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Abstract 

Approximately 165 of the 650 primary ocular diseases are contributed to corneal 

abnormalities (1). They include diseases such as the TGFBI corneal dystrophies, 

Keratoconus (KC), Fuchs’ Endothelial Corneal Dystrophy (FECD), Meesmann Epithelial 

corneal dystrophy (MECD) and Brittle cornea syndrome (BSC) (1). Mutations in the 

transforming growth factor beta induced (TGFBI) gene cause a spectrum of distinct 

epithelial and stromal corneal dystrophies with corneal amyloid and non-amyloid deposits 

(2). KC is a much more complex disease and not only is it less understood, it is most likely 

a disease influenced by complex genetic and environmental factors. FECD is the most 

commonly inherited corneal disease; however, the degrees of disease manifestation are 

impacted by genetic disposition and environmental factors, even within members of the 

same family (3).  

This thesis describes the progression of partner diagnostic testing methods for inherited 

corneal diseases evolving from real-time PCR to Next Generation Sequencing (NGS). 

Literature reviews were performed on genetic corneal diseases leading to a six mutation 

Single Nucleotide Polymorphism (SNP) panel real-time PCR test that addresses a gap in 

the diagnostic capability. KC was studied with a cohort of diseased and normal individuals 

and a targeted NGS panel test with 75 genes was developed. It offers the detection of 70+ 

mutations within the TGFBI gene, and 1,000+ variants across the 75 genes. Building upon 

the knowledge of the partner diagnostic testing, a personalized gene therapy and gene 

editing treatment plan can be created accordingly. This thesis also reviews the laboratory 

processes for gene editing of the target mutations.  
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There are limitations in the 75-gene panel for KC. More work needs to be done to discover 

novel variants. To overcome the limitation of editing one mutation at a time, a more 

effective gene editing method should be explored to treat multiple mutations 

simultaneously. 
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Chapter 1  

General Introduction 

1. The Genome  

Genetics are transferred from generation to generation through deoxyribonucleic acid or 

DNA. DNA stores information in a sequence of the chemical bases adenine, cytosine, 

guanine, and thymine which are commonly represented by the letters A, C, G, and T (4). 

The human genome contains approximately three billion base pairs distributed among 23 

chromosomes and is composed of two copies of every chromosome for a total of 46 

chromosomes. The genome is sometimes referred to as the molecular blueprint for life 

(5). 

While differences in the sequence of the code create biological diversity, other variations 

can cause disease. As cells divide and interact with chemicals in the environment or 

radiation such as solar rays, genomic alterations in the genetic code such as copy number 

variation (CNV) or single nucleotide variant (SNV) (6) can occur. CNVs are genetic 

mutations in which relatively large regions of the genome are either deleted or duplicated 

(6). SNVs are mutations where single bases have changed – for example from an A to a 

C.  Every person has a unique genome based on these variations. New insights into people 

and populations of people’s genetic makeup could help discover why certain groups are 

allergic to different substances, why some get cancer, why others do not, and how we 

could avoid or reduce the incidence of specific diseases (7).  

Widespread genomic analyses could result in dramatic improvements in health, as well as 
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reductions in healthcare costs through preventive care and personalized health 

management. When a disease or the potential onset of a disease is detected early, patients 

and their healthcare providers can potentially change behavior or therapies to improve 

health outcomes in pervasive diseases such as diabetes, heart disease, cancer, and 

autoimmune diseases.  

Next-generation DNA sequencing has opened an entirely new opportunity for these types 

of broad diagnoses and treatment paradigms (8). A single diagnostic test, could provide a 

host of other diagnoses. These diagnoses could be performed in adults, infants, or even in 

pregnant mothers to test the genomes of their unborn babies. Screening for chromosomal 

abnormalities such as Down syndrome is already occurring around the world by 

measurement of fetal DNA circulating in the bloodstream of pregnant mothers. In 

addition, monitoring and analyzing people’s genomes in response to environmental 

factors could have significant impacts on disease diagnosis and management. Familial 

history analysis is similarly impactful. For example, early detection for breast and ovarian 

cancer can save lives. 

2. Genetic Corneal Diseases 

The cornea is constantly subjected to physical stress from sunlight, incidental rubbing and 

refractive surgery procedures. As a result of such stress, certain people with genetic 

diseases like Corneal Dystrophy and KC suffer from adverse changes to the cornea, which 

can cause years of discomfort, vision changes and blindness. Currently, a commercially 

available real-time PCR test can detect 5 genetic mutations that result in 5 types of Corneal 

Dystrophies, namely Lattice Corneal Dystrophy, Granular Corneal Dystrophy Types 1 

and 2, Reis-Bucklers Corneal Dystrophy and Thiel-Behnke Corneal Dystrophy (9). The 
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presence of genetic indicators that positively associate with corneal diseases was first 

introduced in 2008 in South Korea. The test is already a standard of care for many 

refractive surgery centers in both Korea and Japan (10).  

Corneal dystrophies are a group of inherited disorders that commonly affect eye 

transparency or shape (11). Over the past several years, substantial progress in genetics 

and genetic sequencing has provided new insight into the genetic hereditary nature of this 

class of ophthalmologic diseases (11). These advances have also provided new insight 

into both the underlying biology causing the diseases and the extensive heterogeneity of 

the diseases.  

In 2008, The International Committee for Classification of Corneal Dystrophies (IC3D) 

created a new classification system to group several types of corneal dystrophies by 

genetic mutation (12). Moreover, genetic analyses have also identified new inherited 

conditions caused by specific genes. For example, autosomal dominant, X-linked 

recessive, and autosomal recessive inheritance patterns have been shown to cause corneal 

dystrophies (13). In many cases, a specific gene or combination of gene mutations have 

been identified to change the expression of the TGFBI  gene located on chromosome 

5q31.1 (14). This gene provides the code for a protein that interacts with the extracellular 

matrix in the eye which is critical to cell adhesion, migration, proliferation and 

differentiation (14). 

3. Keratoconus 

Keratoconus is a progressive eye disease that causes the cornea to begin to bulge into a 

cone-like shape (15). This bulging eye shape deflects light in atypical ways, distorting 

vision. KC is caused by an imbalance of enzymes in the cornea that make the cornea more 
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susceptible to oxidative damage, causing it to weaken and bulge (16). The disease tends 

to be hereditary and exacerbated by ultraviolet light, excessive eye rubbing, contact 

lenses, or chronic eye irritation (17, 18). Symptoms include blurred or distorted vision, 

light sensitivity, astigmatism and nearsightedness, double vision, halos and glare  (19).  

KC tends to manifest early in a patient’s life (20). In mild cases, KC can be treated with 

eyeglasses or appropriate contact lenses such as gas permeable lenses, piggybacking 

lenses or custom soft lenses. However, these do not change the underlying biology behind 

the disease and therefore do not slow or stop the disease progression. Corneal crosslinking 

is also a treatment option. Still, KC is the leading cause of full thickness corneal 

transplants in the US (21, 22). The treatment plan often requires repeat procedures over 

time and can be very costly. 

The disease can be difficult to diagnose. Trained specialists need to recognize the 

symptoms and observe direct measurement, sometimes over time. Molecular genetic tests 

are also important in diagnosing KC in order to prevent further degradation of vision. 

4. Partner Genetic Diagnostic Testing  

The gene sequence of an individual is partnered with a personalised gene therapy plan to 

produce an individualized medicine. Mutations in specific genes or abnormalities in an 

individual’s genome cause genetic disorders. Defective genes create defective proteins, 

which in turn cause the physiological manifestations of many diseases (23). An example 

of a genetic disorder includes the chromosomal abnormalities associated with Down 

syndrome. Single gene disorders can occur causing diseases such as sickle cell anemia, 

and multigenic disorders are exemplified by diseases like diabetes and various 

mitochondrial diseases (24).  
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Many molecular diagnostic tests been approved to identify genetic disorders. For 

example, the xTAG Cystic Fibrosis 39 Kitv2 has been shown to produce robust and 

reproducible results in diagnosing the 39 CF-gene, which leads to cystic fibrosis. Other 

genetic tests can identify rare disorders including beta-thalassemia, fragile X syndrome, 

and alpha-1 antitrypsin deficiency. While these indications may affect very few 

individuals, indications such as hypercholesterolemia or various cancers are far more 

frequent. 

5. Demands of Genetic Diagnostics Testing 

Every day, physicians and patients make critical diagnoses and treatment decisions based 

on limited insight and understanding of the molecular basis of a patient’s disease (25). 

Diagnostics have clearly improved over the past decades; however, there are many genetic 

diseases, autoimmune, inflammatory, and other degenerative diseases for which a 

molecular diagnostic test is not available. Next-generation testing offers the potential to 

assist with treatment decisions that are far more informed because they are based on an 

individual patient’s genetic profile. 

Genetic-based diagnostics correlate with the specific gene and combinations of genes that 

contribute to clinical outcomes. Genomic tests provide information and insights that are 

improving an increasing number of healthcare providers’ treatment decisions. Every 

patient has a unique gene expression profile. When combined and compared to other 

individuals’ profiles, these can be quantified and correlated with risks and outcomes. 

Specifically, patients’ genomes in many cases can be used to predict the responsiveness 

to therapy or likelihood of progression of disease (26). These insights drive what has come 

to be known as patient-specific individualized care or “precision medicine” (26). 
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6. History of DNA Sequencing  

The origins of modern DNA sequencing are attributed to the dideoxy-sequencing method 

invented by Fred Sanger’s group in the mid-1970s (27). In 1982 Sanger and his colleagues 

published the DNA sequence of lambda bacteriophage, a virus consisting of 48,000 

nucleotides or bases (28).  The project took three years from start to finish. As DNA began 

to be isolated from sources other than viruses, DNA was manipulated or cut into random 

fragments and cloned as bacterial libraries (29). DNA from different bacterial clones was 

sequenced, and then each sequence was assembled by detecting overlapping DNA 

regions(29). The first successful automated sequencing platform that employed the 

Sanger method was carried out in 1987 (30).  

The most advanced sequencing approaches aim to sequence long DNA fragments greater 

than 10,000 base pairs.  The most common sequencing approaches consist of cutting large 

DNA fragments into shorter fragments and individually sequencing them. Once the 

fragments are collected, they are “reassembled” on high-powered computers into one 

long, contiguous sequence. 

Different sequencing methodologies have different advantages in terms of speed and 

accuracy. The growing demand for inexpensive, genetic sequencing technologies has 

driven innovations in high-throughput sequencing – also known as Next-Generation 

Sequencing (NGS). These technologies employ parallel sequencing processes to produce 

millions of sequences at the same time. By doing so, these techniques can determine 

genetic sequences far less expensively. 

NGS can be used to sequence DNA and various types of RNA.  The highest throughput 

NGS platforms are capable of sequencing high volume of bases at one time resulting in 
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DNA sequences known as reads to be re-sequenced multiple times (31).  Referred to as 

deep sequencing, multiple reads for each nucleotide allows automated software 

algorithms to filter sequencing call errors resulting in high fidelity and better accuracy for 

every analysis (32). 

7. Gene Therapy History 

Researchers and physicians have aimed to make site-specific modifications to the human 

genome since the discovery that genes were the basic unit of heredity science (33). Gene 

therapy is defined as the ability to modify genes or make site-specific modifications that 

could serve as a treatment or therapeutic solution (34).  

Gene therapy became possible over the past decades through the advances of research 

tools, genetic understanding and bioengineering, which enabled researchers to manipulate 

vectors for delivery of extrachromosomal material to target cells.  

One main challenge of gene therapy has been the delivery of gene vehicles, sometimes 

referred to as vectors. These can be in the form of plasmids, nanostructures or viruses. 

Viruses have evolved over millennia to become one of the most efficient and effective 

gene modification instruments by inserting their genetic material into target cells (35).  

There have been significant impediments to harness viruses for human therapeutics such 

as exacerbated immune responses and cancer-creating genome mutations, especially in 

germ line cells (36). Nevertheless, innovations into specific viral structures, activities and 

behaviors have enabled new therapeutic development, clinical trials and gene therapy 

product approvals in the United States, Europe, Australia and China (37). 

Scientific studies of genes are credited to have formally begun in the early 1850s when 
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the Austrian monk Gregor Mendel started a set of experiments with green peas (33). He 

described the inheritance pattern of peas by observing the traces that were inherited as 

separate units (33). It took many decades for mankind to recognize these transmitted 

patterns as genes. Up until 1950, little was known about the physical nature of genes, until 

James Watson and Francis Crick theorized the model of the double strand structure of 

DNA (33). In the 1970s, discoveries were made allowing researchers to insert segments 

of DNA at specific sites within plasmids, which are circular strands of DNA native to 

many bacterial species (29). These genetic advances set the stage for more complex and 

powerful genetic engineering, production of new drugs and antibodies as well as the first 

gene therapies tested in humans in the 1980s (38). 

8. Gene Therapy Applications 

Gene therapy offers the potential to treat diseases which are caused by genetic disorders 

but have defied other drug therapies (39). Inherited diseases such as cystic fibrosis, 

hemophilia, muscular dystrophy, and sickle cell anemia, or acquired genetic diseases such 

as cancer, and certain viral infections, such as AIDS are primary targets for gene therapies 

(33).  

Delivering a gene into the human genome requires a delivery vehicle or “vector.”  Viruses 

are most often used and are the most frequent vehicles in the currently approved gene 

therapy products. This is due to its efficiency in invading cells and introducing its genetic 

material (33).  

Vectors need to be specific so they can efficiently release the genes of interest without 

being recognized, destroyed, or inhibited by the immune system. Vectors also need to be 

manufactured in quantities and concentrations high enough so that they can be produced 
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at the correct scale. Once the vector is inserted into a patient, it needs to effectively treat 

the target which could include resuming normal functions, correcting deficiencies, or 

inhibiting deleterious activities (33).  

Moreover, any gene therapy needs to be safe for the patient as well as the teams 

participating in the administration, manufacturing, and transportation of the product. 

Ideally, gene therapies should be capable of expressing the genes for the duration of a 

patient’s life – hence the concept of a “single shot” treatment (33).   

Some techniques are more efficient than others, some can carry larger gene payloads 

(viruses have a relatively small payload capacity), some integrate with the genome 

allowing a permanent expression, while others do not and allow more transient gene 

expression (33). 

Although several gene therapy products have successfully achieved regulatory approvals 

around the world, the gene therapy process remains complex, expensive, and is not 

effective in all patients. Reaching the target cells of interest, reproducibly expressing the 

new gene constructs, achieving therapeutic efficacy of the gene expression and avoiding 

side effects are all challenges of current therapies and those in development. This is in 

addition to the high complexities and high manufacturing expenses. Ultimately, new 

innovations will be required. 

9. Thesis Aim  

This thesis describes the progression of partner diagnostic testing methods for inherited 

corneal diseases evolving from real-time PCR to Next Generation Sequencing (NGS) to 

address a gap in the current diagnostic capability. The identification of gene mutations 
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in monogenic diseases is relative straightforward whereby a single mutation causing a 

single disease. CD is a rare (≥ 1 in 10,000 and < 1 in 1,000) condition, in which the 

adverse outcome could be severe. The current genetic testing method cannot detect 

100% of the mutations, where non-symptomatic or less severe TGFBI CD  carriers may 

not be uncovered. There is a need of a genetic test to find these individuals whose 

symptoms only become manifested after surgery or injury. The enhanced genetic testing 

can assist in preventing sight threatening reactions to surgery. The more complex 

diseases such as KC are multigenic and multifactorial. A group of genes and mutations 

rather than a single mutation, along with environmental factors together induce the 

symptoms. They are more difficult to diagnose, and the prevalence is much higher than 

the monogenic CD. Therefore, there is a demand to develop such genetic tests.  

The aim of this study was to investigate CD and KC, which led to a targeted NGS panel 

test with 75 genes. It offers the detection of 70+ mutations within the TGFBI gene and 

1,000+ variants across the 75 genes. Building upon the knowledge of the partner 

diagnostic testing, a personalized gene therapy and gene editing treatment plan can be 

created accordingly. Pre-screening for gene variants prior to certain treatments or 

surgery plays a vital role in prevention of long-term damage to the eyes. Genetic 

Diagnostic and Therapeutic companies such as Avellino Labs spearhead the initiatives. 

They perform genetic testing to identify patient’s risk of certain eye conditions, and then 

design a personalized gene editing or gene therapy plan accordingly. This thesis is the 

culmination of the following works: 

• I performed literature review of genetic corneal diseases to understand current 

technology available to develop companion diagnostic tests. In particular for 
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TGFBI corneal dystrophy, Meesmann epithelial corneal dystrophy, Brittle corneal 

syndrome, Keratoconus, and Fuch’s Endothelial Corneal Dystrophy. 

• I reviewed current diagnostic tests available for TGFBI mutations and developed 

advanced tests to enhance detection rate to almost 100%. I designed and developed 

reagents and testing methods, as well as performed testing to confirm the accuracy 

of the test and reagent design. 

• I conducted case studies and family studies using the enhanced testing panels to 

understand genetic inheritance patterns and the importance of early detection. 

• I performed cohort study of KC and develop a targeted Next Generation 

Sequencing (NGS) test panel according to the study outcome to assess KC risks 

in collaboration with Avellino and Illumina teams. I designed and developed part 

of the reagents and testing methods with the teams. I also conducted the 

experiments to validate the accuracy of the test and reagent design. 

• I reviewed the gene editing laboratory methods in conjunction with developing 

diagnostic tests to provide specific mutation information for planning a 

personalized treatment plan. 
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Chapter 2  

 

Paper I - Genetic Diseases of the Cornea and 

Advances in Molecular Diagnosis and 

Treatment 

Connie Chao-Shern, Lawrence A. DeDionisio, Hila Roshanravan, M. Andrew Nesbit, C. 

B. Tara Moore 

Paper Introduction 

The application of genetic testing has proven invaluable in understanding the genetic 

makeup of diseases. It has progressed from labor intensive and time-consuming 

polymerase chain reaction amplification of single exons followed by Sanger or 

dideoxynucleotides chain termination sequencing, through detection of single point 

mutations using real-time PCR, and finally advancing to next generation sequencing 

platforms where whole exome or genomes are sequenced in a matter of hours or days. 

Increasing evidence of advancement of understanding corneal dystrophy or keratoconus 

pathology following elective laser eye surgery has accelerated the need for a preventative 

medicine approach with prescreening for causative mutations and heightened risk. The 

current therapeutic option for corneal disease often involves clinicians awaiting vision to 

deteriorate to a stage that necessitates corneal transplantation. The detection of genetic 

factors can assist clinicians to assess the risk of disease before symptoms appear. Genetic 

testing and prescreening for gene variants for patients who need to get certain treatments 

or surgeries play a vital role in prevention of any further damage to eyes.  
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Gene editing tools such as Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR) and CRISPR-associated (Cas) protein systems for treating ocular diseases have 

been studied widely.  The unique anatomical position of the cornea provides access to a 

diseased tissue, and the relative immune privilege of the cornea makes it an ideal tissue 

for gene-based therapies while the therapeutic effect is easily monitored clinically. It is 

expected that the CRISPR/Cas based therapy will pave the way for personalized medicine 

in ophthalmology. Genetic testing identifies the mutations and provides information 

needed for designing a personalized therapeutic plan.  

Contribution 

I performed literature review, designed and tested the PCR and NGS test in collaboration 

with Avellino research group. I also authored the paper, figures and tables. 

Submission Status 

This manuscript was submitted to Eye on September 5th, 2019. The submitted version is 

added to replace the earlier version.  
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Abstract  

To date, of more than 650 ocular diseases attributed to genetic factors, approximately 

165 contribute to corneal abnormalities (1, 2). While many of these diseases are 

monogenic, more prevalent diseases are multigenic and multifactorial where 

environmental factors in combination with genetic mutations contribute to the onset 

of clinical manifestation. The application of genetic testing has proven invaluable in 

understanding the genetic underpinnings of disease and has progressed from labor 

intensive and time-consuming polymerase chain reaction amplification of single 

exons followed by Sanger sequencing or dideoxynucleotides chain termination to 

detect single point mutations to next generation sequencing platforms where whole 

exomes or genomes are sequenced in a matter of hours or days. Recently, many 

studies have been performed on ocular diseases to better comprehend their association 

with heritable genetic factors.  

Increasing evidence of advancement of corneal dystrophy or keratoconus pathology 

following elective laser eye surgery has emphasized the need for a preventative 

medicine approach with prescreening for causative mutations and heightened risk. 

The current therapy option for corneal disease often involves the clinician awaiting 

vision to deteriorate to a stage that necessitates corneal transplantation. The detection 

of genetic factors can assist clinicians assess the risk of disease before symptoms 

appear. In future, clarity on the exact gene mutations in any given patient will allow 

state of the art precise personal therapies such as gene silencing or gene editing to be 

applied prior to the appearance of symptoms. 

Introduction  
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The cornea is an avascular transparent tissue at the front of the eye that begins the process 

of focusing the light onto the retina. It accounts for approximately two-thirds of the eye’s 

optical power and is composed of five distinct layers. Moving from the innermost to the 

outermost layer, the cornea consists of the following: endothelium, Descemet’s 

membrane, stroma, Bowman’s layer, and epithelium. The endothelium is a single cell 

layer that lies next to the Descemet’s membrane. The Descemet’s membrane is attached 

to the stroma, which consists of an ordered array of collagen fibers with embedded 

keratocytes. The stroma is bounded by the Bowman’s layer, on top of which lies the cells 

of the corneal epithelium.  

According to the World Health Organization (WHO), globally there are approximately 

1.3 billion people who live with some form of vision impairment (3). The leading causes 

of vision impairment are uncorrected refractive errors and cataracts. As the global 

population both grows and ages, it is anticipated that the incidence of vision impairment 

will likewise increase. Clinical symptoms of diseases may not always provide evidence 

for a definitive diagnosis. A more precise and personalized testing approach such as 

genetic testing can provide a clearer picture of disease diagnosis. Currently, more than 

650 primary ocular diseases and systemic disorders that affect the eye are known to be 

associated with genetic factors, approximately 165 of these genetic abnormalities directly 

or indirectly cause corneal diseases (2).  

Understanding the genetic factors in corneal diseases enhances diagnosis and 

prognosis, as well as makes for better informed choice of treatment options. It is 

important to identify carriers of the diseases when no symptoms are apparent. In 

addition, genetic predispositions can cause disease manifestations in some individuals 
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within the same family, but not in others. Therefore, identifying such predispositions 

is key to prevention. Genetic diagnostic testing provides a useful tool for clinicians to 

either diagnose or confirm a diagnosis. Some diseases are very complex, and the 

symptoms may resemble another disease. Genetic diagnostic testing can differentiate 

the genes and variants that cause the symptoms.  An accurate genetic diagnosis 

provides patients and their family members with information that can assist 

physicians devise a personalised treatment plan.   

In this review, we consider the genotype of monogenic, multigenic and systemic genetic 

corneal diseases in relation to correlated phenotypes and will focus on the genetics of 

transforming growth factor beta induced corneal dystrophy (TGFBI CD), Meesmann 

endothelial corneal dystrophy (MECD), keratoconus (KC), brittle cornea syndrome 

(BCS), and Fuchs’ endothelial corneal dystrophy (FECD).  While genotype generally 

correlates to phenotype, the association can be complex.  The genotype-phenotype 

correlation for inherited TGFBI CD is complex due to different mutations in the gene 

giving distinct corneal dystrophies.  For example, different TGFBI mutations at the R124 

and R555 hotspots result in specific different corneal dystrophy phenotypes (4). In 

contrast, protein truncating mutations in zinc finger E-box binding homeobox 1 (ZEB1) 

revealed a high genotype-phenotype correlation to posterior polymorphous corneal 

dystrophy (PPCD3) (5). At the opposite end of the spectrum, the genetic mutations in 

various genes linked to KC have yet to be fully demonstrated as correlating to a specific 

phenotype (6). 

1. Monogenic and Multigenic Corneal Dystrophies 

Corneal dystrophy refers to a heterogenous group of genetically determined corneal 
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diseases (7). It is not an inflammatory disease as previously thought (7). There were many 

instances that corneal dystrophies associated with specific genes or loci were categorized 

differently from the subsequent classification after more knowledge was obtained. For 

example, a mutation at the amino acid F540 in TGFBI linked to Reis-Buckler corneal 

dystrophy (RBCD) was later classified as lattice corneal dystrophy (LCD) I/IIIA subtype 

after closer examination of the cornea revealed small branching subepithelial deposits (8). 

Autosomal dominant (AD), autosomal recessive (AR), and X-linked recessive (XR) 

inheritance patterns have all been observed in corneal dystrophies, and for most of these 

diseases, a locus has been mapped and the causative gene has been identified. Mutations 

within different genes affect different corneal layers (posterior, stromal or superficial). 

Table 1 lists the gene name(s) and cytogenetic location(s) of the different corneal 

dystrophies, as well as International Classification of Corneal Dystrophies (IC3D) (9) 

categories and prevalence. 

