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Volume 3 is being dedicated to our family members and the
research scientists working in the field of vision research



Foreword

Genetics and medical genomics are fast becoming important and essential
tools in ophthalmic practice with the past several decades being highly pro-
ductive for vision community stakeholders. Individuals affected by inherited
eye disease, their physicians, and vision researchers are working together to
find treatments and cures for these diseases. The completion of the human
genome in 2003 accelerated the pace of identifying genetic mutations that
cause monogenic disease. It also sped the development of new tools and tech-
niques to define the genetic basis of common complex diseases, such as age-
related macular degeneration (AMD) and glaucoma.

In monogenic diseases, a mutation in a single gene is sufficient to define
the risk of developing the disease. Gene identification sheds light on the cel-
lular mechanisms of the disease and facilitates the search for effective inter-
vention, but the relationship between genes and disease presentation is not
always straightforward. While Stargardt macular dystrophy results from
mutations in the ABCA4 gene and lattice corneal dystrophy results from
mutations in the TGFBI (BIGH3) gene, the relationship between a gene and
disease is more complex than a simple one-to-one correspondence. Consider
for example X-linked retinitis pigmentosa (XLRP), in which mutations in
multiple different genes on the X-chromosome lead to the same clinical dis-
ease state with only slight differences. For instance, mutations in the RP2
gene lying at Xp11.3 and mutations in the RPGR (RP3) gene lying at Xp21.1
are clinically similar in general. Therefore, making a clinical diagnosis of
XLRP does not point directly to either gene as the molecular culprit. The
distinction is made by genetic analysis. Molecular therapies of the future will
likely treat these two forms of XLRP differently by targeting their distinct
pathophysiological cellular mechanisms. Other ocular diseases provide simi-
lar examples in which multiple, distinct, different genes share similar over-
lapping clinical phenotypes. Conversely, different mutations within the same
gene can lead to clinically different diseases. PRPH? is associated with vari-
ous retinopathies including macular dystrophy, cone-rod dystrophy, and reti-
nitis pigmentosa. To better understand the entire phenotypic range and
molecular etiology of inherited eye disease, there needs to be a concerted
effort around the world to work together and compile information especially
from the rare disease populations. We need to know the effects of the environ-
ment as well as modifier genes. For this, we need data. A lot of data. Not just
genetic data, but detailed clinical data as well.
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Foreword

One way to potentially achieve these goals is through the activities of the
Global Eye Genetics Consortium (GEGC), which arose out of the Asian Eye
Genetics Consortium (AEGC), established in 2014. The signing of an inter-
national research collaboration between the National Eye Institute (NEI),
National Institutes of Health, and National Institute of Sensory Organs
(NISO), National Hospital Organization Tokyo Medical Center, led to the
formation of the AEGC to support international scientific cooperation, col-
laborative research, training, and data sharing. AEGC focused on genetic eye
research in Asia, the most populated region of the world where data on genetic
variation in inherited eye diseases are limited. The current peer-reviewed lit-
erature mostly contains genetic information from patients of European
descent. Over time, AEGC brought together over 150 eye researchers from 20
countries interested in collaborative international eye research on individuals
affected by inherited eye disease in Asia. This is a perfect example of “if you
build it, they will come.” Because of the many requests received by the AEGC
for entry into the consortium, on May 2, 2018, its members unanimously
voted to remove the regional restriction of Asia and expand research activities
to the entire globe. Hence, the GEGC was born and now boasts >200 mem-
bers from >30 countries. The GEGC has the potential to accelerate collabora-
tive international genetic eye research and generate useful new scientific data.
The only way for this to be achieved is for its members to remain committed
to working together and agreeing on common procedures for data capture,
collection, and sharing. GEGC’s current activities are focused toward the
development of a worldwide database for GEGC members. The GEGC has
an opportunity to establish partnerships among scientists, governments, com-
panies, and non-government organizations to support research programs for
human health and understanding of the biology of eye diseases.

Far-reaching goals require commitment and adherence to shared practices.
For GEGC members to reach their goals, agreed-upon common data ele-
ments (CDEs) and ontologies should be carefully selected when embarking
on a clinical data capture project to ensure reproducibility and scientific rigor.
It is important to take time to carefully consider the level of detail that a proj-
ect might require. In some instances, it may be enough to know whether a
patient had an abnormal electroretinogram (ERG), whereas in others, it will
be important to know the specific ERG wave values and times. The use of
CDEs, shared data dictionaries, and ontologies will allow users to capture
and compare clinical research data methodically, lowering the barrier for
comparative data analysis. The worldwide adoption of set standards across all
disease categories for recording clinical encounters will allow for better data
mining and cross comparison of data sets across the globe. Agreed-upon
usage of data collection techniques will allow for better machine learning
opportunities. Technology paves the way for new advances, but we must be
smart enough to capitalize on them.

There is substantial clinical work ahead of us to define the gene—disease—
mechanism relationships. Understanding the genetic relationships will pro-
vide important clues into the cell biology and pathophysiology of disease
genes and yield improved therapeutics for affected individuals. To be ulti-
mately useful, we will need to construct a systematic medical compendium of



Foreword

genotype—phenotype descriptions. The potential power of the GEGC is that it
can leverage local investments, work on problems of local domestic concern
through international collaboration, have access to meta-data, and increase
patient participation in gene-based trials, which is especially important for
rare disease populations. With over 200 authors across three published books,
the GEGC is well on its way toward making its mark in genomic medicine.

Santa Tumminia

National Eye Institute, National Institutes of Health
Bethesda, MD, USA

January 13, 2020



Preface: Recognizing the Special Year 2020

The Global Eye Genetics Consortium (GEGC) represents the global collabo-
ration for finding solution to the eye diseases encompassing many collabora-
tive activities of genetic eye research, training and mentoring opportunities
for the next generation of scientists, comprehensive characterization and
cataloging of the eye diseases, developing a phenotype—genotype database
for diagnosing eye diseases, and defining new and effective standard operat-
ing procedures for developing new diagnostics tools and therapeutics for eye
diseases and tools for prevention of blindness around the world. This mandate
has previously been reflected in Advances in Vision Research, Volumes 1 and
2, published in 2017 and 2018. The publication of Volume 3 in the year 2020
marks a very special event in the history for all of us working in eye research.
It is not only that the publication comes out in the year 2020, a standard mark
for vision heath, but also for the fact that 5 years of accelerated growth since
the establishment of Asian Eye Genetics Consortium (AEGC), now GEGC,
has given the international researchers an avenue to work together and share
the progress on a common global platform. Recognizing the highly global-
ized nature of research and innovation in the modern times, eye researchers
are seeking to collaborate more closely with their counterparts in many parts
of the world. As described in several chapters of this volume, there are numer-
ous shared challenges and potential areas of cooperation and mutual learning
in various subdisciplines of eye research and potential opportunities to pre-
vent avoidable blindness. These issues have better prospects to be resolved
with international collaborations driven by the quality of science being con-
ducted by individual investigators and teams of investigators.

Advances in Vision Research—Volume 3 makes an attempt to describe
many facets of genetic eye research. We have the great honor and privilege to
highlight this work on many research programs of the investigators from
across the globe. We have assembled more than 100 leading researchers from
the fields of biochemistry, molecular biology, human genetics, ophthalmol-
ogy, sensory sciences, clinical research, and other disciplines of biomedical
sciences to present the current status of the growing field of genetic eye
research. Our hope is that the volume provides a strong background for all
researchers, clinicians, clinical researchers, and allied eye health profession-
als with an interest in eye diseases and prevention of blindness. We also hope
that the ideas presented here will accelerate the pursuit of high-quality
research to further develop our understanding of eye diseases.
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xii Preface: Recognizing the Special Year 2020

The chapter authors fully assume all responsibilities for the contents,
materials, results, interpretations, opinions, discussions, and write-up of their
scientific research and findings. As the volume editors, we have neither inter-
fered with any presentations nor verified any materials covered in the book
chapters and, therefore, do not assume any responsibilities, direct, indirect, or
implied, for the chapter contents in any way of fashion. We were truly privi-
leged to have worked with a group of authors who are recognized leaders in
their respective fields and who willingly gave their valuable time to contrib-
ute to this volume despite their busy schedules. We are forever in their debt.

This volume and the series of books in Advances in Vision Research would
not have become a reality without the support, encouragement, and assistance
of several family members, GEGC executives, several peers, and distin-
guished colleagues. Dr. Arun Singh of the Cleveland Clinic, the series editor,
provided the support for inclusion in his acclaimed series. Mr. Toshiro
Mikami, Mr. Chicko Watanabe, and Mr. Rakesh Kumar Jotheeswaran at
Springer Nature provided the impetus and excellent program support for this
volume. The GEGC Executives, Prof. S. Natarajan, Prof. Paul N. Baird, and
Prof. Calvin Pang, served as the section editors and worked with us diligently
in preparing the book. We are very grateful to Dr. Santa Tumminia, Director
(Acting) of National Eye Institute—National Institutes of Health in the USA,
for her constant encouragement as a cofounder of GEGC with us and her sup-
port throughout the last 5 years of the global outreach and for all three vol-
umes of the series. We wish to acknowledge the continued support of the
management of National Eye Institute—National Institutes of Health in the
USA and National Hospital Organization Tokyo Medical Center in Japan.
Finally, and most importantly, we are truly indebted to our family members,
Dr. Savita Prakash, Dr. Fumino Iwata, Dr. Shivaani Prakash, Gary Prakash,
and Dr. Stefani Su, for their encouragement and continued support through-
out the project. We are indebted to all those mentioned above and several
others who willingly helped us in our endeavors to put this manuscript
together.

We have come a long way since the humble beginning of AEGC/GEGC in
2014 in a small cafeteria in the outskirts of Colombo, Sri Lanka, where the
idea of AEGC/GEGC was born. GEGC in the year 2020 represents a consor-
tium of over 200 eye researchers from more than 30 countries dedicated to
conducting high-quality research and international collaboration for the
genetic eye research and prevention of blindness. We sincerely hope that
additional motivated researchers across the globe come together to work col-
laboratively and produce the highest quality of scientific research for improve-
ment of eye health.

Bethesda, MD Gyan Prakash
Tokyo, Japan Takeshi Iwata
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Expansion of Asian Eye Genetics
Consortium (AEGC) to Global Eye
Genetics Consortium (GEGC),
Introduction of a Global
Phenotype-Genotype Database
“GenEye” and Launch of New
Training Programs at National Eye

Institute (NEI)

Takeshi lwata, Gyan Prakash, Paul N. Baird,
S. Natarajan, and Calvin Pang

Abstract

The Asian Eye Genetics Consortium (AGEC)
established in 2014 brought collective think-
ing and ideas of the Asian and non-Asian
researchers who have an interest in genetic
eye research. As the consortium grew, requests
to join the consortium from outside of Asia
were increasing. During the AGEC meeting at
ARVO 2018 in Honolulu, USA, the members
unanimously voted to expand the consortium
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activities beyond Asia and explore unique
phenotype and genotype populations in the
rest of the world, particularly in Africa and
South America. The consortium was renamed
the Global Eye Genetics Consortium (GEGC,
https://gegc.org) by the general membership.
The consortium aims were adjusted and the
new GEGC phenotype-genotype database
GenEye (https://geneye.kankakuki.jp) was
constructed to collect and catalog genetic eye
diseases at global scale. GEGC membership
has grown to over 200 from five continents,
performing GEGC meetings and sessions
during ARVO, AIOS, APAO, WOC, and ISER
meetings. A number of scientific collabora-
tion and young investigator visiting programs
have been successfully launched over the past
6 years.
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South America - Global
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T.Iwata et al.

The annual meeting of AEGC was held on May
2, 2018, during the ARVO meeting at Hawaii
Convention Center, Honolulu. The status of
AEGC database construction was given by Dr.
Takeshi Iwata from the National Institute of
Sensory Organs (NISO), Japan, followed by an
introduction of the European Retinal Disease
Consortium by Dr. Frans Cremers and Dr.
Susanne Roosing from the Department of Human
Genetics, Radbound University Medical Center,
Netherlands. Dr. Gyan Prakash from the National
Eye Institute (NEI), USA reported the success-

1.1

Expansion of the Consortium
from Asia to Global: Launch
of the Global Eye Genetics
Consortium (GEGC)

ful publication of Springer Nature, Advances in
Vision Research, Volume II, and inviting ideas
for Volume III.

Dr. Iwata and Dr. Prakash explained the
increase of interest to join AEGC from research-
ers in Africa, South America, and other parts of
the world, and proposed the consortium opera-
tion to go global. By a unanimous vote, the
global operation was approved, and the consor-
tium name was changed to the GEGC under the
same governance structure.




1 Expansion of Asian Eye Genetics Consortium (AEGC) to Global Eye Genetics Consortium (GEGQ)... 3

Dr. S. Natarajan from Aditya Jyot Eye Hospital
from India gave a status report on the establishment
of a new eye genetics research unit in Mumbai fol-
lowed by another status report from Dr. Kaoru
Fujinami from NISO about the East Asia Inherited
Retinal Diseases Studies. Mrs. Pamela Sieving from
NEI gave a talk on the activity of genetic eye studies
in Asia using the bibliometric analysis and showed
how this analysis can be used at global scale. The
final two talks were about clinical trials in the UK
and China. Dr. Rupert Strauss, MD, Moorefields
Eye Hospital, University College of London, UK
gave a talk on the “ProgStar: International study of
Stargardt Disease,” explaining the challenges to stan-
dardize and unite the group. Dr. Zheng Qin Yin from
Southwest Eye Hospital/Southwest Hospital, Third
Military Medical University, China discussed devel-
opment in gene therapy of the eye diseases in China.
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1.2  Launch of GEGC Phenotype-
Genotype Database

“GenEye”

From the early stage of AEGC, the phenotype-
genotype database was considered essential
for its operation. In 2019, a new phenotype-
genotype database, GenEye (https://geneye.
kankakuki.jp) was developed at NISO. The
database currently contains three diseases
including inherited retinal diseases (IRD),
age-related macular degeneration (AMD), and
glaucoma. The international standard Human
Phenotype Ontology (HPO) term is used
throughout the database to describe the patient
phenotype. Authentication is required for the
user to restrict data viewing only to the collabo-
rators before publication.
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To facilitate the best design of the GEGC data-
base, a series of meetings were held with experts
from around the world in the last 3 years to garner
experience from different data platforms. These
included meetings with Dr. Takeshi Iwata from
NISO, providing an example of the Japanese IRD
database, meeting with Dr. Andrew Webster from
Moorefields Eye Hospital about the UK IRD
database, and meetings with Dr. Kerry Goetz and
Dr. Santa Tumminia from NEI about the US eye-
GENE database.

GEGC is currently promoting research groups
with no access to the phenotype-genotype database
to collect and store patient data into GenEye. The
first phase of GenEye is to accumulate phenotype
data from Asia, Africa, and South America into
GenEye and later plan for whole genome analysis
by international collaboration and funding. Asia,
Africa, and South America are under-represented in
the global knowledge base, however these regions
are some of the most populated and information
gained from these regions will greatly advance our
understanding of molecular mechanisms and patho-
biology of genetic eye diseases. The outcomes of
the GenEye are expected to catalog genome muta-
tions and variants associated with specific genetic
eye disease across Asia, Africa, and South America.
It will also provide big data sets at global scale for
artificial intelligence (AI) and machine learning to
develop future diagnostic systems without the pres-
ence of an ophthalmologist. GEGC is also expected
to work with drug companies planning for clinical
trials at a global scale. GenEye will quickly identify
patients with the same disease and genome muta-
tion for each location, benefiting the companies via
a shorter time period to decide where to set up the
center for maximum patient recruitment.

1.3  The Updated Aim,
Management, and Budget

for GEGC

1. Share genetic information to isolate common
genetic variants associated with eye diseases

2. Establish cost-effective genetic analysis and
accurate diagnosis for grouping of genetic eye
diseases

3. Develop research-oriented database to collect
and catalog genetic eye diseases at global scale

4. Support and foster global collaboration and
scientific exchanges for the advancement of
genetic eye research

5. Collaborate with other international and
regional organizations with similar goals

6. Organize regional congresses and other edu-
cational and scientific activities to promote
goals of the consortium

The aim of GEGC was re-adjusted to fulfill
the need for the global operation. Recruitment
of members to the establishment of Scientific
Committee, Clinical Diagnostic Committee, Ethics
Committee, and additional Vice Presidents from
Africa and South America, are being discussed. At
the GEGC executive meeting at APAO in Bangkok,
Thailand on March 7, 2019, Dr. Calvin Pang from
the Chinese University of Hong Kong, China was
appointed as Chief of GEGC Scientific Committee.
These committees will play an important role to
keep GEGC operation at global standard.

Self-sustainable budget is an important aspect
of collaboration in GEGC. Most research grants
in the countries limit DNA sequencing to local
patients and do not allow any import or export
of genetic materials for patients from abroad.
An international collaboration grant is jointly
planned for submission to the Japan Society for
the Promotion of Science (JSPS) and Department
of Science and Technology (DST) of India.
Additional scientific grant submissions are
planned for NIH (USA).

A multifaceted global effort like GEGC
has the potential to accelerate the collabora-
tive genetic eye research in generating useful
new scientific data to help our understanding
of genetics in eye diseases. The GEGC is seek-
ing to uncover new scientific opportunities and
identify shared priorities to create unique inter-
national collaborations in genetic eye research.
The GEGC has created a wide opportunity to
establish partnerships among scientists, gov-
ernments, companies, and non-government
organizations to support research programs for
understanding the biology of eye diseases on a
global level.
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1.4 GEGCLab Exchange Program

for Young Scientists

During the last 7 years, eight researchers have
used the Lab Exchange Program of AEGC/
GEGC to visit foreign labs to experience how
the genetic research is operated. This program
provides the opportunity for young scientists
and strengthen future collaborations on genetic
eye research around the globe. The hands-on
training for the GEGC members are one of
the key goals of this Lab Exchange Program.
Such programs have helped establishment
of the new GEGC eye genetic laboratories in
Mumbai, India. GEGC is working on govern-
ment funding or corporate support to conduct
whole genome sequence on DNA samples from
the countries that have limited or no research
funding locally. Over 200 eye researchers from
more than 30 countries have become GEGC
members since its inception. The members
are currently interacting and collaborating to
develop research programs to catalog and share

disease-causing gene mutations of genetic eye
diseases in Asia, Pacific, Africa, and South
America.

GEGC as a Member
of the International Council
of Ophthalmology (ICO)

1.5

The first GEGC annual meeting was held
on April 29, 2019, during the ARVO meet-
ing in Vancouver, Canada. Representative
from 18 countries gathered to this meeting.
After the introduction of GEGC, President
of International Council of Ophthalmology
(ICO), Dr. Peter Wiedemann and Vice-
President, Dr. Neeru Gupta welcomed GEGC
as a new member of the ICO. GEGC will
now work with ICO to expand in Africa and
South America. Mrs. Sieving gave a talk about
the scientific activities in Africa and South
America based on the bibliometric analysis in
these regions.

Dr. Margaret DeAngelis, a member of the
International AMD Consortium, University of
Utah, USA gave a talk on how to organize interna-
tional consortium, showing pitfalls that she expe-
rienced and how the consortium dealt with the
difficulty. The ongoing construction of the new
GEGC phenotype-genotype database “GenEye”

was introduced by Dr. Iwata. To meet the next
level of research at a global scale, establishment
of Scientific Committee, Clinical Diagnostic
Committee and Ethics Committee were discussed
with the team consisting of Dr. Iwata, Dr. Prakash,
Dr. Baird, Dr. Natarajan, Dr. Pang, Dr. Tumminia,
and Dr. Goetz.
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1.6  New International Training
Programs/Fellowships

in Genetic Eye Research

at National Institutes

of Health: National Eye
Institute in the USA

1.6.1 New Program Launch: NEI-ICO
Fellowship for International
Fellows from Lower-

and Middle-Income Countries
(LMIC)

NEI has just started a new ICO Fellowship
being managed by the International Council of
Ophthalmology (ICO). The new program was
kicked off at ARVO-Vancouver, Canada in May
2019. The fellowship is directed for early-career
meritorious candidates/clinicians from LMICs to
have one fellowship per year generally for one-
year duration at NEI in Bethesda, Maryland, the
USA beginning in 2020.

1.6.2 Expansion of International
Genomics Fellowship
at National Eye Institute
in the USA

NEI is working in collaboration with National
Human Genome Research Institute (NHGRI) at

NIH to organize the month-long fellowship for
early-career lab/research and clinical scientists
from the lower- and middle-income countries. The
fellowship started 5 years back and is likely to con-
tinue based on the funding. In 2019, NEI became
the largest sponsor of international fellows (total
51in 2019) at the NIH wide International Genomics
Summit. Over the past 5 years and from the begin-
ning of this program, NEI-NIH has sponsored and
trained ten international fellows since the launch
of GEGC. The early-career scientists have come
from several other countries, including India,
Ukraine, Turkey, Pakistan, Bangladesh, Nigeria,
Argentina, and Mexico.

1.7 Updates on Other GEGC
Sessions and Meetings
During 2018 to 2019
1.7.1 GEGC Session at SAARC
Academy of Ophthalmology

2018

The GEGC session was held during the South
Asian Association for Regional Cooperation
(SAARC) Academy of Ophthalmology (SAO)
meeting on June 22, 2018, at Hotel Yak and Yeti,
Kathmandu, Nepal. Over 80 people attended the
meeting.
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After the SAO meeting, Dr. Takeshi Iwata and Dr. Paul Baird visited the B. P. Eye Foundation and
the Tilganga Institute of Ophthalmology in Kathmandu.

1.7.2 GEGC Meeting at World
Ophthalmology Congress
2018

The GEGC meeting was held during the World
Ophthalmology Congress on June 18, 2018, at
Barcelona Convention Center in Barcelona, Spain.
Introductory comments were made by Dr. Hugh
Taylor and Dr. Peter Wiedemann, the President
and incoming President of ICO, respectively. Dr.
Gyan Prakash from NEI, USA, and Dr. Paul Baird
from the University of Melbourne, Australia gave
the introduction of GEGC and the update on the
Springer Nature Advances in Vision Research
Volume II. Dr. Calvin Pang from the Chinese
University of Hong Kong gave an overview of the
research in retinal diseases of China followed by Dr.
Paisan Ruamviboonsuk, applying Al for screening

diabetic retinopathy in Thailand. The last talk was
given by Mrs. Pamela Sieving about the bibliomet-
ric analysis of the AEGC research. Dr. S. Natarajan
from Aditya Jyot Foundation for Twinkling Little
Eyes, India did the closing remarks.

1.7.3 Foundation of the GEGC China
Branch

On June 28, 2018, at Kempinski Hotel Chongqing,
China, a meeting for the foundation of the GEGC
China Branch was held by the leadership of Dr.
Zheng Qin Yin from Southwest Eye Hospital/
Southwest Hospital, Third Military Medical
University, China and Dr. Qingjiong Zhang from
Zhongshan Ophthalmic Center, Sun Yat-sen
University, China.
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1.7.4 GEGC Session at Asia Pacific
Academy of Ophthalmology
2019
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The GEGC Symposium was held on March
6, 2019, during the Asia Pacific Academy of
Ophthalmology at Bangkok Convention Center
in Thailand. The following talks were given by
the speakers. Novel Genes Identified for Inherited
Retinal Diseases in Asian Population by Takeshi
Iwata, From Genome-wide Association Studies
to Mendelian Randomization: Opportunities for
Understanding Ocular Disease Causality by Dr.
Ching-Yu Cheng, Can an Ophthalmologist diag-
nose a Rare Genetic Syndrome of Werner by Dr.

Ahmed Reda, Leber’s Congenital Amaurosis in
China by Dr. Zheng Qin Yin, Role of GEGC,
India Chapter in Promoting Eye Research by Dr.
S. Natarajan, Successful Treatment of Secondary
Choroidal Neovascularization Associated with
Best Vitelliform Dystrophy with Anti-VEGF
Therapy by Dr. Tharikarn Sujirakul, presentation
by Dr. Amir Hossein Mahmoudi, and Research as
a Tool for Serving Community Eye Health Needs
and Building International Collaboration by Dr.
Gyan Prakash.

GEGC continues to make special efforts in
organizing and coordinating regional, national,
and international conferences and symposia in
order to bring research collaborators to expand
the research and training activities. In the past
5 years, NEI in the USA has already trained a
good number of next generations eye geneticists
from lower- and middle-income countries. The
trained scientists have returned to their home

countries and organizations and have started set-
ting up new labs and programs further enhanc-
ing various activities of GEGC. Additional new
programs, symposia, and conferences have been
planned in the US, India, Japan, South Africa,
Argentina, China, and several other coun-
tries providing world-class opportunities at the
regional level for the GEGC plans to grow and
achieve its goals.
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Global Women'’s Eye Health:
A Genetic Epidemiologic

Perspective
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Abstract

Globally, women experience a greater burden
of eye disease as compared to men. Women
around the world face different obstacles in
maintaining both healthy vision and preven-
tion of vision loss. Understanding women’s
eye health can be a challenge because risk
can vary based on demographic, environmen-
tal, genetic, and social factors. Women also
experience varying risk for visual impair-
ment in different stages of their lives such as
pregnancy, menopause, and post-menopause.
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Moreover, women experience a greater risk
of visual impairment because of where they
live in terms of resources and social and
cultural norms. Furthermore, genetics can
increase women’s risk for visual impairment
due to heritable ocular conditions and gene-
environment interactions. Overall, due to these
factors, women have differences in health
needs that are less understood and can cause
health inequity for women across the globe.
Understanding these unique health needs can
only be achieved by research driven to address
these issues and why it is essential for women
to take part in research and clinical studies.
Thus addressing these unique health needs are
essential to provide opportunity for women
around the world to have both adequate and
relevant health care, targeted preventative ser-
vices, and management services to avoid life-
long visual impairment.
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Current Review of Women'’s
Eye Health

2.1

It has been well established that women in gen-
eral, have contrasting health needs compared
to their male counterparts [1-4]. To date, these
differences in health needs have been understud-
ied and because of this woman face a more sig-
nificant amount of burden due to health inequity
across the globe [5-7]. These gender differences
as they pertain to specific health needs may arise
due to differences in socially constructed roles
and socially constructed relationships in terms
of a person’s values, relative power, and behavior
[2, 8]. Therefore, women experience differences
in health risks and access to health care. The eye
can be an indicator of systemic disease, such as
cardiovascular risk factors including, hyperten-
sive and diabetic retinopathy [9-12] These blind-
ing eye diseases can manifest within the retina
before it is diagnosed systemically [13, 14]. It has
been demonstrated that for many cases, diabetic
and hypertensive retinopathy goes undiagnosed
until an individual receives a retinal examination
[9-11]. In the last 20 years, research continues
to show that women are more greatly affected
by both vision loss and blindness compared to
their male counterparts [15]. When observing the
public health issue of global blindness, women
account for 55% to 66.7% percent of those that
are blind as compared to men [15-18]. Recently
more focused research has been conducted within
the area of gender and sex differences within
health outcomes that includes the biological sex
differences as wells as the social factors [2, 19,
20]. Overarching social factors that can affect

Fig. 2.1 Women’s more
significant barriers to
healthy eye and vision
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women’s health are outlined in Fig. 2.2 and over-
arching biological factors are outlines in Fig. 2.3.
To illustrate an example seen in Fig. 2.1, consider
Shuri, a 24-year-old woman who lives within
West Africa, where visual impairment, blindness,
and eye disease is a significant public health
problem [21-23]. Now consider the biological
and social factors that differ between her and
Ayo, a 24-year-old male living in the same region
of Africa as Shuri. The most apparent difference
between Ayo and Shuri is that Shuri is a woman.
Not only would Shuri, as a women face unique
health challenges about her overall eye health and
vision because of biological differences between
her and Ayo, but she may also experience differ-
ent social factors as well. Next, let us consider
Shuri and Ayo’s differences from a biological
stance. Shuri may experience these biological
differences because of hormonal differences for
example, during pregnancy, menopause, and/
or during the years after she experiences meno-
pause, post-menopause. Finally, let us consider
the differences in maintaining a healthy vision
between Ayo and Shuri in terms of social dif-
ferences. Shuri’s responsibility as a caretaker to
her home may make it more challenging to leave
her home and travel to where eye care services
are available. Ayo, as a male, may not have these
same familial responsibilities and may be able to
travel to access his eye care services more effi-
ciently. These differences create unequal abilities
to maintain healthy eyes and vision for Shuri.
These differences may cause health disparities
for women within eye health and eye care.

There are excellent reviews that have been
published with respect to women’s eye health
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[16, 24, 25]. These reviews include Clayton and
Davis 2015 that address the diseases that affect
women more and ultimately their eye health, as
well as challenges and further needs for wom-
en’s eye health [24]. Doyal and Das-Bhaumik
describe gender differences in blindness and
visual impairment between men and women.
They also, discuss the inequalities and obstacles
that women face in receiving eye and vision care
[16]. Our review will expand on prior knowl-
edge regarding eye disease to include vision
health challenges for women as compared to
men by continent. Moreover, we will discuss
challenges to eye care services that require fur-
ther research efforts to address these inequali-
ties for women around the globe. This review
will build upon the challenges women face
around the world for maintaining both healthy
vision and prevention of vision loss. Moreover,
it will explicitly discuss eye diseases that affect
women disproportionally including dry eye dis-
ease [26-28], primary angle closure glaucoma
(PACG) [29-32], cataracts [33-35], age-related
macular degeneration (AMD) [36-38] and
myopia [39, 40], the barriers that women face
accessing vision care including cost [41], social
norms [42, 43], living in a low-resource country
[42, 44] and cultural norms [42, 43], research
barriers to women’s vision health including his-
torically less representation in research [45, 46],
enrollment in research studies [45, 47, 48] and
retention in research studies [45, 47, 48], the
effects of differing hormones on vision within
women that occur during pregnancy [49], meno-
pause [50, 51] and post-menopause [50, 52], and
unique genetic factors associated with female
gender [53, 54]. Additional risk factors that will
be considered include, women’s vision health
as they age compared to men because they tend
to live longer [16, 18, 55]. Recent initiatives
to implement the needs of women in research
include the Women’s Eye Health and Safety
month [56, 57], Women’s Eye Health lead
by Harvard University [58, 59], and the Fred
Hallows Foundation’s approach to addressing
cataracts [60, 61], and the Office of Research on
Women’s Health. [62].

2.2  Overall Global Blindness

Blindness and visual impairment is a public
health burden for women around the world as the
female sex is more highly prevalent compared to
male sex (55% to 66.7% total blindness and
visual impairment) as presented in Table 2.1 [33,
94-96]. Women experience a higher burden of
certain eye diseases as compared to men [29, 33,
34, 97, 98]. These diseases include the increased
burden of cataracts [33-35], angle closure glau-
coma [29-32], and dry eye disease [26—28].Other
conditions may be more prevalent in women, in
specific populations. There is Epidemiological
evidence that eye disease has sex-associated risk.
This sex-associated risk has been found in wom-
en’s estrogen pathway and associated with eye
disease risk such as cataracts [99, 100]. A review
by Zetburg observed that estrogen was protective
against cataracts [99]. This conclusion was based
on findings of the Blue Mountain Eye Study, the
Beaver Dam eye study, and the Salisbury Eye
Study, which included both women and men
[99]. These studies had participants that were
aged 43 years and older. They were conducted in
Australia, Wisconsin and Maryland, and ascer-
tained participants of primarily of Caucasian
[99]. Some studies have found a higher risk for
eye disease within women based on clinical sub-
type, such as in the case of age-related macular
degeneration [63, 64, 66]. For example, Rudnicka
et al. found that women had a potentially higher
risk of neovascular AMD, but not overall AMD
prevalence [66]. These findings were based on a
meta-analysis that included 25 population-based
studies within 31 populations. There were 51,173
participants all over the age of 40 years, predomi-

Table 2.1 Reports of higher prevalence of blindness/
visual impairment in women around the globe

Higher prevalence
in women

Yes [7, 63, 64]
Yes [7, 64, 65]
Yes [64-66]

Yes [23, 65, 67]
Yes [65, 68, 69]
Yes [65, 66, 70]
Yes [7, 63, 64]

Population

Africa [7, 125, 136]

Asia [7, 125]

Australia [125, 137, 190]
Europe [190, 205, 206]

North America [218, 219, 220]
South America [137, 190]
Industrialized countries [125]
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nantly of European ancestry, but also included
Blacks, Hispanics, Eastern Asians, and Mexican
Americans. Within the 25 studies, 19 of them
included both men and women while one study
only included men and 5 studies did not include
the gender of their study participants. Future
studies may consider focus on making sure that
women are equally represented within their
research studies. Studies have also shown that
Glaucoma may be influenced by estrogen path-
ways [72, 101-105]. Newman-Casey et al. con-
ducted a retrospective longitudinal cohort
analysis, which included 152,163 women aged
50 years and older [106]. The study found that
women who used postmenopausal hormones
were less likely to develop primary open-angle
glaucoma [106]. Hulsman et al. conducted a
study using the data from the Rotterdam study,
which is a population-based prospective study
[107]. The specific study included 3078 women
aged 55 years and older [107]. The study found
that women had decreased odds for open-angle
glaucoma if they were exposed to endogenous
hormones, specifically their odds decreased by
5% per year of exposure [107]. If the women
were at the age of menopause then it decreased
by 6% per year of exposure [107]. Thus research
focused on glaucoma risk for women may want
to include quantitative levels of endogenous and
exogenous hormone levels. In addition, higher
levels of exogenous and endogenous hormones
are associated with a greater risk of development
of breast cancer [108]. Thus, a monitoring system
of glaucoma may help to inform risk of addi-
tional diseases. Uveitis can cause inflammation
of the tissue of the eye [109]. Therefore, Uveitis
can cause decreased vision as well as vision loss
[109, 110]. Risk factors for the disease include
injury to the eye, autoimmune disorders, tumors,
or infections within the eye or the body [109,
110]. Women are more likely to develop non-
infectious uveitis as compared to men [111]. It is
hypothesized that women may be more likely to
develop autoimmune diseases in general, which
as previously stated are a risk factor for Uveitis
[111]. Yang et al. found that of 45 men and 53
females examined of Chinese ancestry, that only
women with anterior uveitis had an increased

allele frequency of CFH-rs800292G allele as
compared to women without anterior uveitis
[112]. Analysis of the Tsuruoka Cohort Study
that included adults of both sexes (1815 men and
2173 women) aged 35 to 74 years in Japan, found
that having rs800292 (162V) polymorphism may
increase the risk for developing the early form of
age-related macular degeneration for women as
compared to men [113]. This same study also
found that having the rs10490924 in the ARMS2
gene may also increase the risk for developing
early age-related macular degeneration in women
as compared to men [113]. Women also have a
higher burden of infectious eye disease in low-
resource countries across the world, such in the
case of Trachoma were it can be seen two to six
times more in women [114-117]. Trachoma,
which is an infection that occurs in the eye when
the bacteria C. trachomatis is transferred by
hand, cloth, or flies to the eye. Trachoma occurs
mostly due to household crowding and poor
access and usage of water in these highly affected
areas [115, 118-120]. This is the case in rural
areas of Africa, Asia, Central America, South
America, Australia, and the Middle East [114—
117]. The prevalence of Trachoma is not isolated
to one specific continent but does become more
pronounced if a woman is a member of a margin-
alized group [117, 121-123]. Women can be mar-
ginalized because simply because they live in
poverty regardless of geographic location [115,
117, 123, 124]. Ninety percent of women who are
blind live in poverty [125]. Their household
income may instead be used for the needs of boys
or men within their household, rather than the
girls or women. In some cases, women’s relatives
or husband may choose whether or not to spend
money on the women’s health care needs [16,
126, 127]. In addition, religion can have an
impact on the eye care of women around the
world. In some instances, it is religiously custom
to have extended family make the decisions for
both medical treatment and care [128, 129].
These limitations include monetary constraints
which cause them to have overcrowding within
their homes, limited water supply, male support
for health needs, and travel distance to health
care and preventative care services. Spending
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more time with children can make one more sus-
ceptible to having Trachoma then those who do
not. In general, women are the primary caretakers
of the household and therefore spend more time
with children [117, 121-123]. Women also have
a higher burden of trichiasis, a site threating out-
come from repeated trachoma infection [115,
118-120].Trichiasis occurs when one’s eyelashes
turn inward and upsets the cornea, by scratching
the cornea causing scarring [119]. This may be
more prevalent in women because they are the
primary caregivers to children and may not be
able to make treatment of trichiasis a priority
[115, 119]. Trichiasis is found more often in
women in countries where Trachoma is a public
health problem such as rural and low-resource
areas of Africa, Asia, Australia, Central America,
South America, and the Middle East [114, 117].
In addition, there is currently no clear biological
understanding of why women may be more prone
to the development of infection in the eye. It has
been hypothesized that women have greater sus-
ceptibility to dry eye syndrome, especially in
older women, which can cause cornea scarring
[130]. Women may be more likely to have cor-
neal damage, which could be why when women
have trichiasis they are more likely to have more
severe outcomes from the disease as compared to
their male counterparts. Visual impairment
caused by Myopia and Hyperopia is also seen at
a higher frequency in men compared to women
[40, 131-133]. Myopia has also been found to
progress more rapidly in females as compared to
males [71, 134, 135]. This is has been observed
in the USA, China, and Columbia [40, 71, 135].
Table 2.1 depicts the prevalence of overall blind-
ness in women by continent while Table 2.2
depicts particular disabling eye conditions for
women by continent., that are described in fur-
ther detail below.

2.2.1 Africa

Women are more likely to experience blind-
ness in Africa, as compared to men. Women in
Africa are still more likely to experience blind-
ness compared to men, even after accounting for

Table 2.2 Reports of greater burden of eye disease and
conditions in females around the globe

Population
Africa [149, 150]
Africa [139, 146]
Asia [173, 188]
Asia [117, 118,

Eye disease or conditions
Trachoma/Trichiasis [48, 63, 71]
Cataract [24, 71, 72]

Cataract [73-75]
Trachoma/Trichiasis [48, 52, 76]

189]

Australia [117, Cataract [77-79]

118, 189]

Australia [198, Trachoma/Trichiasis [80-82]
199]

Europe [211, 212] Cataract [83-85]

Europe Hyperopia [86-88]

North America Dry Eye Disease [89, 90]
[236, 242]

North America Cataracts [91, 92]

[222, 223, 241]
South America
[118]

Trachoma/Trichiasis [48, 52, 93]

age [7, 125, 136]. Results from a meta-analysis
conducted by Abou-Gareeb et al. using studies
that were population-based and included a clini-
cal examination found a higher prevalence of
blindness, determined by a clinical evaluation,
for women living in Benin, Congo, Egypt, The
Gambia, Kenya, Mali, Morocco, South Africa,
Tanzania, and Tunisia [125]. Others have found an
overall higher prevalence of blindness in women
in Nigeria as compared to men [137, 138]. The
same was seen in Ethiopia [137, 139]. Berhane
et al. 2007 conducted a cross-sectional study that
observed 30,022 participants consisting of both
men and women. The study used the national
blindness and low-vision survey and observed a
higher prevalence of blindness in women [139].
They also observed that most blindness was due
to avoidable causes of blindness such as cataract
and refractive error [139]. The region in Africa
where women experience greater overall visual
impartment ratio compared to men is Central
Sub-Saharan Africa based on a visual impairment
gender ratio [140-143]. Sub-Saharan Africa con-
sists of 46 of Africa’s 54 countries and is defined
as the countries that are south of the Sahara des-
ert [144]. A contributing factor to greater blind-
ness in women is a lower rate of cataract surgery
within the African population [76, 126, 145].
Prevention of blindness due to cataracts by sur-
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gery is lower in women compared to men usu-
ally due to cultural and social barriers that will
be explored later in this review [146—148]. The
chronic tropical infectious disease Trachoma is
mostly found in Africa compared to other conti-
nents. After cataract, trachoma is the second lead-
ing cause of blindness overall. In Africa, Women
are more affected by trachoma than men and also
have a higher prevalence than women from other
continents as depicted in Table 2.2. Gender roles
have the greatest impact on trachoma in women
in Africa, as they are the primary caregivers in
the home and have close contact with children
[149, 150]. Trachoma is a bacterial infection, so
good hygiene practices are essential to limit the
risk of contraction of the disease [65, 151, 152].
Villages with scarce resources, such as clean
water, can make it difficult for women to be able
to use proper hygiene mechanisms to avoid con-
traction of the disease and since they are spending
much of their time in direct contact with children
who also do not have access to clean water this
just amplifies the problem [ 153-155]. Men in
Africa suffer Onchocerciasis or “river blindness”
more than women in Africa because of farming
and fishing, but women in Africa face a higher
prevalence of river blindness more in Africa com-
pared to other continents around the world [77,
78, 156]. Onchocerciasis is caused by the larva
of the worms Onchocerca Volvulus that are trans-
mitted to the fly of genius Simulium with the
most popular being Simulium damnosum sensus
lato, also known as a blackfly, infecting the eye
directly. River blindness is a parasitic disease,
and the majority of cases are found within the
continent of Africa [77, 157, 158]. The disease
is spread through bites from infected blackflies,
and there is no current vaccine available to pre-
vent the virus that causes the blinding eye dis-
ease [67, 159, 160]. The blackfly breeds in the
rivers and the streams of tropical areas of Africa.
The World Health Organization has estimated
that 99% of people infected with river blind-
ness live in sub-Saharan Africa in the countries
of the Democratic Republic of the Congo, Chad,
Ethiopia, Cameroon, Angola, Benin, Mali, Niger,
Togo, Sudan, Central African Republic, Ghana,
Kenya, Uganda, United Republic of Tanzania,
Burkina Faso, Republic of Congo, Nigeria,

Equatorial Guinea, Liberia, Burundi, Cote
d’Ivoire, Guinea-Bissau, Malawi, Mozambique,
Rwanda, South Sudan, Sierra Leone, Gabon,
Guinea, and Senegal [159, 161]. Agriculture is
important for the African economy, and these
areas as expected are near the rivers and streams
where the blackflies breed. In addition, women
and young girls are primarily responsible for the
washing of household clothes [159, 161]. Those
who wash clothes in the river have an increased
risk of contracting the disease because that is
where the blackflies breed [162]. There have been
efforts in these areas through initiatives such as
the African Program for Onchocerciasis Control
(APOC) that has greatly reduced the disease [83,
156, 159, 161]. The program closed in 2015, but
the World Health Organization still addresses
the need of controlling the disease through the
Expanded Special Project for the Elimination of
Neglected Tropical Diseases (ESPEN) [83, 84].
The treatment for the disease consists of ivermec-
tin which is free of charge to those that need it do
address disparities in unequal access [156, 159].
Though there is the treatment that is available, it
can be difficult to reach those that need treatment
in remote areas and populations due to war [83].
Though men have a higher prevalence, women are
disproportionally burdened by the chronic condi-
tion of river blindness due to cultural aspects as
previously discussed being that they are the pri-
mary caregivers to the children in the household
and may not prioritize treatment compared to men
[77, 78, 156]. The effects of blindness in women
can take a greater toll compared to men due to
the stigma associated with the disease. Women
who go blind from the disease can be looked
down upon in terms of human worth because they
have gone blind and are unable to complete their
routine household obligations such as taking care
of the children, housework, and cooking in these
rural areas of Sub-Saharan Africa that are most
affected by the disease [163—165]. Women with
blindness also do not get married or take longer
to get married due to the stigma associated with
the disease and skin rashes that the disease causes
[163-165]. There is also a belief that women
with the disease will pass the disease onto their
offspring’s causing their prospects of marriage to
also decrease [163—165]. An education interven-
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tion to address these beliefs may be needed to
increase education about the disease. If their pros-
pects of marriage decrease their poverty increases
especially in a society where women are not seen
as equal to men.

It has not been established if women have
higher rates of refractive errors compared to
men, but women in Africa experience a greater
burden of refractive error more than women
from other areas around the world that have
more greater resources to achieving great vision
[166, 167]. This is because in rural areas of
Africa they have less access to screenings for
refractive error as compared to areas of higher
resources such as Canada and the USA [166,
167]. In addition, if they have refractive errors
it is more difficult for them to obtain glasses for
correction as compared to Women in regions
with greater access to eyeglasses and eye health
services [166, 167]. Ultimately this decreases
their quality of life [167]. Public health efforts
in Africa may want to address these eye dis-
eases and barriers to eye care services. These
interventions should center on gender-specific
needs for women to decrease the prevalence of
blindness and visual impairments in regions of
Africa that are affected the most [15, 117, 126].
These interventions may best serve the needs of
women if they were conducted employing com-
munity-based approach that includes culturally
appropriate mechanisms that include education
of hygiene and transmission of infection [126,
148, 168]. Public Health interventions to address
blindness and visual impairment in Women in
Africa that are most affected should focus on
reduced or no cost, accessibility, education, and
social support. Cost should be addressed so that
women can have the opportunity to utilize eye
care services and surgical treatment for both cat-
aracts and trachoma [126, 168]. In addition, for
trachoma programs of prevention and interven-
tion such as surgery for trichiasis, antibiotics,
facial cleanliness and environmental improve-
ment (SAFE) which have already been imple-
mented require continuous support to achieve
success. This intervention has proven to be suc-
cessful because it is community based through
community involvement and primary health
care providers [117, 168]. Roba et al. conducted

a cross-sectional study in Ethiopia using survey
results to determine the effectiveness of a SAFE
intervention [68]. Follow-up surveys consisted
of 8358 participants aged 14 years and older and
4535 children aged 1 to 9 years of age that were
observed for trachoma [68]. The study found
that trachoma trichiasis decreased from 4.6% to
2.9% [68].

The National Institute of Health has partnered
with the African Society of Human Genomics
and the welcome trust through the Alliance for
Accelerating Science in Africa to form the Human
Hereditary and Health in Africa (H3Africa)
[169]. A collaborative research project “Eyes of
Africa: The Genetics of Blindness” will conduct
GWAS studies to identify risk SNPs that may
be associated with primary open-angle glau-
coma (POAG), using POAG cases and controls
[69]. The study will be conducted in the African
countries of Nigeria, Gambia, South Africa, and
Malawi [170]. This study and future studies may
illicit clues that provide genetic information on
differences between men and women in terms of
blinding eye disease in Africa.

There is a need for accessibility interven-
tions that focuses on both access to providers and
transportation to services. Creating community
efforts to have providers within the community
and not only in major cities is critical to mak-
ing sure everyone has equal access [168]. Global
efforts to improve women’s eye health include
the coordinated approach to a community health
program in Uganda, which aims to increase early
detection of trachoma screenings through initial
consolation [60, 171]. The program occurs in
what is considered the dry season for agriculture
so that more women can take part in the program
because they are not working in the fields as much
during this time period [60]. Women may not
know that cataracts and trichiasis surgery is avail-
able to prevent blindness. Finally, social support
at the community level is important to address the
burden of blindness and the prevention of visual
impairment within populations that are most
affected. Future research considers tribes within
the community if they exist to best create public
health interventions that will meet the needs and
wants of each individual tribe within the overall
community’s health needs [12].
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2.2.2 Asia

More women in Asia are blind as compared to
men, as demonstrated in Table 2.1. It has been
estimated that women in Asia have a 1.41 higher
odds of going blind as compared to men in the
same continent, even after adjusting for age
[7, 125, 171]. A higher burden of blindness for
women can be found across the continent of Asia
in countries such as China, Lebanon, Nepal, and
Saudi Arabia [125]. Though the information is
given on sex differences for blindness in India,
the findings were indifferent within two different
surveys within the meta-analysis conducted by
Abou-Gareeb et al. [125] Women living in India
are less likely to obtain eye care services due to
societal status, especially later in life [171-174].
This may be because women in India are more
likely to have less education compared to men
in India, decreased ability to financially support
themselves, and have lower social status due to
the social preference of men in India [175]. It
has been noted that women 50 years and older
living in Central and South Asia combined have
a higher prevalence of blindness as compared
to men in the same regions [176, 177]. In addi-
tion, overall in East Asia, South-East Asia, South
Asia, Central Asia, and high-income Asia Pacific
regions of Asia, there is a higher prevalence of
blindness in women as compared to men [98, 176,
177]. All of these regions make up the entirety of
the continent of Asia.

Visual blindness, which occurs in Asia, has
a higher prevalence in women than it does in
men of all ages [15, 176]. This is true within
the regions of East Asia, South-East Asia, South
Asia, Central Asia, and high-income Asia Pacific
[137, 176, 178-182]. The region of Asia with
the most significant difference between men and
women in terms of visual impairment is the high-
income Asia Pacific [182]. The region of high-
income Asia Pacific includes the countries of
Brunei, Japan, and South Korea. With women in
Asia being disproportionately burdened by both
visual impairment and blindness, a gender focus
initiative could be taken by those in public health
to improve eye care services within this continent
to prevent visual impairment. South Asia has one

of the highest prevalence of blindness within its
aging population around the world [98]. Women
tend to outlive men and so they tend to make up
more of the aging population. South Asia has a
tremendous social preference towards men, so a
public health approach that addresses women’s
eye care may be implemented within this popula-
tion to have the greatest impact in address wom-
en’s eye health within this continent [183].
Primary angle closure glaucoma (PACG) is
a form of glaucoma that increases one’s ocular
pressure and causes half of the blindness from
glaucoma worldwide. [184] PACG occurs when
the iris is found to block the drainage of the eye
through the trabecular meshwork [184, 185].
Women are most likely to develop the disease,
especially women of Asian ancestry women
[184, 185]. Research studies have found that
within the population of Eastern Asian women,
there is a higher incidence of primary angle clo-
sure glaucoma (PACG) as compared to men [186,
187]. Cheng et al. conducted a meta-analysis that
examined 29 population-based studies including
39,180 men and 44,723 women, that included
studies that included those 30 years and older,
within Asian populations. The analysis found that
the highest prevalence of PACG was reported in
Japan, followed by China then the Middle East
[186]. Glaucoma interventions within these
regions may want to focus on PACG as their pri-
mary target, as more Asian women are affected
by this type of glaucoma compared to Asian men.
Multiple studies have shown that women in
India have higher rates of cataracts as compared
to men [173, 188]. Pant et al. conducted a study
using two population-based surveys conducted in
India with 50,344 men and 58,265 women. The
research found that females had a higher preva-
lence of cataracts in both of the surveys and a
higher risk for cataracts [173]. Women living in
India are also less likely to receive services to
treat their cataracts such as cataract surgery. This
is due to societal status, their health needs are
considered less important as compared to their
male counterparts [172, 173]. This may be due
to societal structures where women are beneath
men, as well as their roles as caregivers within
the household and how they are portrayed within
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their culture [172]. As we previously discussed
the continent of Africa, trachoma trichiasis dis-
proportionally affects the women in Asia because
of their close contact with children because they
are the primary caregivers within the household
[117, 118, 189]. In addition, there are also areas
of low resources throughout Asia that increase a
women’s risk for the disease due to household
crowding and poor access and usage of water
sources [117, 118]. Women are less likely to seek
treatment for this infectious eye disease and have
a greater burden from the disease as compared to
men because they are less likely to access care
for the disease [117]. Due to cultural and societal
aspects, which puts their health needs beneath
men, women in Asia become blind from the dis-
ease for not accessing care [117, 118, 189].

New efforts to address the differences in eye
care between Indian men and Indian women
may want to be gender-focused to achieve equal
access to vision services for women living in
India [173]. Community efforts that focus on
the cost of services could be addressed, as well
as access in terms of availability and transpor-
tation especially in rural, low-resource areas
within Asia. Similarly to what we have explored
in the continent of Africa, in Asia education,
understanding of eye disease and societal norms
could be addressed within these areas to be most
effective in decreasing blindness in women that
are most at risk for going blind. Future research
could be within each of the rural communities
and areas to determine what each population’s
unique needs and wants are in terms of eye care
services and eye disease prevention methods
[190, 191]. Health inequities could be addressed
within eye research for Women living in Asia as
it pertains to both societal structure and access to
care. There are initiatives that have been started to
address eye health within Asia. The Fred Hallows
Foundation aims to determine the reasons for
increased cataract dropout rates in Bangladesh.
The initiatives results will help with health care
planning in this population to best understand
their eye care needs such as future intervention
methods, in addition to educational material on
the importance of obtaining cataracts surgery to
prevent vision loss in this population [60, 61].

Health inequity needs to be addressed within eye
research for Women living in Asia as it pertains
to both societal structure and access to care.

2.2.3 Australia

Overall in the continent of Australia, women
experience a higher burden of blindness com-
pared to their male counterparts, as depicted in
Table 2.1 [125, 137, 190]. This is also true in
studies that observed solely Aboriginal popula-
tions of Australia [125]. Women in Australia also
experience a higher prevalence of visual impair-
ment compared to men based on a visual impair-
ment gender ratio [190, 191]. Visual impairment
prevalence is expected to decrease slightly, but
Australian women are expected to still have a
greater visual impairment due to loss of distance
vision into 2020 [137].

Eye conditions are found more within the
Aboriginal women of Australia and more com-
mon in Indigenous Australians as compared to
non-indigenous Australians [192, 193]. This is
because they are less likely to access and have
access to eye care services and preventative
methods for blindness such as surgery [192, 193].
This is due to geographic isolation, poorer access
to transportation, and low-resources overall
[194]. Research has also shown that Aboriginal
and Torres Strait Islanders are more likely to have
visual impairment as compared to other groups
of Australians [195, 196]. This is because there
is limited access to eye care providers in the rural
area of Australia, so receiving eye examinations
can be difficult [197]. Aboriginal and Torres
Strait Islander women have a higher prevalence of
vision loss as compared to Aboriginal and Torres
Strait Islander men [196]. The 2016 National
Eye Health Survey conducted in Australia found
that Aboriginal and Torres Strait Islanders had
a l.4-increased risk of vision loss as compared
to Aboriginal and Torres Strait Islanders men
[196]. It is important that public health efforts
learn the different eye health needs between
each tribe or between each community to better
address each individual population’s unique care
needs in terms of prevention of vision loss [12].
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Telemedicine may be an option to combat access
to eye care providers and eye examinations
within rural areas of Australia. We will explore
this intervention later within this review.

It has been reported that Australian women
have a higher prevalence of glaucoma as com-
pared to men [198, 199]. This is most likely
because women live longer than men [199].
Women have higher rates of cataracts in men in
Australia for those that are 50 years and older,
again this is most likely due to the fact that
women live longer than men in Australia [200,
201]. Furthermore, women are more likely to
develop dry eye syndrome in Australia, which is
similar to other industrialized countries around
the globe [202]. McCarty et al. conducted a
cross-sectional study in Melbourne, Australia
to determine the prevalence of dry eye disease
within the population. The study consisted of
adults age 40 to 97 years of age. The study had
433 men participants and 493 women partici-
pants. The study demonstrated that women were
more likely to have severe symptoms of dry eye
disease as compared to Australian men [203].
This may be because women are more likely
to develop an autoimmune disease, as well as
hormonal changes during both pregnancy and
menopause that can increase their risk for devel-
oping the disease and have more severe symp-
toms [50, 51].

The National Health and Medical Research
Council in Australia recommends for diabetic
pregnant women to receive an eye examina-
tion sometime within their first trimester and
these results would determine how many other
eye examinations they should receive during
their pregnancy [204]. The National Health
and Medical Research Council is similar to the
American Academy of Ophthalmology in that
they also recommend for those with type 2 diabe-
tes, that they receive an examination at the time
of diagnosis and yearly after [204].

Blindness and visual impairment for women
remain a problem in Australia. Considerations for
addressing women'’s eye health in Australia must
be inclusive include Aboriginal and Torres Strait
Islander women. It is vital that assumptions not be

made for the eye care needs of the Aboriginal and
Torres Strait Islander based on non-indigenous
Australian women’s vision needs. If this is done,
non-indigenous women may only benefit from
public health interventions, leaving Aboriginal
and Torres Strait Islander women to continue to
experience health disparities within vision care
services.

2.2.4 Europe

European women are more likely to become
blind or experience vision loss as compared to
European men, as outlined in Table 2.1 of this
review [190, 205, 206]. This may due to the fact
that women live longer than men, but additional
research should be done to further determine this
[207]. Women in high-income Western Europe,
Central Europe, and Eastern Europe experience
greater visual impairment than men living in the
same regions. All of these regions encompass
Europe, so overall women in Europe experience
greater visual impairment than men living in
Europe [190, 208, 209]. The burden is greater for
those in high-income Western Europe based on a
visual impairment gender ratio [190, 208, 209].
High-income Western Europe includes coun-
tries such as Spain, Sweden, France, Germany,
Norway, and the UK [210].

Women outlive men and this may be why the
burden due to cataract is higher in women in
Europe when observing the prevalence of overall
eye disease in Europe [211, 212]. This is espe-
cially true in Poland, Finland, and the European
elderly population [211, 212]. Overall blindness
can also be found more substantially in women
of the Netherlands as compared to their male
counterparts per the meta-analysis conducted by
Abou-Gareeb et al. [125] Nowak and Smigielski
conducted a cross-sectional observational study
including participants from central Poland [212].
The study included participants that were aged
35 years and older [212]. There were 465 men
participants and 642 female participants within
the study [212]. All of the study participants
were of European ancestry [212]. They found
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that there was a higher prevalence of cataracts
amongst women, but it was associated with older
age [212].

Cataract surgeries could help as a potential
treatment for this eye impairment but the sur-
gery is not always feasible. For instance, Poland
is one of the European countries that have worse
access to cataract procedures for treatment
[213]. Though, it has been found that the inci-
dence of cataract surgery has been increasing
in Poland [214]. Further research efforts will
need to determine if the higher incidence rate
applies to women, or if men continue to benefit
more greatly from the increased rate of cataract
surgery [214]. Without the surgery as a treat-
ment for cataract more women will continue to
go blind. In high-resource areas, eye diseases
such as glaucoma, diabetic retinopathy, and age-
related macular degeneration are more common,
while in low-resource areas cataracts contribute
to a significant amount of vision impairment
[215]. Women in high-income Western Europe
may have a greater burden of visual impairment
because of these diseases due to the aging popu-
lation as compared to the overall burden of cata-
racts in the other regions of Europe. Glaucoma
and ocular hypertension have also been observed
to be higher within the population of women
within the study, but again has been explained by
the older age [212].

In Europe, there is an action group that raises
awareness for vision and eye health needs for
Europeans to prevent avoidable blindness and
vision loss, as well as to make sure that the soci-
ety in Europe is inclusive for those with low
vision and irreversible blindness [216, 217]. This
action group is the European Coalition for Vision
[216, 217] The coalition hopes that more research
pertaining to visual impairment in Europe will
occur to provide information for policy and eye
health decision-making [217]. This is an example
of an initiative that can be beneficial to women’s
eye and vision health throughout Europe through
health decision-making and policy that can
impact the causes of visual impairment through-
out the regions of Europe. We will explore fur-
ther global initiatives later in this review that

are working to improve women’s eye and vision
health in other parts of the world.

2.2.5 North America

Women overall experience both blindness and
vision impairment more than men in the USA,
as outlined in Table 2.1 of this review [218-220].
This also includes a wide range of eye diseases,
including age-related macular degeneration
(AMD) [36-38], glaucoma [29, 221], and cata-
ract [222, 223]. Though women do not experi-
ence diabetic retinopathy more significantly than
men in the USA, women almost have the same
prevalence as men for the disease [223, 224]. Sex
plays a role in the prevalence of these eye dis-
eases within women, there are also noticeable dif-
ferences in the prevalence of these diseases based
on a women’s age as well as their race and eth-
nicity identification. Current US statistics from
2010, presented by the National Eye Institute,
can lend a hand to preventative care services
through public health efforts to address eye dis-
eases that affect women more significantly than
men [225]. Table 2.2 depicts which eye diseases
are more prevalent in women as compared to men
by their racial and ethnic groups in the USA. The
other category in Table 2.3 includes women who
identify as Asian, Native American, and Pacific
Islander who reside in the USA. Further surveil-
lance of these eye diseases and factors should
evaluate these populations individually to make
the most significant public health impact to
address visual impairment and eye disease that
are imperative to these individual populations.
White women experience age-related macular
degeneration (AMD) the most out of all the differ-
ent race/ethnic groups identified by the national
statistics presented by the National Eye Institute,
followed by Black and Hispanic women respec-
tively [36]. In terms of association of age with the
disease prevalence for age-related macular degen-
eration, AMD increases with age in white women
but stays about the same for the other racial/eth-
nic groups observed throughout their senior years
[36]. The only group of women to have a higher
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Table 2.3 Higher prevalence of eye health outcomes in women within the USA

Population AMD

White X X X X X
Black X - - X X
Hispanic X - X X X
Other X - X X X
Overall X - X X X

DR Glaucoma Cataract Low Vision Blindness Hyperopia Myopia Vision impairment

X X X X
X X X X
X X X X
X X X X
X X X X

X Women have greater prevalence than men; — Women do not have a greater prevalence than men

prevalence of this eye disease in comparison to
men is white women, though in the overall popula-
tion of people living in the USA, women and men
have about the same prevalence for the disease
[224]. The prevalence of Age-Related Macular
Degeneration is highest amongst Hispanic
women. The prevalence of diabetic retinopathy
is highest in women who are aged 65-74 despite
race and ethnicity [224]. In terms of Glaucoma,
there is a higher prevalence of cases of glaucoma
in White, Hispanic, and other women, while
African-American men and women have about
the same number of cases [221]. Specifically,
open-angle glaucoma is the most common form of
glaucoma [221]. All women in the USA, despite
what their racial/ethnic background, have more
prevalent cases of cataracts compared to men,
with white women having the highest prevalence
rates [222, 223]. Moreover, the overall number of
prevalent cases of cataract increases with age no
matter which racial and ethnic group [222].

In addition to eye disease, women in the USA
also experience greater factors that can also com-
promise their ability to see at a higher preva-
lence than men. One of these factors is Myopia
[39, 40]. Myopia prevalent cases were more
significant in women for all racial and ethnic
backgrounds [40]. White women had the most
considerable number of prevalent cases, followed
by Black women. Hyperopia is another refractive
error found with a higher prevalence in women
in the USA [131, 218, 226]. White women have
the highest prevalence rate of Hyperopia [131].
Age seems to increase the prevalence rate of
Hyperopia no matter what a women’s race and
ethnicity identification are [131]. In terms of
overall vision impairment, women in the USA
experience it the most [190, 218, 227]. This is
true for all age and racial and ethnic categories

[227]. The prevalence of cases of visual impair-
ment increases with age [227].

There are recommendations for comprehen-
sive eye examinations depending on age, risk fac-
tors, and disease status. The American Academy
of Ophthalmology (AAO) recommends that
everyone receive a comprehensive eye examina-
tion at the age of 40 years old. For those aged
40 to 54 years of age with no risk factors for eye
disease are recommended to get an eye examina-
tion every 2 to 4 years [228, 229]. Those with no
risk factors for eye disease aged 55 to 64 years of
age should receive a comprehensive eye exami-
nation every 1 to 3 years [228, 229]. Those who
are 65 years of age and older and who have no
risk factors for eye disease should receive a com-
prehensive eye examination every 1 to 2 years
[228, 229]. Women who are pregnant with dia-
betes are recommended to get eye examinations
before they become pregnant as well as early in
the first trimester. Those with higher risk factors
for developing eye diseases, such as family his-
tory, medical history, ocular history, age, or race
should receive comprehensive eye examinations
more frequently [228, 229]. An example of this is
that those with diabetes mellitus type 2 should be
examined first when they are diagnosed and then
every year after [228, 229].

Each community may need their own plan
to address women’s eye health because of the
differing needs even within the community. An
example of this would be the Native American
population within the USA. Native American
women have high rates of type 2 diabetes and
hypertension [230]. These chronic diseases cause
lasting effects on the eye such as the manifesta-
tion of diabetic retinopathy and hypertensive
retinopathy [12]. Native American reservations
can be in geographically isolated locations, so
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access to quality preventative eye care services
may be difficult to obtain. Another community
that may need different eye care needs then the
overall population of women living in the USA
is Appalachian women. Appalachian women also
live in a geographically isolated area of the USA
of America. Receiving preventative eye care
can be difficult for those that live in geographi-
cally isolated areas. In addition, those living in
the Appalachian region have unique barriers to
healthcare due to socioeconomic status, culture,
and substance abuse [231]. Those that live in the
Appalachian region have higher rates of diabetes
as compared to the general US population [231].
In addition, those living in this region have higher
mortality rates from diabetes as compared to the
overall US population [232]. This means that
those living in this region may have uncontrolled
diabetes which can negatively affect the eyes.
Uncontrolled Diabetes can manifest in the eye
as diabetic retinopathy causing permanent vision
loss. Public Health interventions should focus on
planning and delivery of quality, relevant care
to have the greatest impact within the Native
American and Appalachia population of women
living in the USA. Telemedicine may be an
approach to address the issue of access for Native
American and Appalachia women in geographi-
cally isolated locations. We will further explore
telemedicine later in this review. Research that
aims to address improvement in health within
these underserved populations should focus on
health disparities that affect these populations to
improve eye health for women.

