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Foreword

It is a distinct honor for me to write the foreword for this important and timely book 
on the genetics of eye diseases that includes the work of several key leaders of eye 
genetics research. It is a very valuable presentation of the current knowledge that 
provides and outlines the future potential in the field of eye genetics in combating 
global blindness.

According to the World Report on Vision (October 2019), at least 2.2 billion 
people around the world have a vision impairment, of whom at least 1 billion have 
a vision impairment that could have been prevented or still need to be addressed. 
Furthermore, 90% of the global burden of eye diseases is shouldered by developing 
countries, where many treatable diseases often go undiagnosed. A comprehensive 
research strategy and international research collaborations between the developed 
and developing worlds are needed to address the prevention of global blindness. A 
wider collaboration of researchers is needed to advance high-quality science in 
many areas of vision research as well as improve the standard of care. A coordinated 
strategy for basic science and translational research, involving the tools of genetics, 
genetic counseling, and health services research, will help in reducing the global 
burden of eye diseases.

Indian researchers have played a key role in the development of our knowledge 
on eye genetics from the beginning of this discipline. Many independent research 
programs have been developed in India leading to many valuable findings in the 
field. In addition, by participating in numerous collaborative programs and working 
with researchers around the world, the Indian laboratories have generated a wealth 
of knowledge that is helping in the advancement of science. For example, Indian 
scientists have played key roles in the Global Eye Genetics Consortium (GEGC) 
that originated as a collaboration between the National Eye Institute (NEI) at the 
National Institutes of Health (NIH) in the USA and the National Institute of Sensory 
Organs at Tokyo Medical Center in Japan in 2014. India is one of the few countries 
in the world at this time that has established a GEGC-India team. In the past five 
years, the GEGC-India members have conducted several high-quality training pro-
grams and established dedicated research labs to advance research in eye genetics. 
It is a fast growing field of research globally as well as in India that has encouraged 
many scientists and clinicians to establish new programs in various corners of India. 
Many Indian eye hospitals have brought geneticists and genetic counselors to work 
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with the ophthalmologists to expand their services. I expect the field to expand sig-
nificantly in the coming decade not only in India but in most parts of the world.

The field of eye genetics research is expected to grow significantly in India 
because not only many next-generation researchers are entering this field of 
research but also there are many unique populations across the country who are 
expected to provide useful information for many research developments on bio-
markers and therapeutics. Several prominent international collaborative research 
programs are successfully being conducted in India, which are studying many 
patient populations with unique phenotypes and genotypes that until now have not 
been studied.

This book is very timely and expected to serve as a long-term resource for all 
those interested in working in this field. I am delighted to see that the book not only 
covers the genetic aspects of various common eye diseases, but it also covers the 
future applications through gene therapy and genetic counseling as separate chap-
ters. The future programs include training and increased access to the new technolo-
gies to many research programs. Undoubtedly, the book will play a key role in 
providing the required background in training and research. It will further promote 
and provide guidance to many researchers and clinicians. I wish to congratulate and 
thank the authors and editors of the book for taking a lead role in expanding our 
knowledge in the area of eye genetics.

Office of International Program Activities (OIPA)
National Eye Institute (NEI), National Institute of Health (NIH), 

Bethesda, MD, USA

Gyan Prakash

Foreword
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Abstract

Retinitis pigmentosa (RP) is the most prevalent among the group of rare inherited 
retinal degenerative diseases (IRDs) leading to vision loss. RP is characterized by 
night blindness in the initial stages followed by progressive gradual decrease and 
loss of peripheral vision. The worldwide prevalence of RP is 1:4000 that varies in 
different geographic location. RP can be inherited as an autosomal dominant (adRP), 
autosomal recessive (arRP), X-linked (XLRP) or simplex trait; clinically present as 
isolated condition or syndromic (Bardet–Biedl syndrome, Alstrom syndrome, 
Ushers syndrome, Senior Loken syndrome, and Jouberts syndrome) with extra ocu-
lar abnormalities and partially overlapping genetic/clinical features. Inter and intra 
familial phenotypic variability, different mutation spectrum in RP explain the 
genetic heterogeneity in the disease. The overlapping genetic architecture and clini-
cal heterogeneity pose challenge in diagnosis and molecular confirmation and dif-
ferential diagnosis of the disease. In this book chapter, the current trends in molecular 
diagnosis of RP using next generation technologies like targeted panel, whole 
exome and genome sequencing. The implication of genetic diagnosis in checking 
the eligibility for treatment, future gene therapy trials, pre-implantation genetic 
diagnosis and thereby management. The other potential treatment strategies appli-
cable in RP patients like optogenetics and cell based therapy that are under clini-
cal trials.
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1Genes and Genetics in Ophthalmology

Chitra Kannabiran

1.1  Introduction

The knowledge of genes in the pathogenesis of eye diseases is an expanding area 
that has especially accelerated over the last two decades, ever since the human 
genome sequence became publicly available. The evolution of the field of genetics 
in general, and also in ophthalmology, may be traced to the study of disease pheno-
types in large families with a disease that affected several members from different 
generations. The pattern in which the disease was seen in successive generations of 
a family gave a clue to its genetic character and also showed that manner in which 
it was inherited from one generation to the next. Though such studies clearly estab-
lished a genetic transmission of the disease on the basis of a careful examination of 
all members of the families affected with the disease, the details of the gene itself or 
the chromosome in which it was located, were unknown. It was not until the latter 
part of the twentieth century, that molecular techniques became available to map the 
location of specific genes and later, to read the sequence of the genes to know the 
changes in the genetic code. The first gene for a human disease that was located on 
to a specific chromosome was that for Huntington’s disease, a neurological disorder, 
first described by George Huntington in 1872. It is an autosomal dominant disease, 
usually adult-onset appearing after 30 years of age, with manifestations of loss of 
motor control leading to jerky movement, changes in personality, and a decline in 
cognitive function. The gene for Huntington’s disease was first mapped in 1983 [1]. 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-4247-0_1&domain=pdf
https://doi.org/10.1007/978-981-16-4247-0_1#DOI
mailto:chitra@lvpei.org
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In this study, the investigators showed by evaluating genetic markers on different 
chromosomes of patients from two large families with the disease, that the 
Huntington’s disease gene was located on chromosome 4. This study was aided by 
the fact that the families studied were large and had several members available for 
the study, thus providing statistical support for the results of the mapping 
experiments.

1.2  Gene Mapping

Using the same type of approach, the gene for an eye disease known as retinitis 
pigmentosa (RP), was one of the first genes to be mapped for eye diseases, in 
1984–1985. Retinitis pigmentosa is a form of blindness that develops in children 
and young adults due to a defect in the light-sensitive cells in the retina. Using the 
same mapping approach mentioned above, a few families with X-linked RP were 
studied, and the disease in these families was tagged to a marker on a specific part 
of the X chromosome, on the short arm of the chromosome [2]. This was the first 
report of the mapping of a gene for retinitis pigmentosa and one of the earliest genes 
mapped for any form of blindness. In the subsequent decade, the mapping and dis-
covery of the gene for glaucoma, specifically primary open-angle glaucoma 
(POAG), was reported. The first such locus, designated as GLC1A, was mapped in 
a large American family with autosomal dominant inheritance of juvenile open-
angle glaucoma (JOAG) to chromosome 1q [3]. JOAG differs from the common 
late-onset form of POAG in the onset before the age of 20 years, has a more aggres-
sive course and has very high intraocular pressures. The gene for the GLC1A locus 
was identified as the myocilin gene a few years later [4]. In the same decade, genes 
for other forms of glaucoma such as primary congenital glaucoma were similarly 
mapped with genetic markers to specific chromosomal regions in large families 
with multiple members [5, 6].

Perhaps the earliest study to have mapped the genetic locus for an eye disease 
involves congenital cataract, in which the locus for the disease was linked to the 
same genetic locus as the blood group antigens known as the Duffy antigens, by 
Renwick and Lawler [7]. The Duffy blood group antigens were subsequently 
mapped onto chromosome 1 [8]. The family studied here had zonular, pulverulent 
cataracts which mapped to this locus, designated as CZP1 (cataract zonular pulveru-
lent 1), was again followed up after several years and spanned eight generations, 
thus making it suitable to map the disease gene using linkage analysis. The gene on 
chromosome 1 was identified as the GJA8 (gap junction protein 8) gene. It encodes 
a protein connexin 50, and a missense mutation in this gene was found to be associ-
ated with the cataract [9]. Gap junction proteins such as connexin 50, form channels 
within the lens to allow water and ions to pass through from one cell to another, and 
are thus important for lens homeostasis.

Numerous genes were identified over the next decade for severalother eye dis-
eases including retinal blindness, glaucoma, corneal blindness, etc. using molecular 

C. Kannabiran
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genetic methodsof gene mapping and sequencing. Another approach commonly 
used for identifying the genes associated with a disease, is the candidate gene 
approach, and selection of the gene for mutation screening is based on its functions 
or expression in the tissue that is affected. It is thus considered plausible that such 
candidate genes will have disease-associated mutations in a percentage of patients. 
Candidate gene approaches have also led to the discovery of genes for various dis-
orders of the eye.

1.3  Human Genome Project

At the beginning of this century, a major landmark that shaped the course of human 
genetics was the Human Genome Project (HGP). This consisted of a megaproject 
led by teams of scientists from the USA and the UK, and other countries, and 
involved the process of finding the entire sequence of the human genome, which is 
made up of about three billion letters that constitute the genetic code. The availabil-
ity of the entire genome sequence by the year 2003 meant that one knew the 
sequences of all the genes that are present in the genome. This knowledge catalyzed 
further discoveries in the genetics of eye diseases.

1.4  Next Generation Sequencing Technologies

There have been significant advances in technology for sequencing the genome in 
the current time, known as the next generation sequencing technologies (NGS), 
which are better and many times faster than the technology used by the HGP. We 
can now directly sequence the genome of individuals with a disease, and find the 
genes involved in the disease in question by looking for changes in the genome of 
the patient, as compared with the sequence of the normal genome. Using these 
methods, we now know many genes that are involved in eye diseases such as cata-
ract, refractive error, macular degeneration, glaucoma, and so on. Genome sequences 
can be obtained in a matter of days and the procedure is being offered as a diagnos-
tic test for patients with any eye disease, by several clinical laboratories across the 
world. The costs of these sequencing technologies have been coming down with 
improvements in capacity of the machines used for the purpose, thus leading to 
faster results. One can get tests that are based on finding out the sequence of the 
whole genome (whole genome sequencing or whole exome sequencing if one looks 
at a part of the genome that encodes proteins). In addition, the NGS technology can 
be used to test a set of specific genes that are relevant for a particular disease, an 
approach known as targeted NGS. Even in this method, hundreds of genes can be 
screened in parallel. This makes it possible to cover much larger ground than con-
ventional genetic testing, in a fraction of the time. These next generation sequencing 
methods have also led to discovery of many new genes for eye diseases and thus 
increased our knowledge of the mechanisms of several eye diseases.

1 Genes and Genetics in Ophthalmology
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1.5  Gene Therapy

Genetic discovery has also led to possibilities of new treatments for genetic diseases 
that lead to blindness in infants and children. One such example is Leber congenital 
amaurosis (LCA), a disease affecting the retina and causing blindness at birth or 
very early childhood. LCA cannot be treated by any conventional form of treatment. 
One of the types of LCA involves mutations in a gene that encodes the retinal pig-
ment epithelial 65 KDa protein (RPE65), a protein that is abundantly expressed in 
the retinal pigment epithelium. The RPE65 protein is absent or defective in patients 
with a mutation in this gene. Through the use of genetic testing methods mentioned 
above, one can carry out genetic testing and diagnosis of patients, to detect muta-
tions in the RPE65 gene. Advances in genetics over the last two decades have led to 
a new treatment for LCA patients with mutation in the RPE65 gene. It is now pos-
sible to replace the mutant gene in these patients with a normal copy of the same 
gene. This process of gene therapy was developed after extensive research in ani-
mals such as mice and dogs that carried mutations in the RPE65 gene. Success in 
these animal models prompted the process of clinical trials for this gene therapy in 
human patients. The RPE65 gene replacement therapy was a first of its kind among 
eye diseases, and was tried and tested in several patients with mutations in this gene.

Clinical trials of RPE65 gene replacement therapy were initiated in several cen-
ters in the USA, and the trials in phases I and II were designed to test safety and 
efficacy of the gene therapy. Follow-up of patients over time by evaluation of sys-
temic and ocular adverse events and visual recovery indicated no serious adverse 
effects and treatment outcomes of increased visual field sensitivities and pupillary 
light responses in the treated eyes of patients. Essentially, the gene therapy with 
RPE65 gene replacement was shown to be safe and effective and is under evaluation 
for further long-term effects on vision. The initial effects, however, peaked within a 
few weeks of injection, and in certain cases were retained up to 3 years after treat-
ment [10]. Another disease affecting the retina, known as choroideremia, affects 
mostly males, and is due to a mutation in a particular gene, known as the CHM gene, 
on the X chromosome. The CHM gene encodes the Rab Escort Protein 1 (REP1). 
REP1 is required for adding lipid residues on the Rab small GTPases (RABs). Gene 
therapy for choroideremia has also been developed such that the mutant gene is 
replaced with a normal one through the use of the AAV2 vector. Patients adminis-
tered with this gene therapy in clinical trials showed a mean gain of visual acuity 
and an increase in retinal sensitivity as compared with baseline [11]. Interestingly, 
there was a dose-dependent response to this treatment, since patients given a higher 
dose of the vector had better improvements in retinal sensitivity [12]. Overall, the 
CHM gene therapy has been shown to be safe to be administered into the eyes of 
affected patients, without any major adverse events noted. Despite these promising 
results in the therapy trials so far, there are still challenges to be overcome. Of major 
concern in these cases was the continuing degeneration of the retinal photoreceptors 
even after the gene therapy was carried out. Other areas to be tackled are in aiming 
for a better recovery of vision and more long-term benefits of the therapy.

C. Kannabiran
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1.6  Gene Editing

Another new tool with potential for therapeutic application that is now being inves-
tigated in the area of genetic diseases is a type of molecular scissor. This can be 
designed to clip out any mutation from a gene of interest and replace the clipped-out 
part of the gene with a normal copy, a process known as genome editing. Using this 
technique, researchers in different parts of the world are attempting to design thera-
pies for various eye diseases that have no other treatments available by conventional 
methods [13]. Here again, investigations are in the process to develop a therapy for 
a form of LCA that is caused by a specific mutation in another gene known as 
CEP290. The CEP290 gene encodes a centrosomal protein that is a key component 
of the photoreceptor cells in the retina. There are a few mutations in the CEP290 
gene, which are very common among Caucasian patients with LCA. Thus, the ther-
apy is envisaged to edit these common mutations in the CEP290 gene in such 
patients. The results of these trials will provide exciting leads for further progress in 
treating various forms of blindness by gene therapy.

Financial Interest None
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2Genetics in Corneal Dystrophy

Jayesh Vazirani and Mansi Rambhia

Roenouw [1]and Biber [2]introduced the term corneal dystrophy in 1890. Further 
Fuchs [3], Uhthoff [4], and Yoshida [5] continued to use the term “corneal 
dystrophy.”Corneal dystrophy describes an inherited condition affecting cells, tis-
sues, and organs, singly or in combination. These are inherited disorders that usu-
ally present bilaterally, symmetrically, and slowly progressive, and not related to 
systemic conditions and environmental factors [6].There are exceptions to the above 
statement, as in clinically unilateral dystrophy—PPCD (posterior polymorphous 
corneal dystrophy), systemic hypercholesterolemia in SCD (Schnyder corneal dys-
trophy), EBMD (epithelial basement membrane dystrophy), and central cloudy dys-
trophy of Francois (CCDF) are likely degenerative rather than hereditary conditions 
in most of the patients.

The IC3D publication in 2008 contained the traditional anatomic classification 
that categorized dystrophies according to the corneal layer that was chiefly affected 
[7, 8].The main limitation of this classification was absence of genetic mapping and 
genomic associations in corneal dystrophies. At present, genotyping revealed both 
genotypic heterogeneity (a single dystrophy associated with different genes) and 
phenotypic heterogeneity (one gene is associated with multiple distinct allelic dys-
trophy phenotypes).

2.1  Categorization of Corneal Dystrophy on Genetic Basis

Category 1: A well-defined corneal dystrophy,with a well identified mapped gene 
and the specific mutations are known.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-4247-0_2&domain=pdf
https://doi.org/10.1007/978-981-16-4247-0_2#DOI
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Category 2: A well-defined corneal dystrophy that has been mapped to one or 
more specific chromosomal loci, but the gene(s) yet to be identified.

Category 3: A well-defined corneal dystrophy, in which the disorder is yet to be 
mapped to a chromosomal locus.

Category 4: This category is reserved for a suspected, new, or previously docu-
mented corneal dystrophy, although the evidence for it, being a distinct entity is not 
yet convincing.

IC3D 2015 updated classification (C  =  Category) is an updated classification 
system that was proposed in 2015 with alterations of the ancient anatomic level 
classification to more accurately reflecting involvement of cellular layers. The 
revised classification removed the extensive table of gene loci and genes with spe-
cific mutations as this information is rapidly changing and can be obtained easily on 
the Internet. The revised classification system included representative histopathol-
ogy and electron microscopy as well as confocal microscopy. Findings of anterior 
segment optical coherence tomography (OCT) were added when available.

IC3D 2015 updated classification [9]

Epithelial and subepithelial dystrophies

 1. Epithelial basement membrane dystrophy (EBMD) majority degenerative, 
rarely C1

 2. Epithelial recurrent erosion dystrophies (EREDs)—Franceschetti cornealdystro-
phy (FRCD) C3, Dystrophia Smolandiensis (DS) C3, andDystrophia 
Helsinglandica (DH) C3

 3. Subepithelial mucinous corneal dystrophy (SMCD) C4
 4. Meesmann corneal dystrophy (MECD) C1
 5. Lisch epithelial corneal dystrophy (LECD) C2
 6. Gelatinous drop-like corneal dystrophy (GDLD) C1

Epithelial–stromal TGFBI dystrophies

 1. Reis–Bucklers corneal dystrophy (RBCD) C1
 2. Thiel-Behnke corneal dystrophy (TBCD) C1
 3. Lattice corneal dystrophy

• Type 1 (LCD1) C1variants (III, IIIA, I/IIIA, IV) of lattice corneal dys-
trophy C1

 4. Granular corneal dystrophy—type 1 (GCD1) C1
 5. Granular corneal dystrophy—type 2 (GCD2) C1

Stromal dystrophies

 1. Macular corneal dystrophy (MCD) C1
 2. Schnyder corneal dystrophy (SCD) C1
 3. Congenital stromal corneal dystrophy (CSCD) C1
 4. Fleck corneal dystrophy (FCD) C1

J. Vazirani and M. Rambhia
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 5. Posterior amorphous corneal dystrophy (PACD) C1
 6. Central cloudy dystrophy of Francois (CCDF) C4
 7. Pre-Descemet corneal dystrophy-C1 or C4

Endothelial dystrophies

 1. Fuchs endothelial corneal dystrophy—C1, C2, or C3
 2. Posterior polymorphous corneal dystrophy (PPCD) C1 or C2
 3. Congenital hereditary endothelial dystrophy (CHED) C1
 4. X-linked endothelial corneal dystrophy (XECD) C2

Removed dystrophies
Grayson-Wilbrandt corneal dystrophy (GWCD) C4

2.2  Genetics in Corneal Dystrophy

Epithelial and Subepithelial Dystrophies

 1. Epithelial basement membrane dystrophy (EBMD)
Mendelian inheritance in man (MIM) # 121820
Genetic locus-5q31
Gene-transforming growth factor beta-induced-TGFB1 in 2 families.
Inheritance-isolated familial cases have been reported, majority have no doc-

umented inheritance hence they are considered to be degenerative or secondary 
to trauma to eye.

 2. Epithelial Recurrent Erosion Dystrophies (EREDs)
MIM# 122400
Genetic locus-unknown
Gene-unknown
Inheritance-autosomal dominant

 3. Subepithelial mucinous corneal dystrophy (SMCD)
MIM# 612867
Genetic locus-unknown
Gene-unknown
Inheritance-autosomal dominant–most likely, but X-linked recessive inheri-

tance not excluded
 4. Meesmann Corneal Dystrophy (MECD)

MIM #122100
Genetic locus-Locus 12q13 (KRT3)
Locus 17q12 (KRT12) Stocker–Holt variant
Genes-Keratin K3 (KRT3)
Keratin K12 (KRT12) Stocker–Holt variant
Inheritance-autosomal dominant

2 Genetics in Corneal Dystrophy
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 5. Lisch Epithelial Corneal Dystrophy (LECD)
MIM #300778
Genetic locus-Xp22.3
Gene-unknown
Inheritance-X-chromosomal dominant

 6. Gelatinous Drop-like Corneal Dystrophy (GDLD)
MIM #204870
Genetic locus-1p32
Gene-Tumor-associated calcium signal transducer 2 (TACSTD2, previ-

ously M1S1)
Inheritance-autosomal recessive

Epithelial–Stromal TGFBI Dystrophies

 1. Reis–Bucklers Corneal Dystrophy
MIM #608470
Genetic locus-5q31
Gene-Transforming growth factor beta-induced-TGFB1
Inheritance-autosomal dominant

 2. Thiel–Behnke Corneal Dystrophy (TBCD)
MIM #602082
Genetic locus-5q31
Gene-Transforming growth factor beta-induced-TGFB1
Inheritance-autosomal dominant

 3. Lattice Corneal Dystrophy, type 1 (Classic) (LCD1) and Variants
MIM #122200
Genetic locus-5q31
Gene-Transforming growth factor beta-induced-TGFB1
Inheritance-autosomal dominant

 4. Granular Corneal Dystrophy, type 1(Classic) (GCD1)
MIM #121900
Genetic locus-5q31
Gene-Transforming growth factor beta-induced-TGFB1
Inheritance-autosomal dominant

 5. Granular Corneal Dystrophy, type 2 (GCD2)
MIM #607541
Genetic locus-5q31
Gene-Transforming growth factor beta-induced-TGFB1
Inheritance-autosomal dominant

Stromal Dystrophies

 1. Macular Corneal Dystrophy (MCD)
MIM #217800

J. Vazirani and M. Rambhia
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Genetic locus-16q22
Gene-Carbohydrate sulfotransferase 6 gene—CHST6
Inheritance-autosomal recessive

 2. Schnyder Corneal Dystrophy (SCD)
MIM #21800
Genetic locus-1p36
Gene-UbiA prenyltransferase domain containing 1—UBIAD1
Inheritance-autosomal dominant

 3. Congenital Stromal Corneal Dystrophy (CSCD)
MIM #610048
Genetic locus-12q21.33
Gene-Decorin, DCN
Inheritance-autosomal dominant

 4. Fleck Corneal Dystrophy (FCD)
MIM #121850
Genetic locus-2q34
Gene-Phosphoinositide kinase, FYVE finger containing—PIKFYVE
Inheritance-autosomal dominant

 5. Posterior Amorphous Corneal Dystrophy (PACD)
MIM #612868
Genetic locus-12q21.33
Gene-Deletion of keratocan (KERA), lumican (LUM), decorin (DCN), ande-

piphycan (EPYC)
Inheritance-autosomal dominant

 6. Central Cloudy Dystrophy of Francois
MlM #217600
Genetic locus/Gene-None
Inheritance-unknown, autosomal dominant inheritance is occasionally 

reported
 7. Pre-Descemet Corneal Dystrophy (PDCD)

MIM: none
Genetic locus-Isolated PDCD-Unknown
PDCD associated with X-linked ichthyosis-Xp22.31
Gene-Isolated PDCD-Unknown
PDCD associated with X-linked ichthyosis-steroid sulfatase (STS)

Endothelial Dystrophies

 1. Fuchs Endothelial Corneal Dystrophy (FECD)
MIM #136800 (FECD1), MIM#610158 (FECD2), MIM #613267 (FECD3), 

MIM #613268 (FECD4), MIM #613269 (FECD5), MIM #613270 (FECD6), 
MIM #613271 (FECD7),MIM #615523 (FECD8)

Genetic locus
Early-Onset FECD
1p34.3–p32 (FECD1)

2 Genetics in Corneal Dystrophy
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Late-Onset FECD-Association has been reported to 13pter-q12.13 
(FECD2),18q21.2-q21.3 (FECD3), 20p13-p12 (FECD4), 5q33.1-q35.2 
(FECD5), 10p11.2 (FECD6), 9p24.1-p22.1 (FECD7), and15q25 (FECD8)

Gene-Early-onset FECD: collagen, type VIII, alpha-2, COL8A2
Inheritance-most commonly unknown, genetic basis of FECD is complex and 

heterogenous, suggesting incomplete penetrance and variable expressivity

 2. Posterior Polymorphous Corneal Dystrophy (PPCD)
MIM #122000 (PPCD1), MIM #609140 (PPCD2),MIM #609141 (PPCD3)
Genetic locus-PPCD 1: 20p11.2-q11.2

• PPCD 2: 1p34.3-p32.3
• PPCD 3: 10p11.22
• PPCD 4: 8q22.3-q24.12

Gene-PPCD1: OVOL2 (ovo-like zinkfinger 2) [10]

• PPCD2: collagen, type VIII, alpha-2 (COL8A2)
• PPCD 3: zinc finger E box–binding homeobox 1 (ZEB1)
• PPCD4: ectopic grainyhead-like transcription factor 2 (GRHL2)

Inheritance-autosomal dominant

 3. Congenital Hereditary Endothelial Dystrophy (CHED)
MIM #217700
Genetic locus-20p13
Gene-Solute carrier family 4, sodium borate transporter, member 

11—(SLC4A11)

 4. X-linked Endothelial Corneal Dystrophy (XECD)
MIM: none
Genetic locus-Xq25
Gene-unknown
Inheritance-X-chromosomal dominant

Newer Additions After IC3D (2015)
ERED (Epithelial recurrent erosion dystrophy)
In 2015, Swedish authors grouped 5 families and formed a large pedigree with 

autosomal dominant inheritance [11]. The whole genome sequencing resulted in 
identification of novel mutation in COL17A1 gene, that encodes collagen type XVII 
alpha 1 on chromosome 10.

The New Zealand authors screened four families with ERED in 2016 [12]and 
segregated two variants with ERED on chromosome 10. The COL17A1c.3156C > T 
variant was segregated in all four epithelial recurrent erosion dystrophy (ERED) 
families.
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The 10q Thiel-Behnke corneal dystrophy is a misnomer. Infact, it is a variant in 
the COL17A1 gene on chromosome 10, both genotypically and phenotypically 
[13]. It demonstrates that the phenotype was misdiagnosed as Thiel-Behnke, when 
it was actually an ERED.

Future Horizons
The present genetic knowledge of corneal dystrophy is very limited and requires 

further investigations and integration. The knowledge of genetics is opening new 
prospects into gene therapy in the early stage of corneal dystrophies, and is an 
important scientific challenge for future.
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3Genetics of Keratoconus

Nidhi Kalra and Rajesh Sinha

3.1  Introduction

Keratoconus is a corneal ectatic disorder characterized by bilateral asymmetrical 
progressive thinning, steepening, distortion, and protrusion of the cornea resulting 
in irregular astigmatism and impaired vision. It has a complex etiology involving 
the interplay of genetic and environmental factors contributing to the pathogenesis 
of the disease.

3.2  Epidemiology

The prevalence of keratoconus shows geographical variation due to various factors, 
one of which is the genetic variation between populations. The incidence of kerato-
conus varies between 1 in 500 and 1 in 2000 of the general population, with higher 
figures seen in Caucasian populations [1]. The Central India eye medical study esti-
mated a prevalence of 2.3% in rural India based on corneal refractive power of 48D 
or more [2]. In concurrence with this were two studies conducted in the UK that 
compared the prevalence of keratoconus between Asian and white patients and 
reported a prevalence of 4.4–7.5 times greater for Asian subjects compared with 
white Caucasians. These variations could be explained by consanguinity contribut-
ing to a higher incidence of genetic disease [3, 4].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-4247-0_3&domain=pdf
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3.3  Evidence of Role of Genetics/Heredity

The earliest evidence for genetic etiology of keratoconus was based on various stud-
ies including reports of monozygotic and dizygotic twins [5] and reports of familial 
aggregation [6, 7]. These were further strengthened by family-based linkage stud-
ies, studies on genetic mutations and genome-wide association studies. A question-
naire conducted on 218 patients with keratoconus and 183 age-matched controls 
revealed a positive family history in 10% of patients vs 0.5% of controls [8]. Overall, 
approximately 6–23.5% of patients with keratoconus have a positive family history 
[9]. Eighteen pairs of twins (13 monozygotic and 5 dizygotic) were evaluated in a 
study. All except one pair of dizygotic twins were concordant for keratoconus, the 
age of onset was earlier and severity was more in monozygotic twins, thereby sup-
porting the genetic evidence. Several studies have reported a large number of cases 
of familial keratoconus with prevalence ranging between 5 and 27.9% for first- 
degree relatives which amounts to a 15–67 times higher incidence than in those with 
no relatives with keratoconus [10, 11]. The familial aggregation maybe under- 
reported as subclinical forms detectable by video-keratography/topography may not 
be reported. Corneal topography provided more information about the genetics of 
the disease by diagnosing keratoconus in family members who were suspects and 
had no obvious signs of the disease [12].

Among the cases with genetic linkage, sporadic, autosomal dominant mode with 
reduced penetrance and autosomal recessive mode have been described [13, 14]. 
Tynissma et al. studied 20 families in Finland with autosomal dominant keratoconus 
and showed a linkage to the locus 16q22.3–q23.1with a significant (>3) Logarithm 
to odds ratio (LOD) score. However, this finding could not be replicated and was 
specific to Finnish families.

3.4  Environmental Risk Factors

Certain environmental factors may be essential to act as a trigger for the onset of 
keratoconus in genetically predisposed individuals. These include eye rubbing [15], 
atopy [16, 17], contact lens wear and UV exposure [18]. These factors presumably 
act by causing oxidative damage to the cornea by reducing the amount of enzymes 
like aldehyde dehydrogenase (ALDH) and superoxide dismutase which are neces-
sary to remove the reactive oxygen species.

3.5  Candidate Genes

Multiple genes have been implicated in the pathogenesis of keratoconus including 
VSX1, miR-184, DOCK9, SOD1, RAB3GAP1, and HGF [19].

A mutational analysis of five genes, the Visual System Homeobox 1 (VSX1), 
Secreted Protein Acidic and Rich in Cysteine (SPARC), Superoxide Dismutase 1 
(SOD1), Lysyl Oxidase (LOX), and Tissue Inhibitor of Metalloproteinase 3 (TIMP3) 
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was carried out in 302 Italian patients with sporadic and familial keratoconus, which 
confirmed the possible pathogenic role of VSX1 in few patients [20].

VSX1is a gene located at the locus 20p11-q11 which is linked with posterior 
polymorphous corneal dystrophy(PPCD) [21]. Keratoconus and PPCD have 
been reported together in multiple case reports [22, 23]. Mutations within the 
VSX1 gene have been associated in few cases of keratoconus [24]. It is expressed 
by the keratocytes of injured corneas and is associated with fibroblastic trans-
formation and also plays a role in craniofacial and ocular development. Although 
VSX1 is the most commonly studied gene in keratoconus, it accounts for only 
2–3% cases. A large series with 302 Italian patients found VSX1 changes in 
3.2% patients. This pointed toward the complex nature of the disease and the 
ethnic variation.

SOD1 gene located at 20p11 encodes the enzyme that metabolizes superoxide 
radicals. Since keratoconus corneas show high levels of oxidative stress and also 
because of the association of Trisomy 21 with keratoconus, SOD1 was studied as a 
potential candidate, however, conclusive mutations have not been demonstrated to 
prove its role in keratoconus presently [25].

Several other loci have been reported in families with keratoconus including 
Transforming growth factor (TGFβ1), Collagen gene COL4 (alteration in collagen 
structure being one of the theories in the pathogenesis of keratoconus), Fillagrin 
(FLG, associated with atopic dermatitis), Interleukin (IL-1, involved in keratocyte 
apoptosis), calpastatin (CAST) and TIMP-3. The 5q31 region was implicated in a 
family with autosomal dominant keratoconus by Rosenfeld et al. The same locus is 
also implicated in granular, lattice, and Reis–Bucklers corneal dystrophies due to 
mutations in the TGF β1 gene [26].

3.6  Genome-Wide Studies

They have the advantage of not relying on previously available knowledge about a 
gene and are unbiased studies but require a much higher level of statistical signifi-
cance for reporting an association. Two subtypes have been used in keratoconus, the 
Linkage studies and the Genome-wide association studies (GWAS). Another 
approach, Identity by descent (IBD), has also been applied.

3.7  Linkage Studies in Families

Linkage studies are one of the methods to map the susceptible loci in keratoconus. 
In these studies, multiple families from different generations are recruited and both 
affected and unaffected members undergo genetic analysis. The likely chromosomal 
region that doesnot show an overlap is mapped. Penetrance can be analyzed by the 
number of individuals who have both the genotype and the phenotype for the dis-
ease. Using this approach, around 17 distinct genetic loci have been mapped, out of 
which 3 have been replicated independently (5q21.2, 14q11.2, 5q32). These studies 
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have the limitation of using multiple families with patients in small numbers to map 
the linkage.

The microRNA gene (miRNA) MIR184 is expressed in the cornea and lens epi-
thelium. A mutation in the genomic region chr15q22-q25 of miRNA was reported 
in a family from Northern Ireland with hereditary keratoconus and anterior polar 
cataract. The mutant form, however, failed to compete with MIR-205 for the target 
sites [27]. A study conducted in 780 patients with keratoconus could identify the 
mutation in only 2 patients [28].

DOCK9 (Dedicator of cytokinesis 9) is another candidate gene for keratoconus 
and mutations of DOCK9 at the locus 13q32 were reported in an Ecuadorian family 
[29]. A mutation screening of eight candidate genes within this locus identified 
three genes that are expressed in the human cornea including DOCK9, the most 
functionally significant of these being DOCK9 [30]. However, a study conducted on 
42 Polish patients with keratoconus and 50 controls which analyzed the role of five 
genes, found DOCK9 in only five patients and two controls suggesting that other 
genetic variants are involved in Polish patients.

Several other linkage studies have been conducted in small families. Based on 
these studies genetic loci have been mapped and associations have been studied in 
small populations [31–37].

Table 3.1 summarizes the linkage studies in keratoconus with chromosomal loci/
Gene identified.

Table 3.1 Important linkage studies in Keratoconus with genes/loci identified

Gene Locus Reference Association/Population studied/Mode of inheritance
VSX1 20p11-q11 [19] Posterior polymorphous dystrophy
DOCK9 13q32 [29, 30] Ecuadorian
MIR184 15q22-q25 [27, 28] Cataract /Northern Irish/Autosomal dominant
ZEB1 10p11.22 [35] Brittle cornea syndrome/Autosomal recessive
SOD1 20p11 [25] Trisomy 21/Autosomal dominant
TGFß1 5q31.1 [26] Corneal dystrophies
COL4A 2q36.3
FLG 1q21
CRB1 1q [38] Leber’s congenital amaurosis

1p36 [39] Australian/Autosomal dominant
2p24 [40] European
3p14-q13 [41] Italian/Autosomal dominant
5q14.3-q.21.1 [42] Caucasian/Autosomal dominant
14q24.3 [43] Multiethnic
15q22.33- 24.2 [13] Cataract/Northern Irish/Autosomal dominant
16q22.3-23.1 [14] Finnish/Autosomal dominant
17p13 [44] Leber’s congenital amaurosis/Pakistani/Autosomal 

recessive
20q12 [37] Tasmania (Australia)/Autosomal dominant
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3.8  Genome-Wide Association Studies

GWAS have been used for searching the genetic influence in the pathogenesis of 
complex and multifactorial diseases. In these studies, thousands of single nucleotide 
polymorphisms (SNPs) are tested in thousands of persons for association with a 
disease [45]. They follow a case–control cohort and the finding of an SNP implies a 
causative role.

Two significant GWAS have been carried out in keratoconus. Li et al. performed 
a comprehensive GWAS in 222 keratoconus patients and 3324 controls (USA). 
Their findings suggested that an SNP located near the RAB3GAP1 gene was a 
potential locus for keratoconus [46]. Another GWAS by Burdon et al. [47] was con-
ducted in 97 patients and 216 controls (Australia and USA). The most significant 
association was found with an SNP located at the HGF (hepatocyte growth factor) 
gene which is associated with refractive errors [48].

Another recent GWAS identified mutations in Zinc Finger 469(ZNF469) and PR 
domain-containing protein 5 (PRDM5) genes associated with brittle cornea syn-
drome, which is an autosomal recessive inherited disorder alongwith progressive 
corneal thinning and keratoconus. ZNF469 regulates extracellular matrix synthe-
sis [49].

3.9  Combination of GWAS and Linkage Studies

The GWAS of Li et al. pointed out a linkage signal observed in a family at chromo-
some 5q23.2. This led to an association with the LOXgene which is involved in 
cross-linking of collagen fibers in the corneal stroma [50].

3.10  Identity by Descent

This approach is used to detect a defect in genetically related individuals from the 
same population, not the same family. A high estimated keratoconus prevalence 
(1/200) was seen in a genetically isolated population in Tasmania. The genotyping 
of samples from this population suggested an association with the locus 20q12 [38].

3.11  Related Ocular and Systemic Diseases

Although in the vast majority of patients, keratoconus occurs as an isolated entity; 
its association with several systemic disorders has been reported including chro-
mosomal disorders like Down’s syndrome and Turner’s syndrome [39]. The prev-
alence of keratoconus in Down’s syndrome is significantly more than in the 
normal population, pointing toward a possible association with Trisomy 21. 
Corneal dystrophies including PPCDare associated with keratoconus. Mutations 
in VSX1 and zinc- finger E box binding homeobox 1 (ZEB1) have been previously 
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implicated in PPCD.  Connective tissue disorders like Ehler-Danlos syndrome, 
osteogenesis imperfecta [40], craniosynostosis, and Marfan’s syndrome [41] are 
also associated with keratoconus suggesting an underlying genetic mechanism 
involving collagen synthesis. Genetic association of keratoconus with various 
other disorders is also reported including cataract, Leber congenital amaurosis 
(due to AIPL1 and CRB1 mutations) [42], and retinal dystrophies. The onset is 
reported to be earlier and the severity of keratoconus more advanced in associa-
tion with Leber’s congenital amaurosis, probably indicating an underlying shared 
genetic pathway.

3.12  Recent Research

A recent study conducted on 129 Indian keratoconus patients and 20 controls 
observed that the enzymes matrixmetalloproteinase (MMP-9), Tumor necrosis 
factor (TNFα) and Interleukin (IL6) were upregulated in tears of patients com-
pared to controls and treatment with cyclosporine A reduced their expression 
significantly [43].This supported the role of inflammation in keratoconus. The 
human MMP-9 gene has been mapped to chr20q11, pointing toward a genetic 
mechanism.

3.13  Future Research

Presently, several genetic loci have been implicated in keratoconus and no single 
gene-effect relationship has been established. Family-based studies have led to the 
identification of certain genes; however, the same has been replicated in other fami-
lies in a very limited manner. Identification of specific genetic markers may provide 
a valuable tool in the clinical diagnosis of keratoconus. Genome-wide studies can 
help in unraveling the multigenetic nature of this disease. Cornea has been described 
as a powerful candidate for gene therapy due to its immune privilege and ex vivo 
stability, thereby making gene therapy in keratoconus an attractive and promising 
future prospect [44].
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4Genetics of Dry Eye Disease

Jayesh Vazirani

4.1  Definition and Classification

The revised definition of dry eye disease (DED) states it to be a multifactorial dis-
ease of the ocular surface, involving loss of homeostasis of the tear film. It is char-
acterized by presence of both symptoms and signs, ocular surface inflammation, 
tear film instability and hyperosmolarity as well as neurosensory abnormalities [1]. 
It is important to realize that dry eye is not one homogenous disease entity. A mul-
titude of local and systemic conditions, acting in isolation or in combination, can 
cause DED. Therefore, the environmental and genetic risk factors for developing 
DED are multiple and diverse.

The spectrum of DED includes both evaporative and aqueous deficient forms, 
with a combined form predominating in most cases. A comprehensive enumeration 
of the causes of DED is beyond the scope of this chapter. However, the commonest 
causes of evaporative and aqueous deficiency DED are believed to be meibomian 
gland dysfunction (MGD) and Sjogren’s syndrome, respectively.

4.2  Molecular Mechanisms and Genetic Basis

Approaches taken to understand the molecular mechanisms driving DED include 
studying genes or groups of genes that show altered sequences (genomics) or 
changed expression (transcriptomics) in correspondence with clinical presentation 
of DED. Studies in the fields of genomics and transcriptomics related to DED car-
ried out in animal models as well as in humans have been summarized in a recent 
review [2]. We hereby summarize a few key findings from this review.
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Genomic studies have implicated multiple genes in the pathogenesis of 
MGD. These include genes related to meibomian gland development [e.g., ectodys-
plasin A (EDA), adaptor protein tumor necrosis factor receptor-associated factor 6 
(TRAF6), and glucocorticoid receptors] as well as abnormal meibomian gland 
appearance [e.g., solute carrier family 27, Member 4 gene (SCF27A4), PR Domain 
Containing 1 gene (PRDM1)]. Gene expression studies have analyzed the effect of 
exposing mice or meibomian gland epithelial cells from mice with hormones such 
as estradiol-17β, progesterone, testosterone, and dihydrotestosterone (DHT) or 
drugs such as isotretinoin. A significant upregulation or downregulation of specific 
genes in response to such exposure gives clues to potential molecular pathways 
operative in MGD.  Gene expression studies in humans have shown significant 
upregulation of genes such as S100-A8, S100-A9, SPRR2A, KRT10, IL-1β, and 
MMP-9 in subjects with MGD, compared to control [3, 4].

The role of inflammation in DED has also been elucidated to a great extent by 
genomic studies involving genes such as TNF receptor superfamily member 6 (Fas), 
Matrix metalloproteinase-9 (MMP-9), and Transforming growth factor-beta one 
(TGF-β1). Gene expression studies have identified genes such as EGFR, IL-6, IL-9, 
and NAMPT to be associated with DED in graft versus host disease [5].

Systemic autoimmune conditions such as rheumatoid arthritis, systemic lupus 
erythematosus, Sjögren’s syndrome, Stevens–Johnson syndrome, mucous mem-
brane pemphigoid, etc., are known to be associated with DED.  Multiple studies 
have attempted to determine risk alleles as well as protective alleles related to these 
conditions by focusing on the human leukocyte antigen (HLA) loci of the major 
histocompatibility antigen (MHC) complex [6–8].

