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ABSTRACT

Primary congenital glaucoma (PCG) is the leading inherited cause of childhood blindness and has long served as
a paradigm for monogenic eye disease. Biallelic loss-of-function variants in CYP1B1 at the GLC3A locus remain
the single most consistent cause; their contribution, however, ranges from under a quarter of cases in East Asian
cohorts to nearly all cases in founder populations such as the Slovak Roma and Saudi Arabian consanguineous
families. This review synthesises three decades of linkage, sequencing, and functional data to reassess PCG as a
genetic landscape rather than a single Mendelian disease. We revisit the taxonomy of GLC3 loci, including the
still largely gene-negative GLC3B and GLC3C intervals and the more recently resolved LTBP2 and TEK genes,
and we identify concrete methodological reasons genotype-phenotype correlations diverge between cohorts. Null
CYPI1BI1 alleles reproducibly predict earlier onset and worse surgical outcomes, but penetrance is incomplete and
severity varies even within families sharing a genotype, implicating modifier loci such as MYOC, FOXCI,
PITX2, and SVEPI. Between 20% and 40% of clinically typical patients remain genetically unsolved after
comprehensive screening. We weigh two explanations for this gap — undetected oligogenic interaction versus
sequencing-technology limitations — and argue both should be tested empirically before either is favoured. We
discuss clinical translation, including tiered sequencing algorithms, interpretation of heterozygous findings, and
genetic counselling for sibling risk, and close with concrete priorities: multicentre consortia, functional validation
at GLC3B/GLC3C, and near-term as well as long-term strategies for a disease whose therapy must act on
development, not degeneration.

KEYWORDS: primary congenital glaucoma; CYP1B1; genotype-phenotype correlation; oligogenic inheritance;
TEK; next-generation sequencing

1. INTRODUCTION: the changing view of PCG

Primary congenital glaucoma occupies an uncomfortable position among inherited eye diseases: it is rare by any
epidemiological measure, yet it accounts for a disproportionate share of irreversible childhood blindness
worldwide [1,2]. The clinical picture is deceptively uniform — elevated intraocular pressure from birth or early
infancy, corneal oedema and Haab striae, buphthalmos, and optic nerve cupping — which for much of the twentieth
century encouraged the assumption that a single developmental defect of the anterior chamber angle was
responsible. The identification of the GLC3A locus on chromosome 2p21 and its causal gene, CYP1B1, seemed
to confirm this view: here, at last, was a single enzyme whose loss could explain trabeculodysgenesis [3,4,5]. PCG
must also be distinguished from phenotypically similar glaucomas occurring as part of broader syndromes —
Sturge-Weber syndrome, neurofibromatosis type 1, and Axenfeld-Rieger spectrum disorders — addressed only
briefly here since their genetic basis and systemic implications differ from isolated PCG.

Three decades on, the single-gene picture has fractured instructively. CYP1B1 remains the most frequently
implicated gene, but its contribution varies by an order of magnitude across populations, two further loci (GLC3B
and GLC3C) have resisted gene identification for almost as long as they have been mapped, and genes originally
associated with adult and juvenile glaucomas — LTBP2, TEK, MYOC, FOXCI1 — turn out to cause, mimic, or
modify the congenital phenotype [6,7,8]. What was once a textbook monogenic recessive disease is better
understood as a genetically heterogeneous landscape in which a shared final pathway — failure of trabecular
meshwork and Schlemm canal morphogenesis — is reached by several independent, sometimes interacting, genetic
routes.

This review has four aims: to set out a current taxonomy of the GLC3 loci; to examine genotype-phenotype
correlations and the methodological reasons they are inconsistent between cohorts, rather than simply cataloguing
them; to weigh, as competing testable hypotheses rather than a settled conclusion, whether oligogenic interaction
or sequencing-technology limitations better explain the persistent “missing heritability” of PCG; and to translate
these findings into a testing and counselling framework that is explicit about its own current limitations.

Genetics and Molecular Research 25 (20s): 2026 1


mailto:baysultanova.selima@mail.ru

2. Taxonomy of the genetic loci in PCG

1995 @ GLC3A locus mapped to chromosome 2p21

1996 @ GLC3B locus mapped to chromosome 1p36

1997 @ CYP1B1 identified as the GLC3A gene

2002 @ GLC3C locus mapped to chromosome 14q24.3

2009 @ LTBP2 (GLC3D) identified

2016 @ TEK (GLC3E) identified

2017 @ TEK-CYP1B1 functional interaction demonstrated

2020 @ SVEP1 proposed as a TEK modifier gene

2022 @ GLC3B/GLC3C candidate-gene screens (targeted NGS/WES)

Figure 1. Milestones in the genetic dissection of primary congenital glaucoma, 1995-2022.

2.1 The principal locus: GLC3A and CYP1B1

GLC3A was mapped to chromosome 2p21 in 1995 through linkage analysis of consanguineous Turkish and
Slovak Roma families with autosomal recessive PCG [3], and CYP1B1 was identified as the causal gene two
years later [4]. CYP1BI1 encodes a cytochrome P450 enzyme expressed in the trabecular meshwork, ciliary body,
and iris that oxidises retinol to retinoic acid and also metabolises steroid hormones and arachidonic acid
derivatives [9]. Retinoic acid signalling governs neural-crest-derived periocular mesenchyme differentiation, and
disruption of this pathway is plausibly, though not definitively, linked to the trabeculodysgenesis seen
histologically in PCG donor tissue, alongside a second, non-exclusive mechanism of CYP1B1-deficiency-driven
oxidative stress within the outflow pathway [10,9]. More than 150 CYP1B1 variants — missense, nonsense,
frameshift, and splice-site — have now been catalogued in PCG cohorts worldwide [11].

One speculative but useful framework for why CYP1BI1 tolerates, and in some populations accumulates, such a
large number of coding variants notes that the gene's principal ancestral role is detoxifying polycyclic aromatic
hydrocarbons and other xenobiotics, a function distinct from its ocular role [9]. If selective pressure on CYP1B1
has been shaped mainly by xenobiotic and metabolic considerations rather than ocular development, hypomorphic
ocular-relevant alleles could persist at appreciable frequency, particularly where consanguinity increases the
chance that two such alleles meet in one individual. This is offered only as a hypothesis-generating framework,
not an established explanation, and it does not by itself account for the population-specific mutation spectrum
discussed next.

