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Abstract

Background: Primary congenital glaucoma (PCG) is a severe childhood ocular disease that
can lead to irreversible blindness if not detected and treated early. In Palestine, PCG is
more prevalent than global averages, likely due to high consanguinity rates. Currently,
diagnosis is only possible after birth, and many affected Palestinian children are diagnosed
too late for optimal intervention. The only available treatment in Palestine is surgical.
Understanding the genetic basis of PCG in this population is critical for improving early
diagnosis and clinical management.

Objective: This study aims to investigate the molecular genetic basis of PCG in a
Palestinian cohort by screening the CYPIB1 and MYOC genes associated with PCG.

Methods: A total of 46 Palestinian PCG patients were recruited from the West Bank
between November 1, 2023, and November 1, 2024, with the assistance of
ophthalmologists from the German Eye Center and St. John of Jerusalem Eye Hospital and
local specialists. Sanger Sequencing was performed to identify CYPI/BI and MYOC
variants.

Results: Genetic analysis revealed that 22 patients harbored homozygous pathogenic
CYPI1BI variants in exons 2 and 3. Nine patients carried heterozygous pathogenic CYPIB1
variants, including one in compound heterozygous form, while 15 were CYPIBI-negative.
In total, seven pathogenic variants were identified, one novel and six previously reported.
The identified genetic profile closely resembles that of other Arab populations.

Conclusion: This study provides the first comprehensive molecular analysis of PCG in the
Palestinian population, identifying both novel and previously reported CYPIB] variants.
These findings contribute to a better understanding of PCG genetics and emphasize the
need for genetic screening programs to facilitate early diagnosis, targeted interventions,
and potential future therapeutic developments.

Keywords: Primary Congenital Glaucoma, CYP1B1, MYOC, Palestinian population,
Genetic Screening
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Chapter One: Introduction

1.1 Overview of Glaucoma and its Types

Glaucoma is a worldwide leading cause of irreversible blindness, with more than
70 million affected individuals (World Health Organization, 2023). It is a group of optic
neuropathies characterized by progressive degeneration of retinal ganglion cells (RGCs).
These cells are central nervous system neurons that have their cell bodies in the inner retina
and axons in the optic nerve, as shown in Figure 1.1. Degeneration of these nerves results
in cupping of the optic nerve head (Figure 1.2), thus damaging the visual-field. RGCs death
is related to elevated intraocular pressure (IOP) as a result of impaired drainage of the

aqueous humor (Chiarugi, 2023).

Degeneration of RGC somata

Eye

Optic
nerve head

Retina

Distortion and constriction of
RGC axons

Sclera

Optic disk

Lamina
cribrosa

Optic nerve and
retinal vessels

RGC

Axon transport to lateral
geniculate nucleus and
superior colliculus

Trends in Pharmacols I S

Figure 1.1 Visualization of the anatomical structures involved in neurodegeneration
during glaucoma. Source: (Chiarugi, 2023)




Healthy eye with a normal optic  Glaucoma eye with glaucomatous
nerve head cupping of the the nerve head

Figure 1.2 Cupping of optic nerve in normal and glaucoma. Source:
(https://www.drseemabehl.com/glaucoma.php)

1.2 Types of Glaucoma

Glaucoma is classified into two main categories: primary glaucoma and secondary
glaucoma. Primary glaucoma occurs without an identifiable cause, often due to genetic
factors or ageing. Secondary glaucoma results from an identifiable cause, such as eye

injury, eye disease, eye surgery, or medication (Jamie Dietze et al., 2024).

1.3 Types of Primary Glaucoma

Primary glaucoma is typically classified into 3 types: Primary Open-Angle
Glaucoma (POAG), Primary Angle-Closure Glaucoma (PACG), and Developmental
Glaucoma. POAG is further divided into High-Tension Glaucoma (HTG) and Normal-
Tension Glaucoma (NTG) based on intraocular pressure levels. PACG can present in either
an acute or chronic form, depending on the severity and progression of angle closure. On
the other hand, developmental glaucoma occurs in infants and young children due to

developmental abnormalities in the drainage system of the eye. Its subtypes are primary


https://www.drseemabehl.com/glaucoma.php

congenital glaucoma (PCG) and juvenile open-angle glaucoma. (JOAG) Figure 1.3

llustrates this classification.

{ Primary Glaucoma ’

[ Primary Open-Angle J [ Primary Angle-Closure

Developmental GlaucomaJ
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™ M
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Figure 1.3 Classification of Primary Glaucoma A hierarchical representation of primary
glaucoma types, including Primary Open-Angle Glaucoma (POAG), Primary Angle-
Closure Glaucoma (PACG), and Developmental Glaucoma, along with their respective
subtypes.

1.3.1 Primary Open-Angle Glaucoma (POAG)

Primary Open-Angle Glaucoma (POAG, OMIM # 137760) is a chronic,
progressive, and irreversible multifactorial optic neuropathy. The angle of the anterior
chamber is open, resulting in increased IOP, optic nerve head changes, retinal nerve fiber
layer thinning, and progressive loss of peripheral vision (Ibinson & Ferguson, 2024). In
advanced stages, central visual field loss and blindness can occur. Figure 1.4 shows the
types of visual defects in glaucoma, and Figure 1.5 shows an example of what a POAG

patient’s point of view would look like.

Age, genetic predisposition, ethnicity, and myopia are well-documented risk factors
for POAG. It disproportionately affects individuals of African descent, with a higher

prevalence and more severe disease progression (Charlson et al., 2015).
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Figure 1.4 Glaucomatous visual field defects. (a) nasal step (b) temporal wedge (c)
established superior arcuate defect (d) early superior paracentral defect at 10° (e)
superior, fixation threatening paracentral defect (f) superior arcuate with peripheral
breakthrough and early inferior defect (g) tunnel vision defect with temporal crescent
sparing (h) end stage, complete field loss. Image retrieved from:
(https://geekymedics.com/primary-open-angle-glaucoma/)

Figure 1.5 Point of view of a vision of a patient with glaucoma. Image retrieved from:
(https://www.privateophthalmologist.co.uk/glaucoma/open-angle-glaucoma/)
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1.3.1.1 High-Tension Glaucoma (HTG)

High-Tension Glaucoma (HTG) is the most common form of POAG and is
characterized by elevated IOP above the normal range (>21 mmHg). One of the most well-
established genes associated with HTG-POAG is MYOC (Myocilin), where mutations lead
to protein misfolding and accumulation in the trabecular meshwork, impairing aqueous

humor drainage and increasing IOP (Yadav et al., 2023).

In addition to genetic factors, environmental influences, such as corticosteroid use
and vascular dysregulation, may contribute to disease progression (Gao et al., 2018).
Treatment strategies for HTG primarily focus on reducing IOP through medications

(prostaglandin analogs, beta-blockers), laser therapy, or surgical interventions (Gao et al.,

2018).

1.3.1.2 Normal-Tension Glaucoma (NTG)

Normal-Tension Glaucoma (NTG) is a subtype of POAG in which patients develop
glaucomatous optic nerve damage and visual field loss despite having IOP within the
normal range (<21 mmHg). NTG is thought to result from vascular dysregulation,

oxidative stress, and impaired neuroprotection (Ibinson & Ferguson, 2024).

Key genetic factors associated with NTG include OPTN (Optineurin), which plays
a role in apoptosis and inflammation in retinal ganglion cells, and 7BK/ (Tank-Binding
Kinase 1), where copy number variations may contribute to cell stress responses and
neurodegeneration. Other risk factors include hypotension, migraine, sleep apnea, and
vascular diseases, which may compromise blood flow to the optic nerve. Since IOP is not
significantly elevated in NTG, treatment approaches include neuroprotective therapies and

optimizing ocular perfusion(Gao et al., 2018).



1.3.2 Primary Angle-Closure Glaucoma (PACG)

Primary Angle-Closure Glaucoma (PACG # 618880) is caused by a mechanical
obstruction of aqueous humor outflow, often due to pupillary block or plateau iris, as shown
in Figure 1.6. The angle between the iris and cornea becomes increasingly narrow,
predisposing the patient to intermittent or complete angle closure. Hyperopia, older age,
female sex, and Asian ethnicity are significant risk factors (Inooka et al., 2024; Y. Zhang

et al., 2022).

Cornea Cornea
meshwork Tabecder ke -~ e
N\l ok e — e ~— W/
- "‘-/ Iris Iris &
T et P N
Cilia
OPEN-ANGLE GLAUCOMA ANGLE-CLOSURE GLAUCOMA

Figure 1.6 Comparison of Open-Angle and Angle-Closure Glaucoma. In open-angle
glaucoma, the angle between the iris and cornea remains open, allowing for slow
drainage of aqueous humor through the trabecular meshwork, which can become

inefficient over time, leading to increased intraocular pressure. In contrast, angle-closure

glaucoma is characterized by a narrowed or blocked drainage angle, preventing aqueous

humor outflow and causing a rapid increase in intraocular pressure. Image retrieved from:
(https://www.eyenm.com/glaucoma-center-albuquerque/types-of-glaucoma/)

1.3.2.1 Acute Primary Angle-Closure Glaucoma (Acute PACG)

Acute PACG is a sight-threatening emergency characterized by a sudden and
complete blockage of the drainage angle in the eye. This leads to a rapid rise in IOP, causing
symptoms such as severe eye pain, headache, nausea, vomiting, blurred vision, and halos
around lights (Khazaeni et al., 2023). Genetically, PLEKHA?7 has been strongly associated
with angle-closure glaucoma, as it plays a role in cell adhesion within the trabecular
meshwork(Kondkar, 2021). (Shi et al., 2021) Acute PACG requires urgent intervention to

lower IOP and reopen the drainage angle.


https://www.eyenm.com/glaucoma-center-albuquerque/types-of-glaucoma/

1.3.2.2 Chronic Primary Angle-Closure Glaucoma (Chronic PACG)

Chronic PACG develops gradually over time due to progressive closure of the
drainage angle, leading to silent and sustained elevation of IOP. Unlike acute PACG,
chronic PACG is asymptomatic in the early stages and often remains undiagnosed until
significant optic nerve damage and visual field loss occur. The gradual narrowing of the
angle may result from repeated subacute episodes of angle closure, progressive thickening
of the lens, or changes in the ciliary body that push the iris forward. Genetic studies have
identified HGF (Hepatocyte Growth Factor) as a key gene associated with chronic PACG,
influencing anterior segment structure and trabecular meshwork function (Ong et al.,

2021).

1.3.3 Primary Congenital Glaucoma (PCG)

Primary congenital glaucoma (PCG, OMIM #231300) is a rare disease that affects
children. It used to be considered an untreatable inevitable vision loss. However, advances
in biochemical and genetic studies, introduction of medications that lower IOP, and
improved surgical techniques have led to better understanding of this devastating disease

and preserving the vision of affected children (A. H. Badawi et al., 2019).

PCG manifests at birth or shortly after, with different subtypes based on the age of
onset. True congenital glaucoma is present at birth or within the first month of life (25% of
cases). Infantile glaucoma typically presents between 1 - 36 months of age (65%), while
JOAG manifests after three years but before adulthood (10%) (Kaur et al., 2024). The
disease is characterized by defects in the trabecular meshwork and anterior chamber angle.
This leads to impaired drainage of the aqueous humor resulting in elevated IOP. Figure 1.7

visualizes the aqueous humor production and flow.



Anterior Iris
— chamber . Aqueous

Posterior
chamber

Trabecular
meshwork

L
Figure 1.7 Aqueous Humor Production and Flow. Aqueous humor is produced in the
ciliary body behind the iris (in the posterior chamber), passes into the front of the eye
(anterior chamber), and then exits through the drainage canals or the uveoscleral pathway
(black arrows). Image retrieved from: (https://www.msdmanuals.com/home/children-s-
health-issues/eye-disorders-in-children/primary-infantile-glaucoma)

PCG typically presents in infancy with a triade of symptoms: photophobia,
epiphora, and blepharospasm, along with signs such as corneal clouding, megalocornea,
and buphthalmos (Kaur et al., 2024), as shown in Figure 1.4. Parents notice bluish
discoloration of the eyes, abnormally enlarged eyeballs, or a sudden whitening of the

cornea. If left untreated, it may lead to blindness.

: u!:;';:‘; 2 R e G ) :
Figure 1.8 Representative photographs of corneal abnormalities associated with
congenital glaucoma. (A) Enlarged cornea (buphthalmos) in the right eye with congenital

glaucoma. (B, C) Horizontal lines of Haab striae are present in the cornea. (D) Grade 1

corneal opacity. Minimal and superficial opacity is observed. € Grade 2 corneal stromal

opacity. Both anterior chamber and iris are well-visible despite the opacity. (F) Grade 3

corneal stromal opacity. The pupil is still visible but iris details difficult to see through

the opacity. (G) Grade 4 corneal stromal opacity. Pupil is invisible due to total stromal
opacity of the cornea. Image retrieved from
https://bmcophthalmol.biomedcentral.com/articles/10.1186/s12886-018-0865-4 .
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The prevalence of PCG varies depending on ethnicity and consanguinity. In
Western countries like Ireland, the United Kingdom, and the United States, PCG is
relatively rare, with occurrence rates ranging from one in 20,000 to 45,000 live
births(Aponte et al., 2010). In contrast, this number is much higher in consanguineous
communities. For examples, it is reported to be as high as one in 1,000 in Senegal, one in
1,250 among Slovakian Roms (Gypsies), one in 2,500 in Saudi Arabia (MacKinnon et al.,
2004), and one in 8200 among Palestinians (Elder, 1993). There is no available data on the
incidence of PCG in Palestine after 1993. Lastly, the Republic of Zaire presents with the
highest incidence, with the reported primary infantile glaucoma around one in 500

(MacKinnon et al., 2004).

1.4 Significance of the study

The incidence of PCG in Palestine was reported to be one in 8200 live births in
1993, which is relatively high for a rare condition. Since then, no reports have been
published on the incidence rate of congenital glaucoma, nor is this information available
from the Palestinian Central Bureau of Statistics. This study represents a comprehensive
investigation of the molecular genetics of PCG among a Palestinian cohort, in collaboration
with leading physicians in the field. Like all congenital diseases, it is important to identify
the specific spectrum of associated variants that describe the disease in every population
which could have major impact on improving clinical diagnoses, allow early intervention,
provide a tool for families inflicted with these variants to ensure the birth of healthy

children, and may provide insights in therapy research.

1.5 Problem Statement

The available literature on PCG in Palestine is extremely limited, with only one
published study (Elder, 1993). This study presented the status of patients with PCG treated
at St John of Jerusalem Eye Hospital between 1981 and 1990. To date, no studies have

investigated the genetic profile and relevant variants associated with PCG among the



Palestinian population. In other words, for more than 20 years, no research has been done

on primary congenital glaucoma in Palestine.

1.6 Aim of Study

This study aims to identify the associated genetic variants in selected genes with
PCG among Palestinian primary Glaucoma patients to enhance global understanding of the

molecular genetics underlying PCG development.

1.7 Study Questions

o What are the pathogenic or likely pathogenic variants in the CYP1B1 and MYOC

genes among Palestinian patients diagnosed with primary congenital glaucoma?
e Are there any novel variants in these genes not previously reported in the literature?

e How does the spectrum and frequency of detected variants among Palestinian

patients compare to those reported in neighboring Arab countries and globally?

e (Can the identified genetic variants help improve diagnostic and counseling

strategies for families affected by PCG in Palestine?

1.8 Hypothesis

Several known and novel Variants in the CYPIB1I and MYOC genes are associated
with PCG among Palestinian Glaucoma patients with relatively close resemblance to

variants identified in other Arab populations.
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1.9 Study Boundaries and Delimitations

This study focuses exclusively on Palestinian patients clinically diagnosed with
primary congenital glaucoma who presented to St John Eye Hospital and Dr. Amer Muhsen
and agreed to participate in this study. The research is limited to the analysis of variants in
the CYP1BI and MYOC genes only; other genes associated with glaucoma are beyond the
scope of this investigation due to limited funding. The sample size is limited to patients
who consented to participate and provided clinical and genetic material for analysis. The
study findings are specific to the Palestinian population and may not be fully generalizable
to other ethnic or geographic groups. The analysis does not include functional validation
of variants (e.g., in vitro assays), and interpretation is based on bioinformatic prediction

tools and literature review.

1.10 Terminological and Procedural Definitions

e Primary Congenital Glaucoma (PCG): A severe form of glaucoma that presents within
the first few years of life, characterized by elevated intraocular pressure, buphthalmos,
corneal edema, and optic nerve damage.

e (YPIBI gene: Cytochrome P450 Family 1 Subfamily B Member 1 gene, frequently
implicated in autosomal recessive PCG.

e MYOC gene: Myocilin gene, more commonly associated with juvenile and adult-onset
glaucoma but occasionally reported in congenital cases.

e Variant: A change in the DNA sequence compared to the reference genome. Variants
are classified as pathogenic, likely pathogenic, benign, likely benign, or of uncertain
significance based on ACMG guidelines.

e Sanger Sequencing: A method of DNA sequencing used to detect genetic variants in
the study samples.

e In-silico Analysis: Use of bioinformatics tools to predict the pathogenicity and
functional consequences of genetic variants.

e Pathogenic Variant: A genetic alteration causally related to disease development,

supported by multiple lines of evidence.
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Chapter Two: Literature Review

Primary congenital glaucoma is caused by genetic variants associated with key
molecular pathways involved in aqueous humor regulation. Over the past two decades,
advances in molecular genetics have identified several causative genes where CYP/BI and
MYOC being the most studied in PCG and JOAG, respectively. These genes play critical
roles in trabecular meshwork function, aqueous humor outflow, and extracellular matrix
maintenance (Cascella et al., 2015). This section reviews of the molecular aspects of
congenital glaucoma, with an emphasis on genetic variants in CYP/BI and MYOC, their
molecular mechanisms, and population-specific variations. Given the high consanguinity
rates in the Middle East, definitely understanding the genetic basis of PCG is critical for

developing early diagnostic tools and potential targeted therapies.

2.1 Genetics of PCG

Globally, 90% of PCG cases are sporadic, while 10% of cases are familial with
autosomal recessive mode of inheritance (Kaur et al., 2024). On the contrary, nearly 90%
of the PCG cases in Saudi Arabia are hereditary, with autosomal recessive inheritance and
high penetrance (Malik et al., 2017). This suggests that in Palestine, PCG cases are more
likely to be familial than sporadic due to high consanguinity, similar to that in Saudi

Arabia, and opposite to the global trend.

Several genes have been identified in PCG pathogenesis, including: CYPIBI,
MYOC, LTBP2, TEK, FOXCI and PITX2. Mutations in these genes disrupt the
development and function of the trabecular meshwork, leading to impaired aqueous humor
drainage and elevated IOP (Lewis et al., 2017). A recent systematic review studied the
genetic epidemiology of PCG among 10 Arab populations including Saudi Arabia, Kuwait,
Oman, Egypt, Morocco, Lebanon, Tunisia, Iraq, Algeria, and Mauritania. A total of 77
disease-causing variants from 361 patients and 88 families were identified. Thirty-three
(33) of these variants were unique to Arabs and 69 variants were identified in the CYPIBI
gene, 5 in the MYOC gene, and single variants were reported in NTF4, FOXCI, and WDR36

genes. The most common identified variant was the c.182G>A in the CYPIBI gene.
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Consanguinity represented the majority of Arab PCG patients’ families, ranging from 45%

to 100% (Jemmeih et al., 2022a).

Since CYP1B1 and MYOC mutant variants are the most commonly associated genes
with PCG among the Arab populations, this study was initiated to study the prevalence of

these variants among Palestinian PCG patients.

2.1.1 CYPIBI gene.

This gene is locted on the short arm of chromosome 2 (2p22.2) (Figure 2.1). It
consists of 3 exons and 2 introns, where the majority of identified pathogenic variants are
concentrated in exon 2 and the begining of exon 3, as shown in Figure 2.2. Exon 1 includes

is a non-coding sequence (Fuse et al., 2024).
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Figure 2.1 Location of CYPIBI gene in the human genome. Image retrieved from
GeneCards (https://www.genecards.org/)
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Figure 2.2 Graphical Representation of CYPIBI gene, including classified variants
submitted to ClinVar. Image Retrieved from ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/).

CYPIBI is a member of the cytochrome P450 superfamily of enzymes. These
monooxygenases are involved in the metabolism of various substances including drugs,
vitamins, cholesterol, steroids, and other lipids. The CYP1B1 localizes to the endoplasmic
reticulum. It inserts one oxygen atom into a substrate, and reduces the second into a water

molecule, with two electrons provided by NADPH via cytochrome P450 reductase
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(NADPH--hemoprotein reductase) (Lee et al., 2003). CYPIB1 is involved in the
metabolism of hormones and vitamins. It converts estrone (E1) and 17p-estradiol (E2) into
hydroxy-estrogens (A. F. Badawi et al., 2001). It also metabolizes testosterone and
progesterone into hydroxylated derivatives (Shimada et al., 1999), and plays a role in all-
trans retinoic acid biosynthesis by converting all-trans retinol to retinal and then to all-trans
retinoic acid (H. Chen et al., 2000). Moreover, CYP1BI1 plays an important role in retinal
vascular development. It promotes retinal angiogenesis and capillary morphogenesis under
hypertoxic conditions, and helps maintain oxidative homeostasis and trabecular meshwork

organization (Elmergreen et al., 2011).

In summary, CYPIBI is vital for steroid hormone metabolism, retinoic acid
biosynthesis, oxidative stress management, and xenobiotic detoxification, and is involved

in eye health and vascular function.

2.1.2 MYOC gene.

The gene is located on the long arm of chromosome 1 (1q24.3) (Figure 2.3). It
consists of 3 exons and 2 introns as well, with limited number of reported pathogenic

variants (Figure 2.4).