4.3  Conclusions

A variety of local and systemic disease processes contribute to the development of 
DED. Studies have elaborated the genetic basis of many molecular mechanisms that 
cause clinical manifestations of DED. The role of processes such as structural and 
functional dysfunction of the meibomian gland, changes in tear film components, 
and inflammatory pathways operational at the ocular surface has been clarified to a 
great extent. Nonetheless, there are significant gaps in our knowledge. Future stud-
ies on the genetics of DED may help clarify aspects such as heritability, specific risk 
factors, and potential treatment pathways for this condition.
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5Genetics in Cataract: To Be or Not to Be

Rohit Shetty and Ann Sarah Koshy

With the advent of Human Genome Project in 2003, genetics in Medicine has pro-
gressed in leaps and bounds. Gene therapy in ophthalmology is even more pertinent 
as the eye is relatively immunoprivileged and has well-defined anatomy. It is also 
accessible to different routes of administration of gene therapy. Despite phenomenal 
progress in surgical treatment, age-related cataract still claims a spot as a clinically 
important cause of visual impairment in economically developed countries which 
hampers functionality and is also a leading cause of blindness [1]. The genetics of 
pediatric cataract is better characterized but heritability estimates for age-related 
cataract span from 35% to 48% for nuclear opacities and 24–58% for cortical opaci-
ties [2].

“Our own genomes carry the story of evolution, written in 
DNA, the language of molecular genetics, and the narrative is 
unmistakable.”

Kenneth R. Miller
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5.1  Embryology

Let us first understand the development of the Lens in utero. It is an established fact 
that the eye develops from two of the three germ layers: the ectoderm and the meso-
derm (Fig.  5.1). At the third week of gestation the Diencephalon gives two out- 
pouchings which form the optic pit (Fig. 5.2) and the optic vesicle (Fig. 5.3) which 
is formed from neuroectoderm and develops into the optic nerve later. The neuroec-
toderm then stimulates the thickened surface ectoderm with transcription factors 
including PAX 6 gene (Fig. 5.9) to form the lens placode (Fig. 5.4) by 28 days of 
gestation [3].

The lens placode then invaginates inward and forms in a direction such that the 
bases of lens and optic vesicle cells are in apposition to each other at this stage. 
They are only separated by their basement membranes and a narrow space. It may 
be assumed that the basement membrane is a product of epithelial cells if it is 
formed as in the yolk sac [4].

The invagination later leads to the formation of the lens pit or cup (Fig. 5.5) that 
then goes on to form the lens vesicle (Fig. 5.6). This occurs by 33 days of gestation. 
Sox2 is a direct target of the transcription factor Six3 which also responds to induc-
tive signals from the optic vesicle andis expressed on the lens placode [5]. In par-
ticular, Sox2 is upregulated by BMP4, an important signaling ligand from the optic 
cup to be implicated in lens induction [6].

Ectoderm

Endoderm

Mesoderm

Notochord

Neural Tube

Fig. 5.1 The three germ 
layers seen in gastrulation: 
ectoderm, mesoderm, and 
endoderm. Figure 1 have 
been created by the 
mutimedia team under the 
authors’ guidance. 
Courtesy:1–6: Dr. Pranesh 
Balasubramanium

Optic pit from the
diencephalon 

Neural tube

Fig. 5.2 Optic pit 
development from 
diencephalon of 
neuroectoderm. Figure 2 
have been created by the 
mutimedia team under the 
authors’ guidance. 
Courtesy:1–6: Dr. Pranesh 
Balasubramanium
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The posterior cells of the lens vesicle lens fibers then elongate and fill in the 
central forming the primary lens fibers and the nuclear bow formation occurs. Maf 
gene mutation may cause opaque flecks in the developmental stage here [7]. 
Themitotic cells from the anterior cells migrate to the equatorial region and for the 
secondary lens fibers. The region where these fibers join forms the anterior and 
posterior lens sutures which are y-shaped. There may be a role in the development 
of sutural cataract here as well.

Optical vesicle
formation from the
optic pit  

Fig. 5.3 Optic vesicle extending from the optic pit and releasing transcription factors optic vesicle 
formation from neuroectoderm. Figure  3 have been created by the mutimedia team under the 
authors’ guidance. Courtesy:1–6: Dr. Pranesh Balasubramanium

Lens Placode with
thickened cells 

Optic Vescicle being
formed from
neurorctoderm  

Fig. 5.4 Lens placode, i.e. surface ectoderm thickening after induction factors with Pax6 gene. 
Figure 4 have been created by the mutimedia team under the authors’ guidance. Courtesy:1–6: Dr. 
Pranesh Balasubramanium
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5.2  Epidemiology

Congenital cataract is the foremost cause of reversible blindness in childhood. 
Around 70 million blind-person-years are caused by childhood blindness, and from 
these about ten million blind-person-years (14%) are due to childhood cataract [8]. 
India’s burden ofvisually impaired children is around 280,000–320,000 [9] most of 
whom are found to have congenital cataract. Its occurrence, depending on the 
regional socioeconomic development, is of 1–6 cases per 10,000 live births in 
industrialized countries [10–12], and of 5–15 per 10,000 in the economically back-
ward regions of the world [13]. Congenital cataract is found to be present at birth or 
during the first decade of life. Around 20,000–40,000 new cases of bilateral con-
genital cataract are diagnosed each year [14].

Optic Vesicle formation
from Surface Ectoderm

Fig. 5.6 Lens vesicle 
formation with separation 
of the surface ectoderm. 
Figure 6 have been created 
by the mutimedia team 
under the authors’ 
guidance. Courtesy:1–6: 
Dr. Pranesh 
Balasubramanium

Lens Pit from Surface
Ectoderm  

Optic Cup from
NeuroEctoderm  

Fig. 5.5 Lens pit formation with invagination of the surface ectoderm. Figure 5 have been created 
by the mutimedia team under the authors’ guidance. Courtesy:1–6: Dr. Pranesh Balasubramanium
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Inherited cataracts account for 8–25% of congenital cataracts [13], particularly 
for bilateral cataract. Rahi and Dezateux [15] reported that 27% of children with 
bilateral isolated congenital cataract had a genetic basis while this held true for 2% 
of unilateral cases. A variety of inheritance patterns are noted for transmission of 
cataract, the most frequent mode being autosomal dominant, this also has the high-
est penetrance, other modes including X-linked and autosomal-recessive transmis-
sion have been observed [16]. Inherited cataracts are clinically highly heterogeneous 
and demonstrate considerable inter and intrafamilial variability.

However, there is still a fundamental crux which still eludes us, which is the 
genetic basis of cataract. Varied studies have shown associations of a hereditary 
component. An inherited form of cataract (CAE1) that has been closely linked with 
the Duffy blood-group locus (Fy) became the first monogenic disease assigned to an 
autosome (chromosome 1) in humans. It was first identified in the 1960s [17]. So 
how can we identify newer gene loci?

5.3  Techniques for Genetic Screening

Genetic screening to identify genes associated with cataractcan be planned in differ-
ent strategies like linkage analysis, genome-wide association studies, and candidate 
gene analysis (Fig.  5.7). Linkage analysis narrows down mutant genes causing 
inherited cataracts to a specific chromosomal region by comparing their inheritance 
patterns with those of known genetic markers. It is a reliable and strong tool to sort 
outand identify different genetic loci that are associated with the development 
human cataracts. Genome-wide association study (GWA study, or GWAS), also 
called whole genome association study (WGA study or WGAS), is an observational 
study of a genome-wide set of genetic variants in multiple individuals to see if any 
variant is associated with a trait. GWASs typically focus on associations between 
single-nucleotide polymorphisms (SNPs). Thanks to molecular advancement nowa-
days, most cataract loci are identified using microsatellite markers, although single- 
nucleotide polymorphisms (SNPs) are rapidly gaining favor. New analytical 
approaches using homozygosity mapping methods to recognize genomic regions 
that are identical by descentarefuturistic and promising tools which can be increas-
ingly useful in studying rare autosomal-recessive cataracts from isolated popula-
tions. With the advent of massively parallel next-generation sequencing (NGS) as 
demonstrated in Fig. 5.8, the gene sequencing is becoming cost effective and also 
newer mutations along with unknown mutations can be screened.

5.4  Overview of Cataract Genetics

Eye starts developing at 22  days of gestation. Fibroblast growth factor (FGF) 
induces migration, differentiation, and may be held responsible for polarity of the 
lens [18]. Bone morphogenetic protein (BMP) interacts with FGF during lens 
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induction as depicted in Fig. 5.9. The proteins encoded by genes Pax6, Pitx3, c-Maf, 
and Foxe3 are transcription factors which are vital for lens development [19]. The 
mutations are most commonly autosomal dominant, and absence of the function of 
a single copy has a profound effect on lens development. The timing of insult results 
in involving that part of lens developing during that period.

Autosomal-dominant cataract includes hyperferritinemia cataract syndrome, 
Volkmann-type congenital, Coppock-like, anterior polar, zonular with sutural, pos-
terior polar, cerulean, crystalline aculeiform, zonular pulverulent and myotonic dys-
trophy 1-like cataracts. Autosomal-recessive cataract includes Warburg micro 
syndrome, Hallermann–Streiff syndrome, Martsolf syndrome, Smith–Lemli–Opitz 
syndrome, Rothmund–Thomson syndrome, Marinesco–Sjogren syndrome, 
Wilson’s disease, and congenital cataract facial dysmorphism and neuropathy. 
X-linked recessive cataract includes Nance–Horan syndrome (NHS) and Norrie's 
disease [20, 21].

CANDIDATE GENE ANALYSIS

KNOWN GENE MUTATIONS

DISEASED POPULATION

ControlsCases

Families
Linkage Studies

Populations
Association Studies

(GWAS)

TECHNIQUE

STRATEGY

GENOME ANALYSIS

40% T, 60% C 15% T, 85% C

C/T

C/T C/T

C/T

C/T C/TC/C

C/C

C/C

C/C C/C C/C

C/CC/C

DNA Strand

Whole Genome
Protein

Exon

Intron

Gene

All exons = the exome
1% of whole genome

Fig. 5.7 Genetic analysis can be planned by different methods: (1) Family linkage analysis, (2) 
Genome wide association studies, and (3) Candidate gene analysis. Technique can be whole gene 
sequencing which is time consuming and not cost effective. The better alternative can be exon 
sequencing wherein the coding regions are sequenced. Illustration courtesy: Meghan Harrigan. 
Courtesy Meghan Harrigan. Figure 7 have been created by the mutimedia team under the authors’ 
guidance. Courtesy:1–6: Dr. Pranesh Balasubramanium

R. Shetty and A. S. Koshy



35

Age-related cataract loci are much harder to decode than congenital cata-
racts. They are usually studied using a combination of model-based and model-
free linkage analysis and association studies. Multiple generations of a single 
family are very difficult to study due to late age at onset. Also these cataracts 
commonly vary in severity and even appearance, and the mode of inheritance is 
complex.

5.5  Genes Underlying Isolated or Primary 
Inherited Cataract

According to Online Mendelian Inheritance in Man (OMIM), at least 42 loci have 
been identified for inherited forms of isolated orprimary cataract with minimal other 
ocular signs. They may be divided into four types based on subcellular localization 
and/or protein function, seen as cytoplasmic crystallins, membrane proteins, cyto-
skeletal proteins, and DNA/RNA-binding proteins.
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to form clusters Amplified DNA
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cameras record the
sequence of lights
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for de novo assembly of the
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Fig. 5.8 Comparison between Sanger sequencing and next-generation sequencing (NGS) tech-
nologies. Sanger sequencing is limited to determining the order of one fragment of DNA per reac-
tion, up to a maximum length of *700 bases. NGS platforms can sequence millions of DNA 
fragments in parallel (massively parallel) in one reaction, yielding enormous amounts of data. 
Figure 8 have been created by the mutimedia team under the authors’ guidance. Courtesy:1–6: Dr. 
Pranesh Balasubramanium
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5.6  Cytoplasmic Cyrstallin Encoding Genes

Hundred different mutations in 12 crystallins genes segregating in over 100 families 
have been recognized. These make up about 40–50% of all autosomal-dominant 
cataracts that have been reported thus far. CRYAA and CRYAB encode α-crystallins, 
two parts of the small heat-shock protein (sHSP) family; they form large multimeric 
complexes (Mr ~500 kDa) with chaperone-like properties [22].

Mutations in CRYAA are variably related to nuclear-type opacities and microcor-
nea. However, mutations in CRYAB are associated with several myopathies consis-
tent with its large expression in muscle where its binds and stabilizes desmin. 
Mutations in beta and gamma crystallins cause misfolding of proteins which could 
enable cataractogenesis [23].
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Fig. 5.9 Cell fate decisions during lens induction. Cell fate decisions and differentiation steps that 
occur prior to and during lens induction and differentiation. The signaling pathways involved 
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Development 2014 141: 4432–4447
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5.7  Membrane Proteins Encoding Genes

Transmembrane proteins account for transport, junctional, and kinase functions. 
GJA3 and GJA8 encode the gap-junction proteins connexin-46 and connexin-50, 
respectively. These oligomerize to produce hexameric gap-junction channels that 
areinvolved in lens intercellular communication (e.g., ions, electrolytes). Mutations 
in GJA3 and GJA8 are commonly linked with nuclear and zonular-pulverulent opac-
ities. They are responsible for about 20% of families with autosomal-dominant cata-
ract. Functional expression studies demonstrate that mutant connexins exhibit failed 
targeting to the cell surface and/or alter channel properties which compromise inter-
cellular communication [24].

MIP encodes the aquaporin-0 water channel which along with water transport, 
plays a critical role for lens integrity and transparency via important cell–cell adhe-
sion. Mutations in MIP underlie autosomal-dominant cataract with varied morphol-
ogies largely believed to cause abnormal retention of the mutant protein within the 
endoplasmic reticulum (ER) [25, 26].

EPHA2 encodes a member of the ephrin receptor subfamily of protein-tyrosine 
kinases and through its interaction with SRC kinase has been implicated in lens cell 
migration. Mutations in EPHA2 have been linked with autosomal dominant and 
recessive forms of cataract consistent with deleterious gain-of-function and loss-of- 
function mechanisms, respectively. Mutations clustered in the cytoplasmic sterile- 
alpha- motif domain underlying autosomal-dominant cataract have been shown to 
destabilize the receptor and impair Akt-activated cell migration in vitro [27–29].

Mutations in AGK have also been linked with “syndromic” cataract including 
infantile mitochondrial disease and Sengers syndrome.

CHMP4B mutations are associated with posterior-polar cataract shown to have a 
role for endosome–lysosome pathway in lens homeostasis [30].

WFS1 encodes the transmembrane protein, wolframin, located predominantly in 
the ER.  It playsa crucial role in regulating ER stress and calcium homeostasis. 
Typically, homozygous mutations in WFS1 underlie autosomal-recessive Wolfram 
syndrome 1, which entails diabetes insipidus, diabetes mellitus, optic atrophy, and 
deafness (DIDMOAD) [31].

5.8  Cytoskeletal Protein Encoding Genes

Genes encoding key components of the lens cytoskeleton or proteins that have func-
tional ties to the cytoskeleton are known to be fundamental in inherited cataract. 
BFSP1 (CP115 or Filensin) and BFSP2 (CP49 or Phakanin) encode intermediate 
filament-like proteins that combine with a-crystallin to form beaded-filament struc-
tures found only in lens fiber cells. Both autosomal dominant and recessive cataracts 
are demonstrated with mutations in BFSP1 and BFSP2. Mutations in the gene 
encoding ubiquitous intermediate filament, vimentin (VIM) has also been demon-
strated with autosomal-dominant pulverulent cataract [32].
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5.9  DNA- or RNA-Binding Proteins

Mutations in several transcription factor genes involved in eye development can 
present primarily as a cataract phenotype. HSF4 regulates transcription of sHSPs 
including lens CRYAB [33]. Mutations in HSF4 that underlie autosomal-dominant 
cataract lie within the alpha-helical DNA-binding domain.

PITX3 encodes a paired-like homeodomain transcription factor that plays a key 
role in the regulation of genes involved in lens development including MIP/AQP0 
[42]. PITX3 can be responsible for both dominant and recessive forms of cataract 
with or without anterior segment dysgenesis and microphthalmia.

5.10  Genes Associated with Age-Related Cataract

Several studies using a candidate gene approach have reported coding and noncod-
ing variations in some of the same genes underlying inherited cataract that arealso 
associated with age-related cataract. These genes include EPHA2 (1p), HSF4 (16q), 
GJA8 (1q), MIP (12q), LIM2 (19q), GJA3 (13q), and CRYAA (21q) [34–38]. It may 
be noted however, only the EPHA2 association has been replicated in different pop-
ulations including with cortical cataract in Caucasians and Han Chinese, with any 
cataract in Caucasians and Asians from China and India and with cortical cataract 
and PSC in Indians [34, 39–42].

5.11  Conclusion

Inspite of the increasing genetic heterogeneity, genetic studies in cataract are scien-
tifically and clinically relevant. They will provide a gene centric description of 
known Mendelian forms of inherited cataract. The morphological features of inher-
ited cataract will aid in diagnosing syndromic cases. The present classification of 
cataract is predominantly phenotypically driven leading to various interobserver 
variations. There is also increasing evidence that several genes of inherited cataract 
can predispose to age-related cataract suggesting that there exists a molecular link 
between lens development and aging. As exome sequencing becomes cost effective, 
these evidences will eventually lead us toward personalized medicine with bespoke 
treatment.
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6Genetics of Congenital Glaucoma
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6.1  Introduction

Derived from the Greek work glaukos (meaning bluish-green or gray color), glau-
coma represents the leading cause of irreversible blindness worldwide [1]. It is char-
acterized by the degeneration of retinal ganglion cells (RGCs) in a sequential 
manner leading to optic neuropathy with concomitant loss of visual field. 
Conventionally, vision loss starts peripherally trailed by the central fields and could 
progress to blindness, if left untreated. Individuals at any age group can be affected 
with glaucoma associated vision damage. Albeit it is an uncommon condition in the 
infancy and further stages of childhood, however, it is graver in nature impacting the 
visual development. The magnitude of glaucoma linked blindness as estimated by 
World Health Organization (WHO) is 4.5 million people. In Indian scenario, esti-
mates showed that at least 12 million people are affected by glaucoma with approxi-
mately 1.2 million people had glaucoma associated blindness.

Vision impairment and blindness continued to be a public health issue across the 
globe, where estimates from India with respect to childhood blindness range from 
0.5/1000 to 1.06/1000 [2]. Indeed, diminished vision or blindness at childhood age 
impacts on the growth, development, emotional conduct, and socioeconomic pros-
pects, as approximately 75% of learning emanates through vision.

Glaucoma in the childhood can be divided as primary or secondary, where pri-
mary refers to the isolated developmental anomalies of anterior chamber filtration 
angle while secondary results in reduced outflow of aqueous humor as an indepen-
dent subordinate mechanism along with other associated ocular or systemic 
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abnormalities. Based on age of onset, primary glaucoma can be again divided into 
primary congenital glaucoma (PCG)—seen from birth to 3 years of age or early 
childhood and juvenile open-angle glaucoma (JOAG)—4 years to early adulthood. 
In primary congenital glaucoma, there exists a maldevelopment of trabecular mesh-
work structure solely ensuing to aqueous drainage impediment, thus increase in 
intraocular pressure (IOP). Genetics contributes one among the risk factors and has 
been evidenced by several studies with regard to various glaucoma subtypes. Indeed, 
eclectic nature of glaucoma with several associated genes and variants underlying 
the pathogenesis of different subtypes, making it a complex entity. Overall, vision 
deterioration affects the individual’s quality of life. Appropriate timely recognition 
of disease by means of clinical and molecular diagnosis is of great importance to 
identify and treat avoidable blindness. This chapter is envisioned to provide an 
updated and comprehensive overview of clinical manifestations, epidemiology, 
pathophysiology, and genetic aspects of primary congenital glaucoma.

6.2  Primary Congenital Glaucoma (PCG)

6.2.1  Disease Overview and Definition

Primary congenital glaucoma (PCG) is a rare, genetically determined ocular dis-
ease, with abnormalities in the aqueous outflow pathways of the anterior chamber 
angle resulting in elevated intraocular pressure, in the absence of other ocular or 
systemic developmental anomalies. Earlier, several terms such as trabeculodysgen-
esis, goniodysgenesis, and primary infantile glaucoma have been used to describe 
this condition. International Classification of Childhood Glaucoma (2013) has 
replaced these variable terminologies with PCG. Based on age of onset, the variants 
of PCG included

• Newborn onset (0–1 month)
• Infantile onset (>1–24 months)
• Late onset or late recognized (>24 months)

Primary congenital glaucoma accounts for most of childhood glaucoma. It com-
monly manifests between the ages 3 and 9 months, and the new born onset PCG is 
the most severe form of presentation. Elevated IOP is often associated with the clas-
sic triad of photophobia, epiphora, and blepharospasm due to rapid expansion of the 
child’s ocular coats causing Buphthalmos, corneal enlargement, Haab striae (breaks 
in Descemet membrane) with consequent corneal edema and opacification due to 
scarring. PCG, though accounts for less than 0.01% of all eye diseases, it causes 5% 
childhood blindness across the world. Vision loss is due to corneal scarring, optic 
nerve damage, and amblyopia. The prognosis of visual outcome is variable in chil-
dren with PCG, those with milder disease or detected and treated earlier achieving 
vision 20/60 or better, whereas those with severe forms of the disease often manifest 
at birth cause blindness.
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6.2.2  Epidemiology

Since primary congenital glaucoma is a relatively rare ocular disorder, large-scale 
epidemiologic studies are not available. Childhood glaucoma seems to affect 
more than 330,000 children worldwide, most with significant loss of vision and 
close to two-thirds blind [3]. In the USA and Europe, it has an incidence of about 
1 in 10,000 to 68,000 live births. Reports from Sub Saharan Africa indicate that 
PCG accounts for 0.7–4% of all newly diagnosed glaucoma. PCG is ten times 
more common in ethnic and religious groups where consanguinity is very com-
mon [4]. The prevalence is higher, with more severe phenotypes reported in devel-
oping countries. In India, PCG is observed in 1 in 3300 live births and accounts 
for 4.2% of all childhood blindness [5]. In India, PCG typically presents with 
severe phenotype and near total corneal edema and scarring [6]. Highest known 
prevalence of PCG has been reported in Saudi Arabia (1 in 2500) and in Gypsies 
of Slovakia (1 in 1250) [7].

6.2.3  Clinical Presentation

Corneal epithelial edema that accompanies elevated IOP in PCG causes tear-
ing, photophobia, and blepharospasm. Corneal edema also causes initially 
intermittent and then persistent haziness of the cornea, and precedes breaks in 
Descemet membrane, called Haabs’ striae. Ocular enlargement, mainly at the 
corneo-scleral limbus under the influence of elevated IOP is characteristic of 
childhood glaucomas due to immature scleral collagen. As the cornea is con-
tinually stretched under the impact of persistently elevated IOP, breaks in 
Descemet’s membrane occur, allowing influx of aqueous humor into the cor-
neal stroma and epithelium, increasing corneal edema and haziness, with 
increase in symptoms of tearing and photophobia. Haabs striae are either single 
or multiple, appearing as parallel ridges on the posterior aspect of the cornea 
(referred to as the “rail-road track sign,” presenting as curvilinear ridges con-
centric with the limbus and across the visual axis. Though corneal endothelium 
eventually heals over the breaks, and corneal edema resolves, it usually results 
in irregular astigmatism.

When IOP is uncontrolled, continued corneal enlargement and tears in Descemet 
membrane may lead to corneal scarring, erosions, and ulcerations. Continued 
enlargement of the globe is less common after the age of 3–4 years, though the 
posterior sclera remains elastic and progressive lengthening of the globe posteriorly 
with increased axial length and myopia is common. Increasing myopia is a sign of 
progressive glaucoma in young children.

Continued enlargement of the globe with uncontrolled glaucoma or high IOP is 
uncommon after the age of 3–4 years, though elasticity of posterior sclera can still 
cause progressive myopia. Pain and photophobia are uncommon in older children. 
Increased cupping of optic disks and visual field defects are more commonly seen 
with progressive glaucoma in older children.

6 Genetics of Congenital Glaucoma
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6.2.4  Examination Under Anesthesia

Evaluation under anesthesia is generally performed to obtain details of clinical pre-
sentation when children with glaucoma present prior to the age of five and consist 
of measuring IOP, assessing cornea thickness and diameter, gonioscopy, ophthal-
moscopy, axial length measurements, cycloplegic retinoscopy, and ultrasound bio-
microscopy. In children with opaque corneas due to corneal edema or scarring, B 
Scan ultrasonography may also be indicated.

6.2.5  Pathophysiology of Primary Congenital Glaucoma

The normal development of the infant anterior chamber angle has been described by 
Anderson [8]. At about 5 months of gestation, the anterior surface of the iris meets 
the corneal endothelium to form the peripheral part of the anterior chamber angle. 
The cells destined to form the trabecular meshwork are posterior to the junction of 
the corneal endothelium and the iris. Ciliary muscles and ciliary processes enmeshed 
in loose connective tissue overlap the developing trabecular meshwork. The devel-
oping angle recess deepens and moves posteriorly due to differential tissue growth, 
exposing the trabecular meshwork to the anterior chamber angle by a process of 
posterior sliding of the iris, ciliary muscles and processes. The normal development 
of the anterior chamber of the eye is complete only by the first 6–12 months after 
birth. The various cells forming the anterior chamber angle structures are derived 
from neural crest by differentiating and migrating. Significant embryologic devel-
opment of the anterior chamber angle occurs in the third trimester, although embry-
ologic insults in first few weeks following fertilization can cause anterior chamber 
development anomalies and tissue dysgenesis. The anterior chamber angle of the 
eye, with peripheral iris and ciliary body in primary congenital glaucoma resembles 
that of the eye in the 7–8 months of gestation, due to a development arrest. The iris 
and ciliary body fail to recede posteriorly and resultant iris insertion and anterior 
aspect of ciliary body appear continuous with and overlap the posterior position of 
the trabecular meshwork. Anderson’s observations have confirmed the findings of 
Maumenee’s histologic studies which had shown an anterior insertion of ciliary 
body muscles. Longitudinal and circular muscles of the ciliary body insert into the 
trabecular meshwork rather than the scleral spur. Root of the iris was also observed 
to directly insert into the trabecular meshwork [9].

Anderson had also suggested that the apparent membrane described earlier by 
Barkan and Worst (Barkan’s membrane) was composed of the thickened, compact 
trabecular beams in the area of the meshwork, which gives the appearance of a 
membrane at a relatively low magnification of gonioscopy and operating micro-
scopes. Extensive histologic studies by both Anderson and Maumenee have failed 
to reveal the existence of a discrete Barkan’s membrane in the infant anterior cham-
ber angle. Clinical evidence supports the theory that the obstruction to aqueous 
outflow in primary congenital glaucoma is at the level of trabecular sheets. Incision 
of the trabecular sheets in goniotomy surgery, or opening of the Schlemm’s canal 
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directly into the anterior chamber by trabeculotomy relieves the obstruction and 
normalizes IOP. In angle surgeries such as these, the iris falls posteriorly and relieves 
the compaction of the trabecular beams and permits inter-trabecular spaces to 
open [10].

6.3  Genetic Architecture of Primary Congenital 
Glaucoma (PCG)

Frequent occurrence of congenital glaucoma in the people belonging to specific 
ethnicities made investigators to ponder about the role of genetic elements that 
underlie disease phenotypes. As stated by Westerlund, among the first references for 
the familial incidence of congenital glaucoma was acknowledged by Grelios in 
1836, where he observed the endemic occurrence of disease in the Jewish popula-
tion of Algiers [11, 12]. Later, another report attributed to Junken in 1842 by 
describing a Swedish family in which seven brothers manifested congenital glau-
coma phenotype while parents and two sisters were normally sighted which gives 
further allusion toward the existence of an autosomal recessive pattern of inheri-
tance [12]. Primary congenital glaucoma (PCG) accounts for about half of the glau-
coma cases in childhood and earlier noted observations by Grelios and Junken shed 
light on inherited nature of PCG disease. Contribution of genetics for PCG etiology 
is an established fact, though its sporadic form is mostly reported.

6.3.1  Pattern of Inheritance for PCG

As far as inheritance is concerned, autosomal recessive pattern in familial cases 
(10–40%) is mostly seen with variable penetrance (40–100%) [11, 13, 14]. 
Conceptually, in autosomal recessive condition, both parents carry mutation in het-
erozygous state (carriers) and without overt disease phenotype. Autosomal reces-
sive inheritance is particularly observed in ethnic groups including Saudi Arabians 
[7], Turks [14], and Slovak Roms [15] where higher incidence has been reported. In 
several cases of familial PCG, consanguinity in parents reported at higher rate 
which further correlates with the higher PCG incidence in those families as com-
pared to the secondary congenital glaucoma cases [16]. Further studies supporting 
the genetic basis for PCG explained by the higher concordance rate in monozygotic 
twins and discordance for dizygotic ones [13, 15].

Indeed, autosomal recessive pattern is mostly seen in familial cases; however, 
real scenario is bit complex, where bequest of PCG has been questioned. One of the 
reasons behind this is the variable penetrance in some families ranging from 90 to 
100% to low penetrance in some with a smaller number of affected siblings observed 
than anticipated in native recessive form. Other is unequal gender distribution, 
where affected boys seen two times more frequent than the girls, thus supporting the 
multifactorial inheritance. This speculation again corroborated by the findings of 
Merin and Morin in which 64 families were studied and revealed the likely 
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polygenic or multifactorial heredity for congenital glaucoma [17]. Pedigrees with 
autosomal dominant pattern have also been observed [18]. Because of higher con-
sanguinity rate and inbreeding practice in some ethnic groups, pseudo-dominance 
pattern has also been observed [12]. These discrepancies showed the existence of 
genetic heterogeneous nature of the disease [19–21] with variable penetrance and 
expressivity across diverse populations [22].

6.3.2  Genetic Loci for Primary Congenital Glaucoma

Substantial progress toward the understanding of PCG genetics has been enabled by 
the introduction of genetic linkage studies and positional cloning. These methods 
require the precise details of the disease phenotype and larger families who inherit 
disease as Mendelian traits. For the identification of loci associated with glaucoma, 
a specific nomenclature was made by the Human Genome Organization (HUGO) 
[23, 24]. In general, “GLC” stands for gene loci in glaucoma; “1, 2 and 3 numbers 
denote the respective primary glaucoma subtypes (open-angle, closed-angle and 
congenital/infantile glaucoma)”; while “A, B, C and D indicates the order of the 
mapped genes.” Herein, we will be focusing on the GLC3 loci referring to PCG 
disease.

6.3.3  PCG Related GLC3 Loci

Efforts have been made to discover the PCG associated loci and starting from 1995 
till 2008, four genetic loci have been identified for PCG which includes GLC3A 
(2p21), GLC3B (1p3), GLC3C (14q24.3), and GLC3D (14q24). In parallel, research 
groups also focused to determine the potential candidate genes in these loci. Later, 
fifth locus GLC3E (9p21) was also defined related to PCG. Table 6.1 depicts the 
overview of the identified PCG associated loci and candidate genes so far.

Table 6.1 Primary congenital glaucoma (PCG) associated genetic loci and genes

Locus Chr position
Phenotype MIM 
No. Gene MIM No. Inh.

GenBank Accession 
No.

GLC3A 2p21 231300 CYP1B1 
(601771)

AR NM_000104.3

GLC3B 1p36 600975 – AR –
GLC3C 14q24.3 613085 – AR –
GLC3D 14q24.2- 24.3 613086 LTBP2 (602091) AR NM_000428.2
GLC3E 9p21 617272 TEK/TIE2 

(600221)
AD NM_000459.4

Chr Chromosome, Inh. Inheritance, CYP1B1 Cytochrome P4501B1(see Sect. 6.4), LTBP2 Latent-
transforming growth factor beta binding protein 2 (see Sect. 6.6), TEK Tunica interna endothelial 
cell kinase (see Sect. 6.7; Angiopoietin-1 receptor), AR Autosomal Recessive, AD Autosomal 
Dominant
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GLC3A The very first genetic locus GLC3A linked for PCG mapped at chromo-
somal location 2p21 identified through linkage analysis of the families affected with 
PCG [25]. This study involved 17 Turkish families having bilateral PCG within 
6 months after birth and lacking other abnormalities. Furthermore, study revealed 
homogeneity to the associated markers at region 2p21-22 by 85% of the families 
representing it as a main PCG-linked locus. As the name indicates GLC3 “A” meant 
for first congenital glaucoma related locus as per the HUGO nomenclature. Later, 
association of GLC3A locus with PCG phenotype was also confirmed in large fami-
lies belonging to Saudi Arabia and Gypsies of Slovakia [7, 26]. Consequently, all 
the research findings and evidences accumulated through different ethnic studies 
confirmed the speculation regarding linkage of GLC3A with PCG, which possibly 
accounts for 85–90% of familial cases.

GLC3B Subsequently, a second locus was mapped on chromosome 1p36  in a 
study involving eight families (seven Turkish and one Canadian) with PCG pheno-
type. Since, no association was identified at primary 2p21 locus in these families; 
further treads were taken to explore another new locus for PCG, which finally led to 
the identification of this second locus GLC3B. However out of eight families, four 
families did not link to this region on chromosome 1, suggesting the presence of 
another locus for recessive form of PCG [27].

GLC3C Some years later after the identification of two PCG loci, Stoilov and 
Sarfarazi studied a five-generation consanguineous family unlinked to GLC3A and 
GLC3B loci to unravel additional PCG associated genetic locus through genome- 
wide screening of 235 polymorphic markers. This work demonstrated the presence 
of third locus GLC3C on 14q24.3 chromosomal region [28].

GLC3D Firasat et  al. reported another locus GLC3D mapped to chromosome 
14q24 for recessive PCG in two consanguineous families from Pakistan which yet 
again added to the genetic repertoire for PCG [29].

6.3.4  Candidate Genes Identification for the PCG-Linked Loci

Probing for potential disease-causing genes, one can think of basic approaches. 
Firstly, either expression or function of a presumed gene substantiates with the 
disease phenotype and pathology for its candidature; or secondly, positional clon-
ing as an alternative choice where position of candidate gene narrowed down 
amidst the genetic locus under study, which is actually challenging. However, first 
method often hindered by the inadequate information in terms of gene function, 
expression and its causal mechanism toward the development of disease pheno-
type. Using conventional molecular and genetic methods (linkage analysis, posi-
tional cloning, etc.), so far three candidate genes linked with PCG pathogenesis 
have been discovered (see Table  6.1) which will be discussed in consecutive 
sections.
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6.4  Cytochrome P4501B1 (CYP1B1)—“GLC3A”

Identification of PCG loci made a pathway for the researchers to further hunt for the 
definite disease related genes. Ensuing earlier studies, Stoilov and colleagues in 
1997 identified the first candidate gene responsible for PCG pathogenesis [30] using 
positional cloning approach (see Fig.  6.1). This gene was cytochrome P4501B1 
(CYP1B1) which mapped to the candidate region of GLC3A (2p21). Three different 
mutations in affected families were detected on sequencing of the gene. These 
mutations were also segregated in five families with PCG phenotype which were 
earlier related to locus GLC3A. Subsequently, many other reports from different 
ethnicities including Saudi Arabia, Turkey, United Kingdom, Canada, Slovaks, and 
Japanese showed the association of CYP1B1 mutations in PCG families [7, 31–34].

Fig. 6.1 Schematic representation for CYP1B1 gene, protein structure, and spectrum of reported 
mutations. Predominant mutations across various ethnic groups marked in green
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6.4.1  CYP1B1 Protein and Expression

CYP1B1 encodes cytochrome P450 1B1 protein (cytochrome P450, family 1, sub-
family B, polypeptide 1) belonging to CYP450 superfamily which are heme- binding 
monooxygenases [30, 35, 36]. These CYP450 have absorption at 450 nm and con-
sist of a heme group [37]. They are reported to be localized on membrane of endo-
plasmic reticulum or mitochondrial inner membrane [38]. CYP1B1 is involved in 
metabolism of substrates including endogenous (such as estradiol, steroids, retinals, 
arachidonic acid) and exogenous ones, cell signaling, catalyzes NADPH-dependent 
monooxygenation of various xenobiotics [36, 38–41]. Besides, it is also capable to 
metabolize all-trans-retinol (vitamin A) into all-trans-retinal and all-trans-retinoic 
acid [42, 43]. Among the CYP450 superfamily, it was the first instance where muta-
tions in human CYP1B1 associated with primary developmental defect [30, 44]. 
Importance of CYP1B1 to metabolize retinoic acid (RA) which is crucial for ocular 
development also been suggested to have implications in PCG pathology [45, 46]. 
Additionally, arachidonate which is a cytochrome-P450-dependent metabolite has 
been reported for inhibiting corneal Na+-K+-ATPase having a vital role in regulating 
the transparency of cornea and aqueous secretion. Noteworthy, concordance of this 
research finding is with the key diagnostic phenotypes seen for PCG patients such 
as corneal clouding and increased intraocular pressure [47].

Concerning the expression pattern, Sutter et  al. reported the human CYP1B1 
protein expression in different non-ocular tissue samples [39]. Lacking the knowl-
edge of protein expression in ocular tissues, it was tough to construe the role of 
CYP1B1  in the congenital glaucoma pathogenesis. Later, immunohistochemical 
and immunolocalization studies reported the CYP1B1 expression in various tissues 
of eyes which includes iris, corneal epithelium, retina, ciliary body, and trabecular 
meshwork (TM) in addition to nucleus of kidney tubule cells, breast secretory cells 
[48–51]. However, no expression of CYP1B1 in the TM was also suggested along 
with its significant association in the development of human fetal eyes which is sup-
ported by the higher expression of CYP1B1 in fetal ocular tissues than adult ones 
[52, 53]. Overall, these observations suggest that CYP1B1 might have significance 
in the ocular tissue development and their maturation [51, 54–56]. On the contrary, 
in case of ocular tissues of the mouse, scenario is reverse which was demonstrated 
by Choudhary and colleagues. Immunohistochemical analysis of CYP1B1 protein 
in mouse eye revealed increased expression with ascending age suggesting the dif-
ferent expression patterns in humans and mouse [56].

6.4.2  Structural Components of CYP1B1

CYP1B1 gene consists of three exonic regions and two introns, of which first exon 
is non-coding. With ORF of 1629 bp, 543 amino acid long CYP1B1 protein encoded 
by exon 2 and 3 [57] (see Fig.  6.1). This protein comprises a membrane-bound 
hydrophobic region at amino terminal, proline rich hinge region of ten residues, and 
a 480 amino acid globular domain at cytosolic site. Proline residues in peptide chain 
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aids in flexibility to the structure and mutations inducted in this region affect proper 
folding along with property of heme-binding by other CYP450 molecules [58]. It is 
noteworthy, highly conserved C-terminal regions of CYP450 family consist of con-
served core structures (CCS) or domains which are responsible for binding of heme 
group by these molecules. This heme-binding region is vital and truncating muta-
tions at this essential region might abolish it, perhaps resulting into functional null 
alleles [48]. Moreover, enzymatic activity and stability could also be impaired 
because of CYP1B1 mutations besides affecting the protein localization to the mito-
chondrial membrane as well [59, 60]. Further studies are on the way to understand 
the functional importance of CYP1B1 mutations in PCG disease pathogenesis.

6.4.3  CYP1B1 Mutational Landscape of PCG

Cytochrome P4501B1 (CYP1B1) gene mutations have been acknowledged as the 
prime molecular cause for primary congenital glaucoma. A wide landscape of PCG 
associated mutations in the CYP1B1 gene been known with existing clinical and 
genetic heterogeneity. So far, more than 150 distinct mutations (including missense, 
nonsense, and indels) have been reported in the CYP1B1 gene across various coun-
tries with varied prevalence [61]. It is 20% for Japanese PCG cases, 44% for Indians, 
33.3% among Indonesians, and 50% in case of Brazilians [61]. For the patients 
belonging to Morocco, it is about 47.7%, 14.9% for the USA, and about 75.9% for 
Saudi Arabians. Predominant CYP1B1 mutations have been observed in the PCG 
patients belonging to Saudi Arabia and Gypsies due to practice of consanguineous 
marriages and inbreeding. Moreover, mutations in this gene constitute about 87% 
familial and 27% of sporadic cases [12, 61]. Mostly, missense mutations are 
reported, either at hinge or cytosolic region having the conserved core structures of 
the CYP1B1 protein, thus affecting protein function. Comprehensive list of muta-
tions across the CYP1B1 gene exons has been reviewed by Li et al. [62]. Schematic 
representation of CYP1B1 gene and protein structure marked with the reported 
mutations (including mostly missense) associated with PCG is summarized in 
Fig. 6.1. Though, this is not a complete list, worldwide mutation list can be viewed 
from various databases including LOVD (Leiden Open Variation Database) and 
HGMD (Human Gene Mutation Database).

Variability in the expression and penetrance of CYP1B1 gene mutations has been 
observed. To exemplify, PCG in newborns is more likely to be associated with 
CYP1B1 mutations, while there might be reduced severity in the disease phenotype 
by the same mutation at childhood stage [24]. Factors such as disease severity, bilat-
erality, presence of family history, and consanguinity increase the possibility for the 
identification of mutations linked to disease pathogenicity.

Concerning the distribution of CYP1B1 mutations in Indian population, pub-
lished literature showed the varied frequency of predominant mutations among dif-
ferent ethnic backgrounds due to heterogeneity in Indian population. Several 
mutations including both novel and reported ones have been revealed through vari-
ous research groups from India (see Table 6.2).
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Table 6.2 Overview of the PCG associated CYP1B1 mutation studies from Indian population

Study details Identified mutations Additional information
Identification of Novel 
Mutations Causing Familial 
Primary Congenital 
Glaucoma in Indian 
Pedigrees

Panicker et al. [63]

Recruited 5 consanguineous 
PCG families—22 members
Identified five different 
mutations in eight patients

Novel mutations
Frameshift Hom 
mutation: 376insA 
(Ter@223)
Compound Het Missense: 
P193L & E229K
Reported Mutations
Hom Missense mutations: 
G61E & R368H

• 376insA: Premature Stop codon 
leading to Truncation of ORF
Ter@223—eliminated all 
CYP1B1 domains resulting in 
functional null allele (natural 
functional CYP1B1 knockout).
Patient with this mutation were 
blind
• P193L & E229K: Daughter 
(Proband) and Mother—two 
affected generations with varying 
severity of disease

Mutation spectrum of the 
CYP1B1 gene in Indian 
primary congenital 
glaucoma patients

Reddy et al. [64]

Recruited 64 unrelated cases 
of PCG from different ethnic 
groups of India
Identified 16 pathogenic 
mutations (including 7 novel) 
in 24 cases

Novel mutations
Frameshift mutations: 
c.100_122del23 
(H34Afs*182; Del of 
23bp)
c.1063_1064delCG 
(R355Sfs*19; Del of 2bp)
Missense mutations: 
A115P, M132R. Q144P, 
S239R, G466D

• G466D: residue is a part of the 
“signature sequence” (NH2- 
FXXGXXXCXG- COOH), present 
in all heme-binding cytochromes; 
Poor visual prognosis seen in the 
proband
• Observed lower CYP1B1 
mutation frequency than Saudi 
Arabian, Gypsies, and Turkish 
populations—genetic 
heterogeneity and ethnic 
diversities

Genotype–phenotype 
correlation—Variable prognosis 
observed
• Q144P: Proband had better 
prognosis with normal IOP and 
improved visual acuity
• R368H: Most prevalent; 
relatively better visual prognosis 
for hom and het allele; Probands- 
compound het for R368H either 
with G61E/R390H-intervened at 
later ages

Molecular genetic analysis 
of a consanguineous south 
Indian family with congenital 
glaucoma: relevance of 
genetic testing and 
counseling

Ramprasad et al. [65]

Recruited consanguineous 
South Indian Family with 
congenital glaucoma

Novel mutation
Truncation hom mutation: 
Q110*

• Q110*: Present in the presumed 
active site of the protein which is 
adjacent to the critical hinge 
region (near N-terminal).
• Truncation of crucial protein 
motifs: I-Helix, K-Helix, 
Meander, Heme binding regions

(continued)
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6.4.4  Predominant PCG Associated CYP1B1 Mutations 
in Different Ethnic Populations

While looking at the overall mutations distribution of CYP1B1 gene, the missense 
mutation G61E predominates followed by R368H/L, R390H, E387K, and 
R469W.  This sequence further trailed by 8037dup10, 4340delG, 4490G>A, 
R390C/S, and 4339delG mutations [62].

