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By helping to focus incoming light, the lens of the eye has an essential role in 

the vertebrate visual system.  Consisting of two basic cell types, the lens has a simple 

yet sophisticated internal architecture and biochemistry.  The growth of the 

mammalian lens continues indefinitely over a lifetime as new cell layers accumulate 

over older ones in a precise pattern of cell packing, via a differentiation process that 

culminates with near-total elimination of cellular organelles.  Without the ability to 

construct new cellular components, cellular integrity in deeper layers can become 

compromised over time if cumulative insults exceed the capacity of the protective 

mechanisms maintained by the outermost metabolically active cells.  Disruption of 

lens cell differentiation or failure of these protective mechanisms can lead to protein 

insolubility, damage to cell membranes, morphological defects or disorganization of 

cellular packing that produces opacities or refractive aberrations.  The accumulation of 

opacified lens tissue results in a cataract, a partial or complete opacification of the 

lens.  While genetic factors and exposure to various environmental hazards can 

directly induce lens opacities or increase oneôs risk, one of the most important risk 

factors for cataract is aging.   

Aging is a complex biological process associated with physiological 

deterioration that involves transcriptome-wide changes in gene expression.  RNA 

Sequencing (RNA-Seq) is an established technology for profiling transcriptomic shifts 

related to aging and other drivers of cataract formation.  In Chapter 3, I address the 

impact of unique lens cell characteristics, such as the small size of the lens epithelial 
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cell population, and the presence of partially degraded RNA in lens fiber cells, on 

RNA-Sequencing data generation and analysis.  Chapter 3 explores an approach for 

incorporating various bioinformatic tools into a cohesive pipeline, evaluates the 

performance of these tools on several lens data sets, and shows how variation in RNA 

integrity may introduce certain unavoidable biases.  The pipeline described in this 

chapter was subsequently used to investigate the consequences of aging on the mouse 

lens, and the impact of aging on the response of lens cells to cataract surgery. 

The micro-surgical restoration of vision in cataract patients is nothing short of 

a medical miracle, however a small but significant fraction of patients develop 

posterior capsular opacification (PCO), a vision compromising sequelae of cataract 

surgery requiring surgical follow up.  Inflammatory signaling and fibrotic cell-

transformation have a central role in driving the development of PCO in cataract 

patients.  These pathways are attractive therapeutic targets for PCO prevention and can 

themselves lead to cataract formation.  The mouse lens-aging study documented in 

Chapter 4 was originally motivated by a comment from a fellow lens biologist that 

young mice are prone to inflammation, and the inflammatory lens-injury response we 

observe in mice less than 5 months old may not occur in older mice or older humans 

for that matter.  Not only did this study categorically demonstrate that the lens in 

geriatric mice is equally susceptible to injury dependent inflammation, it also revealed 

age-dependent increases in basal expression of certain inflammatory markers.  These 

and other transcriptomic shifts observed in the aging mouse lens affecting oxidative 

stress response genes, and key regulators of fiber cell differentiation, may have 

important roles in age related cataract.   
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The intent of Chapter 5 was to advance our knowledge of the aging biology of 

the lens from mice to humans.  While there are acknowledged limitations of this 

studyôs design, it was possible to identify age dependent changes in human-lens gene 

expression affecting genes that are likely relevant to cataract formation, for example 

we observe upregulation of the transcription factor KLF4 in aging humans, and its 

murine homolog Klf4 in aging mice.  Klf4 regulates lens maturation in mice, and 

single nucleotide polymorphism (SNP) mutations at the KLF4 locus are associated 

with age-related cataract in humans.   

While most people maintain lens clarity beyond their 50ôs, genetic 

abnormalities can dramatically accelerate the process, one example being PAX6 

haploinsufficiency.  A keystone in the process of embryonic eye and lens 

development, the transcription factor PAX6 continues to have a vital role in the 

lifelong maintenance of lens homeostasis.  With only a single functional copy of 

PAX6, haploinsufficient individuals develop a pan-ocular syndrome known as 

aniridia.  Juvenile cataract is one of several of the sequelae of aniridia that 

compromise vision, and frequently occurs at ages as young as 1 to 3 years old.  To 

address a significant knowledge gap in the molecular etiology of  aniridic cataract, 

Chapter 6 examines the impact of Pax6 haploinsufficiency on the mouse lens 

transcriptome.  This analysis identified profound changes in gene expression that 

imply a radical disruption of the normal fiber cell differentiation process, which may 

be responsible for the visible lens defects we observe, and lead to the activation of 

inflammatory and fibrotic markers.  My analysis shows that PAX6 haploinsufficiency 

leads to transcriptomic changes in the lens that normally characterize the response of 

wildtype lens cells to injury.  These findings, which include an inflammatory response, 
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support the hypothesis that PAX6 haploinsufficient lenses persist in a chronically 

wounded state.  Throughout this work, inflammation appears to be a common thread 

that unifies the lens pathology associated with aging, injury and aniridia. 
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INTRODUCTION AND LITERATURE REVIEW  

1.1 Anatomy, organization, and physiology of the ocular lens 

The lens is a clear, ellipsoidal tissue with refractive properties that facilitate 

vision.  In mammals, the fully developed lens is suspended directly behind the pupil, 

between the anterior chamber and the vitreous humor, by a dense network of 

ligaments known as zonules that attach to the thick basement membrane which 

completely encapsulates its bulk (Danysh & Duncan, 2009; Zinn & Mockel-Pohl, 

1973)(Figure 1.1).  The interior of a mature mammalian lens consists of concentric 

layers of fiber cell shells that accumulate and condense over an organismôs lifetime 

(Augusteyn, 2010).  At the center of this mass are the primary fiber cells that arose 

during embryogenesis (Augusteyn, 2010).  

On the inner anterior surface of the lens is a layer of lens epithelial cells 

(LECs) which is aligned with the visual axis, that extends from the anterior pole to the 

equatorial region (Augusteyn, 2010). In the fully mature lens, the least proliferative 

LECs occupy the central anterior capsule, while a narrow band of slowly proliferating 

LECs is found in an area of the equatorial region known as the germinative zone 

(Zhou et al., 2006).  At the transition zone (also referred to as the modiolus) 

(Zampighi et al., 2000), LEC begin to differentiate into lens fiber cells (LFC) 

(Mochizuki & Masai, 2014).  This process involves substantial rearrangement of the 

cytoskeleton and cell membrane, as differentiating fiber cells develop their elongated, 

interdigitated phenotype(Figure 1.2) (Audette et al., 2017). A fundamental element of 
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the LFC differentiation process is the clearance of organelles and nuclei, through a 

modified auto phagocytic process that shares some similarities to apoptosis (Bassnett 

& Beebe, 1992; Brennan et al., 2021).  Terminally differentiated LFC are entirely 

anucleate, lack organelles, and synthesize no new proteins (Brennan et al., 2021) .  

Mature LFCs are highly condensed and elongated (Figure 1.2), with structural and 

biochemical properties optimized for transparency and the ability to refract incoming 

light (Cvekl et al., 2015).  In order to provide optimal focusing power for vision, the 

lens must maintain a ñgradient of refractive indexò (GRIN) which occurs 

perpendicular to the visual axis such that the refractive index decreases with 

increasing radial distance from the visual axis (Donaldson et al., 2017). LFCs must 

also produce a high concentration of soluble crystallin proteins to achieve the 

cytoplasmic density needed to refract light, thus the GRIN is directly proportional to 

the radial gradient of crystallin concentration, which increases towards the visual axis 

at the center of the lens (Donaldson et al., 2017) (Figure 1.3).   
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Figure 1.1: Diagrams illustrating the organelle clearance process, excerpted from 

(Brennan et al., 2021).  Panel A is a cross-sectional diagram of the whole 

lens, and is used to indicate  the position of lens epithelial cells and 

cortical fibers as they proceed through stages of organelle clearance 

illustrated in panel B. 
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Figure 1.2: Electron micrographs illustrating lens cell architecture in planar sections 

perpendicular to the optical axis. Hexagonal arrays of early cortical fibers 

in outer layers are evident in panels A and B, while more condensed cells 

characterized by interdigitation occur at deeper layers as shown in panel 

C.  These images shown here were first reported in (Bassnett & Costello, 

2017) 
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Figure 1.3: Diagram from (Donaldson et al., 2017) illustrating the relationship 

between refractive index (blue line), protein concentration (green 

squares), water content (red circles) across the diameter of the lens 

perpendicular to the optical axis with the center of the lens positioned at 

r/a=0 and the circumference at r/a=1.  

Within each layer, fiber cells are connected to their neighbors via lateral 

syncytia while vertical transport between layers is facilitated by various pores and 

channels (Berthoud & Beyer, 2009; Chepelinsky, 2009; Y. Shi et al., 2009).  Coupled 

with active pumping mechanisms in the lens epithelium, these sophisticated transport 

systems are essential to osmoregulation in the lens, facilitate the internal distribution 

of the antioxidant glutathione, and some evidence suggests that these systems establish 

an internal circulation within the lens (Mathias et al., 2007).  The mechanisms that 

protect terminally differentiated fibers from environmental damage to maintain lens 

clarity long term depend on the activity of transcriptionally active lens cells occupying 

the outermost layers of the lens.   

Mitochondrial respiration in lens epithelial cells helps maintain a hypoxic 

environment in the lens interior (Babizhayev & Yegorov, 2016; Kubota et al., 2016), 
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the action of Na+/K+ ATPase in the membranes of equatorial LEC provide the motive 

force for the lensô internal circulation (Donaldson et al., 2017; Mathias et al., 2007), 

and most of the lensô de novo glutathione synthesis is likely to occur in LEC and 

nucleated cortical fibers (Fan et al., 2017).  The gradients established at the equatorial 

membrane drive redistribution of glutathione and other essential solutes deep into the 

lensô interior (Donaldson et al., 2017).  These electrochemical gradients also prevent 

osmotic stresses on cortical and nuclear lens fibers (Donaldson et al., 2017).  

Osmoregulation in the lens contributes to the ódehydrationô of terminally differentiated 

fiber cells (Bassnett & Costello, 2017) and facilitates the changes in cell volume 

associated with fiber cell elongation (Donaldson et al., 2009).  As lens cell 

differentiation concludes with the elimination of the cell nucleus and most cellular 

organelles, the proteins and lipids that compose fiber cells residing at deeper layers are 

irreplaceable (Bassnett & Beebe, 1992; Brennan et al., 2021; Chaffee et al., 2014; 

Faulkner-Jones et al., 2003; Gheyas et al., 2022; G. F. Weber & A. S. Menko, 2006; 

Wride, 2011).  In a mature lens, the most compacted cells at the center of the lens 

form a hardened core that is referred to as the ólens-nucleusô (Bassnett & Costello, 

2017).  At the very center of the lens-nucleus are the primary fiber cells deposited as 

the lens formed during embryogenesis (Bassnett & Costello, 2017).  The lens nucleus 

is surrounded by the lens cortex, outer shells of lens fibers at varying stages of 

differentiation that can be easily separated during dissection from the hard nucleus 

present in many species.  These divisions are also often used to describe the locations 

of different types of cataracts (Figure 1.4).  
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Figure 1.4: Structural microanatomy of the ocular lens.  (Image adapted from Danysh 

and Duncan 2009) 

 

1.2 Cataract is the major pathology of the lens 

The most widespread pathology of the ocular lens is cataract, which includes 

any defect in the lens that causes a partial or complete loss of transparency (Y. C. Liu 

et al., 2017).  Lens tissue can become opaque because of irreversible damage to lens 

proteins and membranes, disorganization or dysmorphia of lens cells or a combination 

thereof, with one of these things often leading to the other (Y. C. Liu et al., 2017).  

Cataracts manifest in a variety of forms, characterized by their size, shape, relative 

level of opacification and their position within the lens (Y. C. Liu et al., 2017).  

The gross appearance of a cataract can depend on the biological mechanisms 

leading to its formation.  Anterior subcapsular cataract (ASC) is a cataract that affects 

the anterior lens epithelium (Flach et al., 1985).  ASC occur as the result of anterior 
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LEC undergoing an epithelial to mesenchymal transition (EMT) (Shirai et al., 2006) 

leading to the presence of fibrotic plaques in the anterior lens epithelium (Novotny & 

Pau, 1984; Novotny et al., 1989).  Cells resembling myofibroblasts are observed 

within these anterior plaques and are likely responsible for secreting extracellular 

matrix proteins that aggregate in microfibrils at the site of a plaque (Novotny & Pau, 

1984; Novotny et al., 1989).  ASC can result from mechanical injury due to ocular 

trauma (Ajamian, 1993; Hanna & Potts, 1970; Sudranski, 1946) or compulsive eye 

rubbing (Khan & Kharsa, 2021), taking certain medications (Flach et al., 1983; Flach 

et al., 1985; Shui et al., 1997), chronic inflammation (Bair et al., 2011; Flach et al., 

1985), or genetics (Flach et al., 1985).  

Aberrations in the process of fiber cell differentiation can lead to  posterior 

subcapsular cataract (PSC) (Richardson et al., 2020). PSCs form when equatorial lens 

epithelial cells near the transition zone deviate from their normal differentiation 

program and migrate to the posterior pole of the lens, eventually becoming swollen 

and necrotic (Eshaghian & Streeten, 1980; Richardson et al., 2020).  Among the most 

prevalent types of cataracts, are cortical and nuclear cataracts (Hashemi et al., 2020; 

Klein et al., 1998; The Italian-American Cataract Study Group, 1994). Opacities 

manifesting in fiber cells that occupy the lens cortex are known as cortical cataracts 

(Y. C. Liu et al., 2017). In contrast, nuclear cataracts affect the solid core of 

compacted fibers at the center of the lens (Y. C. Liu et al., 2017).    

There are multiple points of failure that can lead to opacities or refractive 

defects in the lens.  The formation of insoluble light scattering protein aggregates is 

one common cause of cataracts.  The crystallin proteins account for the vast majority 

of the lensô protein content and possess structural features that help them remain water 
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soluble at concentrations up to 500 mg/ml in some parts of the lens (Bassnett & 

Costello, 2017).  When these proteins get damaged, they can fall out of solution and 

form an opaque precipitate.  As no lipid turnover occurs in terminally differentiated 

fibers (Hughes et al., 2015), the lipid constituents of fiber cell membranes are also 

susceptible to damage (Borchman, 2021; Borchman & Yappert, 2010).  Cumulative 

damage to these lipid membranes is likely also a significant contributor to lens 

opacification (Borchman, 2021; Borchman & Yappert, 2010). 

The lens relies on several oxidative stress response mechanisms to minimize 

damage to proteins and membranes due to reactive oxygen species, and the failure of 

these mechanisms is often cataractogenic (Choudhary et al., 2005; X. Fan et al., 2012; 

Lassen et al., 2007; Quan et al., 2021; Xiao et al., 2009; Yamada et al., 2013).  

Glutathione peroxidases rely on high levels of glutathione (GSH) to detoxify reactive 

oxygen species and have an important role in lens homeostasis. Declining glutathione 

peroxidase activity is coincident with cataract development in the human lens 

(Fecondo & Augusteyn, 1983), and transgenic mice rendered unable to synthesize 

glutathione in the lens develop nuclear cataracts at an age of 4 months (X. Fan et al., 

2012).  GSH is supplied to deeper layers of the lens by the lens circulatory system 

(Donaldson et al., 2017).  Disruption of the lensô internal microcirculation, due for 

example to mutations in the aquaporins or gap junctions mediating this 

osmoregulatory system, also leads to cataract  (Quan et al., 2021; Zhou et al., 2016).  

In addition to impaired glutathione distribution, the resulting osmotic stress can lead to 

fiber cell swelling (Donaldson et al., 2009).  Osmotic stress may also contribute to the 

cataracts that manifest in diabetes (Simunovic et al., 2018) and galactosemia (Skalka 

& Prchal, 1980). Other causes of cataract include lens biomineralization due to 
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calcium accumulation (Berthoud et al., 2020), discontinuities in cell membrane contact 

between adjacent fiber cells which can arise from cytoskeletal defects (More et al., 

2001), and failure of organelle clearance (Khan et al., 2022).  Chronic ocular 

inflammation may also contribute to cataract formation, for instance in patients with 

the autoimmune ocular inflammatory disease uveitis (Sun & Ji, 2020).  

1.2.1 Genetic mutations can cause cataract 

The lensô structural and biochemical integrity depends on a subset of genes 

that perform certain essential functions, many of which have been shown to manifest 

preferential expression in the lens (Kakrana et al., 2018). Mutations affecting these 

genes can lead to cataract (Shiels & Hejtmancik, 2017). For example, mutations in 

gamma-S-crystallin (CRYGS) that lead to exposure of hydrophobic residues in the 

translated product are often cataractogenic due to the decreased solubility and 

potential aggregation of the resulting protein (Shiels & Hejtmancik, 2017).  In the case 

of CRYGS, several different mutations lead to cataracts in humans that manifest at 

different ages, some CRYGS mutations produce congenital cataracts while other 

mutations increase the carrierôs risk of age-related cataract (Sun et al., 2005; Zhang et 

al., 2018; Shiels & Hejtmancik, 2017).  In a review from 2021, authors report 71 

genetic loci associated with 56 distinct genes where a mutation is known to cause an 

inherited cataract (Shiels & Hejtmancik, 2021).  For many of the gene mutations 

reviewed by Shiels and Hejtmancik, cataract is the only associated phenotype  (Shiels 

& Hejtmancik, 2021). In other cases, cataract is coincident with other physiological 

defects as part of a larger syndrome (Shiels & Hejtmancik, 2021).   

Examples of syndromic cataract include MYH9 related disorders, which can 

also involve the kidneys and the cochlea, in which presenile cataracts manifest 
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between the age of 20 and 44, depending on the type of mutation (Pecci et al., 2008).  

Mutations in GALT and galactokinase leading to galactosemia are associated with 

syndromic cataract (Karas et al., 2003; Skalka & Prchal, 1980; Stevens et al., 1989), as 

are mutations in genes encoding collagen extracellular matrix proteins in Sticklerôs 

syndrome (Khan et al., 2021), and mutations in DPMK and ZNF9 that cause muscular 

dystrophy (Rakocevic-Stojanovic et al., 2017).  One of the best studied genes 

associated with syndromic cataract is the transcription factor PAX6, which is 

generally considered to be a master regulator of eye and lens development (Cvekl & 

Callaerts, 2017).  Heterozygous PAX6 mutations commonly result in a pan-ocular, 

autosomal dominant congenital disorder known as Aniridia (Nelson et al., 1984).   

