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ABSTRACT 

 
MARIAM LOTFY KHALED 

In search of genetic mutations for familial keratoconus 

(Under the direction of YUTAO LIU) 
Keratoconus (KC) is the most common corneal degenerative disorder and a leading cause 

of corneal transplantation in developed countries. KC is a multi-factorial disease with 

involvement of genetic, environmental, and hormonal factors. Although KC has been 

widely studied, the main cause of the disease and the molecular mechanism remain 

unknown. We aimed to study the molecular genetics of KC via utilizing next-generation 

sequencing technology including RNA-Seq, whole exome sequencing, and whole genome 

sequencing. We used RNA-Seq to study the KC-affected corneal transcriptome. We 

identified 436 coding RNAs and 584 lncRNAs with differential expression in the KC-

affected corneas with a |fold change| ≥ 2 and a false discovery rate ≤ 0.05. Pathway 

analysis, using WebGestalt, indicated the enrichment of the genes involved in the 

extracellular matrix, protein binding, glycosaminoglycan binding, and cell migration. Co-

expression analysis revealed 296 pairs of genes with significant KC-specific correlations. 

The RNA-Seq data analysis highlighted the potential roles of several genes (CTGF, 

SFRP1, AQP5, lnc-WNT4-2:1, and lnc-ALDH3A2-2:1) and pathways (TGF-β, WNT 

signaling, and PI3K/AKT pathways) in KC pathogenesis. Next, we used whole genome 

and exome sequencing to figure out the causal mutation(s) in a four-generation KC family 

with a linkage locus on Chr5q14.3-q21.1. We found a missense mutation in the 

phosphatase domain of PPIP5K2 (c.1255T>G, p.Ser419Ala). We found another missense 



 

 

mutation in the same domain of PPIP5K2 (c.2528A>G, p.Asn843Ser) in a second KC 

family. PPIP5K2 is a bifunctional enzyme involved in the inositol phosphate metabolic 

pathway. In vitro functional assays indicated the impact of the identified mutations on the 

enzymatic activity of PPIP5K2. PPIP5K2 expresses at a higher level than its homolog 

PPIP5K1 in both human and mouse corneas. A transgenic mouse model with the loss of 

phosphatase activity and elevated kinase activity of Ppip5k2 exhibited corneal structural 

abnormalities emphasizing the important role of PPIP5K2 in the homeostasis of corneal 

integrity. This study advances our knowledge of KC genetic etiology and helps in 

identifying a potential therapeutic target for KC.  
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1. INTRODUCTION 

A. Statement of the problem and specific aims 

Our main goal is to identify and characterize the genetic mutations and molecular pathways 

involved in the pathogenesis of keratoconus (KC). KC is the most common primary corneal 

ectasia, affecting 300,000 individuals in the US. It is a leading indicator of corneal 

transplantation in Western countries. It is a bilateral and asymmetric corneal degeneration 

characterized by localized corneal thinning, which leads to protrusion of the thinned 

corneal region. Corneal protrusion causes myopia and irregular astigmatism, leading to 

impairment of visual acuity. Both genetic and environmental factors contribute to the 

etiology of KC. Evidence of genetic contribution includes familial clustering and 

concordance between monozygotic twins. Genome-wide linkage studies in multiplex KC 

families have identified 20 chromosomal loci linked to KC. Among them, only the chr5q 

locus has been replicated in different studies. Chr5q14.3-21.1 locus has been identified in 

a four-generation Caucasian family; however, the exact causative mutation remains 

unknown.  Moreover, many researchers have performed differential expression analyses, 

using RT-PCR or microarray, to identify the related genes and molecular pathways in 

keratoconic corneas. Next-generation sequencing has been widely used to profile DNA 

sequence (whole genome/exome sequencing) and RNA expression (RNA-Seq). It is 

necessary to apply next-generation sequencing in KC to identify DNA mutations and the 

underlying genomic mechanisms. In order to accomplish these goals, we propose to 

perform the following two specific aims: 
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Specific Aim 1: To determine differentially expressed genes in KC-affected human 

corneas 

We will isolate total RNA from 10 keratoconic corneas and 8 unaffected postmortem donor 

corneas and perform stranded Total RNA-Seq to determine the differentially expressed 

genes in keratoconic corneas. We will validate the differential expression of selected genes 

using droplet digital PCR. 

Specific Aim 2: To identify and characterize genetic mutations in multiplex KC 

families  

We will identify the causative mutation in a four-generation pedigree with a pre-identified 

linkage region on chromosome 5 (5q14.3-21.1) using whole genome and whole exome 

sequencing. We will characterize the identified mutation using biochemical assays, cell 

culture assays, and related mouse models. 

B. Significance and innovation  

 

KC is the most common corneal ectatic disorder and a leading indicator for corneal 

transplantation in the developed countries 1; 2 KC usually starts at puberty and progresses 

until it stabilizes in the third or fourth decade 3; 4. KC is a complex multifactorial disorder. 

Both genetic and environmental factors (i.e. nutrition, eye rubbing, atopy, and hormones) 

play important roles in the pathogenesis of KC 5; 6. The lifetime cost to treat KC-related 

refractive error averages $25,000 per patient in the US 7. KC patients report significant 

impaired vision-related quality of life which worsens with time due to disease progression 

8. KC is recognized in the Strategic Plan of the National Eye Institute (NEI) at the National 

Institute of Health (NIH), indicating the national priority and necessity for research in this 

field. The identification of causative mutations provides not only critical information 

regarding the pathogenesis of KC but also potential targets for novel treatment 
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opportunities. In this study, we utilize high-throughput whole exome and whole genome 

sequencing to search for genetic mutations in a four-generation multiplex KC family and 

characterize the mutations using biochemical assays, corneal cell culture, and mouse 

models.  Thus, our study aligns well with the strategic goal of NIH/NEI. 

Successful completion of our study significantly improves our understanding of the 

underlying genetic etiology of KC.  Identification of novel mutations and the establishment 

of the first mouse model for KC can promote novel targets for KC diagnosis and treatment 

to reduce the disease burden for patients and society.  

 

C. Rational of our study 

Our aims are to identify the genetic basis and characterize molecular pathway involved in 

KC. In this thesis, we have used whole genome sequencing and whole exome sequencing 

to identify the causative genetic mutations in multiplex KC families. We hypothesize that 

the mutations in these families cause disruption in protein-coding genes, leading to the 

pathological corneal phenotypes. We also use RNA-sequencing approach to identify the 

differentially expressed genes using keratoconic and healthy corneas. We use the 

differentially expressed genes in the identification of candidate genes and molecular 

pathways involved in the disease pathogenesis. In addition, we seek to use these candidate 

genes in our search for the causative mutation(s) in KC-affected families.  
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D. Literature review 

1. Human cornea  

 The human cornea is a transparent, avascular, and precisely structured tissue. It accounts 

for 70% of the eye's refractive power and acts as a tight protective barrier 9; 10. The average 

thickness of the cornea is approximately 0.5 mm at the center with a gradual thickness 

increase towards the periphery 11; 12.  The cornea receives its nutrients and anti-infectious 

factors anteriorly through the tear film and posteriorly through the aqueous humor 13; 14. 

The cornea receives oxygen from tears which then diffuses throughout the corneal 

layers15. Cornea consists of five consecutive layers: epithelium, Bowman’s layer, stroma, 

Descemet’s membrane, and endothelium 16; 17. The corneal epithelium is a non-

keratinized stratified squamous interface with 5 to 7 arranged layers of cells (superficial 

cells, wing cells, basal cells, and basement membrane), and accounts for 10% of the cornea 

thickness 10. Bowman’s layer is an acellular fibrous meshwork between epithelium and 

stroma 18. Stroma is a precisely organized collagenous matrix consisting of multiple 

collagenous lamellae and keratocytes and accounts for approximately 80% of the corneal 

thickness 19. This organized architecture is crucial for the transparency of the cornea. Any 

disruption in its organization may lead to an opaque cornea 20 and affect visual acuity. 

Stromal keratocytes are mesenchymal cells important in maintaining extracellular matrix 

(ECM) environment and stromal homeostasis 21. Descemet’s membrane is an acellular 

collagenous layer, which acts as the endothelium basement membrane 22; 23. The 

endothelium is a monolayer of regularly sized polygonal cells. Apart from oxygen, the 

cornea obtains its nutrients from aqueous humor through the endothelium. Additionally, 

the endothelium regulates stromal hydration through active transport mechanisms 24. The 
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stroma is a highly hydrophilic collagenous layer. Without the endothelium, the cornea 

rapidly swells and becomes opaque 25. 

2. Keratoconus 

Keratoconus (KC) is the most common corneal ectasia and a leading cause of corneal 

transplantation in the developed countries 1; 2. KC is a multi-factorial disease with the 

involvement of genetic, nutritional, environmental, and hormonal factors 26. Although KC 

was first described in 1748, the exact cause still remains a mystery for most patients.  The 

onset of KC is often at puberty and the disease progresses and stabilizes in the third or 

fourth decade 3; 4. KC patients report significantly impaired vision-related quality of life, 

which deteriorates with progression 8. KC manifests in all ethnicities and has no gender 

preference 27-29. KC prevalence varies greatly worldwide, ranging from 0.0003% in 

Russia 30, 0.086% in Denmark 31, 0.249 % in Iran 32, to 2.3% in central India 33.  

2. 1. Clinical signs and diagnosis 

KC starts silently with a subclinical manifestation known as forme fruste (French term 

means incomplete form) . Its primary symptoms include photophobia, monocular diplopia, 

glare, and a reduction in visual acuity, which cannot be corrected to 20/20 with spectacles 

only 27. Clinically, KC is diagnosed by using slit lamp biomicroscopy and corneal 

topography/tomography 6; 27; 34.  Various clinical signs of KC could be identified with slit 

lamp such as Fleischer’s ring (iron lines partially or completely surrounding the cone), 

Vogt's striae (fine vertical lines in deep stroma and Descemet’s membrane), localized 

corneal thinning, and Münson’s sign (bulging of the lower lid during downgaze) 16. 

Recently, the tomographic analysis is used to evaluate the whole cornea (anterior and 

posterior corneal surfaces and corneal thickness), iris, and lens, through the construction 
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of a three-dimensional image of the anterior segment 6; 35; 36. Anterior segment optical 

coherence tomography (OCT) is one of the imaging methods which are frequently used for 

KC diagnosis 37. 

2. 2. Treatment modalities 

The treatment of KC varies according to the disease stage and severity including non-

surgical and surgical treatments 38.  Spectacles and contact lenses are the early treatment 

options to correct the visual acuity. These contact lenses include soft lenses, rigid gas 

permeable (RGP) lenses, hybrid lenses, piggy back contact lenses (PBCL), and scleral 

lenses 39. The most frequently used one is the RGP lens, as it allows passage of oxygen to 

the cornea. However, the scleral lens is usually a better option for patients who cannot 

tolerate other contact lenses. The scleral lens is a large diameter RGP lens, which rests on 

the sclera without touching the cornea and limbus.  

When non-surgical options become ineffective in KC management, surgical intervention 

becomes necessary to restore the patient's vision. There are different types of surgeries, 

among which, physicians can determine based on the severity of the disease.  Patients with 

moderate KC might need the insertion of an intrastromal corneal ring segment (ICRS), 

ultra-violet corneal cross-linking (UV-CXL), or Bowman’s layer transplantation. In severe 

cases, corneal transplantation is required, either by removal of the whole corneal tissue 

(known as penetrating keratoplasty) or removal of only the upper corneal layers and 

keeping the endothelium (known as deep anterior lamellar keratoplasty) 40. Preserving the 

patient’s endothelium decreases the risk of grafting rejection 41. For ICRS, two 

hemispherical segments are inserted into stromal tunnels, which can correct corneal ectasia 

via shortening the cone length, causing corneal flattening to the periphery. However, ICRS 
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may not stop the disease progression completely 42. UV-CXL is a photo-oxidative 

procedure that involves utilizing of riboflavin and ultraviolet-A rays to increase corneal 

biomechanical resistance, and to stop the progression of KC 43; 44. 

2. 3. KC- associated histopathological changes  

KC-associated histopathological changes have been shown in different corneal layers 

except for the endothelium. Light and electron microscopes can be used to examine fixed 

corneas 45-47 while confocal microscopy and OCT are used to look at corneas in vivo 46; 

48-51. Stromal thinning is the main morphological manifestation of KC. However, KC-

affected corneas may exhibit other abnormalities including 1) enlargement, irregular 

arrangement, and a significant reduction in basal epithelial cell density 47; 52-54,  2) 

increased visibility of the nerve fibers on slit lamp examination 55; 56,  3) ruptured 

Bowman’s layer 47; 57, 4) significantly reduced number of collagenous lamellae of stroma 

58; 59, 5) significantly decreased density of anterior and posterior keratocytes 45; 54; 57; 

60; 61, and 6) disrupted Descemet’s membrane 62. Based on the corneal structural changes 

identified from OCT, KC can be classified into five stages (Figure 1) 50. In stage 1, cornea 

shows a thinner epithelium and stroma at the cone. In stage 2, the Bowman’s layer exhibits 

hyperreflective anomalies with epithelium thickening and stromal opacity. In stage 3, the 

epithelium is thickened while the stroma is thinned with a disrupted Bowman’s layer. Stage 

4 shows pan-stromal scarring, and ultimately, stage 5 presents a rupture in the Descemet’s 

membrane with the formation of hydrops (an acute form of keratoconus), leading to total 

corneal scarring (Figure 1, stage 5).  
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Figure 1: Optical coherence tomography scans of keratoconic patients with various stages of severity. All 

scale bars represent 250 μm. Adopted from Sandali et al.50  
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2. 4. KC-associated molecular mechanisms  

Genetic, environmental and hormonal factors may interact with each other through 

different molecular pathways and ultimately lead to the KC–associated corneal pathology.  

As illustrated in figure 2, there are three main suggested mechanisms to explain the 

structural and biochemical abnormalities in KC. 

The first mechanism is the disturbed equilibrium between degradative enzymes and their 

inhibitors, leading to stromal thinning 63-65. Elevated expression of multiple cellular and 

collagenous degradative enzymes have been reported in KC-affected epithelial cells, 

keratocytes, and patient's tears 66;  67. These enzymes include matrix metalloproteinases 

(MMP-1, -3, -7, -9 and -13), and lysosomal enzymes (acid esterases, acid phosphatases, 

acid lipases, and cathepsins) 63;  66;  68. At the same time, their inhibitors have shown lower 

expression levels, including α1-protease inhibitor, α2-macroglobulin, and tissue inhibitors 

of MMP 65;  69;  70.  Moreover, elevated levels of various cellular adhesion molecules 

(laminin, fibronectin, and desmoglein 3) and inflammatory mediators (IL-4, IL-5, IL-6, IL-

8, TNF-α, and TNF-β) have been reported in KC-affected corneas 28;  71-73.  