The National Eye Institute supports an initia-
tive conducted by Harvard University that has
established Women’s Eye Health (WEH) [58, 59].
The WEH’s mission focuses on education that is
relevant to eye diseases that are most commonly
found more prevalent within women, occur more
in women due to older age and eye diseases that
increase based on both environmental and life-
style factors that affect women [59]. In addi-
tion, partnerships have been established to better
understand eye health of women, such as the
partnership between Well-Intergraded Screenings
and Evaluation for Women across the Nation
(WISEWOMEN) and Prevent Blindness North

Carolina [233]. WISEWOMEN’s focus is on pro-
viding services to women to promote lifestyles
that will keep their hearts healthy [233, 234].
Moreover, they focus on providing information to
women so that they can better reduce their risk of
heart disease and stroke [234]. Prevent Blindness
North Carolina is a nonprofit health agency [233,
235]. They offer service programs related to the
prevention of blindness through publications,
safety, screenings, education, and information
[235]. This partnership gave vision screenings to
underserved women ages 40—65 years old. Most
of the women were from low socioeconomic sta-
tus households. The program was able to obtain
responses to risk assessment questions within
their vision-screening program. This information
was ready to be shared with county coordinators
of WISEWOMEN. This collaboration allowed
for information growth and vision screenings for
women within these communities [233]. Future
research collaborations across prevention pro-
grams could implement a similar model to deter-
mine risk assessment for women in other regions.
Other partnerships focus on specific eye diseases
such as the partnership between the National Eye
Institute, the Office on Women’s Health and the
Society for Women’s Health Research’s targeted
approach on addressing dry eye syndrome in
women [236]. This initiative provides education
to increase awareness of the problem of dry eye
disease for women. The action put into place by
this initiative also provides clinicians with diag-
nostic and treatment methods [236].

Canadian women have a higher prevalence of
blindness as compared to Canadian men [137,
190]. Canadian women have also been found to
be more likely to have visual impairment com-
pared to Canadian men [190]. Maberly et al.
conducted a study in Canada and found that
females had higher degrees of blindness as com-
pared to men [237]. The 2012 Canadian Survey
on Disability (CSD) found that seeing disability
for Canadian females was greater than for men
overall [238]. This was especially true for women
that were between the ages of 24 to 44 and 65
to 74 years of age [238]. This survey was con-
ducted with participants that were aged 15 years
and older and had a vision disability that affected
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their daily tasks [238]. Stevens et al. reported that
after controlling for age women had a greater
prevalence of blindness as compared to men in all
regions of the world [190]. Where the difference
between men and women was the greatest was
within regions of high-income. Canada is con-
sidered a high-resource country [239]. Women
in high-income regions were found to have a 1.5
higher prevalence of blindness as compared to
men [190]. In high-income area’s biological and
genetic factors could contribute to this greater
difference between men and women. The gen-
der difference between men and women may be
lower in countries with low-resources because
men may face more similar barriers to women
within these countries.

Women in Mexico have a higher rate of blind-
ness than men living in Mexico [137, 190, 240].
Moreover, Women in Mexico also have a higher
burden of visual impairment as compared to
men in Mexico [137, 190]. Polack et al. reported
that women had a higher prevalence of blind-
ness than men. This study was a cross-sectional
population-based study in Chiapas, Mexico with
2864 participants [240]. In Mexico, women have
a higher prevalence of cataracts than men, which
tends to increase with age within this population
[241]. Also, dry eye disease related to ocular sur-
face damage has a higher burden in women who
are of older age [242, 243]. This occurs because
of hormonal changes for women [242, 243]. In
addition, they are also more likely to have an
autoimmune disease causing dry eye syndrome
[242, 243]. Rodriguez-Garcia et al. reported
on the profile of patients that were residing in
Mexico that had damage to the ocular surface
due to dry eye syndrome [242]. It was found that
those that were affected by this were women of
older age [242]. This population-based prospec-
tive cross-control study included 1543 women
and 1182 men of all ages [242]. Mexico was the
first of America’s to wipe out trachoma, which
is still an epidemic and cause of blindness for
many women across the world including Africa
and Asia which we have previously discussed in
this review [244]. Public health, which pertains

to eye health and vision loss in North America,
could focus on access and resources to eye care
within the population. Each country should have
a public health initiative to address their eye care
needs, as well as within their individual commu-
nities [12].

2.2.6 South America

Women in South America experience a greater
burden of blindness as compared to men in
South America, as outlined in Table 2.1 of this
review [137, 190]. Limburg reported that women
of Paraguay, Peru, Argentina, Cuba, Venezuela,
and Guatemala have a greater prevalence of
bilateral blindness for those aged 50 years and
older [245]. These results were concluded from
population-based prevalence surveys within
Latin countries in those that were age 50 years
and older. The exact numbers of participants
who were male and female were not specified
[245]. In the Sao Paulo Eye study, researchers
found that older women in Brazil had a higher
presence of blindness compared to Brazilian
men, but the education level of the women
explained this [246]. Within the study, there
were 1834 males and 2136 females that were
eligible and 1542 males and 2136 females that
were examined within the study. The study only
consisted of participants that were age 50 years
and older [246]. The study was conducted in a
cross-sectional manner to randomly obtain study
participants [246]. The study was used clustering
sampling and conducted door-to-door surveys
and ocular examinations [246]. Cross-sectional
studies are important for women’s eye health
research in order to determine the prevalence of
a disease in a specific area so further research
can be conducted, as well as tailored interven-
tion methods that are important to the specific
area that was included within the research study.
Women in South America also experience a
greater prevalence of visual impairment [137,
190]. Women of Tropical Latin America have
a slightly higher prevalence of visual impair-
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ment compared to men. Andean Latin America,
Central Latin America, High-Income Southern
Latin America, and the Caribbean all have a
greater prevalence of visual impairment com-
pared to men [137, 190]. We will now explore
factors that may be contributing to the higher
prevalence of these eye diseases that come in the
form of biological and social factors that affect
eye health and vision within women around the
world, which are outlined in Figs. 2.2 and 2.3 of
this review.

In Brazil, women have higher rates of dry
eye syndrome compared to men. This can help
to explain that women are more likely to experi-
ence dry eye syndrome as compared to men [247].
A study by Limburg et al. found that countries
in South America including Brazil, Venezuela,
Guatemala, Argentina, Peru, and Paraguay has
higher blindness and low vision from cataracts is
within their population of women as compared to
men [248]. This study used data from population-
based surveys that observed the prevalence of
cataracts within Latin America [248]. The sur-
veys were conducted between 1999 and 2006
[248]. The surveys included individuals that were
50 years and older [248]. Future research should
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Fig. 2.2 Social factors for women’s eye health

aim to provide the number of male and female
participants to provide a thorough presentation
of the demographics of the population of women
that may be affected the most within these coun-
tries. Pongo Aguila et al. conducted a study in a
semirural area in Northern Peru and found that
women experienced a higher prevalence of blind-
ness from cataract and other causes compared
to men [249]. The study areas were two cities in
Peru, Piura, and Tumbes [249]. There were a total
of 2221 men and 2561 females [249]. This study
used systematic cluster sampling for participants
50 years and older. The study collected informa-
tion on general demographics, visual acuity test
results, lens examination results as well as cata-
ract surgery information [249]. In low-resource
countries within South America, eye care can be
challenging to access due to the cost of care, trans-
portation barriers to reaching the eye care services,
lack of access to information pertaining to both
eye health and disease, fear of a negative outcome
in terms of eye care treatment and the perceived
value of eye care treatment [126]. These barriers
may impact women more greatly, due to societal
views of women and their health needs in some of
the South American countries [250, 251].

Genetics

Pregnancy

Biological Factors

Hormone
Changes

Fig. 2.3 Biological factors for women’s eye health
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2.3  Aging and Eye Disease

in Women

Vision impairment is a public health problem
for elderly patients around the world [252—
254]. Overall, women outlive men, and because
women live longer it contributes to the over-
all effect of eye disease on women across the
globe [16, 18, 55]. There are a higher number
of women within the older age groups in the
overall global population, which is associated
with a higher risk of blinding eye disease [95].
Health care costs for women over their life-
time are more significant than men, most likely
because women live longer than men [255,
256]. Health care costs are strongly dependent
on age because as someone ages they tend to
need more medical care [255, 257]. Due to the
progression of the eye care and vision needs of
women as they grow into older age their health
care costs can increase for eye care. This is in
terms of routine eye care, medical devices such
as glasses as well as surgery to prevent blindness
such as the case of cataracts. It is crucial that
as women age, they continue to monitor their
eye health and vision needs by receiving annual
routine eye examinations to detect eye diseases
associated with a higher risk of eye disease and
visual impairment from older age [258-260].
A women’s quality of life can diminish as they
age because of eye diseases and ¢ visual impair-
ments [261, 262]. Visual impairments are asso-
ciated with physical and mental comorbidities
in older adults [263, 264]. This can be seen in
the case of visual impairments due to refractive
errors. Refractive errors, which more greatly
affect women in older age, are associated with
lower quality of life due to depression, falls,
and fractures [265, 266]. Due to these quali-
ties of life factors, women may not be able to
do their routine activities or may depend on
others for help and care. Dependence on oth-
ers may be more difficult for women living in
certain parts of the world for social and cultural
reasons. Social and culture norms may limit a
women’s ability to get help while living with
vision impairment because their needs may not

be help to the same standard as men. We will
further explore social and cultural norms as
a barrier to eye health in women, later in this
review. Routine eye examinations are essential
during the senior years of life for women to
continue to be able to do their daily activities,
as well as manage any eye diseases that they
may develop as they get older.

24  Heritable Ocular Conditions
Genetic factors may also be a contributor to the
higher prevalence of blindness and visual impair-
ment for women across all parts of the world.
Women like men may have a genetic risk for par-
ticular systemic diseases that also involve the eye
resulting in visual disability. An example of this
would be that women are at a higher risk for auto-
immune disease because the associated immune
genes are associated with the X chromosomes [53,
54]. Certain Autoimmune diseases affect women
more than men. These autoimmune diseases
include Lupus, Sjogren’s syndrome, and Grave’s
Disease [267-270]. Autoimmune diseases can
have negative impacts on vision. Another autoim-
mune disease that affects women more often than
men is, Neuromyelitis Optica (NMO). NMO is a
central nervous system autoimmune disease that
affects the optic nerves and spinal cord the most
[271]. Furthermore, women are nine times more
likely to reoccurring episodes as compared to men
[272, 273]. Oculofaciocardiodental syndrome is
arare condition that causes eye abnormalities and
is only found in women due to its X-linked inher-
itance pattern [274-278]. The syndrome causes
congenital cataracts and those with the syndrome
are at a greater risk for glaucoma [277, 278]. A
case report by Martinho et al. describes a case
of Oculofaciocardiodental syndrome in a female
aged 26 years old [277]. The patient had a diag-
nosis of cataracts in both of her eyes and her eyes
were observed to be very deep set [277]. Future
research will need to focus on equal representa-
tion within genetic research for women to benefit
from personalized medicine pertaining to ocular
disease that may have genetic associations.
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2.5 Pregnancy and the Eye

Women may become pregnant sometime in their
life, which can cause temporary changes to their
vision but in some cases cause life-long dam-
age to their vision. Pregnancy can affect both
the physiology and pathology of the eye [49,
279, 280]. This can cause changes in both the
eye and vision [49, 279, 280]. These changes
during pregnancy can come from differing hor-
mone levels, the amount of excess water in the
body, variation in blood pressure, and increased
blood volume in the body [49]. These changes
could potentially lead to blurry vision, dry eyes,
the shape of the cornea or cause nearsightedness
[49, 281]. During pregnancy visual disturbances
is a common complaint about many women [282,
283]. Mehdizadehkashi et al. conducted a cross-
sectional study of 107 pregnant women aged
20 to 39 years of age in Iran [282]. The study
observed myopic and hyperopic visual changes
during pregnancy that decreased distant acuity
vision and near vision acuity [282]. The partici-
pants’ vision returned to normal after their preg-
nancy [282].

Women may learn that their vision will change
during their pregnancy and choose to not visit
their primary eye care provider for their dilated
annual routine eye examination until after their
pregnancy is over. This comes with risks because
if they do not obtain their regular eye care it can
cause certain eye diseases that may form from
pregnancy-induced conditions, such as hyperten-
sion retinopathy and diabetic retinopathy, to go
undetected [284-286]. Hypertension, if it goes
untreated can be a risk factor for hypertensive
retinopathy, and similarly, diabetes can be a risk
factor for diabetic retinopathy [73, 287-289].
Retinopathy risk increases if a woman experi-
ences preeclampsia or eclampsia during their
pregnancy [290, 291]. Preeclampsia can also lead
to permanent changes within the eye that include
optic atrophy, optic neuritis, and retinal artery and
vein occlusion, though this happens rarely [290,

292]. Women who have hemolysis, elevated liver
enzymes, low platelets syndrome are more likely
to have bilateral retinal detachment which can
occur during pregnancy, though this is rare [293—
295]. Exudative retinal detachment can occur in
pregnant women with disseminated intravascular
coagulation and thrombotic thrombocytopenic
purpura [295, 296]. The recommendation for
women who are pregnant is to continue to get
their annual routine eye examinations, especially
if they already have severe eye diseases such as
diabetic or hypertensive retinopathy [297-299].
In some cases, women may need to have their
vision checked more often if they have a preexist-
ing condition because pregnancy can worsen their
preexisting eye diseases [300, 301].

Pregnancy is a gender-specific factor that
needs to be considered for visual genetic condi-
tions. Pregnancy is a life event that only affects
women. There are genetic conditions that pertain
to the eye that can negatively impact a women’s
health during pregnancy. For example, women
who have the genetic condition Pseudoxanthoma
elasticum (PXE), which can manifest within
the eyes, have a higher risk for gastrointestinal
during pregnancy [302, 303]. Women who have
Marfan syndrome, a genetic ocular condition,
have a higher risk for aortic dissection during
pregnancy [304-306]. Women also have an ana-
tomical predisposition for primary angle closure
glaucoma which can lead to blindness if not prop-
erly treated [29, 307-309]. Women who have
glaucoma will need to communicate with their
eye care provider that they are pregnant because
pregnancy can affect a women’s intraocular pres-
sure, usually lowering the intraocular pressure
[279, 281, 301]. Their primary eye care provider
may alter their glaucoma medication according
to their needs during pregnancy. Pregnancy is not
the only biological difference between men and
women that can cause changes to their vision. We
will next discuss hormonal changes that women
experience later in life that can have an effect on
their vision.
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2.6 The Effects of the Stages

of Menopause and the Eye

Many women begin transitioning to menopause
between their mid to late forties [310-312].
For most women, menopause usually occurs
between the ages of 45 to 58 years old [311, 312].
Hormonal changes during these times and post-
menopause can cause both eye disease and vision
changes for women across all regions of the
world [50, 313, 314]. Symptoms of menopause
vary around the world and in India diminished
vision is said to be an indication of menopause
[315]. These changes for eye health and vision
are due to lower sex hormone levels during the
times of menopause and post-menopause.

A woman’s eyesight may fluctuate during
menopause. This usually causes less nearsighted-
ness and may result in their need for glasses to
help with reading. In terms of eye disease, dry
eye disease is common in menopausal women
because of the hormone changes that are occur-
ring [50, 51]. The hormone estrogen and the
hormone androgen that help to keep the eye lubri-
cated are found to be at decreased levels during
menopause causing women to experience the dry-
ness, redness, itching, and burning symptoms of
dry eye disease [50, 51]. Postmenopausal women
also experience a more significant burden of dry
eye disease as compared to younger women [50,
52]. Olaniyan et al. conducted a cross-sectional
community-based study in South-West Nigeria
to determine both the prevalence and risk factors
for dry eye syndrome [316]. The study was con-
ducted in adults aged 40 years and older using
both questionnaires and eye examinations [316].
The study observed that menopausal status was
statistically significantly associated with dry eye
syndrome [316]. Postmenopausal women may
find that it is more difficult to wear their contact
lenses during this time due to dry eye disease and
the changing shape of their cornea [317, 318]. In
addition, dry eye disease can affect their quality
of life because they may no longer be able to do
their day-to-day activities without eye fatigue or
strain such as reading, driving, or watching tele-

vision [319-321]. These hormonal changes are
similar to what is seen during the menstrual cycle
for a woman [51, 322, 323]. Hormone levels
change throughout a women’s menstrual cycle
which can affect the cornea by changes in sur-
face dryness and tear production [51, 322, 323].
Further research surrounding dry eye disease for
women, should account for both menstrual cycle
and menopause state as a variable, as the men-
strual cycle can have a role in if the patient is
experiencing dry eye symptoms. Postmenopausal
women are also at increased risk for the burden
of eye disease. Sex hormone deficiency in post-
menopausal women can increase their intraocular
pressure, which in turn can increase their risk for
developing glaucoma, though further research
is needed to improve the association of this risk
[324, 325]. Research has shown that women who
experience menopause before 43—45 years of age
have an increased risk for primary open-angle
glaucoma (POAG) [70, 74, 107].

Treatment of menopausal symptoms can
affect women’s eye health and vision. In some
cases, women may choose to treat menopausal
symptoms using hormone replacement therapy.
The US Food and Drug Administration has listed
vision loss due to blood clots in the eye as a severe
side effect from some of the treatments, and jaun-
dice also can occur from the treatment which can
cause the whites of one’s eyes to turn yellow
[75, 79]. Hormone replacement therapy can also
cause dry eye disease in some cases, though it is
still debated depending on the length of time and
the type of hormone replacement therapy that is
used [50, 80]. As we have explored, biological
differences between men and women can cause
variations in vision and eye health such as in the
case of aging, pregnancy, and menopause. These
biological sex differences may be unavoidable,
but they are essential when assessing the eye care
needs of women around the world. We will now
explore social factors that may contribute to dif-
ferences in eye health and visual impairment in
women based on gender to precisely identify the
different cultural and societal roles that women
may endure that men do not [15].
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2.7 Climate Change and Women

Eye Health

Climate change can impact vision from air
pollutants, increased ultraviolet (UV) expo-
sure as well as arid land [81]. Multiple parts
of the eyes are exposed to these factors such as
the cornea, eye lid, sclera, and the lens of the
eye. Increased UV light exposure is a risk fac-
tor for cortical cataracts, while an increase in
arid land can increase dry eye syndrome due
to the drier air conditions [81]. Furthermore,
climate change has also increased the air pol-
lutants that can cause both eye discomfort due
to dry eye and irritated eyes [81, 82]. Climate
change not only affects air quality, but also
can affect food security because it can affect
crops. Climate change can also diminish water
quality and increase people’s exposure to both
viral and bacterial pathogens [85]. Women are
disproportionally burdened by climate change
as compared to men. An example of this can
be observed in a study conducted by Cil and
Cameron 2017 in terms of climate change and
pregnancy. The study used monthly panel data
from the US Natality Files (1989-2008) for
more than 3000 counties within the USA [86].
They observed that heatwaves increased the risk
for pregnancy-associated health conditions such
as eclampsia, pregnancy-associated hyperten-
sion, incompetent cervix, and uterine bleeding
[86]. The Commission on the Status of Women
has made this a priority [87-93, 326-330].
Natural disasters burden low-resource commu-
nities more than communities that are not [88—
90]. In regions around the world where women’s
eye health may be more negatively impacted by
social and cultural contributing factors such as
low-resource areas of Africa and Asia, climate
change can have a worse burden. Women make
up more of the population that is living below
the poverty line and therefore are more likely
to be affected by climate change and natural
disasters [91].

Risk factors that we have discussed through-
out this review have the potential to be amplified
due to climate change. Women who reside in arid
land areas not only have to deal with their biologi-
cal susceptibility of developing a dry eye disease,
but environmental factors of the drier air amplify
the dry eye. Women in low-resource areas in
Africa [35, 145, 168] and Asia [92, 93, 326] are
already at a greater risk for developing cataracts;
increased exposure to UV light may worsen this
risk. In Table 2.2 it is observed that women have
higher rates of cataracts in Australia as well. This
could be due to their UV exposure rates as well as
social factors that impact their health. UV expo-
sure in Australia is high due to their geographical
location [327]. Regions in high-resource areas of
Australia could be less burdened by cataracts due
to UV exposure because they have access to cata-
ract surgery, while those in low-resource regions
may be more significantly burdened by cataracts
due to UV exposure because of their limited
access to cataract surgery.

If women are unable to access nutritious
foods they could develop systemic diseases
such as diabetes and hypertension which could
manifest themselves in the eyes as diabetic and
hypertensive retinopathy [12]. Climate change
has the ability to be a risk amplifier for these
diseases which could cause blinding retinal dis-
eases. In addition, the Risk of Trachoma, which
as previously explored is due to not having
proper water source accessibility, can also be
amplified. Furthermore, because climate change
can increase bacterial illnesses we observe a
greater risk for River Blindness for women liv-
ing in areas with low-resources that are primar-
ily affected such as rural parts of Africa. Climate
change may be considered in the evaluation of
the implementation of interventions to improve
women’s eye health around the globe, while con-
sideration of gender has recently implemented
within both climate change and policy, the prog-
ress has been slow to decrease gender-based
health disparities [90].
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2.8 Approaches to Interventions
2.8.1 Telemedicine

Telemedicine,  specifically  teleophthalmol-

ogy for the use of eye care has been becoming
more prevalent increase access to eye care for
those in rural and underserved areas [328-330].
Telemedicine allows for healthcare delivery to
those that may not otherwise be able to have
access for diagnosis, treatment, and preven-
tive health purposes [331]. Telemedicine can be
used for detecting, screening, and diagnosis of
retinal eye disease such as diabetic retinopathy
[328-330]. Telemedicine also has the potential
to provide information for research that would
include participants who may otherwise not par-
ticipate in scientific research and are not well rep-
resented within previous research studies [331].
Telemedicine could potentially inform research-
ers of specific eye care needs of the underserved
communities. This can help to influence both
public health services and public health policy.
We will discuss research and women’s eye health
in the next section. Research surrounding tele-
medicine options for eye care should continue.
In addition, further funding should be allocated
to these efforts for women around the globe who
may not otherwise be able to receive eye care to
prevent visual impairment.

2.8.2 Empowerment

An important aspect to addressing these barri-
ers for women as they pertain to social and cul-
tural norms is women empowerment. Promoting
women’s empowerment can improve health
outcomes, including eye health. There are vary-
ing forms of empowerment that could be imple-
mented to improve women’s health around
the globe including financial, community, and
social empowerment. Financial empowerment
of women can help to improve their economic
stability and provide them with an increase in
resources to improve their overall health [332]. A
study by Roy and Chaudhuri conducted in India
with a total of 34,086 individuals, 49.4% woman
and 50.6% women explored the issue of finan-

cial empowerment [174]. They found that older
women in India were more likely to have poorer
health and utilize healthcare less often, compared
to men in India, due to both socioeconomic status
and financial empowerment [174]. These same
approaches should be further explored in terms
of eye care utilization and financial empower-
ment for women in low-resource areas. In low-
resource areas, women'’s health needs may not be
considered a financial priority within their house-
holds. Financial priority for health needs is for
men as the head of the household followed by the
children with sons having more of a priority. By
researching mechanisms to financially empower
women, this can lead to improved health out-
comes because they will be able to financially
make their health a priority because of the new
gained resources. These gained resources can
include the ability to travel to their eye care pro-
vider as well as financially afford glasses and eye
care services. Social empowerment addresses the
improvement of women’s self-confidence, self-
identity, and social belonging [333]. Socially
empowering women can help them to make
their health, including their eye health, a priority.
Women can be thought of as a community and
as such can achieve community empowerment
together. The World Health Organization states
that when community empowerment is successful
that communities are able to have improved con-
trol over their life [334]. This action of commu-
nity empowerment can also help to increase their
community involvement to help other women, as
well as children, seek out necessary eye care to
prevent visual impairment. It also can bring about
both social and political change to improve both
overall health and eye health. It is important that
women around the globe be empowered through
all aspects of empowerment (financial, com-
munity, and socially) to have a lasting change
on their health, which can also make a lasting
impact on their eye health. Each individual com-
munity will have different empowerment needs
and should be individually evaluated.

Globally, women’s social status within their
community and within their families and house-
holds can impact their ability to gain access to
eye care services to prevent blindness and visual
impairment [92, 127]. These barriers to eye care
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can come in many combinations of factors and
make accessing eye care an unattainable goal for
women globally, leading to preventable blindness.
Barriers to eye care for women cause health dis-
parities that must be addressed to achieve health
equity within the field of eye and vision care.
Telemedicine may help to increase access to eye
care health for women that are not able to reach
eye care in a standard medical setting. Research
that focuses on women’s eye health needs and
also that address these barriers is essential to
improving eye care for women around the globe.

2.8.3 Research

There are differences between clinical decisions
made for men and women [45, 335]. These clini-
cal decisions can be better understood from clini-
cal and basic research, which women have been
less represented throughout history [45, 46]. As
we have previously mentioned, both biological
and social factors differ between men and women
which can be better understood by medical
research. Women may benefit less from advance-
ments that are gained from medical research that
focuses on eye health and visual impairment
because they are less represented within clini-
cal research studies as compared to men. When
women are less described in clinical research,
they may also benefit less than men as it per-
tains to advancements in personalized medicine,
which is a tailored approach of treatment for an
individual patient based on their characteristics
[336, 337]. Moreover, risk factors for health out-
comes may go undetected or underpowered for
women if research studies do not include women
or if women only make up a small proportion
of the total research study population. Findings
from medical research studies that only included
men within their study populations have been
applied to women in the past, which can cause
different treatment success rates between men
and women [338].

Observing eye diseases that affect women the
most, eye and vision care needs of women, as
well as the social differences between men and
women throughout this review, has shown that
women have unique requirements for the mainte-

nance of their eye health and vision. Medications
for treatments of ailments can have different
effects on people and because of this may dif-
fer between men and women. It is essential to
understand these differences that may differ
by gender in terms of medications used for the
treatment of eye disease [45, 339]. Furthermore,
symptoms of eye disease can vary between men
and women. This understanding furthers the need
to have equal representation throughout medical
research. These differences present themselves
as continued areas of focus for women’s health
research. When researchers are considering the
design of the path they will take to execute their
research studies, they need to be aware of differ-
ences in enrollment and retention of women in
research studies [45, 47, 48]. Moreover, women
are less likely to enroll in clinical research studies
or know about them so recruitment factors per-
taining to women must also be considered when
designing a research study [45, 340]. These chal-
lenges in achieving the necessary recruitment
and participation of women within their studies
should be addressed by researchers rather than
avoided, for them to be successful in achieving
women's participation in their research.

Efforts have been made by the National
Institute of Health to improve women’s involve-
ment in clinical trials [45, 341, 342]. The Office
of Research for Women’s Health works to
address this problem within clinical research by
working in partnerships to promote women’s
participation within clinical research, as well as
underserved populations who have historically
been underrepresented in clinical research [62,
343, 344]. The Office of Research for Women’s
Health also focuses on supporting and enhancing
research that focuses on health issues that have
the greatest impact on women [62]. Moreover,
they work to achieve women representation in
biomedical careers [62]. In terms of the National
Institute of Health-funded clinical trials, more
than half of the participants are women [341].
Furthermore, there is continuous growth in the
number of research studies that are accounting
for sex within research study findings and reports
[343]. Though there have been advancements in
the representation of women in clinical research
it is essential that efforts continue to ensure that
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women continue to be a part of research to ben-
efit their specific health needs and outcomes.

2.8.4 |Initiatives

The understanding for the need to address wom-
en’s eye health has begun to come to the fore-
front over time. New efforts to tackle this public
health issue are underway. We will explore some
of these initiatives, but it is essential to know that
this is not an exhaustive list of everything that is
or can be done to improve eye health and address
visual impairment for women. First, in terms of
health observances, April is Women’s Eye Health
and Safety month [56, 57]. Observing Women’s
Eye Health and Safety month, can bring the
challenges that women face in terms of keep-
ing their eye’s healthy and their vision clear to
the forefront. Furthermore, acknowledging this
month can help to educate a greater number of
women on the importance of keeping of making
their eye health a priority in living a healthy life-
style. Initiatives can lead to an increase in advo-
cacy for women’s eye health. Continuation of
advocacy improves equal access to eye care for
women across the world. It is vital that advocacy
takes place at all levels: the national, district, and
community levels. It is crucial that none of these
levels for advocating go under looked to achieve
improvement in women’s eye health [17]. Each
population will need a different set of initiatives.
If women’s eye health needs are only addressed at
the national level, smaller community-level needs
can go unaddressed, causing continuous health
inequity for women within these populations.

2.9 Conclusion

In all of the organ systems in the body, including
the eye, there are differences between men and
women in terms of types of disease, the prevalence
of the disease, risk factors, and characterizations
of disease [345]. Much of the burden from both
visual impairment and blindness globally comes
from inequitable eye care services [346]. Women
living in low-resource countries or communi-

ties’ may have less access to preventative mea-
sures to maintain health [12]. Understanding of
blinding eye conditions and disease in women is
vital for not each individual continent but country
and population. Furthermore, understanding the
unique factors of different cultures and societies
for women within both countries and continents
should further be explored. Not all women are
the same, and findings from one group of women
may not apply to women living in another coun-
try, continent, or population. An example of this
would be findings from a study focusing on eye
health need in Africa may not be applicable to
women in the USA. Women in Africa may
need care that is directly focused on Trachoma
[114-117] and River Blindness [159, 161] which
is not a burdening problem for Women in the
USA. Biological factors as outlined in Fig. 2.3
and social factors as outlined in Fig. 2.2, as well
as combinations thereof, should all be considered
when addressing eye health and visual impair-
ment in women around the world.

Though eye disease and condition prevalence
may be marginally greater in women, these dif-
ferences can add up over time. Equal represen-
tation within genetic and epidemiologic research
is needed for women to benefit from personal-
ized medicine pertaining to ocular disease. The
field is continuing to expand so now is the time
for researchers to ensure that women are partici-
pants within their studies, and to actively imple-
ment strategies to improve women’s willingness
to participate. When health disparities within
eye health and visual impairment continue to
occur for women, over time the differences in the
burden of blindness can become more divided
between men and women. Though it has been
observed in women in low-resource countries
that social factors may play a role in eye disease,
care, and conditions this does not mean that they
do not exist in countries with greater resources.
Individual evaluations of concerns about gender
differences in vision loss and blindness need to
be conducted at the community, country, region,
continent, and global level. All evaluations need
to both consider and report sex within their evalu-
ation reports when determining their next steps to
address the problem.
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Appendix

Supplemental Tables

Supplemental Table 1 Initiatives to improving women’s eye health

Initiative name Goals
National Women'’s Eye
Health & Safety Month

healthy and their vision clear.
Women’s Eye Health

(WEH)

Brings awareness to the challenges that
women face in terms of keeping their eye’s

Focuses on education relevant to eye diseases
that are most commonly found more

Website
https://www.preventblindness.org/
womens-eye-health-and-safety-awareness-
month

https://nei.nih.gov/content/
womens-eye-health

Fred Hallows
Foundation
Seva Foundation

Women in Eye and
Vision Research
(WEAVR)

prevalent in women, occur more in women
because more women outlive men and eye
diseases that are increased based on both
environmental and lifestyle factors.

Work towards closing the gender gap within
avoidable blindness.

Work towards having gender equity within
eye care to limit barriers to access to eye
care.

Work towards development and
strengthening of women who are pursuing
careers in the visual sciences.

https://www.hollows.org/shesees

https://www.seva.org/site/SPageNavigator/
Seva_Vision_for_Gender_Equality_in_
Eye_Care.html
https://www.arvo.org/arvo-foundation/
what-we-fund/
women-in-eye-and-vision-research/

Supplemental Table 2 Additional resources on women’s eye health around the world

Resource name

Universal eye health: a global action

plan 2014-2019

Eye Health for Women and Girls: A
guide to gender-responsive eye health

programming
United for Sight

Module 3: Accessing Medical Care:
Unique Barriers for Women
Office of Research on Women’s Health

International Agency for the Prevention

of Blindness

Pan American Health Organization
(PAHO) and World Health Organization

Objective

equity.

women’s health.

Universal accesses to health care,
including eye care, as well as gender

Supplement for current knowledge that
has been successful in addressing the
gender gap in eye health programing.
Community eye course to increase
understanding of patient barriers to eye
care to achieve quality eye care for all.
Promoting research focused on

A tool to aid in decreasing unnecessary

Website

https://www.who.int/blindness/
AP2014_19_English.pdf?ua=1

https://www.iapb.org/wp-content/
uploads/2017-Guide-to-eye-
health-for-women-and-girls.pdf
http://www.uniteforsight.org/
community-eye-health-course/
module2b
https://orwh.od.nih.gov/

https://atlas.iapb.org/

blindness and visual impairment.

on gender and health

(WHO). Gender and Health Advocacy

Kits:

Provide information on current issues

http://www1.paho.org/english/
hdp/hdw/advocacykits.htm
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https://www.arvo.org/arvo-foundation/what-we-fund/women-in-eye-and-vision-research/
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Establishing the Chinese Arm

of GEGC

ZuiTao, Shiying Li, Jiayun Ren, Xiaohong Meng,
Yong Liu, and Zhenggqin Yin

Abstract

Hereditary eye diseases have gradually
become the main cause of refractory or incur-
able binocular blindness, a large number of
which have no effective treatment. In order to
further popularize and promote the ability of
diagnosis, treatment, and prevention of hered-
itary eye diseases in China, the Chinese Eye
Genetics Consortium (CEGC) is established,
which is attached to the Global Eye Genetics
Consortium (GEGC). On June 28, 2018, “The
Founding Conference the Chinese Arm of
GEGC” was grandly held in Chongqing,
China. CEGC includes the Chinese eye
genetic disease research collective, the
Chinese eye genetic disease experts collective,
and the Chinese eye genetic disease preven-
tion and treatment collective. The consortium
aims to carry out research on the prevention
and treatment of eye genetic diseases, formu-
late guidelines and consensus for clinical
diagnosis of eye genetic diseases, support and
cultivate professional talents, and promote
international exchanges and cooperation.
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The Chinese Eye Genetics Consortium (CEGC),
also known as the Chinese branch of the Global
Eye Genetics Consortium (GEGC), includes the
Chinese eye genetic disease research collective,
the Chinese eye genetic disease experts collective,
and the Chinese eye genetic disease prevention
and treatment collective. CEGC is a professional
academic alliance composed of experts engaged
in clinical diagnosis, treatment, and prevention
of eye genetic diseases. The consortium aims to
carry out research on the prevention and treatment
of eye genetic diseases, formulate guidelines and
consensus for clinical diagnosis of eye genetic
diseases, support and cultivate professional tal-
ents, and promote international exchanges and
cooperation. CEGC is under the leadership of the
council, attached to the GEGC, and participates
in the academic exchanges and cooperation of
GEGC. In addition, its form and rules are decided
by the council of CEGC.

Background: Hereditary eye diseases are
the main components of hereditary diseases. In
clinical practice, 90% of diseases are related to
genetic factors, of which 20%-30% are heredi-
tary eye diseases or multi-organ diseases contain-
ing eye abnormalities [1]. As the living standards
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improved, people put forward higher require-
ments for vision. With the development of medi-
cal technology, some common blinding diseases,
for instance, cataract (51% of blind people in the
world, WHO, 2010) and trachoma (3% of blind
people in the world, WHO, 2010) can be effec-
tively controlled or even cured by surgery or
drugs. But a large number of inherited eye dis-
eases have no effective treatment. Hereditary eye
diseases have gradually become the main cause
of refractory or incurable binocular blindness,
which is the focus of present and future preven-
tion and treatment of blindness [2, 3]. Therefore,
GEGC arose in response to engaged in clini-
cal diagnosis, treatment, and prevention of eye
genetic diseases.

The number of visually impaired people in
China is 755.11 million in 2010. Among them,
67.26 million people have low vision, while 8.25
million are blind (WHO 2010). Blindness and
visual impairment remain serious public health
problems. In order to further popularize and
promote the ability of diagnosis, treatment, and
prevention of hereditary eye diseases in China,
professor Yin zhengqin from the Southwest hos-
pital of the Army Medical University, professor
Zhang qingjiong from Zhongshan Eye Center
and other ophthalmologists and genetic scientists
in China established the Chinese Arm of GEGC.

Grand occasion: On June 28, 2018, “The
Founding Conference the Chinese Arm of GEGC”
was grandly held in Chongqing, China. The confer-
ence was hosted by the CEGC and undertaken by the
Southwest hospital of the Army Medical University
in Chongging. The purpose of the conference is
to strengthen the communication and cooperation
between China and other countries, further popular-
ize and improve the ability of diagnosis and treat-
ment of hereditary eye diseases in China.

At the beginning of the conference, a brief
and grand opening ceremony was presided over
by professor Qingjiong Zhang, the later chairman
of the CEGC. The opening speech was deliv-
ered by president Zhengqin Yin, chairman of the
CEGC. Then, Leilei Wang, a blind model, the rep-
resentative of retinitis pigmentosa patients, gave

a speech to describe her experience and thank
CEGC with deep feeling. Takeshi Iwata, the cur-
rent chairman of GEGC was invited to attend the
opening ceremony and awarded the committee
members formally. After the opening ceremony,
the academic reports started. The experts from
the USA, Japan, India, and other countries were
invited to make a conference report:

Takeshi Iwata, President of GEGC, from the
National Institute of Sensory Organs, Medical
Center, National Hospital Organization Tokyo,
Japan, made the speech of “Japan, Asia and the
Global Eye Genetics Consortium: A research
based consortium for advances in vision
research.”

Zhengqgin Yin from Southwest Hospital,
Army Medical University, China, talked about
“Epidemiology study on the Bietti crystalline
corneoretinal dystrophy in China.”

Gyan Prakash, Previous President of
GEGC, From National Eye Institute, National
Institutes of Health Maryland, USA, empha-
sized the “Developing International Research
Collaborations and New Program Areas of
Interest including GEGC.”

Sundaram Natarajan, General of GEGC,
from Elect of All India Ophthalmology Society,
Mumbai, India, had a report of “Updates on the
genetics unit in Mumbai.”

Zhenglin  Yang, professor of Sichuan
Provincial People’s Hospital, China, informed of
“The question and thoughts on Clinical genetic
diagnosis of Ophthalmic genetics diseases.”

Bo Lei from Henan Institute of Ophthalmology,
China, overviewed ‘“Progress in clinical trials of
gene therapy for retinal diseases” et al.

These reports elaborate on the current hot
issues of eye genetic diseases at home and abroad
from different professional directions, which
has aroused great interest and concern of the
participants.

Then a brief closing ceremony was held In the
afternoon, and the first committee meeting was
held in the evening. Thus, The CEGC was for-
mally established and the first eye genetic disease
academic conference successfully concluded.
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Council of the First Session

e Zhenggin Yin, PhD, President of Southwest
Eye Hospital, Army Medical University,
National “973” Chief Scientist. National
Outstanding Youth Fund Winner.

e Ningdong Li, PhD, Professor of Beijing
Children’s Hospital (National Medical Center
for Sick Children), the Affiliated Hospital of
the Capital Medical University, Committee of
the Chinese Ophthalmic Association, and
ARVO.

e Yang Li, PhD, Director of Molecular
Diagnostic Laboratory of Beijing Institute of
Ophthalmology.

e Zhenglin Yang, PhD, Vice President of Sichuan
Provincial People’s Hospital, National
Outstanding Youth Fund Winner.

e Qingjiong Zhang, PhD, Professor of
Ophthalmology  Center of  Zhongshan
University, National Outstanding Youth Fund
Winner.

e Zibing Jin, PhD, Director of Genetic Eye
Diseases Group of Affiliated Eye Hospital of
Wenzhou Medical University, Director of
Stem Cell Research Institute, Wenzhou
Medical University.

e ChenZao,PhD,Professor of Otolaryngological
Hospital Affiliated to Fudan University of
Shanghai, National Outstanding Youth Fund
Winner.

* Bo Lei, PhD, Deputy Director of Henan insti-
tute of ophthalmology, Director of Henan
ophthalmic disease clinical medical research
center.

e Ruifang Sui, PhD, Professor of Peking Union
College Hospital, Header of Eye Hereditary
Disease and Visual Physiology Group.

Commissioners of the First Session

Zhuoshi Wang (PhD, Director of liaoning eye
stem cell clinical application research center,
Director of clinical research department, he
shi ophthalmic hospital, shenyang), Hui Wang
(Leader of Yunnan second people’s hospital
ophthalmology fundus disease group), Panfeng
Wang (PhD, Professor of Zhongshan Ophthalmic
Center of Sun Yat-sen University), Xuyang Liu
(PhD, Professor of ophthalmology, Director of

the ophthalmology laboratory, Chengdu west
China hospital), Xianjun Zhu (PhD, Deputy
director of the institute of experimental animals,
Sichuan provincial people’s hospital), Zhenggin
Yin (PhD, President of Southwest Eye Hospital,
Army Medical University), Shen Yin (PhD,
Deputy director of the eye research institute of
hubei provincial people’s hospital), Wensheng
Li (PhD, President of Shanghai aier eye hospi-
tal), Ningdong Li (PhD, Professor of Beijing
Children’s Hospital, the Affiliated Hospital of
the Capital Medical University Committee of the
Chinese Ophthalmic Association and ARVO),
Shiying Li (PhD, Stem cell 2 group leader of
Southwest Eye Hospital, leader of visual elec-
trophysiology society of Chinese medical asso-
ciation), Yang Li (PhD, Professor of, Department
of Eye Center of Beijing Tongren Hospital),
Lin Li (PhD, Professor of Shandong provincial
hospital of ophthalmology), Bin Li (PhD, pro-
fessor of Department of ophthalmology, Tongji
hospital of huazhong university of science and
technology), Rui Chen (PhD, Director of the
functional genomics center, Baylor College of
Medicine), Jianjun Chen (PhD, Deputy direc-
tor of ophthalmology of changzhou hospital of
traditional Chinese medicine), Zhenglin Yang
(PhD, Vice President of Sichuan Provincial
People’s Hospital), Liping Yang (PhD, Peking
University Third Hospital), Qingjiong Zhang
(PhD, Professor of Ophthalmology Center of
Zhongshan University), Zibing Jin (PhD, Director
of Genetic Eye Diseases Group of Affiliated
Eye Hospital of Wenzhou Medical University
Director, Stem Cell Research Institute, Wenzhou
Medical Universit), Chen Zhao (PhD, Professor
of Otolaryngological Hospital Affiliated to
Fudan University of Shangha), Shengping Hou
(PhD, Professor of the first affiliated hospital of
chongqing medical university), Huiping Yuan
(PhD, Professor of the second affiliated hospi-
tal of Harbin medical university) Yonggang Yao
(PhD, Director of kunming institute of zoology,
China), Xun Sheng (PhD, Professor of Ningxia
eye hospital, people’s hospital of ningxia hui
autonomous region), Zhipe Peng (PhD, Professor
of Shantou international eye center), Bo Lei
(PhD, Deputy director of henan institute of oph-



50

Z.Tao et al.

thalmology, Director of henan ophthalmic dis-
ease clinical medical research center), Ruifang
Sui (PhD, Professor of Peking Union College
Hospital. Header of Eye Hereditary Disease and
Visual Physiology Group).

The Annual Coordinators for 2018-2022

2018 Zhenggin Yin (PhD, President of
Southwest Eye Hospital, Army Medical
University).

2019  Qingjiong Zhang (PhD, Professor of
Ophthalmology Center of Zhongshan
University), Yang Li (PhD, Professor of,
Department of Eye Center of Beijing
Tongren Hospital).

2020  Ruifang Sui (PhD, Professor of Peking
Union College Hospital, Header of Eye
Hereditary Disease and Visual Physiology
Group), Zibing Jin (PhD, Director of
Genetic Eye Diseases Group of Affiliated
Eye Hospital of Wenzhou Medical
University, Director of Stem Cell Research
Institute, Wenzhou Medical University).

2021

2022

Bo Lei (PhD, Deputy Director of Henan
institute of ophthalmology, Director of
Henan ophthalmic disease clinical medi-
cal research center), Ningdong Li (PhD,
Professor of Beijing Children’s Hospital,
the Affiliated Hospital of the Capital
Medical University).

Zhenglin  Yang (PhD, President of
Southwest Eye Hospital, Army Medical
University), ChenZhao (PhD, Professor
of Otolaryngological Hospital Affiliated
to the Fudan University of Shanghai).
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Human Material for Research: Eye
Banking, Biobanking and Ethical

Access
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Abstract

In this chapter, we will explore access to
human tissue for research and the role of the
eye bank and biobank custodians responsible
for this provision. We will examine the dona-
tion and allocation processes, discuss existing
systems, donation and allocation pathways,
the barriers to research allocation, and the
ethical and the legal measures required to
ensure that respect for the donation and the
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individual is maintained when providing tis-
sue for research. Finally, we provide recom-
mendations for researchers seeking human
tissue for research.

Keywords

Eye banking - Biobanking - Ocular-research-
tissue - Human tissue

4.1 Introduction

The use of ocular tissue for research purposes
extends back several hundred years albeit the
early means of acquiring tissue often lacked sub-
tlety and ethical foundation [1]. An increasing
requirement for human tissue for research proj-
ects has led to eye bank provision of ocular tissue
for research, and in recent years, by biobanks.
These services provide a platform for researchers
and act as a direct link between donors, clinicians
and researchers, thereby providing the efficient
and ethical management of the ocular tissue, its
storage and use in vision science [2].
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Demand for Ocular Tissue
in Research

4.2

There are two fundamental uses for human ocular
tissue; laboratory studies of anatomy, physiology,
biochemistry, pathology, genomics and pro-
teomics and the assessment of safety and efficacy
in novel ophthalmic devices [3]. In vitro and ani-
mal studies will continue to play a role in the
development of our understanding of ocular dis-
ease and treatment in general, however the unique
anatomy of the human eye requires the direct
assessment of human tissue to increase our
understanding of particular disease processes
such as glaucoma and macular degeneration [3—
5]. Allocation of human eye tissue for research
will be sourced from either existing Eye Banks or
through Ocular Biobanks.

created as small service units of University
departments. Thus, there is a long history of eye
banks supporting vision research through the
provision of donated human eye tissue for the
purposes of research.

In comparison to eye banks, biobanks collect
and store, for a prolonged duration, both living and
deceased human biological samples for medical-
scientific research purposes only. They are usually
linked to phenotypic data [9]. Since their develop-
ment through the early 1990s, biobanking has
become essential to the work of precision medi-
cine and generating advances in disease diagnosis
and treatment [10]. More specifically to eye
research, the collection of epidemiological data
alongside ocular tissue in biobanks has led to a
greater understanding of ocular pathology and the
interplay between the eye and systemic disease.

4.3 About Eye and Biobanking

The foundations of eye banking were laid by
Filatov in 1937 with the recognition that donor
tissue for corneal transplants could be recovered
postmortem [6]. The first formal organised eye
bank was perhaps the Eye Bank for Sight
Restoration in New York, founded in 1944 [6]. At
this time eye banks functioned as collection cen-
tres and simple storage facilities, holding whole
globes in moist pot storage prior to corneal trans-
plantation, which was usually undertaken within
24 h of donor eye retrieval. Today, eye bank
responsibilities extend to the identification and
medical assessment of deceased donors, consent
to donation, surgical recovery, preservation and
evaluation of donor tissue and the allocation and
distribution of eye tissue. Primarily, eye banks
are focused on the provision of tissue for trans-
plantation, but also provide tissue for research,
training and education purposes [7].

The provision of research tissue is a central
tenet of the culture and service of eye banking
and biobanking professions [8]. This practice
may be traced to the origins of organised eye
banking itself when many new eye banks were

4.4 TheEye Bank

Over the past few decades, eye banking systems
have changed markedly and become increasingly
complex and demanding, as have research
approaches, programs and scientific techniques.
These developments have conspired to increase
the difficulty in providing research tissue that
matches a researchers’ requirements regarding
tissue quality, type and clinical documentation
[3]. An understanding of eye banks’ systems and
issues, and researchers’ requirements alike, are
required to create shared agreements on relevant
practices and expectations [8].

4.4.1 Factors Affecting
the Availability of Research

Tissue

Donation and retrieval protocols, developed to
assist tissue for transplantation need, alongside
tissue for research needs, are not always well
suited to meet the specific needs of researchers in
terms of quantity, freshness, donor characteristics
and preparation methods and availability [3]. In
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turn, each of these has implications regarding the
costs of providing the tissue [3].! Innovative col-
laborations with eye banks are required to address
these issues [11, 12].

The donation and availability of deceased
human tissue for research need to be viewed as a
process rather than as an event. There are four
steps during the process that affect the availabil-
ity and type of tissue that becomes available for
research, (1) Referral/Identification, (2) Consent
and ethics, (3) Surgery of donation (Retrieval),
and (4) processing practices.

1. Referral

Eye donation referral systems integrate
with the prevailing health system and thus vary
across eye banks, jurisdictions and nations.
Similarly, location will impact the potential
demographic of the donor pool and the selec-
tion of donors, as does the location of the eye
bank. Referral systems that focus on medical
examiner/coronial cases or emergency rooms,
generally manage younger donors with fewer
chronic comorbidities and acute causes of
death, and less clinical information is avail-
able. Large scale automated referral systems
operate in some jurisdiction and are often
shared across organ, tissue and eye donation
services, which understandably focus on the
primary mission of donation for transplanta-
tion. While less amenable and capable of the
targeting of donors towards specific research
requirements or indeed donors that would
only be suitable for research purposes. This
can be off-set by such systems generating or
having the potential for, larger numbers of
donors.

The increasing complexity of referral
systems and the number of donor organisa-
tions involved, and multi-tissue/multiorgan

!As services, regulations and access levels vary around the
world. With many countries without access to eye bank or
biobank services, we advise consultation with local,
national or regional eye bank or biobank service provider
or professional associations for allocation instructions
specific to individual research needs.

donations, invariably leads to issues around
longer death-to-referral-to-retrieval times.
Additionally, medical examiner/coronial
cases are also subject to increasing regula-
tory and legal provisions with times for the
release of the body for donation increas-
ing. Indeed, it is known that some coronial
jurisdictions may place at least a 24-hour
embargo on donation.

. Consent

Depending on the jurisdiction, specific
consent for research purposes may be required,
in addition to consent for transplantation pur-
poses. Furthermore, there is increasing ethical
concern about the type and amount of infor-
mation that needs to be conveyed or provided
to the person providing consent for donation.
More recently this particularly relates to the
information provided regarding the potential
uses of the donated tissue, including if the tis-
sue is to be directed towards commercial uses
or outcomes [7, 13].

Both these issues mean that the person or
institution directly responsible for consent has
a direct influence on the amount of tissue
available for research. The less that an eye
bank is in control of this process (for example,
in multiorgan or multi-tissue donations, it
may be the Organ Procurement Organisation
or Tissue Bank that is responsible for consent)
increases the difficulty in ensuring that con-
sent for research purposes is sought, and that
the necessary information required to meet
both legal and ethical concerns is appropri-
ately provided.

Eye banks require the researcher to provide
evidence of ethical approval for their use of
human tissue from their local human research
ethics committee. When making submissions
to the ethics committee it is then useful to
work with the eye bank to ensure all ethical
concerns regarding both donation and use
have been addressed. Ensuring the number of
tissues required for the research project can be
adequately sourced is an essential pre-
requisite to the research planning stage.
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3. Surgery of Donation (Retrieval)

Not all eye banks will routinely operate on a
24-hour, seven-days-a-week basis, especially
for the actual retrieval of donor tissue. This will
directly affect the availability of tissue with
short death to retrieval times. If the researcher
requires shorter death-to-receival-times, they
may have to negotiate special out-of-hours
arrangements with the eye bank. During busy
periods eye banks will prioritise retrieval of cor-
neas for transplant purposes, so this can also
lead to delays in the procurement of research
tissue. Additionally, many eye banks now rou-
tinely perform in situ excisions of the cornea
rather than whole globe enucleation. The Eye
Bank Association of America reported that in
situ excision was performed in 98% of all dona-
tions in the United States during 2016, restrict-
ing to less than 2% of all donations any other
type of ocular tissue (e.g. retina, lens) being
available for research [14]. Again, special
arrangements may have to be negotiated with
the eye bank, which like short retrieval times,
will have additional considerations for both
staffing arrangements and issues of consent.

4. Processing of Eyes and Eye Tissue for
Research

Within the eye banks, most tissue will be
prepared initially for transplantation prior to
becoming available for research. Eye banks
may preserve their corneas in a hypothermic
preservation media (short-term storage), or at
normothermic temperatures using the organ
culture technique (intermediate-term storage)
[15]. If corneas are being provided directly
from either of these preservation methods the
researcher needs to consider what effect the
death-to-preservation time, the solutions, the
temperature and the time in storage may have
on their outcomes.

If a whole eye or a posterior pole is directly
available for research purposes, it is usually a
simple matter for the eye bank to prepare and
place the tissue in a fixative or refrigerate
state, and to make it available to researchers or
place it with an ocular biobank.

To maximise both the availability and the
quality of the tissue, the researcher may have
to make themselves readily available to pre-

pare their research tissue. Alternatively,
arrangements may be made for the eye bank
staff to directly prepare the research tissue, but
the researcher needs to consider issues of
training, staff availability and priority, reagent
quality control and cost. Researchers also
need to consider transportation time, if the eye
bank is distant from the research facilities.

4.4.2 Quality of Tissue

The quality and impact of scientific research is
dependent on the quality of the tissue specimens
available [2]. Quality in this instance usually relates
to the time elapsed from the death of the donor until
the tissue is prepared in a manner that is suitable for
its research purpose. Although experiments involv-
ing histology, proteomics, cell isolations and cul-
ture for example, all have different degrees of
tolerance for ischaemic times, all benefit from tis-
sues in which death to preparation time is mini-
mised. Increasingly this is an issue due to the high
sensitivity of current assays, that Stamer and col-
leagues refer to as high-resolution ‘omic’ analyses
(genomic, proteomic and metabolic) [5]. The most
stringent requirements apply to mRINA preserva-
tion for gene expression studies [16].

A survey of members of the Association for
Research in Vision and Ophthalmology (ARVO)
published in 2018 indicated difficulty in obtain-
ing eye bank tissue within a preferred death-to-
preservation time (typically 6 h) [8]. Given the
complexity of current-day eye donation and eye
banking, that situation is unlikely to change.
Therefore, in the planning phase, a genomic
researcher needs to carefully consider their
requirements regarding the assays to be per-
formed [10] and the likely availability of tissue
from different sources (including tissue from
transplant procedure discard) [17-21].

4.4.3 Quality of Clinical
Documentation

The medical history obtained by eye banks typi-
cally does not contain a full detailed ophthalmic
medical history. The reasons are twofold; (1) The
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ophthalmic history sought at the time of donation
is only that which may affect the suitability of the
cornea for transplantation, and (2) medical his-
tory available at the site of donation (e.g. acute
care hospital, forensic pathology institute) usu-
ally contains no ophthalmic history at all. Eye
banks must often rely on the donor’s next-of-kin
to provide any clues as to any ophthalmic history.
Follow-up of such history can involve a good
deal of detective work and involve searching for
multiple histories that incorporate extended peri-
ods across the donor’s lifetime. This is further
complicated by issues of confidentiality, privacy
and access to health records.

These issues need to be addressed at the time
of consent for donation, and depending on the
jurisdiction, the extent or validity of that consent
to provide access to medical records that are oth-
erwise ‘out-of-bounds’ in the determination of
suitability for transplantation. It should also be
appreciated that while the growing implementa-
tion of electronic medical records provides for
easier and more efficient access to relevant clini-
cal information, it still involves a considerable
commitment of resources to provide the
‘detective-work’ involved. Often, for research
purposes, this information will simply not be
available.

444 Cost

Although freely given, donor eye tissues, whether
it be for transplantation or research, are not iden-
tified, consented, retrieved, tested, processed and
distributed for free. To ensure the sustainability
of their services, eye banks need to be fiscally
responsible and rely on service or processing fees
to recoup not only their considerable operational
costs but also their infrastructure and develop-
ment costs. In this regard, researchers are benefit-
ted from all the equipment, supplies and donor
coordination activities that have been established
for transplant donations, and thus the service fees
that may be charged for research tissue are gener-
ally less than those charged for transplant tissue.
Nevertheless, depending on the researcher’s
requirements, the additional resources and proce-

dural changes involved in providing research tis-
sue can be quite considerable. These may involve
changes to identification and referral processes,
additional requirements for consent, provision of
a 24-hour retrieval service and associated out-of-
hours costs, an additional collection of ophthal-
mic medical records, preparation of research
tissue by the eye bank, and delivery costs.

Of consideration, the typical cost of obtaining a
whole globe for research in US dollars, averaged
$481 =+ $572 (range, $0-$3000) [3, 11].
Importantly, researchers now need to budget prop-
erly for tissue costs in grant applications and work
directly with the eye bank during this process.

4.5 The Biobank

4.5.1 Accessing Research Tissue
(Models of Biobanks)

With an increase in research and technology, bio-
banks represent an excellent opportunity to
develop key research initiatives with numerous
examples within ophthalmology ranging from
small, specialised centres to large data and tissue-
driven projects. Specialists or interest groups
involved in the treatment of rare ocular diseases
such as uveitis or ocular cancers will often drive
sub-specialty repositories. These biobanks are
small and regularly situated within affiliated teach-
ing hospitals or universities providing storage and
access. Given direct links to specialists, specimens
are often accompanied by significant clinical and
treatment data representing a valuable resource.
The sharing and scalability capabilities of these
biobanks are often limited, however. With access
to tissue and established working relationships
with both surgeons and researchers, eye banks
often provide biobank opportunities. The advan-
tage of an eye bank presence within biobanking is
the provision of standard Good Manufacturing
Practices and reliable and robust protocols provid-
ing an excellent foundation [22].

As genetic or tissue sampling may not be suf-
ficient to identify biological processes, the corre-
sponding use of big data alongside biobanks
represents a key initiative in developing our under-
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standing of ocular disease [23]. Outside the obvi-
ous advantages of information access, these large
collections bring significant financial and ethical
considerations. Established large scale ocular
repositories such as the UK Biobank must rely on
significant funding from external non-government
sources and grant opportunities to continue. As a
primary source of information for local and exter-
nal researchers, strict criteria for the use of data
and tissue is essential to avoid a range of potential
ethical concerns including consent, de-identifica-
tion and both tissue re-use and disposal.

Of note, access to tissue is usually determined
across most Biobanks by a central research or
management committee which requires research-
ers to meet specific criteria for scientific quality
and public interest [23]. Similar to the access of
eye tissue through eye banks, formal human eth-
ics approval is considered a pre-requisite for
access to tissue.

Biobanks, by reducing the time and funds
needed by individual researchers to collect, store
and curate samples, help facilitate access to tis-
sue and thereby the timely translation of research
findings into improved patient outcomes [24].

4.5.2 The Consent Process (Living
and Cadaveric)

The process and information will be dependent
on the status of the donor. The traditional model
of informed consent, imposed by the Declaration
of Helsinki and the Council of Europe Oviedo
Convention 1997, provides a significant frame-
work for both researchers and biobanks, how-
ever, there remain complex ethical, legal and
funding challenges which require ongoing con-
sideration [25].

The living donor offers biobanks an opportu-
nity to acquire epidemiological information and
access to pathology specimens following treat-
ment [26]. In the context of broader epidemio-
logical research, such as the within the UK
Biobank, the donor may be viewed more appro-
priately as a voluntary participant providing
information about general and ocular health to

supplement clinical investigations including oph-
thalmic assessment and or the collection of tissue
samples such as blood, saliva or tears for addi-
tional genomic or systemic analyses. Drawn
mostly from general, healthy populations, par-
ticipants in epidemiological research will be
aware of the commitment to the required project
albeit providing adequate information remains a
necessity prior to consent. The acquisition of
residual ocular pathology following treatment
represents a significant opportunity for research-
ers, especially with adjunctive clinical and patient
history available. Although there has been mini-
mal research investigating patient willingness to
donate residual ocular tissue, research in other
areas suggests most participants will readily sup-
port the collection of biospecimens regardless of
the tests required or the scope of consent [27, 28].
Of consideration, Critchley and co-authors in a
cohort of cancer patients found that although
most patients viewed the actual consent process
as important, this was secondary to being pro-
vided an understanding of the ongoing donor
confidentiality, the study’s ethical oversight and
overall contribution to healthcare [29]. The pos-
sibility of tissue sharing with other researchers or
international use, obtaining feedback from
genetic tests and public education were addi-
tional concerns and represent a fundamental obli-
gation for inclusion within the patient information
and consent process [30].

The pathway for the acquisition of ocular tis-
sue for research purposes from deceased donors
is relatively well defined albeit with additional
ethical considerations. Eye banks continue to
play a prominent role in the acquisition of ocular
tissue for research purposes. Although ocular tis-
sue for transplantation remains a priority, prior
counselling within the clinic, especially for
patients with rare ocular conditions may provide
a direct pathway to increase biobank material.
Indeed, a proposed eye donation registry for
research, in the form of an advanced directive has
previously been considered and has been well
received by ophthalmic patients, their family
members and eye care providers [11, 31]. In a
survey of eye care practitioners, Williams et al.
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found that the majority (62%) would feel com-
fortable discussing this option with patients [11].
University-affiliated programs such as through
Duke University in the USA, currently provide
an option for an ‘anatomical gift act’ which facil-
itates the donation of deceased tissue for research
purposes [1]. In this way, the consent process
largely mirrors that of the living participant.

Donor status, living or deceased, will govern
the consent process for biobank tissue. At mini-
mum verbal consent to research must be recorded
through the donor conversation.

4,5.3 Legislation and Ethics

Whilst ocular biobanks will differ in size, the
risks associated with the collection of tissue and
personal information remain consistent. The ethi-
cal concerns encountered often represent a mix-
ture of technical and quality issues and of societal
dimensions [7, 32]. These include the protection
of the rights of the donors’ autonomy and confi-
dentiality following sample acquisition, the risk
of unexpected consequences of research, the
future use of the samples and ensuring the non-
commercial use of ocular tissue and the maxi-
mum quality of sample conservation [32].

The conversation of tissue ownership follow-
ing donation represents a potential moral
dilemma for biobanks. Respect for the donor
remains paramount and this will be supported
through specific consent information regarding
the process of tissue use and an ongoing dialogue
between researchers and the public to extend
trust in scientific research [33].

There remains a risk that the use of new tech-
niques, particularly the exploration of genetic
information, will continue to outpace currently
available protections and lead to an increased risk
of donor identification or the discovery of inciden-
tal findings that may potentially impact the donor
or next of kin (NOK) [34-36]. Prior discussion of
ongoing anonymity and acknowledgement of the
donor or NOK to receive feedback is essential.

The practical difficulty of using samples after
a lengthy time lapse is significant, representing a

distinction from eye banks [37]. With rapidly
developing technology and increasing collabora-
tion, it remains almost impossible to provide a
donor or NOK with all avenues for future sample
use. Although re-consent with the living donor or
NOK in deceased situations may represent an
appropriate option ethically, this leads to further
considerations. Practically this is difficult and
may represent a significant financial and logisti-
cal burden upon either researchers or the biobank
directly [38]. Contacting the NOK may cause
emotional distress over time. Mandating the pro-
vision of counselling for relatives in this situation
has been discussed by ethics committees previ-
ously. The obvious solution is to provide a broad
consent, and this is supported by the World
Health Organisation which considers this option
as the most efficient and economical approach
[13]. Opponents to this approach suggest the pro-
cess undermines the meaning of consent which
by nature requires precise information [39]. This
represents an ongoing debate with a more tar-
geted approach based on the type of donation the
probable option [33].

Research has increasingly been moving
towards globalisation. A relevant example is the
availability of external research collaboration
across the UK Ocular Biobank to share samples
and data from donors. This suggests it is impera-
tive that a legal framework is provided by indi-
vidual biobanks at inception, not only for sample
access by international researchers but also for
the exchange of biological material between
countries [40, 41].

