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Abstract
Primary congenital glaucoma is a trabecular meshwork dysgenesis with resultant increased intraocular pressure and ocular 
damage. CYP1B1 mutations remain the most common identifiable genetic cause. However, important questions about the 
penetrance of CYP1B1-related congenital glaucoma remain unanswered. Furthermore, mutations in other genes have been 
described although their exact contribution and potential genetic interaction, if any, with CYP1B1 mutations are not fully 
explored. In this study, we employed modern genomic approaches to re-examine CYP1B1-related congenital glaucoma. A 
cohort of 193 patients (136 families) diagnosed with congenital glaucoma. We identified biallelic CYP1B1 mutations in 
80.8% (87.5 and 66.1% in familial and sporadic cases, respectively, p < 0.0086). The large family size of the study population 
allowed us to systematically examine penetrance of all identified alleles. With the exception of c.1103G>A (p.R368H), previ-
ously reported pathogenic mutations were highly penetrant (91.2%). We conclude from the very low penetrance and genetic 
epidemiological analyses that c.1103G>A (p.R368H) is unlikely to be a disease-causing recessive mutation in congenital 
glaucoma as previously reported. All cases that lacked biallelic CYP1B1 mutations underwent whole exome sequencing. 
No mutations in LTBP2, MYOC or TEK were encountered. On the other hand, mutations were identified in genes linked to 
other ophthalmic phenotypes, some inclusive of glaucoma, highlighting conditions that might phenotypically overlap with 
primary congenital glaucoma (SLC4A4, SLC4A11, CPAMD8, and KERA). We also encountered candidate causal variants in 
genes not previously linked to human diseases: BCO2, TULP2, and DGKQ. Our results both expand and refine the genetic 
spectrum of congenital glaucoma with important clinical implications.

Introduction

Primary congenital glaucoma is trabeculodysgenesis that 
causes increased intraocular pressure and results in ocular 
changes such as buphthalmos and corneal haze. Additional 

clinical features include Haab striae (breaks in Descemet 
membrane), high myopic refractive errors, and cupping of 
the optic nerve (Ko et al. 2015). Primary congenital glau-
coma is the most common form of pediatric glaucoma and 
accounts for nearly a fifth of childhood blindness, which 
reflects its poor prognosis (Gilbert et al. 1994; Tabbara and 
Badr 1985; Taylor et al. 1999). Incidence varies widely 
among different populations being highest among certain 
inbred populations (e.g., 1/1250 in Slovakian Roma) and 
lowest in outbred Western populations (1/10,000) (Genĉík 
1989; Ho and Walton 2004). In the highly consanguineous 
population of Saudi Arabia, a minimum incidence of 1 in 
2766 has been estimated (Abouelhoda et al. 2016).

The identification of CYP1B1 mutations in patients with 
primary congenital glaucoma was a major breakthrough 
in our understanding of the disease (Bejjani et al. 1998). 
Although it remains unclear how mutations in a member 
of the cytochrome P450 family of enzymes of intermedi-
ate metabolism should result in a developmental defect of 
the trabecular meshwork, a developmental role in this tissue 
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has been proposed (Lewis et al. 2017; Zhao et al. 2013). 
Many variants in CYP1B1 have been associated with con-
genital glaucoma (HGMD lists 240), all acting recessively. 
Several interesting aspects have emerged from CYP1B1 
genotype–phenotype studies. Variable expressivity has been 
demonstrated where some variants appear to result in a later 
onset disease, and some have been shown to cause severe 
anterior segment dysgenesis and aniridia (Khan et al. 2011a, 
b, 2013, 2014; Pasutto et al. 2010; Suri et al. 2009; Vin-
cent et al. 2006). Perhaps more surprising is the finding that 
some of these variants cause congenital glaucoma in some 
patients but not others, i.e., reduced penetrance, unusual for 
an autosomal recessive disease (Bejjani et al. 2000). Because 
CYP1B1 mutations account for only a variable percentage of 
primary congenital glaucoma depending upon the specific 
population [< 20% in Japan and USA, but > 85% in Middle 
East (Bejjani et al. 2000; Lim et al. 2013; Mashima et al. 
2001)], there exists the possibility that non-penetrance may 
reflect erroneous disease-variant association and that alter-
native variants in other genes may be causal in those cases.