These findings also lead to the second mechanism - the abnormal distribution in corneal 

wound healing cascade 74.  Corneal wound healing is a tangled process involved with 

multiple growth factors, cytokines, and proteases produced by epithelial cells, stromal 

keratocytes, and inflammatory cells 72. Upon an epithelial injury, multiple cytokines are 

released to induce consequential actions in an attempt to repair the epithelial defect, 

regulate the stroma remodeling, and minimize loss of transparency and function.  
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The third mechanism is corneal oxidative stress in KC-affected corneas. Reduced levels of 

various cellular antioxidants have been identified in KC, such as glutathione, 

paraoxonase1, catalase, superoxide dismutase and superoxide glutathione 75;  76. The 

elevated oxidative stress in human corneas may damage the mitochondria and its DNA 

(mtDNA) in KC-affected corneal tissues and stromal fibroblasts 77;  78. Various studies 

have found increased ROS production and lower ATP level in the diseased cornea 79;  80. 

In addition to the aforementioned mechanisms, hormonal factors may play a role in KC 

development 16;  81;  82. Sex hormones receptors are widely expressed in different ocular 

tissues, including the cornea. Pregnancy has been postulated as a risk factor for KC because 

many pregnant women with KC have experienced a significant progression with severe 

clinical phenotypes 83;  84. Moreover, receiving an in vitro fertilization treatment have been 

found to worsen KC, probably due to an increase in their estrogen levels 85. All these 

proposed mechanisms indicate that KC is a degenerative disease and various factors may 

influence the disease onset and progression (Figure 2). 
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Figure 2: A potential physiological model for the pathogenesis of keratoconus. Adopted from Khaled et 

al.16. 
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3. Genetics of KC 

Multiple studies have indicated the genetic contribution in KC pathogenesis 86.  Familial 

inheritance was reported in 6 - 23.5% of KC patients. First-degree relatives are at risk of 

developing KC 15–67 times higher than the general population 87. Autosomal dominance 

is the most common pattern of inheritance (reviewed in 88). Higher concordance of KC 

severity has been found in monozygotic (MZ) twins than dizygotic twins (DZ) 86; 89; 90. 

MZ twins are genetically identical, while DZ twins are developed from two different 

fertilized eggs, thus they are concordant in half of the alleles 91; 92. Similar concordance 

should be anticipated in MZ and DZ twins if environmental factors are the sole contributor 

to KC pathogenesis. Another piece of evidence is from the significantly elevated KC risk 

from the consanguineous marriage (first-cousin marriage) 93; 94.  

KC could be presented as secondary to other systemic disorders in patients. KC is more 

prevalent in patients with chromosomal abnormality disorders including Down syndrome 

(trisomy 21) and 22q11.2 deletion syndrome 16; 95-97. Additionally, multiple genetically 

inherited diseases have been shown to be associated with KC such as Leber congenital 

amaurosis 98; 99, cataract 100, retinal cone dystrophy 101, Ehlers–Danlos syndrome, and 

osteogenesis imperfecta 102; 103.   

Despite the extensive human genetics research in KC patients, it remains unclear how these 

genetic factors cause/contribute to KC onset and progression.  Wang et al. have postulated 

that KC follows Mendel's law and is inherited due to a major gene defect 104. On the other 

hand, other studies suggested a non-Mendelian pattern of KC due to the disease’s 

complexity, and the interaction of multiple genes and environmental and metabolic factors 
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104; 105. Genome-wide linkage and association studies are the primary tools to identify 

variants for Mendelian and complex diseases, respectively. Linkage analysis is to identify 

the genomic locus containing disease-causal mutations while genome-wide association 

studies (GWAS) are to identify the genetic variants associated with disease risk 106.   

3. 1. Genome-wide linkage Analyses in KC 

Family-based linkage analyses have identified a number of KC-linked chromosomal loci 

107; 108. In a Northern Irish family, chr15q22.32-24.2 locus was found to be segregating 

with KC and congenital cataract. After ten years, the researcher group successfully 

identified a mutation in the MIR184 seed region (c.57C>T) 100; 109; 110. This long period 

of time highlights the complexity of identifying the causative genetic mutation within the 

linkage locus. Another linkage locus, which has been interestingly replicated in two 

different studies, is 5q21.2 111; 112. The first study has been achieved via screening a four-

generation KC-affected Caucasian pedigree 111, while the second has included 25 different 

southern Italian families 112. Furthermore, KC has been reported in a clinical case with 

5q31 deletion suffering from multiple musculoskeletal abnormalities 113. Thus, 

chromosome 5 might be the region which includes KC associated pathogenic variant(s) 

among different populations. Moreover, various linkage regions, in familiar KC, have been 

screened to identify the putative mutation. Many variants have been found to segregate 

with the disease such as MIR184 c.57C>T, CAST c.-40+7414T>C, DOCK9 c.2262A>C, 

IL1RN c.214+242C>T and SLC4A11 c.2558+149_2558+203del54 100; 114-116. The 

combination of linkage and association studies is a powerful approach to identify candidate 

mutations in the specific linkage region. Dr. Rabinowitz and his colleagues, after 

identifying a chromosome 5 linkage region 5q14.3-q21.1 in a Caucasian family, have 
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genotyped tightly spaced SNPs in this loci utilizing both family and case-control KC 

cohorts. They have identified a SNP in the intronic region of CAST (rs4434401) to be 

significantly associated with KC in both familial and case-control datasets 114. CAST 

encodes for calpastatin which acts as a specific inhibitor of calpains, and is important for 

corneal epithelial cell turnover and wound healing in rabbits 117. It will be valuable to 

understand the impact of CAST (rs4434401) SNP on the cornea development and how these 

can contribute to the KC pathogenesis. Up-to-date, MIR184 mutation (c.57C>T) is the only 

functionally validated mutation using an in vitro model. The discovery of KC pathogenic 

mutations using linkage analysis is restrained by multiple factors including the difficulty 

of obtaining a multi-generation family, the limited resolution of the linkage analysis (large-

sized linkage region which contains many candidate genes needed to be filtered), and large 

genetic complexity of KC with incomplete penetrance 106; 118. 

3. 2. Genome-wide association studies (GWAS) in KC 

GWAS is an approach to genotype hundreds of thousands of SNPs (Single Nucleotide 

Polymorphisms) in unrelated large case-control populations to find statistically significant 

associations between a SNP and a trait. Thus, a SNP with a significant difference in allele 

frequency between cases and controls is considered to be associated with the disease 118; 

119. To minimize the false discovery rate, a p-value of less than 5 × 10−8 is recommended 

to adjust for the multiple testing as the significance threshold in GWAS. GWAS have 

identified many KC-associated SNPs in different populations from Europe, USA, China, 

and Australia. A number of sequence variants have been identified to be associated in KC 

(Table 1) and KC-related ocular phenotypes such as central corneal thickness (Figure 3). 

However, it remains unclear how these specific variants contribute to KC pathogenesis.  
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An upstream SNP rs3735520 in the HGF gene has been found to be associated with KC 

120. Interestingly, the same study found that serum HGF level was significantly elevated 

in the patients with the T allele of this SNP. 120. HGF encodes for hepatocyte growth 

factor, a protein expressed in the cornea, and showed a higher expression in response to 

corneal injury. In KC-affected cornea, HGF and its receptor (c-met) have shown moderate-

to-strong immunoreactivity in basal epithelial cells 121. All these data indicate that HGF 

elevated expression could correlate to KC pathogenesis, however, the mechanism is still 

unclear. Another SNP (rs4954218), which has been found in two different studies, is 

located upstream RAB3GAP1 gene 122; 123. A regulatory role of SNP rs4954218 has been 

postulated toward two genes which are RAB3GAP1 (6.4 kb away), and YSK4 (21.2 kb 

away)). However, further functional analysis will be necessary to validate the regulatory 

mechanism of this SNP 122. Many KC-associated SNPs identified through GWAS are 

involved in collagen fibrils and ECM regulatory pathways, which have been proposed as a 

potential mechanism for KC such as LOX and COL5A1. LOX intronic SNPs (rs10519694 

and rs2956540) have been identified in both family-based and case-control studies 124. 

LOX encodes for lysyl oxidase, a copper-dependent amine oxidase, which is required for 

the formation of lysine-derived crosslinks in extracellular matrix proteins 125 
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Table 1: SNPs associated with keratoconus identified through genome-wide association 

studies 

Gene (SNP ID) Functional Category Population Reference 

LOX (rs10519694, 

rs2956540), 

(rs2956540) 

Intronic Caucasian 124; 126 

HGF (rs3735520, 

rs17501108/rs1014091) 
Upstream 

Caucasian 

(Australia 

and US) 

120; 126 

RAB3GAP1 (rs4954218) Upstream Caucasian 122; 123 

FOXO1 (rs2721051) Intergenic 

South 

Australian 

and US 

127 

FNDC3B (rs4894535), Intronic 

South 

Australian 

and US 

127 

RXRA-COL5A1 

(rs1536482) 
Intergenic 

South 

Australian 

and US 

127 

RXRA-COL5A1 

(rs3118515) 
Intronic Latinos 128 

MPDZ-NF1B 

(rs1324183) 
Intergenic 

Australian, 

US and 

Chinese 

127; 129; 

130 

COL5A1 (rs7044529), Intronic 

South 

Australian 

and US 

127 
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COL5A1 

(rs1536482/rs7044529) 
Intergenic/ Intronic Caucasian 131 

BANP/ZNF469 region 

(rs9938149) 
Intergenic 

South 

Australian 

and US 

127; 129 

WNT10A (rs121908120) Missense Australian 132 

 

3. 3. KC candidate genes identified by direct screening  

Several studies have searched for KC-causative mutation(s) via direct screening of specific 

genes using either targeted genotyping or Sanger sequencing. VSX1 (visual system 

homeobox 1) and SOD1 (superoxide dismutase isoenzyme 1) were the first two genes 

proposed as significant for KC pathogenesis. VSX1 has been extensively screened in KC-

affected individuals from different populations.  Various VSX1 mutations have been 

identified in KC and posterior polymorphous corneal dystrophy including D144E, P247R, 

G160D, and L17P 133; 134. On the other hand, other studies have not found any pathogenic 

VSX1 mutation(s) in their KC patients 135-144. A 7 bases deletion in SOD1 second intron, 

has been reported to in two different families 145; 146 143; 145; 146. However, a different 

study could not find any pathogenic mutation(s) in SOD1 140. SOD1 is a cytoplasmic 

antioxidant enzyme which catalyzes the conversion of superoxide radicals to molecular 

oxygen and hydrogen peroxide 147. Intriguingly, the activity of extracellular SOD1, in the 

central cornea of KC, has been reported with a 50% activity reduction 76. Therefore, SOD1 

intronic deletion in KC patients could result in elevated corneal oxidative stress 76; 143.  

KC- associated irregularities and breaks in the corneal bowman’s layer have prompted 

Stabuc-Silih and his colleagues to screen COL4A3 and COLA4 in 104 unrelated KC 

patients versus 157 healthy individuals 148. Collagen type IV is the main constituent of 
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Bowman’s layer 149. COL4A3 and COL4A4 encode for two out of six α chains which 

form collagen type IV heterotrimeric molecules 150. Stabuc-Silih et al have found three 

coding variants, D326Y in COL4A3, M1237V and F1644F in COL4A4 to be associated 

with KC risk, however, they couldn’t identify any KC specific mutations 148.  

3. 4. CCT-associated genetic variants 

Central corneal thickness (CCT) is a normally distributed quantitative trait with an assessed 

heritability of up to 95% 151. Thinner CCT is a clinical demonstration, which has been 

considered as a risk factor for developing KC. Several GWAS have reported multiple CCT-

associated genes including RXRA-COL5A1, COL8A2, FAM53B, FOXO1, and ZNF469, in 

various large KC cohorts 152-156. The extremely thin cornea has been found to be 

associated with rare congenital connective tissue disorders (such as Brittle cornea 

syndrome and osteogenesis imperfecta) 157; 158. CCT-associated SNPs in collagen coding 

genes have led researchers to examine the association between CCT and KC in large 

cohorts 127; 156.  Intriguingly, numerous CCT associated SNPs have shown a positive 

association with KC in different populations, which augments the impact of CCT in KC 

risk 128-131; 156; 159. Pathway enrichment analysis for genes associated with both CCT 

and KC (including ADAMTS2, ADAMTS8, COL6A2, COL12A1, FBN1, LOXL2, 

LUM/DCN/KERA, THSB2, TGFβ2, and LTBP1) reveals a significant role of collagen, 

ECM, corneal thickness, and TGFβ signaling pathways in the pathogenesis of KC 127; 156. 

Moreover, Ingenuity Pathway Analysis (IPA) for the KC associated genes implies the 

involvement of connective tissues, the visual system, and skeletal muscle disorders 156. 

Corneal related phenotypes have been reported in knockout mice models for KC-associated 
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genes including corneal opacity (LUM) 160-162, corneal endothelium absence (TGFβ2) 

163 and thin corneal stroma (FBN1, KERA, LUM, TGFβ2) 160-165.  

 

Figure 3: Keratoconus genes and their involvement in other ocular diseases 

 

4. Next-generation sequencing strategies  

Next-generation sequencing (NGS) is a high throughput sequencing technology, during 

which millions of DNA fragments one sample are sequenced at once. NGS has allowed 

low-cost, time effective, massively parallel sequencing which revolutionized genomic and 

transcriptomic approaches for both basic and clinical research. Comparing to the traditional 

Sanger sequencing, NGS is powerful with a lower cost, labor work, and time consumption. 

NGS applications include whole genome sequencing (WGS), whole exome sequencing 

(WES), targeted capture sequencing, and RNA Sequencing (RNA-Seq). During the last 

decade, NGS has successfully been used to identify disease-causing mutations, molecular 

mechanisms, and diagnostic markers 166-171.  Targeted sequencing has been successful 

in exploring the causative genetic mutation(s) in various inherited diseases such as 
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neurofibromatosis type 1, Marfan syndrome, dilated cardiomyopathy, congenital disorders 

of glycosylation, and KC 170; 172. However, targeted sequencing is not often efficacious, 

because the sequenced genes might not constitute the disease-causing mutation(s), or the 

causal mutation(s) is not in the coding regions of the targeted genes. Thus, performing 

WES and WGS may overcome these potential issues 170. WES inquires mutation(s) in the 

coding regions (1% of human genome) while WGS explores mutation(s) and variants in 

the whole genome and also any structural modifications such as copy number variance. 