Chr 1
7R mn o om oo m oo R L T B miry
B2 ffgd B 8 L == 3 88 § 88828 § ¥ Ei
I I | I i [ HN |
Figure 2.3 Location of MYOC gene in the human genome. Image retrieved from
GeneCards (https://www.genecards.org/)
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Figure 2.4 Graphical Representation of MYOC gene, including classified variants
submitted to ClinVar. Image Retrieved from ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/).
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MYOC encodes the protein myocilin, which is involved in cytoskeletal function and
is expressed in many ocular tissues, including the trabecular meshwork (TM). It was
revealed to be the TM glucocorticoid-inducible response protein (TIGR). It interacts with
extracellular matrix (ECM) components such as laminin, fibronectin, SPARC, and hevin,

which help maintain TM structure and aqueous humor outflow (Kanagavalli et al., 2004).

MYOC glycoprotein plays a role in cellular processes such cell adhesion,
spreading, and formation of focal contacts. It modulates actin cytoskeleton, influencing
stress fiber assembly via Rho protein signaling and Wnt pathways interactions.
Furthermore, MYOC enhances cell migration by activating PTK2 and downstream PI3K
(phosphatidylinositol 3-kinase) signaling (Kanagavalli et al., 2004).

In summary, MYOC is crucial for TM function, ECM interactions, and cytoskeletal
regulation, affecting cell adhesion, migration, and signaling pathways essential for ocular

homeostasis.

2.1.3 Other Genes Associated with Primary Congenital Glaucoma (PCG)

While CYPIBI and MYOC are well-established PCG-associated genes, studies
have identified additional genes implicated in trabecular meshwork function, Schlemm’s
canal development, and aqueous humor outflow regulation. Figure 2.5 demonstrates where

TM and SC are located in the eye.

Flow of
8 0 (@Q) ~—/ aqueous humor

Crystalline lens

Ciliary body

Figure 2.5 Schematic image of angle structure at corneal limbus and flow of aqueous
humor in a human eye. Image retrieved from (Gallab et al., 2019).
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2.1.3.1 Genes Involved in Trabecular Meshwork and Aqueous Humor Drainage

Dysfunction in aqueous humor drainage is a major contributor to the dysregulation
of IOP and PCG development. Key genes involved in the TM integrity and aqueous humor
regulation include LTBP2, COL4A1, and GPATCH3.

LTBP?2 (Latent Transforming Growth Factor Beta Binding Protein 2) is located on
chromosome 14q24.3 and plays a significant role in trabecular meshwork development and
extracellular matrix maintenance. It is particularly relevant in populations where CYPIB1
mutations are absent. Mutations in L7BP2 disrupt ECM function, impair aqueous humor

drainage, and elevate IOP, contributing to PCG pathogenesis (Narooie-Nejad et al., 2009).

COL4A1 (Collagen Type IV Alpha 1) on chromosome 13q34, encodes a collagen
protein essential for basement membrane integrity in ocular structures. Mutations can
weaken trabecular meshwork architecture, hindering aqueous humor outflow (Coupry et

al., 2010).

Lastly, GPATCH3 (G Patch Domain Containing 3), located on chromosome 1p34.2,
has been recently identified in a whole exome sequencing study as a new gene involved in

ocular development (Ferre-Fernandez et al., 2017).

2.1.3.2 Genes Involved in Schlemm’s Canal Development and Angiopoietin-TIE

Signaling

The Schlemm’s canal is an essential structure for aqueous humor outflow pathway,
and the angiopoietin-TIE signaling pathway regulates its formation and function.
Mutations in TEK and ANGPT1 genes can impair this pathway and increase susceptibility
to PCG (Thomson et al., 2017).

TEK (TEK Receptor Tyrosine Kinase), located on chromosome 9p21.2, encodes a
receptor tyrosine kinase that interacts with angiopoietins to regulate vascular and lymphatic
vessel development. Mutations in TEK disrupt the angiopoietin-TIE signaling pathway,
leading to malformation or dysfunction of Schlemm’s canal. This increases resistance to

aqueous humor outflow, elevating IOP, contributing to PCG (Choi et al., 2024).
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ANGPTI (Angiopoietin 1), on chromosome 8q23.1, encodes a ligand that activates
the TEK receptor. It plays a key role in stabilizing Schlemm’s canal endothelium and
facilitating aqueous humor drainage. Mutations in ANGPTI reduce TEK receptor

activation, thereby increasing PCG risk (Thomson et al., 2017).

2.1.3.3 Genes Associated with Anterior Segment Dysgenesis and PCG

Anterior segment dysgenesis (ASD) refers to developmental abnormalities in the
structures of the anterior chamber, including the trabecular meshwork and Schlemm’s
canal. Many ASD-related genes, such as FOXCI and PITX2, are also linked to PCG
(Kaushik et al., 2022).

FOXCI (Forkhead Box C1), located on chromosome 6p25, encodes a transcription
factor crucial for developing the cornea, iris, and trabecular meshwork. Mutations disrupt
normal anterior segment formation and are frequently associated with ASD disorders,
which often present with congenital glaucoma. This genetic overlap underscores FOXC1’s

role in both ASD and PCG (Kaushik et al., 2022).

Similarly, PITX2 (Paired Like Homeodomain 2), on chromosome 4q25, is essential
for trabecular meshwork and anterior segment development. Mutations are strongly linked
to Axenfeld-Rieger syndrome, a disorder characterized by ocular and systemic anomalies,

with affected individuals often developing early-onset glaucoma (Kaushik et al., 2022).

2.2 Molecular Pathophysiology of CYPIBI and MYOC in PCG
2.2.1 Molecular Pathophysiology of CYPIBI in PCG

CYPI1BI is expressed in the anterior uveal tract, which regulates aqueous humor
secretion and outflow. A study demonstrated the functional interaction between CYP1BI1
and MYOC (myocilin) where 17 estradiol acts as a mediator. Normally, CYP1BI
metabolizes 17B-estradiol into less active forms, preventing excessive binding to estrogen

receptors (ERs) (Mookherjee et al., 2012).
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Mutations in CYPIBI results in impaired metabolism of 17p-estradiol.
Accumulation of 17B-estradiol increases binding to estrogen receptors (ERa and ERp) in
the TM cells. The overabundance of 17-estradiol leads to excessive formation of 17[3-
estradiol-estrogen receptor complex. The resulting overproduction of the 17p-estradiol-ER
complex upregulates MYOC expression (Figure 2.5). Excess myocilin accumulates in the
endoplasmic reticulum (ER), causing protein misfolding, ER stress, and TM cell apoptosis.
This disrupts ECM remodeling, impairs aqueous humor drainage, and increases resistance
to outflow, leading to elevated IOP and glaucoma. Persistent IOP elevation damages the

optic nerve, resulting in the characteristic features of PCG (Mookherjee et al., 2012).
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Figure 2.6 Schematic diagram showing potential influence of CYP1B1 mutants on
MYOC expression. In Panel A fully functional wild-type CYP1B1 metabolizes 17§3-
Estradiol; thus limiting the steroid to form the hormone-receptor complex (17p-Estradiol-
ER) whereas in Panel B restricted CYP1B1 enzymatic activity results in higher levels of
the steroid available for formation of 17B-Estradiol-ER complex which in turn leads to
MYOC upregulation through estrogen response elements (EREs) in MYOC promoter.
The latter condition might have a potential implication in glaucoma pathogenesis. Image
retrieved from (Mookherjee et al., 2012).
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2.2.2 Molecular Pathophysiology of MYOC in PCG

Some glaucoma patients carry pathogenic variants in MYOC without mutations in
CYPIBI. Wang et. al (2018) described multiple mechanisms by which MYOC mutations
contribute to PCG. Mutant myocilin misfolds in the ER and fails to be secreted properly.
This accumulation induces ER stress, which triggers the unfolded protein response (UPR).

Prolonged ER stress results in TM cell apoptosis.

Additionally, secreted mutant myocilin aggregates abnormally and traps wild-type
myocilin. This increases ECM stiffness, thereby reducing aqueous humor outflow and
raising IOP (H. Wang et al., 2018). Glucose-regulated protein 94 (Grp94) chaperone is
recruited by misfolded mutant myocilin and accelerates its aggregation via the ER-
associated degradation (ERAD) system. Inhibiting Grp94 has been explored as a
therapeutic strategy to prevent myocilin aggregation and promote alternative clearance

pathways, reducing cytotoxicity (Huard et al., 2019; Stothert et al., 2014) (Figure 2.6).

Additionally, mutant myocilin aggregation in TM cells activates the NF-kB
signaling pathway, leading to chronic inflammation. Increased levels of IL-1f and
oxidative stress (OS) contribute to TM cell damage and further elevation of IOP (H. Wang
et al., 2018).

@ Grp94 recognizes

I small pre-aggregates of
mutant/misfolded myocilin

Grp94 inhibition promotes Myocilin aggregates
dissociation of Grp94 and and cannot be cleared by ERAD
autophagic clearance of myocilin leading to TM toxicity

Figure 2.7 Co-aggregation of Grp94 with mutant/misfolded myocilin (80)
(H. Wang et al., 2018).
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2.3 Therapeutic Strategies for Primary Congenital Glaucoma (PCG)

PCQG is primarily managed through surgical intervention, as medical therapy alone
is often insufficient in controlling the high IOP due to structural abnormalities in the
trabecular meshwork. However, recent advances in molecular genetics have paved the way

for potential gene-based therapies.

2.3.1 Surgical Approaches

Surgery remains the gold standard for PCG treatment. The primary goal of surgery
is to enhance aqueous humor outflow by modifying or bypassing the defective trabecular
meshwork. Goniotomy, a minimally invasive procedure, involves incising the trabecular
meshwork and is most effective in early-diagnosed PCG with clear corneas.
Trabeculotomy, a similar procedure performed externally using a probe to disrupt
Schlemm’s canal, is preferred for cases with hazy corneas where goniotomy is not feasible.
In severe cases or when IOP remains uncontrolled, a combined trabeculotomy-
trabeculectomy is performed to increase outflow through both Schlemm’s canal and a

newly created drainage channel (Kaur et al., 2024).

For refractory cases, glaucoma drainage devices (GDDs), such as Ahmed valves
and Baerveldt implants, offer an alternative drainage pathway to lower IOP. In advanced
or resistant cases, cyclodestructive procedures like cyclophotocoagulation use laser energy
to reduce aqueous humor production by targeting the ciliary body. This approach is
typically reserved as a last resort for refractory PCG or blind, painful eyes (Kaur et al.,
2024).

2.3.2 Molecular Genetics Approaches and Emerging Therapies

With the identification of key PCG-associated genes (CYPIBI, TEK, LTBP2,
FOXC1I), researchers are exploring gene-targeted and cell-based therapies as potential

alternatives or adjuncts to surgery.
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2.3.2.1 Gene Therapy

Gene therapy offers a promising approach for treating PCG by targeting its genetic
causes. Gene supplementation therapy, which introduces a functional copy of a defective
gene, has shown success in inherited retinal diseases. A recent study on AIPL1-associated
retinal dystrophy demonstrated improved visual function and structural preservation with
early intervention (Michaelides et al., 2025) Building on these findings, similar strategies

could be applied to CYPIBI, TEK, LTBP2, and FOXCI mutations in PCG.

Viral vectors like AAVs and gene-editing tools such as CRISPR hold potential for
restoring trabecular meshwork function and preventing optic nerve damage. While still
experimental, gene therapy could offer a long-term alternative to surgery and medication

in PCG treatment (Kharisova et al., 2025).

2.3.2.2 Pharmacogenomics and Personalized Medicine

Understanding the genetic basis of PCG allows for the development of targeted
drug therapies. Personalized medicine aims to optimize glaucoma treatment by tailoring
drug selection and dosage based on genetic variations, improving efficacy while
minimizing side effects. Ongoing research focuses on refining Rho kinase (ROCK)
inhibitors and exploring new pharmacogenomic strategies for PCG management (Wang et

al., 2023).

ROCK inhibitors, such as netarsudil (0.02%) and ripasudil (0.4%), lower
intraocular pressure (IOP) by enhancing aqueous humor outflow and relaxing the
trabecular meshwork. These drugs show promising neuroprotective effects but may cause
temporary conjunctival congestion or bleeding. Administering netarsudil at night can

reduce congestion (Wang et al., 2023).

Small molecule therapies are being explored to modulate ECM remodeling and
neuroprotection in PCG. Matrix metalloproteinases (MMP9) inhibitors aim to prevent
excessive ECM buildup in the trabecular meshwork, reducing outflow resistance and
lowering IOP. Prostaglandin analogs (PGAs) enhance ECM turnover by increasing MMP

expression, facilitating aqueous humor outflow. Sustained-release PGA implants, such as
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Bimatoprost SR, offer prolonged IOP reduction by inducing long-term ECM remodeling
(Weinreb et al., 2020).

Moreover, neuroprotective agents like brain-derived neurotrophic factor (BDNF)
and glial cell-derived neurotrophic factor (GDNF) aim to preserve retinal ganglion cells
(RGCs) and prevent apoptosis. While preclinical studies show promising neuroprotective

effects, clinical applications remain under investigation (Lambuk et al., 2022).

2.3.2.3 Stem Cell Therapy

Stem cell-based approaches hold promise for trabecular meshwork regeneration
and optic nerve repair in PCG. Induced pluripotent stem cells (iPSCs) are being explored
for restoring trabecular function, potentially reversing structural defects (Zhu et al.,
2023). Mesenchymal stem cells (MSCs) may enhance neuroprotection and promote optic

nerve regeneration, preserving vision in advanced cases (B. Y. Hu et al., 2024).

Despite progress in stem cell therapies for optic nerve damage, challenges remain,
including efficient retinal ganglion cell (RGC) integration and axon regeneration.
Advances in imaging and stem cell engineering will improve the ability to track cell

migration, survival, and function in vivo (B. Y. Hu et al., 2024).

2.3.2.4 Conclusion

While surgical interventions remain the mainstay of PCG treatment, advances in
molecular genetics offer promising future therapies. Gene therapy, stem cell-based
regeneration, and personalized pharmacogenomic approaches could potentially transform
PCG management, and reduce the need for repeated surgeries as well as improving long-
term visual outcomes. Continued research into targeted molecular therapies is important in
complementing existing surgical techniques and providing more effective and sustainable

treatments for PCG patients.
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2.3.3 Targeted Molecular Therapies for MYOC-Associated Glaucoma

A growing body of research has investigated potential therapeutic strategies for
mitigating the pathogenic effects of MYOC mutations in glaucoma. These approaches aim
to prevent disease progression by targeting the clearance of misfolded myocilin, which

reduces ER stress, leading to neuroprotection of RGCs.
2.3.3.1 PBA

One promising therapeutic approach involves sodium 4-phenylbutyrate (PBA).
PBA is a chemical chaperone that enhances proper folding and secretion of myocilin. A
study by Zode et al. demonstrated that topical ocular administration of PBA significantly
improved myocilin secretion and reduced its intracellular accumulation in mutant MYOC
transgenic mouse model of POAG. This PBA treatment reduced ER stress in TM and
lowered IOP (Zode et al., 2012).

2.3.3.2 Grp9%4

Another molecular target under investigation is the previously mentioned Grp94,
which is involved in myocilin aggregation. Studies have shown that Grp94 inhibitors can
facilitate the degradation of toxic myocilin aggregates, thus prevent TM dysfunction and
lower IOP (Huard et al., 2019). Since Grp94 promotes the persistence of misfolded
myocilin, its inhibition is considered a promising strategy for rescuing TM cells from

cytotoxic stress and restoring normal aqueous humor outflow.
2.3.3.3 NAD+(H)

Aside from targeting the TM and IOP regulation, neuroprotective strategies to
manage glaucoma-related damage have been considered as a therapeutic approach. The
NAD+/NADH redox state has been proposed both as a biomarker and therapeutic target
for glaucoma. NAD+(H) plays a central role in ATP production and mitochondrial function.
Disruptions in NAD+(H) homeostasis have been associated with RGC degeneration(Petriti
et al., 2021). Therefore, modulating NAD+ levels could be used for protecting RGCs

against glaucomatous damage.
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Chapter Three: Methodology

3.1 Study Subjects:

The study received approval from the Arab American University Palestine (AAUP)
Institutional Review Board (IRB) and adhered to the principles of the Helsinki Declaration.
Patients diagnosed and confirmed as primary congenital glaucoma cases were recruited.
Recruitment was conducted with the assistance of ophthalmologists, who contacted the
patients. Patients were referred from glaucoma specialist ophthalmologists Dr. Amer
Muhsen and Dr. Sana Muhsen, as well as St John of Jerusalem Eye Hospital. An informed

consent (Appendix 1) was obtained from all participants or their guardians.

Patients were recruited during the period from November 1, 2023 to November 1,
2024 in the West Bank. The study included a total of 46 patients, 15 of which were familial
cases involving at least two affected siblings or family members. Blood samples were
collected from patients, and their families if available. Figure 3.1 and Table 3.1 show the
distribution of patients in the West Bank. Further demographic characteristics are described

in Table 3.2. Patients received their results in a report in Arabic Language (Appendix 2).

Table 3.1 Patients Places of Residence
Tulkarem @ Place of Residence n (%)
Bethany 1 (2.2%)
Nablus \ Bethlehem 9 (19.6%)
@ Hebron 12 (26.1%)
Jenin 1(2.2%)
Jericho 3 (6.5%)
‘j Jerusalem 2 (4.3%)
Jerusalem } Nablus 8 (17.4%)
Bethichem Ramallah 6 (13.0%)
Salfit 3 (6.5%)
e Tulkarem 1 (2.2%)

Figure 3.1 Heatmap of the distribution of PCG patients
in the West Bank. Darker colors indicate higher prevalence.
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Table 3.2 Demographic characteristics of the patients participating in the study

Characteristics n (%)
Total Patients 46
Age at diagnosis Since Birth 32 (69.6%)
1 - 3 years 11 (23.9%)
At 10 years old' 3 (6.5%)
Gender Male 27 (58.7%)
Female 19 (42.3%)
Consanguinity 30 (65.2%)
Family history 16 (34.7%)
Consanguinity & Family History 15 (93.8%)
Affected eyes Unilateral 6 (13.0%)
Bilateral 40 (87.0%)
Blindness as perceived by OD 4 (8.7%)
patients oS 2 (4.3%)
ou 5(10.9%)

3.2 Genomic DNA Preparation
3.2.1 DNA Extraction

Blood samples (3 mL) were collected and centrifuged at x3,000 rpm for 15 minutes.
Buffy coat (200 pL) was transferred to an Eppendorf tube. DNA was extracted using the
Promega Wizard® Genomic DNA Purification Kit (USA). The manufacturer extraction

guidelines were followed with some modifications.

Cell lysis solution (900 pL) was added to the Eppendorf tube containing the bufty
coat, and the sample was mixed by inversion and incubated at room temperature for 10
minutes followed by centrifugation at x14,000 rpm for 1 minute. The supernatant was
discarded. The pellet was vortexed and 300 pL of nuclei lysis buffer was added to the tube.
The sample was pipetted 5—7 times, followed by the addition of 100 pL protein

! There is a screening program in Palestine to check on eye health of 5™ grade students
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precipitation solution, then vortexed for 20 seconds. The sample was centrifuged at
x14,000 rpm for 3 minutes. The supernatant was transferred to a tube containing 700 uL
isopropanol and mixed until a white thread appeared. After centrifugation for 10 minutes,
the supernatant was discarded, and the pellet air-dried for 10 minutes. DNA was rehydrated
with 100 uLL DNA rehydration solution and incubated at 56°C for 1 hour or left at room

temperature overnight. Finally, DNA was stored at -30°C until use.

3.2.2 DNA Quantification

The concentration and purity of the extracted DNA were assessed using a
NanoDrop spectrophotometer (Thermo Fisher Scientific, USA). DNA purity was evaluated
based on the A260/A280 and A260/A230 ratios. Samples with an A260/A280 ratio of 1.8—
2.0 were considered of acceptable purity for downstream applications. The measurements
were performed by pipetting 1 uL of the DNA sample onto the NanoDrop pedestal, and

results were recorded for further analysis.

2.2.3 DNA Qualification

The integrity and size of the extracted DNA were assessed using agarose gel
electrophoresis. A 0.8% agarose gel was prepared by dissolving 0.8 g of agarose in 100 mL
of 1 X TAE buffer. Mixture was boiled until fully dissolved. After cooling slightly, Ethidium
bromide was added to the mixture to enable DNA visualization. The gel was poured into a

casting tray with a comb and left to solidify.

DNA samples were mixed with a loading dye and loaded into the gel wells,
alongside a molecular weight ladder for size reference. The gel was run at 100V for 30
minutes, and the DNA bands were visualized under UV light. The results were documented

to confirm the quality and integrity of the DNA (Figure 3.2).
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Figure 3.2 Results of an agarose gel electrophoresis run to evaluate the DNA quality of
samples. A DNA ladder is included in the first lane as a molecular weight reference. The
presence of bright, high-molecular-weight bands in all lanes suggests intact, high-quality

genomic DNA. Smearing or degraded bands in certain lanes indicate possible
fragmentation or degradation.

3.3 Primers Preparation
3.3.1 Primers Design

Primers were initially selected for CYP/BI and MYOC based on a literature review
(Afzal et al., 2019). However, four CYPIB] primers failed to perform during optimization.
They worked after adding Dimethyl sulfoxide (DMSO) and testing higher annealing
temperatures. The list of primers is provided in Table 3.3 and Table 3.4.