1.2.2 Aniridia and the aniridic lens 

Aniridia syndrome is a vision-compromising congenital disorder, characterized 

by the absence or disfigurement of the iris at birth as well as foveal hypoplasia with 

associated development of nystagmus. Congenital aniridia occurs at rates between 

1:40,000 and 1:100,000 live births with heterozygous mutations in the PAX6 locus 

detected in most cases (Hingorani et al., 2012; Jordan et al., 1992b; Landsend et al., 

2021; Nelson et al., 1984).  Hundreds of distinct PAX6 mutations have been 

characterized in association with congenital aniridia (Vasilyeva et al., 2017).  While 

the phenotype associated with any given mutant allele can be very heterogenous, some 

studies show a correlation between various PAX6 mutant genotypes and aniridia 

severity (Blanco-Kelly et al., 2021; Vasilyeva et al., 2021).  

Notably, foveal hypoplasia and the resulting nystagmus are the most common  

congenital features of aniridia due to Pax6 mutation  and unlike the iris defects, are 

seen in nearly all individuals heterozygous for Pax6 mutation (Daruich et al., 2022).  
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Later, aniridic individuals are highly susceptible to corneal keratopathy, glaucoma, 

and juvenile cataract (Alio, 2021; Nelson et al., 1984; Samant et al., 2016; Singh et al., 

2014).  Ectopia lentis and lens subluxation are also frequently observed, and may be 

indicative of weakness in the cilliary zonules that ordinarily stablize the lens in the 

visual axis and translate mechanical forces associated with the accommodation reflex 

(Edén et al., 2014; Landsend et al., 2021; Singh et al., 2014; Voskresenskaya et al., 

2021). People with aniridia undergo successive, increasingly invasive, ocular surgeries 

as they attempt to preserve their visual acuity for as long as possible (Alio, 2021; 

Landsend et al., 2021; Singh et al., 2014). Surgical correction of ocular pathologies 

can trigger aniridia fibrosis syndrome, an accumulation of fibrotic tissue in the eye 

that results from the aniridic eyeôs increased sensitivity to mechanical injury (Blanco-

Kelly et al., 2021; Tsai et al., 2005).   

At birth, patients with PAX6 related aniridia syndrome usually have clear 

lenses, but in some cases small, visually inconspicuous congenital polar lens opacities 

are seen (D'Oria et al., 2021; Edén et al., 2014; Landsend et al., 2021; Voskresenskaya 

et al., 2021).  These congenital/early onset cataracts often become clinically 

significant in adolescence, requiring surgery (Shiple et al., 2015). However, even 

aniridic individuals with clear lenses at birth develop cataract by young adulthood at 

high rates. 

Several studies have examined the characteristics of anridic cataract in 

different cohorts.  In the Eden cohort, phakic lenses were only still present  in 3 of the 

52 eyes examined, with 5 patients having documented congenital cataract.  In this 

cohort, the authors documented a progression of cataract severity, first manifesting as 

small posterior polar opacities, followed by a subcapsular mid-peripheral ring of 
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opacified cortical fibers that eventually radiates towards the posterior pole (Edén et al., 

2014).  While these posterior subcapsular cataracts were the most common type in the 

Eden cohort, Eden and colleagues also documented cases of anterior subcapsular 

cataract impacting lens epithelial cells (Edén et al., 2014).  An Indian cohort 

evaluating 262 eyes in 131 patients recorded 95 cataractous lenses amongst 247 

phakic eyes, with 14 years being the median age of cataract diagnosis, with the 

youngest case occuring in an 1.5 month old infant (Singh et al., 2014).  A Chinese 

case series examining 10 patients with aniridic cataract noted cortical (8 eyes), nuclear 

(5 eyes), and posterior capsular (4 eyes) (J. D. Wang et al., 2017).  In the 

Voskrenskaya cohort, a more recent study of 220 eyes in 110 Russian patients, the 

most frequent cataract was an anterior polar opacity, accounting for 22 of the 50 

cataractous lenses recorded (Voskresenskaya et al., 2021).  Similar to the Norwegian 

cases in the Eden cohort, Voskresenskaya also noted a posterior subcapsular cataract 

with radiating opacities extending to the mid-peripheral ring (Voskresenskaya et al., 

2021).  While these and other studies have extensively characterized the lens 

phenotype associated with PAX6 haploinsufficiency, and the role of PAX6 during eye 

and lens development is very well studied, our understanding of the molecular causal 

link between the PAX6 haploinsufficient genotype and the lens phenotype of human 

aniridia patients is quite limited. 
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Figure 1.5: Cataracts associated with aniridia in humans. (adapted from 

Voskresenskya et al, 2021) 

The PAX6 locus (Pax6 in mice) encodes a DNA binding transcription factor 

that directs the embryonic development of the pancreas, eye, and nervous system 

(Cvekl & Callaerts, 2017).  It controls the expression of target genes at all stages of 
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eye and lens development, from the initial specification of the lens placode during 

embryogenesis through the onset of secondary fiber differentiation in the fully 

developed lens (Cvekl & Callaerts, 2017).  As secondary fiber cell differentiation is a 

lifelong process, so too does the need for appropriately timed PAX6 expression 

continue indefinitely (Shaham et al., 2009).  PAX6 has multiple DNA binding 

domains and can be transcribed as several different isoforms.  Alternative PAX6 

splicing can influence target specificity by varying the combination of domains 

included in the transcript (Cvekl & Callaerts, 2017).  The timing and spatiotemporal 

localization of Pax6 expression during lens development has been well studied, as 

have the network of genes it controls during lens development (Cvekl & Callaerts, 

2017).   

Normal lens development is highly sensitive to Pax6 dosage (van Raamsdonk 

& Tilghman, 2000), with experimentally induced over or under expression of Pax6 

leading to severe lens defects (Melinda K. Duncan et al., 2000; Duncan et al., 1998; 

Duncan, Xie, et al., 2004). Less data is available to characterize its necessary function 

in the homeostasis of the mature lens.  Expression of Pax6 in mature lenses is 

restricted to lens epithelial cells (LECs) and decreases as these cells begin 

differentiating into cortical fibers (Shaham et al., 2009).  It is likely that PAX6 

expression helps maintain the LEC phenotype, and that the control of its expression is 

linked to the timing of the cell cycle exit that occurs as these cells progress through 

their natural differentiation program.  Nevertheless, our understanding of how PAX6 

haploinsufficiency leads to cataract remains limited, representing a significant gap in 

our knowledge of lens biology.  Prior gene expression profiling of fetal or newborn 

mice heterozygous for Pax6 mutations revealed only modest alterations in their 
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transcriptome (Chauhan, Zhang et al. 2002, Wolf, Yang et al. 2009), without yielding 

much insight into the etiology of presenile cataract common in PAX6+/- humans.  In 

chapter 5, this knowledge gap is addressed with an analysis of Pax+/- dependent 

differential gene expression in 5 month old mice.  

1.2.3 Cataract related to mechanical injury 

Cataracts can occur as the result of blunt or penetrating trauma to the eye 

(Hanna & Potts, 1970; Khan & Kharsa, 2021).  Cortical and subcapsular cataracts 

(ASC and PSC) are among the most common types of trauma-associated cataract 

(Ajamian, 1993; Brasch et al., 2005; Hanna & Potts, 1970; Wong et al., 2002).  Cases 

of PSC and ASC have even been reported due to obsessive compulsive eye rubbing, or 

vibrations from an electromechanical massager applied to the face (Khan & Kharsa, 

2021; Panikkar et al., 2016; Tang et al., 2003).  In one case, an underlying genetic 

disorder may have exacerbated the sensitivity of the patients lens to excessive 

vibration (Khan & Kharsa, 2021).  The lensô anterior surface is quite sensitive to 

mechanical stimulation, to the extent that gentle rubbing of the exterior surface of the 

anterior lens capsule can induce changes in gene expression that are associated with 

the response to mechanical injury (Shirai et al., 2001; Shirai et al., 2003).  Shear forces 

inside the lens resulting from blunt trauma have been implicated in cortical cataract 

and PSC (Pau, 2006).  The fibrotic character of ASC suggests a common etiology to 

fibrotic posterior capsular opacification (FPCO). FPCO is a sequalae of intracapsular 

cataract surgery that involves LEC transdifferentiation to myofibroblasts and 

producing fibrotic plaques that compromise surgically restored vision.  The cytokine 

growth factor TGF-b is implicated in both pathologies, suggesting that related 

mechanisms are involved (de Iongh et al., 2005; F. J. Lovicu et al., 2004; Frank J. 
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Lovicu et al., 2004; Shu et al., 2017; Srinivasan et al., 1998).  Ocular injury, which by 

necessity precedes FPCO, is also associated with an inflammatory response (I. 

Michael Wormstone et al., 2009; Wormstone et al., 2021).  Chronic ocular 

inflammation due to uveitis is commonly associated with cataract, predominantly PSC 

however cases of ASC are also observed (AlBloushi et al., 2019; Arora et al., 2014; 

Nussenblatt, 1997; Petrash et al., 2022).  Electron micrography of the anterior capsule 

and associated lens epithelial cells affected by uveitis shows evidence cell death 

suggestive of oxidative stress, and potentially cells undergoing EMT and becoming 

myofibroblasts (Tekin et al., 2020).  A positive correlation between the aqueous 

humor concentration of inflammatory cytokines IL6 and IL8 and the severity of PSC 

has been noted in cases of Fuchs uveitis (Wang & Tao, 2021).  If these cytokines 

recruit macrophages and activate them inside the anterior chamber, it could lead to 

cataractogenic lens damage (Zigler et al., 1983).  
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Figure 1.6: Examples of cataract and their location in the lens. (Adapted from Liu et 

al. 2017) 

1.2.4 Age-related cataract 

Aging subjects the lens to cumulative insults that damage protein, lipids, and 

nucleic acids over time.  Energetic exposures such as ultraviolet light (Chen et al., 

2013; Lofgren, 2017; Marchitti et al., 2011), microwave and ionizing radiation 

(Lipman et al., 1988; Uwineza et al., 2019), and chemical exposures such as smoking 



 

19 

(Kelly et al., 2005), and fuel-vapors (Das et al., 2019) can damage lens cells and are 

known to cause cataract.  While the lens has evolved with mechanisms that protect 

against this damage, environmental insults can accumulate over time, and protective 

mechanisms may eventually be overwhelmed, or decline with advanced age (Truscott 

& Friedrich, 2019; Wei et al., 2014).  When this occurs, cataractous lens opacities can 

arise as the result of disruptions to the lensô cellular architecture, the solubility of its 

refractive proteins, or its electrochemical homeostasis. Thus, age is a significant risk 

factor for cataract.   

In humans, a cataract manifesting earlier than 40 to 55 years of age is generally 

considered a ñpresenileò cataract  and while the majority of age-related cataracts are 

occur in people over 65, the age of onset within a population can be quite variable 

(Assaf et al., 1993; Das et al., 2019; Shiels & Hejtmancik, 2007; Skalka & Prchal, 

1980; Stevens et al., 1989).  According to the National Eye Instituteôs 2010 data, most 

adults remain cataract free through their 60ôs and between 30 and 40 percent of 

Americans remain so into their 80ôs and beyond (National Academies of Sciences 

Engineering and Medicine (U.S.). Committee on Public Health Approaches to Reduce 

Vision Impairment and Promote Eye Health et al., 2016).  On the other hand, over 10 

percent of Americans develop a cataract before 65 (National Academies of Sciences 

Engineering and Medicine (U.S.). Committee on Public Health Approaches to Reduce 

Vision Impairment and Promote Eye Health et al., 2016).  At the age of 70 and above, 

ethnicity appears to have a notable impact on the onset of age-related cataract 

(National Academies of Sciences Engineering and Medicine (U.S.). Committee on 

Public Health Approaches to Reduce Vision Impairment and Promote Eye Health et 

al., 2016).  and while an individualôs lifetime burden of exposure to environmental 
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insults could certainly be influenced by abiotic factors, genetic diversity might explain 

some of the variation due to ethnicity as well.  

 

 

Figure 1.7: Prevalence of cataract by age and ethnicity in the US in 2010. Adapted 

from (National Academies of Sciences Engineering and Medicine (U.S.). 

Committee on Public Health Approaches to Reduce Vision Impairment 

and Promote Eye Health et al., 2016).   

In a recent large scale GWAS study, Choquet et al. report 54 SNP loci 

associated with cataract (manifesting at any age) in a population of 585,243 

individuals (Choquet et al., 2021).  While most of the loci identified by Choquet are 

homologs of mouse genes known to exhibit lens-preferred expression, and many of 

these genes are cataractogenic in mouse knockout models, none of the SNPs detected 

in this study impacted crystallin genes (Choquet et al., 2021).  Nevertheless, the 
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impacted genes reported by Choquet and colleagues are involved in diverse functions 

such as the apoptosis mediator CASP7, cell cycle regulators CDKN2C and CDKN2B, 

and developmental regulators in the Ephrin family associated with neurogenesis 

(Choquet et al., 2021).   

Such genetic variation suggests that age related cataract may involve more than 

just the cumulative effects of damage to lens macromolecules.  While the lens nucleus 

and its constituent cells are considered metabolically inactive (Augusteyn, 2010), its 

metabolically active outer layers, the cortical fibers and LEC, may manifest age 

dependent physiological changes over a lifetime.  Chapter 4 examines age dependent 

changes in lens gene expression, and describes their potential contribution to age 

related cataract.  

1.2.5 The lens as a model for fibrotic disease 

Fibrotic diseases are difficult to treat, severely impair quality of life, and often 

lead to early mortality.  Diseases such as cardiomyopathy (Eijgenraam et al., 2020; P. 

Kong et al., 2014), liver cirrhosis (Y. K. Jung & H. J. Yim, 2017), pulmonary fibrosis 

(Thannickal et al., 2004), and chronic kidney disease (Panizo et al., 2021) all involve 

the fibrotic destruction of tissue architecture.  Until recently, fibrotic conditions were 

widely considered irreversible. While we are now learning that withdrawal of a 

profibrotic insult can lead to regression of fibrotic tissue (Jun & Lau, 2018), we are far 

from translating this into practical therapeutic interventions (Fintha et al., 2019; 

Friedman et al., 2013; Nanthakumar et al., 2015).  To treat organ and tissue fibrosis 

more effectively, we need to be able to study the complete disease progression in-vivo, 

which can be difficult in vital organs as extensive fibrosis typically leads to organ 

failure. 
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Several biological aspects of the lens make it an attractive tissue in which to 

study fibrosis.  The two main fibrotic pathologies of the lens, ASC and PCO share 

many features in common with fibrotic diseases in other tissues, for example 

pulmonary and cardiac fibrosis, that are driven by TGF-b signaling (Boswell et al., 

2017; Hu et al., 2018; Pardali et al., 2017; Shirai et al., 2006).  However, unlike more 

complex tissues, the lens contains only two types of cells, derived exclusively from 

epithelium with a single developmental point of origin.  Further, due to its relative 

isolation from the circulatory system, the fibrotic transformation of LEC into 

myofibroblasts may occur in the absence of any white blood cells (Lang, 1997).  

Finally, since lens-derived myofibroblasts arise exclusively from LECs, it is easier to 

study the sequence of state-changes that occur ultimately leading to fibrotic EMT.   

1.2.6 Inflammation and fibrosis in posterior capsular opacification 

The most common surgical procedure to correct cataract involves the 

phacoemulsification and extraction of the fiber cell mass followed by the placement of 

a prosthetic ñIntra-Ocular-Lensò (IOL) (Figure 1.8 )(Y. C. Liu et al., 2017).  To gain 

access to the anterior surface of the lens, the pupil is dilated, and a small incision made 

near the base of cornea which allows access to the eye for subsequent surgical 

procedures (Y. C. Liu et al., 2017).  The physician creates a curvilinear capsulorhexis 

by removing a small circular section of the anterior lens capsule (Y. C. Liu et al., 

2017).  Next, they use an ultrasonic device with a suction tip to mechanically disrupt 

the fiber cell mass and evacuate the emulsified lens cells from the lens capsule (Y. C. 

Liu et al., 2017).  Throughout this process, the capsule remains intact and attached to 

the zonules (Y. C. Liu et al., 2017).  After fiber cell removal, the lens capsule, is often 

described as the ñcapsular bagò While this ñbagò is mostly empty, a small population 



 

23 

of lens epithelial cells (LECs) remains behind, tightly adhered to the capsule from the 

equatorial region towards the front of the lens up to the periphery of the anterior 

capsulorhexis (Figure 1.9 )(Wormstone et al., 2021).  To complete the procedure, the 

physician places an IOL inside the capsular bag, which unfurls haptic protrusions 

which help stabilize the IOL and position it in the visual axis (Figure 1.8)(Y. C. Liu et 

al., 2017).   

 



 

24 

 

Figure 1.8: Illustration of intracapsular cataract surgery, adapted from: (Y. C. Liu et 

al., 2017). 

A: Viscoelastic (arrows) injected into the anterior chamber to protect 

corneal endothelium. 

B: The surgeon makes a circular opening in the anterior capsule(arrows 

mark edges) by the procedure is known as ñContinuous Curvilinear 

Capsulorehexis 

C: The surgeon separates the fiber cell mass from the capsule via 

hydrodissection (arrow marks the wavefront of hydrodissection fluid).  

D: The surgeon mechanically disrupts the lens and evacuates tissue 

fragments using the phacoemulsification instrument (arrow).  

E: The surgeon injects more viscoelastic into the capsular bag (arrows). 

F: The surgeon inserts the prosthetic intraocular lens (arrow)into the 

capsular bag.  The lens will unfurl its haptics to stabilize itself. 

Posterior Capsular Opacification (PCO) is a common sequelae of cataract 

surgery as some LEC remain attached to the areas of anterior and equatorial capsule 

that were not impacted by capsulorhexis (Figure 1.9)(Wormstone et al., 2021).  These 

LEC begin to proliferate, expanding the population (Rakic et al., 1997).  As this 

occurs, proliferating LEC can exit the cell cycle and resume their differentiation into 
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fiber cells (Donachie et al., 2022; I. Michael Wormstone et al., 2009; Wormstone et 

al., 2021).  They can also undergo an epithelial to mesenchymal transition (EMT) and 

become myofibroblasts.  Typically, these cells remain sequestered at the periphery of 

the capsular bag via a barrier created by the interaction of the IOL with the lens 

capsule leading to Soemmerringôs ring (Donachie et al., 2022; I. Michael Wormstone 

et al., 2009; Wormstone et al., 2021).  