2.2 The orphan loci: GLC3B and GLC3C

GLC3B was mapped to chromosome 1p36.1-p36.2 in 1996 in families showing no linkage to GLC3A [6], and
GLC3C was subsequently localised to 14q24.3 in a large consanguineous pedigree unlinked to either locus
[12,13]. Almost thirty years later, neither locus has yielded a confirmed causal gene. Whole-exome sequencing
of PCG families excluded from GLC3A, GLC3B, and GLC3D by linkage analysis has searched explicitly for the
GLC3B/C genes, without a reproducible candidate emerging from the modest number of pedigrees studied [14].
A more targeted approach — next-generation sequencing restricted to the GLC3B and GLC3C intervals in a
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Chinese cohort in whom fewer than one in five cases carry a CYP1B1 or LTBP2 variant — has begun nominating
candidates, though functional validation is still awaited [15]. The same sequencing-driven logic has nominated
genes entirely outside the classical GLC3 loci: a rare homozygous nonsense variant in GUCA1C was identified
in two affected siblings, with a gucalc knockout zebrafish model showing retinal ganglion cell apoptosis and
expression of the encoded protein, GCAP3, in ciliary epithelium and retina [16,17]. This persistence demonstrates
that linkage mapping does not guarantee gene discovery when a locus harbours many genes, when causal variants
lie in regulatory rather than coding sequence, or when available families are too few for exome-wide significance.
2.3 Rarer, more recently resolved loci: LTBP2, TEK, and ANGPT1

LTBP2, mapped near but distinct from the GLC3C interval on 14q24, encodes an extracellular matrix glycoprotein
of the latent TGF-$ binding protein family. Null LTBP2 mutations cause PCG in consanguineous Pakistani
families and in Roma/Gypsy patients, in whom a single founder nonsense variant accounts for a substantial share
of discase alleles [7,18]. LTBP2-related disease frequently co-occurs with ectopia lentis and microspherophakia,
reflecting the protein's zonular role; homozygosity for the Roma founder allele produces a more severe phenotype
and higher surgical burden than compound heterozygous or CYP1B1-driven disease in the same population [18].
LTBP2 variants have also been identified alongside CYP1B1 in Indian PCG families, so the gene, while a minor
overall contributor, is not confined to founder populations [19].

A mechanistically distinct route emerged in 2016, when heterozygous loss-of-function TEK variants were
identified in a multiethnic cohort of 189 PCG families already negative for CYP1B1, LTBP2, MYOC, and FOXC1
[8]. TEK signalling is required for Schlemm canal endothelial development, and Tek-hemizygous mice show a
hypoplastic canal with elevated intraocular pressure, mirroring the human phenotype [8]. Unlike the recessive
GLC3A/D pattern, TEK-related disease (GLC3E) is autosomal dominant with markedly incomplete penetrance —
more than a third of confirmed carriers in the original cohort showed no early-onset phenotype [8]. Subsequent
cohorts from China and Mexico confirmed both this variability and, in the Chinese series, a distinctive
concentration of variants in the receptor's ectodomain, while the Mexican series again showed that penetrance and
severity cannot be predicted from mutation status alone [20]. Rare variants in ANGPT1, a TEK ligand, have since
been reported in patients lacking mutations in the other known PCG genes [1].

Table 1 summarises the recognised GLC3 loci, their genes where identified, inheritance pattern, and approximate
contribution to case series.

Table 1. Genetic loci associated with primary congenital glaucoma (GLC3 series).

Locus Chr. Gene Protein function | Inheritance | Status / approximate | Ref.
contribution
GLC3A | 2p21 CYPIBI1 Cytochrome Autosomal Most frequent identified | [3,4]
P450;  retinoic | recessive cause; ~5% (East Asia,
acid/steroid South Africa) to >90%
metabolism (Slovak  Roma,  Saudi
Arabia)
GLC3B | 1p36.1- Not yet | — Autosomal Gene unresolved since | [6,15]
p36.2 identified recessive 1996; candidate-gene
(mapped) screens ongoing
GLC3C | 14q24.3 Not yet | — Autosomal Gene unresolved since | [13, 15]
identified recessive 2002; distinct from adjacent
(mapped) GLC3D/LTBP2 interval
GLC3D | 14q24 LTBP2 Extracellular Autosomal Minor overall contributor; | [7,18]
(near matrix recessive founder allele dominant in
GLC30) glycoprotein; Roma/Gypsy population;
zonular ectopia
microfibril lentis/microspherophakia
assembly
GLC3E | 9p21 TEK Angiopoietin Autosomal Identified in ~5% of | [§]
(ANGPT1 receptor tyrosine | dominant, previously  gene-negative
as related | kinase; Schlemm | incomplete multiethnic PCG cohort;
ligand gene) | canal endothelial | penetrance penetrance ~64%
development

3. Global mutation spectrum: an ethnogenomic perspective

Perhaps no single fact about PCG genetics is as clinically important, or as frequently under-appreciated, as the
scale of population variation in CYP1BI1 contribution. Systematic reviews report CYP1B1 variants explaining as
little as 5% of PCG cases in some South African, Chinese, and Japanese cohorts, 30-55% in Indian, Turkish,
Iberian, and Latin American series, and 64-87% in Pakistani, Iranian, and Saudi Arabian cohorts, rising to
effectively all cases in the endogamous Slovak Roma population [1,21,22,23,24,25,26,27]. Table 2 and Figure 2
summarise this gradient with representative recurrent alleles.
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Table 2. Population variation in CYP1BI1 contribution to primary congenital glaucoma.

Population / cohort Approx. proportion of PCG | Notable recurrent allele(s) Ref.
attributable to CYP1B1

Slovak Roma (founder | ~90-100% p.Glu387Lys and related founder haplotypes | [18]

population)

Saudi Arabia 76-87% p.Gly61Glu, p.Arg469Trp [27]

Pakistan 64-85% Multiple recurrent alleles, high consanguinity | [25,11

Iran 47-86% p.Gly61Glu common in some cohorts [26]

India ~30-55% p-Glu229Lys, p.Arg368His (also reported as | [24,28
polymorphic)

Spain / Portugal ~30-55% Multiple null and hypomorphic alleles | [29]
characterised functionally

Mexico ~20-45% Population-specific  founder contribution | [30]
reported

Brazil ~30-55% Poor-prognosis alleles linked to worse | [31,32]
surgical outcome

United States ~20-30% Heterogeneous; combined | [33]
CYP1B1/MYOC/LTBP2 screening

China ~5-23% Low overall contribution; GLC3B/C | [15,23]
candidate work ongoing

Japan ~5-23% Low overall contribution [22]

South Africa ~5-23% Low overall contribution on exome screening | [21]

This gradient tracks two forces. The first is consanguinity: a high rate of first-cousin marriage raises the probability
that both alleles of a rare recessive variant are inherited identical-by-descent, which both increases PCG incidence
and concentrates a small number of founder mutations — p.Gly61Glu in Saudi Arabia, p.Glu229Lys/p.Arg368His
across the Middle East and South Asia [27,11,34]. The Slovak Roma illustrate the founder effect at its most
extreme: a handful of ancestral CYP1B1 and LTBP2 haplotypes account for the great majority of disease alleles
generations later [18]. Outside strongly consanguineous or founder populations, contribution is more
heterogeneous: a US cohort with limited consanguinity found a causal variant in only a minority of probands on
combined CYP1B1/MYOC/LTBP2 screening, a yield comparable to Australasian registry data [33,35].