1.1. Monogenic TGFBI Corneal Dystrophies 

In 1994, Stone et al. described three autosomal dominant corneal dystrophies, lattice 

corneal dystrophy type I, granular dystrophy and Avellino dystrophy, mapping them 

to the long arm of chromosome 5q (10). Korvatska et al. reported missense mutations 

in the TGFBI gene, formerly known as BIGH3 gene, on two hotspots at chromosome 

5q31; R124 and R555 (Figure 1) (11). Haplotype analysis indicated that the mutations 

did not originate from a common founder since they occurred independently in several 

ethnic groups (11). Subsequent studies show that 5 mutations at these two codons 

constitute 75% of the cases reported (Table 2) (12).  
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TGFBI protein (TGFBIp) the gene product of TGFBI is an extracellular matrix (ECM) 

protein thought to mediate cell adhesion, migration, proliferation and differentiation 

playing a pivotal role in physiologic and pathologic responses (13, 14). Although the 

precise role of TGFBIp is not fully understood, it has been shown to interact with a 

number of ECM proteins, including fibronectin, biglycan, decorin, and several types 

of collagen. Furthermore, TGFBIp also functions as a ligand for several integrins (15), 

cell surface transmembrane proteins that function mechanically by attaching the cell 

cytoskeleton to the ECM, and biochemically by sensing whether adhesion has 

occurred.  

TGFBIp may participate in the wound healing process (16).  It is produced by 

epithelial cells and keratocytes of the corneal epithelium (17). The production of this 

protein is upregulated by corneal injury or trauma (12) leading to corneal healing in 

normal individuals. However, this upregulation causes extracellular accumulation of 

protein deposits in the stroma and, in some cases, the epithelium of the individuals 

with mutations and induces corneal opacity and vision loss (7, 17, 18). TGFBIp 

consists of one N-terminal signal peptide (SP), one N-terminal cysteine-rich (EMI) 

domain, four fasciclin-1 (FAS-1) domain, and a RGD (Arg-Gly-Asp) motif where 

integrins bind (19). The TGFBIp is upregulated to evoke a wound healing process due 

to corneal injuries, refractive surgeries or any eye surgeries that can compromise the 

cornea, which exacerbates the corneal dystrophies (20-22).  

Mutations in the TGFBI gene cause a spectrum of distinct epithelial and stromal 

corneal dystrophies resulting in corneal amyloid and non-amyloid deposits. Some 

dystrophies have very distinct patterns that make the diagnosis relatively easy. 
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However, some may have similar symptoms that resemble each other. For example, 

lattice corneal dystrophy and granular corneal dystrophy are very easily distinguished 

from one another (Table 2). Lattice corneal dystrophy has refractile hyaline lines while 

the granular corneal dystrophy has well-defined deposits resembling crushed bread 

crumbs (7). RBCD and TBCD both have irregular ring-shaped patterns of spots and 

lines (Table 2) (7). It is difficult to differentiate the two without histology or genetic 

testing for genotype-phenotype correlation (7). The histology stain of RBCD cornea 

tissue resembles ‘rod-shape’ deposits in the corneal epithelium and stroma; while the 

TBCD cornea tissue is characterized by curly fibers that stain for keratoepithelin (23). 

Compared to the histology approach where cornea tissue is required, genetic testing 

provides a non-invasive method by which RBCD and TBCD can be readily 

differentiated by a buccal swab sample. 

There are 17 coding exons and most of the 70 mutations associated with corneal 

dystrophies are mapped to their respective exons (Appendix 1). As described above, 

hotspots at codons 124 in exon 4 and 555 in exon 12 are attributed to the most common 

TGFBI corneal dystrophies. Eight missense TGFBI mutations, one deletion, and one 

insertion are disease causing mutations of LCD, intermediate type I/IIIA; nineteen 

missense mutations and three deletions are the causes of other types of Lattice type 

corneal dystrophy. Most of the TGFBI corneal dystrophy mutations reside on exons 

4, 11, 12 and 14 (Figure 2). 

The worldwide prevalence of the TGFBI corneal dystrophy is unknown, however, 

estimates have been published for certain populations. The estimated prevalence for 

GCD2 in Korea is 1:870 (24); for the five most common TGFBI corneal dystrophies, 
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a prevalence of 1:476 was reported in China (25); in the USA according to insurance 

claims data a prevalence of 1:1115 for all corneal dystrophies was reported (26). Over 

1,600 reported cases were reviewed to explore the TGFBI mutation distribution in 

specific populations and geographical regions with no overall differences found (12). 

TGFBI mutation cases have been reported from all over the world, except for regions 

with limited research capacity or language barriers to publication (12). In total of 

1,633 cases reviewed, R124C LCD consisted 372 cases, (23% of the total); R124H 

GCD2 contained 325 cases (20%); R124L RBCD comprised 110 cases, (7%); R555Q 

TBCD was made up with 75 cases (5%); R555W GCD1 counted 338 cases (21%) and 

the rest of the 65 mutations made up the rest of the 24% of cases reported worldwide. 

Therefore, we determined that the five most common mutations only account for about 

76% of the TGFBI CD causative mutations.   

We identified that another six mutations accounted for an additional proportion of the 

remaining mutations reported. R124S a subtype of GCD had 18 cases, which was 

1.1% of the total; A546D a variant LCD contained 48 cases (2.9%); H572R a subtype 

of LCD included 34 cases (2.1%); G623D a variant type of RBCD comprised 26 cases 

(1.6%); H626R LCD subtype I/IIIA consisted 117 cases (7.2%); and M502V a variant 

of CD and a variant of TBCD counted 4 cases (0.25%). We determined that the next 

six most common mutations account for about 15% of the published cases. To increase 

the detection rate of TGFBI corneal dystrophy by the 5 SNP test which detects the 5 

most prevalent mutations at the R124 and R555 hotspots, we developed an additional 

6 point mutation real time PCR assay (12). The new 11 (five plus six) mutation panel 

increases the detection rate to over 90%.  
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In addition to a clinical examination, and importantly in the absence of clinical 

pathology, genetic prescreening for corneal dystrophy mutations in pre-refractive 

surgery candidates is key to avoiding laser induced onset of symptoms and corneal 

pathology with complex post -operative complications.    

1.2. Monogenic Meesmann Epithelial Corneal Dystrophy (MECD) 

Meesmann epithelial corneal dystrophy (MECD) is an autosomal dominant 

disorder characterized by a fragility of the anterior corneal epithelium and 

intraepithelial microcyst formation with generally mild symptoms or absent 

symptoms (27, 28) (Figure 3). These cysts can rupture and causing irritation and 

corneal erosions. Mutations within the genes KRT3 and KRT12 have been 

identified as the cause of MECD (7).  A mutation present in either gene results in 

the same disease phenotype.  KRT3 and KRT12 are highly conserved genes and code 

for intermediate filament keratin 3 or keratin 12 proteins that are primarily responsible 

for mechanical strength, giving structural support to corneal epithelial cells (27).   

Even without microcyst formation, patients often experience glare, photophobia, 

foreign body sensation, lacrimation, contact lens intolerance, recurrent corneal 

erosions, and deterioration of visual acuity (29). Phototherapeutic keratectomy (PTK) 

and rarely lamellar or penetrating keratoplasty are used to treat severe to rare cases of 

corneal erosions or visual impairment (28, 30). However, symptoms can recur after 

treatment (31, 32).  

 In family studies conducted in Germany, Northern Ireland, Poland and China, four 

missense disease-causing mutations, p.R84W, p.E498V, p.R503P and p.E509K were 

found in the KRT3 gene (27, 28, 33). The KRT12 gene has 22 disease causing 
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mutations, observed in various populations in Germany, Japan, China, USA and 

Denmark (34).  The keratin genes encode the keratin protein family, which are 

expressed in the epithelia of skin, hair, nails and cornea (33). Exclusively expressed 

in the cornea, KRT12 codes for a type I intermediate filament, and KRT3 codes for a 

type II intermediate filament (35). While generally mild, the KRT12 L132P variant 

was discovered in families with a more severe form of MECD (31, 36). The KRT12 

N133K mutation  was observed in a two generation family with symptoms ranging 

from non-symptomatic to moderate recurrent (32).   Mutations in these genes can alter 

the structure of the encoded keratin protein and negatively impact keratin function 

(37).   

1.3. Monogenic Brittle Cornea Syndrome (BCS) 

Monogenic brittle cornea syndrome (BCS) is a genetic disease involving the 

connective tissue in the eyes, ears, joints, and skin. The symptoms of BCS 

typically involve thinning of the protective outer layer of the eye (cornea), which 

may lead to tearing or rupture after minor damage to the cornea (38). Clinical 

manifestations are usually associated with myopia, blue sclera, and retinal detachment. 

Mutations in two genes, zinc finger protein 469 (ZNF469) and PR domain-containing 

protein 5 (PRDM5) have been identified as causal for the disease phenotype.  

ZNF469 mutations were linked to BCS type 1 and type 2, and mutations in PRDM5 

were linked to BCS type 2 (38, 39). BCS is potentially a cause of KC due to thinning 

of the corneal and weakened corneal structure. The cornea is unable to withstand the 

normal biomechanical stress needed to maintain structural integrity and shape. Thus, 

KC has been observed in individuals with BCS (38). 
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 ZNF469 is located on chromosome 16q24. The Human Gene Mutation Database 

(HGMD) lists 56 missense and 14 small deletion/insertion mutations within this 2 

exon gene (Appendix 2). These mutations/deletions/insertions were all mapped to 

exon 1. There are 6 missense mutations and 11 small deletion/insertion mutations 

reported as disease causing or possible disease causing for BCS; whilst the remaining 

50 missense mutations and 3 small deletion/insertion mutations are associated with 

KC (40). Although the function of ZNF469 is not completely understood, it is known 

to be expressed in a wide variety of tissues including the eye and is believed to act 

either as a transcription factor or as a regulator molecule involved in the synthesis 

and/or organization of collagen fibers in the cornea (41). Certain mutations within 

ZNF469 are presumed to impact central corneal thickness (CCT), which is known to 

be a risk factor for KC (42-44). ZNF469 has been found in several studies to contribute 

to the development of KC. It shares 30% homology with the helical parts of three 

types of collagen (COL1A1, COL1A2, and COL4A1), which suggests that ZNF469 

may participate in collagen homeostasis in the human cornea, and suggests a potential 

mechanism involving structural contributions (41). Additionally, the ZNF469 protein 

may also functions as a transcription factor or extranuclear regulator factor in the 

human cornea. ZNF469 may also be involved in the TGFβ pathway, whose 

disturbance could lead to the disarray of collagens in human cornea (42, 45, 46). 

 The PRDM5 gene is located on chromosome 4 position q27. It is a DNA-binding 

transcription factor targeting hematopoiesis-associated protein-coding and miRNA 

genes (47, 48). Wright et al. discovered that the consequences of  ZNF469 and PRDM5 

mutation are extremely similar in phenotypic spectrum, suggesting that the two genes 
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act in the same developmental pathway (38, 49). Mutation in either gene 

downregulates the genes that encode molecular function in extracellular matrix 

development and maintenance, connective tissue components and cell migration and 

adhesion, which are associated with cellular loss seen in BCS2 (49). 

1.4. Monogenic and Multigenic Fuchs’ Endothelial Corneal Dystrophy 

(FECD) 

Fuchs’ endothelial corneal dystrophy (FECD) is the most common inherited 

corneal disease; however, the degree of disease manifestation is impacted by 

genetic predisposition and environmental factors, even within members of the 

same family (50). It is a progressive age-related degeneration of the corneal 

endothelium affecting 4% of the population over 40 years of age in the U.S. (51) and 

represents the leading indication for corneal transplantation in the U.S. and other 

western countries (52-55).   

The early stages of FECD are asymptomatic.  As the disease progresses, symptoms 

include progressive endothelial cell loss by premature senescence and apoptosis (56), 

corneal guttae, and eventually corneal edema, which can result in a subsequent loss of 

vision. FECD leads to a change in the non-regenerative monolayer of hexagonal cells 

on the inner surface of the cornea, an accelerated loss of endothelial cells, and an 

increase in extracellular matrix deposits at the level of the Descemet membrane. The 

corneal endothelial cell density slowly decreases during adulthood, however, it is 1.4 

times higher in average of the FECD patients (57) and the loss is compensated by 

active sliding and enlargement of adjacent cells (58). Endothelial decompensation 

occurs when the density falls below the threshold (500 cells/mm2) and  can no longer 
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be compensated by cell enlargement alone (59). This results in irreversible 

corneal edema and haze in the visual axis (60). The clinical hallmark of FECD is the 

development of focal excrescences and guttae in Descemet’s membrane in the fourth 

and fifth decades of life (7) (Figure 4).  There are reports that laser-assisted in situ 

keratomileusis (LASIK), cataract surgery or other eye surgeries may accelerate the 

progression of the disease (61, 62). 

FECD is inherited as an autosomal dominant trait in most cases, however, there are 

additional genetic and environmental factors that determine the degree to which 

members of the same family express the disease (63-65). An early onset, highly 

penetrant monogenic form of FECD has been characterized which is caused on 

mutations in the collagen type VIII (COL8A2) gene and is the rarer form of the disease 

(66).  The late onset form is more common and is recognized as a collection of 

monogenic diseases  with mutations in sodium bicarbonate transporter like protein 11 

(SLC4A11) (67), ZEB1 (68), Lipoxygenase Homology Domains 1 (LOXHD1) (69) 

and ATP/GTP binding protein like 1 (AGBL1) (70) (Table 1).  

Linkage and genome wide association studies (GWAS) identified an expanded 

trinucleotide repeat (TNR) at the CTG18.1 locus in the second intron of transcription 

factor 4 (TCF4) as strongly associated with late onset FECD. It  accounts for 70% of 

FECD cases in the U.S. (71-77). A GWAS identified a strong association between a 

SNP in TCF4 and FECD with the most highly associated SNP (rs613872) in linkage 

disequilibrium with CTG18.1, a (CTG•CAG)n TNR of TCF4.  One copy of the risk 

allele in rs613872 results in an odds ratio (OR) of 5.5 whereas those with two copies 

had an OR of 30.  The association between the CTG18.1 TNR and FECD has been 
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confirmed in large numbers of ethnically diverse patients worldwide. A monoallelic 

or biallelic expansion of CTG18.1 of (CTG•CAG)n>40 was significantly correlated 

to FECD (78).  The intronic TNR expansion in TCF4 was shown to lead to FECD 

through RNA toxicity and splicing. RNA toxicity is a common pathogenic mechanism 

in microsatellite disorders and expanded CUG-repeat RNA transcripts accumulate in 

nuclear foci in FECD corneal endothelial cells (79).  

1.5. Multigenic and Multifactorial Keratoconus (KC) 

Keratoconus (KC), along with keratoglobus and pellucid marginal degeneration 

(PMD), are known as corneal ectatic disorders (80). KC is a corneal disease usually 

accompanied by changes in central corneal thickness (CCT), leading to a progressive 

corneal steepening and protrusion (81-83) (Figure 5). This results in distorted and 

decreased vision and irregular astigmatism. Although KC can develop throughout life, 

it normally manifests during the second decade around puberty and typically 

progresses until the fourth decade after which it stabilizes (83-85).  KC occurs in all 

ethnic groups with no male or female predominance (85).  Prevalence, largely based 

on a study conducted in the United States from 1935 to 1982 was reported to be 54.5 

cases per 100,000 (1 in 1835) with an incidence of 2 per 100,000 per year (84, 85).  

However, wide differences in the incidence and prevalence have been reported across 

different ethnic groups (86).  A more recent study that utilized Dutch health records 

found the prevalence of KC to be 265 cases per 100,000 (1 in 375) (87). This increase 

may be attributed to increased incidences, advanced diagnostic tools, thorough clinical 

examination, and registration of KC patients (88). 

Genetic factors are often considered in determining the epidemiology of KC. It is 
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recognized that approximately 6% to 23.5% of KC patients have a family history, 

suggesting Mendelian inheritance for such cases, and various family-based linkage 

studies have attempted to define a genetic component [87].  KC is a disease with 

complex genetic components and environmental influences and is therefore less 

understood than monogenic disorders. A complex heterogenetic etiology is 

demonstrated by past studies, where at least 17 loci associated with KC have been 

identified.  Even though multiple loci within the human genome have been identified, 

to date no causative mutation in any gene has been reported for KC (86).  Research 

has also been carried out on candidate genes that are thought to play a key role in the 

etiology of KC. The visual system homeobox 1 (VSX1) gene located at chromosome 

20p11.21 is one of the most studied genes associated with KC.  Research on the VSX1 

gene has not clearly identified a causative mutation, and many of these reports present 

conflicting results (89-91).  Table 3 lists a group of genes that were investigated in 

conjunction with various keratoconus study cohorts. 

Other candidate loci have been identified, such as MiR-184, DOCK9, and SOD1 (92, 

93). A meta-analysis of KC genetic association performed by Rong et al. in 2017 

indicated that this disease has ethnic differences in prevalence and incidences (94). In 

this review and meta-analysis of KC cohorts, 150 polymorphisms in more than 60 

genes and loci were reviewed within data from GWAS.   It was determined that 8 

SNPs in 6 genes or loci, FOXO1 rs2721051, RXRA-COL5A1 rs1536482, FNDC3B 

rs4894535, IMMP2L rs757219 and rs214884, and BANP-ZNF469 rs9938149, and 

COL4A4 rs2229813 and rs2228557 were significant genetic markers for KC in 

Caucasian populations but are insignificant in Asian and Arabic populations (94).   
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Central Corneal Thickness (CCT), a highly heritable trait has been extensively studied 

in association with KC.  Collagen, the major protein in the cornea, is regarded as 

integral to CCT, and mutations within genes COL4A1, COL4A2, COL4A3, COL4A4, 

COL5A1 and COL8A2 have been investigated (Table 4).  COL5A2 was also studied 

along with COL5A1 in relation to corneal abnormalities seen in patients suffering from 

EDS, a disease that can result in KC (95).  A meta-analysis utilizing GWAS of more 

than 20,000 individuals in European and Asian populations pointed to a total of 27 

different loci linking CCT to KC (44).  One finding of this study was the identification 

of CCT-associated loci that are shared between European and Asian populations. To 

explain how each locus could be linked to genes and molecular pathways, the study 

utilized 3 different in silico methods (44). Utilizing genome SNP and gene expression 

chip arrays, additional research has uncovered variation along with commonality in 

the genetics of CCT (43, 49, 96-99).  While much of this work suggests that ethnicity 

contributes to differences in variant patterns (96-98), it was emphasized in the  that 

common variants such as those found in ZNF469 contribute to CCT in the general 

population and are shared between ethnicities (43, 44). In another study of a 

predominately Polynesian ethnic group, common variants within ZNF469 were also 

found to contribute to the etiology of KC (42).     

Corneal thinning in KC is often linked to an inflammatory response (100). The toll-

like receptors (TLRs) are highly conserved innate immune receptors that recognize 

molecules associated with cell damage (101). A recent study shows that TLR2 and 

TLR4 expression in both corneal and conjunctival epithelium is significantly higher 

in patients with unilateral KC with respect to controls (100). Also, a strong correlation 
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was found between TLR2 and TLR4 expression in both corneal and conjunctival 

epithelial cells with topographic parameters of KC severity; therefore, detection of 

overexpressed TLR2 and TLR4 in cornea could be useful for early detection or 

prediction of KC.  

For inherited diseases driven by multiple variants of unknown penetrance, the exact 

boundary between having and not having the disease blurs.  If KC proves to be one 

such disease, it may be more aptly classified as a disease spectrum where underlying 

variants contribute an additive effect and are quantified by a continuous scale of ‘risk’ 

on a patient-by-patient basis (102).  Given the possible environmental conditions such 

as atopy, contact lens wear, or excessive eye rubbing that can contribute to the 

incidence of KC, discovering a clear association between genetic mutations and KC 

remains challenging.  It is indeed recognized that environmental factors play a key 

role in the advancement of the disease regardless of the pre-existence of a genetic link 

or family history (85, 103, 104).  The higher incidence rate (0.265%) reported in the 

study conducted by Godefrooij et al (87) supports a multifactorial theory and a genetic 

complexity in lieu of a simple Mendelian inheritance pattern (105).  Multifactorial 

effects and genetic heterogeneity are not unknown and are characteristic to many 

diseases (106).  If we view KC as a disease spectrum with the assumption that various 

loci contribute to the disease state with a varying penetrance, this allows for variability 

within the phenotype from the mildest form of Forme Fruste to Nipple Cone, Oval 

Cone and finally the most severe form of Globus Cone (Figure 6).       

2. Systemic Disorders with Corneal Symptoms  

Corneal changes and symptoms are often indicative of significant systemic diseases. One 
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of the most common changes is the accumulation of deposits in the cornea. In metabolic 

disorders, lipids, carbohydrates and amino acids may deposit in the blood, urine and 

organs including the cornea. For example, Wilson’s disease is a rare autosomal recessive 

disorder of copper metabolism and excretion (107, 108). The copper accumulations form 

a golden-brown or green ring in the deep cornea (108). Gout is a systemic disorder of 

elevated uric acid in blood due to underexcretion or overproduction of uric acid, which 

deposits as urate crystals in joints, tissues or body fluids. The deposits of monosodium 

urate crystal exhibit as fine, refractile yellow crystals in the corneal epithelium and stroma 

(109). Cystinosis is an autosomal recessive lysosomal storage disease causing cystine 

crystal deposits in the body. It manifests as corneal erosions, peripheral corneal 

neovascularization, filamentary or band keratopathy, iris crystals, or retinal degeneration 

(110).  

Autoimmune and inflammatory diseases also have corneal symptoms. Rheumatoid 

arthritis is a chronic inflammatory disease that affects joints of the hands and feet. The 

most common ocular sign of rheumatoid arthritis is keratoconjunctivitis sicca, or dry eyes 

caused by a secretory (aqueous tear) deficiency (111). Primary Sjögren’s syndrome is an 

autoimmune disorder characterized by severe dry eyes and dry mouth. The patient’s own 

immune system attacks the salivary and lacrimal glands. Early diagnosis is critical for 

treatment (112). Left untreated, the dry eye can damage the corneal epithelial cells and 

makes the cornea vulnerable to injuries. 

3. Advances in Molecular Diagnosis 

Moving on from early biochemical diagnosis of genetic disease e.g. Phenylketonuria 

(PKU) where the enzyme was known before the gene to today where the gene is found 
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often before the biochemical or cellular consequences are understood. Sanger sequencing, 

invented in 1977 is widely available and utilized in clinical diagnosis (113).  It was 

estimated that in 1987 Sanger sequencing, which relied on a relatively slow and 

cumbersome electrophoretic method for signal detection would take approximately 13.7 

years to sequence the human genome(114).  During the past several decades, genetic 

sequencing has advanced tremendously.  With modern sequencing platforms such as Next 

Generation Sequencing (NGS), the haploid human genome, made up of approximately 

3.5 billion base-pairs can be sequenced in a few days, although a time consuming and 

relatively expensive method. Sanger sequencing remains useful for single genes or 

amplicon targets of up to 100 base pairs in length, gene fragment analysis, and for 

analyzing short tandem repeats. 

The invention of Applied Biosystem’s TaqMan polymerase chain reaction (PCR) has also 

revolutionized molecular testing. Proven to be fast and accurate (115), it only targets the 

SNP of interest with a pair of customized primers and a probe pair (Figure 7), with a quick 

turnaround time. The TaqMan minor groove binders (MGB) probes anneals to a 

complement sequence between the forward and reverse primer sites. The quencher dye 

on the reporter dye suppresses the reporter fluorescence if the probe is intact. Cleavage 

separated the reporter dye from the quencher dye. The increase in fluorescence takes place 

only if the target sequence is complementary to the probe. This signifies the alleles present 

in the sample. 

Most recently, NGS has brought the technology to a new level. It allows for Whole Exome 

Sequencing (WES) and Whole Genome Sequencing (WGS) to discover the of genetic 

makeup of various diseases. The entire  genome or exons of an affected individual can be 
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sequenced accurately and rapidly. This technology allows us to minimize time taken for 

analysis and to maximize the number of samples analyzed at the same time. Evolving 

from the NGS, an even more specific and faster method was developed where all exons 

of all the known candidate genes can be sequenced in a targeted approach. Illumina 

(Illumina, San Diego, USA) offers a custom targeted NGS panel where target DNA are 

amplified, and adapter sequences are added to the amplicons. The dual-index libraries are 

constructed to be sequenced in the sequencing instrument where, single DNA molecules 

are bound to the surface of a flow cell and bridge amplification takes place to from 

clusters. Clusters then are imaged, and analysis software performs base calling, filtering 

and quality scoring. Raw data are converted to sequence data and then mapped to a 

reference genome. The final stage of data analysis is variant calling, where mutations, 

insertion/deletions, and frameshift etc. are being identified.   

Taking the advantage of high throughput NGS, whole transcriptome sequencing offers a 

state-of-the-art technology to examine the complex mapping of the same genome to 

diverse phenotypes in different tissue types, development stages and environmental 

conditions (116). Transcriptomics offers important insights on gene structure, expression, 

and regulation and has been widely studied in many organisms (117). Transcriptome 

sequencing detects the RNA quantity at any given moment of a sample, specifically gene 

splicing transcripts, post-transcription modification, gene fusion, mutations and gene 

expressions (118). It can also detect different population of total RNA, mRNA, miRNA, 

tRNA and ribosomal RNA, in addition to exon and intron boundaries (119). 