Researchers have used WES and WGS  to identify genetic mutation(s) in complex diseases 

among unrelated individuals or family members 172. Using WES,  a  heterozygous 

mutation in DYNC1H1 has been found in a four-generation family affected with Charcot-

Marie-Tooth disease 173. On the other hand, by performing WGS, compound 

heterozygous mutations have been identified in the SH3TC2 gene in a family affected with 

Charcot-Marie-Tooth disease 174. This example illuminates that complex heterogenic 

diseases might have different causal mutations in different families.  Furthermore, complex 

diseases, such as cancer, attributed to various factors other than genetics including 

environmental and metabolic factors. Thus, researchers have used RNA-Seq to understand 

a disease associated molecular mechanism 175-177. RNA-Seq has been used to study the 

expression level of coding and noncoding regions.  Non-coding RNAs include long non-

coding, miRNAs, and other short RNAs (snRNA and piwiRNA), which regulate protein 

translation and RNA stability 178.  
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Abstract 

PURPOSE: Keratoconus (KC) is the most common corneal ectasia. We aimed to determine 

the differential expression of coding and long noncoding RNAs (lncRNAs) in human 

corneas affected with KC. 

METHODS: 200ng total RNA from the corneas of 10 KC patients and 8 non-KC normal 

controls was used to prepare sequencing libraries with the SMARTer Stranded RNA-Seq 

kit after ribosomal RNA depletion, followed by paired-end 50bp sequencing with Illumina 

Sequencer. Differential analysis was done using TopHat/Cufflinks with a gene file from 

Ensembl and a lncRNA file from NONCODE. Pathway analysis was performed using 

WebGestalt. Using the expression level of differentially expressed coding and noncoding 

RNAs in each sample, we correlated their expression levels in KC and controls separately 

and identified significantly different correlations in KC against controls followed by 

visualization using Cytoscape.  

RESULTS: Using |fold change| ≥ 2 and a false discovery rate ≤ 0.05, we identified 436 

coding RNAs and 584 lncRNAs with differential expression in the KC-affected corneas. 

Pathway analysis indicated the enrichment of genes involved in extracellular matrix, 

protein binding, glycosaminoglycan binding, and cell migration. Our correlation analysis 

identified 296 pairs of significant KC-specific correlations containing 117 coding genes 

enriched in functions related with cell migration/motility, extracellular space, cytokine 

response, and cell adhesion. Our study highlighted the potential roles of several genes 

(CTGF, SFRP1, AQP5, lnc-WNT4-2:1, and lnc-ALDH3A2-2:1) and pathways (TGF-β, 

WNT signaling, and PI3K/AKT pathways) in KC pathogenesis. 
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CONCLUSIONS: Our RNA-Seq based differential expression and correlation analyses 

have identified many potential KC contributing coding and noncoding RNAs.  
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Introduction 

Keratoconus (KC) is the most common corneal ectatic disorder 1; 2. KC is characterized 

by bulging and thinning cone-shaped cornea, resulting in myopia, irregular astigmatism, 

and, eventually, visual impairment. KC usually starts at puberty and progresses until the 

third or fourth decade 3; 4. KC is a complex multifactorial disorder with the contribution 

from both genetic and environmental factors as well as biomechanical, metabolic and 

hormonal factors 81; 82; 179-182. KC patients report significantly impaired vision-related 

quality of life which worsens with time due to disease progression8.  

RNA sequencing (RNA-Seq) allows the entire transcriptome of coding and/or noncoding 

RNAs to be surveyed in a high-throughput and quantitative manner 183-186. Long 

noncoding RNAs (lncRNAs) are class of noncoding RNAs that are at least 200 nucleotides 

long 187; 188, and have been found to regulate gene expression transcriptionally and post-

transcriptionally in both physiological and pathological conditions 188; 189.  

Previous studies have attempted to understand processes that underlie KC using different 

approaches. Wentz-Hunter et al. have performed targeted expression analysis of the 

stromal layer of the cornea to identify differentially expressed transcripts in KC versus 

normal cornea 190.  Soon afterward, microarray was used to assess RNAs isolated from 

either the KC-affected epithelium or keratocytes 191; 192. By 2005, differentially 

expressed proteins in KC patients have been investigated using the whole cornea, certain 

layer, or tears 193-196. In 2017, Szcześniak et al. and Kabza M et al. used RNA-Seq to 

determine differentially expressed RNAs between KC-affected and other disease affected 

corneas197; 198.  
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For the first time, we used Total RNA-Seq to identify differentially expressed 

coding/noncoding RNAs in KC-affected corneas versus non-diseased normal ones, and to 

determine the expression correlation. We used droplet digital PCR (ddPCR) to validate the 

differential expression of selected RNAs. These differentially expressed RNAs may 

provide a better understanding of the functions of related lncRNAs and the potential 

pathways involved in KC pathogenesis.  

 

Methods 

Human Cornea Samples and RNA Extraction 

  

We followed the Tenets of Declaration of Helsinki. Unaffected human cornea samples 

were collected from postmortem donors from North Carolina Eye Bank, and the KC-

affected corneal samples were collected during corneal transplantation surgery at the 

Cedars-Sinai Medical Center (CSMC). Both studies were approved by the Institutional 

Research Board offices at Duke University School of Medicine and CSMC, respectively. 

Written informed consent was obtained from all CSMC patients. This study included 10 

KC-affected corneas and 8 normal non-KC corneas (Table 2). The inclusion and exclusion 

criteria for KC diagnosis has been described previously 122; 199. The diagnosis of KC was 

done by a cornea fellowship trained ophthalmologist based on clinical examination and 

confirmed with videokeratography. Clinical examination included slit-lamp 

biomicroscopy, cycloplegic retinoscopy, and fundus evaluations. The slit-lamp 

biomicroscope was used to identify stromal thinning, Vogts’ striae, and Fleischer ring. The 

retinoscopy examination was performed with a fully dilated pupil (20 minutes after 

phenylephrine 2.5% and cyclopentolate 1% drops had been instilled in the eye) to 
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determine the presence or absence of retro illumination signs of KC, such as the oil droplet 

sign and scissoring of the red reflex. Videokeratography evaluation was performed on each 

eye using the Topographic Modeling System (TOMEY, Nagoya, Japan). Subjects were 

assigned as having KC if they had at least one clinical sign and a confirmatory 

videokeratography map with an asymmetric bowtie with skewed radial axis above and 

below the horizontal meridian (AB/SRAX) pattern 200. KC grade was assigned based on 

the average central keratometry readings as follows: Mild: <50D; Moderate: >50D but < 

55D; Moderate-Severe: 55 -60D; Severe: >60D.  

Only KC patients at the advanced stage of KC from whom all other therapeutic 

interventions have failed were included in this study. They were diagnosed with KC grade 

of above 55D (based on the average central keratometry readings). Half of the corneal 

button removed from surgery was used for RNA extraction while the other half was sent 

for pathological examination. The postmortem donors had no other ocular disorders 

affecting their cornea. These cornea samples were excluded from usage in corneal 

transplant mostly due to the lack or incomplete medical/health information or occasionally 

low number of corneal endothelial cells. The central button of the donor corneas was 

acquired using a 6-mm biopsy punch (Cat#33-38, Miltex, Inc., York, PA, USA) and the 

whole button was used for RNA isolation. The cornea was stored in RNALater™ solution 

(Qiagen, Valencia, CA, USA) to preserve RNA quality. Total RNA was extracted using 

mirVana miRNA isolation kit from ThermoFisher Scientific, and with NucleoSpin® 

RNA/Protein isolation kit (MACHEREY-NAGEL Inc., Bethlehem, PA), according to the 

manufacturer’s recommendations. RNA quality was evaluated using Agilent 2100 

Bioanalyzer with Agilent’s RNA 6000 Pico Kit (Agilent, Santa Clara, CA, US). We 
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selected RNA samples with a minimum RIN (RNA Integrity Number) score of 6 for RNA-

Seq. 

Stranded Total RNA-Seq  

 

We used 200 ng total RNA from all subjects to prepare sequencing libraries with the 

TaKaRa SMARTer Stranded RNA-Seq kit after ribosomal RNA depletion using the 

RiboGone - Mammalian kit from TaKaRa (TaKaRa Bio USA, Inc., Mountain View, CA, 

USA). Briefly, the RiboGone-Mammalian kit removes ribosomal RNA (rRNA) and 

mitochondrial RNA (mtRNA) sequences from human total RNA samples based on 

hybridization and RNase H digestion that specifically depletes 5S, 5.8S, 18S, and 28S 

nuclear rRNA sequences, as well as 12S mtRNA sequences. The rRNA-depleted total RNA 

was reverse-transcribed to synthesize the first-strand cDNA followed by PCR 

amplification using universal forward PCR primer and reverse PCR indexing primer set. 

Purified RNA-Seq library was validated using the Agilent 2100 Bioanalyzer with Agilent’s 

High Sensitivity DNA Kit (Agilent, Santa Clara, CA, USA). Pooled RNA-Seq libraries 

were sequenced with paired-end 50bp reads using an Illumina HiSeq 2500 sequencer 

(Illumina, Inc., San Diego, CA, USA) at the Georgia Cancer Center Integrated Genomics 

Core of Augusta University.  

After quality check and control with all sequencing reads, demultiplexed reads were 

aligned by TopHat201 using paired-end reading with the approximation of the median 

library size. Counts of sequencing reads were normalized using Cufflinks in fragments per 

kilo bases and millions reads (FPKM) 202. After normalization, we annotated the 

transcripts with a gene transcript file from Ensembl database at the gene isoform level. We 

performed differential expression analysis using the Cuffdiff package 203. We used a fold 
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change of ≥ 2 and false discovery rate (FDR) ≤0.05 to identify genes with significant 

expression changes in KC corneas versus normal ones. The list of differentially expressed 

genes was uploaded to the Web-based Gene Set Analysis Toolkit (WebGestalt) 

(www.webgestalt.org) 2013 version for gene ontology and KEGG pathway analysis 204. 

For lncRNAs, we annotated them using a file from the NONCODE version 5 database 205. 

After normalization using Cufflinks, we performed differential expression analysis using 

Cuffdiff. For lncRNA data, missing expression data in specific samples was replaced with 

a background value of 0.001 to enable the differential analysis between cases and controls. 

Without such replacement of missing data, the related lncRNAs would have been excluded 

from the differential expression. For lncRNA differential expression analysis, to avoid the 

possible impact of potential DNA contamination and RNA isolation bias, we required a 

minimal size of 300bp for all the lncRNAs. We used |fold change| ≥ 2 and FDR ≤ 0.05 to 

identify lncRNAs with significant expression changes in KC corneas versus normal ones.  

Validation using droplet digital PCR technique (ddPCR) 

 

Twenty-one differentially expressed coding RNAs were chosen for validation with ddPCR 

as previously described 206; 207. We selected these coding RNAs based on the following 

criteria: 1. reasonably high corneal expression with ≥ 10 normalized read counts; 2. 

relevance to corneal integrity, transparency, and cellular adhesion; 3. potential involvement 

in oxidative stress; and 4. related with corneal wound healing. Specific EvaGreen-based 

ddPCR assays were obtained from Bio-Rad Laboratories, Inc. (Hercules, CA, USA). To 

validate the differentially expressed lncRNAs, we selected 7 lncRNAs with reasonable 

corneal expression (≥10 normalized read counts) and strong correlations with various other 

coding and lncRNAs. Specific ddPCR expression assays with specific probes were 
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designed and ordered using the online ddPCR assay design tool with the specific RNA 

sequence of each selected lncRNA for copy number determination (https://www.bio-

rad.com/digital-assays/#/). We used RNA samples from the Total RNA-Seq experiment 

for validation: 8 KC-affected corneas and 8 control corneas. The ddPCR assays were 

performed using the QX200 Droplet Digital PCR system (Bio-Rad, Hercules, CA, USA) 

and its associated QuantaSoft Software, as previously described 122; 199. We used 4 

internal reference genes (GAPDH, PPIA, HPRT1, and RPLP0) 208 to be quantified in the 

samples for normalization purpose. All four reference genes were stably expressed across 

the KC and control cornea samples and had similar performance in expression 

normalization, leading to almost identical successful validation of selected target genes. 

Thus, we decided to normalize with GAPDH for the figure purpose. Mann-Whitney’s test 

was used to analyze the differential expression data from ddPCR for the statistical analysis. 

Expression correlation and Network Analysis 

 

The expression levels of differentially expressed coding RNAs and lncRNAs in all 18 

corneal samples were imported into RStudio Version 0.98.1062 (RStudio, Boston, MA, 

USA) 209 from CSV raw data files. The combined expression data was structured into a 

table where the rows were the mapped RNA names and the columns were the case or 

control individual de-identified with a code name. Repeated gene names were removed and 

genes with no expression levels in all controls or cases were also removed. The correlation 

between all RNA expression levels was determined for the controls data and the cases data 

separately using R’s built-in Pearson correlation function (cor). Using R psych package’s 

test of significance for correlations (r.test), the p-value comparing the respective mapped 

gene’s control and case correlations were calculated. The false discovery rate (FDR) was 

https://www.bio-rad.com/digital-assays/#/
https://www.bio-rad.com/digital-assays/#/
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calculated from the p-values using the R’s built-in Benjamini–Hochberg procedure 

function (p.adjust with “BH” parameter). We removed redundant correlations between 

each gene and itself as well as duplicated gene correlations (A-B is the same as B-A).  

The list of expression correlations was filtered with the criteria of an FDR ≤ 0.05 and 

having at least a mean expression level ≥ 20 in the cases or the controls with one gene. 

The entire filtered list of correlated RNAs including lncRNAs was visualized using 

Cytoscape version 3.5.1 (Cytoscape Consortium, New York, NY) 210. Expression network 

hubs were defined as network nodes with multiple correlations to other RNAs. It was 

expected that this correlation expression analysis among coding RNAs and lncRNAs would 

help identify biologically important lncRNAs in human cornea. The list of correlated 

coding RNAs was loaded to WebGestalt (www.webgestalt.org) 2013 version for gene 

ontology and KEGG pathway analyses 204.  