The second, less intuitive force is what happens where CYP1B1 contribution is low. In Chinese and Japanese
cohorts, only a minority carry pathogenic CYP1B1 or LTBP2 variants even after complete coding-sequence
analysis [15,22,23]. This is compatible with other, still unidentified genes predominating in East Asian PCG,
consistent with the GLC3B/GLC3C work above. It does not, however, exclude a second possibility.
Environmental or epigenetic modifiers may interact with a common genetic background to determine whether a
comparable variant burden crosses the threshold into overt disease. Distinguishing “different genes” from “same
genes, different modifying context” as competing explanations for regional heterogeneity is one of the more
tractable open questions in the field, requiring large, harmonised international cohorts rather than further isolated
single-population studies.

Population variability in the contribution of
CYP1lB1l to primary congenital glaucoma

(foundeﬁ'sgﬁﬁusﬁﬁ"’; 1 N ©0-100%
Saudi Arabia I 76-87%
Pakistan - I 64-85%
Iran I 47 -86%
India I 30-55%
Turkey A I 30-55%
Portugal / Spain I 30-55%
Mexico P 20-45%
Brazil 4 I 30-55%
United States 1 I 20-30%
China{ [ 5-23%
Japan{ [ 5-23%
South Africa{ [ 7] 5-23%

o] 20 40 60 80 100
PCG cases attributable to CYP1B1l variants (%)

Figure 2. Population variability in the proportion of primary congenital glaucoma cases attributable to CYP1B1
variants, drawn from the cohort studies cited in the text. Ranges reflect heterogeneity across cohorts within the
same region rather than a single point estimate.

4. Genotype-phenotype correlations: what holds and what does not

4.1 Reasonably consistent associations for CYP1B1

Across many cohorts, patients carrying two null (nonsense, frameshift, or canonical splice-site) CYP1BI alleles
present earlier, more severely, and with a poorer surgical prognosis than those carrying missense or hypomorphic
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alleles. In a detailed Spanish series, patients homozygous for null alleles had onset at birth or within the first
month of life, whereas hypomorphic missense alleles showed incomplete penetrance and later presentation [29].
Comparable severity gradients by mutation class are reported in Egyptian, Brazilian, and Indian cohorts, with the
proportion of eyes classified as severe highest among frameshift carriers [31,32,24]. Structural correlates support
this gradient: electron microscopy of trabeculectomy specimens shows that goniodysgenesis severity —
underdeveloped collector channels, an abnormally inserted ciliary muscle, trabecular endothelial cell loss — tracks
with residual CYP1B1 enzymatic activity predicted from genotype [10]. CYP1BI1-positive disease is associated
with a higher rate of repeat surgery in several series, though in others it correlates with better initial surgical
success once corneal transparency is accounted for [36,32].

4.2 Where the correlation breaks down

The severity gradient above is a tendency, not a rule. Identical CYP1B1 genotypes, including the same
homozygous missense variant, have produced markedly different ages of onset and severity within members of
the same family — a discordance the primary variant alone cannot explain [1]. Roughly a fifth of PCG patients
carrying a CYP1B1 variant are heterozygous, with no second pathogenic allele found despite thorough screening,
a finding incompatible with simple recessive causation and an early clue to modifying factors [37].

What is established, from a small number of well-documented families, is that digenic interaction is biologically
possible; what remains unresolved is how common or clinically weighty it is. A family with autosomal dominant
glaucoma showed markedly earlier onset (mean age 27 versus 51 years) when a MYOC mutation was co-inherited
with a CYP1BI1 variant, compared with MYOC alone — a single-family observation that nonetheless prompted
the proposal that CYP1B1 can modify MYOC-driven disease [38]. TEK and CYP1BI1 interact directly: CYP1B1
protein attenuates TEK signalling, and heterozygous variants in both genes co-occur in some patients otherwise
carrying an apparently incidental heterozygous CYP1B1 finding [39]. SVEP1 has similarly been proposed as a
TEK modifier, based on eight families in which loss-of-function SVEP1 alleles reduced TEK expression in
Schlemm canal endothelium and correlated with greater severity in one pedigree [40]. Screening of FOXCI1 in
CYP1B1/MYOC-negative families identified rare variants with both increased and decreased transactivation,
including one carrier who also carried a hypomorphic PITX2 variant [37]. A larger, dedicated FOXCI1 screen
found the gene's independent contribution limited, and a further study extended the modifier framework to
FOXC2/PITX2 variants of mild functional effect [41,42].

4.3 Phenotypic mimicry and its diagnostic consequences

A further complication, with direct clinical stakes, is that clinically indistinguishable PCG can arise from
mechanistically unrelated genes. Recessive CYP1B1- or LTBP2-driven disease, dominant TEK-related disease
with incomplete penetrance, and FOXC1/PITX2-associated anterior segment dysgenesis with glaucoma can all
present with photophobia, epiphora, and corneal enlargement in the first months of life, yet carry different
recurrence risks and surgical responses [8,43]. Figure 3 illustrates the two best-characterised convergent routes:
CYPIB1 loss primarily disrupts neural-crest-derived periocular mesenchyme differentiation, whereas
TEK/ANGPT] loss primarily disrupts Schlemm canal endothelial specification, yet both converge on the same
final defect — a hypoplastic drainage structure with elevated outflow resistance. This convergence means initial
testing cannot rely on phenotype alone to select which gene or panel to test first, a point developed in Section 6
and in Table 3.

s N e R
CYP1B1 loss-of-function LLLO el an
(GLC3A, 2p21) haploinsufficiency
5 (GLC3E, 9p21)
- l _J = l >y
'd ™ -
Impaired retinoic-acid / Impaired angiopoietin-TEK
steroid metabolism; signalling in Schlemm
oxidative stress in TM canal endothelium
- l v . l
' B -
Defective neural-crest- Hypoplastic / absent
derived periocular Schlemm canal;
mesenchyme differentiation reduced outflow channels
b l >y l
Modifiers: MYOC, FOXC1, Modifier: SVEP1
PITX2, OPTN (reduces TEK expression,
(oligogenic background) increases severity)

\ /

Trabeculodysgenesis: underdeveloped trabecular J
{_}

meshwork & Schlemm canal, raised outflow resistanc

Figure 3. Two genetically distinct but convergent pathogenic routes to the primary congenital glaucoma
phenotype, illustrated by the CYP1B1 (GLC3A) and TEK (GLC3E) pathways.
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4.4 Methodological sources of inconsistency between cohorts

A critical reading of this literature must go beyond cataloguing discordant findings to ask why they are discordant,
and the honest answer is that most apparent contradictions reflect study design rather than biology. Four sources
of variability recur. First, inclusion criteria differ: some cohorts define PCG strictly by onset before three years
with a fixed corneal-diameter threshold, others include broader age windows or secondary glaucomas, so a
“CYP1BI contribution of 55%” in one series and “20%” in another may reflect different denominators as much
as different genetics. Second, completeness of second-allele identification varies: studies relying on Sanger
sequencing of coding exons alone systematically under-ascertain deep intronic, promoter, and copy-number
variants, inflating the apparent heterozygous-only fraction used as evidence for oligogenic inheritance. Third,
follow-up duration and surgical outcome definitions are inconsistent, so pooled comparisons of “repeat surgery
rate” between cohorts are not strictly comparable. Fourth, several digenic and oligogenic findings in Section 4.2
rest on single families or cohorts of fewer than ten pedigrees — sufficient to show an interaction is biologically
possible, not to estimate its population frequency. Publication bias toward positive, novel-mutation findings
compounds this, as negative modifier-gene screens are rarely reported with equal prominence [1].