3.1. TGFBI Corneal Dystrophy real-time PCR Test 

A commercially available five SNP panel real-time PCR test produced by Avellino 
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Labs (Headquarters in Menlo Park, California, USA), was developed to examine the 

five most common mutations that cause five different types of Corneal Dystrophy: 

• R124H for Granular Corneal Dystrophy, type 2 (GCD 2) 

• R124C for Lattice Corneal Dystrophy, type 1 (LCD 1) 

• R124L for Reis-Buckler Corneal Dystrophy (RBCD) 

• R555W for Granular Corneal Dystrophy, type 1 (GCD1) 

• R555Q for Thiel-Behnke Corneal Dystrophy (TBCD) 

The turnaround time for this test is about 2 hours from sample receipt to the final result. 

This method is very accurate since it is designed to detect only the SNP of interest 

with customized primers and fluorescent probes (115).  To increase the scope of the 

assay,  we decided to add 6 mutations to the existing 5 SNP panel (12). These six 

mutations were identified from a literature search as a group of mutations with the 

next highest number of reported cases. Primer and probe sets were designed using the 

Thermo Fisher’s Custom TaqMan® Assay Design Tool (Thermo Fisher Scientific, 

Waltham, MA, USA) (12). The six SNPs identified are listed in Table 4 with forward 

and reverse primer sequences; wild type and mutant probe sequences. 

3.2. Targeted NGS Testing   

NGS  has provided the power to detect very rare variants that often are integral to 

understanding the etiology of complex, multifactorial diseases (120). A custom NGS 

panel targeting the exons, untranslated region (UTR) and introns of interest can be 

used for detecting rare variants of various eye conditions.  For example, CeGaT 

Diagnostic located in Tübingen, Germany offers 25 targeted NGS panel for 25 genetic 
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eye diseases, such as Usher syndrome, Retinitis pigmentosa, Leber congenital 

amaurosis, Cataract and Corneal dystrophies, Stable and reproducible sample 

template preparation coupled with superior detection methods and the multiplexing 

capabilities inherent in NGS technologies can provide millions to billions of DNA 

sequencing reads on one instrument (121, 122). The coding region of any disease 

related genes can be easily sequenced and analyzed. This method could be used in a 

variety of diseases, such as Keratoconus. 

3.3. Detecting TCF4 Trinucleotide Repeats (TNR) in FECD 

The TNR length at the CTG18.1 locus in TCF4 has a direct correlation to disease 

severity in  FECD (77). A nested triple repeats primed PCR (TP-PCR) is used for 

detecting these large expansions (75). PCR was performed by using P1 (5’- 

CAGATGAGTTTGGTGTAAGAT -3’), a fluorescent-tagged primer designed to a 

region upstream from the TNR. The companion reverse primer P4 (5’-

TACGCATCCCAGTTTGAGACGCAGCAGCAGCAGCAG-3’) is composed of 

five units of the CTG repeat and a 5’ tail to serve as an anchor for a second reverse 

primer P3 (5’TACGCATCCCAGTTTGAGACG-3’). The TP-PCR products were 

analyzed on the ABI 3500XL DNA Analyzer (Applied Biosystems, Inc.).  There are 

over 20 diseases caused by expansions of nucleotide repeats (123). These expanded 

repeats can occur within coding regions, introns, or 3′-untranslated regions and the 

pathogenic mechanisms linking the molecular mutation to disease are diverse. Unlike 

other expansion diseases of inaccessible organs, Fuchs’ can be a model for studying 

diseases with expanded repeats simply due to the easy access of the eye (124).  

4. Treatment of Genetic Corneal Diseases 
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Currently, corneal dystrophies are treated in a stage related process (125), where only 

symptoms are treated not the cause. Depending on the disease symptoms, treatment ranges 

from eye drops to corneal transplants. Eye drops, ointments, antibiotics and contact lenses 

may be used to treat mild symptomatic patients (125). Laser treatments are usually used 

to treat repeated symptoms, such as PRK for recurrent corneal erosions (126). A newly 

approved technique called cross-linking has been used to treat KC (127). Cross-linking is 

a procedure where photochemical reaction induces free radicals to create a chemical bond 

between corneal collagen fibrils (128). The cornea tissue is strengthened after treatment. 

Cross-linking is used to treat progressive KC in adults and corneal ectasia after LASIK. 

It has expanded to treating pediatric KC to prevent progression. With more severe KC 

symptoms, a corneal transplant is considered. The Moore Lab at Ulster University is 

pioneering new treatment approaches with the advent of cell therapy and gene therapy. 

These technologies allow for the introduction of foreign therapeutic DNA into the 

patient’s cells. The cornea is an ideal and desirable tissue due to accessibility, immune 

privileged status and avascular mechanism. However, off-target effects must be closely 

monitored for these treatment approaches. Successful gene therapy is largely based on the 

choice of technology, efficient delivery to target cells, and specific and efficient editing 

of target gene in the desired cell population (129). 

Myopia has become an epidemic worldwide, particularly in East Asian countries. The 

prevalence of myopia in East Asians is two times higher than those of similar age in the 

Caucasian population (130). The meta-analysis study performed by Holden et al. 

predicted that the myopic population will increase from 1.4 billion in 2000 to 4.7 billion 

in 2050. By then, 50% of the world’s population will be myopic (130). With such a high 
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prevalence and debilitating disease, elective laser eye surgery to correct myopia increases 

accordingly.  The result of the techniques used in laser eye surgery, peeling back the 

epithelium as a flap and remodeling the cornea, is to induce the wound healing process. 

TGFBI gene is believed to involved in wound healing process of the cornea (12). The non-

symptomatic mutation carriers of TGFBI corneal dystrophy or KC are unaware of the 

predisposition of developing CD or KC until the laser refractive surgery causes injury and 

evokes the healing response. The injuries from the surgery give rise to CD symptoms or 

causes ectasia in a previously stable cornea, which develops KC. Therefore, it is 

imperative to screen for predispositions of the surgery candidates prior to proceeding with 

the procedures. 

4.1. Laser Eye Surgery 

Recurrent corneal erosions and corneal dystrophies are usually treated by 

Phototherapeutic Keratectomy (PTK), which delays the need for corneal graft or 

transplant (126). It uses excimer laser to precisely etch the cornea with submicron 

damage. The ablated surface epithelium grows rapidly to form a normal basal lamina 

complexes to recontour or rebuild the cornea (131).  

Myopia has become more prevalent worldwide, particularly in East Asia countries. 

The prevalence of myopia in East Asians is two-times higher than for those of a similar 

age in Caucasian populations (130). For patients seeking alternatives to glasses or 

contact lenses, corrective laser eye surgery to remodel the cornea is the most popular. 

Various laser eye surgeries are available: 

4.1.1. Photorefractive Keratectomy (PRK): this procedure reshapes the cornea 

with excimer laser with a corneal opening and is used in correction of low 
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prescriptions. One of the advantages of PRK procedure is that no corneal flap is 

needed. This is particularly beneficial to patients with thin cornea. Faster recovery 

and less risks of complication are also some of the benefits of PRK. The 

disadvantages of PRK are eye discomfort and long visual recovery. In addition, a 

mild haze in the cornea is common which can be minimized by cortisone drops.  

4.1.2. Laser in situ keratomileusis (LASIK): This is the most common laser eye 

surgery. It is used to correct both myopia and hyperopia. The excimer laser 

reshapes the cornea and needs to open a flap (Figure 8). The advantage of LASIK 

is that there is no discomfort. Vision recovery is very quick. In addition, a 

retreatment can be performed if the outcome is not desirable. The disadvantages 

are cutting the corneal flap could be risky. Cutting corneal nerves could increase 

dry eye symptom. 

4.1.3. Laser Epithelial Keratomileusis (LASEK): this is related to PRK. The 

epithelial layer is not removed. The flap is a protection mechanism for the wound. 

The advantages and disadvantages of LASEK are very similar to PRK. 

4.1.4. Wavefront-Guided LASIK and LASEK: a customized form of laser 

surgery using computerized 3D imaging technology. This procedure demonstrates 

less side effects. However, the cost of the procedure is more expensive. 

4.1.5. Small Incision Lenticule Extraction (ReLEx SMILE): this is the latest 

technology with minimal invasion. It does not require a flap, instead, the laser 

makes a small hole in the cornea and remove a piece of small lenticule tissue. The 

advantage of SMILE is that it does not require corneal flap. The corneal disc is 

removed through a very small incision. SMILE carries the risk of night time glare 
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and halos. Any inflammation and infection of the cut and retreatment must be done 

by PRK. 

The advanced technology allows minimal invasion of corneal tissues. From 

creating an opening on the cornea by PRK to a tiny hole for removal of a lenticule 

tissue by SMILE (Figure 9).   

4.2. Cross-Linking 

Corneal cross-linking is a technique with US FDA approved therapeutic treatment for 

progressive KC. It utilizes UV light and a photosensitizer to strengthen the chemical 

bonds in collagen fibrils of the cornea (128).   Increased corneal biomechanical 

stiffness has been found after collagen crosslinking by combined 

riboflavin/ultraviolet-A (UVA) treatment (127). The Siena Eye Cross Study 

demonstrated a long-term stability of keratoconus after cross-linking without relevant 

side effects (132). This is specifically important in pediatric population where the KC 

onset is early. A 10-year follow-up study by Mazzotta et al. demonstrates the ability 

of CXL to slow down KC progression in pediatric patients and improving functional 

performance. Long-term stability may be correlated with CXL-induced delay in 

corneal collagen turnover and with spontaneous age-related KC stabilization (133). 

4.3. Corneal Transplants 

Cornea transplant is also known as keratoplasty. It removes the diseased cornea or 

part of the cornea and replaces it with a healthy cornea from a donor. It restores vision, 

reduces pain and repairs the damaged cornea. However, the corneal grafts in TGFBI 

and other corneal dystrophy patients are short-lived, due to the recurrent opacity on 
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the grafts where the host’s epithelial cells repopulate the graft surface from the hosts 

ungrafted limbus (134). It is not uncommon to see multiple corneal transplants taking 

place during a patient’s lifetime.  

4.4. Gene Editing Therapeutic Methods 

Gene editing tools such as Clustered regularly interspaced short palindromic repeats 

(CRISPR) and CRISPR-associated (Cas) protein systems for treating ocular diseases 

have been studied widely.  It is a simple yet powerful and efficient tool for editing 

genomes. It allows easy alteration of DNA sequences and modification of gene 

functions in many applications such as correcting genetic defects, treating and 

preventing diseases. The unique anatomical position of the cornea provides access to 

diseased tissue and the relative immune privilege of the cornea makes it an ideal tissue 

for gene-based therapies while the therapeutic effect is easily monitored clinically. 

The cells from cornea can be cultured and sustained in the in vitro condition for long 

periods of time (135). There are four major genome engineering methods. Zinc Finger 

Nucleases (ZFNs) is the oldest mechanism of genome modification. Zinc Fingers are 

proteins that recognize a specific nucleotide triplet based on the residues in their alpha 

helix (136). Transcription Activator-like Effector Nucleases (TALENs) are fusions of 

transcription activator-like (TAL) proteins and a Fokl nuclease that have a strong 

recognition for specific nucleotides (136). CRISPR/Cas9 uses the clustered regulatory 

interspaced short palindromic repeats associated 9 bacterial endonuclease and a short 

guide RNA to target the Cas9 protein to genomic region of interest (136). It cleaves 

double-stranded DNA in a sequence of interest. The Cas 9 nuclease binds to a 20 

nucleotide bp single guide RNA (sgRNA) that is complementary to the target DNA. 
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CRISPR method has been successfully demonstrated in allele specific corneal 

diseases such as TGFBI CD and MECD (137, 138). A protospacer adjacent motif 

(PAM) functions as a recognition signal for the Cas9. The Cas9 and sgRNA bind to 

the target RNA and cleave the double strand DNA at the mutation site. Off target 

effect is the main concern. It is critical to identify and minimize off target effect before 

it can be used in clinical trials.   

Small interfering RNA (siRNA) is a process to silence or knock down a target region 

by inactivating corresponding mRNA by function of RNA interference (RNAi) (139). 

This method is efficient in inducing persistent, potent and specific silencing of a wide 

range of genetic targets(140). However, off target silencing effect is also a concern. It 

is established that the siRNAs have superior specificity in the ability to distinguish 

between two alleles with a single nucleotide difference (140). The introduction of 

siRNA may suppress genes other than the ones that are of interest, leading to 

degeneration mutations of gene expression and unexpected consequences (141). 

Delivery of siRNA is still a challenge. The delivery of siRNA to the cornea by 

injection is effective, however, not for frequent long-term treatment (142). An 

innovative approach of topical application with cell penetrating peptide derivatives 

combined with siRNA and deliver to cornea has been ascertained (142). This is a 

ground-breaking technology for ocular therapy which opens up the opportunity of 

exploring non-invasive therapeutic delivery systems.  

5. Conclusion 

Some ocular diseases can be prevented early, with the caveat of proper ethical concerns 

of treating the disease before it becomes symptomatic. People should be informed of a 
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detected risk and be able to make preventative treatment choices. The Universal Eye 

Health: A Global Action Plan 2014-2019 initiated by WHO aimed to reduce vision 

impairment and secure access to rehabilitation (143). Genetic testing and prescreening for 

gene variants for patients who need to get certain treatments or surgeries, play a vital role 

in prevention of any further damage to eyes. Gene editing tools such as Clustered regularly 

interspaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas) protein 

systems for treating ocular diseases have been studied widely.  The unique anatomical 

position of the cornea provides access to a diseased tissue and the relative immune 

privilege of the cornea makes it an ideal tissue for gene-based therapies while the 

therapeutic effect is easily monitored clinically. The cells from cornea can be cultured and 

sustained in the in vitro condition for long periods of time (135). There are 14 genes 

known today associated with corneal dystrophies, 9 of which are AD (7). The most studied 

and widely attempted for use in gene therapy or gene editing is the Meesmann corneal 

dystrophy and TGFBI corneal dystrophy. The editing of the humanized mouse carrying a 

sever phenotype of KRT12 Leu132Pro mutation has shown promising results (37). 

Building upon this foundation, an allele specific approach to target the most prevalent 

TGFBI corneal dystrophy mutations demonstrated the feasibility with the mouse model 

(137). FECD represents a disease model for studying the biology of microsatellite 

disorders and evaluating novel therapeutic approaches. Scientists have attempted to 

perform gene editing on the TCF4 TNR. The CRISPR/Cas9 dual sgRNAs mediated 

deletion approach for correction of the FECD repeat expansion provides a viable option 

for treatment. It is also reported that gene therapy has been experimented on corneal graft 

rejection, corneal wound healing and scarring, corneal neovascularization, herpes simples 
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virus (HSV) keratitis, lacrimal gland, dry eye, Sjogren syndrome, and conjunctival 

scarring (135). The experience accumulated over the years has paved the way for gene 

therapy for corneal diseases to advance into the clinical trial phase. Several obstacles must 

be addressed, such as patient safety, off target effects, unintended biological consequences 

of vector exposure and transgene expression (135).  

It is expected that the CRISPR/Cas based therapy will pave the way for personalized 

medicine in ophthalmology. Genetic testing identifies the mutations and provides 

information needed for designing a personalized therapeutic plan. These two elements are 

tied hand-in-hand in the future of treating genetic corneal diseases. The revolutionary 

personalized gene therapy treatment is in the near horizon.  
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Figure and Table Legends 

Figure 1: TGFBI mutations locate on chromosome 5 location 31.1 of the longer region 

(5q31.1) from base position 136,028,895 to 136,063,818.   (Credit: Genome Decoration 

Page/NCBI) 

Figure 2: TGFBI corneal dystrophy reported phenotypes associated with coding exons. 
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Seventy missense TGFBI mutations have been associated with corneal dystrophies and is 

shown by a vertical line. Different colors represent respective phenotypes in the legend. 

Almost all mutations aggregates in exons 4, 11, 12 and 14.  

Figure 3: Meesmann corneal dystrophy. Opaque spots on corneal epithelium layer. 

(Credit: (7)) 

Figure 4: Fuchs’ Endothelial Corneal Dystrophy. Corneal edema due to loss of 

endothelial cells. (Credit: (7)) 

Figure 5: Keratoconus with CCT. (Credit: Wills Eye Hospital, www.willseye.org) 

Figure 6: Progressive Keratoconus topographies. (6A) is a normal cornea. (6B) is Forme 

Fruste Keratoconus, the mildest form with sub-clinical symptoms. (6C) is a nipple cone 

form of KC where there is a small bulging in the center of cornea. (6D) is oval cone KC 

where the bulging is in the inferior cornea exhibits a sagging appearance. (6E) is globus 

cones, which is the most severe form of KC. The bulging affects more than 75% of the 

cornea. (Credit: Precision Family Eye Care. 

http://www.precisionfamilyeyecare.com/types-of-keratoconus/) 

Figure 7: TaqMan® SNP genotyping process. (Credit: ThermoFisher Scientific. 

www.thermofisher.com) 

Figure 8: LASIK surgery illustration (Credit: Laser Eye Surgery Hub. 

https://www.lasereyesurgeryhub.co.uk/). Each step is depicted with the illustration below. 

Figure 9: Evolution of laser eye surgeries (Credit: Laser Eye Surgery Hub. 

https://www.lasereyesurgeryhub.co.uk/) 

Table 1: Genetic Diseases of the Cornea categorized by posterior, stromal and 

http://www.willseye.org/
http://www.precisionfamilyeyecare.com/types-of-keratoconus/
http://www.thermofisher.com/
https://www.lasereyesurgeryhub.co.uk/
https://www.lasereyesurgeryhub.co.uk/
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superficial corneal 

Table 2:  Examples of TGFBI corneal dystrophy genotype – phenotype correlation 

information  Credit: Eye Rounds.org and Wills Eye www.willseye.org).  

Table 3.  Genes and genetic loci that have been studied in conjunction with various 

keratoconus study cohorts. 

Table 4: Six next tier SNPs with phenotypes and primer and probe sequences utilized in 

a real time PCR assay for TGFBI CD. 

Figures and Tables 
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Appendix 1 

Human Gene Mutation Database (HGMD) (Qiagen, Hilden, Germany) listed 70 TGFBI 

mutations, small deletion/insertion, and small indels. The genomic coordinates, dbSNP 

ID (https://www.ncbi.nlm.nih.gov/snp/), exons, type of mutations, amino acid change, 

protein change, reported phenotypes, first reference and reported mod of inheritance are 

described.  

Genomic 

Coordinates 
rs# Exon Mutations 

Amino Acid 

change 

Nucleotide 

change 

Protein 

change 

HGMD 

Reported 

phenotype 

First 

Reference 

(Credit: 

HGMD) 

First 

reported 

Mode of 

Inheritan

ce 

chr5:135382062 rs757933370 4 Missense Val113Ile c.337G>A p.V113I 

Corneal 

dystrophy, 
granular 

Zenteno (2006) 

Mol 
Vis 12, 331 

AD 

chr5:135382092 rs541270955 4 Missense Asp123His c.367G>C p.D123H 

Corneal 

dystrophy, 

granular 

Ha (2003) Jpn J 

Ophthalmol 47,

 246 

AD 

chr5:135382095 rs121909210 4 Missense Arg124Cys c.370C>T p.R124C 
Corneal 
dystrophy, 

lattice type I 

Munier (1997) 
Nat 

Genet 15, 247 

AD 

chr5:135382096 rs121909211 4 Missense Arg124His c.371G>A p.R124H 

Corneal 

dystrophy, 

Avellino 

Munier (1997) 

Nat 

Genet 15, 247 

AD 

chr5:135382096 rs121909211 4 Missense Arg124Leu c.371G>T p.R124L 

Corneal 

dystrophy, 

Reis-

Bücklers 

Okada (1998) 

Am J 

Ophthalmol 12

6, 535 

AD 

chr5:135382095 rs121909210 4 Missense Arg124Ser c.370C>A p.R124S 

Corneal 

dystrophy, 
granular 

type I 

Stewart (1999) 

Hum 

Mutat 14, 126 

AD 

chr5:135382118 rs199604416 4 Missense Glu131Asp c.393G>T p.E131D 

Corneal 

dystrophy, 
Schnyder 

Foja (2016) Int 

Ophthalmol 36,
 867 

AD 

chr5:135382615 rs886059924 5 Missense Arg179Term c.535C>T p.R179* 

Corneal 
dystrophy, 

granular 

type II 

Song (2015) 

Ann Lab 
Med 35, 336 

not 

reported 

chr5:135391444 rs10057190 11 Missense Arg496Trp c.1486C>T p.R496W 

Corneal 

dystrophy, 
lattice type 

Kawasaki 
(2011) Br J 

Ophthalmol 95,

 150 

not 

reported 

chr5:135391459 rs121909212  11 Missense Pro501Thr c.1501C>A p.P501T 

Corneal 
dystrophy, 

lattice type 

IIIA 

Yamamoto 
(1998) Am J 

Hum 

Genet 62, 719 

AD 

chr5:135391462 rs188677757  11 Missense Met502Val c.1504A>G p.M502V 
Corneal 

dystrophy 

Zenteno (2009) 

Exp Eye 
Res 89, 172 

AD 

chr5:135391472 No dbSNP ID 11 Missense Val505Asp c.1514T>A p.V505D 
Corneal 
dystrophy, 

lattice type I 

Tian (2005) Jpn 

J 

Ophthalmol 49,
 84 

AD 

http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?type=rs&rs=rs757933370
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chr5:135391484 rs121909216 11 Missense Leu509Arg c.1526T>G p.L509R 

Corneal 

dystrophy, 

epithelial 

basement 
membrane 

Boutboul 

(2006) Hum 

Mutat 27, 553 

AD 

chr5:135391484 No dbSNP ID 11 Missense Leu509Pro c.1526T>C p.L509P 

Corneal 
dystrophy, 

Reis-

Bücklers 

Gruenauer-

Kloevekorn 

(2009) Br J 
Ophthalmol 93,

 932 

AD 

chr5:135391499 No dbSNP ID 11 Missense Arg514Pro c.1541G>C p.R514P 

Corneal 

dystrophy, 

lattice type 

Zhong (2010) 

Mol 

Vis 16, 224 

AD 

chr5:135391503 No dbSNP ID 11 Missense Phe515Leu c.1545T>A p.F515L 
Corneal 
dystrophy, 

lattice type 

Zhong (2010) 
Mol 

Vis 16, 224 

AD 

chr5:135392354 No dbSNP ID 12 Missense Ser516Arg c.1548C>G p.S516R 
Corneal 
dystrophy 

Paliwal (2010) 

Mol 

Vis 16, 1429 

AD 

chr5:135392359 No dbSNP ID 12 Missense Leu518Arg c.1553T>G p.L518R 

Corneal 
dystrophy, 

lattice 

intermediate 
type I/IIIA 

Munier (2002) 

Invest 
Ophthalmol Vis 

Sci 43, 949 

AD 

chr5:135392359 No dbSNP ID 12 Missense Leu518Pro c.1553T>C p.L518P 

Corneal 
dystrophy, 

lattice 
intermediate 

type I/IIIA 

Endo (1999) 
Am J 

Ophthalmol 12

8, 104 

AD 

chr5:135392371 No dbSNP ID 12 Missense Ile522Asn c.1565T>A p.I522N 

Corneal 

dystrophy, 

lattice type I 

Zhang (2009) 

Mol 

Vis 15, 2498 

AD 

chr5:135392386 rs1050842080 12 Missense Leu527Arg c.1580T>G p.L527R 

Corneal 
dystrophy, 

lattice type, 

with deep 
deposits 

Fujiki (1998) 

Hum 

Genet 103, 286 

AD 

chr5:135392419 No dbSNP ID 12 Missense Thr538Arg c.1613C>G p.T538R 

Corneal 
dystrophy, 

lattice 

intermediate 
type I/IIIA 

Munier (2002) 

Invest 
Ophthalmol Vis 

Sci 43, 949 

AD 

chr5:135392418 No dbSNP ID 12 Missense Thr538Pro c.1612A>C p.T538P 

Corneal 

dystrophy, 

lattice type 

Yu (2006) J 
Genet 85, 73 

AD 

chr5:135392422 rs1382893670 12 Missense Val539Asp c.1616T>A p.V539D 

Corneal 

dystrophy, 

lattice type 

Chakravarthi 

(2005) Invest 
Ophthalmol Vis 

Sci 46, 121 

AD 

chr5:135392425 rs121909214 12 Missense Phe540Ser c.1619T>C p.F540S 

Corneal 

dystrophy, 

lattice type 

Stix (2005) 

Invest 
Ophthalmol Vis 

Sci 46, 1133 

AD 

chr5:135392431 No dbSNP ID 12 Missense Pro542Arg c.1625C>G p.P542R 

Corneal 

dystrophy, 
lattice type 

Cho (2012) 