 

Results 

Identification of differentially expressed coding RNAs  

 

Each sample generated 20-44 million paired reads with 100% sample index match, > 96% 

bases with Q30, and mean quality score > 38. Overall, 62% - 88% of sequencing reads for 

all RNA samples were successfully mapped to the transcriptome file from Ensembl 

database, containing a total of 212,368 transcript isoforms. There were a total 95,954 and 

103,440 expressed transcripts in all the normal controls and KC-affected cornea samples, 

respectively. The number of expressed transcripts in each sample ranged from 120,000 to 

139,000. Using a cutoff of at least one count of normalized transcripts, the number of 
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expressed transcripts in each sample ranged from 35,000 to 45,000. There is a total of 

14,111 and 19,608 expressed transcripts (≥1 count) in all the normal controls and KC-

affected corneal samples, respectively. The mean expression levels of these shared 

transcripts (≥ 1 count) were 142 reads in control corneas and 63 read counts in the 

keratoconic corneas.  

Using the cutoff with |fold change| ≥ 2 & FDR ≤ 0.05, we identified 436 differentially 

expressed coding RNAs (159 up-regulated and 277 down-regulated). Our analysis was 

consistent with previous expression studies by identifying differential expression of many 

known KC-related genes, including but not limited to TGFBR3, TIMP1, FBLN1, TIMP3, 

AQP5, and SFRP1. The top 20 up- and down-regulated coding genes, showing the highest 

fold changes, were listed in Table 3.   

Using WebGestalt with the differentially expressed coding RNAs, our gene ontology 

analysis revealed disruption in different biological processes (cellular proliferation, 

differentiation, locomotion, migration, cellular stress and wound response), molecular 

functions (glycosaminoglycan binding, iron ion binding, antioxidant activity, and insulin 

like growth factor binding), and cellular components (adherens junctions, extracellular 

matrix region, and basement membrane) in the keratoconic corneas.  

Validation of differentially expressed coding RNAs 

 

Out of the 436 differentially expressed coding genes, we selected 21 genes for validation 

by ddPCR based on the criteria described earlier (Table 4). Of these 21 genes, 19 were 

confirmed to have significant and similar expression trend to the RNA-Seq results (Figures 
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4A and 4B). The other two genes (APOD and IFI6) demonstrated similar expression trends 

but did not reach statistical significance. 

Identification of differentially expressed lncRNAs  

A total of 15,966 lncRNAs were expressed in the control and keratoconic cornea samples. 

Using the cutoff with |fold change| ≥ 2 & FDR ≤ 0.05, we identified 586 differentially 

expressed lncRNAs (343 up-regulated and 243 down-regulated). Next, differentially 

expressed coding RNAs and lncRNAs were used to perform a correlation analysis.  

Validation of differentially expressed lncRNAs 

Based on their high cornea expression (≥10 normalized read counts), functional annotation 

in relation to KC-related pathways, and expression correlation with coding and lncRNAs, 

we selected 7 differentially expressed lncRNAs for ddPCR validation (Table 5). Specific 

probe-based ddPCR assays with FAM labeling were designed to validate the differential 

expression of these lncRNAs in KC-affected corneas versus the controls (Figure 2A). The 

four selected internal reference genes were also used to normalize the expression of these 

lncRNAs. Five lncRNA showed a similar trend to RNA-Seq results (lnc-WNT4-2:1, 

MEG3, lnc-BLID-5:1, lnc-SCP2-2:1, and lnc-ALDH3A2-2:1). However, 

NONHSAT174656 and lnc-DLG-1:1 didn’t show any significant differential expression in 

KC-affected corneas versus controls (Figure 5A & 5B). 

Correlation analysis of coding and noncoding RNAs  

The expression correlation analysis identified a total of 492,135 pairs of RNAs with 

expression correlations in cases or controls. After comparing the correlations between 

cases and controls, a total of 352 significant differential correlations were identified with a 



 

 

34 

 

FDR ≤ 0.05. After applying a minimum mean expression of 20 for at least one of the two 

paired transcripts in cases or controls, we identified 296 pairs of significant differential 

correlations between cases and controls. Many coding and noncoding RNAs were 

identified in multiple correlation pairs. These included A2M, APOD, MUC16, lnc-SCP2-

2:1, lnc-DLG5-1:1, lnc-BLID-5:1, lnc-ALDH3A2-2:1, NONHSAT175650_1, and 

NONHSAT217671 (Figure 6).  We used Cytoscape to visualize the whole expression 

network of these 296 pairs. This network analysis revealed a number of genes with 

significant correlations in the keratoconic corneas versus the unaffected normal controls 

(Table 6). We identified 117 coding RNAs in the significantly differential expression 

correlations. These 117 genes were enriched for their functions in negative regulation of 

cell migration and cell motility, extracellular space, cellular response to cytokine stimulus, 

cell surface receptor signaling pathway, and regulation of cell adhesion.  

Discussion 

KC is a complex disorder with both genetic and environmental factors. Epithelial and 

stromal layers of the cornea show the prominent histopathological changes during KC 

progression. A better understanding of the key molecular players involved in KC-

associated corneal pathogenesis may provide potential therapeutic targets for disease 

treatment. Researchers used various techniques including RNA-Seq, microarray, RT-PCR, 

mass spectrometry, and western blots 191; 192; 196; 198; 211; 212. Recently, Kabza et al. 

have used RNA-Seq for KC-affected corneas; however, this study was complicated by the 

use of other diseased corneas as controls. Compared to this study, our data have shown 

overlapping genes with differential expression (35 up- and 135 down-regulated genes)198. 
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We identified decreased expression in the cytokeratin (KRT6A, KRT13, KRT15, and 

KRT19) and collagen (COL8A1 and COL8A2) genes, indicating compromised integrity 

of KC cornea. Type VIII collagens are normally expressed in the Descemet’s membrane 

213 and targeted inactivation of Col8a1/Col8a2 leads to corneal abnormalities in mice214.  

Our study confirms the potential role of oxidative stress in KC-affected corneas by 

identifying differential expression of many genes involved in response to oxidative stress 

including GSTO1, SGK1, APOD, KLF9, GPX3, STK39, TXNIP, and lnc-ALDH3A2-

2:175; 215. The majority of these genes in defense mechanism for oxidative stress were 

down-regulated. However, lnc-ALDH3A2-2:1 is found to have more than 3-fold increased 

expression and correlated to other lncRNAs (Figure 3A). Lnc-ALDH3A2-2:1, according 

to Lncipedia database 216, is classified as an antisense transcript which overlaps with the 

protein coding gene ALDH3A2 on the opposite strand. However, using BLASTN, we 

found that lnc-ALDH3A2-2:1 sequence overlaps with the last exon of ALDH3A1 gene. 

The ALDH3A1 transcript did not show significant differential expression in our study; 

however, lncRNAs may alter protein level without affecting mRNA 217. Another factor 

impacting oxidative stress is disruption of iron homeostasis, which can lead to various 

corneal diseases including KC 194; 195; 218; 219. Fleisher ring, a ring of iron deposition in 

the corneal cone, is a typical clinical sign for KC 16. Importantly, TFRC, a cellular receptor 

for iron-ferritin complex uptake 220, has been identified to have elevated expression in KC 

cornea in our study. This elevated expression in KC-affected corneas may result from iron 

deficiency 221. We also found down-regulation of the FTL transcript (Ferritin Light Chain) 

in KC corneas. Significantly, mutations in FTL have been linked to iron accumulation in 

the brain, causing neurodegenerative disease 222 
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We observed differential expression of many genes involved in corneal wound healing 

such as EPPK1, AQP3, AQP5, SLC2A1, and CTGF. Corneal wound healing is a complex 

process controlled by the integrated actions of multiple growth factors, cytokines, and 

proteases produced by epithelial cells, stromal keratocytes, and inflammatory cells 223. 

However, unregulated healing processes, due to genetic or epigenetic factors, can lead to 

impairment in cellular function 224; 225. Mace et al. have shown anti-proliferative and 

hyper-apoptotic phenotype in KC-affected cornea which also reveals a defect in wound 

healing process 211. Aquaporins (AQPs) are a ubiquitous family of transmembrane water 

channels to maintain tear film osmolarity, stromal layer thickness, and corneal 

transparency226. AQP3 and AQP5, important for corneal wound healing, are highly 

expressed in the cornea 226. Both AQPs show reduced expressions in the KC-affected 

corneas (Table 3). Consistent with our results, Rabinowitz et al have reported the lack of 

AQP5 expression in KC-affected corneas 227. Although this altered expression was not 

reported by Garfias et al., this discrepancy could be due to their heterogeneous controls 

(normal corneal epithelium, sclerocorneal rims, and healthy corneal buttons) 228. EPPK1 

encodes a cytoskeletal linker protein called epiplakin, which maintains the integrity of 

intermediate filaments networks in epithelial cells 229; 230. Migration-dependent wound 

healing improvement has been found in epiplakin-null epithelium 231. Up-regulation of 

EPPK1 in our study suggests the potential involvement of EPPK1 in the impaired corneal 

wound healing in KC. Interestingly, SLC2A1 is up-regulated during corneal epithelium 

wound healing 232. Reduced expression of SLC2A1 in KC-affected corneas may reflect a 

lesser glucose uptake. This is intriguing because there is a reduced risk of developing KC 
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in diabetic patients) 233-236. Moreover, it has been reported that diabetic patients have 

thicker cornea than normal individuals 232.  

 CTGF is expressed in multiple ocular tissues as a downstream signaling molecule in the 

TGF-β pathway 237. Importantly, loss of CTGF impairs efficient corneal wound healing 

238. The decreased expression of CTGF in our study is consistent with previous studies 

198; 199. Dysregulation of extracellular matrix (ECM) pathway has been reported with KC 

progression 16; 199. Previous studies have shown an up-regulation of ECM degradative 

enzymes and/or down-regulation of their inhibitors 65; 75; 198. Our data show significant 

down-regulation in proteinases inhibitors (TIMP-1, TIMP-3, and A2M, and SLPI), but 

interestingly no significant change with ECM proteinases.  

WNT signaling is essential for normal corneal development. Sequence variants in WNT7B 

and WNT10A genes have been associated with CCT and KC risk 132; 239. A recent RNA-

Seq based study showed dysregulation in WNT signaling in KC-affected corneal 

epithelium 212. We found some evidence of WNT signaling disruption represented by 

downregulation of ANGPTL7, TGFBR3, SFRP1 and upregulation of FZD8 (frizzled class 

receptor 8) and EGR1 (early growth response 1). ANGPTL7 encodes angiopoietin-like 7 

and is abundantly expressed in keratocytes to maintain corneal avascularity and 

transparency 240. SFRP1 inhibits WNT signaling by preventing the formation of the WNT-

FZD complex. Iqbal et al. have shown an increased expression of SFRP1 in the KC-

affected corneal epithelium 241 while SFRP1 expression is reduced in tears from KC 

patients 242. TGFBR3 suppresses WNT signaling through binding to Wnt3a and β-catenin 

243. We observed increased expression of Lnc-WNT4-2:1 in KC versus controls. Our 

BLASTN analysis indicated that Lnc-WNT4-2:1 is a sense transcript for its overlapping 
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with exon 5 of WNT4 gene. Interestingly, CPAT (Coding-Potential Assessment Tool using 

an alignment-free logistic regression model) predicts a coding potential for this lncRNA 

(https://hg19.lncipedia.org/) 216. Although no significant change in WNT4 mRNA in KC-

affected corneas, this does not rule out the potential role of lnc-WNT4-2:1 in regulating 

WNT signaling pathway. 

Another pathway in KC pathogenesis is the PI3K/AKT pathway. This pathway is involved 

in cell cycle regulation and cell proliferation in the cornea 244. Our data shows down-

regulation of negative regulators of PI3K/AKT pathway, including PIK3IP1, DDIT4, 

IGFBP-3, -4, and -5. PIK3IP1 may suppress AKT activity by inhibiting the expression of 

PI3K 245. PIK3IP1 has been reported to be down-regulated in KC-affected corneas 198. 

IGFBPs belong to a family of six structurally similar proteins which antagonize the binding 

of insulin growth factors to their receptors, thus, controlling cell survival, mitogenesis, and 

differentiation 246. Our results indicate that IGFBP-3,-4, and-5 have 10-fold, 3-fold, and 

8-fold reduced expression in KC corneas, respectively. Our findings are consistent with 

previous studies in keratocytes isolated from KC-affected corneas compared to normal 

corneas 191. 

For the first time, we have identified pairs of RNAs showing significantly different 

correlations in KC versus controls (Table 6). Functions of most of the identified genes are 

still not clear, especially in the cornea. APOD and SFRP1 showed a significant positive 

correlation in KC, with both being down-regulated (Figure 3B). Both genes were reported 

to have tumor-suppressive functions including DNA-repair, induction of apoptosis, 

detoxification, differentiation, and transcriptional regulation 247. Apolipoprotein D 

(APOD) is a stroma specific protein as lipophilic molecules carrier 248. SFRP1 is a 

https://hg19.lncipedia.org/
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negative regulator of WNT signaling, but it is unclear whether WNT signaling disruption 

is a cause for the inverse correlation between the two genes. 

Despite the significant findings, our study has several limitations. First is the relatively 

small sample size of cases and controls. Second, age, gender, and ethnicity were not 

matched completely between cases and controls. It will be appropriate to study how age 

affects the corneal expression in controls so that we can identify KC-specific but not age-

related expression alterations. The source of corneal samples (i.e. surgical vs. postmortem 

donors) might potentially contribute to the expression profile difference between KC and 

controls. Third, this study used whole cornea for expression. It will be important to examine 

tissue-specific differential expression in the epithelium and stroma separately if possible. 

Fourth, our expression study is limited by transcript quantification only. Additional 

proteomics or protein-based studies are necessary to confirm the differential expression in 

KC-affected corneas. 

We have not only confirmed many previous reported KC-related differential expressed 

genes, but also identified a number of novel coding and noncoding RNAs involved in KC 

pathogenesis. We have identified overabundance of genes with reduced expression, 

consistent with the destructive nature of corneal degradation associated with KC-related 

corneal thinning and with our previous RNA microarray study and another study from 

Mace et al. 199; 211.  

