
Glaucoma mainly results from a slow, asymptomatic, and 
bilateral build-up of pressure in the eye, as the fluid drainage 
channels become progressively blocked, leading to damage 
of the optic nerve [1]. In less frequent forms, the presence 
of increased intraocular pressure is congenital, occurring 
in about 1 out of 10,000 births in Western populations [2]. 
Glaucoma manifests during the neonatal or early infantile 
period [3]. In developing countries, as the disease often goes 
undetected or untreated in the childhood, damage to the optic 
nerve often leads to irreversible corneal opacification, and 
eventually, permanent visual loss.

Most cases of primary congenital glaucoma (PCG) are 
sporadic. However, its prevalence among consanguineous 
families and some ethnic groups supports a genetic basis for 
this disorder [4]. The inheritance is predominantly autosomal 
recessive, although pedigrees with a dominant transmission 
mode have also been described [5]. Mutations in different 
genes, largely CYP1B1 (GLC3A, 2p22-p21; Gene ID:1545; 
OMIM 601771), but also MYOC (Gene ID:4653; OMIM 

601652), LTBP2 (Gene ID:4053; OMIM 602091), PITX2 
(Gene ID:5308; OMIM 601542), FOXC1 (Gene ID:2296; 
OMIM 601090), and PAX6 (Gene ID:5080; OMIM 607108), 
have been associated with congenital glaucoma cases in 
various populations [6-9]. However, data on underlying 
genetic variants in African populations remain limited [10]. 
As part of a comprehensive study aimed at investigating the 
genetic etiology of vision impairment in the Mauritanian 
population [11], this study examined, for the first time, the 
mutation spectrum of the main glaucoma candidate genes in 
Mauritanian families with PCG.

METHODS

Selection of families: Initially, 16 visually impaired children, 
from 16 unrelated families, attending a school for the blind 
in Nouakchott, the capital city, were recruited. Age at onset 
of the disease and family medical history were recorded 
following interviews with the parents. Ophthalmological 
examination of the patients included visual acuity measure-
ment, slit lamp, tonometry, and fundoscopy. Pedigrees of 
the four families with more than one patient with PCG were 
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charted. Other ocular abnormalities, such as cataract, were 
excluded.

Targeted exome sequencing: DNA extraction from periph-
eral blood collected in EDTA tubes was performed using the 
QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany). 
Venous blood was drawn in EDTA- containing vacutainer 
tubes and used for DNA extraction within hours from the 
time of collection. For longer term storage, samples were kept 
at -20 °C. Genomic DNA was extracted using the QIAamp 
DNA Blood Mini Kit (Qiagen, Hilden, Germany) following 
manufacturer’s instructions. Underlying mutations were first 
searched in the probands with next-generation sequencing 
(NGS) using a custom-designed in-solution capture array 
targeting a panel of 55 glaucoma candidate genes. Details of 
the relevant genes are provided in Appendix 1. Library prepa-
ration, qualification, and NGS on the HiSeq 2000 platform 
(Illumina, Inc., San Diego, CA) were performed as described 
previously [10]. Briefly, after DNA extraction, shearing, liga-
tion, library selection and hybridization, targeted captured 
multiplex DNA samples were then amplified by ligation-
mediated PCR (LM-PCR) using SeqCap EZ Accessory Kit 
v2 (Roche, Swiss) with the following program: 98 °C×45 s, 
(98 °C × 15 s, 60 °C × 30 s, 72 °C×30 s) × 13 cycles, and 
hold at 4 °C after 72 °C×1 min. After purification, reads 
sequencing on amplified captured multiplex DNA sample 
was then performed followed by assembly of the sequences 
and gene annotation.

Direct Sanger sequencing was subsequently performed 
to confirm the NGS data and familial segregation. Indi-
viduals used as controls included sighted persons from the 
four enrolled families and other PCG-unaffected subjects 
from the general population. In total, DNA from 15 controls 
(visually non-impaired subjects) was analyzed using the same 
sequencing approach. Details of the designed relevant PCR 
primers are shown in Table 1.

