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Abstract: Background: Primary congenital glaucoma (PCG) is a rare disease with an
incidence of 1 in 12,000 to 18,000 in Europeans. The scarcity of the disease and limited
access to genetic testing have hindered research, particularly within the Latvian pop-
ulation. Objectives: This study aims to present the preliminary results of a molecular
genetic investigation into PCG in a Latvian cohort and to compare the prevalence of gene
CYP1B1 variants with other European studies as well as to the general population in Latvia.
Methods: Twenty probands with clinically diagnosed PCG and 36 family members enrolled
in the study. Genetic testing was conducted using genomic DNA from peripheral blood
using next generation sequencing (NGS) of seven selected genes: CYP1B1, FOXC1, FOXE3,
PXDN, PITX2, PITX3, PAX6, and CPAMD8. Four probands had whole-genome sequencing
(WGS). Results: All participants were of European ancestry, with no family history of PCG.
Most probands were diagnosed in their first year of life, with a female to male ratio of 1:1.2
and with 80.0% of cases being unilateral. No CYP1B1 pathogenic variants were identified in
the screened subjects. However, a heterozygous missense variant c.4357C>A (p.Pro4357Thr)
in the PXDN gene was found in one proband and one of her parents that was classified
as a variant of uncertain significance. Conclusions: This study represents the first genetic
characterization of PCG in the Latvian population. Using NGS, we identified no pathogenic
variants in the CYP1B1 gene among affected individuals. Preliminary evidence from this
cohort does not support CYP1B1 variants as a predominant cause of PCG, though larger
studies are needed to confirm this observation. Comprehensive genetic screening using
whole-exome or whole-genome sequencing will be essential to identify the underlying
genetic etiology of PCG in Latvia.
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1. Introduction
Primary congenital glaucoma (PCG) is a rare disease worldwide with an estimated

incidence of 1 in 12,000 to 18,000 in Europeans [1]. The previously reported incidence
of PCG in Latvia was 5.3 cases per 100,000 live births, corresponding to 0.85 cases per
100,000 inhabitants between 2003 and 2017 [2]. The rarity of the disease and the lack of
available genetic tests in recent decades have significantly impacted research in the field of
PCG, especially in the Latvian population.

Given its severe clinical consequences, PCG is a potentially blinding disorder if left un-
treated. In most European cases, PCG develops in the first year of life and has a slight male
predominance [1,2]. The Childhood Glaucoma Research Network (CGRN) defines PCG
as glaucoma presenting without other congenital or acquired ocular/systemic conditions,
typically accompanied by buphthalmos (ocular enlargement). PCG is subclassified by age of
onset: neonatal (from birth till 1 month), infantile (above age of 1 month till 24 months),
late-onset (above age of 24 months), or spontaneously arrested (buphthalmos with Haab’s
striae, normal IOP, and healthy optic nerve) [3].

Among the genetic factors involved in PCG, pathogenic and likely pathogenic (P/LP)
variants in the cytochrome P450 1B1 gene (CYP1B1, OMIM 601771) stand out as the most
common and well-studied cause [4,5]. The gene encodes an enzyme, which is involved in
the metabolism of various endogenous and exogenous compounds [6]. This enzyme plays
a crucial role in the development and function of the trabecular meshwork and other ocular
tissues responsible for the regulation of intraocular pressure (IOP) [7–9]. P/LP variants
in CYP1B1 disrupt these processes, leading to the pathophysiological changes observed
in PCG like increased IOP, optic nerve excavation, Haab’s striae, and corneal and scleral
enlargement [10,11].

Studies have identified a wide spectrum of CYP1B1 pathogenic variants associated
with PCG, with variations in the presentation and severity of the disease often linked
to specific genetic changes [12–14]. The incidence of CYP1B1 pathogenic variants varies
between different populations, reflecting genetic diversity and possible influence of modi-
fying genes and environmental factors [15,16]. Understanding the role of CYP1B1 variants
in the development of PCG is essential to develop targeted genetic tests, early diagnosis,
and personalized treatment strategies [17].

As PCG represents a significant health concern in Latvia, with prevalence rates mir-
roring broader European trends, there is a pressing need for population-specific research.
Our study addresses this gap, while supporting the Latvian healthcare system priorities
of enhanced pediatric screening, advanced treatments, and genetic counselling [2]. The
purpose of the study is to describe the primary results of molecular genetic testing in
a cohort of PCG and to compare the prevalence of CYP1B1 pathogenic variants with other
PCG studies in Europe as well as to the general population in Latvia.