Asians Literature reviewed in a study by Li et al. showed that mutations, namely 
V364M, L385F, and R390H are the most prevalent one. However, for Indian PCG 
cases R368H mutation has been identified as predominant, yet no clinical associa-
tion was seen for this mutation with regard to disease severity [64, 69, 70]. However, 
mutations P129L, E229K, R368H, R390C, and G61E found to be recurrent with 

Table 6.2 (continued)

Study details Identified mutations Additional information
Mutation spectrum of 
CYP1B1 in North Indian 
congenital glaucoma patients

Tanwar et al. [66]

Recruited 50 patients with 
congenital glaucoma and 50 
controls
Screened for 6 prevalent 
mutations: Ter@223, G61E, 
R390C, R368H, P193L, and 
E229K

Novel Mutations
Missense mutations: 
L24R, F190L & G329D
Reported Mutations
Ter@223, R390H & 
R368H

Percentage of cases identified 
with mutations:
• Ter@223—18%
• R390H in 16%
• R368H in 8%
• Ter@223: Most prevalent 
mutation in this study
• R368H: Most prevalent in south 
India
• Variable frequency seen—due to 
the heterogeneous Indian 
population

Identification of four novel 
cytochrome P4501B1 
mutations (p.I94X, p.H279D, 
p.Q340H, and p.K433K) in 
primary congenital 
glaucoma patients

Tanwar et al. [67]

Recruited 23 unrelated PCG 
patients and 50 controls

Novel mutations
I94X (Hom), H279D 
(Het), Q340H (Het), 
K433K
Reported mutations
Pathogenic mutations
E229K, R355X, R368H, 
R390C, R390H
6 Reported SNPs: 
rs2617266, rs10012, 
rs1056827, rs1056836, 
rs1056837, rs1800440

• I94X (Hom)—lacks all 
functional domains of CYP1B1 
protein
• R355X—produces 354 amino 
acids truncated protein resulting 
into loss of the heme-binding 
domain (functionally inactive 
protein)
• Truncating mutations: I94X 
and R355X associated with most 
severe disease phenotype

Candidate Gene Analysis 
Identifies Mutations in 
CYP1B1 and LTBP2 in 
Indian Families with Primary 
Congenital Glaucoma

Yang... P. Sundaresan. [68]

Recruited eight Indian PCG 
families—WES

Novel mutation
Missense mutation 
(Hom): G466V
Reported mutations
Missense mutations 
(Hom): R469W, P400S, 
R368H

This study further expands the 
mutation landscape of PCG in the 
Indian population

Het Heterozygous, Hom Homozygous, CD Ratio cup-to-disk ratio, WES Whole-exome sequencing
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cumulative frequency of 30% in Indian PCG families. Furthermore, haplotype anal-
ysis in different populations revealed that in case of PCG carrying CYP1B1 muta-
tions, “C-G-G-T-A” being the most prevalent haplotype, whereas the most common 
haplotype for control is “G-T-C-C-A” [71].

Caucasians Nine mutations, viz. R368H, 8037dup10, R390H, 7901del13, 
4340delG, G61E, E387K, E229K, and R390C/S appeared to be most prevalent in 
Caucasians [62].

Gypsies Observations made by Li et al. showed that mutation E387K was the most 
predominant (79.63%) among all CYP1B1 mutations for Gypsies [62].

Middle East Countries Mutation G61E is the most common or founder CYP1B1 
mutation (45.52%) for Middle Easterners followed by R390H (8.71%), R469W 
(8.21%), and 4339delG (5.72%) [62].

Brazil 4340delG mutation is the most prevalent one and patients harboring this 
variation had disease in both eyes, age onset within first month with increased IOP 
(25–55 mmHg) [72].

6.4.5  Genotype (CYP1B1 Mutations)–Phenotype (PCG) 
Correlations: A Complex Scenario

With a mounting number of PCG-linked CYP1B1 mutations, attempts are on the 
way to comprehend the correlations of these potential mutations with disease phe-
notype which could furnish profound insights into pathogenetic mechanism. Thus 
far, few studies provide the evidences for genotype–phenotype associations. A good 
exemplar has been demonstrated in a study by Stoilov and colleagues, where 21 
Brazilian PCG patients out of 52 (20.2%) identified with predominant 4340delG 
CYP1B1 mutation. Clinical assessment of twelve subjects (with 4340delG muta-
tion) revealed severe disease phenotype. They were bilateral with age of onset 
within first month of life and elevated intra ocular pressure between 25 and 55 mmHg 
[72], together with poor surgical response observed in comparison to subjects lack-
ing this mutation.

Even though, G61E is the founder mutation for Middle Easterners, noteworthy, 
44.2% of Saudi patients harboring G61E did not display disease phenotype on pre-
sentation, demonstrating incomplete penetrance [52]. In case of Iranian patients 
with G61E mutation, onset age was seen within 3 months of life bilaterally along 
with elevated IOP [73].

Moving toward further understandings underlying the variable gene–phenotype 
correlations, a study has reported four affected American PCG subjects of a family 
who were compound heterozygous for E387K and 268delSNF mutations [74]. 
Among the four subjects, only two displayed severe phenotypes with early onset 
and IOP range of 25  mmHg for right and 28  mmHg for left eye together with 
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corneal edema. On the contrary, other two siblings carrying the same mutation did 
not manifest any symptoms of glaucoma until their mid-teenage age. Another 
patient from third generation had severe glaucomatous symptoms including corneal 
edema with increased IOP (28–30 mmHg) from the time of birth. This patient har-
bors compound heterozygosity for 8037_8046dupTCATGCCACC and 268delSNF 
mutations.

With reference to the perspectives from Indian population, a study was attempted 
by Panicker et al. using larger number of PCG patients to understand the correla-
tions between severity of PCG disease phenotype and six CYP1B1 mutations (viz. 
Ins376A, P193L, E229K, R390C, G61E, and R368H) [70]. Clinical parameters 
considered in this study included IOP, cup-to-disk ratio (CD ratio), corneal diame-
ter, corneal clarity, and visual acuity. This study revealed that the genotype perhaps 
could be an indicator for disease prognosis prediction. Patients harboring ins376A 
frameshift (100% of cases) and R390C (83.3%) homozygous mutation revealed the 
most severe phenotypes with very poor prognosis which could be explained by lack-
ing of CYP1B1 protein domains due to functional null allele [63]. To add more, 
patients presented with severe phenotype in at least one eye for the respective muta-
tions in percentages were 80% for E229K mutation, 72% with R368H, 66.7% for 
G61E mutation, and 62.5% with P193L. Variety of different mutations results into 
diverse pathological clinical phenotypes ranging from least or mild effect to 
extremes. Notably, correlating the genotype–phenotype for the patient data sets is 
the most significant step which could be helpful to understand the disease prognosis 
in a better way and hence abet in genetic counseling as well to the affected families.

6.5  Genes for GLC3B and GLC3C Loci

Reported to be GC-rich region and mapped to chromosome 1p36, PCG-linked 
GLC3B locus harbors malignancies associated various tumor suppressor genes, but 
none of them reported to be linked with PCG [52]. Likewise, genes including 
Neurexin 3A, Maleylacetoacetate Isomerase, Nuclear Receptor ERRB2, KIAA0759, 
Glutathione Transferase Zeta 1, Serine Palmitoyl Transferase Subunit II, and Alk B 
protein Homolog covered in the GLC3C locus region, however, neither of them 
been characterized for PCG. Therefore, hitherto no candidate gene has been recog-
nized for both of these PCG-linked loci.

6.6  Latent Transforming Growth Factor (TGF)-Beta Binding 
Protein 2 (LTBP2): Locus “GLC3D”

Initial linkage studies defined fourth PCG associated locus (1.3  Mb proximal to 
GLC3C locus) on chromosome 14q24.2-24.3 (GLC3D) in consanguineous families 
of Pakistani origin [29]. Subsequently, in 2009, Ali et  al. studied four Pakistani 
consanguineous families and patients belonging to the European Gypsies ethnicity 
with PCG phenotype [75]. After careful analysis, literature review, and probable eye 
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related function, they prioritized the target genes and finally arrived at the second 
most gene LTBP2 implicated for PCG. Various mutations in LTBP2 (latent trans-
forming growth factor beta binding protein 2 gene, MIM 602091) have been 
reported in Pakistani patients and Gypsies following the autosomal recessive inheri-
tance pattern.

Being the largest member of latent TGF-beta family, LTBP2 gene consists of 36 
exons and encodes a multi-domain extracellular matrix (ECM) protein of 1821 
amino acid residues (see Fig. 6.2). With the probable role in cell adhesion and tissue 
repair, LTBP2 protein reported to associate with microfibrils containing fibrillin-1. 
The distribution and role of transforming growth factor-β1 and LTBP (latent form 
binding protein) in the anterior segment of eyes with pseudoexfoliation syndrome 
has been already studied [76]. Moreover, expression of LTBP2 has also been identi-
fied in trabecular meshwork, ciliary body and its processes [75]. Consequently, 
LTBP2 gene mutations could be the plausible reason underlying PCG associated 
ocular congenital abnormalities, thereby might lead to increase in intraocular pres-
sure (IOP) which is an important risk factor.

Various research groups documented LTBP2 gene mutations in different popula-
tion [68, 75, 77–80]. Details for the LTBP2 mutations reported from different ethnic 
groups are given in Table 6.3. Ali et al. reported c.C895T (p.R299X) mutation in 
one of the Pakistani family and in Gypsies [75]. Their study suggested p.R299X as 
the founder mutation in the Gypsies which accounts for about 40% of PCG patients 
and more than half of the CYP1B1 negative cases. Therefore, this mutation is con-
sidered for molecular diagnosis. It was also suggested that LTBP2 null mutations 
consequently might modify structural and elasticity of trabecular meshwork, thus 
producing PCG disease phenotype. Homozygosity for the same mutation p.R299X 
in Roma/Gypsy PCG patients has been correlated with severe clinical phenotype 
and poor prognosis [78].

Fig. 6.2 Representative image of LTBP2 gene, protein domains with reported mutations

6 Genetics of Congenital Glaucoma



56

Genetic mutations in the LTBP2 gene were also reported by research groups 
from India. In 2013, Mohanty et  al. detected a single nucleotide polymorphism 
rs3742793 in the intronic region. There were no pathogenic mutations identified in 
north Indian patients [81]. In another study on Indian PCG patients, whole-exome 
sequencing (WES) identified a single LTBP2 mutation (W807X) and suggested this 
mutation as a founder mutation, hence could be considered for molecular diagnosis 
in the Indian population [68]. Furthermore, in some rare cases which include other 
ocular anomalies such as megalocornea, ectopia lentis, microspherophakia, primary 
open-angle glaucoma, pseudoexfoliation syndrome, primary angle-closure glau-
coma, and Weill–Marchesani syndrome, homozygous LTBP2 mutations were 
reported by different investigators [82–86].

6.7  Tunica Interna Endothelial Cell Kinase (TEK): “GLC3E” 
Fifth Locus for PCG

Fifth locus “GLC3E” mapped at chromosome 9p21 has been identified for PCG 
containing tunica interna endothelial cell kinase gene (TEK/TIE2) which encodes 
tyrosine kinase receptor to which its ligand angiopoietin-1 (ANGPT-1) binds and 
regulates the vascular system stability. Representative illustration for TEK (Tie2) 
gene and encoded protein domains is given in Fig. 6.3. Located predominantly in 
vascular endothelial cells [87] including Schlemm’s canal (SC) in the anterior 
chamber angle of eye, TEK tyrosine kinase receptors mediate their work by auto- 
and transphosphorylation [88]. In a study by Thomson and colleagues, involvement 
of angiopoietin/TIE2 as a crucial signaling pathway for the development of SC in 
mice has been demonstrated [89]. Deletion experiments of TEK and angiopoietin 
ligands showed developmental loss of SC, IOP elevation, loss of retinal ganglion, 
and glaucoma in the mice.

Table 6.3 Pathogenic LTBP2 mutations identified in PCG patients

Nucleotide change Protein change Ethnicity Reference
c.331C>T p.Q111* Pakistan Ali et al. [75]
c.412delG p.A138Pfs*142 Pakistan
c.895C>T p.R299* Gypsy
c.1243_1256del14 p.E415Rfs*183 Pakistan
c.5376delC p.C1793Afs*55 Iran Narooie-Nejad et al. [77]
c.1417delC p.L473Wfs*2 Iran
c.4808G>A p.R1603H Iran
c.5376delC p.Y1793 fs*55 Iran
c.895C>T p.R299* Roma/Gypsy Azmanov et al. [78]
c.4031_4032insA p.D1345Gfs*6 Pakistan Micheal et al. [79]
c.4934G>A p.R1645Q Pakistan
c.2421G>A p.W807* South India Yang et al. [68]
c.3028G>A p.D1010N Pakistan Rauf et al. [80]
c.3427delC p.Q1143Rfs*35 Pakistan
c.5270G>A p.C1757Y Pakistan
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In 2016, Souma et al. published the results of exome sequencing on PCG fami-
lies with unidentified etiology and revealed heterozygous TEK mutations in 10 
patients out of 189 following autosomal dominant inheritance pattern with variable 
expressivity [88]. Out of ten cases, seven were without family history of glaucoma. 
Cellular mechanisms behind these TEK loss of function (Lof) mutations resulting in 
haploinsufficiency include no normal production of protein, aggregate formation of 
protein, greater proteosomal degradation, reduced ligand stimulation, thus affecting 
signaling. Collectively, their results demonstrated abridged TEK signaling affecting 
the aqueous humor outflow as a mechanism underlying or predisposing toward PCG 
disease development.

Followed by another study in 2017, the aforementioned research group identified 
three ANGPT1 mutations out of 284 PCG cases and demonstrated the importance of 
ANGPT/TEK axis in the pathogenesis of glaucoma with severely hypomorphic 
Schlemm’s canal resulting into increase in IOP, thus emphasizing the functional 
role of this pathway in the eye’s anterior part [90]. A study from India also reported 
TEK mutations [91] and observed the interaction between TEK and CYP1B1 sug-
gesting potential digenic inheritance.

Recently, Young et al. investigated eight families with PCG and reported new 
LoF TEK variants in heterozygous state [92]. In one of the family, four affected 

Fig. 6.3 Schematic representation for TEK (Tie2), protein domains with reported mutations 
marked across various domains. Marked reported PCG associated mutations (Black-Souma et al. 
[88]; Red-Kabra et al. [91] from Indian PCG patients; Green-Young et al. [92])
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subjects had an extra SVEP1 gene variant (p.R997C) along with a TEK variant 
(p.A841V). SVEP1 (MIM 611691) is Sushi, Von Willebrand factor type A, epider-
mal growth factor, and pentraxin domain containing-1 gene, essential for the forma-
tion of lymphatic vessel in zebrafish and mice [93, 94]. In the study by Young et al. 
authors hypothesized SVEP1 as a modifier of TEK expression. Furthermore, 
decreased TEK signaling and consequent increased penetrance and severity of dis-
ease was stated [92]. Details of TEK receptor and ANGPT1 gene mutations reported 
from different ethnicities are listed in Table 6.4.

Table 6.4 List of TEK and ANGPT1 gene mutations identified in PCG patients and overview of 
digenic inherited gene mutations

Nucleotide change Protein change Ethnicity Reference
TEK mutations
c.448G>T p.E150* European (American) Souma et al. [88]
c.760+2T>C p.A254Gfs*3 European (Australian)
c.921C>A p.Y307* Latino
c.2232dupG p.K745Efs*76 European (Australian)
c.2950G>T p.G984* European (Italian)
c.3300+2delT p.Y1068Pfs*3 European (Australian)
c.698G>A p.C233Y European (American)
c.882G>C p.K294N African (American)
c.1832A>G p.Y611C European (American)
c.53_628del (exon 
2-4)

p.T19_R210del Romani

TEK mutations from South Indian cohort
c.309A>C p.E103D Indian Kabra et al. [91]
c.355C>T p.R119C
c.443T>C p.I148T
c.641A>C p.Q214P
c.855T>A p.Y285X
c.899A>G p.E300G
c.911C>T p.P304L
c.1199A>G p.H400R
c.1237C>T p.R413W
c.2228G>C p.G743A
c.2852G>A p.G951D
c.3131G>A p.C1044Y

European
c.563T>G p.V188G European (Portugal) Young et al. [92]
c.2712C>G p.Y904* European (Australia)
c.3103G>C p.G1035R European (Australia)
c.407G>T p.G136V South Asian (Iran)
c.731C>G p.P244R South Asian (Iran)
c.578A>G p.Y193C European (America)
c.1624+5G>A p.Val497_Ile541del European (America)
c.2522C>T (TEK)
c.2989C>T (SVEP1)

p.A841V
p.R997C

European (America)

(continued)
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6.8  Digenic Inheritance in PCG Associated Genes

For complex genetic diseases, digenic inheritance (DI) is defined as the simplest 
form of oligogenic inheritance. In humans, the foremost literature on DI was 
reported in case of retinitis pigmentosa (RP) in 1994 [95]. Following this, several 
studies reported DI in many disease phenotypes. Digenic mode of inheritance for 
primary congenital glaucoma (PCG) has been suggested and furnished by evi-
dences, where genes interact with each other and might explain the phenotype in 
patients. The initial studies on DI for glaucoma was provided by Vincent et al. which 
suggested CYP1B1 as a probable modifier gene for the expression of MYOC and 
their possible interaction by a mutual pathway [96]. Later, in 2005, a study from 
south Indian cohort reported implication of MYOC gene for PCG [97]. The study 
involves 72 PCG patients, out of which only 12 had heterozygous CYP1B1 muta-
tions, suggesting the partaking of other gene(s). On screening, a patient was identi-
fied as duple heterozygous for CYP1B1 (c.G1103A; R368H) and MYOC (c.G144T; 
Q48H), implying digenic inheritance of these two unlinked genes for PCG. Three 
additional PCG patients were identified with same MYOC mutation but no CYP1B1 
mutation.

Yet another study by Chakrabarti and group identified two cases with two hetero-
zygous variants in FOXC1 and CYP1B1 genes, however their role in disease pathol-
ogy has to be known and overall, this study suggested limited involvement of 
FOXC1 in PCG pathogenesis [98]. Additionally, interaction of CYP1B1 with tyrosi-
nase (Tyr) gene has also been reported. In mice studies, with both CYP1B1 and Tyr 
knocked out showed severe defects in eye anterior angle drainage structures 

Table 6.4 (continued)

Nucleotide change Protein change Ethnicity Reference
ANGPT1 mutations
c.706C>T p.Q236* European 

(Australian)
Thomson et al. [90]

c.1480C>T p.R494* European (American)
c.746A>G p.K249R African (Australian)
Evidence for digenic inheritance (TEK and CYP1B1 mutations co-occurrence)
TEK mutations CYP1B1 mutations
p.E103D p.A115P Indian Kabra et al. [91]
p.I148T p.R368H
p.Q214P p.E229K
p.G743A

p.E150*, p.Y307*, p.G984*, p.A254Gfs*3, p.K745Efs*76—undergo either nonsense-mediated 
decay (NMD) mediated loss of transcript or TEK protein truncation. p.Q236*—Nonsense-
mediated decay of transcript; p.K249R—study could not identify defects in variant protein with 
respect to oligomerization, secretion, ability of receptor binding; p.K249R might be a population-
specific benign variant.
Reference sequences: TEK—NM_000459.4 and NP_000450.2., SVEP1—NM_153366.4. and 
NP_699197.3., ANGPT1—NM_001146.3. and NP_001137.2.
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compared to mice lacking CYP1B1 alone [99]. They identified that deficiency of Tyr 
increases the extent of dysgenesis, possibility of this pathway in PCG. However, no 
association of Tyr was suggested for PCG with being a non-modifier for CYP1B1 in 
humans [100].

One more important exemplar for the existence of digenic interaction between 
CYP1B1 with TEK (an angiopoietin receptor) has been noted [91]. Involvement of 
TEK mutations in PCG pathogenesis has already been explained in aforementioned 
segment (see Sect. 6.7). Autosomal recessive inheritance pattern for PCG is well 
established, though autosomal dominant pattern has also been reported in case of 
TEK gene mutations in a study of Souma et al. [88]. To ascertain the second muta-
tion in autosomal recessive PCG cohort harboring heterozygous TEK mutations and 
for evaluating the co-occurrence of two mutations, a study using targeted sequenc-
ing strategy was conducted in south Indian patients [91]. Twelve heterozygous TEK 
gene mutations were identified. Intriguingly, four mutations: p.E103D, p.I148T, 
p.Q214P, and p.G743A co-occurred with three CYP1B1 gene heterozygous muta-
tions: p.A115P, p.E229K, and p.R368H (see Table  6.4). However, parents were 
asymptomatic with either of these mutations, which implies a potential digenic 
inheritance. CYP1B1 variants: p.E229K and p.R368H were reported to display 
altered estradiol and retinoid metabolism [101]. These interactions were also ascer-
tained by various methodologies together with co-transfection and pull-down assays 
using HEK293 cell lines. Experiments clearly demonstrated the perturbed interac-
tions in presence of disease associated alleles, reduced TEK responsiveness of 
ligand stimulation, thus affecting signaling process. Altogether, these evidences 
help at least in part toward understanding the variable expression, clinical and 
genetic heterogenous nature of disease entity, and CYP1B1 interactions with 
MYOC and TEK further bestow support to digenic mode of inheritance pattern for 
PCG, yet much more remains to be explored.

6.9  Developmental Anomalies and Glaucoma

Glaucoma at early age may also arise secondarily to developmental anomalies of 
the anterior angle structures of eye owing to abnormal differentiation of neural crest 
cells and sometimes associated with other systemic features as well. These condi-
tions include Axenfeld–Rieger Syndrome (ARS), Peters’ anomaly, Aniridia, and so 
on with variable phenotypic expression.

6.9.1  Axenfeld–Rieger Syndrome

Axenfeld–Rieger syndrome (ARS; OMIM 180500) is a rare developmental disorder 
with both ocular and systemic manifestations. There is a congenital defect of the 
ocular anterior segment (trabecular meshwork) and increased IOP resulting into 
glaucomatous condition in approximately 50% of ARS patients. Non-ocular fea-
tures include hypodontia or microdontia, maxillary hypoplasia, sensory hearing 
loss, skeletal limb anomalies, and congenital heart defects. Through large pedigree 
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studies with autosomal dominant inheritance, linkage analysis reported association 
of causal mutations in two genes: paired-like homeodomain transcription factor 2 
(PITX2) and forkhead box C1 (FOXC1) transcription factor gene.

PITX2 (Paired-Like Homeodomain Transcription Factor 2) Different mutation 
types have been reported in PITX2 gene, crucial for tissue morphogenesis and 
embryonic development [102, 103]. Noteworthy, being a negative regular of 
FOXC1, interaction of PITX2 and FOXC1 is important for ocular development 
pathway [104, 105].

FOXC1 (Forkhead Box Transcription Factor C1) FOXC1 regulates develop-
mental processes, cell migration in many human tissues [106]. Human FOXC1 
mutations manifest range of phenotypic features of ARS and iris hypoplasia [107, 
108]. Also, about half of the ocular dysgenesis patients have glaucoma who harbor 
either PITX2 or FOXC1 mutations [108]. Patients with anterior segment dysgenesis 
with FOXC1 causal mutations may also have heart defects besides hearing 
defects [109].

6.9.2 Peters’ Anomaly

It is a congenital anomaly allied with glaucoma and other phenotypes comprising 
central corneal opacity, absence of stroma in the posterior corneal region, etc. 
Genetic mutations in PITX2, FOXC1, and PAX6 genes were reported related to 
Peters’ anomaly.

6.9.3 Aniridia

Rare developmental disease, characterized by anomalous development of iris [110] 
and inherits either as autosomal dominant or sporadic form. PAX6 (Paired Box 6) 
gene missense mutations have been linked to aniridia with autosomal dominant 
form, while deletions with sporadic form of inheritance [111]. It has been observed 
that PAX6 mutations in the patients with developmental anomalies of eye also mani-
fest early onset form of glaucoma [110].

6.10  Evidence of Mitochondrial Mutations in PCG

Several human diseases including ocular disorders have been associated with mitochon-
drial DNA (mt-DNA) mutations. With regard to glaucoma, due to high energy demand, 
there exist a high number of mitochondria in the optic nerve head for the RGCs survival 
[112]. Being the major site of oxidative stress mechanism, mitochondrial DNA is sus-
ceptible to damage, hence occurrence of mt-DNA mutations. Increased oxidative stress 
condition in glaucoma affects eyes anterior segment structures including TM leading to 
increase in IOP which is considered as a key risk factor for PCG as well [113]. 
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Association of mt-DNA mutations in the pathogenesis of different glaucoma subtypes 
(POAG, PACG, pseudoexfoliation glaucoma; PEG and PCG) has been studied by vari-
ous research groups [113–116]. As already known, reported genetic markers underlying 
PCG resolves only a fraction of cases, therefore based on the aforementioned hypothesis 
and known genetics, it is necessary to look for other factors (including mt-DNA muta-
tions) for PCG pathogenesis. In a study by Tanwar and colleagues, 35 PCG and 40 
control samples were evaluated for possible mt-DNA mutations [116]. Their study 
reported about 22.85% of PCG cases with potential pathogenic mt-DNA variations 
which is higher while compared to control group, thus proposing the plausible TM dys-
genesis mechanism induced by mt-mutations.

6.11  Genetics Research and Testing Toward 
Molecular Diagnosis

Thus far, we understood the PCG disease, its clinical presentation, incidence, inher-
itance pattern, and ample number of evidences furnishing the involvement of genet-
ics. Incidence of PCG differs among different ethnicities, with higher prevalence in 
the communities practicing consanguineous marriages. In addition, both sporadic 
and familial cases of PCG with the established inheritance pattern have been nicely 
reviewed.

With the aid of various cutting-edge research methodologies and advances in tech-
nologies, molecular diagnosis helped to identify the disease associated mutations and 
further characterization to gain insights into disease mechanisms. Initial studies used 
linkage analysis and direct DNA sequencing for identification of pathologic markers 
and potential pathogenic mutations. In the past years, advent of high throughput next 
generation technologies enables to screen large number of samples across the target 
genes panel or through whole genome/exome sequencing in less time and cost-effec-
tive manner, specifically where expected gene mutation is absent. For instance, one of 
our research studies used whole-exome sequencing (WES) strategy to detect caus-
ative mutations in eight Indian PCG families (see Table 6.2) [68]. In this study, two 
novel mutations were identified out of five identified mutations (four CYP1B1 gene 
homozygous missense mutations; one nonsense mutation in LTBP2 gene).

Well-designed molecular genetics researches aimed at early and reliable diagno-
sis for ophthalmic diseases have shown advances and bolster the genetic testing and 
risk assessment for the patient, their family members, and future generations. This 
helps to underpin the genetic markers, genetic etiology, and genotype–phenotype 
correlations underlying the respective disease pathology. Additionally, it allows the 
researchers and clinicians to know the carrier status of causal mutation in the family 
which could allow prepare the family and the clinician for proper medical or surgi-
cal interventions priorly for better prognosis, thus can halt or slow down the disease 
progression and prevent the vision loss. For glaucoma (specifically for early onset 
glaucoma), through collection of pedigree, family history information along with 
genetic testing, patients at risk can be identified and monitored for better treatment 
plan to maintain the valuable eyesight. On the whole, ascertaining the molecular 
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diagnosis abets to elucidate the pattern of inheritance for further determination of 
risks to the family.

6.12  Genetic Counseling

Ensuing to genetic testing, step toward counseling to the patient and family mem-
bers about risk of disease constitutes an important element. Deciphering the plau-
sible role of identified mutation with clinical phenotype makes a way to understand 
the genetic architecture in the particular family. It allows to know the risks for the 
sibling based on the inheritance pattern followed. For example, in case of PCG, it is 
known that CYP1B1or LTBP2 gene mutations follow autosomal recessive inheri-
tance. Proband’s parents will be obligate heterozygotes (i.e., carriers having one 
copy of a recessive allele) and are asymptomatic [117]. In case of sibling, there is 
25% possibility of getting affected, 50% chance as asymptomatic carrier, and a 
chance of 25% as unaffected and non-carrier. Further, progeny of CYP1B1 or LTBP2 
linked PCG will also be the obligate heterozygotes (or carriers) for the respective 
mutation. Also, sibling of proband’s parents will be carriers for the mutation with 
50% risk. Specifically, for ethnic groups and communities where consanguineous 
marriages are practiced (e.g., Gypsies, Saudi Arabians, south India), genetic testing 
and counseling helps to bring awareness among the people about disease inheri-
tance, associated pathogenic genetic markers and their role in disease pathology for 
the management of PCG patients.

6.13  Understanding Glaucoma Through In Vitro 
and Animal Models

An eclectic collection of study models including in vitro and animal models have 
been developed to understand pathophysiology of glaucoma subtypes [118]. With 
respect to PCG, animal models such as rabbit, rat, mouse, etc., have been studied by 
various research groups. For instance, CYP1B1 knockout mice models were devel-
oped to explore PCG associated abnormalities in the drainage angle tissues of eye. 
Various in vitro models have also emerged facilitating glaucoma research [119]. 
Because of complex intricacies linked to glaucoma, efforts are underway to develop 
an ideal model to mimic the disease pathology and thus understand the disease 
mechanisms.

6.14  Summary

Being the most common cause of childhood blindness, primary congenital glau-
coma is a devastating disorder with developmental anomalies of anterior segment 
of the eye. Consanguinity increases the prevalence of PCG in certain ethnic 
groups. As an inherited blinding disease of infancy, genetics research aided in the 
identification of PCG-linked loci and candidate genes. A number of pathogenic 
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mutations have been identified in the past decades which account for a small frac-
tion only, yet much more have to be deciphered. Genetic testing offers early-
detection of individuals at risk for implementing disease surveillance, better 
planning of the treatment measures, and further risk assessment for the family. 
Understanding the disease genetic background, interacting pathways, and patho-
mechanisms of the identified relevant mutations will aid to develop potential ther-
apeutic targets and therapies in near future that might slow down the disease 
progression, thus saving the vision.
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7.1  Introduction

Glaucoma is a condition of progressive optic neuropathy with intraocular pressure 
(IOP) as a modifiable risk factor. As per the Global data for visual impairment 
(2002), Glaucoma was the second leading cause of blindness [1]. The knowledge of 
its pathogenesis can aid in the development of new therapeutic approaches and 
thereby reduction in blindness due to glaucoma.

The current management strategies are targeted towards reducing the secretion 
of aqueous, increasing the outflow facility or creating alternate drainage pathway. 
The evolving research on genetics of glaucoma and next generation sequencing is 
opening new insights into its pathogenesis and thereby new targets for the 
management.

7.2  Genes Involved in the Development of the Eye

The development of eye from the surface ectoderm, mesoderm and neural crest 
involves complex interactions of various growth factors with their receptors, signal-
ling factors, transcription factors and the structural components that form the anat-
omy of the eye. The genes coding for these proteins can be broadly classified as:
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 1. Structural genes form the cytoskeletal components and are responsible for the 
structural and biochemical functions

 2. Regulatory genes regulate the expression of genes which code for proteins like 
transcription factors and signalling factors

 3. Cell specific genes express cell specific proteins

In particular interest are the genes that contribute to the development of the ante-
rior segment of the eye, i.e. the genes coding for the transcription factors like PITX2, 
PITX3, PAX6, FOXC1, FOXC2 and FOXC3 which have been frequently associated 
with anterior segment dysgenesis [2]. The abnormalities in the expression of these 
genes or abnormalities in the interaction between multiple gene products due to 
mutation can lead to structural and functional defects in the eye. For example, in 
transgenic mice, multiple factors like the cell signalling molecule, bone morphoge-
netic proteins and related signalling factors and their interaction have shown to be 
associated in the development of the anterior segment of the eye [3].

New molecules involved in the development of ocular structures are being identi-
fied. In a recent study, serine proteinase PRSS56 has been shown to play a role in 
the development and maintenance of ocular drainage tissues [4].

7.3  Discovering Candidate Genes for Glaucoma

It has been known that many types of glaucoma including primary open angle glau-
coma, congenital glaucoma and developmental glaucoma run in families. Von 
Graefe identified multiple families with glaucoma occurring in many generations 
[5]. In addition, it has been observed that there is a higher concordance of glaucoma 
between mono zygotic than dizygotic twins. All these factors pointed to the fact that 
glaucoma is inherited at least in some proportion.

It is interesting to note that the elevation in IOP, reduced outflow facility and IOP 
rise in response to steroid administration have shown hereditary tendencies. Studies 
are being conducted in analysing a particular trait like IOP, CCT, etc. Such traits that 
influence the disease course and are known to have genetic component are called 
endophenotypes. The loci identified by genetic studies influencing a particular trait 
are called Quantitative trait loci (QTL).

Significant among such studies are the Beaver Dam study and Salisbury Eye 
Study which showed that elevated IOP is influenced by genes in seven loc on chro-
mosomes 2, 5, 6, 7, 12, 15 and 19 and by environmental factors and that several 
optic disc parameters including vertical cup to disc ratio are heritable even more 
than the IOP [6, 7].

Another study, the Blue Mountain Eye Study showed that at least in 18% of 
patients with glaucoma, the IOP variance is genetically influenced [8]. A family 
study showed that chromosome 10q22 is associated with IOP in addition to a study 
of an affected sibling pair which showed that chromosome 5q22 and 14q22 also are 
associated with glaucoma [9, 10]. But the pattern of inheritance is elusive as they 
did not follow the laws of Mendelian Inheritance.
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The genes involved in any disease can be identified and analysed by various 
methods like:

 1. Linkage analysis: Analysing the pattern of inheritance of the identified gene in 
subsequent generations in families with the phenotype under study.

 2. Association analysis: Analysing the contribution of a genetic variance or an 
environmental factor between case and control in a large cohort in causing the 
phenotype or a particular trait like IOP.

 3. Genome Wide Association Studies (GWAS): A recently developed method 
which rapidly scans the genome of large study group for markers or variants of 
diseases, especially useful in analysing the diseases with low penetrance 
like POAG.

These approaches can also be used to study the pharmacogenetics (How an indi-
vidual’s body responds to a particular drug based on their genomic sequence?) and 
pharmacogenomics (How a drug responds to an individual based on his genomic 
sequence?) which will aid in individualised therapeutic approaches based on the 
genomic sequence of each individual in contrast to one treatment to all patients with 
same phenotype.

7.4  How Genes Cause a Disorder?

From the concept of single gene causing a rare disease, now we know that the 
genetic involvement is complex and multifactorial as follows:

 1. Polygenic traits: Defects in multiple genes contribute to one disease. For exam-
ple, Axenfeld–Rieger syndrome appears to be caused by at least three different 
genes located on chromosomes 4, 6 and 13 showing the genetic heterogeneity 
[11–13].

 2. Single gene plus environmental factors: In exfoliative glaucoma which is associ-
ated with multiple polymorphisms of the LOXL1 gene, the genetic expression 
seems to be influenced by an environmental factor.

 3. Single gene can be associated with multiple disorders, e.g. Rieger syndrome and 
iris hypoplasia can arise from mutations in the same gene on 4q25 (PITX2) and 
primary congenital glaucoma and iridogoniodysgenesis can be caused by muta-
tions in the FKHL7 gene on 6p25 [14–16].

 4. Incomplete penetrance: It is seen in cases where the gene is not expressed as 
phenotype in all individuals with the gene. For example, if an allele is present in 
10 individuals and 7 express in their phenotype, the allele is said to have 70% 
penetrance as shown in Fig. 7.1.

 5. Co dominant inheritance: Different genotypic combination of an allele causes a 
phenotype with characteristics of all the alleles in varying proportions and no 
allele is completely suppressed as shown in Fig. 7.2.
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 6. Imprinting effects: An epigenetic mechanism in which an allele of one parent is 
expressed and the other allele from other parent is imprinted possibly by post 
translational modifications of DNA like DNA methylation without altering the 
genetic sequence as shown in Fig. 7.3.

 7. Mitochondrial inheritance

The pattern of inheritance seen in glaucoma varies with the type of glaucoma and 
is shown in Fig. 7.4.

7.5  Identification of Genes—Significance

The Human Genome Project has shown the possibility of decoding the entire 
sequence of the genome. A part of the Human Genome Project is the HapMap 
Project which catalogues the variances in the genome among individuals of diverse 
population. It has been identified that certain sequences of DNA variation are shared 

Fig. 7.2 Co-dominant 
inheritance—the offspring 
of two different alleles 
expresses a phenotype with 
characteristics of both the 
alleles

Fig. 7.1 Diagrammatic representation of incomplete penetrance—the allele is not translated to 
phenotype in all the individuals bearing the allele
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A B

Genotype allele from B is imprinted and is not
expressed in the phenotype 

Phenotype 

Fig. 7.3 Genomic Imprinting—one allele is imprinted by post translational modification in the 
offspring on a parent specific pattern

Genetic Pattern in
Glaucoma 

Adult onset
Glaucoma 

Usually polygenetic
with variable
penetrance   

Influence of
environmental factor

in expression of
genes   

Congenital and
developmental

Glaucoma  

A single gene which
usually follows

Mendelian pattern of
inheritance    

Fig. 7.4 The pattern of genetic inheritance in glaucoma follows the Mendelian pattern of inheri-
tance in congenital and developmental glaucoma while the adult onset glaucoma exhibits genetic 
heterogeneity and environmental influence
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among individuals of a population. They are called Single Nucleotide Polymorphisms 
(SNPs) and can be used as genetic markers. This can pave way to

 1. Identify glaucoma even before its manifestation by the genetic analysis of the 
individuals with high risk.

 2. To insert reparative genetic sequence through vectors like viruses in an individ-
ual with the faulty genes.

 3. Selective embryo selection in couple with high risk genes thereby negating the 
possibility of inheriting the gene associated with glaucoma.

7.6  Genetic Nomenclature

The genes identified are given designation in a defined format by the HUGO (The 
Human Genome Organisation). It is usually in the following pattern: the first three 
letters denote the name of the disease—GLC indicates Glaucoma followed by a 
number 1,2 or 3 and an alphabet. (1—open angle, alphabet—identification of the 
gene.) For example: GLC1A, A refers to myocilin.

7.7  Primary Congenital Glaucoma (PCG)

It is a rare disease with the incidence of 1:10000 of which most of the cases are 
sporadic [17]. Around 10% cases are familial, and the inheritance is autosomal 
recessive. The gene frequently associated with congenital glaucoma is CYP1B1 and 
is related to the development of the eye. Although the exact mechanism is unknown, 
mice with mutant CYP1B1 gene had defective anterior chamber angle, increase in 
basal lamina and poorly developed Schlemm canal. This gene has been mapped in 
many linkage analyses of families with PCG. It encodes a protein of the cytochrome 
P450 family and is actively involved in the detoxification, xenobiotics, etc., which 
is highly expressed in foetal eyes. Its presence has been documented in corneal 
epithelium, keratocytes and iris stromal cells [18].

The identification of this gene led to search of factors that modify the expression 
of it. This search resulted in the identification of Tyrosinase gene which acts as a 
modifier gene, mutation of which lead to exacerbation of the defects in an individual 
with mutant CYP1b1. It was also interesting to note that administration of L-DOPA 
to these mutants circumvented the phenotypic defects showing that Tyrosinase path-
way is involved in the development of anterior segment [19]. The locus for the gene 
CYP1B1 was mapped to the short arm of chromosome 2 in 2p21 [20]. In addition 
to this gene, further studies conducted on families with PCG have identified a sec-
ond locus related to congenital glaucoma in the chromosome 1p36 [21]. The exact 
role of this locus remains to be analysed.

Extensive studies on CYP1B1  in Indian patients have shown various muta-
tions—missense and termination mutations predominantly,although few deletions 
and frame shift mutations have also been observed [22]. The mutation that is 
observed consistently in an analysis of over 140 Indian families was Arg368His [23] 
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along with Pro129Leu, Glu229Lys, Arg390Cys, Gly61Glu and 367insA. Arg368His 
mutation is seen more frequently in South Indian population when compared to 
North Indian population, while the mutations Leu24Arg, Phe190Leu and Gly329Asp 
were observed in North Indian population [24].

LTBP2 (Latent Transforming Growth Factor Beta Binding Protein 2) Gene in 
chromosome 14q24 has been shown to be associated with PCG recently and is des-
ignated as GLC3C. This locus has been studied in Iranian population [25], Pakistani 
population and European gypsies [26]. It is intriguing to note that the specific muta-
tion Arg299Stop in LTBP2 was found in both Pakistanis and European gypsies. It 
suggests that both these population have common ancestry as indicated by anthro-
pological and genetic evidence.

7.8  Juvenile Onset Open Angle Glaucoma (JOAG)

It is characterised by early onset, high IOP and usually seen in myopes. The gene 
primarily associated with JOAG is TIGR (Trabecular Meshwork Induced 
Glucocorticoid Response gene),which is now referred as myocilin found in the 
chromosome 1q21-31. Around 10–20% of the JOAG patients have defective myo-
cilin gene. At least five loci have been associated with JOAG including mutations 
like myocilin [27].

7.9  Primary Open Angle Glaucoma (POAG)

POAG is known to occur in more frequency with a positive family history and posi-
tive family history is an important risk factor for the development of primary open 
angle glaucoma as concluded by many studies including Barbados eye study and 
Baltimore eye studies. The screening of first-degree relatives of POAG in Indian 
population too has given similar results [28].