However, at extended times post-surgery (1-10 years), these cells often escape 

their confinement at the capsular bag periphery and begin migrating across the 

posterior capsule leading to either Elschnigôs pearls which are dysgenic lens fiber cells 

derived from attempts of residual lens epithelial cells to regenerate the lens or fibrotic 

posterior capsular opacification which is produced by a mixture of myofibroblasts and 

the fibrotic extracellular matrix proteins they secrete such as Collagen 1 and 

Fibronectin (Donachie et al., 2022; I. Michael Wormstone et al., 2009; Wormstone et 

al., 2021). These myofibroblasts further compromise vision by exerting contractile 

forces on the lens capsule causing it to wrinkle which leads to further light scatter 

(Donachie et al., 2022; I. Michael Wormstone et al., 2009; Wormstone et al., 2021).   

Refinements in IOL material and design, such as the square-edge IOL have 

contributed to the reduced PCO incidence observed within 1 year of surgery 

(Donachie et al., 2022; I. Michael Wormstone et al., 2009; Wormstone et al., 2021).  

The square-edge IOL is designed to form a barrier impeding migratory cells 

(Donachie et al., 2022; I. Michael Wormstone et al., 2009; Wormstone et al., 2021).  

While this may be very effective initially, LEC-derived myofibroblasts may eventually 

migrate past the barrier into the visual axis (Figure 1.10)(Wormstone et al., 2021), 

potentially paving the way for the emergence of late onset (1-10 years post cataract 
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surgery) fibrotic PCO (Figure 1.11) (Donachie et al., 2022; I. Michael Wormstone et 

al., 2009; Wormstone et al., 2021).  The development of an anti-fibrotic therapeutic 

could help mitigate this process as long lived myofibroblasts are important in the 

pathogenesis of this late onset PCO (Donachie et al., 2022; I. Michael Wormstone et 

al., 2009; Wormstone et al., 2021).  

  

Figure 1.9: Diagram showing the IOL positioned inside the capsular bag upon 

completion of cataract surgery.  The square edges of the IOL haptics 

initially help retain residual LEC. Image adapted from: (Wormstone, 

Wormstone et al. 2021). 

 

Figure 1.10: Diagram showing the IOL and lens capsule at the onset of fibrotic PCO, 

after LEC-derived myofibroblasts have migrated past the IOLôs square 

edges. Image adapted from: (Wormstone et al., 2021). 
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Figure 1.11: Diagram illustrating late stage PCO. Elshnigôs pearls are thought to arise 

from LEC that have resumed the fiber cell differentiation process 

(regenerative PCO). Image adapted from: (Wormstone et al., 2021). 

The Duncan lab has made extensive use of a mouse model to study the 

response of residual lens epithelial cells to mechanical injury over intervals ranging 

from 6 hours to 5 days and beyond.  As in the human surgery, the fiber cell mass is 

mechanically separated from the capsule while the capsule and capsule associated 

LECs remain in the eye, kept in position by the zonules.  However, unlike human 

cataract surgery, an IOL is not used in the mouse model.  In a typical experiment, the 

investigator will perform the procedure on the first eye, leaving the remaining eye 

intact.  After the desired interval, the second eye is operated on in the same manner 

and serves as a ñ0 Hourò control.  Immediately after the second surgery, the mouse is 

euthanized while under anesthesia and both capsules are harvested.  Throughout this 

manuscript, the procedure thus described is often referred to as ñmouse cataract 

surgeryò. 

The LEC response to injury can be loosely characterized by immediate, 

inflammatory, and regenerative/fibrotic phases (Jian Jiang et al., 2018; Mahbubul H. 

Shihan et al., 2020; Shirai et al., 2001; Wormstone et al., 2021).  The initial injury 

causes mechanical changes to the lens capsule and exposes LECs to a novel 
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extracellular milieu.  Immediately after injury, signal transduction mechanisms initiate 

changes in gene expression that manifest as early as 6 hours, leading to an 

inflammatory response (Jian Jiang et al., 2018) that recruits neutrophils to the capsular 

bag within 18 hours (Jian Jiang et al., 2018).  Inflammatory signaling reaches a 

maximum in the first 24 hours after injury and its sustained activation over 48 hours 

eventually leads to macrophage infiltration (Jian Jiang et al., 2018). Both neutrophils 

and macrophages secrete TGFb (Grotendorst et al., 1989; Wahl et al., 1990) which has 

long been implicated in LEC epithelial to mesenchymal transition (EMT) and 

subsequent fibrosis (Das et al., 2016; Hales et al., 1994; Wormstone et al., 2002). 

LECs undergoing EMT may also activate latent TGFb that is already present in the 

surrounding extracellular matrix (Mahbubul H. Shihan et al., 2020).  This subset of 

LECs undergoing EMT radically reprogram their phenotype and develop 

characteristics of myofibroblasts (Shirai et al., 2018; Shu & Lovicu, 2017; I. Michael 

Wormstone et al., 2009).   

Like myofibroblasts in other tissues, LEC derived myofibroblasts gain motility 

and contractility (Shu & Lovicu, 2017). They secrete fibrotic extracellular matrix 

(ECM) proteins and MMPôs that degrade endogenous ECM (Shirai et al., 2018; Shu & 

Lovicu, 2017).  The Duncan lab has also observed the increased transcription of pro-

fibrotic genes prior to the onset of Smad2/3 phosphorylation which is a primary 

readout for canonical TGFb signaling (Mamuya et al., 2014; Shihan, 2020).  This 

suggests the involvement of either non-canonical TGFb signaling, TGFb independent 

signaling, or both in the promotion of lens fibrosis.  Notably, younger cataract patients 

develop more aggressive PCO than older ones (Elkin et al., 2016; Wu et al., 2018), 

which has been related to differences in proliferative potential and cell signaling 
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efficiency of LEC (Dawes et al., 2013; Wormstone et al., 1997), the global 

mechanisms underlying these observations have not been studied.  Chapter 4 of this 

dissertation addresses the similarities and differences between the LEC injury 

response in the 3 month old mouse and the 24 month old mouse.  

1.3 The objectives of this dissertation: Aging, Aniridia and Injury 

Aging, Aniridia, and mechanical injury are all potential causes of cataract, the 

major pathology of the ocular lens.  The lens injury response is also central to vision-

compromising sequalae of surgical cataract correction.  While extracapsular cataract 

surgery is truly a miracle of modern medicine, and most age-related cataracts are 

likely inevitable, we may find that medical, dietary, or behavioral intervention can 

prevent or delay cataract in certain predisposed individuals.   

For instance, such capabilities would be invaluable for individuals affected by 

Aniridia syndrome, potentially extending the longevity of their vision by years.  

Further, while the follow-up procedures for treating PCO are very effective, they are 

not without risk, and many cataract surgeons agree that a preventative drug would 

have considerable value (Shihan et al., 2019).  To realize any of these goals, it is 

essential to determine which genes are involved, and how they might interact with one 

another.  Chapter 4 examines how aging influences gene expression in lens cells, the 

impact of age on the lens injury response after a lens-injury modeling cataract surgery, 

and how biological sex may influence differential gene expression.  Chapter 5 extends 

this line of inquiry to examine age dependent gene expression in the human lens.  

Chapter 6 examines how changes in gene expression due to Pax6 haploinsufficiency 

might help explain the presenile cataract that manifests in Aniridia syndrome.  This 

manuscript reports on a series of transcriptomic profiling studies that address the 
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changes in gene expression associated with each of these drivers of lens pathology, 

with the goal of expanding our knowledge of the mechanisms through which aging, 

aniridia, and injury damage the lens. 
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METHODS 

2.1 Animal Care and Use Statement 

All studies using mice comply with the Association for Research in Vision and 

Ophthalmology Statement on the Use of Animals in Vision Research and were 

approved by the University of Delaware Institutional Animal Care and Use Committee 

under protocol 1039. 

2.2 Mice used to investigate aging in the lens (Chapter 4) 

Twenty-four-month-old C57BL/6NIA mice (10 males and 10 females) were 

obtained from the National Institute on Aging Biological Resources Colony in October 

of 2018. These animals are derived from C57BL/6J foundation stock obtained from 

the Jackson Laboratory in 2016. Ten-week-old C57BL/6J mice (10 males and 10 

females, Stock # 000664) were obtained from the Jackson Laboratory in October of 

2018. In both cases, animals were housed at the University of Delaware animal facility 

under a 14/10 h light-dark cycle for two weeks prior to tissue isolation. The eyes from 

all mice used in this study were of normal size and did not manifest signs of the 

sporadic eye defects that have been reported in this strain (Smith et al., 1994). The 

lenses from the 12-week-old mice studied were transparent, while most of the aged 

lenses used in this study showed refractive discontinuities consistent with ñnuclear 

sclerosisò and/or mild lens opacities as has been reported for 24-month-old mice of 

this strain (Wolf et al., 2000, 2005). 

Chapter 2 
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2.3 Mouse cataract surgery model and tissue preparation to investigate aging in 

the lens (Chapter 4) 

Surgical removal of lens fiber cells was performed on adult mice to mimic 

human cataract surgery as previously described (Desai et al., 2010; Manthey et al., 

2014b). Briefly, two weeks after arrival at the University of Delaware, mice were 

anesthetized, a central corneal incision made, and the entire lens fiber cell mass was 

removed from one eye by a sharp forceps, leaving behind an intact lens capsule. The 

cornea was sutured, and the eye restored to normal shape with balanced saline 

solution. Twenty-four hours later, mice were re-anesthetized, and the surgery repeated 

on the other eye. Mice were then immediately sacrificed, and lens capsular bags 

isolated by dissection. 

For RNA sequencing, lens capsular bags from either 24 hours post cataract 

surgery (PCS) or zero hours PCS were pooled from five animals to make a single 

biological replicate, while lens fiber masses from two independent animals were 

pooled per replicate. Four biological replicates were created for each condition (3-

month-old versus 24-month-old at zero hours, 24 hours, and lens fiber cells) and flash 

frozen on dry ice. Of these four replicates, two were isolated from male animals and 

two from female animals to disentangle the effect of sex as a biological variable in the 

analyses (Faranda et al., 2021a, 2021b).  My laboratory colleagues Dr. Yan Wang and 

Dr. Mabhubul Shihan were responsible for carrying out these procedures. 

2.4 Mice used to investigate Pax6 haploinsufficiency in the lens (Chapter 5) 

A breeding colony of Pax6tm1Pgr/J mice was established at the University of 

Delaware vivarium facility and maintained on 14/10-hour light-dark cycle.  Mice were 

fed a standard mouse diet with ad libitum access to water and food.  The mutant Pax6 

allele was developed and first reported by the lab of Dr. Peter Gruss and consists of a 
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LacZ cassette insertion disrupting exons 4 through 6 of the mouse Pax6 locus. 

Progeny from this colony were either wildtype in Pax6 or Pax6 haploinsufficient, as 

Pax6tm1Pgr/tm1Pgr homozygotes are generally perinatal lethal.  My laboratory colleague 

Dr. Yan Wang was responsible for maintaining this colony.  

2.5 Histological Sectioning to evaluate the impact of Pax6+/- on lens architecture 

and lens cell morphology (Chapter 5) 

Eyes were harvested from 8-week, 16-week, and 12-month-old Pax6 

haploinsufficient mice and their wildtype littermates and immediately transferred to 

Davidsonôs fixative.  Eyes were fixed in Davidsonôs at room temperature for 

approximately 20 hours then transferred to 70% ethanol for indefinite storage prior to 

embedding.  Fixed globes were shipped in 70% Ethanol to a third party (Histowiz, 

Brooklyn NY) for paraffin embedding, sectioning and Hematoxylin-Eosin (H&E) 

staining.  Brightfield images of Longitudinal-vertical plane sections were collected at 

the University of Delaware using a Zeiss Axio Observer microscope fitted with a CCD 

camera.  

2.6 Lens cell RNA isolation from Pax6+/- and wildtype mice (Chapter 5)   

All  mice used for RNA Sequencing in the Pax6 study were approximately 5 

months old at the time of harvest.  Wildtype littermates were used as controls.  To 

separate lens epithelial cells from fibers, the lens was removed from the eye and the 

capsule is peeled away from the fiber cell mass starting from the posterior pole.  The 

lens epithelial cells remain tightly attached to the capsule, while the outermost cortical 

fibers are collected from the fiber cell mass.  Three biological replicates were prepared 

for each experimental condition based on cell type (LEC, Cortical Fibers) and 

genotype (Pax6+/+, Pax6tm1Pgr/+).  For lens epithelial cells, RNA was isolated from 5 
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pooled lens capsules for each biological replicate.  For cortical fibers, RNA for each 

biological replicate was isolated from pooled cortical fibers of 2 lenses.  My 

laboratory colleagues Dr. Yan Wang and Dr. Samuel Novo were responsible for these 

procedures. 

2.7 Preparation of human lens material from donors aged 70 ï 89 (Chapter 6) 

Lenses were collected by our collaborators at the Barraquer Institute for 

Ophthalmology in Barcelona, Spain, as a byproduct of their corneal transplant 

program.  Lenses were dissected in a manner typical of intracapsular cataract surgery, 

described in detail in the dissertation of my laboratory colleague Samuel Novo (Novo, 

2022).  Three cell types were harvested from these lenses, central lens epithelial cells 

attached to the anterior capsulorhexis, equatorial lens epithelial cells attached to the 

capsular bag, and cortical lens fiber cells.  Dissected cell populations were transferred 

to RNA stabilizing preservative, immediately frozen at -109 C (on dry ice) and 

shipped to the Duncan lab.  RNA was isolated from these tissue samples by Samuel 

Novo, transferred to RNALater, and shipped to DNA Link in Seoul, South Korea for 

sequencing.  A total of 6 lenses from three human donors were used in this study.  The 

lens RNA from this set of samples was extracted and sequenced separately from that 

of the 20 ï 30 year-old human lenses described in 2.8 

2.8 Preparation of human lens material from donors aged 20 ï 30 (Chapter 6) 

Lenses from 20-30 year old humans were isolated by the Lions Vision Gift Eye 

Bank (Portland Oregon) as part of their cadaver corneal donation program and 

immediately transferred to RNAlater, then shipped to the Duncan lab.  Lenses from 

three human donors were used in this study.  My laboratory colleague Dr. Yan Wang 
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processed and dissected these lenses and prepared three tissue sections from each lens: 

central lens capsule, equatorial capsule, and cortical fibers.  My colleague Dr. Samuel 

Novo isolated RNA from each of these tissues.  RNA samples stabilized in RNALater 

were shipped to DNA Link in Seoul, South Korea for sequencing.  For each tissue 

from each donor, the sample with the best RIN value was sequenced providing a total 

of 3 biological replicates per cell type.  The lens RNA from this set of samples was 

extracted and sequenced separately from that of the 70 ï 89 year-old human lenses 

described in 2.7 

2.9 Next generation RNA sequencing and bioinformatic analysis of human and 

mouse lens cell RNA (Chapters 4, 5 and 6).  

Lens epithelial cell RNA was harvested using the RNeasy Mini Kit from 

Qiagen (Cat No./ID: 74,104), and lens fiber cell RNA isolated using the SV Total 

RNA Isolation System (Promega- Catalog number- Z3100). RNA libraries were 

prepared for sequencing using the SMARTer® Stranded Total RNA-Seq Kit-Pico 

Input Mammalian (Takara Bio USA, Inc., Mountain View, CA, USA) and sequenced 

by DNA Link, USA (901 Morena Blvd. Ste 730 San Diego CA 92117, USA) on a 

NovaSeq 6000 (San Diego, CA, USA). Read pairs (101 nucleotides long) were aligned 

to the Ensembl primary assembly of the mouse genome (Yates et al., 2020) using 

HISAT2 with its default parameters (Kim et al., 2019). Read pairs aligning to genomic 

features in the Ensembl Mouse GTF file were quantified as gene level counts, using 

HTSeq-Count in union mode (Anders et al., 2014). Length normalized abundance esti- 

mates (Fragments per Kilobase-Million (FPKM)) were calculated from gene level 

counts using the total length of all known exons for a given gene, after merging 

overlapping exons.  For the original mouse aging study published in EER and reported 
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in Chapter 4, the Ensembl version 101 GTF file and GRCm38p13 genome assembly 

were used for alignment and quantitation.  For the mouse Pax6 study, the Ensembl 

version 104 mouse GTF file and GRCm39 genome assembly were used for alignment 

and quantification.  For the analysis of human lens cells reported in Chapter 6, the 

Ensembl version 104 human GTF file and GRCh38p13 genome assembly were used 

for alignment and quantification.  

Samples were partitioned for TMM (Trimmed Median of Means) scaling 

(Phipson et al., 2016; Robinson & Oshlack, 2010) and differential expression analyses 

performed based on the objective of a particular contrast. For contrasts evaluating 

differences between epithelial cells and fiber cells, and age effects in uninjured tissues, 

all samples collected at 0 h post-surgery were grouped together. For contrasts 

evaluating LEC injury responses, all LECs samples were grouped together. 

The ñexactTestò method from the edgeR statistical package (version 3.30.3) 

was used to estimate the magnitude and statistical significance of differential gene 

expression, with robust dispersion estimates (Phipson et al., 2016; Robinson & 

Oshlack, 2010). Genes with at least 10 mapped reads in at least four samples were 

considered to have ñdetectableò levels of expression. Genes failing ñdetectableò 

criteria were removed prior to running the ñexactTestò, using edgeRôs ñfilterByExprò 

function (Chen, 2016). Biologically significant differentially expressed genes (DEGs) 

were defined as those exhibiting a statistically significant difference in expression 

after adjustment for False Discovery Rate (FDR Ò 0.05), a difference in expression 

level greater than 2 FPKM between conditions, Fold Change (FC) greater than 2 in 

either the positive or negative direction and expressed at a level greater than 2 FPKM 

(Manthey, Terrell, Lachke, et al., 2014).  For the investigation of aging in the lens 
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described in Chapter 4, and reported in Experimental Eye Research (Faranda et al., 

2021a, 2021b), Storeyôs Q value was used to adjust p values for false discovery 

(Storey & Tibshirani, 2003).  It was later determined that for certain genes, the 

estimate for Storeyôs Q was smaller (ie. more significant) than the corresponding raw 

p value.  While this behavior is expected for Storeyôs Q, and consistent with the 

statistical reasoning underlying the method, it was my preference to use the 

Benjamini-Hochberg method for all subsequent analyses.  