In summary, we have successfully used Total RNA-Seq to identify differentially expressed 

coding and noncoding RNAs in KC-affected whole corneal tissues. These RNAs may 

disturb various corneal functions including cellular adhesion, oxidative stress response, 
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proliferation, migration, apoptosis, and wound healing. Our expression correlation analysis 

between differentially expressed coding RNAs and lncRNAs has identified a number of 

potential expression regulators and provided potential functional annotation for lncRNAs 

with unknown functions.  
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Table 2: Clinical phenotypes of patients with KC and normal controls 
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Table 3: Top coding genes with significant differential expression in KC-affected corneas  
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Table 4: Twenty one differentially expressed coding genes to be validated using ddPCR. 
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Table 5: Seven differentially expressed lncRNAs to be validated using ddPCR 
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Table 6: Coding and long noncoding RNAs with significant differences in expression correlation (with a 

reasonable corneal expressions) in KC-affected corneas versus the controls. 
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Figure 4: Differentially expressed coding genes in keratoconus-affected human corneas identified by RNA 

sequencing (A) and droplet digital PCR (ddPCR). For panel A, ** FDR < 0.01, * 0.01< FDR < 0.05. For 
panel B, ***p- value < 0.001, ** p-value < 0.01, * 0.01< p-value < 0.05. Error bars in panels A and B 

represent standard error. 

 

 

 



 

 

48 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5: Differentially expressed long non-coding RNAs (lncRNAs) in keratoconus-affected human 

corneas identified using by RNA-Seq (A) and droplet digital PCR (ddPCR) (B). For panel A, ** FDR 

<0.01, * 0.01< FDR < 0.05. For panel B, *** p- value < 0.001, ** p-value < 0.01, * 0.01< p-value < 0.05. 

Error bars in panels A and B represent standard error. 
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Figure 6: Correlation networks of the differentially expressed coding RNAs and lncRNAs displayed by 

Cytoscape. The nodes represent mapped RNAs colored and sized by the degree of correlations with other 

RNAs. The edges are sized and colored based on the significant differences (i.e., false discovery rate, FDR) 

between controls and cases. Correlation networks were shown for the Lnc-ALDH3A2 -2:1 (A), APOD (B), 

CLIC4 (C), SLC2A1 (D), and A2M (E) genes. 
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3. UNPUBLISHED RESEARCH 
 

PPIP5K2 mutations in human familial keratoconus and mouse 

cornea  

Introduction 

Keratoconus (KC, OMIM 14830) is a multi-factorial corneal ectatic disorder1; 2. Genetic, 

environmental, biomechanical, and hormonal factors play important roles in KC 

pathogenesis26. Although the majority of KC cases are sporadic, the genetic contribution 

in KC pathogenesis has been validated by a large number of studies (reviewed in 86).  

Familial inheritance has been reported in 6 - 23.5% of KC patients and first-degree relatives 

are at 15–67 times higher risk than the general population 87. Autosomal dominant 

inheritance has been observed in most of the multiplex KC families (reviewed in 249). 

Higher concordance of KC severity has been reported in monozygotic (MZ) twins than 

dizygotic twins (DZ)86; 89; 90. Moreover, consanguineous marriage (first-cousin marriage) 

was found to be a risk factor for KC93; 94.  

KC has also been reported to be associated with chromosomal abnormality disorders such 

as Down syndrome (trisomy 21), and 22q11.2 deletion syndrome16; 95-97. Furthermore, 

multiple genetically inherited disorders have been found to be associated with KC 

including Leber congenital amaurosis 98; 99, cataract 100, retinal cone dystrophy 101, 

Ehlers–Danlos syndrome, and osteogenesis imperfecta 102; 103. 

 Genome-wide linkage analyses have identified many genomic loci linked with KC. These 

include 1p36.23-36.21, 2p24, 2q13, 3p14-q13, 5q14.3-q21.1, 5q21.2, 5q32-q33, 8q13.1-

q21.11, 9q34, 13q32, 14q11.2, 14q24.3, 15q15.1, 15q22.33-24.2, 16q22.3-q23.1, and 
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20p13-p12.2, 20q12 (reviewed in 250). However, the exact disease-causing mutations are 

still unknown for most patients 106. Intriguingly, the linkage locus 5q21.2 has been 

replicated in two independent studies 111; 112. Follow-up studies have screened a lot of 

candidate genes within many of the identified linkage loci to identify the causative 

mutations. Genetic mutations have been reported in a limited number of genes including 

MIR184 and DOCK9 100; 115. MIR184 c.57C>T has been functionally validated using an 

in vitro model. Thus, in vitro and/or in vivo models are necessary to elucidate the potential 

function of the identified mutations in KC pathogenesis. The mutation MIR184 c.57C>T 

has been identified in the linkage region 15q22.32-24.2 in a Northern-Irish family with KC 

and congenital cataract through targeted sequence-capturing followed by next-generation 

sequencing 100; 109; 110.  

Next-generation sequencing has been successfully used to identify genetic mutations in 

human Mendelian disorders. Targeted sequencing has been widely used to elucidate the 

causative genetic mutation(s) in numerous inherited diseases such as neurofibromatosis 

type 1, Marfan syndrome, dilated cardiomyopathy, congenital disorders of glycosylation, 

and KC 170; 172. However, targeted sequencing relies on the successful identification of a 

significant linkage region. The advent of whole exome sequencing (WES) and whole 

genome sequencing (WGS) technology brings significant advantages by exploring all the 

coding or genome sequence in the absence of a linkage locus 170. WES is often used to 

identify mutation(s) in the protein-coding regions (1% of the human genome), while WGS 

is to explore mutations in the whole genome. We have used these revolutionized 

approaches to study the causal mutation(s) in a four-generation family affected with KC. 
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Genome-wide linkage analysis has revealed region chr5q14.3-21.1 to be specific to this 

family with an autosomal dominant inheritance 111; 251.  

Materials and Methods 

Human DNA 

The Institutional Review Boards at the Cedars-Sinai Medical Center and Augusta 

University approved the related research protocols. After all patients and family members 

were informed about the study, they were consented with informed written consent. DNA 

was extracted from blood samples of all family members (Figure7) 111; 252 from a four-

generation family, and individuals from a two-generation family (Figure 8) following a 

standard protocol from Puregene Gentra Systems, Inc. (Minneapolis, MN). All DNA 

samples were shipped at room temperature to Augusta University. The concentration of all 

DNA samples was determined by DNA-specific fluorescence (PicoGreen) binding assays 

with a standard curve using a microplate reader Tecan M200. The quality of DNA was 

evaluated with the ratio of OD260/OD280, the ratio of OD260/OD230, and a 0.8% agarose 

gel electrophoresis with high mass DNA ladders. Samples with > 10kb in size with no or 

little degradation were considered to be high quality for WES and WGS. In addition, all 
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DNA samples were treated with RNase to remove any potential RNA contamination. 

 

Figure 7: A four-generation KC family with autosomal dominant inheritance. A linkage peak was reported 

on chr5q14.3-21.1. KC-linked haplotype was identified as gray or black bar. Generation number is indicated 

by the bold-faced Roman numerals listed to the left of the generation. Individual identification number of 

each member is indicated at the right bottom side of each member. (Adapted from Tang, Y. G. et al. 2005)111. 

(A) Red color highlights the genotypes of individuals with PPIP5K2 missense mutation (rs35671301, 
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c.1255T>G, p.Ser419Ala). (B) Red color highlights the intronic variant in the PCSK1 gene (rs373951075, 

c.1096-10G>A). 

 
 

 
Figure 8: The pedigree structure of a second multiplex family affected with KC. Red color highlights the 

PPIP5K2 missense mutation (rs781831998, c.2528A>G, p.Asn843Ser). 

 

 

Whole exome sequencing (WES) and Whole genome sequencing (WGS) 

For WES, one µg high quality DNA per sample for 14 individuals from the two families 

was enriched with Roche NimbleGen SeqCap EZ Exome Library v3.0 with a 64Mb 

sequence capture followed by 100bp paired-end sequencing with Illumina Hi-Seq2500 

sequencer at Duke University Center for Human Genome Variation (CHGV) as previously 

described 253. For the bioinformatics analysis, all sequencing data underwent quality 

control with the TrimGalore package by removing any Illumina adapter sequences or low 

quality base calls from the 3’-end of the reads. Sequencing reads were aligned to human 

reference genome NCBI build 37 with the BWA algorithm 254. Potential PCR duplicate 

reads were removed with Picard and variants are called with GATK, following the Broad 

Institute’s Best Practices Workflow 255-257. The called variants were annotated for their 
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functional impact using SNPeff with annotations from Ensembl 258. All the samples were 

sequenced with at least 75X average coverage for all targeted regions.  

Five individual DNA samples from the four-generation family were selected for WGS. 

WGS was done with paired-end 150bp sequencing with Illumina HiSeq XTEN sequencer 

with at least 30X average coverage at New York Genome Center (NYGC, New York, NY, 

USA). Bioinformatics analysis was performed using the standard pipeline at NYGC for 

sequence quality control, sequence alignment, sequence and structural variants calling, and 

annotation. All five samples were sequencing with 31-37X coverage. After we assessed 

the quality of WGS data along the analysis pipeline, WGS data were processed through an 

automated pipeline at NYGC’s high-performance computational facility. Paired-end 150bp 

reads were aligned to the GRCh37 human reference genome using the Burrows-Wheeler 

Aligner (BWA-MEM v0.78) 254 and processed using the best-practices pipeline that 

includes marking of duplicate reads by using Picard, realignment around indels, and base 

recalibration via GATK v3.2.2 256. Variants were called using GATK HaplotypeCaller to 

generate a single sample Genotype VCF (GVCF) file. To improve variant call accuracy, 

five single-sample GVCF files were jointly genotyped using GATK GenotypeGVCFs to 

generate a multi-sample VCF file. Variant annotations were done using SnpEff 258, 

VCFtools 259, and NYGC in-house custom software.  

Variant filtering pipeline 

We applied a specific sequence analysis pipeline in a combination with human corneal 

gene expression data to filter and prioritize all the variants (Figure 9). We used SNP & 

Variation Suite (SVS8.0) software from Golden Helix (Bozeman, MT, USA) for our 

analysis pipeline. We filtered and focused on the variants using the following criteria: 1) 
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good sequencing quality (≥20) and high read depth (≥20) ; 2) absence in the unaffected 

controls carrying no linkage risk haplotypes (indicated by the empty column); 3) minor 

allele frequency (MAF) ≤ 0.01 in publically available variant databases (The Exome 

Aggregation Consortium (ExAC), NHLBI GO Exome Sequencing Project (ESP),  Genome 

Aggregation Database (gnomAD), and 1000 Genomes); 4) exonic and non-

synonymous variants; 5) heterozygous in the affected patients via autosomal dominant 

inheritance; 6) the gene containing the variant is expressed in human cornea; and 7) located 

within in the linkage locus chr5q14.3-21.1. We have applied a similar filtering pipeline for 

the WGS data (Table 7).  
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Figure 9: Variant filtering pipeline for whole exome sequencing data using the SVS software 
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Table 7: Variant filtering pipeline for whole genome data using the SVS software 

 

 

In vitro functional assay for the identified mutations 

Plasmids hosting human PPIP5K2 (NM_001345875) were constructed as previously 

described 260. Single mutations of PPIP5K2 Ser419Ala or Asn843Ser were constructed 

using the Q5 site-directed mutagenesis kit (New England Biolabs, Ipswich, MA, USA). 

The paired primers of human PPIP5K2 were designed as follows (mutagenic nucleotide is 

lower case): for S419A the sequence of the forward primer is 

TGGATATAAAgCAGGGAAATTAAAAC; and the reverse is 

https://www.ncbi.nlm.nih.gov/nuccore/NM_001345875
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TCACACTTTTCAAAAAGATCAAAAAATTTC. For the second mutation N843S, the 

sequence of the forward primer is GCCTTATGCAgTGAATCAAAG; and the reverse 

primer is ACCATAGCGAAGAATAGAC. All constructs were confirmed by DNA 

sequencing. HEK293 cells were transiently transfected with Flag-tagged PPIP5K2, 

PPIP5K2 p.Ser419Ala or PPIP5K2 Asn843Ser plasmids using Lipofectamine 3000 (Life 

Technologies). Cells were harvested 16- 20 hours after transfection and lysed in ice-cold 

buffer containing 10 mM HEPES, 130 mM NaCl, 1% Triton X-100, 10 mM NaF, 10 mM 

Na2HPO4, 10 mM Na pyrophosphate and protease inhibitor cocktail (Roche, Basel, 

Switzerland). The FLAG-tagged PPIP5K2 proteins were immunopurified using FLAG M2 

affinity gel (MilliporeSigma, St. Louis, MO, USA). Purified FLAG-PPIP5K2 proteins 

were analyzed by SDS-PAGE and stained with Coomassie Blue. Densitometry analysis 

(ImageJ) was used to calculate the amounts of PPIP5K2 loaded onto the gel by referencing 

additional lanes loaded with known amounts of the human recombinant PPIP5K2 kinase 

domain.  

The enzymatic assays of PPIP5K2 phosphatase and kinase were performed as previously 

described 260; 261. Briefly, PPIP5K2 phosphatase activities were measured at 37°C after 

30 minutes incubations comprising 100 µl of assay buffer containing 1 mM Na2EDTA, 50 

mM KCl, 20 mM HEPES (pH 7.2), 2 mM MgCl2, 0.5 mg/ml BSA and 1µM of chemically 

synthesized InsP8. The activities were calculated by how much InsP8 hydrolyzed to 5-

InsP7 and was then quantified by HPLC. Kinase activities were measured at 37°C after one 

hour incubations comprising 100 ul of assay buffer containing 1 mM Na2EDTA, 50 mM 

KCl, 20 mM HEPES pH 7.2, 7 mM MgCl2, 5 mM ATP, 0.5 mg/ml BSA, plus 0. 1 μM of 
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chemically synthesized 5-InsP7. The reaction was quenched and the conversion of 5-InsP7 

to InsP8 was determined by HPLC. 

Primary human corneal epithelial cells and stromal fibroblasts culture  

Human donor eyes were received from the Georgia Eye Bank (Atlanta, GA, USA) within 

24 hours after death.  Primary human corneal epithelial cells (HCEC) and stromal 

fibroblasts (HCSF) were isolated from the donors’ eyes according to the established 

protocols 262; 263. Briefly, in serum-containing media, corneas were dissected under the 

microscope in the presence of DispaseII to detach the epithelium from the remaining tissue. 

Epithelium was kept in media with the DispaseII overnight at 4°C to get a single cell 

suspension. HCEC were cultured in high glucose DMEM (Gibco, ThermoFisher 

Scientific), 10 ng/mL human recombinant EGF (Sino Biological, Wayne, PA, USA), 10% 

fetal bovine serum, 1% insulin-transferrin-selenium-100X (Gibco), and 40µg/mL 

gentamycin (Sigma). The cells were incubated at 37°C under 95% humidity and 5% CO2, 

and the medium was changed every 3 to 4 days. From the remaining tissue, endothelium 

was removed and only the layer containing stromal cells was kept in a medium containing 

serum and collagenase at 37 ̊C and 5% CO2 to get HCSF. HCSF were cultured in the same 

medium and under the same conditions as HCEC but without human recombinant EGF. 