The genetic pattern of inheritance of this common type of glaucoma is complex 
and is associated with genetic heterogeneity. POAG exhibits variability in age of 
onset and is characterised by its low penetrance. The development of POAG is influ-
enced by polygenic interactions and environmental factors and hence the inheri-
tance pattern of POAG cannot be studied effectively by linkage analysis.

The gene that has been consistently shown to be involved in the pathogenesis of 
the POAG is MYOC gene identified in trabecular meshwork (earlier known as 
TIGR [29]). Mutations like Gly367Arg in MYOC gene cause reduced outflow 
through the trabecular meshwork (TM) due to aggregation of the mutant myocilin 
in the endoplasmic reticulum of meshwork cells [30, 31]. This causes defective 
secretion of the myocilin in the TM and thereby defective outflow through the 
TM. There have been various studies which have analysed the different mutations 
and polymorphisms in MYOC gene. The other mutations identified to be associated 
with POAG are OPTN gene coding for the protein Optineurin, WDR36,Neurotrophin 
4 (NTF4),ankyrin repeat,TANK binding kinase 1(TBK1) and SOCS box-containing 
10 [32].
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In addition, genetic polymorphisms also play a role in POAG. Although they are 
not causative, the genetic polymorphism in ADRB1 and ADRB2 (the genes coding 
for β adrenergic receptors in trabecular meshwork and ciliary body) seems to play a 
role in the development of POAG and NTG in the Japanese population.

Given the heterogenous nature of genetic role in POAG, multiple genes have 
been identified by the Genome Wide Association studies(GWAS) which include 
Caveolin (CAV1/CAV2) [33], CDKN2B antisense RNA, TMCO1, ATOH 7, 
SIX1/SIX6, GAS7, chromosome 8q22, ABCA1, AFAP1, GMDS, PMM2, 
FNDC3B, TFGBR3, TXNRD2, ATXN2 and LRP12/ZFPM2 genes or actual loss 
of DNA( TBK1 and GALC). These are found in normal individuals but are 
found in high frequency in patients with POAG. Optineurin (GLC1E) gene in 
chromosome 10p15-14 plays a limited role specifically in familial and normal 
tension POAG. The genes associated with POAG are listed in Table 7.1. It is 

Table 7.1 List of genes associated with POAG

Locus Chromosome Gene Details of the study Reference
GLC1A 1q31 MYOC JOAG and adult onset 

POAG
Stone et al. [34]

GLC1B 2 cen-q13 Linkage analysis done in 6 
families

Stoilova et al. [35]

GLC1C 3q21-24 A large family from North 
America

Wirtz et al. [36]

GLC1D 8q23 A family with POAG 
without mutations in 2 
ce-q13 and 3q21-24

Trifan et al. [37]

GLC1E 10p15-14 OPTN A British family with 
normal tension glaucoma

Sarfarazi et al. [38] and 
Rezaie et al. [39]

GLC1F 7q35-36 ASB10 A single family from 
Oregon, USA

Wirtz et al. [40] and 
Pasutto et al. [41]

GLC1G 5q22.1 WDR 36 Mapping of gene involved 
in T cell activation in seven 
families

Monemi et al. [42]

GLC1H 2p15-16 Yet to be 
identified

Seven families of POAG Suriyapperuma et al. 
[43]

GLC1I 15q11-q13 Yet to be 
identified

Mapped in early adult 
onset POAG

Allingham et al. [44] 
and Wiggs et al. [45]

GLC1J 9q22 AD In JOAG Wiggs et al. [46]
GLC1K 20p12 AD In JOAG Wiggs et al. [46]
GLC1L 3p21-22 Yet to be 

identified
POAG in a Tasmanian 
family

Baird et al. [47]

GLC1M 5q22-31 Yet to be 
identified

JOAG in Filipino family 
studied in five generations

Pang et al. [48]

GLC1N 15q22-24 Yet to be 
identified

JOAG Wang et al. [49]

GLC1O 19q13 NTF4 Normal tension and high 
tension POAG

Pasutto et al. [50]

GLC1P 12q14 AD Normal tension glaucoma Fingert et al. [51]
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interesting to note that the genes with Mendelian form of inheritance (high 
effect) occur less frequently when compared to the genes with low effect size as 
shown in Fig. 7.5.

In South India, a study conducted to assess the MYOC mutations in Indian 
Population (107 subjects with POAG and 90 Normal subjects of a relatively unex-
plored ethnicity) found it in about 2% of the participants with POAG. Additionally, 
the study also analysed the type of mutations which showed Gly367 Arg and Thr 
377Met was seen only in the POAG patients and not in normal controls. These 
mutations led to charged or bulky protein, defect in oligomer formation and poor 
secondary structure formation. Also, the non-sense mutation gln368stop fre-
quently seen in Western Population was characteristically absent in Indian popu-
lation [52].

Majority of the myocilin mutations are missense mutations (>80%) with few 
patients of frame shift and non-sense mutation (<5%) seen commonly in the 
sequence coding for olfactomedin like domain found in third exon of myocilin 
gene. These mutations have been documented in database (www.myocilin.com). 
The other common mutations seen in Indian populations are listed in Table 7.2.

Another possible mechanism for the aggregation of myocilin in primary open 
angle glaucoma could be due to variations in splicing of the protein structure. The 
mutations in the myocilin genomic region could result in synonymous codon 
changes or changes in the intron regions that may not change the amino acid 
sequence but may possibly cause variations in intron–exon splicing. The study done 
to analyse the possibility of polymorphism in the intronic region of the myocilin 
gene, showed that g.14072G>A polymorphism and g.1293C/T heterozygous poly-
morphism were present instead of the expected g.1293C/-polymorphism. Also,two 
new SNPs (g.1295G>T and g.1299T>G) and two previously reported SNPs (g. 
1284G>T and g.1286G>T) were also identified [53].

EFFECT SIZE AND FREQUENCY OF OCCURENCE-GENES
ASSOCIATED WITH GLAUCOMA   

Effect Size Frequency
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OPTN,T
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Fig. 7.5 Frequency and effect size of few genes associated with glaucoma. The genes with high 
effect size tend to occur rarely and the genes with low effect are seen more frequently
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Another study on POAG was done for the clinical characterisation of a large 
POAG Pedigree (84 members of the identified family) along with genetic analysis 
of the participants for the genes myocilin, optineurin and TBK1. Interestingly, the 
participants did not harbour any of the three genes commonly associated with 
POAG [54]. This raises the need for further studies to identify responsible genes in 
different populations.

The genes identified in association with POAG contributing to various pathways 
of cell biology. Analysing their role in the pathways may shed more light on the 
pathogenesis of POAG.  Some loci identified with the associated pathway in the 
pathogenesis of POAG are shown in Table 7.3.

Table 7.3 Loci identified with the associated pathway in pathogenesis of POAG

Pathway Loci associated
Cell division CDKN2BAS, GAS7
Autophagy CAV1,ABCA1GMDS,PMM2
Development SIX6,FOXC1
Mitochondria TXNRD2
TGF beta CDKN2BAS, FNDC3B, TGFBR3
Lipids membranes CAV1, ABCA1
Vascular tone CAV1
Extracellular matrix AFAP 1
CSF pressure 8q22

Table 7.2 Common mutations in myocilin observed in Indian population

Reference MYOC mutations identified Method used
Mukhopadhyay 
et al. (2002)

Gln48His; Pro370Leu Sequencing

Kanagavalli et al. 
(2003)

Gly367Arg, Thr377Met Single Stranded 
Conformation 
Polymorphism—SSCP

SriPriya et al. 
(2004)

Gln48His Sequencing

Chakrabarti et al. 
(2005)

Gln48His PCR-RFLP and sequencing

Bhattacharjee et al. 
(2007)

Gln48His, Thr256Met, Thr353Ile, 
Pro370Leu, Gln368Stop, Gln399Asp, 
Ala427Thr

Sequencing

Kumar et al. 
(2007)

Gln48His SSCP, PCR-RFLP and 
sequencing

Rose et al. (2007, 
2011)

Ser331Thr, Pro370Leu, Gln48His, 
Thr353Ile/Asn480Lys

Sequencing and SSCP

Banerjee et al. 
(2012)

D273fsX344, Gln368Stop, Pro370Leu, 
Gly399Asp, Ala427Thr, Thr256Met, 
Ser331Leu

Sequencing

M. Sinnasamy et al.



81

The International Glaucoma Genetic Consortium which strives to identify loci 
(QTL) related to individual physical trait and thereby the genes related to POAG 
through meta-analyses of many GWASes has identified qualitative trait loci of vari-
ous features of POAG and are shown in Table 7.4.

7.10  Primary Angle Closure Glaucoma (PACG)

The incidence of primary angle closure glaucoma is high in certain regions of the 
world (East Asia) suggesting that PACG could be inherited at least in some propor-
tion. It has been found that there is a sixfold higher chance of developing PACG in 
individuals with familial history. A study conducted with large number of subjects 
with family history of angle closure glaucoma or angle closure suspect to analyse 
the risk of developing angle closure glaucoma has shown that the risk is higher with 
history of PACG in the family when compared to an angle closure suspect [55]. This 
further emphasises the heritable nature of the traits. The physical traits like shallow 
anterior chamber trait was also observed to be running in families and is shown to 
be heritable in 70% of the individuals.

It has been known that CYP1B1 is associated with angle closure glaucoma in 
addition to primary open angle glaucoma and primary congenital glaucoma. A num-
ber of newer loci associated with PACG identified in GWAS conducted in 2012 and 
in 2016 with meta-analysis of GWAS are SNP-rs11024102  in PLEKHA7, 
rs1015213 in the intergenic sequence found between PCMTD1 and ST18 on chro-
mosome 8q, rs3753841 in COL11A1, EPDR1, GLIS3, DPM2-FAM102, ChAT and 
FERMT2 [56, 57].

With multiple studies identifying an array of loci, the need for more studies to 
understand the role of these loci in the pathogenesis cannot be over emphasised. In 
a study from South India to detect three SNPs associated with PACG, only one was 
identified in the study population which highlights the need for studies with larger 
sample size to confirm the role of the other SNPs—PLEKHA7 and COL11A1 in the 
pathogenesis of PACG [58].

In case of nanophthalmos, wherein the affected individuals are susceptible to 
angle closure glaucoma, a locus NNO1 has been mapped to chromosome 11 in a 
family with high penetrance. The detailed analysis of this locus may shed further 
light in the pathogenesis of this condition.

Table 7.4 Identified Loci for physical traits of POAG

Factors Qualitative trait loci
Intra ocular pressure TMCO1,ABCA1
Central corneal thickness Collagen Pathway
Optic disc size ATOH7,CDC7
Vertical cup to disc ratio CDKN2BAS, SIX1,SIX6
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Like POAG, the loci identified with various pathways associated with PACG are 
shown in Table 7.5.

7.11  Developmental Glaucoma

Developmental glaucoma arise due to the defect in the morphogenesis of the ante-
rior segment. The genes involved in the developmental glaucoma are those that are 
involved in the embryogenesis of the anterior segment of the eye as discussed earlier 
vide supra in the genes in development of the eye, i.e. the genes coding for tran-
scription factors PITX2, PITX3 and FOXC1.

7.12  Pigmentary Glaucoma

Pigmentary glaucoma is known to follow autosomal dominant inheritance, com-
monly found in young myopic males. Like most types of glaucoma, this type also 
shows heterogenous genetic involvement. One locus has been identified in the chro-
mosome 7q35-36. In mouse models, locus coding for the glycoprotein transmem-
brane protein Gpnmb has been associated with pigmentary dispersion. Further 
studies are needed to confirm the definite role of this locus.

7.13  Exfoliative Glaucoma

The exfoliative glaucoma involves deposition of microfibrillary material due to 
abnormal metabolism of extracellular material. The SNPs consistently associated 
with exfoliative glaucoma are found in the LOXL1 gene on the chromosome 15q24 
coding for the Lysyl oxidase like 1 protein. This protein is involved in the formation 
of elastin. Multiple polymorphisms of this gene have been associated with exfolia-
tive glaucoma like SNPs—rs2165241, rs1048661,rs3825942. All these polymor-
phisms have been detected in the first exon of LOXL1 gene.

It is interesting to note that population with the same genetic sequence of LOXL1 
gene residing in different parts of the world have shown variations in their risk of 
developing exfoliative glaucoma. This shows that additional genetic or environmen-
tal factors may exist, which influence the expression of LOXL1 gene. Hence, 

Table 7.5 Pathways and the loci associated with PACG

Pathway Loci associated
Collagen pathway COL1A1
Cell adhesion PLEKHA7,EPDR1, DPM2-FAM102A
Developmental gene—ACD ABCC5
Cholinergic system ChAT
Unknown function ST18-PCMTD1
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in- depth analysis of various factors can shed further light on the pathogenesis of 
exfoliative glaucoma.

Loci identified by the GWAS on exfoliative glaucoma different population, 
rs3825942 risk allele was found to be protective for South African population in 
contrast, the same allele was associated with risk of XFS in Caucasians. A rare 
allele p.Y407F of LOXL1 found in Japanese population has shown to be protective 
against XFS. This necessitates further analysis to identify how the individual sus-
ceptibility to the risk allele leads to the development of XFS.

7.14  Calcium Voltage-Gated Channel Subunit Alpha1 
A (CACNA1A)

This locus identified in GWAS of XFS codes for the alpha 1A subunit of P/Q volt-
age dependent calcium channel and is seen to be distributed in different ocular tis-
sues [59]. It is known that high calcium concentration is seen in the XFS fibrils and 
that calcium is needed for aggregation of fibrils. Whether altered calcium transport 
and its accumulation form the background for fibrillary deposition in XFS is to be 
studied. This raises the scope for newer therapy target for XFG. The various loci 
identified by the GWAS on exfoliative glaucoma are shown in Table 7.6.

The result of Genome Wide Association Study (GWAS) is based on the pheno-
type of the cases and controls participated in the study and the locus identified by a 
study involving larger sample size points to a greater association(relative risk attrib-
utable to the locus) with the disease or trait under study. If the participants under 
study exhibit a more defined phenotype, it aids in the deeper understanding of the 
function of the locus under study. For example, if we can study a large cohort of 
cases with exfoliative glaucoma associated with iris atrophy only or associated with 
lens subluxation only, the effects of that particular locus in the developing iris atro-
phy or lens subluxation can be studied in detail.

Table 7.6 Loci identified by the GWAS on exfoliative glaucoma [59]

Name of the locus
SNP/
Chromosome Function

Proteasome maturation protein 
(Pomp)

rs7329408 on 
the Chr 13

Ubiquitin—proteasome synthesis

Transmembrane protein 136 
(TMEM136)

rs11827818 on 
Chr 11

Unknown

1-acylglycerol-3-phosphate 
O-acyltransferase 1 
I(AGPAT1)

rs3130283 on 
Chr 6

Located in MHC, it is involved in the 
synthesis of glycerolipids

RNA binding motif single 
stranded interacting protein 3 
(RBMS3)

rs 12490863 on 
Chr 3

Shown to inhibit cell proliferation, 
angiogenesis and induce apoptosis and has 
tumour suppression properties

Semaphorin 6A rs10072088 on 
Chr 5

Transmembrane protein
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7.15  Limitations of GWAS

GWAS is a method of approach in analysing the genetic markers of many diseases 
in recent days. It is important that we realise it is not without limitations like:

 1. It identifies only the signal, i.e. the region around the gene responsible and not 
the exact exon and hence can be taken as surrogate genetic marker only

 2. Regulatory genetic sequences are often missed in the study.

Hence, the technology that can study the locus specifically can throw more light 
on the genetic pathways.

7.16  Genetics in Glaucoma—A Step in Future

7.16.1  Whole Exon/Genome Sequencing

The whole genome sequencing can bring out massive information on the function-
ing of each locus opening up a whole new therapeutic approach to our existing 
armamentarium. The high cost is the limiting factor at present but it may be more 
affordable in the future.

7.16.2  Comparative RNA Sequencing of Tissues

This technology analyses the RNA from the ocular tissues of the cases and control 
to identify the expression of the candidate gene or locus.

7.16.3  Gene Therapy

This therapeutic approach is based on altering the genetic sequence by replacing it 
or suppressing the candidate gene through the vectors like recombinant adeno- 
associated virus-rAAV, lentiviral vectors, etc.

The defective phenotype could also be modified by delivering the protein which 
is structurally and functionally designed to carry out the specific function. The ideal 
therapy would be cell specific without causing any toxicity or without eliciting unfa-
vourable immune reaction and be able to address the symptoms in a single dose.

Eye being one of the accessible, immunologically unique and highly compart-
mentalised organ, it facilitates easy drug delivery and monitoring of the effects of 
the intervention. Also, the other eye can be ideal control for the intervention under 
study. Gene therapy has given promising results in retinal dystrophies like Leber’s 
congenital amaurosis.

In glaucoma, retinal ganglion cells, trabecular meshwork and optic nerve head 
could be potential targets for the gene therapy. For example, BDNF (Brain Derived 
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Neurotrophic Factor) has neuroprotective properties and is being studied to reduce 
the retinal ganglion cell loss in glaucoma [60]. Also studies to increase the outflow 
in the trabecular meshwork through a specifically designed gene are being under-
taken [61].

The knowledge of genetic role in glaucoma holds promises in greater under-
standing of the genesis of the disease, its molecular mechanisms and eventually 
leads to novel therapeutic approaches.
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8.1  Introduction

Retinoblastoma is the most common malignant intraocular tumor in children [1]. 
Heritable retinoblastoma is a genetic disease with predisposition to retinoblastoma 
and second non-ocular tumors. The incidence of retinoblastoma is 1 in 16,000–18,000 
live births [2]. The genetics of retinoblastoma is well studied and it is a prototype 
model for understanding the genetics of other cancers. This chapter will focus on 
the genes involved in retinoblastoma, development of retinoblastoma from genetic 
perspective, correlation between the genotype and the phenotype, indications and 
advantages of genetic testing.

8.2  Genes Involved in Retinoblastoma

8.2.1  RB1 Gene

RB1 gene is located on human chromosome 13 at locus 13q14.1–13q14.2. The RB 
transcript is encoded in 27 exons. Deletion of exons 13––17 is associated with the 
development of tumors like osteosarcoma, breast cancer, and retinoblastoma. RB1 
gene is a tumor suppressor gene and encodes retinoblastoma protein (Rb) [3].

Rb protein is composed of 928 amino acids and has 3 domains: the central 
domain named “pocket,” the amino terminal domain and carboxy terminal domain 
[4]. Other sequences in the Rb protein include insertion loops and linker sequences. 
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The linker sequences contain cyclin-dependent kinase (CDK)-dependent phosphor-
ylation sites. This is noteworthy as, Rb protein is inactivated by phosphoryla-
tion [5, 6].

Function of Rb protein is still debated. Earlier it was believed that various stimuli 
are channeled through regulation of Rb by CDK dependent Rb phosphorylation, 
which controls the activity of E2F transcription factors. But the recent data suggests 
that Rb is a multifunctional protein and acts in response to multiple stimuli and 
results in various outcomes. Rb protein acts as a tumor suppressor by its role in cell 
cycle control, heterochromatin, and chromosome stability and regulation of apop-
tosis [7].

8.2.2  Cell Cycle Control

Rb protein is involved in cell cycle control by various mechanisms which includes 
regulation of E2F transcription factors and CDK inhibition [7].

Regulation of E2F transcription factors: Rb is in hypophosphorylated active 
form in G1 phase and associates with E2F transcription factors and differentiation 
related polypeptide (DP) heterodimers and inhibits transcription of cell cycle genes. 
In S phase, Rb is inactivated by phosphorylation and it no longer binds to E2F tran-
scription factors. The E2F promotes expression of cell cycle genes and allows pro-
gression of cell cycle [7, 8, 9].

CDK inhibition: p27 is an inhibitor of CDK. Stabilization of p27 favors CDK 
inhibition. Two models of p27 stabilization by Rb protein are described:

 1. Rb protein binds to S phase kinase-associated protein 2 (SKP2) through its car-
boxy terminal domain. One of the functions of SKP2 is to recognize and facili-
tate degradation of p27 by ubiquitin-proteasome system. But inhibition of SKP2 
by Rb, allows stabilization of p27 which inhibits CDK and results in cell cycle 
arrest [10].

 2. Rb interacts with SKP2 and anaphase-promoting complex (APC) simultane-
ously. This targets SKP2 for degradation via ubiquitin-proteasome system. So 
P27 is stabilized and inhibits CDK [11].

8.2.3  Heterochromatin and Chromosome Stability

Rbprotein plays a role in heterochromatin and chromosomal stability by various 
mechanisms:

 1. Loss of Rb leads to uncontrolled activity of E2F transcription factors. This leads 
to overexpression of mitosis arrest deficient 2 (MAD2) gene. This results in 
fusion of chromosome arms (lagging chromosome) and double-stranded deoxy-
ribonucleic acid (DNA) breaks and mis segregation [12, 13]. Dysregulation of 
E2F may also lead to low nucleotide pool and replication stress. This may lead 
to abnormal firing of replication origins and aneuploidy [14].
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 2. Rb is also recognized as a regulator of heterochromatin domain that surrounds 
the centromere and plays a role in chromosome structure and the attachment to 
spindle microtubule. Deficiency of Rb protein leads to tangled chromosome at 
metaphase, mis segregation, and aneuploidy [7].

8.2.4  Regulation of Apoptosis

Recent studies have shown that Rb has pro-apoptotic activity by its interaction with 
E2F1. E2F1, compared to other E2Fs is identified to have an additional unique bind-
ing site on Rb [15]. The association between Rb and E2F1 is known to persist even 
when Rb is phosphorylated [16]. This complex containing phosphorylated Rb and 
E2F1 is demonstrated to have pro-apoptotic activity [17, 18].

8.2.5  MYCN

The MYCN gene is located on human chromosome 2 at locus2p24.3. MYCN gene 
is expressed in developing embryos and encodes a transcription factor of MYC fam-
ily. Amplification of MYCN oncogene is seen in neuroblastoma [19]. High-level 
amplification of MYCN gene is noted in 1.5% of unilateral sporadic 
retinoblastoma.

8.3  Genetic Alterations and Development 
of Retinoblastoma

RB1 is a tumor suppressor gene. Both the copies of the tumor suppressor gene 
should be downregulated to promote development of tumor. Retinoblastoma devel-
ops from cells with cancer-predisposing pathogenic variants in both the copies of 
RB1 gene (Knudson two hit hypothesis) [20].

8.3.1  The First Hit

The first hit (mutation in one allele) is usually due to structural alterations in genome 
which are usually small or large scale chromosomal deletions and nonsense muta-
tions [21]. Retinoblastoma can be sporadic or heritable. Heritable retinoblastoma is 
due to germline mutation and is an autosomal dominant susceptibility for retino-
blastoma [22]. In heritable retinoblastoma with family history, one inactivated/
pathogenic copy of RB1 is inherited from one of the parents and is present in all the 
cells of the body. In heritable retinoblastoma without family history, mutation of 
first RB allele arise de novo and can occur in ova or sperm during gametogenesis or 
can occur during conception in one cell stage [23, 24]. De novo mutations occur 
more commonly in sperms than ova owing to more rapid cell division in spermato-
genesis. About 85% of new germline mutations are noted to occur in paternally 
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derived allele [25]. All the cells will have one pathogenic/inactivated RB allele. If 
the de novo mutation occurs after one cell stage in the embryo, a fraction of cells in 
the body will harbor the mutated allele. This is termed mosaicism [24]. In sporadic 
retinoblastoma, the inactivation of RB gene occurs in the somatic cell (retinal pro-
genitor cell).

8.3.2  The Second Hit

The second hit can be due to mutation in the other copy of RB1 gene or due to loss 
of heterozygosity (LOH) [26, 27]. Human somatic cells contain two copies of gene, 
one derived from each parent. If the copies derived from each parent contain differ-
ent bases, it is termed heterozygous. If a cell has only one mutated allele, it is het-
erozygous. As one copy is normal, the cell will not have potential for tumor 
development. Loss of this heterozygosity is known to account for 72.9% of second 
hit in retinoblastoma [28]. Loss of heterozygosity can be due to:

 1. Chromosomal nondisjunction: Failure of separation of sister chromatids (normal 
allele) during mitoses can lead to loss of normal allele in one daughter cell. Then 
the mutated allele can duplicate and result in LOH.

 2. Uniparental disomy: Both the copies of chromosome are derived from one parent.
 3. Mitotic recombination: Exchange of genes between sister chromatids of the 

two allele

Retinoblastoma has high penetrance. The second hit usually occurs in 90% of the 
cases who inherit one mutated allele (germline mutation). In heritable retinoblas-
toma with one affected parent, 50% of the offspring can inherit the mutated allele 
and as the chance of second hit is 90%, the risk of retinoblastoma in offspring is 
45% [21].

8.3.3  Mutation 3 and Genomic Instability

Inactivation of both the copies of RB1 gene permits the cell to undergo uncontrolled 
replication. This would result in the development of retinoma, a benign form of reti-
noblastoma [29]. Additional genetic alterations are required for the development of 
retinoblastoma. Gain of 1q31, 6p22, 2p24-25, 13q32-34, and loss of 16p22 are 
reported in retinoblastoma tumor cells [30, 31]. Amplification of MYCN gene at 
2p24-25 is known to promote progression of retinoblastoma [31]. Transcription fac-
tor E2F3 is implicated in some of these chromosomal abnormalities. E2F3 is over-
expressed in retinoblastoma and it is involved in the regulation of genes involved in 
DNA replication such as histone H2A9, DNA polymerase, and H2 folate reductase 
[27, 32]. P16INK4Ais identified to be involved in progression of retinoblastoma. 
P16INK4A is overexpressed in the early stages of uncontrolled proliferation of cells 
and inhibits subsequent proliferation. Failure in activation or inactivation of P16INK4A 

P. Sagar and M. Shanmugam



93

allows the cells to escape this inhibition and facilitates uncontrolled proliferation. 
RB1 gene is required for stability of genome and loss of RB1 leads to genomic 
instability [29].

8.3.4  Epigenetics in Retinoblastoma

Epigenetics refers to alterations in the genome that are heritable and affects the 
function of gene without any change in the DNA sequence. The epigenetic mecha-
nisms involved in retinoblastoma include methylation of DNA, histone modifica-
tion, and regulation of microRNA (miRNA) [33]. Hypermethylation of RB1 
promoter CpG island leads to inactivation of RB1 [34]. O6-methylguanine-DNA 
methyltransferase (MGMT) is a DNA repair enzyme. Hypermethylation of MGMT 
is associated with advanced retinoblastoma [21]. Hypermethylation of P16INK4A pro-
moter leads to downregulation of P16INK4A. In a study by Indovina P et al., down-
regulation of P16INK4A was detected in 55% of patients with retinoblastoma [35]. 
miRNA are noncoding RNA molecules which are involved in silencing mRNA by 
base pairing with complementary sequences in mRNA. Dysregulation of miRNA 
pathway is also implicated in retinoblastoma [33, 36].

8.4  Genotype–Phenotype Correlation

American Joint Committee on Cancer (AJCC) included factor “H” in the tumor 
node metastases (TNM) staging of retinoblastoma, in view of significant role of 
hereditability in prognosis of retinoblastoma [37].

HX—Individual with unknown or insufficient evidence of germline RB1 patho-
genic variant.

H0—Individual who did not inherit a known familial germline RB1 pathogenic 
variant confirmed by molecular genetic testing.

(H0*. Individual with retinoblastoma or retinoma with no germline RB1 patho-
genic variant identified on molecular genetic testing; residual risk of mosaicism 
is <1%.)

H1. Individual with bilateral retinoblastoma, trilateral retinoblastoma, retino-
blastoma with positive family history, or identification of a germline RB1 patho-
genic variant.

 1. Absence of germline RB1 pathogenic variant

It is usually termed sporadic retinoblastoma. The mean age at diagnosis is usu-
ally later (24 months) compared to heritable retinoblastoma (12 months) [38]. It 
usually presents with unilateral, unifocal retinoblastoma. Intraocular seeding may 
mimic multifocal tumor. It does not carry the risk of second non-ocular tumors. The 
siblings and offsprings are not at increased risk of retinoblastoma.
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 2. Mosaicism

In individuals with mosaicism, a fraction of cells in the body harbor the patho-
genic RB1 variant. It can present with multifocal and bilateral tumors. In such cases, 
the development of pathogenic variant is a postzygotic event after one cell stage of 
embryogenesis [39]. So the parents and siblings do not have increased risk of reti-
noblastoma. If the germ cells (sperm or ova) carry the pathogenic variant, the risk of 
retinoblastoma is higher in offspring. Genetic testing of leukocyte DNA in periph-
eral blood may not detect the presence of pathogenic variants.

 3. Presence of germline RB1 pathogenic variant

It is usually termed as heritable retinoblastoma. All the cells of the body will 
have one copy of RB1 pathogenic variant. The mean age at diagnosis is earlier (12 
months). It usually presents with multifocal, bilateral retinoblastoma. But 15% of 
cases with unilateral retinoblastoma can have a germline mutation [40]. It is associ-
ated with a higher risk of second non-ocular tumors. The risk of second non-ocular 
tumor was noted to be 51% in cases exposed to radiation and 27% in cases that were 
not exposed to radiation at 50 years [41]. Offsprings have an increased risk of reti-
noblastoma. The risk in siblings is higher if one of the parents harbors the patho-
genic variant. If the RB1 mutation/inactivation occurs during embryogenesis in one 
cell stage, the siblings will not have an increased risk of retinoblastoma.

Rarely, a person with a pathogenic variant of RB1 may not develop retinoblas-
toma. This is called “low penetrance retinoblastoma” and it runs in a few families. 
Members of affected family can have unilateral retinoblastoma or retinoma. This 
could be due to missense mutations in RB1 gene which can lead to partially inactive 
Rb protein or reduced expression of Rb protein [42].

 4. 13q deletion syndrome

Abnormalities of chromosome 13 such as 13q deletions and translocation can be 
seen in 5–6% of cases of retinoblastoma. Cases with 13q deletion syndrome have 
systemic and ocular abnormalities. The ocular associations include congenital cata-
ract, coloboma, and microphthalmos. The systemic associations include severe 
mental retardation, motor impairment, and dysmorphic facies characterized by high 
and broad forehead, anteverted ear lobes, and prominent philtrum [43].

 5. MYCN amplification

It accounts for around 1.5% of cases of retinoblastoma. Pathogenic RB variant is 
absent in the tumor. It presents with unilateral retinoblastoma [44].
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8.5  Genetic Testing

Genetic tests used in retinoblastoma

 1. Sequence analysis

Sequence analysis can detect sequence variants in gene. The sequence variants 
can be pathogenic (reported in literature), likely pathogenic (not reported in litera-
ture), of unknown significance, likely benign (not reported in literature), and benign 
(reported in literature). Sequence analysis can detect approximately three-fourth of 
RB1 germline mutations. Large deletions can be missed on sequence analysis. Next 
generation sequencing is the most efficient way [21, 22].

 2. Gene targeted deletion/duplication analysis

It detects intragenic duplications and deletions ranging from one exon to the 
entire gene. It can detect 16 to 20% of RB1 germline mutations.

 3. Chromosome microarray analysis
 4. Karyotyping and fluorescent in situ hybridization (FISH)

Large chromosomal deletions like 13q deletion syndrome can be detected. In 
patients with systemic features consistent with 13q deletion syndrome, karyo-
typing can confirm the diagnosis and obviates the need for expensive genetic 
tests [21].

 5. Methylation analysis

In 15% of unilateral sporadic retinoblastoma, methylation of RB1 promoter 
would be responsible for epigenetic inactivation of RB1. In such cases, analysis of 
tumor cells may not show pathogenic variants in RB1 gene. Analysis of RB1 pro-
moter methylation may be required in such cases to identify inactive RB1 gene 
[22, 45].

8.5.1  Indications of Genetic Testing

 1. Any child with diagnosis of retinoblastoma

In bilateral retinoblastoma, identification of the pathogenic variant in the RB1 
gene, helps in screening of siblings and parents for that specific pathogenic variant.
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In unilateral retinoblastoma, 15% of the cases can be due to germline mutation 
in RB1 gene [40]. Identification of germline mutation would prompt evaluation of 
siblings, close observation to look for recurrence, tumor in fellow eye and second 
non-ocular tumors. Absence of germline mutation would reassure the sporadic 
nature of the tumor.

 2. Siblings of germline retinoblastoma

Identification of germline mutation in siblings, prompts close monitoring for the 
development of tumor and ensures early treatment. Absence of germline mutation 
ensures that the child does not have an increased risk of retinoblastoma.

 3. Parents of germline retinoblastoma

Identification of germline mutation in one of the parents confirms increased risk 
of retinoblastoma in the siblings (50%). The absence of pathogenic variant in the 
parents suggests either de novo mutation during gametogenesis or during embryo-
genesis and the risk of retinoblastoma in siblings would be less (2%) [22]. So 
genetic testing of parents before planning the subsequent pregnancy can be helpful 
in predicting the risk in the offspring. In some instances, the absence of pathogenic 
variants in parents can be due to parental mosaicism. Next generation sequencing 
can detect parental mosaicism in >4% of families [46].

 4. Amniocentesis: Genetic testing at second trimester

With advancements in management of retinoblastoma, retinoblastoma survivors 
are opting for family. The offsprings of RB survivors and offsprings of parents with 
germline mutations have a 50% risk of developing retinoblastoma. So amniocente-
sis and genetic testing of the fetal DNA in second trimester of pregnancy can be 
used to establish the molecular diagnosis. If the fetal DNA is free of the pathogenic 
variant in RB1 gene, it assures that the fetus does not have risk of retinoblastoma 
[47, 48]. If the pathogenic variant is identified, the parents can be given an option of 
discontinuing the pregnancy. If the parents decide to continue the pregnancy, fetal 
ultrasonography (USG) and magnetic resonance imaging (MRI) can be used to 
monitor the eyes for the development of retinoblastoma. If retinoblastoma is 
detected, premature delivery and early treatment of tumor can be planned when they 
are amenable to local therapy. Only moderately large tumors can be picked up on 
USG and MRI [49]. So even if the tumors are not visible on USG, elective delivery 
at 36 weeks can be considered to identify tiny vision-threatening tumors.

 5. Embryo selection

Parents with germline mutation can opt for invitro fertilization (IVF). 
Preimplantation genetic testing can be considered for the embryos generated by 
IVF. The embryos free of pathogenic variants in RB1 gene can be implanted in the 
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uterus, thereby assuring that the offspring will not have increased risk of retinoblas-
toma [50].

8.5.2  How to Conduct Genetic Testing?

Pre-test counselling is performed to communicate with the patient regarding the 
purpose, cost, and benefits of genetic testing.

Bilateral retinoblastoma and unilateral retinoblastoma with family history: 
Sequence analysis or gene targeted duplication/deletion analysis is performed on 
peripheral blood leukocyte DNA. In 3% of cases with bilateral retinoblastoma, the 
pathogenic variant may not be detected due to mosaicism [24].

Unilateral retinoblastoma with no family history (if the tumor tissue is not avail-
able): Sequence analysis or gene targeted duplication/deletion analysis is performed 
on peripheral blood leukocyte DNA.

Unilateral retinoblastoma with no family history (if the tumor tissue is avail-
able): Sequence analysis or gene targeted duplication/deletion analysis is performed 
on tumor DNA. The peripheral blood leukocyte DNA is screened for the pathogenic 
variant detected in tumor. If the pathogenic variant is not detected in the tumor, 
methylation analysis of the promoter is performed. If hypermethylation of the RB1 
promoter is not identified, tumor DNA is tested for MYCN amplification [22].

Post-testing counselling is performed to communicate the results of the test and 
its implications on further screening and management.

8.5.3  Conclusion

Understanding the genetic mechanisms involved in development, inheritance, and 
prognosis of retinoblastoma helps in proper management of children with retino-
blastoma and screening of children at risk of retinoblastoma. Antenatal molecular 
diagnosis and embryo selection can help in ensuring the birth of healthy children 
and also breaks the chain of transmission.
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FLT1 fms-related tyrosine kinase-1
FZD Frizzled
FZD4 Frizzled 4
GA Gestational age
GP1BA Glycoprotein Ib-alpha
GPX Glutathione peroxidase
H2AFX H2A histone family member X
HIF-1 Hypoxia-induced growth factor-1
IFN Interferons
IGF-1 Insulin-like growth factors
IHH Indian Hedgehog Signaling Molecule
IL-1ra Interleukin-1 receptor antagonist
IL6 Interleukin 6
IL8 Interleukin 8
JAK Janus kinases
KDR Kinase insert domain receptor
Keap1 Kelch-like ECH-associated protein 1
LRP5 Low-density lipoprotein receptor-related protein 5
MAPK Mitogen-activated protein kinase
MCP Monocyte chemoattractant protein
MCP-1 Monocyte chemotactic protein 1
MIP-1a  Macrophage Inflammatory Proteins
miRNA Micro RNA
MMP2 Matrix metallopeptidase 2
MMP9 Matrix metallopeptidase 9
MMTV Mouse mammary tumor virus
mRNA Messenger RNAs
NADPH Nicotinamide adenine dinucleotide phosphate
NDP Norrie Disease Protein
NOS Nitric oxide synthase
Nrf2 Nuclear factor erythroid 2-like 2
OIR Oxidative stress-induced retinopathy
p62 p62/SQSTM1
PDGF Platelet-derived growth factor
PI3K Phosphoinisitol-3-kinase
PIGF Placental growth factor
PMN Polymorphonuclear neutrophils
Prx Peroxiredoxins
PUFAs Polyunsaturated fatty acids
RANTES Regulated upon Activation, Normal T Cell Expressed and Presumably 

secreted
RNA Ribonucleic Acid
ROI Reactive Oxygen Intermediates
ROP Retinopathy of prematurity
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ROS Reactive oxygen species
SDF-1 Stromal cell-derived factor-1
SNP Single nucleotide polymorphism
STAT Signal transducer and activator of transcription proteins
TBX5 T-Box Transcription Factor 5
TGFβ1 Transforming growth factor beta-1
TNFα Tumor necrosis factor alpha
TSPAN12 Tetraspanin-12
UTR Untranslated Region
VEGF Vascular endothelial growth factor
VEGFR1 Vascular endothelial growth factor receptor 1
VEGFR2 Vascular endothelial growth factor receptor 2
VHL Von Hippel—Lindau protein

9.1  Introduction

Advancements in neonatal care modalities have led to increased preterm births 
worldwide. However, babies born prematurely with low gestational age (GA) and 
birth weight (BW) are increasingly susceptible to the risk of several prematurity- 
related complications and other diseases. In India, incidence of ROP is approxi-
mately 18.4% while the incidence of severe ROP is 6.4% in infants with GA 
<34 weeks and/or BW <1750 g [1]. Retinopathy of prematurity is one such vision- 
threatening disease associated with neovascularization in immature retinas of pre-
mature infants [1]. In phase- I of the disease, retinal vascularization slow or ceases 
after preterm birth due to hyperoxia. Subsequently in phase-II retina becomes 
hypoxic due to increased metabolic demand and poor vascularization which fur-
ther stimulates vasoproliferation resulting in fibrovascular retinal detachment [2]. 
The transition from phase-I to phase-II of the disease is very complex and involves 
a lot of molecules and their interactions, e.g., genes, RNA, proteins, and lipids. A 
large number of factors including maternal and infant factors, prenatal and perina-
tal factors, comorbidities of prematurity, their treatment and genetics may contrib-
ute to the development and progression of ROP [3] by modifying signal transduction 
pathways. These modifications can result in transition from normal physiological 
pathways to pathological conditions. Even in the absence of risk factors, some 
infants tend to develop severe ROP. Since, preterm infants have variable ROP sus-
ceptibility, progression and response to treatment, studies focusing on understand-
ing the causative factors and their interactions that can result in pathophysiological 
mechanisms leading to ROP are highly warranted. The goal of this book chapter is 
to provide a brief overview about involvement of various molecules and mecha-
nisms in the pathophysiology of ROP. The individual molecules and mechanisms 
beginning from genetics to miRNA, oxidative stress, lipids and proteins will be 
discussed in the consecutive sections.
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9.2  Role of Genetics in Pathophysiology of ROP

ROP is a complex self-restricting condition that progresses to severe stages in only 
a subset of premature infants who require timely intervention and treatment while 
in other diseases regress spontaneously without any treatment. Severe ROP is char-
acterized by the formation of abnormal blood vessels in vitreous causing vitreoreti-
nal traction/pull and retinal detachment eventually leading to irreversible blindness.

Several studies have been performed on the oxygen stress-induced retinopathy 
(OIR) mouse model and ROP patients to understand its pathogenesis and manage-
ment, however, it still remains unclear. Besides known clinical and demographical 
risk factors, there are substantial evidence that support a genetic basis of ROP [3, 
4]. The genetic factors associated with the disease could explain why only a set of 
premature infant’s progress to severe stages of ROP despite timely intervention 
while in others it regresses. In past, several studies have reported the varied inci-
dence rate [5] and frequency of ROP across different countries and among different 
ethnic groups [6–9]. Even the male infants are shown to be at increased risk of ROP 
as compared to female infants [10]. The studies pertaining to heritability and con-
cordance estimates among monozygotic and dizygotic twin pair have also sug-
gested for the role of genes/ genetic pathways in the ROP development [11]. All 
these studies suggest for the role of several internal disease progressing factors, 
mainly genetic variants including polymorphisms and mutations in the develop-
ment of ROP [12]. This raises a need for screening the genetic variants/genes 
involved in the retinal vascular formation and abnormal angiogenesis in the patho-
physiology of ROP. Only a few studies have found genes/variants associated with 
different stages of ROP, however, their exact role in disease pathogenesis needs to 
be elucidated [12, 13].

The clinical manifestations and phenotypic changes of ROP strongly correlate 
with familial exudative vitreoretinopathy (FEVR) hinting for a shared involvement 
of common genetic factors among them. FEVR is a congenital vitreoretinal disorder 
with three different modes of inheritance patterns; autosomal dominant [14], auto-
somal recessive [15], and X-linked recessive [16]. Four candidate genes involved in 
the Wntβ-catenin signalling pathways (Fig.  9.1) have been identified for FEVR, 
including FZD4, LRP5, NDP and TSPAN12. These genes play a crucial role in the 
fetal vasculature development and retinal maturation. Interestingly, these genes are 
candidates for other retinal vascular diseases also, like Norrie and Coat’s disease. In 
the proceeding paragraphs, we will discuss about these candidate genes and other 
genes in association with ROP pathogenesis.