A number of barriers exist to limit the poten-
tial scope and services provided by ocular bio-
banks requiring consideration from both the
researchers and biobank.

4.5.4 Barriers to Biobanking

Ethical and legislative concerns aside, perhaps
the greatest barrier for researchers gaining
access to human tissue remains that the major
route of access to tissue is predicated on the
altruism of the donor to provide this generous
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gift. As discussed previously within the chapter,
the process of organ donation represents a
highly emotive and difficult conversation for
most families with additional factors such as
culture and religious beliefs playing a further
role in the decision to donate [33, 42].
Maintaining a focus upon providing tissue for
transplantation is essential for eye banks there-
fore the available secondary pool of tissue for
research and the required supplementary patient
information will be minimal at best [5]. Along
similar lines, although ocular disease will not
immediately exclude patients from donation,
coordinators will invariably screen out many
patients with concurrent ocular pathology. This
can lead to a relative homogenisation of avail-
able tissue limiting researchers from developing
an understanding of the ocular disease and its
progression [23, 43]. A similar issue is seen
within large biobanks that enroll from a general,
mostly healthy population.

Outside of the semi-structured NOK conver-
sation for deceased donors, the opportunity to
participate in biobank research or donation is sel-
dom discussed [24]. Involving the clinician rep-
resents a potentially significant option, especially
in rare ophthalmic conditions however this may
be beyond the capacity, or interest of a busy pri-
vate clinician, particularly without research affili-
ations or interest. Biobanks must therefore
continue to establish working relationships
across ophthalmology to optimise the potential
reach of the projects.

As stated in the WHO Guiding Principles on
Cell, Tissue and Organ Transplantation, ‘All health
care facilities and professionals involved in tissue
procurement and transplantation procedures
should be prohibited from receiving any payment
that exceeds the justifiable fee for the services ren-
dered’ [13]. Most biobanks receive financial sup-
port from state research programs through start-up
in the early years, with a subsequent expectation of
future self-sufficiency. Cost recovery through the
initial retrieval and storage process is justified and
relatively well managed however as samples
deposited in biobanks are stored for research for a
much longer time and may involve additional
preparation, more complex funding models will be

required [44, 45]. Another solution for biobanks
could be to establish partnerships with private bio-
medical companies or non-government organisa-
tions to ensure ongoing financial support. This
may however inflate the perceived risk of a reduc-
tion in biobank autonomy and propose further
ethical and legal concerns to the community and
donor. Providing transparency between biobanks,
researchers and the community is therefore essen-
tial. Amalgamation of several smaller biobanks
offers additional opportunities to manage financial
constraints however this may still not be enough,
as evidenced by the closure in 2016 of the central-
ised donor tissue program Foundation Fighting
Blindness [5].

4.6 Recommendations

Researchers seeking human tissue are advised to
follow several guidelines when planning and
working with both eye banks [3] and biobanks:

e Availability: researchers should become
acquainted with the limitations of an eye
bank’s demographics and processes (donor
pool demographics, ophthalmic conditions,
death-to-preservation times, in situ versus
enucleation retrieval, preservation system,
extent of clinical documentation).

e Costs: researchers should budget properly for
tissue costs in grant applications.

e Death-to-Preservation Times: researchers
should be practical and flexible, especially if
fresh or rare tissues are required. Be prepared
for contact on weekends or odd hours.

— Inthe planning phase, a genomic researcher
needs to carefully consider their require-
ments regarding the assays to be performed
which will inform death-to-preservation
times required.

e Ethics Approval: researchers should also
ensure that the procurement and use of donated
human ocular tissue meets the bioethical stan-
dards required by the wider ophthalmic and
tissue donation community.

e Preparation: The ability of an eye bank to
meet specific needs is protocol-dependent and
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should be discussed in advance. Be clear about
experimental needs and expectations.

4.7

Summary

Both eye banks and ocular biobanks provide
researchers with an opportunity to accelerate
important clinical discoveries leading to potential
diagnostic and treatment benefits for patients.
Understanding the complex ethical and legal con-
siderations supporting the collection of informa-
tion and tissue is essential to maintaining our
obligations to the donors who provide this invalu-
able resource.
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Abstract

Polypoidal choroidal vasculopathy (PCV) is a
common subtype of age-related macular
degeneration (AMD) in Asians. PCV is char-
acterized by branching vascular networks and
polypoidal lesions in the choroidal vascula-
ture. Since it was first described four decades
ago, there is significant progress in the diag-
nosis, etiopathogenesis, and treatment of
PCV. The progress was driven by the advance-
ment of multimodal imaging including indo-
cyanine green angiography and optical
coherence tomography, genome-wide associa-
tion studies, and animal model investigations.
There is clear evidence that PCV has distinct
clinical characteristics, natural histories, and
treatment outcomes compared with the wet
type AMD that is typical in Western popula-
tions. In this review, we summarize the current
understanding of PCV with a focus on the par-
allel studies from the clinical setting and ani-
mal models.
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5.1 Introduction

Age-related macular degeneration (AMD) is a
leading cause of irreversible blindness in the
elderly. Approximately 8.7% of the worldwide
population suffers from AMD, with the number
of cases expected to rise from around 196 million
in 2010 to around 288 million in 2040 [1]. Wet
AMD (also called neovascular AMD, or nAMD)
includes choroidal neovascularization (CNV) and
polypoidal choroidal vasculopathy (PCV). CNV
describes the growth of new blood vessels from
the choroid into the subretinal space whereas
PCV refers to choroidal vessel abnormalities
(e.g., polypoidal dilations) [2]. PCV is a common
subtype of wet AMD in Asian populations while
CNV is the typical subtype in Western popula-
tions. PCV is frequently associated with recurrent
hemorrhagic or exudative pigment epithelium
detachment (PED). The clinical course of PCV
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is generally more stable and visual outcomes are
more favorable compared with CNV. The current
anti-VEGF therapy is less effective in treating
PCV compared with classic CNV. Research from
genetic, clinical, and animal model investigations
have shed light on the pathophysiological mecha-
nism of PCV. We will discuss these areas in this
review.

5.2 Epidemiology and Global

Perspective

PCV has ~four-fold higher prevalence in pig-
mented races (e.g., African, Japanese, Chinese,
and other Asians) than the non-pigmented races
like Caucasian [2]. This is clearly opposite to
the incidences of CNV in the Caucasian popula-
tion. The estimated prevalence of PCV is 22.3%—
61.6% among Asians [3] in contrast to 8%—13%
of CNV in Caucasians [4]. There is a marked male
preponderance of 63%-78.5% and only 5.9%—
24.1% have bilateral disease. In Caucasians,
women are predominantly affected at a ratio of
4.7:1 [4]. PCV is generally diagnosed in patients
between the ages of 50 and 65 years though it can
range from the 20s to 80s. The average affected
age among the Korean, Chinese, Japanese, and
the Indian population is 60—65 [5]. The average
age of onset in Caucasians is 75.4 years [6]. 92%
of Japanese patients’ PCV occurs in the central
macula, whereas there is an even distribution of
macular and peripapillary location in Europeans.
Only 14% of Japanese patients develop bilateral
disease, in contrast to 32% of Europeans [2].

5.3 Etiopathogenesis

Smoking is a known risk factor for AMD and
also appears to be an important risk factor
for PCV. Two population-based studies in the
Japanese demonstrated that cigarette smok-
ing is associated with an odds ratio of 4.4 and
4.87 for PCV when compared with normal con-
trols [7, 8]. Various inflammatory cytokines and
systemic factors are associated with PCV and

CNV and may cause PCV and CNV by com-
promising the capacity of the immune system to
handle immunological stress and resulted in an
immune imbalance. Systemic serum biomarker
analysis has been used to differentiate between
PCV and CNV. Subhi et al. found that inflam-
matory C-reactive protein (CRP) protein in the
plasma of PCV patients was elevated but other
inflammatory cytokines interleukin (IL)-1p, IL-6,
IL-8, IL-10, and tumor necrosis factor receptor
2 (TNF-R2) were similar to the healthy controls
[9]. Other studies reported elevated proinflamma-
tory cytokine levels, including IL-1b and IL-23,
in aqueous and vitreous samples, which support a
role for inflammation in PCV [10, 11]. Increased
plasma homocysteine levels are linked to reti-
nal diseases such as retinal vascular occlusion
and diabetic retinopathy [12—14]. In the Chinese
PCV population, 1 pmol/L of increase of plasma
homocysteine to the basal level increases the 1.5-
fold risk to develop PCV [15]. Because higher
levels of homocysteine had been linked to endo-
thelial injury and increased oxidative stress [16,
17], it was hypothesized that elevated levels of
homocysteine may induce injury to choroidal
arteries and cause aneurysmal like dilations (pol-
yps) and arteriosclerosis of choroidal vessels in
PCV [15]. In addition, increased levels of matrix
metalloproteinase (MMP 2 and MMP 9) were
detected in PCV lesions, and both MMPs were
increased in the serum of PCV patients, suggest-
ing that they may have a role in the pathogenesis
of PCV [18, 19].

In Clinic, PCV patients typically presented
with inner choroidal vasculature abnormalities
accompanied by extensive exudation, bleed-
ing, and proteinaceous leakage followed with
lipid deposition from active polypoidal vascular
lesions [2, 20]. Surgically extracted specimens
from PCV patients showed thickened and com-
plete or partial obstruction of hyalinized choroid
vessels walls due to the extravasation of plasma
protein and deposition of basement membrane-
like material beneath the Bruch’s membrane [21,
22]. Stagnation of blood was evidenced by the
presence of blood cells in the vascular cavity,
and adherence of neutrophils to the inner ves-
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sel walls [22]. Microscopic examination identi-
fied degenerative changes in the inner elastic
layer and arteriosclerotic nature of the choroid
vessels. An increase of deposition of basement
membrane-like material together with collagen
fibers in the arteriolar walls was also featured
in the PCV specimen [23]. Complete or varying
severe to a partial loss of a-SMA was detected
in the hyalinized vessels in the PCV specimen
[22]. Moreover, exudative changes around the
vessels were more significant in PCV compare
to the CNV portion of the excised specimen.
CD34, an endothelial cell marker, immunos-
taining was found to be discontinuous in PCV
while the CNV portion of tissue was presented
with in continuity in vascular endothelium [22].
Recently based on the histopathological features
of the autopsy tissue obtained from a 60-year-old
African American woman with PCV, Tso M et al.
suggested that PCV may be a venous stasis cho-
roidopathy condition [24]. They observed that
PCV is composed of dilated vascular channels
consisting of thin wall venules intertwined with
arteriosclerotic choroidal arterioles. Occlusion
of these choroidal vascular channels might give
rise to choroidal stasis and ischemia leading to
serous RPE detachment and a sub-RPE neovas-
cular membrane. Gross dilatation of the cho-
roidal venules and capillaries in the sub-RPE
neovascular membrane leads to the characteristic
“grape like” structures, a unique clinical feature
in this disease entity. Tso M et al. hypothesized
that choroidal venular stasis is one of the primary
causes of PCV pathogenesis.

Based on genome-wide association studies
implicating the involvement of high temperature
requirement factor A1 (HTRAI), a multifunc-
tional secreted serine protease that is ubiqui-
tously expressed in mammalian tissues, in AMD
including PCV [25-29], we generated the first
PCV model by transgenically expressing human
HTRA1 in mouse RPE [30, 31]. Increased
expression of HTRA1 induced two key features
of PCV, polypoidal dilations (polyps) and branch-
ing vascular network (BVN), in transgenic
hHTRAI* mice. BVN (Fig. 5.1a, red circles) and
polyps (Fig. 5.1a, blue arrows) begin to appear

~1 min after ICG injection in the early phase
(0—4 min) and become more distinct in the mid-
dle phase (6—15 min) and late phase (18—22 min)
with the fading of the choroidal vasculature.
More lesions started to appear in the middle
phase (Fig. 5.1a, black arrows). On funduscopy,
polypoidal lesions appear as reddish-orange nod-
ules (Fig. 5.1b, middle row, white arrowhead,;
bottom row, red box). A cluster of polypoidal
lesions, which faded at the late phase of ICGA,
appears on the fundus as a cluster of reddish-
orange nodules (Fig. 5.1b, bottom row, red box).
Hemorrhagic (Fig. 5.1b, middle row, white stars)
and serous (Fig. 5.1b, bottom row, white aster-
isks) PEDs, RPE degeneration (Fig. 5.1b, bottom
row, yellow arrow) as well as yellowish hard exu-
dates (Fig. 5.1b, middle row, green arrow) were
observed near the lesion site. These phenotypes
share remarkable similarities to the well-
established clinical features of human PCV. By
performing comprehensive genetic, histopatho-
logical, imaging, and molecular biological stud-
ies on the hHTRAI* PCV mouse model in
combination with analysis on human PCV speci-
mens, we demonstrated that HTRA1 mediated
degradation of elastin in choroidal vessels is criti-
cal for the development of PCV, which exhibited
destructive extracellular matrix remodeling and
vascular smooth muscle cell loss [18]. Compared
with weak PCYV, severe PCV exhibited prominent
immune complex deposition, complement activa-
tion, and infiltration of inflammatory cells, sug-
gesting inflammation plays a key role in PCV
progression. Based on this study, we proposed a
two-stage process for PCV pathogenesis: PCV
initiation is mediated by increased HTRA1 activ-
ity while progression is driven by chronic
inflammation.

5.4 Clinical Features

Although both PCV and CNV are related to cho-
roidal vasculature, they are different in clinical
nature. In CNV, abnormal choroid vessels break
the Bruch’s membrane (BM) and grow into the
sub-RPE or subretinal space, while PCV arises
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within the inner choroidal vasculature and char-
acterized by the formation of branching vascular
networks (BVN) that terminates in aneurism like
polypoidal lesions. PCV was characterized as a
variant of a type | neovascularization in which
the abnormal choroid vessels are located in the
sub-RPE space [2]. In the early phase of PCYV,
patients typically presented with extensive sub-
retinal exudation and bleeding with minimal

Middle

Early

Fig.5.1 ICGA and funduscopic features of PCV lesions
in hHTRAI* mice. (a) Angiographic features of htHTRAI*
mice on time course ICGA. The early, middle, and late
phases of ICGA were recorded for wild-type (WT) con-
trol and hHTRAI* mice. hHTRAI* mice developed polyp
dilations (blue arrows) and BVN (red circles) from the
early phase. More lesions started to appear in the middle
phase (black arrows). (b) Funduscopic examination of WT
control and hHTRAI* mice. In hHTRAI* mice, reddish-

cystic changes and negligible impact on the ret-
ina function. PCV may progress to an advanced
phase very quickly due to proteinaceous leakage
followed with lipid deposition from active polyp-
oidal vascular lesions with a significant impact
on the retinal function [2, 20].

Although fluorescein angiography (FA) is
routinely used in the diagnosis of CNV, the use of
FA in PCV is limited since FA is not able to reli-

Late

WT

hHTRA1*

hHTRA1*

orange nodules, which correspond to PCV lesion struc-
tures based on ICGA, are indicated (middle row, white
arrowhead; bottom row, red box). Hemorrhagic (middle
row, white stars) and serous (bottom row, white asterisks)
PEDs, RPE degeneration (bottom row, yellow arrow) as
well as yellowish hard exudates were observed near the
lesion site (middle row, green arrow). Reproduced from
Invest. Ophthalmol. Vis. Sci. 55, 3842-3850. Copyright
the Association for Research in Vision and Ophthalmology
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ICGA

Fig.5.1 (continued)

ably detect polys. Indocyanine green angiogra-
phy (ICGA) is considered the gold standard for
the diagnosis of PCV due to its capability to
image the posterior choroidal vasculature [2].
Polyps (single or multiple) can be detected in the
early phase of ICGA. BVN and other features
can be visualized with confocal scanning

Fundus

WT

hHTRA1*

hHTRA1*

ophthalmoscopy. On fundoscopy, the presence of
orange-red subretinal nodules with correspond-
ing ICG hyperfluorescence is characteristic of
PCV [32]. Both FA and ICGA are required to dif-
ferentiate PCV from CNV. FA can detect occult
choroidal neovascularization (CNV) while ICGA
can visualize of the abnormal polypoidal lesions.
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Optical coherence tomography (OCT) imaging is
especially useful to detect subretinal fluid, PED,
and polypoidal lesions [2, 33]. In addition to
BVN and polyps, other clinical features such as
late geographic hyperfluorescence (LGH) [34,
35] and hyperfluorescent plaque [36, 37] have
been visualized in PCV eyes based on ICGA.

By examining the PCV phenotypes (e.g.,
lesion type, distribution) of the PCV model
hHTRAI* mice by a variety of in vivo imaging
techniques (ICGA, funduscopy, and SD-OCT),
we found the hHTRAI* mice exhibit additional
features that are present in PCV and wet type
AMD, e.g., LGH, plaque, and PED, in addition
to BVN and polyps [31]. SD-OCT located the
lesions in the choroid while round protrusions
of the RPE can be detected, which is consistent
with polypoidal lesions. It is intriguing that male
hHTRAI* mice exhibit more severe types of
lesions (e.g., LGH and PED) than females. This
is reminiscent of the higher incidence of PCV in
males than females in Asians although the oppo-
site is true for Europeans [2, 3]. In particular, we
are the first to perform ICGA on PCV animal
models by tail-vein injection of ICG to obtain
high-quality ICGA comparable to human stud-
ies in terms of the three phases (early, middle,
and late) of angiography [31, 38]. By using this
technique, the polyps can be detected in the early
“fill-in” phase of ICGA, most lesions become
visible in the middle phase and more distinct in
the late phase with the fading of surrounding ves-
sels (Fig. 5.1a). This technique is also useful to
distinguish between different types of lesions,
e.g., LGH vs. plaques. This animal model will
provide an invaluable tool for future mechanistic
and translational studies (e.g., drug screening) of
PCV and other forms of choroidal vasculopathies.

Recently, a new clinical entity of type 1 neo-
vascularization termed pachychoroid neovascu-
lopathy associated with choroidal thickening, but
lacking soft drusen and other typical AMD find-
ings, was reported [39]. Some investigators sug-
gest PCV falls within the pachychoroid spectrum
of conditions including pachychoroid pigment
epitheliopathy, central serous chorioretinopathy,
and PCV [40-43]. These studies provide some

evidence that PCV is a pachychoroid-driven dis-
order with findings of similar choroidal features
and the occurrence of polypoidal lesions in eyes
lacking typical AMD features [36, 42, 44].
However, several studies also suggested that
pachychoroid as an underlying cause for focal
choroidal excavation [40], geographic atrophy
named as pachychoroid geographic atrophy [43],
peripapillary exudative changes named as peri-
papillary retinoschisis [41], peripapillary pachy-
choroid syndrome [45], and pachydrusen [46].
Further studies are necessary to clarify the rela-
tionship between pachychoroid neovasculopathy
and PCV.

5.5 Genetic Aspects

Genetic association studies from Chinese and
Japanese populations indicated that genetic loci
related to AMD such as the complement cascade,
inflammatory pathway, extracellular matrix/base-
ment membrane regulation pathway, and lipid
metabolism are associated with PCV [3, 47]. A
recent study on the SNP meta-analysis in East
Asian population revealed that eight genes linked
to CNV including HTRAI, age-related macu-
lopathy susceptibility2 (ARMS2), complement
system factor H (CFH), factor B (CFB), compo-
nent 2 (C2), Super killer viralicidic activity 2-like
(SKIV2L), and cholesterol ester transfer protein
(CETP) are also significantly associated with
PCV [48]. Particularly, numerous studies have
shown that genetic loci in chromosome 10926
surrounding HTRA1 and ARMS2 are strongly
associated with AMD including PCV [25, 27—
29, 49-52]. However, a series of studies on the
influence of AMD-associated polymorphisms on
the expression of ARMS2 and/or HTRA1 have
yielded conflicting results [29, 53-58]. However,
recent studies started to provide evidence that
variants in the promoter region of HTRA1 can
transcriptionally upregulate HTRA1 [59, 60].
Transgenic expression of HTRA1 or ARMS?2 in
mouse has shown that overexpression of HTRA1
but not ARMS?2 induced PCV and CNV [30, 31,
59, 60]. Furthermore, we showed that HTRA1
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protein was significantly increased in RPE and
degenerating choroidal vessels of PCV lesions
in human specimens, suggesting HTRA1 likely
plays a causal role in PCV pathogenesis [18].
Interestingly, a rare missense (Lys329Arg) vari-
ant of the FGD6 gene in the Han Chinese popu-
lation was found to be significantly associated
with PCV but not with CNV. FGD6-Arg329
promoted more abnormal vessel development in
the mouse retina than FGD6-Lys329, suggesting
that oxidized phospholipids and FGD6-Arg329
might act synergistically to increase suscep-
tibility to PCV [61]. A GG missense variant at
rs5882 in the CETP locus was found to have a
3.53-fold increased risk of PCV compared with
the AA genotype. PCV patients with the rs5882
GG genotype had lower serum high-density lipo-
protein levels than the AA genotype [62]. The
CFH Y402H polymorphism might also have a
synergistic effect on cigarette smoking to further
increase the risk of PCV [63]. The c.6196A > G
variant in the IGFN1 gene was found to be sig-
nificantly associated with only PCV (combined
p="7.1x 107!, odds ratio = 9.44), but not with
CNV (combined p = 0.683, odds ratio = 1.30).
The minor allele G conferred an increased risk
of PCV [64].

5.6 Clinical

Depending on the state of PCV (active or inac-
tive), several treatment options, e.g., thermal
laser photocoagulation (TLP), verteporfin PDT
(vPDT), anti-VEGF therapy, and various combi-
nations of these therapies are available. ICGA-
guided direct TLP, which targets both polyps
and BVN (whole lesion with polyps), has been
shown to either stabilize or improve the vision.
However, Recurrence of polyps, the formation of
subsequent CNYV, exudation or hemorrhage, and
atrophy at the fovea have been observed with
TLP therapy [65-67]. In vPDT, verteporfin (a
photosensitizing agent) produces a photochemi-
cal reaction when activated by nonthermal laser
in the far-red spectrum and produces selective
vascular occlusion by thrombosis [68]. Visual

outcome of VPDT treated PCV eyes was stable
for 2 years but the effect gets diminished with
time and PCV re-occurs within 3-5 years post
vPDT. Post-PDT subretinal hemorrhage, mas-
sive suprachoroidal hemorrhage, RPE tears,
and microrips at the margin of the PED are the
reported complications of PDT for PCV. PDT
alone is ineffective in causing regression of the
BVN or in resolving exudative activity aris-
ing from the BVN, but when combined with
anti-VEGF compounds demonstrated better
visual outcomes [69, 70]. Anti-VEGF drugs,
bevacizumab (a full-length anti-VEGF anti-
body) or Ranibizumab (an antibody fragment
with smaller size), decreases the exudation and
improve or stabilize vision but has minimal to no
change in polyp regression [71, 72]. The newer
anti-VEGF drug, Aflibercept (a soluble decoy
receptor fusion protein consisting of the bind-
ing domains of VEGF receptors 1 and 2), dem-
onstrates improved visual outcome and causes
poly regression [73-75]. However, long-term
study is needed to fully assess the efficacy of
this treatment. Pigment epithelial tears, post-
injection subretinal hemorrhage and vitreous
hemorrhage, and RPE atrophy are few complica-
tions reported. Because anti-VEGF drugs reduce
the exudation from polypoidal lesions arising
from the BVN and vPDT causes thrombosis of
the polypoidal lesions, a combination of the two
therapies produces better long-term visual out-
comes. In the EVEREST study, PDT and ranibi-
zumab combination increased the polyps closure
rate to (77.8%) compared to PDT alone (71.4%)
[76] whereas Ranibizumab monotherapy can
close only 28.6% polyps. In addition, PDT alone
is ineffective in causing regression of the BVN
or in resolving exudative activity arising from
the BVN [76]. The EVEREST II study revealed
that the combination therapy (PDT with ranibi-
zumab) achieved superior BCVA gain (8.3 vs.
5.1 letters; p = 0.013), along with superior ana-
tomical outcome, including higher polyp closure
rate (69.3% vs. 34.7%; p < 0.01) and a higher
proportion with the absence of disease activity
(79.5% vs. 50.0%) at month 12 compared with
ranibizumab monotherapy [77].
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5.7 Summary

Significant advances have been made in our
understanding of PCV in terms of genetics,
pathophysiology, and treatment strategy. We
have gained improved knowledge regarding the
difference between PCV and CNV. The princi-
pal therapies for PCV are laser photocoagulation,
PDT, and anti-VEGF drugs. The best-reported
treatment combines PDT with anti-VEGF drugs
[78]. The combination therapy of PDT and anti-
VEGEF drugs have achieved good results in polyp
closure. However, one major concern regarding
PDT is the high rate of recurrence or the develop-
ment of new polypoidal lesions [69, 70]. On the
other hand, long-term use of anti-VEGF therapy
can lead to anti-VEGF resistance [79-81], and
long-term blockade of VEGF signaling in retinal
diseases may have detrimental side effects [82,
83]. Therefore, the development of novel drugs
that prevent or reduce both BVN and polypoidal
lesions could have a considerable impact on the
current therapeutic strategy. Animal models have
played an essential role in the development of
anti-VEGF drugs for CNV. The availability of a
PCYV animal model should facilitate the develop-
ment of new treatment for PCV [18, 31].
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Abstract

Age-related macular degeneration (AMD) is
the leading cause of blindness among elderly
people in Western countries. Recently, the
prevalence of AMD has also increased in Asia.
Although the precise mechanisms of AMD
development have not been thoroughly eluci-
dated, both environmental and genetic factors
are thought to contribute to its development.
As for environmental factors, aging and smok-
ing are the two major risk factors for develop-
ing AMD. More than 30 genes associated with
AMD have been discovered through genome-
wide association studies (GWASSs). In addi-
tion to their association with the disease
development, susceptibility genes for AMD
can predict the lesion size and bilaterality of
AMD, and genetic information might be use-
ful to conduct personalized medicine for
AMD. Recently, the concept of pachychoroid
spectrum disease has been introduced, and
studies have begun to clarify the genetic archi-
tecture of pachychoroid disease.
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6.1 Before GWAS

Genetic linkage analyses discovered genes caus-
ing Mendelian macular diseases such as ABCR
(ABCA4) for autosomal recessive Stargardt type
1 macular dystrophy (STGD1) [1], ELOVL4 for
autosomal dominant Stargardt type 3 macular
dystrophy (STGD3) [2], TIMP3 for Sorsby fun-
dus dystrophy (SFD) [3], EFEMP] for Malattia
Leventinese (ML) [4], and VMD2 for Best vitel-
liform macular dystrophy (VMD) [5, 6]. Among
these genes, a case-control study reported a pos-
sible association between ABCA4 and AMD
in 1997 [7]. However, two later reports from
Japan denied such associations [8, 9]. Although
a later study from the USA further confirmed
associations of ABCA4 with AMD [10], other
studies from various countries denied such
associations [11-15]. Considering these previ-
ous studies together with recent GWAS reports,
ABCA4 would not be a susceptibility gene for
AMD. As for TIMP3, two studies evaluated its
linkage and association with AMD in 1997 but
failed to detect significant roles of 7IMP3 in the
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development of AMD [16, 17]. However, recent
large-scale studies pointed out significant asso-
ciations of TIMP3 with AMD. TIMP3 should
be considered a susceptibility gene for AMD. In
1999 and 2000, several studies evaluated associa-
tions of EFEMPI or VMD?2 with AMD, but these
two genes did not show significant associations
with AMD [4, 18-20]. The associations between
ELOVL4 and AMD were evaluated in 2001 but
ELOVL4 did not show significant associations
with AMD [21]. Although a later study reported
significant associations between ELOVL4 and
AMD in 2005 [22], other studies denied such
associations [23, 24]. Considering these studies
together with the results of recent GWASs, only
TIMP3 would be a susceptibility gene for AMD
among causative genes for Mendelian macular
diseases (Table 6.1).

Genetic linkage analyses using family data
including AMD-affected members discovered
several loci for AMD including 1q31 and 10926
(Table 6.2) [26, 27]. From the 1q31 loci, HMCN1
was chosen as a candidate gene associated
with AMD. In 2003, the first study on HMCNI
reported its positive associations with AMD
in the USA [28]. However, later studies from
Finland, the USA, and Japan denied such asso-
ciations [23, 29-32].

Other genes outside the 1q31 and 10926 loci
were also evaluated for their associations with
AMD in candidate gene studies. Since APOE
had been discovered to have a significant asso-
ciation with Alzheimer’s disease in 1993 [33,
34], its association with AMD was evaluated

Table 6.1 Associations between Mendelian disease
genes and AMD

Confirmed
Mendelian  Association  association to

Gene disease to AMD AMD in Asian
ABCA4 STGDI1 No No

ELOVI4 STGD3 No No

TIMP3  SFD Yes Yes [25]
EFEMPI ML No No

VMD?2 VMD No No

AMD age-related macular degeneration, STGD/ Stargardt
type 1 macular dystrophy, STGD3 Stargardt type 3 macu-
lar dystrophy, SFD Sorsby fundus dystrophy, ML Malattia
Leventinese, VMD Best vitelliform macular dystrophy

Table 6.2 Genetic linkage analysis results for AMD

Chromosome Loci

1 1923.3-g31.1
1q31.1-g32

2 2p25.1-p23.2
2p23.2-pl16.2
2p16.2-p12

3 3p25.3-p22.1
3q22.1-q14.1
3q12.3-q22.1

4 4q13.3-q24
4q28.3-q32.1

10 10g23.33-q26.13
10g26.13-10qter

12 12q23.2-q24.31

16 16p13-q12.2

16q12.2-q23.1

in a case-control study in 1998 [35]. This study
revealed significant associations between APOE
and AMD, and later studies support its associa-
tion although some studies could not successfully
replicate the associations. In East Asians, meta-
analysis confirmed significant associations of
APOE to AMD [36].

Since oxidative stress has been thought to
play important roles in AMD development
and superoxide dismutase has a protective role
against oxidative stress, SOD2 was evaluated for
its associations to AMD in Japanese individuals
[37]. Although this study reported that SOD2 was
significantly associated with AMD development
in 2000, later studies from Japan, North Ireland,
and Spain denied such associations [38—40].

Lipid metabolism was also a strong candi-
date to affect AMD development. Paraoxonase
prevents low-density lipoprotein oxidation, and
paraoxonase gene polymorphisms have been
evaluated for their associations with coronary
heart disease and carotid atherosclerosis. In 2001,
PONI was reported to be associated with AMD in
Japanese individuals [41]. Although later studies
from Australia, North Ireland, and Spain denied
such associations [39, 40, 42], studies from the
USA and Turkey supported its association with
AMD [43, 44]. The associations between PONI
and AMD should be further examined.

Since VEGF is a strong promoter of angio-
genesis, VEGFA has been evaluated in many
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genetic studies on AMD. In 2006, a significant
association of VEGFA and AMD was reported in
Caucasians [45, 46]. In 2008, its association with
AMD in Chinese individuals was confirmed [47].
In contrast to VEGF, the pigment epithelium-
derived factor is a highly effective inhibitor of
angiogenesis in cell culture and animal experi-
ments. In 2005, a Japanese group hypothesized
a possible association between PEDF and AMD
[48], and a later study from Taiwan confirmed
significant associations between PEDF and
AMD [49]. However, later studies from Austria,
Japan, and China denied such associations and
meta-analysis further confirmed that PEDF was
not associated with AMD [50-54].

6.2 GWAS

The Human Genome Project was completed in
2003 and the International HapMap Project was
completed in 2005. Based on these datasets,
many GWASs have been conducted for various
diseases using single nucleotide polymorphisms
(SNPs) as markers. The first successful GWASs
of AMD were reported in 2005. Three groups
from the USA reported significant associations of
CFH with AMD [55-57]. Since complement fac-
tor H (CFH) is expressed in drusen and regulates
complement pathway, it has been speculated that
CFH affects the development of AMD through
inflammatory mechanisms.

The first three studies reported that CFH
Y402H was the important SNP for AMD, and
subsequent studies using Caucasian samples suc-
cessfully replicated this association. However,
many studies from Asia failed to replicate it, pos-
sibly due to their small sample size [31, 58—64].
Since the effect allele frequency of the Y402H
polymorphism is low among Asians, its associa-
tion with AMD is hardly detected in studies with
small sample size. In 2010, a large-scale study
in a Japanese sample successfully reported a sig-
nificant association of Y402H with AMD, and
a meta-analysis also confirmed its significant
association in Asians in 2011 [65, 66]. Besides
Y402H, the established CFH 162V polymor-
phism is also strongly associated with AMD in

both Caucasians and Asians. Since the effect
allele frequency is around 60% in Asians, recent
studies on CFH in Asians mostly evaluate 162V.

The next susceptibility loci for AMD, ARMS2
(LOC387715) and HTRAI, were discovered in
2005 and 2006, respectively [67—70]. Since these
two genes are located on chromosome 10 within
a linkage disequilibrium block, genetic studies
have not elucidated which gene is responsible for
AMD development. Of the above studies that dis-
covered ARMS?2 or HTRAI, one study on HTRA ]
used Chinese samples from Hong Kong while the
other three studies used Caucasian samples. After
the discovery of these two genes, many studies
have successfully replicated the associations of
ARMS2 and HTRAI with AMD in both Asians
and Caucasians.

In 2010, a GWAS using a Caucasian sample
reported a significant association of L/IPC with
AMD together with a weak association of CETP
and ABCA and a possible association of LPL [71].
In the same year, the first meta-analysis of GWASs
discovered that lipid metabolism genes such as
TIMP3, LIPC, CETP, LPL, and ABCAI were
strongly associated with AMD [72]. However,
no Asian samples were included in the discovery
samples of this meta-analysis and only 5.6% of the
replication samples were of Japanese origin.

In 2013, the largest meta-analysis of GWASs
found seven new loci associated with AMD [25].
Furthermore, this study group discovered 16
more susceptibility genes for AMD in 2016 [73].
However, the studied subjects were predomi-
nantly of European ancestry, and only 4.3% of
the study participants were Asians.

6.3 GWAS in Asia

In 2011, the first GWAS for AMD in Japanese
samples discovered two susceptibility loci
for AMD: TNFRSFI0A and REST-C4orfl4-
POLR2B-IGFBP7 [74]. Although the associa-
tion of REST-C4orfl4-POLR2B-IGFBP7 has not
been successfully replicated in Asians, the asso-
ciation of TNFRSFI10A has been confirmed in
replication studies in both Asians and Caucasians
[25, 75].
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In 2013, a GWAS using four Asian popula-
tions discovered that an Asian-specific SNP in
CETP has a strong association with AMD [76].
Furthermore, this study discovered three new
loci for AMD: C6orf223, SLC44A4, and FGDG6.
A later study revealed that FGD6 is a suscepti-
bility gene for only polypoidal choroidal vascu-
lopathy (PCV) but not AMD without polypoidal
lesions [77].

Asians as well. C5 was also examined for its
association with AMD in 2007 but it did not
show significant association [79, 80]. In 2008, a
case-control study proposed SERPING1 (CIIN)
as a susceptibility gene for AMD [82]. However,
later studies denied such associations in both
Asians and Caucasians [83—-85]. Meta-analysis
also denied associations between SERPINGI
and AMD in Asians [86].

6.4 Candidate Gene Analysis

After the discovery of CFH, several candidate
genes in the complement pathway were exam-
ined for their possible associations with AMD
in case-control studies. Among them, C2/CFB
was reported as a susceptibility gene for AMD
in 2006 [78], C3 was reported as a susceptibil-
ity gene for AMD in 2007 [79, 80], and CFI
was reported as a susceptibility gene for AMD
in 2009 [81]. All four loci have been confirmed
to have significant associations with AMD in

6.5 Confirmed Association
to AMD in Asians

So far, susceptibility genes for AMD only in
Asians or only in Caucasians have not been dis-
covered, suggesting that all AMD susceptibility
genes discovered in Caucasians would be also
susceptibility genes for AMD in Asians and vice
versa. Susceptibility genes for AMD are summa-
rized in Table 6.3. The confirmation of the asso-
ciation with AMD in Asians is also noted. Genes
with genome-wide association with AMD in at

Table 6.3 AMD susceptibility genes with genome-wide significance

Confirmed association to AMD in Asian

Chromosome Gene Original study Replication by other studies

1 CFH Caucasians only [55-57] Yes [25, 76]

2 COLA4A3 Data unavailable [73] Yes [87]

3 ADAMTS9 Yes [25] Yes [76]

3 COLSAI/FILIPIL No [25]

4 CFI Caucasians only [88] Yes [25, 76]

5 Cc9 Data unavailable [73]

5 PRLR/SPEF2 Data unavailable [73]

6 IER3/DDRI Yes [25]

6 C2/CFB Caucasians only [78] Yes [25, 76]

6 VEGFA Caucasians only [45, 46] Yes [25, 76]

6 FRK/COLIOAI Caucasians only [89] Yes [25]

7 PILRB/PILRA Data unavailable [73]

7 KMT2E/SRPK?2 Data unavailable [73]

8 TNFRSF10A Yes [74] Yes [25, 75]

9 COLI5A1/TGFBRI Yes [25] Yes [76]

9 TRPM3 Data unavailable [73]

9 MIR6130/RORB Data unavailable [73]

9 ABCAI Data unavailable [73] Yes [90]

10 ARMS2/HTRA1 ARMS?2: Caucasians only [67, 70] Yes [25, 76]
HTRAI: Yes [68]

10 ARHGAP21 Data unavailable [73]
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Table 6.3 (continued)

Confirmed association to AMD in Asian

Chromosome Gene Original study Replication by other studies
12 RDHS5/CD63 Data unavailable [73]

12 ACADIO Data unavailable [73]

13 B3GALTL Yes [25]

14 RADS5IB Yes [25] Yes [91]

15 LIPC No [72] Yes [25]

16 CETP Yes [72] Yes [76]

16 CTRB2/CTRBI Data unavailable [73]

17 TMEM97/VTN Data unavailable [73]

17 NPLOC4/TSPAN10 Data unavailable [73]

19 C3 Caucasians only [79] Yes [92, 93]
19 APOE Caucasians only [94] Yes [25, 76]
19 CNN2 Data unavailable [73]

20 MMP9 Data unavailable [73]

20 C2001f85 Data unavailable [73]

22 SYN3/TIMP3 No [72] Yes [25, 76]
22 SLCI6A8 Yes [25]

least one study and with confirmed association
with Asian AMD in at least two studies are CFH,
ADAMTS9, CFI, C2/CFB, VEGFA, TNFRSF10A,
COLISAI/TGFBRI, ARMS2/HTRAI, RAD5IB,
CETP, C3, and APOE.

6.6 New Treatments

After the discovery that complement pathway
genes were important susceptibility genes for
AMD, many complement pathway-related drugs
have been tested to treat AMD. Eculizumab, an
antibody to block C5, is an intravenous drug
to treat paroxysmal nocturnal hemoglobin-
uria. Although eculizumab was tested for eyes
with drusen or geographic atrophy (GA), it did
not decrease drusen or prevent GA growth in
phase 2 clinical trial. LFG316, another antibody
against C5, was also tested for patients with dry
AMD. However, the monthly intravitreal injec-
tion of LFG316 did not show significant pre-
ventive effects on GA in phase 2 clinical trial.
Zimura (ARC1905) is an aptamer against C5.
A phase 2/3 clinical study is now evaluating its
effects on GA. Compstatin derivatives POT-4
and APL-2 are inhibitors of C3. Both drugs
are injected intravitreally and clinical trials of

Table 6.4 Complement pathway-related drugs for AMD

Drugs Mechanism of action

Eculizumab Antibody to block C5

LFG316 Antibody to block C5

Zimura (ARC1905) Aptamer against C5

JPE1375 Antibody against C5a receptor

ISM-7717 Antibody against C5a receptor

POT-4 (AL-78898A)  Compstatin derivative, C3
inhibitor

APL-2 Compstatin derivative, C3
inhibitor

Lampalizumab Fab fragment of antibody

(FCFDA4514S, against CFD

RG7417)

BXC1470 CFD inhibitor

TA106 Fab fragment of antibody
against CFB

APL-2 are now ongoing for GA. Lampalizumab,
an antigen-binding antibody fragment against
complement factor D (CFD), showed signifi-
cant preventive effects on GA progression in the
MAHALO phase 1/2 study. However, a phase 3
study did not validate its suppressive effects on
GA progression. In addition to these drugs, sev-
eral drugs in the complement pathway have been
tested for AMD treatment (Table 6.4).

Although ARMS?2 has a strong association with
AMD development, the location of its expres-
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sion has not been determined and its role in the
development of AMD has not been elucidated. Its
expression in the human retina was confirmed by
PCR when its association with AMD was discov-
ered [70], and its localization to the mitochondrial
outer membrane was demonstrated with immuno-
cytochemistry using COS-1 cells in 2007 [95]. In
2008, immunostaining of the human retina showed
localization of ARMS2 protein in the mitochondria
of photoreceptor cells [96]. However, in 2010, an
immunocytochemistry study using ARPE-19 cells
reported localization of ARMS?2 to the endoplas-
mic reticulum and an immunostaining experiment
demonstrated secretion of ARMS?2 protein to the
extracellular matrix around the capillaries of the
choroid, with the highest concentration adjacent
to Bruch’s membrane [97]. This study reported
only faint and diffuse ARMS?2 staining in the reti-
nal pigment epithelium (RPE) and the retina. In
2010, its expression in human blood was also con-
firmed by PCR [98]. A recent study demonstrated
that ARMS?2 is expressed in monocytes and resi-
dent retinal microglia [99]. This study proposed
that ARMS?2 protein secreted by microglial cells
would bind to glycosaminoglycans on the sur-
face of late apoptotic or necrotic cells to enhance
complement activation and assist in the clearance
of cellular debris in the human retina, which can
prevent the formation of drusen. Since the role of
ARMS?2 has not been elucidated in the develop-
ment of AMD, drugs targeting ARMS?2 have not
been tested to treat AMD.

HTRAL is a serine protease. Animal experi-
ments have shown that overexpression of
HTRALI in the RPE leads to ultrastructural
changes in the elastic layer of Bruch’s membrane
via cleavage of extracellular matrix components
[100] and induces the development of choroidal
neovascularization (CNV) [101]. However, no
drug has been developed for AMD by targeting
HTRAL.

6.7 AMD Subtypes

Although AMD susceptibility genes do not
show clear differences among ethnicities, some
genes might be able to explain the differences

between AMD subtypes. Neovascular AMD
can be divided into three subtypes: polypoidal
choroidal vasculopathy (PCV), retinal angioma-
tous proliferation (RAP), and typical AMD. The
association strength of ARMS2 was found to
differ among these three subtypes of Japanese
AMD in 2010 [65]. It was strongest for RAP,
intermediate for typical neovascular AMD, and
weaker for PCV. The reported risk allele fre-
quencies of the ARMS2 A69S polymorphism
were about 40% in normal controls, while they
were 55% in PCV, 65% in typical neovascular
AMD, and 90% in RAP. ARMS2 might contrib-
ute to the difference in the development of these
subtypes.

In 2008, ELASTIN polymorphism was
reported to be associated only with PCV but
not with typical AMD in Japanese individuals
[102]. Since elastin is an important component of
Bruch’s membrane and its function as a barrier to
vessel growth, the integrity of Bruch’s membrane
might be able to explain the difference between
typical AMD and PCV. However, later Japanese
studies with larger sample sizes denied associa-
tions of ELASTIN with PCV [103, 104]. On the
other hand, CD36 polymorphism was reported
to be associated only with typical AMD but not
with PCV [105]. However, no replication study
has confirmed such associations. FDG6 is also a
possible gene differentiating PCV from typical
AMD. In 2016, a Chinese study discovered a rare
variant in FDG6 that was significantly associated
with PCV but not with typical AMD [77]. This
finding was successfully confirmed in Chinese,
Japanese, and Singaporean samples.

As for the difference between neovascular
AMD and dry AMD, TLR3 was proposed as a
susceptibility gene for dry AMD in 2008 [106].
However, later studies denied such associations
in both Asians and Caucasians [86, 107-109].
Among the known susceptibility genes for
AMD, the four loci of ARMS2/HTRAI, CETP,
MMP9, and TIMP3 showed significant differ-
ences in their association between wet AMD and
dry AMD [73]. The effects of ARMS2/HTRAI,
CETP, and TIMP3 were stronger for wet AMD
than for dry AMD, while MMP9 might be a sus-
ceptibility gene only for wet AMD.
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6.8 Phenotype-Genotype

Associations

Associations between AMD susceptibility genes
and the bilaterality of AMD have been evaluated
in many studies. As for ARMS2/HTRA, the odds
ratio of its association with AMD development
was reported to be higher for bilateral AMD than
for unilateral AMD in 2007 and 2009 [110, 111].
In 2008, significant differences in the genotype
distribution were reported between bilateral
AMD and unilateral AMD [111, 112]. Also in
PCV, significant differences in the genotype dis-
tribution were reported between bilateral patients
and unilateral patients [113]. In 2017, a GWAS
further confirmed a strong association of ARMS2/
HTRA with the bilaterality of AMD in Japanese
individuals [114].

In a hospital-based study using more than
300 Japanese patients with unilateral AMD, it
was demonstrated that genetic information about
ARMS2/HTRAI could predict the development
of AMD in the fellow eye [115]. Only around
10% of the patients with the GG genotype in the
ARMS2 A69S polymorphism developed AMD in
the fellow eye during a follow-up period of more
than 10 years, while around 50% of the patients
with the GT genotype developed AMD in the fel-
low eye. In the patients with the TT genotype,
the fellow eye developed AMD around 70% of
the time. A genetic risk score using ARMS2/
HTRAI, CFH, TNFRSFI0A, VEGFA, and CFI
gene polymorphism information would be more
useful to predict AMD development in the fel-
low eye. When a genetic risk score was calcu-
lated for 891 Japanese patients with unilateral
AMD, the score showed a strong association
with the 10-year incidence of AMD in the fellow
eye [116]. Although a large prospective study
denied associations between AMD susceptibility
genes and the bilaterality of AMD [117], genetic
information could be useful to predict fellow eye
development of AMD.

Although some studies denied associations
between ARMS2/HTRA I and CNV size in AMD,
many studies have reported positive associations
of ARMS2/HTRAI with CNV size in AMD or
PCV [112, 118, 119]. In 2015, a GWAS from

Japan confirmed genome-wide level associa-
tions between ARMS2/HTRAI and CNV size in
AMD [120]. Genetic information about ARMS2/
HTRA would be useful to predict the lesion size
of neovascular AMD. Besides ARMS2/HTRAI,
associations of CFH with the bilaterality of
AMD or with the CNV size in AMD have also
been evaluated, but many studies failed to detect
significant associations of CFH. CFH does not
appear to strongly affect the bilaterality or CNV
size of AMD.

In addition to fellow eye involvement and
lesion size, ARMS2/HTRAI might be able to
predict subretinal hemorrhage and vitreous hem-
orrhage in eyes with PCV. One Japanese group
reported two studies showing that the AMD risk
allele for that locus was significantly associated
with vitreous hemorrhage [121] or subretinal
hemorrhage and hemorrhagic retinal pigment
epithelium detachment [113].

6.9  Personalized Medicine
Genetic information has been used for personal-
ized medicine to treat various diseases. To predict
treatment responses for AMD, ARMS2/HTRAI
might be useful. For visual prognosis after pho-
todynamic therapy (PDT) for AMD, three stud-
ies from Japan reported a significant association
of ARMS2/HTRAI (Table 6.5) [119, 122, 123].
Patients with risk alleles for AMD tended to show
worse visual outcomes after PDT, while patients
with protective alleles for AMD tended to show
improvement of visual acuity after PDT. In con-
trast, two reports on Caucasian AMD did not
show such associations of ARMS2/HTRA1 with
visual outcome after PDT [124, 125]. In addition
to ARMS2/HTRA, other genes such as VEGFA,
PEDF, and CRP were evaluated for their asso-
ciations to the treatment outcome after PDT for
AMD. Further study is needed for these genes,
and further confirmation is needed to use genetic
information about ARMS2/HTRAI for personal-
ized medicine to treat AMD with PDT.

In contrast to PDT, study results on predictive
genes for treatment outcomes after anti-VEGF
treatment are still controversial. Among estab-
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Table 6.5 Association of ARMS2/HTRAI with visual prognosis after photodynamic therapy for age-related macular

degeneration

N Ethnicity Subtype Association
Chowers et al. [124] 139-143 Caucasian AMD No
Brantley et al. [125] 32 Caucasian AMD No
Sakurada et al. [122] 71 Japanese PCV Yes
Tsuchihashi et al. [123] 110 Japanese tAMD/PCV Yes
Besssho et al. [119] 68 Japanese tAMD Yes

119 Japanese PCV Yes

lished susceptibility genes for AMD, the three
genes CFH, ARMS2/HTRAI, and VEGFA have
been evaluated in many studies. As for CFH,
the first study reported its significant association
with visual outcome after anti-VEGF treatment
for AMD [118]. Although several later studies
have reported positive associations of CFH with
the treatment outcome after anti-VEGF treat-
ment, many studies from Asian countries denied
such associations [126—131]. Considering that
the largest prospective study with more than
800 participants also denied such associations of
CFH [132], genetic information about CFH may
not be useful for personalized medicine to treat
AMD with anti-VEGF drugs.

For ARMS2/HTRA, the first study reported its
significant association with visual outcome after
anti-VEGF treatment for AMD [133], and sev-
eral later studies support such associations [129,
134, 135]. In contrast, several studies from Asia
have denied the possibility of ARMS2/HTRAI as
a predictive gene for visual outcome after anti-
VEGEF treatment for AMD [126, 127, 130, 131].
Recently, a prospective multicenter study was
performed in Japan on genome-wide associations
with the anti-VEGEF treatment outcome for AMD
[136]. Although this GWAS could not find genes
with genome-wide level association with visual
outcome after anti-VEGF treatment, it confirmed
that ARMS2/HTRAI was significantly associ-

ated with an additional treatment requirement in
the prospective study cohort with 461 Japanese
patients with AMD. ARMS2/HTRAI might be
useful for personalized medicine to treat AMD
with anti-VEGF drugs.

6.10 Genes Associated
with Pachychoroid Diseases

Late AMD usually develops from early AMD
with drusen. However, many Asians develop late
AMD without drusen. The mechanisms of devel-
oping late AMD without drusen were unclear
until the recent proposal of a pachychoroid dis-
ease spectrum. Pachychoroid means thick cho-
roid, and it is well known that optical coherence
tomography images of eyes with central serous
chorioretinopathy (CSC) show pachychoroid. In
addition to CSC, pachychoroid induces damage
of the RPE, resulting in pachychoroid pigment
epitheliopathy [137]. Furthermore, pachychoroid
induces GA or CNV, resulting in pachychoroid
geographic atrophy and pachychoroid neovascu-
lopathy, respectively [138, 139].

Although the genetic architecture of pachy-
choroid geographic atrophy and pachychoroid
neovasculopathy have not been clearly eluci-
dated, the genetic architecture of pachychoroid
itself was recently revealed by a GWAS in a
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Japanese population; CFH and VIPR2 showed
strong associations with choroidal thickness
[140]. Interestingly, risk alleles of CFH for AMD
development worked protectively against cho-
roidal thickening, while the protective alleles for
AMD development tended to make the choroid
thinner (Fig. 6.1).

Genetic background studies are so far limited
for pachychoroid geographic atrophy and pachy-
choroid neovascularization. In Caucasians, the
frequency of the risk allele in CFH for AMD was

Drusen, AMD

Pachychoroid, CSC

Fig. 6.1 Associations of CFH 162V polymorphism. G
allele is associated with development of drusen and age-
related macular degeneration (AMD) while A allele is
associated with development of pachychoroid and central
serous chorioretinopathy (CSC)

reportedly about 63% in AMD, 46% in pachy-
choroid neovasculopathy, about 31% in controls,
and about 24% in pachychoroid without CNV
(Table 6.6) [141]. In Japanese individuals, the
frequency of the risk allele in CFH for AMD was
reportedly about 75% in AMD, 59% in pachycho-
roid neovasculopathy, about 59% in controls, and
46-59% in pachychoroid without CNV [142]. In
Caucasians, the risk allele frequency in pachy-
choroid neovasculopathy falls between those of
AMD and controls. However, the risk allele fre-
quency in pachychoroid neovasculopathy was
similar to controls in Japanese individuals. This
difference might be an ethnic difference in the
causation of pachychoroid neovasculopathy or it
might be explained by the difference in definition
of pachychoroid neovasculopathy between two
studies.

As for the ARMS2 A69S polymorphism, both
Caucasian and Japanese individuals showed
similar results (Table 6.7). The frequency of its
risk allele for AMD was highest in AMD, higher
in pachychoroid neovasculopathy, and lower in
pachychoroid without CN'V.

Since drusen-related AMD and pachychoroid
neovasculopathy belong to genetically different
clinical entities, future studies may achieve bet-
ter detection by distinguishing between cases of
drusen-related AMD and pachychoroid neovas-
culopathy. Further genetic studies might enable
us to use personalized medicine for drusen-
related AMD and pachychoroid neovasculopathy.

Table 6.6 CFH risk allele frequencies for age-related macular degeneration in pachychoroid diseases

Caucasian AMD PCN GA
Y402H, C 0.63 0.46

Japanese AMD PCN GA
162V, G 0.75 0.59 0.77

PGA Control Pachychoroid
0.31 0.24

PGA Control Pachychoroid

0.71 0.59 0.46-0.59

AMD age-related macular degeneration, PCN pachychoroid neovasculopathy, GA geographic atrophy, PGA pachycho-

roid geographic atrophy
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Table 6.7 ARMS? risk allele frequencies for age-related macular degeneration in pachychoroid diseases

Caucasian AMD PCN GA
A69S, T 0.44 0.41

Japanese AMD PCN GA
A69S, T 0.60 0.51 0.69

PGA Control Pachychoroid
0.22 0.15

PGA Control Pachychoroid

0.32 0.39 -

AMD age-related macular degeneration, PCN pachychoroid neovasculopathy, GA geographic atrophy, PGA pachycho-
roid geographic atrophy
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Abstract

The analysis of degenerative diseases has
revealed genetic heterogeneity and this
appears to contribute towards an increase in
the complexity of disease with influences
from environmental factors. Worldwide
Genetic studies have identified various com-
mon and non-synonymous alleles with AMD
across the geographically distributed popula-
tion. With the advancement in technology, the
biological contribution of rare alleles and
“Junk DNA” in AMD has been suggested. The
biological significance of intronic, rare alleles,
and transposons in degenerative diseases can
provide the necessary information to assess
the evolution of the complexity of AMD
pathology.
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7.1 Biological Significance
of Rare Alleles and Junk

Genome

The recent era is characterized by sophisti-
cated technologies (including Next Generation
Sequencing and Whole Genome Sequencing)
in the field of Genetics. This can enable screen-
ing of a broad spectrum of genomic variations
through population-based studies. The biological
significance of rare allele (g allele <0.01) was dif-
ficult to predict in disease pathology due to lack
of evidence and number of participants in the
study. Rare alleles can be assessed by employing
the imputation, genotype, and GWAS strategies
on huge sample size. Rare allele analysis and its
penetrance could be further dissected by various
statistical measures including burden (ARIEL,
KBAC, EREC, etc.), combined (e.g., EMMPAT,
SKAT-O, MiST, etc.), variance-component tests
(KBAT, SSU, SKAT, C-Alpha, etc.), least abso-
lute shrinkage and selection operator (LASSO)
and exponential combination (EC) tests [1]. A
report from Science (2012) has suggested the
population explosion (from millions to >7 bil-
lion) over the periods of 10,000 years and was in
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concordance with a drastic increase in rare alleles
and gene variants throughout the human genome.
Exponential increase in population growth can
enhance the chance of mutation accumulation
and rare allele burden in the human genome and
could also stimulate the complex disease pheno-
types [2]. Though naturally selected rare allele
variants did not reveal direct evidence to ascribe
for disease pathology yet it could increase the risk
of disease by supporting the genetic susceptibility
hypothesis. Interestingly, rare allele of CFH vari-
ant (P503A) could act as a signature to stratify
the AMD patients from the Amish population as
compared to non-Amish to accommodate for the
environmental changes [3]. Noteworthy increase
in the number of rare alleles may be derived due
to functional changes in repair mechanisms (sup-
porting natural selection of variants), generation
of the new hot spot for genetic mutation as a part
of evolution (environmentally stimulated) and
may even cross the threshold of genetic variations
in the genome and perhaps reflect as disease phe-
notypes. With the growing number of publica-
tions in AMD genetics, various rare alleles have
been discovered over time. Fritsche et al (2015)
have identified the rare allele (<0.1%) of CFH,
TIMP-3, and CFI in the exome region of genes
in AMD. Results also demonstrated the genetic
variation at the splicing site of SLCI6A8. Such
genomic variations can systematically classify
the genetic variation in particular disease which
needs an extremely large population size [4]. A
rare allele penetrance of CFH ¢.3628C>T muta-
tion is also found to confer the risk of AMD [5].
p-Lys155GIn non-synonymous substitution of
C3 has been derived from rare allele variation in
AMD patients which showed a reduced binding
affinity with CFH molecule in the downstream
alternative complement cascade and contributed
in the pathology [6]. Additionally, AMD has also
been associated with other rare genetic variants
investigated in complement factors including mis-
sense CFI, p.Lys155GIn of C3 and p.Prol67Ser
of C9 [7]. Some of the other rare alleles have also
been discussed in Table 7.1.

Initially, most of the GWAS came to a conclu-
sion of “common disease-common variant” (CD-
CV or missing heritable problem) hypothesis

with most the pathologies studied over the globe
do not signify the complexity characteristic. Of
degenerative diseases including AMD. However,
how a few dozen variants exhibit a moderate
effect on disease pathology with intermediate
frequency can be argued in population genetics-
based studies. In addition to CD-CV, identified
genetic loci or component can be designated in
one of the following class, e.g., infinitesimal
(common variants with large frequency and
small-effect), rare allele (rare variants with large
number and large-effect), and broad-sense heri-
tability (combination of genetic, epigenetic, and
environmental interactions) models which can be
justified with the heterogeneity of degenerative
diseases [18].

In addition to the base substitutions, transpos-
able elements (TEs) are major mutations that
contribute towards genome evolution. TE not
only affects the structure of the genome but alters
the expression of various proteins as well [19].
During the course of evolution, TEs have been
naturally selected as a robust source of regulatory
sequences pertaining to organism’s development
and functions. Dysregulation of these sequences
can apparently cause many diseases like Cancer
and autoimmunity [20]. Transposon-based inser-
tional mutagenesis (TIM) is used to create mice
models for cancer and also being utilized for
identifying cancer-causing genes [21]. Jiang et al
have shown that transposons provide sites for the
binding of transcriptional factors in breast can-
cer and also contain vast promoter activity. TEs
are also implicated in many neuropsychiatric
brain disorders. TEs are responsible for causing
insertions and deletions as well as copy num-
ber variants (CNVs) in the genome of the brain
resulting in autism, schizophrenia, Alzheimer’s
disease (AD), etc. [22]. Autism is one such dis-
order characterized by variety of impairments in
behavioral, cognitive, social, and communica-
tive patterns. About 10% of autism cases have
been reported due to chromosomal aberrations,
non-allelic homologous recombination (NAHR),
non-homologous  end-joining,  break-point
induced replication and transposon-mediated
events [23]. Prudencio et al. have exhibited the
higher expression of repetitive sequences like
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long interspersed elements retroviruses and DNA
transposons in brains especially the frontal cortex
in C9orf72 Amyotrophic Lateral Sclerosis (ALS)
patients. The expression was significantly higher
C9orf72 patients as compared to non C9orf72 or
normal controls [24]. Conclusive statement based
on results of studies suggesting the imperative
role of such genetic variants under the influence
of confounders, differential demographic distri-
bution, and environmental factors prevail in the
particular population. Hence, it is imperative to
investigate the functional and pathological sig-
nificance of such genetic variations and “junk
DNA” in the evaluation of genetic and disease
complexity.

Mutation Threshold
and Functional
Diversification

7.2

Evolution is a persisting and diversification pro-
cess which has led to the creation of new spe-
cies based on dynamic environmental changes.
However, evolution is initiated on micro- and
macromolecular levels and gets accumulated
over a period of time which can be reflected in
species development as well as at the complexity
of disease phenotypes in the modern era. Various
diseases including AD, Cancer, AMD, etc. have
exhibited the complexity not only based on their
disease phenotype but also based on their genetic
hetero-complexity which is found to increase
drastically in recent times. The mutation thresh-
old of mitochondrial gene MTNDI can lead to
the performance of the dual functions including
pro- and anti-tumorigenic (called oncojanus)
to adapt against HIF-1oo mediated mechanism.
Hetero or homoplasmy status can also affect the
tumorigenic and metastatic condition of cells
which suggests the accumulation of mutation in
the mitochondrial and nuclear genome as per the
changes in the micro-environment of the cell [3].
Moreover, the mitochondrial genomic variation
can also modify the function of respiratory com-
plex I concomitant with the tumor progression,
suggesting the directional selection of mutation
in the genome [25]. Macular RPE cells collected

from AMD patients have shown the accumulation
of heteroplasmic mutation with reduced repair
mechanisms [26, 27]. Surprisingly, co-occurring
genomic variation in non-small-cell lung cancer
also indicates the accumulation of genetic altera-
tions as a result of the change (genes including
TPS2, STK11) in micro-environmental vicinity of
the cell which could alter the therapeutic strat-
egies of an individual [28]. In germinal center
B-cell, both activation-induced cytidine deami-
nase (AID) and ATM can sense and regulate the
mutation threshold and immune diversification
during B-cell maturation [29]. Conclusively, the
results of the studies suggest the adaptive speci-
fication and diversification of various characters
and functions based on the micro-environment
and alterations in cellular properties. Changes in
the genome may accumulate over the period of
time which may further lead to the development
of complex traits and diseases based on devel-
oped genetic interactions and penetrance in the
subsequent progeny. More studies are warranted
in the field of such variations to examine genetic
and pathological complexities of various degen-
erative diseases including AMD with evolution-
ary changes over the period of time.

7.3  Evolutionary Impact of Junk
Genome in Complexity

of Degenerative Diseases

Transposable elements (TEs) have been impli-
cated and found to play a crucial role in evo-
lutionary process, maintenance of genomic
architecture, governing regulatory mechanisms
and contributes in the normal as well as diseased
condition. TEs make up two-third of the entire
human genome and are considered to be low
complexity elements including Long Interspersed
Nuclear Elements (LINEs), Short Interspersed
Nuclear Elements (SINEs), and human endog-
enous retrovirus (HERVS). The literature review
suggests increased expression of certain LINE,
SINE, and LTR in different neurodegenerative
diseases [30]. Although a significant amount of
work has already been done, still its considerable
role in the genome evolution, progression and



7 The Contribution of Rare Allele and Junk Genome in AMD Pathogenesis 93

development of human health and neurodegener-
ative disease is not adequate [31]. In early 1988,
a group of researchers demonstrated de novo
insertion of TE in hemophilia A for the first time
[32]. Genomic projects including Encyclopedia
of DNA Elements (ENCODE) and Functional
Annotation of Mouse (FANTOM) have sug-
gested the cell-specific expression of TE which
controls self-cell specific transcription [30]. It is
evident that retrotransposons can produce neural
somatic assortment [33]. In terms of evolution,
L1s are considered as one of the most ancient
TEs in eukaryotes. Human genome contains
many inserted active variants of TEs, like Alu
insertions (AluYa5, AluYbS, AluYcl). In most the
cases, TEs having insertions and excisions which
are responsible for genomic instability, which
may cause variety of diseases including neurode-
generative disorders. Around 0.3% of mutations
associated with TEs are caused by insertions.
These mutations are deleterious in the sense that
it can disrupt the active sequence of a functional
gene. If these inserts are occurring within an
exonic region, it generally changes the ORF, in a
way that it codes for an abnormal peptide, and if
the insertions occur within the intron, it may lead
to an alternative splicing [34].