Mol 
Vis 18, 2012 

AD 

chr5:135392437 rs777288957 12 Missense Asn544Ser c.1631A>G p.N544S 

Corneal 
dystrophy, 

lattice 

intermediate 
type I/IIIA 

Mashima 

(2000) Am J 
Ophthalmol 13

0, 516 

AD 

chr5:135392443 rs267607109 12 Missense Ala546Asp c.1637C>A p.A546D 
Corneal 
dystrophy, 

lattice type 

Aldave (2004) 

Am J 

Ophthalmol 13
8, 772 

AD 

chr5:135392442 No dbSNP ID 12 Missense Ala546Thr c.1636G>A p.A546T 
Corneal 

dystrophy, 

Dighiero 

(2000) Am J 
AD 
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lattice type 

IIIA 

Ophthalmol 12

9, 248 

chr5:135392446 No dbSNP ID 12 Missense Phe547Cys c.1640T>G p.F547C 
Corneal 
dystrophy, 

granular 

Foja (2016) Int 
Ophthalmol 36,

 867 

not 

reported 

chr5:135392446 No dbSNP ID 12 Missense Phe547Ser c.1640T>C p.F547S 

Corneal 

dystrophy, 
lattice type 

Takacs (2007) 

Mol 
Vis 13, 1976 

AD 

chr5:135392449 No dbSNP ID 12 Missense Arg548Pro c.1643G>C p.R548P 
Corneal 
dystrophy, 

lattice type 

Chae (2016) 
Clin 

Genet 89, 678 

not 

reported 

chr5:135392455 No dbSNP ID 12 Missense Leu550Pro c.1649T>C p.L550P 

Corneal 

dystrophy, 
granular 

Zenteno (2009) 

Exp Eye 
Res 89, 172 

AD 

chr5:135392458 rs267607110 12 Missense Pro551Gln c.1652C>A p.P551Q 

Corneal 

dystrophy, 
lattice type 

Aldave (2004) 
Am J 

Ophthalmol 13

8, 772 

AD 

chr5:135392470 rs121909209 12 Missense Arg555Gln c.1664G>A p.R555Q 

Corneal 
dystrophy, 

Thiel-

Behnke 

Munier (1997) 

Nat 
Genet 15, 247 

AD 

chr5:135392469 rs121909208 12 Missense Arg555Trp c.1663C>T p.R555W 

Corneal 

dystrophy, 
granular 

type I 

Munier (1997) 

Nat 

Genet 15, 247 

AD 

chr5:135392479 No dbSNP ID 12 Missense Leu558Arg c.1673T>G p.L558R 

Corneal 

dystrophy, 

lattice type 

Dudakova 

(2016) 
Ophthalmic 

Genet 37, 473 

not 
reported 

chr5:135392479 No dbSNP ID 12 Missense Leu558Pro c.1673T>C p.L558P 

Corneal 

dystrophy, 
lattice type 

Livshits (2008) 

Hum 
Genet 124 296 

not 

reported 

chr5:135392481 No dbSNP ID 12 Missense Leu559Val c.1675T>G p.L559V 
Corneal 

dystrophy 

Paliwal (2010) 
Mol 

Vis 16, 1429 

AD 

chr5:135394794 No dbSNP ID 12 Missense Leu565Pro c.1694T>C p.L565P 

Corneal 

dystrophy, 
lattice type 

Ołdak (2014) 

Cornea 33, 294 

not 

reported 

chr5:135394806 No dbSNP ID 13 Missense Leu569Arg c.1706T>G p.L569R 

Corneal 

dystrophy, 
lattice type I 

Warren (2003) 
Am J 

Ophthalmol 13

6, 872 

AD 

chr5:135394806 No dbSNP ID 13 Missense Leu569Gln c.1706T>A p.L569Q 
Corneal 
dystrophy, 

lattice type I 

Song (2015) 
Ann Lab 

Med 35, 336 

not 

reported 

chr5:135394815 No dbSNP ID 13 Missense His572Arg c.1715A>G p.H572R 
Corneal 
dystrophy, 

lattice type I 

Atchaneeyasak

ul (2006) Jpn J 

Ophthalmol 50,
 403 

AD 

chr5:135394881 No dbSNP ID 13 Missense Gly594Val c.1781G>T p.G594V 
Corneal 
dystrophy, 

lattice type 

Chakravarthi 

(2005) Invest 

Ophthalmol Vis 
Sci 46, 121 

AD 

chr5:135396557 No dbSNP ID 14 Missense Val613Gly c.1838T>G p.V613G 

Corneal 

dystrophy, 

lattice type 

Niel-Butschi 

(2011) Mol 

Vis 17, 1192 

AD 

chr5:135396575 No dbSNP ID 14 Missense Met619Lys c.1856T>A p.M619K 

Corneal 

dystrophy, 
combined 

granular-

lattice type, 
variant of 

Aldave (2008) 
Arch 

Ophthalmol 12

6, 371 

AD 

chr5:135396578 No dbSNP ID 14 Missense Ala620Asp c.1859C>A p.A620D 

Corneal 

dystrophy, 

lattice type 

Lakshminaraya

nan (2011) Br J 

Ophthalmol 95,

not 
reported 
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 1457 

chr5:135396577 No dbSNP ID 14 Missense Ala620Pro c.1858G>C p.A620P 

Corneal 
dystrophy, 

lattice type 

IIIA 

Jung (2014) 

Cornea 33, 132
4 

not 

reported 

chr5:135396580 No dbSNP ID 14 Missense Thr621Pro c.1861A>C p.T621P 
Corneal 
dystrophy, 

lattice type I 

Song (2015) 
Ann Lab 

Med 35, 336 

not 

reported 

chr5:135396583 No dbSNP ID 14 Missense Asn622His c.1864A>C p.N622H 

Corneal 

dystrophy, 

lattice 
intermediate 

type I/IIIA 

Stewart (1999) 

Ophthalmology
 106, 964 

AD 

chr5:135396585 No dbSNP ID 14 Missense Asn622Lys c.1866T>A p.N622K 

Corneal 

dystrophy, 
lattice type 

IIIA 

Munier (2002) 

Invest 
Ophthalmol Vis 

Sci 43, 949 

AD 

chr5:135396586 No dbSNP ID 14 Missense Gly623Arg c.1867G>C p.G623R 

Corneal 

dystrophy, 

map-like 

Gruenauer-

Kloevekorn 

(2009) Graefes 
Arch Clin Exp 

Ophthalmol 24

7, 93 

AD 

chr5:135396587 rs121909215 14 Missense Gly623Asp c.1868G>A p.G623D 

Corneal 
dystrophy, 

lattice 

intermediate 
type I/IIIA 

Afshari (2001) 

Arch 
Ophthalmol 11

9, 16 

not 
reported 

chr5:135396589 rs200201691  14 Missense Val624Met c.1870G>A p.V624M 

Corneal 

dystrophy, 

lattice type 

Kannabiran 

(2006) Hum 

Mutat 27, 615 

AD 

chr5:135396593 No dbSNP ID 14 Missense Val625Asp c.1874T>A p.V625D 

Corneal 

dystrophy, 

lattice type 

Tian (2007) 

Am J 
Ophthalmol 14

4, 473 

AD 

chr5:135396596 rs1052006472 14 Missense His626Arg c.1877A>G p.H626R 

Corneal 

dystrophy, 
lattice 

intermediate 

type I/IIIA 

Stewart (1999) 
Ophthalmology

 106, 964 

AD 

chr5:135396596 No dbSNP ID 14 Missense His626Pro c.1877A>C p.H626P 

Corneal 

dystrophy, 
lattice 

intermediate 

type I/IIIA 

Munier (2002) 

Invest 

Ophthalmol Vis 
Sci 43, 949 

AD 

chr5:135396611 No dbSNP ID 14 Missense Val631Asp c.1892T>A p.V631D 

Corneal 
dystrophy, 

lattice type, 

with deep 
deposits 

Munier (2002) 

Invest 
Ophthalmol Vis 

Sci 43, 949 

AD 

chr5:135398363 rs121909217 16 Missense Arg666Ser c.1998G>C p.R666S 

Corneal 
dystrophy, 

epithelial 
basement 

membrane 

Boutboul 

(2006) Hum 
Mutat 27, 553 

AD 

chr5:135382035-

135382036 
No dbSNP ID 4 

Small 

deletions 
CCCTA^102C

CACTctCAA

ACCTTTA 

CCCTA^102C
CACTctCAA

ACCTTTA 

c.310_311d

elTC 

p.(Ser104

Lysfs*27) 

Corneal 

dystrophy, 

granular 
type I 

Pang (2002) 
Hum 

Mutat 19, 189 

AD 
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chr5:135392424-

135392426 
No dbSNP ID 12 

Small 

deletions 
CTACACA^
539GTCtttGC

TCCCACAA 

CTACACA^53

9GTCtttGCTC

CCACAA 

c.1618_162

0delTTT 

p.(Phe540

del) 

Corneal 

dystrophy, 
lattice 

intermediate 

type I/IIIA 

Rozzo (1998) 
Hum 

Mutat 12, 215 

AD 

chr5:135394814-
135394816 

No dbSNP ID 13 

Small 

deletions 

CCTGAAA^
571TACcacA

TTGGTGAT
G 

CCTGAAA^57

1TACcacATT
GGTGATG 

c.1714_171
6delCAC 

p.(His572
del) 

Corneal 

dystrophy, 
lattice type 

Aldave (2006) 

Mol 
Vis 12, 142 

not 
reported 

chr5:135396557-

135396568 
No dbSNP ID 14 

Small 
deletions 

AAGGAG^61

2CCTGttgccg

agcctgACAT

CATGGC 

AAGGAG^612

CCTGttgccga

gcctgACATC

ATGGC 

c.1838_184

9del12 

p.(Val613
_Pro616d

el) 

Corneal 
dystrophy, 

lattice type 

Yang (2010) 
Mol 

Vis 16, 1186 

AD 

chr5:135396589-
135396594 

No dbSNP ID 14 

Small 

deletions 

CACAAAT^
623GGCgtggt

cCATGTCA
TCA 

CACAAAT^62

3GGCgtggtcC
ATGTCATC

A 

c.1870_187

5delGTGG
TC 

p.(Val624

_Val625d
el) 

Corneal 

dystrophy, 
lattice type 

Chakravarthi 

(2005) Invest 
Ophthalmol Vis 

Sci 46, 121 

AD 

chr5:135396598-

135396598 
No dbSNP ID 14 

Small 

deletions 
CGTGGTC^6

26CATgTCA

TCACCAA 

CGTGGTC^62

6CATgTCAT

CACCAA 

c.1879delG 
p.(Val627

Serfs*44) 

Corneal 

dystrophy, 

lattice type 
IIIA 

Munier (2002) 

Invest 

Ophthalmol Vis 
Sci 43, 949 

AD 

chr5:135396613-
135396614 

No dbSNP ID 14 

Small 

insertions 

TGTCATC^6

29ACCaatgttc

ccAATGTT
CTGC 

TGTCATC^62

9ACCaatgttccc
AATGTTCT

GC 

c.1886_189

4dupCCAA
TGTTC 

N/A 

Corneal 
dystrophy, 

lattice 
intermediate 

type I/IIIA 

Schmitt-
Bernard (2000) 

Invest 
Ophthalmol Vis 

Sci 41, 1302 

AD 

chr5:135382096-

135382103 
No dbSNP ID 4 

Small indels 
TACACG^123

GACCgcacg

gagAAGCT
GAGGC 

Ins:tc 

TACACG^123

GACCgcacgg
agAAGCTGA

GGC 

Ins:tc 

c.371_378d
elGCACG

GAGinsTC 

N/A 

Corneal 

dystrophy, 

granular 
type I 

Dighiero 

(2000) Arch 

Ophthalmol 11
8, 814 

AD 
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Appendix 2 

Human Gene Mutation Database (HGMD) (Qiagen, Hilden, Germany) listed 56 missense, 

12 small deletions and 2 small insertions within the 2 exons of ZNF469 gene. The genomic 

coordinates, dbSNP ID (https://www.ncbi.nlm.nih.gov/snp/), exons, type of mutations, 

amino acid change, protein change, reported phenotypes, first reference and reported mod 

of inheritance are described.  

Missense 

Genomic 

Coordinates 
rs# Exon Mutations Amino Acid change 

Nucleotide 

change 

Protein 

change 

HGMD 

Reported 

phenotype 

chr16:88427760 rs273585617 1 Missense Pro97Leu c.290C>T p.P97L Keratoconus 

chr16:88427807 rs281865144 1 Missense Glu113Lys c.337G>A p.E113K Keratoconus 

chr16:88428195 rs536586591 1 Missense Ser242Ile c.725G>T p.S242I Keratoconus 

chr16:88428401 rs930833316 1 Missense Gly311Arg c.931G>A p.G311R Keratoconus 

chr16:88428416 rs368772806 1 Missense Glu316Lys c.946G>A p.E316K Keratoconus 

chr16:88428953 rs202205643 1 Missense Pro495Ser c.1483C>T p.P495S Keratoconus 

chr16:88428977 rs767072775 1 Missense Arg503Trp c.1507C>T p.R503W Keratoconus 

chr16:88428992 rs750005577 1 Missense Ala508Thr c.1522G>A p.A508T Keratoconus 

chr16:88429053 No dbSNP ID found 1 Missense Pro528Arg c.1583C>G p.P528R Keratoconus 

chr16:88429079 rs184458982 1 Missense Val537Met c.1609G>A p.V537M Keratoconus 

chr16:88429160 No dbSNP ID found 1 Missense Gly564Arg c.1690G>C p.G564R Keratoconus 

chr16:88429167 rs181785233 1 Missense Ala566Val c.1697C>T p.A566V Keratoconus 

chr16:88429499 No dbSNP ID found 1 Missense Gly677Term c.2029G>T p.G677* 

Brittle 

cornea 

syndrome 

chr16:88429505 rs551591362 1 Missense Glu679Lys c.2035G>A p.E679K Keratoconus 

chr16:88429529 No dbSNP ID found 1 Missense Glu687Lys c.2059G>A p.E687K Keratoconus 

chr16:88429533 rs281865146 1 Missense Thr688Asn c.2063C>A p.T688N Keratoconus 

chr16:88429607 rs1478897158 1 Missense Pro713Thr c.2137C>A p.P713T Keratoconus 

chr16:88430087 No dbSNP ID found 1 Missense Pro873Thr c.2617C>A p.P873T Keratoconus 

chr16:88430169 rs273585618 1 Missense Pro900Arg c.2699C>G p.P900R Keratoconus 

chr16:88430169 rs273585618 1 Missense Pro900Leu c.2699C>T p.P900L Keratoconus 

chr16:88430274 rs773608978 1 Missense Glu935Gly c.2804A>G p.E935G Keratoconus 
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chr16:88430589 rs273585619 1 Missense Lys1040Thr c.3119A>C p.K1040T Keratoconus 

chr16:88431020 rs553460850 1 Missense Ala1156Thr c.3466G>A p.A1156T Keratoconus 

chr16:88431303 No dbSNP ID found 1 Missense Pro1250Leu c.3749C>T p.P1250L Keratoconus 

chr16:88431728 rs387907063 1 Missense Glu1392Term c.4174G>T p.E1392* 
Brittle 
cornea 

syndrome 

chr16:88431854 rs577890057 1 Missense Asp1434Asn c.4300G>A p.D1434N Keratoconus 

chr16:88431917 rs273585620 1 Missense Ala1455Ser c.4363G>T p.A1455S Keratoconus 

chr16:88432238 No dbSNP ID found 1 Missense Glu1562Lys c.4684G>A p.E1562K Keratoconus 

chr16:88432632 rs568197988 1 Missense Cys1693Phe c.5078G>T p.C1693F Keratoconus 

chr16:88432823 No dbSNP ID found 1 Missense Gln1757Term c.5269C>T p.Q1757* 

Brittle 

cornea 

syndrome 

chr16:88433018 rs199932922 1 Missense Pro1822Thr c.5464C>A p.P1822T Keratoconus 

chr16:88433649 rs273585623 1 Missense Ser2032Tyr c.6095C>A p.S2032Y Keratoconus 

chr16:88434118 rs1274585667 1 Missense Gln2188His c.6564G>C p.Q2188H Keratoconus 

chr16:88434350 rs773187176 1 Missense Gly2266Arg c.6796G>A p.G2266R Keratoconus 

chr16:88434414 rs77490207 1 Missense Pro2287Arg c.6860C>G p.P2287R Keratoconus 

chr16:88434549 No dbSNP ID found 1 Missense Pro2332Leu c.6995C>T p.P2332L Keratoconus 

chr16:88434737 rs199727372 1 Missense Pro2395Thr c.7183C>A p.P2395T Keratoconus 

chr16:88434816 rs549934027 1 Missense Arg2421His c.7262G>A p.R2421H Keratoconus 

chr16:88435023 rs201943633 1 Missense Pro2490His c.7469C>A p.P2490H Keratoconus 

chr16:88435197 rs760483469 1 Missense Pro2548Leu c.7643C>T p.P2548L Keratoconus 

chr16:88435587 rs999315157 1 Missense Ala2678Val c.8033C>T p.A2678V Keratoconus 

chr16:88435896 rs1054270904 1 Missense Pro2781Leu c.8342C>T p.P2781L Keratoconus 

chr16:88436175 rs536725615 1 Missense Thr2874Met c.8621C>T p.T2874M Keratoconus 

chr16:88436190 rs756344990 1 Missense Arg2879His c.8636G>A p.R2879H Keratoconus 

chr16:88436258 rs76792613 1 Missense Asp2902Tyr c.8704G>T p.D2902Y 

Brittle 

cornea 

syndrome 

chr16:88436454 rs759398721 1 Missense Ala2967Val c.8900C>T p.A2967V Keratoconus 

chr16:88436466 rs273585625  1 Missense Gly2971Val c.8912G>T p.G2971V Keratoconus 

chr16:88436601 rs273585626 1 Missense Thr3016Met c.9047C>T p.T3016M Keratoconus 

chr16:88436631 rs139565761 1 Missense Glu3026Ala c.9077A>C p.E3026A Keratoconus 

chr16:88436964 No dbSNP ID found 1 Missense Glu3137Gly c.9410A>G p.E3137G Keratoconus 

chr16:88437320 rs773064083 1 Missense Gly3256Arg c.9766G>A p.G3256R Keratoconus 

chr16:88437570 rs387907062 1 Missense Cys3339Tyr c.10016G>A p.C3339Y 
Brittle 
cornea 

syndrome 
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chr16:88437576 No dbSNP ID found 1 Missense Arg3341Pro c.10022G>C p.R3341P 

Brittle 

cornea 

syndrome 

chr16:88438895 rs201834513 1 Missense Glu3781Lys c.11341G>A p.E3781K Keratoconus 

chr16:88439169 rs273585630 1 Missense Pro3872Leu c.11615C>T p.P3872L Keratoconus 

chr16:88439246 rs773010511 1 Missense Glu3898Lys c.11692G>A p.E3898K Keratoconus 

 

Small deletions 

Genomic 

Coordinates 
rs# Exon Mutations Amino Acid change 

Nucleotide 

change 

HGMD 

Reported 

phenotype 

chr16:88429347-

88429355 
N/A 1 

Deletion 

AAAGC^624CAGCTccccggcccCCTCGGGCCC 

c.1877_1885delCCGG

CCCCC 

p.(Pro626_Pro

628del) 
Keratoconus 

chr16:88429620-
88429620 

N/A 1 
Deletion 
ACACAC^716CACTtCTCCCTCAGC 

c.2150delT 
p.(Phe717Serf
s*15) 

Brittle cornea 
syndrome 

chr16:88430374-

88430379 
N/A 1 

Deletion 

AGGGG^967TCGGGgtcgggCGGCGGCGGC 

c.2904_2909delGTCG

GG 

p.(Ser969_Gly

970del) 
Keratoconus 

chr16:88430946-

88430946 
N/A 1 

Deletion 

GAGGAG^1130CCGGgCGGGTCTCGC 
c.3392delG 

p.(Gly1131Al

afs*105) 

Brittle cornea 

syndrome 

chr16:88433258-
88433258 

N/A 1 
Deletion 
ACCTGCT^1901GCCcAGAGCCCTCC 

c.5704delC 
p.(Gln1902Ar
gfs*6) 

Brittle cornea 
syndrome 

chr16:88433497-

88433497 
N/A 1 

Deletion 

GGGTG^1980AGCCCaGGGGGCACGG 
c.5943delA 

p.(Gly1983Al

afs*16) 

Brittle cornea 

syndrome 

chr16:88433914-

88433914 
N/A 1 

Deletion 

GGCTG^2119GGGGGgCAGCTGCCAG 
c.6360delG 

p.(Gln2121Ser

fs*51) 

Brittle cornea 

syndrome 

chr16:88434117-
88434117 

N/A 1 
Deletion 
TGCCTT^2187CTCCaGGGGGAGGGC 

c.6563delA 
p.(Gln2188Ar
gfs*21) 

Brittle cornea 
syndrome 

chr16:88434198-

88434198 
N/A 1 

Deletion 

CACAGT^2214GGGGaCACCCCCAAA 
c.6644delA 

p.(Asp2215Al

afs*8) 

Brittle cornea 

syndrome 

chr16:88436565-

88436579 
N/A 1 

Deletion 

GACGGT^3003GGGCttcccgggaacacccACCTGCTGCC 
c.9011_9025del15 

p.(Leu3004_T

hr3008del) 
Keratoconus 

chr16:88436953-
88436953 

N/A 1 
Deletion 
TGCTG^3132CGGGGgCACCTGCAGG 

c.9399delG 
p.(His3134Thr
fs*20) 

Brittle cornea 
syndrome 
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chr16:88437085-

88437085 
N/A 1 

Deletion 

CGCCCGC^3176AGGgGGCAGGCGCG 
c.9531delG 

p.(Gln3178Ar

gfs*23) 

Brittle cornea 

syndrome 

 

Small insertions 

  rs# Exon Mutations 
HGVS  

(nucleotide) 

HGVS  

(protein) 

Reported 

phenotype 

chr16:88436384-

88436385 
N/A 1 

Insertion 

GCTGGT^2943GCAGggaagctggtgcagAGAAGCTGCC 

c.8817_8830dup

14 
p.(Glu2944Glyfs*50) 

Brittle cornea 

syndrome 

chr16:88437385-
88437386 

N/A 1 
Insertion 
GGGCCCC^3277CCCcAGGACGACCC 

c.9831dupC p.(Arg3278Glnfs*197) 
Brittle cornea 
syndrome 
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Chapter 3 

TGFBI real-time PCR test and Targeted NGS 

Test Development  

 

Introduction 

A five SNP panel real-time PCR test produced with Avellino Labs (Headquarters in 

Menlo Park, California, USA) is now commercially available. This diagnostic test 

examines for the five most common mutations that cause five different types of  TGFBI 

Corneal Dystrophy: 

• R124H for Granular Corneal Dystrophy, type 2 (GCD 2) 

• R124C for Lattice Corneal Dystrophy, type 1 (LCD 1) 

• R124L for Reis-Buckler Corneal Dystrophy (RBCD) 

• R555W for Granular Corneal Dystrophy, type 1 (GCD1) 

• R555Q for Thiel-Behnke Corneal Dystrophy (TBCD) 

In accordance with evidence from the literature search, the five SNP panel test detects 

approximately 75% of the corneal dystrophy cases reported. I determined that detection 

rates will improve with the addition of six mutations to the available genetic test. No 

geographic or population differences were noted; therefore, the proposed six additional 

mutations are appropriate for worldwide use as an enhancement to the present genetic test. 

The new mutations included in an expanded test panel will considerably improve the 
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mutation detection rate; however, this expanded test will not be able to detect all of the 

70+ TGFBI mutations. Use of advanced testing platforms of microarray hybridization or 

targeted resequencing will increase the mutation detection rate to nearly 100%. This 

would bridge the clinical diagnostic gap that currently exists in samples sent for 

confirmatory analysis that are negative for any of the five most common SNPs.  

Building on the foundation of the existing real-time PCR method for the five SNP test, 

primers and probes for the six additional SNP test were designed. This six SNP test 

becomes a secondary test if the five SNP test proves negative. After subsequent 

development of the targeted Next Generation Sequencing test, the reported 70 TGFBI 

mutations became detectable and hence increased the detection of TGFBI corneal 

dystrophy to almost 100%. 

Contribution 

I designed the reagents and oligonucleotides, amplification conditions and performed 

validation experiments to prove that the primer/probe sets, and oligonucleotides are 

designed correctly with optimal assay performance. 

Reagent Design 

The primer and probe sets were designed using the Thermo Fisher’s Custom TaqMan® 

Assay Design Tool (Thermo Fisher Scientific, Waltham, MA, USA). The six SNPs 

identified are listed in Table 1 with forward and reverse primer sequences; wild type and 

mutant probe sequences. 