2. Materials and Methods
2.1. Subjects

Between January 2003 and December 2021, 29 consecutive patients with PCG were
treated at a tertiary medical centre and included in the Latvian registry of PCG. The registry
involves all clinically validated cases in the country since Children’s Clinical University
Hospital is the only place in Latvia where PCG is diagnosed. Of all registered cases, 9 were
excluded (5 declined participation, 4 were lost to follow-up), leaving 20 probands and
36 family members enrolled in the study. The study cohort comprised 20 probands (11 male
(55.0%), 9 female (45.0%)), with a female-to-male ratio of 1:1.2. The median age at diagnosis
was 7.0 months (IQR 3.75; range: 2.0–18.0 months). The diagnostic criteria of PCG were at
least 2 criteria of the following according to CGRN [3]:
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• IOP above 21 mmHg;
• Haab striae, increased corneal diameter (>11 mm in newborns, >12 mm in children

younger than 1 year old, and >13 mm in children older than 1 year old);
• Glaucomatous changes in the optic nerve disc (cup–disc asymmetry of >0.2, focal rim

thinning, or progressive increase in cup–disc ratio);
• Increased ocular dimensions that outpace normal growth (buphthalmos).

Consanguinity was systematically assessed through standardized patient interviews
documenting familial relationships across three generations.

All other secondary causes of congenital or acquired glaucoma were excluded.
Individuals with PCG have been enrolled in the Genome Database of the Latvian

Population as part of the European Regional Development Fund (ERDF) research project
“The determination of the causative mechanisms of rare inherited diseases using the whole
genome sequencing approach”. All matters related to consent and data handling for the
genetic research of the participants are governed by the approvals of the Latvian Central
Committee of Medical Ethics (Protocol No.01-29.1.2./6407) and the Ethics Committee of
Riga Stradins University (protocol No 2-PĒK-4/46/2022).

The frequencies of CYP1B1 variants in the Latvian general population were obtained
from a study conducted as part of project 4.1.1.r.0/3/22/I/VM/001, “Establishment of the
Latvian Population Genome Reference”, which involved whole-genome sequencing (WGS)
of 605 individuals from Latvia. The study design is described elsewhere [18].

All procedures were conducted in accordance with the principles of the Declaration of
Helsinki. Written informed consent was obtained from participants above 18 years of age
or their parents/guardians if younger than 18 years.

2.2. Massive Parallel Sequencing

Total DNA was extracted from peripheral blood leukocytes using the standard phe-
nol/chloroform method. DNA concentration was determined using NanoDrop® ND-1000
(NanoDrop Inc., Wilmington, DE, USA).

For gene-panel next-generation sequencing (NGS), 500 ng of high-quality genomic
DNA was mechanically fragmented. Libraries were prepared from the fragmented DNA
using the Twist Library Preparation Kit with Amp Mix, Mechanical Fragmentation (Twist
Bioscience, South San Francisco, CA, USA), custom-synthesized Equinox Library Amp Mix,
and all necessary TWIST-compatible reagents, following the manufacturer’s instructions.
The obtained libraries were converted using the MGIEasy Library Conversion kit (MGI Tech
Co., Shenzhen, China). The libraries were sequenced at a mean coverage of 1500–3000 X on
the MGI platform DNBSEQ-G4000, using the nanoball approach and paired-end 150 bp
reads. CYP1B1, FOXC1, FOXE3, PXDN, PITX2, PITX3, PAX6, and CPAMD8 genes were
analyzed. The gene panel encompassed all anterior segment dysgenesis-related genes
(ASGD1–ASGD8, OMIM 107250, 610256, 601631, 137600, 604229, 617315, 269400, 617319),
prioritizing the following: established PCG-associated genes (CYP1B1, FOXC1, PXDN,
PITX2, CPAMD8) and genes with potential phenotypic overlap (FOXE3, PITX3, PAX6).

For WGS, libraries were prepared from 300 ng of high-quality genomic DNA using
the MGIEasy Universal DNA Library Prep Set (MGI Tech Co., Shenzhen, China) following
the manufacturer’s instructions. The libraries were sequenced at a mean coverage of
16–35 X on the MGI platform MGISEQ-2000RS, using the nanoball approach and paired-
end 150 bp reads.

2.3. Bioinformatics Analyses of NGS Data and Variant Filtering

Output FASTQ files were processed, including the trimming of low-quality read ends
(QC < 20) and adaptor sequences using Cutadapt software 4.7 [19], followed by quality
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control of the obtained sequencing reads with FastQC. FastQC generated per-base sequence
quality score plots, duplication rate charts, and a range of other key quality control metrics.