Table 3.3 Primer pairs used for amplification of the CYPIBI gene

Exon  Primer ID 5’ -3’ Sequence a— Product Size

Temperature (bp)

2 2.1F ACCCAACGGCACTCAGTC 59.67 517
2.1R CCGAGTAGTGGCCGAAAG 59.39

2 22F CCCCATAGTGGTGCTGAATG 61.32 512
22R CTCGAATTCGCGGAAAAC 59.35

2 23F TCAGCCACAACGAAGAGTT 56.92 531
23R CACTGTGAGTCCCTTTACCG 58.22

3 3.1F GCAAGGCCTATTACAGGAAA 57.02 463
3.1R TTCACAGACCACTGGTTGAC 56.98

3 32F TATGTCCTGGCCTTCCTTTA 57.31 512
32R AGCTTGCCTCTTGCTTCTTA 57.15

3 33F AATGAGCCTGCGAAAATG 57.35 513
33R ATGGCCTGGTTACCAAAATA 56.99
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Table 3.4 Primer pairs used for amplification of the MYOC gene

Exon  Primer ID 5’ - 3° Sequence Product Size (bp)

1 1.1 F CTCTGTCTTCCCCCATGAAG 462
I.1R AGCCTGGTCCAAGGTCAAT

1 1.2F AGGCCATGTCAGTCATCCAT 478
1.2R GCGCCTGTAGCAGGTCACTA

2 2.1F GCAGCCTATTTAAATGTCATCCT 310
2.1R TGGGTGGGCATTTACCCTAT

3 3.1F TCCGCATGATCATTGTCTGT 467
3.1R ACCCCAAGAATACGGGAACT

3 32F ACTCGGGGAGCCTCTATTTC 461
32R CTCCAGGGGGTTGTAGTCAA

3 33F CCCAGAGAATCTGGAACTCG 478

33R CGCCCTCAGACTACAATTCC

3.3.2 Primer Optimization

Primers were optimized to ensure efficient and specific amplification. Gradient
PCR was used to find the best annealing temperature, testing a range of 55-65°C with a
standard DNA template. PCR products were checked on a 2.0% agarose gel to confirm

proper amplification.

3.4 PCR Amplification

All 46 samples were amplified using PCR for each primer set. A primer mix was
prepared by combining 0.5 picomoles of forward and reverse primers (1 pL each) with 80

uL of nuclease-free water. The reagents for the PCR reaction are detailed in Tabe 3.5.
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Tabe 3.5 Reagents and volumes used for PCR reaction.

Reagent Volume
PCR Master Mix (1X) 10 uL
Primer Mix 10 uL
DNA Sample 1 uL
Nuclease Free Water 8 uL
Total Volume 20 pLL

The prepared reaction mix was placed in a FlexCycler2 thermocycler, and the

following program was used (Table 3.6):

Table 3.6 PCR program used to amplify DNA fragments housing the expected variants.

PCR Step Temp time Cycle number
Initial Denaturation 95 °C 5 minutes x1
Denaturation 95°C 30 seconds
Annealing 60 °C 30 seconds x35
Extension 72 °C 30 seconds
Final Extension 72 °C 5 minutes x1
Cooling 4°C Pause o0

The PCR products were visualized on a 2% agarose gel alongside a molecular

weight ladder and a no-template control (NTC) (Figure 3.3).

G20 G21 G22 G23 G24 G25 G26 G27 G28 G29 G30 G31 G32 G33 G34 G35 G36 G37 G38 G39 G40 NTC

Figure 3.3 PCR amplification of CYPIBI 3.1 primers, with an expected product size of
463 bp. The DNA ladder shows the samples bands are around 500 bp. All samples exhibit
distinct, bright bands around the expected size, except for G35. A no-template control
(NTC) is included to check for contamination, and no visible bands in this lane confirm
the absence of non-specific amplification.
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3.5 Sanger Sequencing

Samples were sequenced using the BigDye™ Terminator Cycle Sequencing Kit and

an Applied Biosystems Genetic Analyzer, following the manufacturer’s instructions.
3.5.1 PCR Product Cleaning

PCR products were cleaned using EPPIC-FAST reagent (Catalog #1021-100F,
A&A Biotechnology), a mix of thermolabile nucleotide hydrolase and recombinant
exonuclease I. For each reaction, 1 pL of EPPIC-FAST was added to 5 uL of PCR product.
The mixture was incubated on a thermocycler at 37°C for 10 minutes, followed by 80°C

for 1 minute to inactivate the enzymes.
3.5.2 Sequencing

Cycle sequencing was performed by adding 18 pL of BigDye Terminator (BDRR)
mix to 2 puL of cleaned PCR product. The reaction was run on a thermocycler under
conditions specified in Table 3.7. The reagents used to prepare the BDRR mix are detailed
in Table 3.8.

Sequenced products were then purified using EDTA-ethanol precipitation. 60 pL
of 100% cold ethanol. 5 puL of 12.5 mM EDTA were added to the sequenced sample,
followed by centrifugation at x2,200 rpm for 30 minutes. The supernatant was discarded.
The pellet was washed with 80 uL of 80% ethanol. The mixture was centrifuged at x1,600
rpm for 15 minutes, after which the supernatant was removed. The pellet was air-dried.
High Dye was added to the pellet, and the sample was heated at 95°C for 5 minutes,

followed immediately by chilling on ice for another 5 minutes.

Table 3.7 BDRR PCR program used

PCR Step Temp time Cycle number
Initial Denaturation 95 °C 20 seconds x1
Denaturation 95 °C 10 seconds
Annealing 50°C 50 seconds x25
Extension 6°C 4 minutes
Cooling 4°C Pause 0
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Tabe 3.8 Reagents and volumes used for PCR reaction.

Reagent Volume
Sequencing Buffer (5X) 3.5uL
Nuclease Free Water 11.5 uL
Sequencing Primer 2.0 uL
BDRR 1.0 uL
Total Volume 18 nLL

Initially, the CYPIB1 gene was sequenced. Samples that did not exhibit pathogenic
or likely pathogenic variants in CYPIB1, sequencing of the MYOC gene was subsequently

performed.
3.6 In-Silico Analysis

Resulting sequences were analyzed using publicly available bioinformatics tools. Sanger
sequencing reads were examined using the UCSC Genome Browser. Variants were
assessed using MutationTaster, SIFT, and PolyPhen to predict their potential pathogenicity.
Known clinical variants were cross-referenced using ClinVar, Franklin, and Ensembl
Variant Effect Predictor (VEP). Intronic variants were assessed via SpliceAl for
pathogenicity. Multiple sequence alignments were performed using PhyloP on UCSC
Genome Browser to evaluate evolutionary conservation of the identified variants. The
observed CYPIBI and MYOC variants were analyzed for population frequency using the
Genome Aggregation Database (gnomAD). Protein structures were plotted via AlphaFold.

e UCSC Genome Browser: https://eenome.ucsc.edu/

e MutationTaster: https://www.mutationtaster.org/
e SIFT: https://sift.bii.a-star.edu.sg/

e PolyPhen: http://genetics.bwh.harvard.edu/pph2/
e ClinVar; https://www.ncbi.nlm.nih.gov/clinvar/

e Franklin: https://franklin.eenoox.com/clinical-db/home
e Ensembl VEP: https://asia.ensembl.org/Tools/VEP
e gnomAD: https://gnomad.broadinstitute.org/

e SpliceAl: https://spliceailookup.broadinstitute.org/
e AlphaFold Protein Structure Database: https://alphafold.ebi.ac.uk/
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Chapter Four: Results

4.1 Identification and Distribution of MYOC and CYP1B1 Variants

Sequencing was initially performed on exon 3 of MYOC gene, with no variants
identified. Therefore, subsequent analysis focused on CYP1Blgene. Variants with
pathogenic scores were recorded, while samples without identified variants underwent
further screening of potential variants in exons 1 and 2 of the MYOC gene. Four variants
were identified in MYOC gene, three in exon 1 and one in intron 2, and none detected in

exon 3. A summary of the identified MYOC genes variants is presented in Figure 4.1.1.

rs2234926

rs12082573 €.227G>A rs2032555
€.39T>G 730+35G>A
rs61730977 €./301356>
c.477A>G
—
Exon 1 Exon 2 Exon 3 :‘j;

Figure 4.1.1 Schematic representation of the identified MYOC variants

On the other hand, a total of 17 distinct variants in the CYPIBI gene were
identified. These variants were distributed across intronic, exonic, and untranslated regions
(UTRs) of the gene and exhibited diverse mutation types, frequencies, and pathogenicity

profiles, as shown in Figure 4.1.2.
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“ €.1347T>C
rs771076928 1800440
c.534delG 135856

Figure 4.1.2 Schematic representation of identified CYP/B] variant.

Two intronic variants were detected: chr2:38302544G>A and a novel insertion
(g.38444 38445insT), both classified as benign. Exon 2 harbored six variants, including
three SNPs, two deletions, and one insertion. Among these, c.182G>A (p.Gly61Glu),
c.534 534delG (p.Alal79Argfs18), and ¢.862 863insC (p.Arg290Profs37) were
pathogenic, while ¢.856 856delG (p.Ala287Profs6)* represented a novel pathogenic
deletion. Notably, one patient was compound heterozygous for ¢.182G>A and ¢.1103G>A
(p-Arg368His), a variant of uncertain significance (VUS) in exon 3.

Exon 3 contained eight variants, including p.Arg368His, p.Leud432Val,
p.Pro437Leu, and p.Arg469Trp. The c.1310C>T (p.Pro437Leu) substitution showed an
exceptionally low gnomAD frequency (0.000021) and was classified as pathogenic. Two
variants: p.Arg368His and p.Asn453Ser were VUS, while others such as p.Leu432Val were
benign. The 3'UTR included two benign variants: a SNP (*c.350C>A) and an insertion
(*c.210dup).

Allele frequencies ranged from rare to relatively common. Several pathogenic
variants, including ¢.182G>A and c.534 534delG, were present in the homozygous state,

supporting their disease association. In contrast, benign variants like ¢.1294C>G
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(p.Leud432Val) appeared frequently in both homozygous and heterozygous forms,
suggesting they are polymorphic in this population.

Interestingly, a recurrent combination of three variants: c.-1-12C>T (1s2617266),
c.142C>G (p.Argd8Gly; rs10012), and ¢.355G>T (p.Alal19Ser; rs1056827) was observed
in eight patients, always co-inherited and never found in isolation. Four of these individuals
were homozygous for the combination, while four were heterozygous. This consistent co-
occurrence suggests the presence of a haplotype block in linkage disequilibrium. Each

variant was classified as a tolerated or benign polymorphism by in-silico tools.

Two novel variants were identified: ¢.856 856delG (p.Ala287Profs6)* and
2.38444 38445insT, classified as pathogenic and benign, respectively. The presence of
rare, homozygous, and compound heterozygous pathogenic variants reflects the genetic
heterogeneity of CYP1BI1-associated PCG in this Palestinian cohort, likely shaped by

consanguinity and founder effects.

A summary of all identified variants in the MYOC and CYP1B1 genes, including
their location, type, frequency in the study cohort, presence in families, and reported

pathogenicity are reported on pages 62-63.
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4.2 MYOC Variants Assessment.

4.2.1 Patient G12 — Compound heterozygous
rs12082573: ¢.39T>G (p.Pro13=)
rs61730977: ¢.477A>G (p.Leul59=)

c.39T>G

477A>G

0 BT

/N v“"ﬁ“u A AN\ ;“‘ﬁ‘\\ v;‘[“":‘ J[\ “‘A I /\ j“ﬂ‘\,\ A

A6 €C T TTGGG C C[T]6 AG ATG C CAG

o LA AARASh

T/T Wt /G
\ x ‘w 3
A/A Wt A/G

Figure 4.3 Nucleotide sequencing results for Patient G12. Patient has 2 heterozygous
variants in exon 1, ¢.39T>G and ¢.477A>G. Right: shows the heterozygous variants.

Two heterozygous variants were identified in exon 1 of MYOC in a single patient.

Both are synonymous changes with no predicted functional impact, as indicated by

multiple tools (Table 4.1). The c.39T>G (p.Prol13=) variant has been reported in POAG

individuals from Morocco, African American, and South African populations (Liu et al.,

2012; Melki et al., 2003; Williams et al., 2015) and is considered a benign polymorphism

with no significant association with POAG, consistent with ClinVar submissions.

Similarly, the c.477A>G (p.Leul59=) has been widely reported in South African,

Moroccan, and African American patients (Liu et al., 2012; Whigham et al., 2011) and is

classified as a neutral polymorphism with no known contribution to glaucoma or other

ocular diseases. Their gnomAD allele frequencies (0.004048 and 0.004044, respectively)

indicate rarity in the general population, though not absent.

Table 4.1 Prediction Tools Assessing MYOC:c.39T>G and ¢.477A>G Variants

Tool MutationTaster SIFT PolyPhen | CADD | SpliceAl | phyloP
¢.39T>G Polymorphism | TOLERATED 0.018 4.36 0.00 0.608
¢.477A>G | Polymorphism | TOLERATED - 8.31 0.00
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4.2.2 rs2234926: ¢.227G>A (p.Arg76Lys)

The ¢.227G>A variant was identified in 30% of patients. Five patients in a

homozygous form and nine heterozygous. Multiple prediction tools (Table 4.2) and a

functional analysis study (Nakahara & Hulleman, 2022) classify it as likely benign. ClinVar

also list it as Benign. With a gnomAD allele frequency of 0.1383, this variant is relatively

common, making pathogenicity less likely. Additionally, Figure 4.3 shows that R76 is

conserved except in one species.

Table 4.2 Prediction Tools Assessing MYOC:c.227G>A Variant

Tool MutationTaster SIFT PolyPhen | CADD | SpliceAl

phyloP

Score | Polymorphysim | TOLERATED 0.018 0.00900 0.0200
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Figure 4.4 Nucleotide sequencing results and Multiple Sequence Alignment showing
¢.227G>A. (A) Sequencing chromatogram demonstrating the c.227G>A variant; left
(G/G) homozygous wild-type, middle (G/A) heterozygous, right (A/A) homozygous
mutant. (B) Multiple Sequence Alignment of the Protein Sequence on PolyPhen.
Alignment shows a somewhat conservation of the region surrounding the variant across

different species.
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4.2.3 rs2032555: ¢.730+35G>A
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Figure 4.5 Nucleotide sequencing results showing ¢.730+35G>A: Top (G/G)
homozygous wild-type, middle (G/A) heterozygous, bottom (A/A) mutant.

The ¢.730+35G>A variant was identified in 84% of 19 investigated patients in this

study. ClinVar classifies it as benign. A Malay study suggested this polymorphism increases

susceptibility to JOAG, showing a significant difference between affected and non-affected

individuals. However, other reports noted no significant association of this variant with

glaucoma in Indian and Chinese populations (Mimivati et al., 2014). Further research is

needed to determine whether this variant represent real risk for PCG or is a population-

specific polymorphism. Bioinformatics prediction tools indicate it is likely benign (Table

4.3).
Table 4.3 Prediction Tools Assessing MYOC:c.730+35G>A Variant
Tool MutationTaster SIFT PolyPhen CADD SpliceAl phyloP
Score Polymorphism - - 0.009 0.02 -4.20
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4.3 CYPIBI1 Variants Assessment
4.3.1 Exon 2
4.3.1.1 Novel 1: ¢.856_856delG (p.Ala287Profs*6)

T T €6 6 €C CCJ6 6 6 6 ¢c € 6 €C €cc C C c €6 C G AC
160 170

Wild-type
f \ f \

'(EG(}:CCéGééSCSSCCCC(ESSSR!JCWKF\WK
Heterozygous L““— e &0
deletion o
! \ I
\ \ }‘ |\
B
T T CG 6 C ; : : C c C G C G AC AT
Homozygous 180
deletion

/v\/\/\/\/\/W\/\A/\A/W\M/\/\/\ ik

Figure 4.6.1 Nucleotide sequencing results showing the ¢.856 856delG mutant: top
homozygous wild-type, middle (G/-) heterozygous deletion, bottom (G/-) homozygous
deletion.

A novel frameshift deletion, c.856 856delG (p.Ala287Profs6)*, was identified in
four patients from the study cohort. Among them, three were homozygous and one was
heterozygous for the mutation. Two of the homozygous cases were first cousins from the
same extended family. However, due to ethical considerations and mutual privacy
concerns, family segregation analysis was not conducted, as each individual participated
under the condition that the other remained unaware. Figure 4.6.2 illustrates the familial
relationship. Figures 4.6.3 demonstrates segregation patterns in a different family carrying

the mutation in a heterozygous state.
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Figure 4.6.2 Pedigree of a family with 2 affected cousins
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Figure 4.6.3 Pedigree of a family with a child affected with PCG, harboring c.856del
mutation in a heterozygous form.
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Figure 4.6.4 Pedigree of a family with a child affected with PCG, harboring c.856del
mutation in a homozygous form.

This variant introduces a single nucleotide deletion at position 856 of the coding
sequence, resulting in a frameshift and the creation of a premature stop codon six amino
acids downstream. The resulting truncated protein lacks essential enzymatic domains
required for normal CYPIBI function. As shown in Figure 4.6.5, the deletion leads to
significant loss of amino acid sequence. The predicted protein model comparison using
AlphaFold (Figure 4.6.6) illustrates the disruption in the tertiary structure between the

wild-type and mutant forms.

Functionally, this mutation is predicted to be pathogenic due to its likely
consequence on protein integrity and function. It may trigger nonsense-mediated mRNA
decay (NMD) or produce a non-functional, truncated protein incapable of normal
enzymatic activity. This variant has not been reported in ClinVar or the gnomAD database,

suggesting it is previously undocumented and population-specific.

Further supporting its potential pathogenicity, the mutation site exhibits strong
evolutionary conservation, with a phyloP score of 3.594, indicating that the affected
nucleotide is highly conserved across species. In-silico prediction using MutationTaster
classified the variant as "disease causing." The full summary of in-silico predictions is

presented in Table 4.4.
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Table 4.4 Prediction Tools Assessing CYPIB1:c.856 856delG Variant

Tool

MutationTaster

SIFT

PolyPhen

CADD

SpliceAl

phyloP

Score

Disease Causing

wildtype AA
sequence

mutated AA
sequence

MGTSLSPNDP
GNAAAVGQAA
ASFRVVSGGR
LVRGSADGAF
VDVMPWLQYF
EKKAAGDSHG
DQVVGRDRLP
FVNQWSVNHD
FLFISILAHQ
TCQ*

MGTSLSPNDP
GNAAAVGQAA
ASFRVVSGGR
LVRGSADGAF
VDVMPWLQYF

WPLNPLSIQQ
HLSFARLARR
SMAFGHYSEH
LDPRPLTVVA
PNPVRTVFRE
GGARLDLENV
CMGDQPNLPY
PVKWPNPENF
CDFRANPNEP

WPLNPLSIQQ
HLSFARLARR
SMAFGHYSEH
LDPRPLTVVA
PNPVRTVFRE

TTLLLLLSVL
YGDVFQIRLG
WKVQRRAAHS
VANVMSAVCF
FEQLNRNFSN
PATITDIFGA
VLAFLYEAMR
DPARFLDKDG
AKMNFSYGLT

TTLLLLLSVL
YGDVFQIRLG
WKVQRRAAHS
VANVMSAVCF
FEQLNRNFSN

ATVHVGQRLL
SCPIVVLNGE
MMRNFFTRQP
GCRYSHDDPE
FILDKFLRHC
SQDTLSTALQ
FSSFVPVTIP
LINKDLTSRV
IKPKSFKVNV

ATVHVGQRLL
SCPIVVLNGE
MMRNFFTRQP
GCRYSHDDPE
FILDKFLRHC

RQRRRQLRSA
RATIHQALVQQ
RSRQVLEGHV
FRELLSHNEE
ESLRPGAAPR
WLLLLFTRYP
HATTANTSVL
MIFSVGKRRC
TLRESMELLD

RQRRRQLRSA
RATHQALVQQ
RSRQVLEGHV
FRELLSHNEE
ESLRPGPPPA

PPGPFAWPLI
GSAFADRPAF
LSEARELVAL
FGRTVGAGSL
DMMDAF ILSA
DVQTRVQAEL
GYHIPKDTWV
IGEELSKMQL
SAVQNLQAKE

PPGPFAWPLI
GSAFADRPAF
LSEARELVAL
FGRTVGAGSL
T*

Figure 4.6.5 Amino acid sequence comparison between the wild-type and truncated
¢.856_856delG mutant. The novel deletion mutation results in a premature stop codon,
leading to a truncated protein. Image retrieved from MutationTaster.

CYP1B1 Protein (Normal)

c.856_856delG Mutated
CYP1B1 Protein

Figure 4.6.6 Protein sequence comparison between the wild-type and mutated amino acid
sequences disruption in the tertiary structure between the wild-type and mutant forms of
CYPIBI.
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4.3.1.2 rs28936700: ¢.182G>A (p.Gly61Glu)

The variant results in the substitution of glycine (Gly) with glutamic acid (Glu) at
position 61 of the protein. This missense variant has been reported in ClinVar, with six
submissions classifying it as pathogenic. In this study, it was identified in 10 patients, nine
homozygous and one heterozygous.

Structurally, Gly61 is near the substrate entry channel to the active site of CYP1BI,
a region crucial for enzymatic function. Substituting glycine with glutamic acid introduces
a charged residue, potentially disrupting substrate access and impairing catalytic activity.
This suggests a potential mechanistic basis for its pathogenicity.

Population frequency data from gnomAD indicate that this variant is rare (allele
frequency: 0.0003077), supporting its classification as a disease-associated mutation rather
than a common polymorphism.

Computational predictions further support its pathogenic nature (Table 4.5).
MutationTaster classifies it as disease-causing, SIFT predicts it to be deleterious, and
PolyPhen labels it as probably damaging. The high CADD score (26.0) suggests significant
functional impact, while the phyloP score (8.65) indicates strong evolutionary
conservation.