We isolated RNA from HCEC (three different donors), and HCSF (one donor but the RNA 

was from three different culture plates) using Exiqon miRCURY™ RNA Isolation Kit. 

PPIP5K1 and PPIP5K2 expression with droplet digital PCR (ddPCR)  

Specific EvaGreen-based ddPCR assays for PPIP5K1 (dHsaEG5000994) and PPIP5K2 

(dHsaEG5018506) were obtained from Bio-Rad Laboratories, Inc. (Hercules, CA, USA). 

We assessed the expression of PPIP5K1 and PPIP5K2 in primary HCEC and HCSF using 

with ddPCR as previously described 206; 207. We used two internal reference genes 
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(GAPDH and HPRT1) to be quantified in the samples for normalization purpose, and both 

showed similar stable expression among all samples. For figure purpose, we normalized 

with HPRT1. 

Mouse husbandry  

We obtained breeding pairs of heterozygous B6N (Cg)-Ppip5k2tm1b (EUCOMM) Wtsi/J mice 

from Jackson Laboratory (Figure 14A). It is a Ppip5k2 gene trap mouse model with no 

phosphatase activity, but elevated kinase activity (designated as Ppip5k2K^) 264. This 

mouse model was generated by the Knockout Mouse Phenotyping Program (KOMP). A 

beta-galactosidase-containing cassette with an upstream 3’ splice site and a downstream 

transcriptional termination sequence with poly (A) tail was inserted as a reporter allele to 

replace exon 14. Mice were bred and maintained according to the guidelines described in 

the Association for Research in Vision and Ophthalmology Statement for the Use of 

Animals in Vision and Ophthalmic Research and Augusta University animal handling 

guidelines. The mouse protocol was approved by the Institutional Animal Care and Use 

Committee (IACUC) at Augusta University. Mice genotypes were assessed using PCR 

with the following primers, wild type forward 5′-GGG AGA CCT ATC CAT GGT TGT 

A-3′, wild type reverse 5′-CAT TTG AGC AGA GCT TGG TG-3′, mutant forward 5′-

CGG TCG CTA CCA TTA CCA GT-3′, and mutant reverse 5′-CAG CCC TGA AAA 

CAT ACA CG-3′. PCR was performed using Touchdown protocol with an annealing 

temperature of 57 ̊C 265. Gel electrophoresis showed different patterns of band sizes 

according to the genotype.  The homozygous mouse Ppip5k2K^/K^ showed one PCR band 

at 450bp, the heterozygous mouse Ppip5k2+/K ^showed two bands at 450bp and 236bp, 

while the wild-type mouse Ppip5k2+/+ yielded one band at 236bp.  
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In vivo mouse corneal examination 

Mice were anesthetized using a rodent anesthesia cocktail containing ketamine 100 

mg/mL, xylazine 12 mg/mL (Sigma-Aldrich Corp., St. Louis, MO, USA) for either slit 

lamp or spectral domain optical coherence tomography (SD-OCT) examination. GenTeal 

Lubricant Eye Gel (Alcon, Ft. Worth, TX, USA) was applied after anesthesia until the 

examination started. Systane lubricant eye drops from Alcon were applied throughout the 

eye examination to avoid cornea dryness. 

a. Slit lamp examination  

The cornea and anterior chamber of the anesthetized mouse were examined with a slit lamp 

(SL-D7; Topcon, Tokyo, Japan) and photo-documented with a digital camera (D100; 

Nikon, Tokyo, Japan). 

b. SD-OCT 

We used SD-OCT to visualize the anterior segments in mice 266; 267. The structure of 

anterior chamber and corneal curvature of the anesthetized mouse were examined using 

the Bioptigen Spectral-Domain Ophthalmic Imaging System (Envisu R2200; Bioptigen, 

Morrisville, NC, USA) 268. Briefly, we used the 12mm telecentric probe and set the 

reference arm at position 245. A mouse was mounted on to the cassette, and OCT laser was 

aligned along the optical axis of the eye until Purkinje reflections on the X Y axis were 

obtained. Three scans were performed for each eye which consisted of one rectangular and 

two radial scans.  The rectangular scan parameters were: length = 4mm, width = 4mm, 

angle = 0 degree, A-scan/B-scan = 1000 lines, b-scan = 100 scan, frame/B-scan =1, and 

duration 4 seconds. The radial scan parameters were: Diameter = 3mm, A-scan/B-scan = 

1000 lines, B-scan/volume = 50 scan, frame/B-scan =1, and duration 4 seconds with the 

first radial scan and 2 seconds for the second one.  The central corneal thickness (CCT) 
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and the anterior chamber depth (ACD) were assessed using the software as shown in figure 

15D. 

Curvature and thickness mapping 

Corneal biometric parameters including corneal curvature, topography, and pachymetry 

were measured from the corneal OCT images using methods previously described for 

human corneal OCT images and then adapted for mouse corneal OCT images 269-271. In 

brief, after contrast enhancement, each radial corneal OCT B scan was first segmented 

using a semi-automatic, gradient-based algorithm to identify the corneal epithelial and 

endothelial surfaces. The algorithm used an initial seed segmentation that served as a pilot 

template for segmenting the remainder of the volume. Axial motion correction was 

performed by aligning segmentations at the axis of rotation of the radial volume. The data 

were then fitted to a sixth-order Zernike polynomial to resample the radial data into an 

evenly distributed Cartesian data set. Optical dewarping was implemented by path length 

and refraction correction with a vector form of Snell’s Law.  

From the corneal surface data, pachymetry (corneal thickness) maps were created by direct 

z-axis subtraction of the epithelial and endothelial layers. Curvature maps were created by 

calculating local epithelial curvatures based on formulas outlined in the ANSI Z80.23-2007 

standards for human corneal topography 272. Instantaneous curvatures were calculated 

along meridians across the nominal optical zone. A radius of curvature (Rc) to describe the 

average curvature of each specific cornea was calculated by fitting the anterior corneal 

surface to a sphere using least squares fitting. 
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Cornea sectioning and histological staining  

a. Mouse cornea  

After euthanization, the whole mouse eye was removed and fixed in Davidson’s fixative 

for <24hrs and was transferred to 70% EtOH. Eyes were sent to the Electron Microscopy 

and Histology Core laboratory at Augusta University for sectioning. After fixation, eyes 

were embedded in a low melting point agar following a specific protocol. Briefly, 4% agar 

was prepared and heated until the solution was completely dissolved and then heat was 

turned to medium and stirred for 20 minutes. An embedding mold was filled with 4% agar 

and the eye was oriented under a dissecting scope to keep the eye on the bottom of the 

mold. When solidified, the agar block was removed from the embedding mold and excess 

agar was trimmed off around the eye, then was placed in a cassette. The cassette was added 

to 70% ethanol and the block was ready for processing. Samples were processed on a 

Sakura Tissue Tek VIP processor overnight, then, they were embedded in Polyffin 

embedding media (VWR#15147-839) and sectioned on a Leica RM 2155 microtome at 5 

μm. Some slides were stained with H&E on a Leica Autostainer XL, while others were 

kept unstained for later use. Slides were then stored at room temperature until use. 

b. Human cornea 

Postmortem human corneas were obtained from Duke University Eye Center via the North 

Carolina Eye Bank. The corneas were fixed in Davidson’s fixative for < 24 hours and then 

were transferred to 70% alcohol. Fixed corneas were sent to Georgia Esoteric and 

Molecular (GEM) Laboratory at Augusta University for sectioning. Human corneas were 

put in agar blocks and then were processed using Excelsior AS Thermofisher. Corneas 
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were sectioned with a 4um thickness using a Leica Microtome. H&E staining was done by 

using Leica Autostainer XL.  

c. Immunofluorescence staining (IF) 

Slides with mouse or human cornea sections were rehydrated as follows: xylene (5 minutes, 

twice), xylene with 100% ethanol (5 minutes, once), 95% ethanol (3 minutes, twice), 75% 

ethanol (3 minutes, once), 50% ethanol (3 minutes, once), and finally were washed in 

ddH2O (3 minutes, once). Next, heat-induced epitope retrieval was performed using citrate 

buffer pH=6. Tissue permeabilization was done with PBS containing 0.3% Triton X-100 

for 10 minutes.  Non-specific antibody binding was blocked by incubation in 10% goat 

serum in PBS, for 1 h. Corneal tissue was incubated with rabbit anti-PPIP5K2 (ab204374, 

Abcam, 1:100), or anti-PPIP5K1 (HPA039380, Sigma, 1:100) primary antibody at 4°C 

overnight. Both antibody dilutions were made up in 5% goat serum in PBS. Slides were 

washed in PBS (5 minutes, three times) and incubated with the secondary antibody (Alexa 

Fluor 488 goat conjugated goat anti-rabbit, Invitrogen) for 1 h at room temperature. Slides 

were mounted in ProLong Diamound Antifade Mountant with DAPI (Invitrogen) and then 

images were taken by immunofluorescent microscopy. 

Statistical analysis 

Data were analyzed using the Student’s t-test with GraphPad Prism 8.02. A p ≤ 0.05 was 

considered statistically significant.  
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Results 

Mutations within the linkage region chr5q14.3-21.1  

In the four-generation multiplex family, we selected ten individuals (KC patients - II5, III4, 

III5, IV4, IV5, IV10, and IV12; controls - III12, III13, and III14) for WES sequencing 

(Figure 7A). Variant filtration of WES data led to identification of a non-synonymous 

mutation that is located within the linkage region chr5q14.3-21.1 and co-segregated with 

KC in the four-generation family. We identified a missense mutation (rs35671301, 

c.1255T>G, p.Ser419Ala) in the PPIP5K2 gene (Diphosphoinositol Pentakisphosphate 

Kinase 2) with a global MAF of 0.006 in the gnomAD database (genome aggregation 

database, gnomad.broadinstitute.org). Using PCR-based Sanger sequencing, we verified 

this mutation in all 10 selected individuals for WES (Figure 10A). We confirmed the 

segregation of this mutation with KC in all family members but not in two individuals III9 

and IV9. The amino acid serine at position 419 was highly conserved evolutionally from 

zebrafish to all primates, suggesting its potential important function in the PPIP5K2 protein 

in biological systems including the corneas 

We also selected five individuals (KC patients - III7, IV2, IV5, and IV10; controls - IV8) 

for WGS. Using our established variant filtering pipeline (Table 7), we not only verified 

the missense mutation in the PPIP5K2 gene but also identified an intronic variant in the 

PCSK1 gene (proprotein convertase subtilisin/kexin type 1) (rs373951075, c.1096-10C>T) 

with a global MAF of 0.00026 in the gnomAD database (Figure 7B). Using PCR-based 

Sanger sequencing, we verified this variant and confirmed the complete segregation of this 

variant in this family (Figure 10B). However, this variant is not highly conserved 
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evolutionally with both alleles present in different vertebrates almost equally. This lack of 

conservation indicates the lower possibility of its involvement in human health and disease. 

 

Figure 10: PCR-based Sanger sequencing of the identified mutations. A and B represent mutations identified 

in chr5q14.3-21.1linkage loccus of the four-generation family. C represents the missense mutation in the 

second KC-affected family.   
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A second missense mutation of PPIP5K2 in another KC family 

Using WES data from a second KC-affected family with four selected individuals (KC – 

301 and 303; controls – 201 and 202, Figure 8), we identified another missense mutation 

(rs781831998, c.2528A>G, p.Asn843Ser) in the PPIP5K2 gene with a global MAF of 

0.00006 in the gnomAD database. Using PCR-based Sanger sequencing, we successfully 

verified the mutation and screened this mutation in other family members (Figure 10C). 

This finding adds more evidence that PPIP5K2 may play a role in the pathogenesis of KC.  

Across 100 different vertebrates, the amino acid at this position is either aspartic acid (D) 

or asparagine (N). The rare mutation to Serine at this position could impact the protein 

function of PPIP5K2. This additional mutation provides more evidence that PPIP5K2 may 

play a role in the pathogenesis of KC. Thus, we focused our research on the potential role 

of PPIP5K2 mutations in the pathogenesis of KC. 

 

 

 
Figure 11: (A) Inositol pyrophosphate metabolism. (B) Domain graphic for human PPIP5Ks.  Adopted 

from Gu et al.261 
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Biochemical properties of the two mutations 

After overexpressing the PPIP5K2 protein with either Ser419Ala or Asn843Ser mutations 

in the HEK293 cells, the mutated PPIP5K2 proteins were purified for enzymatic assays to 

measure their activities of phosphatase and kinase. In vitro functional enzymatic assays 

(n=4) showed that Asn843Ser point mutation caused a significant 15% reduction in the 

PPIP5K2 phosphatase activity (p < 0.05) while the Ser419Ala mutation did not change the 

phosphatase activity significantly (p > 0.05) (Figure 11A). Although both mutations 

increased the kinase activity in vitro, this increased kinase activity was only significant for 

the N843S mutation (Figure 11B). Since these in vitro enzymatic assays do not reflect the 

cellular environment, it is important to examine the impact of these mutations on the 

kinase/phosphatase activity in cell culture in the future. It is possible that S419A mutation 

may affect the enzymatic activities more in the physiological condition. These in vitro 

biochemical assays provide direct evidence that these two mutations could be functional in 

cells. 
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Figure 12:  Biochemical properties of the two missense mutations (A) PPIP5K2-Phosphatase activity level. 

(B) PPIP5K2-Kinase activity level. K2 represents hsa-PPIP5K2, K2S419A represents hsa-PPIP5K2 with 

Serine 419 to Alanine mutation, and K2N843S represents hsa-PPIP5K2 with Asparagine to Serine change. 

Done by Chunfang Gu, and Stephen Shears. 
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PPIP5K2 dominant expression over PPIP5K1 in human and mouse corneas 

We examined the expression of PPIP5K2 and its homolog PPIP5K1 in primary HCEC and 

HCSF using ddPCR assays. PPIP5K2 showed a 5-fold higher expression in human cells 

than PPIP5K1 (Figure 13A). Immunofluorescence staining demonstrated a higher 

expression of PPIP5K2 in both human and mouse corneas (Figure 13B, D, & F), while 

PPIP5K1 showed higher expression in mouse retinas (Figure 13 C & E).  
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Figure 13: PPIP5K2 expression level compared to PPIP5K1. (A) HCEC and HCSF show higher expression 

of PPIP5K2 transcripts than PPIP5K1. (B) Human cornea expresses PPIP5K2. (C) PPIP5K1 and (D) 

PPIP5K2 expression in mouse cornea expresses. (E) PPIP5K1 and (F) PPIP5K2 expression in mouse retina. 