Samples meeting quality standards were then aligned to the human reference genome
(GRCh38) using Bowtie2 software 2.5.4 [20]. Subsequently, local realignment around indels,
base quality score recalibration, and variant calling were performed using BCFtools [21].
The sequencing coverage for each tested sample was calculated based on the alignments.

For samples prepared using the Twist amplicon procedure, off-target reads were
filtered out, retaining only those matching the amplicon regions. For WGS analysis, a cus-
tomized bioinformatics pipeline was developed, utilizing BCFtools 1.21 [21] as the core
computational tool, integrated into an ad hoc workflow in the R programming language.
The workflow includes the addition of 1000 Genomes annotations and sex checks, as well
as analysis using ExpansionHunter v5.0.0 [22], MANTA 1.6.0 [23], and AnnotSV 2.2 [24].

Finally, the obtained results were annotated using VEP 99 [25] and uploaded to the
SEQR 0.3.0 [26] database for user-friendly analysis. Variant filtration focused on rare
variants in coding regions and splice sites predicted to affect protein function and following
the known inheritance pattern for the disease-associated genes. Variants were functionally
annotated based on data from SiFT, CADD, GnomAD, and Polyphen 2.

All detected gene variants were classified according to the guidelines of the American
College of Medical Genetics and Genomics and the Association for Molecular Pathology
(ACMG/AMP) [27], updated by the ClinGen Sequence Variant Interpretation Working
Group (2020). For variant interpretation, we used established databases including ClinVar
and gnomAD and the variant annotation and interpretation platform MobiDetails [28]
to support pathogenicity assessment and ensure consistency with current clinical and
research standards.

2.4. PCR and Sanger Sequencing

Reported variants were validated by direct sequencing using 10 pm of each primer
(primer sequences are available upon reasonable request), the BigDye™ Terminator v3.1
Cycle Sequencing Kit (ThermoFisher Scientific, Waltham, MA, USA), and an ABI PRISM
3100 sequencer (Applied Biosystems, Foster City, CA, USA).

2.5. Statistical Data Analysis

The median and interquartile range (IQR) were used to describe the age at diagnosis
(in months) in PCG cases.

To compare the observed frequency of the CYP1B1 variant in our cohort with the gno-
mAD reference European non-Finnish population (v4.1.0.), we performed a two-sided
Fisher’s exact test. Contingency tables were constructed to compare variant counts
between the two groups, and statistical significance was assessed using an exact test.
Benjamini–Hochberg false discovery rate correction with α = 0.05 was applied to account
for multiple comparisons and only reported when statistically significant. The data were
analyzed using statistical software (IBM Corp. Released 2016. IBM SPSS Statistics for
Macintosh, Version 24.0; Armonk, NY, USA) with significance defined as p < 0.05.

3. Results
Our study enrolled 20 probands and 36 family members. All families were unrelated

and were permanently living in Latvia. All patients and their parents were European
decent. Based on parental reports, the ethnic distribution was as follows: 11 Latvian,
6 Russian, and 1 Ukrainian family. Two families chose not to disclose their ethnicity. No
family members were affected by PCG, and no positive family history or consanguinity
were reported. Additionally, the BI pipeline for gene panel sequencing analysis included
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relatedness parameter analysis. The results consistently showed scores characteristic of
non-consanguineous marriages, confirming the absence of significant familial relationships
among the studied individuals.

Table 1 describes the profiles of patients with PCG included in the study. The median
age at diagnosis was 7.0 months (IQR 3.75) and 75.0% of cases were diagnosed before
9 months of age. Between 2003 and 2021, only cases with infantile onset (age of onset from
1 month till 24 months) PCG were diagnosed and included in the study. Most probands
were treated in the first year of life. The majority of cases were unilateral (80.0%). The
diagnosis of unilateral or bilateral PCG cases was established clinically following CGRN
classification [3].

Table 1. Patient profiles with PCG included in the study (F—female; M—male; OD—right eye;
OS—left eye; IOP—intraocular pressure; WGS—whole-genome sequencing).

