

SMARCA4 is expressed in the developing eye, and the
NHLBI Cardiovascular Development Consortium, Bench
to Bassinet Program (B2B/CvDC; https://benchtobassinet.
com/) has reported that mice that are homozygous for
a c.2381C>T, p.(Thr794Ile) [NM_011417] SmarcA4 vari-
ant have anophthalmia.32 Similarly, smarca4aa50/a50 (yng)
zebrafish also have small eyes.33,34 Taken together, these
findings lead us to conclude that the MAC-related pheno-
type can be seen in individuals with deleterious SMARCA4
variants.

SMC1A

Cornelia de Lange syndrome is a multiple congenital
anomaly syndrome caused by variants in at least six
genes.35 A variety of ophthalmologic phenotypes have been
described in individuals with Cornelia de Lange syndrome,
including microphthalmia and coloboma.35,36 However, MAC
has not been specifically described in individuals with
Cornelia de Lange syndrome 2, which is caused by vari-
ants in SMC1A, a gene on the X chromosome. Subject
S83 is a male with a right-sided coloboma who carries
a maternally inherited c.1114-2A>G, p.(?) [NM_006306.4]
pathogenic variant in SMC1A. Subject S84 is a male with
bilateral iris colobomas who carries a maternally inherited
c.1829A>G, p.(Q610R) [NM_006306.4] VUS in SMC1A. This
suggests that deleterious variants in SMC1A can cause MAC.

TUBA1A

TUBA1A encodes for α-tubulin, a major component of
microtubules within the eukaryotic cytoskeleton. Mutations
in TUBA1A have been shown to cause lissencephaly 3 (MIM
#611603), a neurodevelopmental syndrome characterized
by structural brain malformations, congenital microcephaly,
developmental delay, intellectual disability, a lack of
language development, and diplegia/tetraplegia.37 Subject
S89 carries a de novo pathogenic c.641G>A, p.(R214H)
[NM_006009.3] variant in TUBA1A. Her phenotypes
include coloboma, morning glory disc anomaly, epileptic
encephalopathy, delayed speech and language development,
profound motor delay, ventriculomegaly, nystagmus, epilep-
tic encephalopathy, photosensitivity, short stature, 11 ribs,
and bilateral sensorineural hearing impairment. Oegema
et al.38 reported a 4-year-old girl with bilateral coloboma
who carried a c.641G>A, p.(Arg214His) [NM_006009.3]
TUBA1A variant, and Myers et al.39 reported a boy with
microphthalmia and cataracts who carried a c.808G>T,
p.(Ala270Ser) [NM_006009.3] TUBA1A variant.

In zebrafish, tuba1a is essential for the development
of anterior structures, including the brain and retina.40

Although morpholino tuba1a knockdown could be partially
rescued with the addition of tuba1a mRNA designed
to escape morpholino knockdown, the resulting fish at

52 hours postfertilization still had small eyes compared
to controls.40 TUBA1A is expressed in the developing eye.
These results, combined with TUBA1A’s high MAC-specific
rank annotation score of 80.1%, lead us to conclude that
MAC-related phenotypes can be seen in individuals with
deleterious TUBA1A variants.

Other MAC Candidate Genes

There is currently insufficient evidence to conclude that
deleterious variants in AFF4, ANK3, BRAT1, KIF2A, LRP4,
TCTN3, RP1L1, SKI, SLC12A5, and THOC2 are associated
with the development of MAC (Table 2). However, it is possi-
ble that some or all these genes will ultimately be shown
to be bona fide MAC genes. In particular, we note that
LRP4, TCTN3, RPIL1, SKI, and SLC12A5 are all expressed
in the developing mammalian eye, their zebrafish and/or
mouse homologs have been associated with the develop-
ment of MAC, and they have high MAC-specific rank anno-
tation scores (≥80%).

CONCLUSIONS

We conclude that cES is an effective means of identifying
a molecular diagnosis in individuals with nonisolated MAC
and may identify putatively damaging variants that would
be missed if only a clinically available ophthalmologic gene
panel was obtained. Our data also suggest that deleteri-
ous variants in BRCA2, BRIP1, KAT6A, KAT6B, NSF, RAC1,
SMARCA4, SMC1A, and TUBA1A can contribute to the devel-
opment of MAC.
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