2.10 Pathway analyses 

Pathway analysis was performed on all statistically significant DEGs defined 

as those exhibiting a fold change Ó |2| and FDR Ò0.05 using iPathwayGuide (Advaita 

Bioinformatics, Plymouth Michigan, USA). This software package uses Impact 

Analysis, an approach that considers the directed interactions of DEGs within a given 

pathway (as defined by the Kyoto Encyclopedia of Genes and Genomes, KEGG, (M. 

Kanehisa et al., 2017), Release 96.0+/11ï21, Nov 20) and also whether more pathway 

participants are observed in the DEG list than would be expected by chance (Ahsan & 

Draghici, 2017; Draghici et al., 2007; Tarca et al., 2009). Gene ontology comparisons 

were made against the October 14, 2020 release of the Gene Ontology Consortium 

database (Ashburner et al., 2000). 

2.11 Lens preferred genes in the iSyTE database 

The Integrated Systems Tool for Eye gene discovery (iSyTE) database 

(Kakrana et al., 2018; Lachke et al., 2012) uses the principle of ñwhole body 

subtractionò to identify genes with a significant difference in expression between the 

lens, and the rest of the body. Genes expressed at higher levels in the lens vs non-lens 
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tissues are described as ñlens-preferredò and are expected to contribute to the lens 

phenotype. In the current study, DEGs identified in sex and age dependent contrasts 

were compared to the 412 genes that iSyTE considers ñhighly lens preferredò at 

postnatal day 56. 
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LENS RNA SEQUENCING PIPELINE  

3.1 Introduction: Peculiarities of RNA Sequencing in the ocular lens 

RNA Sequencing is now a well-established method for profiling the 

transcriptome as sequencing technology and robust statistical methods for analyzing 

the data have evolved.  However, as the algorithms implementing these methods have 

grown increasingly sophisticated, this has expanded the complexity of the program 

parameter options available to the analyst (Ballouz et al., 2018).  Thus, the naïve 

analyst approaching an RNA Sequencing project is faced with a daunting menu of 

choices ranging from the selection of algorithms and statistical considerations to 

include in their pipeline to the appropriate settings and statistical assumptions for the 

data set being analyzed (Ballouz et al., 2018).  Appropriate selection of analytical 

pipeline for RNA-Seq is essential as the distinct biochemistry of a particular tissue or 

cell type can have a profound impact on the composition of the RNA population to be 

studied that extends beyond differences in the relative rates of transcription between 

various genes. Thus, an understanding of the unique properties of the biological source 

material is critical when deciding how to generate, process and analyze RNA 

Sequencing data.   

Several aspects of the lensô physiology can have an impact on the design and 

execution of lens transcriptome studies.  It is a clear, ellipsoidal tissue with refractive 

properties that facilitate vision (Augusteyn, 2010).  The mature mammalian lens 

consists of two primary cell types and is completely encapsulated within a thick 

Chapter 3 
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basement membrane known as the lens capsule (Augusteyn, 2010; Danysh & Duncan, 

2009). The lens epithelial cells (LEC) line the inner anterior surface of the capsule.  In 

adults, proliferative LECs are found near the lens equator, and as these cells exit the 

cell cycle, they both restore the cells of the lens epithelium and give rise to the lens 

fiber cells that account for the overwhelming majority of the tissuesô mass (Shi et al., 

2014).  Like the rings of a tree, concentric layers of fiber cells continue to be added to 

the lens over a lifetime which contributes to its steady increase in size with age 

(Augusteyn, 2010; Zampighi et al., 2000).   

Using microdissection techniques, it is possible to separate the lens capsule 

with its tightly attached LECs from cortical lens fiber cells and analyze them 

independently.  Cortical fibers are also easily dissected away from the dense, 

compacted nucleus of a mature lens (Augusteyn, 2010; Bassnett & Costello, 2017).  

Independent analysis of LEC and cortical LFC can be advantageous, as LECs and 

LFCs have very distinct biology (Donaldson et al., 2017; Mochizuki & Masai, 2014; 

Zhou et al., 2006).  If these LEC are not analyzed separately from cortical fibers, their 

distinct transcriptomic signature may be missed.  However, the small size of the LECs 

population often makes it necessary to pool lens epithelial samples from multiple 

animals when working with small mammalian species such as mice to obtain enough 

RNA for library preparation.  The limiting number of LECs in each lens also directs 

the choice of library preparation kits as bulk RNA-Seq from these samples is only 

possible with kits that can accommodate a low RNA input. 

The interior of a mature mammalian lens consists concentric layers of fiber cell 

shells that accumulate and condense over an organismôs lifetime (Augusteyn, 2010; 
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Bassnett & Costello, 2017).  At the center of this mass are the primary fiber cells that 

arose during embryogenesis (Bassnett & Costello, 2017; Cvekl et al., 2015).  

A fundamental element of the LFC differentiation process is the clearance of 

organelles and nuclei, through an process sharing features with autophagy (Brennan et 

al., 2021).  Notably, terminally differentiated LFC are entirely anucleate, lack 

organelles, and synthesize no new proteins as all transcription and translation of lens 

specific proteins occurs during the earlier phases.  Relevant to RNA-Seq analyses, the 

organelle degradation process does not completely eliminate all polyribonucleotideôs 

(Faulkner-Jones et al., 2003) so that the continual accumulation of new lens fiber cells 

establishes an inward gradient of cells with increasingly degraded RNA (Faulkner-

Jones et al., 2003).  For some RNA species, complete degradation coincides with the 

elimination of nuclei, however for genes expressed at high levels such as alpha 

crystallin, partially degraded transcripts persist across the full diameter of the lens 

(Faulkner-Jones et al., 2003).  Here, we refer to this population of partially degraded 

RNA fragments as ñFossil RNAò because they are cemented in time by the relentless 

accumulation of fiber cell layers.  

3.2 RNA Sequencing using Illuminaôs short-read SBS technology 

RNA Sequencing (RNA-Seq) is a technique for profiling the population of 

RNA transcripts present in a biological sample that can be implemented using ñNext 

Generationò massively parallel sequencing technology (Bentley et al., 2008; 

McCombie et al., 2019; Modi et al., 2021).  All  sequencing results reported in this 

dissertation were generated using Illuminaôs reversible terminator sequencing-by-

synthesis (SBS) methods and associated instrumentation (Bentley et al., 2008; Modi et 

al., 2021).  In the Illumina method, RNA extracted from the sample, and processed 
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through a series of biochemical steps to prepare a cDNA library consisting of double 

stranded DNA fragments that correspond to transcripts present in the original sample 

(McCombie et al., 2019; Mortazavi et al., 2008).  During library preparation, RNA 

transcripts are reverse transcribed to cDNA, typically using a pool of randomized 

6ômers as primers (Hansen et al., 2010; van Gurp et al., 2013).  A critical element in 

this process is the incorporation of ñadaptorsò, either by ligation or template switching 

to each end of both strands of the cDNA fragment (Bentley et al., 2008).  The 

oligonucleotide adaptors allow cDNA library fragments to anneal to complimentary 

oligonucleotides that have been covalently ligated to the surface of the flow-cell, a 

glass slide divided into multiple lanes that serves as a solid substrate (Bentley et al., 

2008).  They can also include a molecular index that allows samples to be 

multiplexed, and the binding site for a universal primer to initiate sequencing (Meyer 

& Kircher, 2010).  The adaptors and complementary anchors are designed to facilitate 

an amplification method known as bridge PCR, which improves the fluorescent 

signals measured during sequencing by generating tight clusters of identical copies of 

each fragment on the surface of the flow-cell. During a typical sequencing run, the 

instrument sequences the first ñReadò by repeating a cycle of synthesis and scanning 

as many times as necessary to achieve the desired read length (Bentley et al., 2008).  If 

paired end data is being generated, the instrument executes a series of bridge PCR 

steps to reverse the fragment orientation, and the cycle of synthesis and scanning is 

again repeated to sequence the opposite end of the fragment and produce the second 

read (Bentley et al., 2008).   
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3.3 Sequencing data format 

At the end of an Illumina sequencing run, the instrument generates a data set 

consisting of short nucleotide sequences, referred to as óreadsô (Bentley et al., 2008).  

All reads in an Illumina data set are expected to have the same length, typically 50 to 

250 bases depending on the number of base-calling cycles used during sequencing 

(Bentley et al., 2008; McCombie et al., 2019).  Each read in an Illumina data set is a 

partial copy of a cDNA fragment from the original library (Bentley et al., 2008). In 

ósingle-endô experiments, each cDNA fragment is represented by a single read that 

matches one end of the fragment.  In ópaired-endô experiments each cDNA fragment is 

represented by two reads, one matching each end of the fragment.  Reads are stored 

using the FastQ file format, which records three pieces of information for each 

sequenced read as character strings: An identification string, the read itself, and a 

quality string (Cock et al., 2010).  

The read itself is stored as a plain text string, with nucleotides represented by 

their letter codes óAô óCô óGô and óTô or óNô for an indeterminate call (Cock et al., 

2010).  The quality of each base called in the read is reported in a corresponding 

quality string that has the same length as the read and uses an encoding scheme where 

each character has a numeric value related to the probability of an incorrect base call 

at the corresponding position (Cock et al., 2010).  The identification string contains a 

unique identifier for the read, and includes technical information such as its index, and 

the cartesian coordinates of the readôs position on the flow-cell.  In paired end 

experiments, each read has a corresponding mate and are referred to as mate-pairs.  

For the Duncan lab studies, these are divided into two separate files with one mate 

from each pair in each file.  
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3.4 Read level quality assessment 

The analysis pipeline in current use incorporates several of the basic analysis 

steps described in the Mayo Clinicôs MapR-Seq pipeline (K. R. Kalari et al., 2014) 

that was used in the 2018 analysis of our 24-hour lens injury response study (Jian 

Jiang et al., 2018), and our subsequent study investigating the consequences of 

Fibronectin deletion on the 48-hour lens injury response (Mahbubul H. Shihan et al., 

2020). The main elements of our current pipeline fall into 4 basic categories: Read 

pre-processing, quality control, read alignment and quantification, and differential 

expression analysis.  The pipeline used in this dissertation was implemented using a 

combination of BASH Shell scripts, and R scripts to automate processing steps.  

Public GitHub repositories archiving the code used in this dissertation are listed in 

table 3.1.  
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Table 3.1: GitHub repositories where the analysis code supporting this dissertation is 

archived.  All repositories are archived at https://github.com/afaranda and 

are publicly accessible. 

Chapter Repository name Description 

All  
Align_Quantify_RNASeq 

Pipeline for processing FastQ files, 

including quality control, alignment, and 

counting fragments aligned to genes.  Used 

for all chapters 

3 
GR_Degradation 

R scripts for reanalysis of a previous study 

examining RNA degradation (Gallego 

Romero et al., 2014). 

3, 5 
FCM_Methods_Paper_Analysis 

R scripts implementing all of the analyses 

in chapter 3, and all non-Advaita analysis in 

chapter 5 

4 
Aging_Mouse_Lens 

R scripts implementing all non-Advaita 

analysis in chapter 4, reported in (Faranda et 

al., 2021a, 2021b) 

6 
Pax6_Lens_Study 

R scripts implementing all non-Advaita 

analysis in chapter 6. 

7 
Lens_Injury_Response_Time_Series 

R scripts implementing differential gene 

expression and cluster analysis described in 

chapter 7 for the lens injury time series data 

 

Read quality assessment is the first step in our pipeline.  The FastQC package 

analyzes fastq files generated by the sequencing instrument (Andrews, 2010).  For 

paired end studies, the first read (R1 file) and second read (R2 file) are analyzed 

separately.  The key FastQC metrics we evaluate are the mean base-call quality scores 

(phred33) over the length of the read, the distribution of mean quality scores per 

sequence, the GC content distribution, adaptor content, and sequence duplication rates.  

FastQC also reports the total number of reads in the fastq file (Andrews, 2010). Base 
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call quality measures indicate the performance of the sequencing instrument and 

reagents during the sequencing run.  In some cases, especially in libraries with shorter 

fragments, part of the adaptor sequence can be incorporated into the 3ô end of the read.  

A library of adaptor sequences has been programmed into FastQC so it can report the 

extent of adaptor incorporation in a set of reads which may need to be trimmed in later 

steps (Andrews, 2010).  The sequence duplication, GC content distributions, and per 

base sequence content bias are all useful for evaluating the quality of the library 

preparation, as anomalies in these measures can be related to adaptor dimerization or 

contamination (Andrews, 2010). 

3.5 Trimming and Ribosomal content removal 

Adaptors and low-quality base calls might in some cases interfere with the 

process of aligning reads to a reference genome.  To contend with cases of adaptor 

contamination, our pipeline uses the Babraham Instituteôs ñTrim Galore!ò software to 

remove adapters and nucleotides with low phred33 quality scores from the ends of the 

raw reads (Krueger, 2012).  Nucleotides are trimmed if their phred33 score is less than 

28 and reads that are trimmed by more than 15 nucleotides are excluded from 

downstream analysis. When used in paired end mode, ñTrim Galore!ò also ensures 

that trimmed reads are properly paired with one another.  

In ribodepletion experiments, the ribosomal RNA (rRNA) content present in the 

resulting cDNA library is a function of the efficiency of the ribodepletion process, and 

therefore a technical variable.  There is a potential for rRNA-derived reads to map to 

alternative loci when sufficient homology exists.  In many of the samples I have 

analyzed, significant rRNA contamination has been noted.  To avoid potential biases 

between samples (Chatterjee et al., 2018), trimmed reads are next aligned to the 45s 
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pre-spliced ribosomal RNA transcript using HISAT2, and all reads that fail to align to 

this transcript are extracted from the resulting BAM files (Chatterjee et al., 2018).  The 

filtered reads are now ready for alignment to a reference genome.  

3.6 Alignment and Quantification  

After preprocessing, trimmed and rRNA filtered reads are aligned to a 

reference genome using the splice-aware aligner HISAT2 which can align reads that 

span junctions between exons (Kim et al., 2019).  The earlier MapRSeq pipeline 

accomplished this via the TopHat and Bowtie2 packages (Krishna R. Kalari et al., 

2014), however HISAT2 has been developed as TopHatôs successor (Kim et al., 

2019).  HISAT2 offers improvements in speed and accuracy over its predecessor and 

has comparable performance to the popular STAR aligner. Like STAR, HISAT2 uses 

soft clipping to minimize the influence of lower quality base calls near either end of 

the read.  After aligning reads to a reference genome, we use HTSeq-Count to estimate 

the number of fragments that aligned to gene level features specified as intervals in a 

GTF File, using the ñunion-modeò method recommended by authors.  Both HISAT2 

and HTSeq-Count accept a parameter specifying the strandness and mate pair 

orientation of the reads in a library.  If library orientation information is unavailable, it 

can be inferred by generating a preliminary alignment with HISAT2 in unstranded 

mode and checking the orientation of the unstranded alignment with RSeQCôs 

ñinfer_experiment.pyò (Wang et al., 2012).  With HTSeq-Count in particular, correct 

strandness settings are critical to obtaining accurate counts.  Running HTSeq-Count 

with incorrect strandness settings can produce a count result file that appears valid but 

contains incorrect values. 
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3.7 Alignment Quality Measures 

Alignments against a reference genome can be analyzed to gain additional 

insight into the quality and composition of lens derived RNA Seq libraries. The 

RSeQC package includes several analysis tools that I have incorporated into our 

pipeline (Wang et al., 2012).  RSeQCôs inner distance analysis (inner_distance.py) 

helps us visualize the inner distance distribution, which relates to the size of fragments 

observed in the library (Wang et al., 2012).  We typically observe a unimodal, right-

skewed distribution with a mean near zero indicating that, for most fragments, there is 

no gap between the ends of the paired reads. RSeQCôs gene body coverage analysis 

(GBC) evaluates the depth of coverage, in other words the number of reads aligning 

over each nucleotide, between the 3ô and 5ô end of each transcript in a set of 

transcripts (Wang et al., 2012).  With GBC, we can assess the uniformity with which 

the fragments in our RNA Seq libraries represent the full length of expressed 

transcripts.  In poly-A enrichment studies for example, GBC tends to demonstrate the 

3ô bias that is inherent in this library preparation method. Basic alignment statistics 

such as the number of uniquely mapping fragments, number of improper pairs, the 

number of reads aligning to the positive and negative genomic strands, and the number 

of fragments that span splice junctions are generated by the ñbam_stats.pyò module 

(Wang et al., 2012).  Another useful RSeQC module is ñread_distributions.pyò, which 

summarizes the proportion of fragments originating from exons, introns, and 

intergenic regions (Wang et al., 2012).  We typically find that the largest fraction of 

reads originates from coding exons, however as others have previously noted (S. Zhao 

et al., 2018), we often observe a larger fraction of intronic and intergenic reads in 

ribodepletion libraries than in poly-A libraries.  Typically the strand orientation of 

reads in library is known a priori, however public data sets may not provide this 
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information.  The RSeQC module ñinfer_experiment.pyò can be used to assess 

whether a library has preserved strand orientation, and for paired end reads which read 

is coding and which one is reverse complement  (Wang et al., 2012).  . 

3.8 Analysis of differential gene expression 

As previously implemented in MapRSeq, our current pipeline uses various 

functions from the edgeR package for the R statistical programming environment to 

estimate both the magnitude of changes in gene expression and their statistical 

significance, while estimating group mean FPKM values for each gene (K. R. Kalari 

et al., 2014; Robinson et al., 2010).  The edgeR package offers several different 

statistical tests.  The exact test accommodates pairwise comparisons only and is 

conceptually related to Fisherôs exact test in that it tests the significance of the 

difference in the relative proportion of transcripts between two conditions (M. D. 

Robinson & G. K. Smyth, 2007).  The quasi-likelihood F-test can accommodate more 

sophisticated experimental designs and is the test most often recommended by the 

team responsible for developing edgeR (Lun et al., 2016; Lund et al., 2012).  In our 

lens data, we often find that the DEGs detected using the QL F-test are a subset of the 

DEGs detected using the Exact test, however there are cases where the QL F-test 

detects DEG missed by the Exact test.  The alignment and quantification process 

produces a set of count files that store gene level counts for each sample in the study. 

