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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 versusgyy
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receptorso (yellow dot) is Ilikely to
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Figure 4.3: Genes differentially expressed in aged versus young mouseédens fib
cells grouped by gene ontology (GO) terms or KEGG pathways
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KEGG pathway cellular calcium haneostasis. B) Bar graph
repreenting the DEGs in aged lens fibers mapping to the KEGG
pathway cellular senescence. C) Bar graph representing the DEGs in
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D) Bar graph representing the DEGs in aged lens fibers mapping to
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Figure 4.5: Genes differentially expressed in aged versus young mouse lens
epithelial cells at 24 h PCS. A) Impact analysis of the 24 h PCS DEGs
with the yellow dot representing Akt signaling; boxed dots represent

Ahumainl pama virus infectionodo and ndal c
representing the DEGs in aged LECs at 24 h PCS known to be
involved in AAkt signalingo. C) Bar

aged LECs at 24 h PCS knoWomat o be i n
virusinfed¢ i on o . D) Bsentingghe REGh in agedd EGs

at 24 h PCS mapped to the gene ont ol
graph representing the DEGs in aged LECs at 24 h PCS the gene

ontol ogy term fA.c.el.l..pr.ol.if.er.da3i ono.

Figure 4.6 Principal compoant analysis (A) and a clustered correlation matrix (B)
for all samples analyzed in this study. The first principal component,
which accounts for 42.7% of the overall variation in this data, has a
strong association with cell type (epithelium vs. lensrB. The
second principal component, accounting for 12.45% of the overall
variation corresponds to injury status (24 vs 0 hours) in epithelium
and age (24 vs 3 months) in fibers. Correlation between all pairs of
sampl es was esti mabo.AllpaitsofisamplesSpe ar man
have a rho > 0.69 suggesting that expression profiles overall are
tightly correlated, consistent with their originating from the same
tissue. Hierarchical clustering indicates that cell type is the strongest
determinant of samplersilarity, while sex appears to have the least
influence. Age more strongly influences sample similarity in fiber
cells than in epithelial cells, while in epithelial cells, there is clear
separation between naive samples and those collected 24 hours
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Figure4.7Scatter pl ots and correlation estimate
similarity between the two biological replicates used to evaluate the
effect of sex on the lens transcriptome A) young lens fibers, B) aged
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epithelial cells, E) young epithelial cells 24 hours after injury, F) aged
epithelial cells 24 hours after injury. In each grid, individual samples
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Figure 4.8 Summary of the major effects of age on the mouse lens transcripite.

Figure 5.1 Dissection of human lenses into three distinct cell types. Human lenses
were divided into central lens epithelium, equatorial lens epithelium
and cortical fiber cell pagations. Lenses from aged human donors
were processed using a technique similar to cataract surgery. Lenses
from young human donors were processed using a capsular peel

Figure 5.2: Human lens cell samples pctgel in the first 2 principal components.
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binding transcripti.an..a.cdt.i.va®®r acti
Figure 5.4: Notable Advaita results for age dependent DEG in equatorial LEC. No
KEGG Pathways (A) were significant after FDR adjustment. Genes
associated with the disease fACatarac!i
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Figure 5.5: Selected Advaita results for -agpendent DEG in cortical fiber3.he
two-way plot (A) indicates KEGG pathways with significant
overrepresentation and accumulation (red circles). The yellow dot
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interactionso(D). Anterior pegment
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Figure 5.6 Overrepresentation analysis examining KEGG Pathways enriched (FDR
< 0.05) in genes differentiating LEC and LFC in humans and mice
from two distinct aggroups. The size of thaot indicates the
proportion of genes in the pathway that were DEG, color indicates the
adjusted hypergeometric p value. For each species, and age group,
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Figure 6.1: Lenses from Pax6 haploinsufficient mice and wildtype mice harvested
at the agesf 10 weeks (top row) and 13 months (bottom row).
Visible lens opacities are observed ini8ekold Pax6
haploinsufficient lenses are marked with arrows. Images captured
using a dissecting microscope, the scale bar in the bottom right pane
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Figure 6.3: KEGG pathways significantly impacted by Pax®LEC. The top ten
pathways predicted by the Advaita iPathwayGuide impact analysis
module, ranked by combineavalues (FDR adjusted). Impact
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value (X axis) which accounts for overlap between DEG and genes in
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for interactions between DEG detected in the pathway. Axes are on a
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Figure 6.5: Volcano plot illustrating differential expression of lens preferred genes
(Kakrana et al., 2018; Lachke et al., 2012) between P ax®l
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Figure 67: Volcano plot illustrating differential expression of lens preferred genes
(Kakrana et al., 2018; Lachke et al., 2012) between P ax®
wildtype LFC. Positive Log2 fold changes indicate greater expression
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and 2 address the basic biology of the lens-iigjusy and aniridia,
and lays out the laboratory methods used to generate &¥dpdata
supporting subsequent chapters. Chapter 3 deals spéy Ml
some of the challenges and opportunities associated with- B¢A
profiling of lens cells. My analysis described in chapter 4 confirmed
the aging mouse lens retains the inflammatory injury response and
identified differential gene expression relev#éo age related cataract.
Chapter 5 extends this inquiry to the aging human lens, identifying
KLF4 as a candidate for further investigation based on its expression
pattern in both species. Using P&x&s a model of Aniridia in
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Figure 7.5 Enrichment results for cluster 3: Line plot (A) showing the relative
transcript abundance for 150 genes over time. Network retrieved from
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may represent various types of interactions including coexpression, or
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ABSTRACT

By helping to focus incoming light, the lens of the eye has an essential role in
the vertebrate visual systertonsisting of two basic cell types, tlen$ has a simple
yet sophisicatedinternal architecture and biochemistry. The growth of the
mammalian lensontinues indefinitely over a lifetime agw cell layers accumulate
over older ones in a precise pattern of cell packirya differentiationprocess that
culminates witmeartotal elimination of cellular organelledVithout the ability to
construct new cellular componentg|lularintegrity in deeper layersan become
compromisedver timeif cumulative insults exceed the capacity of pinetective
mechanismsnaintained bythe outermost metabolically active celBisruption of
lens cell differentiatioror failure of thesgrotective mechanisntan leado protein
insolubility, damage to cell membranesorphologicaldefectsor disorganiation of
cellular packing thaproduces opacities or refractive aberrations. The accumulation of
opacifiedlens tissueesults in a cataract, a partial or complete opacification of the
lens. While geneticfactorsand exposure teariousenvironmentahazardscan
directlyinducel ens opacities or increase oneods
factors forcataract is aging.

Aging is a complex biological proceassociated with physiological
deteriorationthatinvolves transcriptomevide changes in gee expressianRNA
Sequencing (RNASeq) isan established technology for profiling transcriptomic shifts
related to aging and othdrivers of cataract formation. In Chapter 3, | address the

impact of unique lens cell characteristics, such as the samlbkthe 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 expfapproackor
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 andthe impact of aging on the response of lens cells to cataract surgery

The micrasurgical restoration of vision in cataract patients is nothing short of
a medicamiracle, howeveasmall but significant fraction of patients develop
posterior capsular opacification (PCO), a vision compromising sequelae of cataract
surgery requiring surgical followp. Inflammatory signaling and fibrotic cell
transformation have eentral 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 formatidrhe mouse lenraging study documented in
Chapter 4 was originally mietated by a comment from a fellow lens biologist that
young mice are prone to inflammation, and the inflammatoryitgosy response we
observe in mice less than 5 months old may not occur in older mice or older humans
for that matter.Not only didthis studycategorically demonstrate that the lens in
geriatric mice is equally susceptible to injury dependent inflammation, it also revealed
agedependent increases in basal expression of certain inflammatory markers. These
and other transcriptomic shifts sdrved 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.

XXXV



The intent of Chapter 5 was to advance our knowledge of the aging biology of
thelens from mice to humans. While there are acknowledged limitations of this
study 6dssign, it was possible to identify age dependent changes in Hansagene
expression affecting genes that are likely relevant to cataract formation, for example
we obseve upregulation of the transcription factor KLF4 in aging humans, and its
murine homolog KIf4 in aging mice. Klf4 regulates lens maturation in mice, and
single nucleotide polymorphism (SNP) mutations at the KLF4 locus are associated
with agerelated cateact in humans.

Whil e most peopl e maint ademeticl ens cl ari ty
abnormalities can dramatically accelerate the process, one example being PAX6
haploinsufficiency.A keystone in the process of embryonic eye and lens
development, the trescription factor PAX6 continues to have a vital role in the
lifelong maintenance of lens homeostasis. With only a single functional copy of
PAX®6, haploinsufficient individuals develop a paoular syndrome known as
aniridia. Juvenile cataract is one séveral othesequela®f aniridiathat
compromise visionand frequently occurat ages agoung 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 hapldifitsency 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 observdeaddo the activation of
inflammatory and fibrotic markerdvly 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 irdguan inflammatory response,
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support the hypothesis that PAX6 haploinsufficient lenses persist in a chronically
wounded stateThroughout this workinflammationappears tdoe a common thread

that unifiesthe lens pathology associated with aging, injurgt aniridia.
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Chapter 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Anatomy, organization, and physiology of theocular lens

The lens is a clear, ellipsoidal tissue with refractive propertieabititate
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 zonul#sat attach to the thick basement membrane which
completdy encapsulates its bulloanysh & Duncan, 2009; Zinn & Mocké&lohl,
1973)Figure 1.1) The interior of a mature mammalian lens congistoncentric
|l ayers of fiber cell shells that accumul at
(Augusteyn, 2010) At the center of this mass are the primary fiber cells that arose
during embryogenes{®ugusteyn, 2010)

On the inner anterior surface of the lens is a layer of lens epithelial cells
(LECs)which is aligned with the visual axiat extends from the #erior poleto the
equetorial region(Augusteyn, 2010)in thefully mature lens,te least proliferative
LECs occupy the central antericapsulewhile anarrow band of slowly proliferating
LECs is foundn an area of the equatorial region known as #renghative zone
(Zhou et al., 2006)At thetransition zone (also referred to as thediolus)

(Zzampighi et al., 200Q0)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 phenotygEigure 1.2 Audette et al., 2017A fundamental element of



the LFC differentiatiorprocess is the clearance of organelles and nuclei, through a
modified auto phagocytiprocesghat sharesomesimilarities to apoptosigBassnett

& Beebe, 1992; Brennan et al., 202Terminally differentiated LFC are entirely
anucleate, lack organellemd synthesize no new proteffBsennan et al., 2021)

Mature LFCsarehighly condensedndelongatedFigure 1.2)with structural and
biochemical properties optimizédr transparency and the ability refract incoming
light (Cvekl et al., 2015) In order to provide optimal focusing power for vision, the

l ens must maintain a Agrahichoeaus of refractdi
perpendicular to the visual axis such that the refraatidlex decreases with

increasing radial distance from the visual gkisnaldson et al., 201.7)FCs must
alsoproducea high concentration of soluble crystallin protetosachieve the
cytoplasmic density needed to refract lighusthe GRIN isdirectly proportional to

the radial gradient of crystalliconcentration, which increases towards the visual axis

at the center of the lerfBonaldson et al., 201 7Figure 1.3)
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Figurel.1 Diagransillustrating the organelle clearance processerpted from
(Brennan et al., 2021)Panel Ais a crosssectional digram of the whole
lens, and is used to indicatke position of lens epithelial cebsd
cortical fibers as they proceed through stages of organelle clearance
illustrated in panel B.



Figurel1.2: Electron micrographs illustrating lens cell architeciarplanar sections
perpendicular to the optical axidexagonal arrays of early cortical fibers
in outer layersre evident in panels A and B, whiteore condensecklls
characterized by interdigitation occur at deeper layers as shown in panel
C. These imageshown here werfrst reported in(Bassnett & Costello,
2017)
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Figurel.3: Diagram from(Donaldson et al., 201 Mjustrating the relationship
betweerrefractive index (blue line), protein concentration (green
squares), water content (red circles) across the diameterlehthe
perpendicular to the optical awith the center of the lens positioned at
r/a=0and the circumference at r/a=1

Within eachlayer,fiber cells are connected their neighbors via lateral
syngytia while vertical transport between layers is facilitated/agiouspores and
channelgBerthoud & Beyer, 2009; Chepelinsky, 2009; Y. Shi et al., 20C®upled
with activepumpingmedanisms in the lens epitheliuthese sophisticated transport
systems aressential to osmoregulation in the lefegilitate theinternaldistribution
of the antioxidant glutathione, asdmeevidence suggestlatthese systemestablish
aninternal circulation within the len@athias et al., 2007)The mechanisms that
protect terminally differentiated fibefeom environmental damage toaintain lens
clarity long termdepend 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 interigBabizhayev & Yegorov, 2016; Kubota et al., 2016)



the action of Na+/K+ ATPase in the membranes of equato&&! jhrovide the motive

force for the | dDosaldson etadl 201, Mathias etal.c2007t i on
and most of the | ensd de novo glutathione
nucleated cortical fiberdan et al., 2017) The gradients &sblished at the equatorial

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

| ens 6 (Donaldson et al.y 2017)These electrochemical gradients also prevent

osmotic stresses on cortical and nuclear lens fiti@rgaaldson et al., 2017)
Osmoregulation in the | ens contributes to
fiber cells(Bassnett & Costello, 201And facilitates the changes in cell volume

associated with fiber cell elongatiéponaldson et al.,@9). 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
irreplaceablg¢Bassnett & Beebe, 1992; Brennan et al., 2@1gffee et al., 2014;

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

Wride, 2011) In a mature lens, themost compacted cell the center of the lens
formahargredc or e t hat i s r-pl er(Bassigit& Qostalls, t he 061 e
2017) At the very center of the lemsucleus are the primary fiber cells deposited as

the lens formed during embryogeng®assnett & Costello, 201.7)The lens nucleus

Is surrounded bthe lens cortex, outer shellslehsfibersat varying stages of
differentiationthatcan be easily separated during dissection from the hard nucleus

present in many specie3hese divisions aralsooften used to describe the locations

of different types of catarac{sigure 14).
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Figurel.4: Structuralmicroanatomy of the ocular lenglmage 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 cataraich includes
anydefect in the lens thaauses gartial or completéoss of transparendy. C. Liu
et al., 2017) Lenstissue can become opaduecause oifreversibledamage to lens
proteins and membranes, disorganizatodysmorphia of lens cells or a comdsiion
thereof, with one of these things often leading to the ¢e€. Liu et al., 2017)
Cataractsnanifest in a variety dibrms characterized by their sizehaperelative
level of opacificationand their position within the lerf¥’. C. Liu et al., 2017)

Thegross appearance otataractandependn thebiologicalmechanisra
leading to its formationAnterior subcapsular cataract (ASC) is a cataract that affects

the anterior lens epitheliuffrlach et al., 1985)ASC occur as the result of anterior



LEC undergoing an epithelial to mesenchymal transiii€MT) (Shirai et al., 2006)
leading to the presence of fibrotic plaques in the anterior lens epith@liovotny &
Pau, 1984; Novotny et al., 198ells resembling myofibroblasts are observed
within these anterior plagues and are likely responsible for secreting extracellular
matrix proteins that aggregate in microfibrils at the site of a pl@doeotny & Pau,
1984; Novotny et al., 1989)ASC can resulfrom mechanical injury due to ocular
trauma(Ajamian, 1993; Hanna & Potts, 1970; Sudranski, 1@4@pmpulsiveeye
rubbing(Khan & Kharsa, 2021}aking certain medicatior(§lach et al., 1983; Flach
et al., 1985; Shui et al., 199 ¢hronic inflammatior(Bair et al., 2011; Flach et al.,
1985) or geneticg(Flach et al., 1985)