Recent study has shown the expansion of
SINE (especially SINE B2) mediated by ChAHP
(CHD4, ADNP, HP1) complex and competes with
CTCF (key regulator of chromatin structure).
Results indicate the evolutionary significance of
such a mechanism in the functional and structural
diversification of an organism [35]. Importantly,
the described role of mobile elements in lifestyle-
induced oxidative burden is still a topic of future
studies. Giorgi et al. reported that oxidative dam-
age affects LINE-1 retrotransposition in human
neuroblastoma cells [36]. In such a situation, a
lifestyle and demographic distribution based
increase in oxidative burden may result in genetic
complexity and instability of the human genome
which may mediate through SINEs and LINEs
mobile activity or cellular toxicity. It is pertinent
to note that the human genome has been pre-
served in terms of molecular changes, throughout
evolutionary phases. However, recent changes in
lifestyle may trigger an unexpected increase in

the disease burden. Similarly, allostatic stress
exposure can also alter the copy number of ret-
rotransposon and its activity can provide the wear
and tear state of cell. Interesting, copy number
and activity of retrotransposon can vary among
different tissues which may be depend on their
uses and micro-environment alteration in a par-
ticular tissue. This may help us to understand that
some tissues are more susceptible for the disease
under the influence of stressors and some are not
[37]. Interesting, long, and repeated sequences in
the neuronal cell can promote the biosynthesis of
cirRNA under the limited of spliceosome activ-
ity [38]. The study is indicating genome com-
plexity can induce the phylogenetic along with
functional diversification consequently can lead
to distinct levels of complexities and the genesis
of diseases based on that.

7.4 Junk Genome and Biological

Significance in AMD

Alu transposons are DNA sequences, considered
as non-coding DNA that can change their posi-
tions, create mutations, alter genome size, and
even lead to disruption in genetic material [39,
40]. These elements are considered as “Junk
DNA,” although these are hot spots and land-
scape formative gear of our genome which can
affect our health through self-propagation and
accumulation. Alu transposons are involved in
many neurodegenerative diseases and can pro-
duce mutations by inserting within or regulatory
sequences in the vicinity of genes. Many inher-
ited disorders are resultant from Alu insertions. In
age-related macular degeneration (AMD), trans-
posons play an important role. It has been pre-
viously shown that the decreased expression of
DICERI in retinal pigment epithelium (RPE) of
humans and its conditional ablation induces RPE
degeneration. The neuronal connection of TEs
indicates the regulatory role in various neurode-
generative diseases including AMD. Recently,
Maugeri et al demonstrated to enhance the activ-
ity of DNMTs in AMD post-mortem choroid
and RPE samples. LINE-1 levels were found to
be enhanced in AMD cases in comparison to the
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controls. These results are in line with the previ-
ous reports in AD [41]. LINE-1 retrotransposon
accounts for approximately 17% of the human
genome. Similarly, SINEs have also been impli-
cated in the pathophysiology of AMD. Gelfand
et al reported SINEs mediated transcription of
RNAs in the presence of increased iron [42].
These sites were also targeted to slow down or
reduce the degeneration processes and enhance-
ment of RPE function. Iron toxicity-associated
SINE RNA accumulation is regulated by sup-
pression of DICER1 [42]. Deficits in DICERI,
in turn, leads to activation of the NOD-, LRR-,
and pyrin domain-containing protein 3 (NLRP3)
inflammasome and amplification of IL-18.
This mechanism can further activate the cas-
pase-8 induce apoptotic pathway resulting in the
degeneration of RPE cells in AMD cases with
geographic atrophy [43]. The advanced AMD
stage, i.e., geographical atrophy has remained
an untreatable condition and results in blindness.
Caspase-8 mechanism is thought to be a potential
target to cure advanced stages of AMD.

The activity of retrotransposons is also evi-
dent in many retinal disorders like Age-related
macular degeneration. Kaneko et al. showed that
DICER 1 (miRNA digesting enzyme) is respon-
sible for degrading Alu elements, accumulation
of which leads to GA like pathology in RPE in
DICER knockouts. This shows that DICER is
involved in the degradation of retrotransposons
which may cause blindness in humans [40]. Kim
et al further revealed that Alu RNA is also respon-
sible for activation of caspase-8 downstream of
NLRP3 inflammasome resulting in RPE degen-
eration and can rescue the same by inhibiting
caspase-8. This suggests that apoptosis plays
role in degeneration induced by Alu RNA toxic-
ity [43]. A study on mice has demonstrated that
iron overload causes RPE degeneration via the
inflammasome pathway which can further induce
accumulation of SINE due to decreased activ-
ity of DICER-1 and can lead to degeneration of
RPE [42]. Studies have shown the involvement of
NF-kB and P2X7 in conjecture with Alu elements
responsible for RPE degeneration [44]. A study
by Chong et al using ARPE 19 cell culture sys-
tem showed that pretreatment of APRE 19 cells

with Lutein and in combination with zeaxanthin
improves the viability of ARPE-19 cells and
decreased levels of Alu RNA transcripts showing
the role of Alu elements in the survival of ARPE-
19 cells [45].

DICERLI is involved in the degradation of
Alu RNAs and undigested Alu RNAs can induce
AMD phenotype in mice following direct cyto-
toxicity to retinal pigment epithelium (RPE) cells
[40]. However, there are many questions related
to the mechanism of Alu RNA accumulation in
AMD patients. It is hypothesized that heat shock,
oxidative stress or viral infection, etc. under the
influence of senescence and aging, can induce
Alu RNA accumulation [46—48]. The RNAs tran-
scribed from Alu in rodents have demonstrated
complex regulatory functions such as modulation
of alternative splicing and transcriptional repres-
sion [49-51]. Reports have also shown signifi-
cant genetic diversity in Alu polymorphism of the
human population [52]. Moreover, silencing of
toxic Alu transcript has elucidated a critical cell
function for DICERI and results have revealed
the activation of extracellular-signal-regulated
kinase (ERK) “classical mitogen-activated pro-
tein kinases (MAPK)”—as key mediators of Alu
RNA accumulation or DICER1 dysregulation-
induces RPE cell death in AMD [53]. Targeting
therapies like anti-sense oligo-nucleotides
(ASON) prevent DICERI reduction and inhibit
RPE degeneration despite other miRNA down-
regulation [40]. The capability of Alu RNA-
antisense oligonucleotide to prevent DICERI1
depletion has been found to induce RPE cytotox-
icity and delivered a rationale to further investi-
gate the Alu RNA or DICERI based therapies in
AMD. However, still the mechanism of Alu RNA
cytotoxicity and downstream signaling cascades
are not fully defined.

7.5 Conclusion

Association of rare allele could significantly
assess the phylogenetic evolution and genetic
complexity of heterogenic AMD which may
account for a causal role of variants by Mendelian
Randomization (MR) in disease. Development
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of rare alleles and propagation of repetitive
sequences and “‘junk genome” (Alu and SINE
sequences) throughout the genome are suggestive
of the complex nature of genetic interactions and
pathological developments under the influence of
particular environment influence. Contribution of
rare allele and “junk DNA” in AMD genetics can
provide the precise genetic diagnostic and thera-
peutic target to deal pathology.
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and Polypoidal Choroidal
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Abstract FGD6 showed significant differences between
PCV and nAMD, but the other SNPs had simi-
lar distribution between PCV and nAMD,
including variants in CFH, VEGF, C2, CFB.
These results suggest that PCV and nAMD
shares the majority of genetic components,
but the variants that distribute differently
between these two conditions may explain the
pathogenic and clinical difference of PCV and
nAMD.

Neovascular age-related macular degenera-
tion (nAMD) and polypoidal choroidal vascu-
lopathy (PCV) have some shared risk factors
and clinical manifestation, but there are also
some different features. Genetic variants are
an important risk factor for both conditions. In
this chapter, we reported an updated meta-
analysis comparing the genetic variants
between PCV and nAMD. Totally 57 SNPs in
20 genes were investigated. Among them, 11
SNPs in ARMS2-HTRAI and rs77466370 in
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tion, subretinal fluid, hemorrhage, exudation,
and fibrosis. Polypoidal choroidal vasculopathy
(PCV) is characterized by the branching vascular
network of the choroid and polyp-like aneurys-
mal dilations of its terminals [2]. Clinically, PCV
is manifested as serosanguineous detachments of
the pigmented epithelium and exudative changes
that can recur in several episodes.

It is still controversy whether PCV presents a
subtype of nAMD or a distinct disease. PCV and
nAMD have some shared characters but there are
also some different features, including risk fac-
tors, clinical manifestations, natural course, and
response to treatment.

Both PCV and nAMD are commonly seen
in elderly patients. However, PCV presents a
younger age than nAMD [3, 4]. Although both
PCV and nAMD occur in any race, PCV is known
to be more prevalent in pigmented ethnicity
while nAMD has a high prevalence in European
than in Asian [5]. Smoking is a proven risk fac-
tors for both PCV and nAMD, while female gen-
der is a protective factor for both conditions [3,
6]. Diabetes was found to be more prevalent in
nAMD than in PCV patients [4].

Clinically, Both PCV and nAMD present as
exudation or hemorrhage at the macular region.
But there are also different characters between
them. nAMD is predominantly located at the
fovea or parafoveal region, while PCV may
involve perifoveal, peripapillary, or even periph-
eral retina. The histological feature of PCV is
majorly polypoidal enlargement of the terminal
of the choroidal vessel. nAMD is characterized
by choroidal neovascularization above or under-
neath the RPE. The choroidal thickness of nAMD
is usually thin but that of PCV is usually thick.
The natural history of PCV is multiple, recurrent
episodes while nAMD is a progressive disease.
Although both disorders can be treated using
photodynamic therapy or anti-vascular endo-
thelial growth factor (VEGF) antibody, nAMD
responses better to anti-VEGF therapy and PCV
responses better to photodynamic therapy [7].

Genetic studies of AMD have identified sus-
ceptibility  single-nucleotide  polymorphisms
(SNPs) in multiple genes, including rs1061170 in
complement factor H (CFH), rs10490924 in age-

related maculopathy susceptibility 2 (ARMS?2),
and rs11200638 in high-temperature requirement
factor H(HTRAI) [8, 9]. In 2016, the International
AMD Genomics Consortium reported 34 loci
associated with AMD [10]. Due to the similari-
ties between nAMD and PCV, major gene SNPs
for nAMD have also been evaluated in PCV. The
CFH SNP rs1061170 was not found to be asso-
ciated with PCV [11], while an adjacent SNP
rs800292 was significantly associated [11-13].
Both rs10490924 and rs11200638 at the ARMS2-
HTRAI locus were associated with PCV [11, 12,
14, 15]. In 2012, we published a meta-analysis
investigating genetic associations of PCV with
SNPs in the ARMS2, HTRAI, CFH, and comple-
ment component 2 (C2) genes. The results also
showed that one SNP, rs10490924, in ARMS2
showed a significant difference between PCV
and AMD [16]. In 2015, we reported the updated
meta-analysis of the association of genetic vari-
ants with PCV, which found 31 polymorphisms in
10 genes/loci (including ARMS2, HTRA1, CFH,
C2,CFB,RDBP, SKIV2L, CETP, 8p21, and 4q12)
were significantly associated with PCV. Twelve
polymorphisms at the ARMS2-HTRAI locus
showed significant differences between PCV and
nAMD. There are many new articles investigat-
ing these topics since the publication of the latest
meta-analysis. In this chapter, we further updated
our meta-analysis comparing the genetic associa-
tion profiles between PCV and nAMD.

8.2  Methods of Meta-Analysis

A systematic literature search was performed
using EMBASE, PubMed, Web of Science,
and Chinese Biomedical Literature Database.
The search used the terms (polypoidal choroi-
dal vasculopathy or PCV) and (gene or genetic
or polymorphism or variant or SNP or DNA).
We retrieved all related records published from
February 1, 2015, and September 27, 2018, and
then added the articles published before Feb 2015
that were included in our previous meta-analysis.
The reference lists of all eligible studies, reviews,
and meta-analyses were also screened to prevent
that any relevant studies were omitted.
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The retried records were reviewed by two
independent reviewers (L.M. and X. L.) and any
inconsistency was resolved by discussion with
another reviewer (H.C.). The following criteria
were used when assessing the records [1]. case-
control studies, cohort studies, or population-
based studies that evaluated the difference of
gene variants between PCV and nAMD; and
[2] allele or genotype counts and/or frequencies
being presented or able to be calculated from the
data in the study. For those reports published by
the same study group on the same gene markers,
only the latest study was included. Case reports,
animal studies, reviews, conference abstracts,
comments, articles without sufficient data, or
published in language other than English were
excluded.

The data from included studies were extracted
by the two independent reviewers (L.M. and
Z.L.) and any inconsistency was resolved by
discussion with another reviewer (H.C.). If there
were several cohorts in the same article, they
were treated as independent study. The following
information from each record was extracted: first
author, year of publication, the ethnicity of study
subjects, study design, genotyping method, and
sample size, demographics, allele, and genotype
distribution in PCV and nAMD.

The distribution of genetic variants between
PCV and nAMD from all included studies were
pooled. Three genetic models were used, includ-
ing allelic, dominant, and recessive models.
The effect size was assessed using a summary
odds ratio (OR) and its 95% confidence inter-
vals (CIs) of each SNP. The software, Review
Manager software (RevMan, version 5.3.5, The
Cochrane Collaboration, Copenhagen, Denmark)
was used for statistical analysis. The I? statistic
was adopted to assess the heterogeneity among
the studies. The I* values correspond with no
(<25%), low (25%—-50%), moderate (50%—75%),
and high heterogeneity (>75%). If the I* value
was >50%, the fixed effects model was used in
the meta-analysis, otherwise, the random effects
model was used. A summary P value <0.05 was
considered statistically significant. We performed
a sensitivity analysis by omitting one study at a
time and calculating the pooled ORs for the

remaining studies. Funnel plots were constructed
to assess potential publication bias.

8.3  Results of Updated

Meta-Analysis

Our literature search yielded a total of 1315
reports published between February 1, 2015, and
September 27, 2018, from EMBASE, PubMed,
Web of Science and Chinese Biomedical
Literature Database. Out of these, 502 articles
were excluded due to duplicates. After assessing
the titles and abstracts, a further 606 reports with
unrelated topics were omitted. For the remain-
ing 107 studies, the full-texts were retrieved and
reviewed. Another 89 reports were excluded,
among which 62 studies were on AMD but not
PCV, 2 were reviews, 23 were non-genetic stud-
ies, and 1 was a case report. Finally, 18 articles
were eligible for the meta-analysis. A further 66
studies published before 2015 that were used in
our previous meta-analysis were added. However,
19 of these studies were excluded because they
only studied in PCV patients. Thus, a total of
65 studies were included in the meta-analysis.
Figure 8.1 shows the flowchart of literature inclu-
sion and exclusion with the specification of rea-
sons and Table 8.1 shows the characters of the
included studies.

In these 65 studies, both PCV and nAMD were
assessed for associations with a total of 57 SNPs
in 20 genes or loci (i.e., ARMS2, HTRAI, CFH,
VEGF-A, C2, CFB, SKIV2L, CETP, 8p21, 4q12,
ELN, LIPC, LPL, FGD6, ABCAIl, ABCGI, PGF,
TLR3, LOXLI, and PEDF; Table 8.1). In total, 11
SNPs at the ARMS2-HTRA I locus and 1 in FGD6
showed significant differences between PCV and
nAMD (Tables 8.2 and 8.3). There was no sig-
nificant difference between PCV and nAMD in
the remaining 45 SNPs (Table 8.4).

There are 12 studies tested the most-
investigated SNP, ARMS?2 rs10490924, involving
2361 PCV and 2138 nAMD patients (Table 8.2)
[3, 12, 15, 22, 26, 27, 35, 36, 38, 43, 44, 78].
The frequency of the T allele was significantly
lower in PCV than in nAMD (summary OR
0.69; 95% CI 0.63-0.75; P = 5.50 x 107!
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Fig.8.1 Flow chart of EMBASE 423 + Pubmed 276 +Web of Science 616 +Chinese Biomedical
literature screen Database 0 Total: 1315

——— > 502 duplicates

|81 3 records

after duplicates removedl

—— > 606 unrelated records

|107 Full-texts detail reviewed| Excluded studies with reason

1. Subjects were AMD, not PCV: 62
——— > 2. Review: 2
3. Non-genetic study: 23

|18 articles from 01/02/2015 to 27/09/2018| 4. Case report: 2

66 articles before 2015 were added
rom our previous meta-analysis

19 studies that only investigated
PCV but not AMD patients were
excluded

_— >

65 studies included

Table 8.2 and Fig. 8.2). The association was also
statistically significant in both dominant and
recessive models (OR = 0.64, P = 8.80 x 1078
and OR = 0.62, P = 1.47 x 1071 respectively;
Table 8.3 and Fig. 8.2). The results of the sensi-
tivity analysis found that the association remains
significant after omitting any single included
cohorts (data not shown). And there was no
asymmetry on the funnel plots (Fig. 8.5). There
are 8 other SNPs in ARMS2, namely rs3750848,
rs36212731, rs36212732, rs36212733,
rs3750846, rs10664316, c.372_815del443ins54
and rs2672587, were evaluated in 2 to 3 cohorts,
and also showed significant differences between
PCV and nAMD (ORs values between 0.48 and
0.71, P values between 7.19 x 10~ and 0.05;
Table 8.2).

There are seven studies tested the HTRAI
SNP rs11200638 in 1362 PCV and 1364 nAMD
patients [3, 14, 18, 43, 44, 57, 73]. The A allele
frequency was lower in PCV compared to nAMD,
with a summary OR of 0.75 (95% CI, 0.67-0.84;
P = 2.14 x 1075, Table 8.2 and Fig. 8.3). The
association was also statistically significant in
both dominant and recessive models (OR = 0.67,
P =0.006 and OR =0.70, P =9.87 x 10~ respec-
tively, Table 8.3 and Fig. 8.3). The results of
the sensitivity analysis found that the associa-
tion remain significant after omitting any single
included cohorts (data not shown). And there
was no asymmetry on the funnel plots (Fig. 8.5).
Another HTRAI SNP, rs2672587, was also evalu-
ated in two cohorts, and showed significant dif-

ferences between PCV and nAMD (G allele; OR,
1.41;95% CI, 1.07-1.85; P = 0.01; Table 8.2).

The SNP rs77466370 in FGD6 was studied
in 3318 PCV and 2457 nAMD patients from
five cohorts. The summary OR for the T allele
was 1.86 (95% CI, 1.48-2.35; P = 1.29 x 1077,
Table 8.2 and Fig. 8.4). The association was statis-
tically significant in the dominant model but no in
the recessive model (OR = 1.89, P =1.52 x 107’
and OR = 2.19, P = 0.27 respectively; Table 8.3
and Fig. 8.4). The results of the sensitivity analy-
sis found that the association remain significant
after omitting any single included cohorts (data
not shown). And there was no asymmetry on the
funnel plots (Fig. 8.5).

8.4 Discussion

Genetic variants are important risk factors for both
nAMD and PCV. This updated systematic review
and meta-analysis compared the distribution of
genetic variants between nAMD and PCV. The
results showed that 57 SNPs in 20 genes had
been investigated in both PCV and nAMD in the
same cohorts. The pooled outcomes showed 11
SNPs at the ARMS2-HTRA locus and 1 SNP in
FGD6 had significant differences between PCV
and nAMD. The results are robust because the
sensitivity test found consistency when omitting
any included studies. There was no publication
bias found on the funnel plots. There was no sig-
nificant difference between PCV and nAMD in
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Table 8.4 Gene variants not significantly different between PCV and neovascular AMD

PCV vs.
Associated vs. nAMD
reference No. of  (sample P
Region Gene Polymorphism Ethnicity genotype cohorts  size) OR (95% CI) P (%)
1932 CFH rs800292 Asian Avs. G 12 3344 vs. 0.98 0.57 24
2803 (0.90-1.06)
AA+AG vs. 0.99 0.91 9
GG (0.90-1.10)
AA vs. 1.01 0.88 0
AG + GG (0.84-1.23)
1932 CFH rs1061170 All Cvs. T 3 1127 vs. 0.86 0.11 0
ancestries 1268 (0.72-1.03)
CC + CT vs. 0.87 0.20 0
TT (0.71-1.08)
CC vs. 0.71 0.19 0
CT+TT (0.42-1.19)
1932 CFH rs1410996 All Tvs.C 3 617 vs. 0.99 0.94 64
ancestries 867 (0.73-1.80)
TT + TC vs. 0.96 0.81 49
CcC (0.68-1.34)
TT vs. 0.89 0.56 6
TC + CC (0.61-1.31)
1932 CFH rs529825 All Avs.G 2 423 vs. 0.98 0.96 85
ancestries 712 (0.48-2.00)
AA+AG vs. 0.98 0.96 84
GG (0.43-2.22)
AA vs. 0.66 0.13 35
AG + GG (0.38-1.13)
1932 CFH 1rs3766404 Asian Cvs. T 2 249 vs. 1.14 0.55 0
523 (0.74-1.75)
CC + CT vs. 1.10 0.68 0
TT (0.70-1.75)
CC vs. 1.39 0.72 0
CT+TT (0.22-8.64)
4ql12 rs1713985 Asian Gvs. T 6 2062 vs. 0.99 0.86 0
1611 (0.90-1.10)
GG + GT vs. 0.99 0.93 0
TT (0.87-1.13)
GG vs. 0.97 0.79 0
GT +TT (0.77-1.22)
4q35.1 TLR3 rs3775291 Chinese T vs.C 2 201 vs. 1.25 0.15 0
172 (0.92-1.70)
TT + TC vs. 1.47 0.08 0
cC (0.95-2.26)
TT vs. 1.15 0.66 0
TC + CC (0.61-2.17)
6p21 c2 rs547154 Asian Tvs. G 5 1439 vs. 1.08 0.55 16
1428 (0.84-1.40)
TT + TG vs. 1.09 0.54 19
GG (0.83-1.42)
TT vs. 1.16 0.83 0
TG + GG (0.29-4.62)
6p21 CFB rs4151667 All Avs. T 4 858 vs. 1.19 0.53 0
ancestries 973 (0.70-2.04)

(continued)
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Table 8.4 (continued)

Region

6p21

6p21

6p21

6p21.1

6p21.1

6p21.1

7q11

7q11

Gene

CFB

SKIV2L

SKIV2L

VEGF-A

VEGF-A

VEGF-A

ELN

ELN

Polymorphism Ethnicity

1rs2072633

rs429608

rs401775

1rs833069

rs833069

rs943080

1s884843

1513239907

Asian

Asian

Chinese

Asian

Asian

Asian

Asian

Asian

Associated vs.

reference
genotype
AA+AT vs.
TT

AA vs.
AT+TT
Gvs. A

GG + GA vs.
AA

GG vs.

GA + AA
Avs. G

AA+AG vs.
GG

AA vs.

AG + GG
Cvs. T

CC + CT vs.
TT

CC vs.
CT+TT
Gvs. T

GG + GT vs.
TT

GG vs.
GT+TT
Gvs. T

GG + GT vs.
TT

GG vs.
GT+TT
Cvs. T

CC + CT vs.
TT

CC vs.
CT+TT
Gvs. A

GG + GA vs.
AA

GG vs.

GA + AA
Gvs. A

No. of
cohorts

PCV vs.

nAMD
(sample
size)

1190 vs.

905

985 vs.
847

1295 vs.

1357

362 vs.
327

681 vs.
526

487 vs.
371

760 vs.
665

766 vs.
683

OR (95% CI) P

1.11
(0.63-1.96)
NA

1.02
(0.90-1.15)
1.01
(0.82-1.23)
1.04
(0.85-1.27)
1.77
(1.12-2.81)
1.79
(1.12-2.85)
NA

1.01
(0.84-1.22)
1.02
(0.83-1.24)
1.06
(0.49-2.30)
1.61
(0.82-3.17)
1.67
(0.81-3.44)
2.22
(0.64-7.76)
1.05
(0.89-1.24)
1.00
(0.79-1.26)
1.19
(0.87-1.63)
0.87
(0.69-1.10)
0.85
(0.64—1.12)
0.91
(0.47-1.73)
0.94
(0.81-1.09)
0.93
(0.74-1.16)
0.91
(0.70-1.19)
0.97
(0.83-1.13)

0.72

NA

0.75

0.94

0.71

0.01

0.02

NA

0.90

0.88

0.88

0.17

0.16

0.21

0.59

0.98

0.28

0.25

0.24

0.76

0.41

0.52

0.49

0.70

(%)

NA

22

47
45

NA

88
79
84
28

33

41

43

31

15
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Table 8.4 (continued)

PCV vs.
Associated vs. nAMD
reference No. of  (sample
Region Gene Polymorphism Ethnicity genotype cohorts  size) OR (95% CI) P (%)
GG + GA vs. 0.91 0.56
AA (0.66-1.25)
GG vs. 0.99 0.89 0
GA + AA (0.80-1.22)
7ql1 ELN rs2856728 Asian Cvs. T 3 758 vs. 1.05 0.84 85
670 (0.63-1.75)  0.22
0.90
(0.76-1.06)
CC + CT vs. 1.09 0.75 80
TT (0.64-1.87)
CC vs. 0.83 0.68 69
CT+TT (0.34-2.03)
7ql1 ELN rs868005 Asian Cvs. T 3 650 vs. 1.06 0.54 26
539 (0.87-1.29)
CC + CT vs. 1.13 0.32 16
TT (0.89-1.42)
CT vs. TT 1.15 0.46 32
(0.79-1.67)
7ql1 ELN rs2301995 All Avs. G 5 1203 vs. 1.09 0.67 80
ancestries 1305 (0.74-1.59)
AA+AG vs. 1.14 0.59 80
GG (0.70-1.86)
AA vs. 0.77 0.17 14
AG + GG (0.53-1.12)
8p21.3 LPL rs12678919 Asian Gvs. A 2 827 vs. 0.99 0.89 0
997 (0.81-1.20)
GG + GA vs. 1.02 0.83 0
AA (0.82-1.27)
GG vs. 0.54 0.17 28
GA + AA (0.23-1.31)
CC vs. 3.42 0.17 0
CT+TT (0.59-19.64)
8p21.3 LPL rs12678919 Asian Gvs. A 2 541 vs. 1.16 0.32 0
387 (0.86-1.57)
GG + GA vs. 1.18 0.32 0
AA (0.85-1.64)
GG vs. 1.20 0.77 0
GA + AA (0.35-4.17)
8p21 rs13278062 Asian Tvs.G 6 2062 vs. 1.00 0.96 0
1611 (0.91-1.10)
TT + TG vs. 1.01 0.94 0
GG (0.88-1.15)
TT vs. 1.01 0.94 0
TG + GG (0.83-1.22)
AA vs. 1.86 0.25 43
AC + CC (0.65-5.37)
8p23.1 ANGPT2 152515487 Asian Avs.C 3 627 vs. 1.05 0.62 18
595 (0.88-1.25)
AA+AC vs. 1.05 0.66 0
CcC (0.84-1.32)

(continued)
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Table 8.4 (continued)

Region

8p23.1

8p23.1

8p23.1

8p23.1

9q31.1

10q26

10926

10926

Gene

ANGPT2

ANGPT2

ANGPT2

ANGPT2

ABCAI

ARMS?2

ARMS?2

HTRAI

Polymorphism Ethnicity

1s2922869

rs13255574

rs4455855

rs11775442

rs1883025

rs2736912

rs3750847

rs11200644

Asian

Asian

Asian

Asian

Chinese

Asian

Asian

Asian

Associated vs.
reference No. of
genotype cohorts
AA vs.

AC + CC

Tvs.C 3

TT + TC vs.

CC

TT vs.

TC + CC

Cvs. T 3

CC +CT vs.

TT

CC vs.

CT+TT

Gvs. A 3

GG + GA vs.

AA

GG vs.

GA + AA

Avs. G 3

AA+AG vs.

GG

AA vs.

AG + GG

Tvs.C 3

TT + TC vs.

CC

TT vs.

TC + CC

TT vs.

TC + CC

Tvs.C 2

TT + TC vs.

CC

TT vs.

TC + CC

Tvs.C 2

TT + TC vs.

CC

TT vs.

TC + CC

Cvs. T 2

CC +CT vs.
TT

PCV vs.
nAMD
(sample
size)

627 vs.

595

627 vs.
595

627 vs.
595

627 vs.
595

779 vs.
657

229 vs.
212

519 vs.
505

281 vs.
182

OR (95% CI) P

1.11
(0.73-1.68)
1.15
(0.96-1.37)
1.25
(0.81-1.91))
1.18
(0.94-1.47)
0.99
(0.80-1.22)
0.99
(0.51-1.90)
0.98
(0.77-1.25)
0.93
(0.79-1.10)
0.90
(0.66-1.22)
0.92
(0.73-1.17)
0.92
(0.75-1.13)
0.86
(0.46-1.60)
0.92
(0.73-1.17)
0.98
(0.82-1.17)
0.98
(0.79-1.21)
0.96
(0.61-1.53)
2.83
(0.59-13.45)
1.17
(0.45-3.04)
1.10
(0.37-3.28)
3.42
(0.56-21.04)
0.84
(0.69-1.01)
0.97
(0.67-1.41)
0.44
(0.30-0.66)
1.40
(0.94-2.09)
1.35
(0.87-2.11)

0.63

0.12

0.31

0.16

0.91

0.97

0.86

0.41

0.50

0.50

0.42

0.64

0.49

0.82

0.84

0.88

0.19

0.74

0.86

0.19

0.06

0.88

4.91E

-05

0.10

0.18

)2
(%)
0

78

80

86
53
0

0
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Table 8.4 (continued)

PCV vs.
Associated vs. nAMD
reference No. of  (sample P
Region Gene Polymorphism Ethnicity genotype cohorts  size) OR (95% CI) P (%)
CC vs. 3.42 0.17 0
CT+TT (0.59-19.64)
10q26  HTRAI rs7093894 Japanese A vs.C 2 281 vs. 1.41 0.06 0
184 (0.99-2.01)
AA+AC vs. 1.43 0.08 0
CC (0.95-2.16)
AA vs. 1.86 0.25 43
AC + CC (0.65-5.37)
10q26  HTRAI rs3793917 Asian Cvs.G 2 481 vs. 1.15 0.16 73
384 (0.95-1.40)
CC + CG vs. 1.34 0.08 46
GG (0.96-1.88)
CC vs. 1.09 0.56 64
CG + GG (0.82-1.45)
11q12.1 SERPINGI rs2511989 Asian Avs. G 2 628 vs. 0.90 0.30 22
1643 (1.75-1.09)
AA+AG vs. 0.93 0.50 0
GG (0.75-1.15)
AA vs. 0.82 0.84 61
AG + GG (0.12-5.46)
14q24.3 PGF 1s2268615 Asian Gyvs.C 2 423 vs. 0.74 0.01 0
403 (0.58-0.93)
GG + GC vs. 0.60 0.11 0
CcC (0.32-1.13)
GG vs. 0.70 0.01 0
GC +CC (0.53-0.93)
14q24.3 PGF 1s2268614 Asian Gyvs.C 2 423 vs. 0.75 0.02 0
403 (0.59-0.95)
GG + GC vs. 0.58 0.10 0
CcC (0.30-1.11)
GG vs. 0.74 0.03 0
GC +CC (0.56-0.98)
15q21.3 LIPC rs493258 Chinese  Gvs.T 2 483 vs. 1.12 0.31 0
357 (0.90-1.41)
GG + GT vs. 1.15 0.33 0
TT (0.87-1.52)
GG vs. 1.23 0.47 0
GT+TT (0.70-2.19)
15q21.3 LIPC rs10468017 Chinese T vs.C 3 804 vs. 1.02 0.83 0
587 (0.83-1.26)
TT + TC vs. 1.03 0.79 0
CcC (0.82-1.31)
TT vs. 0.97 0.92 0
TC + CC (0.49-1.91)
15q24.1 LOXLI rs1048661 Japanese T vs. G 2 195 vs. 0.80 0.15 0
139 (0.58-1.09)
TT + TG vs. 0.77 0.35 0
GG (0.45-1.32)
TT vs. 0.73 0.18 0
TG + GG (0.46-1.16)

(continued)
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Table 8.4 (continued)

PCV vs.
Associated vs. nAMD
reference No. of  (sample 7
Region Gene Polymorphism Ethnicity genotype cohorts  size) OR (95% CI) P (%)
16q13 CETP 1rs3764261 Chinese T vs.C 3 774 vs. 1.09 0.34 0
587 (0.91-1.31)
TT + TC vs. 1.11 0.37 0
CcC (0.89-1.38)
TT vs. 1.12 0.66 0
TC + CC (0.68-1.85)
16q13 CETP 1rs2303790 Chinese G vs. A 2 170 vs. 1.21 0.11 80
143 (0.96-1.51)
GG + GA vs. 1.20 0.13 78
AA (0.95-1.52)
GG vs. NA NA NA
GA + AA
17p13.3 PEDF rs1136278 Asian Tvs. G 2 317 vs. 1.07 0.73 65
247 (0.72-1.61)
TT + TG vs. 1.29 0.47 70
GG (0.64-2.58)
TT vs. 0.91 0.64 0
TG + GG (0.62-1.34)
21q22.3 ABCGI rs57137919 Asian Avs. G 3 627 vs. 1.16 0.11 0
616 (0.97-1.39)
AA+AG 1.18 0.16 0
vs.GG (0.94-1.47)
AA vs. 1.29 0.27 0
AG + GG (0.82-2.04)
21g22.3 ABCGI 1225396 Asian Tvs.C 3 627 vs. 1.12 0.19 0
616 (0.95-1.32)
TT + TC vs. 1.14 0.24 0
cCc (0.91-1.44)
TT vs. 1.19 0.30 0
TC + CC (0.86-1.65)

Gene symbols: ABCAI ATP-binding cassette-sub-family A (ABC1)-member 1; ARMS2 age-related maculopathy suscepti-
bility 2; C2 complement component 2; C4orf14 nitric oxide associated 1; CETP cholesteryl ester transfer protein-plasma;
CFB complement factor B; CFH complement factor H; ELN elastin; HTRA 1 HtrA serine peptidase 1; /IGFBP7 insulin-like
growth factor binding protein 7; LIPC lipase-hepatic; LOC389641 uncharacterized LOC389641; LOXLI lysyl oxidase-like
1; PEDF pigment epithelium derived factor; POLR2B polymerase (RNA) II (DNA directed) polypeptide B; REST RE1-
silencing transcription factor; SKIV2L superkiller viralicidic activity 2-like; TLR3 toll-like receptor 3; TNFRSF10A tumor

necrosis factor receptor superfamily-member 10a

CI confidence interval; nAMD neovascular age-related macular degeneration; OR odds ratio; PCV polypoidal choroidal

vasculopathy

the remaining 45 SNPs in CFH, VEGF, C2, CFB,
SKIV2L, CETP, 8p2l, 4q12, ELN, LIPC, LPL,
FGD6, ABCAI, ABCGI, PGF, TLR3, LOXLI,
and PEDF.

The similarity and difference of PCV and nAMD
attracted the interest in investigating the genetic
susceptibility between them. There was a large

sample size study investigated the genetic variants
of 34 AMD loci for PCV and nAMD in East Asians
[75]. The results showed that PCV and tAMD were
highly correlated (r, = 0.69, P = 4.68 x 107 in
genetic variants. Weaker association for PCV com-
pared to nAMD was found at ARMS2-HTRAI
and KMT2E-SRPK2. The different association
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PCV nAMD Odds Ratio

Odds Ratio

Goto 2009 JPN 114 200 134 200 5.0% 0.65 [0.43, 0.98]

Hayashi 2010 JPN 558 1018 521 810 22.7% 0.67 [0.56, 0.81] -
Lima 2010 Caucasian 35 110 319 736 4.9% 0.61 [0.40, 0.93] -
Bessho 2011 JPN 144 238 86 136 3.7% 0.89 [0.58, 1.38] -1
Fuse 2011 JPN 56 120 68 100 3.4% 0.41[0.24,0.72] -
Tanaka 2011 JPN 412 762 333 506 15.9% 0.61 [0.48, 0.77] -
Yanagisawa 2011 JPN 235 396 229 362 B4% 0.85 [0.63, 1.14] -
Liang 2012 Chinese 199 324 226 312 7.7% 0.61 [0.43, 0.85] -
Cheng 2013 Chinese 110 166 134 188 3.7% 0.79 [0.50, 1.24] - 1
Zhang 2013 Chinese 307 500 232 314 9.5% 0.56 [0.41,0.77] -
Yoneyama 2014 b JPN 400 666 206 314  9.7% 0.79 [0.60, 1.04] /]
Woo 2015 Japanese 141 222 196 308 52% 0.99 [0.69, 1.42] I
Total (95% CI) 4722 4286 100.0% 0.69 [0.63, 0.75] ¢

Total events 2711 2684 . ) . )

Heterogeneity: Chi* = 15.56, df = 11 (P = 0.16); I? = 29% r

Test for overall effect: Z = 8.10 (P < 0.00001) T O

-

b

PCV nAMD Odds Ratio Odds Ratio
Goto 2009 JPN 82 100 82 100 4.0% 1.00 [0.49, 2.06] -1
Hayashi 2010 JPN 387 509 338 405 24.4% 0.63 [0.45, 0.88] -
Lima 2010 Caucasian 29 55 250 368 8.3% 0.53 [0.30, 0.93] -
Bessho 2011 JPN 95 119 60 68  4.2% 0.53[0.22, 1.25] - |
Fuse 2011 JPN 38 60 44 50  4.8% 024009, 064
Tanaka 2011 JPN 287 381 207 253 16.6% 0.68 [0.46, 1.01] ]
‘Yanagisawa 2011 JPN 156 198 155 181 9.3% 0.62 [0.36, 1.07] - 1
Liang 2012 Chinese 139 162 136 151 5.4% 0.67 [0.33, 1.33] -
Cheng 2013 Chinese 70 83 84 94  33% 0.64 [0.27, 1.55] - 1
Zhang 2013 Chinese 213 250 146 157  7.2% 0.43[0.21,0.88) -
Yoneyama 2014 b JPN 275 333 133 157  8.5% 0.86 [0.51, 1.44] - 1
Woo 2015 Japanese 96 111 134 154 41% 0.96 [0.47, 1.96] -1
Total (95% Cl) 2361 2138 100.0% 0.64 [0.54, 0.75] <
Total events 1867 1769 ) . . )

Heterogeneity: Chi? = 9.61, df = 11 (P = 0.57); P = 0% !
Test for overall effect: Z = 5.35 (P < 0.00001)

01 02 0.5 2 5 10
Favours PCV Favours nAMD

-

¢ PCV nAMD Odds Ratio Odds Ratio
l..‘ 2, DGO ] o L & o) Ml AL L ACLE .‘ IA' = ACL J .4' b
Goto 2009 JPN 32 100 52 100 5.8% 0.43 [0.24, 0.77]

Hayashi 2010 JPN 171 509 183 405 22.0% 0.61 [0.47, 0.80] =

Lima 2010 Caucasian 3] 55 69 368 26% 0.53 [0.22, 1.29] -
Bessho 2011 JPN 49 119 26 68  3.2% 1.13 [0.61, 2.08] -
Fuse 2011 JPN 18 60 24 50 3.0% 0.46[0.21, 1.02] I —

Tanaka 2011 JPN 125 381 126 253 16.6% 0.49 [0.36, 0.68] -
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Fig. 8.2 Forest plots of meta-analysis comparing the SNP rs10490924 at ARMS2 between PCV and nAMD. (a) allele
frequencies; (b) dominant model; (¢) recessive model
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Fig. 8.3 Forest plots of meta-analysis comparing the SNP rs11200638 at HTRAI between PCV and nAMD. (a) allele

frequencies; (b) dominant model; (¢) recessive model

of ARMS2-HTRAI variants between PCV and
nAMD was confirmed in this meta-analysis. But
KMT2E-SRPK?2 was investigated in only one study
and therefore no meta-analysis was performed. In
2016, an article using exome sequencing identi-
fied a rare variant, rs77466370, in FGD6 was sig-
nificantly associated with PCV (OR = 2.12) but not
with CNV (OR = 1.13) [70]. Our meta-analysis
confirmed that most genetic polymorphisms were
distributed similarly between nAMD and PCV, But

also some polymorphisms had a statistically signif-
icant difference between PCV and nAMD. These
results suggest that PCV and nAMD have shared
the majority of genetic background, while the dif-
ferences of ARMS2-HTRAI locus and FGD6 vari-
ants may be correlated with the differences in the
pathologic and clinical manifestations of PCV and
nAMD. The molecular mechanisms underlying
their differences in pathogenesis remain to be fur-
ther investigated.
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frequencies; (b) dominant model; (¢) recessive model

ARMS2-HTRAI locus located at chromosome
10g26. It was one of the most strong associated
locus with AMD [79, 80]. There are many SNPs
in this locus and they are in strong linkage dis-
equilibrium. ARMS?2 was expressed in the mito-
chondria of the outer segment of photoreceptors
[81]. The function of ARMS2 was suggested to
be associated with loss of function of RPE [81].
HTRAT1 can inhibit transforming growth factor-
fin chronic inflammation [82]. In the HTRAI
transgenic mice model, retinal pigment epithe-
lium atrophy, photoreceptor degeneration, and
grape-cluster structure in choroidal vasculature
were reported, which is similar to the PCV phe-
notype [83]. However, our meta-analysis found
that the effect size of ARMS2-HTRAI locus was
weaker in PCV compared to nAMD. Further

functional studies are needed to elucidate the role
of ARMS2-HTRA locus in PCV/nAMD.

FGDG6 located at chromosome 12q22. FGD6
expresses in all human tissue but has a higher
level of expression in retina and choroid, espe-
cially in retinal microvascular endothelial cells.
Rs77466370, c.986A > G (p.Lys329Arg), is a
rare variant with the minor allele frequency of
0.02-0.03 in normal subjects. FGD6-Arg329
has a different pattern of intracellular local-
ization from FGDG6-Lys329. In vitro, FGD6
could promote endothelial cells tube formation,
furthermore, FGDG6-Arg329 promoted more
abnormal vessel development in the mouse ret-
ina than FGD6-Lys329 [70]. These functional
studies support the role of FGD6 in the patho-
genesis of PCV.
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Fig. 8.5 Funnel plots of the meta-analysis comparing rs10490924 (a—c), rs11200638 (d—f) and rs77466370 (g-i)
between PCV and nAMD. (a, d, g) Allele frequencies; (b, e, h) dominant model; C, F, 1. recessive model

8.5 Summary

In summary, we pooled the results 57 SNPs in
20 genes that had been investigated in both
PCV and nAMD in the same studies. Among
them, 11 SNPs at the ARMS2-HTRAI locus and
1577466370 in FGD6 showed significant differ-
ences between PCV and nAMD, but the other
SNPs had similar distribution between PCV and
nAMD. Our results suggest that PCV and nAMD
have shared the majority of genetic components,
but the variants distributed differently between
these two conditions may explain the pathogenic
and clinical differences of PCV and nAMD.
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Abstract

Nowadays, GWAS meta-analysis is the pre-
ferred approach for gene discovery in genetic
studies to evaluate disease pathogenesis.
This chapter comprehensively reviews the
genetic epidemiology of primary open angle
glaucoma-related endophenotypes such as
optic disc parameters, including vertical cup-
to-disc ratio (VCDR), optic disc area (DA)
and cup area (CA), or risk factors such as
intraocular pressure (IOP) and central corneal
thickness (CCT).
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Primary open angle glaucoma (POAG) is the
most common cause of irreversible blindness in
the world [1]. The management of the disease
requires lifelong follow-up due to the chronic
nature of the disease. Glaucoma patients hence
make up approximately one-fourth of the out-
patient activity in eye hospitals across the world
[2]. This number is likely to increase given the
proportion of a rapidly ageing population and an
increase in the number of patients with glaucoma
[1, 3]. In spite of glaucoma being a significant
public health problem, the exact pathogenesis
of glaucoma is not fully understood. Among the
risk factors for glaucoma, positive family history
has been recognised as an important risk factor.
Early studies have shown that first-degree rela-
tives of glaucoma patients have an estimated ten
times risk of glaucoma as compared to the gen-
eral population [4].

In order to better understand the pathological
basis of the complex diseases, it is imperative
to begin by investigating whether susceptibility
to the disease has a genetic basis and evaluat-
ing the magnitude and type of this susceptibil-
ity. Once a genetic component is established,
the next step is to search for the genes that
cause or contribute to the disease. The two main
approaches for this evaluation are linkage and
association. Traditional linkage analysis based
studies have subsequently found out several
glaucoma causing mutations in genes like myo-
cilin (MYOC), optineurin (OPTN), glutathione
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S-transferase mu-1, WD repeat-containing pro-
tein 36 (WDR36), cytochrome P450 subfam-
ily I polypeptide 1 (CYPIBI), neurotrophin
4 (NTF4), ankyrin repeat and SOCS box-con-
taining protein 10 (ASBI0) and TANK-binding
kinase 1 (TBKI) [5-12]. This approach is how-
ever limited by its candidate gene approach
based on prior knowledge and is unsuitable to
evaluate pathophysiology of a complex poly-
genic disease like glaucoma.

Genes that cause diseases, however can have
different variations, such as single nucleotide
polymorphisms (SNPs) and copy number varia-
tions (CNVs). The pathogenic effect of the
genetic variations can also vary from weakly
to strongly pathogenic or even protective. Thus
an alternative to conventional linkage analysis
i.e. genome-wide association studies (GWAS),
have been commonly used for glaucoma genetic
studies. GWAS is used to compare the genetic
profile of SNPs across the entire genome in
affected cases and unaffected controls. This is to
evaluate the association of a particular genomic
region with a certain trait or disease. GWAS
tests more than a million SNPs for association
with a disease phenotype or other trait in order
to adequately cover the genome. Subsequently,
statistical tests are performed using a multiple
testing correction threshold significance of 5E-8
(rather than P < 0.05) after adjusting for cor-
related and linked SNPs. Then a replication
study is performed in an independent cohort to
verify the findings and to reduce false-positive
findings. Earlier smaller GWAS used to lack
statistical power to identify weaker signals with
small genetic effects. Currently, meta-analysis,
with much bigger sample size, is the most com-
monly used method for new gene discovery. It is
vital to however consider, that most of the asso-
ciated SNPs that are identified in GWAS studies
are common variants, have small effect size and
many unaffected people carry these risk alleles.
Thus the results from these studies need to be
carefully evaluated and interpreted for optimal
clinical application. Recently several GWAS
studies focussed on the associations between

SNPs and intermediate traits associated with
glaucoma as these traits are less complex than
interpreting the disease as a whole.

The complex pathogenesis of glaucoma can
be thus be reduced by studying quantitative
traits of glaucoma, such as optic disc parameters,
including vertical cup-to-disc ratio (VCDR),
optic disc area (DA) and cup area (CA), or risk
factors such as intraocular pressure (IOP) and
central corneal thickness (CCT). These traits are
defined as endophenotypes as they are associated
with glaucoma in the population, are heritable,
can be found in an individual whether or not the
disease is present, and cosegregate, to an extent,
with the disease [13].

Heritability is used to quantify the genetic
component of endophenotypes. It ranges from 0
(no genetic effect) to 1 (a phenotype that is com-
pletely determined by genes). The heritability of
glaucoma endophenotypes is moderate to high:
0.72 for DA, between 0.48 and 0.66 for VCDR,
0.55 for IOP and 0.85 for CCT [14]. Thus the
study of these endophenotypes has its advan-
tages. These traits being quantitative continuous
variables and are less likely to be misclassified,
unlike the diagnosis of glaucoma which is a
binary variable. They can be studied in patients
without glaucoma and have a simpler genetic
basis than the disease itself. This strategy also
allows individuals to be ranked using genetic
risk scores as opposed to ranking individuals as
patients and controls. This is especially important
in a chronic disease like glaucoma as any control
may later become a case. Additionally commin-
gling analysis demonstrated that the presence of
a single major gene accounts for 18% of the vari-
ance of IOP in a population but could not give
evidence of a single major genetic determinant
for CCT [15, 16]. This highlights the impor-
tance of finding these genes that contribute to the
expression of the phenotype like IOP.

Nowadays, GWAS meta-analysis is the pre-
ferred approach for novel gene discovery in
genetic studies. Additionally, sophisticated sta-
tistical approaches offer ways to interpret large
data sets with more chances of uncovering vari-
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ants with small effect sizes. In this chapter, we
highlight the genes associated with glaucoma
endophenotypes and how this information has
improved our understanding of the disease. We
additionally review the epidemiology of these
traits to highlight the global variation in the
expression of these genes. Finally, we explore
the potential therapeutic applications and future
trends in genomic research.

9.1 Intraocular Pressure

IOP is the most important risk factor in
the development of glaucoma especially
POAG. Additionally being the only modifiable
risk factor for POAG:; reduction of IOP has been
shown to retard the progression of the disease in
glaucoma cases with and without elevated IOPs.
Population-based studies have shown a 16%
increased risk of glaucoma for every mm Hg
increase in IOP [17]. Thus as a reliably measur-
able endophenotype, IOP is an ideal target for
GWAS studies. Initial GWASs identified many
genetic loci associated with IOP, including GAS7,
TMCOI, GLCCII-ICAlI, ADAMTSIS8-NUDT?7,
FOXP1, FAMI25B and ARHGEFI2 [18-22].
Meta-analysis of large populations has identified
additional genomic regions, such as CAVI-CAV2,
ABO, MYOC, LMX1B, LMO7, NRIH3, FNDC3B,
RAPSN, PKHD1, ADAMTSS, HIVEP3, ANTXRI,
AFAPI, ARID5B, FOXOI and INCAI as addi-
tional IOP related loci [23-26].

With the availability of larger data sets in
2018, three large studies have come out with even
more loci that are associated with IOP. In a study
on over 100,000 patients of the UK Biobank, Gao
et al. identified 671 genotypic variants associated
with IOP, additionally, 103 of these are novel
loci. The novel IOP genes are LMXIB, NRIH3,
MADD and SEPT9. This study has been able to
account for 40.4% of IOP heritability from all
genotyped variants while the GWAS significant
variants explained 7.2%. This study highlights
the polygenic and pleiotropic nature of the IOP
loci [27]. Khawaja et al., evaluated a combined

cohort of 139,555 participants from UK Biobank,
EPIC Norfolk and 14 other studies from the
International Glaucoma Genetics Consortium
(IGGC), reporting a total of 112 loci with 68
novel loci. These variants collectively explain
17% of IOP variance in the EPIC Norfolk cohort
and 9% in the UK Biobank. These loci discov-
ered by this study suggest a strong role for angio-
poietin receptor tyrosine kinase signalling, lipid
metabolism, mitochondrial function and devel-
opmental processes underlying risk for elevated
IOP. In order to evaluate the relationship between
these IOP and POAG, they additionally tested for
association of the discovered loci in a clinically
diagnosed cohort of 3853 POAG cases/ 33,480
controls and self-reported (1500 cases/331,078
controls). In total, 14 SNPs were significantly
associated and showed a correlation between the
effect sizes for IOP and POAG [28]. Likewise,
using data from UK Biobank and IGGC,
MacGregor et al. reported 101 SNPs for IOP, and
85 of these were novel. They utilised these data
to derive an allele score based on the IOP loci
and loci influencing optic nerve head morphol-
ogy. They then evaluated this score in another
Australian cohort of 1734 people with advanced
glaucoma and 2938 controls. Individuals in the
top 5%, 10% and 20% of the allele scores were
at significantly higher risk of POAG relative
to the bottom 5%, 10% and 20%, respectively
(OR = 7.8, 5.6 and 4.2, respectively) [29]. This
highlights how IOP endophenotype associated
genomic data can be utilised in developing a
genetic test for glaucoma that can help in early
diagnosis.

Additionally, discovery of new genes is add-
ing insight into molecular pathway-based patho-
genesis of POAG, like genes associated with
extracellular matrix metabolism (ECM), trans-
forming growth factor-p (TGF-p) signalling,
tumour necrosis factor o (TNF-o) signalling,
vascular tone maintenance, rho kinase-associated
pathway and the regulation eye development
pathway. Table 9.1 summarises the GWAS stud-
ies that have helped in identifying loci that are
associated with IOP.
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Table 9.1 Summary of GWAS studies for intraocular pressure

No. of subjects

Population Discovery  Replication New Loci References Year
Netherland/UK, 11,972 7482 GAS7, TMCOI Van Koolwijk 2012
Australia, etal. [18]
Canada, Blue
Mountain
European 6236 TMCO1 Ozeletal. [19] 2013
Australia/UK 2175 4866 Tp21 near GLCCII, ICAI Blue Mountain 2013
Eye Study [20]
UK/European 2774 22,789 FAMI25B (MVBI2B) Nagetal. [21] 2014
European, Asian 27,558, 4284 cases, CAV1/CAV2, chromosome 1 1cluster Hysi et al. [23] 2014
7738 95,560 controls  (RAPSN, PTPRJ), FDNC3B, ABCAI,
ABO
European 8105 7471 ARHGEFI2 Springelkamp 2015
et al. [22]
European, 69,756 37,930 40 novel loci, with 14 showing Choquet et al. 2017
Latino, Asian, replication in the validation set. New  [26]
and African/ loci like HIVEP3, AFAP1, ARID5B,
European, Asian COL6AI, FOXO1, GLIS3, EFEMPI,
CAV2, INCA, ANTXRI and LPP
European, Asian 37,930 ADAMTSS Springelkamp 2017
et al. [25]
Australian, 3071 cases, 3853 cases, MYOF/CYP26A1, LINC02052/ Gharahkhani 2018
European 6750 33,480 controls  CRYGS, LMXIB and LMO7 et al. [24]
controls
European 133,492 11,018 cases and Evaluated 85 novel loci, confirmed MacGregor 2018
126,069 controls 53 in the replication set et al. [29]
European 115,486 Springelkamp LMXIB,NRI1H3, MADD and SEPT9  Gaoetal. [27] 2018
etal. summary  with 103 novel loci discovery
statistics
European 103, 382 36,173 68 novel loci, Total IOP loci 112, Khawajaetal. 2018
includes LRIG1, DGKG, ANKH, [30]
EXOC2, PKHDI, PDE7B, CTNBP2,
FXO032, LMXIB, ME3, ETS1,
VPS13C, CDHI1 and FANCA
9.2 Central Corneal Thickness identified 16 additional loci associated with CCT,

CCT is a highly heritable ocular quantitative trait
with up to 95% of its phenotypic variance due
to genetics [31]. The evaluation of glaucoma-
related traits with GWAS has led to the discovery
of several genes associated with this endopheno-
type in the past few years. GWAS, conducted in
European, Asian and Latino populations, have
identified SNPs in or nearby AKAP13, COL5AI,
COLSA2, FAMS53B, FOXOI, IBTK, LRRKI,
RXRA-COL5A1 and ZNF469 to be associated
with CCT [32-36]. A meta-analysis consisting
of European and Asian individuals subsequently

including LPARI and ARIDS5B [37]. Additionally,
WNT7B has also been found as a locus for CCT in
Latinos and South Indians [38, 39]. Iglesias et al.
conducted a large scale cross-ancestry GWAS of
over 25,000 individuals of European and Asian
descent. They reported additional novel loci for
CCT fromthe cohortnear LTBP1, STAG1,ARL4C,
NDUFAF6, ADAMTSS, DCN and POLR2A.
What is interesting to note is however that sev-
eral SNPs that they reported are lying in close
proximity to genes linked with Mendelian disor-
ders like Fuchs endothelial dystrophy (COLSA2,
AGBLI), Loeys-Dietz syndrome (TGFB2,
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SMAD3), Ehler-Danlos Syndrome (ADAMTS?2,
COL5AI), cornea plana (DCN-KERA), Marfan
syndrome (FBNI) and Brittle cornea syndrome
(ZNF469) [40]. These loci still however can
only explain around 8% of CCT heritability [37,
40]. Nevertheless with increasing evidence from
GWAS studies, the role of CCT as an endopheno-
type in glaucoma is becoming clearer. The role of
biological pathways like the collagen and ECM
(ADAMTS2, ADAMTSS, COL5SAI, ZNF469,
COL8A2, COL6A2, COLI2AI, FBNI, LOXL2,
LUM/DCN/KERA, THSB2), TGF-f signalling
(FBN1, FNDC3B, TGFB2, LTBPI), binding
processes (ARVCF, STAG), coagulation and fibri-
nolysis systems (HABP2), endocytic machinery
(STON2), skeletal morphogenesis (RUNX2),
embryonic development and cell growth (FGFI)
and mitochondrial processes (NDUFAF6) in the
disease process has also been explored [33, 37,
40]. Table 9.2 summarises the GWAS studies that
have helped in identifying loci that are associated
with CCT.

9.3  Optic Disc Parameters

Glaucoma-related optic disc parameters
include, but are not limited to vertical cup
disc ratio (CDR), optic disc area (DA), cup
area (CA) and rim area (RA). Since all these
parameters measure the optic disc, they have
been found to be inter-correlated. The CA has
a much higher coefficient of variation than the
RA and appears to drive the majority of varia-
tion in CDR. The CDR is also highly correlated
with the CA (correlation coefficient = 0.89)
and is the parameter most relevant clinically.
The DA conversely is the sum of the CA
and RA, both the disc rim and disc cup cor-
relations are also high (correlation coeffi-
cient > 0.6) [41]. Thus we look at these traits
together to understand the association of these
endophenotypes with glaucoma. Many loci
for quantitative optic nerve parameters have
been identified. Several are associated with
more than one optic nerve parameter: CDC7/

Table 9.2 Summary of GWAS studies for central corneal thickness

No of subjects
Replication/
Population ~ Discovery association New Loci Reference  Year
European 1445 824 COL5AI, AKAPI3 and AVGRS Vitartetal. 2010
[32]
Australian, 5058 FOX01, ZNF469 Lu et al. 2010
European [33]
Asian 5080 7349 COL8A2, RXRA-COL5A1 Vithana 2011
et al. [34]
Asian 7711 IBTK, CHSY I, intergenic regions of 7q11.2 Cornes 2012
and 9p23 et al. [35]
European 3931 1418 Confirmed RXRA-COL5A1 and ZNF469 Hoehn et al. 2012
[36]
Asian, >20,000 16 novel loci, including COL4A3, FNDC3B, Lu et al. 2013
European TBLIXRI, NR3C2, VKORCILI, LPARI, [37]
ARID5B, ARHGAP20, GLT8D2, SMAD3 for
both cohorts
Latino 3584 931 WNT?7B and confirmed NR3C2, IBTK, LPARI, Gao et al. 2016
RXRA-COL5A1, COL5A1, FOXOl, [38]
ARHGAP20, LRRK1, ZNF469
South Indian 195 WNT7B, DSC2, MIR622, MTHFDIL Fan et al. 2018
[39]
European, 17,803, 5008 cases/ 35,472 LTBPI, STAGI, ARL4C, NDUFAFG, Iglesias 2018
Asian 8107 controls for POAG ADAMTSS, DCN and POLR2A but could not et al. [40]

find correlation between POAG and CCT
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TGFpR3 and CARDI0 are associated with DA
and CDR, CDKN2B/CDKN2B-ASI, CHEK2,
HSF2, COL8AI, SSSCAI, SIX1/SIX6, BMP2
and RERE are associated with CA and CDR;
and ATOH7, SALLI and TMTC?2 are associated
with DA, CA and CDR [42-44]. Gharahkhani
et al. recently showed that an integrative
approach using meta-analysis of GWAS sum-
mary statistics from POAG and its correlated
traits (VCDR, CA, DA and IOP) is capable
of identifying new risk loci by increasing the
study statistical power [24]. Multiple GWASs
have previously identified loci associated with
more than one optic disc parameter and also
POAG. However, the limitation of currently
available GWAS data is that most of the data
are from the European populations. Replication
of loci like CDC7- TGFJBR3, ATOH7, COLSAI,
CDKN2B/CDKN2BAS, BMP2 and CHEK?2 in
Asian and Latino population has subsequently
shown that different ethnicities share common
intermediates in glaucoma etiopathogenesis
[25, 44-46] It however appears that several
loci have not yet been replicated due to inter-
ethnic variations or sample size limitations.
With the availability of larger datasets and
newer integrative approaches to GWAS data
interpretation, more loci are likely to be identi-
fied in the coming years. Using GWAS from
optic disc parameters, pathways like cell cycle
arrest (CDKNIA, CDKN2B/CDKN2A and
CDC?7), retinal ganglion cell genesis (ATOH7)
and eye development (S/X6) have been postu-
lated to play a part in glaucoma development
[24, 43, 44, 46]. Building on this knowledge
researchers are developing multi-locus genetic
risk scores based on top SNPs in these associ-
ated genes which can be ultimately adopted as
a genetic test for glaucoma in the coming years
[30, 43]. Table 9.3 summarises the GWAS
studies that have helped in identifying loci that
are associated with optic disc parameters.

9.4  Retinal Nerve Fibre Layer

Thickness

As glaucoma is a neurodegeneration disease, reti-
nal nerve fibre layer (RNFL) thinning is one of the
most important changes related to either disease
onset or progression. The retinal nerve fibre layer
can also be easily measured by optical coherence
tomography (OCT). The heritability for RNFL
thickness is 0.48, which was estimated from 2620
people with mean age of 48 living in a small town
in The Netherlands [47]. Given this heritability
estimate, genetic factors appear to play an impor-
tant role in RNFL thickness as well as glaucoma
development. However, studies have uncovered
fewer glaucoma risk genes related to RNFL thin-
ning as compared to other glaucoma endopheno-
types such as IOP, CDR and CCT (Table 9.4).
The first two loci (DCLK3 and SIX1) show-
ing suggestive association with RNFL thickness
were identified in 2011 in the Dutch population
[48]. The most popular RNFL thickness asso-
ciated gene is SIX6 that has been reported in
several independent GWAS and experimental
studies. The first insight of the SIX6 missense
variant (rs33912345) was given in 2014 [49].
The authors showed that the RNFL thickness of
patients carrying homozygous SIX6 risk allele
(C allele of 1s33912345) was significantly lower
than patients carrying homozygous SIX6 refer-
ence allele (A allele of rs33912345). They also
provided a successful validation of this result in
the zebra fish model. In the same year, another
independent GWAS study conducted in the
Singapore Chinese Eye Study discovered the
same SIX6 risk allele for RNFL thinning [50].
In this study, the author did not only evaluated
the significance level of association, but also pro-
vided effect estimation of the risk allele in SIX6
using additive linear model adjusting for age,
gender, population stratification and axial length.
The estimated effect size was about—1.4 pm in
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Table 9.4 Summary of genetic studies on retinal nerve fibre layer thickness

Subjects
Replication/
Population Discovery association Loci References Year
Dutch population 1488 DCLKS3, Axenovich et al. [48] 2011
SIX1
NEIGHBOUR/ 262 cases/256 SIX6 Ulmer Carnes etal. 2014
GLAUGEN controls [49]
Singapore Chinese 1243 SIX6 Cheng et al. [50] 2014
European 231 SIX1-SIX6  Kuo etal. [51] 2015
Japanese 756 cases/ 3094 CDKN2B Yoshikawa et al. [52] 2017
controls
Japanese 2306 SIX1-SIX6  Yoshikawa et al. [S5] 2017
Japanese 565 cases/1104 607 cases/ 455 SIX6 Shiga et al. [53] 2017
controls controls

both patients with or without glaucoma. Another
SNP (rs10483727) located in-between SIX/ and
SIX6 was also identified to be significantly associ-
ated with RNFL in a European population with a
smaller effect size of —0.16 pm [51]. This SNP is
indeed in high linkage disequilibrium (> = 1) with
previously identified SIX6 SNP (rs33912345).
Another Japanese study performed a targeted
association analysis to investigate the relation-
ship between 26 tagging SNPs in SIX/-SIX6 locus
and 32 distinct regional circumpapillary retinal
nerve fibre layer thicknesses (cpRNFLTSs) sec-
tors. As a result, only one significant association
was detected between rs33912345 and cpRNFLT
in the inferior region at 292.5°-303.8°. In addi-
tion, the authors also examined the relationship
between cpRNFLT and rs10483727 which was
not included in tagging SNPs and further con-
firmed that this well-known RNFL-associated
SNP is actually associated with inferior region
cpRNFLT at 281.3°-303.8°. In another study to
evaluate the association of already reported four
glaucoma-susceptible genes to cpRNFLTs and
corresponding visual field defects, the CDKN2B
(AS1) gene was associated with RNFL in the
temporal region at 330°-360° and 0°-30°. These
region-specific signals corresponded to visual
field defects of the paracentral/lower hemifield
(P < 0.05) indicating that functional loss in glau-
coma corresponds to the presence of genetic risk
variants [52]. Another study on genetic factors
related to RNFL conducted in the Japanese popu-
lation estimated a much bigger effect (—2.16 pm)

of SIX6 risk allele (rs33912345) on RNFL thick-
ness [53]. Using SIX6 risk allele to model the
glaucoma condition, researchers were also able
to discover SIX6 risk allele induced gene expres-
sion changes, which may responsible for glau-
coma development or progression [54]. With the
availability of larger and well-characterised data-
sets like the UK Biobank, it is expected that more
genetic associations for RNFL thickness will be
uncovered in the next few years.