Frizzled 4 (FZD4) Gene Human Frizzled-4 gene is a member of the frizzled gene 
family, that codes for seven transmembrane domain proteins that act as receptors for 
the Wnt family of signalling proteins. The Wnt signalling is very important for cell 
fate determination and polarity, etc. [17]. Wnt ligand binding and activation are 
facilitated by G-protein-coupled frizzled receptor. So far, ten FZD receptors and 20 
Wnt ligand isoforms have been identified in Homo sapiens [18]. FZD4 expression 
was detected in retina, being required for its proper development and function via 

T. Kaur et al.



105

canonical Wnt/b-catenin pathway. It plays an important role in vascularization of 
retina by regulating the expression of its downstream target genes [19, 20]. The 
muller glial cells in retina produce the non-Wnt ligand that binds to vascular endo-
thelial cells by FZD receptor. The FZD signalling was lost in endothelial cells of 
knockout mice causing abnormal vascular growth that leads to retinal neuron loss 
and interrupts the integrity of blood–retinal barrier (BRB) [21].

Mutations in FZD4 gene have been studied in different populations for its asso-
ciation with ROP. Only a few variations have been reported till date that are associ-
ated with advanced stages of ROP. The variants p.(I256V), p.(A370G), p.(K203N), 
p.(H69Y), p.(R127H), and p.(Y211H) are found to be associated with advanced 
stages of ROP [22–24]. Another three heterozygous variants [p.(G424E), p.(P33S) 
and p.(P168S)] and a compound heterozygous variant p.(P33S)/p.(P168S) have 
been shown to be associated with all stages of ROP [25, 26]. Our in-house Indian 
study validated and confirmed similar results where these known variants [p.(P33S), 
p.(P168S), p.(P33S)/p.(P168S) along with another novel heterozygous variant 
p.(I360V) were found to be associated with all stages of ROP [27].

NDP Gene NDP gene encodes for 133 amino acids containing norrin protein that 
plays role in chemical signalling pathways and affects the way cells and tissue 
develop. Defects in the gene lead to Norrie disease. Norrie disease is a state of rare 
congenital blindness following X-linked recessive pattern. It is also known as  retinal 
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Fig. 9.1 Wnt signalling in retinal development and maturation (Adapted and modified from [11, 
51]). Ligands of norrin and Wnt binds to FZD4 receptor and LRP5 co-receptor. Once bound, Wnt 
ligand beta-catenin gets deposited in the cytoplasm and then translocate to nucleus. There it acti-
vates the transcription of Wnt target genes by interacting with a member of Tcf/Lef family. A 
norrin-LRP5-FZD4 complex is formed by their binding to norrin that further regulates the down-
stream effects on norrin-beta-catenin signalling. Any gene abnormalities/defects in Wnt and norrin 
targeting genes could lead to abnormal vascularization in developmental stages of ROP
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dysplasia. Norrie is a specific ligand for the FZD4 receptor, it directly activates the 
Wnt/b-catenin pathway. In retina, norrin is expressed in muller glial cells [21] and 
retinal neurons during development stages [28]. This signalling pathway plays a 
pivotal role in the vascularization of retina in its developmental process. Few studies 
done on ROP found genetic variations in 5′ and 3′ UTRs of NDP exon1. In Norrie 
disease, variations in the gene lead to deafness and mental retardation along with 
bilateral retinal malformation, but in case of ROP, it shows only abnormal vascular 
development and retinal detachment.

To date, only two variations in exon region of NDP gene (R121W and L108P) 
have been reported for their association with ROP [29]. By a direct sequencing 
method, C597A variation was detected in prematurely born Kuwaiti infants with 
severe ROP [30]. While in patients who had regressed ROP, a 14-bp deletion was 
found in the 5′ UTR of NDP gene. The heterozygous 14 bp deletion was also found 
in the unaffected premature control infants [31] suggesting for a protective role for 
this variant.

Several studies worldwide have shown that mutations/polymorphisms in NDP 
gene are associated with the different stages of ROP disease. In a study performed 
on 100 ROP patients from different ethnic groups, only two patients with advanced 
stage of disease showed mutations in the NDP gene. In a patient, a 12-bp CT repeat 
insertion was found in exon 1 while in another a 14-bp deletion in 5′UTR of same 
exon was found [32]. The same 14-bp deletion in 5′UTR was also present in 9.6% 
of regressed ROP patients [31]. In an Indian report along with similar 14 bp dele-
tion, 2 more novel variants (IVS1 + 16A > G, C.522 T > C in 3′ UTR) have been 
reported in 3.84% of ROP patients [27]. Another two variants in 5′UTR of exon 1 of 
the gene, i.e., c.597 C > A was found to be present in 83% and 237A > G was found 
to be present in 5.9% of severe ROP patients [30].

LRP5 Gene LRP5 is a FZD4 co-receptor, the gene belongs to the low-density lipo-
protein family and composed of 1615 amino acids with 23 exons. It consists of four 
domains, six YWTD repeats that form a beta-propeller structure and an epidermal 
growth factor-like repeat. Loss-of-function mutations in the LRP5 gene have been 
reported in several diseases like FEVR, Osteoporosis-Pseudoglioma Syndrome. 
The expression of LRP5 gene has been shown in the retina, pancreas, bone, and 
heart [33, 34].

However, there are only few studies concerning LRP5 screening in ROP patients. 
In a Japanese ROP cohort, a 3-bp (CTG) heterozygous insertion within the coding 
sequence of gene was found. The insertion of three bases leads to elongation of the 
leucine repeat in the signal sequence that eventually accounts for the pathogenic 
features associated with the disease. The study proposed that this variation could 
cause defects in translation process during protein processing thereby affecting reti-
nal vascularization [35].

TSPAN12 TSPAN12 gene belongs to the tetraspanin superfamily, encodes for 
305 amino acid proteins involved in the norrin signalling and retinal neovascu-
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larization. This gene is positioned on chromosome 7q31.31 and contains eight 
exons and encodes a protein consisting of four transmembrane domains and two 
extracellular loops [36]. Its gene expression was seen in the endothelial cells of 
retinal blood vessels. It plays an important role in norrin-beta catenin signalling 
pathways [37]. Mutations in this gene are responsible for 3–10% of FEVR 
cases [38].

Very few studies have focused on the association of TSPAN12 gene with ROP. Our 
in-house study found an association of p. (L119R) variation in this gene with risk of 
threshold ROP [27]. In another study, c.954G > A mutation was reported in the 
TSPAN12 gene and predicted to cause alterations in protein structure and stability 
which can further contribute to the pathogenesis of ROP [39]. In a recent study on 
Malaysian premature infants, two more variants in TSPAN12 gene viz. c.765G > T 
(p.P255P) and c.*39C  >  T (3′UTR) were found but their association with ROP 
needs to be studied. These were suggested to be common polymorphisms of the 
Malaysian population [40]. Genetic modifications in TSPAN12 gene could lead to 
interference in molecular mechanisms of membrane association activities like cell 
proliferation and other signalling mechanisms [41] that can alter signal transduction 
pathways leading to ROP.

Besides the above four FEVR candidate genes, the contribution of other genes 
was also investigated that can influence the susceptibility to ROP.

Other Candidate Genes Associated with ROP Genetics and hereditary factors 
control various signalling molecules and pathways that are implicated in the patho-
genesis of ROP through known biochemical, molecular, and genetic associations. 
Vascular endothelial growth factor (VEGF), Insulin-like growth factors (IGF-1), 
and inflammatory mediators are some of these molecules. Any change in the genes 
coding these biochemicals involved in different physiological pathways can alter 
the normal mechanisms hence can lead to diseases state.

VEGF is the most important triggering factor for angiogenesis in the retina. It 
plays a very critical role in the development of ROP besides being a neuronal sur-
vival factor. The intravitreal treatment against VEGF, can revert severe ROP prog-
ress [42]. Previous studies have found several SNPs in human VEGF gene including 
rs2010963 (−634G > C and + 405 G > C) which is most commonly associated with 
ROP [43–48]. In a British study done on preterm babies, the G allele at rs2010963 
was found increasingly common among babies with ROP [43]. The same was vali-
dated in an Egyptian ROP cohort too [44].

In addition to VEGF, another growth factor, i.e., hypoxia-induced growth fac-
tor- 1 (HIF-1) regulates the cell’s response to diminished oxygen levels as suffi-
cient and uniform oxygen supply is required for appropriate tissue maintenance 
and homeostasis [49]. Owing to its functional profile, HIF-1 alpha could be an 
important gene that might be involved in ROP pathogenesis. Under hypoxic stress 
conditions, HIF-1 is known to get activated further regulating several genes that 
play a crucial role in retinal angiogenesis, like VEGF, VEGFR1, PDGF, SDF-1 
and ANG2 [50].
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Besides the genes controlling various growth factors, changes in the gene 
involved in other cellular pathways including inflammation and complement system 
can also modify an individual’s susceptibility to ROP.

Association of Inflammatory and Complement System Genes with ROP Two 
independent studies have shown an association of ROP with alternative complement 
system pathways genes and association of several other genetic variations in IHH, 
AGTR1, TBX5, CETP, GP1BA, EPAS1, BDNF and other genes with ROP [52, 53].

A study done on Indian preterm infants with and without ROP revealed a signifi-
cant association of genes with ROP including CFH, CFB, CXCR4, FBLN5, CFH, 
CFB, FBLN5, CETP, CXCR4, AGTR1, ANGPT2, C3, H2AFX, IHH, MMP2, TGFβ1, 
CETP, VEGF and TSPAN12. Association of inflammatory markers (IL6, IL8, IL-1ra, 
MMP2, MMP9, MCP, IFN gamma) in the vitreous and tear samples was also found 
[54]. Only a few previously known common variations were replicated in this study 
but the associated SNPs in these studies suggested that inflammation and other asso-
ciated genetic defects may expand the risk of ROP by directly recruiting proangio-
genic factors or by modifying other genes. Novel genetic interactions identified in 
this study revealed the potential involvement of immune regulation pathways in 
abnormal neovascularization of the retina. The expression and regulation of all 
these genes are controlled at various levels and are under the control of other small 
molecules in the cell like transcription factors and small non-coding RNAs. One of 
the important types of small RNAs that control gene expression is microRNAs 
(miRNA). By targeting and inhibiting specific growth and developmental pathways/
processes miRNAs can also influence the process of angiogenesis.

9.3  Role of MicroRNAs in the Pathophysiology of ROP

Besides other cellular components involved in the process of gene regulation, small 
microRNAs (miRNA) also regulate gene expression through interaction with mes-
senger RNAs (mRNA). miRNAs being small non-coding class of RNAs can regu-
late the expression of genes that are directly involved in the development of retina 
and other similar processes hence indirectly affecting the vasculature development 
in retina of the eye. MiRNA mostly regulates gene expression by its sequence- 
specific binding to 3′ untranslated region (3′-UTR) of specific mRNA targets. This 
binding can result in degradation, deadenylation or reduced translational activity of 
the target mRNA. Thus, they play an important role in posttranslational gene regula-
tion [55] and in cellular processes like angiogenesis, cell growth, embryonic devel-
opment, cell proliferation and differentiation and apoptosis [56, 57]. miRNAs also 
play a central regulatory role in vascular angiogenesis [58]. By controlling gene 
expression for cell differentiation, miRNAs perform a vital role in retina throughout 
the developmental process as well as in disease conditions [59–61]. There are some 
common miRNA molecules that help to maintain both structure and function of 
retina [62]. The miRNA profiling of human endothelial cells revealed many 
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miRNAs that included miR-126, miR-210, miR-221/222, miR-17-92 and 
miR-23-27-24 clusters. These miRNAs target angiogenesis-related genes and so, 
are also known as “angiomiRs” [63]. The miRNA-126 inhibits neovascularization 
in oxygen-induced retinopathy (OIR) by regulating growth factors comprising 
VEGF, HIF-1α and IGF-2 [64]. This indicates that miRNAs have an important role 
in ROP pathogenesis. Any type of reduction, dysfunction and dysregulation of 
miRNA can result in altered expression of their target genes that may result in 
pathophysiological conditions. Plasma miRNA levels were also compared between 
preterm infants with and without ROP.  The results revealed four miRNAs to be 
significantly dysregulated of which miR-23a and miR-200b-3p were upregulated 
while miR-27b-3p were downregulated in ROP [62]. These significantly dysregu-
lated miRNAs could either target antiangiogenic or pro-angiogenic genes and thus 
confirms their role in causing pathological angiogenesis during ROP development.

In preterm infants, retinal vascular development is insufficient that causes 
hypoxia which in turn precipitates the production of various proteins/growth factors 
by upregulation/downregulation of multiple pathways resulting in new and abnor-
mal blood vessel growth. Hence, these proteins can also act as the new targets for 
managing the disease.

9.4  Major Proteins Involved in the Pathophysiology of ROP

In humans and other large mammals, both in diseased and in normal conditions, the 
vasculature is formed from two main physiological processes namely vasculogen-
esis and angiogenesis. While the former occurs during embryogenesis and com-
prises the formation of new blood vessels directly from the hematopoietic precursor 
cells, the latter refers to the formation of blood vessels from the pre-existing ones 
and takes place throughout the life of an organism. Both the processes require many 
growth factors and other molecules that are involved in directing the precursor cells 
to differentiate and form mature vessels. During the fetal development, levels of 
these growth factors are maintained at an optimal level by placental supply from the 
mother. The sudden loss of maternal–fetal interaction in preterm infants with low 
birth weight, the concentration of these growth factors also decreases leading to 
retarded/incomplete vascular development in retina at birth making them very sen-
sitive to hyperoxia environment at preterm birth. This can lead to altered regulation 
of growth factors and hence pathological retinal vasculature development. The 
major proteins and growth factors involved in the pathogenesis of ROP are HIF-1, 
VEGF, IGF-1, PIGF and erythropoietin.

Hypoxia-Inducible Factor-1 (HIF-1) The low oxygen tension (hypoxia) occurs 
in avascular retina when preterm infants are removed from supplementary oxygen 
to room air. For cell survival under hypoxic state, a large number of genes involved 
in angiogenesis, metabolism and cell proliferation get activated [65]. HIF-1 is one 
of the most important transcriptional mediators in response to hypoxic conditions 
and master regulator of physiological and pathological angiogenesis. The binding of 
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HIF-1 to DNA at hypoxia-responsive element enables the transcription of angio-
genic genes including growth factor like VEGF [66]. In normal conditions, HIF-1 is 
hydroxylated by enzyme prolyl hydroxylases which facilitates its binding to the von 
Hippel—Lindau protein (VHL) further resulting in its eventual degradation by 
ubiquitination. Under hypoxic conditions, the hydroxylases become less efficient 
leading to accumulation of HIF-1 and thereby increased VEGF expression [67].

Vascular Endothelial Growth Factor Another protein family known to play a 
key role in angiogenesis is vascular growth factors. The family includes placental 
growth factor (PlGF) and other vascular endothelial growth factors (VEGF) [68]. 
The three common human isoforms of VEGF (VEGF121, VEGF165 and VEGF189) 
are generated by various combinations of eight exons in this gene. It has two recep-
tors, i.e., fms-related tyrosine kinase-1 (FLT-1 or VEGFR-1) and the kinase insert 
domain-containing receptors (KDR or FLK-1 or VEGFR-2) that are specific for 
each isoform [69]. Both the receptors are present in all embryonic tissues, however, 
with variable expression levels at different gestational ages [70]. HIF-1α binds to 
the promoter region of flt-1 gene and hence regulates gene expression in hypoxia 
conditions while the KDR gene is not regulated by HIF-1α. During early gestational 
age, both the genes are highly expressed while the expression reduces significantly 
with advanced gestational age. The KDR is required for vasculogenesis and hema-
topoiesis and therefore its loss of function during embryogenesis can be lethal [71]. 
This receptor is involved in the induction of proliferation, migration, differentiation 
and maturation of vascular endothelial cells [72, 73]. VEGF is very important dur-
ing the development phase-I of ROP, its expression being downregulated by hyper-
oxia whereas the expression is again increased in phase-II under hypoxia which 
further induces VGEF mRNA and protein expression resulting into neovasculariza-
tion [74].

9.5  Insulin-Like Growth Factor-1

A potent growth factor that is maternally derived and mediates many other signal-
ling pathways is required for normal retinal development and also been implicated 
in the ROP pathogenesis [75]. Patients with genetic defects in Insulin-like growth 
factor-1 (IGF-1) production show a reduced retinal vascularization that could not be 
restored even after the supplementation of VEGF [76]. The levels of IGF-1 at birth 
are very low but show a rapid increase in preterm infants who do not develop 
ROP. The low levels of IGF-1 arrest vasculogenesis resulting in avascular retina that 
eventually creates hypoxia and accumulation of VEGF in the vitreous. The normal 
levels of IGF-1 and higher expression of VEGF results into neovascularization in 
the retina [75]. Increased expression of IGF-1 observed during phase-II of ROP 
activates Akt signaling pathway along with VEGF and blocks the apoptosis of epi-
thelial cells hence promoting neogenesis. HIF-1 expression that acts through P13k/
Akt and MAPK pathways is induced by IGF-1 thereby contributing to neovascular-
ization [77].
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9.6  Placental Growth Factor

Placental growth factor (PIGF) also belongs to vascular growth factor family and it 
plays vital roles in cellular developmental processes along with proliferation and 
migration of endothelial cells [78]. It increases the activity and expression of VEGF 
by acting as cofactor. A heterodimer formed from between VEGF and PlGF causes 
angiogenesis by FLT-1 receptor activation [79, 80], though, the exact involvement 
of PlGF in this process is still not clear. Some studies showed that PlGF binding to 
FLT-1 receptor increases the levels of circulating VEGF thereby activating a variety 
of small less characterized signaling molecules leading to angiogenesis. A reduced 
PlGF level was observed during hypoxia while it increased during hyperoxia [81]. 
The dysregulation of PlGF in retina during ROP suggests its contribution to VEGF 
induced angiogenesis [82].

9.7  Erythropoietin

Erythropoietin (EPO) is hypoxia-induced angiogenic factor that performs the neu-
roprotective functions in neonates. EPO inhibits apoptosis in endothelial cells and 
neurons and its receptors are shown to present in the developing retina [83]. EPO is 
overexpressed in retina under hypoxia [84]. The binding of EPO on erythropoietin 
receptor (EPOR) activates JAK/STAT pathway. The activated receptor can further 
form “tissue protective factor” by binding with common beta receptors which are 
known to have protective effect in stroke and inflammation models [85]. The levels 
of EPO and VEGF were significantly higher in the vitreous of infants with ROP as 
compared to those without ROP [86]. The anti-apoptotic and angiogenic action of 
EPO is important in phase-I ROP while it can worsen the ROP condition in phase-II 
by overactivating STAT3 in endothelial cells by interaction of activated EPOR and 
VEGFR2 stimulating abnormal angiogenesis [85].

Our understanding about the involvement of proteins like HIF-1, VEGF, IGF-1 
and EPO in pathogenesis of ROP can help to find out new treatment modalities for 
the disease. The structure and functioning of these proteins/growth factors can be 
altered further by changing the microenvironment of the cell. Redox imbalance/
oxidative stress is also one such alteration caused by increased reactive oxygen and 
nitrogen species. Increased reactive species can damage the structure of macromol-
ecules of the cell including proteins. The modified proteins can have a detrimental 
effect on growth and development of preterm infants.

9.8  Role of Oxidative Stress in ROP Pathophysiology

Besides several other intrinsic and extrinsic risk factors, oxidative stress imbalance 
too plays an important role to initiate the pathological events leading to cardiovas-
cular, renovascular and neurovascular complications including ROP.  Under bal-
anced oxidative potential conditions, reactive oxygen species (ROS) are involved in 
normal physiological functions including inflammation and autophagy. However, 
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any deviation from the normal function can result in pathological inflammation and 
autophagy which can further cause damage to retina (Fig. 9.2).

Oxidative stress is a result of an imbalance in generation and degeneration of 
ROS. ROS also known as reactive oxygen intermediates (ROI) are generated as by- 
products of physiological metabolic activity of the cells. ROS are also formed in 
response to endogenous sources like mitochondrial chain reaction, respiratory burst, 
inflammatory disorders, oxygenases, chronic infections, ischemia-reperfusion 
injury and exogenous factors like pollutants, ultraviolet radiation, alcohol and ciga-
rette smoking. Several enzymes such as superoxide dismutase, glutathione peroxi-
dase and catalase actively protect the cells from the pathogenic effects of ROS. ROS 
have beneficial/supportive effects on different biological processes including clear-
ance of invading pathogens, wound healing and tissue repair processes. Imbalance 
in the generation of ROS can disrupt the retinal homeostasis and thereby leading to 
cell death.

The key ROS molecules that contribute to oxidative stress are hydrogen perox-
ide (H2O2), hydroxyl radicals (OH), hydroxyl anions (OH−), hypochlorous acid 
(HOCl) and superoxide (O2−). Enzymes such as NADPH oxidase/Xanthine oxi-
dase, endothelial nitric acid synthase or the enzymes of the electron transport 
chain reduce the molecular oxygen to yield superoxide molecules. Superoxide 
dismutase (SOD) enzyme rapidly converts superoxide molecules into hydrogen 
peroxides. It also forms the highly reactive intermediate peroxynitrite (ONOO−) 
by reacting with nitric oxide (NO), which can be protonated to peroxynitrous acid 
to generate the hydroxyl radical (OH.). At the site of inflammation, the enzyme 
myeloperoxidase (MPO), expressed by phagocytic neutrophils leads to the forma-
tion of highly reactive hypochlorous acid from H2O2. H2O2 is then disintegrated 
into toxic hydroxyl anions (OH−) or scavenged to water and molecular oxygen by 
antioxidant enzymes such as catalase, glutathione peroxidase (GPX), or peroxire-
doxins (Prx).

Proteins in ROP
Pathophysiology

Oxidative Imbalance

Ischemia/Hypoxia

ROS/RNS

ROPMAPK, JAK/STAT,
PI3K-Akt Pathways

HIF-1a,
VEGF/IGF/PIGF,

EPO

Fig. 9.2 Representative image showing pathways involved in ROP progression
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The retina of the eye is extremely vulnerable to oxidative insults by the ROS 
molecules. Retina is highly susceptible to photooxidation being constantly exposed 
to incoming light and high on oxygen consumption [87] and likely to further gener-
ate ROS molecules. Also, the high lipid constituent in the retina due to abundant 
PUFAs in the photoreceptors layer of retina makes it prone to lipid peroxidation. 
During pathological disorders such as retinopathy of prematurity, the balance 
between the generation of ROS and the capability of cells to scavenge these ROS by 
endogenous antioxidant is disrupted that activates several signalling pathways 
affecting lipids, proteins and DNA present inside the cell and consequently causes 
cell death.

9.9  Retinopathy of Prematurity and ROS

Retinal ischemia or hypoxia is a characteristic feature of ROP. ROP being a biphasic 
ocular disease is characterized by vascular deformities induced by two alternate 
phases (hyperoxia followed by hypoxia). The first phase is characterized by state of 
hyperoxia that subsequently leads to the obliteration of developing retinal vessels. 
In the second phase, high metabolic demand of the relatively avascular retina inflicts 
a hypoxic injury to the retinal tissues. This relative hypoxic condition of the retina 
produces the abnormal proliferation of blood vessels and thereby neovasculariza-
tion [88]. In both perinatal and neonatal periods, new born infants are exposed to 
oxidative stress due to low efficacy of enzymatic and nonenzymatic antioxidants 
like catalase, glutathione peroxidases, superoxide dismutase and vitamin E (respon-
sible for maintaining ROS level). These two phases of ROP pathogenesis result in 
overproduction of ROS that activates the enzyme NADPH oxidase. NADPH oxi-
dases can present in seven different homologs (NOX1–NOX5 and Duox1–2), which 
have variable expression as well as activation mechanisms. Major homologs of 
NADPH oxidase like NOX1, NOX2 and NOX4 are strongly associated with inflam-
mation-activated blood vessel damage. Enhanced NOX2 expression can lead to 
increase in VEGF expression, retinal ROS generation and vascular permeability. 
The increased NADPH oxidase also activates the JAK/STAT signalling pathway 
which eventually leads to intravitreal neovascularization [89]. Inhibition of JAK/
STAT signalling pathway and NADPH oxidase reduces the level of caspase-3, 
which checks the neovascularization and apoptosis in ROP pathogenesis. 
Independent studies have shown that NADPH oxidase-derived ROS are important 
for ischemia-induced neovascularization as it increases VEGF and retinal 
neovascularization.

Oxides of nitrogen also referred to as reactive oxygen species (RNS) such as 
NO-, NO, ONO and NO2 are also a major contributor to the ROP progression. 
Increased concentration of nitric oxide synthase (NOS) significantly contributes to 
the increase in NO production under the hypoxic environment [90]. NOS is a group 
of enzymes that acts on L-arginine to produce NO. NOS in mammals have three 
different isoforms, namely neuronal NOS (nNOS), endothelial NOS (eNOS) and 
inducible NOS (iNOS). Among these isoforms, eNOS is the major source of NO in 
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the endothelial cells responsible for the maintenance of blood vessels and angiogen-
esis. Deficiency of tetrahydrobiopterin (BH4) that plays important role in maintain-
ing integrity of eNOS can lead to uncoupling of eNOS and finally resulting in 
enhanced superoxide radicals. Increased apoptosis of retinal endothelial cells and 
synthesis of nitric oxides are known to contribute to the increase in cleaved caspase-
 3 and tyrosine nitration of phosphoinisitol-3-kinase (PI3K). Increased NOS produc-
tion further causes the activation of MAPK signalling pathway and decrease in Akt 
Phosphorylation. The use of inhibitors like N-acetyl cysteine and epicatechin are 
shown to block tyrosine nitration and decrease the ROP severity induced by oxides 
of nitrogen. Deletion of NOS genes or application of NOS inhibitors (NG-nitro-l- 
arginine) has also been shown to decrease the progression of ROP in mice models, 
depicting their crucial role in ROP pathogenesis [91].

9.10  ROS, Inflammation and ROP

Besides activation of various signalling pathways in ROP, ROS generation is also a 
key characteristic for the progression of many inflammatory diseases. Inflammation 
is a major feature of the immune system for the repair of damaged tissue of the 
body. Role of inflammation is poorly investigated in the case of ROP progression 
though it plays an important role in blood vessel proliferation under both normal 
and diseased conditions [86]. Moreover, a series of epidemiological studies since 
last one decade have supported the hypothesis that inflammation in the eyes of pre-
mature infants is a key modulator in the progression and development of ROP [92]. 
Studies suggested that a gradual increase in ROP progression might be due to pre-
natal and postnatal inflammation [93]. Small inflammatory protein molecules such 
as cytokines and chemokines released by immune system plays important role in 
ROP progression. Moreover, ROS generated by the polymorphonuclear neutrophils 
(PMNs) causes tissue injury and endothelial dysfunction at the site of inflammation. 
The vascular endothelial layer plays a significant role in transporting the inflamma-
tory proteins from blood to tissue. Oxidative stress under inflammatory conditions 
promotes the opening of gap junctions present in the endothelial cell and transport 
of inflammatory proteins across the barrier.

Cytokines such as TNFα, IL-1β, and IL-6 are key inflammatory markers that 
contribute to tissue damage or infection [94]. Retinal microglial cells secrete IL-1β 
and TNFα when conditioned to relative hypoxia. Moreover, IL-1β is linked to reti-
nal microvascular degeneration [95]. While cytokines IL-4 and IL-10 being anti- 
inflammatory, protects the developing retinal and brain cells from inflammation 
[96]. Certain experimental studies in oxygen-induced retinopathy mice models sug-
gested that IL-10 is involved in promoting pathological angiogenesis, leading to 
inhibition of TNFα and MIP-1a in microglial cells [97]. New born infants with high 
expression levels of IL-10 genes tend to have less chances of severe ROP [98].

Chemokines are primarily involved in regulation of movements of microglial 
cells to the site of inflammation. Chemokines such as monocyte chemotactic 
protein 1 (MCP-1), IL-8 and RANTES are shown to be involved in ROP 
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physiology. Inflammation and neovascularization in the eye are regulated by 
IL-8  in case of tissue damage [99]. An enhanced level of IL-8 homologue is 
observed during neovascularization in rat model of ROP [100]. The role of 
RANTES, a chemotactic chemokine, in ROP progression is not clear but a low 
concentration of RANTES was observed in serum as well as in vitreous humor 
of patients with vasoproliferative severe ROP [101]. MCP-1 is majorly expressed 
in the microglia, astrocytes and neurons and neuro–retinal junction. MCP-1 
causes disruption in blood–brain barrier and many other neurodegenerative dis-
eases. The concentration of MCP-1 is seen to be higher in case of ROP infants 
when compared to the premature born normal infants [102]. It is also observed 
that premature infants who receive higher doses of oxygen, tend to have high 
level of MCP-1 concentration in the serum [103].

ROS is required at nominal concentration for maintaining the homeostasis of 
cellular components while the higher ROS levels are significantly involved in patho-
logical changes. If these ROS concentrations are not checked by the antioxidants, it 
will eventually lead to inflammation related to tissue damage and injury. ROS being 
the important contributor of inflammation, much more have to be explored about 
how these ROS functions physiologically under ROP pathogenesis and contribute to 
inflammation and tissue injury.

9.11  ROS, Autophagy, and ROP

Apart from the inflammation, increased oxidative stress also plays an important role 
in autophagy. Autophagy is removal and recycling of damaged cellular components 
in response to their exposure to conditions like oxidative and nutritional stress as 
well as pathogenic infections. The major pathway involved in the regulation of oxi-
dative stress and autophagy is through p62/Nrf2/Keap1 pathway [104] (Fig. 9.3). 
Mitochondria act as the main cellular component which regulates autophagy under 
the oxidative and nitrosative stress. Although the role of autophagy is not well 
understood in ROP progression but certain lipid and protein molecules involved in 
astrocyte survival are also linked to autophagy. Soluble epoxide hydrolase (sEH) 
promotes astrocyte survival in ROP [105] and are also involved in the regulation of 
inflammation and autophagy [106]. Nutritional supplements such as long-chain 
polyunsaturated fatty acids (PUFAs) are structural components of retina and endo-
thelial layer. Soluble epoxide hydrolase is involved in the conversion of these 
PUFAs into hydroxyl alcohols which regulate angiogenesis and neovascularization. 
The link between PUFAs (particularly docosahexaenoic acid, DHA) and ROP is 
important as the sEH in retinal layer can metabolize PUFAs into fatty acid media-
tors, affecting the cellular viability and angiogenesis. Soluble epoxide hydrolase is 
required for the maintenance of mitochondrial integrity by preventing mitochon-
drial pathway-dependent apoptosis and retinal astrocyte survival in ROP [106]. The 
role of autophagy under two different phases of ROP development will give clear 
understanding between different pathways involved in the angiogenesis, autophagy 
and apoptosis. While the total metabolome profile of ROP retina and vitreous has 
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not been explored, certain PUFAs are found to play important role in microglial 
cells survival under autophagy and oxidative stress.

9.12  Conclusion

ROP is a developmental disease modulated by several intrinsic and extrinsic factors. 
All extrinsic risk factors could act as stimuli or trigger for various developmental 
pathways. The activation and deactivation of those pathways further depend on the 
expression of genes that regulate them. The gene expression in turn depends upon 
micro/macromolecules of the cell like free radicals, RNA, proteins, lipids and other 
molecules involved in various physiological pathways. The altered expression of 
genes further modifies the expression of its downstream target genes and molecules 
in the cell leading to diseases like ROP. The identification and association of genetic 
variants and other cellular molecules with ROP may be useful to predict the risk of 
ROP progression among premature infants and hence, can be helpful in providing 
genetic counselling to the parents and for the development of new therapies. Several 
omics studies performed using genomic-, transcriptomic- and proteomic-based 

Fig. 9.3 Representative image showing ROS generation in mitochondria leading to imbalance in 
lipid metabolism, angiogenesis, inflammation, and autophagy by p62/Nrf2/Keap1 Pathway [1]. 
p62, a protein that is bound to ubiquitylated protein aggregates undergoes phosphorylation, thereby 
requisitioning Keap1 and leading to its detachment from Nrf2. While Nrf2 is not involved in 
ubiquitin- mediated proteasome degradation system, it is translocated to the nucleus, where it binds 
to antioxidant-responsive elements (AREs) located in the promoter regions of antioxidant genes 
and activates their transcription leading to autophagy
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approaches have provided evidence for genetic and molecular defects in ROP pro-
gression. However, still there is a huge knowledge gap in the understanding of 
molecular mechanism that leads to neovascularization in retina of eye leading to 
ROP. The screening of such hidden genetic and molecular markers could make the 
disease pathogenesis more comprehensible and therefore enhanced understanding 
of the pathophysiology of ROP could lead to better understanding of therapeutic 
options for the affected infants.
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10.1  Introduction

Age-related macular degeneration (AMD) is a late-onset, progressive multifactorial 
disease characterized by accumulation of extracellular deposits called drusen in the 
macula, localized inflammation, and ultimately neurodegeneration affecting mainly 
the central vision.

10.2  Epidemiology

AMD is the third largest cause of vision loss, accounting for 8.7% of all cases of 
blindness worldwide [1]. It is the most common cause of vision loss in developed 
countries [2–4]. Owing to the increase in life expectancy globally, its prevalence is 
expected to increase. It is estimated that by 2040, 288 million population will be 
affected by AMD worldwide [5].

10.3  Etiology

The exact etiology of AMD is not known, but the synergistic role of various envi-
ronmental factors and genetics has been proposed. The environmental risk factors 
include age, race, smoking, dietary nutrients, and hypertension [6, 7]. Advanced age 
and smoking are the strongest risk factors [8, 9]. In the Framingham Study, the 
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prevalence of AMD was 11% for those aged between 65 and 74 years and 28% for 
those between 75 and 85 years [10]. In the Beaver Dam Eye Study, approximately 
30% of individuals aged 75 years or over had early AMD [11].

10.4  Genetics

Over the past decades, extensive research has been performed to determine the 
genetic component of AMD. Identification of genetic risk factors will aid in under-
standing the pathophysiology underlying AMD better and eventually developing 
appropriate and effective therapies for its prevention and treatment.

AMD is a complex polygenic disease in which a number of genetic variants, 
each contributing a small-to-moderate amount of increased risk, add to disease in 
addition to environmental factors [12].

Till now, multiple risk alleles associated with AMD have been identified. Risk 
alleles or polymorphisms are genetic variants associated with increased risk of a 
disease whereas protective alleles are associated with decreased risk of the disease. 
Risk alleles are not necessarily “abnormal” as they are generally present in at least 
1% population. Individuals having one or more risk alleles are prone to developing 
the disease but may not always manifest the disease [13].

The earliest evidence of the role of genetics in AMD is provided by familial 
aggregation studies and twin studies.

 1. Familial aggregation studies: These studies compared the rates of AMD in rela-
tives of cases and controls. Seddon et al. evaluated first-degree relatives (mostly 
siblings) of 119 AMD cases and 72 controls. The authors found the prevalence 
of AMD to be significantly higher in the relatives of the cases than in the rela-
tives of controls (23.7% vs. 11.6%) [14]. The risk of developing the disease is 
three times higher in individuals having a family member with AMD than in 
individuals without a first-degree relative with AMD [14, 15].

 2. Twin studies: These studies compared the disease concordance rates among-
monozygotic and dizygotic twins. The heritability of early and advanced AMD 
was estimated to be 46% and 71%, respectively, implying that 46%–71% of 
AMD variation could be elucidated by genetic factors [16].

 3. Linkage studies: Genetic linkage studies identify the regions of the genome that 
contain genes that predispose to the disease. Various linkage studies revealed 
that the most replicated linkage findings have been on chromosomes 1q25-31 
and 10q26 [17–19]. Their importance was later confirmed with the finding of 
common genetic variants at these two loci—the complement factor H (CFH) 
gene on chromosome 1 and the age-related maculopathy susceptibility 2/HtrA 
serine peptidase (ARMS2/HTRA1) genes on chromosome 10.

 4. Association studies: Technological developments have made the analysis of 
whole genome possible resulting in acceleration in the discovery of new genetic 
associations with AMD. Genome-wide association studies (GWASs) analyze a 
genome-wide set of genetic variants, particularly single-nucleotide polymor-
phisms (SNPs), for associations with the disease of interest. GWASs are better at 
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detecting low-penetrance common genetic variants [with a minor allele fre-
quency (MAF) >5%] associated with complex genetic diseases.

The first GWAS for AMD was conducted in 2005. It was also the first successful 
GWAS for a complex genetic disease. A subsequent GWAS identified 52 gene vari-
ants distributed across 34 locus regions (Table 10.1). Of these 34 locus regions, 

Table 10.1 Thirty-four loci with their gene variants for AMD [20]

Lead variant Chromosome Locus name OR P value
rs10922109 1 CFH 0.38 9.6 × 10−618

rs62247658 3 ADAMTS9-AS2 1.14 1.8 × 10−14

rs140647181 3 COL8A1 1.59 1.4 × 10−11

rs10033900 4 CFI 1.15 5.4 × 10-17

rs62358361 5 C9 1.80 1.3 × 10−14

rs116503776 6 C2-CFB-SKIV2L 0.57 1.2 × 10− 103

rs943080 6 VEGFA 0.88 1.1 × 10−14

rs79037040 8 TNFRSF10A 0.90 4.5 × 10−11

rs1626340 9 TGFBR1 0.88 3.8 × 10−10

rs3750846 10 ARMS2-HTRA1 2.81 6.5 × 10−735

rs9564692 13 B3GALTL 0.89 3.3 × 10−10

rs61985136 14 RAD51B 0.90 1.6 × 10−10

rs2043085 15 LIPC 0.87 4.3 × 10−15

rs5817082 16 CETP 0.84 3.6 × 10−19

rs2230199 19 C3 1.43 3.8 × 10−69

rs429358 19 APOE 0.70 2.4 × 10−42

rs5754227 22 SYN3-TIMP3 0.77 1.1 × 10−24

rs8135665 22 SLC16A8 1.14 5.5 × 10−11

New (reported with genome-wide significance for the first time)
rs11884770 2 COL4A3 0.90 2.9 × 10−8

rs114092250 5 PRLR-SPEF2 0.70 2.1 × 10−8

rs7803454 7 PILRB-PILRA 1.13 4.8 × 10−9

rs1142 7 KMT2E-SRPK2 1.11 1.4 × 10−9

rs71507014 9 TRPM3 1.10 3.0 × 10−8

rs10781182 9 MIR6130-RORB 1.11 2.6 × 10−9

rs2740488 9 ABCA1 0.90 1.2 × 10−8

rs12357257 10 ARHGAP21 1.11 4.4 × 10−8

rs3138141 12 RDH5-CD63 1.16 4.3 × 10−9

rs61941274 12 ACAD10 1.51 1.1 × 10−9

rs72802342 16 CTRB2-CTRB1 0.79 5.0 × 10−12

rs11080055 17 TMEM97-VTN 0.91 1.0 × 10−8

rs6565597 17 NPLOC4-TSPAN10 1.13 1.5 × 10−11

rs67538026 19 CNN2 0.90 2.6 × 10−8

rs142450006 20 MMP9 0.85 2.4 × 10−10

rs201459901 20 C20orf85 0.76 3.1 × 10−16

Each locus with the genome-wide significance P value (P < 5 × 10−8) and effect size (odds ratio) 
for the variant have been shown
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significantly associated 16 loci were identified for the first time. It was found that 45 
of 52 associated variants were common (MAF >5%), having odds ratios (ORs) from 
1.1 to 2.9 whereas 7 of 52 were rare variants (MAF 0.01% and 1%) with ORs 
between 1.5 and 47.6. All seven rare variants were located in or near the comple-
ment genes [20]. Table 10.2 shows the seven rare variants.

The two most important loci with large effect sizes and relatively high frequen-
cies are CFH and ARMS2 [18, 20–22].

10.5  Pathogenesis of AMD

Various biological pathways involved in the pathogenesis of AMD are the follow-
ing [23]:

• Immune and complement system
• Lipid transport
• Extracellular matrix (ECM) remodeling
• Angiogenesis
• Cell survival and homeostasis, including DNA repair, apoptosis, and stress

10.5.1  Immune and Complement System

The complement system is a vital component of the innate immune system that 
participates in the elimination of pathogens and also protects highly metabolic tis-
sues in the body such as the retinal pigmented epithelium(RPE) from reactive oxy-
gen species. Of the three complement pathways, the alternate pathway is mainly 
implicated in AMD. The alternate pathway works through proteins C3 and C5. CFH 
is a soluble complement regulator essential for controlling the alternative pathway. 
Faulty recognition of host cell surfaces by CFH due to mutations and polymor-
phisms has been associated with complement-mediated tissue damage and disease, 
including AMD. CFH, C2/CFB, C3, CFI, and C5 are the complement factors asso-
ciated with AMD. C2, C3, and C5 complement proteins make up the drusen and are 
proinflammatory [24, 25].

Table 10.2 Seven rare variants out 
of 54 variants for AMD [20]

Lead variant Chromosome Locus name
p.Arg1210Cys 1 CFH
p.Gly119Arg 4 CFI
p.Pro167Ser 5 C9
p.Lys155Gln 19 C3
rs148553336 1 CFH
rs191281603 1 CFH
rs35292876 1 CFH
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The Compliment polymorphisms that increase the AMD risk are the following:

• C3: rs11569536, rs2230199, rs104728, 6R102G, L314P
• C2: rs9332739, rs547154, rs116503776
• CFH: Y402H, which accounts for significantly earlier age of exudative disease 

onset (7 years earlier) and increases the risk of AMD progression [26].

Complement genes contribute approximately 57% of known variants to disease 
risk. CFH risk variants appear to slightly favor progression toward geographic atro-
phy (GA) [26].

10.5.2  Lipid Transport

Lipoproteins secreted by RPE are a major source of peroxidizable lipids. The ECM 
is implicated in the retention of lipoproteins in Bruch’s membrane. Any alteration in 
the RPE and ECM can lead to the formation of drusen. Various genes and genetic 
variants related to the lipid transport pathway are as follows:

 1. Apolipoprotein E (ApoE): This gene is located on chromosome 19. It is involved 
in lipid and cholesterol transport and metabolism. There are three isoforms of 
ApoE: epsilon 2 (E2), epsilon 3 (E3), and epsilon 4 (E4) [27, 28]. The E2 iso-
form increases the risk of AMD by 1.5-fold [28]. The E4 confers a protective 
effect with a two to threefold decrease in AMD development [27]. A combina-
tion of ApoE and CFH-Y402H increases the risk for AMD and Alzheimerʼs dis-
ease [29].

 2. LIPC and CETP: These are expressed in the subretinal space and participate in 
rapid cholesterol transfer from the RPE.