Aberrations intheprocess of fiber cell differentiation can leadgosterior
subcapsular catara®SC)(Richardson et al., 2020pSG formwhen equatorial lens
epithelial cells near the transition zone deviate from t@imal differentiation
program and migrate to the posterior pole of the lens, eventually becoming swollen
and necroti¢Eshaghian & Streeten, 1980; Richardson et al., 2026)ong the most
prevalentypes ofcataractsarecortical and nuclear cataragtdashemi et al., 2020;
Klein et al., 1998; The ItaliaAmerican Cataract Study Group, 199@pacities
manifestingn fiber cells that occupy the lens cortex are known as cortical cataracts
(Y. C. Liu et al., 2017)In contrast, ruclear cataractaffect the solid core of
compacted fibers at the center of the IensC. Liu et al., 2017)

There are multiple points @®ilure that can lead topacities or refractive
defects in the lensThe formation of insolubléght scateringprotein aggregates is
one common cause of cataract$e crystallin proteins account ftre vast majority

of the | en s andgossesstradturaffeatwweshatdeiptthem remain water



soluble at concentrationg to500 mg/mlin some pés of the lengBassnett &
Costello, 2017) When these proteirgetdamagedthey carfall out of solution and
form an opaque precipitatés nolipid turnover occurs in terminally differentiated
fibers(Hughes et al., 2015¥he lipid constituent®f fiber cell membranes are also
susceptible to damadgBorchman, 2021; Borchman & Yappert, 201@Qumulative
damage to these lipid membranes is likely also a significant contributor to lens
opacification(Borchman, 2021; Borchman & Yappe2010)

The lens relies oseveral oxidative stress response mechantismsnimize
damage teroteirs and membrargedue to reactive oxygen spegiaad the failure of
these mechanisms is often cataractogédimoudhary et al., 2005; X. Fan et al., 2012;
Lassen et al., 2007; Quan et al., 2021; Xiao et al., 2009; Yamada et al., 2013)
Glutathioneperoxidasesely on high levelsof glutathione(GSH)to detoxify reactive
oxygen specieandhave an important role in lens homeostaseclbing glutathione
perxidase activity is coincident witbataract development in the human lens
(Fecondo & Augusteyn, 1983ndtransgenic mice rendereghable to synthesize
glutathionein the lens develop nuclear cataracts at an age of 4 mpathan et al.,
2012) GSHis suppliedo deeper layers of the lens by the lens circulatory system
(Donaldson et al., 2017) Di sruption of the |l ensdé inter
example to mutations ithe aquaporins or gapinctionsmediating this
osmoregulatorgystem alo leads tacataract(Quan et al., 2021; Zhou et al., 2016)

In addition to impaired glutathiordistribution, the resulting osmotic stress can lead to
fiber cell swelling(Donaldson et al., 2009Y0smotic stress may also contribute to the
cataracts thananifest in diabeteSimunovic et al., 2018nd galactosemigskalka

& Prchal, 1980)Othercauses of cataract include lens biomineralization due to



cakium accumulatioriBerthoud et al., 2020¥iscontinuities ircell membrane contact
between adjacetiiber cellswhich can arisérom cytoskeletal defec{d/ore et al.,
2001) andfailure of organelle clearan¢&han et al., 2022) Chronicocular
inflammation may also contribute to cataract formatfoninstance in patients with

the autoimmune ocular inflammatory disease uvégim & Ji, 2020)

1.2.1 Genetic mutations can cause cataract

The I ensdé structural and biochemical
that performcertain essential functionsyany of which have been shown to manifest
preferential expression in the lefi&akrana et al., 2018Mutations affecting these
genes can lead to cataréShiels & Hejtmancik, 2017)or example, mutations in
gammas-crystallin CRYGS thatlead toexposire of hydrophobic residues in the
translated produdre often cataractogenic due to the decreased soludrility
potential aggregatioof the resulting protei(Shiels & Hejtmancik, 2017)In the case
of CRYGS, several different mutations lead to catisran humans that manifest at
different ages, some CRYGS mutations produce congenital cataracts while other
mut ati ons i ncr eas gelatethcatara¢®un etiale 2005sZhang et k o f
al., 2018 Shiels & Hejtmancik, 2017)In a review from2021,authors reporf1
genetic lociassociated with 56 distinct genes where a mutation is known to cause an
inherited cataradiShiels & Hejtmancik, 2021)For manyof the gene mutations
reviewed by Shiels and Hejtmangcitataract is the only associated phenotyghiels
& Hejtmancik, 2021)In other cases, cataract is coincident with other physiological
defects as part of a larger syndrofBéiels & Hejtmancik, 2021)

Examples of syndromic cataract includ&H9 related disorders, which can

also involve the kidneys and the cochleayhich presenile cataracts manifest
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between the age of 20 and 44, depending on the type of myfa&oai et al., 2008)

Mutations in GALT andjalactokinaséeading to galactosemia aresasiated with
syndromiccatarac{Karas et al., 2003; Skalka & Prchal, 1980; Stevens et al., 1889)

are mutations in genes encoding coll agen e
syndromgKhan et al., 2021)and mutations in DPMK and ZNF9 thausa muscular
dystrophy(RakocevieStojanovic et al., 2017)One of the best studied genes

associated witsyndromiccataract is the transcription factor PAX6, which is

generally considered to be a master regulator of eye and lens devel¢prekhi&

Callaerts, 2017) Heterozygous PAX6 mutations commonly result in a@auar,

autosomal dominant congenital disorder known as Anifi&lson et al., 1984)

1.2.2 Aniridia and the aniridic lens

Aniridia syndrome is a visiemompromising congenital disorder, caeterized
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 PAXS lo
detected in most cas@dingorani et al., 2012; Jordan et al., 1992b; Landsend et al.,
2021; Nelson et al., 1984Hundreds of distinct PAX6 mutations have been
characterized in association with congenital anirfifiasilyeva et al., 2017)While
thephenotype associated with any given mutant allele can be very heterogenous, some
studies show a correlation between various PAX6 mutant genotypes and aniridia
severity(BlancoKelly et al., 2021; Vasilyeva et al., 2021)

Notably,foveal hypoplasia antthe resultingnystagmus arthe most common
congenitalfeatures of aniridia due to Pax6 mutation and unlike the iris defects, are

seen in nearly all individuals heterozygous for Pax6 mutdébanuich et al., 2022)
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Later, aniridic individuals are highlusceptible to corneal keratopathy, glaucoma,
and juvenile catara¢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 @ity 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 uretgo successive, increasingly invasive, ocular surgeries
as they attempt to preserve their visual acuity for as long as pagdible2021;
Landsend et al., 2021; Singh et al., 20BYrgical correction abcularpathologies
can trigger aniridia fibrosis syndrome, an accumulation of fibrotic tissue in the eye
that results from t he itygomechantal injurBmne®d s | ncr €
Kelly et al., 2021; Tsai et al., 2005)

At birth, patients witlPAX6 related aniridia syndromesuallyhave clear
lenses, but in some casagall, visually inconspicuous congenital polar lens opacities
areseen(D'Oria et al., 2021; Edén et al., 2014; Landsend et al., 2021; Voskresenskaya
et al., 2021) These congenitadarly onset cataracts oftésecome clinically
significant in adolescencesquiring surgeryShiple et al., 2015However, even
aniridic individuals with clear lenses at birth develop cataract by young adulthood at
high rates.

Several studies have exanughe characteristics of anridic cataract in
different cohorts. In the Eden cohort, phakic lenses weisestill presentin 3 ofthe
52 eyesexaminedwith 5 patients having documented congenital cataract. In this
cohort the authors documented a preggion of cataract severity, first manifesting as

small posterior polar opacities, followed by a subcapsulaspmigdbheral ring of
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opacified cortical fibers that eventually radiates towards the posterioffuéa et al.,
2014) While these posterior buapsular cataracts were the most common type in the
Eden cohort, Eden and colleagues also documented cases of anterior subcapsular
cataract impacting lens epithelial celedén et al., 2014)An Indian cohort

evaluating 262 eyes in 131 patients recordedataractous 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 inf&irigh et al., 2014) A Chinese

case series examining 10 patients with aniridic cataxgetircortical (8 eyes), nuclear
(5 eyes), and posterior capsular (4 ejdsp. 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, accoudati@g of the 50
cataractous lenses record®&bskresenskaya et al., 2021Similar tothe Norwegian
cases in the Eden cohort, Voskeeskaya also noted a posterior subcapsular cataract
with radiating opacities extending to the midripheral ringVoskresenskaya 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 molesusal

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

aniridia patients is quite limited.
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Figurel.5: Cataracts associated with aniridia in humans. (adapted from
Voskresenskya et al, 2021)

The PAX6 locus (Pax6 in mice) encodeBMA 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 delopment, from the initial specification of the lens placode during
embryogenesis through the onset of secondary fiber differentiation in the fully
developed len§Cvekl & Callaerts, 2017) As secondary fiber cell differentiation is a
lifelong process,®too does the need for appropriately timed PAX6 expression
continue indefinitelyShaham et al., 2009PAX6 has multiple DNA binding
domains and can be transcribed as several different isofokiteynative PAX6
splicing caninfluence target specifigitby varying the combination of domains
included in the transcrigCvekl & 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 leegelopmen{Cvekl & Callaerts,
2017)

Normal lens development is highly sensitive to Pax6 doGasgeRaamsdonk
& Tilghman, 2000) with experimentally induced over or under expression of Pax6
leading to severe lens defe¢ikdelinda K. Duncan et al., 20; Duncan et al., 1998;
Duncan, Xie, et al., 2004).ess 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 decrease®ss tells begin
differentiating into cortical fiberéShaham et al., 2009}t is likely that FAX 6
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 thess padigress through
their natural differentiation prograniNevertheless, our understanding of how PAX6
haploinsufficiency leads to cataract remains limited, representing a significant gap in
our knowledge of lens biology.riBr gene expression profiling éetal 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) 2@8@Bout yielding
much insight into the etiology of presenile cataract common in PAXGnans. In
chapter 5, this knowledge gap is addressed with an analysis ‘6fdegendent

differential gene expression in 5 month old mice.

1.2.3 Cataract related to mechanical injury

Cataractzan occur as the result of blunt or penetrating trauma to the eye
(Hanna & Potts, 1970; Khan & Kharsa, 202Qortical and sbcapsular cataracts
(ASC and PSCareamongthe most common types of trawrasasociated cataract
(Ajamian, 1993; Brasch al., 2005; Hanna & Potts, 1970; Wong et al., 20@23ses
of PSC and ASC have even been reported due to obsessive compulsive eye rubbing, or
vibrations from an electromechanical massager applied fa¢eéKhan & Kharsa,
2021; Panikkar et al., 2016; Taet al., 2003) In onecase, an underlying genetic
disorder may have exacerbated $leeasitivity of the patients lens to excessive
vibration(Khan & Kharsa, 2021)The | ensd® ant er bitwvgto sur f ace i
mechanical stimulation, to the extenatlyentle rubbing of the exterior surface of the
anterior lens capsule can induce changes in gene expression that are associated with
the response to mechanical inj8hirai et al., 2001; Shirai et al., 2008hear forces
inside the lens resulting froblunt traumahave been implicated in cortical cataract
and PSQPau, 2006) The fibrotic character of AS€uggests a common etiology to
fibrotic posterior capsular opacificatioRRCO) FPCO is a sequalae of intracapsular
cataract surgery that involve&C transdifferentiation to myofibroblasts and
producing fibrotic plaques thabmpromise surgically restored vision. The cytokine
growth factorTGFb is implicated in botlpathologiessuggesting that related

mechanisms are involvéde longh et al., 2003-. J. Lovicu et al., 2004; Frank J.
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Lovicu et al., 2004; Shu et al., 2017; Srinivasan et al., 1998)lar injury, which by
necessity precedes FPCOalsoassociated with an inflammatory respofise
Michael Wormstone et al., 2009; Wormstone et24121) Chronic ocular
inflammationdue to uveitis is commonly associated with catagaetiominantly PSC
however cases of ASC are also obseldBloushi et al., 2019; Arora et al., 2014;
Nussenblatt, 1997; Petrash et al., 202gctron micrographyfdhe anterior capsule
and associatelgns epithelial cells affected by uveitis shows evideratkedeath
suggestive of oxidative stress, and potentially cells undergoing EMT and becoming
myofibroblastgTekin et al., 2020) A positive correlation betwedhe aqueous
humorconcentration of inflammatory cytokines IL6 alh@ and the severity of PSC
has been noted in cases of Fuahsitis (Wang & Tao, 2021) If these cytokines
recruitmacrophageand activatehem inside the anterior chamber, it could lead to

cataractogenic lerdamaggZigler et al., 1983)
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A Anterior capsule, Lens epithelium

Figurel1.6: Examples of cataract and their location in the .I¢&dapted from Liu et
al. 2017)

1.2.4 Age-related cataract

Aging subjects the lens to cumuladiinsults that damage protein, lipids, and
nucleic acids over timeEnergetic exposures such as ultraviolet ligtien et al.,
2013; Lofgren, 2017; Marchitti et al., 201 h)icrowave andonizing radiation

(Lipman et al., 1988; Uwineza et al., 20,18y chemical exposures such as smoking
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(Kelly et al., 2005)and fuelvapors(Das et al., 20199an damage lens cells and are
known to cause cataractVhile the lens has evolved with mechanisms that protect
against this damagenvironmental insultsan accumulate over timand protective
mechanismsnay eventually be overwhelmeaor declinewith advanced ag@ruscott
& Friedrich, 2019; Wei et al., 2014)When this occurs, cataractous lens opacities can
arise as the result of di s,theglubilityofgs t o t he
refractive proteinsorits electrochemical homeostasi$ius,ageis a significant risk
factor for cataract

In humans, a cataract manifesting earlier than 40 to 55 years of age is generally
consi der ed a fgndaveite¢ha mdjostyof agelate cataratts 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 etal.,, 198% ccor di ng to the Nat i onosal Eye
adults remain cat araadbdtweénr3@and 40 percentojf h t hei r
Americnsr e mai n s o i nt o (NhtienalrAcaBetiéssof Sziendes b ey o n d
Engineering and Medicine (U.S.). Committee on Public Health Approaches to Reduce
Vision Impairment and Promote Eye Health et al., 200&) the other handyver 10
percent ofAmericars developa cataract before @blational Academies of Sciences
Engineering and Medicine (U.S.). Committee on Public Health Approaches to Reduce
Vision Impairment and Promote Eye Health et al., 202G)the age of 70 and above,
ethnicity appears to havenatable impact othe onset of ageelated 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 whileanindv dual 6s | i fetime burden of excg
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insultscouldcertainly be influenced bgbiotic factorsgenetiadiversity might explain

some of the variation due to ethnicity as well.
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e B Black
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Figurel1.7: Prevalence of cataract by age and ethniaityheUS 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 identifiedy Choquet are
homologs of mouse genes known to exhibit{preferred expression, and many of
these genes are cataractogenic in mouse knockout models, none of the SNPs detected

in this study impacted crystallin gen@hoquet et al., 2021)Neverthelesghe
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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
(Choquetet al., 2021)

Such genetic variation suggests that age relzd&tact may involve more than
just the cumulativeffects of damage to lens macromolecul#ile the lens nucleus
and its constituent cells acensiderednetabolically inactiv€ Augusteyn, 201Q)its
metabolically active outer layers, the cortical fibers and L&y manifest age
dependenphysiologicalchanges over a lifetimeChapter 4 examines age dependent
changes in lens gene expressianddescribegheir potential conthution 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 cardiomyof&ifjgenraam et al., 2020; P.
Kong et al, 2014) liver cirrhosis(Y. K. Jung & H. J. Yim, 2017)pulmonary fibrosis
(Thannickal et al., 2004and chronic kidney diseagieanizo et al., 2028ll involve
the fibrotic destruction of tisswechitecture Until recently, fibrotic conditions were
widely considered irreversihl®Vhile we are novlearning that withdrawal of a
profibrotic insultcanlead to regressioof fibrotic tissue(Jun & Lau, 2018)wearefar
from translating this into practical therapeutic intervergigintha et al., 2019;
Friedman et al., 2013; Nanthakumar et al., 2015 treat organ and tissue fibrosis
more effectivelywe need to be ablo study the completiisease progressian-vivo,
which can be difficult in vital orgarss extensive fibrosis typically leads to organ

failure.
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Severabiological aspects of the lensake it arattractive tissue in which to
study fibrosis The twomainfibrotic pathologies of the lens, ASC aR€Oshare
many features in commawith fibrotic diseases in other tissués;, example
pulmonaryand cardiac fibrosis, that are driven by F&BEignaling(Boswell et al.,
2017; Hu et al., 2018; Pardali et al., 2017; Shirai et al., 2086)vever, unlike more
complex tissues, the legsntains only two types of cellderived exclusively from
epithelium with a single developmental point of origiurther, due tats relative
isolation from the circulatory systeme fibrotic transformatioof LEC into
myofibroblastsmayoccur in the absence ahywhite blood cell{Lang, 1997)
Finally, ance lensderived myofibroblasts arise exclusively from L& is easier to

study the sequence of statieanges thatccur ultimately leading tbbrotic EMT.