9.5 Integrating Endophenotypes

with Glaucoma

Till date more than 35 validated POAG loci have
been identified from GWAS studies. Table 9.5
summarises these loci. Optic disc parameters
associated loci (CDC7/TGFpR3, CDKN2B/
CDKN2B-AS1 and SIX1/SIX6), I0P associated
loci (CAVI/CAV2, ABCAI, ARHGEFI2, ANKH,
LMO7, DGKG, EXOC2, PDE7B and GAS7), CCT
associated loci (FNDC3B) and RNFL-associated
loci (SIX1/SIX6 and CDNK2B) are also important
POAG associated loci (Fig. 9.1).

This overlap and review of pathological pro-
cesses and intermediate association of endophe-
notype genes indicate that many of these loci are
regulators in pathways implicated in glaucoma
pathogenesis [68]. The integration of GWAS
data from endophenotypes has helped highlight
several pathways that can potentially be targeted
as treatment avenues for glaucoma. The poten-
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Table 9.5 Published genome-wide association studies of primary open angle glaucoma
Population New loci References Year
Japanese ZP4, PLXDC2, TMTC2 Nakano et al. [56] 2009
Japanese SRBD1, ELOVLS Meguro et al. [57] 2010
Iceland CAVI1/CAV2 Thorliefsson et al. [S8] 2010
Australian CDKN2BAS, TMCO1 Burdon et al. [59] 2011
US European SIX1/SIX6, 8q22 Wiggs et al. [60] 2012
Japanese CDKN2BAS,SIX1/SIX6 Osman et al. [61] 2012
Australian ABCAI, AFAPI1, GMDS Gharahkhani et al. [62] 2014
Asian ABCAI, PMM?2 Chen et al. [63] 2014
Multiethnic TGFpR3, FNDC3B Li et al. [64] 2015
European ARHGEFI2 Springelkamp et al. 2015
[22]
US European TXNRD2, ATXN2, FOXCI1, GAS7 Cooke Bailey et al. 2016
[65]

Australian- MYOF/CYP26A1, LINC02052/ CRYGS, LMXI1B, LMO7 Gharahkhani et al. [24] 2018
European

Asian LHPP, HMGA2, MEIS2, MAP3K1, LOXLI Shiga et al. [66] 2018
Multiethnic FMNL2, PDE7B, TMTC2, IKZF2, CADM2, DGKG, ANKH, Choquet et al. [67] 2018

EXOC2

Fig. 9.1 Relationship
between primary open

angle glaucoma and Optic Disc RNFL
glaucoma-related Parameters
endophenotype genes SIX1/SIX6 POAG
identified via GWAS TGFBR3 CDKN2B
LMO7, DGKG ZP4, PLXDC2, TMTC2,
N SRBD1, ELOVLS5, AFAP1,
GMDS, PMM2,TXNRD2,
IOP ATXN2, FOXC1, LHPF,
NI HMGA2, MEIS2,
ABCA1, ARGEF12, RS, LM,
ANKH. EXOC2 FMNL2, TMTC2, IKZF2,
b } T
PDE7B, TMCO1, cC CADM2
LMX1B, FNDC3B
MYOF/CYP26A1

tial use of short hairpin CAVI and CAV?2 silenc-
ing and control lentiviruses to modulate outflow
capacity of trabecular meshwork has already
been demonstrated [69]. GWAS data from
patients with congenital glaucoma shows the
additive role of partial gene mutations. The evi-
dence comes from angiopoietin-TEK signalling
pathway-based studies that show anterior cham-
ber development is dependent on TEK gene dos-
age. In childhood glaucoma, TEK mutations have

autosomal dominant transmission pattern with a
variable expression that can range from normal to
disease variants [70]. There are other glaucoma
associated genes like FOXCI, MYOC, SIX6 and
ANGPT]I which also contribute to the early onset
of glaucoma [71]. Studies to evaluate the associa-
tion between Mendelian linkage studies identified
glaucoma genes and rarer variants identified with
GWAS are generating new opportunities to inves-
tigate the cellular and molecular mechanisms
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behind the disease. The biggest challenge ahead
is however to perform functional validation and
detailed analysis of the in vivo function of these
GWAS identified genes in the eye. This requires a
lot of experimental data based on existing animal
models and the development of several new gene
knockout models. Only after carefully combining
human genetic and metabolomics data with ani-
mal and computational models, we can combine
several lines of evidence that can establish can-
didate genes for glaucoma therapeutic purposes.
In conclusion, these are exciting times for
researchers involved in GWAS analysis of glau-
coma and glaucoma-related traits. With the
availability of larger data sets, advanced bio-
informatics tools and innovative approaches to
integrate already available data into concurrent
research, future genetic studies appear to hold
the key to unlock the complex mechanisms that
underline glaucoma pathogenesis. Insight from
these studies has potential role in glaucoma man-
agement by generating therapeutic strategies that
can complement the reduction of IOP, and pre-
vent blindness from this irreversible disease.
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Abstract

Age-related macular degeneration (AMD) and
diabetic retinopathy (DR), the leading causes
of visual impairment in different ethnic
groups, are known to be multifactorial and
complex diseases with a strong genetic predis-
position. In recent years, the advent of
genome-wide association studies (GWAS)
and whole-exome sequencing (WES) has
greatly improved the screening and identifica-
tion of genetic variants in these complex reti-
nal diseases. In this chapter, we overviewed
and summarized recent major advances in the
association studies on AMD and DR in the
Chinese population. Based on these studies,
we found that the genetic variants in the
HTRAI, CFH, SKIV2L, CETP genes were
strongly associated with AMD. These genes
including HTRAI, CFH, CETP, ARMS2, C3,
FGD6, ABCG1, and ANGPT2, had significant
associations with polypoidal choroidal vascu-
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lopathy (PCV), one type of AMD. There were
also significant associations of several genes
with DR in the Chinese population. These
results further confirmed that genetic factors
play a critical role in the development of these
retina diseases.

Keywords

Association study - Retina diseases - Age-
related macular degeneration (AMD) Chinese
population - Diabetic retinopathy (DR)

10.1 Association Studies of Age-
Related Macular

Degeneration

Age-related macular degeneration (AMD), a pro-
gressive chronic disease of the central retina, is
the most common cause of irreversible vision
loss and blindness worldwide [1, 2]. As life
expectancy increases, the rising prevalence of
AMD has brought a socio-economic burden to
individuals and the whole society. Currently, it
has become a public health concern in China [3,
4]. Advanced AMD is broadly categorized as
geographic atrophy (dry) and neovascular age-
related macular degeneration (wet), which poses
a risk to severe visual impairment in older adults.
Polypoidal choroidal vasculopathy (PCV), a
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common subtype of neovascular AMD, is charac-
terized by polypoidal lesions in the choroidal
vasculature [5, 6]. Multiple environmental fac-
tors and genetic predisposition play a critical role
in AMD development. Cigarette smoking and
older age are the major risk factors for AMD
pathogenesis [7-10]. In addition, obesity and car-
diovascular diseases are also associated with an
increased risk of AMD [11-13]. However, the
etiology of AMD remains poorly understood. In
recent years, genome-wide association studies
(GWAS) and whole-exome sequencing (WES)
have been widely used to analyze the contribu-
tion of genetic variations to complex diseases
such as AMD and PCV [14] (Table 10.1).

In 2006, Dewan et al. and Yang et al. reported
that the same SNP rs11200638 in the promoter
region of HTRAI was strongly associated with
wet AMD in a Chinese cohort and a Caucasian
cohort, respectively. HTRA 1, a major genetic risk
factor for wet AMD, played a key role in AMD
susceptibility [2, 15]. An association analysis
was followed by Chen et al. and found that three
SNPs of the CFH gene, rs1329428, rs800292,
and rs3753394, carried an increased risk for exu-
dative AMD in the Chinese population [16]. In
2010, four SNPs in CFH, including rs3753394,
rs800292, rs106170, and 1s1329428, were
reported to be significantly associated with wet
AMD among Han Chinese in mainland China
[17]. In 2013, another study in a Chinese cohort
of 165 AMD patients and 216 controls validated
and found that two complement pathway genes,
CFH (rs800292 and rs1410996) and C2/CFB
(rs9332739 and rs4151667), contributed to AMD
[18]. Since 2013, several replication studies were
conducted to investigate the association of
rs429608 in SKIV2L with AMD in China. Liu
et al., Lu et al. and Ye et al. found a strong asso-
ciation between SKIV2L rs429608 and AMD [4,
19, 20]. In 2015, a genome-wide association
study (GWAS) was conducted across multiple
sites in East Asia, including 6345 exudative AMD
cases and 15,980 controls [21]. In this study,
CETP 152303790, an East Asian-specific muta-
tion, was reported to be strongly associated with
increased risk of AMD (OR = 1.70,
P = 560 x 1072). C6orf233, SLC44A4, and

FGD6 were identified as new AMD loci in East
Asians, two of which (SLC44A4 and FGDO6)
were coding, non-synonymous variants. The
results of the combined meta-analysis showed
that C60rf233 1s2295334, SLC44A4 rs12661281,
and FGD6 rs10507047 all reached the threshold
of genome-wide significant (P < 5 x 107%), pro-
viding new evidence for the genetic mechanisms
of AMD. Later, Huang et al. performed a whole-
exome sequencing study on 3988 neovascular
AMD cases and 8495 controls, and identified a
missense mutation, rs7739323, which is located
in the UBE3D gene. UBE3D rs7739323 was sig-
nificantly associated with AMD risk in East Asian
populations (OR = 0.74, P = 1.46 x 107?), indi-
cating an underlying role in nAMD pathogenesis
[22]. In 2016, SNPs rs2268615 and rs2268614 in
PGF were reported to be significantly correlated
with nAMD in the Chinese population [23].
Recently, Huang et al. replicated the genetic
association between coding and UTR variants
and wet AMD. SNP rs189132250 in BBX and
rs144351944 in FILIPIL were found to be asso-
ciated with wet AMD in a Chinese cohort [24].
Several association studies of polypoidal cho-
roidal vasculopathy (PCV), one type of AMD,
were also conducted in China. In 2008, Lee et al.
performed an association analysis in a Chinese
cohort and found evidence of the association
between CFH variants (rs3753394 and rs800292)
and HTRA I variants (rs11200638) and PCV [25].
Later, 11 SNPs of CFH were reported to be asso-
ciated with an increased risk of PCV, suggesting
that the complement pathway played an impor-
tant role in the pathogenesis of PCV [26]. In
2011, Zhang et al. found that rs10757278 on
9p21 was significantly associated with PCV in a
Chinese Han population [27]. Furthermore, there
was reported a significant association of PCV
with ARMS2 rs10490924 in a Chinese Han cohort
[28]. In 2013, SNP rs5882 in the cholesteryl ester
transfer protein (CETP) gene was strongly related
to PCV (P =2.73 x 107%) [29]. In 2014, Liu et al.
and Meng et al. confirmed a significant associa-
tion between CETP rs3764261 and PCV in a
Chinese study (P = 4.04 x 10~* and 0.0247,
respectively) [30, 31]. All results indicated that
high-density lipoprotein (HDL) metabolic path-
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way may be involved in PCV pathogenesis.
Additionally, C3 rs17030 was found to be
robustly associated with PCV (OR = 2.94,
P=0.008) [32].In 2016, a whole-exome sequenc-
ing study was performed in a Han Chinese cohort
of 194 PCV cases and 1253 control individuals
[5]. In this study, three SNPs reached the signifi-
cance threshold of P < 4.24 x 1077, including one
SNP in the ARMS2/HTRA1 locus (rs10490924),
and two SNPs in the CFH gene (rs3753396 and
rs1065489), all of which were robustly associ-
ated with PCV and CNV. Moreover, a missense
variant in the FGD6 gene, 1577466370, was iden-
tified as significantly associated with PCV
(OR =3.46, P = 6.11 x 107®) but not with AMD
(OR = 1.38, P = 0.37). Recently, Ma et al.
reported that two new susceptibility genes,
ABCGI (1s225396) and ANGPT2 (rs4455855
and rs13269021), were associated with PCV
[33, 34].

10.2 Association Studies
of Diabetic Retinopathy

Diabetic retinopathy (DR), a common and spe-
cific microvascular complication of diabetes mel-
litus, is the leading cause of vision loss in
working-age population around the world [35,
36]. The etiology and mechanism of DR are con-
sidered to be complex and multifactorial.
Furthermore, duration of diabetes, systolic blood
pressure (SBP), urinary albumin, and glycemic
control have consistently been identified as major
risk factors for the progression of diabetic reti-
nopathy [37-39]. Recently, the Lifeline Express
Diabetic Retinopathy Screening Program, carry-
ing out a multi-hospital-based cross-sectional
study across mainland China (both southern and
northern), determined the prevalence and risk
factors associated with diabetic retinopathy in the
Chinese population. In these investigations, the
age-gender-standardized prevalence of DR was
27.9% (95% CI, 27.2% to 28.6%), similar to that
in other population-based studies from Western
countries [40]. Both genetic and epigenetic fac-
tors play important roles in diabetic retinopathy
development [41, 42].

Diabetic retinopathy is a multifactorial disease.
Genome-wide association studies (GWAS) have
been widely employed in the field of diabetic reti-
nopathy genetics [43]. A total of two GWAS have
been conducted on diabetic retinopathy in the
Chinese population (Table 10.1). The first study
was performed to identify the susceptibility genes
that increase the risk of DR in a Chinese cohort of
174 DR cases and 575 controls [44]. In this study,
significant associations with DR were identified in
five novel loci: MYSM1, PLXDC2, ARHGAP22,
HS6ST3, and an unknown gene on chromo-
some 5q. The SNPs rs2811893 and rs12092121,
located in the MYSMI gene on chromosome 1,
were associated with a 1.50-fold increase in DR
risk (P = 3.09 x 1077). PLXDC2 (rs1571942)
and ARHGAP22 (rs4838605, rs11101355, and
rs11101357) were found to be correlated with
associated with DR, which were involved in endo-
thelial cell angiogenesis and increased capillary
permeability. The SNP rs2038823, an intronic
region of the HS6ST3 on 13q, was related to DR
(OR = 2.33, P = 4.68 x 107'"). And rs12219125
on chromosome 10p was also associated with DR
(OR = 1.62, P = 9.29 x 107°). Another genome-
wide association study identified three novel
loci: TBC1D4-COMMDG6-UCHL3  (1s9565164,
P = 13 x 1077, LRP2-BBS5 (rs1399634,
P =2.0x 107%), and ARLAC-SH3BP4 (152380261,
P = 2.1 x 107 in the Chinese discovery cohort
of 1007 individuals. These genetic regions were
involved in insulin regulation, inflammation, lipid
signaling and apoptosis pathways, which were pos-
sibly associated with DR. [45] In addition, Hu et al.
verified a significant association of SNP rs39059 in
CPVL/CHN?2 with diabetic retinopathy in Chinese
type 2 diabetic patients [46]. In 2015, the associa-
tion of KCNJI1 1s5219 with diabetic retinopathy
was replicated in the Chinese Han population with
T2DM [47]. Another Chinese study involving 618
cases and 400 controls confirmed a significant
association between CRP rs2808629 and DR, with
an OR of 1.296(P = 0.006) [48]. Later, a replica-
tion analysis revealed that rs17684886 in ZNRFI
and 1s599019 near COLECI2 were associated
with diabetic retinopathy and that rs6427247 near
SCYLIBPI and rs899036 near API5 were associ-
ated with the risk of severe diabetic retinopathy in
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the Chinese population [49]. In 2016, Cheung et al.
performed the cross-sectional case-control study to
validate the associations of the GWAS identified
DR-associated SNPs with severe DR in Chinese
patients with T2DM. SNP 152115386, an intronic
SNP in the INSR, was strongly associated with
severe DR and supported the role of insulin resis-
tance in the pathogenesis of DR [50]. Recently, Jin
and colleagues found evidence of the association
between SNP 15955333 on 6q25.2 and diabetic
retinopathy in the Chinese population [51].

Compliance with Ethical Requirements Li Gan, Bo
Gong, and Zhenglin Yang declare that they have no
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Abstract of CSNB, fundus albipunctatus, Oguchi dis-
ease, mutations in genes important for the
downstream signaling from the photorecep-
tors to the adjacent bipolar cells lead to the
Schubert-Bornschein-form of CSNB. In this
book chapter, phenotypic characteristics of
the different forms of CSNB are summarized
for an accurate diagnosis. Clear genotype-
phenotype correlations mentioned herein
should lead to an improvement of genetic
testing.

Congenital stationary night blindness (CSNB)
refers to a group of clinically and geneti-
cally heterogeneous retinal disorders. Few of
those are associated with fundus abnormali-
ties while the majority show largely normal
fundi. Clear genotype-phenotype correlations
can be performed for patients with the Riggs-
form of CSNB, fundus albipunctatus, Oguchi
disease, and the Schubert-Bornschein-form
of CSNB. In total 15 different genes were
associated with those showing more than 500
different mutations in more than 400 cases.
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present from birth. However, other clinical symp-
toms are not always reflected by the name: night
blindness may not be the chief symptom and is a
very subjective sign in the well-lighted environ-
ment of big cities. Similarly, not all cases show a
stationary disease; progression can be also noted.
In many cases diurnal vision is also affected:
reduced visual acuity, light sensitivity, high myo-
pia, nystagmus, and strabismus may be also diag-
nosed. However, using fundus examination and
electroretinography, patients can be precisely
clinically diagnosed, classified which will direct
the genetic strategy. Patients, for whom a genetic
analysis does not identify a known gene defect,
may harbor mutations in non-coding regions of
known genes underlying the same phenotype or
in a novel gene. For the latter ones, the respective
protein localization can be as well correlated to
the phenotype.

11.2 Epidemiology

To our knowledge, the frequency of CSNB in
the general population has not been documented.
This might be due to undiagnosed cases. Indeed,
specific clinical examinations are necessary to
correctly diagnose CSNB. In 2015 we summa-
rized genetic data of 300 index patients with
CSNB, previously published by us and others
[1]. Taking into account our newly collected
cases since then, we see that these numbers are
continuously growing. To date (February 2019),
in total, more than 500 different mutations have
been published. Similarly, since 2015 in more
than 180 novel index cases with CSNB from our
worldwide collaboration, the genetic cause was
resolved. In respect to the collection of our large
European cohort with inherited retinal disorders,
including ~5000 index cases, 2% of those present
CSNB.

11.3 Clinical Features

To correctly diagnose CSNB, fundus examination
and full-field electroretinogram (ffERG) incor-
porating the International Society for Clinical
Electrophysiology of Vision (ISCEV) standards
are essential [2]. Furthermore, documentation
of the mode of inheritance is important for the
proper classification of CSNB. Table 11.1 sum-
marizes the main clinical features of the different
forms of CSNB.

11.3.1 Riggs-Type of Congenital
Stationary Night Blindness:
A Form of Night Blindness
with Largely Normal Fundus

The Riggs-type of CSNB [4] represents a rod-
photoreceptor dysfunction. The ffERG shows
severely reduced scotopic responses. At low
light intensities (dark adaptation (DA) 0.01) the
b-wave is severely reduced or absent. At a bright
flash in addition to the b-wave reduction also the
a-wave is reduced (DA 10.0). This reflects pri-
mary rod-dysfunction. Photopic ERGs (LA 3.0
and LA 3.0 30 Hz) are normally consistent with
normal cone function. This form of CSNB has
been reported as autosomal dominant and auto-
somal recessive modes of inheritance with spe-
cific mutations in genes coding for proteins of the
rod phototransduction cascade. The phenotype is
relatively mild including night blindness no nys-
tagmus, and normal photopic visual acuity with
only a few cases showing myopia [1, 5, 6]. This
relatively mild phenotype may be the reason why
to date only few cases with this Riggs-type of
CSNB were described. Historically, this form of
CSNB was detected in the Nougaret family, com-
ing from Southern France, [7-11], and in another
family reported by Rambusch [12, 13]. In both,
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the phenotype was transmitted as an autoso-
mal dominant trait. A few cases with autosomal
recessive Riggs-type CSNB have been reported.
However, in the latter cases especially the phot-
opic responses are less consistent with the classic
Riggs-form of CSNB [14-16].

11.3.2 Fundus Albipunctatus: A Form
of Night Blindness
with Fundus Abnormalities

Fundus albipunctatus (FA) is characterized indi-
rectly by rod-photoreceptor dysfunction. Albeit
that the respective gene defect underlying this
disease is expressed in the retinal pigment epi-
thelium, the mutant form leads to the dysfunc-
tion of the recycling of rhodopsin, specifically
expressed in rod-photoreceptors. Therefore
patients are effectively “bleached” most of the
time. Thus the diagnosis cannot be made purely
by ISCEV standard ERGs as the recovery fol-
lowing extended DA needs to be confirmed [1].
At low light intensities (DA 0.01) the b-wave is
severely reduced or absent. At a bright flash in
addition to the b-wave reduction also the a-wave
is reduced (DA 10.0), which reflects primary rod-
dysfunction. Similar scotopic ERGs are found in
patients with the Riggs-form of CSNB. However,
in most patients, unlike Riggs-type CSNB, pro-
longed dark adaptation typically results in signif-
icant or complete recovery of rod-mediated ERG
amplitudes although there is phenotypic vari-
ability [17]. Photopic ERGs are mildly abnormal
in about half of the cases and often show flicker
ERG delay [1]. In addition patients with FA are
characterized by night blindness but visual acu-
ity, color vision, and visual fields are usually
normal. Strikingly, patients with FA have specific
fundus abnormalities. They often show small
white dots in the posterior pole and mid-periph-
ery with sparing of the macular region. Fundus
appearance may change with time from flecks
in childhood to fine dots with age that may fade
or increase over the years [1, 18-20]. Albeit FA
does not present a progressive rod-cone dystro-

phy showing optic nerve pallor, nor retinal blood
vessel attenuation, nor pigmentary bone spicule
migration in the periphery, phenotypic variabil-
ity leading to more progressive phenotypes have
been described [17, 21]. The disease is inherited
in an autosomal recessive fashion. Albeit only
one gene defect is associated with this disease,
founder mutations in the same gene are respon-
sible that this form is a relatively frequent cause
of CSNB [1].

11.3.3 Oguchi Disease: A Form
of Night Blindness
with Fundus Abnormalities

Oguchi disease (OD) is also characterized by
rod-photoreceptor dysfunction. Similar scotopic
ERGs are found in patients with the Riggs-form
of CSNB. At low light intensities (DA 0.01) the
b-wave is severely reduced or absent. Also here,
in response to a bright flash in addition to the
b-wave reduction also the a-wave is reduced (DA
10.0), which reflects primary rod-dysfunction.
After prolonged dark adaptation, rod sensitivity
recovers, and the ERG response to a single-flash
results in nearly normal a- and b-waves [22].
However, unlike FA, the ERG response to a sub-
sequent single bright flash is markedly attenu-
ated and similar to that recorded after short dark
adaptation (20 min). The abnormal desensitiza-
tion of the rod system to a repeated bright flash is
caused by continued activation of the phototrans-
duction cascade by rhodopsin molecules. This
continues until all the chromophore is recycled,
requiring a further extended period of DA [I,
23]. Photopic recordings are usually normal [24].
Patients affected with OD are congenitally night
blind, but have normal visual acuity, color vision,
and visual fields [1]. Similarly as in patients
with FA, patients with OD show specific fundus
abnormalities, known as the Mizuko-Nakamura
phenomenon: the fundus has a golden-yellow
discoloration that disappears after prolonged
dark adaptation [25, 26]. Although Oguchi dis-
ease is considered to be a stationary and rela-
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tively mild disease, some cases show more severe
phenotypes and disease progression [27-32].
Historically OD was first described by a Japanese
soldier complaining of night blindness. The dis-
ease is inherited in an autosomal recessive mode
of inheritance, with only a few cases described.

11.3.4 Schubert-Bornschein-Type
of Congenital Stationary
Night Blindness a Form
of “Night Blindness”
with Largely Normal Fundus

The Schubert-Bornschein-type of CSNB rep-
resents a signaling defect from photoreceptors
to bipolar cells. Similarly, as the Riggs-type of
CSNB, the ffERG show severely reduced sco-
topic responses. At low light intensities (dark
adaptation (DA) 0.01) the b-wave is reduced
or absent. However, unlike in the Riggs-type
of CSNB, in the Schubert-Bornschein-type of
CSNB, after stimulation with a bright flash, only
the b-wave is reduced while the a-wave is normal
(DA 10.0), resulting in an electronegative wave-
form [33]. The Schubert-Bornschein-type of
CSNB is the most common form of CSNB with
largely normal fundi. It can be further subdivided
into an incomplete (ic) and complete (c) form
of CSNB. This classification is based on ffERG
characteristics [34, 35] but is also in correlation
with the localization of the proteins implicated in
CSNB [1].

11.3.5 Incomplete Congenital
Stationary Night Blindness

The incomplete form of CSNB (icCSNB) is char-
acterized by both ON- and OFF-bipolar cell dys-
function. The ffERG shows reduced but present
scotopic responses to a dim flash. Therefore this
form was called incomplete CSNB [1]. At low
light intensities (DA 0.01) the b-wave is reduced
but present. At a bright flash, only the b-wave is
reduced, while the a-wave is normal (DA 10.0),

confirming normal rod phototransduction. This
results in the previously mentioned electronega-
tive ERG waveform [34]. The photopic responses
are severely affected: the LA 3.0 30 Hz ERG is
severely reduced and delayed with most hav-
ing a distinct bifid peak. The single-flash cone
ERG (LA 3.0) is also markedly subnormal with
a profoundly reduced b/a ratio such that the a-
and b-wave are usually of similar size [1]. Long-
duration stimulation shows abnormalities in both
ON- and OFF-responses [36]. Incomplete CSNB
gets sometimes misdiagnosed with cone dystro-
phy due to profound photopic alteration, but the
macula is usually normal unlike in cone dystro-
phies [1, 37]. However, in some cases, disease
progression and more severe phenotypes were
noted [38—42]. The incomplete form is a common
form of CSNB and has been mainly reported in
X-linked and in a few autosomal recessive cases
with mutations in genes coding for proteins pres-
ent at the synapse of photoreceptors. The pheno-
type of icCSNB is more heterogeneous than the
one observed of cCSNB (please see below) with
patients present with little or no night vision dis-
turbances [35, 43-45]. However, photophobia is
more common in icCSNB [44]. In addition, icC-
SNB patients may have myopia, hyperopia, nys-
tagmus, strabismus, reduced visual acuity, and
color vision defects [44].

11.3.6 Complete Congenital
Stationary Night Blindness

The complete form of CSNB (cCSNB) is char-
acterized by selective ON-bipolar cell dysfunc-
tion. The ffERG show severely reduced or absent
scotopic responses to a dim flash. Therefore this
form was called complete CSNB [1]. At low
light intensities (dark adaptation (DA) 0.01)
the b-wave is absent. At a bright flash only the
b-wave is reduced, while the a-wave is normal
(DA 10.0), confirming normal rod phototrans-
duction. This results in the previously mentioned
electronegative ERG waveform [34]. The phot-
opic responses are less altered in cCSNB com-
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pared to icCSNB: the LA 3.0 30 Hz ERG is often
of normal amplitude but it has a pathognomonic,
although it may have a flattened trough and may
show mild implicit time shifts. The single-flash
cone ERG (LA 3.0) has a normal a-wave ampli-
tude but with a broadened through; the waveform
has a sharply arising b-wave with no oscillatory
potentials and a mildly reduced b/a ratio [34, 46].
Long-duration stimulation shows selective abnor-
malities in the ON-responses [36]. Similarly,
as the incomplete form of CSNB, the complete
form of CSNB is also a common form of CSNB
with reported X-linked and autosomal recessive
reported cases with mutations in genes coding
for proteins mainly present at the dendritic tips
of ON-bipolar cells. Patients with cCSNB are
indeed congenitally night blind, have decreased
visual acuity, and often show myopia, nystagmus
and strabismus [1, 44]. Disease progression has
not been noted.

11.3.7 GNB3-CSNB

Recently a novel gene defect underlying CSNB
was identified [47, 48]. The phenotype cannot
be classified in one of the subforms mentioned
above [3]. Only a few cases have been described
so far and the phenotypes seem to be variable
even in those. At low light intensities (DA 0.01)
the b-wave is reduced. At a bright flash, only the
b-wave is reduced, while the a-wave is normal
(DA 10.0), confirming normal rod phototrans-
duction. The photopic responses are very vari-
able: the LA 3.0 30 Hz ERG can be reduced and
delayed. In the single-flash cone ERG (LA 3.0)
the a-wave is normal but can be delayed and the
b-wave is reduced and delayed. Long-duration
stimulation shows abnormalities of the ON- but
not the OFF-responses. Patients with mutations
in GNB3 may be night blind, showing myopia
and nystagmus. But these ocular features were
not observed in all patients. More patients with
the same gene defect to be identified in the future
may help to better classify this novel form of
CSNB.

11.4 Molecular Biology

Table 11.2 summarizes the major gene defects
underlying CSNB.

11.4.1 Gene Defects Implicated
in Congenital Stationary
Night Blindness

Inherited retinal disorders are clinically and
genetically very heterogeneous. While often it
is difficult to deliver clear genotype-phenotype
correlations, for CSNB it is possible. Indeed,
mutations in genes important for the rod pho-
totransduction cascade can lead to isolated
rod-photoreceptor dysfunction as found in the
Riggs-form of CSNB, in FA and OD (Fig. 11.1).
In contrast, mutations in genes important for the
signaling from photoreceptors to bipolar cells or
in genes important for the uptake of this signal
lead to incomplete and complete CSNB, respec-
tively. In vitro and in vivo models are in most
cases helpful models to dissect retinal signaling
and the pathogenic mechanisms implicated in
CSNB [1]. Table 11.2 summarizes the different
gene defects underlying CSNB, their chromo-
somal localization, the mode of inheritance, and
the link to OMIM. Figure 11.1 shows the reti-
nal localization of the molecules implicated in
CSNB in a schematic drawing.

11.4.2 Gene Defects Underlying
the Riggs-Type of Congenital
Stationary Night Blindness,
Fundus Albipunctatus,
and Oguchi Disease

Specific mutations in genes coding for proteins
important for the rod phototransduction cascade,
including RHO coding for rhodopsin, GNTAI,
coding for the a-subunit of transducin, PDE6B,
coding for the B-subunit of the phosphodiesterase
and SLC24A 1, coding for the solute carrier family
24 members 1 have been identified in autosomal
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Table 11.2 Gene defects of CSNB

Disease OMIM
Riggs-CSNB CSNBADI1
CSNBID # 613830 Autosmal #610445
recessive SLC24A1 #603617 CSNBAD?3 #610444
15 q22.31

CSNBI1G

#616389

CSNBAD?2 #163500

Fundus albipunctatus

Fundus albipunctatus
#136880

Oguchi Oguchi disease 1
#258100
Oguchi disease 2
#613411
Schubert-Bornschein CSNB2A
icCSNB # 300071
Schubert-Bornschein CRSD?
icCSNB #610427
Schubert-Bornschein Retinal cone dystrophy
icCSNB® 4
#610478
Schubert-Bornschein cCSNB  CSNB1A
#310500
Schubert-Bornschein cCSNB  CSNBI1B
#257270
Schubert-Bornschein cCSNB  CSNB1C
#613216
Schubert-Bornschein cCSNB  CSNBI1E
#614565
Schubert-Bornschein cCSNB  CSNBI1F
#615058
GNB3-CSNB CSNBI1H #617024

Mode of inheritance Gene defect OMIM  Localization
Autosomal RHO #180380 3q22.1
dominant

Autosomal GNATI #139330 3p21.31
dominant

Autosomal GNATI #139330 3p21.31
recessive

Autosomal PDEG6B #180072 4pl16.3
dominant

Autosomal RDH5 #601617 12ql13.2
recessive

Autosomal SAG #181031 2q37.1
recessive

Autosomal GRK1 #180381 13q34
recessive

X-linked CACNAIF #300110 Xpl11.23
Autosomal CABP4 #608965 11q13.2
recessive

Autosomal CACNA2D4 #608171 12pl13.33
recessive

X-linked NYX #300278 Xpll.4
Autosomal GRM6 #604096 5q35.3
recessive

Autosomal TRPM1 #603576 15q13.3
recessive

Autosomal GPRI179 #614515 17ql12
recessive

Autosomal LRIT3 #615004 4q25
recessive

Autosomal GNB3 #139130 12p13.31

recessive

2CRSD = congenital non progressive cone rod synaptic disorder
"Patient with this gene defect were previously diagnosed with icCSNB

dominant and autosomal recessive patients with
the Riggs-type of CSNB [1]. The Nougaret fam-
ily from the South of France had the p.Gly38Asp
mutation in GNATI [11]. In the meanwhile, two
other GNATI missense mutations were found in
two autosomal dominant families [49, 50] and
a homozygous GNATI missense mutation in
one autosomal recessive family [16], while the
Rambusch family had the p.His258 Asn mutation
in PDE6B [51]. To date, only a second autosomal
dominant family with a mutation in PDE6B was
found [52]. Similarly, only a few autosomal domi-
nant families revealed mutations in RHO [53-57]

and a few autosomal recessive families revealed
mutations in SLC24A1 [14, 15]. The exact patho-
genic mechanism of these mutations in genes
coding for proteins of the phototransduction cas-
cade, remains to be elucidated. Among others,
constitutive activation would indeed explain the
desensitization and reduced photo-response lead-
ing to night blindness [1].

Specific mutations in genes coding for proteins
important for the rod phototransduction cascade,
including RDHS5, coding for the retinol dehydro-
genase, SAG coding for arrestin and GRK cod-
ing for the rhodopsin kinase have been identified
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Fig. 11.1 Cellular role of proteins implicated in
CSNB. Fundus Albipunctatus is due to mutations in
RDHS5 and the respective protein is localized in the retinal
pigmented epithelium (RPE, in gray). Mutations in genes
coding for proteins localized in rod-photoreceptors (in
blue), such as RHO, GNAT1, PDE6B, SLC24A1, SAG,
and GRKI1 can either cause the Riggs-type of CSNB or
Oguchi disease. The icCSNB phenotype is attributable to

in patients with autosomal recessive FA (RDHY)
and OD (SAG and GRK1) showing some similar-
ities with patients with the Riggs-form of CSNB
but having additional fundus abnormalities. As
mentioned before specific phenotypes can be
recovered after extended DA. This correlates
with the function of the affected proteins. Indeed,
RDHS is responsible for converting 11-cis-retinol
into 11-cis-retinal in the retinal pigment epithe-
lium (RPE), and is thus involved in the recycling
of rhodopsin. Thus rhodopsin regeneration is
delayed, FA patients are effectively “bleached”

OFF-cone BC

ON-cone BC

defects in genes coding for proteins localized at the syn-
apse of both rod- and cone photoreceptors (CACNALIF,
CABP4, CACNA2D4) while cCNSB is due to mutations
in GRM6, GPR179, LRIT3, TRPM 1, NYX coding for pro-
teins involved in the ON-BC processing (RBC, strong
green and ON-cone BC, light green) while OFF-cone
bipolar cells (OFF-cone BC, orange) do not present these
proteins

but after long DA rhodopsin levels can be nor-
malized and thus the ERG [1]. OD patients have
mutations in SAG and GRK, both genes encod-
ing proteins involved in the deactivation process
of the phototransduction cascade [58, 59]. The
phenotype represents basically no shut-off of the
phototransduction cascade. After extended DA
the ERG and fundus phenotype can be restored.

Gene defects underlying the Schubert-
Bornschein-type of congenital stationary night
blindness a form of “night blindness” with
largely normal fundus.
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11.4.3 Gene Defects Underlying
Incomplete Congenital
Stationary Night Blindness

Mutationsin CACNAIF, coding for the a1 -subunit
(Cavl.4) of an L-type voltage-dependent calcium
channel, CABP4 coding for the calcium-binding
protein 4, and CACNA2D4 coding for the cal-
cium channel, voltage-dependent, «-2/8 subunit
4 lead to icCSNB or related cone rod dystrophies
with some overlapping phenotypes [1, 60-63].
The mutation spectrum comprises missense and
splice site mutations, large and small deletions,
and duplications. More recently we showed that
intronic and synonymous variants in CACNAIF
can also lead to a splice defect causing icC-
SNB [64]. The respective proteins are important
downstream of the phototransduction cascade,
by transmitting signals from the photoreceptors
to the adjacent bipolar cells. Indeed, they local-
ize at the photoreceptors and more specifically
in a horseshoe-shaped manner in rod and cone
photoreceptor synapse active zone within the
outer plexiform layer (OPL) [1, 65-67]. Together
these molecules are important for the correct
functioning of the calcium channel. During dark-
ness calcium ions are taken up by this channel,
leading to glutamate release at the synaptic cleft
[1]. Together, Cav1.4, CABP4, and CACNA2D4
form the pore are important to correctly targeting
the channel to the synaptic membrane, to modu-
late calcium currents, and to bind calcium ions
[1, 68-73]. Mutations in CACNAIF, CABP4, and
CACNA2D4 can be associated with loss or gain
of function with insufficiently expressed genes
resulting in an altered or non-functional calcium
channel activity disturbing the regulation of the
glutamate at the synaptic cleft. Different patho-
genic mechanisms have been associated with
the different mutations in these genes, which
may explain the phenotypic variability. Both rod
and cones make synaptic contacts with bipo-
lar cells. There are two types of bipolar cells:

ON- and OFF-bipolar cells expressing different
glutamate receptors and responding differently
to light. ON-bipolar cells express the metabo-
tropic glutamate receptor 6 (GRM6/mGIuR6)
[74-76] and depolarize in response to light [77-
79], while OFF-bipolar cells express ionotropic
glutamate receptors and hyperpolarize at light
offset [80-82]. ON-bipolar cells make synaptic
contacts with both rod and cone photoreceptors,
while OFF-bipolar cells only contact with cone
photoreceptors [83]. Since molecules implicated
in icCSNB localize in synaptic terminals of both,
rod and cones, as a consequence ON- and OFF-
responses in those patients are altered as shown
in the ERG by long-duration stimulation.

11.4.4 Gene Defects Underlying
Complete Congenital
Stationary Night Blindness

Mutations in GRM6, coding for metabotropic
glutamate receptor 6, GPRI79, coding for the
G-protein coupled receptor 179, LRIT3 coding
for the leucine-rich repeat, Ig-like and trans-
membrane domains 3 protein, NYX, coding for
nyctalopin and TRPM1, coding for the transient
receptor potential cation channel subfamily M
member 1 lead to cCSNB [84-91]. The muta-
tion spectrum comprises missense and splice site
mutations, large and small deletions, and dupli-
cations [1]. The respective proteins play their
role in ON-bipolar cells by receiving the signals
transmitted from the synaptic cleft. Indeed, they
localize at the dendritic tips of ON-bipolar cells
within the outer plexiform layer (OPL) and are
important for the depolarization of ON-bipolar
cells at light stimulation, leading to glutamate
decrease and TRPM1 channel opening at the end
of this cascade [77, 79, 86, 92-97]. Mutations in
these molecules lead to the absence of the b-wave
and of ON-responses as shown in the ERG by
long-duration stimulation.
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11.4.5 GNB3-Gene Defect

As mentioned above, the GNB3 gene defect can-
not be strictly classified in the different subforms
of CSNB. Thus we did not include the protein
localization of GNB3 in Fig. 11.1. GNB3 coding
for the P-subunit of the G-protein heterotrimer
(Gapy) is known to be expressed in cones and
ON-bipolar cells and modulates ON-bipolar cell
signaling and cone transducin function in mice
[98]. Due to its expression in cones as well in
ON-bipolar cells the dual phenotype associated
with GNB3 mutations maybe explained [47].

11.4.6 Laboratory

Genetic testing of CSNB patients is important for
genetic counseling of patients and their families to
distinguish from progressive retinal dystrophies
with similar phenotypic features [1]. For example,
night blindness is one of the first presenting signs
of progressive rod-cone dystrophy also called
retinitis pigmentosa. At a young age, patients
may initially show normal or near-normal fun-
dus appearance. Therefore in addition to accurate
phenotyping, molecular confirmation of CSNB
helps to correctly diagnose and counsel patients.
CSNB patient with largely normal fundus, a
Riggs-ERG, and autosomal dominant or auto-
somal recessive inheritance should be screened
for mutations in RHO = GNATI > PDE6B and
SLC24A1 > GNATI respectively. For patients
with an autosomal recessive mode of inheri-
tance and FA, RDH5 should be targeted, while
patients with autosomal recessive CSNB and a
phenotype suggestive of OD should be screened
for mutations in GRKI and SAG [1]. Patients
and especially male patients with the Schubert
Bornschein-type of CSNB should be first
screened in CACNAIF and NYX [1]. Both genes
are located on the X-chromosome and repre-
sent the major causes of this form of CSNB. If
a clinical discrimination of incomplete versus
complete CSNB is made, only CACNAIF or
NYX needs to be investigated. Our experience
showed that at least 80% of these cases show
mutations in one of those genes. Females and

excluded male patients with icCSNB could be
screened in CABP4 and CACNA2D4, especially
if they present with high hyperopia and photo-
phobia. Cases of cCSNB should be screened for
defects in TRPM1 > GRM6 > GPR179 > LRIT3.
In cases where no difference between icCSNB
and cCSNB is made the following mutation
detection strategy should be applied CACNAIF
> NYX > TRPMI > GRM6 > GPRI179 > CABP
4 > LRIT3 > CACNA2D4. We developed this
strategy, based on the prevalence of the specific
gene defects [1]. Our recent experience showed
that intronic variants and synonymous variants
may be also disease causing and should not be
overlooked [64]. In case only preliminary clinical
phenotyping data are available unbiased micro-
array analysis (ASPER, Ophthalmics, Tartu,
Estonia) [99, 100] and targeted next-generation
sequencing (NGS) could be applied [101]. The
prior method is based on allele-specific primer
extension analysis, which allows the detection of
known mutations. The array is regularly updated
with new mutations in known genes and muta-
tions that will be identified in novel gene defects.
However, since there are only a few mutation hot
spots and founder mutations in CSNB and their
implicated genes, targeted NGS approaches seem
to be more appropriate. Albeit, initially GC-rich
and repetitive regions were less well covered by
the latter methods, more recent techniques seem
to overcome these challenges. After exclusion of
mutations by the abovementioned method, tar-
geted whole genome sequencing, whole exome
or whole genome sequencing should be applied
to identify the disease-causing mutation.

11.5 Summary

Inherited retinal disorders are very heteroge-
neous and can be deciphered depending on the
congenital or progressive course of the disease
or by the type of retinal cell that is involved.
Herein we describe the genetic and phenotypic
characterization of Congenital Stationary Night
Blindness (CSNB). Depending on the mutated
gene, CSNB patients can present a rod-photo-
receptor defect (Riggs-type of CSNB) with or
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without fundus abnormalities (Oguchi Disease,
Fundus Albipunctatus) or a transmission defect
from the photoreceptor to bipolar cells (Schubert-
Bornschein type). The incomplete form of
Schubert-Bornschein type of CSNB is due to a
defect of proteins localized at the photoreceptor
synapse while the complete form results from a
ON-bipolar cell defect. Together with other clini-
cal symptoms, clear genotype-phenotype correla-
tions can be made as described herein.
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Abstract Here, we describe the current approaches
to genetic and genomic analysis in IRD, the
shortfalls and advantages of gene panel test-
ing, WES and WGS in the context of single
nucleotide, structural and copy number vari-
ants in coding, non-coding and intractable
genomic regions.

Looking ahead, the missing heritabil-
ity in IRD may be consequent on a number
of factors: new genes, ignored or undetect-
able variants, new diseases for known genes,
etc. Improved detection of genomic variation
afforded by WGS paired with expanded vari-
ant databases, advances in variant interpre-
tation, developing our understanding of the
effect of non-coding variation using mul-
tiomics and integrating deep phenotyping and
genomic data into machine learning tools will
be the driving forces in better diagnosis of rare

Inherited retinal disease (IRD) is a major
global cause of blindness caused by mutations
in a wide spectrum of genes essential to the
retinal structure, maintenance and function.
Current clinical diagnostic strategies in the
UK are focused on targeted gene panel test-
ing either by enrichment or virtually. Whole
exome and genome sequencing (WES and
WGS) have been used in rare disease genetic
discovery now for a decade and are being inte-
grated into many research pipelines and diag-
nostic strategies exemplified by the Genomics
England 100,000 genomes project.
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12.1 Background

Inherited retinal disease (IRD) defines a broad
spectrum of disorders characterised by retinal
cell dysfunction and/or cell death, together repre-
senting a leading cause of visual impairment and
blindness worldwide [1-3]. They affect an esti-
mated 1 in 2000 individuals and over two million
people globally [4].

The IRD spectrum of disease demonstrates
vast phenotypic variability across multiple
clinical parameters including the age of onset,
severity and progression and can be broadly clas-
sified based on the primary cell type affected, rate
of degeneration and whether the retinal disease
occurs in isolation or with additional systemic
features [4, 5]. Fundus imaging and functional
testing with electroretinography are used for deep
phenotyping and classification within IRD. The
most common form of IRD is rod-cone dystro-
phy (or retinitis pigmentosa, (RP)) which has
a prevalence of 1 in 4000 worldwide [6] while
the commonest single-gene recessive disease is
ABCA4-retinopathy with a carrier frequency esti-
mated at 1 in 25-50 [7, 8] .

Retinal disease is a common presenting fea-
ture of a number of syndromic conditions includ-
ing ciliopathies, lysosomal storage diseases and
metabolic disorders: Usher’s syndrome, Bardet
Biedl syndrome (BBS), Senior-Loken syndrome
and Joubert Syndrome being a few examples,
and inheritance patterns for both non-syndromic
and syndromic IRD can be autosomal dominant,
recessive, X-linked and mitochondrial [4].

12.2 Genetics of IRD

Since the discovery of RHO, as the first gene is
known to cause autosomal dominant RP by link-
age and Sanger sequencing of gene candidates
in 1990 [9], technological advancements have
enabled the discovery of over 270 genes respon-
sible for IRD (https://sph.uth.edu/retnet/) with
many thousands of pathogenic and candidate
variants now reported. There is indeed vast allelic
and genetic heterogeneity within IRD making
a hugely complex disease model. This can be

exemplified by broad phenotypic variability con-
sequent upon single genes and indeed single vari-
ants (eg: CRX) [10] and conversely many variants
in many genes leading to an almost indistinguish-
able phenotype (eg: rod-cone dystrophy or RP).
Some IRD genes also demonstrate incomplete
penetrance, such as PRPF31 which encodes
precursor mRNA-processing factor 31, a ubig-
uitously expressed protein that is required for
correct splicing of pre-mRNA transcripts [11].
Haploinsufficiency for PRPF31 leads to symp-
tomatic adRP in an estimated 50-60% of carriers
and the rescue of the phenotype is thought to be
consequent upon a second genetic determinant at
the same locus on the trans allele [12]. A molecu-
lar diagnosis is important for more accurate risk
predictions in these cases, where the inheritance
pattern will be more challenging to recognise.

12.3 Genetic Screening
Approaches

A molecular diagnosis provides many benefits to
patients and families with rare disease; it enables
the provision of more accurate information
regarding risk predictions, prognosis and investi-
gations, improved clinical care and management,
access to treatments (current or emerging) and
allows families to put a name to their genetic dis-
ease with associated non-clinical benefits.

Precise genotyping will become essential with
the expansion of gene therapy in research and
clinical settings [13, 14]. Of note, patients value
having a molecular diagnosis and the option of
predictive testing and are hopeful for emerging
therapies for family members [15].

Current genetic screening available for IRD
is territory dependant, in the UK this includes
single-gene test Sanger sequencing, targeted
gene panels and unbiased testing: whole exome
and whole genome sequencing (WES and WGS).
Deciding on the best option is directed by cost,
setting (i.e. research or clinical setting) and con-
fidence regarding the expected genotype. Where
the phenotype is highly suggestive of a specific
gene, such as BESTI [16], CHM [17], TIMP3
[18], EFEMPI [19], CIQTNF5 [20], Sanger
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sequencing is still likely to be the initial approach
to molecular diagnosis. However, in general, the
vast heterogeneity of IRD means that consecu-
tive sequencing of genes is an expensive, time-
consuming and logistically challenging approach
to establishing the molecular diagnosis [21].
Consequently, a comprehensive approach is
required if pathogenic variants are not to be over-
looked and for new genotype-phenotype correla-
tions to be discovered.

The development of massively parallel sequenc-
ing, also known as next-generation sequencing
(NGS) has revolutionised genetic discovery and
molecular diagnostic testing for IRD and other
Mendelian conditions [22-24]. NGS is a power-
ful high-throughput technology that can perform
parallel sequencing of DNA on a vast scale and
sequence an entire genome in a single experiment.
Such techniques are now more frequently becom-
ing the first-line diagnostic tool [21].

The spectrum of massively parallel sequenc-
ing platforms is broad, relying on a wide range
of targeting chemistries, read length, sequencing
technology and data processing. For example,
DNA library preparation for massively paral-
lel sequencing can be performed in a number of
ways, including enrichment through polymerase
chain reaction (PCR) amplification or captur-
ing regions with DNA probes or the relatively
unbiased PCR-free whole genome sequencing
(WGS). For the purpose of this review, we will
break down the methods based on this into three
sub-groups: targeted gene panel testing, whole
exome sequencing (WES) and WGS.

12.3.1 Targeted Gene Panels

In the UK, currently the commonest approach to
IRD molecular testing is using an NGS-based tar-
geted gene panel. Selected genes that are known to
be associated with IRD, and increasingly, regions
known to harbour pathogenic non-coding vari-
ants, are targeted for NGS using an enrichment
step. One of the first of these for IRD was a 105-
gene panel first trialled in RP cases [21]. Prior to
this, routine access to genetic testing for IRD was
limited in the UK to direct Sanger sequencing of

single genes which was predominantly aimed at
autosomal dominant RP and X-linked RP patients
[21] or microarray analysis for known mutations
(APEX array Asper Ophthalmics, Tartu, Estonia)
[25]. The introduction of NGS gene panel test-
ing was able to improve the diagnostic rates to
approximately 80% in adRP cases and from 24%
to 51% for broader IRD cohorts, demonstrating
the advantage of this technology and the impor-
tance of wider access to genetic testing [21, 26].
Diagnostic rates were much higher in a paedi-
atric cohort, with almost 80% of cases having a
molecular diagnosis confirmed across all paediat-
ric IRD [27]. Clinical assessment of children can
be challenging due to limited cooperation and
because the full phenotype may not yet be appar-
ent, so early molecular diagnosis can facilitate
the progress of children onto specific care path-
ways for screening and monitoring [27].

There are however several areas where tar-
geted gene panels will miss diagnoses. Perhaps
the greatest drawback of targeted panel testing is
that they may be out of date often even before
they can be properly implemented and continu-
ously require updates as novel gene discoveries
are made or important intronic variants in known
IRD genes are identified [27, 28]. When panels
are used in a clinical setting this requires exten-
sive validation procedures which will limit the
frequency of updates.

Furthermore, the ability of targeted enrich-
ment to identify structural variants (SV) and
copy number variants (CNV) is limited to read
depth analysis for detection of alterations in dos-
age afforded by high coverage depth of targeted
genes thus enabling effective detection of copy
loss/gain [29]. Structural rearrangements are
emerging as an important cause of IRD, account-
ing for significant proportions of disease alleles
in recent studies [30, 31] and include variants not
detectable by dosage analysis alone, for example,
inversions, translocations and complex structural
rearrangements with breakpoints rarely found in
coding regions and thus may evade detection [28,
32]. Alternative genetic approaches such as CGH
array and SNP array platforms may be used to
augment the diagnostic pipeline and can improve
diagnostic rates by an estimated 7% [33].
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An argument against expanded analysis
afforded by WES and WGS in the clinical set-
ting is that diagnostic reporting of genetic vari-
ants must be rigorously validated. Therefore,
clinical diagnostics must be focused on identify-
ing ‘provable’ disease-associated variants, those
being variants in known genes with a demon-
strable protein-altering pathogenic mechanism
be it the loss of function, damaging missense or
splice altering variants. Although variants identi-
fied outside of the protein-coding regions, deep
intronic and regulatory variants and novel gene
associations are of great interest for the advance-
ment of our understanding of the rare disease,
they are difficult for clinical scientists to inter-
pret. Therefore, the choice of genetic analysis for
clinical diagnostics is a complex and carefully
considered balance between the cost/benefit of
applying WES/WGS versus gene panels.

12.3.2 Whole Exome Sequencing

Targeting of massively parallel sequencing to
the exons of protein-coding genes, WES has
become the widest used method for variant
discovery studies in Mendelian disease in the
research setting since the first gene discovery
was reported a decade ago [22]. More recently,
WES has been evaluated for use in the clinical
diagnostic setting for IRD [31, 34-37]. With this
technique, a ‘virtual gene panel’ may be applied
targeting the analysis only on known IRD genes.
It is predicted that more than 85% of disease-
causing mutations are located in the exome [38].
Advantages of WES (and WGS) over panel-
based testing is that disease-causing variants in
off-panel genes are captured and as discoveries
are made, reanalysis of unsolved patient cohorts
is possible in light of new findings without the
need to perform additional and costly experi-
ments. Additional considerations with WES
(and WGS) include the potential for identifica-
tion of incidental findings; the American College
of Medical Genetics (ACMG) has provided a
recommended list of 59 highly penetrant genes
that ought to be reported when WES and WGS

are undertaken [39], although in the UK there is
still debate about reporting of secondary findings
[40-42].

WES has been reported to successfully iden-
tify the molecular cause of IRD in approximately
50-80% of cases in selected cohorts [34-37].
However, the coverage of known IRD genes by
WES has been reported to be less effective than
targeted panel tests [28, 43]. Consequently, clini-
cal services currently prefer panel testing as the
first-tier choice to IRD molecular diagnosis as it
is cheaper, quicker, more sensitive and limits sec-
ondary findings [28, 44].

One of the main limitations of WES is that
many regions of the genome known to harbour
well characterised pathogenic variants exist out-
side of the coverage of WES enrichment Kkits.
Therefore, it will not identify the increasing num-
ber of pathogenic non-coding variants account-
ing for a significant proportion of the missing
heritability in IRD [31]. In addition, like targeted
capture panels, enrichment is an integral part of
the library prep methodology, thus leading to an
artificially distributed coverage depth across the
exome and challenges with read depth interpreta-
tion for SV/CNV detection. This is compounded
by the fact that breakpoints in non-coding regions
cannot be identified making confident calling dif-
ficult in many cases and validation more compli-
cated, having to rely on qPCR, aCGH or MLPA
in many cases.

12.3.3 Whole Genome Sequencing

WGS is the most comprehensive short-read
sequencing technique for genome analysis,
enabling interrogation of over 95% of the 3 bil-
lion nucleotide human genome. Superiority over
other NGS technologies is evident from head-to-
head comparison of coverage, diagnostic rates
and by using WGS after other NGS methods
have failed to identify causative variants [45—48],
with Ellingford et al. [24] extrapolating a 29%
improvement of WGS over targeted gene pan-
els and Carss et al. [31] finding a 6% improve-
ment of WGS over WES. The reasons for the



12 Genome Analysis for Inherited Retinal Disease: The State of the Art

157

improvement in detection rates over other NGS
techniques are multiple, including identification
of pathogenic variants in non-coding regions, GC
rich regions and structural variations.

The introns of genes associated with
Mendelian disease may harbour pathogenic vari-
ants. Identifying pathogenic non-coding variants
amongst all of the benign variations is inherently
challenging: a frequent analogy being the ‘nee-
dle in a haystack’ due to the 3—4 million vari-
ants from the reference genome harboured in the
average [llumina short-read sequencing genome.
Therefore, accurate prediction of the effect of
non-coding variants will prove key in delineating
which variants are likely pathogenic [49].

Intronic variants are an important contributor
to IRD causation through disruption of flanking
splice sites and altering the strength of deeply
intronic cryptic splice sites, resulting in cryptic
splicing and protein disruption across many genes
including CHM, ABCA4, USH2A and CEP290
[24, 31, 50-55]. Causative intronic variants do
account for significant proportions of unsolved
cases with the CEP290 ¢.2991 + 1655A > G vari-
ant alone accounting for up to 21% of cases of
LCA [56].

Furthermore, exonic variants may evade
enrichment; GC rich regions are highly stable and
therefore resistant to the denaturation stage of
PCR resulting in poor coverage of these regions
in certain WES applications. Carss et al. [31]
demonstrated that in a patient with Leber con-
genital amaurosis, WGS identified heterozygous
variants in exon 1 of GUCY2D, which has GC
content of 76%, which at the time, WES would
not have captured.

CNV and SV detection and characterisation
using WES have inherent difficulties in that the
breakpoints are often not covered at all mean-
ing the only mechanism of detection available is
based on the read depth [57]. Although effective,
the lack of coverage uniformity that WES pro-
vides limiting and complex SV, inversions, trans-
locations, etc. will be impossible to determine
without a clear loss/gain. WGS on the other-hand
enables incorporation of read depth analysis and
split-read data analysis into bioinformatic pipe-

lines which can detect complex structural vari-
ants and resolve breakpoints to the nucleotide
level [31, 58, 59]. For example, in a patient with
typical RP, WGS identified a structural variant
in EYS which caused a 55 kb deletion (chr6:
65,602,819-65,658,187del) that encompassed
exons 15-18, with both breakpoints deeply
intronic, missed by WES [31]. With an estimated
5% of IRD patients harbouring a pathogenic SV/
CNYV, these variants are likely to account for a
significant proportion of missing heritability by
WES studies [31].

Finally, WGS also allows retrospective inter-
rogation of the data as new IRD genes and patho-
genic noncoding genes are discovered. Whilst
targeted gene panels do include some non-coding
variants the panels quickly become out of date.
For example, Elllingford et al. [32] discovered
intronic variants in ABCA4 and GPR9S, as well
as a new IRD gene (TRPM1), when completing
WGS in cases unsolved following a targeted gene
panel because they were unknown at the time of
panel design.

Areas that remain intractable to all NGS meth-
ods are those with highly repetitive regions and
homologous pseudogenes due to the inevitable
misalignment and mapping problems associated
with short-read sequencing in these regions [31,
32]. The final exon of RPGR (ORF15) is a key
example that highlights this issue and accounts
for the majority of X-linked RP and hence, addi-
tional testing with optimised Sanger protocols is
required to identify pathogenic variants for these
cases [31, 60]. This is an issue that single mole-
cule, long-read sequencing (aka third-generation
sequencing) should resolve with read lengths
of >20 kB enabling correct alignment and read
through of repetitive sequences [61].

In the UK, clinical genetics is undergoing a
revolution exemplified by the completion of the
sequencing of 100,000 genomes from 70,000
individuals as part of the Genomics England
100,000 genomes project (100KGP). Funded
by NHS-England, this study sequenced the
genomes of some 3500 NHS patients with IRD
[62]. Predominantly recruiting family trios (unaf-
fected parents with affected offspring) in the rare
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disease cohort provides unprecedented power for
providing individuals with molecular diagnoses
and making the discovery of new pathogenic vari-
ants and disease-associated genes, since de novo
mutations in affected individuals, compound het-
erozygosity and homozygosity are readily appar-
ent. Furthermore, it has launched the development
and integration of WGS within a mainstream
health service with the necessary infrastructure,
education, research and industrial partnerships
that are fundamental for NHS patients to benefit
and for management of the vast amounts of data
generated [63]. The cost-effectiveness of WGS
over other NGS technologies for IRD and other
disorders is not yet well characterised, and inter-
preting the health economics of these investiga-
tions is more complicated still [64]. However,
with the expansion and development of the
global genomic industry [65], the price of WGS
continues to fall and WGS is likely to become the
most cost-effective and comprehensive molecu-
lar diagnosis in IRD and similar conditions.
Genomics England Interpretation Partnerships
(GeCIP) have been established in this unique
project to combine the expertise of researchers
and clinicians to critically analyse the data from
the 100KGP and embed research in clinical care
[62, 66] with great promise for novel discoveries
in IRD genetics [67-69].

12.4 Missing Heritability
in Retinal Disease

Currently 40-60% [23, 24, 28, 31, 35, 37] of
cases remain without a molecular diagnosis fol-
lowing NGS, depending on cohort differences
and technologies used. There are a number of
explanations that may accumulatively explain the
missing heritability of IRD. Undetected variants
in known IRD genes: many patients who undergo
NGS testing are found to harbour a single dis-
ease allele in a compatible known recessive gene
[31]. In such cases, it is likely that an unidentified
variant in the same gene is present on the second
allele. As discussed above, intronic variant and
structural rearrangements including complex SV

are emerging as important disease alleles, per-
haps representing as high as 10-20% of muta-
tions. In addition, variants in regulatory regions
affecting promoters, enhancers and transcription
factor binding sequences are further areas that
remain difficult to elucidate. Several examples of
regulatory region pathogenic variants have been
well characterised to date in genes including
EYS, NMNATI and CHM [70-72].

As researchers and clinical scientists employ
less biased genetic strategies in the search for
causative variants in Mendelian disease, the spec-
trum of pathogenic variants in syndromic disease
genes becomes broader. There are many reports
now in the literature of non-syndromic IRD cases
with identified pathogenic or likely pathogenic
variants in syndromic disease genes. This emerg-
ing phenomenon may represent the mild end of
the syndromic disease spectrum with presumed
hypomorphic alleles [31, 73—77] or novel asso-
ciations, thought to represent different mecha-
nisms of disease [78]. These examples highlight
the importance of incorporating syndromic dis-
ease genes with a retinal component into targeted
gene panels as well as virtual panels for WES/
WGS in IRD testing strategies (https://panelapp.
genomicsengland.co.uk/).

12.5 Multiomics

Now that whole genome analysis is quickly
becoming the preferred tool of choice for
identification of disease-causing variants for
inherited disorders, it allows the identification
of reported or novel variants that can affect
gene expression, protein function, regulatory
sequences or protein level, including by SV/
CNV. However, the unbiased approach of read-
ing an entire genome comes with a liability of
overloading data.

Accomplishing the task of finding the causative
variant(s), and potentially novel disease-causing
genes, may be facilitated by the integration of
information from different omics approaches, as
well as patient phenotypic stratification and the
reference population. The next layer of informa-
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tion comes from the investigation of genomic,
epigenetics and cellular mechanisms that sheds
light on the interface of DNA-RNA-Protein
dynamics.

The DNA molecule harbours a great deal of
information beyond its linear sequence. In fact,
genes account for only 2% of the pool of genomic
material. The remaining 98% non-coding frac-
tion is mainly made up of repetitive sequences
that have a structural function in chromosome
topology, but other parts are conserved across
species and have regulatory activity. Cis-acting
regulatory elements account for 6% of DNA,
three times the equivalent of coding genes. But
how does it all connect?

The 2 metre-long DNA molecule is found in
the nucleus wrapped around octamers of 4 core
protein histones that have amino acids tails that
can be modified. The type of post-translational
modification (e.g.: acetylation and methylation)
and the amino acid location within the tail, impact
directly on how compacted the DNA is in that
particular stretch, and the different combinations,
similarly to the nucleotides, work as a histone
code. The linear gene sequence is composed of
the promoter region, the gene body that accounts
for the transcribed sequence, and the 5" and 3’
untranslated regions (UTRs). Actively tran-
scribed genes and regulatory sequences have open
conformations and specific histone modifications
(e.g.: Histone 3 Lysine 4 tri-methyl (H3K4me3),
H3K27ac), which are associated with euchroma-
tin, while repressed genes and elements are found
tightly compacted and are decorated with histone
marks associated with facultative heterochro-
matin (H3K27me3). A third state of chromatin,
constitutive heterochromatin is associated with
repetitive regions, including centromeric and
telomeric regions of the chromosome, mainly
supporting structural functions. These are deco-
rated by silencing marks (such as H3K9me3 and
H4K20me). Another level of information is the
sequence position. DNA is organised in domains
that are orderly insulated in the genome and pref-
erentially interact with specific sequence regions.
These are tightly associated with chromatin state.
Furthermore, within the interacting domain, we

find specific short or long-range cis-interacting
elements, also known as enhancers. When active,
these elements are bound by transcription activa-
tors or repressors that have a critical function in
gene regulation. Promoter-enhancer interactions
are often mediated by DNA looping [79] and are
maintained by specific architectural factors and
boundary insulator elements. The perturbation of
this 3D structure can lead to gene mis-expression
or ectopic expression [80, 81]. Therefore, faith-
ful genome organisation and chromatin acces-
sibility are key to ensure precise expression
patterns. Pinpointing the exact molecular mecha-
nisms driving genetic disease can be challenging,
especially in the context of tissue development.
The cell type can also exert a variance since the
same gene could have different expression pat-
terns and/or be regulated by different regulatory
elements [82]. Assessing enhancer function and
activity is hindered by the high level of enhancer
redundancy [83].