In this study, we take advantage of the large family size 
of our population and the streamlined referral system for 
primary congenital glaucoma to study the penetrance and 
phenotypic consequences of CYP1B1-related glaucoma, as 
well as the potential causes of CYP1B1-negative cases.

Materials and methods

Human subjects

The majority of patients in our cohort were children diag-
nosed with primary congenital glaucoma by a single experi-
enced clinician (AOK) and referred for genetic counseling. 
A few were cases he diagnosed as atypical congenital glau-
coma (e.g., with ectopia lentis) or as previously misdiag-
nosed glaucoma (e.g., congenital hereditary endothelial dys-
trophy rather that glaucoma); for the latter, genetic analysis 
for congenital glaucoma was done to substantiate the change 
in diagnosis. Congenital glaucoma was defined as congeni-
tal/infantile increased intraocular pressure (typically over 
25 mm Hg) with accompanying buphthalmos, corneal haze/
scarring, induced myopia, and optic disease cupping. Vir-
tually all cases were evident at birth or early infancy. Phe-
notyping was based on the parameters affected in primary 
congenital glaucoma (ocular size, pattern of corneal haze, 
intraocular pressure level, cycloplegic refraction, optic disc 
appearance) with careful consideration of conditions that 
can mimic pediatric glaucoma (Khan 2011). A few cases 
in our cohort, however, were directly referred from other 
ophthalmologists who had made the diagnosis of congeni-
tal glaucoma. After obtaining informed consent using an 
IRB-approved research protocol (KFSHRC RAC#2070023), 

venous blood was collected in EDTA tubes for downstream 
analysis.

Mutation analysis

DNA was extracted using Gentra Puregene Blood Kit and 
QIAamp DNA Blood Mini Kit. The entire coding and flank-
ing intronic sequences of CYP1B1 were amplified by PCR 
and subjected to bidirectional Sanger sequencing. Variants 
were assessed for pathogenicity using the standard ACMG 
criteria. We took advantage of the highly consanguineous 
nature of our population and genotyped all study participants 
who did not harbor CYP1B1 biallelic mutations for autozy-
gome analysis as previously described (Alkuraya 2010). 
Those who mapped to CYP1B1 but had no biallelic muta-
tion in the gene underwent RTPCR analysis whenever RNA 
is available to search for splicing or other regulatory muta-
tions. No copy number analysis of CYP1B1 was performed. 
For penetrance calculation, we followed a two-pronged 
approach. First, we performed full segregation analysis 
of all relatives of the index who agreed to enroll and gave 
their informed consent. Second, we queried our database of 
2363 ethnically matched exomes for whom detailed clinical 
information is available to identify all instances of biallelic 
CYP1B1 mutations and assessed the presence or absence of 
primary congenital glaucoma. Where available, relatives of 
those individuals were sought for recruitment and segrega-
tion analysis as well. Eventually, penetrance was calculated 
for each variant as the ratio of those who are affected and 
homozygous for that variant or compound heterozygous with 
another known pathogenic variant to the total number of 
homozygotes or compound heterozygotes for that variant 
with another known pathogenic variant.

Novel candidate gene discovery

All patients who had no pathogenic/likely pathogenic bial-
lelic CYP1B1 mutations were exome sequenced, including 
those who were only heterozygous. For exome sequencing, 
samples were prepared according to the preparation guide 
of Agilent SureSelect Target Enrichment Kit and the result-
ing libraries were sequenced using the Illumina HiSeq 2000 
sequencer. The Genome Analysis Toolkit (GATK) was used 
for variant calling. We specifically searched for mutations 
in previously reported congenital glaucoma genes: TEK, 
LTBP2 and MYOC. In addition, we applied the following 
filters: coding/splicing, within autozygome (where applica-
ble), and novel/rare (MAF < 0.001 based on gnomAD and 
2363 in-house ethnically matched exomes). We prioritized 
variants that are apparently loss of function (frameshift 
indels, nonsense and canonical splicing) as well as mis-
sense variants with strong pathogenicity prediction based 
on PolyPhen, SIFT and CADD. All candidate variants were 
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confirmed by Sanger sequencing and segregation analysis 
was performed in all available family members.