1.2.6 Inflammation and fibrosis in posterior capsular opacification

The most common surgical procedure to correct catamazlives the
phacoemulsificatiomnd extractiorof thefiber cell mass followed by the placement of
a pr ost hGrularlce niEDO) tFiguae 1.8)(Y. C. Liu et al., 2017) To gain
access to the anterior surface of the lémspupil is dilated anda small incisiormade
nearthebase of corneahich allows access to the eye for subsequent surgical
procedurs (Y. C. Liu et al.,2017) The physiciarcreatesa curvilinear capsulorhexis
by removing a small circular section of the anterior lens ca¥ul€. Liu et al.,
2017) Next,they use an ultrasonic deviegth a suction tigo mechanically disrupt
the fiber cell mass arevacuate the emulsified lens cells from the lens cagsule.
Liu et al., 2017) Throughout this process, the capsule remains iatatdttached to
the zonulegY. C. Liu et al., 2017) After fiber cell removal,hie lens capsule, is often

describedas h e A c a pWhiil lag tblaigaestly @rbpéya simall population
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of lens epithelial cell§LECs) remains behindtightly adhered to theapsulgrom the
equatorial regiomowards the front of the leng to the periphery of the anterior
capsubrhexs (Figure 1.9(Wormstone et al., 2021)To complete the procedure, the
physicianplaces anOL inside thecapsular bagwhich unfurls haptic protrusions
which help stabilize the IOL and gben it in the visual axigFigure 1.§(Y. C. Liu et
al., 2017)
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Figure1.8: lllustration of intracapsulazataract surgery, adapted frofi. C. Liu et
al., 2017)
A: Viscoelastiqarrows)injected into the anterior chambterpraect
corneal endothelium.
B: The surgeomakes aircularopening in the anterior caps(derows
mark edgeshy theprocedurask nown as A Comdai nuous Cu
Capsulorehexis
C: The surgeoseparates the fiber cell mass from the capsule via
hydrodissectionarrow markghe wavefront of hydrodissection fl)id
D: The surgeon mechanically disrughe lens and evacuates tissue
fragments using the phacoemulsification instrument (arrow).
E: The surgeon injectsoreviscoelastic into the capsular bag (arraws)
F: The surgeon insertse prosthetiintraocular lens (arrow)into the
capsular bag. The lens will unf its haptics to stabilize itself.

Posterior Capsular Opacification (PCO) is a common sequelae of cataract
surgeryas somé.EC remain attached to the areas of anterior and equatorial €apsul
that were not impacted by capsulorhefigure 1.9(Wormstone et al., 2021)These
LEC begin to proliferategxpanding the populatigiiRakic et al., 1997)As this

occursproliferating LEC can exit the cell cycle and resume their differentiation into
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fiber cells(Donachie et al., 2022; 1. Michael Wormstone et al., 2009; Wormstone et
al., 2021) They can also undergo an epithelial to mesenchymal transition (EMT) and
become myofibroblastsTypically, these cells remain sequestered at the periphery of
the capsular bag via a barrier created by the interaction of the IOL with the lens
capsul e | eadi ng (DanacBoetah@a@2e;t. Miohged\Wormstone g
et al., 2009; Wormstone et al., 2021)

However, at extended times pasirgery (110 yeas), these cells often escape
their confinement at the capsular bag periphery and begin migrating across the
posterior capsule leading to eitiglr s ¢ h n i gwhish age dyagenicdens fiber cells
derived from attempts of residual lens epithelial celletgenerate the lens or fibrotic
posterior capsular opacification which is produced by a mixture of myofibroblasts and
thefibrotic extracellular matrix proteinthey secretsuch as Collagen 1 and
Fibronectin(Donachie et al., 2022; I. Michael Wormstonalk, 2009; Wormstone et
al., 2021) These myofibroblasts further compromise visiorekgring contractile
forces on the lens capsule causing it to wrinkitech leads to further light scatter
(Donachie et al., 2022; I. Michael Wormstone et al., 2009;rigtone et al., 2021)

Refinementsn IOL materialand design, such as the squadge I0L have
contributedto thereducedPCOincidenceobservedvithin 1 year of surgery
(Donachie et al., 2022; I. Michael Wormstone et al., 2009; Wormstone 2021.)

The squareedgelOL is designed to form a baer impeding migratory cells

(Donachie et al., 2022; I. Michael Wormstone et al., 2009; Wormstone et al., 2021)
While this may be very effective initially, LE@Gerived myofibroblastsayeventually
migrate past the barrier into the visual g¥igyure 1.10)(Vormstone et al., 2021)

potentially paving the way for the emergencéaté onset (410 years post cataract
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surgery) fibrotic PCQFigure 1.11YDonachie et al., 2022; I. Michael Wormstone et
al.,2009; Wormstone et al., 2021Jhe development of an asfibrotic therapeutic
could help mitigate this proceas long lived myofibroblasts are important in the
pathogenesis of this late onset P@®@nachie et al., 2022; I. Michael Wormstone et

al., 20®; Wormstone et al., 2021)

Anterior capsule , :
Residual epithelial cells

A \

Intraocular lens

N N

Supporting loops
(haptics)

Posterior capsule
Figure1.9: 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.@21).

Square-edge barrier \

breached Capsular wrinkling

Figure1.10: Diagram showing the IOL arldns capsule at the onset of fibrotic PCO,
after LEGderi ved myofi brobl asts have
edges. Image adapted frofVormstone et al., 2021)
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Soemmerring's ring / \
Elshnig's pearls
Capsular wrinkling

Figurel.11: Diagram illustrating late stage PCO El shni gbés pearl s
from LECthat have resumed tlider cell differentiation process
(regenerative PCO)mage adapted fronfWWormstone et al., 2021)

TheDuncan lab has made extensive use of a mouse model to study the
responsef residual lens epithelial cells to mechanicgliry over intervalganging
from 6 hours to 5 days and beyonis in the human surgery, the fiber cell mass is
mechanically separated from tb@psule while the capsule acapsule associated
LECsremain in the eye&ept in positiorby the zonulesHowever, umlike human
cataracsurgery, an IOL is not used in the mouse model. In a typical experiment, the
investigator will perform the procedure the firsteye,leaving the remaining eye
intact. Afterthe desired interval, the second eye is operated thre isame manner
andservsas a @0 Hdmnrediately aftertthe setosdrgery, the mouse is
euthanized while under anesthesia both capsules are harvest&tiroughout this
manuscript, th procedure thus described is often referred foresie cataract
surgeryo.

The LEC response to injury can be loosely characterized by immediate,
inflammatory, and regenerative/fibrotic phagéan Jiang et al., 2018; Mahbubul H.
Shihan et al., 2020; Shirai et al., 2001; Wormstone et al., 2021 initial injury

causes mechanical changes to the lens capsule and exposts BH®vel
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extracellular milieu. Immediately after injury, signal transduction mechanisms initiate
changes in gene expression that manifest as early as 6 leadmsg to an

inflammatay responséJian Jiang et al., 201&)at recruits neutrophils to the capsular
bag within 18 hourgJian Jiang et al., 2018)nflammatory signaling reaches a
maximum in the first 24 hours after injury and its sustained activation over 48 hours
eventualy leads to macrophage infiltratig¢dian Jiang et al., 201.8Both neutrophils

and macrophages secrete Ti3Brotendorst et al., 1989; Wahl et al., 19@@)ch has
long been implicated in LEC epithelial to mesenchymal transition (EMT) and
subsequent fibrés (Das et al., 2016; Hales et al., 1994; Wormstone et al., 2002)
LECsundergoing EMT may also activate latent Ti3Rat is already present in the
surrounding extracellular matrpahbubul H. Shihan et al., 2020) his subset of
LECsundergoing EMT radically reprogram their phenotype and develop
characteristics of myofibroblastShirai 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 MMPO& s (Shitaieetal., @0d8 Ehafl e e n dc
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 TGFsignaling(Mamuya et al., 2014; Shihan, 2020)his
suggests the involvement of either rmanonical TGb signaling, TG independent
signaling, or both ithe promotion of lens fibrosidNotably,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 stGttiagter 4 of this
dissertatioraddresssthe similaritiesand differencedetweerthe LEC injury

responsén the 3 month old mouse arftet24 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 te vision
compromising sequalae of surgical cataract correcthile extracapsulacataract
surgery is truly a miracle of modern medicine, and mostelgeéed cataracts are
likely inevitable, we may find that medical, dietary, or behavioral intervention can
prevent or delay cataract in certain predisposed individuals.

For instance,&ch capabilities would be invaluable for individuals affected by
Aniridia syndrome, potentially extending the longevity of their vision by years.
Further, vhile the followrup pro@dures for treating PCO are very effective, they are
not without risk, and many cataract surgeons agree that a preventative drug would
have considerable val&hihan et al., 2019)To realize any of these goals, it is
essential to determine which genes mvolved, 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 atkansinjury modelingcataract surgery,
and how biological sex magfluence 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 presenilataract that manifests in Aniridia syndromehisT

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 knowdge of the mechanisntisrough which aging,

aniridia, and injurydamage the lens.
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Chapter 2
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 Animal¥ision 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-monthold 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. Ferekold C57BL/6J mice (10 males and 10
females, Stock #@664) 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 lighdark cycle for two weeks prior to tissue isolation. The eyes from
all mice used intis 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 #&eekold mice studied were transparent, while most of the aged
lensesusedinthisstyd s howed refractive discontinuiti
sclerosiso and/ or mild | enmontbgdanmcedfi es as F

this strain (Wolf et al., 2000, 2005).
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2.3 Mouse cataract surgery model and tissue preparatioto investigateagingin
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 tbaiversity of Delaware, me 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 wasuturedand the eye restored to normal shape with balanced saline
solution. Twentyfour hours later, mice were-emesthetized, and the surgery repeated
on the other eye. Mice were then immediasaygrificed,and lens capsular bags
isolated by dissection.

For RNA sequencing, lens capsular bags from eitherd#dpost 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. Fourddogical replicates were created for each conditien (3
monthold versus 24monthold at zero hours, 24olirs and lens fiber cells) and flash
frozen on dry ice. Of these four replicates, two were isolated from male animals and
two from female animalt disentangle the effect of sex as a biological variable in the
analysegFaranda et al., 2021a, 2021\ly laboratory colleagues Dr. Yan Wang and

Dr. MabhubulShihan were responsible for carrying out these procedures

2.4 Mice usedto investigate Pax6 haploinsufciency in the lens (Chapter 5)

A breeding colony of PaX8'"9"“mice was established at the University of
Delaware vivarium facility and maintained on 14#&ur lightdark cycle. Mice were
fed a standard mouse diet with ad libitum access to watdbadd 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 heglifficient, as
Pax@miPtmiPahomozygotes are generally perinatal letHdl laboratory colleague

Dr. Yan Wang was responsible for maintaining ttotony.

2.5 Histological Sectioningto evaluate the impact of Pax8 on lens architecture
and lens cellmorphology (Chapter 5)

Eyeswereharvested from-8veek, 16week, and 12Znonthold Pax6
haploinsufficient mice and their wildtype littermates and immediately transferred to
Davidsono6s fixative. Eyes were fixed in L
approxinmately 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 Hematoxfdosin (H&E)
staining. Brightfiéd images of LongitudinaVvertical plane sections were collected at
the University of Delaware usingZeiss Axio Observer microscofiged with a CCD

camera

2.6 Lens cellRNA isolation from Pax6"- and wildtype mice (Chapter 5)
All mice used for RNA Sequencing in the Pax6 study \@ppgoximatelys
months old at the time of harvesdVildtype littermats were used asontrols To
separate lens epithelial cells from fibers, the lens was remawextiiie eyeand the
capsulds peeled away from the fiber cell mass starting from the posterior pbke.
lens epithelial cells remain tightly attached to the capsule, while the outermost cortical
fibers ae collected from the fiber cell mas$hree biolgical replicates were prepared
for eachexperimental conditiobased ortell type(LEC, Cortical Fibers) and

genotype Pax6”*, Pax@™"9*). For lens epithelial cell RNA was isolatedrom 5
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pooledlens capsulefr each biological replicateForcortical fibers RNA for each
biological replicatavas isolated fronpooled cortical fibers of Enses My
laboratory colleagues Dr. Yan Wang and Dr. Samuel Novo were responsible for these

procedures.

2.7 Preparation of human lens material from donors aged01 89 (Chapter 6)
Lenses wereollectedby our collaboratarat the Barraquer Institute for
Ophthamology in BarcelonaSpain as a byproduct of their corneal transplant
program Lenses were dissected in a martgpical of intracapsulacataract surgery
described in detail ithe dissertation of my laboratory colleague Samuel Ndhavo,
2022) Three cell types were harvested from these lenses, central lens epithelial cells
attached tahe anterior capsulorhexisquatorial lens epithelial celigtached tahe
capsular bagand cortical lens fiber celldissected cell populations were transferred
to RNA stabilizing preservativagnmediately frozerat-109 C (on dry icepnd
shipped to the Duncan lab. RNA was isolated fthasetissue samplelsy Samuel
Novo, transferredo RNALater, andshipped to DNA Linkn Seoul, South Korefor
sequencing A total of 6 lenses from three human donors were used in this. sTingdy
lensRNA from this set of samples was extracted and sequenced separatelgetom

of the 207 30 yearold human lenses described in 2.8

2.8 Preparation of human lens material from donors age®071 30 (Chapter 6)
Lenses from 2680 year olchumans 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. laboratory colleague DX¥an Wang
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processed and dissectib@se lenseand prepared three tissue sections from each lens:
centrallens capsule, equatorial capsidaed cortical fibersMy colleagueDr. Samuel
Novo isolated RNArom each othese tissuesRNA samplestabilized in RNALater
were shipped t®NA Link in Seoul, South Korea for sequencinigor eachissue

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

of 3 biological replicates per cell typ@he lens RM from this set of samples was
extracted and sequenced separately from that of thie8%Q/earold human lenses

described in Z.