These findings collectively support the pathogenicity of ¢.182G>A (p.Gly61Glu)
and its potential role in CYP1B1-related disease.

Table 4.5 Prediction Tools Assessing CYP1B1:c.182G>A Variant

Tool MutationTaster SIFT PolyPhen CADD | SpliceAI | phyloP
Score | Disease Causing | DELETERIOUS | PROBABLY | 26.0 0.00 8.65
DAMAGING
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Figure 4.7 Nucleotide sequence results and Multiple Sequence Alignment for ¢.182G>A.
A. Sequencing chromatogram demonstrating the c.182G>A variant; left (G/G)
homozygous wild-type, middle (G/A) heterozygous, and right (A/A) homozygous
mutant. B. Multiple Sequence Alignment of the Protein Sequence on PolyPhen.
Alignment shows the variant is highly conserved across different species.
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4.3.1.3 Possible Haplotype Block Inheritance
A distinct pattern of co-occurrence was observed among three CYP/B] variants:

e 152617266: ¢c.-1-12C>T
o 1s1056827: ¢.355G>T (p.Alal19Ser)
o 1s10012: ¢.142C>G (p.Arg48Gly)

Eight patients carry the indicated three variants (c.-1-12C>T, ¢.355G>T, and
¢.142C>Q) together, four were homozygous, while the other four were heterozygous as
shown in Figure 4.8.1. Notably, none of these three variants were found in isolation among
other patients. This is striking and suggests strong linkage disequilibrium and potential
inheritance as a haplotype block. Despite their co-occurrence, prediction tools classify
them as polymorphisms. They are likely of low individual pathogenic significance;
however, their consistent linkage raises the possibility of synergistic effect influencing
gene function. Table 4.6 summarizes the in-silico predictions for the three variants.
MutationTaster classifies all as polymorphisms, while SIFT and PolyPhen predict them to
be tolerated and benign. CADD scores for these variants range from 6.90 to 10.4, indicating
low to moderate predicted impact. The phyloP conservation scores suggest minimal

conservation in all three variants.

Nevertheless, the inheritance pattern of this variant trio is striking. Figures 4.8.2
and 4.8.3 present pedigrees showing segregation of the haplotype in heterozygous and
homozygous form, further supporting the hypothesis of a conserved, inherited haplotype
block within affected families. While their individual pathogenic potential appears
minimal, the tight linkage and consistent inheritance pattern warrant further functional

investigation to assess any collective impact on CYP/B] function or disease susceptibility.

Table 4.6 Prediction Tools Assessing the Four Variants.

Tool MutationTaster SIFT PolyPhen | CADD | SpliceAl | phyloP
c.-1-12C>T | Polymorphism - - 10.4 0.00 0.105

c.355G>T Polymorphism | TOLERATED | Benign 6.90 0.00 -0.0750
c.142C>G Polymorphism | TOLERATED Benign 8.19 0.00 -0.0690
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Figure 4.8.1 The three indicated variants (c.-1-12C>T, ¢.355G>T, and ¢.142C>QG) are
linked together as shown in their respected locations. This image was retrieved from

UCSC Genome Browser.
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Figure 4.8.2 Sanger Sequencing Validation of CYP1B1 Variants (c.-1-12C>T, ¢.142C>G, ¢.355G>T) in three patients (G07, G21, and
G04) demonstrating the genotypic variations at the three loci in the CYPIBI gene: c.-1-12C>T (rs2617266), ¢.142C>G (p.Arg48Gly,
rs10012), and ¢.355G>T (p.Alal19Ser, rs1056827). The highlighted regions indicate the position of each variant. Patient GO7 (Wild-
type Homozygous) carries the wild-type allele (C/C, C/C, G/G) at the three loci. No mutations were detected. Patient G21
(Heterozygous for the three variants): This patient carries a heterozygous genotype (C/T, C/G, G/T) at the three loci. Patient GO4
(Mutant Homozygous) is homozygous for the mutant alleles (T/T, G/G, T/T) at all three loci, indicating a complete alteration of the
wild-type sequence. The consistent co-occurrence of these variants supports their potential inheritance as a haplotype block.
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Figure 4.8.3 Pedigree of Family A showing heterozygous inheritance of the CYPIB]
haplotype block.

TGT TGT

TGT

Figure 4.8.4 Pedigree of Family B showing homozygous inheritance of the CYPI/BI
haplotype block.
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4.3.1.4 rs587778875: ¢.862_863insC (p.Arg290Profs*37)
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Figure 4.9.1 Nucleotide sequencing results showing the ¢.862 863insC mutant variant;

top homozygous wild-type, middle (-/C) heterozygous insertion, bottom (-/C)

homozygous insertion.

This variant results in a frameshift mutation. Arginine residue at position 290 is
altered to proline, followed by a premature stop at codon 37 downstream. This leads to the

production of a truncated CYPIBI1 protein (Figure 4.9.2). This likely results in a non-

functional CYP1B1 protein due to the loss of essential enzymatic regions.

This variant was detected in four patients (two homozygous, two heterozygous) and
is extremely rare in gnomAD (allele frequency: 0.00001990). Computational predictions
strongly support its pathogenicity. MutationTaster classifies it as disease-causing, while a

high CADD score (31.0) suggests significant functional impact. The phyloP score (8.89)

indicates strong evolutionary conservation, reinforcing its importance.
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Table 4.7 Prediction Tools Assessing CYPIBI: c.862 863insC Variant

Tool

MutationTaster

SIFT

PolyPhen

CADD

SpliceAl

phyloP

Score

Disease Causing

31.0

0.00

8.89

wildtype AA
sequence

mutated AA
seguence

MGTSLSPNDP
GNAAAVGQAA
ASFRVVSGGR
LVRGSADGAF
VDVMPWLQYF
EKKAAGDSHG
DQVVGRDRLP
FVNQWSVNHD
FLFISILAHQ
TCQ*

MGTSLSPNDP
GNAAAVGQAA
ASFRVVSGGR
LVRGSADGAF
VDVMPWLQYF
GKEGGRGLAR

WPLNPLSIQQ
HLSFARLARR
SMAFGHYSEH
LDPRPLTVVA
PNPVRTVFRE
GGARLDLENV
CMGDQPNLPY
PVKWPNPENF
CDFRANPNEP

WPLNPLSIQQ
HLSFARLARR
SMAFGHYSEH
LDPRPLTVVA
PNPVRTVFRE
WWRAAGFGER

TTLLLLLSVL
YGDVFQIRLG
WKVQRRAAHS
VANVMSAVCF
FEQLNRNFSN
PATITDIFGA
VLAFLYEAMR
DPARFLDKDG
AKMNFSYGLT

TTLLLLLSVL
YGDVFQIRLG
WKVQRRAAHS
VANVMSAVCF
FEQLNRNFSN
TGHYH*

ATVHVGQRLL
SCPIVVLNGE
MMRNFFTRQP
GCRYSHDDPE
FILDKFLRHC
SQDTLSTALQ
FSSFVPVTIP
LINKDLTSRV
IKPKSFKVNV

ATVHVGQRLL
SCPIVVLNGE
MMRNFFTRQP
GCRYSHDDPE
FILDKFLRHC

RORRRQLRSA
RATHQALVQQ
RSRQVLEGHV
FRELLSHNEE
ESLRPGAAPR
WLLLLFTRYP
HATTANTSVL
MIFSVGKRRC
TLRESMELLD

RQRRRQLRSA
RATHQALVQQ
RSRQVLEGHV
FRELLSHNEE
ESLRPGAAPP

PPGPFAWPLI
GSAFADRPAF
LSEARELVAL
FGRTVGAGSL
DMMDAF ILSA
DVQTRVQAEL
GYHIPKDTW
IGEELSKMQL
SAVQNLQAKE

PPGPFAWPLI
GSAFADRPAF
LSEARELVAL
FGRTVGAGSL
RHDGRLYPLC

Figure 4.9.2 Amino acid sequence comparison between the wild-type and truncated

c.862_863insC mutant. The insertion mutation results in a premature stop codon, leading
to a truncated protein. Image retrieved from MutationTaster.
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4.3.1.5 rs771076928: ¢.534_534delG (p.Alal179Argfs*18)

Wild-type Homozygous deletion

Figure 4.10.1 Nucleotide sequencing results showing the ¢.534 534delG mutant variant;
left homozygous wild-type, right (G/-) homozygous deletion.

This variant is a frameshift mutation that introduces a premature termination codon
at position 196, significantly truncating the protein compared to the wild-type length of
544 amino acids. This loss of essential functional domains likely results in a non-functional

protein.

The mutation was identified in a single affected family within the cohort.
Segregation analysis confirmed that both parents were heterozygous carriers of the variant.
The affected child was homozygous for the mutation, while an unaffected sibling was
homozygous for the wild-type allele, providing strong evidence for autosomal recessive
inheritance consistent with CYPIBI-associated primary congenital glaucoma (Figure

4.10.3)

Multiple submissions on ClinVar classify this variant as pathogenic. Population
data from gnomAD indicates that it is extremely rare, with an allele frequency of
0.00005118. Computational predictions also support its pathogenicity; MutationTaster
classifies it as disease-causing, and the CADD score of 23.5 suggests a significant
functional impact. However, the phyloP conservation score of 0.536 indicates moderate

evolutionary conservation at this site.

Table 4.8 Prediction Tools Assessing CYPIB1: ¢.534 534delG Variant

Tool

MutationTaster

SIFT

PolyPhen

CADD

SpliceAl

phyloP

Score

Disease Causing

0.00

0.536
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wildtype AA
sequence

mutated AA
sequence

MGTSLSPNDP
GNAAAVGQAA
ASFRVVSGGR
LVRGSADGAF
VDVMPWLQYF
EKKAAGDSHG
DQVVGRDRLP
FVNQWSVNHD
FLFISILAHQ
TCQ*

MGTSLSPNDP
GNAAAVGQAA
ASFRVVSGGR
WCAAARTAPS

WPLNPLSIQQ
HLSFARLARR
SMAFGHYSEH
LDPRPLTVVA
PNPVRTVFRE
GGARLDLENV
CMGDQPNLPY
PVKWPNPENF
CDFRANPNEP

WPLNPLSIQQ
HLSFARLARR
SMAFGHYSEH
STRGR*

TTLLLLLSVL
YGDVFQIRLG
WKVQRRAAHS
VANVMSAVCF
FEQLNRNFSN
PATITDIFGA
VLAFLYEAMR
DPARFLDKDG
AKMNFSYGLT

TTLLLLLSVL
YGDVFQIRLG
WKVQRRAAHS

ATVHVGQRLL
SCPIVVLNGE
MMRNFFTRQP
GCRYSHDDPE
FILDKFLRHC
SQDTLSTALQ
FSSFVPVTIP
LINKDLTSRV
IKPKSFKVNV

ATVHVGQRLL
SCPIVVLNGE
MMRNFFTRQP

RQRRRQLRSA
RAIHQALVQQ
RSRQVLEGHV
FRELLSHNEE
ESLRPGAAPR
WLLLLFTRYP
HATTANTSVL
MIFSVGKRRC
TLRESMELLD

RORRRQLRSA
RAIHQALVQQ
RSRQVLEGHV

PPGPFAWPLI
GSAFADRPAF
LSEARELVAL
FGRTVGAGSL
DMMDAFILSA
DVQTRVQAEL
GYHIPKDTWV
IGEELSKMQL
SAVQNLQAKE

PPGPFAWPLT
GSAFADRPAF
LSEARELVRC

Figure 4.10.2 Amino Acid sequence comparison between the wild-type and truncated

mutant. The insertion mutation results in a premature stop codon, leading to a truncated

protein. Image retrieved from MutationTaster.
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Figure 4.10.3 Pedigree of a family segregating the CYP1B1 frameshift mutation leading

to a premature stop codon at position 196.Both parents are heterozygous carriers of the

variant.

51




4.3.2 Exon 3
Six variants identified in exon 3 of the CYPIB1 gene.

o 1579204362: ¢.1103G>A (p.Arg368His)
o 151056836: ¢.1294C>G (p.Leu432Val)
e 1s56175199: ¢.1310C>T (p.Pro437Leu)
e 151056837: ¢.1347T>C (p.Asp449=)

o 1s1800440: ¢.1358A>G (p.Asn453Ser)
e 1s528936701: c.1405C>T (p.Arg469Trp)

4.3.2.1 Sanger Sequencing Results

¢.1103G>A

G/G Wild-type G/A

Figure 4.11.1 Nucleotide sequencing results showing the ¢.1103G>A mutant variant; left
homozygous wild-type (G/G), right heterozygous (G/A)

c.1294C>G

V1 ‘\“ AYRIRIR [ ] ( FUY A |
AN LU Y U / 1 ] & B

C/C Wild-type C/G G/G Mutant

Figure 4.11.2 Nucleotide sequencing results showing the ¢.1294C>G mutant variant; left
homozygous wild-type (C/C), middle heterozygous (C/G), right homozygous mutant
(G/G)

c.1310C>T

cklo s

C/C Wildtype T/T Mutant

Figure 4.11.3 Nucleotide sequencing results showing the c.1310C>T mutant variant; left
homozygous wild-type (C/C), right homozygous mutant (T/T)
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c.1347T>C

T/T Wild-type T/C C/C Mutant

Figure 4.11.4 Nucleotide sequencing results showing the ¢.1347T>C mutant variant; left
homozygous wild-type (T/T), middle heterozygous (T/C), right homozygous mutant

(C/C)
c.1358A>G
i | ." : |
‘ h ! ‘ I I
I \I | 1 | I‘ l‘ | : I\I \ ‘I ‘ N
| LUy VY | R \ LA | -"“: IR RVRR B ATRATATAY A J “I
A/A Wild-type A/G /G Mutant

Figure 4.11.5 Nucleotide sequencing results showing ¢.1358 A>G mutant variant; left
homozygous wild-type (A/A), middle heterozygous (A/G), right homozygous mutant
(G/G)

c.1405C>T

1\ | v
YU Y I LU UV VARV TV
C/C Wild-type T/T Mutant

Figure 4.11.6 Nucleotide sequencing results showing the ¢.1405C>T mutant variant; left
homozygous wild-type (C/C), right homozygous mutant (T/T)

4.3.2.2 Assessment of variants via prediction tools

The computational tools predictions suggest that ¢.1103G>A, c¢.1310C>T and
c.1405C>T are likely deleterious, while ¢.1294C>G and c¢.1347T>C appear benign. The
c.1358 A>G variant shows mixed predictions, indicating potential significance as shown in

Table 4.12.
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4.3.2.2.1 rs79204362: ¢.1103G>A (p.Arg368His)

This missense variant results in the substitution of arginine with histidine at position
368, occurring in a functionally important region of the enzyme, impacting its structural
integrity and catalytic activity. It was identified in three heterozygous individuals out of 30
in this study. Its gnomAD allele frequency (0.005272) suggests it is rare but not exclusive
to disease populations. ClinVar submissions show conflicting interpretations ranging from
pathogenic to uncertain significance (VUS). Computational tools strongly suggest a
deleterious effect, with MutationTaster predicting it as disease-causing, SIFT classifying it
as deleterious, and PolyPhen giving a high damaging probability score (0.992). The CADD
score of 28.9 and phyloP score of 8.82 indicate high conservation and a strong likelihood

of pathogenicity.

4.3.2.2.2 rs1056836: ¢.1294C>G (p.Leud432Val)

This missense variant results in a leucine-to-valine substitution at codon 432. It was
found in 14 homozygous and 7 heterozygous individuals out of 30 patients. Its gnomAD
allele frequency (0.4247) indicates it is highly prevalent in the general population.
Computational tools classify it as benign, with MutationTaster identifying it as a
polymorphism, SIFT labeling it tolerated, and PolyPhen categorizing it as benign. The

CADD score of 10.1 suggests minimal functional impact.

4.3.2.2.3 rs56175199: ¢.1310C>T (p.Pro437Leu)

This missense mutation was identified in one patient in this study in a homozygous
form. It has been reported in ClinVar with five likely pathogenic submissions and has a
very low gnomAD allele frequency of 0.00002107. Computational tools strongly suggest
a deleterious effect, with MutationTaster predicting it as disease-causing, SIFT classifying
it as deleterious, and PolyPhen giving a high damaging probability score (1.00). The
CADD score of 25.9 and phyloP score of 8.71 indicate high conservation and a strong
likelihood of pathogenicity.
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4.3.2.2.4 rs1056837: ¢.1347T>C (p.Asp449=)

This is a synonymous substitution. It does not alter the amino acid sequence. It was
found in 8 homozygous and 5 heterozygous individuals out of 30 patients. Its gnomAD
allele frequency (0.5771) suggests it is a common polymorphism rather than a rare disease-
associated mutation. ClinVar classifies it as benign, supported by six submissions.
Computational tools confirm its neutral impact, with MutationTaster identifying it as a
polymorphism, SIFT and PolyPhen predicting it as tolerated/benign, and a low CADD

score (3.60). The phyloP score of -3.94 indicates poor evolutionary conservation.

4.3.2.2.5 rs1800440: ¢.1358A>G (p.Asn453Ser)

This missense mutation was identified in four heterozygous and three homozygous
individuals in this study. It has been reported in ClinVar with six benign submissions and
has a gnomAD allele frequency of 0.1711. Prediction tools provide mixed assessments;
MutationTaster classifies it as a polymorphism, SIFT as deleterious, and PolyPhen as
possibly damaging. The CADD score of 24.8 suggests potential functional impact, while

the phyloP score of 4.69 indicates moderate evolutionary conservation.

4.3.2.2.6 r528936701: ¢.1405C>T (p.Arg469Trp)

This missense variant results in the substitution of arginine with tryptophan at
position 469, located in a critical functional domain of CYP1B1. It was identified in three
heterozygous individuals in this study and has a gnomAD allele frequency of 0.00004151,
indicating extreme rarity. Computational tools consistently predict it as deleterious, with
SIFT (deleterious), PolyPhen (probably damaging), and a high CADD score (27.7). The
phyloP score of 4.07 supports evolutionary conservation. ClinVar classifies it as

pathogenic, with five supporting submissions.
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4.3.2.3 Variant co-occurrence among patients

Analysis of variant co-occurrence among patients revealed distinct patterns of
inheritance. Table 4.13 summarizes the distribution of these variants across the patient
cohort. Among the identified variants, ¢.1294C>G (p.Leud432Val) and c.1347T>C
(p.Asp449=) were the most frequent, appearing in both homozygous and heterozygous
states. Their high prevalence suggests that they are common polymorphisms within the
population. In contrast, ¢.1103G>A (p.Arg368His) was rare, detected only in heterozygous
form in three patients. ¢.1405C>T (p.Argd69Trp) was observed in three different

individuals as well.

Patterns of co-occurrence were also evident among certain variants. Specifically,
patients G05, GO7, and G23 carried both ¢.1294C>G and c.1347T>C, while G19, G20, and
(29 shared ¢.1103G>A and ¢.1294C>G.

These findings indicate that some variants segregate together more frequently than

expected, suggesting possible haplotype blocks.

Table 4.9 Prediction Tools Assessing the six CYPIBI Variants in Exon 3

Tool MutationTaster SIFT PolyPhen CADD | SpliceAlI | phyloP
. . POSSIBLY
. > . . .
¢.1103G>A | Disease causing DELETERIOUS DAMAGING 28.9 0.00 8.82
¢.1294C>G Polymorphism TOLERATED BENIGN 10.1 0.00 2.04
. . POSSIBLY
. > B . .
¢.1310C>T | Disease causing DELETERIOUS DAMAGING 25.9 0.00 8.71
¢.1347T>C Polymorphism TOLERATED BENIGN 3.60 0.00 -3.94
. POSSIBLY
. > . . .
c.1358A>G Polymorphism DELETERIOUS DAMAGING 24.8 0.00 4.69
. . POSSIBLY
. > . . .
¢.1405C>T | Disease causing DELETERIOUS DAMAGING 27.7 0.02 4.07
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4.3.3 Intronic Variants

4.3.3.1 Intron 1 - Novel 2: g.38444 38445insT, ¢.1044-148dup

Wild-type

Heterozygous
insertion

Homozygous
insertion

Figure 4.12 Nucleotide sequencing results showing the g.38444 38445insT mutant
variant; top homozygous wild-type, middle (-/T) heterozygous insertion, bottom (-/T)
homozygous insertion.

This intronic variant was identified in 16 homozygous and 8 heterozygous
individuals out of a total of 46 screened subjects. The variant is located within intron 2 of
CYPIBI1 and does not directly alter the amino acid sequence of the encoded protein.
However, its presence in the intronic region may influence splicing efficiency or gene
regulation. Notably, there are four AGG sequences before exon 2, which could potentially
affect splice site recognition or introduce a cryptic splice site. Given its location 148 bp
from the exon-intron boundary, it may disrupt splicing enhancers or silencers, leading to
aberrant mRNA transcripts. Further functional validation, such as RNA analysis (RT-PCR)
or minigene splicing assays, would be necessary to determine the precise impact of this

variant on CYP1B1 mRNA processing and expression.
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4.3.3.2 Intron 2
4.3.3.2.1 rs162562: ¢.*350C>A

C/C Wild-type C/A A/A Mutant

Figure 4.13 Nucleotide sequencing results showing the c¢.*350C>A mutant variant; left
homozygous wild-type (C/C), middle heterozygous (C/A), right homozygous mutant
(A/A)

The variant *c.350C>A is located in the 3' untranslated region (3' UTR) of the
CYPIB1 gene. This variant was observed in 14 homozygous and 8 heterozygous
individuals in this study. According to gnomAD, it has a relatively high allele frequency of

0.7362, indicating that it is a common variant in the general population.