Bioinformatics analyses: In the reads mapping against 
the human genome 19 (hg19) reference sequence to reveal 
potential genetic differences, we used single nucleotide 
polymorphism (SNP) databases such as HapMap project, 
1000 Genome Project, Exome Variant Server (EVS), Exome 
Aggregation Consortium (EXAC), and Genome Aggrega-
tion Database (GnomAD). Alamut Visual 2.11 (Interactive 
Biosoftware, Rouen, France) was used to estimate the patho-
genicity of detected variants. The amino acid change was 
considered potentially disease causing if predicted by at least 
one of the programs (PolyPhen2), Sorting Intolerant From 
Tolerant (SIFT), and Mutation Taster. Amino acid conser-
vation across species was studied with the UCSC Genome 
Browser.

Approval for this study was given by the ethics 
committee of the University of Sciences, Technologies and 
Medicine, Nouakchott, Mauritania. The purpose of the study 
was explained to the participants, and their informed and 
signed consent taken. For children, the parents’ approval 
was obtained. This study was carried out in accordance with 
the ethical principles for medical research involving human 
subjects defined by the World Medical Association Declara-
tion of Helsinki.

RESULTS

Clinical exploration: Out of the 16 visually impaired children, 
from 16 recruited families, bilateral PCG was confirmed or 
newly diagnosed in only four families, as affected children 
from these families were found to have at least one other 
PCG patient relative. They were subsequently termed blind-
ness by glaucoma in Mauritanian families (BGMFs). In all 
patients, signs of vision loss were noticed in the first year of 
life. They presented photophobia, epiphora, corneal clouding, 
and enlargement of the globe or cornea. The extent of impair-
ment varied initially but led to total blindness in all PCG 
cases. Pedigrees (Figure 1) were consistent in two families 
(BGMF1 and BGMF2) with autosomal recessive inheritance. 

Table 1. List of genes and primer sequences used to detect mutations in PCG patient DNAs.

Gene Location Primers
CYP1B1 Exon 2 F:TCGCCATTCAGCACCACTAT
  R:CTCCACCCAACGGCACTCAG
MYOC Exon 3 F:TGGCTACACGGACATTGACT
  R:TAGCTGCTGACGGTGTACAA
NTF4 Exon 2 F:CCAAAACCCCATGTGGTTTC
  R:GCTGTGTGCGATGCAGTCAG
WDR36 Exon 18 F:ACACAGCTTTGTTATGATGGCA
  R:GCCTTTGGTAGCAATATCTCCT

http://hapmap.ncbi.nlm.nih.gov/
http://www.1000genomes.org/
http://evs.gs.washington.edu/EVS/
http://exac.broadinstitute.org/
https://gnomad.broadinstitute.org/
http://genetics.bwh.harvard.edu/pph2/
http://sift.jcvi.org/
http://www.mutationtaster.org/
https://genome.ucsc.edu/
https://genome.ucsc.edu/
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In the two other families, an autosomal dominant pattern was 
observed. No signs of additional ocular deficiency or other 
organ disease were diagnosed in the patients.

Genetic screening: Mutation analysis of data from targeted 
exome sequencing performed on the DNA of the probands 
from the four selected families showed sequence variations in 
different genes. Each family affected with PCG carries only 
one mutant gene (Table 2). In BGMF1, a homozygous muta-
tion in CYP1B1 (OMIM: 601771) was detected in the proband 
(a 10-year-old girl). This 2 bp deletion (c.217_218delTC) 
occurred in exon 2 and created a frame shift at the conserved 
Ser73 codon. The new reading frame brought on a termi-
nating codon at position 150 downstream (p.Ser73Valfs*150). 
The homozygous mutation was confirmed in the proband, 
and identified in her brother, also blind due to PCG, with 
Sanger sequencing. This mutation was also detected, in the 
heterozygous state, in the family’s father who was visually 
unimpaired (Figure 1A).