2.9 Next generation RNA sequencing and bioinformatic analysisf human and
mouselens cell RNA(Chapters 4 5 and 6).

Lens epithkal 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 (Promeg@atalog numberZ3100). RNA libraries were
prepared for sequencing using the SMART&tRanded Total RN/ASeq KitPico
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 longgewed
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
HTSegCount in union mode (Anders et al., 2014). Length normalized abundance esti
mates (Fragments per Kilobaktllion (FPKM)) were calculated from gene level
counts using the total length of all known exons for a given gene, after merging

overlapping gons. For theoriginal mouse aging studyublished in EERand reported
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in Chapter 4theEnsmbl version 101 GTF file and GRCm38pd@homeassembly
wereusedfor alignment and quantitation. For the mouse Pax6 study;ritemnbl
version 104nouseGTF file and GRCm39 genome assembBre used for alignment
and quantification.For the analysis ofhuman lens celleeported in Chapter @he
Ensembl version 104 man GTF file and GRCh333genome assembliyereused
for alignment and quantification

Samples were partitioned for TMM (Trimmed Median of Means) scaling
(Phipson et al., 2016; Robinson & Oshlack, 204i®) differential expression analyses
performed basedn 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 pasitrgery were grouped together. For contrasts
evaluating LECnjury responses, all LECs samples were grouped together.

The AexactTest o method from the edgeR s
was used to estimate the magnitude and statistical significance of differential gene
expression, with robust dispersion esites(Phipson et al., 2016; Robinson &

Oshlack, 2010)Genes with at least 10 mapped reads in at least four samples were
considered to have fAdetectabledo | evels of
criteria were removed opr iucsri ntgo erdgrerRiérsg fAtf h €
function (Chen, 2016)Biologically significant differentially expressed genes (DEGS)

were defined as those exhibiting a statistically significant difference in expression

after adjustmentfoF a| s e Di s c oV e r5yadifarénee in(edp@$Biord 0. 0

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., 2014or the invesgation of aging in the lens
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described in Chapter 4, and reported in Experimental Eye Reg€areimda et al.,

2021a,2021h) St or ey o6s Q Vv abpvaleesforafasedissosally t o adj us
(Storey & Tibshirani, 2003)It was later determined thidr certain genes, the

esti mat e fwnassmélerganerg sigsificatthan the corresponding raw

p value. Whilethis behavioise x pect ed for Storeyodés Q, and
statistical reasoning underlying threethod it wasmy preference to use the

BenjaminiHochbergmethod forall subsequent analyses.

2.10 Pathway analyses
Pathway analysis was performed on all statistically significant DEGs defined
as those exhibiting a fol d waySEde @dvaitd | 2 | arn
Bioinformatics, Plymouth Michigan, USA). This software package uses Impact
Analysis, an approach that considers the directed interactions of Wit a given
pathway (as defined by the Kyoto Encyclopedia of Genes and Genomes, KEGG,
Kanehisa et al., 201/Release 96.0+/121, Nov 20) and also whether more pathway
participants are observed in the DEG list than would be expected by ¢Adsem &
Draghici, 2017; Draghici et al., 2007; Tarca et al., 20B@ne ontology comparisons
were made against the October 14, 2020 release of the Gene Ontology Consortium

databaséAshburner et al., 2000)

2.11 Lens preferred genes in the iISyTE database

The Integrated Systems Tool for Eye gene discovery (iSyTE) database
(Kakrana et al., 2018 achke etaJ2012uses the principle of #fAwl
subtractiono to identify genes with a sigr

lens, and the rest dfi¢ body. Genes expressed at higher levels in the lens Memsn
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ti ssues are -deeteirbedodoaandl ane expected to
phenotype. In the current study, DEGs identified in sex and age dependent contrasts
were comparedtotht1 2 genes that | SYyTE considers ih

postnatal day 56.
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Chapter 3
LENS RNA SEQUENCING PIPELINE

3.1 Introduction: Peculiarities of RNA Sequencing in the ocular lens

RNA Sequencing is now a wedktablished method for profiling the
transcriptomes sequencinggchnologyand robusstatistical methods for analyzing
the datehave evolved However, aghealgorithms implementing these methods have
grown increasingly sophisticatetthis has expanded tloemplexityof the program
parameter options aitable to the analy¢Ballouz et al., 2018) Thus, he naive
analyst approaching an RNA Sequencing project is faced with a daunting menu of
choicesranging from he selection of algorithmand statistical consideratiotws
include in their pipelinéo theappropriate settingsnd statistical assumptiofm the
data set bemanalyzedBallouz et al., 2018) Appropriate selection of analytical
pipeline forRNA-Seqis essential ahe distinct biochemistry of a particular tissue or
cell type can have a@found impact on the composition of the RNA population to be
studiedthat extends beyond differersda the relative rates of transcription between
various geneslhus, a understanding of the unique properties of the biological source
material is critichwhen deciding how to generate, process and analyze RNA
Sequencing data.

Several aspects of the I ensdé physiology
execution of lens transcriptome studidisis a clear, ellipsoidal tissue with refractive
propertieghat facilitate vision/Augusteyn, 2010) The mature mammalian lens

consists of two primary cell types and is completely encapsulated within a thick
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basement membrane known as the lens capaulgusteyn, 2010; Danysh & Duncan,
2009) The lens epitheliatells (LEC) line the inner anterior surfagkthe capsulein
adults, poliferative LEGs are found near the lens equator, and as these cells exit the
cell cycle, theyboth restore the cells of the lens epithelium gne rise to the lens

fiber cells thaaccount for th@verwhelmingmajority of the tissugamass(Shi et al.,
2014) Like the rings of a tree, concentric layers of fiber cells continlbe tadded to
the lensover a lifetimewhich 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 fromortical lendiber cells and analyzehiem
independently.Cortical fibers are also easily dissected away fronddrese
compacteducleus of a mature lefdugusteyn, 2010; Bassnett & Costello, 2017)
Independent analysis of LEC and cortical LE& be advantageous, as LECs and
LFCs have ver distinct biology(Donaldson et al., 2017; Mochizuki & Masai, 2014;
Zhou et al., 2006)If theseLEC are not analyzeseparately from cortical fibers, their
distinct transcriptomic signature may be misseldwever, he small size of the LECs
populationoften makes it necessary to pool lens epithelial sanfigesmultiple
animalswhen working with small mammalian species such as mice to obtain enough
RNA for library preparation The limiting number of LECs in each lens attiects
the choice of librarpreparation kitas bulkRNA-Seqfrom these samples is only
possible with kitghat can accommodate a low RNA input.

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

shells that accumul at e detinde(Aogustegine200e over
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Bassnett & Costello, 2017)At the center of this mass are the primary fiber cells that

arose during embryogenesgigassnett & Costello, 2017; Cvekl et al., 2015)

A fundamental element of the LFC differentiation process isléaance of

organelles and nuclei, through process sharing features wihtophagyBrennan et

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

organelles, and synthesize no new protasl transcription and translat of lens

specific proteins occurs during the earlier phageslevant ta(RNA-Seganalyses, e
organelledegradation proceskesnot completly eliminatealp ol yr i bonucl eot i
(FaulknerJones et al., 2003 that he continuakccumulation of new lens fiber cells
establishes an inward gradient of cells with increasingly degraded(R&lAkner

Jones et al., 2003)For some RNA species, complete degradation coincides with the
elimination of nuclei, however for genes expressdugit levels such as alpha

crystallin, partially degraded transcripts persist across the full diameter of the lens
(FaulknerJones et al., 2003Here, werefer to this population of partially degraded

RNA fragments as fAFossi | diRthAlythb elendesss e t hey

accumulation of fiber cell layers.

3.2 RNA Sequencingusi ng | | | uread BBSGeshnadohyo r t

RNA Sequencing (RNASeq) is a technique for profiling the population of
RNA transcripts present in a biological samghiatcan be imfemented usingi N e x t
Gener ati ono mas s i vezlnglogyBantley ktlale2008s equenci ng
McCombie et al., 2019; Modi et al., 20214l sequencing results reported in this
di ssertation were generated usngbg ||l | umi ns
synthesigSBS)methods and associated instrumentafi®entley et al., 2008; Modi et

al., 2021) In the Illumina methodRNA extracted from the sample, and processed
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through a series of biochemical steps to prepare a cDNA library consisting ¢¢ doub
stranded DNA fragments that correspond to transcripts present in the original sample
(McCombie et al., 2019; Mortazavi et al., 2008)uring library preparation, RNA
transcripts areeverse transcribei cDNA, typically using a pool of randomized

6 0 mas primergHansen et al., 2010; van Gurp et al., 2018)ritical elementin

this process is thecorporatonro f fAadaptorso, either by | igas
to each end of both strands of the cDftAgment(Bentley et al., 2008)The
oligonucleotide adaptors allow cDNA library fragments to anneal to complimentary
oligonucleotides that have been covalently ligatetthéosurface of the floweell, a

glass slidalivided into multiple lanethat serves assolid substratéBentley et al.,

2008) Theycanalso include a molecular index that allows samples to be
multiplexed, and the binding site for a universal primer to initiate sequeidieyer

& Kircher, 2010) The adaptors and complementary anchors are desigriadilitate

an amplifcation method known as bridggCR whichimproves thdluorescent

signals measured during sequencingybgieraing tight clusters of identical copies of
each fragmentn the surface of the flowell. During a typical sequencing run, the
instrument sequewsthef | r st frdReatng acyde yynthesisand scanning

as many times asecessary to achieve the desired read lefiBghtley et al., 2008)If
paired end data is being generatbe, instrument executes a series of bridge PCR
steps to reversthefragment orientation, and the cyclesyinthesisand scanning is

again repeated ®equence 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 lllumina sequencing run, th&rument generates a data set
consisting of short nucl e ¢Bentlefyetals 2008l ences,
All reads in an lllumina data set are expected to have the same length, typically 50 to
250bases depending on the number of belng cycles used during sequencing
(Bentley et al., 2008; McCombie et al., 201®ach read in an Illumina data set is a
partial copy of a cDNA fragment from the original librgBentley et al., 2008)n
0si-egblé experi ments, presentedhy®dhflerbad tha ment i <
mat ches one end of-endé Exapagmément sl eaépaiil
represented by two reads, one matching eacloktid fragment.Reads are stored
using the FastQ file format, whiekcords three pieces$ mformation for each
sequenced read as character stringsid&ntificationstring, the read itself, and a
quality string(Cock et al., 2010)

The raaditself isstored as plain text string, with nucleotides represented by

their | ett e3d caondde s6 Té@Arideterntv@Etiedca(fock et al.,
2010) The quality of each base called in the read is reported in a corresponding
quality stringthat has theame length as the read and um®sncodingscheme where
each character has a numeraue related to the probability oh ancorrectbase call
at the corresponding positig@ock et al., 2010) The identification string contains a
unique identifier for the read, and includes technical information suith iaslex, and
the cartesiancodri nat es of t he r ecld heargdesdi ti on on t
experimentseach read has a corresponding mate and are referred to gsamnste
For the Duncan lab studidbese are divided into two separate files with one mate

from each pair ireach fle.
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3.4 Read level quality assessment

The analysis pipeline in current use incorporates several of the basic analysis
steps descri bed i nSeqdpelingddaRy KalarCet al.,[2014)6 s Map R
that was used in the 2018 analysis of ouhddr lens injury responstudy(Jian
Jiang et al., 2018pand our subsequent study investigating the consequences of
Fibronectin deletion on the 4&ur lens injury respong®ahbubul 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
combinaton 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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Table3.1: GitHub repositories where tlamalysis code supporting thdgssertation is
archived. All repositories are archiveat https://github.com/afarandand
are publity accessible

Chapter Repositoryname Description

Pipelinefor processing Fastflles,
including quality contrglalignmentand
counting fragments aligned to genes. Us
for all chapters

Al Align_Quantify RNASeq

R scripts for reanalysis af previous stdy
GR_Degradation examining RNA @gradatior(Gallego
Romero et al., 2014)

R scripts implementing all of the analyseg
FCM_Methods_Paper_Analysis | in chapter 3, andll non-Advaita analysis in

3,5 chapter 5

R scripts implementing aflon-Advaita
Aging_Mouse_Lens analysis irchapter 4, reported ifFaranda et
al., 2021a, 2021b)

R scripts implementing atlon-Advaita

Pax6_Lens_Study analysis inchapter 6.

R scripts implementing differential gene
Lens_Injury_Response_Time_Seri expression and cluster analydiscribed in
chapter 7 for the lens injury time series d:

Read quality assessment is the first step in our pipeline. The FastQC package
analyzes fastq files generated by the sequencing instrfmtews, 201Q) 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 meanrdadispiality scores
(phred33) over the length of the read, the distribution of mean quality scores per
sequence, the GC content distributiadaptor contengnd sequence duplication rates.

FastQC also reports the total number of reads ifesstgfile (Andrews, 201Q)Base
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call quality measuresdicatethe performance of the sequencing instrument and

reagents during the sequencing run. In some casesjalypi@ libraries with shorter

fragments, part of the adaptor sequence can be incorporatédine®® 36 end of

A library of adaptor sequences has been programmed into FastiQ€&nreport the
extent of adaptaincorporation in a set of readdich may need to be trimmed in later
steps(Andrews, 201Q) The fquence duplicatigrGC content distributions, and per
base sequence content bias are all useful for evaluating the quality of the library
preparation, as anomalies in these measuresecegldied to adaptor dimerization or

contaminatior{Andrews, 201Q)

3.5 Trimming and Ribosomal content removal

Adaptors and lowguality base callsnightin some cases interfere with the
process of aligning reads to a reference genome. To contend with cadaptof
contaminationour pi peline uses the Babraham I
remove adapters and nucleotides with low pB8agliality scores from the ends of the
raw readgKrueger, 2012) Nucleotides are trimmed if their ph@&iscore idess than
28 and reads that are trimmed by more than 15 nucleotides are excluded from
downstream analysi8hen used i n paired end mode,
thattrimmed reads are properly paired with one another.