Genome-wide profiling of chromatin immuno-
precipitation sites for histone modifications and
transcription factors, as well as DNA interacting
domains by chromosome capture conformation,
are fast being employed in the context of eye dis-
orders and development [84-87]. Additionally,
DNA methylation, DNA accessibility (includ-
ing ATAC-seq), RNA sequencing of the different
coding and non-coding transcripts, and proteomic
assays, can further highlight genomic and genetic
components that are preferentially important in
the context of ocular development and disease
[86, 88-91]. These approaches have contributed
towards the identification of novel causative non-
coding variants in eye disease [92-95].

A pertinent example of the employment of
these NGS techniques is the discovery of the
causative variants for North Carolina macular
dystrophy (NCMD) and Progressive bifocal cho-
rioretinal atrophy (PBCRA), two rare dominantly
inherited disorders that affect central vision from
birth [reviewed in reference 18]. Two linked loci
had been identified at 5p21 and 6q16 [96-100],
and in spite of many gene-sequencing approaches,
no coding defect could be recognised. Moving
the approach to genome-wide scale finally unrav-
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elled the nature of the causal variants. So far 5
single nucleotide variants (SNVs) and 6 indepen-
dent tandem duplications were identified on both
loci. All 6 SNVs were found in two clusters in 6q,
15 kb and 7 kb upstream of the PRDM13 tran-
scription start site, where both clusters were found
located in DNase hypersensitive sites [92, 95].
The 3 tandem duplications at 6q also span these
sites and include PRDM 13 sequence duplication
[92, 101, 102]. In 5p21, three independent struc-
tural variants were identified with a combined
shared region of 39 kb. This critical region for the
phenotype is located in a gene desert downstream
of IRXI and upstream of ADAMTSI6 [92, 94].
DNase-seq from human foetal retina also identi-
fied active sites at a restricted time during retinal
development. Critically it was also proven that
NCMD and PBCRA may represent a spectrum
of the same disorder, dependent on the extent
of dysregulation of the target genes affected by
these regulatory variants. The most likely patho-
genic mechanism is a gain of function, although
it remains to be proven, due to constrains of mod-
elling macula development.

Advances in sequencing technologies have
also allowed the mainstream use of long-read
sequencing, which has opened new views on
novel RNA splicing variants and DNA struc-
tural variants complexity [103]. Additionally, the
decrease in cost has spiked the use of single-cell
technologies. Droplet-based single-cell sequenc-
ing was initially applied in adult mouse retina
[104]. More recently it was applied in develop-
ing and adult primate retinas [105-107]. In the
latest study, it was particularly used to compare
primate-specific cell types such as foveal cells
[106]. This has particular interest towards dis-
secting phenotypic aspects of eye disease, such
as macular disorders.

Large scale studies adapting trio-based
sequencing (GE 100KGP [62]; Deciphering
Developmental Disorders, [108]), have to lead the
way into personalised medicine. This approach
allows significant reduction of candidate vari-
ants, and additionally, allows phasing of genomes

and variants; de novo mutations and rare chro-
mosomic phenomenon can also be readily iden-
tified. Combined these events are responsible
for genetic diversity within the population and
potentially within different tissues of an individ-
ual, since they can occur as germline mutations
or in somatic tissue. This genetic diversity under-
lies human physiology and potentially accounts
for both rare and common diseases. Furthermore,
mosaicism may explain certain aspects of human
disease such as penetrance and severity of the
disorder [95, 109-111].

On certain occasions, even after the inte-
gration of all levels of information described
above, the number of variants of unknown sig-
nificance (VUS) can be substantial. VUS cannot
be systematically tested individually and despite
major improvements of in silico predictions
[112], there is still a high level of inaccuracy,
especially for the case of non-coding variants.
High-throughput techniques have emerged with
the potential to answer some of these questions.
Saturation genome editing (SGE) resorts to the
use of CRISPR-cas9 to create a library of hun-
dreds of mutations that are tested in vitro and
assayed in a single assay for a number of genes
[113]. A similar mutagenesis based method was
used to recreate 210 variants in Rhodopsin to test
the effect on the expression of the protein [114].
As with any technique, the limitations of both
these procedures are reliant on the metric used
for inferring the causal consequence on gene
expression.

The systematic combination of the different
molecular approaches allows the identification
of specific gene regulatory networks, adding
instrumental power to achieving a personalised
genomic analysis. Understanding the patho-
mechanism is fundamental for the patient and
family members’ prognostic, developing novel
therapeutic strategies and selecting suitable par-
ticipants for clinical trials. Non-coding variants
present great potential for new pharmacological
targets of intervention, since they avoid risk for
off-target gene sequence alterations [115].
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12.6 Imaging, Genetics
and Artificial Intelligence
for Inherited Retinal Disease

Analysis

In the era of big data and global collaborations,
computational methods are an essential part of
rare disease genetic diagnosis and researchers
in the IRD sphere are leading these advances.
Computational tools have long been used for
bioinformatics analysis for processing genetic
data but now are also becoming part of phe-
notype analysis and clinical decision support.
Combining approaches in genomic data inter-
pretation with phenotype analysis tools will lead
to better understanding through improved data
integration, which coupled with artificial intel-
ligence, will yield advances in genetic diagnosis
and improved efficiency in clinical practice.

Next-generation sequencing technologies such
as WGS offer us the most complete view of a
human genome yet. However, as described above
WGS detects hundreds of thousands of rare vari-
ants per individual posing a significant challenge in
the interpretation of disease causality. Furthermore,
many of these mutations occur in poorly character-
ised regions of the human genome.

Detailed phenotyping by experienced clini-
cians through careful patient interrogation and
clinical tests, such as electroretinograms and
detailed retinal imaging, can greatly aid the pro-
cess of identifying the likely disease-causing
mutations by identifying similarities with previ-
ously genetically diagnosed cases thus narrowing
the search space for genetic mutations.

The description and definitions of phenotypes
can vary widely between clinicians. This com-
plicates meaningful comparisons across genetic
cases and makes it harder to identify genes to
phenotype correlations in IRD. This also makes
computational analysis of phenotypes intractable.
There have been many efforts to standardise phe-
notypes through the introduction of controlled
vocabularies of clinical terms using encoding
schemes such as SNOMEDCT and the UMLS
[116]. For rare diseases such as IRD, the Human

Phenotype Ontology (HPO) [117] is established
as the favoured option and is now adopted by
large projects such as the 100,000 genomes proj-
ect led by Genomics England.

HPO terms are used in computational
approaches to prioritise disease-causing variants
and uncover novel gene to phenotype associa-
tions. Exomiser [118] prioritises variants based
on phenotype similarity with published OMIM
conditions, model organisms and gene pathways.
Bevimed [119] uncovers gene to phenotype rela-
tionships based on phenotype similarity regres-
sions using Bayesian statistics.

HPO descriptions are a first step towards
enabling the integration of phenotype and genetic
data to match patients with similar clinical fea-
tures. Nonetheless annotating genetic cases with
HPO terms still requires manual input which is
difficult to fit into the already busy clinical work-
flow of large ophthalmic hospitals. Therefore,
solutions are sought which facilitate the collec-
tion of HPO terms such as, making them part of
the electronic health record entry system [120],
by extracting these terms automatically from
patient notes using natural language process-
ing techniques, or even directly from imaging,
ERGs or visual fields, are sought. A limitation of
HPO terms is that they rely on subjective clinical
terms. A more objective approach is to directly
analyse the primary source of these HPO terms
such as the imaging data.

Retinal imaging technologies are now widely
and extensively used in ophthalmology due to
modern advances in the field such as Optical
Coherence Tomography (OCT), which allows
detailed imaging of the layers of the retina, detec-
tion of oedemas, drusen and various other features
symptomatic of retinal disease. Additionally,
given the accessibility of the eye, retinal imag-
ing is both very efficient and cost-effective and
is now not only part of routine care at ophthalmic
hospitals but also available to community opti-
cians [121]. However, the interpretation of these
images requires expertise acquired through years
of training, and for IRD in particular, which are
very rare and thus hard to recognise, these images
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need to be inspected by clinical experts with in-
depth knowledge of genetics, of which they are
very few worldwide.

Such an IRD expert may be able to recognise
the pattern of retinal deterioration which are gene
specific and make prognosis as to the develop-
ment of the disease [122, 123]. Nonetheless,
this remains a subjective process dependent on
the skills and experience of the clinician. There
is also a shortage of such experts worldwide and
this gap is increasing with the spread and acces-
sibility to these new technologies. The gap is
unlikely to close given that this knowledge takes
years of experience to acquire.

Beyond the problem of shortage of experts,
human-interpretation is also limited to recognis-
ing IRD genes by looking for known features.
However there are also potentially new IRD
gene-specific features in images which can only
be discovered once we pool sufficient data.

The promise of Artificial Intelligence (Al) is
to provide a more scalable, efficient and objec-
tive solution to IRD genetic diagnosis by training
a neural network on retinal images of as many
confirmed genetically diagnosed cases of IRD
as possible. The trained Al could then suggest a
gene given a retinal image from an IRD patient.
This should lead to a more objective form of
clinical diagnosis and has the potential of cap-
turing the image pattern-recognition skills of the
most advanced clinicians into a neural network
and making them available as a clinical deci-
sion support tool. Along with aiding in finding
the most likely genetic region affected which
can help identify hard to detect genetic causes
such as structural variants, non-coding muta-
tions and silent mutations, this could also guide
the clinician as to which genetic test is the most
appropriate.

There are reasons to be optimistic that this
approach can work, as Al has recently shown good
results when applied to triaging eye scan from
age-related macular degeneration and diabetic
patients [124]. This approach has particularly
illustrated the utility of a type of neural network,
known as segmentation neural networks, are able
to identify features in an image such as macular
holes, odemas [125], drusens, and these can aid

the quantitative analysis of these and link them to
disease. These segmentations were then used as
input to a second type of neural networks, known
as classification neural networks. It is also pos-
sible to run a classification neural network known
as convolutional neural network directly on the
pixel intensities of images [126, 127]. However,
the challenge is then to deconvolute the features
that were used in predicting the outcome in order
to explain the classification process.

A concrete proof-of-concept applied to
IRD has recently been published by Fujinami-
Yokokawa et al. in 2017 [128]. They trained a
four-class CNN classifier to distinguish foveal
OCT slices between three types of IRD patients
with RPILI, EYS and ABCA4 retinopathies and
healthy patients. The IRD patients had confirmed
disease-causing mutations in these genes.

Nonetheless, these approaches are limited by
the amount of training data which is why interna-
tional data-sharing collaborations are particularly
important to augment these training data-sets,
especially for rare disease. One advantage of
these Al approaches when applied to IRD over
common disorders such age-related macular
degeneration and diabetic retinopathy, is that
the training labels are more reliable as they do
not depend on subjective clinical interpretation,
for example, wet vs dry, but instead on objective
genetic data.

12.7 Conclusions

The continuous evolution of high-throughput
sequencing technologies has critically advanced
our knowledge on the human genome. This
genomic revolution has enabled the incorpora-
tion of WGS into clinical diagnostic pipelines
and led to the generation of unprecedented vol-
umes of data, carrying associated implications
in variant interpretation. The identification and
characterisation of human genes and non-coding
regulatory regions have revolutionised the field
of human genetics and its application in the clini-
cal setting by providing more efficient diagnos-
tics and potential new pharmacological targets
for intervention in a personalised fashion.
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As NGS technology continues to develop, we
will gain further insight into the role of genetic
variation in human biology and disease, which
will grant us a better understanding of the mech-
anism by which variants affect gene expression
in the dynamic context of a cell, a tissue and the
integration of all systems in the single organism.
It is clear that as our ability to interpret genomic
variation and the effect of non-coding variants
improves, the advantages of WGS in the clinical
realm will far outweigh its limitations perhaps
leading to the replacement of targeted gene pan-
els or WES as a clinical tool.

Indeed, as genetics and imaging become
more accessible to the general public thanks to
direct-to-consumer genetic testing, eye scanners
used as part of eye-tests by community opticians,
portable and home devices being developed, it is
important to also democratise the interpretation
knowledge of these complex data to avoid the
risks and dangers of misinterpretation [129].
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of Induced Photoreceptor-Like
Cells from Fibroblasts of Patients
with Retinitis Pigmentosa

Yuko Seko

Abstract

Generation of induced photoreceptors (PRs)
holds promise as a tool for in vitro model-
ing of inherited retinal diseases. Direct
reprogramming, direct conversion or redi-
rect differentiation of somatic cells by
overexpression of transcription factors is a
promising, simple, and low-cost approach
to generate target cells from somatic cells
without using induced pluripotent stem cells.
My research group has successfully gener-
ated PR-like cells from human somatic cells;
iris cells, dermal fibroblasts, and peripheral
blood mononuclear cells (PBMCs) using
this redirect differentiation technique. In this
chapter, I introduce this method and demon-
strate its application as a cellular model of
inherited retinal diseases.

First, we tried to define the transcription
factor combinations that can induce PR-like
cells. A mixture of these genes was then
transduced into iris cells, which were exam-
ined for inducible expression of PR-specific
phenotypes. Expression patterns were depen-
dent on combinations of transcription fac-
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tors: A combination of CRX and NeuroD
induced rhodopsin and blue opsin, but not
green opsin; a combination of CRX and RAX
induced blue opsin and green/red opsin, but
not rthodopsin. After transduction with CRX,
RAX, and NeuroD, rhodopsin-positive, blue
opsin-positive, or green/red opsin-positive
cells were found in induced PR-like cells
by immunostaining, and these cells were
determined to be photo-responsive by func-
tional analysis using whole cell patch-clamp
recordings. However, the response was an
inward current instead of the typical outward
current. Next, we tested whether human
dermal fibroblasts could be converted into
PRs. Transduction with the same combi-
nation of genes, CRX, RAX, and NeuroD,
upregulated expression of the PR-specific
genes. Additional OTX2 gene transduction
increased the upregulation of these genes.
Both the NRL gene and the NR2E3 gene were
also endogenously upregulated in these cells.
Global gene expression data by microarray
analysis showed that phototransduction-
related genes were significantly increased
in these cells, where a photo-response, i.e.,
outward or inward current, was detected
using the whole cell patch-clamp recordings.
We then examined whether human PBMCs
could be converted into PRs. Retinal disease-
related genes, most of which are crucial to PR
functions, were detected in CRX-transduced
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PBMCs. Functional studies showed that a
light-induced inward current was detected in
some CRX-transduced PBMCs.

Retinitis pigmentosa (RP) is an inherited
retinal dystrophy that leads to visual impair-
ment. The EYS gene was reported as the most
common gene responsible for autosomal
recessive (ar) RP. arRP with EYS gene defects
is denoted by “EYS-RP” We produced
PR-directed fibroblasts from EYS-RP patients
using redirect differentiation as a replacement
for degenerative retinas. A combination of
four transcription factors, CRX, RAX, OTX2,
and NeuroD, was transduced into dermal
fibroblasts from three EYS-RP patients with
homozygous or heterozygous mutations. We
analyzed the defective transcripts of the EYS
gene in these cells to elucidate the phenotypes
of the EYS-RP patients, as the decay of the
transcripts may be involved in the phenotypic
variation associated with the disease. As a
result, expression levels of defective tran-
scripts were markedly different depending on
the type of mutation. In conclusion, we sug-
gest that the redirect differentiation method
may be a valuable tool for disease modeling,
despite some limitations.

Keywords

Redirect differentiation - Iris - Dermal
fibroblast - Peripheral blood mononuclear
cells (PBMC) - Photoreceptor (PR) - Disease
modeling - Retinitis pigmentosa - EYS
Truncating mutation - Nonsense-mediated
mRNA decay (NMD) - Phenotypic variation
Genotype-phenotype relationship

13.1 Introduction

Retinitis pigmentosa (RP) is an inherited reti-
nal dystrophy that leads to visual impairment.
Generation of induced photoreceptors (PRs)
holds promise for in vitro modeling of inherited
retinal diseases such as RP. The ideal tool for
analysis of transcripts of the pathogenic genes

is a retina from a patient, but for research pur-
poses, cellular models are available as a substi-
tute for human retinas. Induced PRs generated
from disease-specific iPSCs of RP patients were
reported to reproduce pathogenic phenotypes
[1-4]. Although methods to generate PRs from
induced pluripotent stem cells (iPSCs) have
been established [5, 6], they are expensive and
time-consuming. We established an alternative
method, “redirect differentiation,” wherein photo-
sensitive PR-like cells are generated more easily
and rapidly [7-9]. Direct reprogramming, direct
conversion or redirect differentiation of somatic
cells by overexpression of transcription factors is
a promising, simple, low-cost approach to gener-
ate target cells from somatic cells without using
iPSCs. My research group successfully generated
PR-like cells from human somatic cells; iris cells,
dermal fibroblasts, and peripheral blood mono-
nuclear cells (PBMCs), using a redirect differ-
entiation technique. Because we determined that
continuous expression of exogenous transgenes
is necessary to maintain the properties of PRs, we
call this method “redirect differentiation.”

We further generated and analyzed induced
PR-like cells from human somatic cells derived
from healthy volunteers and RP patients by redi-
rect differentiation to examine the possibility of
using these cells for disease modeling of RP.

13.2 WhatlIs“Redirect
Differentiation”?

The possibility of redirecting cell differentiation
by overexpression of genes was first suggested
by Weintraub with the identification of the “mas-
ter gene,” MyoD [10]. The process of “direct
reprogamming” or “direct conversion” is thought
to be direct lineage switching [11] rather than
lineage switching back to a branch point and out
again in a different direction. Examples of “direct
conversion” has been shown in beta-cells, cardio-
myocytes, and neurons: A specific combination
of three transcription factors (Ngn3, Pdx1, and
MafA) reprogram differentiated pancreatic exo-
crine cells in adult mice into cells that closely
resemble beta-cells [12]; a combination of three
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factors (Gata4, Tbx5, and Baf60c) induces non-
cardiac mesoderm to differentiate directly into
contractile cardiomyocytes [13]; and a combi-
nation of three factors (Ascll, Brn2, and Mytl1l)
converts mouse fibroblasts into functional neu-
rons [14]. We tried to generate PR-cells by this
“direct reprogramming” or “direct conversion.”

13.3 Methods of Differentiation
and Assessment of Induced
PR-Like Cells

At first, we defined the transcription factor com-
binations that can determine photoreceptor cell
fate using human iris cells. Detailed methods are
available in our previous paper [7]. In brief, we
selected Six3, Pax6, Rax, Crx, Nrl, and NeuroD,
genes that were expected to contribute to the
induction of PR-specific phenotypes. Full length
of transcription factors SIX3 [15], PAX6 [16],
RAX [17], CRX [18], NRL [19, 20] and NeuroD
[21], were amplified from cDNAs prepared from
total RNA of adult human retina (Clontech, CA,
USA) by PCR, and cloned into the XmnI-EcoRV
sites of pENTRI1 (Invitrogen). The resulting
pENTRI 1-transcription factors were recombined
with pMXs-DEST (modified pMXs (gift from T
Kitamura to A Umezawa) by Y Miyagawa) by
use of LR recombination reactions (Invitrogen).
The retroviral DNAs were then transfected into
293FT cells and after 3 days, the media was col-
lected and concentrated. The iris-derived cells
were plated onto laminin-coated dishes and
maintained for 1 day. The cells were transduced
with media containing retroviral vector particles
with 8 pg/ml of polybrene for 5 h at 37 °C. After
retroviral transduction, the media was replaced
with the DMEM/F12/B27 medium supplemented
with 20 ng/ml bFGF, 40 ng/ml EGF, fibronectin,
and 1% FBS. The retrovirus-transduced cells
were cultured for up to 21 days. In order to mea-
sure the efficiency of transduction, we transduced
retroviral eGFP under the same conditions. The
frequency of eGFP-positive cells was 90-94%
of all cells 48 h after transduction. Each vector
contained one transcription factor and a mix-
ture of vectors was used. Transduced cells were

examined for inducible expression of PR-specific
phenotypes using RT-PCR and immunocyto-
chemistry. In addition, photo-responsiveness
of induced PR-like cells was investigated using
patch-clamp recordings.

13.4 Combinations
of Transcription Factors
Determining Photoreceptor
Cell Fate

Transduction of a single gene for SIX3, PAXG,
RAX, CRX, NRL, or NeuroD did not induce rod-
or cone-specific phenotypes in iris cells, but the
six genes together upregulated blue opsin and
rhodopsin as shown previously [7]. To deter-
mine which of the six candidates were critical,
we tested the effect of withdrawal of individual
factors from the pool of transduced candidate
genes on the expression of the opsin genes. We
identified two genes, NeuroD and CRX, which
were essential for PR-induction; withdrawal
of NeuroD resulted in the loss of expression of
rhodopsin, and withdrawal of CRX resulted in
the loss of blue opsin. Expression patterns were
dependent on combinations of transcription fac-
tors: A combination of CRX and NeuroD induced
rod-specific genes, but did not induce the red
opsin gene. Additional RAX gene transduction
significantly upregulated blue opsin gene expres-
sion. A combination of CRX and RAX induced
blue opsin and green/red opsin, but did not induce
rhodopsin.  NeuroD significantly decreased
expression of the cone-specific genes, i.e., genes
for green opsin and cone channel B3 (CNGB3)
in human iris cells (p < 0.005). It was clearly
demonstrated that the expression of rhodopsin
and S-antigen, which are specifically expressed
in rod-PRs, were much higher in CRX, RAX, and
NeuroD-transduced cells than in CRX and RAX-
transduced cells (thodopsin, p < 0.05; S-antigen,
p < 0.005, Welch’s t-test). From these results, it
was speculated that the combination of CRX and
RAX generated immature PRs: and additional
NeuroD promoted maturation.

We then tested whether human dermal fibro-
blasts could be converted into PRs [8]. Human
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dermal fibroblasts can be differentiated to PR-like
cells by the same transcription factor combination
as human iris cells. Transduction of a combina-
tion of the CRX, RAX, and NeuroD genes upregu-
lated expression of PR-specific genes, recoverin,
blue opsin, and PDE6C. Additional OTX2 gene
transduction increased up-regulation of these
genes. Both the NRL gene and the NR2E3 gene,
which were reported to determine photoreceptor
cell fate, were endogenously upregulated in
PR-directed fibroblasts by four transcription fac-
tors, CRX, RAX, OTX2, and NeuroD, by microar-
ray analysis and endpoint RT-PCR, implying that
exogenous CRX, RAX, OTX2, and NeuroD, but
not NRL, are sufficient to generate PR-like cells
with expression of rod-specific genes.

13.5 Endogenous and Exogenous
Expression of Transcription
Factors

We performed RT-PCR to investigate whether
endogenous expression of transcription factors
was induced in the PR-like cells that we gener-
ated [7, 8]. Both transgenic and endogenous CRX,
RAX, and NeuroD were expressed. This indicates
that human somatic cells, such as iris cells and
dermal fibroblasts, were reprogrammed into PRs,
at least to some extent. We then suppressed the
CRX and NeuroD genes by siRNA. Expression
of the PR-specific genes such as blue opsin,
s-antigen, and recoverin decreased significantly
in siCRX and siNeuroD-transfected cells, sug-
gesting that continuous expression of CRX and
NeuroD is necessary to maintain the properties of
PRs. This is why we call our method “differentia-
tion,” not “reprogramming.”

13.6 Photo-Responsiveness of
Induced PR-Like Cells

For functional assessment of transduced cells,
electrical recordings were made using the
whole cell patch-clamp technique. The mem-
brane current before and after light stimulation

was recorded and analyzed. The PR-like cells
derived from iris cells, induced by CRX, RAX,
and NeuroD, responded to light. However, the
response was an inward current instead of the
typical outward current [7]. Since the light-
induced inward current seemed to be mediated
by melanopsin-associated phototransduction,
we investigated the expression of melanop-
sin by RT-PCR and immunocytochemistry.
CRX, RX, and NEUROD-transduced iris cells
expressed melanopsin, suggesting that mela-
nopsin expression was associated with inward
current.

PR-directed fibroblasts, transduced by CRX,
RAX, NeuroD, and OTX2, clearly responded to
light. Global gene expression data by microarray
analysis showed that phototransduction-related
genes were significantly increased in induced
PR-like cells. We also demonstrated that physi-
ological responses to light differed between two
different commercially available cell lines [22].
Under light stimulation, Ishii et al. found that an
outward current (photoreceptor-like responses)
was observed in both cell lines, while an inward
current (intrinsically photosensitive retinal gan-
glion cell-like responses) was observed only in
one cell line. Although cell age (passage number)
may have differed, our data suggest that prop-
erties of the photosensitive cells produced by
redirect differentiation may be controlled by the
origin of the cell source.

However, some CRX-transduced PBMCs
exhibited a light-induced inward current [9],
instead of the typical outward current. Since the
light-induced inward current seemed to be medi-
ated by melanopsin-associated phototransduction
as observed in iris-derived PR-like cells [7, 23],
Komuta et al. investigated the expression of mela-
nopsin by RT-PCR. The expression of melanop-
sin was not detected in PR-directed PBMCs. The
reason an inward current was detected in CRX-
transduced cells expressing PR-related genes was
not determined; however, it might be possible
that signals passed from blue, red, or green opsin
to a downstream point in the melanopsin signal-
ing cascade in CRX-transduced cells, leading to
depolarization by light stimulation.
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13.7 Variation of Cell Types
of Sources for Induced
PR-Like Cells (Fig. 13.1)

13.7.1 lIris

My research group defined the transcription fac-
tor combinations that can induce PR-like cells
from human infantile iris cells [7]. Expression
patterns were dependent on combinations of
transcription factors: A combination of CRX and
NeuroD induced rhodopsin and blue opsin, but
not green opsin; a combination of CRX and RAX
induced blue opsin and green/red opsin, but not
rhodopsin. Expression levels of rhodopsin genes
and blue opsin genes reached maximum lev-
els 1 week after gene transduction of transcrip-
tion factors and remained unchanged for up to
3 weeks. Expression of green/red opsin reached
maximum levels 3 days after gene transduction.
After transduction with CRX, RAX, and NeuroD,
rhodopsin-positive, blue opsin-positive, and
green/red opsin-positive cells were 29% (per 954
cells), 37% (per 235 cells), and 25% (per 193
cells) of total cells, respectively, by immunostain-
ing. Hybrid PRs were also detected by double-
staining immunocytochemistry. Ultrastructural
analysis revealed a cilia-associated structure, i.e.,
centriole, surrounded by mitochondria [7].

Fig. 13.1 Variation of
cell types of sources for
induced photoreceptor-

like cells \
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Human somatic cells

CRX, NeuroD , RAX

Although it has been shown that retinal stem
cells are not present in the human iris [24, 25],
our previous study demonstrated that human iris
cells expressed stem cell markers such as nes-
tin, N-cadherin, Sox2, Musashi-1, and Pax6 [7].
Expression of stem cell markers in iris cells may
be attributed to the cell source, i.e., cells from
infants. However, PR cell differentiation with
exogenously added chemicals and growth factors
was limited [7]. Other experimental evidence has
also suggested the limitation in mammals with-
out genetic manipulation. Progenitor cells from
the mammalian iris, pars plana, and ciliary body
do not show a convincing immunoreactivity for
rhodopsin, phosducin, recoverin, PKC, or RPE65
[26], but are induced into PR progeny with reti-
nal transcription factors [27, 28]. Derivation
of PR-like cells can be attributed to transgene-
dependent differentiation of retinal progenitors
that exist in the iris. We also indicated that human
iris stromal (IS) cells that originate from neural
crest [7], as well as IPE cells, differentiate into
PR-like cells.

13.7.2 Dermal Fibroblasts

The induced pluripotent stem cells (iPS) devel-
oped by Takahashi and Yamanaka was the first
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Iris cells attached eye high Seko et al. 2012 (7)
fibroblasts attached dermis medium Seko et al. 2012 (8)
mononuclear cells floating blood low Komuta et al. 2016 (9)
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model for “direct reprogramming,” in which
mouse adult fibroblasts were reprogrammed
by transduction of four transcription factor
genes, Oct3/4, Sox2, c-Myc, and Klif4 [29].
Additionally, functional neurons were gener-
ated from mouse fibroblasts by a combination of
three factors (Ascll, Brn2, and Mytll) [14], and
functional platelets were generated from mouse
and human fibroblasts by a combination of three
factors (p45NF-E2, MafG, and MafK) [30].
Because human dermal fibroblasts are less spe-
cialized than iris cells, we tested whether human
dermal fibroblasts could be converted into PRs
by the same defined combination of genes used
successfully for human iris cells, CRX, RAX, and
NeuroD, to generalize and establish our technol-
ogy for generating PRs [8]. In human dermal
fibroblasts, recoverin, blue opsin, PDE6¢c were
upregulated by a combination of CRX, RAX, and
NeuroD. Additional OTX2 gene transduction
increased up-regulation of the PR-specific genes;
that is blue opsin, recoverin, S-antigen, CNGB3,
and PDEG6C. These results suggest that OTX2
may work as an amplifier [8].

For functional assessment of transduced cells,
electrical recordings were made using the whole
cell patch-clamp technique. The membrane
current before and after light stimulation was
recorded and analyzed. Induced PR-like cells
derived from human dermal fibroblasts, induced
by CRX, RAX, and NeuroD, responded to light.
A typical outward current was detected [8, 22].

Dermal fibroblasts are of mesodermal origin
and immunogenic, while iris-pigmented epi-
thelial cells (IPE cells) are of neural ectoderm
origin and show immune tolerance. Iris cells
studied here include not only IPE cells but also
iris stromal cells, which are of neural crest ori-
gin. We have previously shown that iris cells,
IPE cells, and iris stromal cells are differenti-
ated into photoreceptor cells in the same way
[7]. However, dermal fibroblasts are harvested
easily and safely, and iris cells are obtained sur-
gically. To find a more suitable cell source than
the iris cells for reprogramming into photore-
ceptor cells, we compared signal ratios between
PR-direct fibroblasts and PR-directed iris cells

by a microarray analysis. The results show that
there was an increase in both the expression lev-
els and the variety of upregulated PR-specific
genes in PR-directed iris cells when compared
with PR-direct fibroblasts [8]. The difference in
induced endogenous expression of transcription
factors CRX, RAX, and NeuroD between CRN-
Fib and CRN-Iris as well as the difference in
upregulated photoreceptor-specific genes may
suggest a difference in reprogramming poten-
tial between the two types of cells. From the
standpoint of regenerative medicine, iris cells
may be more suitable than dermal fibroblasts
based on their characteristics of immune toler-
ance and higher expression of retina-specific
genes in differentiated cells. It may be possible
to improve dermal fibroblasts as a source by use
of other transcription factors or by manipulating
the histone methylation signature [31]. Dermal
fibroblasts have an important advantage in that
these cells are obtained safely and easily from
patients. Because the direct reprogramming
method may be suitable to provide the small
numbers of cells required for individualized
drug screening and disease modeling, dermal
fibroblasts may be useful for such purposes
despite their limitations.

13.8 Peripheral Blood
Mononuclear Cells (PBMCs)

We further investigated another cell type,
peripheral blood mononuclear cells, or PBMCs.
Though dermal fibroblasts are often utilized for
reprogramming, sampling by dermal biopsies
requires surgical intervention and expertise.
Therefore, we tested whether human PBMCs
could be converted into PRs. Based on our pre-
vious studies of the generation of photosensitive
PR-like cells from human iris cells and human
dermal fibroblasts, we transduced the same tran-
scription factors into PBMCs via Sendai virus
vectors. PBMCs expressed cone-related genes
after the transduction of CRX alone using SeV
vectors. Blue opsin and red/green opsin were
more efficiently and intensely expressed in
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CRX-transduced PBMCs prepared using SeV
vectors than in those using retrovirus vectors
because transduction by SeV vectors is efficient.
However, the expression levels of the blue opsin
gene increased in CRX-transduced PBMCs but
not in fibroblasts, although transduction was
performed by SeV vectors in both cell types.
Endogenous CRX expression was detected in
dermal fibroblasts transduced with CRX by both
retrovirus and SeV vectors, but was detected in
PBMCs transduced only by SeV vectors. These
differences might be attributed to variable repro-
gramming efficiencies based on different meth-
ylation signatures dependent on cell types, as
previously reported [31, 32].

We found that some PR-related genes, blue
opsin, PDE6H, and SAG, were efficiently
detected in CRX-transduced cells. Expression
levels of blue opsin and PDE6H peaked at
1 week and that of SAG peaked earlier, at 3 days.
By immunocytochemistry, on the third day after
transduction, blue opsin-positive cells consti-
tuted about 20% of the CRX-transduced cells.
Surprisingly, in functional studies, patch-clamp
recordings showed that a light-induced inward
current was detected in some CRX-transduced
cells. Photostimulation of the rod or cone path-
way produces hyperpolarizing responses, while
activation of the melanopsin pathway produces
depolarizing responses [23]. Since the light-
induced inward current seemed to be mediated
by melanopsin-associated phototransduction
as observed in iris-derived photoreceptor-like
cells [7], Komuta et al. investigated the expres-
sion of melanopsin by RT-PCR. However, the
expression of melanopsin was not detected in
photoreceptor-directed PBMCs. We therefore
examined photoreceptor-related and melanopsin-
related genes that function in phototransduction.
Strong expression of downstream genes of the
melanopsin cascade, such as TRPC and Gqua,
was detected. Abundant CNGB3 expression was
detected in CRX-transduced cells, but CNGA3,
which coordinates with CNGB3, was not suffi-
ciently expressed. This might be the reason why
the phototransduction cascade could not medi-

ate the light stimuli as the typical outward cur-
rent of photoreceptors. Proteins involved in the
signal transduction cascade of melanopsin, such
as TRPC and Gqa proteins, which induce depo-
larization, were abundantly expressed, while
Gat and CNG proteins, which induce hyperpo-
larization, were not sufficiently expressed. The
reason why an inward current was detected in
CRX-transduced cells expressing photoreceptor-
related genes was unknown at this time; however,
it might be possible that signals passed from blue,
red, or green opsin to a downstream point in the
melanopsin signaling cascade in CRX-transduced
cells, leading to producing the depolarization by
light stimuli.

Furthermore, numerous retinal disease-
related genes were efficiently detected in CRX-
transduced cells, most of which are crucial to
the photoreceptor function. In order to increase
differentiation efficiency, Komuta et al. modi-
fied the culture conditions. By adding trans-
duction of RAXI and NEURODI, additional
conditioned medium of cultured retinal pigment
epithelial cells and Activin A, DKK, and Lefty2,
they saw expression of a greater variety of retinal
disease-related genes than that observed in CRX-
transduced PBMCs. Polycistronic vectors, with
four transcription factors, CRX, RAX, NeuroD,
and OTX2, were inserted in a cistronic manner
via Sendai virus, were employed with the aim to
improve the differentiation efficiency of PBMC
to PRs. However, expression levels of rhodop-
sin were higher in PR-directed fibroblasts with a
mixture of mono-cistronic retrovirus vectors than
in PR-directed PBMC by polycistronic vectors
via Sendai virus vectors (unpublished data).

PBMC proliferation is induced by IL-2,
are easily collected, and are safer to use com-
pared to dermal fibroblasts; these cells have the
potential for use as a cell source for differen-
tiation into PRs. CRX transduced by SeV acts
as a master control gene for reprogramming of
PBMCs into PRs, specifically, cone PR-like
cells. In PR-directed PBMCs, expression of rod-
photoreceptor specific genes was very low; the
differentiation needs to be improved.



176

Y. Seko

13.9 Application of Induced
PR-Like Cells to RP Research

We examined the possibility of using our induced
PR-like cells derived from dermal fibroblasts
of RP patients as disease modeling for RP [33]
because of the shortcomings of our differentia-
tion methods.

RP displays degeneration of PR/RPE via gene
defects, leading to the deterioration of nyctalopia
and narrowing of the visual field. RP is progres-
sive and incurable, leading to a major causative
disease of juvenile blindness. It is speculated that
gene defects lead to cellular dysfunction of PRs
in patients. Disease modeling of RP should be
useful for disease diagnosis, elucidation of patho-
genesis, and drug screening.

Defects in the EYS gene on chromosome 6q12
were found to be a major cause of autosomal
recessive (ar) RP in several populations [34—
39]. In Japan, c.4957dupA (p.Ser1653Lysfs*2)
and ¢.8805C > A (p.Tyr2935%) were identified
as pathogenic mutations in about 20%-30% of
arRP patients [40, 41]. To date, many EYS vari-
ants have been reported as causative defects of
RP [42]. Hereafter arRP caused by defects in the
EYS gene is denoted as “EYS-RP.” RP is a highly
heterogeneous disease, and accordingly, EYS-RP
exhibits heterogeneous phenotypes with a wide
range in severity. In order to clarify the genotype-
phenotype correlation in EYS-RP, the analysis of
transcripts may be helpful. EYS (OMIM 612424)
is currently the largest gene expressed in the
human eye, spanning over 2 Mb within the RP25
locus (6q12) [34, 37]. The ideal tool for analysis
of the EYS gene transcripts is a retina from an
EYS-RP patient. For research purposes, cellular
models are available as an alternative for human
retinas.

We collected fibroblasts of patients with
“EYS-RP” Dermal fibroblasts were harvested
from three healthy donors: N#1, N#2, N#3,
and three EYS-RP patients with homozygous
or heterozygous mutations (Table 13.1) under
the approval of the Ethics Committee of the
National Rehabilitation Center for Persons with
Disabilities (NRCPD). Using “redirect differen-
tiation” by CRX, RAX, NeuroD, and OTX2, we

Table 13.1 Defects in the EYS gene in patients

Patient # Allele 1 Allele 2
Mutation Mutation

1 ¢.4957dupA ¢.4957dupA

2 ¢.4957dupA c.8805C > A

3 ¢.4957dupA c.1211dupA

generated PR-directed fibroblasts derived from
these subjects. We tested the inducible expres-
sion of the PR-specific genes (blue opsin, rho-
dopsin, recoverin, S-antigen, PDE6C, EYS) in
these cells. PR-specific genes were upregulated
in all the PR-directed fibroblasts tested. However,
expression levels of defective transcripts of the
EYS gene were markedly different, depending
on the type of mutation. To analyze transcripts
derived from three different types of the defec-
tive EYS gene, c.1211dupA, c.4957dupA, and
c.8805C > A, we performed RT-PCR and ana-
lyzed DNA sequences of amplified products for
exon 6-11, exon 26-27, and exon 4243 that carry
c.1211dupA, c.4957dupA and c.8805C > A,
respectively, using total RNAs extracted from
PR-directed fibroblasts of Pt#1, Pt#2 and Pt#3
10 days after gene transduction. Transcripts
derived from these three defective genes were
barely detectable, expressed at a lower level, or
expressed at almost the same level as in normal
volunteers, respectively.

Generally, faulty transcripts are imme-
diately triaged for destruction by nonsense-
mediated mRNA decay (NMD) [43]. All three
EYS-RP donors had the frameshift mutation
c.4957dupA, in at least one allele of exon 26
(Table 13.1). Therefore, we expected that NMD
would cause the loss of the EYS gene tran-
scripts corresponding to exon 26-27. However,
the transcripts with c.4957dupA were clearly
detected in PR-directed fibroblasts from Pt#1,
carrying homozygous mutations and Pt#2,
carrying compound heterozygous mutations.
However, the expression levels of the tran-
script with ¢.4957dupA in Pt#1 and Pt#2 were
lower than the mean of N#1, N#2, and N#3.
To explain this phenomenon, we referred to a
previous study [44] where it was reported that a
cis element that inhibits NMD is located within
the first 200 nt when positioned in the down-
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stream proximal region of the premature termi-
nation codon (PTC) [44]. The authors showed
several examples with significant enrichment of
A/U nucleotides (63%—71%) and hypothesized
that this may be a condition for NMD evasion.
To determine whether our data was consistent
with their hypothesis, we analyzed sequences
in the proximal downstream region of the PTC
in the transcripts derived from defected alleles
of the EYS gene and calculated the A/U nucleo-
tide content. For c.4957dupA, A/U content was
67%, which is in the range previously reported
(63%—71%). This result supports our hypothesis
that transcripts having the frameshift mutation,
¢.4957dupA, may partially escape from NMD.

Pt#2 has the nonsense mutation ¢.8805C > A,
on an allele of exon 43 (Table 13.1). Because
this mutation produces a PTC in the last exon,
the transcript with this mutation may escape deg-
radation by NMD [45]. These transcripts, corre-
sponding to exon 42-43, were clearly detected
in PR-directed dermal fibroblasts derived from
Pt#2. The peak amplitudes of normal and mutated
bases on the electropherogram were nearly the
same. The expression levels from Pt#2 were
similar to those from normal volunteers, sug-
gesting that escape from NMD occurred in tran-
scripts with ¢.8805C > A. Interestingly, the exon
42-43 region of the EYS gene was expressed in
human dermal fibroblasts without PR-induction.
The expression level of the exon 42-43 frag-
ment in default state fibroblasts was higher than
in PR-directed fibroblasts. Because the EYS is
reported to be expressed exclusively in the retina,
our research group intensively studied on this
exon 42-43 fragment that is expressed in human
dermal fibroblasts. As a result, Takita et al. iden-
tified a new variant, transcribed from exon 37,
which is specifically expressed in dermal fibro-
blasts [46].

Pt#3 has the frameshift mutation c.1211dupA
(p-Asn404Lysfs*3) in exon 8, which has previ-
ously been reported in an Israeli arRP patient
[38]. By endpoint RT-PCR and sequencing, only
the transcript derived from the normal allele was
detected, suggesting that the transcript derived
from the mutant allele was degraded by NMD,
as expected.

To pursue the relationship between pheno-
typic variations of EYS-RP patients, large sam-
ples are needed. The present study also suggests
that the redirect differentiation method could be a
valuable tool for disease modeling, despite some
limitations. Our induced PR-like cells may con-
tribute to individualized drug screening and dis-
ease modeling of inherited retinal degeneration.

13.10 Conclusion

My research group has successfully generated
PR -like cells from human somatic cells; iris
cells, dermal fibroblasts, and peripheral blood
mononuclear cells (PBMCs) using a redirect dif-
ferentiation technique. Expression patterns of
PR-specific genes were dependent on combina-
tions of transcription factors in PR-like cells that
we generated.

By the redirect differentiation technique, an
in vitro EYS-RP model was created by trans-
duction of a combination of transcription fac-
tor genes, CRX, RAX, NeuroD, and OTX2, into
dermal fibroblasts derived from EYS-RP patients
with homozygous or heterozygous mutations.
The expression of the defective EYS transcripts
was markedly different, depending on the type
of mutation. Nonsense mutations of the EYS
gene transcripts, which are the same as in the
genome, were detected. These results suggest
that nonsense-mediated mRNA decay, NMD,
is inhibited, in part, by a cis-acting mechanism.
Molecular changes in the in vitro model of RP
mimic the pathological condition of RP, in part.

In conclusion, we believe that our redirect dif-
ferentiation method may be a valuable tool for
disease modeling, despite some limitations.
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Abstract

The RPE65 gene encodes a retinal pigment
epithelium-specific isomerase that catalyzes
the conversion of all-trans retinyl esters to
11-cis retinol, the activity of which affects the
formation of visual pigment in photorecep-
tors. Mutations in RPE65 in inherited retinal
dystrophies have been studied widely world-
wide, especially now that gene therapy for
patients with RPE6S5 mutations is available in
the clinic. The aim of this study is to reveal
the RPE65 mutation spectrum and frequency,
the associated phenotypic characteristics, and
potential genotype—phenotype correlations.
In total, 201 mutations in RPE65 were identi-
fied in 479 patients from 353 families based
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on data reported in the literature. Mutations
in 349 families caused autosomal recessive
retinal degeneration, while a c¢.1430A>G
(p-Asp477Gly) mutation in four families
resulted in autosomal dominant retinal degen-
eration resembling retinitis pigmentosa, cho-
roideremia, or vitelliform macular dystrophy
with incomplete penetrance. Mutations iden-
tified in families with biallelic RPE65 muta-
tions included missense (113/200 [56.5%]),
frameshift indel (39/200 [19.5%]), splicing
defect (24/200 [12.0%]), nonsense (19/200
[9.5%]), inframe indel (4/200 [2.0%]), and
start loss (1/200 [0.5%]). A significant reduc-
tion in visual acuity was noticeable at 15 years
of age and at 35 years of age, suggesting a crit-
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ical window for treatment including gene ther-
apy. Two major types of fundus changes were
observed: (1) mild or obvious tapetoretinal
degeneration, generalized or located mainly
in the mid-peripheral retina; and (2) fundus
albipunctatus-like retinopathy. Typical bone-
spicule pigmentation was rarely seen in early
childhood but may be observed after 35 years
of age. A severe phenotype (Leber congenital
amaurosis) is frequently associated with bial-
lelic loss-of-function mutations, while milder
phenotypes are more likely to be associated
with one or two missense mutations. The
overall information presented here should be
useful as a reference guide in clinical practice,
especially for clinical gene testing and enroll-
ment in gene therapy.

Keywords

RPEG65 - Mutation spectrum and frequency
Genotype—phenotype - Inherited retinal
dystrophies - Leber congenital amaurosis

14.1 Introduction

RPEG6S5 is a 65-kDa protein specific to the retinal
pigment epithelium (RPE) [1], which is a single
cell-layered tissue in close contact with the pho-
toreceptor outer segments. The RPE65 (MIM:
180069) gene maps to chromosome 1p31.3
and contains 14 exons, encompassing 21 kb of
genomic DNA. It encodes the isomerase that cat-
alyzes the conversion of all-trans retinyl esters to
11-cis retinol in the RPE, an essential step in the
metabolism of vitamin A [2]. Without sufficient
activity of this gene product, no active chromo-
phore can be produced.

Mutations in RPE65 have been reported in
patients with a variety of autosomal recessive
inherited retinal dystrophies (IRDs), including
Leber congenital amaurosis (LCA [MIM:
204100]), early-onset severe retinal degeneration
(EOSRD), and retinitis pigmentosa (also called
rod—cone dystrophy, RP [MIM: 268000]). In
addition, nine patients with a phenotype resem-

bling fundus albipunctatus (FA [MIM: 136880])
have been described [3-5]. A heterozygous
RPE65 mutation, c¢.1430A>G (p.Asp477Gly),
was reported to cause autosomal dominant retinal
degeneration of varied phenotypes in four fami-
lies with incomplete penetrance [6, 7]. LCA is
the earliest and most severe form of IRDs.
Symptoms and signs of LCA usually appear in
the first year of life and include nystagmus, ocu-
lodigital signs, a sluggish pupillary light reflex,
retinal degeneration, and severely reduced or
extinguished electroretinography [8]. LCA is
both clinically and genetically heterogeneous.
EOSRD is a subgroup of retinal dystrophies
between LCA and RP and was first described by
Leber in 1916, with symptoms appearing in early
childhood after 1-year old and often leading to
blindness by age of 30 years [9]. RP is the most
common form of IRDs, with signs and symptoms
appearing in juveniles or adults. It is character-
ized by night blindness, constriction of the visual
field, gradual reduction in visual acuity, waxy
pale optic discs, attenuated retinal arteries, and
pigmentary abnormality initially located in the
mid-peripheral retina [10]. There is a consider-
able clinical overlap among LCA, EOSRD, and
RP. In some reports, the diagnosis is ambiguous.
FA, a group of relatively stationary diseases,
mainly manifests as night blindness with myriad
round white or white-yellow dots in the mid-
periphery fundus [3, 4].

In recent years, due to the feasibility of gene
therapy in the clinic [11], research on RPE65 has
intensified. Previous reviews on RPE6S5 mainly
focused on gene therapy trials and mutations in
LCA patients [12—14], rather than reviewing all
mutations and the relationship between muta-
tions and phenotypes. In this study, we provide
an overview of all mutations of RPE65 in dif-
ferent forms of IRDs, mainly in patients with
biallelic RPE65 mutations reported thus far,
as well as their associated phenotypes. Based
on the available phenotypic data, we summa-
rize the phenotypic characteristics of patients
with RPE65 mutations. In addition, we analyze
potential correlations between RPE65 geno-
types and the clinical features of patients, which
might assist in clinical gene testing, time win-
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dow for gene therapy, and possible prognosis of
the disease.

14.2 Methods

The keyword “RPE65” was searched on PubMed
(https://www.ncbi.nlm.nih.gov/pubmed/), Web
of Science (http://apps.webofknowledge.com/
WOS_GeneralSearch_input.do?product=W
OS&SID=8BApKgHrMnA4WVjh45d&sea
rch_mode=GeneralSearch), and Google Scholar
(http://so.hiqq.com.cn/) on February 22, 2019.
All available literature reporting RPE65 muta-
tions and corresponding phenotypic data pub-
lished in English was collected. The number of
different mutations, the frequency of each muta-
tion, and the potential genotype—phenotype cor-
relation were summarized.

14.3 Results

14.3.1 Number of Publications
and Patients

A total of 479 patients from 353 families with
RPEG65 mutations have been reported in 111 pub-
lications to date [3-7, 9, 15-119]. This group
comprises 472 patients from 349 families with
biallelic RPE65 mutations reported in 109 pub-
lications and only 7 patients from 4 families
with heterozygous RPE65 mutations reported
in 2 publications. Due to the small number of
heterozygous families, we mainly analyzed the
genotype—phenotype correlation of patients with
biallelic RPE65 mutations herein.

14.3.2 RPE65 Mutational Profile

To date, only one heterozygous mutation
(c.1430A>G, p.Asp477Gly) in RPE65 has been
identified in seven patients from four families
with autosomal dominant retinal degeneration.
In contrast, 200 biallelic mutations in RPE65
were identified in 698 chromosomes of 349
families with autosomal recessive retinal degen-

eration. These 200 mutations can be classified
as missense (113/200 [56.5%]), frameshift
indel (39/200 [19.5%]), splicing defect (24/200
[12.0%]), nonsense (19/200 [9.5%]), inframe
indel (4/200 [2.0%]), and start loss (1/200
[0.5%]) (Fig. 14.1a). The combination of the
different biallelic mutations can be grouped into
15 categories, with the combination of a patient
having two heterozygous missense mutations
(“missense + missense”) being the most com-
mon (161/349 [46.1%]) (Fig. 14.1b). On the
basis of the 200 mutations and genotypes of
349 families, the frequency of each mutation in
698 mutant alleles was summarized and shown
in the mRNA sequence (Fig. 14.1c). The four
most common mutations affecting amino acid
residues Arg91 and Tyr368 and splice defect
mutations in intron 1 and intron 2 account for
only 26.8% (187/698) of all mutant alleles, sug-
gesting an absence of mutation hot spots in this
gene. This is further supported by an even dis-
tribution of the 200 mutations on all 14 exons
(Fig. 14.1c¢).

14.3.3 Visual Acuity of Patients
with RPE65 Mutations
Decreases with Age

Reviewing the available best visual acuity (VA)
and age, we obtained a total of 261 VA measure-
ments collected from 227 patients (Fig. 14.2a).
Each patient had a varying number of measure-
ments (minimum, 1; maximum, 4). The age of
the patients contributing VA measurements to
the analysis ranged from 0.3 to 61 years. Among
the 261 VA measurements, 38.7% were lower
than 0.05 Snellen equivalent (legal blindness),
and 42.9% were lower than 0.3 but higher than
0.05 (low vision). Among cases of legal blind-
ness (lower than 0.05), no light perception
(NLP) accounted for 5.9%, light perception
(LP) accounted for 30.7%, hand motions (HM)
accounted for 16.8%, count finger (CF) accounted
for 15.8%, and measurable VA accounted for
30.7%. There was a clear trend toward lower val-
ues with increasing age. Most patients 35 years
old showed worse visual acuity with a clustering
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a 200 mutations

= Missense [113)]

= Frameshift indel [39]

b Genotypes of 349 families

= Missense + Missense [161]

= Splicing + Splicing [35]

= Missense + Splicing [35)
Missense + Fs.indel [26]

= Fs.indel + Fs.indel [23]

= Missense + Nonsense [19]

= Nonsense + Nonsense [15]

= Splicing [24] = Fs.indel + Nonsense [13]
N 1 = Fs.indel + Splicing [10]
oresass [18) # Splicing + Nonsense [5]
= |nframe indel [4] u Nonsense + Infindel [2]
u Inf.indel + Infindel [2]
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c Distribution and frequency of 200 mutations affecting 698 alleles of 349 families in mMRNA sequence
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Fig. 14.1 Mutation spectrum and frequency in 349 fami-
lies with biallelic RPE65 mutations. (a) Two hundred
mutations were identified in 349 families with biallelic
RPE65 mutations. The “frameshift indel” includes 20
frameshift deletion mutations and 19 frameshift insertion
mutations. The “inframe indel” includes 3 inframe dele-
tion mutations and 1 inframe insertion mutation. Splicing,
splicing defect. (b) Genotypes of 349 families with bial-
lelic RPE65 mutations. Fs.indel, frameshift insertion or
frameshift deletion mutations. Inf.indel, inframe insertion
or inframe deletion mutations. (¢) Distribution and fre-
quency of 200 mutations affecting 698 alleles in 349 fami-
lies shown in the mRNA sequence. Nucleotide numbering
is based on the cDNA sequence of RPE65 (Ref.
NM_000329.2), where A of the ATG initiation codon is 1.
The dark gray area in the middle represents the cDNA
sequence. The light gray domain region extends from
codon 30 to codon 530. The white areas before and after

27 | 80 | 132 | 23 |2_9 | 4.6 ‘ 6.0

,ﬂ %

the cDNA sequence represent 5' UTR and 3" UTR, respec-
tively. Partial sequences of 5" UTR are omitted by double-
dotted slashes. The position and frequency of the missense
mutations are drawn above the structure of the mRNA,
while other mutations are indicated below the structure of
the mRNA by different colors. The frequency of p.Arg91
is 60, including 51 c¢271C>T (p.Arg91Trp), eight
c.272G>A  (p.Arg91GIn), and one ¢.272G>C (p.
Arg91Pro). The frequency of p.Tyr368 is 37, including 36
c.1102T>C (p.Tyr368His) and one c.1103A>G (p.
Tyr368Cys). The frequency of intron 1 is 59, including
two c.11+1G>T, 56 ¢.11+5G>A, and one ¢.12-2A>G. The
frequency of intron 2 is 31, including two ¢.95-3C>G, one
¢.95-2A>C, 26 ¢.95-2A>T, and two ¢.95-1G>A. The fre-
quencies of p.Arg91, p.Tyr368, intron 1, and intron 2
account for 26.8% of the total. The bottom numbers repre-
sent the percentage of allele frequencies per exon.
Mutation hot spots in this gene are not apparent. E, exon
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Fig. 14.2 Best visual acuity changing with age. (a) Best
visual acuity for the better-seeing eye in patients with
biallelic RPE65 mutations, showing worsening acuity
with aging. The red dashed line represents visual acuity of
0.05, which is the limit of legal blindness. CF, count fin-
ger; HM, hand motions; LP, light perception; NLP, no
light perception. (b) Differences in best visual acuity in
different age subgroups. N = 99 for the “Age < 15 years”

lower than 0.05. Therefore, these measurements
could be classified into 3 subgroups according to
age: younger than 15 years, 15 to 35 years, and
older than 35 years. The proportion of patients
with best visual acuity worse than 0.05 was sig-

cohort, N =121 for the “15 35 years” cohort. ** P = 6.0E-
6, Chi-square test. *** P = 3.9E-7, Chi-square test. ***%*
P = 1.1E-16, Chi-square test. y, years. (¢) Genotypic dif-
ferences among different age groups. N = 99 for the
“Age<15 years” cohort, N = 121 for the “15 35 years”
cohort. NS, no significance; y, years

nificantly lower in the 15 to 35-year-old sub-
group than in the older than 35 years subgroup,
followed by that in the younger than 15 years
subgroup, while the proportion with best visual
acuity better than 0.05 showed the opposite trend
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(Fig. 14.2b). There was no significant difference
among the genotypes of these three subgroups
(Fig. 14.2¢), indicating that the age is a more rea-
sonable explanation for the differences in vision.

14.3.4 Fundus Features of RPE65
Mutated Patients

The available fundus photographs and cor-
responding ages were given for 67 patients.
Reviewing features of these fundus photographs,
they could be classified into 5 subgroups: no
apparent pigment, white dots, atypical pigment,
macular lesions mainly, and typical pigment
(Fig. 14.3a). After analyzing the ages of patients
with different fundus features, we detected age-
dependent fundus changes. Patients with typi-
cal pigmentary changes in their fundus were
mostly older than 35 years, while patients with
no apparent pigment and white dots were mostly
younger than 20 years. Once more, there was no
significant difference among the genotypes of
these three subgroups (Fig. 14.3b), indicating
that the age of the patients, rather than the geno-
type, influences the fundus. Patients with typical
pigmentary changes in their fundus were mostly
older than 35 years, and patients whose findings
were restricted to no apparent pigment and white
dots were mostly younger than 20 years, sug-
gesting that patients with typical pigmentation in
their fundus prior to the age of 20 might not be
due to RPE6S5 mutations.

14.3.5 Genotype-Phenotype
Correlations

The 349 homozygous or compound heterozygous
families are composed of 230 families with LCA,
57 families with RP, 27 families with EOSRD,
6 families with FA, and 29 families with other
diseases (Fig. 14.4a). Despite the different diag-
noses, the ages of onset for all cases were very
early (younger than 10 years old). The genotypes
of these families could be classified into three
subgroups based on the mutation types of both

alleles: biallelic missense (missense + missense),
biallelic truncation (truncation + truncation), and
mixed missense + truncation. Truncation muta-
tions include all other mutation types except
missense mutations. There was no significant dif-
ference between the phenotypes of patients with
truncation mutations causing nonsense-mediated
decay and patients with truncation mutations
escaping nonsense-mediated decay. Biallelic
missense mutations were the most common
genotype, followed by biallelic truncation muta-
tions in RPE65 (Fig. 14.4b). The distribution
shown here was well outside of Hardy—Weinberg
equilibrium, suggesting that a significant frac-
tion of the cases might be consanguineous, or at
least from isolated population groups. Though
there was no significant difference among the
genotypes of different VA subgroups or differ-
ent fundus subgroups (Figs. 14.2c and 14.3b),
comparison of the genotypes of different diagno-
sis subgroups (LCA, EOSRD, and RP patients)
showed that LCA is significantly associated
with biallelic truncation mutations and that RP
is significantly associated with biallelic missense
mutations (Fig. 14.4c). Thus, there is a direct
correlation between more severe genotypes and
more severe phenotypes.

Among the 200 biallelic mutations in
RPEG65, five missense mutations are with homo-
zygous occurrences in the ExAC database.
They are c.295G>A (p.Val99lle), c.394G>A
(p-Alal32Thr), c.746A>G  (p.Tyr249Cys),
c.963T>G (p.Asn321Lys), and c.1301C>T
(p-Ala434Val). The c.963T>G (p.Asn321Lys)
mutation was reported in five homozygous
families and two compound heterozygous fami-
lies in seven studies, with diagnoses ranging
from RP to cone-rod dystrophy to LCA. The
¢.394G>A (p.Alal32Thr) mutation was reported
in three homozygous families in three stud-
ies, with diagnoses ranging from RP to CORD
to LCA. The remaining three mutations were
reported in one compound heterozygous family,
respectively. The ¢.295G>A (p.Val991Ile) muta-
tion was reported in one high hyperopia family,
c.746A>G (p.Tyr249Cys) in one EOSRD family,
and ¢.1301C>T (p.Ala434Val) in one RP family.
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Fig. 14.4 The genotype—phenotype correlation in
patients with biallelic RPE65 mutations. (a) Phenotypic
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severe retinal degeneration; RD, retinal dystrophy; FA,
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LCA, Leber congenital amaurosis; EOSRD, early-onset
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14.3.6 The Global Distribution
of Families with Biallelic
RPE65 Mutations
and Genotypic/Phenotypic
Differences Among Different
Ethnic Groups

When categorized by the sources of patients
described in the literature or if unavailable, by the
country of the corresponding author, the 349 fam-
ilies could be classified as originating in 29 coun-
tries worldwide (Fig. 14.5a). Of the 29 countries,
the United States, China, the United Kingdom,

O yo— e
14‘
-

o gk

Caucasian Asian

W Caucasian B Asian = African

Fig. 14.5 The global distribution of 349 families with
biallelic RPE65 mutations and genotypic/phenotypic dif-
ferences among different ethnic groups. (a) The global
distribution of 349 families. The numbers represent the
family frequency of the corresponding country. (b) The
ethnic distribution of 349 families. (¢) Phenotypic differ-
ences between Caucasian and Asian cohorts. N = 229 for
the Caucasian cohort, N = 117 for the Asian cohort. *#*3*

India, and Italy were the most common countries,
accounting for 61.0% of the 349 families together,
although this finding might be influenced by the
intensity of the research in those countries. The
ethnic groups of these families can be classified
into three subgroups based on countries and/or
races: Caucasian, Asian, and African (Fig. 14.5b).
Compared with Caucasian populations, the pro-
portions of RP and biallelic missense were signifi-
cantly higher in Asian ethnic groups (Fig. 14.5c,
d). However, there was no significant difference
between genotypes of the same disease subgroup
(LCA or RP patients) in Caucasian and Asian
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P = 1.8E-5, Fisher’s exact test. LCA, Leber congenital
amaurosis; RP, retinitis pigmentosa; EOSRD, early-onset
severe retinal degeneration; RD, retinal dystrophy; FA,
fundus albipunctatus; CORD, cone-rod dystrophy. (d)
Genotypic differences between Caucasian and Asian
cohorts. N = 229 for the Caucasian cohort, N = 117 for the
Asian cohort. *¥* P =2.2E-4, Mann-Whitney test
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patients (data not shown), indicating that the phe-
notypic differences between Caucasian and Asian
patients relate primarily to the different classes of
mutations in these groups.

14.4 Discussion

In this study, we summarized RPE65 mutational
profiles, clinical features of patients with RPE65
mutations, and the genotype—phenotype correla-
tion for IRDs.

For mutational profiles, we reviewed 201
mutations detected in 353 families with heterozy-
gous or biallelic RPE65 mutations. Among the
four most common mutations, the mutation ¢.95-
2A>T in intron 2 represents a founder mutation
in a North African Jewish Population [63]. Unlike
CYP4V2 where several common variants were
found in most patients [120], mutations in RPE65
were evenly distributed on all 14 exons and muta-
tion hot spots in this gene are not apparent, which
is in accordance with a previous report [121].
Among the 200 mutations detected in families
with biallelic RPE65 mutations, most of them
have low allele frequencies in existing databases
(ExAC and 1000 Genomes) and were predicted
to be damaging by various pathogenicity predic-
tion tools. However, 13 changes identified as
mutations in the literature were predicted to be
benign by both SIFT and PolyPhen-2. Biallelic
mutations in RPE6S5 that include one predicted to
be benign are likely to be associated with milder
phenotypes. Pairs of mutant RPE6S5 alleles of
which both were predicted to be benign, such as
c.963T>G (p.Asn321Lys), have been reported to
be disease-causing in multiple papers. In addi-
tion, our own data have shown that biallelic vari-
ants in RPE6S5 are very rare [5]. Thus, biallelic
variants in RPE65 in which both variants are pre-
dicted to be benign by SIFT and PolyPhen-2
should not be excluded rashly during clinical
genetic testing. The population frequency and the
prediction results of more tools that predict
pathogenicity should be considered. Though the
five missense variants with homozygous occur-
rences in the ExAC database have relatively high
population allele frequencies and are predicted to

be benign by multiple tools, they were reported to
be disease-causing in multiple papers, such as
c.394G>A (p.Alal32Thr). Patients should be
informed about the uncertain pathogenicity of
these variations during clinical genetic testing. In
future studies, if patients with these variants are
encountered, peripheral fundus examination,
electroretinogram, and cosegregation analysis
should be conducted, which are helpful for clari-
fying their pathogenicity.