Table 1A: Six next tier SNPs with phenotypes and primer and probe sequences (patent 

submitted by Avellino Labs) 
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Name Phenotype FWD Primer REV Primer WT Probe Mut Probe 
H626R Lattice Corneal 

Dystrophy subtype 

I/IIIA 

CTGACATCATGGCCACA

AATGG 

GGAGGCTGCAGAACATTG

GT 

CGTGGTCCATGTCA

TC 

TGGTCCGTGTCATC 

A546D Variant Lattice 

Corneal Dystrophy 

TCTACACAGTCTTTGCTC

CCACA 

CTCCGTTCTCTTGGTGGCA CTCGGAAGGCTTCA

T T 

CTCGGAAGTCTTCAT

T 

H572R Lattice Corneal 

Dystrophy subtype 

CCAAGGAACTTGCCAAC

A T 

CCTCCGCTAACCAGGATT

TCA TC 

CCTGAAATACCACA

TTGG 

CCTGAAATACCGCAT

TGG 

G623D Variant Reis-

Buckler Corneal 

Dystrophy 

TTGCCGAGCCTGACATC

A 

TGCAGAACATTGGTGATG

ACATG 

CACAAATGGCGTGG

TC 

CCACAAATGACGTGG

TC 

R124S Subtype Granular 

Corneal Dystrophy 

type 

CCACCACCACTCAGCTG

TAC 

TCCATCTCAGGCCTCAGC

T 

CTCCGTGCGGTCCG

T 

TCTCCGTGCTGTCCG

T 

M502V Variant Corneal 

Dystrophy and 

Variant Thiel-

Behnke 

Corneal Dystrophy 

 

GGACCGGGTGCTGACC CTCCCTTCAGGACATCCA TGACAGTCCCCATT

GGG 

TGACAGTCCCCACTG

GG 

 

Table 1B: Six next tier SNPs with phenotypes Wild Type and Mutant Type sequences 

(patent submitted by Avellino Labs). The synthetic oligonucleotides include 

homozygous (HH) forward sequences (HH CTL Fwd), homozygous (HH) reverse 

sequences (HH CTL Rev), wild type forward sequences (NN CTL Fwd), and wild 

type reverse sequences (NN CTL Rev). The heterozygous (HN) controls are a mixture 

of homozygous and wild type oligonucleotides. The red found represents the target 

nucleotide. 

Name Phenotype NN CTL Fwd NN CTL Rev HH CTL Fwd HH CTL Rev 
H626R Lattice Corneal 

Dystrophy subtype 

I/IIIA 

CTGACATCATGGCCACA

ATGGCGTGGTCCATGTC

TCACCAATGTTCTGCAG 

CTCCAGG 

CCTGGAGGCTGCAGAACA

TTGGTGATGACATGGACC

ACGCCATTTGTGGCCATG

ATGTCAG 

CTGACATCATGGCC 

CAAATGGCGTGGTC 

GTGTCATCACCAAT 

TTCTGCAGCCTCCA

G 

 

CCTGGAGGCTGCAGA

ACATTGGTGATGACA

CGGACCACGCCATTT

GTGGCCATGATGTCA

G 

 

A546D Variant Lattice 

Corneal Dystrophy TCTACACAGTCTTTGCTC

CCACAAATGAAGCCTTC 

GAGCCCTGCCACCAAGA 

AACGGAG 

CTCCGTTCTCTTGGTGGCA

GGGCTCGGAAGGCTTCAT

TTGTGGGAGCAAAGACTG

TGTAGA 

TCTACACAGTCTTTG

CTCCCACAAATGAA 

ACTTCCGAGCCCTG 

CACCAAGAGAACGG

G 

CTCCGTTCTCTTGGTG

GCAGGGCTCGGAAGT

CTTCATTTGTGGGAG

CAAAGACTGTGTAGA 

H572R Lattice Corneal 

Dystrophy subtype CCAAGGAACTTGCCAAC

ATCCTGAAATACCACAT

TGGTGATGAAATCCTGG

TTAGCGGAGG 

CCTCCGCTAACCAGGATT

TCATCACCAATGTGGTAT

TTCAGGATGTTGGCAAGT

TCCTTGG 

CCAAGGAACTTGCC 

ACATCCTGAAATAC

CGCATTGGTGATGA

AATCCTGGTTAGCG

GAGG 

CCTCCGCTAACCAGG

ATTTCATCACCAATG

CGGTATTTCAGGATG

TTGGCAAGTTCCTTG

G 

G623D Variant Reis-

Buckler Corneal 

Dystrophy 

TTGCCGAGCCTGACATC 

TGGCCACAAATGGCGTG

GTCCATGTCATCACCAA

TGTTCTGCA 

TGCAGAACATTGGTGATG

ACATGGACCACGCCATTT

GTGGCCATGATGTCAGGC

TCGGCA A 

TTGCCGAGCCTGAC 

TCATGGCCACAAAT 

ACGTGGTCCATGCA 

TCACCAATGTTCTGC

A 

TGCAGAACATTGGTG

ATGACATGGACCACG 

TCATTTGTGGCCATG

ATGCAGGCTCGGCAA 

R124S Subtype Granular 

Corneal Dystrophy 

type 

GGATCCACCACCACTCA 

CTGTACACGGACCGCCG

GAGAAGCTGAGGCCTGA

GATGGAGG  

CCTCCATCTCAGGCCTCA

GCTTCTCCGTGCGGTCCG

TGTACAGCTGAGTGGTGG

TGGATCC 

GGATCCACCACCAC

TCAGCTGTACACGG

ACAGCACGGAGAAG 

CTGAGGCCTGAGAT

GGAGG  

CCTCCATCTCAGGCC 

TCAGCTTCTCCGTGC 

TGTCCGTGTACAGCT 

GAGTGGTGGTGGATC 

C 

M502V Variant Corneal 

Dystrophy and 

Variant Thiel-

Behnke 

TTCACGATGGACCGGGT

GCTGACCCCCCCAATGG

GGACTGTCATGGATGTC 

CTGAAGGGAG 

CTCCCTTCAGGACATCCA

TGACAGTCCCCATTGGGG

GGGTCAGCACCCGGTCCA 

TCGTGAA 

TTCACGATGGACCG

GGTGCTGACCCCCC

CAGTGGGGACTGTC 

CTCCCTTCAGGACAT 

CCATGACAGTCCCCA 

CTGGGGGGGTCAGCA 
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Corneal Dystrophy 

 

ATGGATGTCCTGAA

GGGAG 

CCCGGTCCATCGTGA

A 

 

PCR Testing Parameters 

The above primers, probes, and synthetic oligonucleotides were tested with the following 

master mix recipe for one sample: 

 

The amplification cycling conditions in the Life Tech 7500 FAST PCR Amplification 

system were the following: 

Reaction Volume Per Well: 6ul     

  

Pre-PCR Read 

(Holding 

Stage) 

Holding 

Stage 

Cycling Stage 

Number of Cycles: 40 

Post-PCR Read 

(Holding Stage) 

Temperature 60.0 °C 95.0 °C 95.0 °C 60.0 °C 60.0 °C 

Time (min) 01:00 00:20 00:03 00:30 01:00 

 

Experiment Data 

The final amplification data obtained are the following: 
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1(A):        

    

1(B): 
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1(C):        

    

1(D): 
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1(E):        

   

1(F): 

 



95 

 

 

 

Figure 1: Allelic Discrimination Plots for the six SNPs from the 7500 FAST instrument 

with all six SNP amplification to be acceptable. The red dots represent Normal allelic 

amplification, the green dots represent the Heterozygous amplification, and the blue dots 

indicate the Homozygous amplification.  1(A) is the Allelic Discrimination plot for 

A546D. 1(B) is the Allelic Discrimination plot for G623D. 1(C) is the Allelic 

Discrimination plot for H572R. 1(D) is the Allelic Discrimination plot for H626R. 1(E) 

is the Allelic Discrimination plot for R124S. 1(F) is the Allelic Discrimination plot for 

M502V. 

Summary 

The experimental data showed that the primers, probes and the oligonucleotides are 

suitable for use for patient sample testing, with the synthetic oligonucleotides as test 

controls to monitor assay quality. 

Subsequently, it was decided during the development of a targeted Next Generation 

Sequencing test for KC to include the TGFBI gene. The need to use the 6 SNP panel is 

reduced since the NGS panel is designed to cover the whole TGFBI coding region of 17 

exons, which enables the panel to detect all 70 (1) TGFBI mutations. 

The 70 TGFBI gene mutations covered by the sequence region are the following. With 

the reference from HGMD (2), the genomic coordinates, mutation rs#s, exons where the 

mutations reside, mutation type, amino acid change, protein change and phenotype 

associated with the mutation are listed in Table 2 below. 

Genomic 

Coordinates 
rs# Exon Mutations 

Amino Acid 

change 

Nucleotide 

change 

Protein 

change 

HGMD 

Reported 

phenotype 

First 

Reference 

(Credit: 

HGMD) 

First 

reported 

Mode of 

Inheritan

ce 

chr5:135382062 rs757933370 4 Missense Val113Ile c.337G>A p.V113I 

Corneal 

dystrophy, 

granular 

Zenteno 

(2006) Mol 

Vis 12, 331 

AD 

http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?type=rs&rs=rs757933370
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chr5:135382092 rs541270955 4 Missense Asp123His c.367G>C p.D123H 

Corneal 

dystrophy, 

granular 

Ha (2003) 

Jpn J 
Ophthalmol 

47, 246 

AD 

chr5:135382095 rs121909210 4 Missense Arg124Cys c.370C>T p.R124C 
Corneal 
dystrophy, 

lattice type I 

Munier 

(1997) Nat 

Genet 15, 24
7 

AD 

chr5:135382096 rs121909211 4 Missense Arg124His c.371G>A p.R124H 
Corneal 
dystrophy, 

Avellino 

Munier 

(1997) Nat 

Genet 15, 24
7 

AD 

chr5:135382096 rs121909211 4 Missense Arg124Leu c.371G>T p.R124L 

Corneal 
dystrophy, 

Reis-

Bücklers 

Okada 
(1998) Am J 

Ophthalmol 

126, 535 

AD 

chr5:135382095 rs121909210 4 Missense Arg124Ser c.370C>A p.R124S 

Corneal 
dystrophy, 

granular 

type I 

Stewart 
(1999) Hum 

Mutat 14, 12

6 

AD 

chr5:135382118 rs199604416 4 Missense Glu131Asp c.393G>T p.E131D 

Corneal 

dystrophy, 

Schnyder 

Foja (2016) 

Int 
Ophthalmol 

36, 867 

AD 

chr5:135382615 rs886059924 5 Missense Arg179Term c.535C>T p.R179* 

Corneal 

dystrophy, 
granular 

type II 

Song (2015) 

Ann Lab 

Med 35, 336 

not 
reported 

chr5:135391444 rs10057190 11 Missense Arg496Trp c.1486C>T p.R496W 

Corneal 

dystrophy, 

lattice type 

Kawasaki 

(2011) Br J 
Ophthalmol 

95, 150 

not 
reported 

chr5:135391459 rs121909212  11 Missense Pro501Thr c.1501C>A p.P501T 

Corneal 
dystrophy, 

lattice type 

IIIA 

Yamamoto 

(1998) Am J 

Hum 
Genet 62, 71

9 

AD 

chr5:135391462 rs188677757  11 Missense Met502Val c.1504A>G p.M502V 
Corneal 
dystrophy 

Zenteno 

(2009) Exp 
Eye 

Res 89, 172 

AD 

chr5:135391472 No dbSNP ID 11 Missense Val505Asp c.1514T>A p.V505D 
Corneal 
dystrophy, 

lattice type I 

Tian (2005) 

Jpn J 

Ophthalmol 
49, 84 

AD 

chr5:135391484 rs121909216 11 Missense Leu509Arg c.1526T>G p.L509R 

Corneal 

dystrophy, 

epithelial 
basement 

membrane 

Boutboul 
(2006) Hum 

Mutat 27, 55

3 

AD 

chr5:135391484 No dbSNP ID 11 Missense Leu509Pro c.1526T>C p.L509P 

Corneal 

dystrophy, 

Reis-
Bücklers 

Gruenauer-

Kloevekorn 
(2009) Br J 

Ophthalmol 

93, 932 

AD 

chr5:135391499 No dbSNP ID 11 Missense Arg514Pro c.1541G>C p.R514P 

Corneal 

dystrophy, 
lattice type 

Zhong 

(2010) Mol 
Vis 16, 224 

AD 

chr5:135391503 No dbSNP ID 11 Missense Phe515Leu c.1545T>A p.F515L 

Corneal 

dystrophy, 

lattice type 

Zhong 

(2010) Mol 

Vis 16, 224 

AD 

chr5:135392354 No dbSNP ID 12 Missense Ser516Arg c.1548C>G p.S516R 
Corneal 

dystrophy 

Paliwal 

(2010) Mol 
Vis 16, 1429 

AD 

chr5:135392359 No dbSNP ID 12 Missense Leu518Arg c.1553T>G p.L518R 

Corneal 

dystrophy, 

lattice 

Munier 

(2002) 

Invest 

AD 
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intermediate 

type I/IIIA 

Ophthalmol 

Vis 
Sci 43, 949 

chr5:135392359 No dbSNP ID 12 Missense Leu518Pro c.1553T>C p.L518P 

Corneal 
dystrophy, 

lattice 

intermediate 
type I/IIIA 

Endo (1999) 

Am J 
Ophthalmol 

128, 104 

AD 

chr5:135392371 No dbSNP ID 12 Missense Ile522Asn c.1565T>A p.I522N 

Corneal 

dystrophy, 

lattice type I 

Zhang 

(2009) Mol 

Vis 15, 2498 

AD 

chr5:135392386 rs1050842080 12 Missense Leu527Arg c.1580T>G p.L527R 

Corneal 

dystrophy, 
lattice type, 

with deep 

deposits 

Fujiki (1998) 

Hum 

Genet 103, 2
86 

AD 

chr5:135392419 No dbSNP ID 12 Missense Thr538Arg c.1613C>G p.T538R 

Corneal 

dystrophy, 
lattice 

intermediate 

type I/IIIA 

Munier 
(2002) 

Invest 

Ophthalmol 
Vis 

Sci 43, 949 

AD 

chr5:135392418 No dbSNP ID 12 Missense Thr538Pro c.1612A>C p.T538P 

Corneal 

dystrophy, 

lattice type 

Yu (2006) J 
Genet 85, 73 

AD 

chr5:135392422 rs1382893670 12 Missense Val539Asp c.1616T>A p.V539D 
Corneal 
dystrophy, 

lattice type 

Chakravarthi 
(2005) 

Invest 

Ophthalmol 
Vis 

Sci 46, 121 

AD 

chr5:135392425 rs121909214 12 Missense Phe540Ser c.1619T>C p.F540S 
Corneal 
dystrophy, 

lattice type 

Stix (2005) 

Invest 
Ophthalmol 

Vis 

Sci 46, 1133 

AD 

chr5:135392431 No dbSNP ID 12 Missense Pro542Arg c.1625C>G p.P542R 

Corneal 

dystrophy, 
lattice type 

Cho (2012) 

Mol 
Vis 18, 2012 

AD 

chr5:135392437 rs777288957 12 Missense Asn544Ser c.1631A>G p.N544S 

Corneal 

dystrophy, 

lattice 
intermediate 

type I/IIIA 

Mashima 
(2000) Am J 

Ophthalmol 

130, 516 

AD 

chr5:135392443 rs267607109 12 Missense Ala546Asp c.1637C>A p.A546D 
Corneal 
dystrophy, 

lattice type 

Aldave 

(2004) Am J 

Ophthalmol 
138, 772 

AD 

chr5:135392442 No dbSNP ID 12 Missense Ala546Thr c.1636G>A p.A546T 

Corneal 

dystrophy, 

lattice type 
IIIA 

Dighiero 

(2000) Am J 

Ophthalmol 
129, 248 

AD 

chr5:135392446 No dbSNP ID 12 Missense Phe547Cys c.1640T>G p.F547C 
Corneal 
dystrophy, 

granular 

Foja (2016) 

Int 

Ophthalmol 
36, 867 

not 

reported 

chr5:135392446 No dbSNP ID 12 Missense Phe547Ser c.1640T>C p.F547S 
Corneal 
dystrophy, 

lattice type 

Takacs 
(2007) Mol 

Vis 13, 1976 

AD 

chr5:135392449 No dbSNP ID 12 Missense Arg548Pro c.1643G>C p.R548P 

Corneal 

dystrophy, 

lattice type 

Chae (2016) 

Clin 
Genet 89, 67

8 

not 
reported 

chr5:135392455 No dbSNP ID 12 Missense Leu550Pro c.1649T>C p.L550P 
Corneal 
dystrophy, 

granular 

Zenteno 

(2009) Exp 

Eye 
Res 89, 172 

AD 
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chr5:135392458 rs267607110 12 Missense Pro551Gln c.1652C>A p.P551Q 

Corneal 

dystrophy, 

lattice type 

Aldave 

(2004) Am J 
Ophthalmol 

138, 772 

AD 

chr5:135392470 rs121909209 12 Missense Arg555Gln c.1664G>A p.R555Q 

Corneal 

dystrophy, 

Thiel-
Behnke 

Munier 

(1997) Nat 

Genet 15, 24
7 

AD 

chr5:135392469 rs121909208 12 Missense Arg555Trp c.1663C>T p.R555W 

Corneal 

dystrophy, 

granular 
type I 

Munier 

(1997) Nat 

Genet 15, 24
7 

AD 

chr5:135392479 No dbSNP ID 12 Missense Leu558Arg c.1673T>G p.L558R 

Corneal 

dystrophy, 

lattice type 

Dudakova 
(2016) 

Ophthalmic 

Genet 37, 47
3 

not 
reported 

chr5:135392479 No dbSNP ID 12 Missense Leu558Pro c.1673T>C p.L558P 
Corneal 
dystrophy, 

lattice type 

Livshits 

(2008) Hum 

Genet 124 2
96 

not 

reported 

chr5:135392481 No dbSNP ID 12 Missense Leu559Val c.1675T>G p.L559V 
Corneal 

dystrophy 

Paliwal 
(2010) Mol 

Vis 16, 1429 

AD 

chr5:135394794 No dbSNP ID 12 Missense Leu565Pro c.1694T>C p.L565P 

Corneal 

dystrophy, 

lattice type 

Ołdak 

(2014) 
Cornea 33, 2

94 

not 
reported 

chr5:135394806 No dbSNP ID 13 Missense Leu569Arg c.1706T>G p.L569R 

Corneal 

dystrophy, 

lattice type I 

Warren 

(2003) Am J 
Ophthalmol 

136, 872 

AD 

chr5:135394806 No dbSNP ID 13 Missense Leu569Gln c.1706T>A p.L569Q 

Corneal 

dystrophy, 

lattice type I 

Song (2015) 

Ann Lab 

Med 35, 336 

not 
reported 

chr5:135394815 No dbSNP ID 13 Missense His572Arg c.1715A>G p.H572R 

Corneal 

dystrophy, 

lattice type I 

Atchaneeyas
akul (2006) 

Jpn J 

Ophthalmol 
50, 403 

AD 

chr5:135394881 No dbSNP ID 13 Missense Gly594Val c.1781G>T p.G594V 
Corneal 
dystrophy, 

lattice type 

Chakravarthi 
(2005) 

Invest 

Ophthalmol 
Vis 

Sci 46, 121 

AD 

chr5:135396557 No dbSNP ID 14 Missense Val613Gly c.1838T>G p.V613G 

Corneal 

dystrophy, 
lattice type 

Niel-Butschi 

(2011) Mol 
Vis 17, 1192 

AD 

chr5:135396575 No dbSNP ID 14 Missense Met619Lys c.1856T>A p.M619K 

Corneal 
dystrophy, 

combined 
granular-

lattice type, 

variant of 

Aldave 

(2008) Arch 
Ophthalmol 

126, 371 

AD 

chr5:135396578 No dbSNP ID 14 Missense Ala620Asp c.1859C>A p.A620D 
Corneal 
dystrophy, 

lattice type 

Lakshminara

yanan (2011) 
Br J 

Ophthalmol 

95, 1457 

not 

reported 

chr5:135396577 No dbSNP ID 14 Missense Ala620Pro c.1858G>C p.A620P 

Corneal 
dystrophy, 

lattice type 

IIIA 

Jung (2014) 

Cornea 33, 1
324 

not 

reported 

chr5:135396580 No dbSNP ID 14 Missense Thr621Pro c.1861A>C p.T621P 

Corneal 

dystrophy, 
lattice type I 

Song (2015) 

Ann Lab 
Med 35, 336 

not 

reported 
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chr5:135396583 No dbSNP ID 14 Missense Asn622His c.1864A>C p.N622H 

Corneal 

dystrophy, 
lattice 

intermediate 

type I/IIIA 

Stewart 

(1999) 

Ophthalmolo
gy 106, 964 

AD 

chr5:135396585 No dbSNP ID 14 Missense Asn622Lys c.1866T>A p.N622K 

Corneal 
dystrophy, 

lattice type 

IIIA 

Munier 

(2002) 
Invest 

Ophthalmol 

Vis 
Sci 43, 949 

AD 

chr5:135396586 No dbSNP ID 14 Missense Gly623Arg c.1867G>C p.G623R 

Corneal 

dystrophy, 
map-like 

Gruenauer-

Kloevekorn 

(2009) 
Graefes 

Arch Clin 

Exp 
Ophthalmol 

247, 93 

AD 

chr5:135396587 rs121909215 14 Missense Gly623Asp c.1868G>A p.G623D 

Corneal 

dystrophy, 

lattice 
intermediate 

type I/IIIA 

Afshari 
(2001) Arch 

Ophthalmol 

119, 16 

not 

reported 

chr5:135396589 rs200201691  14 Missense Val624Met c.1870G>A p.V624M 

Corneal 

dystrophy, 

lattice type 

Kannabiran 

(2006) Hum 
Mutat 27, 61

5 

AD 

chr5:135396593 No dbSNP ID 14 Missense Val625Asp c.1874T>A p.V625D 

Corneal 

dystrophy, 

lattice type 

Tian (2007) 

Am J 
Ophthalmol 

144, 473 

AD 

chr5:135396596 rs1052006472 14 Missense His626Arg c.1877A>G p.H626R 

Corneal 

dystrophy, 

lattice 
intermediate 

type I/IIIA 

Stewart 
(1999) 

Ophthalmolo

gy 106, 964 

AD 

chr5:135396596 No dbSNP ID 14 Missense His626Pro c.1877A>C p.H626P 

Corneal 

dystrophy, 

lattice 
intermediate 

type I/IIIA 

Munier 

(2002) 
Invest 

Ophthalmol 

Vis 
Sci 43, 949 

AD 

chr5:135396611 No dbSNP ID 14 Missense Val631Asp c.1892T>A p.V631D 

Corneal 

dystrophy, 
lattice type, 

with deep 

deposits 

Munier 
(2002) 

Invest 

Ophthalmol 
Vis 

Sci 43, 949 

AD 

chr5:135398363 rs121909217 16 Missense Arg666Ser c.1998G>C p.R666S 

Corneal 

dystrophy, 
epithelial 

basement 

membrane 

Boutboul 

(2006) Hum 

Mutat 27, 55
3 

AD 

chr5:135382035-
135382036 

No dbSNP ID 4 

Small 

deletions 

CCCTA^102C

CACTctCAA
ACCTTTA 

CCCTA^102C

CACTctCAA

ACCTTTA 

c.310_311d
elTC 

p.(Ser104
Lysfs*27) 

Corneal 

dystrophy, 
granular 

type I 

Pang (2002) 

Hum 
Mutat 19, 18

9 

AD 
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chr5:135392424-

135392426 
No dbSNP ID 12 

Small 

deletions 
CTACACA^
539GTCtttGC

TCCCACAA 

CTACACA^53

9GTCtttGCTC

CCACAA 

c.1618_162

0delTTT 

p.(Phe540

del) 

Corneal 

dystrophy, 
lattice 

intermediate 

type I/IIIA 

Rozzo 

(1998) Hum 

Mutat 12, 21
5 

AD 

chr5:135394814-
135394816 

No dbSNP ID 13 

Small 

deletions 

CCTGAAA^
571TACcacA

TTGGTGAT
G 

CCTGAAA^57

1TACcacATT
GGTGATG 

c.1714_171
6delCAC 

p.(His572
del) 

Corneal 

dystrophy, 
lattice type 

Aldave 

(2006) Mol 
Vis 12, 142 

not 
reported 

chr5:135396557-

135396568 
No dbSNP ID 14 

Small 
deletions 

AAGGAG^61

2CCTGttgccg

agcctgACAT

CATGGC 

AAGGAG^612

CCTGttgccga

gcctgACATC

ATGGC 

c.1838_184

9del12 

p.(Val613
_Pro616d

el) 

Corneal 
dystrophy, 

lattice type 

Yang (2010) 
Mol 

Vis 16, 1186 

AD 

chr5:135396589-
135396594 

No dbSNP ID 14 

Small 

deletions 

CACAAAT^
623GGCgtggt

cCATGTCA
TCA 

CACAAAT^62

3GGCgtggtcC
ATGTCATC

A 

c.1870_187

5delGTGG
TC 

p.(Val624

_Val625d
el) 

Corneal 

dystrophy, 
lattice type 

Chakravarthi 

(2005) 

Invest 
Ophthalmol 

Vis 
Sci 46, 121 

AD 

chr5:135396598-

135396598 
No dbSNP ID 14 

Small 

deletions 
CGTGGTC^6

26CATgTCA

TCACCAA 

CGTGGTC^62

6CATgTCAT

CACCAA 

c.1879delG 
p.(Val627

Serfs*44) 

Corneal 

dystrophy, 

lattice type 
IIIA 

Munier 
(2002) 

Invest 

Ophthalmol 
Vis 

Sci 43, 949 

AD 

chr5:135396613-
135396614 

No dbSNP ID 14 

Small 

insertions 

TGTCATC^6

29ACCaatgttc

ccAATGTT
CTGC 

TGTCATC^62

9ACCaatgttccc
AATGTTCT

GC 

c.1886_189

4dupCCAA
TGTTC 

N/A 

Corneal 
dystrophy, 

lattice 
intermediate 

type I/IIIA 

Schmitt-

Bernard 
(2000) 

Invest 
Ophthalmol 

Vis 

Sci 41, 1302 

AD 

chr5:135382096-

135382103 
No dbSNP ID 4 

Small indels 
TACACG^123

GACCgcacg

gagAAGCT
GAGGC 

Ins:tc 

TACACG^123

GACCgcacgg
agAAGCTGA

GGC 

Ins:tc 

c.371_378d
elGCACG

GAGinsTC 

N/A 

Corneal 

dystrophy, 

granular 
type I 

Dighiero 

(2000) Arch 

Ophthalmol 
118, 814 

AD 

Table 2: Human Gene Mutation Database (HGMD) (Qiagen, Hilden, Germany) listed 

70 TGFBI mutations, small deletion/insertion, and small indels. The genomic 

coordinates, mutation rs#s, exons, type of mutations, amino acid change, protein 

change, reported phenotypes, first reference and reported mod of inheritance are 

described.  