To analyze differential expression, we apply these steps in the following order: 

assemble a DGEList object from gene level counts, gene annotations and sample 

metadata; calculate scaling normalization factors and estimate dispersion; calculate 

group mean FPKM values.  For model-based quasi-likelihood tests, an additional 

model-fitting step follows group mean FPKM calculations. To begin with, count files 
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for individual samples are aggregated into a matrix using the edgeR function 

ñreadDGEò, which assembles them into a gene by sample count matrix and stores 

various data alongside this count matrix including tables for gene annotations and 

sample metadata.  After assembling a DGEList object, the next steps are to filter out 

low count genes, calculate normalization or scaling factors, and estimate the negative 

binomial dispersions which are intended to reflect biological variation in the count 

data.  To filter out low count genes, we use edgeRôs ñfilterByExprò function.  The 

function classifies genes as ñdetectableò that have at least ñNò counts observed in at 

least ñMò samples, and that have a total count over all samples of ñPò or greater and 

are classified as ñnot detectableò otherwise.  The default minimum count is 10 

fragments, and the default minimum total is 15 fragments.  The number of samples 

ñMò is determined by the experimental design and the default is 70% of the smallest 

experimental group, rounded to the nearest integer.  Using these criteria, if the 

smallest group contained ten samples, a gene would need an observed count of 10 or 

higher in at least 7 samples to be considered ñdetectableò, otherwise it would be 

excluded from downstream analysis (Robinson et al., 2010).  

We typically calculate scaling factors using the trimmed median of M values 

(TMM) method, originally described by Robinson and Oshlack (Robinson & Oshlack, 

2010). We use the single step ñestimateDispò method to estimate dispersions (Y. Chen 

et al., 2014). We specify the design matrix when estimating dispersions and based on 

the authorôs recommendation we use the robust setting to reduce the influence of 

outliers on dispersion estimates (Phipson et al., 2016).  We also use the robust setting 

when fitting quasi-likelihood models for more complex differential expression 

analysis.  It is important that group mean FPKM are calculated after scaling factors, 
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which will ensure that differences in group FPKM will be consistent with the fold 

change estimates generated by edgeRôs statistical tests.   

In my analysis, I have found it important to consider which samples on a given 

study are analyzed together, as this decision has a substantial influence on gene 

detection criteria (Chen et al., 2021; Robinson et al., 2010), scaling factor calculations 

(Robinson & Oshlack, 2010), dispersion estimates (Lund et al., 2012; Phipson et al., 

2016; M. D. Robinson & G. K. Smyth, 2007), and ultimately which genes are 

considered differentially expressed.  For example, in our fibronectin study (Mahbubul 

H. Shihan et al., 2020), Gremlin1 emerged as a significant DEG under the exact test 

but not under the QL F-test, and the corresponding protein was later shown to have a 

major contribution to fibrotic lens pathology.  These decisions should depend on the 

research question at hand.  The choice of test depends largely on the experimental 

design and the tolerance for false positives or loss of sensitivity. 

3.9 Results 

Sections 3.1 ï 3.8 describe some of the unique aspects of lens biology that can 

influence the quality and character of RNA Sequencing data generated from lens cells, 

and recommend a collection of software that has proven useful for lens transcriptomic 

analysis.  Section 3.9 illustrates the performance of these tools on RNA Sequencing 

data from human and mouse lens, with a specific emphasis on areas where questions 

or challenges have manifested with an analysis.  This section illustrates some of the 

lessons learned while setting up the bioinformatic pipeline to analyze RNA-

Sequencing data from experiments conducted by the Duncan lab.  Data from 8 

different independently collected datasets (Table 3.2) are used to illustrate some of the 

unique aspects of RNA-Seq data from lens cells, and provide examples that 
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underscore certain pipeline implementation decisions. Six of these studies were 

conducted by the Duncan lab, and two were conducted by external labs.  Throughout 

chapter 3, the datasets listed in table 3.2 are referred to by their abbreviated title.  
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Table 3.2: Data sets used to illustrate various aspects of the lens RNA-Seq analysis 

pipeline described in chapter 3 

Study Title 
(Abbreviation) Experimental conditions 

Lab and 
Method Citation / Chapter 

The mouse 
aging study 

(Mouse Aging) 

3 Month and 24 Month old mice, 
LFC and LEC, and LEC harvested  
24 hours after removal of fibers. 

Duncan Lab, 
Ribodepletion 

 (Faranda et al., 
2021a, 2021b)/ 
Chapter 4 

The Pax6 
Haploinsufficiency 

study 
(PAX6) 

Wildtype and Pax6 
Haploinsufficient LEC and LFC 

Duncan Lab, 
Ribodepletion 

Chapter 6 

The Fibronectin 
Injury response 

study  
(DBI24) 

3 Month and 24 Month old mice, 
LFC and LEC, and LEC harvested  
24 hours after removal of LFC. 

Duncan Lab,  
Poly-A 
Selection 

 (Mahbubul H. Shihan 
et al., 2020) 

¢ƘŜ ʲу-Integrin 
Injury response 
study (DNA24) 

LEC isolated at 0 and 24 hours 
after injury (LFC removal) from 
ƭŜƴǎŜǎ ƻŦ ²ƛƭŘǘȅǇŜ ŀƴŘ ʲу-
Integrin lens-conditional 

knockout mice  

Duncan Lab, 
Ribodepletion 

 (Shihan et al., 2021) 

The 24 Hour injury 
response in 

Human Lens (HS 
Aged) 

Central LEC, Equatorial LEC and 
Cortical LFC isolated from 

human lenses, Equatorial LEC 
cultured for 24 hours post-

dissection 

Duncan Lab, 
Ribodepletion 

Chapter 5 

The Young Human 
Lens Study  
(HS Young) 

Central LEC, Equatorial LEC and 
Cortical LFC isolated from 20 -30 

yo. human lenses 

Duncan Lab, 
Ribodepletion 

Chapter 5 

The Glutathione 
Study  

(Glutathione) 

LEC and LFC from Wildtype mice, 
LEGSKO mutant mice, and 

LEGSKO mutant mice treated 
with BSO  

Poly-A, 
External 

 (Whitson, Zhang, et 
al., 2017) 

The Gallego-
Romero Study 

(Gallego-Romero) 

White blood cells from human 
peripheral blood (PBMC).  RNA 

was isolated from PBMC 
immediately after blood 
collection or after room 

temperature incubation intervals 
up 84 hours  

Poly-A, 
External 

 (Gallego Romero et 
al., 2014) 
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3.9.1 Ribosomal contamination in TaKaRa samples 

The  presence of degraded RNA can interfere with laboratory procedures used 

to prepare cDNA libraries for RNA sequencing.  For example, degradation of an RNA 

sample can impact laboratory methods for separating ribosomal RNA (rRNA), which 

can account for over 80% of a cellôs RNA content, from more biologically interesting 

transcripts.  A technique known as poly-A enrichment selectively enriches the mRNA 

content of a sample by targeting the polyadenylated tail found on the 3ô end of most 

protein coding transcripts, however this technique is not recommended for degraded 

samples due to the potential loss of this tail (Adiconis et al., 2013; E. A. Chen et al., 

2014; Lin et al., 2019; Zhao et al., 2014).  As an alternative, ribodepletion methods 

selectively remove rRNA and are commonly recommended for applications such as 

RNA-Seq analysis of formalin-fixed, paraffin embedded tissues which are 

characterized by significant RNA degradation (Adiconis et al., 2013; E. A. Chen et al., 

2014; Lin et al., 2019).   

For RNA-Seq analysis of lens cells, the ideal library preparation method would 

be able to accommodate both low input quantities for lens epithelial cells, and low 

RNA quality for lens fiber cells.  In a 2013 benchmarking study, Adiconis et al. 

determined that the RNAase-H method of ribodepletion had the best performance on 

degraded samples.  This method uses a mixture of DNA oligomers, each 

complementary to short regions of mammalian rRNA transcripts (Adiconis et al., 

2013; Morlan et al., 2012).  The mixture is designed such that near complete coverage 

of the full length rRNA transcripts is achieved when the oligos  are introduced to an 

RNA sample (Adiconis et al., 2013; Morlan et al., 2012).  These DNA-RNA hybrids 

are then degraded by the RNAase-H enzyme (Adiconis et al., 2013; Morlan et al., 

2012).  For low quantity input of high quality RNA, Adiconis et al. determined that 
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the SMART method, a poly-A amplification method utilizing a template-switching 

reverse-transcriptase (Bostick et al., 2016), was most effective (Adiconis et al., 2013).  

The library preparation method used to generate the data described in this 

dissertation, the TaKaRa SMARTer Stranded V2 pico kit (Takara Bio USA), is a 

ribodepletion kit that also uses a template switching reverse-transcriptase, but 

amplifies all present RNA fragments using random hexamers and later degrades 

cDNA fragments using probe-directed enzymatic cleavage (Takara Bio USA).  While 

the chemistry of this step in the procedure has not been revealed by the kit 

manufacturers, it may involve a duplex-specific nuclease acting on circularized, single 

stranded DNA similar to a method developed in 2014 by Archer et al. (Archer et al., 

2014).  In a later benchmarking study, the performance of RNAase-H based methods 

were compared to that of the TaKaRa SMARTer Stranded V2 Pico kit.  This analysis 

demonstrated that while the TaKaRa SMARTer method was less efficient than 

RNAase-H methods at removing rRNA from degraded samples, it achieved 

comparable performance at 10-fold lower RNA input concentrations and improved the 

detection of transcripts expressed at low levels (Lin et al., 2019).  One key difference 

between the RNAase-H method of ribodepletion, and that of the TaKaRa kit is that the 

RNAase-H method uses a large set of probes to achieve total coverage while the 

TaKaRa kit may be using a much smaller probe set (Archer et al., 2014); thus 

potentially increasing the likelihood that a cDNA fragment generated from partially 

degraded rRNA contains no complementary site and is retained in the library.  Despite 

this potential disadvantage, the TaKaRa SMARTer Stranded V2 Pico kit was selected 

for the lens RNA-Seq studies described here for its ability to accommodate the 

peculiarities of both lens epithelial cells and lens fiber cells.   
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Commercially available library preparation kits such as TaKaRaôs SMARTer 

Stranded Pico V2 facilitate the process of making a cDNA library by providing a set 

of standardized reagents, and a validated protocol for reverse transcription of RNA, 

attachment of sequencing adapters, and ribosomal RNA mitigation.  While this kit is 

optimized for low input quantification, its ribodepletion efficiency may suffer when 

partially degraded RNA is present in a sample, as occurs in cortical fibers (Faulkner-

Jones et al., 2003).   

During earlier stages of establishing this pipeline, a heavy GC bias was noted 

in FastQC results, along with a large number of heavily duplicated reads, which NCBI 

BLAST searches revealed originated from rRNA.  These observations led to the 

inclusion of the rRNA filtering step described in section 3.5.  While filtering against 

the 45S pre-spliced rRNA transcript does not completely resolve the observed skew, it 

usually achieves an obvious reduction, and when GC bias is evaluated in genomic 

alignments of filtered reads, the GC distribution is typically unimodal, with 

substantially less bias than the raw reads.  
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Figure 3.1: GC content distributions for A) the Pax6 Study,  B) the Mouse Aging 

study (Faranda et al., 2021a, 2021b) and C) the Glutathione study 

(Whitson, Zhang, et al., 2017).  Density plots indicate the percentage of 

reads (Y-Axis) in a sampleôs cDNA library having the GC content (eg, G 

or C nucleotides as a percentage of the read) indicated on the X-Axis.  

Each sample in a study is represented by its own line.  

 

Figure 3.2: GC content distributions for A) the Pax6 Study and B) the Mouse Aging 

study (Faranda et al., 2021a, 2021b).  Histograms indicate the number of 

reads (Y-Axis) in in a sampleôs cDNA library having the GC content (eg, 

G or C nucleotides as a percentage of the read) indicated on the X-Axis.  

Each sample in a study is represented by a different color, all samples are 

overlaid. Plots generated by RSeQC. 
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Figure 3.3: GC content distributions for A) the Pax6 Study and B) the Mouse Aging 

study (Faranda et al., 2021a, 2021b).  Density plots indicate the 

percentage of reads (Y-Axis) in the library having the GC content (eg, G 

or C nucleotides as a percentage of the read) indicated on the X-Axis.  

Each sample in a study is represented by a different color, all samples are 

overlaid. Plots generated by FastQC 

 

Figure 3.4: GC content distributions for A) the Pax6 study, B) the Mouse Aging study 

(Faranda et al., 2021a, 2021b), and C) the Glutathione study (Whitson, 

Zhang, et al., 2017).  Histograms indicate the number of reads (Y-Axis) 

in in a sampleôs cDNA library having the GC content (eg, G or C 

nucleotides as a percentage of the read) indicated on the X-Axis.  Each 

sample in a study is represented by a different color, all samples are 

overlaid. Plots generated by RSeQC. 
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3.9.2 The injury response in LEC is highly reproducible across varied 

sequencing methods 

The Duncan lab has conducted several independent RNA Seq studies that 

examine the 24 hour LEC injury response in a mouse model of cataract surgery.  One 

of these studies, referred to as the ñDBI24ò was sequenced at the Delaware 

Biotechnology Institute in 2017 using poly-A enriched libraries to generate single end 

50-nucleotide reads (Jian Jiang et al., 2018).  A second study, referred to as the 

ñDNA24ò, was sequenced by DNA Link, using our current TaKaRa ribodepletion 

libraries to generate 100-nucleotide paired end reads (Shihan et al., 2021).  For both 

studies, RNA samples collected from LEC at zero and 24-Hours post-surgery were 

sequenced and analyzed for differential expression, with positive fold changes 

indicating increased expression after 24 hours.  There were 2745 differentially 

expressed genes (DEG) observed in the DBI Study, and 3392 DEG were observed in 

the DNA Link study (Table 3.3). In the comparison between these two separate 

differential expression analyses, there were 1774 genes considered DEG in both 

independent studies; over half of the DEG from each independent contrast were also 

observed in the other. Moreover, for the 1774 overlapping genes, the injury dependent 

change in expression is nearly identical (Table 3.4). There is a strong overall 

correlation between injury dependent changes in expression observed in the DNA 

Link experiment, and injury dependent changes in expression observed in the DBI 

experiment (Figure 3.5). Reproducibility of the 24-hour injury response across these 

two experiments is evident at the pathway level, with similar pathways detected in 

both studies (Table 3.5). 
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Table 3.3: Tally of genes with significant differential expression (DEG) (absolute fold 

change > 2, FDR < 0.05) in pairwise contrasts between 24 Hour samples 

and 0 Hour samples from each sequencing study. Total = all DEG, 

Upregulated = greater expression at 24 hours, Downregulated = reduced 

expression at 24 hours 

  

Change in expression after 24 hours 
Number of genes 

Data Set Total Upregulated Downregulated 

0 vs 24 Hours DBI24 2745 1630 1115 
0 vs 24 Hours DNA24 3392 1698 1694 

Table 3.4: Differential expression for 1774 DEGs observed in both of the 2 

independent 24-Hour vs 0-Hour contrasts. 

 

Figure  3.5: Correlation (Pearsonôs r) between the log2 fold changes for all genes, and 

genes with a statistically significant differential expression in the DNA 

link experiment (DNA24), and in the DBI experiment (DBI24). In each 

experiment, the log2 fold change is an estimate of the difference in a 

geneôs expression between 0 and 24 hours after mock cataract surgery. 

  DBI24 
  

 

Upregulated Downregulated 

DNA24 
Upregulated 1077 11 

Downregulated 1 685 
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Table 3.5: The number of pathway-associated genes with detectable expression, the 

number these that were DEG, Advaita Impact Analysis combined p 

value. For the top 10 pathways ranked by significance of impact in the 24 

vs 0-hour contrast from the DBI study 

 

 

3.9.3 Impact of partitioning Strategies on Differential Gene Expression 

statistics 

In a typical edgeR workflow, edgeR calculates scaling normalization factors 

and estimates dispersion parameters from the original counts for a given set of samples 

being analyzed, I refer to this process as normalization for brevity (Chen et al., 2021; 

Phipson et al., 2016; Robinson et al., 2010; Robinson & Oshlack, 2010; M. D. 

Robinson & G. K. Smyth, 2007).  As these values are derived from the count data, 

different combinations of samples will result in different estimates (Chen et al., 2021; 

Phipson et al., 2016; Robinson et al., 2010; Robinson & Oshlack, 2010; M. D. 

Robinson & G. K. Smyth, 2007).  When a study only includes two biological 

conditions used for a single pairwise differential expression analysis, scaling factors 
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and dispersion estimates are calculated using all available samples.  When more than 

two conditions are available, and the intention is to make simple pairwise contrasts 

between conditions, the analyst must decide whether to combine all samples into a 

single set, or analyze different sets of samples separately.  For example, the Pax6 

study discussed in chapter 6 has a 2 by 2 factorial design, with 3 biological replicates 

for each genotype (Pax6+/+ and Pax6+/-) and cell type (LEC, LFC), for a total of 12 

samples. Since our primary interest is in the effect of Pax6 haploinsufficiency on each 

cell type, one way this data can be analyzed is to use edgeRôs ñexactTestò functions to 

estimate gene level fold changes and their statistical significance in separate pairwise 

contrasts.  With this approach, one option for normalization is to take only the samples 

involved in a specific contrast, for example the 6 samples needed to analyze Pax6+/- vs 

Pax6+/+ in LEC and normalize them separately from the other 6 samples used to 

analyze the same contrast in LFC.  Another option is to normalize all data from all 12 

samples together in a combined set, and run the differential expression analyses as 

separate contrasts between Pax6+/- and Pax6+/+  samples for each cell type.  From here 

onwards, the first option is referred to as pairwise or ñpairò normalization and the 

second is referred to as all sample or ñallò normalization.   

To evaluate how normalization grouping impacts pairwise differential 

expression contrasts,  samples from the  Pax6 study (GEO Accession: 23722661 

Chapter 6), and the mouse aging study (Faranda et al., 2021a, 2021b), GEO 

Accession: GSE166619, Chapter 4) were reanalyzed using both of the two approaches 

described above.  The Pax6 study contains 4 possible pairwise contrasts which are: 

Pax6 haploinsufficient vs wildtype in LEC (abbreviated P6EvWTE), Pax6 

haploinsufficient vs wildtype in LFC (abbreviated P6FvsWTF), LFC vs LEC in 
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wildtype lenses (abbreviated WTFvWTE), and LFC vs LEC in Pax6 haploinsufficient 

lenses (abbreviated P6FvP6E).  The aging study contains 7 possible pairwise contrasts 

which are: Age 24 months vs 3 months in LEC harvested at 0 hours post-surgery 

(abbreviated AE0vYE0), Age 24 months vs 3 months in LEC harvested at 24 hours 

post-surgery (abbreviated AE24vYE24),  Age 24-months vs 3-months in LFC 

harvested at 0 hours post-surgery (abbreviated AF0vYF0), LFC vs LEC in 3-month 

lenses harvested at 0 hours (abbreviated YF0vYE0), LFC vs LEC in 24 month lenses 

harvested at 0 hours (abbreviated AF0vsAE0), 24 hours vs 0 hours post-surgery in 3-

month-old LEC (abbreviated YE24vYE0), and 24 hours vs 0 hours post-surgery in 24-

month-old LEC (abbreviated YE24vYE0).   