Sex Year of
Birth Ethnicity Cosanguinity

Age at
Diagnosis
(Months)

Affected
Eye

IOP at
Diagnosis

(Affected Eye or
Both (OD/OS)),

(mmHg)

Genetic
Testing

PCG-1 M 2002 Russian No 4 OD 27 Gene-panel

PCG-2 M 2003 Latvian No 7 OS 30 Gene-panel

PCG-3 F 2004 Russian No 8 OD 27 Gene-panel;
WGS

PCG-4 F 2004 Latvian No 4 OD/OS 22/24 Gene-panel;
WGS

PCG-5 M 2006 Latvian No 4 OD 27 Gene-panel

PCG-6 F 2008 Russian No 5 OD/OS 25/26 Gene-panel;
WGS

PCG-7 M 2008 Latvian No 10 OD/OS 22/22 Gene-panel

PCG-8 F 2009 Russian No 18 OD 24 Gene-panel

PCG-9 F 2011 Latvian No 10 OD/OS 22/22 Gene-panel

PCG-10 M 2011 Russian No 5 OS 31 Gene-panel

PCG-11 F 2012 Latvian No 2 OD 22 Gene-panel

PCG-12 M 2014 Latvian No 8 OS 44 Gene-panel

PCG-13 M 2015 Latvian No 6 OD 30 Gene-panel

PCG-14 F 2015 Latvian No 7 OD 27 Gene-panel

PCG-15 M 2015 Russian No 7 OS 23 Gene-panel,
WGS

PCG-16 M 2017 Not
reported No 8 OS 23 Gene-panel

PCG-17 F 2018 Latvian No 8 OS 42 Gene-panel

PCG-18 F 2019 Latvian No 7 OS 31 Gene-panel

PCG-19 M 2020 Ukrainian No 9 OD 25 Gene-panel

PCG-20 M 2020 Not
reported No 18 OD 26 Gene-panel

In this study, we identified no pathogenic CYP1B1 variants associated with PCG among
the screened subjects (both probands and family members). In addition to CYP1B1 analysis,
all participants underwent primary genetic testing using a panel of genes associated with
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anterior segment dysgenesis, including FOXC1, FOXE3, PXDN, PITX2, PITX3, PAX6,
and CPAMD8.

Genetic testing revealed that proband PCG-11 carried a heterozygous missense variant
in the PXDN gene (c.4357C>A, p.Pro1453Thr, rs1172607325), resulting in a proline-to-
threonine substitution. The same variant was identified in one unaffected parent. According
to ClinVar, this variant is classified as being of uncertain significance, with PM1—known
mutational hot-spot and/or well-established functional domain and PM2—extremely low
frequency in gnomAD database (0.00001020 in European non-Finnish population and not
found in the Latvian Population Genome Reference Database) [29]. In silico prediction
tools showed controversial results, with CADD score being 21.9, conservation score Phylop
5.37, and no effect on splicing by SpliceAI 0.00.

No pathogenic variants were detected in the remaining genes (FOXC1, FOXE3, PITX2,
PITX3, PAX6 or CPAMD8) for either probands or their relatives.

Table 2 summarizes the protein-coding CYP1B1 variants identified in our cohort of
20 patients. The observed allele frequencies showed close alignment with both the Latvian
reference population and European (non-Finnish) genetic ancestry groups according to
the gnomAD database. Statistical analysis revealed no significant differences in variant
frequencies between our study population and these reference groups (all p > 0.05). In
addition, analysis of the Latvian Population Genome Reference Database revealed no
carriers of pathogenic CYP1B1 variants in the general Latvian population.

Table 2. Protein-coding CYP1B1 variants identified in 20 patients in this study. * Frequency of CYP1B1
variant in this study and Latvian population. ** Frequency of CYP1B1 variant in this study and
gnomAD (European non-Finnish population).

Variant Rs Code
Incidence

in This
Study

(Alleles)

Frequency
in This
Study

Frequency
in Latvia p Value * Gnomad

Frequency p-Value ** SIFT Poly
Phen-2 CADD Clinvar

Classification

c.1358A>G,
p.Asn453Ser rs1800440 7 0.1750 0.1360 0.48 0.1864 0.85 No

prediction
No

prediction 23.70 Benign/Likely
benign

c.1294C>G,
p.Leu432Val rs1056836 19 0.4750 0.3890 0.27 0.4409 0.66 No

prediction
No

prediction 8.95 Benign

c.142C>G
p.Arg48Gly rs10012 15 0.3750 0.3890 0.86 0.2813 0.19 No

prediction
No

prediction 9.70 Benign/Likely
benign

c.355G>T
p.Ala119Ser rs1056827 15 0.3750 0.4070 0.69 0.2852 0.21 No

prediction
No

prediction 4.73 Benign/Likely
benign

c.1347T>C
p.Asp449= rs1056837 25 0.6250 0.6110 0.86 0.5597 0.41 No

prediction
No

prediction 0.66 Benign

WGS of the four patients failed to identify pathogenic variants in genes associated with
primary/secondary congenital glaucoma or anterior segment dysgenesis. Genes screened
in the analysis comprised LTBP2, TEK, MYOC, WDR36, NTF4, SH3PXD2B, LMX1B, FBN1,
and NF1, along with other relevant candidates (in total 363 genes related to glaucoma were
tested) [17,30,31].