Two submissions on ClinVar classify it as benign. Given its location in the 3' UTR,
this variant may have potential effects on gene regulation, mRNA stability, or protein

translation efficiency, though no direct functional consequences have been established.
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4.3.3.2.2 rs4646431: ¢.*210dup

Wild-type

Heterozygous h ‘

insertion ‘\“\ ‘\‘Hf A - -
A‘ Al w' '/‘Hw"w"/ /\/\A/\/’\/\ /\N \A/\/\/\f\/\\/\"\/\ﬂ

Homozygous I
insertion

Figure 4.14 Nucleotide sequencing results showing the ¢.*210dup mutant variant; top
homozygous wild-type, middle (-/T) heterozygous insertion, bottom (-/T) homozygous
insertion.

The variant *c.210dup represents a duplication of a nucleotide within the 3'
untranslated region (3' UTR), located 210 nucleotides downstream from the stop codon.
This variant has the potential to influence post-transcriptional regulation of the gene, as the
3' UTR contains elements responsible for mRNA stability, localization, and translation

efficiency. Alterations in this region could affect these regulatory mechanisms.

This variant was identified in 7 homozygous and 3 heterozygous individuals in this
study. According to gnomAD, the allele frequency of this variant is 0.5218, suggesting it
is relatively common. ClinVar contains three independent submissions classifying it as
benign, indicating that it is unlikely to have a significant impact on gene function or disease

susceptibility.
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Table 4.10 Summary of variants identified in the MYOC gene, including their location, type, frequency in the study cohort, presence in
families, and reported pathogenicity.

Number in
Cohort
. ) . ) ) Mutation
Location Genomic Position cDNA Amino Acid Variant ID gnomAD 2 2 Pathogenicity

Type 2 & o

g | 2| r

) N 1)

£ | 2|2
Exon 1 chrl:171621713A>C c.39T>G p.Prol3= SNP rs12082573 0.004048 | 46 | - Benign
Exon 1 chrl:171621525C>T c.227G>A p.Arg76Lys SNP 152234926 0.1383 46 | S 9 Benign
Exon 1 chrl:171621275T>C c.477A>G p-Leul59= SNP 1s61730977 0.004044 | 46 | - 1 Benign
Intron 1 | chrl:171649526 G>A | ¢.730+35G>A - SNP 1s2032555 0.7220 19 |12 | 4 Benign
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Table 4.11 Summary of variants identified in the CYPIBI gene, including their location, type, frequency in the study cohort, presence

in families, and reported pathogenicity.

Number in
Cohort
Mutation
Location Genomic Position cDNA Amino Acid Variant ID gnomAD “ » | Pathogenicity
Type =1 & | &
55| %
= =
AR
<3 T T
Intron 1 | chr2:38302544G>A c.-1-12C>T - SNP 152617266 02923 |46 | 4 | 4 Benign
Exon 2 chr2:38302390G>C c.142C>G p-Arg48Gly SNP rs10012 0.3189 | 46 | 4 4 Benign
Exon2 | chr2:38302177C>A ¢.355G>T p.Alall9Ser SNP rs1056827 03235 |46 | 4 | 4 Benign
Exon2 | chr2:38302350C>T c.182G>A p.Gly61Glu SNP 1528936700 0.00029 | 46 | 9 1 Pathogenic
Exon 2 chz ;)318939081d9e9lg_3 = ¢.534 534delG p.-Alal79Argfs*18 | Deletion | rs771076928 | 0.000048 | 46 | 1 - Pathogenic
Exon2 | SPr? :0318637061(166712—3 81 (856 856delG p.Ala287Profs*6 | Deletion Novel 1 NA | 46| 3 | 1 | Pathogenic
Exon 2 G0z :0318270011?15(9}_3 2 ¢.862 863insC p-Arg290Profs*37 | Insertion | rs587778875 | 0.00002 | 46 | 2 | 2 Pathogenic
chr2:38298600 382 . . . -
Intron 2 9860 1insA g.38444 38445insT - Insertion Novel 2 NA 46 | 16 | 8 Benign
Exon 3 chr2:38298394C>T c.1103G>A p-Arg368His SNP 1s79204362 | 0.005272 | 46 | - 3 VUS
Exon3 | chr2:38298203C>G ¢.1294C>G p.Leud32Val SNP rs1056836 06172 | 46 | 22 | 8 Benign
Exon3 | chr2:38071044G>A c.1310C>T p-Pro437Leu SNP rs56175199 | 0.000021 | 46 | 1 - Pathogenic
Exon3 | chr2:38298150A>G c.1347T>C p.-Asp449Asp SNP rs1056837 05771 |46 | 9 | 6 Benign
Exon 3 chr2:38298139T>C c.1358A>G p-Asn453Ser SNP rs1800440 0.1495 |46 | 6 VUS
Exon 3 chr2:38298092G>A c.1405C>T p-Argd69Trp SNP rs28936701 0.000047 | 46 | 3 - Pathogenic
3’UTR | chr2:38297515G>T c.*350C>A - SNP 1s162562 0.6787 | 46 | 14 | 8 Benign
, chr2:38297661 382 " . -
3’UTR 97662insA ¢.*210dup - Insertion 154646431 0.5218 | 46 | 7 3 Benign
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http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=1056837

Table 4.12 Detected CYP1B1 and MYOC gene variants across all patient samples. Genotypes for each variant are shown per patient.
Insertions (ins), deletions (del), and heterozygous deletions (del (het)) are indicated where applicable. Pathogenic and known variants

are highlighted in color for clarity.

CYPI1B1 MYOC
F

2| e 212 2 | & < |l o |=|0| 0| ]|« x

) = | o | < | 3| 3| 2|7 o | < ©)
ElS a8 |83 B g|3|&|Q |8 85 |¢|8|2 2|8 28
UN) Q 2 N ' Clnﬁ 3 0 %) 8 g 2 ; 39‘ 8 % S = g < C_p
T T e e O T T A o S N O =
S S S| sl @3 B R |F| s || | 5| | s J o | ° S|
) o [5) ) o

en

GOl | c/C | G/G | c/iCc | A/A ins | G/G | G/G | C/IC | T/T | A/A | C/IC | A/A G/A | T/T | A/A | A/A
G02 | T/T | T/T | G/IG | G/IG del G/G| C/C|C/C|CIC|AA|CIC] X | X |GIG| TIT | AA | GIG
G03 | C/C | G/G | C/IC | G/G ins G/G | G/G|C/IC| TIT |[AA|CIC| X | X |GG | TIT | A/A | A/A
Go4 | /T | T/T | GIG | G/IG (gzi) aG | o |CC|TT g |CC] x | x |96 TT | AATGA
Gos | c/c | G/G | c/ic | G/G ins | GG | )6 | “C e [ ac | 9€ | cre (:]';i) G/G | TT | A/A | GIA
Go6 | c/C | G/G | c/C | GIG ins | GG | /6 | ©C | e | aa | cie | e (L:i) G/G | TIT | A/A | A/A
Go7 | c/Cc | G/G | ¢/C | G/G ins | G/G | i | €| e | A | cic | cre (:]';i) G/G | TT | A/A | GIA
G08 | C/C | G/G | C/IC | G/G ins | G/G | C/C | C/C| C/C | GIG | CIC | AJA | ins | G/G | TIT | A/A | A/A
G0Y | C/C | G/G | ¢/IC | GIG G/G | G/G | C/C | TT | A/A | TIT | A/A G/G | T/T | A/A | A/A
G10 | C/C | G/G | C/C | AJA ins | G/G | C/C | C/C | T/T | A/A | C/C | AJA A/A | T/T | A/A | A/A
Gil | T/T | T'T | G/G | G/G del ins | G/G | C/C |C/IC| T |GIG|C/C| X | X |G/A| TIT | A/A | GIG
G2 | cc | G/iG | cc |GG ins |G/G | C/C|C/IC|TIT |[AA|C/C| X | X | GIG|GIG|GIG|GIG
GI3 | C/C | G/G | C/IC | G/G ins G/G | G/G |C/C | TIT | A/A | C/IC | CIC G/A | T/T | A/A | A/A
Gl4 | C/C | G/G | C/C | AJA G/G | G/IG | C/C| TIT | A/A | C/IC| X | X | G/G | T/T | A/A | A/A
Gl5 | ¢/c | G/G | ¢/Cc | GIG G/G | G/G | C/C| TIT | A/A | CIC| X | X | G/A | T/T | A/A | A/A
Gl6 | C/C | G/G | C/IC | AJA ins | G/G | G/G | C/C | T/T | A/A | C/C | AJA A/A | T/T | A/A | A/A
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G17 | C/IC | G/G | CIC | A/A G/G | GIG [ CIC|] TT [AA ] CIC | X | X | A/A | T/T | A/A | A/A
GI8 | C/C | G/G | C/C | G/G ins | G/G | G/G | C/C| T/T | A/A | CIC | X | X | A/A | T/IT | A/A | GIA
G19 | C/C | G/G | C/C | GIG ins | G/A | G/G | C/C| T/T | A/A | CIC | C/A G/G | T/T | A/A | A/A
G20 | C/C | G/G | C/C | GIA ins | G/A | C/G | C/C| T/T | AJA | CIC | A/A G/G | T/T | A/A | X
G21 | ot | et | oG | Gig (;l‘lst) GG | g |YC e | [ ce| x | x |96 TT | AALX
G22 | C/C | GIG | CIC | GIG G/G | C/IC | CIC | CIC | A/A | CIC | AJA | ins | G/IG | T/T | A/A | X
G23 | C/IC | G/G | C/C | G/G G/G | C/G | CIC | T/C | AIG | ¢ic | c/C GIA | TIT | AIA | X
G24 | C/C | G/G | CIC | GIG G/G | C/C | CIC | T/T | A/A | CIC | AJA G/G | TIT | AIA | X
G25 | C/IC | G/G | C/C | G/G ins | G/G | GIG | C/C | T/T | A/A | CIC | A/A AA | TIT | AIA | X
G26 | C/C | GIG | CIC | AJA ins | G/G | G/IG | C/C | T/T | A/A | CIC | A/A G/G | TIT | AIA | X
G27 | C/IC | G/G | CIC | G/G G/G | C/G | CIC | C/IC | A/A | CIC | AJA | ins | G/G | T/T | A/A | X
G2 | c/c | GG | o | Gia (L‘;St) s oG lee | YC [ A oe| x | x |96 TTAALX
G20 | C/C | G/G | C/C | G/G ins | G/A | G/IG | C/C | T/T | A/A | CIC | A/A G/G | TIT | AA | X
G30 | C/T | G/IT | C/G | G/G G/G | C/IC | CIC | C/IC | A/A | CIC | AJA | ins | G/G | T/T | A/A | X
G31 | C/C | G/G | CIC | G/G ins | G/G | G/IG | T/T| T/T | A/A | CIC | X | X | G/G | TIT | AIA | X
G32 | C/C | G/G | CIC | GIG ins | G/G | G/IG | C/C | T/T | A/A | T/T | A/A G/IA | TIT | A/A | X
G33 | C/T | GIT | C/G | G/G ins | G/G | C/G | C/C | T/C | A/A | C/IC | A/A G/G | T/T | A/A | X
G34 | C/IC | G/G | C/C | A/A ins | G/G | G/G | C/IC | T/T | A/A | C/IC | A/A G/G | T/T | AIA | X
G35 | C/C | G/G | C/C | GIG | - - - [ - - - -1 -1 -1 -71-71-71T-7Tx
G36 | C/C | G/G | C/C | G/G ins | G/IG | C/C | CIC| T/T | A/A | CIC | X | X | G/G | TIT | AA | X
G37 | C/IC | G/G | C/C | A/A ins | G/G | G/G | C/IC | T/T | A/A | C/IC | A/A G/G | T/T | A/A | X
G38 | C/C | G/G | C/C | G/G ins | G/G | C/C | C/IC | T/T | A/JA | T/T | A/A G/G | T/T | A/A | X
G39 | C/C | G/G | C/C | G/G G/G | C/C | C/IC | C/C | GIG | C/IC | AJA | ins | G/G | T/T | A/A | X
G40 | C/IC | G/G | C/C | G/G G/G | C/C | C/IC | C/IC | GIG | C/IC | AJA | ins | G/G | T/T | A/A | X
DI | C/C | G/G | C/C | G/G ins | G/G | G/IG | C/C | T/T | A/A | CIC | A/A G/G | TIT | AIA | X
181 | C/C | G/G | CIC | G/G | del G/G | GIG | CIC | T/T | A/A | CIC | AJA G/G | T/T | A/A | X
N6 | C/C | G/G | C/IC | A/A ins | G/G | G/G | C/C| T/T | A/A | CIC | A/A G/G | T/T | A/A | X
R2 | C/T | G/T | C/G | G/G G/G | C/C | C/IC | C/C | GIG | C/IC | AJA | ins | G/G | T/T | A/A | X
OBI | T/T | T/T | GIG | G/G G/G | C/C | CIC | C/IC | A/A | CIC | A/A GIA | TIT | AIA | X
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Chapter Five: Discussion

Primary congenital glaucoma (PCGQG) is a serious eye condition that manifests at
birth and can cause permanent irreversible blindness if not treated in time. In Palestine,
PCG is more common than in many other countries, mainly due to the high rate of
consanguineous marriages. Unfortunately, PCG in Palestine can only be diagnosed after
birth, and in some cases, children are not diagnosed until it is too late for effective
treatment. Moreover, in Palestine, surgery is currently the only available treatment, and it
is most beneficial when performed early. Thus, early diagnosis is extremely important,

which could be aided by understanding the molecular genetics of PCG.

PCG not only affects the child’s vision and quality of life but also places a
significant emotional and financial burden on their families. This pressure is especially
heavy in low-income and resource-limited settings. Understanding the causes of PCG
through research is therefore essential as it offers hope for affected children and helps
prevent future cases. So far, the exact genetic causes of PCG in Palestine remain unclear,
and this research sets a foot into unraveling the genetic causes of this rare disease. Genetic
testing could play a vital role in identifying the disease earlier, guiding treatment and
lifestyle decisions, and providing families with important information through genetic

counseling.

The purpose of this study was to investigate the MYOC and CYP1B]1 gene variants
that contribute to PCG phenotype in a cohort of Palestinian patients. Patient recruitment
was a critical component of this study and was achieved through close collaboration with

glaucoma-specialist ophthalmologists.

In total, forty-six PCG patients, both sporadic and familial cases, were recruited for
this study. However, recruitment was limited to patients referred by Dr. Amer Mohsen and
Dr. Sana Muhsen, which may have introduced selection bias or excluded undiagnosed
cases, particularly in remote or underserved areas. For example, one familial case was
identified through outreach to a school for the blind, where two brothers and a sister
diagnosed with PCG at birth had never sought medical treatment, surgical intervention, or

regular check-ups. Additionally, logistical and social challenges, especially in reaching
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rural areas and contacting extended family members, restricted the collection of samples

in some familial cases.

Despite these limitations, the study successfully assembled the largest known PCG
cohort in Palestine, providing a strong foundation for future genetic and clinical

investigations.

5.1 MYOC Gene Variants in Palestinian Patients

Several studies in various populations showed that more than 100 pathogenic
variants in the MYOC gene have been identified and associated with glaucoma, particularly
POAG and JOAG. Several pathogenic MYOC variants have been previously reported in
Iraqi patients (Jubair et al., 2019).

In this study, four MYOC variants were detected and all are classified as non-
pathogenic. One patient exhibited a compound heterozygous state with the ¢.39T>G
(p-Pro13=) and ¢.477A>G (p.Leul59=) variants, both are synonymous that do not alter the
amino acid sequence. These variants have low gnomAD allele frequencies, indicating their
rarity. Interestingly, a previous study in Morocco patients reported the two variants were
detected together in six patients but found no evidence of forming defined haplotypes.
These variants were reported to be more frequent in Moroccan and African American
populations compared to Caucasians and Asians (Melki et al., 2003). Subsequent studies
confirmed their prevalence as benign polymorphisms among African American and Black
South African populations (Liu et al., 2012; Williams et al., 2015). Therefore, these two
variants do not appear to be the cause of the disease, and their presense may indicate that

the patient has African decents.

The ¢.227G>A (p.Arg76Lys) variant was identified in five patients in a
homozygous form and nine patients in a heterozygous form. It is one of the most frequently
reported MYOC variants in glaucoma patients, and mostly classified as a benign
polymorphism (Bhattacharjee et al., 2007; Faucher et al., 2002; Narooie-Nejad et al.,
2017). Functional analysis studies further support its benign nature. A study investigating

14 MYOC variants with varying degrees of predicted pathogenicity showed the R76K
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(p.Arg76Lys) mutant was readily secreted and soluble, suggesting it does not disrupt
MYOC protein function and is therefore likely benign (Nakahara & Hulleman, 2022).

Finally, the c.730+35G>A intronic variant was detected in 84% of the 19 patients
analyzed. and predicted as benign. A study in a Malay population suggested its association
with increased susceptibility to JOAG, showing a significant difference between affected
and non-affected individuals (Mimivati et al., 2014), however, studies in Korean and
African populations found no significant correlation between this variant with glaucoma
(Kim et al., 2011; Whigham et al., 2011), suggesting its role in glaucoma susceptibility

remains uncertain.

Overall, the MYOC variants identified in this study were all classified as non-
pathogenic. The presence of ¢.39T>G (p.Prol13=) and c.477A>G (p.Leul59=) likely
reflects African ancestry rather than contributing to disease. While ¢.227G>A (p.Arg76Lys)
is evolutionarily conserved, its benign classification suggests minimal functional impact.
The intronic variant ¢.730+35G>A lacks conclusive evidence of pathogenicity, with

conflicting findings across different populations.

5.2 CYPIBI Gene Variants in Palestinian Patients

All the patients with primary congenital glaucoma were eventually screened for
existence of CYPIBI gene variants. Twenty-two patients had homozygous pathogenic
variants in exons 2 and 3, including a novel mutation. Nine patients had heterozygous
CYPI1BI pathogenic variants, whereas 15 patients showed wild type CYPIBI gene. Seven
pathogenic variants could be identified: including one Novel, and six previously reported

mutants.

One novel variant, the ¢.856 856delG (p.Ala287Profs*6), results in a frameshift
mutation that introduces a premature stop codon six nucleotides after codon 287. This leads
to a truncated protein and loss of function of the H-helix. The H-helix helps in maintaining
the overall stability of the protein, and is located near the active site of the enzyme and
plays a role in substrate positioning, potentially affecting ligand access and binding

involved in metabolic processes (Bart et al., 2020).
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Six previously reported variants including c.182G>A (p.Gly61Glu), ¢.868 869insC
(p.Arg290Profs*37), c¢.534 534delG (p.Alal79Argfs*18), ¢.1103G>A (p.Arg368His),
c.1310C>T (p.Pro437Leu) and c.1405C>T (p.Argd69Trp) were detected. Among them, the
c.182G>A (p.Gly61Glu) was the most prevalent. This variant was detected in 10 patients,
nine in a homozygous genotype and one heterozygous. The patient with heterozygous
c.182G>A also presented with the variant ¢.1103G>A in heterozygous form, indicating a
compound heterozygous form of inheritance. Two patients represent to familial cases with
other affected members. This variant has been frequently reported in several Arab
populations (Jemmeih et al., 2022), including Morocco, Egypt, Saudi Arabia, Iraq, and Iran
(Badeeb et al., 2014; Belmouden et al., 2002; Chitsazian et al., 2007; Fassad et al., 2017;
Jubair et al., 2020; Qashgqai et al., 2018). Additionally, it has been identified in Spanish
(Campos-Mollo et al., 2009), Pakistani (Bashir et al., 2015), Turkish (Ava et al., 2021), and
Israeli Arab Bedouin populations (Bar-Yosef et al., 2010). The c¢.182G>A variant is located
in the hinge region of the CYP1BI1 protein, where the substitution of glycine (a non-polar
amino acid) with glutamine (a polar amino acid) alters the protein structure. Functional
studies have demonstrated that this change significantly reduces estradiol- and retinoic
acid-metabolizing activity, leading to an unstable mutant protein and impaired enzyme
function (Banerjee et al., 2016; Jansson et al., 2001; Lopez-Garrido et al., 2010). Moreover,
arecent study linked this variant to decreased brain metabolism, progressive inflammation,
and microglial dysfunction, potentially exacerbating PCG complications and influencing

post-surgical recovery (Alghamdi et al., 2020)

The ¢.868 869insC (p.Arg290Profs*37) variant was detected in homozygous
genotype in one patient and heterozygous genotype in two patients. This mutation results
in a premature stop codon just before the H-helix, leading to protein truncation. One
heterozygous patient has multiple affected family members, indicating the need for family
segregation to understand the mode of inheritance of this variant, including the
identification of the other potential mutation for the expected compound heterozygous
genotype. This mutation has been reported in Pakistan, Australia (JOAG patients), Spain,
and Turkey (Bagiyeva et al., 2007; Lopez-Garrido et al., 2013a; Souzeau et al., 2015;
Tehreem et al., 2022a).
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The ¢.534 534delG (p.Alal79Argfs*18) variant, which was detected in a single
familial case in this study, is predicted to cause loss of normal protein function either
through protein truncation or nonsense-mediated mRNA decay. It has been reported in
Portuguese patients (Cardoso et al., 2015), a Portuguese patient residing in Switzerland
(Lang et al., 2020), in Tunisia (Bouyacoub et al., 2014), Morocco (Belmouden et al., 2002),
and Moroccans residing in Denmark (Grenskov et al., 2016). In Morocco, this variant is

considered a founder mutation.