Results

CYP1B1‑related congenital glaucoma is highly 
penetrant

Our cohort consists of 193 patients from 136 families. The 
yield of pathogenic/likely pathogenic CYP1B1 mutations 
(80.8%) was higher among multiplex compared to sim-
plex families (87.5 and 66.1%, respectively, p < 0.0086). 
Homozygous and compound heterozygous mutations rep-
resented 94.2 and 5.8%, respectively, of these CYP1B1 muta-
tions, consistent with the highly consanguineous nature of 
the study population. All identified CYP1B1 variants were 
previously reported (Table S1). The large family sizes of our 
population allowed us to recruit and test 295 unaffected rela-
tives of the index patients to make a more precise estimate 
of penetrance. In addition, our database of 2363 carefully 
phenotyped and ethnically matched individuals who have a 
wide range of Mendelian phenotypes excluding congenital 
glaucoma permitted us to identify in an unbiased fashion 

those individuals who have biallelic CYP1B1 mutations 
and perform “reverse phenotyping”. Our penetrance esti-
mates for all variants combined were 85.5%. The single most 
common variant was c.182G>A (p.G61E) (n = 107) and its 
penetrance was 87.7% followed by c.1405C>T (p.R469W) 
(n = 40) with 93% penetrance, followed by c.434_443del10 
(p.Arg145Profs*4) (n = 5) with 100% penetrance (Fig. 1). 
Despite the extremely high carrier rate of c.1103G>A 
(p.R368H) variant in the Saudi population (0.01678, com-
pared to 0.01586 for c.182G>A (p.G61E), it was far less 
enriched in our cohort compared to c.182G>A (p.G61E) 
with only one homozygous and two compound heterozy-
gous states and even these had a very low penetrance of 
23% (Figure S1). To test whether there is any enrichment 
at all for this variant in congenital glaucoma, we examined 
an independent ethnically matched cohort recruited on the 
basis of intellectual disability (Anazi et al. 2017). Remark-
ably, we identified three heterozygous individuals (3/147) 
in that cohort, which reflects no enrichment and suggests 
that the presence of c.1103G>A (p.R368H) in our con-
genital glaucoma cohort merely reflects its normal popu-
lation distribution as a common Saudi SNP. Although we 
cannot exclude the possibility that c.1103G>A (p.R368H) 
may have a phenotypic expression later in life, among the 
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Fig. 1   a Distribution of CYP1B1 mutations in the study cohort. Mon-
oallelic refers to cases where only one pathogenic allele in CYP1B1 
was identified. Numbers denote families and numbers in parenthesis 
denote absolute counts of individuals. b Pie chart distribution of 13 

mutations identified in CYP1B1. *c.1103G>A (p.R368H) is included 
in this pie chart simply to show its minimal contribution to the overall 
allele burden but we conclude in the manuscript that it is not patho-
genic (see “Discussion”)
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7 homozygous and compound heterozygous individuals for 
this variant in the Saudi non-congenital glaucoma cohort, 
our findings strongly argue against c.1103G>A (p.R368H) 
as a bona fide disease-causing variant in the context of con-
genital glaucoma and this conclusion is consistent with a 
recent large population genetics study (Lek et al. 2016). 
This prompted us to recalculate the penetrance of the other 
CYP1B1 alleles by excluding those homozygotes and com-
pound heterozygotes for c.1103G > A (p.R368H) and the 
revised overall penetrance was 91.2%. Furthermore, by 
reclassifying c.1103G>A (p.R368H) as a benign SNP, we 
were able to recalculate the minimum incidence of congeni-
tal glaucoma in Saudi Arabia to 1 in 5532.