4. Discussion
We presented the first results of genetic testing of 20 PCG patients and 36 of their first-

degree family members in Latvia. The aim of this study was to investigate the frequency of
CYP1B1 pathogenic variants in a cohort of 20 unrelated Latvian families with PCG. Our
results revealed no pathogenic variants in the CYP1B1 gene applying the NGS methods.

Our results could be explained by several aspects. The Latvian cohort of PCG included
only sporadic cases (defined as those without affected relatives in at least three generations
of family history). There were no familial cases reported, as no family member was
diagnosed with PCG. According to the literature, CYP1B1 pathogenic variants may have a
high prevalence in familial cases, up to 80–100% [32,33]. A previously high prevalence of
CYP1B1 pathogenic variants has been described in Slovak Roma, representing 100% of the
cases tested [32]. Such a high prevalence of CYP1B1 pathogenic variants has been associated
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with consanguinity, which was significant in the described Slovak Roma populations. Our
cohort did not include any cases of consanguineous marriage, which is not typical for
Latvian and, in general, for other European populations. Last, but not least, the number
of cases tested was only 20, although the study included most of all cases diagnosed and
treated between 2003 and 2021. A previous study revealed that the incidence of PCG
in Latvia is about 5.3 cases in 100,000 live born children, accounting for about 1–2 new
cases per year in such a small population [2]. Compared to other small studies, like those
in Switzerland (14 probands), Russia (25 probands), and France (31 probands), a part of
the cases were caused by CYP1B1 pathogenic variants; however, these studies included
relatively few probands [34–36].

Our failure to identify pathogenic CYP1B1 variants in this comprehensive national
cohort may suggest several population-specific factors that warrant careful consideration:

(1) Population-specific genetic architecture: The distinct Baltic genetic background may
harbour alternative PCG-associated loci or protective variants that modify CYP1B1
expression.

(2) Modifier gene effects: Potential interactions with other glaucoma-related genes (e.g.,
TEK, LTBP2) cannot be excluded.

(3) Technical considerations: While our comprehensive sequencing covered all coding
regions, deep intronic or regulatory variants would require WGS for detection.

These findings may underscore the importance of expanding genetic screening to non-
CYP1B1 targets in Baltic populations, establishing regional mutation databases for precision
diagnosis and investigating potential environmental modifiers in low-prevalence groups.

4.1. CYP1B1 Gene Function and Pathogenic Mechanisms in PCG

The CYP1B1 gene located in 2p22.2 consists of three exons (only exon 2 and exon 3 are
coding) and two introns and encodes a protein of 543 amino acids [14]. The CYP1B1 gene
produces monomeric mixed-function monooxygenase, which belongs to the cytochrome
P450 superfamily [37]. CYP1B1 is strongly expressed in the anterior segment of the eye (in
the iris, trabecular meshwork, ciliary body), playing a role in secreting aqueous humour and
regulating outflow facility [38]. The exact mode of CYP1B1 involvement in the pathogenesis
of PCG is still uncertain, though several theories have been raised, such as dysfunctional
retinoid acid metabolism and defectiveness in the 17β-estradiol pathway reducing coded
enzyme activity or protein stability and function, as well as retinal ganglion cells axonopa-
thy caused by CYP1B1 pathogenic variants [15,17,39–41]. A study on homozygous CYP1B1
gene knockout mice demonstrated malformations in ocular drainage structures, confirming
the role of the gene in the development of ocular abnormalities [42]. Doshi et al. indicated
that the developmental abnormalities in the trabecular meshwork associated with PCG
may stem from inadequate or absent metabolism of essential endogenous substrates in the
ciliary epithelium, resulting from a non-functional CYP1B1 enzyme [10]. Williams et al.
demonstrated that CYP1B1 plays a critical role in ocular fissure closure by modulating neu-
ral crest cell migration and differentiation through retinoic acid independent mechanisms.
Their findings suggest that targeted, ocular-specific upregulation of CYP1B1 expression
may represent a promising therapeutic strategy for PCG [43].