Clinically, patients with biallelic RPE65 muta-
tions have the following clinical characteristics:
the onset age was early (<10 years old); best
visual acuity decreases with age; white dots or no
apparent pigment fundus changes are present in
patients younger than 20 years, while the typical
pigmentary fundus changes are found mostly in
patients older than 35 years. The clear trend of
lower VA with increasing age is in accordance
with previous reports [41, 48, 118]. The best
visual acuity of patients with biallelic RPE65
mutations is relatively good before 15 years old,
indicating that these patients are unlikely to have
a desire to undergo gene therapy. In contrast, the
great majority of patients aged older than 35
years old are legally blind, and gene therapy is
likely to be too late to improve their visual acuity.
Patients aged between 15 and 35 years are most
likely to receive gene therapy because of their
decreasing visual acuity and their relatively cur-
able photoreceptor function. In addition to best
visual acuity, the fundus features of patients with
biallelic RPE65 mutations also change with age,
which is valuable for clinical diagnosis. In addi-
tion, our previous research indicated that one-
third of patients with RPE65 mutations had white
dots fundus [5]. Although only two FA cases
were reported in previous literature, with the
exception of our previous research, we have
reviewed more patients with RPE65 mutations
with white dots fundus. This observation indi-
cates that there may be many more patients with
RPE65 mutations with white dots fundus, which
is one of the most important clinical features of
patients with RPE65 mutations. Numerous stud-
ies specifically searched for RPE65 mutations in
the LCA cohort, and fewer searched for other dis-
eases, such as RP, especially in Caucasian popu-



14 Genotype-Phenotype of RPE65 Mutations: A Reference Guide for Gene Testing... 191

lations. This finding suggests that there may be
more IRDs patients with RPE65 mutations that
could be treated with gene therapy. In the case of
limited genetic testing conditions, the RPE6S5
gene can be specifically sequenced in patients
with these clinical characteristics. Conversely,
for patients whose clinical manifestations are
contradictory to the above characteristics, such as
late-onset age (>20 years old) and the presence of
typical pigmentation fundus of the eyes before
the age of 20 years, their phenotypes are less
likely to be attributable to RPEG65 biallelic
mutations.

Based on comparative genotypic analysis of
patients with different phenotypes, we identified
an association between biallelic missense muta-
tions and RP, while biallelic truncating mutations
tended to be associated with LCA. We speculate
that the milder phenotype of RP might be due to
some residual catalytic activity of RPE65 isom-
erase in patients with biallelic missense muta-
tions. The correlation between phenotypic
severity and mutation type is helpful for gene
testing. This discovery could be applied to both
Caucasian and Asian populations because the
phenotypic differences between Caucasian and
Asian individuals tend to be due to their different
RPEG65 genotypes rather than susceptibilities
resulting from other genetic loci.

In summary, we reviewed all published RPE65
mutations identified in patients with IRDs. Our
results revealed the phenotypic characteristics of
patients with RPE65 mutations and their geno-
type—phenotype correlations, which will be help-
ful for clinical diagnosis and gene testing.
Furthermore, the regularity of the decline in best
visual acuity with age should be valuable for
selecting patients for gene therapy and predicting
its efficacy.
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Abstract

Phosphodiesterase 6B (PDE6B) is one of the
most commonly mutated genes to cause auto-
somal recessive retinitis pigmentosa (RP),
also known as rod-cone dystrophy. The
PDEG6B protein plays a crucial role in the pho-
totransduction cascade. With the emerging
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possibility of genetic therapy for autosomal
recessive PDE6B-related retinitis pigmentosa,
knowledge regarding the pathogenicity and
functional significance of identified PDE6B
variants is crucial for genetic information for
families and access to clinical trials. We col-
lected all PDE6B variants reported in 207
autosomal recessive RP patients in publica-
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tions before June 2019. The 101 unique vari-
ants obtained were classified according to the
American College of Medical Genetics and
Genomics guidelines. Our study provides
information on the variant type, location, and
predicted pathogenicity of the variants. It also
highlights the need for ongoing review, as well
as additional data from functional assays, to
better understand the clinical significance of
PDEG6B variants.

Keywords

PDEG6B - Retinitis pigmentosa - Retinal
degeneration - Rod-cone dystrophy
Pathogenic variants

15.1 Introduction

Retinitis pigmentosa (RP) covers a group of dis-
eases causing progressive visual loss as a result
of rod photoreceptor cell death. RP is the com-
monest form of retinal degeneration, with a prev-
alence of approximately 1 in 4000 [1, 2], with a
significant burden of disease. In a Scandinavian
prevalence study, RP was the equal first cause of
blindness in citizens aged 20-64 years [3], while
in Japanese rehabilitation centers, RP was the
leading cause of visual handicap or blindness,
affecting a quarter of visually affected patients
[4]. The impact of inherited retinal dystrophies is
highlighted by a UK study, which showed retinal
dystrophies were the leading cause of blindness
in working age individuals, even exceeding those
due to diabetic retinopathy [5].

The inheritance pattern of RP can be autoso-
mal dominant (approximately 15-25% of cases),
autosomal recessive (5-20%), or X-linked
(5-15%), and is unknown in approximately
40-50%, which are simplex cases [6-8]. RP
is a highly heterogeneous disease. The clini-
cal phenotype is variable, even in patients with
an identical mutation of a disease gene [9, 10].
All forms lead to vision impairment, but there
is extreme variability in rates of degeneration
between families [11, 12]. The diagnostic criteria

delineated by the 1982 International Symposium
of Ophthalmology are [1] bilateral involvement,
[2] concentric depression of the visual field, [3]
severe scotopic involvement on electroretino-
gram (ERG), resulting from alteration of rods, or
even no ERG response, and [4] progressive loss
of photoreceptor function [13].

Genes associated with mutations in RP include
those involved in the phototransduction cascade.
Rod phosphodiesterase (PDE) is made up of a
catalytic heterodimer of PDE6A and PDE6B, as
well as two identical inhibitory gamma subunits
[14]. This protein plays a crucial role in the photo-
transduction cascade, by hydrolyzing the second
messenger cGMP as a response to light, result-
ing in photoreceptor channel closure [14]. Defects
resulting from PDE6B mutations lead to high
concentrations of cGMP and cell death [15, 16].
Mutations in the gene encoding the beta-subunit
of rod PDE, PDE6B (MIM# 180072), account for
4-5% of autosomal-recessive cases [17-19].

The PDEG6B gene is composed of a 3414 base
pair long mRNA sequence encoding the beta-
subunit of rod phosphodiesterase, an 854 amino
acid long protein [20-22]. Its molecular mass is
98.4 kDa. The gene has 22 exons and is located on
the short arm of chromosome 4 [23]. The PDE6B
protein has two high-affinity non-catalytic bind-
ing (GAF) domains and one catalytic PDEase
domain. Clinical information suggests PDE6B
RP patients have features of typical RP which
may include early nyctalopia and first presen-
tation during childhood or early adulthood, but
there has been little detailed information about
disease progression [18, 21, 24-37]. In a retro-
spective study of clinical features, Khateb et al.
analyzed PDE6B RP progression in 35 patients
from 26 families. Fifteen novel genetic variants
in PDE6B were also reported in this study [36].
The mean age at diagnosis was 21.1 years (range,
3-45 years), and nyctalopia was the most preva-
lent presenting symptom which was reported in
13 out of 35 patients (37%). The mean best cor-
rected visual acuity (BCVA) at the first examina-
tion was 0.4 logMAR (Snellen equivalent: 6/15
[Metric]). With follow-up visual acuity data for
1 to over 15 years on 24 patients, the annual esti-
mated mean rate of decline of BCVA was 2%,
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compared with 1%, 2%, and 8.6% for other rod-
cone dystrophy cohorts [12, 38, 39]. Goldmann
kinetic visual field measurements exhibited siz-
able degrees of decrease over time in PDE6B
mutation patients, and quantifiable hyperauto-
fluorescent ring changes were also noted in these
patients [36, 40].

The aim underpinning gene therapy in autoso-
mal recessive retinal dystrophies, such as those
due to variants in PDEGB, is to replace absent or
inadequate functional protein products. There are
two common murine models of autosomal reces-
sive PDE6B RP that have been extremely useful
in progress toward therapy for this condition. In
the naturally occurring rd/ mouse model, there
is severe early-onset photoreceptor degeneration
due to a nonsense point mutation that creates a
stop codon in exon 7 of the mouse Pde6b gene
p.(Tyr347Ter). Chang et al. first reported the rd10
mouse in 2000 [41, 42], another naturally occur-
ring murine model of Pde6b RP. The pathogenic
missense mutation is p.(Arg560Cys), in exon
13 of mouse Pde6b. The rd10 mouse has a later
onset of disease and detectable levels of PDE6B
protein, and has proven more useful in modelling
gene therapy, as its disease course is closer to that
in human RP. Several gene therapy experiments
have been conducted in these mouse models [43,
441, including gene therapy through a subretinal
injection of an AAV2/5 vector, which was shown
to delay rod degeneration and maintain ERG
response for at least 3 weeks after treatment [45].

In naturally occurring PDEG6B-deficient
rod-cone dysplasia type 1 (rcdl) dogs, a large
animal model of RP with a p.(Trp807Ter) muta-
tion, subretinal AAV-mediated gene therapy
restored dim light vision, preserved retinal cell
structure, and increased electroretinography rod
signals for at least 40 months [46, 47]. Dogs
were treated with either AAV2/5SRK-cpde6f or
AAV2/8RK-cpde6f. In this same model with
the same treatment, gene therapy arrests the
degenerative process even if it is given after
the onset of photoreceptor degeneration [47].
AAV2/5 and AAV2/8 vectors can efficiently
induce gene transduction if injected sub-reti-
nally in dogs, and there is preliminary evidence
that AAV2 could confer gene transduction if

delivered intravitreally [48]. This is a promising
finding in terms of future clinical trials.

These animal model studies were the prelude
to establishment of a replacement gene therapy
clinical trial for patients with autosomal reces-
sive rod-cone dystrophy due to PDE6B molecu-
lar defects (https://clinicaltrials.gov/ct2/show/
results/NCT03328130). To gain any benefit from
gene replacement therapy for PDE6B-related
retinal dystrophy, it would be expected that the
molecular defects would be biallelic compound
heterozygous or homozygous variants causing
decreased function of the PDE6B protein. In
view of this requirement, it is useful to consider
the current classification of reported PDE6B
variants in the literature, and potential prospects
on how to assess the functional significance of
variants. Facilitation of better interpretation of
the pathogenicity of PDE6B variants in relation
to autosomal recessive RP, will be important in
consideration of PDE6B-related RP clinical trial
eligibility.

15.2 Materials and Methods

We obtained all studies published prior to June
2019 that reported PDE6B variants in autosomal
recessive RP patients. Demographic information,
age of onset, and disease phenotype were col-
lected if reported. Clear duplicates were removed.
We collected Polymorphism Phenotyping v2,
SIFT, and PMut scores for all missense variants.
Polymorphism Phenotyping v2 (PolyPhen-2)
scores were obtained from genetics.bwh.harvard.
edu/pph2/ [49]. SIFT scores were obtained from
http://siftdna.org [50], using the GRCh37/hg19
assembly. Lastly, PMut scores were obtained
from mmb.pcb.ub.es/Pmut [51]. Computational
scores for splice site variants were obtained using
the programs NNSPLICE, Max-EntScan, and
Human Splice Finder, accessed via Alamut Visual
2.8 (Interactive Biosoftware, Rouen, France).
The reported PDEG6B variants were each allo-
cated a predicted pathogenicity classification
according to the American College of Medical
Genetics and Genomics (ACMG) guidelines
[52]. The classifications were: pathogenic, likely
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pathogenic, variant of uncertain significance,
likely benign, and benign.

15.3 PDE6B Variants
15.3.1 Spectrum of PDE6B Variants

We collected data on 207 autosomal recessive
RP patients reported in 43 papers [15, 17-19,
21, 24-37, 53-76], with a total of 367 reported
alleles containing PDEG6B variants. In this group,
111 patients had homozygous PDE6B variants,
49 patients had compound heterozygous vari-
ants, and 47 patients carried one variant. The 367
alleles consisted of 101 unique PDE6B variants,
with missense variants as the most common type
(189 alleles of 45 unique variants), followed by
protein-truncating variants (104 alleles of 37
unique variants), and then splice site variants
(72 alleles of 17 unique variants) (Fig. 15.1a,
b and Table 15.1). Of the protein-truncating

variants, 43 alleles had nonsense mutations
and 61 caused a frameshift. In addition, two
unique complex PDE6B alleles were described
in two different patients from the same study:
c.[1401+4_1401+16delins14; 2326G>A] and
c.[1401+4C>T; 2326G>A], [25] each encoding
a splice site mutation and the missense mutation
p-(Asp776Asn). The two splice site variants have
not been reported in any other RP patient, and
while the c.(2326G>A) variant was present in
both these patients, it has not been reported else-
where [25].

Table 15.1 PDEGB variant types reported in autosomal
recessive RP patients

Unique Total number of
Variant type variants alleles
Missense 45 189
Protein- 37 104
truncating
Splice site 17 72
Complex alleles 2 2

1 800800 1800050 4 10 11 12 13 14 15 16 17718 19 20 21 22
b
i oy o o o
: GAF1 GAF2 f PDEase
1 200 400 + 600 800 854
Enzymatic
site

A Missense variant [ Pathogenic
@ Truncating variant [ Likely Pathogenic
B Splice site variant M Uncertain Significance

Fig.15.1 Schematic representation of the locations of all
reported PDEGB variants. (a) Exon—intron schematic. (b)
Functional domain schematic. Missense variants are
depicted as triangles, protein-truncating variants as cir-

cles, and splice site variants as squares. Pathogenic vari-
ants are red, Likely Pathogenic variants are yellow, and
Variants of Uncertain Significance are blue. Accession
reference NM_000283



15 Genetic Variants and Impact in PDE6B Rod-Cone Dystrophy

201

The variant that affected the most autoso-
mal recessive RP patients was p.(His557Tyr),
which was reported in 21 alleles of 16 patients.
This missense mutation was mainly found in
Korean patients, but was also present in patients
from Japan, China, and the USA. The most
frequently detected variant in RP patients was
p-(Arg552Gln), another missense mutation
with homozygous expression in 24 alleles of
13 patients. Most of these patients were from
Pakistan. Both frequent variants are found on
exon 13, which had the most reported variants
(61 alleles of 7 unique variants) out of all the
exons. Notably, exon 13 encodes the catalytic
site of the PDE6B protein (https://pfam.xfam.
org). Exon 1 contained the second-most reported
variants, and the highest number of unique vari-
ants (51 alleles of 18 unique variants). Exon 8
was the only exon to have no reported variants.
Regarding splice site intronic variants, intron
15 had the most reported variants (18 alleles of
2 unique variants), and intron 10 had the high-
est number of unique intronic variants (4 alleles
of 3 unique variants). Introns 2, 3, 5, 7, 8, 9, 10,
11, 12, 13, 14, 15, 18, and 21 all also contained
reported variants.

15.3.2 Pathogenicity Assessment of
PDEG6B Variants

The PDEG6B variants were classified according
to the ACMG guidelines. This led to the clas-
sification of 45 variants as pathogenic, 16 as
likely pathogenic, and 38 as variants of uncer-
tain significance, in addition to the two com-
plex alleles.

The most clear-cut variants for pathogenicity
classification were those that were predicted to
lead to protein truncation. In this group, there
were 104 alleles of 37 unique variants reported.
Of the 37 unique variants, 19 were nonsense
mutations and 18 were frameshift mutations.
Thirty-four of the truncating variants were
classified as Pathogenic or Likely Pathogenic.
There were no reported patients with a variant
orthologous to the rdl mouse p.(Tyr347Ter)
mutation. Interestingly, de Castro-Miro et al.

identified an RP patient with a heterozygous
variant, p.(Tyr314CysfsTer50), in the hetero-
zygous state [60], which was previously linked
to autosomal dominant CSNB [77]. De Castro-
Miro et al. considered this allele to be unlikely to
be causing autosomal dominant disease in their
family, because it was also present in heterozy-
gous form in three other family members who
were all clinically unaffected [60]. Hence, it is
possible that their patient actually had autoso-
mal recessive disease with a variant in their other
PDEG6B allele that was not able to be detected
by the sequencing methodology of their study.
De Castro-Miro et al. also found this patient
to be heterozygous for a variant in USHZ2A,
another known cause of autosomal recessive
RP [60]. Hence, it is also possible this patient’s
disease could be due to presence of this allele
and another USH2A allele that was not able to
be detected by the sequencing methodology of
their study. In addition, the suggested link of the
p-(Tyr314CysfsTer50) variant with autosomal
dominant CSNB may be rather tenuous, since
there is only clinical ophthalmic data on the pro-
band, and no variant data available on the report-
edly affected deceased parent and grandparent
[77]. These considerations highlight the need
for careful review of segregation and phenotypic
data, to help in review of variant classification
and consideration of contribution to disease
phenotype.

Splice site variant pathogenicity classifi-
cation was also clear-cut when the variants
affected the canonical splice site regions.
There were 72 reported splice site alleles, with
17 unique variants. Of these, 10 unique vari-
ants affected the canonical dinucleotides of the
splice acceptor (AG) or splice donor (GT) site,
with 9 being classified as Pathogenic accord-
ing to the ACMG guidelines, and one as Likely
Pathogenic.

The missense alleles are the group where
variants are most frequently classified as of
uncertain significance, due to insufficient crite-
ria according to the ACMG guidelines to clas-
sify them otherwise. A total of 189 alleles with
PDEG6B missense variants were reported in the
autosomal recessive RP patients. Of the 45
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Table 15.2 Likely pathogenic and pathogenic PDEGB missense variants

cDNA change Protein change Homozygous
¢.(299G>A) p-(Arg100His) -
¢.(1010A>G) p-(His337Arg) 4
¢.(1580T>C) p-(Leu527Pro) -
c.(1655G>A) p-(Arg552Gln) 11
¢.(1669C>T) p-(His557Tyr) 5
c.(1678C>T) p-(Arg560Cys) 2
c.(1685G>A) p-(Gly562Asp) 3
c.(1811C>T) p-(Thr6041le) -
¢.(2047G>A) p-(Val683Met) -
¢.(2197G>C) p-(Ala733Pro) 9

unique missense variants, one was classified as
Pathogenic, 9 as Likely Pathogenic, and 35 as
Variants of Uncertain Significance (Table 15.2).
In order to apply the ACMG guidelines, we
obtained PolyPhen-2, SIFT, and PMut scores,
and set the thresholds for pathogenicity at scores
of >0.85, <0.05, and >0.50, respectively. These
in silico predictions were taken as a piece of
evidence only if all three computational scores
were congruent. We investigated whether the
mutations were located in a mutational hot spot
or a well-established functional domain. The
Pfam prediction tool (https://pfam.xfam.org)
identifies two high-affinity non-catalytic bind-
ing (GAF) domains and one catalytic PDEase
domain (Fig. 15.1b) [78]. While GAF domains
are present in cGMP-specific phosphodiester-
ases and phytochromes, such regions can be dif-
ficult to strictly define as a “mutational hot spot”
as per the ACMG guidelines, since there is an
implied requirement that all missense variants in
such domains have been shown to be pathogenic
[52]. This criterion is difficult to use in the clini-
cal setting, as there will often be newly identified
variants in a region that may not have reached
full classification criteria due to eg lack of avail-
able parental segregation data or other affected
family members to test. However, we concluded
that the variant encoding p.(His557Tyr) was
located in a critical location, as the enzymatic
site of PDE6B is found at p.(557) (https://pfam.
xfam.org). Four patients had the missense vari-
ant p.(Arg560Cys), which is orthologous to the
mutation in the rd/0 mouse.

Heterozygous Domain
2 GAF1
4 GAF2
3 PDEase
- PDEase
11 PDEase, enzymatic site
2 PDEase
- PDEase
10 PDEase
2 PDEase
PDEase

15.3.3 Genotype-Phenotype
Correlation

We collected data on age of onset, disease phe-
notype, gender, and ethnicity for any autosomal
recessive RP patient with a reported PDE6B vari-
ant. However, there was little detailed phenotypic
data reported for the majority of patients, and we
could not investigate a possible genotype—pheno-
type correlation. It was therefore not possible to
evaluate whether the variant type or location had
an impact on disease severity. While no statistical
analysis was possible, we did note the high vari-
ability in phenotype. For example, age of onset
ranged from infancy to adulthood [18, 21, 24—
37]. This variability highlights the importance of
detailed phenotype reporting, so that any poten-
tial genotype—phenotype correlation may be
uncovered. The retrospective review undertaken
by Khateb et al. showed useful detailed ophthal-
mic phenotype data over a period of more than
15 years in some cases [36]. Such information is
useful in informing the most appropriate timing
for therapeutic intervention, outcome measures,
and required duration of follow-up for future
PDEG6B-related clinical trials.

15.3.4 Future Directions

It should be noted that there may be variation in
interpretation of ACMG classification criteria and
these may vary across groups and may be subject
to change over time. Many of the PDE6B mis-
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sense variants, and several others, were classified
as Variants of Uncertain Significance accord-
ing to the ACMG guidelines. In these cases, it
would be useful to evaluate pathogenicity with
functional experiments. Unfortunately, there is
little reported functional experimental evidence
for most of the PDE6B variants. PDE6B mRNA
expression is low in all tissue types except the
retina, meaning that easily collected patient cells
may not be useful in functional studies [79]. One
study collated in this work used a splice assay to
determine the pathogenicity of a variant, and this
was a mini-gene-based splice assay of a novel
intronic variant [37].

There are several ways in which the molecu-
lar effects of the variants could be investigated.
Further, mini-gene-based splice assays could be
used for investigation of possible splice variants.
Alternatively, patient-derived human induced
pluripotent stem cells could be differentiated to
retinal organoids [80], and used for RNA extrac-
tion and variant splice-form expression studies.
In mouse retinal cells, it is possible to assess PDE
activity by measurement of cGMP levels [81]. A
possible avenue may be to use PDEG6B variant
patient-derived ocular organoids to assess cGMP
levels and impact on morphological and expres-
sion characteristics of the organoids.

15.4 Conclusion

We have collated all PDE6B variants from pub-
lished studies of patients with autosomal RP and
assessed their predicted pathogenicity according
to the ACMG guidelines. While this contribution
is based on known variants, we anticipate that
more variants will be discovered. Along with our
data, genetic and phenotypic information pub-
lished in the future may cast light on any geno-
type—phenotype correlation, as well as providing
additional evidence for the classification of vari-
ants. There is a need for functional experiments
that would become another source of evidence.
Taken together, these data would improve our
understanding of the different PDE6B variants.
In addition, these approaches will be critical in

improving diagnostic accuracy for variants in
conditions where eligibility for therapeutic pos-
sibilities requires certainty around the genetic
diagnosis.
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Abstract

Retinitis pigmentosa (RP), the most common
form of inherited retinal dystrophies (IRDs),
is a monogenic disease with remarkable
genetic heterogeneities. All three types of
Mendelian inheritance patterns have been
found associated with RP, including autoso-
mal dominant, recessive, and X-linked modes.
By far, 87 genes and 7 loci have been linked to
RP. These genes show variable expression pat-
terns and are involved in multiple biological
pathways, such as phototransduction cascade,
visual cycle, ciliary structure and transport,
and so on. In this chapter, we will talk about
genes involved in RP etiology. Currently, no
generally applicable treatment has been devel-
oped for RP, therefore better insights into the
RP etiology will help with better management
of RP patients.
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16.1 Introduction

Retinitis pigmentosa (RP) is the most common
form of inherited retinal dystrophies (IRDs),
presenting a prevalence ranging from 1/750 to
1/9000 among different populations [1]. RP is
characterized by photoreceptor degeneration
and pigment migration. Rod photoreceptors and/
or retinal pigment epithelium (RPE) cells are
affected in the initial stage of the disease, and
cone photoreceptors are involved at a later stage.
Typical symptoms of RP patients include night
blindness, visual field constriction, and eventual
loss of central vision [2]. Fundus abnormalities
are bone spicule pigmentation predominantly
in the periphery and/or mid-periphery retina,
attenuated retinal vessels, and a waxy pallor of
the optic disc. Electroretinogram (ERG) can help
with the diagnosis and reveal the photoreceptor
dysfunction. Noteworthy, patients with some
systemic diseases, like Usher syndrome and
Bardet-Biedl syndrome, may also have RP pre-
sentations. In this chapter, we only talk about the
non-syndromic form of RP.
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16.2 GeneslInvolvedin RP

RP can be inherited via all three types of Mendelian
inheritance, including autosomal dominant, reces-
sive, and X-linked modes. Digenic and incomplete
dominant forms have also been reported [114,
115]. RP shows remarkable genetic heterogeneity.
To date, 87 genes and 7 loci have been linked to
RP (see the Retinal Information Network [RetNet]
at https://sph.uth.edu/RetNet/) (Table 16.1).
However, these genes only account for the etiol-
ogy of approximately 60% of all RP patients,
indicating that lots of novel RP causing genes are
still to be identified. Each of the 87 genes encodes
a protein that plays crucial roles in maintaining
retinal homeostasis, such as sustaining phototrans-
duction cascade and visual cycle. Mutations in
those genes would impair the encoded protein and
their relevant pathway, thus further disrupting reg-
ular retinal function. In this chapter, we will talk
about the 87 genes and principle pathways that are
affected in RP (Table 16.2). Specifically, we will
focus on the phototransduction cascade, the visual
cycle, and ciliary structure and transport.

16.3 The Phototransduction
Cascade

The phototransduction pathway is a cascade of
reactions triggered by excitation of the opsin

Table 16.1 Summary of RP genes

Inheritance No. of genes Mapped loci

mode and loci (not identified)
Autosomal 30 RP63

dominant

Autosomal 65 RP22, RP29, RP32

recessive

X-linked 6 RP6, RP24, RP34

molecule by a photon, thus generating an elec-
trical signal that is transmitted through the optic
nerve to the visual cortex. In rod photoreceptors,
the chromophore 11-cis-retinal converts to the
all-trans-retinal isomer when capturing a photon,
which then changes the structure of rhodopsin
(encoded by the RHO gene) into the photoactive
metarhodopsin II [116]. The G protein transduc-
tion (encoded by the GNATI gene), activated by
the metarhodopsin II, further activates the cyclic
guanosine monophosphate (cGMP) phosphodi-
esterase (with subunits encoded by the PDEGA,
PDEG6B, and PDE6G genes), thus turning cGMP
into 5-GMP and shutting down cGMP-gated
channels (with subunits encoded by the CNGAI
and CNGBI genes) in the plasma membrane of
photoreceptors [117]. Closure of the cGMP-gated
channels decreases the intracellular calcium con-
centration and subsequently hyperpolarizes the
plasma membrane, which would cause decreased
glutamate release at the photoreceptor’s synapse.

Photoreceptors will go back to the pre-
photoactivation status after phototransduction
via several ways. Firstly, activated rhodopsin
kinase phosphorylates metarhodopsin II, which
then binds arrestin (encoded by the SAG gene)
and deactivate the phototransduction [118, 119].
Secondly, all-trans-retinal dissociates from the
visual pigment and converts to 11-cis-retinal
though the visual cycle. Furthermore, GTPase-
accelerating proteins, such as RGS9, inhibit

Mapped and identified genes

ADIPORI, ARL3, BESTI, CA4, CRX, FSCN2, GUCAIB,
HKI, IMPDHI, KLHL7, NR2E3, NRL, PRPF3, PRPF4,
PRPF6, PRPFS, PRPF31, PRPH2, RDHI2, RHO, ROM1,
RP1, RP9, RPEG6S, SAG, SEMA4A, SNRNP200, SPP2,
TOPORS

ABCA4, AGBLS, AHR, ARHGEF18, ARL6, ARL2BP,
BBS1, BBS2, BESTI, C2orf71, C8orf37, CERKL, CLRNI,
CNGAI, CNGBI, CRBI, CYP4V2, DHDDS, DHX38,
EMCI, EYS, FAM161A, GPRI25, HGSNAT, IDH3B,
IFT140, IFT172, IMPG2, KIAA1549, KIZ, LRAT, MAK,
MERTK, MVK, NEK2, NEURODI, NR2E3, NRL, PDEGA,
PDEG6B, PDE6G, POMGNTI, PRCD, PROM1, RBP3,
REEP6, RGR, RHO, RLBP1, RP1, RPILI, RPE6S5, SAG,
SAMDI11, SLC7A14, SPATA7, TRNTI, TTCS, TULPI,
USH2A, ZNF408, ZNF513

OFDI, RP2, RPGR
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Table 16.2 Details of RP genes
Gene Location Encoded protein Associated diseases References®
ABCA4 1p22.1 ATP-binding cassette transporter Recessive Stargardt disease, recessive [3]
retinal MD, recessive RP, recessive fundus
flavimaculatus, recessive CRD
ADIPORI  1q32.1 Adiponectin receptor 1 Recessive RP, syndromic, Bardet- [4, 5]
Biedl like, dominant RP
AGBLS5 2p23.3 ATP/GTP-binding protein-like 5 Recessive RP [6]
AHR Tp21.1 Aryl hydrocarbon receptor Recessive RP [7]
ARHGEFI18 19pl3.2 Rho/Rac guanine nucleotide Recessive RP [8]
exchange factor 18
ARL2BP 16q13.3 ADP-ribosylation factor-like 2~ Recessive RP [9]
binding protein
ARL3 10q24.32 ADP ribosylation factor like Dominant RP [10-12]
GTPase
ARL6 3ql1.2 ADP-ribosylation factor-like 6 ~ Recessive BBS, recessive RP [13]
BBS1 11q13 BBSI1 protein Recessive BBS, recessive RP [14]
BBS2 16q13 BBS2 protein Recessive BBS, recessive RP [15]
BESTI 11q12.3 Bestrophin 1 Dominant MD, Best type; dominant [16]
vitreoretinochoroidopathy; recessive
bestrophinopathy; recessive, dominant
RP
C2orf71 2p23.2 Chromosome 2 open reading Recessive RP [17-20]
frame 71
C8orf37 8q22.1 Chromosome 8 open reading Recessive CRD, recessive RP with [21]
frame 37 early macular involvement, recessive
BBS
CA4 17q23.2 Carbonic anhydrase IV Dominant RP [22]
CERKL 2q31.3 Ceramide kinase-like protein Recessive RP; recessive CRD with [23]
inner retinopathy
CLRN1 3g25.1 Clarin-1 Recessive USH, type 3; recessive RP  [24]
CNGAI 4pl2 Rod cGMP-gated channel alpha Recessive RP [25]
subunit
CNGBI 16¢21 Rod cGMP-gated channel beta ~ Recessive RP [26]
subunit
CRBI 1q31.3 Crumbs homolog 1 Recessive RP with para-arteriolar [22]
preservation of the RPE; recessive RP,
recessive LCA, dominant pigmented
paravenous chorioretinal atrophy
CRX 19q13.32 Cone-rod otx-like photoreceptor Dominant CRD; recessive, dominant  [27]
homeobox transcription factor and de novo LCA; dominant RP
CYP4V2 4q35.2 Cytochrome P450 4V2 Recessive Bietti crystalline [28]
corneoretinal dystrophy, recessive RP
DHDDS 1p36.11 Dehydrodolichyl diphosphate Recessive RP [29, 30]
synthetase
DHX38 16g22.2 DEAH (Asp-Glu-Ala-His) box  Recessive RP, early onset with [31]
polypeptide 38 macular coloboma
EMCI 1p36.13 ER membrane protein complex  Recessive RP [32]
subunit 1
EYS 6ql2 Eyes shut/spacemaker Recessive RP [33]
(Drosophila) homolog
FAMI161A  2pl5 Family with sequence similarity Recessive RP [34, 35]
161 member A
FSCN2 17925.3 Retinal fascin homolog 2, actin ~ Dominant RP, dominant MD [36]

bundling protein

(continued)
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Table 16.2 (continued)

Gene Location Encoded protein Associated diseases References?

GPRI25 4pl5.2 G protein-coupled receptor 125  Recessive RP [32]

GUCAIB  6p2l.1 Guanylate cyclase activating Dominant RP, dominant MD [37, 38]
protein 1B

HGSNAT 8pl1.21-pl1.1 Heparan-alpha-glucosaminide Recessive RP, recessive [39]
N-acetyltransferase mucopolysaccharidosis

HKI 10g22.1 Hexokinase 1 Dominant RP, recessive [40, 41]

nonspherocytic hemolytic anemia,
recessive hereditary neuropathy

(Russe type)
IDH3B 20p13 NAD(+)-specific isocitrate Recessive RP [42]
dehydrogenase 3 beta
IFT140 16p13.3 Intraflagellar transport 140 Recessive Mainzer-Saldino syndrome, [43]
Chlamydomonas homolog recessive RP, recessive LCA
protein
IFTI72 2p33.3 Intraflagellar transport protein Recessive BBS, recessive RP [44]
172
IMPDH1 7q32.1 Inosine monophosphate Dominant RP, dominant LCA [45]
dehydrogenase 1
IMPG2 3ql2.3 Interphotoreceptor matrix Recessive RP [46]
proteoglycan 2
KLHL7 Tpl5.3 Kelch-like 7 protein Dominant RP [47]
(Drosophila)
KIAAI549  T7q34 KIAA1549 protein Recessive RP [32, 48]
KizZ 20p11.23 Kizuna centrosomal protein Recessive RP [49]
LRAT 4q32.1 Lecithin retinol acyltransferase ~ Recessive RP, severe early-onset; [50]
recessive LCA
MAK 6p24.2 Male germ cell-associated Recessive RP [51, 52]
kinase
MERTK 2ql3 c-mer protooncogene receptor Recessive RP; recessive RCD, early  [53]
tyrosine kinase onset
MVK 12q24.11 Mevalonate kinase Recessive RP, recessive mevalonic [54]
aciduria, recessive hyper-IgD
syndrome
NEK2 1q32.3 NIMA (never in mitosis gene Recessive RP [55]
A)-related kinase 2
NEURODI 2q31.3 Neuronal differentiation protein  Recessive RP [56]
1
NR2E3 1523 Nuclear receptor subfamily 2 Recessive enhanced S-cone [57, 58]
group E3 syndrome; recessive, dominant RP;
recessive Goldman-Favre syndrome;
combined dominant and recessive
retinopathy
NRL 14q11.2 Neural retina leucine zipper Dominant, recessive RP [59, 60]
OFDI Xp22.2 Oral-facial-digital syndrome 1 Jobert syndrome; orofaciodigital [61]
protein syndrome 1, Simpson-Golabi-Behmel
syndrome 2; X-linked RP, severe
PDE6A 5q33.1 cGMP phosphodiesterase alpha  Recessive RP [62]
subunit
PDE6B 4pl6.3 Rod cGMP phosphodiesterase Recessive RP; dominant CSNB [63]
beta subunit
PDE6G 17q25.3 Phosphodiesterase 6G cGMP- Recessive RP [64]

specific rod gamma
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Table 16.2 (continued)

Gene

POMGNTI

PRCD

PROM1

PRPF3
PRPF4
PRPF6
PRPFS8
PRPF31
PRPH?2

RBP3

RDH12
REEP6

RGR

RHO

RLBPI

ROM1
RPI
RPILI
RP2
RP9

RPEG6S

RPGR

SAMDI11

SAG

SEMA4A
SLC7A14

Location
1p34.1
17q25.1

4p15.32

1q21.2
9q32
20q13.33
17p13.3
19q13.42
6p21.1

10q11.22

14¢24.1
19p13.3

10g23.1
3q22.1

15q26.1

11q12.3
8ql12.1
8p23.1
Xpl1.23
Tpl4.3

1p31.2

Xpll.4

1p36.33
2q37.1

1922
3q26.2

Encoded protein

Protein O-linked
acetylglucosaminyltransferase 1
(beta 1,2-)

Progressive rod-cone
degeneration protein

Prominin 1

Pre-mRNA processing factor 3
Pre-mRNA processing factor 4
Pre-mRNA processing factor 6
Pre-mRNA processing factor 8
Pre-mRNA processing factor 31
Peripherin 2

Retinol binding protein 3,
interstitial

Retinol dehydrogenase 12
Receptor expression enhancer
protein 6

RPE-retinal G protein-coupled
receptor

Rhodopsin

Retinaldehyde-binding protein 1

Retinal outer segment membrane
protein 1

RP1 protein

RP1-like protein 1

RP 2 (X-linked)

RP9 protein or PIM1-kinase
associated protein 1

Retinal pigment epithelium-
specific 65 kD protein

RP GTPase regulator

Sterile alpha motif domain
containing 11 protein
Arrestin (s-antigen)

Semaphorin 4A
Solute carrier family 7 member
14

Associated diseases
Recessive RP

Recessive RP

Recessive RP with macular
degeneration; dominant Stargardt-like
MD; dominant MD, bull’s-eye;
dominant CRD

Dominant RP

Dominant RP

Dominant RP

Dominant RP

Dominant RP

Dominant RP, dominant MD, digenic
RP with ROM1, dominant adult
vitelliform MD, dominant CRD,
dominant central areolar choroidal
dystrophy, recessive LCA

Recessive RP

Recessive LCA, dominant RP
Recessive RP

Recessive RP, dominant choroidal
sclerosis

Dominant, recessive RP; dominant
CSNB

Recessive RP, recessive Bothnia
dystrophy, recessive retinitis punctata
albescens, recessive Newfoundland
RCD

Dominant RP, digenic RP with
PRPH?

Dominant, recessive RP

Dominant occult MD, recessive RP
X-linked RP; X-linked RP, dominant
Dominant RP

Recessive LCA, recessive RP,
dominant RP with choroidal
involvement

X-linked RP, recessive, dominant;
X-linked cone dystrophy; X-linked
atrophic MD, recessive

Recessive RP

Recessive Oguchi disease; recessive,
dominant RP

Dominant RP, dominant CRD
Recessive RP
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[85, 86]
[87]
[88]
[89]

[90]

[91, 92]

[93]
[94, 95]

[96, 97]
[98]

(continued)
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Table 16.2 (continued)

Gene Location Encoded protein Associated diseases References?
SNRNP200 2ql1.2 Small nuclear ribonucleoprotein  Dominant RP [99, 100]
200kDa (US)
SPATA7 14q31.3 Spermatogenesis associated Recessive LCA; recessive RP, [101]
protein 7 juvenile
SPP2 2q37.1 Secreted phosphoprotein 2 Dominant RP [102]
TOPORS 9p21.1 Topoisomerase I binding Dominant RP [103]
arginine/serine rich protein
TRNTI 3p26.2 CCA adding tRNA nucleotidyl ~ Recessive RP with erythrocytic [104]
transferase 1 microcytosis; recessive RP,
non-syndromic
TTCS8 14q32.11 Tetratricopeptide repeat domain  Recessive BBS, recessive RP [105]
TULPI 6p21.31 Tubby-like protein 1 Recessive RP, recessive LCA [106-108]
USH2A 1q41 Usherin Recessive USH, type 2a; recessive RP [109]
ZNF408 11pl11.2 Zinc finger protein 408 Dominant familial exudative [110, 111]
vitreoretinopathy, recessive RP with
vitreal alterations
ZNF513 2p23.3 Zinc finger protein 513 Recessive RP [112, 113]

Abbreviations: MD, macular dystrophy; RP, retinitis pigmentosa; CRD, cone-rod dystrophy; BBS, Bardet-Biedl syn-
drome; USH, Usher syndrome; LCA, Leber congenital amaurosis; RCD, rod-cone dystrophy; CSNB, congenital sta-

tionary night blindness

30nly references reporting association between the gene and RP are included

activation of the cGMP phosphodiesterase [120,
121]. In addition, guanylate cyclase-activating
proteins (encoded by the GUCAIA, GUCAIB,
and GUCAIC genes) activate guanylate cyclase
(encoded by the GUCY2D gene), which increases
the concentration of cGMP in photoreceptor
plasma to normal levels [122, 123].

In cone photoreceptors, most molecules
involved in the rod phototransduction have a
homolog with similar biological functions.
However, unlike rhodopsin in rod cells, cone cells
express three opsins specific to distinct wave-
length and have much faster kinetics, which leads
to a shorter recovery phase [124]. Concentration
of the GTPase-accelerating protein complex is
ten times higher in cones compared to rods.

16.4 The Visual Cycle

The visual cycle is a complex process that regen-
erates 11-cis-retinal from all-trans-retinal pro-
duced in the phototransduction cascade. The
canonical visual cycle in rod photoreceptors hap-
pens spontaneously upon the phototransduction,

when all-frans-retinal dissociates from the visual
pigment, enters the lumen of the outer segment
discs, and converts phosphatidylethanolamine to
N-retinylidene-phosphatidylethanolamine [125].
All-trans-retinal is then transported into the pho-
toreceptor cytoplasm through the flippase activity
of the adenosine triphosphate (ATP)-binding cas-
sette transporter ABCR (encoded by the ABCA4
gene), to form all-frans-retinol by the enzyme
all-trans-retinal dehydrogenase (encoded by the
RDHS, RDHI12, and RDHI14 genes) [126, 127].
All-trans-retinol is then released to the subreti-
nal space to bind to the cellular retinol-binding
protein (IRBP, encoded by the RBP3 gene)
[128], and further moves to the RPE cytoplasm,
where it binds to the cellular retinol-binding
protein (encoded by the CRBPI gene) and is re-
isomerized through a cascade involving lecithin-
retinol acyltransferase (LRAT), RPE6S, retinal
G protein-coupled receptor (RGR), and 11-cis-
retinol dehydrogenase (encoded by the RDHS5 and
RDHI1 genes) [124, 129, 130]. The generated
11-cis-retinal is then transferred into the inter-
photoreceptor matrix by cellular retinaldehyde-
binding protein (CRALBP, encoded by the
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RLBPI gene), and is transferred back into the
photoreceptor’s cytoplasm by IRBP to bind to
opsin to generate a new rhodopsin molecule.

Other than the above-mentioned canonical
visual cycle, cones have another noncanonical
visual cycle, which regenerates 11-cis-retinal at a
20-fold faster rate [131, 132]. This noncanonical
visual cycle happens in the cone outer segments
and Miiller cells, and is triggered upon photo-
bleaching of cone-specific opsin. All-trans-retinal
is released into the cone plasma, and is reduced
to all-frans-retinol by retinol dehydrogenases
(encoded by the RDHS and RDH14 genes) and
the cone-specific enzyme retSDR1 (encoded by
the DHRS3 gene) [133]. The generated all-trans-
retinol then binds to IRBP and moves to Miiller
cells, where it is catalyzed by dihydroceramide
desaturase-1 (DESI1, encoded by the DEGSI
gene) to produce the isomerized 11-cis-retinol,
9-cis-retinol, and 13-cis-retinol [132, 134]. Since
the isomerization catalyzed by DESI is revers-
ible [134], the generated isomerized 11-cis-reti-
nol has the potential to be re-isomerized, which
can be prevented when bound to the CRALBP
[135]. 11-cis-retinol is then transported into the
interphotoreceptor matrix to bind IRBP, and
subsequently moved to the cone outer segment
[136], where it is oxidized to form 11-cis-retinal.
The 11-cis-retinal then binds to cone opsins and
form a new pigment molecule.

16.5 Ciliary Structure
and Transport

Cilia are slender protuberances that are projected
from the surface of most mammalian cells [137].
Cilia can be divided into motile forms and pri-
mary forms. In rod photoreceptor cells, the api-
cal outer segment is connected to its basal body
with a specialized nonmotile cilium [138]. Since
the outer segment lacks biosynthetic machinery,
all its components are synthesized and partially
pre-assembled in the inner segment and then
transferred to the outer segments through the
connecting cilium, which is facilitated by the
intraflagellar transport (IFT). By far, mutations

in more than 30 ciliary genes have been found
associated with non-syndromic retinal diseases
[139], and ciliary genes linked to non-syndromic
RP encode proteins that are involved in various
aspects of ciliary transport. For example, IFT is
medicated by the IFT proteins, including IFT140
(encoded by the [FTI140 gene) and IFT172
(encoded by the IFT172 gene), which form two
complexes, and bind and transport ciliary cargo
[140]. The BBSome, a complex of eight Bardet-
Biedl syndrome (BBS) proteins (BBS1, BBS2,
BBS4, BBSS5, BBS7, TTCS8, BBS9, and BBS18)
[141], serves as an adaptor between the IFT
complex and the ciliary cargo [141]. Mutations
in most BBSome components cause BBS [142],
while four of BBSome subunits, including BBS1
(encoded by the BBSI gene), BBS2 (encoded by
the BBS2 gene), TTC8 (encoded by the 77C8
gene), and BBSY (encoded by the BBS9 gene),
together with ARL6 (encoded by the ARL6 gene),
which recruits BBSome complex to the mem-
brane, are linked to non-syndromic RP [14, 15,
105, 143-148].

In addition, ARL3 (encoded by the ARL3
gene) and RP2 (encoded by the RP2 gene) medi-
ate the localization of motor units at the ciliary tip
[149]. Moreover, RPGR (encoded by the RPGR
gene, which accounts for 70-90% of X-linked
RP cases [150]) participates in assembly of the
transition zone and control of the cilium gating
function. RPGR binds to another two ciliary pro-
teins, RPGR interacting protein 1 (RPGRIP1)
and spermatogenesis associated protein 7
(SPATA7, encoded by the SPATA7 gene), in the
connecting cilium to form the RPGR-RPGRIP1-
SPATA7 complex, which plays crucial roles in
transporting specific opsins [151]. Meanwhile,
RPGR could also interact with several other
ciliary proteins associated with retinal diseases,
like centrosomal protein 290 (encoded by the
CEP290 gene), nephrocystin 1 (encoded by the
NPHP] gene), and nephrocystin 4 (encoded by
the NPHP4 gene) [124, 152].
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Abstract

Primary congenital glaucoma (PCG) is the
most prevalent form among childhood glauco-
mas, with an incidence varying between
1:1250 and 1:30,000. The majority of PCG
cases are sporadic and families have been
reported with an autosomal recessive inheri-
tance pattern and variable penetrance. Genetic
heterogeneity has been observed in PCG. Five
loci have been identified (GLC3A-GLC3E)
and, among these loci, variants in three genes
have been associated with PCG.

In Brazil, to date the genetic profile of PCG
is restricted to the evaluation of the CYPIBI
gene. Brazil is a country characterized by a
highly admixed population and low frequency
of consanguineous marriages. Most studies
have been conducted in the Southeast and
report a frequency of disease-associated vari-
ants ranging from 23.5 to 50.0%, with most
variants present in compound heterozygosity
and some variants still unique to this popula-
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tion. An association between variants in the
CYPIBI gene and poor prognosis has also been
observed, reinforcing the importance of investi-
gating this gene in Brazilian PCG patients.
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17.1 Introduction

Glaucoma comprises several conditions that
affect the optic nerve leading to structural changes
characterized by loss of retinal nerve fiber layer
and optic disc cupping with corresponding visual
field defects. The pathophysiology of glaucoma
involves many combined mechanisms and met-
abolic pathways, but the main one includes the
increase of intraocular pressure (IOP). IOP is
determined by the equilibrium of aqueous humor
production at the ciliary body and its outflow
through the trabecular meshwork (conventional
outflow) and ciliary muscle fibers (uveoscleral
outflow). In general terms, the glaucomas are
classified according to their etiology, anterior
chamber anatomy, and age of onset. In respect to
etiology, glaucoma can be divided into primary
(with no identified cause) and secondary to an
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ocular or systemic condition. Glaucomas can also
be classified according to the anatomic character-
istic of the anterior chamber angle (open angle or
closed angle), and finally depending on the age of
onset (adult or pediatric) [1-3].

In 2013, an international consortium of glau-
coma specialists named Childhood Glaucoma
Research Network proposed a classification of
pediatric glaucomas based on clinical aspects and
in the context of clinical and ocular features in
which the diagnosis was made. Therefore, both
primary congenital glaucoma (PCG) and juvenile
open-angle glaucoma are classified as primary
childhood glaucomas, since none is associated
with acquired ocular anomalies, systemic dis-
ease, or syndromes [4]. Among the pediatric
glaucomas, PCG is the most prevalent, with an
incidence varying between 1:1250 and 1:30,000,
depending on the population that is investigated.
In general, the more inbred the population, the
higher the incidence [5].

17.2 Epidemiology

In Brazil, there is no robust study indicating the
prevalence/incidence of PCG. Available data
comes from studies performed at University
Hospitals. One of these studies evaluated 72 chil-
dren with pediatric glaucoma, showing 61.5%
with PCG and 38.5% with secondary congenital
glaucoma [6].

Other studies have evaluated the causes of
visual impairment in children at low vision ser-
vices in Brazilian public hospitals. It is impor-
tant to emphasize that Brazil is a country with
a continental dimension, with the North region
being less developed than the South region.
These socioeconomic characteristics lead to dif-
ferent frequencies in causes of visual impair-
ment in children: infections tend to be the
leading cause in the North, whereas retinopathy
of prematurity is more frequent in the South. In a
study that evaluated children from the rural area,
the main causes of low vision were congenital
cataract and toxoplasmosis (14.0%) followed
by congenital glaucoma [7]. Another study, per-

formed at the University of Sao Paulo, the most
developed state in Brazil, involving 3210 cases,
also showed macular toxoplasmosis as the first
cause of visual impairment in children with low
vision (20.7%), followed by retinal dystrophies
(12.2%), retinopathy of prematurity (11.8%),
ocular malformations (11.6%), and congenital
glaucoma (10.8%) [8].

A recent update about the causes of childhood
blindness worldwide situates glaucoma as the
third leading cause in the Americas. Interestingly,
glaucoma does not appear as one of the three
main causes of blindness in the other regions
of the world (Africa, Eastern Mediterranean,
Europe, Southeast Asia, and Western Pacific) [9].

17.3 Mechanisms and Clinical
Features

The presumed mechanism in PCG develop-
ment is related to a dysfunction in the outflow
system, particularly at the conventional outflow.
Trabecular meshwork and Schlemm canal are
both structures derived from the neural crest
and mesodermal lineage. During the embryonic
period, these tissues do not complete their matu-
ration, which results in decreased outflow and
IOP rise. The effect of increased IOP in ocular
structures go beyond glaucomatous optic nerve
damage, including ocular globe enlargement
(buphthalmos), increase in corneal diameter
(megalocornea), and breaks in the corneal endo-
thelium (Haab striae). These ocular alterations
lead to a classical clinical triad of GCP symptoms
including epiphora, blepharospasm, and photo-
phobia [10, 11].

The Childhood Glaucoma Research Network
has introduced a classification guide to PCG
diagnosis defined as the presence of two or
more of the following criteria: IOP greater than
21 mmHg, optic disc cupping, corneal abnor-
malities related to PCG, ocular enlargement
evaluated by axial length or progressive myopia,
and visual field defect consistent with glaucoma
[4]. The treatment of PCG aims at reducing IOP
and controlling amblyopia. In the vast majority
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of cases, IOP control requires initially an angu-
lar surgical procedure in order to improve aque-
ous humor outflow. PCG is mostly bilateral and
asymmetrical with no sex preference in familial
cases, but with higher male prevalence in spo-
radic cases [3, 10].

17.4 Genetic Aspects

The majority of PCG cases are sporadic and fam-
ilies have been reported with an autosomal reces-
sive inheritance pattern and variable penetrance.
Since the observation of inheritance patterns and
the advances of molecular biology tools, several
families have been evaluated, leading to the iden-
tification of genes associated with PCG. Genetic
heterogeneity has been observed in PCG, what
means that the same clinical phenotype results
from variants in different loci/genes or that dif-
ferent patients, with the same genetic disease,
present with different alterations in the same gene
[3, 11]. Five loci have been identified (GLC3A—
GLC3E) and, among these loci, variants in three
genes have been associated with PCG [12].

Sarfarazi et al. identified the first gene, cyto-
chrome P4501B1 (CYPIBI), located on chromo-
some 2p21 linked to GLC3A locus in Pakistani
families [13, 14]. CYPIBI belongs to the cyto-
chrome P450 family of membrane-bound oxidase
enzymes and codes for PA501B 1, a monooxygen-
ase probably involved in the metabolism of a vari-
ety of substrates, including steroids and retinoids.
Different from other P450 proteins, CYP1B1 is
highly expressed outside the liver, particularly in
tissues responsible for IOP homeostasis: trabecu-
lar meshwork and ciliary body [15, 16].

The mechanism through which disease-
associated variants cause PCG is not completely
understood. It is suggested that the enzyme codi-
fied by the gene would participate in metabolic
pathways involved in the development of the
anterior chamber, particularly, in the formation
of the trabecular meshwork, via degradation of
certain metabolites, as well as in the clearance of
reactive oxygen species. Hence, variants in the

CYPIBI gene could compromise the develop-
ment and differentiation of this tissue, leading to
IOP elevation and consequent optic nerve dam-
age [17, 18].

The CYPIBI gene consists of three exons,
one non-coding, and two introns [19]. More than
150 variants associated with PCG have been
described, according to the “The Human Gene
Mutation Database” (HGMD) [20]. The distri-
bution of mutations can vary worldwide, from
14 to 30% in North American and European
populations, from 15 to 20% in Chinese and
Japanese populations and from 90 to 100% in
Saudi Arabians and Slovakian Gypsies [3, 21—
26]. The type of disease-associated variants can
also be more frequent in certain populations. For
example, E387K seems to be a founder variant in
Slovakian Gypsies, G61E is a founder mutation
in the Middle Eastern population and R390H is
common among Asian populations [27].

Following the identification of GLC3A locus
and its corresponding CYPIB]1 gene, two other
loci, GLC3B and GLC3C, located on 1p36
and 14q24, respectively, were reported, but no
PCG-associated variants have been identified
[28, 29].

The GLC3D locus is also located on 14q24 and
encompasses the latent transforming growth fac-
tor beta-binding protein 2 (LTBP2 gene). LTBP2
gene was identified through linkage analysis in
Pakistani and Iranian PCG families presenting
with autosomal recessive inheritance pattern.
This gene encodes an extracellular matrix pro-
tein expressed in tissues with high concentration
of elastic fibers with putative function in elas-
tin microfibril assembly and cell adhesion. Its
expression in ocular tissues such as the trabecu-
lar meshwork and ciliary body, as well as its role
in anterior chamber development, make disease-
causing variants in LTBP2 gene a reasonable
cause of PCG. Unlike the worldwide distribu-
tion of CYPIBI gene variants, LTBP?2 alterations
have been reported in few populational groups
[11,30].

The most recently identified locus is GLC3E,
which contains the tunica interna endothelial
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cell kinase (TEK) gene. This gene was not found
in a family-based linkage study, but in trans-
genic mice that harbored deletions in TEK gene
or in both major angiopoietin ligands. These
transgenic mice had a developmental loss of
Schlemm’s canal, resulting in IOP rise and gan-
glion cell loss compatible with a PCG phenotype.
These findings led to a candidate gene approach
involving 189 unrelated PCG patients, of whom
ten presented heterozygous disease-causing vari-
ants in the human TEK gene [31].

17.4.1 CYP1B1 Gene Screening
in Brazilian PCG Patients

The first study that described the analysis of the
CYPIBI gene in PCG Brazilian patients was a
collaboration between two Brazilian Universities
from the state of Sao Paulo and the group directed
by Dr. Mansoor Sarfarazi [32]. Fifty-two patients
were evaluated through single-strand confor-
mation polymorphism and Sanger sequencing:
51.9% presented positive family history, consan-
guinity was reported by 26.9 and 84.6% had bilat-
eral PCG. Fifty percent of the patients showed
disease-associated variants. The majority of them
were present in familial versus sporadic cases
(55.6 versus 41.7%) and in bilateral versus unilat-
eral disease (55.8 versus 12.5%). Homozygosity
was reported in 57.7% of the cases, heterozy-
gosity in 15.4%, and compound heterozygosity
in 26.9%. Eleven different mutations have been
identified, four of them described for the first
time (g.3860C>T, g.4340delG, g.8165C>G and
2.8214_8215delAG). The 4340delG variant was
present in 46.0% (12/26) of PCG cases posi-
tive for CYPIBI alterations (nine homozygotes,
two compound heterozygotes, and one hetero-
zygote), associated with a severe phenotype,
coursing with early onset (91.7% of the cases
in the first month), worse clinical prognosis (all
bilateral cases, high IOP in 11/12 cases), and
limited response to surgical treatment. The most
frequent haplotype observed among Brazilian
patients was 5-CCGGTA-3’, which was associ-

ated with at least seven mutations and probably
with 4340delG.

In areport from Hollander et al., a deeper geno-
type—phenotype correlation for CYPIB]I variants
was performed. The trabeculectomy specimens
from patients harboring variants were analyzed
showing different extent of goniodysgenesis
dependent on the genotype. One of the patients
was a compound heterozygote for 4340delG and
C209R. This patient showed severe goniodysgen-
esis, with agenesis of the Schelemm’s canal [33].

In a joint study of Brazilian and American
families, three variants in the CYPIBI gene
have been identified in two Brazilian families
(2.8037_8046dupTCATGCCACC in homozy-
gosity, g.8182delG, and p.Glu387Lys in com-
pound heterozygosity) by Sanger sequencing. In
both pedigrees, the disease presented with cor-
neal edema, early onset and high IOP. The same
variants were reported in one of the American
families (g.8037_8046dupTCATGCCACC and
p-Glu387Lys), who also showed the p.268delSNF
variant. Patients who harbor these variants shared
a common haplotype, indicating a common
founder between these two populations [34].

Della Paolera et al. conducted another study
with 30 patients from the state of Sao Paulo [35].
PCG was bilateral in 66.7% of the cases and uni-
lateral in 33.3%. All patients underwent a surgical
procedure before the age of 3 months and all cases
were sporadic, with no consanguineous marriage
being reported. Thirty percent of the patients
(9/30) presented CYPIBI variants, detected by
Sanger sequencing and ten different mutations
were described, two of them for the first time
(4523delC and L378Q). Four of the patients
presented variants in compound heterozygosis,
two in homozygosis and in three patients only
one mutant allele was identified. Prognosis was
worse in patients who harbored alterations in the
CYPIBI gene: mean IOP at diagnosis was higher,
more surgical procedures were necessary for IOP
control (the risk of patients positive for CYPIBI
alterations to undergo more than one surgical pro-
cedure was nine times greater than the negative
ones), and all patients had bilateral glaucoma.
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Different from the first study conducted in the
population from Sao Paulo state, the 4340delG
variant was present in only two (6.7%) patients
in heterozygosis. Two patients presented one of
the new variants, 4635delT, in homozygosis.
Both patients had severe bilateral disease, with
two to three surgeries in each eye to control IOP
and important visual function impairment. The
4523delC and L378Q alterations were present in
compound heterozygosity in three members from
the same family, all with high IOP at diagnosis,
difficult surgical control and poor visual function.

Few years ago, a study involving Indian
and Brazilian GCP patients evaluated 301 and
150 patients, respectively [36]. This study
encompassed Brazilian patients from two pre-
vious studies as well as 68 new cases [32, 35].
A frequency of approximately 44.0% disease-
associated variants in the CYPI/BI gene has
been reported in both populations. Despite the
similar frequency, variants in homozygosis were
more frequent in the Indian cohort (24.2% versus
16.7%) while compound heterozygosis was more
frequent in the Brazilian cohort (12.7% versus
6.0%), which is probably due to the higher rate
of consanguineous marriages among Indians.
Both populations exhibited significant allelic
heterogeneity. Thirty-nine variants were reported
in Indian patients, while 17 in Brazilian patients.
Most of these variants were population specific.
Thirty-three were present only in Indian patients,
while 11 were reported only in Brazilian patients.
Six variants were shared between both groups
(2.8037_8046dup10, 2.8214_8215delAG,
p-R368H, p.P437L, p.A443G, and p.S476P). The
most prevalent alterations were R368H in India
and 4340delG in Brazil. The R368H was observed
in only three Brazilian patients (in homozygosity
and compound heterozygosity) and the 4340delG
was observed only in the Brazilian cohort.
Regarding haplotype distribution, as observed in
previous studies, the 5'-CCGGTA-3" was a risk
haplotype, associated with most variants.

In the group of Brazilian patients, 44.0% of
the patients showed CYPIBI disease-associated
variants. Although not statistically significant,
age of onset was lower in the group positive for

CYPIBI alterations. This group also showed
higher frequency of family history and consan-
guinity. When all Brazilian PCG samples were
evaluated (52 from the first study, 30 from the
second study, and 68 from this study) no asso-
ciation was observed between alterations in the
CYPIBI gene, IOP, and corneal diameter. In this
report, the number of surgeries and number of
affected eyes were not evaluated in relation to
CYPI1B] changes.

Another example of a patient from the
Southeast Brazil is a 2-month-old male infant with
bilateral PCG who was screened for variants in the
CYPIBI gene. Glaucoma was diagnosed when he
was less than 1 month old. The patient presented
IOP of 26 mmHg in the right eye and 28 mmHg in
the left eye, axial length of 21.49 mm in the right
eye and 22.20 mm in the left eye, as well as buph-
thalmos, megalocornea, and corneal edema. The
child has been submitted to four surgeries to con-
trol IOP. The CYPIB1 gene screening showed the
presence of two different variants (compound het-
erozygosity): p.E387K inherited from the father
and p.R444Ter, inherited from the mother. As far
as we know the R444Ter variant is being described
for the first time in Brazil. The parents had no
glaucoma or family history of glaucoma and no
consanguinity (Fig. 17.1, data not published).

Recently, a study was conducted by Coélho
and collaborators who evaluated 17 PCG patients
from an ethnically diverse population from
the Northeast Brazil through next-generation
sequencing [37]. Most of the patients had bilateral
glaucoma (88.2%), the age at diagnosis ranged
from O to 9 years and in 52.9% of the patients at
least two surgical procedures were required. The
late diagnosis reflects the poor health care quality
in the Northeast compared to the Southeast region
of Brazil. Disease-associated variants were pres-
ent in 23.5% of the patients, three compound
heterozygotes and one homozygote, and five dif-
ferent variants were reported, two of which were
described for the first time in Brazilian patients
(p-GO61E and p.Y81IN). No genotype—phenotype
correlation was observed.