For some of these contrasts, there are large differences in the number of genes 

with significant differential expression depending on how samples were grouped for 

normalization. In the mouse aging study, this is especially evident in contrasts 

between age groups, within each cell type.  Relative to the ñPairò normalization 

strategy, the ñAllò sample normalization increases the number of statistically 

significant DEG detected in the LFC contrast, while decreasing the number of 

statistically significant DEG observed in the LEC contrast (Figure 3.6 A: AF0vYF0 

and AE0vYE0).  The phenomenon is even more pronounced in the Pax6 study, where 

again  ñAllò sample normalization increases the number of significant DEG for the 

Pax6+/- vs Wildtype contrast in LFC, and decreases the number of significant DEG 

for the same contrast in LEC (Figure 3.6 B: P6FvWTF and P6EvWTE).   
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While it appears that pooling across cell types for normalization enhances the 

increases the sensitivity for contrasts between LFC at the expense of sensitivity in 

LEC contrasts, it is mostly, but not entirely the case that the DEG observed using the 

more sensitive pooling strategy include all DEG detected using the less sensitive 

pooling strategy.  In the LEC contrasts between age groups from the mouse aging 

study and between genotypes from the Pax6 study, there is a small but notable 

minority of DEG that are exclusive to ñAll Sampleò normalization.  In the Pax6 study, 

this pattern held true for the contrast between genotypes in LFC, where the 370 DEG 

observed using ñPairò normalization were entirely a subset of the 1065 DEG observed 

using either strategy (Figure 3.7) however this was not the case  in the mouse aging 

study contrast between 24 month and 3 month old LFC where each pooling strategy 

exclusively detected a substantial number of DEG (Figure 3.8).  
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Figure 3.6: Bars indicate the number of genes where statistically significant 

differential expression is observed under different sample normalization 

partitions (All study samples=Red, Only the samples involved in the 

specific contrast = Blue) in the Mouse aging study (A) or the Pax6 study 

(B).  In both studies, pairwise partitioning enhances sensitivity (Number 

of DEG) for age or genotype dependent contrasts in lens epithelial cells 

and reduces sensitivity in these contrasts for lens fibers.  Labels on the x 

axis indicate the contrast.  
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Figure 3.7: Venn diagrams summarizing the number of biologically significant DEG 

detected in ñPax6 Studyò contrasts between cells from Pax6+/- wildtype 

mouse lenses under one or both normalization strategies. 

 

Figure 3.8: Venn diagrams summarizing the number of biologically significant DEG 

detected in ñAging Studyò contrasts between cells from 24 month old and 

3 month old mouse lenses under one or both normalization strategies.  
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I routinely use several criteria to classify a gene as a biologically significant 

DEG in a pairwise differential expression contrast, based on the fold change in 

expression (absolute fold change > 2), the FDR adjusted statistical significance (FDR 

< 0.05) and transcript abundance (FPKM > 2 in at least 1 condition, with a difference 

between conditions > 2 FPKM).  Tables 3.4 through 3.7 summarize the number of 

genes meeting these criteria under one pooling strategy, and failing them in the other  

In the contrast between 24-month-old and 3-month-old LEC from the mouse aging 

study, there were 209 DEG exclusive to the ñPairò normalization strategy and most of 

these 209 genes were not classified as DEG under the ñAllò normalization strategy due 

to lack of statistical significance (FDR > 0.05) or low transcript abundance (Table 

3.6).  For the contrast between age groups in fiber cells, the 174 DEG exclusive to 

ñPairò normalization were not classified due primarily to failing the fold change and 

FDR criteria.  The majority of DEG exclusive to ñAll sampleò normalization were not 

considered biologically significant under the ñPairò strategy due to low normalized 

transcript abundance, however many were not classified as DEG due to insufficient 

fold changes or statistical significance (Table 3.7).  

In the Pax6 study, differences in DEG classification between partitioning 

strategies were due in most cases to differences in the FDR (Tables 3.8 and 3.9).  For 

the contrast between Pax6 +/- and wildtype LEC, there were 509 genes considered 

DEG under pairwise portioning that would have also been considered biologically 

significant DEG under all sample normalization except for having an FDR adjusted p 

value of 0.05 or greater (Table 3.8).  The reverse was true for the same contrast in 

LFC where, by normalizing LEC and LFC samples together 526 additional genes had 

an FDR adjusted p value less 0.05 (Table 3.9). 
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Table 3.6: Breakdown of the various reasons genes were only detected as biologically significant DEG under one of two 

possible partitioning strategies in the contrast between 24-month-old and 3-month-old mouse lens epithelial 

cells.  A total of 209 genes were only considered DEG under pairwise partitioning, while one gene was only 

considered DEG under all sample partitioning. 

 

Table 3.7: Breakdown of the various reasons genes were only detected as biologically significant DEG under one of two 

possible partitioning strategies in the contrast between 24-month-old and 3-month-old mouse lens fiber cells.  

A total of 174 genes were only considered DEG under pairwise partitioning, while 319 genes were only 

considered DEG under all sample partitioning. 

Biologically significant DE under "Pair" normalization only  Biologically significant DE under "All" normalization only 

Reason not DE under "All" sample partitioning 
Number of 

DEG  Reason not DE under "Pair" sample partitioning 
Number of 

DEG 

Absolute fold change < 2 83  Absolute fold change < 2 43 

FDR > 0.05 69  FDR > 0.05 21 

Absolute fold change < 2 AND FDR > 0.05 22  Absolute fold change < 2 AND FDR > 0.05 4 

Not detected at biologically significant levels 0  Not detected at biologically significant levels 251 

Biologically significant DE under "Pair" normalization only  Biologically significant DE under "All" normalization only 

Reason not DE under "All" sample partitioning 
Number of 
DEG   Reason not DE under "Pair" sample partitioning 

Number of 
DEG 

Absolute fold change < 2 0  Absolute fold change < 2 0 

FDR > 0.05 175  FDR > 0.05 0 

Absolute fold change < 2 AND FDR > 0.05 2  Absolute fold change < 2 AND FDR > 0.05 0 

Not detected at biologically significant levels 32  Not detected at biologically significant levels 1 

6
8 
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Table 3.8: Breakdown of the various reasons genes were only detected as biologically significant DEG under one of two 

possible partitioning strategies in the contrast between Pax6+/- and wildtype mouse lens epithelial cells.  A total 

of 564 genes were only considered DEG under pairwise partitioning, while 3 genes were only considered DEG 

under all sample partitioning. 

Biologically significant DE under "Pair" normalization only  Biologically significant DE under "All" normalization only 

Reason not DE under "All" sample partitioning 
Number of 

DEG  Reason not DE under "Pair" sample partitioning 
Number of 

DEG 

Absolute fold change < 2 1  Absolute fold change < 2 1 

FDR > 0.05 509  FDR > 0.05 0 

Absolute fold change < 2 AND FDR > 0.05 0  Absolute fold change < 2 AND FDR > 0.05 0 

Not detected at biologically significant levels 54  Not detected at biologically significant levels 2 

Table 3.9: Breakdown of the various reasons genes were only detected as biologically significant DEG under one of two 

possible partitioning strategies in the contrast between Pax6+/- and wildtype mouse lens fiber cells.  No genes 

were only considered DEG under pairwise partitioning, while 695 genes were only considered DEG under all 

sample partitioning. 

     

Biologically significant DE under "Pair" normalization only  Biologically significant DE under "All" normalization only 

Reason not DE under "All" sample partitioning 
Number of 

DEG  Reason not DE under "Pair" sample partitioning 
Number of 

DEG 

Absolute fold change < 2 0  Absolute fold change < 2 1 

FDR > 0.05 0  FDR > 0.05 526 

Absolute fold change < 2 AND FDR > 0.05 0  Absolute fold change < 2 AND FDR > 0.05 6 

Not detected at biologically significant levels 0  Not detected at biologically significant levels 162 

6
9
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Differences in fold change estimates between partitioning strategies can most 

likely be attributed to the calculation of TMM scaling factors.  It may be that 

differences in the p values between partitioning strategies are related to how different 

combinations of samples lead to different dispersion estimates.  In the edgeR statistical 

framework, count data from RNA-Sequencing experiments is modeled using the 

negative binomial (NB) distribution (McCarthy et al., 2012; Mark D. Robinson & 

Gordon K. Smyth, 2007; M. D. Robinson & G. K. Smyth, 2007).  The NB is similar to 

the Poisson distribution however unlike the Poisson, where the variance is equal to the 

mean, the NB has an additional parameter known as the dispersion, which estimates 

the extent to which the variance differs from the mean (McCarthy et al., 2012; Mark 

D. Robinson & Gordon K. Smyth, 2007; M. D. Robinson & G. K. Smyth, 2007).  The 

NB is convenient for RNA-Seq data because it is often the case that the variance is 

greater than the mean, in particular for genes expressed at low levels that produce 

small counts.  The dispersion parameter is implemented as an estimator of the 

biological variation in gene expression, from which a Biological Coefficient of 

Variation (BCV) can be derived.  The edgeR package implements three methods for 

calculating dispersion and BCV (McCarthy et al., 2012; Mark D. Robinson & Gordon 

K. Smyth, 2007; M. D. Robinson & G. K. Smyth, 2007). The common dispersion uses 

counts for all observed genes and provides a point estimate of overall variability 

within a given group of samples (M. D. Robinson & G. K. Smyth, 2007).  The trended 

dispersion is a model based estimate that reflects the relationship between the mean 

and variance (McCarthy et al., 2012; Mark D. Robinson & Gordon K. Smyth, 2007; 

M. D. Robinson & G. K. Smyth, 2007).  The tagwise dispersion provides a discrete 

estimate of biological variation for each gene, and is used to estimate the statistical 
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significance of differential expression in edgeRôs exactTest (McCarthy et al., 2012; 

Mark D. Robinson & Gordon K. Smyth, 2007; M. D. Robinson & G. K. Smyth, 2007).  

The edgeR package provides a plotting function to generate BCV plots, where the X 

axis enumerates the base 2 log of the average counts per million (CPM), and the Y 

axis enumerates the BCV.  These diagnostic plots help us evaluate the variance 

structure of our data.  

 In the aging study, differences between lens epithelial cells (Figure 3.9 A) and 

fiber cells (Figure 3.9B) appear relatively minor.  When samples from both cell types 

are normalized together, there appears to greater variability in many genes with an 

average CPM < 32,  than is observed when samples from each cell-type are 

normalized independently (Figure 3.9 C).  In the Pax6 study,  there is clearly greater 

variation in   the fiber cell partition (Figure 3.10 B) than in the epithelial cell partition 

(Figure  3.10 A), and the greatest overall variation is observed in the combined set 

(Figure 3.10 C).  
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Figure 3.9: BCV plots illustrating variability in gene expression as a function of mean 

counts per million reads (CPM) in the aging study. 

 

Figure 3.10: BCV plots illustrating variability in gene expression as a function of 

mean counts per million reads (CPM) in the Pax6 study. 

All together the BCV Analysis plots from the aging study give no clear 

indication of a systematic, cell-type dependent difference between LEC and LFC in 

dispersion estimates for the contrast between 24-month-old lens cells and 3-month-old 

lens cells.  The observation that pooling the samples from both cell-types increases the 

total variation is consistent with the fact that LEC and LFC have highly divergent  

A B C 

A B C 
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transcriptomes.  While the same could be said of the Pax6 study BCV analysis (Figure 

3.10 C), when samples are divided by cell-type for the contrast between genotypes, 

there is clearly greater variability in LFC than in LEC.  This difference may explain 

why pooling samples favors lower p values in LFC (Table 3.8), while the separation of 

samples favors lower p values in LEC (Table 3.9). 

3.9.4 Differences between LEC and LFC 

The analyses in section 3.9.3 demonstrate that there can be substantial 

differences in DE analysis results depending on whether lens epithelial cell samples 

and lens fiber cell samples are normalized together or separately.  Here, the term 

ñcontrastò is used here to indicate a pairwise comparison between groups of samples 

representing two distinct experimental conditions.  The results for each gene tested in 

such a pairwise contrast are typically summarized by 2 statistics: the fold change 

which estimates the difference in transcript abundance between the two conditions, 

and a p-value which estimates the statistical significance of that difference which is 

typically adjusted to account for multiple tests.  In section 3.9.3, the DE results from a 

given contrast (i.e. the same set of samples) were shown to differ substantially 

depending on whether lens epithelial cell samples and lens fiber cell samples are 

normalized together or separately.  The observations described in section 3.9.3 suggest 

differences between the LEC and LFC RNA populations that may be related to their 

underlying biology.  

As described in Chapter 1, LEC progenitors undergo radical remodeling as 

they differentiate into LFC.  Transcriptomic and proteomic studies from the Cvekl lab 

have illustrate how this is driven by dramatic changes in gene expression at the level 

of mRNA and protein composition (Zhao et al., 2019).  Not only do LEC and LFC 
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have very different transcriptomes, there is also a high potential for LEC and LFC 

preparations to differ in RNA quality. When LFC preparations include cells collected 

from regions near the organelle-free-zone, there is a greater likelihood that partially 

degraded ñfossilò RNA is isolated along with more intact RNA molecules.  This is not 

the case for LEC, which typically yield higher quality RNA isolates than LFC, at least 

in mouse studies (See Appendix B, Bioanalyzer traces and RIN values).  The 

ñTranscript Integrity Numberò or TIN is a statistic that estimates the extent to which 

transcripts from individual genes are degraded, based on the uniformity of coverage 

over the length of a transcript (Wang et al., 2016). TIN values can be used to assess 

variation in RNA quality across a set of samples, and these values were estimated for 

samples from three independent mouse data sets and two independent human data sets 

providing lens cell RNA Sequencing data.   

Non-uniform RNA degradation across an experiment could also yield 

misleading results.  RNA degradation does not uniformly reduce the total RNA 

content of a sample, nor does it affect transcripts from all genes equally (Gallego 

Romero et al., 2014). Transcripts from various loci may degrade at different rates 

(Gallego Romero et al., 2014), and this may depend on factors such as the length of a 

transcriptôs coding sequence or 3ô UTR (Gallego Romero et al., 2014).  An important 

implication of the findings reported by Gallego-Romero et al. is that in a contrast 

between two conditions, differences in RNA integrity could simultaneously increase 

the apparent fold change for some transcripts while decreasing the apparent fold 

change of other transcripts, in a manner that is difficult to anticipate (Gallego Romero 

et al., 2014).   
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The RNA Integrity Number (RIN) is a common measure used to evaluate the 

overall integrity of an RNA sample (Schroeder et al., 2006).  When variation in RNA 

integrity is attributed to technical factors, the inclusion of RIN scores as a covariate in 

linear models used to evaluate differential expression has been proposed as a 

corrective measure (Gallego Romero et al., 2014).  Others have noted that the RIN, as 

a constant sample-wise factor, does not account for variable degradation across 

transcripts, and that this approach could normalize away important biological variation 

(Wang et al., 2016; Xiong et al., 2019).  Moreover, the RIN depends on proprietary 

instruments and software, and is not directly estimable from RNA-Seq data (Wang et 

al., 2016).   

The Transcript Integrity Number (TIN) was developed as measure of RNA 

integrity (Wang et al., 2016).  TIN is based on Shannon entropy and estimates the 

uniformity of read coverage across a transcript (Wang et al., 2016).  Transcript 

abundance can be adjusted at the gene level using LOESS regression against TIN 

values (Wang et al., 2016).  This approach has been shown in one benchmark to 

considerably reduce false detections, with a small, but acceptable loss of sensitivity 

and an increase in overall accuracy (Wang et al., 2016).  DegNorm has a similar 

design philosophy as TIN, however it uses non-negative matrix factorization to 

estimate the difference between hypothetical and observed coverage functions (Xiong 

et al., 2019).  DegNorm retains better sensitivity than TIN (Xiong et al., 2019), 

however I have encountered datasets from the public domain where the coverage 

analysis algorithm may fail to converge on a solution (My personal experience with 

GSE113887 and GSE144818).  
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While the performance of methods such as TIN and DegNorm have been 

benchmarked against degraded samples, lens fiber cells may be a little more 

complicated as these samples are expected to contain a mixed population of intact 

RNA produced in early cortical fibers, and fossil RNA lingering in terminally 

differentiated cortical fibers (Figure 3.11 & 3.12) (Faulkner-Jones et al., 2003).  As 

RNA degradation is an endogenous biological function of the lens, the appropriateness 

of correcting for it needs to be evaluated. 

 

 

 

Figure 3.11: Relative RNA abundance across lens sections parallel to the optical axis. 

(Faulkner-Jones et al., 2003)  
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Figure 3.12: Distribution of polyadenylated transcripts (A), GAPDH transcripts (B) 

and Cryaa transcripts (C) across the diameter of the lens (parallel to 

optical axis) (Faulkner-Jones et al., 2003) 

Two of the mouse data sets re-analyzed in this section were generated by the 

Duncan lab, the mouse aging study (Faranda et al., 2021a, 2021b) described later in 

chapter 4, and the Pax6 study described in chapter 6, both of these were generated 

from ribodepletion libraries.  The third data set comes from GSE95688, a study 

investigating the transcriptomic determinants of cataract associated with the LEGSKO 

mutation (Whitson, Zhang, et al., 2017) generated from polyA enriched RNA isolates.  