Patients who are asymptomatic for mutations in the TGFBI gene are at very high risk of 
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post-surgical, sight threatening, accelerated protein aggregate deposition. Surgery 

procedures induce a wound in the corneal layer, which cause expression of TGFBI protein 

to be upregulated. The Principles and Practice of CORNEA by Copeland and Afshari 

indicates that many reports have demonstrated the exacerbation of GCD2 after treatment 

with Photorefractive Keratectomy (PRK), Laser-assisted in situ Keratomileusis (LASIK), 

and Photo Therapeutic Keratectomy (PTK). Consequently, It is recommended that all 

keratorefractive surgery patients should be tested for TGFBI mutations before undergoing 

surgery (3).  
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Chapter 4 

Paper II - Evaluation of TGFBI corneal 

dystrophy and molecular diagnostic testing 

 

Connie Chao-Shern, Lawrence A. DeDionisio, Jun-Heok Jang, Clara C. Chan, Vance 

Thompson,  

Kathleen Christie, M. Andrew Nesbit, C. B. Tara Moore 

Paper Introduction 

There is a commercially available test that examines the five most common TGFBI 

mutations: R124H, R124C, R124L, R555W, and R555Q. To expand the capability of 

identifying these causative mutations in the remaining cases, test for the other 65 

mutations would need to be added. The aim of this study was to obtain a better 

understanding of the worldwide distribution and differences among geographically 

distinct populations of the known TGFBI mutations and to assess which mutations could 

be most productively included or excluded from any potential assay. A total of 184 

published papers in Human Gene Mutation Database (HGMD) and PubMed from 34 

countries worldwide reporting over 1600 corneal dystrophy cases were reviewed. Global 

data from 600,000 samples using the commercially available test were analyzed also. 

Data from the literature search showed no difference in the spectrum and frequency of 

each mutation across different populations or geographical locations. According to our 

analysis, an increase to the worldwide detection rate in all populations from 75 to 90% 

could be achieved by the addition of six mutations, namely H626R, A546D, H572R, 
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G623D, R124S, and M502V, to the currently available test that would be beneficial for 

LASIK pre-screening worldwide. Addition of further mutations to the test would 

individually yield minimal gains in detection rate. 

Contribution 

I performed the literature review, designed the reagents and testing parameters, conducted 

experiments, and authored the paper, figures and tables. 

Submission Status 

This paper was published by Eye in January 2019. 

Post Publication Data Analysis (Confidential and Unpublished) 

Avellino Labs has commercial laboratories in Korea, Japan, China and the USA using 

the same testing method for the five TGFBI corneal dystrophies. This test serves various 

purposes in particular countries and populations.  Labs in Korea and Japan use it as a 

pre-screening test for all refractive surgery candidates, while the lab in China has a 

mixture of pre-screening and confirmation testing to verify clinical findings. The labs in 

USA and Europe also use this test as both pre-screening and confirmation purposes. At 

the time of publishing, more than 600,000 samples had already been tested globally. The 

data (unpublished and confidential) is shown in the table below. 
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Corneal 

Dystrophies 

Global Korea Japan USA and Europe China 

Total Tested 639,513 % 382,783 % 242,204 % 10,915 % 3,609 % 

Homozygous 

GCD2/R124H 10 0.0016% 4 
0.0010% 

0 
0.0000% 

3 
0.0275% 

3 
0.0831% 

LCD1/R124C 0 0.0000% 0 0.0000% 0 0.0000% 0 0.0000% 0 0.0000% 

RBCD/R124L 0 0.0000% 0 
0.0000% 

0 
0.0000% 

0 
0.0000% 

0 
0.0000% 

GCD1/R555W 0 0.0000% 0 
0.0000% 

0 
0.0000% 

0 
0.0000% 

0 
0.0000% 

TBCD/R555Q 0 0.0000% 0 0.0000% 0 0.0000% 0 0.0000% 0 0.0000% 

Heterozygous 

GCD2/R124H 806 0.1260% 571 
0.1492% 

78 
0.0322% 

32 
0.2932% 

125 
3.4636% 

LCD1/R124C 23 0.0036% 2 
0.0005% 

0 
0.0000% 

7 
0.0641% 

14 
0.3879% 

RBCD/R124L 17 0.0027% 0 0.0000% 0 0.0000% 0 0.0000% 17 0.4710% 

GCD1/R555W 38 0.0059% 0 
0.0000% 

0 
0.0000% 

12 
0.1099% 

26 
0.7204% 

TBCD/R555Q 17 0.0027% 3 
0.0008% 

0 
0.0000% 

6 
0.0550% 

8 
0.2217% 

No mutation   638,592 99.8560% 382,203 99.8485% 242,126 99.9678% 10,845 99.3587% 3,416 94.6523% 

 

The data showed predominance of GCD2 heterozygous cases, due to the large Asian 

population that was tested, especially in Korea and Japan. China’s positive rates were 

relatively high with all five dystrophies, since the ophthalmologists used this test 

primarily for confirmation purposes. The USA and Europe had relatively high number 

of GCD1 compared to the Asian countries. Based on our experience, GCD1 is more 

prevalent in the western population. We expect that all homozygous positive samples 

were used for confirmation purposes due to the early onset of the disease. We can 

conclude from this data set that TGFBI corneal dystrophy is a rare disease where the 

majority of the population is free from mutations. However, it also indicates that GCD2 

is more prevalent in Asian populations. Due to late onset of disease in some patients 

with this mutation, pre-screening testing is necessary in Asian countries. On the other 

hand, GCD1 has nearly the same incident risks as GCD2, which leads to a 

recommendation of using this test as both pre-screening and confirmation of clinical 

symptoms.  
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Chapter 5 

Paper III - TGFBI Mutation Analysis of 

Clinically Diagnosed Granular Corneal 

Dystrophy Patients Prior to PTK: A Pilot Study 

from Eastern China 

Li Zeng, Jing Zhao, Yingjun Chen, Feng Zhao, Meiyan Li, Connie Chao-Shern, Tara 

Moore, John Marshall and Xingtao Zhou 

Paper Introduction 

The clinical investigation detailed in this paper was performed by Fudan University, Eye 

Ear Nose and Throat Hospital, where Avellino provided the testing platform for 

conducting genetic testing. Patients from an outpatient clinic who earlier were diagnosed 

with granular corneal dystrophy (GCD) prior to phototherapeutic keratectomy (PTK) 

were tested and examined.  Among total 42 subjects, 24 patients from 23 unrelated 

families had typical signs of GCD on corneas; 5 patients from 5 unrelated families had 

atypical signs; 13 subjects from 11 unrelated families had no corneal signs despite a 

positive family history. The TGFBI mutation detection was performed on DNA samples 

from all subjects. 36 subjects were detected to carry heterozygous TGFBI gene 

mutations. Among 24 clinical GCD patients, the proportion of R124H, R555Q, R124L, 

R555W and R124C were 37.5%, 16.7%, 25.0%, 20.8% and 0%, respectively, and 2 of 

the patients had been diagnosed with GCD based on the opacities after LASIK (R124H) 
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and PRK (R555W). The mutation rate of 13 asymptomatic subjects with a positive 

family history was 69.2%. R124H mutation is the most prominent mutation type among 

GCD outpatients in Eastern China. It is recommended to conduct gene detection testing 

for patients with a positive family history prior to refractive surgeries. 

Contribution 

I designed and performed the multiplexing real-time PCR reagents and method, in 

addition to authoring the gene test, results and discussion sections of this paper. 

Submission Status 

This paper was published by Scientific Reports in April 2017. 
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Chapter 6 

Paper IV - Post-LASIK exacerbation of 

granular corneal dystrophy type 2 in members 

of a Chinese family 

Connie Chao-Shern*, Rao Me*, Larry A. DeDionisio. Bai L. Ke, M. Andrew Nesbit, John 

Marshall, C. B. Tara Moore 

* These are co-first authors 

Paper Introduction 

The post-LASIK exacerbation of corneal dystrophy, otherwise asymptomatic, is almost 

exclusively associated with the TGFBI gene mutations at codon 124 in exon 4 and 

codon 555 in exon 12. It is our intention to demonstrate that the pre-operative genetic 

screening for TGFBI mutations should be mandatory for refractive surgery candidates. 

The proband’s post-LASIK slit-lamp, in vivo confocal microscopy images and genetic 

testing results were reviewed. Genetic testing on 11 additional members of the family 

were performed to investigate the penetrance of corneal dystrophy in asymptomatic 

members who carry the mutation. Three of the 11 family members tested positive for the 

same R124H mutation as the proband. The lesson learned from this case is that the 

genetic screening of TGFBI mutations must be incorporated into the preoperative 

screening procedures to prevent exacerbation and recurrence, which eventually could 

lead to the need for a corneal transplant. 
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Contribution 

I designed the test reagents and method, in addition to author the paper, figures and 

tables. 

Rao Me conducted sample collection and patient examinations. 

Submission Status 

This paper was published by Eye in 2017. 
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Chapter 7 

Paper V - Trauma-induced exacerbation of 

epithelial-stromal TGFBI lattice corneal 

dystrophy 

Harrish Nithianandan, Connie Chao-Shern, Larry A. DeDionisio, C.B. Tara Moore, Clara 

C. Chan 

Paper Introduction 

Laser-assisted in-situ keratomileusis (LASIK) procedures are routinely employed for 

refractive correction. However, it is important to consider the emergence of corneal 

dystrophies as a potential postoperative complication in susceptible patients. This paper 

described two cases of lattice corneal dystrophy unmasked by traumatic corneal events. 

A 26-year-old male and his 62-year-old mother presented with signs and symptoms of 

lattice corneal dystrophy. The proband presented with symptoms of recurrent corneal 

erosions 4 years after a tree branch injury in the right eye.  Genetic testing of a buccal 

swab sample revealed a mutation (H626R CAT>CGT) in the TGFBI gene. His mother 

had an ophthalmic history of corneal opacity following bilateral LASIK.  A slit lamp 

examination of the mother revealed bilateral lattice-like changes at the corneal flap 

interfaces.  Genetic testing of the mother revealed the same mutation identified in her 

son. We believe that genetic testing prior to laser refractive surgery may prove to be 

preventative in patients genetically susceptible to an inherited corneal dystrophy. 
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Contribution 

I designed the test reagents and method and authored the genetic testing method section 

of the paper. 

Submission Status 

This paper was published by Canadian Journal of Ophthalmology in 2018. 
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Chapter 8 

Paper VI - Late-Onset Lattice Corneal 

Dystrophy Associated TGFBI p.H626R 

Mutation in Members of a Canadian Family 

Connie Chao-Shern, Larry A. DeDionisio, Clara C. Chan, M. Andrew Nesbit, C.B. Tara 

Moore, 

Paper Introduction 

This paper is a follow up study of the published paper in 2018 titled ‘Trauma-induced 

exacerbation of epithelial-stromal TGFBI lattice corneal dystrophy’ by Canadian 

Journal of Ophthalmology. It described a nineteen-member family with many affected 

members and high penetrance of the late-onset lattice corneal dystrophy induced by the 

p.H626R mutation in the TGFBI gene. This is the first family study of this kind 

conducted in Canada. We hope to highlight the importance of genetic screening in 

refractive laser surgery candidates who have a family history of corneal transplantation 

of unknown causes.  

Contribution 

I designed the reagents and test methods, as well as conducted family study, performed 

experiments and authored the paper, figures and tables. 

Submission Status 

This paper was published by Canadian Journal of Ophthalmology in February 2019. 
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Chapter 9 

Keratoconus Targeted NGS Test Development  

1. Keratoconus  

Keratoconus was reported as the “conical cornea” by British physician John Nottingham 

in 1854 (1). It is characterized by progressive corneal ectasia and thinning (2), resulting 

in severe visual impairment and requirement for cross-linking or penetrating keratoplasty 

treatment (3). There are other alternative treatments such as glasses or soft contact lenses, 

gas permeable lenses, corneal transplant, corneal ring implants and radial keratotomy (1).  

The etiology and pathogenesis of KC are complex and have not been clearly established 

(4), however it is recognized that various environmental and genetic factors contribute to 

the progression of collagen changes in the corneal stroma (5). Environmental conditions 

such as atopy, contact lens wear and excessive eye rubbing contribute to the incidence of 

KC. It is a known fact that environmental factors play a key role in the advancement of 

the disease regardless of the pre-existing condition of a genetic link or family history (4, 

6, 7). Discovering the exact cause of environmental factors and genetic mutations in KC 

remains challenging. Previous twin studies, linkage analysis and genome-wide 

association study (GWAS) showed that association of genetic abnormalities might 

contribute to some forms of KC. Environmental factors coupled with several different 

phenotypes designate this disease as complex. The underlying pathological mechanism 

remains unknown (6).  Recent studies demonstrated that at least 17 different loci and 

various genes within the human genome have been associated with KC indicating a 

heterogenetic etiology (8, 9).  The next generation sequencing (NGS) method can detect 
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rare variants often associated with diseases that are recognized as having a complex 

genetic component such as KC. This research project identified 1,000 mutations within 

75 genes from the 337 KC patients and 147 control cohort (Table 9). 

2. Design, Develop and Validate a Targeted NGS panel for Keratoconus  

Recent advances in DNA sequencing technology such as NGS have given researchers the 

tools to discover the genetic foundations of heterogenetic disease.  While in the past only 

the most common variants or single nucleotide polymorphisms (SNPs) were detected with 

traditional sequencing methods such as Sanger sequencing or hybridization array methods, 

NGS has provided the power to detect very rare variants that often are integral to 

understanding the etiology of complex, multifactorial diseases (10).  Stable and 

reproducible sample template preparation coupled with superior detection methods and 

the multiplexing capabilities inherent in NGS technologies can provide millions to 

billions of DNA sequencing reads on one instrument (11, 12).  The NGS platform used 

was a custom sequencing panel primarily targeting the coding regions of 75 genes 

associated with the structure and function of the eye. 

2.1. Study Cohort and Test Method 

In adherence to the tenets of the Declaration of Helsinki, the protocol of our study was 

explained to the patient and an informed consent was obtained. Sample collections 

were carried out with an iSWAB collection kit (Mawi DNA Technologies, Hayward, 

CA, USA).  Four buccal swabs and a 1 mL solution containing an undisclosed 

preservative in a specialized 1.5 mL Eppendorf tube were used to collect epithelial 

tissue from the inner cheek. QIAamp® DNA blood mini kits (Qiagen Inc., Hilden, 

Germany) were used to carry out genomic DNA extractions and the product was 
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measured with a QUIBIT fluorimeter (Life Technologies Corp., Grand Island, New 

York, USA). A minimum concentration of 5 ng/µl in 50 µl was required for sample 

template preparation and sequencing. 

Genomic DNA from 337 patients diagnosed with KC along with 147 control samples 

with no family history of eye disease was sequenced on an Illumina HiSeq 2000 with 

the ACE™ whole exome platform (Personalis Inc., Menlo Park, CA, USA).   

The custom panel was used in conjunction with Ampli-Seq (Illumina, San Diego, CA, 

USA) library preparation.  The manufacturer’s protocol was utilized to construct 

library templates, and the sample was sequenced on a MiSeq system. (Illumina, San 

Diego, CA, USA) Local Run Manager software available on the MiSeq generated all 

sequencing files including variant call format (VCF) files.  VCF files were uploaded 

onto the custom bioinformatics pipeline for variant storage, visualization, and 

annotation using MiSeq software data sources. The data were filtered based on the 

following sequencing quality thresholds: a Phred quality score of 30 (Q30), a read 

depth ≥ 20 and an allele fraction ≥ 40%. Only variants absent from all control samples 

with a minor allele frequency (MAF) of <1% as defined within the Exome 

Aggregation Consortium database (ExAC, http://exac.broadinstitute.org/) and 

classified as a missense single nucleotide variant (SNV) or a frameshift mutation were 

considered.  In silico tools, SIFT and PolyPhen 2 were used to predict the 

pathogenicity for each variant. Variants were verified with Sanger sequencing on an 

Applied Biosystems™ 3730xl DNA Analyzer (Elim Biopharmaceuticals, Inc., 

Hayward, CA, USA). Based on a 337 KC patient cohort along with 147 controls 

(unpublished data), a risk score was calculated for the resultant variants via the fitting 

http://exac.broadinstitute.org/
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of a Bayesian logistic regression model to total allelic counts and trained on the 

outcome of control / KC.   

2.2. DNA Extraction by QIAGEN QIAamp Blood Mini Kits for Buccal Swabs 

The method consists the following steps: 

2.2.1. Utilize the spin column technique to harvest purified genomic DNA for 

downstream applications 

2.2.2. Remove proteins, nucleases, impurities and potential inhibitors 

The extraction process is illustrated in Figure 1 

 

 

Figure 1: DNA extraction process (Credit: Illumina, San Diego, CA, USA) 

2.3. Library Preparation by Illumina’s AmpliSeq Custom DNA Panel 

There are two approaches for DNA exome enrichment for exome 

sequencing, hybridization based capture and amplicon based method. The 

AmpliSeq method requires simplified library preparation and smaller 
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DNA inputs (13), using oligonucleotides as PCR primers for amplicons. 

The hybridization method is based on sonicating DNA into small 

fragments and then use oligonucleotides to hybridize and capture the 

target regions (13). It is time consuming and requires a higher initial 

capital investment as well as ample DNA input. The sample type used for 

the targeted sequencing is buccal epithelial cells with relatively lower 

DNA concentration. Therefore, the AmpliSeq method was selected for its 

efficiency, cost effectiveness as well as low sample input. The 

disadvantage of the AmpliSeq method is a possibility of calling false 

positive and false negative SNVs, which can be corrected by adjusting 

sequencing parameters such as minimum variant frequency or minimum 

read coverage. Considering the pros and cons of both the hybridization 

and AmpliSeq method, the Ampliseq is deemed more suitable for 

commercial testing of large quantity of samples with low DNA input.   

The primer pools were designed by Illunima’s DesignStudio, which is an 

automated bioinformatics pipeline optimized to maximize coverage with 

primer sets. The list of genes of interest was entered into the DesignStudio 

and the software program runs provided the most optimal primer pools 

with % coverage. In our case with 75 genes, the coverage was 98%. The 

custom primer pools were verified by running samples simultaneously on 

the targeted sequencing platform and WES.   

The AmpliSeq method consists of the following steps: 

2.3.1. The custom AmpliSeq panel contains 75 genes that are associated with 
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corneal structures. 

2.3.2. Target regions from the DNA are amplified and adapter sequences are 

added to the amplicons.  

2.3.3. Dual-index libraries are multiplexed (Figure 2). 

 

 

 
 

Figure 2: Dual indexing diagram (Credit: Illumina, San Diego, CA, USA) 

 

 

The following is the workflow for the library preparation (Figure 3). 
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Credit: Illumina, San Diego, CA, USA).Sequencing by MiSeq  

2.4.1. Miseq preparation and library loading workflow are shown in Figure 4. 
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Figure 4: Miseq preparation and library loading procedures (Credit: Illumina, 

San Diego, CA, USA). 

2.4.2. Cluster Generation 

During cluster generation, single DNA molecules are attached to the flow cell 

surface, and then bridge-amplified to form clusters as shown in Figure 5 below. 
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Figure 5: Cluster generation and amplification (Credit: Illumina, San 

Diego, CA, USA). 

2.4.3. Sequencing 

Following cluster generation, LED and filter combinations specific to each of the 

four fluorescently labeled dideoxynucleotides makes images of the clusters. The 

process is repeated for each cycle of sequencing. Following image analysis, the 

software performs base calling, filtering, and quality scoring. 

2.5. Quality Controls 

2.5.1. No Template Control (NTC) 

NTC is designed to detect contamination or non-specific signals. A no-input 

sample will not have any sequences. If there are reads, it means contamination has 

occurred. 

2.5.2. NGS Negative Control (NNC) 

This NGS negative control is a Female Promega Human Genomic DNA (G152A) 

that does not contain any of the variants. The female gender is used as a QC check 

for the sample. 

2.5.3. NGS Positive Control (NPC) 

The positive control is a synthetic DNA sample containing multiple known 

variants (21 variants listed in Table 1 below) at challenging sensitivities to test the 

workflow and platform. The control is a Synthetic Control and characterized by 

Integrated DNA Technologies. 
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Table 1: Control materials containing 21 variants 

 

2.6. Quality Metrics for Evaluating NGS Runs 

The following quality metrics ensure that the NGS run is valid.  

2.6.1. Total Cycle Number: 318 cycles 

2.6.2. %Q30 Score (%):  ≥ 85% 

This is the percentage of bases with a quality score of 30 or higher.  

2.6.3. Cluster Density (K/mm2): 600 – 1600 bps 

This is the density of clusters on the flow cell (in thousands per mm2) detected by 

image analysis. This is an important metric to evaluate if the data are low quality. 

It should be assessed in tandem with %PF as the two together can diagnose 

Gene name Chrom # rs# position Protein nuleotide change

1 MAP3K19 2 rs55867035 135,744,373 S577L G/A  

2 rs141304858 135,744,418 R562Q C/T

2 TGFBI 5 rs777288957 135,392,437 N544S A/G

5 rs121909208   135,392,469 R555W C/T

5 rs1436739758     135,392,412 V536F G/T

3 COL4A3 2 rs55816283 228,158,021 P1109S C/T

4 NLRP1 17 rs112191372 5,462,417 Q533H C/A

5 ZNF469 16 rs553227769 88,502,222 H2754Y C/T

16 rs1034749573 88,502,234 E2758K G/A

16 rs202188220 88,502,259 T2766M C/T

6 ADGRV1 5 rs534266547 90,087,051 R4802Q G/A

5 rs201747452 90,087,078 P4811Q C/A

5 rs79464236 90,087,161 Q4839E C/G

7 LTBP2 14 rs1427291527 74,995,210 E782Q C/G

14 rs145507464 74,995,228 V776I  C/T

8 COL8A2 1 rs141682102 36,563,279 - 36,563,280 R603Q C/T

1 rs1184251972 36,563,236 N683Q  */T

11 COL5A1 9 rs61739195 137,708,884 P1379S C/T

12 TGFBI 5 rs200201691 135,396,589 V624M G/A

5 N/A 135,396,593 V625D T/A 

5 rs1052006472 135,396,596 H626R A/G

Total 21 variants



146 

 

 

 

problems with over- or under-loading the library.  

2.6.4. Read Depth (reads): ≥ 20% 

This is the percentage of total amount of sequence data produced by the instrument 

(pre-alignment), divided by the reference genome size. 

2.6.5. Overall Percent Aligned Reads (%): ≥ 60% 

This is the percentage of bases in reads that align perfectly to the reference 

genome, as determined by a spike in PhiX control sample.  

2.6.6. Sample QC check:  

A Sex-determining Region Y (SRY) gene is added to the panel as a QC check for 

sample gender. This gene is only detected in male, not in female. 

2.7. Data Analysis 

2.7.1. Primary Data Analysis  

Raw data are converted to sequence data during the primary data analysis. Base 

pairs are identified after laser excitation and fluorescence detection in sequencing 

by synthesis, and  then an image is generated. Primary analysis is a process of the 

sequencing platform and is highly integrated with the sequencing instruments.  

2.7.2. Secondary Data Analysis 

First, the raw sequence data, usually in FASTQ format and a text-based file for 

storing nucleotide sequence and quality scores are obtained from the NGS 

instrument. Then the computational step of read mapping or alignment is 

performed. After the FASTQ file has been mapped to the reference genome, a 
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BAM file containing sequence alignment data is generated. This format has 

become an industry standard for reporting alignment/mapping information. 