Pathogenic variants in CYP1B1 have been known to cause not only PCG but also
anterior segment dysgenesis 6 (e.g., Peters anomaly, Axenfeld–Rieger anomaly, ectropion
uveae with partial aniridia and complete aniridia) [44–48] and juvenile open-angle glaucoma
(JOAG), and can even significantly increase the risk for primary open-angle glaucoma
(POAG) [17,38,49,50]. López-Garrido et al. hypothesized that PCG, JOAG, and POAG may
all arise from varying degrees of goniodysgenesis caused by differing levels of CYP1B1
activity, along with modifications from specific genes or environmental factors [15].
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4.2. CYP1B1 Variants in Other Populations

The prevalence of CYP1B1 pathogenic variants in PCG cases varies considerably across
different European populations as described in Table 3. The highest prevalence has been
reported in the Roma population in Slovakia (100%), followed by screened probands in
Portugal (73.3%), France (48.4%), and Spain (34.8%) [15,32,34,51]. The mean prevalence
in described European populations is around 40% of cases caused by CYP1B1 pathogenic
variants (Table 3).

Previous studies have described that CYP1B1 pathogenic variants are the main cause
of familial cases and above 20% of sporadic cases [52]. Furthermore, while a substantial
percentage of CYP1B1 pathogenic variants have been identified in Europeans, a consider-
able number of individuals with PCG still have unknown genetic causes [17]. A systematic
review by Kumar et al. demonstrated that CYP1B1 variants exhibit significant geographic
and population-specific variability in primary congenital glaucoma, with reported preva-
lence rates ranging from 5% to 86% worldwide. The most frequently observed pathogenic
variants included p.Gly61Glu (G61E), p.Arg368His (R368H), p.Glu229Lys (E229K), and
p.Arg390His (R390H) [53].

Table 3. Prevalence of CYP1B1 pathogenic variants in European populations. Most cases were of
European decent; however, several cases of different origin were reported. (N/A not applicable).
* Identified 11 different mutations. Four patients were compound heterozygotes, two subjects
heterozygous, and one homozygous. ** Probands with 1 or 2 sequence variations in CYP1B1.

Country Probands Number of Patients with
Pathogenic Variants in CYP1B1 (%) Most Frequent Variant

Spain [15] 161 56 (34.8%) p.E387K (rs55989760)

Italy [54] 72 25 (34.7%) p.G61E (rs289367000)

Germany [55] 39 7 (18.0%) N/A *

France [34] 31 15 (48.4%) g.4340delG

Denmark [56] 37 10 (27.0%) ** p.W57 *
(rs72549387)

Portugal [51] 30 22 (73.3%) p.A179fs (rs771076928)

Russia [35] 25 5 (25.0%)
p.R444Q (rs72549376)

p.R444 *
(rs377049098)

Slovakia (Roma population) [32] 20 20 (100%) p.E387K
(rs55989760)

Switzerland [36] 14 6 (42.9%)

p. L487P
(rs1682415237)

p.R355fs
(rs72549380)
c.1044-3C>T

(rs761216127)

Latvia (this study) 20 0 N/A

CYP1B1 variants are the most common cause of PCG worldwide. Outside Europe,
the highest prevalence rates of CYP1B1 alterations have been registered in Saudi Ara-
bia (80–100%) and Iran (70%) [4,33]. Furthermore, significantly lower prevalence has
been described in Japan (20%) and the Chinese Han population (17.2%) [4]. A meta-
analysis has described founder pathogenic variants that are more frequent in different
PCG populations—for example, g.4339delG in Morocco, p.G61E in Saudi Arabia, Iran, and
Lebanon, p.R390H in Pakistan, and p.E387K in Europe [57]. Pathogenic variant p.E387K
has been described in Spain and the Roma population in Slovakia [15,32]. The Slovak Roma
population was the first population identified with PCG resulting from a single variant in
the CYP1B1 gene and about 10% of healthy Roma were found to carry this allele [32].

The population of Latvia contains a relatively high proportion of ancestry from two major
early European groups: West European hunter-gatherers and the Yamnaya. The genetic
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diversity found in the population is similar to that of other European populations [58–60]. The
first WGS study in Latvia identified over 18.2 million genetic variants, of which 3.3% were
not yet represented in the gnomAD and dbSNP databases. Furthermore, the researchers
observed that the Latvian cohort forms a notable and distinct cluster within European
subpopulations [18]. The genetic difference from other well-described populations with
PCG, such as in Saudi Arabia, India, and the Roma in Slovakia, could be one of the reasons
why other pathogenic variants in different genes may be population-specific in Latvia [58].
Unfortunately, there are no studies available regarding PCG genetics from neighbouring
Baltic countries that could be more closely related to Latvia.