The phenotypes associated with CYP1B1 are summarized 
in Table S1. Briefly, virtually all cases (97.1%) were bilateral 
(only 3 cases were unilateral) and 8.5% were associated with 
additional ocular findings, e.g., anterior segment dysgenesis, 
corneal flattening and aniridia.

Expanding the differential diagnosis of primary 
congenital glaucoma

CYP1B1-negative cases (34 patients from 28 families) 
underwent exome sequencing. No pathogenic variants in 
LTBP2, TEK or MYOC were identified. Rather, we identi-
fied potentially causal variants in the following genes that 
are known to cause various ocular phenotypes: SLC4A4, 

SLC4A11, ADAM9, CPAMD8, and KERA (Table S1). Of 
these genes congenital glaucoma is only known to be associ-
ated with SLC4A4. The phenotype in the three patients with 
homozygous SLC4A4 variants included band keratopathy, 
which had been thought to be secondary to their severe dis-
ease and multiple surgeries but in retrospect was a primary 
effect of the SLC4A4 mutations (Patel et al. 2017). Patients 
with mutations in SLC4A11, ADAM9, CPAMD8, and KERA 
did have the expected phenotypic features of corneal dys-
trophy, cone-rod dystrophy, lens subluxation, and severe 
anterior segment dysgenesis (prior surgeries may have been 
a confounding factor), respectively.

Identification of novel candidate genes

A novel homozygous apparently loss-of-function variant was 
identified in one gene that has not been linked to human 
diseases: BCO2 (NM_031938.5:c.10C>T:p.Arg4*). In 
addition, a missense variant with high pathogenicity scores 
was identified in TULP2 (NM_003323.2:c.1081A>C:p.
Lys361Gln). Although the novel variant we identified in 
DGKQ (NM_001347.3:c.1148C>T:p.Thr383Met) was 
predicted benign at the protein level, it was suspicious for 
an exonic splicing effect by SpliceAid. Indeed, q-RTPCR 
confirmed marked reduction in the wild-type transcript level 
(> 70%) compared to controls (Fig. 2). All these variants 
were confirmed to fully segregate with primary congenital 
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Fig. 2   a Pedigree of the family with congenital glaucoma and a 
novel DGKQ variant. b Sequence chromatogram of the novel DGKQ 
variant. C) qRT-PCR for DGKQ expression in LCL in patient 
09DG01111 with a missense mutation in this candidate gene com-
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error ± mean. d Cartoon of DGKQ protein and the site of the mutated 
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glaucoma in the respective families and the phenotype was 
non-syndromic and indistinguishable from CYP1B1-related 
glaucoma.

Discussion

Primary congenital glaucoma is one of the most common 
genetic diseases in Saudi Arabia with an estimated incidence 
of 1:2766 (Abouelhoda et al. 2016). Similar to other popu-
lations, we found CYP1B1 to be the most common identifi-
able mutated gene for this disease, albeit at a much higher 
frequency. Precise estimates of the penetrance of CYP1B1-
related congenital glaucoma are lacking despite the large 
number of studies, presumably because of the limited num-
ber of unaffected relatives that could be analyzed. In this 
study, we show that the disease is highly penetrant and the 
few cases of apparent non-penetrance are primarily those 
with c.182G>A (p.G61E), the most commonly encountered 
pathogenic variant in CYP1B1. Unlike c.182G>A (p.G61E), 
c.1103G>A (p.R368H) lacks functional validation and epi-
demiological support of pathogenicity so the non-penetrant 
cases associated with c.1103G>A (p.R368H) may sim-
ply represent normal rather than mutated individuals. The 
observation that despite the comparable general population 
frequency, c.1103G>A (p.R368H), was > 50 fold less com-
mon in our congenital glaucoma cohort, the largest of its 
kind from the study population strongly argues against its 
pathogenic nature. Furthermore, we found a comparable 
frequency of c.1103G>A (p.R368H) in a cohort of intel-
lectually disabled children, which further argues against a 
causal, even partial, link to congenital glaucoma. We recom-
mend that the status of this variant currently listed in public 
databases as “pathogenic”, to be changed to at least “dis-
puted” if not “refuted”, as suggested by the recent ClinGen 
consortium (Strande et al. 2017). The resulting revision of 
the disease burden to 1 in 5532 should be taken with cau-
tion because it does not account for private mutations as 
explained before (Abouelhoda et al. 2016).