 3. Scavenger receptor class B, member 1 (SCARB1) gene
 4. Solute carrier family 16, member 8 (SLC16A8)

10.5.3  Extracellular Matrix Remodeling

 1. Age-related maculopathy susceptibility 2(ARMS2): Previously termed 
LOC387715, ARMS2 is located on chromosome 10. It is a common and most 
important gene along with CFH. ARMS2 alleles in a single copy could have a 
53% population-attributable risk for late AMD [30]. The precise function of 
ARMS2 in the pathogenesis of AMD is not clearly known. Results of a recent 
study indicate that ARMS2 is a constituent of the ECM [31]. ARMS2 binds to 
COL1A1 and COL4A2. COL1A1 is a constituent of type I collagen, which is a 
main component in Bruch’s membrane [32]. Type I collagen shows a potent 
angiogenic function and is capable of inducing the expression of further angio-
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genic genes [33]. Type IV collagen is a main component of the basement mem-
brane of the choriocapillaris [34]. ARMS2 also interacts with ECM proteins, 
such as fibulin-6, which has been recognized as a risk factor in AMD. There is 
evidence indicating that ARMS2 confers a greater risk for wet AMD compared 
with GA [35]. When ARMS combines with CFH and C3, the attributable risk for 
AMD increases to 76% [36].

 2. Tissue inhibitors of matrix metalloproteinases (TIMPs): Excess TIMP3 reduces 
the permeability of Bruch’s membrane, leading to atrophy of RPE and photore-
ceptors [37]. It is also associated with Sorsby fundus dystrophy. A rare missense 
mutation in TIMP3 (C1113G) has been found to be associated with earlier age 
of disease onset (average age 65 years) and bilateral choroidal neovasculariza-
tion [38].

 3. Fibulin 5: It has a function in the assembly and stabilization of ECM complexes.
 4. Hemicentin-1: It is a member of the immunoglobulin superfamily. It interacts 

with ARMS2 in the causation of AMD [39].
 5. Fibulin 3: It is an epidermal growth factor consisting of fibulin-like extracellular 

matrix protein 1 (EFEMP1). EFEMP1 plays a role in Doyne honeycomb dystro-
phy and drusen formation [40].

Less common genetic factors: [41]

 1. SerpinG1
 2. ADAMTS9
 3. Filamin interacting protein 1
 4. FRK/Col10A1
 5. Collagen type 8, α1

10.5.4  Angiogenesis

Vascular endothelial growth factor (VEGF) is a platelet-derived growth factor that-
promotes angiogenesis and inhibits apoptosis. VEGF-A (VEGF-165) is a potent 
angiogenic agent that acts through receptor VEGFR-2. It is produced by endothe-
lium, RPE, astrocytes, Muller, and ganglion cells. VEGF polymorphisms dysregu-
late gene expression, leading to disease manifestation. An imbalance between 
angiogenic and anti-angiogenic factors leads to the formation of new blood vessels. 
VEGF SNPs rs3025000, rs833068, rs844069, and rs699946 show good outcome 
responses for treatment [42].

10.5.5  Survival and Homeostasis, Including DNA Repair, 
Apoptosis, and Stress

Various rare genes that can increase the risk for AMD are IER3-DDR1 immediate 
early response 3, RAD51, RAD51B, MYRIP, insulin-like growth factor-1 (IGFR1), 
REST-C4/F14-PolR2BIGFBP7, TNFRSF10A chemokine (C-C motif) ligand 2 
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(CCL2), ERCC6, and FSCN2 [41]. Recently, mosaic loss of chromosome Y has 
been found to be associated with the risk of AMD, particularly in individuals 
between 65 and 75 years of age [43].

The summary of various biological pathways with their respective genes and 
variants has been shown in Table 10.3.

10.6  Genetic Testing

As AMD is a complex genetic disease with multiple genes and genetic variants 
implicated in the disease process, the knowledge of a single risk allele is of limited 
value in assessing its risk. Instead, a genetic risk score, calculated from known 
genetic and environmental risk factors, is clinically effective in advising patients 
about individual risk [44]. Moreover, currently, there is no evidence showing benefit 
in visual outcome when altering the management of genetically higher risk progres-
sion patients compared with individuals of lower genetic susceptibility. Also, 
genetic testing in patients with neovascular AMD does not provide clinically rele-
vant information with regard to anti-VEGF treatment response. The American 
Academy of Ophthalmology Task Force specifically advises against testing for 
complex genetic diseases such as AMD and recommends avoiding direct-to- 
consumer genetic testing [45].

10.7  Conclusion

AMD is a complex disease with both genetic and environmental risk factors playing 
a role. Approximately 50% of the heritability is explained by the known genetic risk 
variants, the most important being CFH and ARMS2. Unfortunately, the exact 
mechanism through which CFH and ARMS2 increase the risk of AMD is still not 
clear. Further work is needed to unravel the remaining heritable component of 
AMD, which can aid in a better understanding of the disease pathogenesis and lead 
to the planning of newer strategies for its prevention and treatment. Currently, there 
is no convincing evidence of the benefit of genetic testing in the routine clinical care 
of patients with AMD. However, genetic testing is more useful as a research strategy 
than in clinical management.

Table 10.3 Various pathways and the respective genes involved in pathogenesis of AMD

Biological pathways Genes and genetic variants
1. Complement system CFH, C2/CFB, C3, CFI, C5
2. Lipid transport Apolipoprotein E, LIPC, CETP, SCARB1, SLC16A8
3. ECM remodeling ARMS2, TIMP, Fibulin 3 and 5, hemicentin 1, SerpinG, ADAMTS9, 

Filamin interacting protein 1, FRK/Col10A1
4. Angiogenesis VEGF
5. Cell survival and 

homeostasis
IER3-DDR1 immediate early response 3, RAD51, RAD51B, 
MYRIP, IGFR1, REST-C4/F14-PolR2BIGFBP7, TNFRSF10A 
CCL2, ERCC6, FSCN2
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11.1  Introduction

A rhegmatogenous retinal detachment (RRD) results from a full thickness break in 
the neurosensory retina leading to the separation of the neurosensory retina from the 
underlying retinal pigmented epithelium. While descriptions of this disease entity 
have been around since the nineteenth century, true understanding of the condition 
in vivo became possible only after invention of the ophthalmoscope in 1851 [1]. It 
was Jules Gonin in 1904 who described three cases of RRD which paved the way 
for research and development of techniques to treat this condition [2]. Since then, 
our understanding of the etiology and management of this blinding condition has 
substantially improved.
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Rhegmatogenous retinal detachments are more often found in men (57–60%) 
when compared to women [3]. Ethnicity too has proven to play an important role. 
For instance, the incidence of RRD in patients of Chinese ethnicity was found to be 
three times that of Indian ethnicity (11.6 per 100,000 versus 3.9 per 100,000, respec-
tively) [4]. The African and West Indian origin population have an extremely low 
incidence of RRD [3]. These racial variations suggest a disparity in the genetic 
profile, which could be an underlying risk factor. Several inherent risk factors for 
RRD such as myopia, lattice degeneration, and posterior vitreous detachment are 
already well described in literature. This chapter describes the various genetic 
abnormalities associated with RRD and also sheds light on the genetics of non-
syndromic retinal detachments.

11.2  Genetics of Conditions Associated 
with Rhegmatogenous Retinal Detachment

Several conditions which are thought to be risk factors of the development of retinal 
detachment exhibit a genetic predisposition. These conditions are described below.

 1. Lattice degeneration (LD) is a degeneration of the peripheral retina character-
ized by oval or linear patches of retinal atrophy. Prevalence of LD ranges between 
6 and 9.5% [5]. It is the most common vitreoretinal degeneration that predis-
poses to RRD [6]. The role of heredity in the etiology of LD has been reported 
in literature [6–9]. Both autosomal dominant [7, 8] and autosomal recessive 
modes [9] have been described. Mukarami et al. [10] investigated 100 patients of 
LD without RRD and concluded that it had a complex inheritance pattern, with 
a threefold higher prevalence of LD in first-degree relatives. In 2012, Meguro 
et al. published a genome-wide association study (GWAS) suggesting an asso-
ciation of LD with COL4A4 in a Japanese population [11].

 2. Retinal dialysis accounts for approximately 6% of all RRD cases [12]. It is 
largely believed to be traumatic [13] with existing literature suggesting that a 
genetic predisposition is unlikely [14]. However, the high prevalence of bilater-
alism in dialysis is suggestive of a genetic etiology.

 3. Giant retinal tears (GRT) account for approximately 1.3% of all RRDs. Trauma 
is a common cause of GRT, however, many of the hereditary vitreoretinopathies 
also have a high rate of GRTs [15].

 4. Myopia: The genetics of myopia is a very vast and complex topic. Two main 
characteristics, the axial length and corneal curvature have shown to have high 
heritability with one study demonstrating this to be 0.95 for the former and 
0.67 for the latter [16]. In addition, family aggregation studies have demon-
strated a higher prevalence of myopia in children with myopic parents com-
pared to those without [17]. Siblings of myopes also have increased risk of 
developing myopia [18]. Over 50 genetic loci have been described that are 
associated with the development of myopia. These have multiple patterns of 
inheritance [19].
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11.3  Genetics of Syndromic Rhegmatogenous 
Retinal Detachment

 1. Stickler Syndrome is the most common cause of inherited RRD. It falls under 
the spectrum of Type II/XI collagenopathies. Stickler syndrome is characterized 
by five clinical features which include: (1) mid-face hypoplasia and small chin; 
(2) a bifid uvula and submucous or frank cleft palate; (3) congenital abnormali-
ties of the vitreous; (4) cataract; and (5) a high rate of retinal detachment [20, 
21]. In addition, myopia, characteristic lamellar cortical cataract, and angle 
anomalies may exist. The main clinical characteristic feature is the vitreous 
abnormality. Four subtypes have been described; STL1, STL2, STL3, and STL4; 
however, only STL1, STL2, and STL4 present with ocular features [15].

 (a) Type 1—Most common; highly penetrant autosomal dominant; mutations in 
COL2A1 on chromosome 12q13; skeletal, ocular, and auditory features; 
congenital non-progressive myopia; high risk of developing a GRT; mem-
branous vitreous in the retrolenticular area extending to the periphery.

 (b) Type 2—Autosomal dominant; mutations in COL11A1 on 1p21; beaded 
congenital vitreous anomaly; arthropathy and cleft palate.

 (c) Type 4—Autosomal recessive, mutations in COL9A1 and COL9A2.

 2. Marshall syndrome: Heterozygous splice site mutations in COL11A1 mutations 
[22] with myopia, early cataracts, vitreous liquefaction, and retinal breaks; short 
stature, hypoplastic nasal bones, and round faces.

 3. Wagner’s syndrome [23]: Optically empty vitreous with pre-retinal condensa-
tions to the periphery; progressive chorioretinal degeneration; pseudostrabis-
mus; cataract; anterior segment dysgenesis and RD is reported in up to 75% of 
patients. Linked to gene coding chondroitin sulfate proteoglycan-2 (CSPG2), 
also known as versican on chromosome 5.39.

 4. Erosive vitreoretinopathy: Described in 1994 by Stone; allelic to Wagner’s syn-
drome; marked vitreous syneresis, RD and diffuse rod-cone dystrophy; high 
myopia absent; progressive “erosion” of the retinal pigment epithelium (RPE) 
resulting in visualization of choroidal vessels [24].

 5. Snowflake vitreoretinal degeneration: Described by Schepens in 1974 [25] auto-
somal dominant; mutation in the KCNJ13 gene which codes for the Kir7.1 K+ 
channel [26], fibrillar vitreous degeneration; absent optic nerve cup; parapapil-
lary sheathing with radial perivascular degeneration; 20% develop RD [27].

 6. Autosomal Dominant Vitreoretinochoriodopathy: Autosomal dominant condi-
tion caused by mutations in VMD2on 11q13 [28] annular ring of chorioretinal-
hypopigmentation anterior to the vortex veins to the ora serrata [29]. This 
pigmentation is believed to confer protection to development of RRD. To date, 
one case with associated RD has been reported [30].

 7. Knobloch Syndrome: Recessive disorder caused by mutations in COL18A1; 
encodes type XVIII collagen; characterized by high myopia; vitreoretinal 
changes; occipital encephaloceles; RRD [31], rates of RRD are reported to be 
greater than 50% [20].
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 8. Marfan’s Syndrome: Autosomal dominant disorder; mutations in the fibrillin- 1 
(FBN1) gene; rate of RRD varies from 5 to 15% [32], multiple musculoskeletal 
manifestations, ectopia lentis. Table 11.1 lists the various genes that have been 
implicated in the development of syndromic RRD.

11.4  Genetics of Non-syndromicr hegmatogenous 
Retinal Detachment

While there is paucity of research on non-syndromic RRD, a genetic predisposition 
was first proposed nearly five decades ago [33]. Mitry et al. suggested that the sib-
ling recurrence risk for RRD was 2.1, and the parent-offspring risk as 2.9 [34]. In 
fact, a positive first degree relative family history of RRD ranges between 1% and 
8.2%. Go et al. [35] and Richards et al. [36] both reported a mutation in COL2A1 in 
persons without classical features of Stickler’s syndrome. Edwards et al. have also 
described a family with autosomal dominant RRD having the pathogenic C192A 
mutation in exon 2 of COL2A1 [37].

In 2013, Kirin et al. using the GWAS found the strongest associations of non-
syndromic RRD with single nucleotide polymorphisms (SNPs) at the CERS2, 
SS18, TSTA3, TIAM1, and LDB2 loci. The CERS2 gene has been implicated in the 
apoptosis of photoreceptors. The other genes play a role in molecular adhesion and 
in maintaining the cytoskeletal framework. Their observations suggest a polygenic 
etiology of RRD [38]. Magliyah et al. in 2019 described the occurrence of recessive 
LRPAP1 gene, which confers a high risk of childhood onset RRD [39]. Table 11.2 
lists the various genes that have been implicated in the development of idio-
pathic RRD.

A number of genetic associations with RRD exist. However, the precise genetic 
risk of non-syndromic RRD is yet to be well defined. As our understanding improves, 
it could facilitate screening programs for prevention and early detection, and with a 
potential to reduce the morbidity of rhegmatogenous retinal detachment.

Table 11.1 Genes associated with syndromic forms of rhegmatogenous retinal detachmenta

Disease Gene Locus Function/end product
STL1 COL2A1 12q13.11 Type II collagen, a-1 chain
STL2 COL11A1 1p21.1 Type XI collagen, a-1 chain
STL4 COL9A1 6q13 Type IX collagen, a-1 chain
Marshall COL11A1 1p21.1 Type XI collagen, a-1 chain
Wagner CSPG2/VCAN 5q14.2-q14.3 Versican
Knobloch COL18A1 21q22.3 Type XVIII collagen, alpha-1 chain
SVD KCNJ13 2q37.1 Kir7.1 K+ channel
XLRS RS1 Xp22.13 Retinoschisin, protein, cell adhesion
MFS FBN1 15q21.1 Fibrillin
ADVIRC VMD2 11q12.3 Anion channel

STL Stickler syndrome, SVD Snowflake vitreoretinal degeneration, XLRS X-linked retinoschisis, 
MFS Marfan syndrome, ADVIRC Autosomal dominant vitreoretinochoroidopathy
aAdapted from Johnston T, Chandra A, Hewitt AW.  Current Understanding of the Genetic 
Architecture of Rhegmatogenous Retinal Detachment. Ophthalmic Genetics. 2016
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12.1  Introduction

Retinitis pigmentosa (RP) is an inherited retinal degenerative disease leading to loss 
of cone and rod photoreceptors [1]. The term “retinitis” is considered as a misnomer 
as dystrophy or degeneration of photoreceptors rather than inflammation, defines 
the exact pathophysiology of the condition. The first clinical manifestation in 
patients is the inability to see in night or dim light (nyctalopia), followed by gradual 
narrowing of the visual fields. Tunnel vision (poor peripheral vision) or even com-
plete loss of vision (complete blindness) may occur depending on the progression 
and severity of the disease [2].

RP is shown to have an average global prevalence of 1:4000 irrespective of age 
groups [1]. This differs among different populations where in Korea it is 1 in 9000 
(for all ages) and 1 in 6000 (aged over 40 years) [3]. In a Danish population study, 
it was recorded to be 1:3943 [4] and the Beijing eye study reported RP in 1:1000 
Chinese above 40 years [5]. So far India recorded the highest prevalent rate with 
about 1 in 750 in adults (rural Central India) [6], 1 in 930 (urban), and 1 in 372 of 
rural subjects in the south Indian population above 40 years of age [7].

12.2  Etiology of RP

RP is genetic in origin and inherited as an autosomal dominant (10–20%), autoso-
mal recessive (20%) or X-linked recessive (10%), pseudo-dominance in certain 
XLRP variants [8–10]; detection of more than one genetic cause in the same family 
has also been reported [11, 12]. The remaining cases with little or no family history 
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of the patients are termed to be sporadic. In the autosomal dominant inheritance, the 
disease severity is mildest and the patients express the disease symptoms at age of 
50 years as against that of autosomal recessive forms with an age of onset during the 
first decade (some mild forms have also been reported). X-linked RP is highly asso-
ciated with myopia [2].

Histopathological sections from enucleated eyes of an autosomal recessive RP 
patient showed shortened and disorganized rod, cone outer segments loss with a 
reduced number of photoreceptors. In ten patients with autosomal dominant RP, 
shortened inner segments and poorly organized, shortened/absent outer segments 
were observed. In three cases, inclusion bodies and/or perinuclear cytoplasmic 
membranous swirls were also seen [13].

The pathophysiology of RP is defined by heterogeneous genetic architecture, with 
varying mutation spectrum globally. There are 116 genes mapped for isolated, non-
syndromic RP which are shown to be involved in processes such as visual cycle, 
phototransduction pathway, ciliogenesis, ciliary function, and transcription, etc.

12.2.1  Genes Involved in Phototransduction Cascade

The cascade, triggered by excitation of opsin by the photon thus generating electri-
cal signal is transmitted to the visual cortex via the optic nerve, resulting in image 
perception. The pathway is largely similar in both rod and cone cells [1]; Mutations 
in RHO cause autosomal dominant RP and rarely in autosomal recessive cases, 
intrafamilial variation due to genetic modifiers or environmental factors have also 
been reported. Figure 12.1 illustrates the process in phototransduction cascade and 
the genes involved.
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12.2.2  Genes Involved in Visual Cycle (Fig. 12.2)

ABCA4 gene encodes ATP binding cassette subfamily A protein. It transports the 
activated all-trans retinal to disc outer segment. Retinal dehydrogenase (coded by 
genes RDH8, RDH12, and RDH14) reduces all-trans-retinal to all-trans retinol. 
RBP3 gene encoding IRBP (Interphotoreceptor Retinoid-Binding Protein) binds to 
all-trans retinol after it is transported to the subretinal space. In the cytoplasm, 
LRAT, RPE65, RDH5, and RDH11 genes de-isomerize all-trans retinol bound to 
cellular retinol-binding protein 1 (CRBP1). CRAL1BP transports the de-isomerized 
retinol into the photoreceptor matrix, where it binds to another opsin molecule, 
thereby starting the cycle afresh. Mutations in genes involved in the visual cycle 
generally follow an autosomal recessive inheritance pattern [1, 14].

12.2.3  Genes Involved in Ciliary Transport

The outer segment of the photoreceptor cells lacks biosynthetic machinery. The 
components are partially pre-assembled in the inner segment and transported to the 
outer segment via sensory and connecting cilia. Cilia assembly and maintenance are 
facilitated by IFT proteins (managed by IFT27 and IFT140 genes). The BBSome 
complex involved in ciliary transport consists of eight subunits encoded by BBS1, 
BBS2, BBS4, BBS5, BBS7, BBS8, BBS9, and BBS18 genes. Mutations in these genes 
have been found to cause Bardet–Biedl syndrome. However, mutations in BBS1, 
BBS2, BBS3, and BBS9 have also been reported in non-syndromic RP cases [1].
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In the ciliary tip, the localization of motor units is mediated by proteins encoded 
by genes ARL3 and RP2. MKS (Meckel–Gruber) and NPHP (Nephronophthisis) 
genes assemble cilia transition zone and control their gating function. Reports sug-
gest that the proteins encoded by these genes are associated with ciliopathies as they 
interact with BBsome complex and RPGR (Fig. 12.3). RPGR mutations are respon-
sible for 70–80% of X-linked recessive RP and 10–20% of all RP cases. RPGR is 
connected to the cilium by RPGRIP1 protein and localized by SPATA7 [1].

12.2.4  Genes Involved in Structural Processes

PRPH2 gene is involved in the formation of the outer segment disc rim. Altered 
PRPH2 protein results in the absence of outer segment disc rim, loss of disc stabil-
ity, and disc shedding. RP1 encodes a photoreceptor protein involved in outer seg-
ment disc morphogenesis and orientation. It shows synergistic interaction 
with RP1L1.

The interphotoreceptor matrix plays an important role in retinal metabolism and 
transport. Its principal components are hyaluronic acid, proteoglycans, collagen, 
and elastin. IMPG2, RBP3, and EYS are genes associated with non-syndromic RP 
which bind to the hyaluronic acid network. RP1 also has hyaluronic acid-binding 
motifs [1, 16].
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12.3  Genetic Heterogeneity of RP

Genetic heterogeneity in RP is evident from the broad clinical heterogeneity 
observed in RP which is defined by the phenotypic variability (both within and 
between the families) like age of onset, disease progression [17, 18] and fundus 
picture defining the retinal feature and the outcome [19, 20]. The candidate genes 
codes for protein essential for the normal functioning of the photoreceptor cells. 
Candidate gene mutations alter or even completely disrupt the pathway or the 
underlying cell structure and functions, leading to ciliary transport dysfunction, 
light damage, endoplasmic reticulum stress, apoptosis, and ultimately photorecep-
tor damage. In addition, the overlapping spectrum of candidate genes for various 
inheritance patterns adds to the heterogeneity of the disease (Fig. 12.4).

12.3.1  Mutation Spectrum of RP

The frequency and spectrum of mutations vary for different populations in different 
genes. There are more than 150 unique mutations reported in RP genes, which also 
adds to both the genetic and clinical heterogeneity of the disease [21]. The proteins 
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encoded by RP genes are not only retina specific but also some are ubiquitous [22]. 
Genetic overlap is seen between RP and various other retinal dystrophies (Fig. 12.5). 
Mutations in RPE65, BEST1, NRL, NR2E3, RHO, and RP1 genes are observed in 
both autosomal dominant and recessive RP [23]. In addition, mutations in several 
genes, like ABCA4 [24], PROM1 [25], PRPH2 [26],C8orf37 [27], and PRPF31 can 
lead to both RP and macular degeneration [28]. This highly heterogenetic nature of 
RP imposes a challenge in the clinical diagnosis as well as molecular diagnosis. 
EYS mutations (23.5%) are more prevalent and rhodopsin mutations (2.0%) are 
least prevalent in the Japanese population [29, 30]. RPGR (16%), EYS (13%), 
PRPF31 (10%), and USH2A (9%) mutations are observed in the German cohort. In 
the Ashkenazi Jewish population, the most common RP mutations were identified 
in MAK (39%) and DHDDS (33%) genes [31].

In autosomal recessive RP families of Indian origin, homozygosity mapping has 
identified the causative gene in approximately 15% (5/34 and 4/26) of the families 
studied, indicating that still newer causative genes have to be identified for autoso-
mal recessive RP. There are only a few reports on the distribution of common muta-
tions in codons 345 and 347 in RHO gene(gene for adRP) observed in other ethnic 
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populations [33, 34]. Analyzing RP families with various inheritance patterns by 
Allele-Specific PCR (10 autosomal dominant, 32 autosomal recessive, 2 X-Linked 
families, 27 sporadic cases, and 7 inconclusive inheritance), Dikshit et al. reported 
that codon 345 mutations in the RHO gene is less frequent in the Indian cohort. 
Mutation screening of PRPF31, RHO, IMPDH1, and RP1 genes in isolated (48 
cases) and autosomal dominant RP (53 cases) showed a low frequency of mutations 
in RHO and PRPF31 genes [34]. Genome-wide screening for regions of homozy-
gosity in RP patients from India has identified homozygous disease segregating 
mutations in genes TULP1 (tubby like protein 1), NR2E3 (nuclear receptor subfam-
ily 2, group E, member 3) and MFRP (membrane frizzled-related protein) [35]. 
Novel mutations in the EYS gene were identified by whole-exome sequencing in RP 
and sporadic cases from India [36]. Genetic testing in 171 cases diagnosed with reti-
nitis pigmentosa at Medical Research Foundation, Chennai, India (unpublished data 
from the authors’ lab) had shown a varied mutation spectrum with frequent muta-
tions in USH2A (8%), CERKL (7%), ABCA4 (6%), EYS (5%), RDH12, PROM1, 
CRB1 (4%), BEST1 and MERTK (3%) genes.

Mutations in USH2A have been reported in both non syndromic autosomal reces-
sive RP and Usher syndrome. USH2A gene mutations are reported in 12% of [37] 
non-syndromic RP and in a certain population, in which mutation hot spots [38] are 
also reported. There was also an appreciable difference in the distribution of the 
mutant alleles within the protein domains where mutation in the LE-8 domain was 
most prevalent in RP and FN3-15 domain mutations in USH2 groups study, respec-
tively. In 12 patients of Indian origin, novel CERKL gene variant in exon 8 
(c.1045_1046delAT) was identified accounting for ≈7% of the RP cases [39].

RPE65 is another gene of specific interest for screening. RPE65 mutations fre-
quently manifest as LCA and occasionally as early-onset hereditary retinal disease 
or specifically retinitis pigmentosa [40] and rarely present as fundus albipunctatus 
(FA) [41, 42] or cone rod dystrophy [43]. Heterozygous dominant mutations in 
RPE65genehave been associated in both retinitis pigmentosa and choroideremia 
patients [44]. The prevalence of mutations varies between RP and LCA (2% in 
recessive RP to 16% in LCA) [40]. Unpublished data from our lab showed that 8% 
of LCA cases [45] and 2% of RP cases were tested positive for RPE65 gene 
mutations.

12.4  Current Trends in Molecular Diagnostics of RP

The tremendous heterogeneity of the disease is evident from the broad spectrum of 
clinical features in inherited retinal dystrophies and the genetic heterogeneity indi-
cates the need for an effective, precise genetic diagnostic approach that eventually 
supports/confirms/suggest consideration to re-valuate the clinical diagnosis of 
RP.  This makes genetic testing to be too expensive, time-consuming, and labor- 
intensive [14, 47]. Molecular diagnostics in RP is indispensable in the clinical care 
of patients in genetic counseling, to rule out differential diagnosis, and in prenatal/
preimplantation genetic diagnosis. With extreme genetic heterogeneity and multiple 
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inheritance patterns in RP, it becomes very difficult to provide genetic counseling 
and explain risk prediction to the successive generation without genetic testing. The 
association of genes such as RHO, RPE65 and RP1 gene mutations observed in both 
autosomal dominant and recessive forms of RP is correlated with phenotypic vari-
ability and difference in age of onset of the disease condition. Molecular diagnostics 
in RP is much more challenging due to the increasing number of RP-associated 
genes and loci. Difference in mutation spectrums among different ethnic groups/
geographical locations demand the need for an effective and reliable genetic testing. 
For example, the most frequent RP variant p.(Pro347Leu) in the RHO gene 
accounted for only 3.6–5% of adRP and ~ 0.5–1% of unrelated patients emphasiz-
ing that screening the target genes or more frequent mutation is not adequate for 
identifying the genetic cause in heterogenous diseases like RP [48]. Technological 
advances in genomics like next-generation sequencing (NGS)-based whole exome 
or genome sequencing facilitates ongoing discovery of new genes and loci associ-
ated with RP. NGS-based molecular diagnostic test hence increases the mutation 
detection rate for all inherited retinal diseases. In a single, one-generation, non-
syndromic RP, whole-exome sequencing helped in identifying DHDDS (dehydrod-
olicholdiphosphate synthase) as the candidate gene that was also confirmed in vivo 
using zebra fish models [49].

Early-onset retinitis pigmentosa and LCA have both clinical and genetic over-
laps with age of onset being the major differentiating feature. Leber congenital 
amaurosis (LCA) is congenital and most severe, manifesting total vision loss with 
an absent electroretinogram (ERG). The other childhood dystrophies feature visual 
loss in early infancy, i.e., before 5 years with minimally preserved ERG [50]. These 
include early- onset retinitis pigmentosa (EORP), juvenile retinitis pigmentosa [51], 
and severe Early Childhood Onset Retinal Dystrophy (SECORD) [52]. NGS-based 
genetic testing (either by clinical exome or whole exome) could possibly aid in dif-
ferential diagnosis in these diseases and also in confirmative/supportive diagnosis of 
associated syndromes.

Unpublished data from our lab on genetic testing in childhood retinal dystrophy 
cases has shown a re-diagnosis of non-syndromic to syndromic forms of RP in ~8% 
of the cohort. These syndromes initially presented as LCA/early-onset retinal dis-
ease, and these ocular component manifests prior to the onset of other systemic 
features, thus highlighting the effectiveness and also the need for genetic testing in 
these cases. Systemic reevaluation in these patients depending on the molecular 
diagnosis has helped us in defining the cases as Senior–Loken syndrome (IQCB1), 
Jalili syndrome (CNNM4), Alstrom syndrome (ALMS1), and Thiamine responsive 
megaloblastic anemia syndrome (SLC19A2). We observe that there is a genetic 
overlap between non-syndromic and syndromic IRDs due to a high degree of het-
erogeneity that helps in identifying these syndromes in a proportion of these cases 
for early treatment and management.

The considerable variations due to the variable effects of mutations and genetic 
modifiers are observed within the RP subtypes. RHO mutations have been reported 
in both pericentral and sectoral RP [53, 54]. RHO, USH2A, PDE6B, TOPORS, 
CERKL, NR2E3, RDS and HGSNAT have also been shown to be associated with 
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pericentral RP [54, 55]. Jan et al. reported two families with pericentral RP having 
RHO mutation A164V with a favorable prognosis and I179F causing extreme vari-
able expressivity [56].

Apart from the number of genes, the non-Mendelian inheritance patterns like 
digenic or triallelic inheritance, variable expressitivity, incomplete penetrance add 
to the complexity in the molecular diagnosis of RP. Several deep intronic variants 
resulting in cryptic splice site/exon inclusion/frameshift leading to aberrant trunca-
tion of the protein like in CEP290 [57] and USH2A are being reported in RP patients. 
Whole-genome sequencing has proven more promising in identifying such a deep 
intronic variation. Although the pathogenicity of such variants remains elusive, 
iPSC technologies along with next-generation and Sanger sequencing has demon-
strated the pathogenicity of deep intronic variants in non-syndromic USH2A- 
associated RP patients [58]. In highly heterogeneous diseases like retinitis 
pigmentosa (RP), where the associated genes and mutations are high or unknown, 
NGS with its low cost and high throughput makes it a more feasible approach [59]. 
Messer et al. assessed the attitude of RP patients and family members toward pre-
dictive testing and prenatal testing in adRP which demonstrated that a comprehen-
sive genetic counseling and risk predictions after molecular diagnostics of RP has 
proven to assist the patients in undertaking informed decisions on predictive testing 
in 73% of the siblings, prenatal testing in 67% of the patients, and preimplantation 
genetics in seven families [60–62].

12.5  Genetic Modifiers in RP

Genetic modifiers are also shown to attribute to the extensive clinical variability 
observed in RP patients. RPGR gene mutations involving exons 1 to 14 along with 
NPHP5 (I393N) variant are associated with more severity in XLRP patients ROBO1, 
ROBO1-AS, ROBO2-AS, and ubiquitin-specific peptidase 25 [USP25] were also 
identified as genetic modifiers in RPGR-associated RP [63]. Such observations are 
of special attention with the emerging gene-based therapies for retinal 
degenerations.

NR2E3 gene mutations are associated with Goldmann–Favre syndrome (GFS), 
enhanced S-cone syndrome (ESCS), and 1% of adRP. The nuclear hormone recep-
tor gene, NR2E3, is a part of many potential gene networks involved in retinal 
homeostasis. The OCU400 (NR2E3-AAV) is thus under preclinical trials for the 
treatment of RP [64].

12.6  Genetic Testing: A Way Forward Toward Better 
Diagnosis and Screening

RP can be distinguished as non-syndromic RP and syndromic RP [65], both being 
caused by rare mutations which are inherited in Mendelian patterns. Reports on the 
non-Mendelian form of inheritance such as mitochondrial, digenic or de novo 
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mutations complicate the diagnosis in a minor proportion of cases [66]. A precise 
genotype–phenotype correlation has been difficult to establish, as this disease 
exhibits immense phenotype variability and genetic heterogeneity. The develop-
ment of high-throughput technologies like NGS allows screening of a large number 
of genes among specific diseases or a group of related disorders [65].

Compared to conventional methods, a higher detection rate of pathogenic vari-
ants through targeted NGS has proved to be the most effective approach for the 
screening of known retinal dystrophy genes [67]. Targeted panel screening has 
shown a detection rate in ~60% of the patients [68]. A custom-based panel, designed 
based on the mutation spectrum in Spanish RP families rendered a mutation detec-
tion rate of 27% [69]. Using targeted NGS panels the diagnostic yield in different 
RP studies ranges from 36% to 82% [70, 71]. But there are still a large number of 
RP patients without genetic diagnosis, which could be possibly explained by vari-
ants within non-coding regions and hypomorphic variants in unknown RP-associated 
genes, or patients with disease entities like RP (e.g., autoimmune retinopathy or 
autoimmune disease) [72].

The most comprehensive targeted NGS retinal panel includes over 200 genes 
with retinitis pigmentosa genes being the largest category. These panels cover exon/
intron boundaries and some known pathogenic deep intronic variants. Although 
management of retinal dystrophies was not impacted by genetic test results, there 
are other benefits such as in gene therapy trials for RPE65-associated retinal dystro-
phy [73], identifying the syndromic forms of retinitis pigmentosa in which the 
patients are at risk for co-morbidities.

Apart from the heterogeneity poised by the underlying genetic and clinical fea-
tures, the types of identified variants reported as per the standard guidelines for 
interpreting the sequence variants adds difficulty in interpretation of the genetic test 
results.

Molecular testing has assisted in diagnosis, but there are few barriers which 
affect the selection of disease causative gene like indeterminate inheritance patterns 
in families, generation of a large volume of data giving rise to various bioinformat-
ics challenges, more than one gene involved and the identification of “variants of 
unknown significance”(VUS) [74]. The quality of NGS platforms and bioinformatic 
pipelines along with specific clinical features attributed to various subtypes of RP 
may also alter the diagnostic yield in genetic testing for RP patients. The genetic 
counselors/clinicians may have to suggest additional testing in either the patient or 
family members, to confirm the pathogenicity of detected variants.

With emerging NGS-based technologies, the genetic analysis of many Mendelian 
disorders has been evolving by overcoming limitations of the older genotyping 
methods, allowing sequencing of the whole genome at a lower cost which has sig-
nificantly increased the efficacy of molecular diagnosis in RP [75].

The emerging NGS-based exome/targeted panel sequencing [76, 77] thus pro-
vides an option for detailed genetic diagnosis, and thus improves/supports/confirms 
the clinical diagnosis, evaluates the inheritance pattern, and disease perception in 
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the future for the afflicted families. However, NGS-based methods are to be cau-
tiously chosen considering the gene coverage. RPGR gene is one such example, 
where open reading frame 15 (ORF15) is not completely covered due to its highly 
repetitive sequences and purine-rich 3′ end of the gene. Approximately, 60% of 
disease-causing RPGR mutations were detected in this region [78–83]. Similarly for 
certain rare genetic diseases with one candidate gene at low coverage and many 
large deletions/duplications NGS can give only a 60% mutation detection rate.

12.7  Preimplantation Genetic Diagnosis and Its Implications

Introduced in 1990, prenatal diagnosis and preimplantation genetic diagnosis (PGD) 
are crucial methods for reducing the risk of giving birth to an affected baby. In order 
to avoid the transmission of genetic disorders, by PGD, one or a few cells are 
extracted from an in-vitro fertilization (IVF)-derived embryo; and genetic analysis 
is performed in those cells. Only the embryos that are negative for the specific 
genetic mutation are selected for implantation [84–87]. Thus, in PGD, the risk of 
having a child with a genetic disorder is eliminated, thereby preventing the trauma 
of terminating an affected embryo during pregnancy. Single-cell DNA testing 
through polymerase chain reaction and restriction enzyme analysis has helped in the 
detection of the presence of an ABCA4 mutation carrier or affected embryos, before 
transfer. This has resulted in an infant without Stargardt disease [88]. Reports on 
successful PGDs in families with retinal diseases such as albinism, retinitis pigmen-
tosa, retinoblastoma, blue cone monochromatism, achromatopsia, aniridia, Leber 
congenital amaurosis, Norrie disease, Usher syndrome type 1F, microphthalmia 
with coloboma, and X-linked retinoschisis are also available [89, 90].

Recently, mutated allele revealed by sequencing with aneuploidy and linkage 
analyses (MARSALA) is being used, which involves a one-step next- generation 
sequencing (NGS) procedure combining PGD, preimplantation genetic screening 
(PGS), and linkage analysis, thereby increasing success rates of clinical pregnancy 
and live birth [91, 92]. In an X-linked recessive RP family with RPGR mutation, 
MARSALA was performed by NGS in three biopsied blastocysts to confirm the 
unaffected status of the embryo before transferring into the uterus [93].

PGD is extremely accurate, with a misdiagnosis rate of less than 1% [94, 95]. 
These misdiagnoses may occur due to causes, such as embryonic/chromosomal 
mosaicism [96]. Multiple displacements have become a suitable approach for 
PGT-M due to low error rate and improved genome coverage. The capture sequenc-
ing and linkage analysis of SNPs located near the gene of interest provide a conve-
nient and efficient way for PGT-M experiment design. Combining different 
NGS-based genetic detection methods along the successive reproductive stages can 
provide comprehensive information for genetic counseling and clinical decision in 
genetic diseases. Multiple displacement amplification (MDA) and capture sequenc-
ing were applied in a USH2A mutation family, to identify the embryo without pater-
nal rare variant for implantation [97].
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12.8  Evolving Treatment for RP

The initial treatment trails for RP aimed at providing management or relief for 
patients through cataract extraction in RP cases [98] and carbonic anhydrase inhibi-
tion in patients with macular edema [99]. Administration of vitamin A was the fore-
most clinical trial conducted for the treatment of RP. Oral vitamin A as retinylpalmitate 
alone or combined with a diet rich in omega-3 had shown a statistically significant 
difference in ERG amplitudes among the participants [100]. But the visual acuity 
loss or the benefit on the progression of the visual field were not reported and there 
is a high risk of hypervitaminosis A in these patients on a long- term administration 
[101, 102]. Other pharmacological agents considered as potential therapeutic drugs 
were Lutein and Valproic acid. Although both were promising, certain limitations in 
a clinical study concerning safety and efficacy need to be performed to take the 
molecules further [103, 104].

Antioxidant cocktails including α-tocopherol, ascorbic acid, and α-lipoic acid 
have been shown to reduce visual cone degeneration in dominant models of RP 
where the reactive oxygen released by rod degeneration leads to a subsequent reduc-
tion in cone density due to oxidative damage [105]. Neurotrophic factors like glial 
cell-derived neurotrophic factor (GDNF), ciliaryneurotrophic factor (CNTF) [106, 
107], transferrin [108], and growth factors like basic fibroblast growth factor (bFGF) 
have been shown to protect photoreceptor degeneration. However, further trials with 
more subjects are indispensable to show the safety of treatment with these com-
pounds [109, 110].

Unlike pharmacological therapies discussed above, molecular therapies involve 
molecular diagnostics to determine the eligibility of patients for clinical trials or 
gene-specific treatments. Currently, the most advanced therapy in retinal diseases 
involves gene replacement therapy/augmentation therapy targeting either the photo-
receptors or RPE cells. Although numerous clinical trials are in progress, treatment 
for retinitis pigmentosa 20 (RP20), i.e., autosomal recessive RPE65 mutation- 
associated gene therapy by using Luxturna developed by Spark Therapeutics 
became the first FDA-approved drug [111]. An update on the current various devel-
opments towards treatment for retinitis pigmentosa is available (https://www.fight-
ingblindness.org/research/retinitispigmentosa-research-advances-3).

12.8.1  Ongoing Gene Therapy Trials

Several other gene augmentation therapies currently in clinical trials include 
MERTK, MYO7A, ABCA4, PDE6B, RLBP1, and RPGR [112–114]; but this treat-
ment option is not available for subjects with advanced stage of degeneration 
because it needs surviving PR or RPE cells to take up the vector with the gene for 
expression. In dominant conditions, due to RHO or PRPF31 mutations, the 
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treatment strategies must involve suppression of the wild type and mutant allele and 
suppression-resistant replacement of the wild-type gene.

Novel molecular agents are being used to perform gene suppressions such as 
antisense oligonucleotides, RNAi, CRISPR, ribozymes, etc. which along with tar-
geting proteins like zinc finger proteins (ZFP), aptamers and antibodies have proven 
to be competitive therapy options [115–118]. With progress in such gene-dependent 
treatments, it is imperative that the specific genetic cause of disease in patients with 
any IRD is determined.

12.8.2  Potential Treatment Strategy Underway in End-Stage 
RP Patients

Though treatment options for RP are not wide, extensive research is being carried 
out worldwide to restore vision in affected patients. Artificial eye implants have 
been in the pipeline since the early 1950s. Through extensive studies [16, 119, 120], 
artificial vision retinal implants are shown to be a feasible option for patients as they 
are safe and reliable [121].

In patients with end-stage RP/other retinal degenerations, restoration of vision 
through gene-based augmentation therapy or personalized iPSC-based gene correc-
tion becomes impossible. Retinal implants and a neuromodulation method called 
optogenetics are suggested in such patients. Optogenetics confer vision restoration 
by artificially stimulating retinal activity in retinal cells. This is done by targeting 
light sensors genetically over a retinal cell and activating the cells when the current 
flows across its cell membrane. The PIONEER optogenetic study is the first human 
optogenetic trial started recently in 2018. The trial involves injecting AAV-mediated 
ChrimsonR channel rhodopsin targeting retinal ganglion cells. The result of the trial 
is still underway [122]. The retinal prosthetic implant on the other hand is a device 
that performs image acquisition by using its light-sensitive microphotodies that con-
vert the images to little current which are then directed to the intact middle and inner 
retinal cells. In 2013, the first device to receive FDA approval was The Argus II 
epiretinal prosthesis (Second Sight Medical Products Inc., Sylmar, CA, USA). 
Following Argus II, epiretinal prostheses IRIS and EPI-IRET3, Subretinal prosthe-
ses (ASR, IMS/AMS, PRIMA, and BSI) are under clinical/preclinical trials [123]. 
Thus, retinal implants or optogenetics are a boon to end-stage RP patients whose 
vision cannot be restored through gene therapies.

12.8.3  Cell-Based Therapy

Another promising approach for treating RP especially relevant to dominantly 
inherited retinal degenerations is Stem cell-derived retinal cell transplantation. The 
transplantation of human embryonic stem cell (ESC)-derived photoreceptors 
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precursors into the subretinal space of the CRX mouse model had shown to result in 
the expression of differentiated PR cell markers and restored light response [124]. 
As ESCs had ethical concerns, for transplantation and treatment of retinal degenera-
tive disease, adult fibroblast-derived iPSCs were used as a viable source for the 
production of retinal precursors.