Error bars represent standard error. Green fluorescence represents the target protein, blue fluorescence 
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represents DAPI. Ep: epithelium, St: stroma, End: endothelium, RPE: Retinal Pigment Epithelium; OS/IS: 

Outer/Inner Segment; ONL: Outer Nuclear Layer; INL: Inner Nuclear Layer; GCL: Ganglion Cell Layer.  

 

 

Corneal pathological phenotypes observed in Ppip5k2+/K^ & Ppip5k2K^/K^ mouse 

models 

 In vivo assessment of the mouse corneal phenotypes was performed using SD-OCT 

scanning and slit lamp biomicroscopy. We used the SD-OCT to visualize and examine the 

anterior segment including the corneas. We observed irregularities on the anterior corneal 

surface in the Ppip5k2+/K^ & Ppip5k2K^/K^ mouse models at three months old compared to 

their littermate controls (Figure 14). Approximately 40% of the 

Ppip5k2+/K^ & Ppip5k2K^/K^ mice showed significantly abnormal corneal curvature of the 

anterior surface of mouse corneas (Figure 14A).  

CCT measurements did not change significantly across three different genotypes, while the 

anterior chamber depth was significantly reduced in the Ppip5k2K^/K^ (Figure 15B and C). 

H&E staining of mouse corneal sections revealed that these surface irregularities were 

mostly manifested as thickened epithelium (Figure 16). The OCT derived pachymetry 

mapping exhibited a significant corneal thickness reduction in the mutant mice versus their 

littermate controls (Figure 17). The curvature map showed slight changes in the mutant 

mice (Figure 17). Although, slit lamp examination revealed significant corneal opacity in 

mouse corneas from Ppip5k2+/K^ & Ppip5k2K^/K^ mice at 3-4 months age (Figure 18). 

However we did not observe corneal cone formation in these mice. 
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Figure 14: SD-OCT images of mouse anterior chamber. (A) Allele map of the Ppip5k2K^ mice. (B)Wild-

Type. (C) Ppip5k2+/K^ mouse. (D) Ppip5k2K^/K^ mouse. Arrows pointed to the corneal surface irregularities. 
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Figure 15: Mice corneal assessment. A. number of mice with sever corneal abnormalities among three 

groups. B. Central cornea thickness (CCT) measurements among three groups. C. Anterior chamber depth 
(ACD) among the three groups. D. SD-OCT image of a WT mouse showing the method of measuring the 

CCT and the ACD. 
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Figure 16: H&E of the mice corneas. A &B for Wild-Type, C for Ppip5k2+/K^ with pathological corneal 

phenotype, D for Ppip5k2+/K^ without pathological corneal phenotype, E for Ppip5k2K^/K^ with pathological 
corneal phenotype, F for Ppip5k2K^/K^ without pathological corneal phenotype. Ep: epithelium, St: stroma, 

End: endothelium. 
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Figure 17: Mouse corneal curvature and thickness mapping. The uppercase letter represents curvature map 
(epithelial axial map), while the lowercase letter represents the thickness map (pachymetry). Panel A for 

Wild-Type, B for Ppip5k2+/K^, and C for Ppip5k2K^/K^. Done by Alice Liu and Anthony Kuo  
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Figure 18: Mouse Slit lamp Examination. (A & D) Wild-type. (B & E) Ppip5k2+/K^ mouse. (C & F) 

Ppip5k2K^/K^ mouse. Upper panel shows the absence of cone formation in the mice corneas among the three 

groups. Lower panel shows the corneal opacity in the mutant mice compared to the wild-type 

 

 

Discussion 

We have successfully identified two novel pathogenic mutations of PPIP5K2 in two 

autosomal dominant multiplex families using WES and WGS. Both mutations are located 

in the PPIP5K2 phosphatase domain. PPIP5K2 (diphosphoinositol pentakisphosphate 

kinases) is a dual functional enzyme which encompasses both kinase and phosphatase 

catalytic activity. The kinase activity converts 1,5-InsP7 to InsP8 and the reversible 

reaction is catalyzed by the phosphatase activity (12A and B). PPIP5K2 and its products 

(1,5-InsP7 and InsP8) play a vital role in the inositol phosphate signaling pathway via 

regulation of energy homeostasis, phosphate (Pi) sensing, and immune responses 273-275. 
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We assessed the mRNA and protein expression levels of PPIP5K2 relative to its homolog 

PPIP5K1 in human corneal cells and tissues. PPIP5K2 shows a significantly higher 

expression level than PPIP5K1 in HCEC and HCSF. Furthermore, immunohistochemistry 

results demonstrated that human cornea expresses more PPIP5K2 than PPIP5K1. The 

relatively higher PPIP5K2 corneal expression suggests a potential role of this enzyme in 

the cornea.  Interestingly, PPIP5K1 showed a markedly high expression in the mouse retina 

indicating the biological function of PPIP5K1 in the mouse retina.  

To study the impact of the identified mutations on the PPIP5K2 catalytic activity, we 

introduced each point mutation in a plasmid construct. Intriguingly, the p.Asn843Ser point 

mutation disrupted the PPIP5K2 enzymatic activity by reducing the phosphatase and 

elevating the kinase activity.  Although the p.Ser419Ala mutation did not affect the 

enzymatic activity, the effect of the mutation may via enzyme regulation under other 

factors including inorganic phosphate and glucose, or binding partners261. The crystal 

structure of the phosphatase domain has not yet been identified, which hinder our success 

in identifying the functional deficit related to the p.Ser419Ala mutation. Across different 

vertebrates, the PPIP5K2 protein sequence is highly conserved at aa419 and aa843, further 

supporting their potential role in KC patients.  

 It is often convenient to use mouse models to study human genetic disorders due to their 

phylogenetic relation and physiological similarity to humans, the ease of breeding and 

maintaining them in the laboratory, and the availability of multiple inbred strains 276. 

Accordingly, we studied the role of PPIP5K2 in the cornea using a mouse model with 

elevated kinase activity. We used a Ppip5k2 gene trapped mouse model with beta-

galactosidase-containing cassette to replace exon 14. We examined the cornea anterior 
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curvature from three groups of mice: Ppip5k2+/K^, Ppip5k2K^/K^, and their littermate wild 

type at 3-4 months of age. This age was chosen because both murine epithelium and stroma 

thickness are stabilized after 2 months of age 267, and because this age is equivalent to the 

teenage of onset of KC in human patients 6. We used complementary approaches to assess 

mouse cornea structural changes, including SD-OCT, slit lamp, and corneal histology. The 

slit lamp examination did not show the existence of corneal ectasia resembling that seen in 

KC patients. However, slit lamp biomicroscopy did reveal a various degree of corneal 

opacities and shallow anterior chamber in the Ppip5k2+/K^ and Ppip5k2K^/K^ mice versus 

their littermate controls. Additionally, SD-OCT examination showed abnormal cornea 

structure with surface irregularities in these mice with hyperkinase activity. Among the 

three different groups (wild type, Ppip5k2+/K^, and Ppip5k2K^/K^), approximately 40% of 

the mutant mice exhibited pathological corneas with surface irregularities, indicating the 

incomplete penetrance. SD-OCT confirmed the significantly shallower anterior chamber 

depth in the Ppip5k2K^/K^ mice observed in the slit lamp exams.  Central corneal thickness 

(CCT) of mice did not show a significant difference among the three different groups. The 

CCT of the mutant mice were highly variable, but their average was similar to the wild-

type. Thus, the lack of significant differences in CCT should not mislead us on the potential 

impact of PPIP5K2 on corneal structure and function.  Our OCT-based anterior curvature 

and thickness mapping clearly indicate the abnormally thinned localized corneal regions in 

the Ppip5k2+/K^and Ppip5k2K^/K^ mice. Additional transgenic mouse models containing the 

two identified human mutations in the PPIP5K2 gene are needed to determine the specific 

functions of these mutations and their relationship to KC pathogenesis. 
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WGS data showed an intronic mutation within PCSK1 (rs373951075, c.1096-10G>A) in 

the four-generation family. This mutation might contribute to KC pathogenesis as well. 

The mutation is located in a consensus sequence for binding with JunD which is AP-1 

transcription factor subunit. The consensus sequence includes cAMP-responsive element 

(CRE) motifs to which JunD binds and forms heterodimers with the ATF family members 

(activating transcription factor) 277; 278. JunD acts as a transcriptional activator or 

repressor of specific target genes to regulate diverse vital processes including cellular 

proliferation, differentiation and oxidative stress279. Further investigation is necessary to 

understand the impact of this intronic mutation on JunD binding and its functional impact 

on the corneal physiological function as well in KC pathogenesis. 

Finally, our study succeeded to identify the potential causative mutation of KC in two 

different families; however, our study had limitations. First, the disease haplotype exists in 

family members without any KC manifestation, which is likely due to the incomplete 

penetrance of KC. Second, the MAF of p.Ser419Ala varies greatly across different ethnic 

populations in public databases such as gnomAD. As aforementioned, p.Ser419Ala is 

found in the four–generation US family with European ancestry. MAF of p.Ser419Ala is 

0.01084 in the European population and is 0.0028 in the North American population while 

it is 0.0068 in all populations combined together. Third, both PPIP5K2 (p.Ser419Ala) and 

PCSK1 intronic mutations exist in all the four-generation family members carrying the 

disease haplotype; however, two members in this family do not have p.Ser419Ala 

mutation. These two members are in the same branch within the pedigree, one with KC 

and the other without KC. This finding highlights the importance of the intronic mutation 

on the PCSK1 but should not discount the functional impact of p.Ser419Ala on KC 
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pathogenesis. It is remotely possible that these two members could be chimeric and the 

p.Ser419Ala mutation exists in the ocular tissues but not in their lymphoblasts (from which 

we isolate DNA). Forth, although the mouse cornea showed structural abnormalities, the 

mouse model in our study did not exactly show the same KC-associated clinical phenotypes 

that are present in human patients.  This could be due to the contribution or interaction of 

other non-genetic factors including hormonal, environmental, eye rubbing, and 

biomechanical factors.  

In conclusion, we have identified two novel mutations in the phosphatase domain of 

PPIP5K2 gene in two US families. Our in vitro functional assays and in vivo mouse model 

strongly suggest the potential impact of PPIP5K2 in the pathogenesis of KC. 
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4. DISCUSSION 

KC is a complex multifactorial disease. KC is associated with histopathological changes in 

all the corneal layers except the corneal endothelium. The effective treatment for KC 

patients often involves surgical procedures, yet a pharmacological treatment will be 

beneficial especially with younger aged patients. Although KC has been widely studied, 

the main cause of the disease and the molecular mechanism remain mysterious. In my 

thesis, I aimed to study the molecular genetics of KC via the application of next-generation 

sequencing (NGS) technology. The advent of NGS leads to a revolution in molecular 

human genetics as it reproduces enormous sequence data in a short time at an affordable 

cost. The successful application of NGS in identifying genetic mutations in a large number 

of human genetic disorders motivates our group to study KC using NGS. It is necessary to 

identify KC-associated transcriptional alterations due to the pathological process in human 

patients. Thus, it is important to search the genetic mutations in KC families and to profile 

the expression of both coding and noncoding genes in KC-affected corneas versus normal 

controls.  

In the first aim, I have used stranded Total RNA-Seq to characterize the KC-affected 

corneal transcriptome. The derived corneal expression data was utilized to prioritize 

variants in cornea-expressed genes aiming to identify potential causative mutation(s) in KC 

families. I also used RNA-Seq data to identify novel KC-associated pathways and gene 

networks containing both coding and noncoding RNAs. For the first time I have identified 

many long noncoding RNAs that could play important roles in KC pathogenesis. The 

second aim was to identify the causal mutation(s) in a four-generation family affected with 
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KC. Integrating both aims can definitely advance our knowledge about the disease 

pathogenesis and help identify potential therapeutic targets for future therapy.  

RNA-Seq has been used to measure the expression of both coding and noncoding RNAs 

and to study the role of these RNAs in different human disorders280; 281. Approximately 

70% of the human genome is transcribed as noncoding RNAs. These noncoding RNAs 

(ncRNA) include small ncRNAs (miRNAs, siRNAs, snRNA, and piRNA, < 200 

nucleotides) and long ncRNAs (lncRNAs, > 200 nucleotides). While the role of miRNAs 

has been studied extensively, the biological relevance of most lncRNAs to human disorders 

is still unclear. Recently, many studies have revealed the regulatory role of lncRNAs in 

different diseases. In accordance, lncRNAs may regulate gene expression through 

epigenetic, transcriptional, post-transcriptional, or translational regulation. For example, 

lncRNA HOTAIR recruits polycomb repressive complex 2 to certain target genes, resulting 

in an epigenetic re-programming. Elevated expression of HOTAIR has been linked to 

cancer metastasis282. Another lncRNA, MEG3 regulates PTEN/PI3K/AKT signaling 

cascade in neurons throughout the synaptic plasticity process 283. Moreover, MEG3 has 

been significantly down-regulated in the retinas of diabetic mice and knockdown of MEG3 

leads to retinal vessel dysfunction exaggeration284. It is necessary to study the role of 

lncRNAs in KC pathogenesis. 

Identifying KC-associated molecular pathways has been investigated  using different 

techniques including microarray, RT-PCR, mass spectrometry, and western blots 191; 192; 

196; 198; 211; 212. Recently Kabza et al. have published a RNA-Seq analysis for 

keratoconic corneas; however, they compared the RNAs expression versus non-KC 

diseased affected corneas (including: bullous keratopathy, corneal scarring, ulcers, and 
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perforations), which probably affects their data analysis 198. In our analysis, we avoided 

this drawback by using unaffected normal corneas as controls. We identified 436 coding 

RNAs and 586 lncRNAs to be differentially expressed in KC-affected corneas. Analysis 

of our data showed that various corneal functions have been compromised. Genes involved 

in regulation of corneal integrity, transparency and cellular adhesion have differential 

expressions in the keratoconic corneas. These genes include KRT6A, KRT13, KRT15, 

KRT19, COL8A1 and COL8A2. Corneal wound healing linked genes including AQP5 

showed disrupted expression.  Consistent with another study, expression of AQP5 was 

reduced by 57 folds in KC, which highlights its main role in KC pathogenesis227.  Our 

data have shown differential expression of various coding RNAs and lncRNAs to be 

attributed to oxidative stress, which is one of postulated mechanisms in KC progression. 