All variants that have been reported in Brazilian
PCG patients are depicted in Table 17.1.
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Fig. 17.1 Primary congenital glaucoma patient harbor-
ing variants in the CYPIBI gene. (a) Photograph of the
patient at diagnosis showing corneal edema and buphthal-
mos. (b) Left eye after surgeries for IOP reduction. (c)
Right eye after surgeries for IOP reduction. (d)

Chromatogram showing the p.E387K variant (GAA-
AAA) in heterozygosis. (e) Chromatogram showing the
p-R444Ter variant (CGA-TGA) in heterozygosis.
Photographs are courtesy of Dr. Christiane Rolim de
Moura from Federal University of Sdo Paulo

Table 17.1 Distribution of CYP1BI mutations associated with PCG observed in Brazilian cohorts

Allele
Amino acid frequencies

Genomic DNA position change (%) Origin

2.3860C>T p-Q19Ter 1.14 Brazil [32, 35-37], South Korea [42]

2.3976 G>A p-W57Ter 1.70 Brazil [32, 36], Australia [43], USA [26],
Germany [44], France [45], Hipanic origin
[46]

2.3987 G>A p.-G61E 0.28 Brazil [37], Saudi Arabia [21, 23, 47], Iran
[48, 49], USA [44], Morocco [50], India [51,
52], Turkey [53], Spain [54], Ecuador [55]

2.4046 T>A p-Y8IN 0.28 Brazil [37], Pakistan [56], Germany [44],
Spain [54]

2.4340delG Frameshift  10.51 Brazil [32, 35, 36], Morocco [50], USA,
Hispanic origin [33], North Africa [45]

2.4523delC Frameshift 0.28 Brazil [35]

2.4635delT Frameshift 1.70 Brazil [35, 36], Mexico [57]

2.7901_7913del GAGTGCAGGCAGA Frameshift 3.40 Brazil [32, 35, 36], Turkey [14, 46, 58],
France [45], Saudi Arabia [47], USA [26,
44], Russia, Germany, Switzerland [44],
Canada [59], Spain [54]

2.7940G>A p-R368H 0.85 Brazil [32, 36], Saudi Arabia [23], Iran [48,

49], India [36, 51, 52], Turkey [53], Australia
[43], USA [44], Pakistan [56], South Korea
[42], Germany [44]
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Table 17.1 (continued)

Allele
Amino acid frequencies

Genomic DNA position change (%) Origin

2.7970 T>A p-L378Q 0.57 Brazil [35, 36]

2.7996 G>A p-E387K 1.42 Brazil [32, 34-36], Romany [22], France
[45], Canada [59], USA [26, 34, 44],
Australia [43], Hispanic origin [46]

2.8035 C>T p-P400S 0.28 Brazil [36], Australia [43], Spain [54]

2.8037_8046dupTCATGCCACC Frameshift 5.11 Brazil [32, 35-37], France [45], India [36,
51], Turkey [46, 53], USA [44, 46], UK [46],
Pakistan [56], Spain [54]

2.8147C>T p-P437L 1.70 Brazil [32, 36, 37], Turkey [46], India [36,
51], Saudi Arabia [47], Spain [54]

2.8165 C>G p-A443G 1.14 Brazil [32, 35, 36], Saudi Arabia [47],
Ethiopia [60], Lebanon [58], USA [26], India
[36]

2.8168 G>A p-R444Q 0.28 Brazil [36], Japan [61], South Korea [42],
Australia [43], France [45]

2.8182delG Frameshift 2.27 Brazil [32, 35], USA [46], Portugal [45]

2.8214_8215delAG Frameshift 0.85 Brazil [32, 35, 36], India [36]

g. 8263 T>C p.S476P 0.28 Brazil, India [36]

As previously reported, the Brazilian popula-
tion is highly admixed and heterogeneous. It is
the result of several immigration events accompa-
nied by the miscegenation of three major ances-
tral roots: Amerindians, Europeans, and Africans.
Genetic composition varies from region to region,
but it has been shown that the urban population
is more uniform than previously thought. For
autosomal markers, the proportion of European,
African, and Amerindian ancestries was esti-
mated between 70 and 77%, 13 and 19%, and 9
and 10%, respectively [38—40]. Accordingly, the
study by Rolim et al. evaluated ancestry markers
in PCG patients from the State of Minas Gerais
and reported that the proportion of Europeans,
Africans, and Amerindians ranged from 74 to
83%, 11 to 18%, and 4 to 9%, respectively. The
authors demonstrated that African ancestry was
more frequent in PCG cases than in controls
(although with no statistical significance) and
that it was associated with a higher number of
surgeries to control IOP, suggesting that it might
act as risk factor for the disease when in high pro-
portion [41].

17.5 Summary

The studies evaluating the participation of the
CYPIBI gene as causative for PCG in Brazil have
shown a frequency of disease-associated variants
ranging from 23.5 to 50.0%. This important con-
tribution strongly suggests that this gene is worth
being tested in Brazilian PCG patients. Most of
the patients present compound heterozygosity in
their genotype, reinforcing the admixture profile
of the Brazilian population.

The most frequent disease-associated
variants in Brazil are g.4340delG, followed by
2.8037_8046dupTCATGCCACC, and g.7901_
7913delGAGTGCAGGCAGA. It is important to
notice that only one study was performed in the
Northeast region, with only 17 PCG patients
included. This was enough to identify two new
variants in Brazil, which emphasizes the need for
additional studies in all regions of Brazil, in order
to obtain a more realistic representation of PCG
in this population.

Twenty years after the identification of
CPYPIBI gene, two variants remain exclusively
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identified in Brazil: g.4523delC and L378Q. The
other variants are shared with several popula-
tion groups, but four were reported in only one
other country: South Korea (p.Q19Ter), Mexico
(g.4635delT), and India (g.8214_8215delAG and
p-S476P). It would be interesting to evaluate if
these four disease-associated variants are origi-
nated from a common founder or if they are de
novo events.

Brazil can contribute in the understanding of
the genetic basis of PCG by searching for new
genes using family-based approach, as well as
investigating the genes recently associated with
PCG, LTBP2, and TEK. The latter seems to be
more promising, since their disease-associated
variants appear to be more spread in different
populations than LTBP2 variants. Finally, it is
important that more collaborative studies are
made to better reveal the genetic basis of PCG
and to establish genotype—phenotype correlations
applicable in precision medicine. For example, if
TEK alterations are associated with the absence
of Schlemm’s canal, the primary angle surgery
might not be the ideal surgical treatment option.
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Abstract

Glaucoma, a multifactorial ocular disease, is
clinically and genetically heterogeneous. It is
the second leading cause of blindness in
elderly population worldwide. Because of the
complex nature of glaucoma, the genetic spec-
trum has not been established globally. In
Pakistan, both the familial and the sporadic
forms of the disease are common, which is
attributed to higher percentage of consanguin-
ity in the Pakistani population. Till the year
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2008, there were no reports from Pakistan
about the genetic factors causing glaucoma. In
order to identify the glaucoma genetic spec-
trum in the Pakistani population, we geneti-
cally screened individuals with glaucoma that
included the common clinical subclasses; pri-
mary congenital glaucoma (PCG), primary
open angle glaucoma (POAG), primary angle
closure glaucoma (PACG), and pseudo-
exfoliation glaucoma (PEXG). We conducted
linkage analysis of the glaucoma families,
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case-control association analysis of the spo-
radic glaucoma cases using previously
reported single nucleotide polymorphisms
(SNPs), and also carried out genome wide
association studies (GWAS). These studies
have allowed us to discover novel glaucoma
causing genes and risk-associated SNPs in the
Pakistani population. The identification of
novel glaucoma genes reveals novel molecular
mechanisms involved in glaucoma pathogen-
esis. However, the clinical heterogeneity in
the Pakistani glaucoma population suggests
the need for further exploration of the molecu-
lar/genetic causes of the disease.

Keywords

Glaucoma - GWAS - SNPs - CYPIBI - Novel
genes/loci

18.1 Introduction

Glaucoma is a group of neurodegenerative ocular
diseases, which is caused by optic nerve damage
either in one eye or both, leading to visual field
defect and eventually blindness.

Glaucoma is a multifactorial disease, caused
by interplay of genetic and environmental factors.
The complex nature of the disease is either due
to heterogeneity where different genes result in
the same clinical subtype or the same genes lead
to variable clinical conditions. Phenocopies have
also been observed that are caused by environ-
mental factors. The presence of modifier element
also makes the condition complex where muta-
tion carriers remain asymptomatic. Deviation
from the Mendelian mode of inheritance is com-
mon in glaucoma [1-4]. Due to all these differ-
ent factors analyzing glaucoma genetically is
difficult, however, familial clustering as well as
association studies have been helpful in identifi-
cation of pathogenic mutations as well as rare and
common polymorphic genetic variants that have
shown higher percentages in affected individuals
as compared to healthy (unaffected) control pop-

ulation [5]. Having a multifaceted etiology, cer-
tain genes are pertinent to glaucoma progression
globally as well as in a population-specific man-
ner. In Pakistan, the higher prevalence is not only
due to the lack of awareness and management
of the disease but also the clinical heterogeneity
where different subclasses have familial form and
sporadic occurrence, which affect people of all
ages. Our genetic screening of glaucoma, which
included primary congenital glaucoma (PCG),
primary open angle glaucoma (POAG), primary
angle closure glaucoma (PACG), and pseudo-
exfoliation glaucoma (PEXG), involved replica-
tion studies, which revealed glaucoma-associated
single nucleotide polymorphisms (SNPs) in the
Pakistani population, exome sequencing resulted
in novel gene identification. While global screen-
ing of glaucoma including the Pakistani cohort,
led to the discovery of glaucoma-associated
novel loci. All the studies performed until now
have indicated genetics as one of the major com-
ponents involved in familial and sporadic glau-
coma onset in Pakistan.

18.2 Global Perspective

Glaucoma displays variable occurrence rate
among different populations worldwide, simi-
larly its genetic etiology exhibits heterogeneity
and therefore remains largely unknown not only
globally but also in different populations includ-
ing Pakistan. Glaucoma is estimated to affect
worldwide 79.6 million by 2020 [6] and 111.8
million by 2040 [7], three-fourth of whom will
suffer from POAG [6]. Females are more prone to
develop the disease, encompassing 70% of PACG
patients, 55% of POAG, and 59% of other types
of glaucoma. The ethnicity differences reveal that
Africans have the highest occurrence rate, where
POAG is observed to be more common, followed
by Asians, where the Chinese population has a
higher incidence of PACG patients, while normal
tension glaucoma (NTG) subtype is more com-
mon among the Japanese [8].

Previously familial studies resulted in identifi-
cation of 18 glaucoma loci (GLC1A to GLCIN,
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GLC3A to GLC3D). The mutated genes included
optineurin (OPTN), myocillin (MYOC), neu-
rotrophin 4 (NTF4), and WD repeat domain
36 (WDR36) [9, 10]. Among the subclinical
classes, PCG is more common in infants, usu-
ally occurring in sporadic manner in outbred
populations, however, it is inherited recessively
in inbred population [11, 12]. To date, four loci
(GLC3A, GLC3B, GLC3C, and GLC3D) have
been linked to PCG, with two identified genes
GLC3A (CYPIBI) and GLC3D (Latent trans-
forming growth factor beta binding protein;
LTBP2) [13, 14]. Among the reported genes,
cytochrome P450 (CYPIBI) has been found to
be associated with PCG in different populations
globally [9]. Through GWAS and case-control
association studies in different cohorts, around
20 genes have been reported for POAG [9], while
9 genes have been found to be associated with
PACG [15, 16]. More than 70 point mutations
in MYOC have been found to be associated with
POAG (predominantly 3-5% being associated
with juvenile open angle glaucoma (JOAG)) [17]
worldwide. Despite the identification of a num-
ber of genes, the complete genetic etiology of
glaucoma remains undefined.

18.3 Epidemiology

A comprehensive report on glaucoma prevalence
in Pakistan is still lacking, though small hospital-
based studies have been conducted they do not
provide a complete epidemiological overview of
the Pakistani glaucoma patients. Therefore, there
remains a gap in the determination of epidemio-
logical basis of glaucoma of the Pakistani popula-
tion. World health organization (WHO) national
survey of blindness conducted between 1987 and
1990 showed that the prevalence of blindness var-
ied from 2.0 to 4.3% in the Pakistani population,
where glaucoma was found to be responsible for
3.9% blindness cases [18], which rose to 7.1%
by the year 2007 [19]. However, another study
has shown that 1.8 million people in Pakistan are
affected by glaucoma among them one million
are legally blind. Although it has a high preva-

lence, glaucoma is the major cause of treatable
blindness in Pakistan second to cataract [19].

In Pakistan, POAG is the most frequent glau-
coma subtype [20], especially in adults who are
70 years and older [19]. Moreover, PACG is more
common among females and POAG among the
males [21]. Congenital glaucoma accounts for
up to 18% of childhood blindness and is believed
to occur in 1 among 2000 births in the Middle
East and 1 in 10,000 births in Western countries
[22]. The higher occurrence of glaucoma in the
Middle East is attributed to higher percentage of
consanguineous marriages, which is even higher
in South Asian countries including Pakistan [23].

18.4 Etiology

The etiology of glaucoma is complex with
involvement of a combination of factors resulting
in a similar pathological outcomes. The major
risk factor of high prevalence of isolated primary
glaucoma in Pakistan is old age [24]. Besides
that, based on the recent genetic studies, the role
of genetic susceptibility is becoming apparent.
The major cause of familial glaucoma in Pakistan
is consanguinity that results in many diseased
recessive families, though dominant glaucoma
families have also been identified worldwide [25],
we also observed few dominant conditions in our
studied cohort. Pakistan has one of the highest
rates of consanguinity, because of which the
ratio of PCG is higher followed by JOAG. Due
to excessive inbreeding, clinical extremes have
been observed in Pakistani patients. Among the
environmental factors, exposure to sun also plays
a role in disease manifestation as the people in
the rural areas are usually farmers and are exces-
sively exposed to sunlight. The major reason of
occurrence of secondary form of glaucoma in
Pakistan is use of steroid, for keratoconjuctivites,
and allergies as well as self-medication for eye
problems. The second most common cause of
secondary glaucoma found in the Pakistani popu-
lation is bilateral penetrating keratoplasty [26].
Besides, diabetes, cataract, and other diseases
may also lead to secondary form of neovascular



236

H. Ayub et al.

glaucoma [27]. Due to a lack of awareness, delay
in diagnosis, and treatment facilities in Pakistan,
patients lose eyesight thus worsening their condi-
tion [28]. In addition, there are a number of sys-
temic disorders called as glaucoma syndromes,
which involve ocular abnormalities as a second-
ary feature [29]. These include Marfan’s syn-
drome, Alfred Reiger’s syndrome, Nail-patella
syndrome, and Pigment Dispersion syndrome.

Though glaucoma induced blindness is pre-
ventable, numerous studies have demonstrated
that access to glaucoma care facilities and non-
compliance to therapy are still the major issues
to be addressed in Pakistan. Several interrelated
factors may contribute to noncompliance, includ-
ing illiteracy in patients, self-medication, and
poor socioeconomic status, which may be one
of the reasons behind discontinuation of medi-
cines resulting in progression of glaucoma to end
stage. All these factors must be investigated in
a glaucoma patient’s noncompliance to medical
treatment [30].

18.5 Experimental

In order to study the glaucoma genetic spectrum
in the Pakistani population, we genetically ana-
lyzed familial and sporadic glaucoma, includ-
ing the major clinical subclasses PCG, POAG,
PACG, and PEXG. The genetic screening was
started in 2008 and is still ongoing. In addition
to that, all the glaucoma genetic findings by
other groups working on Pakistani patients were
also collated with our data in the current study
to better understand the genetic etiology of the
Pakistani population.

18.5.1 Identification of Novel Genes,
Loci, and Novel Mutations
in Known Genes
18.5.1.1 Homozygosity Mapping
and Exome Sequencing
Glaucoma families were screened by exclu-
sion mapping using Sanger sequencing, in these

families, glaucoma was the primary cause of
vision loss and also a secondary clinical feature
in syndromic families. Using this technique few
novel mutations in known genes were identified.
The unsolved families were further analyzed
by whole exome sequencing and homozygosity
mapping after microarray analysis of selected
family members, this resulted in identification of
a few novel genes/loci (Table 18.1).

18.5.1.2 Genome Wide Association
Studies

For the association studies, multiple techniques
were used such as genome wide association stud-
ies (GWAS) [31, 32] that led to identification of
novel loci (Table 18.2). Replication studies of
selected SNPs based on their previous associa-
tion with various populations were done through
TaqMan/KASPAR assays, this highlighted the
previously identified glaucoma associated SNPs
role in the Pakistani population (Table 18.2).

18.6 Genetic Aspects

18.6.1 Familial Glaucoma Genetics
in Pakistan

CYP1B1 Associated

Glaucoma Families

Due to consanguinity in Pakistan, there is a
frequent transmission of mutations through the
generations resulting in a higher prevalence of
genetic diseases. Many genes are expected to
be involved in the progression of familial glau-
coma in the Pakistani population, therefore the
exact genetic cause remains undefined [33].
The GLC3A locus on chromosome 2 has been
reported to be the most significant contribu-
tor to recessive PCG in the Pakistani popula-
tion [34, 35]. CYPIBI is the gene that resides
in the GLC3A locus and is one of the major
causes of glaucoma [(PCG (34.6%) and POAG
(3.3%)] in the Pakistani population (Fig. 18.1).
The founder mutation p.Arg390His in CYPIBI,
is the most frequent CYP/B] mutation not only
in the Pakistani population (45%; Fig. 18.1) but

18.6.1.1
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Table 18.1 Genes and their identified mutations causative of familial glaucoma in the Pakistani population

Gene
(MIM 1D)
CYPIBI
(MIM
601771)

LTBP2
(MIM
602091)

MYOC
(MIM
601652)
PXDN
(MIM
605158)
PRPFS
(MIM
607300)
FOXCI
(MIM
601090)
PAX6
(MIM
607108)

Mutation (protein variation)
p-Leul77Arg

p.Leu487Pro

p-Asp374Glu

p-Arg390His*

p.Arg355*

p.Glu229Lys

p-Ala288Pro

p-Asp242Ala
p-Arg290Profs*37
p-Asp316Val

p-Alal15Pro
¢.868_869insC

p-Gly36Asp
p-Gly67-Ala70del
p-Trp434Arg

p.-Arg444Gln

p-Tyr81Asn

p-Arg368His
p.Trp246Leufs81* + p.Glu299Lys
p.Pro442GInfs15%*

p-GIn37*

p.-Arg469Trp
p-Thr404Serfs30*
c.1044-1G>C

p.Gly61Asp

p-Pro437Leu

p-Pro350Thr + p.Val364Met
p.Leul3*

p-Arg299X p.Alal38Profs*278, p.

GIn111X p.Glu415Argfs*596
p-Argl645Glu
p-Asp1345Glyfs*6

p-Thr377Arg

p.Gly1166Arg

p.Prol3Leu and p.Met25Thr

p-Ala31_Ala33del

p-Tyr75*

Chromosomal
Phenotype location
PCG 2p22.2
PCG
PCG
PCG+POAG
PCG
POAG
PCG
PCG
PCG
POAG
PCG
PCG
PCG
PCG
PCG
PCG
PCG
PCG
PCG
PCG
PCG
PCG
PCG
PCG

PCG
PCG
PCG
PCG 14q24.3
PCG
PCG
PCG
PCG
PCG

JOAG 1q24.3

PCG 2p25.3

POAG

7931.2

PCG 6p25.3

Axenfeld-Rieger
syndrome

11p13

References

[37]
[37]
[37]

[35,38-42]

[38, 40]
[38—40]
[38]
[38]
[38]
[38]
[39]
[39]
[39]
[39]
[35]
[35]
[35]

[35, 40, 41]

[35, 41]
[35]
[35]
[35]
[35]
[40]

[42]
[42]
[42]
[44]

[45]

[47]

[45]

[46]

[49]

[49]

(continued)
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Table 18.1 (continued)

Gene Chromosomal

(MIM ID) Mutation (protein variation) Phenotype location References

FBNI Marfan’s 15g21.1 [50]

(MIM: Syndrome

154700)

MYOI18A p-Arg691Cys JOAG 17q11.2 Ayub et al.

(MIM: [unpublished data]

610067)

ENOX1 p-Met571le 13q14.11

(MIM:

610914)

COLY9A2 p-Pro354Leu 1p34.2

(MIM:

120260)

NCOA7 p-Val242Met Late onset POAG  6q22.31-q22.32  Ayub et al.

(MIM: [unpublished data]

609752)

PHKGI p-Thr42Met JOAG Tpll.2 Ayub et al.

(MIM:172470) [unpublished data]

Novel Locus PCG 14q24.2-24.3 [48]

Novel Locus PCG 7q34 Ayub et al.
[unpublished data]

“** Stop codon, Under mutation section “+” indicates occurrence of two mutations in a single family, Under the pheno-
type section “+” indicates the coexistence of mentioned phenotypes in the family

2Founder mutation of Pakistani population

is also frequently reported in Saudi and South
Korean populations [36]. The first report of
the involvement of CYPIB]I in glaucoma fami-
lies of Pakistani origin was in 2008 with iden-
tification of three novel missense mutations
(p-Leul77Arg, p.Leud487Pro, and p.Asp374Glu)
in the gene [37]. Exclusion mapping that we per-
formed in our cohort of 40 glaucoma families
(12 PCG and 28 POAG) revealed one known and
three novel homozygous mutations in CYPIBI
in four PCG families (p.Arg355%, p.Ala288Pro,
p-Asp242Ala, and p.Arg290Profs*37). The
p-Arg390His is the most frequent mutation that
we identified in our cohort [38]. In addition in a
panel of POAG families, a novel heterozygous
missense mutation (c.947A>T; p.Asp316Val)
was identified along with a known mutation
(p-Glu229Lys). The latter was also found in
three other POAG families [38].

A study conducted by Sheikh et al. [39] on
a panel of 20 PCG families that were screened
by short tandem repeat (STR) markers spanning
CYPIBI, revealed linkage of half of the panel
(ten families) homozygously to CYPIBI region.

Six mutations were identified in the CYPIBI
linked families, with p.Arg390His being the
most frequent mutation. Rauf et al. [35] iden-
tified two novel mutations p.W246Lfs81* and
p.P442Qfs15* in CYPIBI in PCG families
whereas nine recurrent mutations in their panel
of 23 PCG families were identified where the
founder p.Arg390His mutation was found to
be segregating in 13/23 families. In another
study by Afzal et al. [40] on a panel of 38
PCG families, ten families showed linkage to
CYPIBI with the identification of one novel
mutation (c.1044-1G>C) in the 3’ splice site
in one family, while three other had recurrent
mutations. Bashir et al. [41] recently identi-
fied a novel (c.736dupT, p.W246LfsX81*) and
recurrent mutations in the CYPIBI in five out
of six PCG families in their panel. In a recent
study, direct sequencing of 11 PCG families for
CYPIBI resulted in identification of mutation
in seven families, this included a novel muta-
tion p.P437L, compound heterozygous variants
p-P350T and p.V364M as well as two known
mutations p.R390H and p.P437L [42].
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Table 18.2 Sporadic glaucoma associated novel genes and loci through genome wide association studies and replica-

tion studies

Gene
CHAT (MIM:254210)

POMP (MIM:
601952)

TMEM]136

(MIM:  614465)
AGPATI (MIM:
603099)

RBMS3 (MIM:
605786)

near SEMA6GA

ASBI0 (MIM:
602432)

TMCO1 (MIM:
213980)

ATOH7

(MIM: 221900)

CAVI (MIM:
606721)

BIRC6 (MIM:
605638)

XRCCI1 (MIM:
617633)

XPD (MIM:
278730)

LOXLI (MIM:
177650)

MTHFR (MIM:
181500)

NOS3 (MIM:
104300)

HSP70 (MIM:
140550)

COLIIAI (MIM:
228520)

GST (MIM:
138350)

SNP ID
rs1258267

1rs7329408
rs11827818
rs3130283
rs12490863
$10072088
rs2253592

1s4656461

rs1900004
rs4236601
rs2754511
1s25487

rs13181

rs1048661
rs3825942
rs1801133

27bp intron 4
VNTR

rs1043618

rs3753841
Ml

Tl

Glaucoma
subtype
PACG
PEXG
PEXG
PEXG
PEXG
PEXG
POAG
POAG*
PACG
PEXG*®
PACG?
POAG
PEXG
POAG
POAG
PEXG
PEXG
PACG
POAG
PACG
PEXG
POAG

PACG
PEXG

PEXG
PEXG

PEXG

OR (95%CI) p-Value
1.22 (1.58-3.98)
4.99 x 10°16
1.13 (1.07-1.19)
1.61 x 107

1.15 (1.08-1.22)
435x 10

1.24 (1.14—1.34)
227 % 107

1.12 (1.05-1.20)
0.00053
0.88(0.81-0.96)
0.0024

P =0.047

0.57(0.38-0.89)
0.003

0.52 (0.30-0.88)
0.009

0.54 (0.32-0.92) 0.01
0.69(0.48-1.00) 0.03

2.46 (1.01-6.24) 0.02
0.42 (0.22-0.81) 0.05

2.65(1.44-4.85),

p <0.005)

1.89 (1.23-2.9),

p =0.005)

2.98 (1.94-4.57)
0.0001

6.83 (2.94-16.67)
0.00001

1.09 (0.64—1.84)
0.001

1.74 (1.10-2.75) 0.01
2.09 (1.23-3.55)
0.001

1.68 (1.01-2.7) 0.04
2.68 (1.79-4.01) 2.22
6709

1.91(1.18-3.10)
0.002

2.87 (1.75-4.71) 2.5

6707

0.44 (0.19-1.0) 0.05

20.77 (2.45-460.38)
0.001

4.47 (1.96-10.29)
0.001
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Table 18.2 (continued)

Glaucoma
Gene SNP ID subtype OR (95%CI) p-Value References
TNFa (MIM: G-308A PEXG* 0.24 (0.12-0.51) [56]
157300) <0.001
MYOC (MIM: rs74315341 197.01 p =0.04 [33]
137750) rs879255525 199.25 p =0.016 [33]
MMPI (MIM: rs1799750 POAG 2.14 (1.10-4.15) [57]
226600) 0.001
MMP7 (MIM: rs17576 PACG 1.34 (0.73-2.47) 0.35 [57]
178990)
CYPIBI (MIM: 1s2567206 PEXG* 0.44 Ayub et al. [unpublished
231300) (0.25-0.77)/0.0002 data]
4Protective role
1 4q27-:1.§;24.3 oA
pLeulTTArg
Novel Loci (1.7%) p.Leund$TPro
P-Asp3TdGln
p-Ala2¥EPro
pASp242Al
p-Arg290Profs*37
P Asp316Val
ALl 5P
P.GlviGAsp
P GlyiT-AlaTodel
Unsolved (51%) p-Proi3TLen
p-Pro3s0Thr
. Val364Met
CIH4-1G=C
P Prod42GInfs15°
"‘:"l:‘l’:“ p-Arg368His (5.8)
Glaucoma Syndromes (3% PRPES (1%) p Trpd34Arg
p-ThrdidSerfs30"
il PATEHCIn
PAX6 (1.7%) MYOC, ENOXI, pIyrSlasa pipt e
COLYA2, PHKGI P Clnie:

Fig. 18.1 Frequency of genes associated with PCG,
POAG, and glaucoma syndromes in the Pakistani popula-
tion in a cohort of 182 families. CYPIBI is the major
cause of PCG and POAG. Frequency of the CYPIBI glau-

Though involvement of CYP1B] is apparent in
PCG in Pakistan, interestingly, our group identi-
fied homozygous CYPIBI mutation p.Arg390His
in a large consanguineous family that had het-
erogeneous clinical presentation. The members
were affected with POAG (both Juvenile and late
onset) as well as PCG [38]. Similarly, a homo-
zygous mutation ¢.182G>A, p.G61E in CYPIBI
was also found to be responsible for both Juvenile
onset POAG (27 years) as well as PCG in another
consanguineous Pakistani family [43]. We also

coma causing mutations also represented, which accounts
for 37.9% of families carrying CYPIBI mutations in the
Pakistani Population (data compiled from studies [35,
3742, 44-50])

identified a novel heterozygous missense muta-
tion (p.Asp316Val) in a late-onset POAG family
thus extending the mutation spectrum of CYPIBI
in Pakistani glaucoma families [38].

Data pooling from the studies done on glau-
coma families of Pakistani origin revealed that
since 2008 till date nearly 182 families have been
genetically screened, where mutations in CYPIB1
were found in 37.9% of the families (Fig. 18.1),
most of these families were screened by direct
CYPIBI sequencing, in the remaining families
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(51%) there might be a deep intronic variant
in CYPIBI causative of the disease or involve-
ment of some other gene or some nongenic part.
Therefore, there is a possibility of novel gene dis-
covery in the unsolved PCG families.

18.6.2 Other Genes Involved
in Familial Glaucoma

Second most frequently mutated gene (3.3%) in
the PCG families was LTBP2 (latent transforming
growth factor beta binding protein, Fig. 18.1). To
date, 6 mutations in LTBP2 have been identified
to cause PCG in Pakistan; Ali et al. [44] iden-
tified a homozygous nonsense mutation in exon
4 (c.895C >T; p.Arg299X), a homozygous
single base pair deletion in exon 1 (c.412delG;
p-Alal38Profs*278), a homozygous nonsense
variant in exon 1 (c.331C>T; p.GInl11X) and
a homozygous 14-base pair deletion in exon 6
(c.1243-1256 del; p.Glu415Argfs*596) [44]. In
our cohort, a missense mutation (c.4934G>A;
p.Arg1645Glu) and a novel frameshift mutation
(c.4031_4032insA; p.Aspl345Glyfs*6) were
also identified in LTBP2 after whole exome
sequencing of PCG Pakistani families [45].
Another family in our cohort was linked to PXDN
with a novel missense mutation (c.3496G>A;
p-Gly1166Arg) [45]. PRPFS that was previously
identified to cause retinitis pigmentosa was found
to be causative of POAG in Pakistani families,
where two nonsynonymous variants p.Prol3Leu
and p.Met25Thr were identified to be segregating
with the POAG phenotype [46]. Another gene,
MYOC, has also been reported to cause glaucoma
in Pakistan with the identification of a heterozy-
gous mutation (p.Thr377Arg) in a family with
severe glaucoma phenotype [47].

The locus 14q24.2-24.3 was found segregat-
ing in two consanguineous Pakistani families in
a study conducted in 2008 [48]. In another study
[Ayub et al. unpublished data], homozygos-
ity mapping revealed a novel locus 7q34 to be
present homozygously in the affected members
of a small PCG family. Though targeted exome
sequencing was performed of the 2 MB locus, no
plausible disease-associated gene was identified

thus indicating the possible involvement of deep
intronic mutation or nongenic region or some
other gene outside of this region.

We also obtained interesting results with
whole exome sequencing of POAG families
[Ayub et al. unpublished]. In a large consan-
guineous dominant POAG family, we identified
three variants in three novel genes (MYOIS8A:
c.2071G>A; p.Arg691Cys, ENOXI: c.171C>T;
p-Met571le, COL9A2: c.1061C>T; p.Pro354Leu)
segregating with the disease. The presence of all
the variants resulted in the early onset of the dis-
ease (discussed in clinical part). Whereas another
variant (NCOA7: c¢.724C>T; p.Val242Met)
segregated in a different loop of the same fam-
ily, in this branch the three variants did not
exist together and the affected persons had late
onset of the disease. In another consanguine-
ous Pakistani family with juvenile-onset POAG,
inherited dominantly, whole exome sequencing
identified a variant (c.125C>T p.Thr42Met) in
the PHKGI to be segregating heterozygously
[Ayub et al. unpublished data].

18.6.3 Genetics of Glaucoma
Syndromes

Genes have also been identified in various glau-
coma syndromes in the Pakistani population.
We conducted a study of 14 Pakistani fami-
lies presented with Axenfeld Rieger Syndrome
along with presentation of Glaucoma as one
of the complications of the syndrome. A novel
homozygous deletion (c.92_100del; p.Ala31_
Ala33del) was identified in the FOXCI segre-
gating in a family with congenital glaucoma
presentation [49]. Another family carried a de
novo mutation c¢.225C>A; p.Tyr75% in PAX6
causative of glaucoma in syndromic form. The
mutation was not present among the parents
of the proband [49]. We also identified a novel
heterozygous missense mutation c¢.2368T>A;
p. Cys790Ser in FBNI in a Marfan’s syndrome
family of Pakistani origin [50].

The familial form of PACG is rare, though in
our panel of glaucoma families, we identified two
small families that were screened for plausible
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genes, but no known or novel variants were iden-
tified in these families [Ayub et al. unpublished
data], thus indicating involvement of novel genes
in PACG families.

18.6.4 Genetics of Sporadic
Glaucoma

In order to determine a comprehensive genetic
overview of glaucoma in the Pakistani popula-
tion, our group conducted a number of case-
control association studies that resulted in
identification of pathogenic as well as protective
SNPs in the Pakistani population (Fig. 18.2).
GWAS conducted for the identification of genetic
risk factors of sporadic glaucoma subtype PACG
in worldwide and Pakistani PACG patients
resulted in the identification of five novel loci,
EPDRI (rs3816415) CHAT (rs1258267), GLIS3
(rs736893), FERMT2 (1rs7494379), and DPM2—
FAMI102A (rs3739821) to be causative of PACG
globally, however, in the Pakistani population
only CHAT (rs1258267) was significantly asso-
ciated [31]. While another GWAS of sporadic
PEXG [32], revealed novel loci; 13q12 (POMP),

a ~ PEXG b
AGPATI**, BIRC6*
CYPIBI* GST. LOXLI
POMP**, RBAJS3.""*
SEMAGA** TNFa,
TMEM136%*

POAG

ASBI0 CAVI
MMPI, MYOC
XPD, XRCCI

* Protective role
** GWAS identified novel genes

Fig. 18.2 (a) Genotype and phenotype correlations
among the PCG families linked to the three genes
CYPIBI1, PXDN, LTBP2 in the Pakistani population. (b)

Axial lengths 19.7 mm & 17.3
mm, horizontal comeal diameter
115 mm & 10 mm

11923.3 (TMEM136), 6p21 (AGPATI), 3p24
(RBMS3), and 5923 (near SEMAGA) along with
a rare protective allele at LOXLI (p.Phe407)
[32]. Replication association studies revealed
variants in ASB10 to be associated with POAG
[51], TMCOI (rs4656461) with POAG, PACG
as well as PEXG, ATOH7 (rs1900004) with
PACG, and CAVI (rs4236601) with POAG
[52]. Polymorphisms rs25487 in XRCCI and
rs13181 in XPD were found to increase the risk
of POAG in males [53], while LOXLI SNPs
rs1048661 and rs3825942 did not show any gen-
der bias and were found to be only associated
with PEXG [54], while a 27-bp intron 4 VNTR
polymorphism in NOS3 and HSP70 rs1043618
polymorphism were found to be associated with
POAG and PACG [55], as well as with PEXG
[Ayub et al. unpublished]. SNP rs3753841 in
COLIIAI was also found to be significantly
associated with PACG [Ayub et al. unpublished
data]. TNFa polymorphism G-308A was asso-
ciated with PEXG [56], while rs74315341 and
the novel SNP rs879255525 in MYOC increase
the risk of POAG in the Pakistani population
[33]. MMPI polymorphism rs1799750 was
found associated with POAG, MMP9 polymor-

CYPIEI
Low vision, No light

perception, Megalocornea,
Edema, Nystagmus, Peripheral
iris defect, Aniridia, Anterior
and posterior synechia, Optic
Dise Neuropathy. Pigmentary
fundus mottling macula

Genes, associated with three subtypes of Glaucoma:
PEXG, POAG, and PACG, in the Pakistani Population
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phism rs17576 with PACG [57]. MTHFR C677T
polymorphism was found to be associated with
PCAG but not POAG [58]. Whereas the BIRC6
polymorphism 1rs2754511 was found to play
a protective role in PEXG [59], and CYPIBI
(P450) polymorphism rs2567206 also played
a protective role in PEXG [Ayub et al. unpub-
lished]. Moreover, GSTT! and GSTMI null
genotypes were also found to be associated with
PEXG in the Pakistani cohort [60].

There were few SNPs such as rs11720822 in
PDIAS [59], 1s11258194 in OPTN, P21 polymor-
phism rs1801270, P450 c.-2805T>C (POAG and
PACG only), CYPIBI polymorphism rs2567206,
rs1015213 in PCMTDI, 111024102 polymor-
phism in PLEKHA that were not found to be
associated with glaucoma in Pakistani popula-
tion, despite their disease association in other
ethnicities worldwide [Ayub et al. unpublished].

Polymorphic genetic variations in different
genes that were observed to play a genetic role
in sporadic glaucoma in the Pakistani population
are listed in Table 18.2.

18.7 Pathology and Clinical
Features

Different forms of glaucoma share some com-
mon clinical features that include changes in
cup-to-disc ratio (CDR), thinning of retinal nerve
fiber, which happens due to the loss of optic
nerve and RGCs. The visual field loss initiates
in the periphery until only the central vision is
left [27]. Various forms of glaucoma exist in
Pakistan, the most common clinical presenta-
tion among the children is PCG while POAG is
common in adults. Based on the genetic findings
there exists a genotype—phenotype correlation in
different forms of glaucoma in Pakistan.

18.7.1 Genotype-Phenotype
Correlation

Like genetic heterogeneity, the clinical presen-
tation of glaucoma was also observed to be het-

erogeneous in the Pakistani glaucoma patients
(Fig. 18.2b). In familial glaucoma subjects,
Waryah et al. [42] observed varying degrees of
onset and severity of disease in their studied fam-
ilies, where most of the families had early disease
onset. In our cohort, a large family of POAG with
a dominant mode of inheritance, had differences
in the age of onset of the disease among various
affected individuals among the sub-branches of
the family. One sub-branch displayed early onset
of the disease with an average age of 25 years
while the other sub-branch had late disease onset
with mean age of 50 years. The patients had
severe phenotype with raised IOP, pain in eyes
and forehead region and tunnel vision. The symp-
toms were severe in one of the patients with early
onset of the disease; the affected girl had onset in
the first decade of life with severe clinical symp-
toms and rapid loss of vision [Ayub et al. unpub-
lished]. Another dominant late-onset POAG
family had blurring of vision and persistent head-
ache at the beginning of the disease. They had
high intraocular pressure (IOP), retinal nerve
fiber layer (RNFL) thinning, and appearance of
clinical symptoms in fourth to fifth decade of life.
However, a child (7 years at the time of sampling)
in the family had loss of vision with excessively
raised IOP and deep cupping, with appearance of
clinical symptoms in the first decade of life. The
child was also observed to be homozygous for the
identified segregating mutation in PHKG while
other affected individuals in this family were
heterozygous [Ayub et al. unpublished data].
The families that were linked to CYPIBI had
varying clinical phenotypes, one of them with a
mutation (p.Arg390His) in CYP/BI had family
members affected with PCG, JOAG, and late-
onset POAG as well. “The patient having PCG
had megalocornea, hazy cornea, edema, raised
IOP (32 mmHg) and nystagmus, whereas the
patients with late-onset POAG in the same fam-
ily had poor vision, a phthisical left eye, nystag-
mus and optic disc neuropathy with a pigmentary
mottling of the fundus in the macula of her right
eye. The individual with JOAG onset had phthisi-
cal left eye, a peripheral iris defect, aniridia and
anterior and posterior synechia, and a high IOP
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(44 mmHg) of the right eye, while another indi-
vidual had megalocornea, nystagmus, raised IOP
in both eyes (35 and 30 mmHg) and a CDR of
1.0 in both eyes” [38]. In the same study, 4 PCG
families were linked to CYPIBI (Fig. 18.2b).
The age of onset was before 3 years with very
high IOP (>40 mmHg), bulging eyes (buphthal-
mus), with varying opacity, horizontal corneal
diameters were 13 mm [38] (Fig. 18.2b). Clinical
variability has been observed among patients
with variants in CYP/BI in the Pakistani popula-
tion [41] (Fig. 18.2b). A PCG family with two
affected individuals who suffered from glaucoma
in first year of life had raised IOP (>40 mmHg)
and nystagmus bilaterally. The family was genet-
ically analyzed by homozygosity mapping that
resulted in identification of a novel locus [Ayub
et al. 2019 unpublished]. Both individuals had
bulging avascularized and opaque corneas with
sensitivity to touch and Haab’s striae (horizontal
breaks in the Descemet’s membrane). The dis-
ease was progressive that resulted in complete
blindness while the unaffected siblings had no
signs of glaucoma. In other populations world-
wide, patients with PXDN mutations have been
observed to display severe anterior segment dys-
genesis and microphthalmia [61], however, in
our Pakistani cohort we observed anterior seg-
ment dysgenesis, sclerocornea, microphthalmia,
hypotonia, and developmental delays among the
patients [38]. Moreover, overlapping clinical fea-
tures were observed among the probands of the
PCG families that were linked to different genes
(Fig. 18.1). Familial glaucoma clinical presenta-
tion is therefore observed to be complex where
single gene defect results in differential pheno-
type among the family members, which points to
the involvement of genetic modifiers in glaucoma
progression, therefore, there is a need to identify
these modifier genes to add to the understanding
of the genetic etiology and hence the molecular
mechanisms of glaucoma.

Among the sporadic cases that we studied,
most of the patients came to the clinics with com-
promised vision. In the studied sporadic cohort,
we observed comorbidity of NTG and high ten-
sion glaucoma (HTG) among the POAG group.

Among these patients, the CDR ranged from
0.4 to 1 with increased vision loss along with
increasing CDR. The patients with late-onset
POAG were mostly blind due to glaucoma when
they first visited the clinics. The JOAG patients
usually had a family history and raised I1OP
with disturbed CDR (>0.5). Among the PACG
patients, the IOP was observed to be very high,
i.e., above 40 mmHg with red and watery eyes.
The PACG patients usually had severe loss of
vision, which in some cases was accompanied by
excessive optic nerve damage, whereas patients
of PEXG had exfoliation deposits in the TM and
other aqueous bathed surfaces and usually had
late-onset open angle glaucoma with raised IOP
(<30) and disturbed CDR (>0.5).

The sporadic Pakistani glaucoma patient’s
awareness about glaucoma onset, progression
and its consequences were poor as compared to
the patients with family history. The former came
to the clinics usually with compromised vision
and poor understanding of the fact that vision
restoration is not possible for a glaucoma patient
and thus it becomes a major cause of depression
among glaucoma patients.

Better understanding of the pathology of
glaucoma therefore can help in improvement
in management and treatment of the disease. In
Pakistan, treatment generally includes medica-
tion, targeting, and reducing IOP by topical med-
icine, laser or surgical procedure [62]. f-blockers
(timolol and betaxolol) are most commonly used
to lower the IOP, along with a2 adrenoreceptors,
which lower the IOP by inhibiting the aqueous
humor inflow [63]. In case of failure of medicines
and laser treatment or in very severe disease con-
dition, trabeculectomy is the procedure of choice
to lower the IOP and trabeculectomy with 5-FU
is an efficient surgical procedure for glaucoma
treatment in practice in Pakistan [64]. However,
despite multiple treatment methods it has been
observed that a number of patients respond to
the medication differently, being categorized as
responders and nonresponders to treatment. Such
observations, therefore, point toward the need of
exploring pharmacogenetic aspect of glaucoma
in the Pakistani patients.
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18.8 Molecular Biology

18.8.1 Molecular Biology of Familial
Glaucoma in Pakistan

The major gene contributing to PCG in the
Pakistani population and other ethnicities world-
wide is observed to be CYPIBI. However, in the
Pakistani population, we also observed CYPIBI
mutations in POAG families thus extending the
disease spectrum of CYPIBI to glaucoma sub-
types. The gene belongs to the family of cyto-
chrome P450 [65] and the protein is essential in
the proper development and functioning of the
iridocorneal angle of the eye [66] and mainte-
nance of the trabecular meshwork (TM), which
is the most significant tissue with respect to glau-
coma [67]. The mutated CYPIBI is predicted
to result in disruption of TM cell arrangement
at early developmental stages that interrupts the
aqueous humor outflow resulting in elevated
IOP in PCG as well as POAG patients [67]. The
involvement of CYPI/BI mutations in a POAG
family that we studied where patients displayed
clinical variability (late-onset POAG, JOAG, and
PCQG), points toward the involvement of a modi-
fier gene, or it might be due to the interaction of
environmental factors (xenobiotics or mutagenic
chemicals) [68].

Mutations in LTBP2 and PXDN (also reported
in the Cambodian population [69]) have been
found to be causative of PCG in the Pakistani
population. LTBP2 is expressed in the TM cili-
ary processes where it has a vital function in the
production and maintenance of aqueous humor,
it is also involved in tissue repair and cell to
cell adhesion [70]. The involvement of LTBP2
in the developing elastic tissues is postulated
as the molecular mechanism causative of PCG
[71]. LTBP2 also interacts with FBNI (which
causes Marfan’s syndrome) [72, 73] to main-
tain integrity of the extracellular matrix (ECM)
[74]. Though the pathogenic mechanism for both
LTBP2 and PXDN is unclear in glaucoma but
they are both predicted to be linked to each other
through COL4A2 and the assembly of ECM in
the TM which is important in maintenance of

IOP. PRPFS8, is another gene, mutations in which
have been found to be causative of POAG [46],
this gene was previously reported as RP causing
gene in retinal dystrophy families [75], this is a
novel genetic association for POAG manifesta-
tion. PRPFS interacts at its C and N terminals
with the interacting partners (U2-dependent spli-
ceosome complex composed of four snRNPs;
Ul, U2, U4/U6, and US), which are important
for splicing. Previously C terminus mutations
in the gene were identified to be causative of RP
[75] but in our cohort we found mutations in the
N terminus to be causative of POAG [46], thus
mutations on both termini are predicted to dis-
rupt the normal protein function and disturb the
interaction with other proteins, however, how the
N and C terminus mutations result in different
phenotype needs further investigation.

Despite the fact that a number of genes have
been identified in Pakistani glaucoma families,
the unsolved families (51%; Fig. 18.1) indicate
the existence of un-identified gene(s) and path-
ways causative of glaucoma.

18.8.2 Molecular Biology of Sporadic
Glaucoma in Pakistan

The two major primary forms of glaucoma,
PACG and POAG have been extensively studied
worldwide as well as in the Pakistani population,
however, we extended our sporadic glaucoma
cohort to a secondary form of glaucoma, i.e.,
PEXG. We reported our first association study on
MTHFR in 2008 [58], with PACG and not with
POAG, which was also the first genetic asso-
ciation report of sporadic glaucoma phenotype
from Pakistan. The difference in the association
of MTHFR for different glaucoma subclasses
led us to explore further, the other genetic vari-
ants involved in various molecular pathways that
have reported association in other populations
worldwide. We studied various SNPs in those
genes that had shown association in ER stress
and apoptosis (P53, P21, P450, PDIAS, BIRC6,
OPTN), genes expressed in Ciliary body, TM
(MYOC, ASBI0), genes involved in overcom-
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ing oxidative stress (eNOS, HSP70, GSTs). Cell
junction maintenance (PLEKT), collagen growth
and repair (COLLIIAI, MMPs), DNA repair
pathway genes (XRCC, XPD), and inflammation
(PCMTDI, TNFa).

These association studies helped us in the iden-
tification of population-specific SNPs. A global
screening of PACG samples identified novel genes
and pathways [31] in which five novel loci were
found to be associated with PACG (Table 18.2).
When population-based data were analyzed,
only one SNP (CHAT; rs1258267) was found to
be associated with PACG in the Pakistani popu-
lation [31]. Moreover, when the global PEXG
cohorts were screened, it also resulted in novel
loci identification in the Pakistani population as
well [32]. Thus, these studies helped in highlight-
ing the pathways such as oxidative stress and
inflammatory pathway that are associated with
the disease in the Pakistani population. Further
replication studies should be done in Pakistani as
well as in other populations for the identification
of population-specific genetic risk variants.

18.9 Summary

Pakistan, with one of the highest ratios of con-
sanguinity, has a large number of genetic disease
families including glaucoma. There is clinical as
well as genetic variability among the patients of
glaucoma in the Pakistani population. In certain
cases, a single gene mutation might cause vary-
ing effects in the individuals, suggestive of the
presence of modifiers that require further com-
prehensive studies to understand the complete
mechanisms of glaucoma. Moreover, glaucoma
awareness is the need of the hour and all modes
of communication should be used to sensitize
the public at large. The patients are not famil-
iar with the genetic basis and the familial nature
of the disease; therefore it has become a seri-
ous blindness-related issue in Pakistan despite
advances in diagnostic, medical, and surgical
treatment options.

Moreover, looking at the mutation spectrum of
CYP1BI and the identification of novel mutations
in the gene in Pakistani population, this gene

should be prescreened for mutations in all new
families of not only PCG but also POAG. Several
novel mutations in novel and known genes iden-
tified in our cohort could not be functionally
validated in the genetic studies conducted in
Pakistan. Therefore, molecular characterization
of glaucoma is essential, which can only be done
through high throughput techniques. As glau-
coma is a complex disorder therefore the best
technique for its molecular characterization is
whole genome sequencing, which will be helpful
in understanding its genetic etiology. Functional
studies including proteomic approaches and
animal models would further be required for
the validation of the genetic data, followed by
further replication studies in different popula-
tions. Only then it would be possible to unravel
the causative agents of these complex disorders
and their underlying molecular mechanisms that
will further help in developing better therapeutic
interventions.
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Abstract

Common eye diseases, including myopia, cat-
aract, glaucoma, and age-related macular
degeneration, are the leading cause of blind-
ness and visual impairment, affecting billions
of people worldwide. Unlike monogenic dis-
eases, the inheritance of common eye diseases
is complex, interplaying with genetics and
environmental factors. Genome-wide associa-
tion studies (GWAS) have identified hundreds
of associated genes for common eye diseases;
yet, the biological correlation of these disease-
associated genes with the pathogenesis of the
common eye diseases remains elusive. Apart
from the involvement of multiple genes, the
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epigenetic regulation by environmental fac-
tors, including cigarette smoking and sunlight
exposure, also determines the occurrence and
etiology of the complex diseases. A gene pro-
moter is composed of multiple transcription
factor binding sites, which time-dependently
regulates the spatial expression of a gene.
Genetic variants in the promoter region, creat-
ing or disrupting the transcription factor bind-
ing sites, could impair the expression of the
disease-associated genes and contribute to the
pathogenesis of the common eye diseases. In
this chapter, the association of the gene vari-
ants in the promoter region with the common
eye diseases was summarized, with the focus
on myopia, cataract, glaucoma, and age-
related macular generation. In addition, the
contribution of the promoter variants to the
pathogenesis of these complex common eye
diseases would also be discussed.

Keywords

Promoter - Genetic variants - Myopia
Glaucoma - Age-related macular degenera-
tion - Cataract

251

G. Prakash, T. Iwata (eds.), Advances in Vision Research, Volume 111, Essentials in Ophthalmology,

https://doi.org/10.1007/978-981-15-9184-6_19


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-9184-6_19&domain=pdf
https://doi.org/10.1007/978-981-15-9184-6_19#DOI

252

T.K.Ng and C. P.Pang

19.1 Introduction

Myopia, cataract, glaucoma, and age-related macu-
lar degeneration (AMD) are the most common ocu-
lar disorders, affecting almost all human beings in
the world during their lifetime. No matter what the
disease onsets are, the influence of environmental
factors, such as sunlight exposure, cigarette smok-
ing and food intake, complicate the development
and progression of these common eye diseases [1].
Besides, multiple etiology, clinical heterogeneity,
overlap of phenotypic features as well as limited
large pedigree also hinder the disease gene discov-
ery for these complex eye diseases. Nevertheless,
the major breakthrough in complex eye disease
genetics begins with the International HapMap
Project and the application of genome-wide asso-
ciation studies (GWAS) on AMD [2]. Since 2005,
more than 300 genes were identified as the disease
susceptible genes for different eye diseases. Unlike
monogenic diseases, disease penetration is hard to
be explained by a single associated variant of the
disease susceptible gene. Besides, because of the
strong linkage disequilibrium, the causal variant
cannot be identified only by the statistical methods
[3]. Furthermore, considering the late disease onset
and interaction with environmental factors, the vari-
ants in the exons are less likely to be the causal vari-
ants for complex eye diseases.

The precise regulation of gene transcription
and translation is the key to the central dogma
of molecular biology. This relies on the cis-
regulatory DNA elements as well as the epigen-
etic regulation to control the gene expression.
Gene promoters with the enhancers and repres-
sors are composed of multiple transcription
factor binding sites, which time-dependently
regulate the spatial expression of the genes.
Genetic variations in the cis-regulatory elements
would create or abolish the transcription factor
binding sites, which would influence the tran-
scription of the genes. Cumulative misexpres-
sion of the disease susceptible gene could lead
to a disease phenotype when age advances. This
also explains the small odds ratio (OR) of most
GWAS-identified variants for the complex eye
diseases. In this chapter, the genetic association
of the variants located in the promoter region was
summarized, with the focus on the common eye

diseases, including myopia, age-related macular
generation, glaucoma, and cataract. In addition,
the contribution of the promoter variants to the
pathogenesis of these complex common eye dis-
eases would also be discussed.

19.2 Myopia

Myopia, one of the most common refractive dis-
orders worldwide, is an epidemic public health
issue, especially in Asia. High prevalence (80—
90% in young adults; [4]) and fast progression of
myopia [5] in East and Southeast Asian countries
lead to the national defense and occupational
problems as well as the economic burden to the
society. Individuals with high myopia, defined as
spherical equivalence below —6.0 diopter (D), are
more prone to develop serious ocular complica-
tions, including macular hole, retinal detachment,
glaucoma, premature cataract, and choroidal neo-
vascularization [6], which could lead to irrevers-
ible visual impairment or even blindness.

The etiology of myopia is complex.
Environmental factors and inheritance have
been implicated in the development of myopia.
Environmental factors, such as near work, out-
door activities, and sunlight exposure, could be
attributed to the development of myopia [7],
whereas high heritability of myopia has been
observed from the twin and familial studies [8,
9]. Currently, more than 20 MYP loci have been
mapped for myopia by the family linkage analy-
sis [10]. Moreover, a recent GWAS with 255,925
study subjects identified 161 genetic variants sig-
nificantly associated with refractive error [11].
These refractive error-associated genes cover
the light-dependent signaling cascade from cor-
nea to sclera, including rod-and-cone bipolar
synaptic neurotransmission, anterior segment
morphology, and angiogenesis. However, the
functional consequences of these gene vari-
ants to the development of myopia still remain
unknown. Besides, most of the associated vari-
ants are located in intergenic region, indicating
the possible role of transcriptional regulation. In
this section, the association of promoter variants
in multiple genes with myopia was summarized
and discussed.



19 Contributions of Promoter Variants to Complex Eye Diseases

253

19.2.1 Paired Box 6 Gene

Paired box 6 (PAX6) gene mutations were iden-
tified for the development of aniridia [12]; yet,
the association of PAX6 gene with myopia was
initially discovered by a genome-wide scan of
506 twin pairs with the heritability of 0.89 in the
British population [13]. Significant linkage with
a maximum LOD score of 6.1 was identified on
chromosome 11p13. Tag SNP analysis demon-
strated five variants of PAX6 gene explaining
0.999 of the haplotype diversity. However, in our
Hong Kong Chinese cohort, no sequence altera-
tions in the coding or splicing regions showed
an association with high myopia [14]. Besides,
tag SNP analysis indicated that there was no sig-
nificant association of PAX6 variants (rs2071754,
1rs3026354, rs3026390, rs628224, rs644242, and
rs662702) with mild (-1.0 to -3.0 D), moderate
(3.0 to —6.0 D), and high myopia [15]. These
PAX6 variants were also not correlated with the
axial length. In contrast, 2 PAX6 intron variants
(rs2071754 and rs644242) were found to be asso-
ciated with extreme myopia (< —10.0 D) with
odds ratio (OR) of 1.33. Moreover, the PAX6
rs644242 variant could be associated with high
myopia (OR = 0.87; dominant model) as well as
extreme myopia (OR = 0.79; dominant model) as
suggested by a meta-analysis of 6888 study sub-
jects with Asian ancestry [16].

Although PAX6 coding variants are not asso-
ciated with myopia, there could be possibility of
genetic variation in the upstream promoter or reg-
ulator. Our group identified two highly polymor-
phic dinucleotide repeats, AC,, and AG,, in the P1
promoter region of the PAX6 gene significantly
associated with high myopia [14]. Higher num-
bers of both AC,, and AG, repeats were observed
in high myopia patients with an OR of 1.33. Our
luciferase-reporter analysis further demonstrated
elevated transcription activity with increasing
individual AC,, and AG, and combined AC,,AG,
repeat lengths, suggesting that higher expression
of PAX6 gene could be related to the develop-
ment of high myopia.

Apart from the promoter variants, the
microRNA binding site could also be involved

in the regulation of PAX6 gene expression.
MicroRNA-328 binds to the wild-type C-allele,
but not the T-allele of rs644242 variant [17].
Increased microRNA-328 expression suppresses
PAX6 expression and downregulation of PAX6
reduces scleral cell proliferation. Collectively,
promoter and microRNA regulations suggest that
increased PAX6 expression is associated with
myopia and its pathological changes; therefore,
PAX6 should play a role in myopia development.

19.2.2 Lumican Gene

The correlation of lumican (LUM) gene (chro-
mosome 12g21.33) with myopia can be observed
from the double knockout mice of lumican and
fibromodulin  (Lum™/Fmod”), which thinner
sclera and increase in axial length were observed
in Lum™/Fmod” mice [18]. Similarly, knock-
down of lumican gene (lum) in zebrafish by anti-
sense morpholinos resulted in scleral thinning
and increased size of scleral coats due to the dis-
ruption of the collagen fibril arrangement in the
sclera [19]. However, LUM is not the candidate
gene in the MYP3 locus for high myopia [20]. On
the contrary, a LUM promoter variant rs3759223
was first suggested to be associated with extreme
myopia in the Taiwan population with a p-value
of 2.83 x 10 [21]. A meta-analysis with 1545
Chinese subjects from five studies indicated that
the C-allele of LUM rs3759223 variant is protec-
tive against high myopia with an OR of 0.53 [22].
Yet, the LUM rs3759223 variant is not associ-
ated with high myopia in the Korean population
[23]. Another meta-analysis with 2297 subjects
from six studies confirmed no association of
LUM 1s3759223 variant with high myopia in all
genetic models [24].

In addition to the rs3759223 variant, another
LUM promoter variant rs3759222 is also not
significantly associated with high myopia in the
Korean population [23]. In contrast, the haplo-
types of LUM variants ¢.601, c.-59, c.-628, and
c.-1554 are significantly associated with high
myopia in the Taiwan population with an OR of
471 [25]. Apart from the promoter variants, a
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3’-UTR variant (c.1567:C>T) showed a signifi-
cant association with high myopia in the Taiwan
population [26]. The T-allele of LUM c.1567
variant exhibits a lower reporter gene activity
compared to the C-allele.

Collectively, although there is controversy in
the association of LUM promoter variants with
myopia, population-specific association could
exist for different LUM promoter variants.

19.2.3 Extracellular Matrix-Related
Genes

Laminin-al (LAMAI) gene on chromosome
18p11.31 is a candidate gene in the MYP2 locus
for high myopia. However, none of the variants
across the LAMAI gene, including 2 promoter
variants (rs334384 and rs334420), are associ-
ated with extreme myopia in the Japanese popu-
lation [27]. Another LAMAI promoter variant
rs2089760 has been shown to be associated with
high myopia in the Chinese population with an
OR of 1.38 [28]. This LAMAI promoter vari-
ant is located at the transcription factor binding
site, which the A-allele of rs2089760 variant,
compared to the wild-type G-allele, reduces tran-
scription factor binding ability and transcriptional
initiation activity, and negatively regulates the
expression of LAMAI gene [29]. This indicated
that reduced expression by LAMAI rs2089760
variant could be involved in the development of
pathological myopia.

Although the expression of matrix metallopro-
teinase-2 (MMP-2), but not MMP-3, was found
to be elevated in human aqueous humor of the
myopic eyes [30], no significant association was
detected for the promoter variants of MMP-1 (c.-
1607), MMP-2 (c.-1306:C>T and c.-735C>T),
and MMP-3 (c.-1612) with high myopia in the
Japanese population [31]. The association of
MMPs variants requires further confirmation in
different populations.

No association of collagen type I alpha 1
(COLIA1I) variant was identified with myopia in
the Caucasian population [32]. Similarly, there
is also no association detected for the COLIAI
intron variant rs2075555 with high myopia [33];

yet, a meta-analysis of 1620 Asian subjects
showed a significant association of COLIAI
promoter variant rs2269336 with high myopia
[34]. Moreover, increased methylation at the 6
cytosine-phosphate-guanine (CpG) sites in the
promoter and exon 1 region of Collal gene was
reported in the monocular form deprivation-
induced mice, accompanied with reduction of
scleral Collal mRNA when compared to the
normal control mice [35]. These indicate that the
variation in COL1A1 expression, especially in
sclera, could be involved in the development of
myopia.

19.2.4 Other Genes

Transforming growth factor-pB-induced fac-
tor (TGIF) was first reported to be associated
with high myopia in our Hong Kong Chinese
cohort [36]. However, the TGIF promoter vari-
ant rs4797112 is not associated with ocular bio-
metric measures and myopia in the Australian
Caucasian cohort [37].

Myocillin (MYOC) is a disease-causing gene
for primary open angle glaucoma [38]. Mild
association was reported for the MYOC vari-
ants with high myopia in the Caucasian popula-
tions [39]. However, in our Hong Kong Chinese
cohort, we did not find the association of a GT
repeat from c.-339 to c.-314 in the MYOC pro-
moter with myopia [40].

19.3 Age-Related Macular
Degeneration

AMD is the leading cause of irreversible blindness
and visual impairment in the elderly populations,
which will affect 196 million people worldwide
in 2020 [41]. According to the international
classification and grading system of age-related
maculopathy and AMD [42], early AMD is char-
acterized by drusen as well as the hyperpigmen-
tation and hypopigmentation of retinal pigment
epithelium (RPE) in the macula. Advanced stage
is divided into “non-neovascular” and “neovascu-
lar” AMD. Non-neovascular AMD is character-
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ized by geographic atrophy of RPE with an oval
hypopigmented spot in which large choroidal
vessels are visible, whereas neovascular AMD
is characterized by choroidal neovascularization
(CNV), which could lead to the detachment of
the neuroretina or RPE from Bruch’s membrane
by serous or hemorrhagic fluid. Current effective
treatments are limited to the anti-vascular endo-
thelial growth factor (VEGF) treatments against
neovascular AMD, and there is still no proven
therapy for non-neovascular AMD [43].

AMD is a late-onset and progressive disease.
Clinical heterogeneity, overlap of phenotypic
features, and gross interactions with environmen-
tal factors, such as smoking, body mass index,
hypertension, and chronic inflammation, com-
plicate the genetic investigations for AMD [44].
In spite of rare big pedigrees for family linkage
analysis, a meta-analysis of genome scans has
revealed chromosome 10q26 to be the strongest
AMD susceptibility locus, whereas chromosomes
1q, 2p, 3p, and 16 are likely linked to AMD [45].
Yet, the major breakthrough in AMD genetics
was achieved by GWAS since 2005. Currently,
a large GWAS with 33,976 study subjects from
the Caucasian populations identified 52 indepen-
dently AMD-associated variants across 34 loci
[46]. Moreover, the Genetics of AMD in Asians
(GAMA) Consortium also identified three addi-
tional AMD loci in C6orf223, SLC44A4, and
FGDG6 genes [47]. However, most of the asso-
ciated variants are located in the intergenic
regions or introns, suggesting the possibility of
gene expression regulation by the cis-regulatory
elements in these loci. In this section, the asso-
ciation of promoter variants in GWAS identified
genes with AMD was summarized and discussed.

19.3.1 Complement Factor H Gene

Complement factor H (CFH) gene on chromo-
some 1q31 is the first AMD-associated gene
identified by the GWAS analysis [48], which
the p.Tyr402His variant (rs1061170) shows
the strongest association with AMD in the
Caucasian population (OR = 7.4). On the con-
trary, the p.Ille62Val variant (rs800292), instead

of p.Tyr402His, is associated with neovascular
AMD in our Hong Kong Chinese population
[49]. In addition to the non-synonymous vari-
ants, we also identified 2 CFH promoter vari-
ants 1rs3753394 (c.-331T>C) and rs35836460
(c.-195T>C) significantly associated with AMD
from the whole gene screening analysis [50]. The
association of the CFH rs3753394 variant with
AMD has been confirmed in the Sichuan Chinese
[51] as well as the Northern Spanish popula-
tions [52]. The haplotype containing the C-allele
of CFH rs3753394 variant confers a significant
protection against AMD. Furthermore, a meta-
analysis from 19 studies with 10,676 subjects
identified a significant association of another
CFH promoter variant (rs1410996; c.-543G>A)
with AMD [53].

A 241-bp region from c.-416 to c.-175 of
CFH promoter shows specific transcription fac-
tor binding activity with c-Jun and c-Fos in
astrocytes [54], implying that CFH promoter
variants 1s3753394 and rs35836460 could influ-
ence the transcription and expression of CFH
gene (Fig. 19.1). This could be further confirmed
by another GWAS that CFH promoter variant
rs3753394is significantly associated with the
serum levels of C3 [55], which is negatively
regulated by CFH protein. Collectively, CFH
promoter variants should be involved in the reg-
ulation of CFH gene expression, which in turn
regulates the activation of the alternative comple-
ment system by interacting with C3.

19.3.2 High Temperature
Requirement Factor A1 Gene

The age-related maculopathy susceptibility pro-
tein 2 (ARMS2)/high temperature requirement
factor A1 (HTRA1I) locus on chromosome 10q26
is the second AMD-associated locus identified
by GWAS from our Hong Kong neovascular
AMD cohort [56]. Our previous meta-analysis
confirmed the association of HTRA rs11200638
variant (G>A) with AMD globally across dif-
ferent ethnic groups with an OR of 7.32 in the
homozygous model [57]. The risk A-allele of
HTRAI promoter variant rs11200638 variant
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Fig. 19.1 Transcription
factor binding site
prediction on the
AMD-associated
complement factor H
promoter variants. The
GR-p site of the
rs3753394 T-allele is
predicted to be changed
to one GATA-1 site and
one T3R-P1 site at the
1rs3753394 C-allele. The
c-Myb site of the
rs358