The c¢.1103G>A (p.Arg368His) variant was identified in three heterozygous
patients in this study, none of which had familial history of glaucoma. This variant has been
reported with high frequency in Gilan, Iran (Qashqai et al., 2018), and was observed in a
compound heterozygous form in the Korean population, in combination with ¢.55C>T in
the same gene, suggesting a potential digenic effect (Kim et al., 2011). Beyond its
association with glaucoma, this polymorphism has been significantly observed in females
with uterine leiomyoma, suggesting potential broader biological implications beyond

ocular disease (SALIMI et al., 2014).

Structurally, the p.Arg368His substitution occurs between helices J and K in an
exposed loop of the CYP1IBI protein structure. The wild-type arginine at position 368
interacts with G-365, D-367, V-363, and D-374, stabilizing the local structure. The
replacement of arginine with histidine alters the electrostatic interactions in this region,
specifically weakening the interactions between D-367 and D-374 (Tanwar et al., 2009).
Although the precise functional consequences remain unclear, such changes could impact

protein stability and enzyme activity.

The c.1310C>T (p.Pro437Leu) variant was identified in a single patient in a
homozygous form. This variant was reported in China, Pakistan, Brazil and Spain (CAI et
al., 2021; El-Ashry et al., 2007; Lopez-Garrido et al., 2013b; Tehreem et al., 2022b). The
c.1405C>T (p.Arg469Trp) variant was identified in three homozygous patients in this
study. This variant has been reported in multiple populations, including Saudi Arabia
(Badeeb et al., 2014b; Bejjani et al., 1998), Spain (Milla et al., 2013), Pakistan (Rauf et al.,
2016), and Iran (Chitsazian et al., 2007b; Qashgqai et al., 2018b). In the Spanish population,
it has been observed in a compound heterozygous state with p.Thr404{sX30, suggesting a
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potential synergistic pathogenic effect. Clinical observations have demonstrated that
p.-Argd69Trp may contribute to severe ocular phenotypes beyond glaucoma. A patient
harboring this mutation was also affected by microphthalmia, corneal opacification in the
right eye, anterior staphyloma in the left eye, bilateral type II Peters anomaly, and
congenital glaucoma (Reis et al., 2016). This variant is located in the heme-binding region

of the CYP1BI protein (Y. Chen et al., 2008).

Functional studies have shown that p.Arg469Trp significantly reduces enzymatic
activity, with reported reductions ranging from complete loss of function (null alleles) to
approximately 70% of wild-type activity (Banerjee et al., 2016). This is further supported
by a study that used western blot analysis showing reduced protein levels for the
p-Arg469Trp mutant and decreased enzymatic activity by 30% toward steroid hormone
substrates (Campos-Mollo et al., 2009). Given its functional significance and widespread
reporting in various populations, the p.Arg469Trp variant is a strong candidate for
pathogenicity, likely contributing to CYP1Bl-related glaucoma through enzymatic

dysfunction and structural instability in the heme-binding region.

In addition to the pathogenic variants, several polymorphisms and intronic
variants were identified in this study. The ¢.1294C>G (p.Leu432Val) variant results in a
leucine-to-valine substitution at codon 432. This variant has been extensively studied in
the context of cancer susceptibility, particularly in hepatocellular carcinoma (F. Liu et al.,
2015), squamous cell carcinoma (Moghadam et al., 2018), and ovarian carcinoma (L.
Zhang et al., 2021). It was also detected in prostate cancer patients, where cells with
longer telomere length showed significantly higher proportion of the CYP1B1
¢c.1294C>G CG and GG genotypes, suggesting it may confer genetic susceptibility to
prostate cancer by altering telomere length (Gu et al., 2018).

This variant may have a role in male and female infertility. Hu et al. (2011)
correlated p.Leu432Val with idiopathic male infertility (W. Hu et al., 2011). A study by
Zou et al. (2013) predicted this variant significantly increases the risk of polycystic ovary
syndrome susceptibility (Zou et al., 2013), however, its role in CYPIB1- related
glaucoma remains unclear, and studies have shown no association between this variant

and PCG susceptibility(Z. Wang et al., 2015).
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The detected c.1358 A>G (p.Asn453Ser) - rs1800440 variant has been implicated
in lung cancer risk (Xu et al., 2012), but studies have yielded conflicting results regarding
its clinical significance. This variant may have a protective role against the development
of frontal fibrosing alopecia. A study by Saceda-Corralo et al. (2023) identified the
majority of frontal fibrosing alopecia patients lack the protective role of rs1800440
polymorphism (Saceda-Corralo et al., 2023). It is worth noting that this variant is usually
reported in literature along with other CYPIB1 variants including rs10012 (c.142C>QG),
rs1056827 (¢.355G>T) and rs1056836 (¢.1294C>G). All these variants were detected in
this study as well.

A potential haplotype block inheritance pattern was also observed, with three
polymorphisms, rs2617266 (c.-1-12C>T), rs1056827 (¢.355G>T, p.Alal19Ser), and
rs10012 (c.142C>G, p.Arg48Gly) found in eight patients. They were all either in mutant
homozygous form (in four patients) or all in heterozygous form (in four patients), while
the remaining 38 patients did not have any of the three polymorphisms. Previous studies
have suggested that certain CYPIB1 haplotypes may be associated with colorectal cancer
(Szuman et al., 2024). Notably, the variants in this haplotype been observed in Saudi
Arabian populations, suggesting a shared genetic background for CYP/BI mutations

between the Palestinian and Saudi ethnic groups.

Furthermore, this study identified intronic variants, including a novel
2.38444 38445insT in Intron 2, and two previously reported polymorphisms, *c.350C>A
(rs162562) and *c.210dup (rs4646431) in Intron 3. While these variants do not directly
alter protein coding regions, they may influence gene expression or splicing and require
further functional studies to determine their impact on CYP1B1 activity and PCG
susceptibility.
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5.3 Study Limitations

Several limitations should be acknowledged. First, the sample size is not
representative entirely of the Palestinian populations. We were not able to collect samples
from many affected families living in closed-community rural areas due to logistics
complications. Additionally, a larger number of primary congenital glaucoma patients
resided in the Gaza Strip. This limits the generalizability of the findings to the broader
Palestinian population. A larger cohort would be beneficial to confirm the observed

genetic patterns.

Secondly, during data collection from other cities, several blood samples were
retrieved hemolyzed due to logistical challenges on the road and prolonged time spent on

checkpoints. This is also true for Saliva samples.

Thirdly, the study primarily focused on sequencing MYOC and CYPIB]I genes, yet
primary congenital glaucoma and juvenile open-angle glaucoma are genetically
heterogeneous disorders. Other candidate genes, such as FOXCI, PITX2, LTBP2, and TEK,
have been shown to be implicated in glaucoma pathogenesis. Sequencing and investigating
these genes may provide better insights into the genetic characterization of PCG among
Palestinian patients, especially that 15 patients did not harbor CYP1B1 pathogenic variants.

This can be done via extended whole exome sequencing.

Fourthly, functional validation of the identified variants was not performed. While
bioinformatics tools and previously published studies provided insights into the pathogenic
potential of specific mutations, experimental analyses, such as protein expression studies,
enzyme activity assays, and structural modeling, are needed to definitively assess their

impact on MYOC and CYP1BI1 protein function.

Finally, the study did not incorporate clinical data such as intraocular pressure, optic
nerve assessment, and treatment outcomes. The inclusion of phenotypic data would allow
for genotype-phenotype correlation analysis, which could further elucidate the role of these

genetic variants in disease severity and progression.
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5.4 Future Directions

Future research should address the limitations outlined above and explore
additional avenues to expand our understanding of glaucoma genetics in the Palestinian
population. First, increasing the sample size by recruiting additional wide spread

Palestinian primary congenital glaucoma patients in the West Bank.

Second, whole exome sequencing should be utilized to uncover additional genetic
factors that may contribute to PCG in our population. This approach would allow the
identification of novel genes and variants beyond MYOC and CYPIBI, providing more

comprehensive view of the genetic landscape of glaucoma in this population.

Third, functional studies should be conducted to validate the impact of the novel

and rare variant identified in this study.

Fourth, a longitudinal clinical study incorporating genetic and phenotypic data
should be established to investigate the clinical consequences of identified mutations. Such
studies could provide insights into disease prognosis, treatment response, and potential

personalized therapeutic strategies based on genetic findings.

Finally, investigating potential environmental and epigenetic factors may modulate
the penetrance and expressivity of CYPI/BI and MYOC mutations in PCG patients would
be valuable. This could include studying DNA methylation, histone modifications, and

gene-environment interactions.
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5.5 Conclusion

In conclusion, this study represents the first genetic analysis of MYOC and CYPI1B1
variants in Palestinian patients with PCG. The findings confirm the presence of known
pathogenic CYP/BI mutations in this population and reveal a novel frameshift mutation
(c.856_856delG) that likely disrupts enzymatic function. Additionally, all MYOC variants
identified were classified as non-pathogenic, with no clear contribution to glaucoma

pathogenesis.

The study reinforces the importance of CYPI/BI as a major contributor to PCG in
Palestinian patients while highlighting the need for expanded genetic screening to identify
additional risk factors. Population-specific studies remain crucial for understanding the
genetic architecture of glaucoma and developing targeted diagnostic and therapeutic
strategies. While this study advances knowledge of glaucoma genetics in Palestine, further
research utilizing larger cohorts, expanded gene panels, and functional validation is
necessary to fully understand the development of PCG. A multidisciplinary approach
integrating genetics, clinical ophthalmology, and molecular biology is key in shaping future

diagnostic and treatment or congenital glaucoma.

73



References

Afzal, R., Firasat, S., Kaul, H., Ahmed, B., Siddiqui, S. N., Zafar, S. N., Shahzadi, M., &
Afshan, K. (2019). Mutational analysis of the CYP1B1 gene in Pakistani primary
congenital glaucoma patients: Identification of four known and a novel causative

variant at the 3' splice acceptor site of intron 2. Congenital Anomalies, 59(5), 152—
161. https://doi.org/10.1111/CGA.12312

Alghamdi, A., Aldossary, W., Albahkali, S., Alotaibi, B., & Alrfaei, B. M. (2020). The loss
of microglia activities facilitates glaucoma progression in association with CYP1B1
gene mutation (p.Gly61Glu). PloS One, 15(11).
https://doi.org/10.1371/JOURNAL.PONE.0241902

Aponte, E. P., Diehl, N., & Mohney, B. G. (2010). Incidence and clinical characteristics of
childhood glaucoma: a population-based study. Archives of Ophthalmology (Chicago,
1l : 1960), 128(4), 478—482. https://doi.org/10.1001/archophthalmol.2010.41

Ava, S., Demirtas, A. A., Karahan, M., Erdem, S., Oral, D., & Keklik¢i, U. (2021). Genetic
analysis of patients with primary congenital glaucoma. International Ophthalmology,
41(7), 2565-2574. https://doi.org/10.1007/S10792-021-01815-Z

Badawi, A. F., Cavalieri, E. L., & Rogan, E. G. (2001). Role of human cytochrome P450
1A1, 1A2, 1B1, and 3A4 in the 2-, 4-, and 16alpha-hydroxylation of 17beta-estradiol.
Metabolism: Clinical and Experimental, 5009), 1001-1003.
https://doi.org/10.1053/meta.2001.25592

Badawi, A. H., Al-Muhaylib, A. A., Al Owaifeer, A. M., Al-Essa, R. S., & Al-Shahwan, S.
A. (2019). Primary congenital glaucoma: An updated review. Saudi Journal of
Ophthalmology, 33(4), 382-388. https://doi.org/10.1016/].sjopt.2019.10.002

Badeeb, O. M., Micheal, S., Koenekoop, R. K., den Hollander, A. 1., & Hedrawi, M. T.
(2014a). CYP1B1 mutations in patients with primary congenital glaucoma from Saudi
Arabia. BMC Medical Genetics, 15(1). https://doi.org/10.1186/s12881-014-0109-2

Badeeb, O. M., Micheal, S., Koenekoop, R. K., den Hollander, A. 1., & Hedrawi, M. T.
(2014b). CYP1B1 mutations in patients with primary congenital glaucoma from Saudi
Arabia. BMC Medical Genetics, 15(1), 109. https://doi.org/10.1186/S12881-014-
0109-2

Bagiyeva, S., Marfany, G., Gonzalez-Angulo, O., & Gonzalez-Duarte, R. (2007).
Mutational screening of CYP1B1 in Turkish PCG families and functional analyses of
newly detected mutations. Molecular Vision, 13, 1458-1468.
https://europepmec.org/article/med/17893647

Banerjee, A., Chakraborty, S., Chakraborty, A., Chakrabarti, S., & Ray, K. (2016a).
Functional and Structural Analyses of CYP1BI1 Variants Linked to Congenital and

74



Adult-Onset Glaucoma to Investigate the Molecular Basis of These Diseases. PLOS
ONE, 11(5), e0156252. https://doi.org/10.1371/JOURNAL.PONE.0156252

Banerjee, A., Chakraborty, S., Chakraborty, A., Chakrabarti, S., & Ray, K. (2016b).
Functional and Structural Analyses of CYP1B1 Variants Linked to Congenital and
Adult-Onset Glaucoma to Investigate the Molecular Basis of These Diseases. PLoS
ONE, 11(5), e0156252. https://doi.org/10.1371/JOURNAL.PONE.0156252

Bart, A. G., Harris, K. L., Gillam, E. M. J., & Scott, E. E. (2020). Structure of an ancestral
mammalian family 1B1 cytochrome P450 with increased thermostability. The Journal
of Biological Chemistry, 295(17), 5640. https://doi.org/10.1074/JBC.RA119.010727

Bar-Yosef, U., Levy, J., Elbedour, K., Ofir, R., Carmi, R., & Birk, O. S. (2010). Congenital
glaucoma: CYP1B1 mutations in Israeli Bedouin kindreds. Journal of Glaucoma,
19(1), 35-38. https://doi.org/10.1097/1JG.0BO13E3181A98B6F

Bashir, R., Tahir, H., Yousaf, K., Naz, S., & Naz, S. (2015). Homozygous p.G61E mutation
in a consanguineous Pakistani family with co-existence of juvenile-onset open angle

glaucoma and primary congenital glaucoma. Gene, 570(2), 295-298.
https://doi.org/10.1016/J.GENE.2015.07.014

Bejjani, B. A., Lewis, R. A., Tomey, K. F., Anderson, K. L., Dueker, D. K., Jabak, M., Astle,
W. F.,, Otterud, B., Leppert, M., & Lupski, J. R. (1998). Mutations in CYP1B1, the
Gene for Cytochrome P4501B1, Are the Predominant Cause of Primary Congenital
Glaucoma in Saudi Arabia. AdAm. J.  Hum. Genet, 62, 325-333.
http://www3.ncbi.nlm.nih.gov:80/htbin-post/Omim/

Belmouden, A., Melki, R., Hamdani, M., Zaghloul, K., Amraoui, A., Nadifi, S., Akhayat,
0., & Garchon, H. J. (2002a). A novel frameshift founder mutation in the cytochrome
P450 1B1 (CYP1B1) gene is associated with primary congenital glaucoma in
Morocco. Clinical Genetics, 62(4), 334-339. https://doi.org/10.1034/J.1399-
0004.2002.620415.X

Belmouden, A., Melki, R., Hamdani, M., Zaghloul, K., Amraoui, A., Nadifi, S., Akhayat,
0., & Garchon, H. J. (2002b). A novel frameshift founder mutation in the cytochrome
P450 1B1 (CYPIBI) gene is associated with primary congenital glaucoma in
Morocco. Clinical Genetics, 62(4), 334-339. https://doi.org/10.1034/J.1399-
0004.2002.620415.X

Bhattacharjee, A., Acharya, M., Mukhopadhyay, A., Mookherjee, S., Banerjee, D.,
Bandopadhyay, A. K., Thakur, S. K. D., Sen, A., & Ray, K. (2007). Myocilin variants
in Indian patients with open-angle glaucoma. Archives of Ophthalmology, 125(6),
823-829. https://doi.org/10.1001/archopht.125.6.823

Bouyacoub, Y., Ben Yahia, S., Abroug, N., Kahloun, R., Kefi, R., Khairallah, M., &
Abdelhak, S. (2014). CYP1B1 gene mutations causing primary congenital glaucoma

75



in Tunisia. Annals of  Human Genetics, 78(4), 255-263.
https://doi.org/10.1111/AHG.12069

CAL S., ZHANG, D., JIAO, X., WANG, T., FAN, M., WANG, Y., HEITMANCIK, J. F.,
& LIU, X. (2021). Novel compound heterozygous mutations in CYP1BI1 identified in
a Chinese family with developmental glaucoma. Molecular Medicine Reports, 24(5).
https://doi.org/10.3892/MMR.2021.12443/DOWNLOAD

Campos-Mollo, E., Lopez-Garrido, M. P., Blanco-Marchite, C., Garcia-Feijoo, J., Peralta,
J., Belmonte-Martinez, J., Ayusu, C., & Escribano, J. (2009). CYP1B1 mutations in
Spanish patients with primary congenital glaucoma: phenotypic and functional
variability. Molecular Vision, 15, 417.
https://pme.ncbi.nlm.nih.gov/articles/PMC2645906/

Cardoso, M. S., Anjos, R., Vieira, L., Ferreira, C., Xavier, A., & Brito, C. (2015). CYP1BI
gene analysis and phenotypic correlation in Portuguese children with primary
congenital glaucoma. FEuropean Journal of Ophthalmology, 25(6), 474-477.
https://doi.org/10.5301/EJO.5000618

Cascella, R., Strafella, C., Germani, C., Novelli, G., Ricci, F., Zampatti, S., & Giardina, E.
(2015). The Genetics and the Genomics of Primary Congenital Glaucoma. BioMed
Research International, 2015, 321291. https://doi.org/10.1155/2015/321291

Charlson, E. S., Sankar, P. S., Miller-Ellis, E., Regina, M., Fertig, R., Salinas, J., Pistilli,
M., Salowe, R. J., Rhodes, A. L., Merritt, W. T., Chua, M., Trachtman, B. T., Gudiseva,
H. V., Collins, D. W., Chavali, V. R. M., Nichols, C., Henderer, J., Ying, G. S., Varma,
R., ... O’Brien, J. M. (2015). The Primary Open-Angle African-American Glaucoma
Genetics (POAAGG) Study: Baseline Demographics. Ophthalmology, 122(4), 711.
https://doi.org/10.1016/J.OPHTHA.2014.11.015

Chen, H., Howald, W. N., & Juchau, M. R. (2000). Biosynthesis of all-trans-retinoic acid
from all-trans-retinol: catalysis of all-trans-retinol oxidation by human P-450

cytochromes. Drug Metabolism and Disposition: The Biological Fate of Chemicals,
28(3), 315-322.

Chen, Y., Jiang, D., Yu, L., Katz, B., Zhang, K., Wan, B., & Sun, X. (2008). CYP1BI and
MYOC Mutations in 116 Chinese Patients With Primary Congenital Glaucoma.
Archives of Ophthalmology, 126(10), 1443-1447.
https://doi.org/10.1001/ARCHOPHT.126.10.1443

Chiarugi, A. (2023). Glaucoma: neuroprotection with NAD-based therapeutic
interventions.  Trends in  Pharmacological  Sciences, 44(12), 869-879.
https://doi.org/10.1016/5.tips.2023.09.010

Chitsazian, F., Tusi, B. K., Elahi, E., Saroei, H. A., Sanati, M. H., Yazdani, S., Pakravan,
M., Nilforooshan, N., Eslami, Y., Zare Mehrjerdi, M. A., Zareei, R., Jabbarvand, M.,
Abdolahi, A., Lasheyee, A. R., Etemadi, A., Bayat, B., Sadeghi, M., Banoei, M. M.,

76



Ghafarzadeh, B., ... Sarfarazi, M. (2007a). CYP1BI1 mutation profile of Iranian
primary congenital glaucoma patients and associated haplotypes. The Journal of
Molecular Diagnostics : JMD, 9(3), 382-393.
https://doi.org/10.2353/JIMOLDX.2007.060157

Chitsazian, F., Tusi, B. K., Elahi, E., Saroei, H. A., Sanati, M. H., Yazdani, S., Pakravan,
M., Nilforooshan, N., Eslami, Y., Zare Mehrjerdi, M. A., Zareei, R., Jabbarvand, M.,
Abdolahi, A., Lasheyee, A. R., Etemadi, A., Bayat, B., Sadeghi, M., Banoei, M. M.,
Ghafarzadeh, B., ... Sarfarazi, M. (2007b). CYPIBI1 mutation profile of Iranian
primary congenital glaucoma patients and associated haplotypes. The Journal of
Molecular Diagnostics : JMD, 9(3), 382-393.
https://doi.org/10.2353/JMOLDX.2007.060157

Choi, H.-Y., Pang, C. C. P, Chen, G. L. J,, Pan, Y., & Iwata, T. (2024). Exploring the
Genetic Landscape of Childhood Glaucoma. Children 2024, Vol. 11, Page 454, 11(4),
454. https://doi.org/10.3390/CHILDREN11040454

Coupry, 1., Sibon, 1., Mortemousque, B., Rouanet, F., Mine, M., & Goizet, C. (2010).
Ophthalmological Features Associated With COL4A1 Mutations. Archives of
Ophthalmology, 128(4), 483-489.
https://doi.org/10.1001/ARCHOPHTHALMOL.2010.42

El-Ashry, M. F., Abd El-Aziz, M. M., & Bhattacharya, S. S. (2007). A clinical and
molecular genetic study of Egyptian and Saudi Arabian patients with primary
congenital glaucoma (PCG). Journal of Glaucoma, 16(1), 104-111.
https://doi.org/10.1097/01.1jg.0000212288.00917.e1

Elder, M. J. (1993a). Congenital glaucoma in the West Bank and Gaza Strip. The British
Journal of Ophthalmology, 77(7), 413—416. https://doi.org/10.1136/bjo.77.7.413

Elder, M. J. (1993b). Congenital glaucoma in the West Bank and Gaza Strip. British
Journal of Ophthalmology, 77(7), 413—416.