A second homozygous mutation, in the MYOC gene 
(OMIM: 601652), was detected in the proband of the 
BGMF2 family. This missense mutation (c.878C>A) in exon 
3 (rs139122673) was also identified in his cousin, with Sanger 

sequencing. The mutation provoked the replacement of threo-
nine by a lysine amino acid (p.T293K; Figure 1B). Both muta-
tions (c.217_218delTC) in CYP1B1 and (c.878C>A) in MYOC 
were classified as rare variants based on their respective 
minor allele frequency (MAF) in the ExAc database (Table 
2).

A heterozygous missense mutation (c.601T>G) in exon 
2 of NTF4 (OMIM: 162662) translating at the protein level 
in p.Cys201Gly was also found and confirmed with Sanger 
sequencing in two blind members of BGMF3. The proband 
and his mother were both affected by bilateral PCG (Figure 
1C).

In BGMF4, another heterozygous mutation in exon 18 of 
WDR36 (c.2078A>G, p.Asn693Ser) was carried by a 13-year-
old boy and his father; both were patients with PCG. This 
mutation, inducing the replacement of a conserved amino 
acid at position 693 (p.Asn693Ser), was previously reported 
in dbSNP (rs752189803) and predicted as deleterious and 
probably damaging by Mutation Taster and SIFT respec-
tively (Figure 1D). The changes in these three amino acids, 
(p.T293K), (p.Cys201Gly), and (p.Asn693Ser), were all found 
in conserved regions of the respective proteins (Figure 2).

Figure 1. Family pedigrees and DNA partial sequences showing mutations in respective genes. A: Deletion (c.217_218delTC) in exon 2 
of CYP1B1 (OMIM: 601771) in blindness by glaucoma in Mauritanian family 1 (BGMF1). B: Missense mutation (c.878C>A) in exon 3 
(rs139122673) of MYOC (OMIM: 60165) in BGMF2. C: Missense mutation (c.601T>G) in exon 2 of NTF4 (OMIM: 162662) in BGMF3. D: 
Missense mutation (c.2078A>G) in exon 18 of WDR36 in BGMF4.

https://www.ncbi.nlm.nih.gov/omim/?term=601771
https://www.ncbi.nlm.nih.gov/omim/?term=601652
https://www.ncbi.nlm.nih.gov/snp/rs139122673
https://www.ncbi.nlm.nih.gov/omim/?term=162662
https://www.ncbi.nlm.nih.gov/snp/?term=rs752189803
https://www.ncbi.nlm.nih.gov/omim/?term=601771
https://www.ncbi.nlm.nih.gov/omim/?term=60165
https://www.ncbi.nlm.nih.gov/omim/?term=162662
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DISCUSSION

Next-generation sequencing is revolutionizing clinical 
research, given the technique’s huge power to quickly identify 
DNA variations in a wide range of disease-associated genes 
[12,13]. This screening method seemed to us more appro-
priate, compared to conventional Sanger sequencing, as no 
data were available on the genetic etiology of glaucoma in 
the Mauritanian population. The results obtained in the four 
affected families confirmed this choice. The data reported in 
this study showed no predominance of any of the identified 
genes, with each family harboring defect in a distinct gene. In 
BGMF1, one homozygous deletion (c.217_218delTC) in exon 
2 of CYP1B1 was identified. It was confirmed in the proband 
and other family members with Sanger sequencing. The 
mutation was not observed in non-affected family members or 
the healthy controls. Homozygous and heterozygous mutant 
alleles were found in the family but only the homozygous 
state cosegregated with the phenotype, which is consistent 
with the common recessive inheritance pattern of variations 
in this gene [14]. CYP1B1 was the first gene in which muta-
tions were described in patients with PCG [15]. This contri-
bution has been reported among various human populations 
from different ethnic backgrounds and geographic locations, 
reaching up to 40–50% in Turkish, Brazilian, and French 