These four sources are not equally fixable. Two — incomplete second-allele ascertainment and heterogeneous
outcome definitions — are technical problems, correctable by standardising sequencing depth and coverage of non-
coding regions and by publishing agreed criteria for surgical success. The other two — divergent inclusion criteria
and small modifier cohorts — reflect the underlying reality of a rare disease and cannot be solved at the level of a
single centre; they require multicentre consortia and harmonised phenotyping protocols, the theme we return to in
Sections 5 and 8. Without this distinction, the discussion remains descriptive rather than prescriptive.

Table 3 illustrates a related point: distinguishing PCG genetically from other early-onset glaucomas with
overlapping features is itself methodologically important, since pooling these entities in a single “childhood
glaucoma” cohort — common practice in smaller series — further confounds genotype-phenotype comparison.

Table 3. Distinguishing primary congenital glaucoma from other early-onset glaucomas with overlapping
clinical features.

Feature Primary congenital | Juvenile open-angle | Axenfeld-Rieger spectrum with
glaucoma glaucoma glaucoma

Typical age of | Birth to 3 years 5-40 years Variable; often childhood, can be

onset later

Primary genes | CYP1B1, LTBP2, TEK, | MYOC, less commonly | FOXCI, PITX2

implicated ANGPT1 CYPIBI as modifier

Recommended CYPIBI1 sequencing (+ CNV | MYOC sequencing FOXCI1 and PITX2 sequencing

first-tier  genetic | analysis); LTBP2 if ectopia

test lentis/microspherophakia

Inheritance Mostly autosomal recessive; | Autosomal  dominant | Autosomal dominant, variable

pattern TEK dominant with | (MYOC) expressivity

incomplete penetrance

Characteristic Buphthalmos, Haab striae, | Usually no anterior | Iris/corneal dysgenesis, systemic

non-ocular/ocular | corneal oedema segment structural | (dental, umbilical, cardiac) features

clues anomaly possible

Angle appearance | Trabeculodysgenesis Grossly open, | Anterior segment dysgenesis with

structurally iridocorneal adhesions
unremarkable angle

Key systemic | None typical; surgical | None; prognosis tied to | Dental ~ hypoplasia,  redundant

associations / | prognosis tracks CYPIB1 null | age at diagnosis and | periumbilical skin, cardiac defects;

prognosis note vs. missense status IOP control glaucoma risk ~50% and often later-
onset, so lifelong surveillance is
needed even after a normal
childhood exam

5. Missing heritability: oligogenic biology or technical ceiling?

A substantial minority — commonly cited at 20-40%, higher in some East Asian cohorts — of clinically classical
PCG patients remain without an identified causal variant after CYP1B1 and LTBP2 sequencing, and frequently
after broader panel or exome sequencing as well [15,1]. Two explanations compete, and both deserve to be tested
rather than assumed.

What is established, from Section 4.2, is a small number of well-documented families showing that oligogenic
interaction is biologically possible (CYPIB1 with MYOC or TEK, FOXCI1 with PITX2, TEK with SVEP1)
[38,39,37,40]. What remains hypothesis is that this mechanism explains a meaningful share of the unsolved 20-
40%, rather than being a rare curiosity; no study has yet performed a systematic rare-variant burden analysis
across the anterior-segment gene set in a large, harmonised, unsolved PCG cohort against an ancestry-matched
reference, nor applied formal statistical tests for epistasis. Such a design — several hundred to a thousand unrelated
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probands, pooled across centres — is the concrete next step needed to move this model from plausible narrative to
tested hypothesis.

It is equally important to weigh the null hypothesis: that missing heritability is not oligogenic at all but reflects
technical limitations of current sequencing — deep intronic variants, promoter mutations, structural
rearrangements, and mosaicism, none reliably detected by exome or short-read genome sequencing. This
mechanism is not mutually exclusive with oligogenic inheritance, but the two are empirically distinguishable:
systematic long-read whole-genome sequencing, paired with RNA-seq from accessible tissue where feasible,
would clarify what fraction of “unsolved” cases reflect non-coding or structural variation before oligogenic
biology is invoked to explain the remainder. Until both experiments are done, oligogenic interaction, technical
ceiling, and additional undiscovered monogenic causes at loci such as GLC3B/C remain equally plausible and not
mutually exclusive.

6. Clinical genetics: from diagnosis to prognosis

6.1 Diagnostic testing algorithms and their trade-offs

Genetic testing in PCG serves three purposes: confirming a molecular diagnosis, informing prognosis, and
enabling accurate counselling. Testing strategy should be informed by consanguinity, ancestry, and family history
rather than applied uniformly. A pragmatic tiered approach begins with CYP1B1 sequencing, including copy-
number screening that Sanger sequencing alone can miss, extends to LTBP2 where ectopia lentis,
microspherophakia, or relevant founder ancestry is present, and moves to a broader panel or exome covering TEK,
MYOC, FOXC1, PITX2, and ANGPT1 when first-tier testing is negative or family history suggests dominant,
incompletely penetrant inheritance [43,1]. In practical terms, this means: in populations with documented high
CYPIBI1 contribution (e.g. Middle Eastern, South Asian, or known founder ancestry), Sanger sequencing of
CYPI1BI first is the more cost-effective default; in low-contribution or ethnically mixed populations, or wherever
first-tier testing is negative, moving directly to exome-based testing is more efficient than sequential single-gene
panels, since pooled data show whole-exome sequencing outperforming panel sequencing specifically for PCG
(approximately 47% versus lower panel yields) [44]. Real-world panel yields in unselected childhood glaucoma
populations are more modest, 13-39%, and comparable strategies across congenital eye malformations report
similar cumulative yields with a staged approach [44,45].

A recurring practical problem is a heterozygous CYP1BI1 finding with no second identified allele, occurring in
roughly a fifth of CYP1B1-positive cases (Section 4.2). Such a result should be neither reported as diagnostic nor
dismissed as incidental: reflex testing should include copy-number analysis and screening of TEK and other
modifier candidates in the same sample, since a heterozygous CYP1B1 variant with a second-gene finding may
together explain the phenotype even though neither alone meets conventional single-gene criteria.