In ribodepletion experiments,dlribosomal RNA (rRNA) content present in the
resulting cDNA library is a function of the efficiency of the ribodepletion process, and
therefore a technical variabl@here is a potential for rRNAerived reads to map to
alternative loci when sufficientdmology exists.In many of the sampldshave
analyzedsignificant rRNA contamination has been notda avoid potential biases

between samplg€hatterjee et al., 2018yimmed reads are nealigned to the 45s
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pre-spliced ribosomal RNA transcript using HISAT2, and all readsfail to align to
this transcript are extracted from the resulting BAM f{l€batterjee 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 splasgare aligner HISAT2 which can align reads that
span junctions between exofém et al., 2019) The earlier MapRSeq pipeline
accompished thisvia theTopHat and BowtiepackagegKrishna R. Kalari et al.,
2014) however HISAT2 has been developedas p H auccessofKim et al.,
2019) HISAT2 offers improvements in speed and accuracy ovpretecessor and
has comparable performance to the popular STAR aligner. Like STAR, HISAT2 uses
soft clippingto minimize the influence of lower quality base calls near either end of
the read. After aligning reads to a reference genome, we use +Cdb@tto estimate
thenumber of fragments that aligned to gene level features specified as intervals in a
GTF File, u#snongotmetmwdi omcommended by
and HTSegCount accept a parameter specifying the strandness and mate pair
orientation of theeads 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 t
A i ndéxeeriment p Mang et al., 2012) With HTSegCount inparticular, correct
strandness settings are critical to obtaining accurate counts. Running-Bo&ei
with incorrectstranchesssettings can produce a count result file that appearswatid

contains incorrect valige
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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 toold tieateincorporated ito our
pipeline(Wang et al., 2012) RSeQCbs inner distance anal
helps us visualize the inner distance distribution, which relates to the size of fragments
observed in the librarfWang et al., 2012) We typically observe a unimal right
skewed distribution with a mean near zero indicating thatmost fragmentghere is
no gap between the ends of the paired reac
(GBC) evaluates the depth of coverage, in other words the number of rgadsgali
over each nucleotide, between the 36 and E
transcriptyWang 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
transcripgs. In polyA enrichment studies for example, GBC tends to demonstrate the
36 bias that is inherent in this I|library g
such as the number of uniquely mapping fragments, numlepobper pairs, the
number of rads aligning to the positive and negative genomic strands, and the number
of fragments that span splice junctions ar
(Wang et al., 2012) Anot her useful RSeQC module is
summarizes thproportion of fragments originating from exons, introns, and
intergenic regiongWang et al., 2012)We typically find that the largest fraction of
reads originates from coding exons, however as others have previouslySiafeéado
et al., 2018)we often observe a larger fraction of intronic and intergenic reads in
ribodepletion libraries than in pol libraries. Typically the strand orientation of

reads in library is knowa priori, however public data sets may not provide this
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i nformati on. The RSeQC modul e Ainfer _expe
whether a library has preserved strand orientation, and for paired end reads which read

is coding and which one is reverse complem@iiang 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
estimateboththe magnitudef changes in gene expressiandtheir statistical
significance,while estimaing group mean FPKM values for each gékeR. Kalari
et al., 2014; Robinson et al., 2010)he edgeR package offers several different
statistical tests. The exact test accommodates pairwise comparisons only and is
conceptuallye | at ed to Fisherés exact test in tha
difference in the relative proportion of transcripts between two condifMnb.
Robinson & G. K. Smyth, 2007)The quaslikelihood Ftest can accommodate more
sophisticated experiemtal designs and is the test most often recommended by the
team responsible for developing edgéRn et al., 2016; Lund et al., 2012 our
lens data, we often find that the DE@etected using the QL-fést are a subset of the
DEGs detected using thExact test, however there are cases where the-t@stF
detects DEG missed by thsact test. The alignment and quantification process
produces a set of count files that store gene level counts for each sathglstudy.
To analyze differentiagéxpresion,we apply these steps in the following order:
assemble a DGELIist object from gene level counts, gene annotations and sample
metadata; calculate scaling normalizatiactors ancestimate dispersion; calculate
group mean FPKM values. For modelsed gastlikelihood tests, an additional

modelfitting 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
AreadDGEO, which assembl edamdtrin@dstoresmt o a ger
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, dimiaés the negative
binomial dispersions which are intended to reflect biological variation in the count
dat a. To filter out | ow count .dglkenes, we L
functionclassifesgenesa s i d e tthathdve ai leagitdo counts observed in at
leastiM 0 samplesandthat have a total countover allsampbef A PO and gr eat e
are classifieda8 n ot det e c t.albddefault minintus cowrit is )
fragments, and the defamttinimumtotal is 15 fragmentsThenumbe of samples
AMO i s deter mi ned bandthedefauis XOpoefrthe emealiestal d e s i
experimental grouyprounded to the nearest integédsing these criteridf the
smallest group contained ten sampéegene would need an observed couritQbr
higher inat least 7 samplestobeonsi dered fAdetectabl eo, oth
excluded from downstream analy§Robinson et al., 2010)

We typically calculate scaling factors using the trimmed median of M values
(TMM) method, originally descried byRobinson an@shlack(Robinson & Oshlack,
2010) We usdhesingle stefestimateDisp method to estimate dispersiofys Chen
et al., 2014)We specify the design matrix when estimating dispersions and based on
t he aut hor 6 s r e c oohusesattihgto ieduce theiefluanceef t h e
outliers on dispersion estimatdzhipson et al., 2016)We also use the robust setting
when fitting quaslikelihood models for more complex differential expression

analysis. It is important that group mean FPKre 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 edgeR6s stat
In my analysis, | have foundimnportant to consider which samples onaegi

study are analyzed together, as this decisasa substantial influence on gene

detection criterigChen et al., 2021; Robinson et al., 2QHgling factor calculations

(Robinson & Oshlack, 2010dlispersion estimatésund et al., 2012Phipson et al.,

2016; M. D. Robinson & G. K. Smyth, 200&nd ultimately which genes are

considered differentially expressed. For example, in our fibronectin §detyoubul

H. Shihan et al., 2020%remlinl emerged as a significant DEG under the egatt t

but not under the QL-Eest, 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 3.8 describe some of the unigaspects of lens biology that can
influence the quality and character of RNA Sequencing data generated from lens cell
andrecommed a collection of softwarthat has proven useful for lens transcriptomic
analysis Section 3.9llustrates the performance of these tools on Rb&juencing
data from human and mouse lendth a specific emphasis @meas where questions
or challenges hee manifested with an analysi$his sectiorillustrates 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 collectedtdaets (Table ) are used to illustrate some of the

unique aspects of RN&eq 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 cotsdliy external labs. Throughout

chapter 3, the datasets listed in tabeae referred to by their abbreviated title.
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Table3.2: Data sets used to illustrate vari@aspects of the lens RN8eq analysis

pipeline described in chapter 3

Study Title Lab and
(Abbreviation)  Experimental conditions Method Citation / Chapter
The mouse 3 Month and 24 Month old mice Duncan Lab (Faranda et al.,
aging study LFC and LEC, and LEC harves Ribode Ietio,n 2021a, 2021h)
(Mouse Aging) 24 hours after removal of fibers P Chapter 4
The Pax6
Haploinsufficiency Wildtype and Pax6 Duncan Lab, Chabter 6
study Haploinsufficient LEC and LFC Ribodepletion P
(PAX6)

The Fibronectin

. 3 Month and 24 Month old mice
Injury response

LFC and LEC, and LEC harves

(;t;?g 2) 24 hours after removal of LFC.
LEC isolated at 0 and 24 hour:
¢ K S-Integrin after injury (LFCamoval) from
Injury response f SyaSa 2F 2-Af
study (DNA24) Integrin lensconditional

knockout mice
Central LEC, Equatorial LEC a

The 24 Hour injury Cortical LFC isolated from

response in (
Human Lens (HS human lenses, diatorial LEC
cultured for 24 hours post
Aged)

dissection

Central LEC, Equatorial LEC a
Cortical LFC isolated from 280
yo. human lenses

LEC and LFC from Wildtype mic
LEGSKO mutarntice, and
LEGSKO mutant mice treated
with BSO
White blood cells from human
peripheral blood (PBMC). RN/
was isolated from PBMC
immediately after blood
collection or after room
temperature incubation intervals
up 84 hours

The Young Humar
Lens Study
(HS Young)

The Glutathione
Study
(Glutathione)

The Gallego
Romero Study
(GallegeRomero)

Duncan Lab,
PolyA
Selection

Duncan Lab,
Ribodepletion

Duncan Lab,
Ribodepletion

Duncan Lab,
Ribodepletion

PolyA,

External

PolyA,
External

(Mahbubul H. Shihan
et al., 2020)

(Shihan et al., 2021)

Chapter 5

Chapter 5

(Whitson, Zhang, et
al., 2017)

(Gallego Romero et
al., 2014)
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3.9.1 Ribosomal contamination inTaKaRa 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 separatingainal RNA (rRNA), which
can account for over 80% of a cell d&ds RNA
transcripts. A techniqgue known as pdlyenrichment selectively enriches the mRNA
content of a sample by targeting the polyadenylated tailfoondo he 36 end of
protein coding transcripts, however this technique is not recommended for degraded
samples due to the potential loss of this(@diconis et al., 2013; E. A. Chen et al.,
2014; Lin et al., 2019; Zhao et al., 2014s an alternativeibodepletion methods
selectively remove rRNA and are commonly recommended for applications such as
RNA-Seq analysis of formakfixed, paraffin embedded tissues which are
characterized by significant RNA degradat{@aliconis et al., 2013; E. A. Chen alt,

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 benchmarkinglgt Adiconis et al.
determined that the RNAas$¢ 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 transoiatgonis 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 sampleg(Adiconis et al., 2013; Morlan et al., 2012)hese DNARNA hybrids
are then dgraded by the RNAade enzymegAdiconis 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 polj amplification method utilizing a templatvitching
reversetranscriptas€Bostick et al., 2016was most effectiveAdiconis et al., 2013)
The library preparation method used to generate the data described in this
dissertation, the TaKaRa SMARTer Stranded V2 pic¢Tkakara Bio USA)is a
ribodepletion kit that also usesariplate switching reverdeanscriptase, but
amplifies all present RNA fragments using random hexamers and later degrades
cDNA fragments using probdirected enzymatic cleavag€akara Bio USA) While
the chemistry of this step in the procedure has nent bevealed by the kit
manufacturers, it may involve a dupisgecific nuclease acting on circularized, single
stranded DNA similar to a method developed in 2014 by Archer @raher et al.,
2014) In a later benchmarking study, the performance of BRdA based methods
were compared to that of the TaKaRa SMARTer StrandeBiv@kit. This analysis
demonstrated that while the TaKaRa SMARTer method was less efficient than
RNAaseH methods at removing rRNA from degraded samples, it achieved
comparable erformance at 1fold lower RNA input concentrations and improved the
detection of transcripts expressed at low leviels et al., 2019) One key difference
between the RNAasid method of ribodepletion, and that of the TaKaRa kit is that the
RNAaseH mehod uses a large set of probes to achieve total coverage while the
TaKaRa kit may be using a much smaller probdAether 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 Strande@iatkit was selectd
for the lens RNASeq 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 | ibrary preparat

Stranded Pico Vacilitate the pocess of making a cDNA library lproviding a set
of standardized reagents, andadidatedprotocolfor reverse transcription of RNA,
attachment of sequencing adapters, @nosomal RNA mitigation.While this kitis
optimized for lowinput quantificatbn, its ribodepletion efficiency may suffer when
partially degraded RNA is present in a sample, as occurs in cortical (Haerkner
Jones et al., 2003)

During earlier stages of establishitings pipeline, a heavy GC bias was noted
in FastQC resultsalong with a large number deavilyduplicated readsvhich NCBI
BLAST searchesevealed originated from rRNAThese observatioried to the
inclusion oftherRNA filtering stepdescribed irsection3.5. Whilefiltering against
the 45S prespliced rRNAtranscriptdoes not completely resolve the observedwskie
usually achieves an obvious reductiangd when GC bias is evaluated in genomic
alignmens of filtered readsthe GC distributioris typically unimodal, with

substantially less biakan the raw reads
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FastQC: Per Sequence GC
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Figure3.1 GC content distributions for A) the Pax6 Study, B)Mwmuse Aging
study(Faranda et al., 2021a, 202Hn)d C) theGlutathionestudy
(Whitson, Zhang, et al., 2017Pensity plotandicate the percentage of
reads (¥YAxis)ina s amp | e 6 s havibgteGd content éeg, ¥
or C nucleotides as a percentage of the read) indicatdok 0RAXiS.
Each sampleni a study is represented by its own line.
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Figure3.2 GC content distributiamfor A) the Pax6 StudgndB) theMouseAging
study(Faranda et al., 2021a, 2021bjistograms indicate the number of
reads (¥YAxis)ini n a s ampl e davingtizEE8 cohténb(ega r y
G or C nucleotides as a percentage of the naad)ated on the XAxis.
Each sample in a study is represented by a different,@l@amples are
overlaid.Plots generated by RSeQC.
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Figure3.3 GC content distributions for A) the Pax6 StuatydB) theMouseAging
study(Faranda et al., 2021a, 2021)ensity plots indicate the
percentage of reads {Xxis) in the library having the GC content (eg, G
or C nucleotides as a percentage of the read) indicated onrAles X
Each sample in a study is represented by a different color, all samples are
overlaid Plots generated by FastQC
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Figure3.4: GC content distributions for A) the Pasitidy, B) theMouseAging study
(Faranda et al., 2021a, 2021bhd C) the Glutathione stu@yhitson,
Zhang, et al., 2017)Histograms indicate the number of readsAXis)
inina sampl ebébs c¢cDNA |ibrary having the
nucleotides as a percentage of the read) indicated on-#esX 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 Theinjury response in LEC is highly reproducible across varied
sequencing methods

The Duncan lab has conductselveraindependent RNAeqstudies that
examinethe24 hour LEC injury response in a mouse madealataract surgeryOne
of these studies, refedt o a ©BlI24d ew dis s e thaiDelawaed a't
Biotechnologylnstitutein 2017 usingooly-A enriched libraries to generate single end
50-nucleotide read@lian Jiang et al., 2018)A second studyefered to as the
ADNA240 wassequenced bPNA Link, usingour currenfTaKaRa ribodepletion
libraries to generate 18fucleotidepaired end read$Shihan et al., 2021)For both
studies RNA samplescollected from LEGat zero and 24Hours posisurgery were
sequencednd analyzed for differential expressiovith positive fold changes
indicating increased expressiafter 24 hours There were745 differentially
expressed genes (DEGHservedn theDBI Study,and 3392 DEG were observed
theDNA Link study(Table 33). In the comparison between these two separate
differential expression analyses, there were 1774 genes considered DEG in both
independent studiesver half of the DEG from each independent contrast were also
observed in the other. Moreover, for the 4 G¥erlapping genes, the injury dependent
change in expression is nearly identicedlfle 34). There is a strong overall
correlation between injury dependent changes in expression observed in the DNA
Link experiment, and injury dependent changes in espeobserved in the DBI
experiment (Figur8.5). Reproducibility of the 24our injury response across these
two experiments is evident at the pathway lewdh similar pathways detected in

both studies (Tablad.5).
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Table3.3: Tally of genes with significant differential expression (DEG) (absolute fold
change > 2, FDR < 0.0%) pairwise contrasts between 24 Hour samples
and 0 Hour samples from each sequensingy. Total = all DEG,
Upregulated= greater expression at 24 houb@wnregulated = reduced
expression at 24 hours

Change in expression after 24 hours
Number of genes

Data Set Total Upregulated Downregulated
0 vs 24 Hours D24 2745 1630 1115
0 vs 24 Hours DNeA 3392 1698 1694

Table3 .4: Differential expression for 1774 DE®@bserved irboth ofthe 2
independen24-Hour vs GHour contrats.