The use of graft techniques and different cell types has been carried out with 
varying degrees of success. Maclaren et al. showed that postnatal, postmitotic pho-
toreceptor precursor cells were the most efficient as they formed outer segments 
(OS) and established synaptic connections with host cells, thereby rescuing light- 
sensitive vision [125]. However, precursor cells are those that have undergone their 
final mitotic divisions and are a non-expandable, limited population. As an alterna-
tive, pluripotent stem cells, especially the iPSCs act as a source of an unlimited 
number of cells [126].

Using autologous patient-derived induced pluripotent stem cells (iPSC) for 
transplantation is another potential source of treatment. Gene editing is done 
using CRISPR-Cas9 to obtain healthy cells without mutations. This has led to 
the development of proof of concept where personalized iPSC-based gene cor-
rection by CRISPR-Cas9 mechanism was demonstrated in RPGR gene mutant 
of XLRP patient and USH2A gene mutation in Usher syndrome patient [127, 
128]. A study by Alexander G. Bassuk et al. aims to repair an RPGR point muta-
tion caused by X-linked RP [127]. The iPSC manipulation and transplantation 
has proven to be much cheaper and robust than creating an animal model mak-
ing it a most reliable option for the treatment of RP patients. Currently, clinical 
trials for subretinal transplantation of hESC-derived retinal pigment epithelium 
have begun for Stargarts disease—an RP variant and it is reported to be promis-
ing [129].

12.8.4  In-Vivo Gene Editing

In-vivo gene editing can be done with zinc finger nucleases (ZFN), CRISPR/Cas9 
systems (RNA-based approach), and transcription activator-like effector nucleases 
(TALENs) (protein-based approach). Non-homologous end joining (NHEJ) or 
homology-directed repair (HDR) was used for repairing the double-stranded breaks. 
However, there is also CRISPR/Cas9 system is not economically feasible to test as 
personalized medicine on individuals. An overview on the basics of gene editing 
and its applications towards treatment for various monogenic diseases including 
retinitis pigmentosa is discussed by Dasgupta et al. [130].
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Abbreviations

AD Autosomal dominant
AR Autosomal recessive
ATOM Atropine for the treatment of childhood myopia
CCT Central corneal thickness
CREAM Consortium for Refractive Error and Myopia
GWAS Genome-wide association study
GxE Gene–environment interaction
MR Mendelian Randomization
NGS Next-generation sequencing
OCT Optical Coherence Tomography
OMIM Online Mendelian Inheritance in Man
Ortho-k Orthokeratology
SNP Single nucleotide polymorphism
XL X-linked recessive

13.1  Introduction

Myopia is a type of refractive error, usually occurring due to axial length elonga-
tion, causing the light rays to focus in front of the retina making distant objects 
appear blurred and near objects clearer, hence known as “short-sightedness” or 
“near sightedness”. It is defined as a refractive error of ≥−2 diopters (D). Its 
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prevalence has increased significantly in the last two decades making it one of the 
leading ocular disorders leading to visual impairment worldwide [1].

Myopia can be classified as non-syndromic myopia (if it occurs alone) and syn-
dromic myopia (if it is associated with another ocular or systemic disease or as 
physiologic myopia (usually low-grade myopia) and pathological myopia (usually 
associated with degenerative retinal changes). Pathological myopia is defined as a 
refractive error ≥ -6D or an axial length >26 mm. Although the refractory symp-
toms of myopia can be completely or partially relieved through spectacles, contact 
lenses, or refractive surgery, the risk of complications like retinal detachment, glau-
coma, and myopic macular degeneration is always there, which increases with an 
increasing axial length and can potentially lead to blindness [2].

Myopia has a heterogeneous aetiology including both environmental and genetic 
factors [1]. Till date, over 100 genes and more than 20 chromosomal loci have been 
associated with myopia or related traits via linkage analysis, candidate gene analy-
sis, genome-wide association study (GWAS), and next-generation sequencing 
(NGS) [3]. The current knowledge about the roles of loci and genes in myopia is 
limited making the mechanism of myopia quite complex.

13.2  Genetic Characteristics of Myopia

Prevalence and Heritability of Myopia The prevalence of myopia in children in 
India is relatively low compared to other Asian countries, though it has increased 
dramatically in last few years. A prevalence of 4.1% among rural children (aged 
7–15 years) has been reported from southern India and 7.4% among urban children 
(aged 5–15 years) in a study from north India [4].

Population-based epidemiological studies have shown that genetic factors con-
tribute to the onset and progression of myopia significantly. Parental myopia history 
plays a major role [5]. Inheritance of myopia has been found to be over 90% in large 
twin studies [6].

Syndromic myopia (myopia associated with another ocular or systemic disorder) 
is usually monogenic and can occur with a wide range of clinical presentations. 
While investigating these syndromes, we come to know about development of myo-
pia. Many heritable syndromes result in extreme axial elongation, due to develop-
mental connective tissue abnormalities (e.g. Marfan syndrome, OMIM #154700; 
Stickler syndrome, OMIM #108300 #604841, #614134, #614284; and Ehlers–
Danlos syndrome, OMIM #225400, #601776). Similarly, inherited retinal dystro-
phies lead to myopia due to defects in photoreceptors, e.g. X-linked retinitis 
pigmentosa (mutations in RPGR-gene) and congenital stationary night blindness 
[7]. Several genes of syndromic myopia were found to be associated with other 
ocular traits like central corneal thickness (ADAMTS2, COL4A3, COL5A1, FBN1) 
[8] and Fuchs’ dystrophy (TCF4) [9]. However, recently an over representation for 
syndromic myopia genes in GWAS studies was noted suggesting their important 
role in the development of myopia [10].
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Myopia-Related Phenotypic Traits Epidemiologic studies show that refractive 
development is a dynamic process and refractive changes continue to occur through-
out life at varying rates. During the neonatal period, the distribution of refractive 
error is more towards hyperopia. After the early period of rapid eye growth, the 
refractive changes slow down, but quite often lead to the development of myopia. 
Corneal curvature appears to remain relatively stable after the age of 6 years and 
therefore does not seem to play a major role in juvenile- and adult-onset myopia 
[11]. On the other hand, corneal thickness is highly heritable and is associated with 
the occurrence of refractive errors [12]. Myopia is largely the result of increase in 
axial length which increases predominantly during the school going years, and 
tends to stabilize during adulthood [11].

Interplay of Genetic and Environmental Factors Gene–gene as well as gene–
environment interactions have been observed in the pathogenesis of myopia. 
Although myopia is heritable within specific cohorts, dramatic changes in the envi-
ronment of human population have led to gradual changes in myopia prevalence as 
well [13, 14]. Myopia usually exhibits apparent familial aggregation [15], but 
genetic factors alone are insufficient to explain the rapid increase in the myopia 
prevalence. Epidemiological studies show that outdoor activity reduces the risk of 
myopia associated with near work, while more time spent in studying and a higher 
socioeconomic status increase the prevalence [16].

There are two areas where the role of environment can be confirmed by genetic 
studies. First is the gene–environment studies which can highlight the places of 
interactions. Second is the observational studies which can establish association but 
not the causation, though in some circumstances, genetic data can strengthen the 
possibility for an environmental risk factor causally (or not) influencing the risk of 
myopia (Mendelian randomization).

Gene–environment (GxE) studies on myopia have primarily focused on educa-
tion. A North American study examined GxE for myopia and the matrix metallopro-
teinases genes (MMP1-MMP10): a subset of SNPs was only associated with 
refraction in the lower education levels [13, 17]. A subsequent Singapore cohort 
study found variants in DNAH9, GJD2, and ZMAT4, which had a larger influence on 
myopia in a high education subset [18]. Subsequent efforts to examine GxE consid-
ered the aggregate effects of many single nucleotide polymorphisms (SNPs) 
together. A European study found that a genetic risk score comprising of 26 genetic 
variants was strongly associated with myopia and a university level education [19]. 
A study examining GxE in children considered near work and outdoor time in asso-
ciation with 39 SNPs and did not find strong evidence for an interaction with near 
work [19, 20]. A Consortium for Refractive Error and Myopia (CREAM) study was 
finally able to identify additional myopia risk loci through a GxE approach [21].

Mendelian randomization (MR) determines whether a risk factor is causally 
associated with a disease. The basis of MR is the fact that germline genotypes are 
randomly assigned at meiosis, to allow for a “natural” randomized controlled trial. 
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Since the assigned genotypes are independent of non-genetic confounding and 
remain unmodified by disease processes, MR offers a better causality assessment 
than observational studies [13, 22].

World Society of Pediatric Ophthalmology and Strabismus consensus statements 
guidelines state that outdoor activity has been shown to reduce myopia progression 
and one should ensure at least 1 h of outdoor activity per day [23]. This will not only 
keep myopia epidemic at bay but also will promote fitness and take care of Vitamin 
D deficiency. Recent evidence suggests that prolonged near work at closer distances 
(<33 cm) may be more damaging. Furthermore, taking frequent breaks during near 
activities and following 20–20–20 rule help reduce eyestrain which maybe contrib-
uting to further progression of myopia.

Genetic Transmission Traits of Myopia High myopia is often transmitted through 
families in Mendelian patterns, including autosomal dominant (AD), autosomal 
recessive (AR), and X-linked recessive (XL) inheritance. Based on linkage analysis, 
18 myopia and high myopia loci have been discovered and documented in the 
Online Mendelian Inheritance in Man database (OMIM), including nine high myo-
pia loci in AD inheritance (MYP2, MYP3, MYP5, MYP11, MYP12, MYP15, MYP16, 
MYP17, and MYP19), one high myopia locus in AR inheritance (MYP18), two XL 
recessive high myopia loci (MYP1and MYP13), and six loci (MYP6, MYP7, MYP8, 
MYP9, MYP10, and MYP14) associated with complex myopia [3]. The identifica-
tion of these 18 loci in the human genome not only points to the role of genetic 
factors in myopia but also provides guides for further screening of genes.

Genetic Studies for Myopia In recent years, a large number of genome-wide asso-
ciation studies (GWAS) and follow-up association studies have been done. 
Numerous variants have been repeatedly found to be associated with myopia-related 
phenotypic traits, like refractive error, axial length, and macular thickness, or have 
been linked with high myopia. The CREAM published findings from GWAS sepa-
rately, and later combined studies in a GWAS meta-analysis, identifying 161 com-
mon variants for refractive error but could explain only about 8% of the phenotypic 
variance of this trait [20]. Parent–offspring heritability estimated in studies is gener-
ally low, but sibling heritability is usually high, suggesting the dominating influence 
of environmental factors over genetics in determining refractive errors [24].

In a large meta-analysis of GWASs on 12,531 Europeans and 8,216 Asians, in 
addition to the ZC3H11B gene, eight other genes (RSPO1, C3orf26, LAMA2, GJD2, 
MIP, ALPPL2, CD55, and ZNRF3) were found to be associated with axial length 
[25]. Lin et al. revealed associations between myopia and polymorphisms within 
sclera-related TGFB2 [26].

In candidate gene studies, the focus is on genes with suspected biological, physi-
ological, or functional relevance to high myopia. Sometimes though such studies 
are limited by their reliance on existing knowledge. Particularly notable are genes 
encoding extracellular matrix-related proteins [COL1A1, COL2A1 [27, 28] and 
MMP1, MMP2, MMP3, MMP9, MMP10 [29]]. For PAX6 and TGFB1candidates, 
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the results were replicated in multiple independent high myopia studies and vali-
dated in a large GWAS meta-analysis in 2018, respectively [13, 30]. In few cases, 
the candidates were subsequently implicated in GWAS of other ocular traits: TGFβ2 
and LUM for central corneal thickness (CCT), a glaucoma and keratoconus endo-
phenotype, PAX6 with optic disc area [31] and HGF [32].

Considering the significant hereditary basis in myopia, understanding the under-
lying genetics would be the only option in demystifying the pathogenesis of the 
disease. Currently, this knowledge is very limited due to some inherent challenges 
in the field of genetic research. Some of them are outlined below:

 1. A number of suspicious genes do not adequately correlate with the disease pat-
terns in families which arouses the possibility of multiple genetic influences 
involved in pathological myopia.

 2. There is no consensus on the pathogenicity of the identified abnormalities. There 
can be involvement of single or different combinations of multiple sites in the 
pathogenesis such as sclera, pigment epithelium, ciliary body, etc. [33].

 3. The “missing heritability” problem—SNPs (single nucleotide polymorphisms) 
cannot fully explain the inheritance in all cases, possibly due to a greatnumber 
of variants with small effects which yet remain undiscovered [34].

 4. Survival analysis of population-based samples may not be adequate to detect 
variants for rare myopia subtypes like the Mendelian forms of high myopia. For 
such cases, sequencing of highly ascertained pedigrees could offer better 
information.

In general, genetic factors influence the pathogenesis of high myopia more than 
low myopia. It is easy to find genetic basis of early onset high myopia compared to 
late onset lower myopia because the previous is more likely to be monogenetic 
while the latter is more genetically complex [35].

13.3  Epigenetics

Epigenetics is important due to the known effects of environmental factors on 
refractive error and myopia but this field is still developing and some of its charac-
teristics make itfurther difficult to unravel. Epigenetic features can be influenced by 
environment and are time dependent and tissue specific. This complicates studies 
since refractive errors develop during childhood and young adolescence and obtain-
ing retinal and scleral tissue would be unethical.

13.4  Management of High Myopia

13.4.1  Prevention of Progression

Myopia progression can be halted by inducing changes in the structure and focusing 
abilities of the eye. Currently, three types of treatment show promise:
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• Atropine eye drops
• Orthokeratology (“ortho-k”)
• Multifocal contact lenses and eyeglasses

Atropine Eye Drops These have now been used for control of myopia with effec-
tive results. ATOM 1 and ATOM 2 (Atropine for the treatment of childhood myopia) 
studies have shown that use of low-dose atropine in children prevents myopia pro-
gression [36]. The antimuscarinic action of Atropine helps in preventing axial elon-
gation of the globe. Recent ATOM study shows that 0.01% atropine prevents the 
progression of myopia close to 50% [37]. Higher doses of atropine seem to have 
greater effect; however, rebound progression is greater. Atropine 0.01% appears the 
most reasonable approach to retard myopia progression with the least side effects. 
Atropine once started should be used at least for 2 years as maximum effect appears 
in the second year.

Usually it is prescribed for children (more than 5 years of age) who have progres-
sive myopia (>0.50 D per 6 months) with exclusions being children with anisome-
tropia, astigmatism more than 1.50 D, syndromic children with myopia, retinopathy 
of prematurity kids with myopia, and myopic shift seen in children after paediatric 
cataract surgery. They are started on low dose 0.01% (once daily at bedtime) atro-
pine eye drops with monitoring of axial length and side effects on each visit.

Side effects include discomfort, increased sensitivity to light, blurring of near 
vision, and need for bifocals or progressive glasses for near [37, 38]. These side 
effects are higher with increased dose of the eye drops. A recently noted rare side 
effect is a convergence excess consecutive esotropia in children operated for inter-
mittent exotropia [39]. A similar phenomenon has been reported by Lyu et  al. 
wherein they have reported increased esodeviation following cycloplegia with 
0.5% tropicamide and 0.5% phenylephrine mixed eye drops in patients of hypero-
pia and esotropia [40]. The prescribing clinician must be aware of these side 
effects and the treatment must be stopped whenever these are observed [41]. The 
mechanism of atropine controlling myopia has not been fully explained yet. 
Atropine is a competitive antagonist of muscarinic acetylcholine receptor types 
M1 to M5. The density and distribution of these receptors varyin differently pig-
mented eyes [42]. For each receptor (mAChRs), there is a significant gene poly-
morphism [43].

Orthokeratology It is the use of specially designed gas permeable contact lenses 
worn during sleep to transiently correct the refractive error so that glasses and con-
tact lenses are not needed during waking hours. They are also shown useful in con-
trolling progression of myopia apart from alleviating the need to wear glasses. 
Evidence shows that children who undergo several years of orthokeratology may 
develop lesser myopia, compared to children who wear eyeglasses or contact lenses 
during the peak years of myopia progression. This modality is also not free from 
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side effects especially complications related to use of contact lens such as foreign 
body sensation, watering, infection, allergic conjunctivitis, etc. [44, 45].

Multifocal Contact Lenses and Eyeglasses Multifocal lenses and glasses appear 
to be more effective than bifocal glasses and as effective as orthokeratology. Soft 
multifocal contact lenses can retard the development of myopia and elongation of 
the eye. Stronger treatment effect is seen in children who are younger and whose 
myopia is progressing more quickly. Contact lenses offer benefits beyond vision 
correction like cosmesis and comfort of outdoor sports activity. These factors also 
make children feel better about their interactions with peers [46].

13.4.2  Genetic Counselling

Genetic counselling can help individuals, couples, and families to understand and 
adapt to the medical, psychological, familial, and reproductive implications of the 
genetic aspect of the development and progression of myopia. This process includes:

• Interpretation of family histories to evaluate the probability of occurrence or 
recurrence of disease.

• Education about the natural history, inheritance pattern, diagnosis, management, 
and prevention of the condition.

• Counselling to promote informed choices.
• Encouragement for adjustment to the disorder in an affected family member and/

or to the risk of its recurrence [47].

13.5  Conclusion

Genetics and environment both play a significant role in the development and pro-
gression of myopia in children. A conjunction of functional studies and use of dif-
ferent technologies will enhance our understanding of the factors associated with 
myopia, leading to improvements in the prediction of its onset, prevention, and 
treatment.

Encouraging a healthy working distance, good posture, and lighting while read-
ing and increased outdoor activity may help retard myopia progression.

Spectacles and contact lenses do not contribute much in prevention of myopia. 
Orthokeratology should not be considered as a first-line strategy due to its high risk 
of infectious keratitis and relatively poor patient compliance. Low-dose atropine 
(0.01%) has been found to be effective and safe due to the lowest rebound effect and 
negligible side effects.

Financial Interest Nil.
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14.1  Introduction

Strabismus is a disorder of the alignment of the visual axes of the eyes. When the 
amount of misalignment is the same in all directions of gaze it is classified as comi-
tant. If the amount of misalignment varies in different directions of gaze it is classi-
fied as incomitant. It is a common disorder in children, occurring in 3–4% of the 
population [1–5]. Strabismus can result in visual impairment, absence of binocular 
vision and stereopsis, multiple surgeries, psychosocial problems affecting self- 
image, social interaction, education and employability of affected individuals [6, 7].

14.2  Etiology

The etiopathogenesis of strabismus is not clearly understood, although various 
hypotheses have been put forth to explain the cause of strabismus [8–12]. Comitant 
strabismus has been shown to have multifactorial etiology including genetic and 
environmental factors [2]. The rarer incomitant strabismus seems to follow mende-
lian inheritance [2]. Disruption of the following structures may underlie the final 
common pathway in the development of strabismus—extraocular muscles, orbital 
connective tissues, cranial nerves, fusion centres, and the visual cortex [13].

It is difficult to identify the genetic factors in a multifactorial disease. But the 
identification of such factors will help to better understand the etiopathogenesis of 
the disease. Those at risk can be identified early. Impairment due to strabismus, such 
as amblyopia and absence of binocular vision and stereopsis can be prevented or 
treated better resulting in better visual outcomes [14]. It could result in new tech-
niques for prevention or treatment.
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14.3  Comitant Strabismus

Strabismus is one of the earliest recorded genetic disorders. Hippocrates was the 
first to suggest that strabismus was passed on from parent to offspring 2500 years 
ago [15]. Further observations of strabismus occurring in families, twins, the differ-
ent prevalence rates of strabismus in various ethnic populations and the difference 
in the rate of prevalence of different types of strabismus in different populations 
indicate a genetic basis of the disease. However, various environmental factors have 
also been associated with strabismus. Factors significantly related to strabismus 
include advanced maternal age, smoking during pregnancy, premature birth, low 
birth-weight, retinopathy of prematurity and refractive error [16] (Fig. 14.1).

The genetics of strabismus are complex as comitant strabismus does not follow 
a Mendelian pattern of inheritance. Instead it has a multifactorial pattern of inheri-
tance which includes interaction of multiple genes and environmental factors [17]. 
To explain multifactorial etiology a Gaussian distribution of many factors is assumed 
in the general population. The disease occurs when a certain threshold is attained. 
In an at risk population, which includes the first order relatives of an affected indi-
vidual, the Gaussian curve is shifted to the right—the threshold is attained earlier. 
The actual risk depends on how much the Gaussian curve of the at risk population 
is shifted with regard to that of the normal population (Fig. 14.2) [18].

Multiple
genes

Genetic factors

Genetic
imprinting

Altered
gene

expression

Evironmental factors

Extra ocular muscles
Connective tissue
Cranial nerves
Fusion centres
Visual cortex

Strabismus

Fig. 14.1 Showing the contribution of genetic and environmental factors in the etiopathogenesis 
of strabismus
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14.4  Ethnic Variations

The prevalence of comitant strabismus is different in different ethnic groups as is 
the type of strabismus. This supports the heritability of comitant strabismus. It is 2% 
to 4% among the white population [20–22] compared to 0.6% among African [23] 
and Asian [24, 25] populations. Esotropia is more frequent than exotropia among 
the white population of the United States and Europe [21] whereas exotropia is 
more common in the Asian and black populations of the United States and Africa 
[24, 25]. In Hawaii, esotropia is more frequent in white populations, exotropia is 
more in Asian populations, and the two forms are mostly equal in the mixed ethnic 
population [24].

14.5  Family Studies

There were many early studies on strabismus occurring in families. But the herita-
bility and genetic risk could not be clearly identified due to variations in inheritance 
mode, heritability, type of strabismus and the influence of environmental risk fac-
tors [16]. Nevertheless, the rates were much greater than those in general population 
(5% approximately), supporting a genetic component to strabismus risk [13].

Various surveys that were conducted between 1910 and 1950 found that herita-
bility ranged from 20% to 50% in families that had esotropia [26]. Schlossman and 
Priestley found that 47.5% of 158 people with strabismus, 48.9% of 139 esotropes, 
and 36.8% of 19 exotropes were from families in which two or more additional 
members were affected. The real number could be more since subtle alignment 
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deviations could be unnoticed [27]. The highest incidence of strabismus in families 
is reported as 65% [28]. A study observed that 18% of 34 babies born to one parent 
with esotropia manifested constant or intermittent esotropia at 6 months [29]. 
Family history was significant for intermittent or constant exotropia and accommo-
dative esotropia when compared to infantile esotropia (P < 0.0001 and P = 0.0267, 
respectively, Fisher’s exact test) [30].

Strabismus occurring in siblings was observed by a study by Chew et al. They 
found that having an affected sibling increased the risk of developing esotropia (OR 
2.6; 95%CI, 1.2–3.2). However, similar increase in risk was not observed in exotro-
pia [31]. Schlossman and Priestley found that if the type of strabismus was the same 
in the siblings, the post-operative result was similar. This could be an indicator for 
improving the management of strabismus in siblings [27].

The concordance of the type of strabismus was varied across multiple studies. 
One study reported that concordance was 80% for strabismus manifesting in the 
same family [16]. Another study found a concordance of 54% in 39 families [32]. 
Families which manifested a mixture of esotropia and exotropia were also reported. 
This can be explained by the presence of single gene with variable expressivity or 
by the presence of two common genes. For example, it has been observed that there 
is increased prevalence of monofixation (7.8%) among parents of children with 
infantile esotropia [33] suggesting variable expressivity of a single gene.

14.6  Twin Studies

Twin studies are necessary to confirm and quantify the relative genetic contribution 
as familial clustering can be attributed to genetic factors as well as an unrecognized 
common environmental factor. Studies of strabismus in twins found a higher con-
cordance among monozygotic twins than dizygotic twins, implying the predomi-
nance of a genetic factor [16]. Matsuo et al.’s study of strabismus in twins found that 
the type of strabismus of 67.3% of 49 pairs of twins was concordant, and the rate of 
concordance was more in monozygosity (82.4%) than in multizygosity (47.6%) 
[34]. Another study observed that there was concordance only in the direction of the 
strabismus; the associated features of strabismus were disconcordant in the majority 
of the twins [35].

The genetic risk of esotropia and exotropia appear to be very different. In the 
Podgor study, the odds ratio was 330 for exotropia in cases of multiple birth where 
one of the twins was affected, whereas the odds ratio was extremely low at 2.2 for 
single births, implying a strong impact of multiple birth environmenton on the risk 
of exotropia [36]. A study among 1462 twins reported that heritability was signifi-
cant for esotropia. The genetic heritability of eso-deviation was 64% while no 
genetic heritability was found for exo-deviation [37]. A Chinese twin study found 
that there was greater concordance for exotropia (75%) when compared to esotropia 
(65.7%) [38]. It can be attributed to the influence of multiple birth environment on 
esotropia as well as ethnicity in the contribution to esotropia. Thus, esotropia is 
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more commonly associated with heritable factors while exotropia has a stronger 
environmental contribution.

14.7  Linkage Analysis

Linkage analysis helps to identify specific locations in the human genome that are 
linked to a particular trait. Parikh et al. [39] were the first to successfully identify a 
locus for comitant strabismus using linkage analysis. This study found a significant 
association of familial comitant strabismus with a region on the p arm of chromo-
some 7(7p21.3–15.3), designated STBMS1 which was linked to esotropia. Rice 
et al. [40] studied 12 families with comitant esotropia for the occurrence of STBMS1. 
A significant linkage was found in only one family, implying the limited role of 
STBMS1  in the genetic factor of strabismus. The STBMS1 locus has 33 genes. 
Further studies are needed to find which of these have a role in the etiopathogenesis 
of strabismus.

While STBMS1 has been found to be associated with strabismus mainly in 
European populations, various other loci have been identified in different ethnici-
ties. In Japan, Matsuo et al. [41] studied 55 families with comitant strabismus in at 
least two family members. Linkage analysis identified loci at 4q28.3 and 7q31.2. 
Genes in this locus have been found to encode proteins such as neuronal cell adhe-
sion molecule expressed in the brain. This supports theories that state that the cause 
of strabismus is a neurological deficit that affects the development of binocular 
fusion and stereopsis.

Recent research has found that two genes from the above loci, MGST2 and 
WNT2, are associated with comitant strabismus in Japanese population [42]. In 
Saudi Arabia, linkage analysis was done on a family in which strabismus was pres-
ent in three of ten children and a first cousin [43]. They identified a locus at 
16p13.12–p12.3. Each of these four individuals had a different type of strabismus 
which may indicate variable expressivity of a genotype.

14.8  Altered Gene Expression

Various studies have indicated that strabismus may be caused by variation in expres-
sion of gene rather than a particular defect in a gene [17]. This alteration in gene 
expression is most often caused by environmental factors like in utero stress due to 
hypoxia [17]. The alteration in gene expression can be quantified by measuring the 
RNA transcript or the protein coded by the gene.

Altick et al. [44] studied RNA isolated from the distal segments of horizontal 
rectus muscles either obtained during surgery for strabismus or from age-matched 
deceased organ donors. A total of 604 genes were found to be differently expressed 
in strabismic muscles belonging to one of three categories including upregulated 
genes, down regulated genes, genes associated with energy metabolism. These 
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results imply that strabismus may occur due to changes in metabolism, decreased 
contractility, and increased fibrosis in extraocular muscles.

Liu et al. [45] found decreased expression of genes coding for the glucagon pre-
cursor, pituitary adenylate cyclase-activating polypeptide, and cAMP dependent 
protein kinase inhibitor in discordant monozygotic twins compared to normal ortho-
phoric children.

Proteomics and gene expression analysis which compared strabismic and normal 
extra ocular muscles found significant differences in the composition of extraocular 
muscles of patients with strabismus with respect to important motor proteins, elements 
of the ECM, and connective tissue [46]. Recent studies have found that the noncoding 
RNA segments might also contribute to the development of strabismus [47].

14.9  Gene Imprinting

Some genes are epigenetically modified during gametogenesis resulting in only the 
paternal or maternal copy being expressed after fertilization. Conditions classically 
associated with genetic imprinting like Angelman syndrome, and Prader Willi syn-
drome are associated with strabismus. Recent studies have detected a series of sig-
nificant imprinted loci, including the 7q31.2 locus [48].

14.10  Genome Wide Association Studies

Genome wide association studies identified a locus within the first intron of the 
WRB (tryptophan rich basic protein) gene on chromosome 21 with accommodative 
esotropia. The gene shows maternal imprinting [49]. NPLOC4–TSPAN10–PDE6G 
is another locus on chromosome 17q25.3 identified by GWAS as contributing to 
susceptibility to strabismus [50].

14.11  Gene Analysis

So far, more than 233 genes are associated with strabismus. The analyses indicate 
that the strabismus genes consist of multiple subsets, which is consistent with the 
heterogenous phenotype of strabismus. The analyses and literature review show 
three anatomical regions and one signaling pathway as being associated with the 
strabismus genes: retina, cerebellum, and amygdala; and the Ras-MAPK signaling 
pathway [51].

14.12  Incomitant Strabismus

Incomitant strabismus comprises about 5% of all cases of strabismus [2]. These are 
rare forms of complex strabismus that can be inherited as mendelian traits. The 
genetic basis of several types of incomitant strabismus have been identified [2] 
(Table 14.1).

S. Settu and M. Swaminathan



181

14.13  Isoated DRS

Isolated DRS is a mostly sporadic condition. Hereditary forms of DRS comprise 
5–10% of the cases [52]. Bilateral DRS with an autosomal dominant pattern of 
inheritance has been described by many investigators [53]. The DURS2 locus on 
chromosome 2 and subsequently, heterozygous mutations in CHN1 have been iden-
tified in families with DRS inherited as a dominant condition [52, 54]. The CHN1 
gene encodes the protein α2-chimerin. This protein is thought to play a role in the 
primary development of abducens and oculomotor nerves [53]. CHN1 hyperactiva-
tion has been found in patients with supraduction deficits even in the absence of 
DRS [53]. DRS has also been associated with abnormalities in chromosomes 10 and 
22 [53]. Park et al. [55] studied 401 individuals with DRS. They found a pathogenic 
variant in MAFB in four probands. It has been observed that there is greater inci-
dence of bilateral involvement and more vertical movement abnormalities in the 
hereditary form even though the phenotype is similar to sporadic DRS [53].

14.14  Syndromic DRS

There are characteristic systemic features associated with DRS in about 30% of 
cases [53]. Duane radial ray (Okihiro) syndrome, Holt-Oram syndrome and acro- 
renal- ocular syndrome are associated with SALL4 mutations [56]. Townes-Brocks 
syndrome is an autosomal dominant syndrome associated with SALL1 mutations 
[57]. It is characterized by abnormalities of the ear, limb, anus and kidney. It has 
also been rarely associated with DRS.

Abnormalities of chromosome eight are associated with DRS. CPAH has been 
identified as a possible etiology of simplex DRS as implicated by a reciprocal 

Table 14.1 Strabismus syndromes with defined genetic basis

Disorder Gene Inheritance
Isolated DRS CHN1

MAFB
AD
AD

Duane radial ray (Okihiro) syndrome SALL4 AD
Holt-Oram syndrome SALL4 AD
Acro-renal-ocular syndrome SALL4 AD
Townes-Brocks syndrome SALL1 AD
HOXA1-related syndromes Bosley-Salih-Alorainy syndrome
 Athabascan brain stem dysgenesis syndrome

HOXA1 AR

HoxB1 HOXB1 AR
CFEOM1 KIF21A

Rarely TUBB3
AD

CFEOM2 PHOX2A AR
CFEOM3 TUBB3

Rarely KIF21A
AD

HGPPS ROBO3 AR

AD autosomal dominant, AR autosomal recessive, DRS Duane retraction syndrome, CFEOM con-
genital fibrosis of extraocular muscles, HGPPS horizontal gaze palsy with progressive scoliosis
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balanced translocation in chromosome 8q13 [58]. Chromosome 8q12 duplications 
[59] are associated with DRS with sensorineural deafness, developmental delay, 
cardiac defects, and hypotonia.

The association of Duane retraction syndrome, congenitally fused cervical verte-
brae (Klippel-Feil deformity) and hearing loss is referred to as Wildervanck syn-
drome (also known as cervico-oculo-acoustic syndrome). It is more common in 
females. Genetic evaluation of an affected male showed a microdeletionon chromo-
some X involving Fibroblast Growth Factor Homologous Factor 13 (FGFHF13) [60].

Chromosomal microarray analysis has identified duplications at multiple loci in 
DRS patients—Yp11.2, Yq11.222– q11.223, Xp11.21, Xq13.2 and deletions in 
Yp11.2 and Yp11.31–p11.2. The role of these abnormalities in the development of 
DRS is not known [61].

Three patients of Duchenne muscular dystrophy(DMD) have been reported to 
have DRS. Mutated dystrophin has been found in extraocular muscles as well as in 
the central nervous system in DMD [62]. Goldenhar syndrome is found to occur in 
upto 3% of DRS patients. Deletions in chromosome 22q11.2 have been found in 
Goldenhar syndrome [53]. DRS has also been linked to many conditions, like 
Marfan syndrome [53]. But a specific genetic association is yet to be found.

14.15  HOXA1 Mutations

Horizontal gaze palsy, sensorineural hearing loss, facial palsy, developmental delay 
and hypoventilation have been found to be associated with recessive, homozygous 
mutations of HOXA1 [63]. There is significant overlap with Type 3 DRS as well as 
Moebius syndrome. HOXB1 mutations have been identified in a German-American 
population. Homozygous HOXB1 mutation has been reported with comitant stra-
bismus, hearing impairment, and bilateral facial palsy. Affected individuals mani-
fested facial palsy andesotropia. But they did not meet the criteria for Moebius 
syndrome, as abduction of both eyes was full. The mutation is thought to cause loss 
of function of HOXB1 [64].

14.16  CFEOM

Three phenotypically and genetically distinct types of CFEOM have been reported. 
Inheritance of CFEOM type 1 is autosomal dominant. It is associated with muta-
tions in the gene KIF21A on chromosome 12. KIF21A encodes a kinesin motor 
protein [65]. Rarely patients with CFEOM1 have mutations in the TUBB3 gene also 
[66]. Mutations in the KIF21A gene are very rarely associated with clinical findings 
similar to CFEOM3 [53]. CFEOM type 2 is associated with homozygous mutations 
in PHOX2A [67]. CFEOM type 3 is associated with heterozygous missense muta-
tions of the TUBB3 gene which encodes a β tubulin isotype which is present in 
neuronal microtubules [66]. Some specific TUBB3 mutations can cause abnormali-
ties of other cranial and spinal nerves, abnormal development of the corpus 

S. Settu and M. Swaminathan



183

callosum and basal ganglia [66]. The TUBB3 E410K syndrome results from a spe-
cific TUBB3 mutation resulting in an E410K amino acid substitution [68]. The 
TUBB3 E410K syndrome clinically overlaps atypical Moebius syndrome. One 
mutation- negative pedigree clinically resembles CFEOM3. It is associated with a 
translocation which implicates a locus on chromosome 13q12(FEOM4) [53].

It was noted that patients with TUBB3 mutations required more robust surgery 
for the horizontal strabismus. They also were more susceptible to ocular surface 
issues. It was observed that patients with KIF21A needed stronger procedures to 
improve their upgaze limitation [69].

14.17  Horizontal Gaze Palsy

It has been associated with mutation of ROBO3  in families with consanguinity 
characterized by autosomal recessive pattern of inheritance [53]. These patients pre-
sented with torticollis and plagiocephaly followed by scoliosis [70]. These ocular 
and molecular cues can help in close monitoring of these children to identify the 
onset of scoliosis and initiate prompt treatment.

14.18  Moebius Syndrome

It has been associated with prenatal exposure to misoprotol [53]. But no clear 
genetic basis exists. The atypical forms have been associated with some mutations. 
But there are no mutation reported in typical patients [53].

14.19  Conclusion

Genetics has been observed to play a major role in the various forms of strabismus. 
But the most frequent forms of strabismus are not caused by isolated genetic muta-
tions. This makes it difficult to identify the underlying cause of strabismus. But 
further research must continue as identification of the causative factors will help us 
understand the etiology and pathogenesis of strabismus. This will lead to improve-
ment in the management of strabismus. It will also have a major impact medically 
and psychosocially, and also have an effect on the health care costs.
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15Gene Therapy in Diabetic Retinopathy

Rajiv Raman, Swathipriya N, and S. Sripriya

15.1  Introduction

The process of gene therapy involves introducing genetic material into the cells of 
the patients to recompense faulty genes or delivering therapeutic genes. The com-
mon complication of diabetes mellitus (DM) is diabetic retinopathy (DR) which is 
the leading cause of blindness among working age in both developed and develop-
ing countries [1]. International 2017 report stated that 159 million inthe western 
pacific and about 82 million in Southeast Asia are affected with DM [2]. The com-
plex mechanism of DR is influenced by both genetics and environmental factors. 
Optimisation of glycaemic control, dyslipidaemia and blood pressure has reduced 
but has not stopped the progression of DR [3]. These findings explain other factors 
influencing the development and progression of DR, also several studies have impli-
cated genetic associations. Heritability is estimated to account for about 18–27% in 
DR and 25–52% in proliferative diabetic retinopathy (PDR) [4]. World-wise inci-
dence of diabetes mellitus (DM) is increasing at an alarming rate; about 422 million 
people are affected with DM, and among this, 35% of the population are affected 
with DR [5].

DR is a polygenetic and heterogenous disease; there is a wide array of gene 
involved in the DR pathogenesis established using candidate gene analysis [6]. 
Extensive analysis has been carried out with these genes;they include vascular 
endothelial growth factor (VEGF), aldose reductase, erythropoietin (EPO), and 
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receptor of AGEs [6]. VEGF is well established for its part in DR neovasculariza-
tion and breakdown of the blood–retinal barrier (BRB). VEGF is an apparent thera-
peutic mark in many DR gene therapies, and other characteristics of the DR 
pathogenesis of DR are polyol activation and oxidative stress as well as hexosamine 
pathway. The gene therapy could enable long-term treatment results with less 
adverse effects than other treatment strategies [1, 4]. Adeno associated virus (AAV) 
based gene therapy for Leber’s congenital amaurosis (LCA) (associated gene 
RPE-65) in 2017 USA food and drug administration have made a landmark in gene 
therapy. This finding lead to the interest in gene therapy for complex diseases like 
DR, glaucoma, and age-related macular degeneration.

15.2  Pathogenesis and Genetics Involved in DR

DR is a gradually progressive disease characterised by microvascular damage of the 
retina. The progression is influenced by many factors like poor glycaemic control, 
chronic diabetes, elevated blood pressure and dyslipidaemia [2, 3]. Optimisation of 
glycaemic control, dyslipidaemia and blood pressure may reduce but not eliminate 
the progression [3]. Hereditability estimations account for about 18–27% in DR and 
25–52% in PDR [4]. Many recent treatments for DR use anti-VEGF which demon-
strates its vital role in the pathophysiology of DR, >100 genes may have been 
altered in DR which influences the suboptimal response for anti-VEGF treat-
ment [7].

15.3  Metabolic Memory Phenomenon

The term metabolic memory or legacy effect is a phenomenon, where the harm-
ful effects of uncontrolled glycaemia remain for years in the body even after 
attaining good glycaemic control [4]. Studies like the diabetes control compli-
cations trial (DCCT) and the epidemiology of diabetes interventions and com-
plications (EDIC) projected the idea of metabolic memory [4]. Intensive insulin 
therapy resulted in fewer complications like nephropathy, neuropathy or reti-
nopathy after 6.5 years; EDIC study reported that patients who received inten-
sive insulin therapy formerly continued to have lesser complications [4]. These 
studies explain the benefits of early treatment and the harmful effects of chronic 
uncontrolled glycaemia resulting in metabolic phenomenon. Many accumulat-
ing studies report that these mechanisms could be related to the epigenetic mod-
ifications in DR even after attaining normal glycaemic levels [5–8]. It is also 
noted in patients with type 1 diabetes where most of the complications are medi-
ated by the “cumulative glycaemic effects” without requiring metabolic mem-
ory. Mitochondrial oxidative damage is mediated through ROS overproduction 
which leads to DR; hence, mitochondria and its role in oxidative stress sug-
gested a therapeutic target for retinopathy [9].
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15.4  Epigenetic Modifications in DR

Epigenetic modifications are the heritable alterations in the DNA but the DNA 
sequence doesnot get altered. These alterations play a vital role in the gene modifi-
cations of DR. The three main epigenetic modifications in DR which are associated 
with metabolic memory are DNA methylation, histone modifications and miRNA 
[3, 7]. These modifications result in raised oxidative stress, angiogenesis, apoptosis 
and inflammations. DNAme at CpGs (cytosine-phosphodiester bond-guanine) of 
the candidate gene could be the mechanism leading to sustained diabetic complica-
tions [10]. DNAme and genetic variants at some of the HbA1c-associated CpGs are 
also reported to be associated. Persistent hyperglycaemia could probably induce 
DNAme changes at target genes like thioredoxin-interacting protein (TXNIP), in 
haematopoietic stem cells and others that are epigenetically retained in myeloid 
cells to enable metabolic memory, which modifies enhancer activity at the adjacent 
genes [10].

15.5  Candidate Gene Analysis

Pathogenesis of DR initiates the identification of candidate genes, the frequency of 
a specific genetic variant in subjects with or without DR is compared with candidate 
gene analysis. Multiple gene association with DR was revealed through this analy-
sis [11] (Table 15.1).

15.6  Gene Wide Association Studies (GWAS)

These studies investigate the association between single nucleotide polymorphisms 
(SNPs) throughout the whole human genome and multiple phenotypes of the dis-
ease. This method has aided in the identification of hundreds of genetic variants 
related tocomplex diseases [11]. Recently, sight-threatening DR was found to be 
associated with growth factor receptor-bound protein genes (GBR2) on chromo-
some 17q25.1 [24]. Another important gene found from GWAS was the centrosome 
protein 162 kDA (CEP162) gene, which is reported to play a role in the formation 
of the ciliary transition zone. Dysregulation of ciliary-associated genes is suscepti-
ble to DR [25]. One more GWAS reported an SNP (rs9362054), which was found 
to have a borderline genome-wide significance among Japanese [26].

15.7  Limitations in Currents Treatments for DR

Many of the current treatment modalities for DR can be highly effective but also 
includes drawbacks, which directs the way for the need for novel treatment methods 
like gene therapy. Glycaemic control is the mainstay for DR management, but the 
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metabolic memory phenomenon limits the efficacy in poor glycaemic control cases 
with DM [24, 25]. Diabetic macular oedema is usually intervened with laser photo-
coagulation which is a destructive treatment; this can induce scarring of the retina 
and apoptosis of the retinal pigment epithelium (RPE) which causes diminution of 
the visual acuity [1]. Intraocular corticosteroid treatment has an incidence of cata-
racts, elevated IOP, haemorrhage and endophthalmitis. Intravitreal triamcinolone 
injections also show an increase in IOP; other complications are secondary ocular 
hypertension and nuclear cataract [25]. Intravitreal anti-VEGF includes a high prev-
alence of non-responders; a serious sight-threatening adverse effect of anti- VEGF 
in proliferative diabetic retinopathy is tractional retinal detachment. They often 
result in a reduction of the visual field, decreased contrast sensitivity and impaired 
colour perception, resistance to therapy is seen in repeated injections [24].