Elmergreen, T. L., Scheef, E. A., Sorenson, C. M., & Sheibani, N. (2011). Cyplbl is
Expressed in Retinal Pericytes and Modulates their Adhesive and Migratory
Properties. Investigative Ophthalmology & Visual Science, 52(14), 4830—4830.

Fassad, M. R., Amin, A. K., Morsy, H. A, Issa, N. M., Bayoumi, N. H., El Shafei, S. A., &
Kholeif, S. F. (2017). CYP1B1 and myocilin gene mutations in Egyptian patients with
primary congenital glaucoma. Egyptian Journal of Medical Human Genetics, 18(3),
219-224. https://doi.org/10.1016/J.EIMHG.2016.07.003

Faucher, M., Anctil, J. L., Rodrigue, M. A., Duchesne, A., Bergeron, D., Blondeau, P., Coté¢,
G., Dubois, S., Bergeron, J., Arseneault, R., Amyot, M., Assalian, A., Balazsi, G. A.,
Bergeron, E., Brais, P., Carignan, J., Carriere, M., Cortin, P., Deschénes, C., ...
Raymond, V. (2002). Founder TIGR/myocilin mutations for glaucoma in the Québec

77



population. Human Molecular Genetics, 11(18), 2077-2090.
https://doi.org/10.1093/HMG/11.18.2077

Ferre-Fernandez, J. J., Aroca-Aguilar, J. D., Medina-Trillo, C., Bonet-Fernandez, J. M.,
Méndez-Hernandez, C. D., Morales-Fernandez, L., Corton, M., Cabaiiero-Valera, M.
J., Gut, M., Tonda, R., Ayuso, C., Coca-Prados, M., Garcia-Feijoo, J., & Escribano, J.
(2017). Whole-Exome Sequencing of Congenital Glaucoma Patients Reveals
Hypermorphic Variants in GPATCH3, a New Gene Involved in Ocular and
Craniofacial Development. Scientific Reports, 7, 46175.
https://doi.org/10.1038/SREP46175

Fuse, N., Kimura, M., Shimizu, A., Koshiba, S., Hamanaka, T., Nakamura, M., Ishida, N.,
Sakai, H., Ikeda, Y., Mori, K., Endo, A., Nagasaki, M., Katsuoka, F., Yasuda, J.,
Matsubara, Y., Nakazawa, T., & Yamamoto, M. (2024). Mutations of CYP1BI1 and
FOXCI genes for childhood glaucoma in Japanese individuals. Japanese Journal of
Ophthalmology, 68(6), 688-701. https://doi.org/10.1007/S10384-024-01103-
0/FIGURES/6

Gallab, M., Omata, S., Harada, K., Mitsuishi, M., Sugimoto, K., Ueta, T., Totsuka, K.,
Araki, F., Takao, M., Aihara, M., & Arai, F. (2019). Development of a Spherical Model

with a 3D Microchannel: An Application to Glaucoma Surgery. Micromachines 2019,
Vol. 10, Page 297, 10(5), 297. https://doi.org/10.3390/M110050297

Gao, X. R., Huang, H., Nannini, D. R., Fan, F., & Kim, H. (2018). Genome-wide
association analyses identify new loci influencing intraocular pressure. Human
Molecular Genetics, 27(12), 2205. https://doi.org/10.1093/HMG/DDY 111

Gronskov, K., Redo-Riveiro, A., Sandfeld, L., Zibrandtsen, N., Harris, P., Bach-Holm, D.,
& Timer, Z. (2016). CYP1B1 Mutations in Individuals With Primary Congenital
Glaucoma and Residing in Denmark. Journal of Glaucoma, 25(12), 926-930.
https://doi.org/10.1097/1JG.000000000000058 1

Gu, C. Y, Li, G. X,, Zhu, Y., Xu, H., Zhu, Y., Qin, X. J., Bo, D., & Ye, D. W. (2018). A
single nucleotide polymorphism in CYP1B1 leads to differential prostate cancer risk
and telomere length. Journal of  Cancer, 9(2), 269-274.
https://doi.org/10.7150/JCA.21774

Hu, B. Y., Xin, M., Chen, M., Yu, P., & Zeng, L. Z. (2024). Mesenchymal stem cells for
repairing glaucomatous optic nerve. International Journal of Ophthalmology, 17(4),
748. https://doi.org/10.18240/1J0.2024.04.20

Hu, W., Yang, H., Sun, J., Zhang, Q., Yang, J., Lu, L., Zhang, J., Qin, Y., Xia, Y., & Wang,
X. (2011). Polymorphisms in CYP1B1 modify the risk of idiopathic male infertility

with abnormal semen quality. Clinica Chimica Acta; International Journal of Clinical
Chemistry, 412(19-20), 1778-1782. https://doi.org/10.1016/J.CCA.2011.05.037

78



Huard, D. J. E., Jonke, A. P., Torres, M. P., & Lieberman, R. L. (2019). Different Grp94
components interact transiently with the myocilin olfactomedin domain in vitro to
enhance or retard its amyloid aggregation. Scientific Reports 2019 9:1, 9(1), 1-12.
https://doi.org/10.1038/s41598-019-48751-8

Ibinson, J. W., & Ferguson, L. H. (2024). Open Angle Glaucoma. Essence of Anesthesia
Practice E-Book, 161. https://doi.org/10.1016/B978-1-4377-1720-4.00143-6

Inooka, T., Kominami, T., Tomita, R., Suzumura, A., Matsuno, T., Ota, J., Koyanagi, Y.,
Takeyama, H., Ueno, S., Ito, Y., Nishiguchi, K. M., & Yuki, K. (2024). Assessment of
factors affecting anterior chamber depth from data obtained from health checkup
participants in  Japan. Scientific =~ Reports 2024  14:1, 14(1), 1-8.
https://doi.org/10.1038/s41598-024-82096-1

Jamie Dietze, Kyle Blair, Marco Zeppieri, & Shane J. Havens. (2024). Glaucoma.
StatPearls [Internet].

Jansson, 1., Stoilov, 1., Sarfarazi, M., & Schenkman, J. B. (2001). Effect of two mutations
of human CYP1B1, G61E and R469W, on stability and endogenous steroid substrate
metabolism. Pharmacogenetics, 11(9), 793-801. https://doi.org/10.1097/00008571-
200112000-00007

Jemmeih, S., Malik, S., Okashah, S., & Zayed, H. (2022a). Genetic Epidemiology of
Primary Congenital Glaucoma in the 22 Arab Countries: A Systematic Review.
Ophthalmic Epidemiology, 29(1), 1-12.
https://doi.org/10.1080/09286586.2021.1883676

Jemmeih, S., Malik, S., Okashah, S., & Zayed, H. (2022b). Genetic Epidemiology of
Primary Congenital Glaucoma in the 22 Arab Countries: A Systematic Review.
Ophthalmic Epidemiology, 29(1), 1-12.
https://doi.org/10.1080/09286586.2021.1883676

Jubair, S., Al-Rubae, S. H. N., Al-Sharifi, A. N. M., & Suleiman, A. A. J. (2020).
Investigation of CYP1B1 Gene Involvement in Primary Congenital Glaucoma in Iraqi
Children. Middle East African Journal of Ophthalmology, 26(4), 203.
https://doi.org/10.4103/MEAJO.MEAJO 116 19

Jubair, S., Muftin, N. Q., Hashim, N., Rieyadh, S., & Saad, H. (2019). Investigation of
MYOC gene involvement in primary congenital glaucoma in a sample of Iraqi
children. Gene Reports, 16, 100413. https://doi.org/10.1016/J.GENREP.2019.100413

Kanagavalli, J., Pandaranayaka, E., Krishnadas, S. R., Krishnaswamy, S., & Sundaresan,
P. (2004). A review of genetic and structural understanding of the role of myocilin in
primary open angle glaucoma. Indian Journal of Ophthalmology, 52(4), 271-280.

Kaur, K., Marco Zeppieri, & Bharat Gurnani. (2024). Primary Congenital Glaucoma.
StatPearls [Internet].

79



Kaushik, S., Dubey, S., Choudhary, S., Ratna, R., Pandav, S. S., & Khan, A. O. (2022).
Anterior segment dysgenesis: Insights into the genetics and pathogenesis. Indian
Journal of Ophthalmology, 70(7), 2293. https://doi.org/10.4103/1JO.1JO 3223 21

Kharisova, C. B., Kitaeva, K. V., Solovyeva, V. V., Sufianov, A. A., Sufianova, G. Z.,
Akhmetshin, R. F., Bulgar, S. N., & Rizvanov, A. A. (2025). Looking to the Future of
Viral Vectors in Ocular Gene Therapy: Clinical Review. Biomedicines 2025, Vol. 13,
Page 365, 13(2), 365. https://doi.org/10.3390/BIOMEDICINES 13020365

Khazaeni, B., Zeppieri, M., & Khazaeni, L. (2023). Acute Angle-Closure Glaucoma.
StatPearls. https://www.ncbi.nlm.nih.gov/books/NBK430857/

Kim, H. J., Suh, W., Park, S. C., Kim, C. Y., Park, K. H., Kook, M. S., Kim, Y. Y., Kim, C.
S., Park, C. K., Ki, C. S., & Kee, C. (2011). Mutation spectrum of CYP1BI1 and
MYOC genes in Korean patients with primary congenital glaucoma. Molecular
Vision, 17, 2093. https://pmc.ncbi.nlm.nih.gov/articles/PMC3156779/

Kondkar, A. A. (2021). Updates on Genes and Genetic Mechanisms Implicated in Primary
Angle-Closure Glaucoma. The Application of Clinical Genetics, 14, 89.
https://doi.org/10.2147/TACG.S274884

Lambuk, L., Mohd Lazaldin, M. A., Ahmad, S., Iezhitsa, I., Agarwal, R., Uskokovi¢, V., &
Mohamud, R. (2022). Brain-Derived Neurotrophic Factor-Mediated Neuroprotection
in Glaucoma: A Review of Current State of the Art. Frontiers in Pharmacology, 13,
875662. https://doi.org/10.3389/FPHAR.2022.875662

Lang, E., Koller, S., Bahr, L., Téteberg-Harms, M., Atac, D., Roulez, F., Bahr, A., Steindl,
K., Feil, S., Berger, W., & Gerth-Kahlert, C. (2020). Exome Sequencing in a Swiss
Childhood Glaucoma Cohort Reveals CYP1IB1 and FOXCI1 Variants as Most
Frequent Causes. Translational Vision Science & Technology, 9(7), 47.
https://doi.org/10.1167/TVST.9.7.47

Lee, A. J., Cai, M. X., Thomas, P. E., Conney, A. H., & Zhu, B. T. (2003). Characterization
of the oxidative metabolites of 17beta-estradiol and estrone formed by 15 selectively
expressed human cytochrome p450 isoforms. Endocrinology, 144(8), 3382—-3398.
https://doi.org/10.1210/en.2003-0192

Lewis, C.J., Hedberg-Buenz, A., DeLuca, A. P, Stone, E. M., Alward, W. L. M., & Fingert,
J. H. (2017). Primary congenital and developmental glaucomas. Human Molecular
Genetics, 26(R1), R28-R36. https://doi.org/10.1093/HMG/DDX205

Liu, F., Luo, L. M., Wei, Y. G,, Li, B., Wang, W. T., Wen, T. F., Yang, J. Y., Xu, M. Q., &
Yan, L. N. (2015). Polymorphisms of the CYP1B1 gene and hepatocellular carcinoma
risk in a Chinese population. Gene, 564(1), 14-20.
https://doi.org/10.1016/J.GENE.2015.03.035

Liu, W, Liu, Y., Challa, P., Herndon, L. W., Wiggs, J. L., Girkin, C. A., Rand Allingham,
R., & Hauser, M. A. (2012a). Low prevalence of myocilin mutations in an African

80



American population with primary open-angle glaucoma. Molecular Vision, 18,2241.
https://pmc.ncbi.nlm.nih.gov/articles/PMC3429360/

Liu, W., Liu, Y., Challa, P., Herndon, L. W., Wiggs, J. L., Girkin, C. A., Rand Allingham,
R., & Hauser, M. A. (2012b). Low prevalence of myocilin mutations in an African
American population with primary open-angle glaucoma. Molecular Vision, 18, 2241.
https://pme.ncbi.nlm.nih.gov/articles/PMC3429360/

Lopez-Garrido, M. P., Blanco-Marchite, C., Sanchez-Sanchez, F., Lopez-Sanchez, E.,
Chaqués-Alepuz, V., Campos-Mollo, E., Salinas-Sanchez, A. S., & Escribano, J.
(2010). Functional analysis of CYP1B1 mutations and association of heterozygous
hypomorphic alleles with primary open-angle glaucoma. Clinical Genetics, 77(1), 70—
78. https://doi.org/10.1111/J.1399-0004.2009.01284.X

Lopez-Garrido, M. P., Medina-Trillo, C., Morales-Fernandez, L., Garcia-Feijoo, J.,
Martinez-De-La-Casa, J. M., Garcia-Antéon, M., & Escribano, J. (2013a). Null
CYPIBI genotypes in primary congenital and nondominant juvenile glaucoma.
Ophthalmology, 120(4), 716-723. https://doi.org/10.1016/j.0phtha.2012.09.016

Lopez-Garrido, M. P., Medina-Trillo, C., Morales-Fernandez, L., Garcia-Feijoo, J.,
Martinez-De-La-Casa, J. M., Garcia-Antéon, M., & Escribano, J. (2013b). Null
CYPI1B1 genotypes in primary congenital and nondominant juvenile glaucoma.
Ophthalmology, 120(4), 716—723. https://doi.org/10.1016/j.0phtha.2012.09.016

MacKinnon, J. R., Giubilato, A., Elder, J. E., Craig, J. E., & Mackey, D. A. (2004). Primary
infantile glaucoma in an Australian population. Clinical & Experimental
Ophthalmology, 32(1), 14—18. https://doi.org/10.1046/j.1442-9071.2004.00750.x

Malik, R., Khandekar, R., Boodhna, T., Rahbeeni, Z., Al Towerki, A. E., Edward, D. P., &
Abu-Amero, K. (2017). Eradicating primary congenital glaucoma from Saudi Arabia:
The case for a national screening program. Saudi Journal of Ophthalmology : Official
Journal —of the Saudi  Ophthalmological  Society, 31(4), 247-249.
https://doi.org/10.1016/j.sjopt.2017.08.002

Melki, R., Idhajji, A., Driouiche, S., Hassani, M. 1., Boukabboucha, A., Akhayat, O.,
Garchon, H. J., & Belmouden, A. (2003a). Mutational analysis of the Myocilin gene
in patients with primary open-angle glaucoma in Morocco. Ophthalmic Genetics,
24(3), 153-160. https://doi.org/10.1076/OPGE.24.3.153.15610

Melki, R., Idhajji, A., Driouiche, S., Hassani, M. 1., Boukabboucha, A., Akhayat, O.,
Garchon, H. J., & Belmouden, A. (2003b). Mutational analysis of the Myocilin gene
in patients with primary open-angle glaucoma in Morocco. Ophthalmic Genetics,
24(3), 153-160. https://doi.org/10.1076/OPGE.24.3.153.15610

Melki, R., Idhajji, A., Driouiche, S., Hassani, M. 1., Boukabboucha, A., Akhayat, O.,
Garchon, H. J., & Belmouden, A. (2003c). Mutational analysis of the Myocilin gene

81



in patients with primary open-angle glaucoma in Morocco. Ophthalmic Genetics,
24(3), 153-160. https://doi.org/10.1076/OPGE.24.3.153.15610

Michaelides, M., Laich, Y., Wong, S. C., Oluonye, N., Zaman, S., Kumaran, N., Kalitzeos,
A., Petrushkin, H., Georgiou, M., Tailor, V., Pabst, M., Stacubli, K., Maimon-Mor, R.
0., Jones, P. R., Scholte, S. H., Georgiadis, A., van der Spuy, J., Naylor, S., Forbes,
A., ... Bainbridge, J. W. B. (2025). Gene therapy in children with AIPL1-associated
severe retinal dystrophy: an open-label, first-in-human interventional study. The
Lancet, 405(10479), 648—657. https://doi.org/10.1016/S0140-6736(24)02812-5

Milla, E., Mané, B., Duch, S., Hernan, 1., Borras, E., Planas, E., Dias, M. de S., Carballo,
M., & José Gamundi, M. (2013). Survey of familial glaucoma shows a high incidence
of cytochrome P450, family 1, subfamily B, polypeptide 1 (CYP1B1) mutations in
non-consanguineous congenital forms in a Spanish population. Molecular Vision, 19,
1707. https://pmc.ncbi.nlm.nih.gov/articles/PMC3733905/

Mimivati, Z., Nurliza, K., Marini, M., & Liza-Sharmini, A. T. (2014). Identification of
MYOC gene mutation and polymorphism in a large Malay family with juvenile-onset
open angle glaucoma. Molecular Vision, 20, 714.
https://pme.ncbi.nlm.nih.gov/articles/PMC4037532/

Moghadam, A. R., Mehramiz, M., Entezari, M., Aboutalebi, H., Kohansal, F., Dadjoo, P.,
Fiuji, H., Nasiri, M., Aledavood, S. A., Anvari, K., Simab, S. A., Khorrami, M. S.,
Moradi, A., Hassanian, S. M., Ferns, G. A., Sales, S. S., & Avan, A. (2018). A genetic
polymorphism in the CYP1BI1 gene in patients with squamous cell carcinoma of the
esophagus: an Iranian Mashhad cohort study recruited over 10 years.
Pharmacogenomics, 19(6), 539-546. https://doi.org/10.2217/PGS-2018-0197

Mookherjee, S., Acharya, M., Banerjee, D., Bhattacharjee, A., & Ray, K. (2012). Molecular
Basis for Involvement of CYP1B1 in MYOC Upregulation and Its Potential
Implication in  Glaucoma Pathogenesis. PLoS ONE, 7(9), 45077.
https://doi.org/10.1371/journal.pone.0045077

Nakahara, E., & Hulleman, J. D. (2022a). A Simple Secretion Assay for Assessing New
and Existing Mpyocilin Variants. Current Eye Research, 47(6), 918-922.
https://doi.org/10.1080/02713683.2022.2047205

Nakahara, E., & Hulleman, J. D. (2022b). A SIMPLE SECRETION ASSAY FOR
ASSESSING NEW AND EXISTING MYOCILIN VARIANTS. Current Eye
Research, 47(6), 918. https://doi.org/10.1080/02713683.2022.2047205

Narooie-Nejad, M., Paylakhi, S. H., Shojaee, S., Fazlali, Z., Rezaei Kanavi, M.,
Nilforushan, N., Yazdani, S., Babrzadeh, F., Suri, F., Ronaghi, M., Elahi, E., & Paisan-
Ruiz, C. (2009). Loss of function mutations in the gene encoding latent transforming
growth factor beta binding protein 2, LTBP2, cause primary congenital glaucoma.
Human Molecular Genetics, 18(20), 3969-3977.
https://doi.org/10.1093/HMG/DDP338

82



Narooie-Nejad, M., Rasouli, A., Mousavi, M., & Rohani, M. R. (2017). Study of MYOC
Gene Mutation in POAG Patients in Zahedan, Iran. Clinical Laboratory, 63(7), 1283—
1291. https://doi.org/10.7754/CLIN.LAB.2017.161109

Ong,A. Y., Ng, S. M., Vedula, S. S., & Friedman, D. S. (2021). Lens extraction for chronic
angle-closure glaucoma. The Cochrane Database of Systematic Reviews, 2021(3),
CDO005555. https://doi.org/10.1002/14651858.CD005555.PUB3

Petriti, B., Williams, P. A., Lascaratos, G., Chau, K. Y., & Garway-Heath, D. F. (2021).
Neuroprotection in Glaucoma: NAD+/NADH Redox State as a Potential Biomarker
and Therapeutic Target. Cells, 10(6), 1402. https://doi.org/10.3390/CELLS10061402

Qashqgai, M., Suri, F., Yaseri, M., & Elahi, E. (2018a). P.Gly61Glu and P.Arg368His
Mutations in CYP1B1 that Cause Congenital Glaucoma may be Relatively Frequent
in Certain Regions of Gilan Province, Iran. Journal of Ophthalmic & Vision Research,
13(4), 403—410. https://doi.org/10.4103/JOVR.JOVR 147 17

Qashqai, M., Suri, F., Yaseri, M., & Elahi, E. (2018b). P.Gly61Glu and P.Arg368His
Mutations in CYP1B1 that Cause Congenital Glaucoma may be Relatively Frequent
in Certain Regions of Gilan Province, Iran. Journal of Ophthalmic & Vision Research,
13(4), 403—410. https://doi.org/10.4103/JOVR.JOVR 147 17

Rauf, B., Irum, B., Kabir, F., Firasat, S., Nacem, M. A., Khan, S. N., Husnain, T.,
Riazuddin, S., Akram, J., & Amer Riazuddin, S. (2016). A spectrum of CYP1BI
mutations associated with primary congenital glaucoma in families of Pakistani
descent. Human Genome Variation, 3. https://doi.org/10.1038/HGV.2016.21

Reis, L. M., Tyler, R. C., Weh, E., Hendee, K. E., Kariminejad, A., Abdul-Rahman, O.,
Ben-Omran, T., Manning, M. A., Yesilyurt, A., McCarty, C. A., Kitchner, T. E.,
Costakos, D., & Semina, E. V. (2016). Analysis of CYP1B1 in pediatric and adult
glaucoma and other ocular phenotypes. Molecular Vision, 22, 1229.
https://pme.ncbi.nlm.nih.gov/articles/PMC5070572/