6.2 Genotype as a prognostic tool, and prenatal testing considerations

Beyond diagnosis, genotype meaningfully informs expectations about disease course. Null CYP1B1 genotypes
are consistently, if imperfectly, associated with earlier onset, greater baseline severity, and more surgical
procedures than missense or CYP1B1-negative disease [29,32,36]. Surgical scarring has a partly modifiable
biological basis: TGF-B1 is a principal driver of post-trabeculectomy fibrosis, is upregulated by VEGF signalling
in the surgical wound, and is targeted by anti-fibrotic strategies including anti-placental growth factor antibodies,
which may eventually let surgical planning be informed by a patient's genetically and biochemically indicated
fibrosis risk rather than clinical staging alone [46,47]. This connection between genotype and fibrotic risk remains
inferential rather than directly demonstrated.

For families with a confirmed biallelic CYP1B1 or LTBP2 finding, sibling recurrence risk is the standard 25%
for autosomal recessive inheritance. Prenatal or early postnatal testing of at-risk siblings is clinically useful
because prompt surgery improves visual outcome, but it is only possible once the specific familial mutations are
known from the affected proband — de novo prenatal screening without a prior molecular diagnosis in the family
is not informative [43]. Because PCG is treatable and even null genotypes do not predict outcome with certainty,
prenatal diagnosis functions mainly to enable planning for immediate postnatal assessment rather than
reproductive decision-making, and families should be counselled accordingly. For TEK-related disease the
problem is more acute: because penetrance is only around two-thirds and severity is modified by at least one
identified gene (SVEP1) and probably others unknown, a prenatal or presymptomatic TEK finding cannot be
translated into a specific risk of disease or its severity, and counselling should say so explicitly [8,40].

DISCUSSION

Three broader conclusions emerge. First, the GLC3A/CYPIBI story is a genuine success of positional cloning
and remains the backbone of clinical testing, but should not stand in for the whole disease: in much of the world
CYPIBI explains a minority of PCG, and the field's historical concentration on this one gene has likely slowed
progress on GLC3B, GLC3C, and the broader modifier landscape. Second, genotype-phenotype studies that treat
each gene in isolation will keep producing inconsistent, population-specific results until the fixable
methodological sources identified in Section 4.4 are addressed and analyses jointly model variant burden across
the anterior-segment gene set rather than gene-by-gene [38,37,39]. Third, clinical translation has so far been more
successful in diagnosis and counselling than in altering management: genotype informs prognosis, but no gene-
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directed therapy has reached clinical use, and current gene-editing and cell-based strategies for adult glaucomas
remain preclinical [48,49,50].

A brief, speculative aside on epigenetics is worth flagging rather than developing at length, because no PCG-
specific epigenetic study yet exists. DNA methylation regulates gene expression in the adult trabecular meshwork
— pro-fibrotic genes are hypomethylated and anti-fibrotic regulators hypermethylated in glaucomatous relative to
healthy adult tissue, a shift reproducible by hypoxic exposure in vitro [51]. Whether analogous prenatal
methylation changes modulate PCG penetrance is an untested extrapolation from adult tissue biology, not a
demonstrated mechanism.

These conclusions warrant caution on their own terms. Much of the literature derives from single-centre cohorts
of modest size with heterogeneous phenotyping and variable completeness of second-allele identification; the
ranges in Figure 2 illustrate population variability rather than precise epidemiological estimates. Publication bias
toward positive associations likely inflates the apparent strength of some correlations [1]. As Section 5 makes
explicit, oligogenic inheritance and sequencing-technology limitations are competing, empirically
distinguishable, and currently untested explanations for missing heritability, and both remain live possibilities
alongside additional undiscovered monogenic causes.

CONCLUSION

Primary congenital glaucoma is best understood not as a single monogenic disease but as a clinically convergent
phenotype produced by a limited number of genetically distinct developmental pathways, modulated by an
expanding set of interacting genes and, plausibly but unconfirmed, by epigenetic factors. This favours tiered,
population-informed testing over single-gene screening and genotype-aware counselling, while requiring honesty
about what genotype cannot yet predict, particularly for incompletely penetrant TEK-related disease.

Progress on GLC3B/GLC3C, and on adjudicating between the oligogenic and technical-ceiling explanations
outlined in Section 5, will depend on international consortia assembling cohorts large enough for exome- or
genome-wide significance — a scale individual centres cannot reach given disease rarity. Functional validation
remains rate-limiting: candidate genes require confirmation in independent families and in models capable of
recapitulating trabecular meshwork and Schlemm canal dysgenesis, for which CRISPR-engineered zebrafish
knockouts, as already used for GUCA1C, and iPSC-derived outflow tissue offer increasingly realistic platforms
[16,50].

Gene-directed therapy for PCG faces an obstacle adult glaucoma gene therapy does not: PCG is a disorder of
development, so a durable fix would need to act on, or before, a developmental window typically already closed
by diagnosis, restoring trabecular meshwork and Schlemm canal morphogenesis rather than modulating aqueous
dynamics in an already-formed eye — a harder problem than the ciliary-body or trabecular-meshwork targets of
current adult CRISPR approaches [48,49]. Three directions, all early-stage, are nonetheless worth pursuing.
Family-history-based neonatal screening in known biallelic-carrier families could identify at-risk infants before
symptom onset, preserving whatever developmental window remains for any future intervention. Ex vivo
strategies — harvesting and gene-correcting a patient's own trabecular meshwork or iPSC-derived outflow cells
before reimplantation, building on platforms already validated in animal models — sidestep some in vivo delivery
constraints [50]. For hypomorphic missense genotypes retaining partial enzymatic activity, small-molecule
pharmacological chaperones that stabilise misfolded CYP1B1 protein, analogous to chaperone strategies explored
for other misfolding enzyme deficiencies, are a speculative but mechanistically plausible alternative to gene
replacement. None of these is close to clinical testing in PCG specifically, but together they indicate that the
obstacle described above is a research priority rather than a dead end.

Acknowledgments: The authors express their gratitude to their colleagues for the useful discussions and critical
comments that helped improve the quality of this review.

Authors' contribution: All authors contributed equally to the conception, design, literature review, data analysis,
manuscript drafting, and final approval of the version to be published.

Conflict of interest: The authors declare no conflict of interest.

Financial support: This research received no specific grant from any funding agency in the public, commercial,
or non-profit sectors.

Ethics statement: As this article is a narrative literature review and does not involve original data collection from
human participants or animals, ethical approval was not required. All cited studies were conducted in accordance
with their respective ethical standards and the principles of the Declaration of Helsinki.

Genetics and Molecular Research 25 (20s): 2026 8



REFERENCES

1. Kumar A, Han Y, Oatts JT. Genetic changes and testing associated with childhood glaucoma: A systematic
review. PLoS One. 2024 Feb 22;19(2):¢0298883. doi: 10.1371/journal.pone.0298883.

2. Mandal AK, Chakrabarti D, Gothwal VK. Approach to primary congenital glaucoma: A perspective. Taiwan J
Ophthalmol. 2023 Oct 19;13(4):451-460. doi: 10.4103/tjo.TJO-D-23-00104.