An examination of the TIN value distributions for samples from the mouse 

data sets indicates that in most cases, transcripts sequenced in LEC samples have more 

uniform coverage than samples from LFC.  This phenomenon is most obvious in 

samples of 3 month old lens cells from the Mouse Aging study and wildtype samples 

from the Pax6 study, but is also true for the wildtype and LEGSKO samples, but not 

the LEGSKO + BSO samples from the Glutathione study (Whitson, Zhang, et al., 
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2017).  This pattern did not notably manifest in lens cells from human samples.  In 

lenses from 20 ï 30 year old donors, one of the equatorial LEC samples appeared to 

have the lowest TIN values.  In lens cells from 70 ï 89 year old donors, a slight 

downward shift in TIN values for LFC was noted (differential expression analysis for 

both data sets described in chapter 5). 
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Figure 3.13: Distributions of non-zero TIN values from genes with detectable 

expression for 3-month old (A) and 24-month-old (B) lenses from the 

mouse aging study.  For each replicate, boxes summarize the interquartile 

range of gene-level TIN values (IQR, 1st ï 3rd quartile, median = middle 

horizontal line), while verticals whiskers indicate the 1.5-fold limits of 

the interquartile range, and genes with a TIN > 1.5x the IQR represented 

by points.  Overlaid density-plots summarize the distributionôs shape. 
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Figure 3.14: Distributions of non-zero TIN values from genes with detectable 

expression for wildtype (A) and Pax6 haploinsufficient (B) lenses from 

the Pax6 study.  For each replicate, boxes summarize the interquartile 

range of gene-level TIN values (IQR, 1st ï 3rd quartile, median = middle 

horizontal line), while verticals whiskers indicate the 1.5-fold limits of 

the interquartile range, and genes with a TIN > 1.5x the IQR represented 

by points.  Overlaid density-plots summarize the distributionôs shape. 
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Figure 3.15: Distributions of non-zero TIN values from genes with detectable 

expression for wildtype (A), LEGSKO mutant (B) and BSO treated 

LEGSKO mutant lenses (C) from the glutathione depletion study 

(Whitson, Zhang, et al., 2017).  For each replicate, boxes summarize the 

interquartile range of gene-level TIN values (IQR, 1st ï 3rd quartile, 

median = middle horizontal line), while verticals whiskers indicate the 

1.5-fold limits of the interquartile range, and genes with a TIN > 1.5x the 

IQR represented by points.  Overlaid density-plots summarize the 

distributionôs shape. 
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Figure 3.16: Distributions of non-zero TIN values from genes with detectable 

expression for young adult (A) and geriatric (B) human lenses discussed 

in chapter 5.  For each replicate, boxes summarize the interquartile range 

of gene-level TIN values (IQR, 1st ï 3rd quartile, median = middle 

horizontal line), while verticals whiskers indicate the 1.5-fold limits of 

the interquartile range, and genes with a TIN > 1.5x the IQR represented 

by points.  Overlaid density-plots summarize the distributionôs shape. 
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3.9.5 Length bias may be related to differences in RNA quality. 

An early observation I made with data from the Pax6 study (chapter 6) 

motivated my inquiry into lens cell transcript integrity.  In the contrast between 

wildtype and Pax6 haploinsufficient LFC, there exists a positive correlation between a 

geneôs coding length, and its fold change in expression, such that longer genes have 

higher expression measurements in Pax6 haploinsufficient LFC than in wildtype 

(P6FvsWTF).  This phenomenon is described here and elsewhere as a ñsample 

specificò or ñcondition specificò length bias (Mandelboum et al., 2019).  Such biases 

have reported as potentially confounding, leading me to try and evaluate the origins of 

the condition-specific length bias manifesting in P6FvsWTF.   

 

Figure 3.17: Length bias observed in the Pax6 study, the contrast between LEC and 

LFC from Pax6 haploinsufficient mice (A), and the contrast between 

LFC from wildtype and Pax6 haploinsufficient mice (B). Each point in 

one of the scatter plots represents a gene.  The vertical position indicates 

the log2 fold change between LFC and LEC, with positive values 

indicating expression in LFC > LEC.  The horizontal position indicates 

the coding length of the corresponding gene. 
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Variation in RNA integrity between samples across experiments can bias 

comparisons between transcriptomic profiles generated using RNA-Sequencing 

(Gallego Romero et al., 2014). In a 2014 study, Irene Gallego Romero and colleagues 

illustrated the consequences of differential degradation using a simple but effective 

experimental design, using profiles from RNA isolated from PBMC maintained at 

room temperature, at intervals between 0 and 84 hours after collection from one of 

four human donors (Gallego Romero et al., 2014).  They demonstrated that not all 

RNA transcripts degrade at the same rate, implying that differential degradation 

between samples artificially biases library composition.  They further showed that 

inclusion of sample level RIN values as a covariate improved GLM estimates of 

differential gene expression  (Gallego Romero et al., 2014).  Their results also show 

that the length of a geneôs 3ôUTR, but not its coding sequence, was correlated with its 

estimated decay rate (Gallego Romero et al., 2014).  Their data shows that gene 

coding length and transcript decay rate are uncorrelated. They also observe a negative 

correlation between decay rate and 3ôUTR length, such that transcripts with a shorter 

3ôUTR decay more slowly (Gallego Romero et al., 2014).  My re-analysis of the 

Gallego Romero dataset reveals that in contrasts between RNA isolated from PBMC 

at 0 hours and subsequent intervals, a similar condition-specific length bias occurs 

such that decreasing transcript length favors increased detection in samples of partially 

degraded RNA isolated from PBMC at 12, 24, and 84 hours after collection, compared 

to RNA isolated from the same biological samples immediately after collection.  
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Figure 3.18: Length bias in contrasts from the Gallego Romero Degradation study 

between blood samples processed immediately after collection, and 

paired replicates that were maintained at room temperature for either 12 

hours (A), 24 hours (B), 48 hours (C), or 84 hours (D) prior to RNA 

isolation, stabilization, and eventual library preparation (Gallego Romero 

et al., 2014).  Each point in one of the scatter plots represents a gene.  

The vertical position indicates the log2 fold change between LFC and 

LEC, with positive values indicating expression in LFC > LEC.  The 

horizontal position indicates the coding length of the corresponding gene. 

Interestingly, a similar condition-specific bias occurs in contrasts between 

wildtype LFC and LEC from mouse lenses.  All  four of the contrasts discussed in the 

previous section manifest a condition-specific transcript length bias, with increasing 
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transcript length favoring higher expression measurements in LFC than in LEC.  This 

negative correlation between fold change and transcript length (when positive fold 

changes are assigned to LFC) is consistent with the Gallego Romero re-analysis, as 

supported by the TIN value distributions described in the previous section, and RIN 

data reported in appendix B) showing that RNA isolates from murine LFC are often 

more degraded than LEC.  Little to no bias is observed in contrasts between human 

LEC and LFC.  When this contrast was made in young human lens cells (Figure 3.20 

A), a negative correlation was observed, however it was less than 10%.  In lens cells 

from 70 ï 89 year old donors, a slight positive correlation, less than 5% was observed 

(Figure 3.20 B) which would not be indicative of a length bias.   
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Figure 3.19: Illustration of length bias in 4 independent contrasts between LEC and 

LFC from 3 distinct studies.  Each point in one of the scatter plots 

represents a gene.  The vertical position indicates the log2 fold change 

between LFC and LEC, with positive values indicating expression in 

LFC > LEC.  The horizontal position indicates the coding length of the 

corresponding gene.  Lens cells from 3-month-old mice (A) and 24-

month-old mice (B) from the aging study described in chapter 4.  Lens 

cells from the Pax6 study (C) described in chapter 6, and from the 

Glutathione study (Whitson, Zhang, et al., 2017) (D). 

 

 

 



 

88 

 

Figure 3.20: Length bias in 2 contrasts between equatorial LEC and fibers from the 

human lens study described in chapter 5.  Lens cells used in the analysis 

shown here were from 20 ï 30 year old donors (A) or 70 ï 89 year old 

donors (B) Each point in one of the scatter plots represents a gene.  The 

vertical position indicates the log2 fold change between LFC and LEC, 

with positive values indicating expression in LFC > LEC.  The horizontal 

position indicates the coding length of the corresponding gene. 

Previous authors have commented on the negative impact of length biases on 

the analysis of differential expression data, in particular on RNA-Seq data 

(Mandelboum et al., 2019; Oshlack & Wakefield, 2009).  Longer transcripts generate 

more reads than shorter ones, thus metrics such as ñFragments per Kilobase Millionò 

(FPKM) and ñTranscripts Per Millionò (TPM) incorporate gene length as a scaling 

factor which permits ranking of transcripts by measured abundance within a sample, 

facilitating head to head abundance comparisons across genes that may have different 

length (Mandelboum et al., 2019).  Length biases may skew pathway enrichment 

results, and interfere with biological interpretation of differential expression data.  

Mandelboum et al. recommend using the CQN normalization, a technique that uses 

transcript length to adjust gene level measurements in each sample to factor length 

effects out of the analysis (Hansen et al., 2012; Mandelboum et al., 2019).  While 
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Mandelboum et al. proposes that sample and condition specific length biases are 

technical artifacts that should be eliminated, they do not address the various aspects of 

RNA isolation and RNA-Seq library preparation that might lead to length bias 

(Mandelboum et al., 2019).  One missing piece of information from Mandelbaum et al. 

that appears in my analysis is that length biases may occur when differences in RNA 

quality coincide with the experimental conditions in a particular contrast.  When these 

differences are due to identifiable causes, such as samples being handled differently, 

CQN normalization may be appropriate.  When differences in RNA integrity are due 

to the biology of the system being studied, the resulting bias may reflect real 

biological changes.   

A more important question for our studies is whether the LFC transcriptome is 

more appropriately represented by normalization methods such as DegNorm, that 

mitigate differences in RNA integrity (Xiong et al., 2019), or more commonly used 

scaling normalization methods such as TMM, that account only for sequencing depth 

and thus retain signal from the fossil RNA population (Robinson & Oshlack, 2010).  

To assess this, TMM and DegNorm were applied to contrasts between LEC and LFC 

replicated in 4 independent studies described in the previous section.  For each 

normalization method, the results were evaluated on the consistency of differential 

expression results between replicated contrasts at the level of genes and pathways, and 

the degree of condition-specific length bias observed in each contrast using the two 

different normalization methods.   

Using TMM normalization, genes with cell-type dependent differential 

expression were detected with high consistency across all four studies.  There were 

726 DEG observed in all four contrasts with greater transcript abundance in LEC, 
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representing 26% of the LEC associated DEG observed in any of the four contrasts 

(Figure 3.21 A).  There were 961 DEG with greater expression in LFC, accounting for 

30% of the total signal from all four independent contrasts (Figure 3.21 B).   

Pathway overrepresentation in DEG associated with one of the two cell types 

had an equally high degree of consistency across the four independently replicated 

contrasts using TMM normalization.  In DEG associated with LFC, the top 10 

overrepresented pathways were identical for all four contrasts (Figure 3.22), and these 

were nearly identical for all four contrasts in LEC associated DEG as well (Figure 

3.23).  Less consistency was observed when the LFCvsLEC data from these four 

studies was normalized using DegNorm.  With DegNorm normalization, the 768  LEC 

associated DEG, and 374 LFC associated DEG common to all four independent 

contrasts accounted for 15% and 17% of the total number of DEG observed in any one 

of the four contrasts (Figure 3.22).  For both cell types, the largest fraction of 

LFCvsLEC DEG detected using DegNorm were uniquely observed in the Glutathione 

Study (Whitson, Zhang, et al., 2017).  There were 1339 LEC associated DEG and 862 

LFC associated DEG that were only observed in the contrast from the Glutathione 

study, accounting for 26% and 40% of total DE observations in any contrast (Figure 

3.22).  Pathway analysis for LFCvsLEC contrasts normalized using DegNorm were 

less consistent across studies than was observed using TMM Normalization, especially 

so in the case of pathways overrepresented in LFC associated DEG (Figure 3.24). 
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Figure 3.21:  Venn diagram illustrating consensus between genes with biologically 

significant differential expression in four independent contrasts between 

LEC and LFC from three studies.  Samples were grouped by study and 

counts normalized using the default TMM scaling factors. Differentially 

expressed genes expressed at higher levels in LEC (A) were evaluated 

separately from those with greater LFC expression (B).  
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Figure 3.22: Venn diagram illustrating consensus between genes with biologically 

significant differential expression in four independent contrasts between 

LEC and LFC from three studies.  Samples were grouped by study and 

counts normalized DegNorm. Differentially expressed genes expressed at 

higher levels in LEC (A) were evaluated separately from those with 

greater LFC expression (B). 
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Figure 3.23: KEGG Pathway enrichment in DEG from four contrasts between LFC 

and LEC, TMM Normalization.  For each set of DEG, genes associated 

with LFC were analyzed separately from LEC-associated genes.  Each 

entry along the horizontal (x) axis summarizes pathway enrichment for 

one of two cell types (Epi = LEC, Fib=LFC) from each contrast, dots 

indicate which of the KEGG pathways listed on the vertical (y) axis were 

enriched.  Dot size and color indicate the proportion of DE pathway 

genes and the hypergeometric p-value, adjusted for FDR. 
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Figure 3.24: KEGG Pathway enrichment in DEG from four contrasts between LFC 

and LEC, DegNorm normalization.  For each set of DEG, genes 

associated with LFC were analyzed separately from LEC-associated 

genes.  Each entry along the horizontal (x) axis summarizes pathway 

enrichment for one of two cell types (Epi = LEC, Fib=LFC) from each 

contrast, dots indicate which of the KEGG pathways listed on the vertical 

(y) axis were enriched.  Dot size and color indicate the proportion of DE 

pathway genes and the hypergeometric p-value, adjusted for FDR. 
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Using either normalization strategy, all four independent LFC vs LEC 

contrasts manifested a condition-specific length bias such that the fold change in a 

geneôs transcript abundance between LFC and LEC was negatively correlated with its 

transcript length, such that transcripts from shorter genes tended to be more abundant 

in LEC libraries than LFC libraries. Not only did accounting for transcript integrity 

using DegNorm fail to mitigate this bias, in some instances the magnitude of the bias 

increased (Table 3.10).   

Table 3.10: Length bias and balance of differential expression observed in four 

independent contrasts between LFC and LEC.  Coefficients (Pearsonôs r 

or Spearmanôs rho) summarizing the correlation between the length of a 

given gene, and its log-fold change in the LFC vs. LEC contrast.   

 

 

3.10 Recommended approach for  analyzing lens cell RNA-Seq data 

In most cases, óoff-the-shelfô RNA-Seq analysis pipelines can and should be 

used to analyze RNA-Seq data from the ocular lens, with their default parameters.  

Modern aligners such as HISAT2 and STAR are sufficiently mature that using the 

default parameters is usually the best choice unless a the specific dataset has an issue 

justifying a deviation (Ballouz et al., 2018).  Trimming reads for quality and adaptor 

content has long been included as a step in RNA-Seq analysis pipelines (Del Fabbro et 

al., 2013), but with modern aligners that use soft-clipping to seed alignments from the 



 

96 

center of a read, this step may now be redundant (Liao & Shi, 2020) and could 

conceivably be dropped from future pipelines.  There is also some ambiguity 

regarding the need to strip rRNA reads.  For certain applications, such as meta-

transcriptomics and chromatin-RNA-Seq, in-silico removal of rRNA might be 

important (Tellier & Murphy, 2020; Y. Wang, H. Hu, et al., 2017), and while it is 

included in some pipelines for bulk RNA-Seq (Lataretu & Holzer, 2020), a clear 

consensus in the literature is difficult to find.  There may be cases where rRNA loci 

coincide with other genes of interest potentially leading to inflated counts for certain 

genes. In the event of heavy rRNA contamination, in-silico filtering seems prudent.  

As described in section 3.9, one of the most important decisions that the 

analyst can make is whether or not to pool LEC and LFC samples.  The answer 

depends on the question at hand.  In all of the analyses described in subsequent 

chapters, differential expression analyses used edgeRôs ñexactTestò for differential 

expression estimates.  For this method, which only accommodates pairwise contrasts 

between two conditions, my preferred strategy is to restrict the normalization partition 

to samples that participate in the contrast.  Despite some of the lensô peculiarities, 

RNA-Seq remains a powerful technique for profiling lens cell transcriptomes.  
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AGING IN THE MOUSE LENS  

4.1 Introduction  

The objective of this study was to investigate the biology of lens aging in mice, 

using an experimental design that included 2 male and 2 female biological replicates 

for each level of treatment: age, cell type and injury status.  The purpose of balancing 

the sex ratios was to facilitate an evaluation of sex as a biological variable in lens 

transcriptomic studies.  The work described in this chapter was published in 

Experimental Eye Research in June of 2021 as two separate manuscripts. One 

manuscript documented the effects of aging on lens cell homeostasis and 

responsiveness to injury, independent of biological sex (Faranda et al., 2021a).  The 

second manuscript evaluated the influence of sex on these endpoints and addressed 

different circumstances where it might be important to account for sex in lens 

transcriptome studies and others where it may not be necessary (Faranda et al., 

2021b). 

4.1.1 Aging in the mouse lens 

Aging is a complex process where genes and environment collaborate to yield 

progressive tissue dysfunction that first hampers the quality of life, then an organismôs 

survival (da Costa et al., 2016; Longo et al., 2015). While all tissues exhibit age 

related changes, the ocular lens is a particularly good model to study tissue aging, as 

its major disease, cataract, is recognized to sharply increase with advanced age 

Chapter 4 
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(Chilibeck et al., 2020; Flaxman et al., 2017; Rink, 1987). Cumulative damage to lens 

biomolecules, as described in Chapter 1, is believed to make a strong contribution to 

the etiology of age related cataract (ARC).    

While nuclear ARC is a disorder of the lens nucleus which consists of 

metabolically inactive cells whose components were largely synthesized during fetal 

development/early childhood (Augusteyn, 2010), cortical cataract is a disorder of fiber 

cells produced later in life. As fiber cells are produced from epithelial cells throughout 

the lifespan, it has been hypothesized that cortical cataract could result from acquired 

genetic or age-related changes in the lens epithelium which would then propagate into 

fiber cells (Mesa et al., 2016; Pendergrass et al., 2001; Wang et al., 2020; Worgul et 

al., 1989). Further, as the lens has an internal circulation that delivers antioxidants and 

other protective molecules to the lens nucleus and removes their ñspentò derivatives 

(Mathias et al., 2007), age-related changes in the biology of the lens epithelium have 

been hypothesized to have indirect effects on the transparency of the lens cortex and 

nucleus (Fan et al., 2017; Y. Wang, G. Zhang, et al., 2017). While many laboratories 

have explored the idea that lens epithelial cells change their biology with age, upon 

oxidative stress, or coincident with ARC via ñcandidate geneò investigations 

(Periyasamy & Shinohara, 2017), the effect of aging on global gene expression in the 

lens is understudied.   

While numerous factors are known to influence aging, it is often difficult to 

disentangle the relative contributions of environment, intrinsic aging mechanisms and 

genetic variation among individuals in ñfree livingò organisms such as humans. Many 

of these complexities can be overcome by the study of aging in inbred laboratory mice 

as they are essentially genetically identical to each other and are housed in controlled 
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environmental conditions (Ackert-Bicknell et al., 2015). Inbred C57BL/6 mice are 

commonly used in aging studies, as it is one of two strains routinely maintained by the 

National Institute of Aging and are used by the Nathan Shock Centers for 

investigations on the effects of senolytics on aging (Xu et al., 2018).  