populations [16-18] and nearly 100% in Slovakian Roma and 
Saudis [19,20]. The absence of an apparent genetic connec-
tion between these populations supported a potential effect of 
this gene on the glaucoma phenotype. The expression of the 
encoded CYP1B1 protein, a cytochrome P450 heme protein 
superfamily member mostly bound to the endoplasmic 
reticular membrane, was also suggested to be critical for 
eye development [21]. In this study, the new reading frame 
induced by (c.217_218delTC) changed the primary sequence 
downstream Ser73 and likely, as a result, the folding of the 
affected region. The new reading frame also brought in a 
terminating codon at position 150 (p.Ser73Valfs*150) causing 
the 543 amino acid polypeptide to be heavily shortened. 
These two significant alterations may have upset the protein’s 
properties and therefore its relevant biologic function. Other 
neighboring mutations have previously been reported to 
perturb the protein’s involvement in eye physiology. For 
instance, mutation (c.171G>A; p.Trp57*) leads to truncation 
of the protein at position p.Trp57*, disrupting the folding of 
the highly conserved COOH (carboxy) terminus containing 
the heme binding domain, essential for the mono-oxygenase 
activity of CYP1B1 [22,23]. Two missense mutations, 182G>A 
(p.Gly61Glu) and c.241 T>A (p.Tyr81Asn), found in this 
region are also associated with primary congenital glau-
coma, by substantially reducing either the enzymatic activity 

Figure 2. Alignment of the peptides sequences of MYOC, NTF4, and WDR36 in human and other species. The CLUSTAL W (v.2.0) computer 
program was used for multiple alignment of amino acid sequences.
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(p.Gly61Glu) or the relative total abundance (p.Tyr81Asn) 
of the CYP1B1 protein [24,25]. Although the biochemical 
pathway by which CYP1B1 causes glaucoma remains unclear, 
it has been hypothesized that as the CYP1B1 protein plays 
a role in the regulation of intraocular fluid secretion, the 
structural abnormalities induced by these mutations could 
impede fluid drainage, leading to high intraocular pressure 
[26,27]. This speculation may be extended to the mutation in 
this study, given the mutation’s effect on the protein primary 
structure and proximity with the mutations mentioned.

Although current reports showed that CYP1B1 is the 
main primary congenital glaucoma mutated gene with a 
wide range of PCG-related mutations, the prevalence of vari-
ants in CYP1B1 was found to be relatively low in numbers 
of patients with PCG, not exceeding for instance 10% to 
20% in Mexican, Australian, Chinese, and Japanese popula-
tions [28-31]. In addition, the presence of only heterozygous 
mutations of this gene such as p.Q229K, p.R368H, p.R469W, 
p.V320L, p.A330F, p.V364M and p.G329S [16,17,32-37] in 
some patients with PCG was inconsistent with the typical 
recessive inheritance pattern of mutations in CYP1B1. It 
supports the genetic heterogeneity of the disease; that is, the 
effect of other genes is likely.

Myocilin gene (MYOC), on chromosome 1, is the 
second most commonly mutated gene in the develop-
ment of primary congenital glaucoma, alone or in asso-
ciation with CYP1B1 through double heterozygous variants 
[38-40]. Although digenic inheritance has been reported 
to cause the disease, mutations involving simultane-
ously MYOC and CYP1B1 genes were not identified in the 
patients in the present study. In addition, as in the Moroccan 
population [41], variant 878C>A, p.T293K was the only muta-
tion in MYOC associated with PCG. This result also extended 
the list of shared alleles reported between the two popula-
tions [42]. However, different from the CYP1B1 protein, the 
mechanism by which variations in the MYOC gene, including 
the mutation described in the present study, may have caused 
glaucoma could not be speculated on, as the precise role of the 
normal 57 kDa myocilin protein is still unknown.

Although the preponderant contribution of CYP1B1 and 
MYOC genes, independently or in synergy, in the physiopa-
thology of the onset of the disease was recognized, the low 
prevalence of both gene variations in numerous PCG popu-
lations remained small, to account for the genetic evidence 
indicated by the family history and the inheritance pattern 
of PCG in the described families [43,44]. For instance, 
in this region, 51.11% of Moroccan patients with PCG did 
not carry mutation in the CYP1B1 or MYOC gene [41]. In 
addition, defects in genes such as FOXC1 (Gene ID:2296; 