4.3. Genetic Landscape of PCG Beyond CYP1B1

Today, five gene loci have been described for PCG–GLC3A (gene CYP1B1), GLC3B
(corresponding gene unknown), GLC3C (corresponding gene unknown), GLC3D (gene
LTBP2), and GLC3E (gene TEK). There are also several candidate genes (MYOC, FOXC1,
FOXC2, PITX2) and other genes reported (GUCA1C, WDR36, OPA1, NTF4, COL1A1, PXDN,
SH3PXD2B, CPAMD8, TNF-α) that may play a minor role in the development of PCG.
CYP1B1 is defined as a core gene of PCG together with the LTBP2, MYOC, and TEK
genes [17].

Genetic testing for this study, in addition to CYP1B1 sequencing, included the FOXC1,
FOXE3, PXDN, PITX2, PITX3, PAX6, and CPAMD8 genes. Table 4 provides a summary of
the other genes tested in this study.

Table 4. Description of genes FOXC1, FOXE3, PXDN, PITX2, PITX3, PAX6, and CPAMD8
(AD—autosomal dominant; AR—autosomal recessive; PCG—primary congenital glaucoma;
ASGD—anterior segment dysgenesis). * Few cases have been reported.

Gene OMIN Locus Mode of
Inheritance Phenotypes Associated with

PCG References

FOXC1 601090 6p25.3 AD

ASGD 3 (Peters anomaly, Axenfeld
anomaly, Rieger anomaly, iris

hypoplasia, aniridia),
Axenfeld–Rieger syndrome, PCG

Yes [17,36,61–64]

FOXE3 601094 1p33 AR or AD
ASGD 2 (congenital primary

aphakia, cataract, Peters anomaly,
microphthalmia)

No [65,66]

PXDN 269400 2p25.3 AR ASGD 7 (Corneal opacity, congenital
cataract, microcornea) Yes * [17,67–70]

PITX2 601542 4q25 AD

Axenfeld–Rieger syndrome, ASGD 4
(Peters anomaly, iris

hypoplasia), ring dermoid of
cornea, PCG

Yes [16,17,71–73]

PITX3 602669 10q25 AD or AR ASGD 1, Congenital posterior
polar cataract No [74,75]

PAX6 607108 11p13 AD

Anaridia, ASGD 5 (Peters anomaly,
Axenfeld anomaly, and Rieger

anomaly) keratitis, foveal
hypoplasia, congenital cataract,

optic nerve hypoplasia

No [76–78]

CPAMD8 608841 19p13.11 AR
ASGD 8 (iris hypoplasia, ectopia

lentis, corectopia, ectropion
uveae, cataract)

Yes * [79,80]

Pathogenic variants in the PXDN gene (peroxidasine, OMIN 269400, located in 2p25.3)
are responsible for anterior segment dysgenesis 7 (ASGD7) in the patterns of autosomal
recessive inheritance [67]. The proband PCG-11 had a heterozygous missense variant
PXDN (NM 012293.3) c.4357C>A (p.Pro4357Thr) in one allele, and the same changes were
found in one of her parents. According to ClinVar and VarSome databases, this variant is
classified as ‘uncertain significance’ [29,81]. No pathogenic variants in the genes FOXC1,
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PITX2, and CPAMD8 were found during this study, although these have been identified in
a few cases of PCG [16,17,70,79].

Testing for FOXC1 could be helpful to prevent misdiagnosis and to exclude cases
related to secondary congenital glaucoma as the clinical features of Axenfeld–Rieger
anomaly/syndrome could be subtle [17,82]. Possibly, the level of residual FOXC1 ac-
tivity may potentially determine the development of PCG rather than Axenfeld–Rieger
syndrome/anomaly and pathogenic variants could be associated with PCG, too [17,36,61].
In addition, PITX2 has been described as a modifier gene for PCG [16].

4.4. Limitations of the Study

There are several limitations of the study that we would like to address.
First of all, the small number of cases tested is noteworthy. The rarity of the disease in

Latvia has a significant impact on the genetic screening of probands, while not all cases are
registered (before 2003) and not all known patients agreed to participate in the study. The
official registry only includes cases from 2003 onwards. Several factors limited recruitment
of pre-2003 cases: (1) unavailability of patient contact information; (2) lack of response from
local ophthalmologists regarding previous cases; and (3) non-participation of some eligible
patients. We acknowledge that the limited cohort size may have constrained our ability to
detect certain genetic associations. Expanding this research through both broader national
sampling and collaborative Baltic studies would significantly advance our understanding
of PCG etiology in our region.