Quality scores assigned by the sequencing software will be recalibrated based on 

the alignment data, before proceeding to the variant calling stage. The goal of 

variant calling is to differentiate the genomic locations of a sample from that of 

the reference genome. Data are typically delivered as a Variant Call Format (VCF) 

file.  

2.7.3. Sequencing Data Analysis 

A custom bioinformatics pipeline to analyze the VCF files was developed by 

Avellino in-house bioinformatics team for variant storage, visualization, and 

annotation using MiSeq software data sources. It allows end users to perform or 

automate the triage and classification of genetic variants. It provides features for 

recording variant assessments and drafting of variant analysis reports. The 

integration capabilities allow for the automated exchange of variant and report 

information with external software systems. 

2.7.4. Statistical Method of Calculating Risk Scores 

A Bayesian logistic regression model utilizing a pilot study group as input was 

employed to select variants to serve as predictors for downstream analysis.  

Causative mutations in this present study are identified with an Avellino 

developed in-house bioinformatics software program. An Integrative Weighted 

Scoring (IW-Scoring) model (14) is used to calculate relative risk scores for all 

found variants. 
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2.8. Assay Validation Parameters 

The assay’s performance characteristics and performance specifications are 

validated through the testing of accuracy, precision, analytical sensitivity, 

analytical specificity and interfering substances.  

2.8.1. Accuracy 

The accuracy parameter is the closeness of the agreement between the results of 

the targeted NGS test and the results from the WES method. It is assessed by a 

measure of agreement of the samples that have the same variant calls. The % 

accuracy will be assessed by the following formula: 

% accuracy = (# samples called accurately) / (total # of samples) x 100% 

The acceptance criteria is ≥ 90% and each sample can have no more than two 

different (≤ 2) variant calls between the experimental sample and WES. 

2.8.2. Precision 

Precision refers to how well a given result can be reproduced repeatedly with 

multiple aliquots of a sample. The method we used to assess precision is by 

evaluating the result under changing conditions such as different runs, days, 

operators, and reagent lots. At the conclusion of this experiment, the concordance 

from these results will be calculated. The percent concordance is determined by the 

following formula: 

% Concordance = (# of samples called correctly / Total # of samples) x 100% 

The acceptance criteria is ≥ 90% concordance of variant calls. Each sample can 
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also have no more than two different (≤ 2) variant calls among all the precision 

runs. 

2.8.3. Analytical Sensitivity 

Analytical sensitivity is defined as the ability of the assay to detect a given sample, 

which is also referred to as ‘true positive’. It is determined by the following 

formula: 

Analytical Sensitivity= True Positive / (True Positive + False Negative) x 100%.   

The acceptance Criteria: ≥ 90% with each sample having no more than two 

different (≤ 2) variant calls between the experimental sample result and the 

known result. 

2.8.4. Analytical Specificity 

Analytical specificity is the assay’s ability to detect only intended target, which is 

also referred to as ‘true negative’. It is determined by the following formula: 

Analytical Specificity = True Negative / (True Negative + False Positive) x 100%.   

The acceptance Criteria is ≥ 90%, with each sample having no more than two 

different (≤ 2) variant calls between the experimental sample result and the 

known result. 

3. Experiment Data 

3.1. Accuracy Data  

Table 2 is the summary of 20 positive sample results. The cells with black text 
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represent the matching variant(s) present in the experimental sample and WES, and 

the cells with red text indicate the variant(s) present in only one of the runs. The 

green cell indicates the pass or fail determination of the sample. This experiment 

demonstrated that all 20 positive samples matched the acceptance criteria.  
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Table 3 below is the summary of 20 negative sample results. The cells with black 

text represent the matching variant(s) present in the experimental sample and WES, 

and the cells with red text indicate the variant(s) present in only one of the runs. The 

green cell indicates the pass or fail determination of the sample. This experiment 

demonstrated that only one sample failed acceptance.  
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Percentage Accuracy was determined to be 97.5% due to 1 sample failure (39 

samples passed out of 40 samples). 

% Accuracy = (39 samples called accurately) / (40 total samples) = 97.5% 

Sample “Accuracy 25” (Accuracy Negative Samples) failed because there are 3 

variant differences between the WES and targeted panel. WES sequences the exons 

of about 20,000 genes, which limits the read depth of each gene. Avellino’s targeted 

NGS panel consists of only 75 genes, which allows deeper read depth and produces 

more accurate variant calls. Therefore, variants that were not called by WES may be 

called out by the targeted panel. Furthermore, WES may produce low read depth 

false calls, which can be filtered out by the targeted panel. In addition, different 

analysis pipelines used for the two sets of data might introduce different variant 

calls. 

All other 39 samples matched their corresponding WES variant calls within ≤ 2 

variant difference. 

The data demonstrated 97.5% accuracy.  Target performance goal is ≥ 90% 

accuracy. Therefore, Accuracy target performance was achieved. It is concluded that 

the Accuracy performance characteristic is validated and has met acceptance criteria 

for this testing system.    

Gene Zygosity query Gene Zygosity query

UBIAD1 Heterozygous chr1:g.11333812C>T UBIAD1Heterozygous chr1:g.11333812C>T

ABCA4 Heterozygous chr1:g.94466628G>A ABCA4 Heterozygous chr1:g.94466628G>A

VSX1 Heterozygous chr20:g.25057124G>C VSX1 Heterozygous chr20:g.25057124G>C

KRT3 Heterozygous chr12:g.53189427C>G

Accuracy40-17428 17428 WES

PASS: 1 variant difference KRT3
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Precision 

Sample 1 

Day 1 (Operator: 

SSZ) 
Day 2 (Operator: JJ) Day 3 (Operator: SSZ) Day 4 (Operator: JJ) Day 5 (Operator: JJ) 

Lot to Lot (Operator: 

SSZ) 

Percent 

Concor

dance 

Gene 
Zygos

ity 
Query Gene 

Zygosit

y 
Query Gene Zygosity Query Gene Zygosity Query Gene Zygosity Query Gene Zygosity 

Quer

y 
 

PXDN 
Heteroz

ygous 

chr2:g.16

47186G>

C 

PXDN 
Heterozyg

ous 

chr2:g.16471

86G>C 
PXDN 

Heterozygou

s 

chr2:g.16471

86G>C 
PXDN 

Heterozygou

s 

chr2:g.16471

86G>C 
PXDN 

Heterozygou

s 

chr2:g.16471

86G>C 
PXDN Heterozygous 

chr2:g.

164718

6G>C 

100% 

PIKFY

VE 

Heteroz

ygous 

chr2:g.20

9204243

G>A 

PIKFY

VE 

Heterozyg

ous 

chr2:g.20920

4243G>A 
PIKFYVE 

Heterozygou

s 

chr2:g.20920

4243G>A 
PIKFYVE 

Heterozygou

s 

chr2:g.20920

4243G>A 
PIKFYVE 

Heterozygou

s 

chr2:g.20920

4243G>A 
PIKFYVE Heterozygous 

chr2:g.

209204

243G>

A 

GSN 
Heteroz

ygous 

chr9:g.12

4089725C

>G 

GSN 
Heterozyg

ous 

chr9:g.12408

9725C>G 
GSN 

Heterozygou

s 

chr9:g.12408

9725C>G 
GSN 

Heterozygou

s 

chr9:g.12408

9725C>G 
GSN 

Heterozygou

s 

chr9:g.12408

9725C>G 
GSN Heterozygous 

chr9:g.

124089

725C>

G 

COL5A
1 

Heteroz
ygous 

chr9:g.13

7591855
G>T 

COL5A
1 

Heterozyg
ous 

chr9:g.13759
1855G>T 

COL5A1 
Heterozygou

s 
chr9:g.13759

1855G>T 
COL5A1 

Heterozygou
s 

chr9:g.13759
1855G>T 

COL5A1 
Heterozygou

s 
chr9:g.13759

1855G>T 
COL5A1 Heterozygous 

chr9:g.

137591
855G>

T 

COL4A

2 

Heteroz

ygous 

chr13:g.1

11155786

G>A 

COL4A

2 

Heterozyg

ous 

chr13:g.1111

55786G>A 
COL4A2 

Heterozygou

s 

chr13:g.1111

55786G>A 
COL4A2 

Heterozygou

s 

chr13:g.1111

55786G>A 
COL4A2 

Heterozygou

s 

chr13:g.1111

55786G>A 
COL4A2 Heterozygous 

chr13:g

.11115

5786G

>A 

 

Precision 

Sample 2 

Day 1 (Operator: 

SSZ) 
Day 2 (Operator: JJ) Day 3 (Operator: SSZ) Day 4 (Operator: JJ) Day 5 (Operator: JJ) 

Lot to Lot (Operator: 

SSZ) 

Percent 

Concor

dance 

Gene 
Zygos

ity 
Query Gene 

Zygosit

y 
Query Gene Zygosity Query Gene Zygosity Query Gene Zygosity Query Gene Zygosity 

Quer

y 
 

COL4A

3 

Heteroz

ygous 

chr2:g.22

8168748C

>A 

COL4A

3 

Heterozyg

ous 

chr2:g.22816

8748C>A 
COL4A3 

Heterozygou

s 

chr2:g.22816

8748C>A 
COL4A3 

Heterozygou

s 

chr2:g.22816

8748C>A 
COL4A3 

Heterozygou

s 

chr2:g.22816

8748C>A 
COL4A3 Heterozygous 

chr2:g.

228168

748C>

A 

100% 

GSN 
Heteroz

ygous 

chr9:g.12

4089725C

>G 

GSN 
Heterozyg

ous 

chr9:g.12408

9725C>G 
GSN 

Heterozygou

s 

chr9:g.12408

9725C>G 
GSN 

Heterozygou

s 

chr9:g.12408

9725C>G 
GSN 

Heterozygou

s 

chr9:g.12408

9725C>G 
GSN Heterozygous 

chr9:g.

124089

725C>

G 

COL2A

1 

Heteroz

ygous 

chr12:g.4

8377898

G>A 

COL2A

1 

Heterozyg

ous 

chr12:g.4837

7898G>A 
COL2A1 

Heterozygou

s 

chr12:g.4837

7898G>A 
COL2A1 

Heterozygou

s 

chr12:g.4837

7898G>A 
COL2A1 

Heterozygou

s 

chr12:g.4837

7898G>A 
COL2A1 Heterozygous 

chr12:g

.48377

898G>
A 

KRT3 
Heteroz

ygous 

chr12:g.5
3189282

G>T 

KRT3 
Heterozyg

ous 

chr12:g.5318

9282G>T 
KRT3 

Heterozygou

s 

chr12:g.5318

9282G>T 
KRT3 

Heterozygou

s 

chr12:g.5318

9282G>T 
KRT3 

Heterozygou

s 

chr12:g.5318

9282G>T 
KRT3 Heterozygous 

chr12:g
.53189

282G>

T 

COL6A

1 

Heteroz

ygous 

chr21:g.4

7422543

G>A 

COL6A

1 

Heterozyg

ous 

chr21:g.4742

2543G>A 
COL6A1 

Heterozygou

s 

chr21:g.4742

2543G>A 
COL6A1 

Heterozygou

s 

chr21:g.4742

2543G>A 
COL6A1 

Heterozygou

s 

chr21:g.4742

2543G>A 
COL6A1 Heterozygous 

chr21:g

.47422

543G>

A 

 

Precision 

Sample 3 

Day 1 (Operator: 

SSZ) 
Day 2 (Operator: JJ) Day 3 (Operator: SSZ) Day 4 (Operator: JJ) Day 5 (Operator: JJ) 

Lot to Lot (Operator: 

SSZ) 

Percent 

Concor

dance 

Gene 
Zygos

ity 
Query Gene 

Zygosit

y 
Query Gene Zygosity Query Gene Zygosity Query Gene Zygosity Query Gene Zygosity 

Quer

y 
 

COL12

A1 

Heteroz

ygous 

chr6:g.75

848630C

>G 

COL12

A1 

Heterozyg

ous 

chr6:g.75848

630C>G 
COL12A1 

Heterozygou

s 

chr6:g.75848

630C>G 
COL12A1 

Heterozygou

s 

chr6:g.75848

630C>G 
COL12A1 

Heterozygou

s 

chr6:g.75848

630C>G 
COL12A1 Heterozygous 

chr6:g.

758486

30C>G 

100% 

PIK3C

G 

Heteroz

ygous 

chr7:g.10

6509078

G>T 

PIK3C

G 

Heterozyg

ous 

chr7:g.10650

9078G>T 
PIK3CG 

Heterozygou

s 

chr7:g.10650

9078G>T 
PIK3CG 

Heterozygou

s 

chr7:g.10650

9078G>T 
PIK3CG 

Heterozygou

s 

chr7:g.10650

9078G>T 
PIK3CG Heterozygous 

chr7:g.

106509

078G>

T 

ZNF46

9 

Heteroz

ygous 

chr16:g.8

8493940
G>A 

ZNF46

9 

Heterozyg

ous 

chr16:g.8849

3940G>A 
ZNF469 

Heterozygou

s 

chr16:g.8849

3940G>A 
ZNF469 

Heterozygou

s 

chr16:g.8849

3940G>A 
ZNF469 

Heterozygou

s 

chr16:g.8849

3940G>A 
ZNF469 Heterozygous 

chr16:g

.88493

940G>
A 

VSX1 
Heteroz

ygous 

chr20:g.2

5060143

G>C 

VSX1 
Heterozyg

ous 

chr20:g.2506

0143G>C 
VSX1 

Heterozygou

s 

chr20:g.2506

0143G>C 
VSX1 

Heterozygou

s 

chr20:g.2506

0143G>C 
VSX1 

Heterozygou

s 

chr20:g.2506

0143G>C 
VSX1 Heterozygous 

chr20:g
.25060

143G>

C 

ZNF46

9 

Heteroz

ygous 

chr16:g.8

8494603_

88494604

delinsTT 

ZNF46

9 

Heterozyg

ous 

chr16:g.8849

4603_88494

604delinsTT 

ZNF469 
Heterozygou

s 

chr16:g.8849

4603_88494

604delinsTT 

 ZNF469 
Heterozygou

s 

chr16:g.8849

4603_88494

604delinsTT 

ZNF469 Heterozygous 

chr16:g

.88494

603_88

494604

delinsT

T 

 

Precision 

Sample 4 

Day 1 (Operator: 

SSZ) 
Day 2 (Operator: JJ) Day 3 (Operator: SSZ) Day 4 (Operator: JJ) Day 5 (Operator: JJ) 

Lot to Lot (Operator: 

SSZ) 

Percent 

Concor

dance 

Gene 
Zygos

ity 
Query Gene 

Zygosit

y 
Query Gene Zygosity Query Gene Zygosity Query Gene Zygosity Query Gene Zygosity 

Quer

y 
 

ABCA4 
Heteroz

ygous 

chr1:g.94

502888A

>G 

ABCA4 
Heterozyg

ous 

chr1:g.94502

888A>G 
ABCA4 

Heterozygou

s 

chr1:g.94502

888A>G 
ABCA4 

Heterozygou

s 

chr1:g.94502

888A>G 
ABCA4 

Heterozygou

s 

chr1:g.94502

888A>G 
ABCA4 Heterozygous 

chr1:g.

945028

88A>G 

100% ABCA4 
Heteroz

ygous 

chr1:g.94

528729C

>T 

ABCA4 
Heterozyg

ous 

chr1:g.94528

729C>T 
ABCA4 

Heterozygou

s 

chr1:g.94528

729C>T 
ABCA4 

Heterozygou

s 

chr1:g.94528

729C>T 
ABCA4 

Heterozygou

s 

chr1:g.94528

729C>T 
ABCA4 Heterozygous 

chr1:g.

945287

29C>T 

ZNF46
9 

Heteroz
ygous 

chr16:g.8

8495349
G>A 

ZNF46
9 

Heterozyg
ous 

chr16:g.8849
5349G>A 

 ZNF469 
Heterozygou

s 
chr16:g.8849

5349G>A 
  

 

Precision 

Sale 5 

Day 1 (Operator: 

SSZ) 
Day 2 (Operator: JJ) Day 3 (Operator: SSZ) Day 4 (Operator: JJ) Day 5 (Operator: JJ) 

Lot to Lot (Operator: 

SSZ) 

Percent 

Concor

dance 

Gene 
Zygos

ity 
Query Gene 

Zygosit

y 
Query Gene Zygosity Query Gene Zygosity Query Gene Zygosity Query Gene Zygosity 

Quer

y 
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3.2. Precision Data 

Table 4 below demonstrated the experimental results from the run-to run, day-to-

day, operator-to-operator, and lot-to-lot conditions from the five samples, which 

were ran six times, each with a different assay condition. In total, 30 data points 

were compared to calculate the total concordance. 

% Concordance = (30 samples called correctly / 30 samples total) x 100% = 100% 

For Precision Sample 3 on Day 4, one of the variants (Gene ZNF469) was missing 

while it was present for all other runs. For Precision Sample 4, one variant (Gene 

ZNF469) was present on Days 1, 2, and 4, but was missing on Days 3, 5, and Lot-to-

Lot run. The variants called for all other samples matched on all runs; therefore, all 

tested samples satisfied the acceptance criteria of no more than 2 (≤2) variant 

differences among all the precision runs. 

Precision result is 100% concordance of variant calls (run-to-run imprecision, day-

to-day imprecision, operator to operator and lot to lot.) This study was carried out by 

two (2) different operators for five (5) days with same lots of reagents and one day 

with two different lots of reagent. All variant calls are 100% accurate.  

The data demonstrated 100% concordance.  Target performance goal is ≥ 90% 

concordance of variant calls. Therefore, Precision target performance was achieved. 

PXDN 
Heteroz

ygous 

chr2:g.16

47186G>

C 

PXDN 
Heterozyg

ous 

chr2:g.16471

86G>C 
PXDN 

Heterozygou

s 

chr2:g.16471

86G>C 
PXDN 

Heterozygou

s 

chr2:g.16471

86G>C 
PXDN 

Heterozygou

s 

chr2:g.16471

86G>C 
PXDN Heterozygous 

chr2:g.

164718

6G>C 

100% 

PIKFY

VE 

Heteroz

ygous 

chr2:g.20

9204243

G>A 

PIKFY

VE 

Heterozyg

ous 

chr2:g.20920

4243G>A 
PIKFYVE 

Heterozygou

s 

chr2:g.20920

4243G>A 
PIKFYVE 

Heterozygou

s 

chr2:g.20920

4243G>A 
PIKFYVE 

Heterozygou

s 

chr2:g.20920

4243G>A 
PIKFYVE Heterozygous 

chr2:g.

209204

243G>

A 

GSN 
Heteroz
ygous 

chr9:g.12

4089725C
>G 

GSN 
Heterozyg

ous 
chr9:g.12408

9725C>G 
GSN 

Heterozygou
s 

chr9:g.12408
9725C>G 

GSN 
Heterozygou

s 
chr9:g.12408

9725C>G 
GSN 

Heterozygou
s 

chr9:g.12408
9725C>G 

GSN Heterozygous 

chr9:g.

124089
725C>

G 

COL5A

1 

Heteroz

ygous 

chr9:g.13

7591855

G>T 

COL5A

1 

Heterozyg

ous 

chr9:g.13759

1855G>T 
COL5A1 

Heterozygou

s 

chr9:g.13759

1855G>T 
COL5A1 

Heterozygou

s 

chr9:g.13759

1855G>T 
COL5A1 

Heterozygou

s 

chr9:g.13759

1855G>T 
COL5A1 Heterozygous 

chr9:g.

137591

855G>

T 

COL4A

2 

Heteroz

ygous 

chr13:g.1

11155786

G>A 

COL4A

2 

Heterozyg

ous 

chr13:g.1111

55786G>A 
COL4A2 

Heterozygou

s 

chr13:g.1111

55786G>A 
COL4A2 

Heterozygou

s 

chr13:g.1111

55786G>A 
COL4A2 

Heterozygou

s 

chr13:g.1111

55786G>A 
COL4A2 Heterozygous 

chr13:g

.11115

5786G

>A 
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It is concluded that the Precision performance characteristic is validated and has met 

acceptance criteria for this testing system.  

3.3. Analytical Sensitivity 

Table 5 below demonstrated the experimental results for analytical sensitivity, also 

known as true positive. The cells with black text represent the matching variant(s) 

present in the experimental sample and WES, and the cells with red text indicate the 

variant(s) present in only one of the runs. The green cell indicates the pass or fail 

determination of the sample. This experiment consists of 5 positive samples. 
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Analytical Sensitivity = (# True Positive) / (# True Positive + # False Negative) x 100% 

     = (5) / (5 + 0) x 100% 

     = 100% 

In this study, there were no false negatives found. The data demonstrated 100% 

Analytical Sensitivity.  Target performance goal is ≥ 90% analytical sensitivity. 

Therefore, Analytical Sensitivity target performance was achieved. It is concluded 

that the Analytical Sensitivity performance characteristic is validated and has met 

acceptance criteria for this testing system.    

3.4. Analytical Specificity 

Table 6 below demonstrated the experimental results for analytical specificity, also 

known as true negative. The cells with black text represent the matching variant(s) 

present in the experimental sample and WES, and the cells with red text indicate the 

variant(s) present in only one of the runs. The green cell indicates the pass or fail 
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determination of the sample. This experiment consists of 5 negative samples. 

 
 

 
 

 
 

 
 

 
 

Analytical Specificity = (# True Negative) / (# True Negative + # False Positive) x 100% 

     = (5) / (5 + 0) x 100% 

       = 100% 

In our study, there were no false positives found. The data demonstrated 100% 

Analytical Specificity.  Target performance goal is ≥ 90% analytical specificity. 

Therefore, Analytical Specificity target performance was achieved. It is concluded 

that the Analytical Specificity performance characteristic is validated and has met 
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acceptance criteria for this testing system.    

4. Summary 

The results from this study were cross-checked against published studies and a custom 

sequencing panel targeting the exons along with the 5’ and 3’ untranslated regions and 

selected introns of interest within 75 genes was designed (Table 7). All genome 

positions were based on the Genome Reference Consortium Human genome build 37 

(GRCh37.p13).  

 
 

Table 7: Targeted Keratoconus Gene Panel 

 ABCA4  COL4A2  DOCK9  KERA  LTBP2  PRDM5 TCF4 

 ABCB5  COL4A3  FOXE3  KRT3  MAP2K1  PTK2 TGFBI 

 ABCC6  COL4A4  FYN  KRT12  MAP3K19  PXDN TLN1 

 ADAMTS18  COL5A1  GJA8  KRT13  MTOR  PXN UBIAD1 

 ADGRV1  COL5A2  GSN  KRT15  MYLK  RAF1 VSX1 

 AGBL1  COL6A1  HGF  KRT16  NLRP1  RHOA WNT9A 

 ANGPTL7  COL8A2  IL1A  KRT23  OVOL2  SFTPD WNT9B 

 BEST1 

 

COL12A1  IL1RN  KRT24  PAX6  SHC1 ZEB1 

 CHST6 

 

COL17A1  IL6  LCAT  PIK3CG  SIX5 ZNF469 

 COL2A1  CYP4V2  IL10  LOX  PIKFYVE  SLC4A11  

COL4A1 DIAPH1 ITGB1 LRRN1 PIK3R1 TACSTD2  

 

The 75 gene targeted NGS panel consisting of 1,500 amplicons with 3,000 forward 

and reverse primers is designed by the Design Studio Software (Illumina Inc., San 

Diego, CA, USA). The software deems the panel design to be 98% accurate for calling 

variants within the regions of the sequenced genome.  
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The final patient report will include variant findings and associated risk scores. The 

KC risk scores are normalized to a range of 0 to 100: a score of 0 – 20 indicates very 

low risk, 20 – 40 represents low risk, 40 – 60 indicates medium risk, 60 – 80 represents 

high risk, and 80 – 100 indicates very high risk.  

5. Discussion 

KC is a disease known to possess a complicated genetic heterogeneity. Designing a 

diagnostic assay that can determine genetic causes is challenging. There exists a large 

body of evidence that supports multiple genetic factors at various loci on the genome 

among individuals who suffer from KC (15).   In the following paper (Chapter 10), we 

present DNA sequencing results of a case study to demonstrate the usefulness of a targeted 

NGS panel for the detection of rare and potentially pathogenic variants.  The algorithm 

for the calculation of Relative Risk scores for variants was developed as a tool to assign 

a quantitative value to predict risk.  Specifically, the scores were used to evaluate variants 

that caused a coding change within the 75 genes in the targeted sequencing panel.   

In conclusion, the ability of genetic tests to detect potentially pathogenic variants before 

symptoms appear will assist physicians when recommending different treatment options 

and can help individuals at risk to practice preventative measures (16). Furthermore, a 

genetic test that can determine risk for KC is crucial wherever a family history has been 

established (9). 

6. Contribution 

I designed the test reagents and method with the Avellino research team and the Illumina 

team. I designed the validation plan and performed partial experiments. I also reviewed 
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and interpreted the experiment data and made final decision of the test. I also authored 

this chapter, figures and tables. 

References 

1. Caroline P AM, Kinoshita B, Choo J. Etiology, Diagnosis, and Management of 

Keratoconus: New Thoughts and New Understandings. Pacific University College 

of Optometry. 2008;7 January 2009. 