3. Sarfarazi M, Akarsu AN, Hossain A, Turacli ME, Aktan SG, Barsoum-Homsy M, Chevrette L, Sayli BS.
Assignment of a locus (GLC3A) for primary congenital glaucoma (Buphthalmos) to 2p21 and evidence for genetic
heterogeneity. Genomics. 1995 Nov 20;30(2):171-7. doi: 10.1006/geno.1995.9888.

4. Stoilov I, Akarsu AN, Sarfarazi M. Identification of three different truncating mutations in cytochrome
P4501B1 (CYPI1B1) as the principal cause of primary congenital glaucoma (Buphthalmos) in families linked to
the GLC3A locus on chromosome 2p21. Hum Mol Genet. 1997 Apr;6(4):641-7. doi: 10.1093/hmg/6.4.641.

5. Kaur K, Mandal AK, Chakrabarti S. Primary Congenital Glaucoma and the Involvement of CYP1B1. Middle
East Afr J Ophthalmol. 2011 Jan;18(1):7-16. doi: 10.4103/0974-9233.75878.

6. Akarsu AN, Turacli ME, Aktan SG, Barsoum-Homsy M, Chevrette L, Sayli BS, Sarfarazi M. A second locus
(GLC3B) for primary congenital glaucoma (Buphthalmos) maps to the 1p36 region. Hum Mol Genet. 1996
Aug;5(8):1199-203. doi: 10.1093/hmg/5.8.1199.

7. Ali M, McKibbin M, Booth A, Parry DA, Jain P, Riazuddin SA, Hejtmancik JF, Khan SN, Firasat S, Shires M,
Gilmour DF, Towns K, Murphy AL, Azmanov D, Tournev I, Cherninkova S, Jafri H, Raashid Y, Toomes C,
Craig J, Mackey DA, Kalaydjieva L, Riazuddin S, Inglehearn CF. Null mutations in LTBP2 cause primary
congenital glaucoma. Am J Hum Genet. 2009 May;84(5):664-71. doi: 10.1016/j.ajhg.2009.03.017.

8. Souma T, Tompson SW, Thomson BR, Siggs OM, Kizhatil K, Yamaguchi S, Feng L, Limviphuvadh V,
Whisenhunt KN, Maurer-Stroh S, Yanovitch TL, Kalaydjieva L, Azmanov DN, Finzi S, Mauri L, Javadiyan S,
Souzeau E, Zhou T, Hewitt AW, Kloss B, Burdon KP, Mackey DA, Allen KF, Ruddle JB, Lim SH, Rozen S,
Tran-Viet KN, Liu X, John S, Wiggs JL, Pasutto F, Craig JE, Jin J, Quaggin SE, Young TL. Angiopoietin receptor
TEK mutations underlie primary congenital glaucoma with variable expressivity. J Clin Invest. 2016 Jul
1;126(7):2575-87. doi: 10.1172/JCI85830.

9. Zhao Y, Sorenson CM, Sheibani N. Cytochrome P450 1B1 and Primary Congenital Glaucoma. J Ophthalmic
Vis Res. 2015 Jan-Mar;10(1):60-7. doi: 10.4103/2008-322X.156116.

10. Garcia-Anton MT, Salazar JJ, de Hoz R, Rojas B, Ramirez Al, Trivifio A, Aroca-Aguilar JD, Garcia-Feijoo
J, Escribano J, Ramirez JM. Goniodysgenesis variability and activity of CYP1B1 genotypes in primary congenital
glaucoma. PLoS One. 2017 Apr 27;12(4):e0176386. doi: 10.1371/journal.pone.0176386.

11. Zahid T, Khan MU, Zulfigar A, Jawad F, Saleem A, Khan AR. Investigation of mutational spectrum in
cytochrome P4501B1 (CYPI1B1) as the principal cause of primary congenital glaucoma. Pak J Med Sci. 2023
Mar-Apr;39(2):409-416. doi: 10.12669/pjms.39.2.7081.

12.Loo Y, Chan ASY, Khor CC, Aung T, Wang Z. Rodent genetically modified models of glaucoma. Mol Aspects
Med. 2024 Feb;95:101229. doi: 10.1016/j.mam.2023.101229

13. Chen X, Chen Y, Wang L, Jiang D, Wang W, Xia M, Yu L, Sun X. Confirmation and further mapping of the
GLC3C locus in primary congenital glaucoma. Front Biosci (Landmark Ed). 2011 Jun 1;16(6):2052-9. doi:
10.2741/3838.

14. Rauf B, Khan SY, Jiao X, Irum B, Ashfaq R, Zehra M, Khan AA, Nacem MA, Shahzad M, Riazuddin S,
Hejtmancik JF, Riazuddin SA. Next-generation whole exome sequencing to delineate the genetic basis of primary
congenital glaucoma. Sci Rep. 2022 Oct 14;12(1):17218. doi: 10.1038/s41598-022-20939-5.

15. Qiao Y, Shao T, Chen Y, Chen J, Sun X, Chen X. Screening of candidate genes at GLC3B and GLC3C loci
in Chinese primary congenital glaucoma patients with targeted next generation sequencing. Ophthalmic Genet.
2023 Apr;44(2):133-138. doi: 10.1080/13816810.2022.2109683.

16. Morales-Camara S, Alexandre-Moreno S, Bonet-Fernandez JM, Atienzar-Aroca R, Aroca-Aguilar JD, Ferre-
Fernandez JJ, Méndez CD, Morales L, Fernandez-Sanchez L, Cuenca N, Coca-Prados M, Martinez-de-la-Casa
IM, Garcia-Feijoo J, Escribano J. Role of GUCA1C in Primary Congenital Glaucoma and in the Retina: Functional
Evaluation in Zebrafish. Genes (Basel). 2020 May 14;11(5):550. doi: 10.3390/genes11050550.

17. Souzeau E, Weisschuh N, Craig JE, Pasutto F, Koch KW. An Assessment of GUCA1C Variants in Primary
Congenital Glaucoma. Genes (Basel). 2021 Mar 2;12(3):359. doi: 10.3390/genes12030359.

18. Azmanov DN, Dimitrova S, Florez L, Cherninkova S, Draganov D, Morar B, Saat R, Juan M, Arostegui JI,
Ganguly S, Soodyall H, Chakrabarti S, Padh H, Lépez-Nevot MA, Chernodrinska V, Anguelov B, Majumder P,
Angelova L, Kaneva R, Mackey DA, Tournev I, Kalaydjieva L. LTBP2 and CYP1B1 mutations and associated
ocular phenotypes in the Roma/Gypsy founder population. Eur J Hum Genet. 2011 Mar;19(3):326-33. doi:
10.1038/ejhg.2010.181.

19. Yang Y, Zhang L, Li S, Zhu X, Sundaresan P. Candidate Gene Analysis Identifies Mutations in CYP1B1 and
LTBP2 in Indian Families with Primary Congenital Glaucoma. Genet Test Mol Biomarkers. 2017 Apr;21(4):252-
258. doi: 10.1089/gtmb.2016.0203.