4.1.2 Sex as a variable in aging 

Biological sex in vertebrates is commonly recognized as the set of male or 

female traits necessary for an organism to successfully contribute to sexual 

reproduction. In mammals, this is conferred primarily by the organismôs sex 

chromosome complement, with female primary sexual characteristics considered as 

the ñdefaultò state. Males form when genes present on the Y chromosome drive testes 

differentiation from the genital ridge. The resulting Leydig cell differentiation leads to 

the fetal testosterone production necessary for the development of the male genitalia 

(Greenfield, 2015; Zhao & Yao, 2019). This concept was further bolstered by the 

realization that females, which carry two copies of the X chromosome, randomly 

inactivate one copy via the action of the long non-coding RNA Xist, yielding males 

and females who have similar X chromosome gene dosage (Arnold, 2017). 

However, sex affects numerous aspects of biology besides those directly 

relevant to reproduction, as exemplified by the wide variety of human diseases for 

which disease incidence, severity, or presentation differs greatly between sexes 

(Mauvais-Jarvis et al., 2020). These differences, along with sexually dimorphic aging 

mechanisms, likely contribute to the longer life expectancy of women compared to 

men (Sampathkumar et al., 2020). In contrast to this, epidemiological studies have 

consistently found that post-menopausal women have a higher risk of cataract than 

age-matched men, although the cataract rates in younger people are similar in both 
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sexes (Zetterberg & Celojevic, 2015). Further, several epidemiological studies have 

suggested that women have a significantly higher risk of developing posterior capsular 

opacification (PCO) after cataract surgery than men (Congdon et al., 2008; Fong et al., 

2014; Lee et al., 2016), although other studies do not support this correlation (Tokko 

et al., 2019). 

Most experimental investigations into the increased risk of cataract in post-

menopausal women have focused on a possible protective effect of estrogen on 

cataract development (Zetterberg & Celojevic, 2015).  The prevalent hypothesis in the 

literature suggests that the withdrawal of estrogen at menopause results in cataract due 

to a ñreboundò effect on the lens (Zetterberg & Celojevic, 2015).  This postulate is 

supported by epidemiological studies finding a correlation between hormonal 

replacement therapy of menopausal women and protection from cataract (Noran et al., 

2007; Younan et al., 2002), while treatment of breast cancer patients with the anti-

estrogen, tamoxifen, increases cataract risk (Gorin et al., 1998; Nelson et al., 2019). 

In other tissues, sex confers more differences on cells than can be explained by 

just differential exposure to sex hormones, including changes in DNA methylation 

(Hodes et al., 2017) and the expression of numerous autosomal genes (Arnold, 2019), 

even prior to embryonic sex determination (Lowe et al., 2015). However, no studies 

have investigated how sex affects global gene expression in the lens, and it is 

unknown whether any sex differences vary during aging.  Here, we use RNA-Seq to 

compare the global transcriptome of lens epithelial and fiber cells freshly isolated 

from either young (3 months) or old (24 month) old C57BL/6J strain mice and 

investigate how age affects the acute response of lens epithelial cells to lens fiber cell 

removal which models modern cataract surgery.  As this study was performed on 
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samples from both sexes, it was also possible to assess how mice differ by sex and to 

investigate how sex and age affect the response of lens epithelial cells to lens fiber cell 

removal performed to model modern cataract surgery. As the National Institutes of 

Health of the United States has mandated that research studies should include animals 

from both sexes and consider the possibility that sex is a relevant biological variable in 

biomedical research (Woitowich et al., 2020), this study will provide important 

baseline information for the field of lens and cataract research. 

4.2 Results 

Tissue dysfunction associated with aging is a biological process influenced by 

the environment, genetic background, and the passage of time (da Costa et al., 2016). 

In this study, the effects of age are largely isolated from genetic variation as inbred 

C57BL/6J mice, which are expected to be nearly genetically identical except for sex 

chromosomes (Taft et al., 2006), were used for study, while the environment was 

controlled by housing animals at environmentally controlled animal facilities. The 

young lenses studied were isolated from three-month-old mice, an age chosen because 

these animals are sexually mature adults who have completed eye development and 

exhibit a crystallin profile consistent with the adult lens (Ueda et al., 2002). The aged 

lenses were isolated from 24-month-old animals, an age that 60ï80% of animals from 

this strain can attain (Whitehead et al., 2014). Comparisons of phenotypic hallmarks 

associated with age-related frailty suggest that 24 month old C57Bl/6J mice are 

physiologically similar to 70 year old humans (Whitehead et al., 2014). All raw and 

processed transcriptome comparisons are available from the Gene Expression 

Omnibus under accession number GSE166619. RNA sequencing statistics for all 

samples including sequencing depth and read mapping can be viewed in Table 4.1.
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Table 4.1: Sequencing statistics for the lens aging study including the number of reads 

sequenced, remaining after trimming, aligned to the genome, and counted 

in recognized genes. Samples are coded A = 24 months Y= 3months, 

AF/YF = LFC otherwise sample is from LEC, 0_hr/24_hr = post-surgical 

interval (LFC are 0 hours only), 1/2M=Male or 3/4F=Female. The 

trailing ñSò number is the sample number.  

Sample 

Total 
fragments 
sequenced 

Fragments remaining after 
trimming 

Fragments aligned to 
mouse genome 

Fragments counted in 
recognized genes 

Number % total reads Number 
 % trimmed 

reads Number 
% aligned 

reads 

AF_1M_S77 45425141 43182109 95.1 17324662 40.12 12998714 75.03 

AF_2M_S78 52311294 49538855 94.7 21415647 43.23 16152613 75.42 

AF_3F_S79 50345308 47123701 93.6 16257677 34.5 11795410 72.55 

AF_4F_S80 48135042 45386485 94.3 18499531 40.76 14077831 76.1 

A_0_hr_1M_S65 45017363 43832269 97.4 26658786 60.82 18148297 68.08 

A_0_hr_2M_S66 56535484 55143086 97.5 33262309 60.32 22690594 68.22 

A_0_hr_3F_S67 52541919 51218120 97.5 29624561 57.84 20011181 67.55 

A_0_hr_4F_S68 52596966 51318668 97.6 27835246 54.24 19461789 69.92 

A_24_hr_1M_S69 50028316 47603478 95.2 24877578 52.26 16525587 66.43 

A_24_hr_2M_S70 52259643 50115796 95.9 29082196 58.03 18578271 63.88 

A_24_hr_3F_S71 49674304 48089253 96.8 31123365 64.72 19972531 64.17 

A_24_hr_4F_S72 46435553 44913330 96.7 25690425 57.2 17766138 69.15 

YF_1M_S73 53917884 51375532 95.3 17395755 33.86 12770710 73.41 

YF_2M_S74 51648838 49458376 95.8 16919710 34.21 12651123 74.77 

YF_3F_S75 52064801 49793879 95.6 16407083 32.95 12114948 73.84 

YF_4F_S76 49516465 47414541 95.8 15874388 33.48 12018508 75.71 

Y_0_hr_1M_S57 41614275 40797757 98.0 24858073 60.93 16249614 65.37 

Y_0_hr_2M_S58 50784676 49655161 97.8 29947028 60.31 19493395 65.09 

Y_0_hr_3F_S59 47588871 46562063 97.8 26717312 57.38 19379694 72.54 

Y_0_hr_4F_S60 47284873 46161221 97.6 28066022 60.8 19276728 68.68 

Y_24_hr_1M_S61 44185531 43022259 97.4 26807170 62.31 16750746 62.49 

Y_24_hr_2M_S62 49062609 47532122 96.9 25472464 53.59 15905962 62.44 

Y_24_hr_3F_S63 52192170 50944080 97.6 30907773 60.67 21559169 69.75 

fY_24_hr_4F_S64 47729573 46600281 97.6 28291031 60.71 18805917 66.47 
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4.2.1 Effect of aging on the lens epithelial cell transcriptome 

Comparison between the young and aged LEC transcriptome revealed 226 

genes to be significantly differentially expressed (differentially expressed genes, 

DEGs) by at least two fold (false discovery rate (FDR) corrected P value Ò 0.05), with 

83 of these downregulated and 143 upregulated (Fig. 4.1 A). Filtering this list further 

for genes that meet previously described criteria for likely ñbiological significanceò 

(minimum expression level of 2 FPKM in either condition, at least 2 FPKM absolute 

change in expression level (Manthey, Terrell, Lachke, et al., 2014) revealed 111 

DEGs. 

Inspection of the DEG list revealed that the mRNA levels of several ɓ- and ɔī 

crystallins downregulate, with the most dramatic changes (85ï348 fold) seen in the 

mRNAs encoding the gamma-crystallins (ɔB, ɔC, ɔD, ɔE, ɔF) which are encoded by 

the linked genes of the mouse ɔī crystallin cluster residing on Chromosome 1 

(Duncan, Cvekl, et al., 2004; Graw, 2009). As other genes known to exhibit lens 

preferred expression such as MIP (Bassnett et al., 2009) were also downregulated in 

aged lens epithelial cells, the gene list was compared to data residing in iSyTE, a 

bioinformatics tool capable of assessing whether genes exhibit lens-preferred 

expression (Kakrana et al., 2018; Lachke et al., 2012). This analysis revealed that 24 

of the 111 biologically significant DEGs (17 of the DEGs downregulating with aging) 

exhibit lens preferred expression in 56-day old mice (Table 4.2). 
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Table 4.2: Lens preferred genes differentially expressed in aged lens epithelium. 

  
Fold Change 
(FDR)  in 24-
Month LEC vs 
3-Month LEC 

Mean FPKM 

iSyTE Lens 
Enrichment Symbol Description 

3-Month 
LEC 

24-Month 
LEC 

Serpinb6b 
serine (or cysteine) 
peptidase inhibitor, clade 
B, member 6b  

3.21 (4.28E-21) 4.89 15.68 33.75 

Dgkg 
diacylglycerol kinase, 
gamma  

2.49 (1.76E-14) 1.49 3.71 5.71 

Ephx1 
epoxide hydrolase 1, 
microsomal  

2.19 (4.58E-9) 14.49 31.71 28.86 

Crygn crystallin, gamma N  -4.79 (3.51E-8) 71.77 15.00 191.34 

Mypn myopalladin  -3.52 (4.79E-8) 4.87 1.38 34.75 

Ptgds 
prostaglandin D2 
synthase (brain)  

2.04 (6.84E-8) 110.36 225.19 59.92 

Npnt nephronectin  -2.15 (2.83E-7) 35.90 16.69 6.91 

Crybb3 crystallin, beta B3  -3.65 (2.02E-6) 625.43 171.14 316.49 

Add2 adducin 2 (beta)  -2.05 (2.86E-5) 8.14 3.97 8.89 

Cryba1 crystallin, beta A1  -3.06 (3.33E-5) 1807.54 590.89 993.93 

Mip 
major intrinsic protein of 
lens fiber  

-2.74 (1.50E-4) 400.00 145.83 1282.73 

Crybb1 crystallin, beta B1  -2.66 (1.08E-3) 769.04 288.84 386.68 

Aldh1a7 
aldehyde dehydrogenase 
family 1, subfamily A7  

-2.75 (1.38E-3) 13.43 4.88 45.79 

Crygc crystallin, gamma C  -90.26 (2.19E-3) 161.52 1.79 1644.01 

Crygs crystallin, gamma S  -2.4 (3.03E-3) 2255.19 940.23 1525.43 

Crygb crystallin, gamma B  -141.55 (3.24E-3) 150.01 1.06 1644.01 

Crygf crystallin, gamma F  -348.24 (3.68E-3) 10.30 0.02 271.91 

Cryba2 crystallin, beta A2  -2.01 (6.83E-3) 2030.80 1011.47 828.30 

Pgam2 
phosphoglycerate mutase 
2  

-9.47 (9.49E-3) 6.08 0.64 7.82 

Crygd crystallin, gamma D  -84.94 (1.16E-2) 119.19 1.40 1640.59 

Npvf 
neuropeptide VF 
precursor  

5.63 (1.22E-2) 0.76 4.28 2.03 

Cryba4 crystallin, beta A4  -2.87 (1.29E-2) 1087.55 378.32 1083.89 

2310043M15Rik 
RIKEN cDNA 
2310043M15 gene  

2.57 (1.74E-2) 5.19 13.36 13.78 

Slc4a5 
solute carrier family 4, 
sodium bicarbonate 
cotransporter, member 5  

2.23 (2.93E-2) 2.89 6.46 10.76 
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A prior study assessed age-associated changes in histone H3 lysine 4 tri-

methylation (H3K4me3), a marker of open chromatin, in the mouse lens and identified 

613 promoter peaks that either decrease or increase in H3K4me3 in 800 day old 

compared to 30 day old mouse lenses (Zheng et al., 2015). Comparison of these peaks 

with the list of 111 genes exhibiting ñbiologically significantò differences in 

expression in aging lens epithelial cells in the present study revealed 20 genes in 

common. For 18 of these, the direction of their expression change correspond to that 

predicted from the change in H3K4me3 of the geneôs promoter (Table 4.3). 
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Table 4.3: Comparison between DEGs observed in the aging lens epithelium with 

genes where H3K4 trimethylation occurs in the aging lens (Zheng et al., 

2015). Italicized genes represent those where the expected direction of 

change in mRNA levels and H3K4 trimethylation is discordant. 

  
Fold Change 
(FDR)  in 24-

Month LEC vs 
3-Month LEC 

Mean FPKM 

Fold Change (FDR) in 
H3K4 methylation Symbol Description 

3-Month 
LEC 

24-Month 
LEC 

Crygn 
serine (or cysteine) 
peptidase inhibitor, clade 
B, member 6b  

-4.79 (3.51E-8) 71.77 15.00 -5.31 (4.14E-4) 

Pdgfra 
diacylglycerol kinase, 
gamma  

-4.26 (2.55E-2) 16.46 3.86 -5.04 (1.05E-30) 

Spock2 
epoxide hydrolase 1, 
microsomal  

-3.61 (8.89E-8) 4.83 1.34 -2.79 (5.87E-12) 

Sema6a CD82 antigen  -3.45 (4.85E-7) 3.56 1.03 -2.59 (3.97E-22) 

Mfap2 crystallin, gamma N  -2.37 (2.29E-2) 13.04 5.49 -2.15 (9.54E-6) 

B230312C02Rik 
sparc/osteonectin, cwcv 
and kazal-like domains 
proteoglycan 2  

-3.65 (2.78E-4) 3.00 0.82 -1.96 (3.13E-2) 

Crybb1 
epidermal growth factor 
receptor  

-2.66 (1.08E-3) 769.04 288.84 1.65 (1.82E-5) 

Klf4 

sema domain, 
transmembrane domain 
(TM), and cytoplasmic 
domain, (semaphorin) 6A  

3.66 (2.23E-3) 2.71 9.94 1.71 (1.91E-3) 

Trp53i11 timeless circadian clock 1  2.33 (6.06E-3) 1.59 3.72 1.77 (4.87E-2) 

Nceh1 protocadherin beta 22  2.62 (2.66E-2) 1.25 3.27 1.8 (2.71E-2) 

Timeless 
RIKEN cDNA B230312C02 
gene  

-2.83 (5.92E-6) 3.44 1.22 1.98 (1.03E-2) 

Dgkg 
nuclear receptor 
subfamily 1, group D, 
member 1  

2.49 (1.76E-14) 1.49 3.71 2.02 (6.30E-10) 

Ephx1 
tripartite motif-
containing 47  

2.19 (4.58E-9) 14.49 31.71 2.14 (4.15E-4) 

Nr1d1 crystallin, beta B1  2.12 (2.83E-4) 6.77 14.35 2.31 (2.14E-23) 

Egfr Kruppel-like factor 4 (gut)  2.3 (1.03E-7) 2.25 5.18 2.32 (2.88E-9) 

Cd82 
transformation related 
protein 53 inducible 
protein 11  

2.24 (8.10E-9) 7.04 15.78 2.73 (3.58E-11) 

Trim47 
Ndufa4, mitochondrial 
complex associated like 2  

2.34 (5.19E-4) 3.33 7.79 3.42 (1.23E-18) 

Ndufa4l2 
microfibrillar-associated 
protein 2  

5.31 (6.70E-3) 6.90 36.63 3.94 (5.12E-8) 

Serpinb6b 
platelet derived growth 
factor receptor, alpha 
polypeptide  

3.21 (4.28E-21) 4.89 15.68 4.46 (3.89E-12) 

Pcdhb22 
neutral cholesterol ester 
hydrolase 1  

2.25 (1.03E-5) 2.20 4.96 7.06 (7.40E-12) 
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Initial Advaita Ipathway Guide analysis of the genes differentially expressed 

between aged and young LEC calculated from data normalized using all uninjured 

samples (fibers and 0 h epithelium), the revealed limited pathway enrichment, 

although complement/coagulation (p=1.5×10ī5) and cytokine/cytokine receptor 

interactions (p=3×10ī3) were detected (data not shown). In order to increase the 

sensitivity of the analysis, we removed the fiber cells, which have a dramatically 

different transcriptome from lens epithelial cells, from the normalization, and instead 

included LECs isolated 24 h after injury, and reran Ipathway guide. This subsequent 

analysis revealed that the most impacted KEGG pathways included cytokine-cytokine 

receptor (Fig. 1B and C; p=1.5×10ī 6) and complement/coagulation (Fig. 4.1D and E; 

p=9.4×10ī7), while many DEGs map to the gene ontology term ñimmune system 

processò (not shown; p = 1 Ĭ10ī16). 
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Figure 4.1: Pathway analysis of genes differentially expressed in aged versus young 

mouse lens epithelial cells A) Volcano plot of the genes whose 

expression was statistically different between aged versus young LECs, 

yellow dot represents ɔF-crystallin B) Impact analysis of the DEGs 

suggest that the KEGG pathway map ñcytokine-cytokine receptorsò 

(yellow dot) is likely to be the most significantly impacted pathway in the 

aged lens epithelium. C) Bar graph showing the cytokine- cytokine 

receptor genes that are differentially expressed in the aged lens 

epithelium. D) The second significantly impacted pathway in the aged 

lens epithelium was the complement pathway (yellow dot). E) Bar graph 

showing complement pathway genes differentially expressed in the aged 

mouse LEC (Faranda et al., 2021a). 


























































































































































































































































































































































