DBR4
| Upregulated Downregulaed
DN/24 Upregulated 1077 11
Downregulated 1 685
All Genes FDR < 0.05 in each contrast
5 S | r=091
2 g4 £ 91
O (5]
ke ke,
[SI Q)
w v |15
N N
(o2} [} d
(] o]
- 0o ~ 0+ il
& X~ 5 0
£ £ 0 ,00
: NI 4
< ¢ < "
Z z 0
a ) o
]

-10
L

5 0 5 10 5 0 5 10
DBI Log2 Fold Change DBI Log2 Fold Change

Figure 3.5:Cor rel ati on (Pearsonds r) génestanccen t he
genes with a statistically significant differential expression in the DNA
link experimen{DNA24), and in the DBI experimeriDBI24). In each
experiment, the log2 fold change is an estimate of the difference in a
geneds expr es s24wours diieambok ea@nact urgeayn d
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Table3.5: The number of pathwagissociated 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 Ghour contrast from the DBI study

24 vs 0 Hours post surgery, DBI Study 24 vs 0 Hours post surgery, DNA Link Study

Number Number Significance of Impact Number Number Significance of Impact
KEGG Pathway Name Measured  DEG 24 vs 0 Hours (p value) Measured DEG 24 vs 0 Hours (p value)
Cell adhesion molecules 103 40 7.56:00 105 39 2.0E-06
(CAMs)
Cytokinecyiokingreceptor . 81 1.1E-08 149 67 1.1E-08
interaction
MAPK signaling pathway 260 73 1.1E-08 268 76 2.7E-05
Hematopoietic cell lineage 54 26 1.7E-08 53 24 3.6E-06
NEkappachsignaling 83 33 7.2E:08 86 29 2.4E-06
pathway
Neuroactiveligand: 160 51 1.0E-07 161 56 9.4E07
receptor interaction
JAK-STAT signaling pathway 106 37 1.0E-07 103 29 1.4E-02
Regulation/ofectin 183 55 1.7E-07 190 60 3.9E-07
cytoskeleton
Pathwaysin cancer 445 110 2.0E-07 453 101 8.3E-03
Osteoclast differentiation 107 49 4.5E-07 106 31 2.2E-03

3.9.3 Impact of partitioning Strategies on Differential Gene Expression
statistics

In a typical edgeR workflonedgeR calculates scaling normalization factors
and estimatedispersiorparameterérom theoriginal countdor a given set of samples
being analyzed refer to this process a®rmalization for brevitfChen et al., 2021;
Phipson et al., 2016; Robinson et al., 2010; Robinson & Oshlack, 2010; M. D.
Robinson & G. K. Smyth, 2007)As these values amerivedfrom the count data,
differentcombinations of samples will resultdifferent estimate§Chen et al., 2021,
Phipson et al., 2016; Robinson et al., 2010; Robinson & Oshlack, 2010; M. D.
Robinson & G. K. Smyth, 2007When a study only includes two biological

conditionsused for a single pairwise differential expressionyais scaling factors

61



and dispersion estimates are calculated using all available samples. When more than

two conditionsareavailable, and the intentiaa to make simple pairwise contrasts

between conditions, the analystish decidevhether to combinall samples into a

single set, or analyze different sets of sampégmradly. For example, the Pax6

studydiscussed in chaptertasa 2 by 2 factorial design, with biological replicates

for eachgendype (Pax6*andPax6™) and cell type (LEC, LFG)for a total of 12

samplesSinceour primary interest is in theffect of Pax6 haploinsufficiency on each

cell type, onavay this data can be analyzed is to esd g efiRedxsa c furictossttoo

estimate gene level fold changes and thitistical significance in separate pairwise

contrasts With this approach, e optionfor normalizations to take only the samples

involved ina specific contrast, for example samplesieeded t@nalyzePax6” vs

Pax6’* in LEC and normalize theseparatelfrom the other 6 samplesedto

analyze the same contrast in LF&nother option igo normalize albdata from altL2

samples togethen a combined set, and run the differential expression analyses as

separateontrastdetweerPax6’ andPax6"* samples for each cell typ&rom here

onwards, the first option is referred to as pairwisB@ai r 6 nor mal i zati on

second is referred to as all sample or #fAal
To evaluate how normalization groupimgpacts pairwise differential

expression contrastsamples from théPax6 study GEO Accession23722661

Chapter 6), and the mouse aging st(figranda et al., 2021a, 20216EO

AccessionGSE166619Chapter 4) were realyzed using both of the two ap@aiches

described aboveThe Pax6 study contains 4 possip&rwisecontrastavhich are:

Pax6 haploinsufficient vs wildtype in LE@bbreviatedGEVWTE), Pax6

haploinsufficient vs wildtype in LFCabbreviated P6FvsWTF)LFC vs LEC in

62



wildtype lensegabbeviated WTFYWTE) and LFC vs LEC in Pax6 haploinsufficient
lenseqabbreviated P6FVP6E)The aging studgontains 7 possible pairwise contrasts
which are:Age 24 months vs 3 months in LEC harvested at O hmastsurgery
(abbreviated ABVYEQ), Age 24 moths vs 3 months in LEC harvested at 24 hours
postsurgery(abbreviated AE24vYE24)Age 24months vs danonths in LFC
harvested at O houpostsurgery(abbreviated AFOVYFQLFC vs LEC in 3month
lensesharvested at 0 houfabbreviated YFOVYEQLFC vs LEC in 24 month lenses
harvested at O houfabbreviated AFOVSAEQR4 hours vs 0 hourgostsurgeryin 3-
monthold LEC (abbreviated YE24vYEQ}Rnd24 hours vs 0 hoursostsurgeryin 24-
monthold LEC (abbreviated YE24vYEDO).

For some of these contrasts, there are large differences in the number of genes
with significant differential expression dependmyhow samples were grouped for
normalization. In thenouseaging study, this is especially evident in contrasts
between ag groups, within each celltyp® el at i ve t o the #APairo n
strategyt he A Al | 0 s a mipcreasesrthe numbel siitisécally o n
significant DEGdetectedn theLFC contrastwhile decreasing the number of
statisticallysignificant DEGobserved in the LEC contrast (Figure 3.6 A: AFOVYFO
and AEOVYEOQ). Thephenomenoiis even more pronounced the Pax6 study, where
again AAl | 0 s mergadesethemumbanaf bignificant DEG for the
Pax6+f vs Wildtype contrast in LFC, andedreases theumber 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 sensitivifgr contrasts between LFC at the expense of sensitivity in
LEC contrasts, it isnostly, but not entirelyhe casehat the DEG observeding the
more sensitive pooling strategyclude all DEG detectedsingthe less sensitive
poding strategy.In the LEC contrasts between age groups from the mouse aging
study andetweergenotyps from the Pax8tudy, there is a small but notable
minority of DEGthatare x c |l usi ve t o AAIl | InthaPagblstedy, nor ma
this pattern held true for the contrastween genotypes in LFC, whehe370 DEG
obser ved ousiorgnafl R antaelyn subset wfeh&065 DEGobserved
using either strategFigure 3.7)however tlis was not the casan the maise aging
studycontrastetweer24 month and 3 mohtold LFC whereeach pooling strategy

exclusivelydetected aubstantiahumber of DEQFigure 3.8).
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Figure3.6: Bars indicate the number of genes where statistically significant
differential expression is observed under different samgimalization
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 genotyp#ependent contrasts in lens epithelial cells
and reduces sensitivity in these contrasts for lens fikeasels on the x
axis indicate the contrast.
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Pax6*"vs Pax6** Pax6*" vs Pax6*/*
Epithelium Fibers

Pair Pair

Figure3.7: Venn diagrams summarizing the number of biologically significant DEG
detected N fiPax6 Studyo cont rfadldlype bet ween
mouse lenses under one or both normalization strategies.
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Pair Pair

Figure3.8: Venn diagramsummarizing the number bfologically significantDEG
detected ifi Ag i n g cdhtrastsibgt@veen cells from 24 nttoold and
3 month oldnouselensesunder one or both normalization strategies.
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| routinely use severakriteria to classify a gene admlogically significant
DEGin a pairwise differential expression contrast, based on the fold change in
expressior{absolute fold change > Zhe FDR adjusted statistical significance (FDR
< 0.05) andranscript abundance (FPKM > 2 in at least 1 condition, with a difference
between conditions > 2 FPKM)lables3.4 through 3. 8ummarize the number of
genes meeting these criteria under one pooling strategy, and failing them in the other
In thecontrastetween 24nonthold and 3monthold LECfrom the mouse aging
study,there were 209 DEG exclusivettteii P a nommalization strategy and most of
these 209 genes were not classifi ede as
to lack of statisticasignificance (FDR > 0.05) dow transcript abundance (Table
3.6). For the contrast betweeage groups ifiber cells the 174 DEG exclusive to
APai r o n owemraolclassifiet due primarilio failing the fold change and

FDR criteria Themajority of DEGexclusivetai Al | s ampl eo nor mal

DEC

i za

considered biologically guegordowfoimaliaedt under

transcript abundanchowevemrmany werenot classified as DE@ue to insufficient
fold changes ostatistical sigificance(Table 37).

In the Pax6 studydifferences in DEG classification betwegartitioning
strategiesvere duan most caseto differences in the FDRTables 38 and 39). For
the contrast between PaX6and wildtype LEC, there wefs09 genes considered
DEG under pawise portioning thatvould have also been considered biologically
significant DEG under all sample normalizatiexcept for having an FDR adjusted p
valueof 0.050r greate(Table 38). Thereverse was truir the same contrast in
LFC where by normalizing LEC and LFC samples togetb@6 additional genekad
anFDR adjusted p valuless0.05(Table 39).
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Table3.6: Breakdown of thevarious reasongeneswere only detected as biologically significant DEGlenone of two
possible partitioningtrategies in the contrast betweenr2dnth-old and 3month-old mouse lens epithelial
cells. A total of 209 genes were only considered DEG updewisepartitioning, while one gene wasly
considered DEG undatl sample partitioning.

Biologically significant DE under "Pair" normalization only Biologically significant DE under "All" normalization only
Number of Number of
Reason not DE under "All* sample partitioning DEG Reason not DE under "Pair" sample partitioning DEG
Absolute fold change < : 0 Absolute fold change < : 0
FDR > 0.0t 175 FDR > 0.0t 0
Absolute fold change <2 AND FDR > C 2 Absolute fold change <2 AND FDR > C 0
Not detected at biologically significant leve 32 Not detected at biologically significant leve 1

Table3.7: Breakdown of the various reasons genes were only detected as biologically significant DEG under one of two
possible partitioning strategies in thentrast between 2monthold and 3month-old mouse lens fiber cells.
A total of 174genes were only considered DEG under pairwise partitioning, @h8genes were only
considered DEG under all sample partitioning.

Biologically significant DE und#?air" normalization only Biologically significant DE under "All" normalization only
Number of Number of
Reason not DE under "All" sample partitioning DEG Reason not DE under "Pair" sample partitioning DEG
Absolute fold change <. 83 Absolute foldchange < 2 43
FDR > 0.0t 69 FDR > 0.0t 21
Absolute fold change <2 AND FDR > C 22 Absolute fold change <2 AND FDR > ( 4

Not detected at biologically significant leve 0 Not detected at biologically significant leve 251
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Table3.8: Breakdown of the various reasons genes were only detected as biologically significant DEG under one of two
possible partitioning strategies in the contrast between*Par@ wildtype mouse lens epithelial cells. A total
of 564 genes were only considefBG 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
Number of Number of
Reason not DE under "Afldmple partitioning DEG Reason not DE under "Pair" sample partitioning DEG
Absolute fold change <': 1 Absolute fold change <': 1
FDR > 0.0t 509 FDR > 0.0t 0
Absolute fold change <2 AND FDR > ( 0 Absolute fold change <2ND FDR > 0.0 0
Not detected at biologically significant leve 54 Not detected at biologically significant leve 2

Table3.9: Breakdown of the various reasons genes were only detected as biologically significant DEG under one of two
possiblepartitioning strategies in the contrast between PaaBd wildtype mouse lens fiber cellslo genes
were only considered DEG under pairwise partitioning, wetigégenes were only considered DEG under all
sample partitioning.

Biologically signifant DE under "Pair" normalization only Biologically significant DE under "All" normalization only
Number of Number of
Reason not DE under "All" sample partitioning DEG Reason not DE under "Pair" sample partitioning DEG
Absolute fold change <. 0 Absolute fold change <. 1
FDR > 0.0¢ 0 FDR > 0.0% 526
Absolute fold change <2 AND FDR > C 0 Absolute fold change <2 AND FDR > C 6
Not detected at biologically significant leve 0 Not detected at biologically significant leve 162




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 aredradatew different
combinations of samples lead to different dispersion estimatdgbe edgeR statistical
framework, count data from RN&equencing experiments is modeled using the
negative binomial (NB) distributiofMcCarthy et al., 2012; Mark D. Raison &

Gordon K. Smyth, 2007; M. D. Robinson & G. K. Smyth, 2007he NB is similar to
thePoisson distribution however unlike tReisson, where the variance is equal to the
mean, the NB has an additional parameter known as the dispersion, whichesstimat
the extent to which the variance differs from the m@acCarthy et al., 2012; Mark

D. Robinson & Gordon K. Smyth, 2007; M. D. Robinson & G. K. Smyth, 200hg

NB is convenient foRNA-Seqdata because it is often the case that the variance is
greate 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) carbe derived. The edgeR package implements three methods for
calculating dispersion and BCWIcCarthy et al., 2012; Mark D. Robinson & Gordon
K. Smyth, 2007; M. D. Robinson & G. K. Smyth, 200The common dispersion uses
counts for all observed genes amdypdes a point estimate of overadiriability

within a given group of samplédl. D. Robinson & G. K. Smyth, 2007)The trended
dispersion is a model based estimate that reflects the relationship between the mean
and varianc€McCarthy et al.2012; Mark D. Robinson & Gordon K. Smyth, 2007,

M. D. Robinson & G. K. Smyth, 2007)The tagwisealispersiorprovides a discrete

estimate of biological variation for each gene, and is used to estimate the statistical
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significance of differential expressionn e d g e R 0(McCarthyaetal., P&L3; t
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, wh&re the
axis enumerates thmse Jog of the averageounts per million(CPM), and the Y
axis enumerates the BCMhesediagnostic plots help us evaluate the variance
structure of our data.

In the aging widy, differences between lens epithelial cells (Figure 3.9 A) and
fiber cells (Figure 3.9B) appear relatively minaWhensamples from both cetypes
are normalized togethehere appears to greatariability in manygenes with an
average CPM 82, than is observed when samples from eachtyed are
normalized indepadently Figure 3.9 C) In the Pax6 studythere 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 irctinebined set

(Figure3.10 Q.
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Figure3.9: BCV plots illustrating variability in gene expressioradanction of mean
counts per million reads (CPM) in the aging study.
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Figure3.1Q BCV plots illustrating variability in gene expression daraction of
mean counts per million reads (CPM) in the Pax6 study.

All together theBCV Analysis plotdrom the aging studgive no clear
indicationof a systemat, celttype depedent differencdetween LEC and LF@
dispersion estimatdsr the contrasbetween 24nonthold lens celland 3monthold
lens cells. The observation th@ooling the samples from both cglbes increases the

total variationis consistent with the fact theEC and LFC have highly divergent
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transcriptomes While the sameould be said of the Pax6 study BCV analysis (Figure
3.10 C),when samples are divided by eslpe for the contrast between genotypes
there is clearly greateariability in LFC than in LEC Thisdifference may explain

why pooling samfesfavors lower p values in LFCTable 38), while the separation of

samples faors lower p values in LEC (TableS3.

3.9.4 Differences betweerEC and LFC

The analyses inestion 39.3 denonstrate thaherecan besubstantial
differencegn DE analysis restd depending on whether lens epithelial cell samples
and lens fiber cell samples arermalized together or separatelere, tle term
Acontrasto i s uwaieide congarigon between gralpsofsanmplesa
representing two distinexperimendl conditions. The results for each gene tested in
such a pairwise contrast are typically summarized statstics the fold change
which estimates the differenaetranscript abundance between the two conditions,
and a pvalue which estimates the statistical significance of that differehazsh is
typically adjusted to account fomultiple tests.In section3.9.3 the DE results froma
given contrast (i.e. theame set of samples) were shown to dtdrstantially
depending on whether lens epithelial cell samples and lens fiber cell samples are
normalized together areparately.The observationdescribed in section 3.9sBiggest
differences between the LECdabFC RNA populations thahay be related to their
underlying biology.