Although the clinical diagnosis of primary congenital 
glaucoma is often clear, certain conditions are known to 
have overlapping phenotypes and can be mistaken for the 
diagnosis (Khan 2011). SLC4A11 mutations cause con-
genital hereditary endothelial dystrophy (CHED), a dis-
ease characterized by such significant corneal edema and 
opacity that the clinical picture may be confused with that 
of CYP1B1 mutations (Aldahmesh et al. 2009; Khan et al. 
2010), and we indeed identified one family with CHED 
previously misdiagnosed as primary congenital glaucoma. 
SLC4A4 mutations typically cause a syndrome with the 
triad of band keratopathy, renal tubular disease and intel-
lectual disability. However, we have recently shown that 
a founder 3′UTR mutation can cause an ocular-limited 

phenotype and we report here three cases with primary 
congenital glaucoma and band keratopathy (Patel et al. 
2017). KERA mutations cause cornea plana and we are 
not aware of reports, other than the patients described 
in this study, of KERA-related congenital glaucoma. It 
is conceivable, and perhaps likely, that severe anterior 
segment involvement predisposed to a secondary angle-
closure glaucoma. CPAMD8 mutations have only recently 
been reported as a cause for a unique form of autosomal 
recessive anterior segment dysgenesis that can include 
ectopia lentis (Cheong et al. 2016). We show that con-
genital glaucoma can be part of this phenotype. Our study 
also expands the phenotypes associated with ADAM9 and 
RELN to also include congenital glaucoma; however, we 
cannot exclude the possibility that congenital glaucoma in 
these two families was due to a factor other than homozy-
gous mutations in the identified genes.

The search for additional genetic causes of primary 
congenital glaucoma has been met with limited success. 
The observation that despite the relative homogeneity of 
our study population, we did not identify any recurrently 
mutated genes in CYP1B1-negative cases suggests that 
the disease is heterogeneous genetically, or perhaps there 
are important non-genetic causes that need to be consid-
ered. Another possibility is that at least some underlying 
mutations are non-coding and these are not identifiable by 
exome sequencing, e.g., we did not include CNV analysis 
in our pipeline. We note here that the percentage of famil-
ial cases in the CYP1B1-negative cases without alternative 
etiology in known ocular genes (see above) is curiously 
small (2.1%), which does raise the suspicion that these 
cases may not be genetic. Despite this limitation, we high-
light in this study novel variants in interesting candidates. 
For example, we describe the first human “knockout” for 
BCO2:NM_031938.5:c.10C>T:p.R4X. TULP2 is highly 
expressed in the retina and we note that TULP1 mutations 
are known to cause retinal degeneration, so it is possible 
that TULP2 mutation may also cause an ocular phenotype. 
DAGK4 is also expressed in the mammalian retina and defi-
ciency of its ortholog in furitfly results in retinal degenera-
tion (Pilz et al. 1995). As with other candidate genes, the 
link remains tentative until future cases are described. We 
hope that sharing these candidates will facilitate the identifi-
cation of additional cases, an approach that has been encour-
aged to accelerate the establishment of new disease genes in 
humans (Boycott et al. 2017).

In conclusion, our study defines novel phenotypic and 
genetic aspects of congenital glaucoma. We confirm the 
incomplete penetrance of CYP1B1-related glaucoma and 
provide an estimate of penetrance based on a large and 
unbiased control population. Our study further expands the 
differential diagnosis of congenital glaucoma and suggests 
a few novel candidate genes that require future verification.
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