Second, our cohort had no cases of familial PCG and neonatal onset, which are more
likely to be explained by CYP1B1 pathogenic variants.

Third, pathogenic variants could have been missed because of the screening technique
used. While our comprehensive sequencing covered all coding regions, deep intronic or
regulatory variants would require WGS for detection. Previous studies have demonstrated
that reduced CYP1B1 promoter activity in risk alleles plays a crucial role in PCG pathogen-
esis [83]. The gene panel did not cover intronic regions, whereas WGS encompassed the
entire genome, enabling analysis of deep intronic variants. Promoter regions were only
partially analyzed.

5. Conclusions
This study represents the first genetic characterization of PCG in the Latvian popula-

tion. Using NGS, we identified no pathogenic variants in the CYP1B1 gene among affected
individuals. Preliminary evidence from this cohort does not support CYP1B1 variants as
a predominant cause of PCG, though larger studies are needed to confirm this observation.
Comprehensive genetic screening using whole-exome or whole-genome sequencing will
be essential to identify the underlying genetic etiology of PCG in Latvia.
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(protocol No 2-PĒK-4/46/2022, date of approval 8 February 2022).

Informed Consent Statement: Written informed consent was obtained from participants above
18 years of age or their parents/guardians if younger than 18 years.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: We are grateful to the participating patients and to their families. We acknowl-
edge the Genome Database of the Latvian Population from the Latvian Biomedical Research and
Study Centre, from which we derived data and DNA samples.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Spaeth, G.L. European Glaucoma Society Terminology and Guidelines for Glaucoma, 5th Edition. Br. J. Ophthalmol. 2021,

105, 1–169. [CrossRef]
2. Elksne, E.; Baumane, K.; Ozolins, A.; Valeina, S. The epidemiological and clinical findings from the latvian registry of primary

congenital glaucoma and evaluation of prognostic factors. Medicina 2021, 57, 44. [CrossRef] [PubMed]
3. Thau, A.; Lloyd, M.; Freedman, S.; Beck, A.; Grajewski, A.; Levin, A.V. New classification system for pediatric glaucoma: Implica-

tions for clinical care and a research registry. Curr. Opin. Ophthalmol. 2018, 29, 385–394. [CrossRef]
4. Shah, M.; Bouhenni, R.; Benmerzouga, I. Geographical Variability in CYP1B1 Mutations in Primary Congenital Glaucoma. J. Clin.

Med. 2022, 11, 2048. [CrossRef] [PubMed]
5. Yu-Wai-Man, C.; Arno, G.; Brookes, J.; Garcia-Feijoo, J.; Khaw, P.T.; Moosajee, M. Primary congenital glaucoma including

next-generation sequencing-based approaches: Clinical utility gene card. Eur. J. Hum. Genet. 2018, 26, 1713–1718. [CrossRef]
6. Nebert, D.W.; Russell, D.W. Clinical importance of the cytochromes P450. Lancet 2002, 360, 1155–1162. [CrossRef]
7. Bejjani, B.A.; Xu, L.; Armstrong, D.; Lupski, J.R.; Reneker, L.W. Expression patterns of cytochrome P4501B1 (Cyp1b1) in FVB/N

mouse eyes. Exp. Eye Res. 2002, 75, 249–257. [CrossRef]
8. Zhao, Y.; Sorenson, C.M.; Sheibani, N. Cytochrome P450 1B1 and Primary Congenital Glaucoma. J. Ophthalmic Vis. Res. 2015,

10, 60. [CrossRef]
9. Zhao, Y.; Wang, S.; Sorenson, C.M.; Teixeira, L.; Dubielzig, R.R.; Peters, D.M.; Conway, S.J.; Jefcoate, C.R.; Sheibani, N. Cyp1b1

mediates periostin regulation of trabecular meshwork development by suppression of oxidative stress. Mol. Cell Biol. 2013,
33, 4225–4240. [CrossRef]

10. Doshi, M.; Marcus, C.; Bejjani, B.A.; Edward, D.P. Immunolocalization of CYP1B1 in normal, human, fetal and adult eyes. Exp.
Eye Res. 2006, 82, 24–32. [CrossRef]

11. Hollander, D.A.; Sarfarazi, M.; Stoilov, I.; Wood, I.S.; Fredrick, D.R.; Alvarado, J.A. Genotype and phenotype correlations in
congenital glaucoma: CYP1B1 mutations, goniodysgenesis, and clinical characteristics. Am. J. Ophthalmol. 2006, 142, 993–1004.
[CrossRef] [PubMed]
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