As described in Chapter ILEC progenitorsindergo radical remodeling as
they differentiate intd. FC. Transcriptomic angroteomic studies from the Cvekl lab
have illustrate howhis is driven bydramatic changes in gene expression at the level

of mMRNA andprotein compositiorfZhao et al., 2019)Not onlydo LEC andLFC
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have very differentranscriptomeshereis also a high potential for LEC and LFC
preparations tdiffer in RNA quality. WhenLFC preparations include cells collected
from regionsearthe organelldree-zone thereis a greater likelihood that partially
degr aded # fisolatedialbng vthRrgra intacs RNA moleculesThis is not
the case for LEC, whictypically yield higher quality RNA isolates than LFC, at least
in mouse studies (86AppendixB, Bioanalyzer traceand RIN values The
ATranscript lonTiNeigastatistoythatNestimdies theextent to which
transcripts from individual genes are degraded, based on the uniformity of coverage
over the length o&transcript{(\Wang et al., 2016)I'IN values can be used to assess
variation in RNA qualityacross a set of samples\d thee values werestimated dr
samples from three independembusedata seteind 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 effBallggo
Romero et al., 2014 ) ranscipts from various loci may degrade at different rates
(Gallego Romero et al., 2014nd this may depend on factors such as the length of a
transcriptos cod{GalggofRengno etal¢2adl4Aanrimpdriant UT R
implication of the findings repted by GallegeRomero 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 manthet is difficult to anticipatéGallego 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 sampl&chroeder et al., 2006)Vhen variation in RNA
integrity is attributed to techrat factors, the inclusion of RIN scores as a covariate in
linear models used to evaluate differential expression has been proposed as a
corrective measur@allego Romero et al., 2014Dthers have noted that the RIN, as
a constant sampieise factor, dog not account for variable degradation across
transcripts, and that this approach could normalize away important biological variation
(Wang et al., 2016; Xiong et al., 2019Yloreover, the RIN depends on proprietary
instruments and software, and is notdily estimable from RNASeq datdWang 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 trangdiigang 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 acdedab of sensitivity
and an increase in overall accurdeyang et al., 2016)DegNorm has a similar
design philosophy as TIN, however it uses-negative matrix factorization to
estimate the difference between hypothetical and observed coveragensi(}nmg
et al., 2019) DegNorm retains better sensitivity than TIRong et al., 2019)
however | have encountered datasets from the public domain where the coverage
analysis algorithm may fail to converge on a solution (My personal experience with

GSEL13887andGSE144818
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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 fiber@Figure 3.11 & 3.12fFaulknerJones et al., 2003)As

RNA degradation is an endogenous biological function of the lens, the appropriateness

of correctirg for it needs to be evaluated.
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Figure3.11: Relative RNA abundance across lens sectparallelto the optical axis.
(FaulknerJones et al., 2003)
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Figure3.12: Distribution of polyadenylatettanscriptqA), GAPDH transcripts (B)
and Cryaa transcripts (C) assothe diameter of tHens (parallel to
optical axis)(FaulknerJones et al., 2003)

Two of themousedata sets raralyzed in this section were geratedoy the
Duncan lab, the mouse aging styéaranda et al., 2021a, 2021@scribed later in
chapter 4, and thieax6 study described in chapterlfoth of these were generated
from ribodepletion librariesThe third data setomes fromGSE95688a study
investigating the transcriptomic determinants of cataract associatedhwitiE GSKO
mutation(Whitson, Zhang, et al., 201@gnerated from polyA enriched RNA isolates

An examination oftte TIN value distributiongor samples fronthe mouse
data setindicates that in most casésanscripts sequenced in LEC samgiase more
uniform coverage than samples from LFC. This phenomenon isahastus in
samplesf 3 month old lens celisom the Mouse Agingtudy andwildtype samples
from the Pax6study, but is also true fahe wildtype and LEGSK@amplesbut not
the LEGSKO + BSGampledrom theGlutathione studyWhitson, Zhang, et al.,
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2017) This pattern did natotablymanifest inlens cells from human samplels
lenses fronR07 30 year old donorone of the equatorial LEC samples appeared to
havethe lowest TIN values. llens cells from 70 89 year old donors, a slight
downward shift inTIN values for LFC was note@ifferential expression analysis for

both data sets described in chapter 5)
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A Mouse Aging: 3-Month-old
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Figure3.13: Distributions of norzero TIN values from genes with detectable

expression for 3nonth old (A) and 24nonthold (B) lenses from the

mouse aging study. For each replicate, boxes summarize the interquartile
range of gendevel TIN values (IQR, 3i 3 quartile, median = middle
horizontal line), while verticals whiskers indicate the-fhlsl limits of

the interquartile range, and genes with a TIN > 1.5x the IQR represented
by points. Overlaiddensty | ot s summari ze the di
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A Pax6 Study: Wildtype
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Figure3.14: Distributions of norzero 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 gendevel TIN values (IQR, 3i 3 quartile, median = middle
horizontal line), while verticals whiskers indicate the-fhlsl limits of
the interquartile range, and genes with a TIN > 1.5x the IQR represented
by points. Overlaiddensty | ot s summari ze the distr
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LEGSKO Study: Wildtype

7,
%

3
;

Transcript Integrity Number>

cell_type
o £ Epithelium
E Fibers
"
Q
&7
@
2 O
E s
Z -
A cell_type
(=] 3 :
% & % Epithelium
ot Fibers
B
o
(%2}
§ o
=
o
&
NG
3 LEGSKO Study: Legsko and BSO
E
z
2 cell_type
‘GE) Epithelium
= Fibers
=3
S
w
o
e
}—

Figure3.15 Distributions of norzero 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., 2017For each replicate, boxes sumrnarihe
interquartile range of gedevel TIN values (IQR, %i 3 quartile,
median = middle horizontal line), while verticals whiskers indicate the
1.5fold limits of the interquartile range, and genes with a TIN > 1.5x the
IQR represented by points. élaid densityplots summarize the
di stributionds shape.
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A Human Aging: 20 - 30 years-old
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Figure3.16 Distributions of norzero TIN values from genes with detectable
expression for young adult (A) and geriatric (B) human ledsesissed
in chapter 5 For each replicate, boxes summarizeitierquartile range
of genelevel TIN values (IQR, %i 3 quartile, median = middle
horizontal line), while verticals whiskers indicate the-fold limits of
the interquartile range, and genes with a TIN > 1.5x the IQR represented
by points. Overlaidlensityp | ot s summari ze the distr
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3.9.5 Length bias may be related to differences in RNA quality.
An early observation | made with data from the Pax6 sfciagpter 6)
motivatedmy inquiry into lens cell transcript integrityin the contrast beeen
wildtype and Pax6 haploinsufficient LE@ere exists positivecorrelation between a
g e n eodirgy length, and its fold change in expression, suchahgéer genes have
higher expression measurements in Pax6 haploinsufficient LFC than in wildtype
(P6FVSWTF) This phenomenon is described here and elsewherte a8 s a mp | e
specifico or @cond(Mandedboaumetmle 20l9%Such hiasdse ngt h L
have reported as potentially confounditegding me to try and evaluatee origins of

the condiion-specific length bias manifesting R6FVSWTF.

>
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Length Bias in P6FVP6E Length Bias in PEFVWTF

tho:-0.085 & o "7 o tho: 0.205
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Log2 Gene Length (exon-union) Log2 Gene Length (exon-union)

Figure3.17: Length biasbserved in th®ax6 study, the contrast between LEC and
LFC from Pax6 haploinsufficient mice (A), and the contrast between
LFC from wildtype and PaxBaploinsufficient 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
thecoding length of the corresponding gene.
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Variation in RNAintegrity between samplegross experimentanbias
comparisondetweertranscriptomiqrofiles generatedsing RNASequencig
(Gallego Romero et al., 2014y a 2014 study, Irene Gallego Romarwdcolleagues
illustrated the consequences of differendiegradation using a simple but effective
experimental desigmusingprofilesfrom RNA isolated fromPBMC maintained at
room temperaturet intervalsbetween 0 and 84 hours after collection frome of
four human donorgGallego Romero et al., 2014Theydemonstreedthat not all
RNA transcriptdegrade at the same rai@plying that differential degradation
between sampleartificially biaseslibrary composition. They furtheshowed that
inclusion of sample level RIN values as a covariate improved GLM estimates of
differential gene expressiofGallego Romero et al., 2014Their results also show
that the | engt h o ftscadinggsequenéeswas3cortel@tdt,withbtsit n o't
estimated decay ra{&allego Romero et al., 2014Their data shows that gene
codinglength and transcript decay rate are uncorreldtiedy also observe a negative
correlation bet we e n thdech tharanscidpts witha shdrter3 6 UT R |
3 06 U deRay more slowlyGallego Romero et al., 2014My re-analysis of the
Gallego Romero datasedveals tht in contrastbetween RNA isolated from PBMC
at 0 hours andubsequent intervala similar conditiorspecific length biasccurs
such thatlecreasing transcript length favors increagetgction inrsamples of partially
degraded RNA isolated from PBMC at 12, 24d 84 hourafter collection, compared

to RNA isolated from the same biological samples imratdy after collection.
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Figure3.18: 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 prepara{®allego Romero

et al., 2014) Each point in one of the scatter plots represents a gene.
The vertical position indicates the log2 fold njga 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 similarconditionspecific biasoccursin contrasts between

wildtype LFC and_EC from mouse lensesAll four of thecontrasts discussed in the

previous sectiomanifest a conditiospecific transcript lengthias with increasing
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transcript lengttiavoring higher expression measurements in LFC thdrE@. This
negative correlabn between fold change and transcript lengthgnpositive fold
changes are assignaLFC) is consistent witthe Gallego Romero fanalysis, as
supported by the TIN value distributions describetheprevious section, and RIN
data reported in appendB) showing thaRNA isolates from murine LFC awdten
more degraded than LEQ.ittle to no bias is observed in contrasts between human
LEC and LFC When thiscontrastwvas made ityoung human lens cells (Figuse20
A), a negativecorrelation was observelddowever it was less than 10%. In lens cells
from 707 89 year old donors, glight positive correlationless than 5%vas observed

(Figure3.20 B)which would not be indicative of a length hias
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Figure3.19: lllustration of length kas in 4 indeprdent 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 froam8nth-old mice (A) and 24
monthold mice (B) from the aging study described in chapter 4. Lens
cells from the Pax6 study (C) described in chaptemd fronthe
Glutathione studyWhitson, Zhang, et al., 201{)).
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Figure3.20: 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 2030 year old donors (A) or 7089 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 haw®mmented on the negative impact of length biases
the analysis of differential expression data, in particular on ¢4 data
(Mandelboum et al., 2019; Oshlack & Waiedd, 2009) Longer transapts generate
more reads than shorterones,thust ri cs such as AFragments p
(FPKM) and @Tr an@RM)incprposategere tengi¥l iad alsgalog 0
factorwhich permit ranking of transcriptby measured abundance within a sample
facilitating head to heaabundance comparisons across genes thahanay different
length(Mandelboum et al., 2019) ength biasesnayskew pathway enrichment
results, andnterfere with biobgical interpretation of differential expression data
Mandelboum et akecommendising the CQN normalizatiom technique thatses
transcript length to adjust gene lematasurements in each sample to factor length

effects out of the analys{glansen eal., 2012; Mandelboum et al., 2019)Vhile
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Mandelboum et al. proposes that sample and condition splecifjth biases are
technical artifactshat should be eliminatethey do noaddress the various aspects of
RNA isolation and RNASeq library prepation thatmight lead to length bias
(Mandelboum et al., 20190nemissing piece of information from Mandelbaum et al.
thatappears irmy analysigs that length biases may occur when differencdsNA
quality coincidewith the experimental conditions in a particular contrast. When these
differences are due to identifialdauses, such as samples being handled differently
CQN normalization may be appropriate. When differences in RNA integrity are due
to the biology @ the system being studied, the resulting bias reflgct real
biologicalchanges

A more importantuestionfor our studiess whether the LFC transcriptome is
moreappropriately represented by normalization mettsagth as DegNorpthat
mitigatedifferences in RNA integrityXiong et al., 2019)or morecommonly used
scaling normalization methods such as TMMat account only for sequencidgpth
andthusretain signal from the fossil RNA populatigRobinson & Oshlack, 2010)
To assess thjSSTMM andDegNormwere appliedo contrasts between LEC ah&C
replicated ird independenstudies described in the previous sectiéior each
normalization method, thesultswereevaluatedn the consistency dfifferential
expression resultsetween replicated contrastisthe level of genes and pathwagsd
the degree of conditiespecific length biasbserved in each contrast using the two
different normalization methods

Using TMM normalizationgenes with celtype dependent differeiai
expressiorweredetectedvith high consistencgcross all four studiesThere were

726 DEGobserved in all four contrastath greater transcript abundance in LEC
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representing 26% of the LEC associated DEG observed in any of the four contrasts
(Figure3.21 A). There wer®61DEG with greater expression in LFC, accounting for
30% of the total signal from all four independent contréiStpure 3.2 B).

Pathway overrepresentation in DEG associated with one of the twigpmss|
had an equally high degg of consistency across toair independatly replicated
contrastausing TMM normalization.In DEG associated with LFG@he top 10
overrepresented pathways were identical for all four contrasts (R@#e and these
were nearly identical for albur contrasts in LEC assm@ated DEG as well (Figure
3.23). Less consistency was observdten the LFCvsLEC data from theseifo
studies was normalized using DegNoriVith DegNorm normalizatiorthe 768 LEC
associated DEG, and 374 LFC associated R&@mon to all four independent
contrastsacounted for 15% and 17% of the total number of DEG observadyirone
of the four contasts(Figure3.22). For both cell typeghe largest fraction of
LFCvsLEC DEGdetected using DegNorm were uniquebservedn the Glutathione
Study(Whitson, Zhang, et al., 2017Yhere were 1339 LEC associated DEG and 862
LFC associated DE@at wereonly observed in the contrast from the Glutathione
study, accounting for 26% and 40% of toRE observations in any contrggigure
3.22). Pathway analysis for LFCvsLEC contrasts normalized using DegNorm were
less consistent across studies thas observed using TMM Normalizaticespecially

so in the case of pathways overrepresemédrC associated DE@-igure 3.2).

9C



Aging Study Glutathione
A 3-Months Study

Aging Study

24-Months Study
count
' 600
400
200
Aging Study Glutathione
B 3-Months Study
Aging Study Pax6
24-Months Study
count
! 750
500
250

Figure3.21: Venn diagramllustrating 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 factorffeBantially
expressed genes expressed at higher levels in LEC (A) were evaluated
separately from those with greater LFC expression (B).
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Figure3.22: Venn diagram illustrating consensus between genes with biologically
significant differential expression in foindependent 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 expregm (B).
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Figure3.23: 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 La€sociated genes. Each
entry along the horizontal (x) axis summzas 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 hypgrometric pvalue, adjusted for FDR.
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Figure3.24: 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-bE€dciated
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 hypergeometn@jue, adjusted for FDR.

94



Using either normalization strategyi, Bour independent LF@sLEC

contrastsnanifested a conditieapecific length bias sudhat the fold change ia

geneods

t r a n sbetweenpLFC amtEC wak aegativiy correlatedwith its

transcript lendt, such thatranscripts from shorter geneshded to be more abundant

in LEC libraries than EC libraries. Not only did accounting for transcript integrity

using DegNorm faito mitigate this biasn some instancake magnitude of the bias

increased (Table B0).

Table3.10: Length bias and balance of differential expression observed in four
i ndependent

or

Length Bias (log gene length X log fold change)

contrasts

Spear manos
given gene, and its lefpld change in the LFC vs. LEC contrast.

rho)

Differentially Expressed Genes

bet ween
S umma r ength ai a

Pearson's r Spearmans Rho Epithelium Fibers Ratio
Data Set TRIM DegNorm ThMM DegMorm  TMM DegNorm TMM DegMorm  TMM DegMorm
Aging: 3 Mo. -0.11 -0.13 -0.19 -0.16 3539 3222 1093 2115 3.2 15
Aging: 24 Mo. -0.14 -0.14 -0.13 -0.14 4278 5819 827 2323 5.2 2.5
Paxé -0.21 -0.31 -0.22 -0.34 3601 6138 2069 3292 1.7 15
Glutathione -0.11 -0.1 -0.16 -0.14 2656 2027 799 1621 33 1.3

3.10 Recommended approacHhor analyzing lens cell RNASeq data
In most cases) o-theés h e | f -8eq Rnldlysis pipelescan and should be

used to analyze RN/&eq data from the ofar lens with their default parameters.