15.8  Gene Therapies for DR

The aim of gene therapy is to attain an adequate expression of a transgene at a level 
to decrease or cure disease conditions with negligible complications. Gene therapy 
allows the intervention of the condition during the early stages before progression 
to vascular and neuronal damage. The established gene therapy strategies are gene 
augmentation, gene-specific targeting and genome editing [1]. Gene augmentation 
is the introduction of a functional gene into the host cell to repair a defective gene; 
this method is often used for monogenic diseases [4]. Gene-specific targeted ther-
apy is designed to modify the function of an existing defective gene. Genome edit-
ing repairs a mutant gene into a functional gene [4].Gene therapy possesses many 
advantages over other treatments for DR; it enables longer therapeutic effect, easier 
administration, early intervention and fewer adverse effects [4, 7].

15.9  Vectors of Gene Therapy

A gene vector is a molecular device thatcarries it into the cell nucleus for transcrip-
tion. Retinal diseases are commonly cured with adeno-associated viral (AAV) vec-
tors and lentivirus [27, 28]. The two main routes for vector delivery are intravitreal 
and sub-retinal injections and subretinal delivery to photoreceptors and RPE [29, 
30]. The right choice of vector is the integral part ofgene therapy for favourable 
outcomes. The most often used vector for ocular gene therapies isviral vectors- 
based delivery [31]. Other vector models are non-viral vectorsthatare engineered to 
transmit large gene loads;large-scale production is easier and cheaper [4].

15.10  Targeting Retinal Vasculopathy

DME and PDR are managed with intravitreal anti-VEGF agents;they bind through-
VEGF and stops the pathway to decrease neovascularisation. Various experiments 
have been conducted to inhibit the intraocular VEGF pathway both extra- and intra-
cellularly [32]. sFlt-1is a soluble splice variant of VEGF receptor-1 (VEGFR) that 
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acts as a decoy VEGF of the extracellular space, various studies have been reported 
that this gene reduces neovascularisation [26, 27, 33]. Flt23k is reported to be a 
novel intraceptor consisting of binding domains 2 and 3 of VEGFR1; they couple 
with the endoplasmic reticulum retention signal sequence lysine-aspartic acid glu-
tamic acid leucine [1]. One more method to suppress retinal angiogenesis is through 
the incorporation of inhibitors, namely pigment epithelium-derived factor(PEDF) 
which could downregulate VEGF. Other transgenes that have the potential to reduce 
angiogenesis include angiotensin, endostatin, tissue inhibitor metalloprotein-3 and 
calreticulin anti-angiogenic domain (CAD) [1–4].

15.11  Vascular and Neuronal Protection

Vascular and neuronal degeneration could be intervened with gene therapy before 
apparent clinical pathologies. Retinal neurons and BRB can be protected from 
membrane attack complex damage by using a soluble cluster of differentiation-59 
(sCd59) [29, 30]. Increasing neurotrophic factors like brain-derived neurotrophic 
factor (BDNF) have been aimed to decrease oxidative stress through manganese- 
dependent superoxide dismutase (MsSOD) delivery. Similarly, other goals are to 
regulate renin–angiotensin system with ACE 2 and Mas receptors [31].

15.12  Future Directions

Despite the intense accumulation of studies, the genetics of DR remain unclear. The 
majority of the studies report single gene targeting pathological changes. Gene ther-
apy may be effective in treating monogenic defects, but in complex diseases like 
DR, delivery of multiple transgenes should be focused [34]. Another approach is 
transgene expression regulation according to the disease mechanism, this allowsan 
increase of gene expression during disease progression or vice versa [4]. Targeting 
specific ethnic populations may be beneficial to narrow down the associations. 
Another gene therapy strategy is targeting the renin–angiotensin system (RAS) 
pathway and antioxidant which hold effective management for microvascular com-
plications [2]. Future studies and funding agencies should concentrate on human 
trials as diabetes mellitus is one of the rapidly progressing diseases in epidemic 
proportions.

15.13  Conclusion

Diabetic retinopathy is a polygenic complex disease that requires novel treatments 
like gene therapy. However, further research must be conducted to explore the 
molecular genetics which influence the progression, to halt the disease at an 
early stage.
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Abbreviations

AD Autosomal dominant
AR Autosomal recessive
CMA Chromosomal microarray
DNA Deoxyribonucleic acid
NF1 Neurofibromatosis type 1
NGS Next-generation sequencing
RP Retinitis pigmentosa
VOUS Variant of unknown significance

16.1  Introduction

Molecular genetic testing has rapidly advanced in recent years, allowing early and 
accurate diagnosis of inherited eye diseases. Simultaneously, it has led to complexi-
ties in counseling the families, as the approach varies from case to case, depending 
upon the diagnosis, inheritance pattern, genetic heterogeneity or variable pene-
trance. These advances have led to genetic counseling being an integral part of the 
management of inherited eye disorders, to help the patient and the family, under-
stand and accept the disease in their lives. Moreover, exciting therapeutic 
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development in genetic therapies for ocular disorders makes it important that the 
families get the latest information and make informed decisions. Majority of ocular 
disorders are genetic and have varying ages at onset from birth till mid-adulthood 
posing different challenges in counseling. In this chapter, we would deal with the 
common case scenarios that pose different challenges during counseling after a 
brief introduction about genetic counseling and the patterns of inheritance.

Genetic counseling is defined as a systematic way of providing information to 
the patient and/or the family about the genetic disorder, including details about the 
diagnosis, causes, recurrence risk and options available for prevention and treat-
ment [1]. An ocular genetic counseling session would include providing the latest 
information about the:

• Eye problem and its underlying basis
• Available genetic tests, their cost and the diagnostic yield
• Implications of diagnosis on management, prognosis and preventive strategies
• Information on recurrences and the possibility of prenatal diagnosis
• Information about any relevant research options for better understanding the dis-

order or treatment
• Information about the support groups if available.

While communicating the information to the proband (the individual with the 
disease, who brings the family to attention)/consultand (person seeking the genetic 
counseling), basic ABC of ethical principles must be considered.

Autonomy Autonomy is a long-recognised ethical principle in medical practice 
[2]. While counseling, the patient/consultand should be given full power to make 
his/her decisions regarding genetic testing, treatment options, pre-symptomatic or 
prenatal testing, etc. They should be given the best possible medical information to 
empower them to make further decisions or to opt out at any time.

Beneficence The counselor needs to act in the best interest of the consultand and 
help the individual make the best out of the present available opportunities.

Confidentiality It is an important aspect as information about a particular genetic 
disorder running in any family, a person’s carrier status and associated reproductive 
risks are quite sensitive. It is not only potentially stigmatising in employments and 
insurance, but also can raise complex family, interpersonal and social issues.

Privacy The patient should have full right to privacy of his/her genetic condition or 
test results, even when sharing with his/her family. A detailed discussion should be 
held before disclosing the results to the family members/relatives.

R. Kaur and N. Gupta
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Informed Consent The patient/consultand should be given full information before 
undergoing any genetic testing or treatment about the procedure to be carried out, 
detection rate, limitations, the possibility of incidental findings in the test results 
and possible outcomes of all treatment options. The patient should have the right to 
choose the tests or the treatment options if available.

Non-directive Counseling Genetic counseling must be non-directive, implying 
that the patient/consultand should be given full information and full right to make 
his/her own choices regarding the testing or treatments, and the decisions of the 
patient/consultant should not be steered in a particular direction. Also, the genetic 
counselor should be non-judgmental about whatever decision the patients, their 
families or the consultand makes, even if it is contrary to the belief of the counselor.

16.2  Components of Genetic Counseling

16.2.1 Gathering Information and Pedigree Drawing

A genetic counseling session usually begins with obtaining medical history, family 
history and pedigree drawing. A pedigree is an indispensable tool that helps in infer-
ring the possible mode of inheritance of the disease in a particular family. In sim-
plex cases, it might be difficult to interpret the mode of inheritance. It is drawn using 
standardised symbols. The various symbols used for pedigree drawing and their 
interpretation are shown in Table 16.1.

16.2.2  Establishing a Genetic Diagnosis

Accurate diagnosis forms the cornerstone of effective genetic counseling as it helps 
in providing disease prognosis, access to treatment if available and recurrence risk 
assessment. As per the clinical suspicion and clinical geneticist evaluation, a certain 
set of investigations are performed to make a specific diagnosis. These include chro-
mosomal analysis (Karyotype) for any dysmorphic syndrome with ocular involve-
ment, amino acid analysis as in gyrate atrophy, galactosemia enzyme assay in 
congenital cataract or specific gene testing for Peter plus syndrome. Next-generation 
sequencing (NGS) is used for genetically heterogeneous disorders such as retinitis 
pigmentosa, cataract and ocular disorders with large genes. These tests are special 
tests that are expensive and require great expertise and in-depth knowledge. These 
tests have varying diagnostic yield, and should be accompanied by extensive pre- 
and post-test counseling [3].

Pre-test counseling should include an explanation about what will be tested 
(chromosomes/genes), what sample would be required (blood or tissue) and what 
method would be used [(karyotype/Chromosomal microarray (CMA)/NGS]. The 
detection rates, false-positive rates of the test/s must be told, including the 
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Table 16.1 Various symbols used for pedigree drawing and their interpretation

Symbol Interpretation
Male Female Gender 

unspecified
Individual

Affected (with 
one condition)
Affected with 
two or more than 
two conditions
Unaffected 
Carrier
Consultand

P P

Proband

Parents Consanguinity Divorce Relationship

Pregnancy 
(singleton)

Monozygotic twins Dizygotic 
twins

Pregnancy

P

Missed 
abortion

Medical termination of pregnancy Stillbirth

SB

No 
children 
(By 
choice)

Infertility No children

Donor 
sperm

Donor Ovum Surrogate Assisted 
Reproduction

D D S

Adoption 
in

Adoption out Adoption

limitations of the tests and turn-around time. It should address as to how the test 
results may alter the diagnosis/management or options for prenatal testing. A fur-
ther explanation of what test results we might get, positive/negative or “secondary 
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findings” (An incidental finding is an additional finding for which the patient was 
not actually tested for and may be encountered while doing NGS), and what fur-
ther testing options would be available, if the test results are negative should be 
provided. Also, a possibility of getting a variant of uncertain significance (VOUS) 
after CMA/NGS testing should be explained [4].

Similarly, the post-test counseling should include the discussion on the diagno-
sis (if confirmed on genetic testing), how the mutation affects the body and causes 
the disease, the inheritance pattern, treatment options available and any further 
testing (biochemical validation, sanger validation, variant testing in parents) 
required. If a VOUS is found, methods to validate the variant (in silico tools, bio-
chemical analysis) should be explained and advised. The risk of transmission 
(based on inheritance pattern and penetrance) should be calculated and explained, 
along with the options for prenatal testing. Further, implications for the extended 
family, e.g. first-degree relatives (siblings/parents) and requirement of clinical 
examination or genetic testing based on the test results should be discussed.

16.2.3  Risk Assessment

The process of genetic counseling involves risk assessment based on the pattern of 
inheritance concluded from pedigree analysis and/or diagnosis confirmed from 
cytogenetic or molecular testing. The various patterns of inheritance and their 
important characteristics are described below.

16.2.3.1  Autosomal Dominant
Autosomal dominant (AD) traits are those that manifest even in the heterozygous 
state, i.e. the individual possesses both the abnormal (mutant) allele and the nor-
mal allele. The AD disorders show “vertical transmission” and are usually seen 
in multiple generations. Some of the AD disorders may have new mutations, 
where family history of such disorders would not be obtained. Both males and 
females are equally affected and at each subsequent pregnancy, there is a risk of 
50% for the offsprings to be affected with the same disorder, e.g. Marfan’s syn-
drome (manifesting ectopia lentis, myopia, tall stature, arachnodactyly and aor-
tic root dilation).

Some AD traits disorders show a difference in the phenotypic expression of 
the disease, also known as variable expressivity. For example, in families with 
neurofibromatosis type 1, some individuals manifest cafe-au-lait-macules with 
Lisch nodules and have no neurofibromas, while some family members have 
neurofibromas, although, all of them harbour the same genetic variant in the 
NF1 gene.

In some AD disorders, few individuals harbouring the disease causing variants 
do not manifest the disease, which is referred to as incomplete penetrance. The 
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factors like incomplete penetrance and variable expressivity need to be considered 
while assessing the risk for a consultand. The characteristics of autosomal dominant 
inheritance are shown in Table 16.2.

16.2.3.2  Autosomal Recessive
When a disease manifests only in the homozygous or compound heterozygous state, 
it is said to have an autosomal recessive inheritance. The carriers in these disorders 
(harbouring only one mutant allele) do not manifest the disease. Consanguinity in 
families increases the risk of autosomal recessive disorders, and at each conception, 
there is a risk of 25% for the offsprings to be affected, if both parents are heterozy-
gous (carriers) of the disease causing variant. For example, Usher syndrome (retini-
tis pigmentosa with sensorineural hearing loss) shows an autosomal recessive 
inheritance pattern. The characteristics of autosomal recessive inheritance are 
shown in Table 16.3.

16.2.4  X-Linked Inheritance

16.2.4.1  X-Linked Recessive
X-linked recessive conditions are those caused by the genes located on the 
X-chromosome and usually manifest only in males, owing to the presence of 
single X-chromosome, that harbours the mutant allele. The females with two 

Table 16.2 Characteristics of autosomal dominant inheritance

Autosomal dominant inheritance

    • Manifest even in heterozygous state
    • Multiple generations affected
    • Equal sex distribution in males and females
    • Vertical transmission
    • Variable expression- a person with mutant gene manifests the trait but severity of 
expression varies among different individuals
    • Reduced penetrance- a person with a mutant gene may or may not manifest the disease
    • Risk of transmission to next generation by an affected parent—50%
    • Examples:Neurofibromatosis, Axenfeld–Reiger syndrome

Table 16.3 Characteristics of autosomal recessive inheritance

Autosomal recessive inheritance

    • Manifests in homozygous state
    • Multiple members in one generation affected (horizontal transmission)
    • Equal sex distribution in males and females
    • Parents asymptomatic, can be carriers for the mutant allele
    • Consanguinity may be present
Examples: Leber’s congenital amaurosis, Bardet–Biedl syndrome, Costeff syndrome
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X-chromosomes are asymptomatic carriers, who can transmit the disease to 50% 
of their sons. Males, with the disease, will transmit the disease to all of their 
daughters and none of their sons. Hence, in these pedigrees, male-to-male trans-
mission is not seen, e.g. X-linked red-green colour blindness. The characteristics 
of X-linked recessive inheritance are listed in Table 16.4.

16.2.4.2  X-Linked Dominant
X-linked dominant conditions are also caused by the mutations in genes carried on 
X-chromosome, but they manifest even in the heterozygous females. Seen across 
the population, more number of females are affected, but males are more severely 
affected. Some disorders may show male lethality. The affected females can trans-
mit the disease to 50% of their sons and 50% of their daughters, while affected 
males will transmit the disease to all of their daughters and none of their sons. For 
example, incontinentia pigmenti (characteristic skin lesions with retinal abnormali-
ties). The characteristics of X-linked dominant inheritance are presented in 
Table 16.5.

16.2.4.3  Mitochondrial Inheritance
This type of inheritance is exclusively maternal, as all the mitochondria are trans-
mitted through oocyte only. Apart from nuclear DNA, there is mitochondrial DNA, 
that has 37 genes. Hence, a female carrying the mutation can transmit the disease to 
both her sons and daughters, but a male carrying a mutation, cannot transmit the 
disease to any of his children,e.g. Leber’s hereditary optic neuropathy.

Table 16.4 Characteristics of X-linked recessive inheritance

X-linked recessive inheritance

    • Males are predominantly affected as they have single X chromosome
    • Affected males have carrier daughters
    • Carrier females transmit disorder to 50% of their sons
    • Skip generation can be seen
    • No male to male transmission
    • “Diagonal” or “knight’s move” pattern of transmission
Examples: Norrie disease, X-linked macular dystrophy, X-linked retinitis pigmentosa, Colour 
blindness

Table 16.5 Characteristics of X-linked dominant inheritance

X-linked dominant inheritance

    • Males and females are affected but often an excess of females
    • Females less severely affected
    • No male to male transmission
    • Affected males will transmit the disease to all daughters
    • Affected females will transmit the disease to 50% sons and 50% of daughters
    • Some disorders are lethal in males
Examples: Incontinentia pigmenti, Aicardi syndrome
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16.2.4.4  Digenic Inheritance
It is a non-mendelian pattern of inheritance, where mutations in two genes at two 
different loci are required to produce a disease phenotype. Mutation in either one of 
those genes does not lead to the disease. A classic example of digenic inheritance is 
retinitis pigmentosa.

16.2.4.5  Psychosocial Counseling
An ideal counseling session should be undertaken in strict privacy, in a quiet and 
comfortable place. While counseling, one should be a sympathetic listener, to pro-
mote coping and help with the adjustment. One should be cautious while dealing 
with the issues related to blaming self or other partner, social stigma and family 
conflicts.

16.3  Common Counseling Scenarios That Illustrate 
the Various Principles of Genetic Counseling

16.3.1  Case Scenario 1: Previous Child 
with Bilateral Retinoblastoma

A 32-year-old female has come for pre-conceptional counseling as her 4-year-old 
son had bilateral retinoblastoma. The child underwent enucleation of the right eye, 
followed by chemotherapy. He was developmentally normal, and there was no his-
tory of any other cancers in the family (Fig. 16.1).

16.3.1.1  Genetic Counseling
Retinoblastoma provides a special model for genetic counseling, as many factors 
are involved. About 15% of the unilateral tumours and almost 99% of the bilateral 
tumours are heritable (can be passed on to the nextgeneration) [5]. Further, the pen-
etrance is only 90%, implying that only 90% of those harbouring the mutant allele 
will manifest the disease. In a few patients, spontaneously regressed tumour (reti-
noma) is seen; hence, parents of an affected child must be examined for a retinoma, 
as it changes the recurrence risks in future pregnancies. A few cases of retinoblas-
toma are associated with developmental delay, dysmorphism or malformations, 
which are usually caused by 13q microdeletions.

When counseling the female with the previous child affected with bilateral reti-
noblastoma, a detailed discussion about the disease, treatment options, survival out-
comes is followed by the recurrence risks. Since most of the bilateral retinoblastomas 
are heritable, the first step in determining heritability is the examination of the par-
ents for any spontaneously regressed tumour. The parents should be explained about 
the autosomal dominant inheritance and that each child of the affected parent has a 
45% chance of developing retinoblastoma (considering 90% penetrance).

The option of molecular testing by sequencing and detection of deletions/duplica-
tions of RB1 gene should be discussed. Possibilities of not finding a causative variant 
should be explained. Once a variant is found in the molecular test results, the parents 

R. Kaur and N. Gupta



203

should be tested for the variant. If the parent harbours the same variant, the recur-
rence risk is 45%, but if not found in the parent, the recurrence risk remains around 
2% due to the risk of germline mosaicism. Also, if the variant is found in the parents, 
implications to the parent in view of developing non-ocular tumours (osteosarcoma, 
melanoma etc.) should be discussed, along with the options for prenatal testing in 
future pregnancies. If the parents are not able to get the molecular testing, then the 
empirical risk of recurrence will be around 2% for bilateral RB and 1% for unilateral 
RB in clinically unaffected parents and 45% if one of the parent has unilateral retino-
blastoma with a positive family history, or a bilateral retinoblastoma, irrespective of 
the family history.

In the above-mentioned case, genetic testing showed c.2489+1G>A variant in 
the RB1 gene, and the parents were clinically and molecularly normal; therefore, 
the family can be given a risk estimate of 2%.

16.3.2  Case Scenario 2: Previous Child with Cataract 
and a Positive Family History of Cataract

A 4-year-old child presented with a bilateral congenital cataract, which was oper-
ated on. There was a history of similar cataract in the elder sister, father and paternal 
grandmother. No other organ system was involved and all the family members were 
intellectually normal. Also, his mother was 12 weeks pregnant, and concerned about 
the risk of the next child developing similar condition (Fig. 16.2).

16.3.2.1  Genetic Counseling
An isolated congenital cataract is caused by mutations in a large number of genes 
(genetic heterogeneity), and all forms of inheritance (AD, AR, X-linked recessive) 
are seen, but most of the cases show AD inheritance. In the given pedigree, vertical 
transmission and affection in all the generations can be appreciated. Both males and 
females are affected and male-to-male transmission is seen. Hence, an autosomal 
dominant inheritance is likely. As per the inheritance pattern, a recurrence risk of 
50% in each subsequent pregnancy may be given to the family.

I

II

C

4 years9 years

Fig. 16.1 Pedigree of the 
family with a child with 
bilateral retinoblastoma
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Options for molecular testing using NGS should be discussed, explaining the 
possibility of also getting incidental findings or even not finding a disease causing 
variant at all. If the family opts for molecular testing, and a disease causing variant 
is found, prenatal testing in subsequent pregnancies can be done, by chorionic villus 
sampling at 11–13 weeks of pregnancy.

16.3.3  Case Scenario 3: Leber’s Hereditary Optic 
Neuropathy (LHON)

Three siblings from a family presented with progressive loss of central vision and 
were diagnosed as Leber’s hereditary optic neuropathy. There was a history of simi-
lar manifestations in mother and maternal uncle and aunt along with maternal 
grandmother (Fig. 16.3).

16.3.3.1  Genetic Counseling
LHON is caused by point mutations in the mitochondrial DNA, but the inheritance 
is complicated by the incomplete penetrance, which implies that a few individuals 
with the mutant allele, do not develop optic neuropathy. Approximately 50% of the 
males and 10% of the females with pathogenic LHON mutation develop the disease 
[6]. Another factor affecting the disease expression is heteroplasmy, which is seen 
in 10–15% of individuals with LHON mutations [7]. Heteroplasmy refers to a mix-
ture of mitochondria with mutation and without the mutation (wild type). A higher 
level of mutated mitochondria would lead to an expression of the disease, while a 
low level would lead to incomplete penetrance.

In this pedigree, the disease is being transmitted to all the children of an affected 
mother, but none of the children of an affected father. This is a pattern of inheritance 
typical to mitochondrial disorders (caused by mutations in the mitochondrial 
genome). Since the mitochondria in an embryo are contributed exclusively by the 
oocyte, the mutant mitochondrial genes are transmitted to all the offsprings of an 
affected mother, while the affected father does not transmit the mutant allele to any 
of his children.

I

II

III

12 weeks

Fig. 16.2 Pedigree of the 
family with congenital 
bilateral cataract
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A detailed explanation of the diagnosis, visual outcomes and treatment options, 
followed by a risk of recurrence and options for molecular testing of the mitochon-
drial genome should be discussed. Since the mother is affected in this family, there 
is a 100% risk of foetus being affected in subsequent pregnancies, but the pheno-
type, age of onset and visual outcomes cannot be predicted.

16.3.4  Case Scenario 4: Retinitis Pigmentosa

A 12-year-old male child presented with slowly progressive loss of vision in the 
dark and on examination was diagnosed as retinitis pigmentosa. Father was simi-
larly affected, and the other three siblings were normal. The molecular testing using 
next-generation sequencingfor the proband revealed heterozygous mutations in 
ROM1 gene and peripherin/RDS gene. The same variants were found in father 
(Fig. 16.4).

16.3.4.1  Genetic Counseling
Retinitis pigmentosa is an inherited retinal degeneration and shows genetic hetero-
geneity (caused by many genes) and AD, AR, X-linked patterns of inheritance. A 
particular type of retinitis pigmentosa (RP7) is caused by heterozygous mutations in 
both the ROM1 gene and peripherin/ RDS gene [8]. Mutations in either of the gene 
alone do not result in the RP phenotype. This type of inheritance pattern is termed 
as a digenic inheritance.

The family should be counseled regarding the disease course, visual outcomes 
and pattern of inheritance, explaining the family that the next child can be affected 
if both the mutant alleles are inherited, and will be unaffected if either of them is 
present. Prenatal testing can be carried out in the next pregnancy by testing the cho-
rionic villus samples for both variants.

Another issue to be addressed here is the late-onset nature of the disease, which 
may manifest during adolescence or adulthood. In this case, the youngest sibling is 
currently 3 years old and is asymptomatic. The molecular testing of the child would 
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Fig. 16.3 Pedigree ofthe 
family with Leber’s 
hereditary optic neuropathy 
(LHON)
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determine if he has inherited the pathogenic variants or not, but would not deter-
mine the age of onset if the variants are present. This type of testing for late-onset 
disorders, before the symptoms appear is known as pre-symptomatic testing or pre-
dictive testing. There has been a debate regarding the offering of predictive testing 
for non-treatable disorders. Some parents affirm in knowing the status of their child, 
as it would help them guide their child towards the most appropriate support and be 
compliant to a better follow up, it could also be argued that this testing compromises 
the child’s future autonomy and may harm the child’s psyche, as he/she would grow 
up with the knowledge of developing a disorder later in life. Hence, most geneticists 
recommend delaying the testing for the disorders for which immediate treatment is 
not available, until 18 years of age when an informed decision is possible.

16.3.5  Case Scenario 5: Leber’s Congenital Amaurosis (LCA)

The family has been sent for genetic counseling as three children are affected by 
Leber’s congenital amaurosis to a consanguinous couple. Parents are unaffected. 
The couple wants to know the risks of having a future affected baby (Fig. 16.5).

16.3.5.1  Genetic Counseling
A detailed explanation about the genetic disorder, prognosis, treatment options and 
options for molecular testing should be discussed. There are at least 19 different types 
of LCA described, each one caused by a different gene, the molecular testing can be 
done using a targeted panel. Since the disease is inherited in an autosomal recessive 
manner, as is evident in the pedigree analysis too, the recurrence risk in future preg-
nancies would be 25%. The prenatal testing can be done, once the variant is known in 
the proband. One particular form, LCA2 (caused by mutations in the RPE65 gene), is 
amenable to treatment, by using FDA approved gene therapy. Clinical trials have 
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shown improvement in vision, after a sub-retinal injection of AAV (adeno-associated 
virus) containing the RPE65 gene. The information about this treatment can be given 
to the patient after the molecular testing has confirmed a variant in the RPE65 gene, 
but the cost and non-availability of this treatment in India should also be explained.

16.3.6  Case Scenario 6: Norrie Disease, X-Linked Disorder

A 3-year-old child presented with retinal detachment and visual loss along with 
developmental delay and autistic features. A clinical diagnosis of Norrie disease 
was suspected (Fig. 16.6).

16.3.6.1  Genetic Counseling
A provisional clinical diagnosis of Norrie disease was made based on the X-linked 
pattern of inheritance seen on pedigree analysis, which shows only males being 
affected and the disease being transmitted through carrier females.

Norrie disease is a rare disorder, that affects primarily the males, and leads to 
early-onset blindness (at birth or soon after birth). It is caused by mutations in the 
NDP gene. Besides, the patients may have progressive hearing loss and develop-
mental delay. The visual prognosis is poor, and additional neurological features 
apart from developmental delay may include seizures or autistic features in a few 
individuals.

Since the maternal grandfather of the child was also affected, the mother is an 
obligate carrier here, which implies that the disease can be transmitted to 50% of her 
sons, and 50% of her daughters will be carriers. The prenatal testing at 11–13 weeks 
of gestation can be done, once the variant is identified in the NDP gene using direct 
gene sequencing.
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Fig. 16.5 Pedigree of a 
family with Leber’s 
congenital amaurosis 
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16.3.7  Case Scenario 7: Stickler Syndrome

A 3-year-old child was brought for evaluation in view of non-progressive high myo-
pia. On examination, the child also had a cleft palate and short stature, along with a 
flat facial profile. There was no family history (Fig. 16.7).

16.3.7.1  Genetic Counseling
A clinical diagnosis of Stickler syndrome was made and advised for molecular test-
ing by NGS. Stickler syndrome is a collagenopathy, and results due to mutations in 
any one of the six genes—COL2A1, COL11A1, COL11A2, COL9A1, 
COL9A2, COL9A3.

The pattern of inheritance here, cannot be deduced from the pedigree, hence, 
molecular confirmation of the mutation would help to predict the risk of transmis-
sion. Careful parental clinical evaluation is needed to assess for the mild clinical 
features of Stickler syndrome. Stickler syndrome caused by mutations in COL2A1, 
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COL11A1, or COL11A2 genes is transmitted in an autosomal dominant manner and 
that caused by mutations in genes COL9A1, COL9A2, or COL9A3 have an autoso-
mal recessive inheritance. Counseling should include issues related to variable 
expression and penetrance. Pre-test and post-test counseling should be done.

16.4  Conclusion

To conclude, genetic counseling has become an integral component of ophthalmol-
ogy due to a wider availability of genetic testing and recognition of underlying 
genetic etiology for an ocular manifestation. Effective counseling needs interaction 
with clinical geneticists and genetic counselors due to its implication on family 
members and preventing recurrences. Latest information should be provided in a 
simplified language along with appropriate psychosocial counseling.

Financial Disclosure Nil.

References

 1. Turnpenny PD, Ellard S. Emerys elements of medical genetics. Philadelphia: Elsevier; 2017.
 2. Page K. The four principles: can they be measured and do they predict ethical decision making? 

BMC Med Ethics. 2012;13:1–8.
 3. Lenassi E, Clayton-Smith J, Douzgou S, et al. Clinical utility of genetic testing in 201 pre-

school children with inherited eye disorders. Genet Med. 2020;22(4):745–51.
 4. Matthijs G, Souche E, Alders M, et al. Guidelines for diagnostic next-generation sequencing. 

Eur J Hum Genet. 2016;24:2–5.
 5. Houdayer C, Gauthier-Villars M, Castéra L, Desjardins L, Doz F, Stoppa-Lyonnet 

D.  Retinoblastoma  – genetic counseling and molecular diagnosis. London: IntechOpen 
Limited; 2012. https://doi.org/10.5772/34069.

I

II

Fig. 16.7 Pedigree of a 
family with Stickler 
syndrome

16 Principles of Genetic Counseling in Eye Diseases

https://doi.org/10.5772/34069


210

 6. Man PYW, Turnbull DM, Chinnery PF.  Lebers hereditary optic neuropathy. J Med Genet. 
2002;39:162–9.

 7. Phasukkijwatana N, Chuenkongkaew WL, Suphavilai R, Luangtrakool K, Kunhapan B, Lertrit 
P. Transmission of heteroplasmic G11778A in extensive pedigrees of Thai Leber hereditary 
optic neuropathy. J Hum Genet. 2006;51(12):1110–7.

 8. Kajiwara K, Berson E, Dryja T. Digenic retinitis pigmentosa due to mutations at the unlinked 
peripherin/RDS and ROM1 loci. Science. 1994;264(5165):1604–8.

R. Kaur and N. Gupta


	Foreword
	Abstract
	Contents
	About the Editors
	1: Genes and Genetics in Ophthalmology
	1.1	 Introduction
	1.2	 Gene Mapping
	1.3	 Human Genome Project
	1.4	 Next Generation Sequencing Technologies
	1.5	 Gene Therapy
	1.6	 Gene Editing
	References

	2: Genetics in Corneal Dystrophy
	2.1	 Categorization of Corneal Dystrophy on Genetic Basis
	2.2	 Genetics in Corneal Dystrophy
	References

	3: Genetics of Keratoconus
	3.1	 Introduction
	3.2	 Epidemiology
	3.3	 Evidence of Role of Genetics/Heredity
	3.4	 Environmental Risk Factors
	3.5	 Candidate Genes
	3.6	 Genome-Wide Studies
	3.7	 Linkage Studies in Families
	3.8	 Genome-Wide Association Studies
	3.9	 Combination of GWAS and Linkage Studies
	3.10	 Identity by Descent
	3.11	 Related Ocular and Systemic Diseases
	3.12	 Recent Research
	3.13	 Future Research
	References

	4: Genetics of Dry Eye Disease
	4.1	 Definition and Classification
	4.2	 Molecular Mechanisms and Genetic Basis
	4.3	 Conclusions
	References

	5: Genetics in Cataract: To Be or Not to Be
	5.1	 Embryology
	5.2	 Epidemiology
	5.3	 Techniques for Genetic Screening
	5.4	 Overview of Cataract Genetics
	5.5	 Genes Underlying Isolated or Primary Inherited Cataract
	5.6	 Cytoplasmic Cyrstallin Encoding Genes
	5.7	 Membrane Proteins Encoding Genes
	5.8	 Cytoskeletal Protein Encoding Genes
	5.9	 DNA- or RNA-Binding Proteins
	5.10	 Genes Associated with Age-Related Cataract
	5.11	 Conclusion
	References

	6: Genetics of Congenital Glaucoma
	6.1	 Introduction
	6.2	 Primary Congenital Glaucoma (PCG)
	6.2.1	 Disease Overview and Definition
	6.2.2	 Epidemiology
	6.2.3	 Clinical Presentation
	6.2.4	 Examination Under Anesthesia
	6.2.5	 Pathophysiology of Primary Congenital Glaucoma

	6.3	 Genetic Architecture of Primary Congenital Glaucoma (PCG)
	6.3.1	 Pattern of Inheritance for PCG
	6.3.2	 Genetic Loci for Primary Congenital Glaucoma
	6.3.3	 PCG Related GLC3 Loci
	6.3.4	 Candidate Genes Identification for the PCG-Linked Loci

	6.4	 Cytochrome P4501B1 (CYP1B1)—“GLC3A”
	6.4.1	 CYP1B1 Protein and Expression
	6.4.2	 Structural Components of CYP1B1
	6.4.3	 CYP1B1 Mutational Landscape of PCG
	6.4.4	 Predominant PCG Associated CYP1B1 Mutations in Different Ethnic Populations
	6.4.5	 Genotype (CYP1B1 Mutations)–Phenotype (PCG) Correlations: A Complex Scenario

	6.5	 Genes for GLC3B and GLC3C Loci
	6.6	 Latent Transforming Growth Factor (TGF)-Beta Binding Protein 2 (LTBP2): Locus “GLC3D”
	6.7	 Tunica Interna Endothelial Cell Kinase (TEK): “GLC3E” Fifth Locus for PCG
	6.8	 Digenic Inheritance in PCG Associated Genes
	6.9	 Developmental Anomalies and Glaucoma
	6.9.1	 Axenfeld–Rieger Syndrome
	6.9.2	 Peters’ Anomaly
	6.9.3	 Aniridia

	6.10	 Evidence of Mitochondrial Mutations in PCG
	6.11	 Genetics Research and Testing Toward Molecular Diagnosis
	6.12	 Genetic Counseling
	6.13	 Understanding Glaucoma Through In Vitro and Animal Models
	6.14	 Summary
	References

	7: Genetics in Glaucoma
	7.1	 Introduction
	7.2	 Genes Involved in the Development of the Eye
	7.3	 Discovering Candidate Genes for Glaucoma
	7.4	 How Genes Cause a Disorder?
	7.5	 Identification of Genes—Significance
	7.6	 Genetic Nomenclature
	7.7	 Primary Congenital Glaucoma (PCG)
	7.8	 Juvenile Onset Open Angle Glaucoma (JOAG)
	7.9	 Primary Open Angle Glaucoma (POAG)
	7.10	 Primary Angle Closure Glaucoma (PACG)
	7.11	 Developmental Glaucoma
	7.12	 Pigmentary Glaucoma
	7.13	 Exfoliative Glaucoma
	7.14	 Calcium Voltage-Gated Channel Subunit Alpha1 A (CACNA1A)
	7.15	 Limitations of GWAS
	7.16	 Genetics in Glaucoma—A Step in Future
	7.16.1	 Whole Exon/Genome Sequencing
	7.16.2	 Comparative RNA Sequencing of Tissues
	7.16.3	 Gene Therapy

	References

	8: Genetics of Retinoblastoma
	8.1	 Introduction
	8.2	 Genes Involved in Retinoblastoma
	8.2.1	 RB1 Gene
	8.2.2	 Cell Cycle Control
	8.2.3	 Heterochromatin and Chromosome Stability
	8.2.4	 Regulation of Apoptosis
	8.2.5	 MYCN

	8.3	 Genetic Alterations and Development of Retinoblastoma
	8.3.1	 The First Hit
	8.3.2	 The Second Hit
	8.3.3	 Mutation 3 and Genomic Instability
	8.3.4	 Epigenetics in Retinoblastoma

	8.4	 Genotype–Phenotype Correlation
	8.5	 Genetic Testing
	8.5.1	 Indications of Genetic Testing
	8.5.2	 How to Conduct Genetic Testing?
	8.5.3	 Conclusion

	References

	9: Molecular Mechanisms in the Pathogenesis of Retinopathy of Prematurity (ROP)
	9.1	 Introduction
	9.2	 Role of Genetics in Pathophysiology of ROP
	9.3	 Role of MicroRNAs in the Pathophysiology of ROP
	9.4	 Major Proteins Involved in the Pathophysiology of ROP
	9.5	 Insulin-Like Growth Factor-1
	9.6	 Placental Growth Factor
	9.7	 Erythropoietin
	9.8	 Role of Oxidative Stress in ROP Pathophysiology
	9.9	 Retinopathy of Prematurity and ROS
	9.10	 ROS, Inflammation and ROP
	9.11	 ROS, Autophagy, and ROP
	9.12	 Conclusion
	References

	10: Genetics in Age-Related Macular Degeneration
	10.1	 Introduction
	10.2	 Epidemiology
	10.3	 Etiology
	10.4	 Genetics
	10.5	 Pathogenesis of AMD
	10.5.1	 Immune and Complement System
	10.5.2	 Lipid Transport
	10.5.3	 Extracellular Matrix Remodeling
	10.5.4	 Angiogenesis
	10.5.5	 Survival and Homeostasis, Including DNA Repair, Apoptosis, and Stress

	10.6	 Genetic Testing
	10.7	 Conclusion
	References

	11: Genetics of Rhegmatogenous Retinal Detachment
	11.1	 Introduction
	11.2	 Genetics of Conditions Associated with Rhegmatogenous Retinal Detachment
	11.3	 Genetics of Syndromic Rhegmatogenous Retinal Detachment
	11.4	 Genetics of Non-syndromicr hegmatogenous Retinal Detachment
	References

	12: An Overview on the Genetic Etiology, Testing, and Therapeutic Options for Retinitis Pigmentosa
	12.1	 Introduction
	12.2	 Etiology of RP
	12.2.1	 Genes Involved in Phototransduction Cascade
	12.2.2	 Genes Involved in Visual Cycle (Fig. 12.2)
	12.2.3	 Genes Involved in Ciliary Transport
	12.2.4	 Genes Involved in Structural Processes

	12.3	 Genetic Heterogeneity of RP
	12.3.1	 Mutation Spectrum of RP

	12.4	 Current Trends in Molecular Diagnostics of RP
	12.5	 Genetic Modifiers in RP
	12.6	 Genetic Testing: A Way Forward Toward Better Diagnosis and Screening
	12.7	 Preimplantation Genetic Diagnosis and Its Implications
	12.8	 Evolving Treatment for RP
	12.8.1	 Ongoing Gene Therapy Trials
	12.8.2	 Potential Treatment Strategy Underway in End-Stage RP Patients
	12.8.3	 Cell-Based Therapy
	12.8.4	 In-Vivo Gene Editing

	References

	13: Genetics in High Myopia
	13.1	 Introduction
	13.2	 Genetic Characteristics of Myopia
	13.3	 Epigenetics
	13.4	 Management of High Myopia
	13.4.1	 Prevention of Progression
	13.4.2	 Genetic Counselling

	13.5	 Conclusion
	References

	14: Genetics in Strabismus
	14.1	 Introduction
	14.2	 Etiology
	14.3	 Comitant Strabismus
	14.4	 Ethnic Variations
	14.5	 Family Studies
	14.6	 Twin Studies
	14.7	 Linkage Analysis
	14.8	 Altered Gene Expression
	14.9	 Gene Imprinting
	14.10	 Genome Wide Association Studies
	14.11	 Gene Analysis
	14.12	 Incomitant Strabismus
	14.13	 Isoated DRS
	14.14	 Syndromic DRS
	14.15	 HOXA1 Mutations
	14.16	 CFEOM
	14.17	 Horizontal Gaze Palsy
	14.18	 Moebius Syndrome
	14.19	 Conclusion
	References

	15: Gene Therapy in Diabetic Retinopathy
	15.1	 Introduction
	15.2	 Pathogenesis and Genetics Involved in DR
	15.3	 Metabolic Memory Phenomenon
	15.4	 Epigenetic Modifications in DR
	15.5	 Candidate Gene Analysis
	15.6	 Gene Wide Association Studies (GWAS)
	15.7	 Limitations in Currents Treatments for DR
	15.8	 Gene Therapies for DR
	15.9	 Vectors of Gene Therapy
	15.10	 Targeting Retinal Vasculopathy
	15.11	 Vascular and Neuronal Protection
	15.12	 Future Directions
	15.13	 Conclusion
	References

	16: Principles of Genetic Counseling in Eye Diseases
	16.1	 Introduction
	16.2	 Components of Genetic Counseling
	16.2.1	 Gathering Information and Pedigree Drawing
	16.2.2	 Establishing a Genetic Diagnosis
	16.2.3	 Risk Assessment
	16.2.3.1	 Autosomal Dominant
	16.2.3.2	 Autosomal Recessive

	16.2.4	 X-Linked Inheritance
	16.2.4.1	 X-Linked Recessive
	16.2.4.2	 X-Linked Dominant
	16.2.4.3	 Mitochondrial Inheritance
	16.2.4.4	 Digenic Inheritance
	16.2.4.5	 Psychosocial Counseling


	16.3	 Common Counseling Scenarios That Illustrate the Various Principles of Genetic Counseling
	16.3.1	 Case Scenario 1: Previous Child with Bilateral Retinoblastoma
	16.3.1.1	 Genetic Counseling

	16.3.2	 Case Scenario 2: Previous Child with Cataract and a Positive Family History of Cataract
	16.3.2.1	 Genetic Counseling

	16.3.3	 Case Scenario 3: Leber’s Hereditary Optic Neuropathy (LHON)
	16.3.3.1	 Genetic Counseling

	16.3.4	 Case Scenario 4: Retinitis Pigmentosa
	16.3.4.1	 Genetic Counseling

	16.3.5	 Case Scenario 5: Leber’s Congenital Amaurosis (LCA)
	16.3.5.1	 Genetic Counseling

	16.3.6	 Case Scenario 6: Norrie Disease, X-Linked Disorder
	16.3.6.1	 Genetic Counseling

	16.3.7	 Case Scenario 7: Stickler Syndrome
	16.3.7.1	 Genetic Counseling


	16.4	 Conclusion
	References