20. Chacon-Camacho OF, Ordaz-Robles T, Cid-Garcia MA, Hofmann-Blancas ME, Ledesma-Gil J, Garcia-
Huerta MM, Prado-Larrea C, Cortés-Gonzalez V, Lozano-Garza RI, Garcia-Vega D, Kim J, Khang R, Lee E,
Zenteno JC. TEK gene-related primary congenital glaucoma: Phenotypic features and mutational spectrum in a

Genetics and Molecular Research 25 (20s): 2026 9



Mexican cohort of 10 unrelated families. Am J Med Genet A. 2024 Oct;194(10):e63716. doi:
10.1002/ajmg.a.63716.

21. Carstens N, Goolam S, Hulley M, Brandenburg JT, Ramsay M, Williams SEI. Exome-based mutation
screening in South African children with primary congenital glaucoma. Eye (Lond). 2023 Feb;37(2):362-368. doi:
10.1038/s41433-022-01941-7.

22. Kakiuchi-Matsumoto T, Isashiki Y, Ohba N, Kimura K, Sonoda S, Unoki K. Cytochrome P450 1B1 gene
mutations in Japanese patients with primary congenital glaucoma(1). Am J Ophthalmol. 2001 Mar;131(3):345-
50. doi: 10.1016/s0002-9394(00)00808-4.

23. Chen Y, Jiang D, Yu L, Katz B, Zhang K, Wan B, Sun X. CYP1B1 and MYOC mutations in 116 Chinese
patients with primary congenital glaucoma. Arch Ophthalmol. 2008 Oct;126(10):1443-7. doi:
10.1001/archopht.126.10.1443.

24. Panicker SG, Mandal AK, Reddy AB, Gothwal VK, Hasnain SE. Correlations of genotype with phenotype in
Indian patients with primary congenital glaucoma. Invest Ophthalmol Vis Sci. 2004 Apr;45(4):1149-56. doi:
10.1167/i0vs.03-0404.

25. Bashir R, Sanai M, Azeem A, Altaf I, Saleem F, Naz S. Contribution of GLC3A locus to Primary Congenital
Glaucoma in Pakistani population. Pak J Med Sci. 2014 Nov-Dec;30(6):1341-5. doi: 10.12669/pjms.306.5771.
26. Chitsazian F, Tusi BK, Elahi E, Saroei HA, Sanati MH, Yazdani S, Pakravan M, Nilforooshan N, Eslami Y,
Mehrjerdi MA, Zareei R, Jabbarvand M, Abdolahi A, Lasheyee AR, Etemadi A, Bayat B, Sadeghi M, Banoei
MM, Ghafarzadeh B, Rohani MR, Rismanchian A, Thorstenson Y, Sarfarazi M. CYP1B1 mutation profile of
Iranian primary congenital glaucoma patients and associated haplotypes. J Mol Diagn. 2007 Jul;9(3):382-93. doi:
10.2353/jmoldx.2007.060157.

27. Badeeb OM, Micheal S, Koenekoop RK, den Hollander Al, Hedrawi MT. CYP1B1 mutations in patients with
primary congenital glaucoma from Saudi Arabia. BMC Med Genet. 2014 Sep 28;15:109. doi: 10.1186/s12881-
014-0109-2.

28. Kumar A, Basavaraj MG, Gupta SK, Qamar I, Ali AM, Bajaj V, Ramesh TK, Prakash DR, Shetty JS, Dorairaj
SK. Role of CYPIBI, MYOC, OPTN, and OPTC genes in adult-onset primary open-angle glaucoma:
predominance of CYP1B1 mutations in Indian patients. Mol Vis. 2007 Apr 30;13:667-76.

29. Campos-Mollo E, Lopez-Garrido MP, Blanco-Marchite C, Garcia-Feijoo J, Peralta J, Belmonte-Martinez J,
Ayuso C, Escribano J. CYP1B1 mutations in Spanish patients with primary congenital glaucoma: phenotypic and
functional variability. Mol Vis. 2009;15:417-31.

30. Zenteno JC, Hernandez-Merino E, Mejia-Lopez H, Matias-Florentino M, Michel N, Elizondo-Olascoaga C,
Korder-Ortega V, Casab-Rueda H, Garcia-Ortiz JE. Contribution of CYP1B1 mutations and founder effect to
primary congenital glaucoma in Mexico. J Glaucoma. 2008 Apr-May;17(3):189-92. doi:
10.1097/1JG.0b013e31815678c3.

31. Della Paolera M, de Vasconcellos JP, Umbelino CC, Kasahara N, Rocha MN, Richeti F, Costa VP, Tavares
A, de Melo MB. CYPIBI gene analysis in primary congenital glaucoma Brazilian patients: novel mutations and
association with poor prognosis. J Glaucoma. 2010 Mar;19(3):176-82. doi: 10.1097/1JG.0b013e3181a98bae.

32. Coélho REA, Sena DR, Santa Cruz F, Moura BCFS, Han CC, Andrade FN, Lira RPC. CYP1B1 Gene and
Phenotypic Correlation in Patients From Northeastern Brazil With Primary Congenital Glaucoma. J Glaucoma.
2019 Feb;28(2):161-164. doi: 10.1097/1JG.0000000000001132.

33. Lim SH, Tran-Viet KN, Yanovitch TL, Freedman SF, Klemm T, Call W, Powell C, Ravichandran A,
Metlapally R, Nading EB, Rozen S, Young TL. CYP1B1, MYOC, and LTBP2 mutations in primary congenital
glaucoma patients in the United States. Am J Ophthalmol. 2013 Mar;155(3):508-517.e5. doi:
10.1016/j.2j0.2012.09.012.

34. Chouiter L, Nadifi S. Analysis of CYP/BI Gene Mutations in Patients with Primary Congenital Glaucoma. J
Pediatr Genet. 2017 Dec;6(4):205-214. doi: 10.1055/s-0037-1602695.

35. Knight LSW, Ruddle JB, Taranath DA, Goldberg I, Smith JEH, Gole G, Chiang MY, Willett F, D'Mellow G,
Breen J, Qassim A, Mullany S, Elder JE, Vincent AL, Staffieri SE, Kearns LS, Mackey DA, Luu S, Siggs OM,
Souzeau E, Craig JE. Childhood and Early Onset Glaucoma Classification and Genetic Profile in a Large
Australasian Disease Registry. Ophthalmology. 2021 Nov;128(11):1549-1560. doi:
10.1016/j.0phtha.2021.04.016.

36. Hollander DA, Sarfarazi M, Stoilov I, Wood IS, Fredrick DR, Alvarado JA. Genotype and phenotype
correlations in congenital glaucoma: CYP1B1 mutations, goniodysgenesis, and clinical characteristics. Am J
Ophthalmol. 2006 Dec;142(6):993-1004. doi: 10.1016/j.2j0.2006.07.054.