For example, GPX3 (Glutathione peroxidase 3, catalyzes H2O2 reduction) was 16-fold 

lower than the normal control. GPX has shown significantly depleted expression in rabbit 

corneas after exposing to ultraviolet-B (UV-B) rays 285. Intriguingly, UV rays are a 

contributing factor in KC progression, which can be linked to the lessened expression of 

antioxidant enzymes and accumulation of reactive oxygen species 286. 

 It is well known that in both physiological and pathological state genes exert their roles 

via interacting with each other. Complimentary to the traditional differential expression 

analysis, it is necessary to perform a differential co-expression analysis in cases and 

controls by grouping the genes into different expression patterns and associating them with 

similar biological processes287; 288. Additionally, co-expression or correlated analysis is 

a valuable approach to annotate many lncRNAs through their correlation with coding genes 

and derive their biological functions. We found 296 pairs of coding and lncRNAs to have 
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significant differential correlations between cases and controls. Using Cytoscape, we were 

able to visualize the networking between those correlated genes.  

Accordingly, we established a specific filtering pipeline to select the candidate mutation(s) 

in a four-generation family affected with KC. Through WES we identified a missense 

mutation in PPIP5K2 (rs35671301, c.1255T>G, p.Ser419Ala). Another genetic mutation 

was identified on PCSK1 intronic region (rs373951075, c.1096-10C>T) after filtering the 

WGS variants. We could have missed the intronic mutation with WES only. We searched 

for additional PPIP5K2 mutations in other KC-affected families. Interestingly, we found 

another missense mutation in the PPIP5K2 (rs781831998, c.2528A>G, p.Asn843Ser) in a 

two-generation family. Across different vertebrates, PPIP5K2 protein sequence is highly 

conserved at aa419 and aa843, while the PCSK1 intronic variant is not conserved with both 

alleles present in different vertebrates almost equally. These data supports the potential role 

of the missense PPIP5K2 mutations in KC pathogenesis, which prompt us to study the 

impact of the PPIP5K2 missense mutations. 

PPIP5K2 encodes the diphosphoinositol pentakisphosphate kinases with both phosphatase 

and kinase activities. It belongs to the inositol metabolic cascade, which starts with the 

phosphorylation of the secondary messenger, inositol trisphosphate (InsP3), to inositol 

hexakisphosphate (InsP6). Subsequently, inositol hexakisphosphate kinases (IP6Ks) and 

PPIP5Ks raise the inositol pyrophosphates (PP-InsP) messengers, a unique class of 

signaling molecules that have one or two high-energy phosphoanhydride bonds289. PP-

InsP includes InsP7 and InsP8, which regulate multiple cellular activities including 

apoptosis, vesicle trafficking, cytoskeletal dynamics, insulin signaling, cell migration, 

exocytosis, telomere maintenance, and adaptations to environmental stress273; 274. 
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PPIP5Ks have a triple domain structure composed of an N-terminal kinase domain, a 

phosphatase domain, and a C-terminal intrinsically disordered region, which facilitates 

their binding, regulatory, and signaling functions. The kinase domain phosphorylates 5-

InsP7 to InsP8, while the phosphatase domain dephosphorylates InsP8 back to 5-InsP7. 

The phosphatase domain includes a Pleckstrin Homology (PH) region which is contained 

in various signaling proteins and can bind to phospholipids290. PPIP5Ks have two 

homologs PPIP5K1 and PPIP5K2.  

For the first time we have identified two novel mutations in the PPIP5K2 gene in two 

different families affected with KC. We decided to figure out the expression pattern of 

PPIP5K2 in the corneas. PPIP5K2 has a much higher expression than PPIP5K1 in both 

epithelial and stromal cells indicating the potential role of PPIP5K2 in the human cornea. 

Although the expression of PPIP5K2 transcript was high in both the HCEC and HCSF, 

immunofluorescence staining indicated that only the epithelium have shown high 

expression of PPIP5K2 protein. The possible explanation is either the PPIP5K2 transcript 

in the stromal cells does not translated to the protein, or the change in the phenotype of 

stromal keratocytes to fibroblasts led to the increased expression of PPIP5K2. As 

previously mentioned, both epithelium and stroma show histopathological changes in KC. 

Low or even no expression of PPIP5K2 in the human keratocytes does not rule out the 

possible influence of PPIP5K2 on the corneal keratocytes. This is because many reasons 

including: 1) there are a dual direction communication between stroma and epithelium 

during normal development, homeostasis, and wound healing291, 2) the epithelium layer 

directly interacts with the external insults and several environmental factors which affect 
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the epithelium renewal 292, 3) up to date the site of KC initiation remains unknown, with 

hypotheses implicating the epithelium and the stroma293; 294.  

Next, we studied how the two mutations influence the catalytic activities of PPIP5K2. Both 

mutations are located in the phosphatase domain of PPIP5K2. We collaborated with Dr. 

Stephen B. Shears, an expert in the biological function of PPIP5K2, and his colleagues to 

overexpress PPIP5K2 with either of these mutations and check the catalytic activities of 

mutated PPIP5K2 in vitro. The p.Asn843Ser causes a significant reduction in the 

phosphatase activity (Figure 11A), which was aggravated in the presence of inorganic 

phosphate (Pi) (Data not shown). Moreover, PPIP5K2 kinase showed higher activity with 

both mutations (p.Ser419Ala and p.Asn843Ser); however, it was only significant with 

p.Asn843Ser. These results imply the impact of p.Asn843Ser mutation on the enzymatic 

activity, but do not discount the functional impact of p.Ser419Ala mutation. The 

conservation of p.Ser419 amino acid across different species reflects the importance of this 

amino acid in the PPIP5K2 biological function. The lack of crystal structure of the 

phosphatase domain prevents us from computationally predicting the functional deficit due 

to the p.Ser419Ala mutation. 

Dr. Shears’ group has previously shown that Pi directly regulates the catalytic activities of 

PPIP5K2 by inhibiting phosphatase and stimulating kinase activities 261. Moreover, 

following cellular starvation, InsP8 levels decreased due to restoration in the InsP8 

phosphatase activity. Later, the same group has also shown that a hyperkinase low 

phosphatase mutant (R399A) in PPIP5K1 leads to decrease in the cellular ATP level 260. 

These studies provide a proof of concept about the bioenergetics influence of the PPIP5Ks. 

In accordance, we postulate that our novel PPIP5K2 mutations are likely to impact the 
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mitochondrial function, based on two justifications. First is the reported association 

between KC pathogenesis and mitochondrial dysfunction. Hao et al. have reported KC 

corneas with significant mtDNA damage, lower mitochondrial membrane potential, higher 

ROS levels, and lower ATP levels80. In addition, Pathak et al. have found 18 non-

synonymous variants in the mitochondrial complex I of the KC cases 79.  Second, the loss 

of 1,5-InsP8, after PPIP5K knockout in HCT116 cells, has led to significant elevation of 

mitochondrial bioenergetic capacity and ATP levels. However, the previously mentioned 

point mutation in the phosphatase domain (R399A) has led to increased 1,5-InsP8 levels 

and decreased cellular ATP levels 295. It will be valuable to test our hypothesis by 

assessing the mitochondrial function in the immortalized lymphoblast cells derived from 

KC-affected family members carrying these mutations. 

PPIP5K2 is a conserved enzyme and the affected amino acids by the two mutations are 

well conserved across different species from zebrafish to all primates. Thus, we aimed to 

understand the role of PPIP5K2 by examining the cornea phenotypes using a mouse model 

lacking the phosphatase domain of PPIP5K2. This helped advance our knowledge about 

PPIP5K2 phosphatase domain function to support our genetic findings in KC families. 

Comparing against the littermate controls, our OCT analysis showed pathological corneal 

phenotypes in both Ppip5k2+/K^ and Ppip5k2K^/K^ mice after 3 months of age. As 

aforementioned, curvature and thickness mapping are used to diagnose KC patients in the 

clinic. Accordingly, we collaborated with Dr. Anthony Kao to analyze our OCT data 

among the three groups. Interestingly, both Ppip5k2+/K^ and Ppip5k2K^/K^ mice showed 

significant localized thinning and curvature changes. Those phenotype in the mutant mice 
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may be due to the high levels of InsP8 which has been reported to be elevated in the cell 

under stress, aging, or high temperature296.  

The mouse corneal surface irregularities were only manifested in 40% of both 

Ppip5k2+/K^ and Ppip5k2K^/K^ mice, which indicates incomplete penetrance. Incomplete 

penetrance has been reported in KC linkage analyses including the four generation family 

that we have studied111. Interestingly, we found that same litters would manifest same 

phenotype. This observation may be due to the effect of different environmental factors 

such as the age of the mother, the proximity of the cage to light, and other epigenetic 

modifiers. We have expected that 100% of Ppip5k2K^/K^ would have the corneal surface 

irregularities, which did not occur. Probably not only the elevated kinase is the main 

inducer for the corneal phenotype, but also other environmental contributors. The best way 

to understand the inconsistent phenotype in Ppip5k2K^/K^ is to measure the corneal levels of 

InsP7 and InsP8 in our mouse model. However, the levels of these pyrophosphates are too 

low to be detected with HPLC. Thus, we planned to isolate mouse corneal epithelial and 

stromal cells to measure those pyrophosphates, however, the survival of these cells were 

low. The loss of the PPIP5K2 phosphatase domain may affect the survival of isolated 

mouse cornea cells in culture conditions. 

The mouse slit lamp examination did not show the corneal bulging phenotype that is 

considered as one of the main KC manifestations in patients. However, in many cases 

mouse models may not manifest the identical phenotypes of the matched human disorders 

including Huntington disease (HD) and Parkinson’s disease (PD).  HD is a late-onset 

neurodegenerative disorder and causes dyskinesia (involuntary movements) in patients.  

Significant phenotypic variations have been reported in mouse models, which express 
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either the truncated or full-length human HTT gene, or the full-length mouse, mutant Htt 

gene 297. Regarding PD, LRRK2 mutations account for 5–6 % of patients with familial 

PD and 1–3 % of sporadic cases. However, most Lrrk2 transgenic mouse models expressed 

minimal or no neurodegeneration 298. Another example is cardiomyopathies, which 

encompass a diverse array of phenotypic expression including heart failure and sudden 

cardiac death. Many groups have reported either partial resemblance or dissociation of the 

animal models for the human cardiomyopathy phenotype299-301. These examples suggest 

that mouse model may express a minimal or no human-like phenotype, which is the case 

in KC, especially being a multifactorial disease. Another possibility for not gaining KC-

associated cornea phenotypes in our mouse model is the lack of other environmental, 

hormonal, or biomechanical factors in mice.   

The PCSK1 intronic mutation (rs373951075, c.1096-10G>A) in the four-generation family 

might also contribute to KC.  The mutation located in a consensus sequence for JUND 

binding, which is the AP-1 transcription factor subunit. JunD binds to 8-mer cAMP-

responsive element (CRE) motifs TGACGTCA where it forms hetero dimers with 

members of the ATF (activating transcription factor) family 277; 278. We found that the 

fifth nucleotide in this binding region was changed from G to A, which probably affects 

the binding capability of JUND to ATF members.  

Finally, under the supervision of my mentor, I successfully identified the potential 

mutations involved in familial KC using comprehensive approaches. The analysis of the 

RNA-Seq data has advanced out knowledge of KC-related coding/noncoding genes. For 

the first time, we successfully performed a correlation analysis between the differentially 

expressed coding RNAs and lncRNAs in KC versus normal corneas. This network analysis 
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identified several genes that could co-regulate and interact with each other to impact KC 

pathogenesis. Another strength of my thesis is the identification of two missense mutations 

in two different KC-affected families within the phosphatase domain of PPIP5K2. 

Moreover, the mouse model without the phosphatase domain has demonstrated corneal 

structural irregularities indicating the role of PPIP5K2 in KC-associated corneal 

pathogenesis.  

Our study also had a few limitations. First, the sample size of the RNA-Seq study is 

relatively small with only 18 total samples. We plan to expand the sample size to a total of 

80 corneal samples. Second, the differentially expressed genes in KC-affected corneas 

could not be determined to be causal to KC or caused by KC in human patients. Third, the 

segregation of the identified mutations does not follow autosomal dominant inheritance 

completely probably due to environmental, hormonal, and biomechanical factors as well 

as incomplete penetrance of the mutations. Fourth, the MAF of p.Ser419Ala is relatively 

high in populations with European ancestry. The detailed biochemical functional impact of 

this mutation remains to be determined.  

Overall, we have successfully characterized the differential expression of coding and long 

noncoding genes in KC-affected human corneas and identified two novel mutations in the 

PPIP5K2 gene in two multiplex KC families. Our mouse model with hyperkinase activity 

of PPIP5K2 manifests localized abnormal anterior corneal curvature and localized regional 

corneal thinning in both Ppip5k2+/K^ and Ppip5k2K^/K^ mice. These mice could represent an 

important novel animal model for further KC research in identifying novel targets and 

developing novel therapies for KC.   
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5. SUMMARY 

• Keratoconus is the most common primary corneal ectasia in the US, affecting 

300,000 patients, and one of the most frequent causes of corneal transplantation 

• We aimed to identify and characterize the genetic mutations and molecular 

pathways involved in the pathogenesis of KC 

• Using RNA-Seq we identified 436 coding RNAs and 586 lncRNAs to be 

differentially expressed in KC-affected corneas 

• Gene ontology analysis revealed disturbances in various corneal functions 

including cellular adhesion, oxidative stress response, proliferation, migration, 

apoptosis, and wound healing 

• Co-expression analysis revealed significant correlations between coding and 

lncRNAs in cases versus controls, indicating many potential networks may play 

potential roles in KC pathogenesis 

• Using whole exome and genome sequencing, we have identified two missense 

mutations in PPIP5K2 in two different families affected with KC 

• PPIP5K2 is a bi-functional enzyme regulating cellular signaling and homeostasis 

• PPIP5K2 is expressed in the cornea higher than its homolog PPIP5K1 

• Loss of Ppip5k2 phosphatase domain may cause corneal defects in mice 
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• Integrating the revolutionized sequencing technology with both in vitro and in 

vivo models has significantly promoted our genetic research in keratoconus and 

established potential animal models for keratoconus 
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