Saceda-Corralo, D., Ortega-Quijano, D., Mufioz-Martin, G., Moreno-Arrones, 0. M.,
Pindado-Ortega, C., Rayinda, T., Melian-Olivera, A., Azcarraga-Llobet, C., Burgos-
Blasco, P., Elena Castafieda-Bermudez, M., Del Castillo, F. J., & Vafio-Galvan, S.
(2023). Genotyping of the rs1800440 Polymorphism in CYP1B1 Gene and the
r$9258883 Polymorphism in HLA-B Gene in a Spanish Cohort of 223 Patients with
Frontal Fibrosing Alopecia. Acta Dermato-Venereologica, 103.
https://doi.org/10.2340/ACTADV.V103.9604

SALIMI, S., KHODAMIAN, M., NAROOIE-NEJAD, M., HAJIZADEH, A., FAZELI, K.,
NAMAZI, L., & YAGHMAEI, M. (2014). Association of polymorphisms and
haplotypes in the cytochrome P450 1B1 gene with uterine leiomyoma: A case control
study. Biomedical Reports, 3(2), 201. https://doi.org/10.3892/BR.2014.413

83



Shi, H., Chen, Y., Lu, H., Zhu, R., Zhang, J., He, M., & Guan, H. (2021). In-depth analysis
of eight susceptibility loci of primary angle closure glaucoma in Han Chinese.
Experimental Eye Research, 202, 108350.
https://doi.org/10.1016/J. EXER.2020.108350

Shimada, T., Watanabe, J., Kawajiri, K., Sutter, T. R., Guengerich, F. P., Gillam, E. M., &
Inoue, K. (1999). Catalytic properties of polymorphic human cytochrome P450 1B1
variants. Carcinogenesis, 20(8), 1607-1613. https://doi.org/10.1093/carcin/20.8.1607

Souzeau, E., Hayes, M., Zhou, T., Siggs, O. M., Ridge, B., Awadalla, M. S., Smith, J. E.
H., Ruddle, J. B., Elder, J. E., Mackey, D. A., Hewitt, A. W., Healey, P. R., Goldberg,
I., Morgan, W. H., Landers, J., Dubowsky, A., Burdon, K. P., & Craig, J. E. (2015).
Occurrence of CYP1B1 mutations in juvenile open-angle glaucoma with advanced
visual field loss. JAMA Ophthalmology, 133(7), 826—833.
https://doi.org/10.1001/JAMAOPHTHALMOL.2015.0980

Stothert, A. R., Suntharalingam, A., Huard, D. J. E., Fontaine, S. N., Crowley, V. M.,
Mishra, S., Blagg, B. S. J., Lieberman, R. L., & Dickey, C. A. (2014). Exploiting the
interaction between Grp94 and aggregated myocilin to treat glaucoma. Human
Molecular Genetics, 23(24), 6470-6480. https://doi.org/10.1093/HMG/DDU367

Szuman, M., Kaczmarek-Rys$, M., Hryhorowicz, S., Kryszczynska, A., Grot, N., &
Plawski, A. (2024). Low-Penetrance Susceptibility Variants in Colorectal Cancer—
Current Outlook in the Field. International Journal of Molecular Sciences, 25(15),
8338. https://doi.org/10.3390/IJMS25158338/S1

Tanwar, M., Dada, T., Sihota, R., Das, T. K., Yadav, U., & Dada, R. (2009). Mutation
spectrum of CYP1BI1 in North Indian congenital glaucoma patients. Molecular Vision,
15, 1200. https://pmc.ncbi.nlm.nih.gov/articles/PMC2697458/

Tehreem, R., Arooj, A., Siddiqui, S. N., Naz, S., Afshan, K., & Firasat, S. (2022a). Mutation
screening of the CYP1BI1 gene reveals thirteen novel disease-causing variants in
consanguineous Pakistani families causing primary congenital glaucoma. PloS One,
17(9). https://doi.org/10.1371/JOURNAL.PONE.0274335

Tehreem, R., Arooj, A., Siddiqui, S. N., Naz, S., Afshan, K., & Firasat, S. (2022b). Mutation
screening of the CYP1BI1 gene reveals thirteen novel disease-causing variants in

consanguineous Pakistani families causing primary congenital glaucoma. PLoS ONE,
17(9 September). https://doi.org/10.1371/journal.pone.0274335

Thomson, B. R., Souma, T., Tompson, S. W., Onay, T., Kizhatil, K., Siggs, O. M., Feng,
L., Whisenhunt, K. N., Yanovitch, T. L., Kalaydjieva, L., Azmanov, D. N., Finzi, S.,
Tanna, C. E., Hewitt, A. W., Mackey, D. A., Bradfield, Y. S., Souzeau, E., Javadiyan,
S., Wiggs, J. L., ... Quaggin, S. E. (2017). Angiopoietin-1 is required for Schlemm’s
canal development in mice and humans. The Journal of Clinical Investigation,
127(12), 4421-4436. https://doi.org/10.1172/JC195545

84



Wang, H., Li, M., Zhang, Z., Xue, H., Chen, X., & Ji, Y. (2018). Physiological function of
myocilin and its role in the pathogenesis of glaucoma in the trabecular meshwork
(Review). International Journal of Molecular Medicine, 43(2), 671.
https://doi.org/10.3892/1JMM.2018.3992

Wang Hanke Wang Yalong Dang, J., Wang A Wang, J. H., Wang A Wang A Y Dang, J. H.,
Dang, Y., & Ther, O. (2023). Rho-Kinase Inhibitors as Emerging Targets for
Glaucoma  Therapy. Ophthalmology ~ and  Therapy, 12(6),  2943.
https://doi.org/10.1007/S40123-023-00820-Y

Wang, Z., Li, M., Li, L., Sun, H., & Lin, X. Y. (2015). Association of single nucleotide
polymorphisms in the CYP1B1 gene with the risk of primary open-angle glaucoma:
a meta-analysis. Genetics and Molecular Research: GMR, 14(4), 17262-17272.
https://doi.org/10.4238/2015.DECEMBER.16.26

Weinreb, R. N., Aung, T., & Medeiros, F. A. (2014). The Pathophysiology and Treatment
of Glaucoma. JAMA, 311(18), 1901. https://doi.org/10.1001/jama.2014.3192

Weinreb, R. N., Robinson, M. R., Dibas, M., & Stamer, W. D. (2020). Matrix
Metalloproteinases and Glaucoma Treatment. Journal of Ocular Pharmacology and
Therapeutics, 36(4), 208. https://doi.org/10.1089/JOP.2019.0146

Whigham, B. T., Williams, S. E. L., Liu, Y., Rautenbach, R. M., Carmichae, T. R., Wheeler,
J., Ziskind, A., Qin, X., Schmidt, S., Ramsay, M., Hauser, M. A., & Rand Allingham,
R. (2011a). Myocilin mutations in black South Africans with POAG. Molecular
Vision, 17, 1064. https://pmc.ncbi.nlm.nih.gov/articles/PMC3086605/

Whigham, B. T., Williams, S. E. L., Liu, Y., Rautenbach, R. M., Carmichae, T. R., Wheeler,
J., Ziskind, A., Qin, X., Schmidt, S., Ramsay, M., Hauser, M. A., & Rand Allingham,
R. (2011b). Myocilin mutations in black South Africans with POAG. Molecular
Vision, 17, 1064. https://pmc.ncbi.nlm.nih.gov/articles/PMC3086605/

Williams, S. E. 1., Carmichael, T. R., Wainstein, T., Hobbs, A., & Ramsay, M. (2015a).
MY OC mutations in black South African patients with primary open-angle glaucoma:
Genetic testing and cascade screening. Ophthalmic Genetics, 36(1), 31-38.
https://doi.org/10.3109/13816810.2014.972520

Williams, S. E. 1., Carmichael, T. R., Wainstein, T., Hobbs, A., & Ramsay, M. (2015b).
MY OC mutations in black South African patients with primary open-angle glaucoma:
Genetic testing and cascade screening. Ophthalmic Genetics, 36(1), 31-38.
https://doi.org/10.3109/13816810.2014.972520

Xu, W., Zhou, Y., Hang, X., & Shen, D. (2012). Current evidence on the relationship
between CYP1B1 polymorphisms and lung cancer risk: a meta-analysis. Molecular
Biology Reports, 39(3), 2821-2829. https://doi.org/10.1007/S11033-011-1041-6

85



Yadav, M., Bhardwaj, A., Yadav, A., Dada, R., & Tanwar, M. (2023). Molecular genetics
of primary open-angle glaucoma. Indian Journal of Ophthalmology, 71(5), 1739.
https://doi.org/10.4103/1JO.1JO_2570 22

Zhang, L., Feng, L., Lou, M., Deng, X., Liu, C., & Li, L. (2021). The ovarian carcinoma
risk with the polymorphisms of CYP1B1 come from the positive selection. American
Journal of Translational Research, 13(5), 4322.
https://pme.ncbi.nlm.nih.gov/articles/PMC8205773/

Zhang, Y., Zhang, Q., Thomas, R., Li, S. Z., & Wang, N. L. (2022). Development of angle
closure and associated risk factors: The Handan eye study. Acta Ophthalmologica,
100(1), e253—e261. https://doi.org/10.1111/A0S.14887

Zhu, W., Zhang, X., Wu, S., Wang, N., & Kuehn, M. H. (2023). iPSCs-Based Therapy for
Trabecular Meshwork. Handbook of Experimental Pharmacology, 281, 277-300.
https://doi.org/10.1007/164 2023 671

Zode, G. S., Bugge, K. E., Mohan, K., Grozdanic, S. D., Peters, J. C., Koehn, D. R.,
Anderson, M. G., Kardon, R. H., Stone, E. M., & Sheftield, V. C. (2012). Topical
Ocular Sodium 4-Phenylbutyrate Rescues Glaucoma in a Myocilin Mouse Model of
Primary Open-Angle Glaucoma. Investigative Ophthalmology & Visual Science,
53(3), 1557. https://doi.org/10.1167/I0VS.11-8837

Zou, S., Sang, Q., Wang, H., Feng, R., Li, Q., Zhao, X., Xing, Q., Jin, L., He, L., & Wang,
L. (2013). Common genetic variation in CYP1B1 is associated with concentrations of
Ta, FT5 and FTa4 in the sera of polycystic ovary syndrome patients. Molecular Biology
Reports, 40(4), 3315-3320. https://doi.org/10.1007/S11033-012-2406-1

86



Appendices

Appendix 1

“ e

sy duf 9 9 4S jLiall 439) g

dhaii jall MYOC 5 CYPIBI (<bia) (554 b 480 ) 1) il jdkal) £ i) dyantd duad jal) odh ings
Ol il jal) 52 (Glaucoma) Ag¥) A (3,50 (e Lbal

Al G o 58 A€ a1 ) Aalal) b g 0 Lo 0T COlu) s a3 58 gy sl o0
Al Gaand) 5 A Sl 28 ) 5l gali 2 (A pile o e ALl i)

ol ) 538 (ya ingd) La

Glia gill Jae 5 sl 138 ands & Giald) sac bl i jall (e pall Cliie aread b g 5 pdall 12 (e Caagl)
an Jabsll e U

Sl Al o3 A (S Ll GaldiY) dae aS
- 08l el Clas 30 48l ad siall (4

S Al 028 A (e cagllaall La
Adgall 038 32V 5 pia s b @A gl Hhaas 8 1A dled )35 0 aal (e (e 5-3) a2 die 23l el calhai (s
e Al e ll3 s Candl il api b Lae s ) e laall iman e J gemall i3 iy LS
<ilasladl 638 Fyum yead 5 oy

dfiag (2l 2Y aall e Jlaaiad) Jsa

Cilipal) 038 () sa2diny ALl Gany 8l al el 5 anall g sl aell aga p2 Aie o iy (3 Gl

O AT sy 38 Laiay al jaY) A8 a5 i€l Baaa Ciliasad yyshaiy () a5 ial ) s pgd A gladl

Clatia o shaly () sa 58 (pfialdl Gans o g8y Leby Jutasall (3 LIS 5l Lgaany =3le 5 485l 8000a (3 )ka y 5haly
o~ (b Sl A 5all )5l yiide 8 Jabs g dren g (53] pall Ciliie qan B0

A )y Gl )l s B A ) daalad)

S Al 8 Lgd Sila A1) Baall aS
QSJL.:AA}\&Jﬂ\)%\&ﬁ@@ﬂw&dj&eﬂ\ww #JS#ASJW\QJL\ 1)
3y Lea s (yfinlill wMle ) smy Sliens i 5 3

A Al oy AS jLiial) o 4 jiall jlaldall 2 Le

AeS (385 (53 e hal zle 3 Gl dle )3 (e a2 Ae aas o A5 il i)

il el Al (e e a8 Al il gad ol jaY s dbe Sl Cay Lodie Ll 4dliie pall Ale Conay Liald
Al (585 Gall (8 G L e Gl zle 3V ld il anall elile )l

:\,UMJU;\*AJAQ\

87



Adall clalal) e Jeatia Gaadly ald Cale 8 Taass Zu) el sdey Lalal) dudall ¢ ddiadl il sladl Jadaia
Cros ol Ae () s Sy ity el o585 08 e she Al ol clans) (8 I i o) e Alilaall (5 5AY)
wald e ellae) Gayh e Ladain oy dline 381 5 Al A jall @l jpn g (el dlaia (e Clasleall S
i) paa e (l g sasall (ol Jadh U5 y2a () 5Ss Ja 1) 18

Al al) oda 8 AS jLiiall i) b Sllia Ja
aeadle A 5 cagie 44 5l A0S (il ) Clinse 38 jra Lgia Y maﬂmwaﬁu@i R JFEREIEN
Al sald) 8 Q) 5o 5 38 )1 AaS 43 peal radad o Jaaad agia oladill

Sl Al oda (B AS JLdiall e Jilay dllia Ja
M\).ﬂ\ ch@i laa e 2\_\.\; Lﬁ\.lar—\ e.\c )1.53;\ Lﬂ.\s&é

sl L L
Al )l sden I jlie JYA (e clle Call<s A @llia oS )l

Sy gadll o 1ila

Al 5l g SIS Ll @l aally o i ]

flgta laudy) gl Al Jal) 03¢ AS jLiiall (b ) B s o 1

Si€ay il g Jla o ol dusl ol 38 8 A8 Lial) omd  Sli€ay iy Ae sha 38 jLia & Gl Al g A8 L)
5 o Aol a3 AS_LE (pe bW 5l AS Uil aas @l g (5 cast ) () Leie ilans)
gmaal e ) e Jpemal le ol ke el g )y e 3Lial 4 5k i 4 e 1 e

$JSLdn Aigal g ol Abiad gal cils Jla & Jual Gy

AF e Juaiy) eaaal) Jsa colal il o Al e sla ( JSLEa el cil 1Y) o e s Al il e Jl sl
hisham.darwish@aaup.edu : I 55 3 ) siad) e adle ay o 4l 5 iy s 50 alia
m.algam@student.aaup.edu

48 gal) (al

A il ey AS Ll e 4 yiall 20l gill g plalaall dlee L) ains Al ol shaall dud all oda (e Chagll = i o

@ ulS 1) daail ey (g jla) & a8 iy aad Y 5L g DlaY) Caa g i J) e zlend)

Al slac) o Claslan Jo J geanll §f cChandl ddlatia cula) j38) o ocsglan o) o JSLG A8 f Y 5lus

Sl 4f Jasdl ae ¢ Hall 03y AS Hliiall e (381 51 5 020 A1 gall 485 5 5o iy Cad 28] Cand) J a ililial
A sl salall Gandl e ao de 3T S5 of e @il [

& Jlall 3 )
gl EFRAPYY.

3/caalull @m\ ?“\J‘
@ﬂ\ 3/Caallll b.gj:.

88


mailto:hisham.darwish@aaup.edu

Appendix 2
2025/6/10 :E)Wl
Y [S— ] Jakall ol Jg 8ol /oasd) 8 2>

(Siodlined jpaailly ;SCadl 3o AS05e1 dyall daolanll (§ o] Blygll Slond pisee § Gl §oydl ey
aoizmell @ ksl LogSslanll (5500 Adhell bt 0gd Ul g 3! dolg)l Anodall Aushyll 0 (§ (SIS)Liieg
(023l g ;Seall 2y pansdidl] i (s (§ Bueluadly ¢ audaudal]

:M| ua:e.&." @UA

LosSalandl oy lasyall coligandl Aot (§ i 8yl 3529 (A5 ¢ Sallo/ oSkl Loll) dpiyendl tgall Jelons iny

b LS Loy (il

8yalall s 8yaball g5 ]

53L) 3 sl SScio 355 dd9,me (Pathogenic) dubye §yib c.182C>T |  CYP1B1
4l LegSelanl oy HloY Al Homozygous

Tdxdidl 0d aal 13b

CYP1B1: c.182C>T é52b o

ol 9ka3y ge ealatd e Aghuad) liudl T 92 (CYPIBL (i Aoy (o 355 43950 duisa B,k (&
P9 claiall 83bg caadl 1o J5lgud! WShS (6952 48 Lew (ol (e W g Al dandog Chal byalall 0d2
S (Sl die b 8yalall 0da . Jalall Bl ¢y ;S0 B3 @ LagSolanl (olyel jggla) Anslad) Gl oy
(023l 94> Al e iy g ¢l D6 (pe kil puds yg 4T ST ((Homozygous) Sl

igdnalal) LI s (3 il o8 o 8,4l oo

) Wlos

(Sl Cuanl gaiy ol Jadis ddlyal (JbY! (el (& (aisell Ogunll o o dabiiie dubs dnjlie @

dummio O3 351 § @SSuslualy (Alsla) g9 8yakall Jg> pgl pedit) &89 8)lidiasl e Jgua)l

coaiseall el ] g2l 093 duadle blyd 1 (§ (89,8 Sy yadll IS pldsisl pue @

ko=l 51 (5,31 ddo 38150 )b U 3 Leslasund glall Jalall Cale (§ 5,831 138 o ddeudy Llazsl o
b 2l

89



:dold dasMo

- oaiseall Cadall e 8kl dedall B)ladedl g (s Vg guadl Jaload)) g8l (Sadley Jadd pasasee pyadl e
LagSolandl (oyar dizliols &gl ,akall £oi0 HaIl Lo of pauyall ey (p yoyall e (§ 83)lg)l Wlaglaall o Buglls
SToldle @1 @ plasctdl g 2,801 13 (A luall d 5T (ool Guludl Gl (2 0555 U89 cdualsnll
2 2895 da sl e pull Ae e dguasl @3 il lale . paiseall cagdall yladl da V] 5,31 (2,8l (1
ALl e da81gall 3903 Ue

e ol gl (SiSen iyl ¢po uiell
4S5, & pall daalandl Wil pisen — olall Gl (523

0599822963 hisham.darwish@aaup.edu : 9y pléxd .5

0598892396 m.algam@student.aaup.edu :pdle a3

TOCHR-TICIVE P PN 4

Lyl 0 (g0 Ldan O U85 OF 395 .51y BN Heline 2y (@ Skl Ao e (Shoyg JE (Syelin ogis
sl wldle ol (3 i 39451 0o ealud OF Jal ao ¢ ;Sall panseadll (3 Buslually A3paall @uuds 9o
Wby

Agrlizs 0 6T s 9l Y5l 6T e HYL Logs dandg cdaslill dodladlly Ldlallg dosall (Shial (s025
cpliYlg ,Sadl palls as

il LogSaladl Camms £9 e 259
Al ply > — &S pe¥) dpoyall dnelondl

90


mailto:hisham.darwish@aaup.edu
mailto:m.alqam@student.aaup.edu

o Lo gana (630 AL ALY LasSotall iapas Aaiipal) duial il pand
Crlaaldl) uda yal)
ale Bdlal) e alua a1

O sl .3 cdds adl) L3 ¢ gug ) alda L3 1 GiEY) diad

udla

S sa5 g Yl v Jiall (e sl ) Bladll GabaY) (san oa LA LagSslal
Y ane Ol L nlidl cdgll b dalledly atiail) Sy ol 13) il J<8 eall oo
oSa Y cllls 8 g5 ol ) We @lld (ghady ¢ allad) Janall e el Gl

ped Jann Laa cgiall gl (aBladl LAl & daladls VSN 220 V) (ayall i
Ayoad) duleslly JSaall CadSH (ad Gt Lyg pum el diiall ey

O desene 5AMYOC 5 CYPIBI gia) & chalall (abas ) dushall o2 Caags
Oslailly @lldy Ayl decall b Ailide 3hlie (e pgilie gen & Cpdll Cpuidacldl) oyl
Daibe £ ladinly Gl Jalaill ela) &5 Ny danadidl Shally saad) slibal e 230 e
cJeaduall

5k lgin (sa climipe 22 (53 CYPIBI b Cigall dbilaia cilyila 35mg il gl
b bl (5 A o L (e 9 (53 Blitia il iaag LS Ll Jad ol s3as
Cusg Saa Bl lgie (duinye Ciyih pow 2035 &5 (Janall 8 Lo 15 6 (pall 18
Gladine b Bige 5o W Lliia taas cihilal) o3g] Juall anjsill il a8y iy jea ilyila

(il dupe

Gpatl o cgunl) Dby coplandd 8 A LosSolall Jald s st Jof Al pall o3a e
skl gl e dpadlad) O Gaead b aa by Les ¢ jSaall CadS Al oS al) (il

i) & Al S cladle
CYPIBI, MYOC, ¢ s (rand ¢ subausldl) aainal ¢dds¥) £Lalall LsSolall sdmlide cilalS

91