37. Medina-Trillo C, Aroca-Aguilar JD, Méndez-Hernandez CD, Morales L, Garcia-Anton M, Garcia-Feijoo J,
Escribano J. Rare FOXC1 variants in congenital glaucoma: identification of translation regulatory sequences. Eur
J Hum Genet. 2016 May;24(5):672-80. doi: 10.1038/ejhg.2015.169.

38. Vincent AL, Billingsley G, Buys Y, Levin AV, Priston M, Trope G, Williams-Lyn D, Héon E. Digenic
inheritance of early-onset glaucoma: CYP1BI1, a potential modifier gene. Am J Hum Genet. 2002 Feb;70(2):448-
60. doi: 10.1086/338709.

39. Kabra M, Zhang W, Rathi S, Mandal AK, Senthil S, Pyatla G, Ramappa M, Banerjee S, Shekhar K,
Marmamula S, Mettla AL, Kaur I, Khanna RC, Khanna H, Chakrabarti S. Angiopoietin receptor TEK interacts

Genetics and Molecular Research 25 (20s): 2026 10



with CYP1BI in primary congenital glaucoma. Hum Genet. 2017 Aug;136(8):941-949. doi: 10.1007/s00439-017-
1823-6.

40. Young TL, Whisenhunt KN, Jin J, LaMartina SM, Martin SM, Souma T, Limviphuvadh V, Suri F, Souzeau
E, Zhang X, Dan Y, Anagnos E, Carmona S, Jody NM, Stangel N, Higuchi EC, Huang SJ, Siggs OM, Simdes
MJ, Lawson BM, Martin JS, Elahi E, Narooie-Nejad M, Motlagh BF, Quaggin SE, Potter HD, Silva ED, Craig
JE, Egas C, Maroofian R, Maurer-Stroh S, Bradfield YS, Tompson SW. SVEP1 as a Genetic Modifier of TEK-
Related Primary Congenital Glaucoma. Invest Ophthalmol Vis Sci. 2020 Oct 1;61(12):6. doi:
10.1167/i0vs.61.12.6.

41. Chakrabarti S, Kaur K, Rao KN, Mandal AK, Kaur I, Parikh RS, Thomas R. The transcription factor gene
FOXCI1 exhibits a limited role in primary congenital glaucoma. Invest Ophthalmol Vis Sci. 2009 Jan;50(1):75-
83. doi: 10.1167/i0vs.08-2253.

42. Medina-Trillo C, Aroca-Aguilar JD, Ferre-Fernandez JJ, Alexandre-Moreno S, Morales L, Méndez-
Hernandez CD, Garcia-Feijoo J, Escribano J. Role of FOXC2 and PITX2 rare variants associated with mild
functional alterations as modifier factors in congenital glaucoma. PLoS One. 2019 Jan 18;14(1):¢0211029. doi:
10.1371/journal.pone.0211029

43. Yu-Wai-Man C, Amo G, Brookes J, Garcia-Feijoo J, Khaw PT, Moosajee M. Primary congenital glaucoma
including next-generation sequencing-based approaches: clinical utility gene card. Eur J Hum Genet. 2018
Nowv;26(11):1713-1718. doi: 10.1038/s41431-018-0227-y.

44. Liu Y, Gong D, Dang K, Guo J, Yan Z, Shen X, Wang J. Diagnostic accuracy of next generation sequencing-
based genetic research for primary glaucoma: A systematic review and meta-analysis. Surv Ophthalmol. 2026
Mar-Apr;71(2):498-511. doi: 10.1016/j.survophthal.2025.09.023.

45. Neuhann L, Laner A, Holinski-Feder E, Neuhann T. Next-Generation Sequencing in Congenital Eye
Malformations: Identification of Genetic Causes and Comparison of Different Panel-Based Diagnostic Strategies.
Int J Mol Sci. 2025 Oct 10;26(20):9854. doi: 10.3390/ijms26209854.

46. Park HY, Kim JH, Park CK. VEGF induces TGF-B1 expression and myofibroblast transformation after
glaucoma surgery. Am J Pathol. 2013 Jun;182(6):2147-54. doi: 10.1016/j.ajpath.2013.02.009.

47. Van Bergen T, Jonckx B, Hollanders K, Sijnave D, Van de Velde S, Vandewalle E, Moons L, Stassen JM,
Stalmans I. Inhibition of placental growth factor improves surgical outcome of glaucoma surgery. J Cell Mol Med.
2013 Dec;17(12):1632-43. doi: 10.1111/jemm.12151.

48. Wu J, Bell OH, Copland DA, Young A, Pooley JR, Maswood R, Evans RS, Khaw PT, Ali RR, Dick AD, Chu
CJ. Gene Therapy for Glaucoma by Ciliary Body Aquaporin 1 Disruption Using CRISPR-Cas9. Mol Ther. 2020
Mar 4;28(3):820-829. doi: 10.1016/j.ymthe.2019.12.012.

49. Yacoub S, Kaipa BR, Li L, Rios S, Kasetti R, Maddineni P, Clark AF, Zode GS. Therapeutic mRNA delivery
of CRISPR-Cas9 to the trabecular meshwork reverses ocular hypertension in myocilin glaucoma. Mol Ther
Methods Clin Dev. 2025 Oct 11;33(4):101614. doi: 10.1016/j.omtm.2025.101614.

50. Zhu W, Jain A, Gramlich OW, Tucker BA, Sheffield VC, Kuehn MH. Restoration of Aqueous Humor Outflow
Following Transplantation of iPSC-Derived Trabecular Meshwork Cells in a Transgenic Mouse Model of
Glaucoma. Invest Ophthalmol Vis Sci. 2017 Apr 1;58(4):2054-2062. doi: 10.1167/i0vs.16-20672.

51. Chen E, Bohm K, Rosenblatt M, Kang K. Epigenetic regulation of anterior segment diseases and potential
therapeutics. Ocul Surf. 2020 Jul;18(3):383-395. doi: 10.1016/j.jt0s.2020.04.001.

Genetics and Molecular Research 25 (20s): 2026 11



	1. INTRODUCTION: the changing view of PCG
	2. Taxonomy of the genetic loci in PCG
	2.1 The principal locus: GLC3A and CYP1B1
	2.2 The orphan loci: GLC3B and GLC3C
	2.3 Rarer, more recently resolved loci: LTBP2, TEK, and ANGPT1

	3. Global mutation spectrum: an ethnogenomic perspective
	4. Genotype-phenotype correlations: what holds and what does not
	4.1 Reasonably consistent associations for CYP1B1
	4.2 Where the correlation breaks down
	4.3 Phenotypic mimicry and its diagnostic consequences
	4.4 Methodological sources of inconsistency between cohorts

	5. Missing heritability: oligogenic biology or technical ceiling?
	6. Clinical genetics: from diagnosis to prognosis
	6.1 Diagnostic testing algorithms and their trade-offs
	6.2 Genotype as a prognostic tool, and prenatal testing considerations

	DISCUSSION
	CONCLUSION
	REFERENCES