OMIM 601090), FOXE3 (Gene ID:2301; OMIM 601094), 
LTBP2 (Gene ID:4053; OMIM 602091), NTF4 (Gene ID:4909; 
OMIM 162662), OPTN (Gene ID:10133; OMIM 602432), 
WDR36 (Gene ID:134430; OMIM 609669), PAX6 (Gene 
ID:5080; OMIM 607108), CACNA1A (Gene ID:773; OMIM 
601011), PITX2 (Gene ID:5308; OMIM 601542), TBK1 (Gene 
ID:29110; OMIM 604834), and TEK (Gene ID:7010; OMIM 
600221) have been reported, mostly in sporadic PCG cases 
[45,46]. This allelic heterogeneity with numerous genes 
involved is also supported by the large panel of 55 glaucoma 
candidate genes used in NGS. In the present study, muta-
tions were found in two of these genes (NTF4 (c.601T>G, 
p.Cys201Gly) and WDR36 (c.2078A>G, p.Asn693Ser), each 
in a different family.

With the exception of CYP1B1, in which mutations have 
widely been associated with primary congenital glaucoma, 
the three other genes reported here (MYOC, WDR36, and 
NTF4) have mostly been found mutated in primary open 
angle glaucoma (POAG), although, as mentioned above, 
different studies have found mutations of these genes in fami-
lies with PCG with different ethnic and geographic origins 
[47]. These reports added to the data we found here support 
at least a partial contribution of these genes in the molecular 
mechanisms underlying PCG pathogenesis. Furthermore, 
the three affected amino acid residues (threonine, cysteine, 
and asparagine) were evolutionarily conserved and were not 
found in the controls.

However, given the limited number of families and 
affected members per family in the present cohort, a distinc-
tive disease-causing role of these three genes ought to be 
cautiously considered. Additional epidemiological data from 
a larger number of families affected by PCG and functional 
studies of the identified variants are therefore necessary to 
assess the genetic contribution of these nucleotide varia-
tions. In addition to the limited number of families, this gene 
heterogeneity may also be due to the NGS technology used in 
this study, which allowed screening among a wider range of 
potential candidate genes compared to the Sanger sequencing 
used in most of the previous studies and targeting only one 
or two known genes, mainly the CYP1B1 and MYOC genes.

Whole exome sequencing is increasingly used in 
revealing novel functional variations in patients with no 
mutations in known disease-associated genes [48]. However, 
although about 85% of disease-causing mutations in the 
human genome are located in protein coding regions, DNA 
variations in regions outside the exons were shown to affect 
gene activity and protein expression leading to genetic disor-
ders [48]. The PCG phenotype in patients carrying heterozy-
gous mutations, in this work and other studies, may partially 
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be related to an auxiliary effect linked to DNA changes in 
these regions, which whole genome sequencing may reveal.

At the ethnic level, mutations in the CYP1B1 and MYOC 
genes were found in white Maure families while those in the 
WDR36 and NTF4 genes were identified in black African 
families. This PCG gene ethnic distribution, although still 
to be confirmed with a larger cohort study, is consistent 
with the genetic heterogeneity of the Mauritanian population 
sustained by previous work [49]. This study may also shed 
light on the inheritance of PCG in the Mauritanian population 
as this work revealed that autosomal recessive and dominant 
transmission modes were equally present, while the recessive 
pattern is predominant worldwide [50].

Conclusions: In this study, we identified DNA variations 
in four genes (CYP1B1, MYOC, NTF4, and WDR36) which 
may be associated with primary congenital glaucoma in 
the Mauritanian population. This PCG genetic heteroge-
neity highlighted the significance of using a wide-ranging 
screening tool, such as exome or whole genome sequencing, 
especially in populations where common PCG-causing genes 
(such as CYP1B1) have low prevalence. The NGS approach, 
although still out of reach of many developing countries, 
may be more adequate in deciphering novel gene defects in 
patients with no identified known disease-causing genes. In 
reporting evidence of genetic implication in PCG develop-
ment in the Mauritanian population, the present study may 
constitute a reference in future studies on glaucoma inheri-
tance in this region.

APPENDIX 1. CHARACTERISTICS OF 
GLAUCOMA CANDIDATES GENES USED IN NGS.

To access the data, click or select the words “Appendix 1.”
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