2. Vazirani J, Basu S. Keratoconus: current perspectives. Clinical ophthalmology 

(Auckland, NZ). 2013;7:2019-30. 

3. Andreanos KD, Hashemi K, Petrelli M, Droutsas K, Georgalas I, Kymionis GD. 

Keratoconus Treatment Algorithm. Ophthalmology and therapy. 2017;6(2):245-

62. 

4. Rabinowitz YS. Keratoconus. Survey of ophthalmology. 1998;42(4):297-319. 

5. Khaled ML, Helwa I, Drewry M, Seremwe M, Estes A, Liu Y. Molecular and 

Histopathological Changes Associated with Keratoconus. Biomed Res Int. 

2017;2017:7803029. 

6. Davidson A, Hayes S, Hardcastle A, Tuft S. The pathogenesis of keratoconus. 

Eye. 2014;28(2):189. 

7. Nowak DM, Gajecka M. The genetics of keratoconus. Middle East African journal 

of ophthalmology. 2011;18(1):2-6. 

8. Burdon KP, Vincent AL. Insights into keratoconus from a genetic perspective. 

Clin Exp Optom. 2013;96(2):146-54. 

9. Wheeler J, Hauser MA, Afshari NA, Allingham RR, Liu Y. The genetics of 

keratoconus: a review. Microscopy (Oxford, England). 2012;Jun 3(Suppl 6). 

10. Shendure J, Mitra RD, Varma C, Church GM. Advanced sequencing technologies: 

methods and goals. Nature reviews Genetics. 2004;5(5):335-44. 

11. Metzker ML. Sequencing technologies - the next generation. Nature reviews 

Genetics. 2010;11(1):31-46. 

12. Shendure J, Balasubramanian S, Church GM, Gilbert W, Rogers J, Schloss JA, et 

al. DNA sequencing at 40: past, present and future. Nature. 2017;550(7676):345-

53. 

13. Samorodnitsky E, Jewell BM, Hagopian R, Miya J, Wing MR, Lyon E, et al. 

Evaluation of Hybridization Capture Versus Amplicon-Based Methods for Whole-

Exome Sequencing. Hum Mutat. 2015;36(9):903-14. 



169 

 

 

 

14. Wang J, Dayem Ullah AZ, Chelala C. IW-Scoring: an Integrative Weighted 

Scoring framework for annotating and prioritizing genetic variations in the 

noncoding genome. Nucleic acids research. 2018;46(8):e47. 

15. Gordon-Shaag A, Millodot M, Shneor E, Liu Y. The genetic and environmental 

factors for keratoconus. Biomed Res Int. 2015;2015:795738. 

16. Hoffman-Andrews L. The known unknown: the challenges of genetic variants of 

uncertain significance in clinical practice. Journal of law and the biosciences. 

2017;4(3):648-57. 

 



170 

 

 

 

Chapter 10 

Paper VII – A Next Generation Sequencing 

Platform Uncovers Rare Variants Associated 

with Keratoconus 

Larry A, DeDionisio, George Rosenwasser, Connie Chao-Shern, Kevin Blighe, Hula 

Roshanravan, Jun-Heok Jang, M. Andrew Nesbit MA, C.B. Tara Moore 

Paper Introduction 

This paper demonstrated how a targeted next generation sequencing panel can uncover 

genomic variants associated with eye disease. A custom Next Generation Sequencing 

(NGS) panel, targeted to 75 genes integral to the structure and function of the eye was 

used to sequence genomic DNA from a patient clinically diagnosed of keratoconus with 

secondary amyloid deposits and a known family history of eye disease.  Five rare, 

missense single nucleotide variants found in LOX, LTBP2, MAP3K-19 and ZNF469 

were associated with keratoconus. Variants in the LTBP2 and MAP3K-19 genes were 

reported for the first time. Variations known to result in corneal dystrophic amyloid 

deposition were not present. This test provided the physicians a tool to determine the 

genetic risks of developing keratoconus before symptoms appeared.   

Contribution 

I designed the reagents and test methods with the Avellino research team and Illumina 

team. I also  performed partial experiment, initial data analysis and final manuscript 
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review. 

Submission Status 

This manuscript is submitted to Cornea for consideration. 
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Chapter 11 

Paper VIII - Towards personalised allele-

specific CRISPR gene editing to treat 

autosomal dominant disorders 

Kathleen A. Christie, David G. Courtney, Larry A. DeDionisio, Connie Chao-Shern, 

Shyamsree De Majumdar, Laura C. Mairs, M. Andrew Nesbit, C.B. Tara Moore, 

Paper Introduction 

CRISPR/Cas9) is a highly modifiable and powerful sequence-specific RNA-guided 

endonuclease that can be used for genome engineering. There is a continuous worldwide 

excitement surrounding the potential of this technology for gene therapy as evidenced 

by the rise in the numbers of papers. However, the move from the lab to the bedside 

with this technology is limited by the concerns regarding the off-target cutting elsewhere 

in the genome causing unintended deleterious effects. Using the cornea as a readily 

accessible and easily monitored tissue, we  investigate the use of the CRISPR/Cas9 to 

treat, in a disease-allele specific manner, autosomal dominant corneal dystrophies. We 

showed that it is possible to deliver CRISPR/Cas9 components directly to the cornea 

and achieve long term knockdown of gene expression. In addition, we have used real-

world, corneal dystrophy-associated, TGFBI mutations as a model of autosomal 

dominant disease to assess the use of CRISPR/Cas9 in two allele-specific systems. We 

compared the ability of CRISPR/Cas9 to target mutations that generate a SNP-derived 
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PAM with ones that can be targeted only by placing the mutation site within the RNA 

guide. The failing of the guide-specific approach highlights the necessity for meticulous 

guide design and assessment and indicates the hurdles that still need to be overcome in 

the use of CRISPR/Cas9 for gene therapy.   

Contribution 

I obtained the TGFBI patient samples and performed experiment procedures, as well as 

proofread the final manuscript. 

Submission Status 

This paper was published by Scientific Reports in 2017. 
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Chapter 12 

Paper IX - Gene editing in the context of an 

increasingly complex genome 

Kevin Blighe, Larry A. DeDionisio, Kathleen A. Christie, S. Shareef, T. Kakouli-Duarte, 

Connie Chao-Shern, V. Harding, RS Kelly, J. Stebbing, L. Castellano, B. Chawes, JA 

Shaw, JA Lasky-Su, M. Andrew Nesbit, C.B. Tara Moore, 

Paper Introduction 

The sequencing of the human genome has brought much hope for the future of 

personalized medicine.  Indeed, we have now mapped the majority of variation across 

human populations with landmark projects such as International Hapmap, 1000 

Genomes, and Greater Middle East.  In cancer, we have catalogued most if not all 

mutations across the main cancers whilst, in other diseases, we have identified the 

variants with strongest association.  Despite this, we are still awaiting the revolution in 

healthcare to occur. In this review, we chart the course of the major advances in the 

biomedical sciences in the era post the first draft of the human genome.  Our aim is to 

shift the mode of thinking about the genome’s complexity to that which encompasses a 

greater appreciation of the transcriptome and DNA-protein interactions, and how these 

regulate expression and contribute to disease mechanism.  We additionally focus on key 

areas that are likely to be major interests in the future of biomedical research. We also 

discuss the main diseases  and uncover gaps in each of these to stimulate future 

improvements.   
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Contribution 

I authored the ‘Cardiovascular disease and gene editing. Status: gene editing’s clinical 

utility in the cardiovascular realm’ section, as well as proofread the final manuscript. 

Submission Status 

This paper was published by BMC Genomics in 2018. 
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Chapter 13 

Book Chapter – Gene Editing for Corneal 

Stromal Regeneration 
 

Subtitle: Laboratory Protocols 

C.B. Tara Moore, Connie Chao-Shern, Larry DeDionisio, Katherine Christie, M. Andrew 

Nesbit  

Paper Introduction 

CRISPR/Cas9 gene editing holds the promise of sequence-specific alteration of the 

genome to achieve therapeutic benefit in the treated tissue. Cas9 is an RNA guided 

nuclease in which the sequence of the RNA can be altered to match the desired target. 

However, care must be taken in target choice and RNA guide design to ensure both 

maximum on-target and minimum off-target activities. The cornea is an ideal tissue for 

gene therapy due to its small surface area, accessibility, immune privilege, avascularity 

and ease of visualisation. Herein, we describe the design, testing and delivery of Cas9 

and guide RNAs to target genes expressed in the cornea.  

Contribution 

I reviewed and authored the manuscript, figures and tables. 

Submission Status 

This book chapter is accepted and in press for publishing by Springer Nature.  
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Chapter 14 

General Discussion and Future Perspectives 

1. Discussion  

The research outcome from this thesis has contributed to expansion of the diagnostic 

capability of TGFBI mutations that cause five distinctive types of TGFBI corneal 

dystrophies by adding diagnostic method for six additional mutations. This expansion 

enables us to increase the detection rate from 75% to 90%. Furthermore, this thesis 

describes the research and development of a 75 gene risk assessment targeted NGS panel 

of KC, which includes detecting the 70+ TGFBI mutations, enhancing the detection rate 

to 100%.  

Even though TGFBI corneal dystrophy is a rare disease, patients who are asymptomatic 

for mutations in this gene are at very high risk of acquiring post-surgical, sight threatening, 

accelerated protein aggregate deposition. Surgical procedures induce a wound in the 

corneal layer, which cause expression of TGFBI protein to be upregulated. The Principles 

and Practice of CORNEA by Copeland and Afshari indicates that many reports have 

demonstrated the exacerbation of GCD2 after treatment with Photorefractive 

Keratectomy (PRK), Laser-assisted in situ Keratomileusis (LASIK), and Photo 

Therapeutic Keratectomy (PTK). Consequently, it is recommended that all 

keratorefractive surgery patients, especially the asymptomatic patients, should be tested 

for TGFBI mutations before undergoing surgery.  
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Keratoconus is a disease known to possess a complicated genetic heterogeneity. There 

exists a large body of evidence that supports the multiple genetic factors at various loci 

on the genome among individuals who suffer from KC. The targeted NGS panel for 

detection of rare and potentially pathogenic variants provides important evidence for a 

genetic link to diagnosis. While exact pathomechanisms have not been established, it is 

essential to recognize the existence of potentially pathogenic variants within the locations 

where the variants lie.  

The ability of genetic tests to detect potentially pathogenic variants before symptoms 

appear can assist physicians in recommending different treatment options and can help 

individuals at risk to practice preventative measures.  

1.1. Monogenic and Multigenic Diseases 

TGFBI corneal dystrophy is a monogenic disease, while KC is a multigenic and 

multifactorial disease. Another well-known monogenic disease is breast cancer. 5-10% 

of the breast cancers are hereditary and attributed to mutations that take place in either 

the BRCA1 or BRCA2 genes (1). Women who carry either of these genes have a higher 

risk of developing breast cancer with up to 85% lifetime chance of developing breast 

cancer compared to only 13% for a female without the BRCA mutation (2). Other 

monogenic diseases include ovarian cancer, cystic fibrosis and sickle cell anemia (3).  

Risk Scores (RS) have been used on multigenic diseases, such as Alzheimer’s disease 

and cardiovascular disease (4, 5). The work outlined herein applies such an approach 

for use in KC risk assessment. The difference between monogenic and multigenic 

disease is that multigenic disease involves mutations in multiple genes. Even though 

each gene’s effect on a multigenic disease may not be as prominent as the effect of a 
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gene on a monogenic disease, small effects can aggregate with environmental factors 

to cause the multigenic disease onset. Each mutation alone may not affect a trait. 

However, together with environmental factors the mutations could lead to significant 

disease phenotype (6). If an individual harbors certain mutation, this can influence the 

response to environmental stimuli, medical intervention or ocular injury. 

1.2. Partner Diagnostic Tests 

There is a clear need for a reliable diagnostic assay that can assess risk for KC in 

patients who demonstrate some features of weak biomechanics of the cornea or more 

importantly who do not display any clinical symptoms of the disease. Genetic factors 

only account for 6% -25% of all KC cases. Symptoms are thought to be  induced by 

environmental factors and behavioral conditions (7). The availability of family history 

is very important in diagnosing hereditary KC.  

Individuals who carry a risk for KC are contraindicated for undergoing refractive 

surgery such as LASIK (8). KC can be clinically very difficult or impossible to detect 

in asymptomatic individuals, A diagnostic test for KC would fulfil a current and 

pressing unmet medical need. The NGS targeted 75 gene panel specific to the structure 

and function of the cornea is the proposed methodology to assess KC risks by risk 

scores. The risk scores are dynamic because more genes will be added to the panel to 

enhance the risk assessment. Furthermore, as more ethnic KC data and robust 

bioinformatics tools become available, an overall risk score can be computed. 

In order to select variants most likely to be damaging and thus related to KC disease, 

the following criteria were applied:  variants classified as missense, STOP gain/loss, 

nonsense, or frameshift/non-frameshift InDels.  These variants were further filtered 



276 

 

 

 

through gene set enrichment analysis using the Database for Annotation, Visualization 

and Integrated Discovery.  Pathology for each variant was gauged on the in silico 

predictions from 7 published methods, SIFT, PolyPhen 2 HDIV, PolyPhen 2 Hvar, 

LRT, MutationTaster, MutationAssessor, and FATHMM (9).  Each tool aims to 

determine the likely impact on the transcribed amino acid sequence and translated 

protein due to a missense change in the exonic DNA sequence, with each taking into 

account different metrics when arriving at a prediction (9). A common variant is 

defined as having an MAF within ExAC greater than 1% i.e., MAF (ExAC_All) > 

0.01 (10).  

Bioinformatics analysis was performed on 337 KC samples and 147 control subjects 

from the U.S., Canada, Czechoslovakia, Greece, Brazil, North Ireland, South Korea 

and Mexico. Variants in genes directly related to the structure and function of the 

cornea were found. A risk score system to predict the development of KC by the 

presence of each variant was established. A Bayesian logistic regression model 

utilizes variants from the clinical cohort data to compute risk scores (11).     

1.3. Utility of Partner Diagnostic Testing 

Genetic diagnostic testing can accurately differentiate between the genes and variants 

that cause the symptoms. A precise genetic diagnosis provides patients and their 

family members with information that can assist physicians in the identification of a 

personalized treatment plan. With the recent advancements in genetic research and 

diagnostic testing such as Next Generation Sequencing (NGS), an individual’s whole 

genome can be sequenced and compared with a reference genome to identify genetic 

variants. Many studies have been conducted on ocular diseases to better understand 
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their association with heritable genetic factors. Various research substantiates that the 

detection of genetic risk factors can assist clinicians in the diagnosis and assessment 

of these diseases before symptoms appear to better manage the patient treatment plan 

(12). Understanding the genetic factors involved with corneal diseases enhances 

diagnosis and treatment options. It is important to identify carriers of the diseases 

when no symptoms exist. In addition, genetic predispositions can cause disease 

manifestations in some individuals within the same family, but not the others. 

Therefore, identifying these predispositions is key for prevention.  

Advances in NGS combined with large sample sizes allows the possibility of precision 

and personalized medicine (13). Healthcare providers’ treatment decisions are 

improved when they have individualized data and analyses for each patient. In many 

diseases, genetic profiling can offer substantial insights into treatment approaches or 

diagnoses including those based on pathologic, anatomic or qualitative metrics (14). 

With improved information, patients and physicians can make more informed 

decisions about treatment risk-benefit, side effects, long-term health and wellness and 

consequently, can design individualized treatment plans (15). Genetic testing and pre-

screening, for gene variants of patients prior to certain treatments or surgery, play a 

vital role in prevention of long-term damage to the eyes. 

American Academy of Ophthalmology is seeking to develop policies and practices 

that support genetic diagnostic test as a standard of care, not just concerning refractive 

procedures, but as part of patient eyecare visits with their ophthalmologists or 

optometrists. 

1.4. Genome Engineering in Corneal Diseases and Beyond 
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Genome engineering offers distinct benefits for treatment of Genetic disease of the 

eye. A high proportion of ocular diseases are monogenic, and the causative gene has 

been elucidated in many cases. In addition, the eye offers unique anatomical and 

physiological qualities that make it amenable to treatment; it is easily accessible, has 

a small surface area, and holds an immune-privileged status, making ocular diseases 

an ideal candidate to develop CRISPR/Cas9 gene therapy (16). The ability to modify 

the genome using molecular surgery has emerged as a promising therapy for inherited 

disease, without which there would be no effective treatment (17). In the era of 

personalised medicine, partner diagnostic testing has become an essential tool for 

designing and developing individualized gene therapy prior to the onset of disease 

symptoms. The advancements in genome engineering have accelerated the prospect 

of personalised medicine as a therapeutic option (18). Recently, Editas Medicine 

published results detailing the development of EDIT-101, a CRISPR engineered 

treatment for Leber congenital amaurosis (LCA) (19). EDIT-101 is targeted to delete 

or invert a mutation within CEP290, which causes a miss-splicing of the transcribed 

mRNA (20).   In vitro experiments in human cells and retinal explants were able to 

restore functional CEP290 expression. The publication also reported that subretinal 

delivery of EDIT-101 in mice and non-human primates was well tolerated and 

sustained CEP290 editing in photoreceptor cells that met or exceeded the target 

therapeutic level (19) was achieved. Editas Medicine and Allergan Pharmaceuticals 

International Limited (Allergan) plan to initiate clinical trials of patient screening to 

test the efficacy of EDIT-101 in the second half of 2019.  They plan to enroll 10-20 

patients in the U.S. and Europe.  They also have future plans for a similar trial 
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targeting Usher syndrome and Herpetic Eye Disease. It is likely that these initial 

clinical trials will pave the way for treatment of a number of similar ocular disorders. 

Future therapies could be done on Fuchs’ Endothelial Corneal Dystrophy (FECD), 

which represents a model disease for studying the biology of microsatellite disorders 

and evaluating novel therapeutic approaches (21). Moore et al. at Ulster University, 

UK, have been attempting to perform gene editing on the TCF4 TNR (data is 

unpublished). The CRISPR/Cas9 dual sgRNAs mediated deletion approach for the 

correction of the FECD repeat expansion provides a viable option for treatment. It has 

been reported that gene therapy has been experimentally performed  on corneal graft 

rejection, corneal wound healing and scarring, corneal neovascularization, herpes 

simplex virus (HSV) keratitis, dry eye, Sjogren syndrome, and conjunctival scarring 

(22). These experiences accumulated over the years have paved the way for gene 

therapy for corneal diseases to advance into the clinical trial phase. That said, several 

obstacles must be addressed, such as patient safety, off target effects, unintended 

biological consequences of vector exposure and transgene expression (22). 

Gene editing tools such as CRISPR/Cas9 for treating ocular diseases have been 

studied widely.  The unique anatomical position of the cornea provides access to 

diseased tissue and the relative immune privilege of the cornea makes it an ideal tissue 

for gene-based therapies while the therapeutic effect is easily monitored clinically (23). 

The cells from the cornea can be cultured and sustained in the in vitro condition for 

long periods of time (22). There are 14 known genes associated with corneal 

dystrophies, 9 of which are AD (24). The most studied and widely attempted 

dystrophy used for gene therapy or gene editing is the monogenic TGFBI corneal 
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dystrophy. Moore et al. have developed an allele specific approach to target the most 

prevalent TGFBI corneal dystrophy mutations and have demonstrated the feasibility 

with the mouse model (23). The success of this breakthrough has placed us amongst 

the leaders in the gene editing field. CRISPR/Cas9 is very versatile and precise. 

However, it is not feasible to design CRISPR individually for all 70+ mutations on 

the TGFBI gene. Moore et al. is spearheading a  ‘catch all’ design  system to cut a 

larger piece of 

 TGFBI DNA where all mutations reside (data unpublished). 

Single guide RNA (sgRNA) is the most important factor to distinguish the mutant 

allele from the normal allele. In particular, the mutation sequence of 1-3bp, which 

exists only in the mutant allele, should be accurately targeted and differentiated from 

the normal allele. However, in the situation where SNPs in mutant alleles should be 

distinguished from normal ones by 1bp difference, due to many influences such as 

intracellular environment and exact sgRNA concentration, it is not possible to 

distinguish normal alleles and mutant alleles, which may lead to off-target effects. In 

addition, in theory, designed sgRNAs should not have similar locations in the whole 

gene. However, if there is another location with similar sequences, problems can occur. 

Protospacer adjacent motif (PAM) is a 2-6 base pair DNA sequence immediately 

following the DNA sequence targeted by the Cas9 nuclease (25). The Advantage of 

SNP-derived PAM using base sequences that exist only in mutants that are not present 

in normal alleles is that it can dramatically increase target specificity (23). The 

increase in target specificity can significantly reduce the off-target effect that the 

CRISPR/Cas9 system had. This technology can be applied to other gene mutations in 
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medical, environmental, industrial, animal and plant fields, as well as gene editing 

related to corneal dystrophy. 

The biggest disadvantage in the CRISPR/Cas9 system is the specificity of sgRNA, 

which distinguishes the Seed sequence from the general CRISPR/Cas9 design (26). 

However, since many genetic diseases occur only with a single nucleotide mutation, 

it is difficult to target variations on a single nucleotide discrimination. 

1.5. Conclusion 

Gene editing can be applied to various fields. The most pertinent application is in the 

therapeutic technology using CRISPR/Cas9. It is expected that the CRISPR/Cas9 

based therapy will first be used in ophthalmology. Genetic testing identifies the 

mutations and provides information needed for designing a personalized therapeutic 

plan. These two elements go hand in hand in the future of treating genetic corneal 

diseases. The revolutionary personalized gene therapy treatment is on the near horizon. 

2. Future Work 

Keratoconus Gene Expression Test 

In late 2018, Malfeito, et al. published a paper regarding Toll Like Receptor 2 (TLR2) 

and Toll Like Receptor 4 (TLR4) gene expression in detection of non-symptomatic 

KC (27). Future research plans include development of a gene expression method to 

detect TLR2 and TLR4 protein levels with cytology impression collection of corneal 

epithelial cells. Once the validity of this test is established using an adequate number of 

cases and control cohort, it is anticipated that this will be incorporated alongside the target 

NGS test to better detect non-symptomatic KC patients. 



282 

 

 

 

The Need to Continue Collecting KC and Control Subject Data  

To improve the predictability and accuracy of the targeted NGS panel, more KC case 

patient data and normal control data are needed. An ethnicity study is also necessary to 

understand whether the KC variants are different between ethnicities. As it currently 

stands, the 1,000 genome and ExAc database contain enough Caucasian, Hispanic, and 

East Asian genome data. However, there are very limited African and African-American 

genome data available; there were problems analyzing this group of data due to 

insufficient information available to decide if variants are common or disease causing. 

With more data collected, a better filtering system can be built to decipher common vs. 

disease variants, giving a more accurate prediction of risk. 

Variants were annotated with three different scoring systems in order to determine the 

level of conservation in the surrounding region. The scoring systems are: 

• GERP++42 scores from -12.3 to 6.17, with 6.17 being the most conserved. 

• PhyloP43 calculates a score based on 40+ genome alignments including both 

vertebrates and mammals. 

• SiPhy44 utilizes 29 genome alignments (mammals) and produces a log odds ratio, 

where a higher value indicates higher conservation.   

Additional filtering was based on a minor allele frequency (MAF) of ≤ 0.05 or NA as 

documented in the Exome Aggregation Consortium (ExAC, 

http://exac.broadinstitute.org/), which contains data from 60,706 unrelated individuals. 

3. Concluding Remarks 
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This research project and thesis form part of an industrial PhD intended to contribute to a 

better understanding of genetic corneal diseases, specifically TGFBI corneal dystrophy 

and Keratoconus. Three different types of tests were assessed during this research period 

and only one was deemed feasible for deployment in industry: the targeted 75 gene NGS 

panel for assessing KC risks and identifying 70+ TGFBI mutations. The performance 

characteristics of the test were verified using parameters i.e. accuracy, precision, 

interference substances and quality control. As a result, this study enabled additional 

disease diagnostic capabilities. 

Much work remains to allow gene editing of corneal dystrophies to reach the stage of a 

clinical trial. With pharmokinetics, toxicology, efficacy, efficiency and biodistribution 

studies all currently underway, the future is full of possibility using CRISPR based 

therapies. 
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Appendix I 

Book Chapter - The Application of 

CRISPR/Cas9 Therapies in Ophthalmology 

and Recent Advances for the Treatment of 

Genetic Eye Disease  

 

Tara Moore, Larry DeDionisio, Hila Roshanravan, Connie Chao-Shern, M. Andrew 

Nesbit 

Paper Introduction 

This review summarizes the use of CRISPR/Cas9 gene editing in ophthalmology and 

focuses on the advancement of gene editing in the cornea. The majority of corneal 

dystrophies are the result an autosomal dominant inheritance pattern within the TGFBI 

gene, which presents an ideal model suited for a CRISPR/Cas9 knock out methodology. 

Contribution 

Connie Chao-Shern reviewed and proofed the manuscript. 

Submission Status 

This paper was published by Nova Science Publishers, book title: The CRISPR/Cas9 

System: Applications and Technology 
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