Modern aligrers such as HISAT2 and STAR are sufficiently matheg¢using the

LFC
t he

default parameters is usually the best chaidess a the specific dataset has an issue

justifying a deviationBallouz et al.2018) Trimming reads for quality and adaptor

contenthaslong been included as a stiepRNA-Seq analysis pghines(Del Fabbro et

al., 2013) but with modern aligners that use sdfpping to seed alignments from the
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center of a read, this step may nb&redundan(Liao & Shi, 2020)andcould
conceivably be dropped from future pipelind$ere is also some ambiguity
regarding the need to strip rRNAads For certain applicatics) such as meta
transcriptomics and chromatRNA-Seq, insilico removalof rRNA mightbe
important(Tellier & Murphy, 2020; Y. Wang, H. Hu, et al., 201@hd while it is
included in some pipelindsr bulk RNA-Seq(Lataretu & Holzer, 2020) clear
consensus in the literature is difficult to findheremay becases whereRNA loci
coincide with other genes of intergsttentiallyleading to inflated count®r certain
genesIn the event of heavy rRNA contaminatjon-silico filtering seems prudent.
As described in section 3.6ne ofthe most important desibrs that the
analyst can make ighether or not to pool LEC and LFC sampld@$e answer
depends on the question at hand. In all of the analyses described in subsequent
chaptersdifferential expression analysesede d g efiRedxsa c forldéferental
expression estimates:or this method, whicbnly accommodatgsairwise contrasts
between two conditionsny preferedstrategy is taestrict the normalization partition
to samples that participaite the contrastDespt e s ome of iatitlkss | ensd p

RNA-Seq remains a powerful technique for profiliegs cell transcriptomes
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Chapter 4

AGING IN THE MOUSE LENS

4.1 Introduction

The objective of this study was to investigatelif@ogy of lens agingn mice,
using arexperimental desigthatincluded 2 male and 2 femablogicalreplicates
for each level of treatment: age, cell type and injury status. The purpbakoting
the sex ratiosvas to facilitate an evaluation of sex as a biological variable in lens
transcriptomic studiesThe work described ithis chaptekwas published in
ExperimentaEye Researcm June of 2021hs two separate manuscripdne
manuscript documented the effects of aging on lens cell homeastdsis
responsiveness to injurindependenof biological seXFaranda et al., 2021a)he
second manuscrigvaluatedhe influence of sex on thesadpoints andddressed
differentcircumstancesgvhere itmight beimportantto account for sei lens
transcriptome studieand othersvhereit may not benecessaryFaranda et al.,

2021b)

4.1.1 Aging in the mouselens

Aging is a complex process where genes and environment collaborate to yield
progressive tissue dysfunction that first hampergjthea | i ty of | i fe, ther
survival(da Costa et al., 2016; Longo et al., 20Mile 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 o increase with advanced age
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(Chilibeck et al., 2020; Flaxman et al., 2017; Rink, 19€mulative damage to lens
biomoleculesas described in Chapteris believed to make a strong contribution to
the etiology ofage 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 childhogdugusteyn, 201Q)cortical cataract is a disorder of fiber
cells produced lar 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 ageelated changes in the lens epithelium which would then propagate into
fiber cdls (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 | ens nuc
(Mathias et al., 2007pgerelated 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., 20While many laboratori
have explored the idea that lens epithelial cells change their biology with age, upon
oxidative stress, or coincident with ARC v
(Periyasamy & Shinohara, 201 The effect of aging on global gene expression in the
lens s 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 indivi cansaMasy i n Afr
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 condition@A\ckert-Bicknell et al., 2015)Inbred C57BL/@nice 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 adig et al., 2018)

4.1.2 Sex as avariable 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
reproducti on. Il n mammal s, this is conferre
chromosome&omplement, with female primary sexual characteristics considered as
the Adefaulto state. Mal es form when genes
differentiation from the genital ridge. The resulting Leydig cell differentiation leads to
the fetal €stosterone production necessary for the development of the male genitalia
(Greenfield, 2015; Zhao & Yao, 2019)his concept was further bolstered by the
realization that females, which carry two copies of the X chromosome, randomly
inactivate one copy &ithe action of the long nesoding RNA Xist, yielding males
and females who have similar X chromosome gene ddgageld, 2017)

However, sex affects numerous aspects of biology besides those directly
relevant to reproduction, as exemplified by the widaety of human diseases for
which disease incidence, severity, or presentation differs greatly between sexes
(MauvaisJarvis et al., 2020)hese differences, along with sexually dimorphic aging
mechanisms, likely contribute to the longer life expectaiayomen compared to
men(Sampathkumar et al., 2020h contrast to this, epidemiological studies have
consistently found that pestenopausal women have a higher risk of cataract than

agematched men, although the cataract rates in younger peoplendeg i both
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sexeqZetterberg & Celojevic, 2015)urther, several epidemiological studies have
suggested that women havsignificantly higher risk of developing posterior capsular
opacification (PCO) after cataract surgery than (@wngdon et al., 21B; Fong et al.,
2014; Lee et al., 2016although other studies do not support this correlgfiokko

et al., 2019)

Most experimental investigations into the increased risk of cataract in post
menopausal women have focused on a possible protective afiesirogen on
cataract developme(Zetterberg & Celojevic, 2015)The prevalent hypothesis in the
literature suggests that the withdrawal of estrogen at menopause results in cataract due
to a fAr ebound Zetefbdrge&eCelojavio, 20003)This dowulate is
supported by epidemiological studies finding a correlation between hormonal
replacement therapy of menopausal women and protection from céiwean et al.,
2007; Younan et al., 2002)hile treatment of breast cancer patients Withanti
estrogen, tamoxifen, increases cataract(@in 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 metimylati
(Hodes et al., 201 ndthe expression ohumerousautosomal geng#rnold, 2019)
even prior to embryonic sex determinat{@owe 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 agiHgre, we us&®NA-Seqto
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 agdfacts the acute response of lens epithelial cells to lens fiber cell

removal which models modern cataract surgés.this study was performed on
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samples from both sexaswasalso possible tassess hownice differ by sex and to
investigate how sex dmage 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 bothsexes ad consider the possibility that sex is a relevant biological variable in
biomedical researcfWoitowich et al., 202Q)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 diengosta 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
chromosomesgTaft et al., 2006)were used for study, while the environment was
controlled by housing animals at environmentally controlled aniatdlties. The
young lensestudied were isolated from thregonth-old mice, an age chosen because
these animals are sexually mature adults who have completed eye development and
exhibit a crystallin profileonsistent with the adult leiifeda et al., 2002)'he aged
lenses were @ated from 24monthold animals, an age thati@D% of animals from
this strain can attaiWhitehead et al., 2014Comparisons ophenotypic hallmarks
associated with ageelated frailty suggest that 24 month old C57BI/6J mice are
physiologically simila to 70 year old humar(3Vhitehead et al., 2014All 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 reagdping can be viewed in Tallel.
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Table4.1: Sequencing statistics for the lens aging study incluti@gumber of reads
sequenced, remaining after trimmirdigned to the genome, and counted
in recognized genes. Samples are coded A = 24 monrti&nonths,
AF/YF = LFC otherwisesample is fronLEC, 0_hv¥24_hr = posturgical

interval (LFC are 0 hours only)/2M=Male or 3/4F=FemaleThe

trailing ASO0O number is the sampl e
Fragments remaining aftel Fragments aligned to Fragments counted in
trimming mouse genome recognized genes
Total
fragments % trimmed % aligned

Sample sequenced Number % total reads Number reads Number 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 345 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_O0_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_O_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 |l east two fold (false discover
83 of these downegulated and 143 upregulated (FdL A). Filtering this list further
for genes that meet previously described c
(minimum expression level of 2 FPKM in either condition, at least 2 FPKM absolute
change in expression lev@llanthey, Terrell, Lachke, et al., 2014\vealed 111
DEGs

l nspection of the DEG | ist reandaloeid t he
crystalins downregulate, with the most dramatic changes388 fold) seen in the
MRNAs encoding thegamrmar yst al | ins (2B, oC, 2D, OoE,
the |inked genes of the mouse 21T <crystall.]
(Duncan, Cvekl, et al.,@4; Graw, 2009)As other genes known to exhibit lens
preferred expression such as MBassnett et al., 2009ere also downregulated in
aged lens epithelial cells, the gene list was compared to data residing in iISyTE, a
bioinformatics tool capable of ssssing whether genes exhibit lgneferred
expressior{fKakrana et al., 2018; Lachke et al., 20I®h)is analysis revealed that 24
of the 111 biologically significant DEGs (17 of the DEGs downregulating with aging)

exhibit lens preferred expression in-8&y old mice (Tabld.2).
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Table4.2:Lens preferred genes differentially expresisedged lengpithelium.

Fold Change
(FDR) in 24 Mean FPKM
Month LECvs  3-Month  24-Month iISyTE Lens
Symbol Description 3-Month LEC LEC LEC Enrichment
serine (or cysteine)
Serpinb6b peptidase inhibitor, clade 3.21 (4.28R21) 4.89 15.68 33.75
B, member 6b
Dgkg diacylglycerol kinase, 2.49 (1.76E14) 1.49 3.71 5.71
gamma
Ephx1 epoxide hydrolase 1, 2.19 (4.58M0) 14.49 31.71 28.86
microsomal
Crygn crystallin, gamma N -4.79 (3.51BB) 71.77 15.00 191.34
Mypn myopalladin -3.52 (4.79BB) 4.87 1.38 34.75
Ptgds prostaglandin D2 2.04 (6.84B) 11036 225.19 59.92
synthase (brain)
Npnt nephronectin -2.15 (2.83K) 35.90 16.69 6.91
Crybb3 crystallin, beta B3 -3.65 (2.02Eb) 625.43 171.14 316.49
Add2 adducin 2 (beta) -2.05 (2.86E5) 8.14 3.97 8.89
Crybal crystallin, beta A1 -3.06 (3.33E5) 1807.54 590.89 993.93
Mip major intrinsic protein of -, 24 1 5oey 40000 145.83 1282.73
lens fiber
Crybb1 crystallin, beta B1 -2.66 (1.08E3) 769.04 288.84 386.68
Aldhla7 aldehyde dehydrogenase  , ;5 1 3gpm) 13.43 4.88 45.79
family 1, subfamily A7
Crygc crystallin, gamma C -90.26 (2.19B) 161.52 1.79 1644.01
Crygs crystallin, gamma S -2.4 (3.03E3) 2255.19 940.23 1525.43
Crygb crystallin, gamma B -141.55 (3.24B) 150.01 1.06 1644.01
Crydf crystallin, gamma F -348.24 (3.68B) 10.30 0.02 271.91
Cryba2 crystallin, beta A2 -2.01 (6.83R) 2030.80 1011.47 828.30
Pgam2 ghOSphog'ycerate mutase g 47 (9.49m) 6.08 0.64 7.82
Crygd crystallin, gamma D -84.94 (1.16R) 119.19 1.40 1640.59
Npvf neuropepide VF 5.63 (1.22B2) 0.76 4.28 2.03
precursor
Cryba4 crystallin, beta A4 -2.87 (1.29R) 1087.55 378.32 1083.89
. RIKEN cDNA
2310043M15Rik 2310043M15 gene 2.57 (1.74R2) 5.19 13.36 13.78
solute carrier family 4,
Slc4as sodium bicarbonate 2.23 (2.93R) 2.89 6.46 10.76

cotransporter, member 5
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A prior study assessed agssociated 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 @imouse lenseg&Zheng et al., 2015Comparison of these peaks
with the | ist of 111 genes exhibiting fAbic
expression in aging lens epithelial cells in the present study revealed 20 genes in
common. For 18 of these, tdeection of their expression change correspond to that

predicted from the change in 483K4me3d3 of tF
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Table4.3: Comparison between DEGs observed in the aging lens epithelium with
genes wherél3K4 trimethylationoccursin the aging lens (Zheng et al.,
2015). Italicized genes represent those where the expected direction of
change in mRNA levels and H3K4 trimethylatisndiscordant.

Fold Change
(FDR) in 24 Mean FPKM
Month LECvs  3-Month 24-Month Fold Change (FDR) in
Symbol Description 3-Month LEC LEC LEC H3K4 methylation
serine (or cysteine)
Crygn peptidase inhibitor, clade -4.79 (3.51EB) 71.77 15.00 -5.31 (4.14H)
B, member 6b
Pdgfra diacylglycerolkinase, 55 ) 55y 16.46 3.86 -5.04 (1.05830)
gamma
Spock2 epoxide hydrolase 1, -3.61(8.89)  4.83 1.34 -2.79 (5.87E12)
microsomal
Sema6a CD82 antigen -3.45 (4.85E7) 3.56 1.03 -2.59 (3.97E22)
Mfap2 crystallin, gamma N -2.37 (2.29R2) 13.04 5.49 -2.15 (9.54E5)
sparc/osteonectin, cwcv
B230312CO02Rik and kazalike domains -3.65 (2.78H) 3.00 0.82 -1.96 (3.13R2)
proteoglycan 2
Crybb1 epidermal growth factor — , s 1 gy 769.04 288.84 1.65 (1.8255)
receptor
semadomain,
transmembrane domain
Klf4 (TM), and cytoplasmic 3.66 (2.23B) 271 9.94 1.71 (1.91B3)
domain, (semaphorin) 6A
Trp53i1l timeless circadian clock 1  2.33 (6.06E3) 1.59 3.72 1.77 (4.87R2)
Ncehl protocadherin beta 22 2.62 (2.66R2) 1.25 3.27 1.8(2.71E2)
Timeless Mg CONABZSBIZCE o a3 5.00m) .44 122 1.98 (1.032)
nuclear receptor
Dgkg subfamily 1, group D, 2.49 (1.76E14) 1.49 3.71 2.02 (6.30EL0)
member 1
Ephx1 tripartite motif- 219 (4580)  14.49 3171 2.14 (4.158)
containing 47
Nrid1 crystallin, beta B1 2.12 (2.83R4) 6.77 14.35 2.31 (2.14E23)
Egfr Kruppellike factor 4 (gut) 2.3 (1.03E7) 2.25 5.18 2.32 (2.88D)
transformation related
cds2 protein 53 inducible 2.24 (8.109) 7.04 15.78 2.73 (3.58EL1)
protein 11
Trima7 Ndufad, mitochondrial = 5/ (5 1gp) 3.33 7.79 3.42 (1.23E18)
complex associated like 2
Ndufadl2 microfibrilarassociated g 51 (5 70m) 6.90 36.63 3.94 (5.126B)
protein 2
platelet derived growth
Serpinb6b factor receptor, alpha 3.21 (4.28R21) 4.89 15.68 4.46 (3.89E12)
polypeptide
Pcdhb22 neutral cholesterol ester o (1 o3g) 2,20 4.96 7.06 (7.40E12)

hydrolase 1
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Initial Advaita Ipathway Guide analysis of the genes differentially expressed
between aged and young LEC calculated from data normalized usiungrglired
samples (fibers and O h epithelium), the revealed limited pathway enrichment,
although complement/coagulation (p=1.5%3@nd cytokine/cytokine receptor
interactions (p=3x10j were detected (data not shown). In order to increase the
sensitivityof the analysis, we removed the fiber cells, which haskamatically
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 regaled that the most impacted KEGG pathways included cytalyitodkine
receptor (Fig. 1B and C; p=1.5X¥10%nd complement/coagulation (F&1D and E;
p=9.4x10§ , whil e many DEGs map to the gene on

processo (noOY% hown; p = 1 11



Figure4.l Pathway analysis of genes differentially expresseg@u aersus young
mouse lens epithelial cells A) Volcano plot of the genes whose
expression was statistically different between aged versus young LECs,
yel l ow dot -crysalpnrBelmpact analysis d¢f the DEGs
suggest that the dkBEEFtm&ktimeay emeptina
(yellow dot) is likely to be the most significantly impacted pathway in the
aged lens epithelium. C) Bar graph showing the cytekipmkine
receptor genes that are differentially expressed in the aged lens
epithelium. D)These®nd significanty impactedpathway in the aged
lens epitheliunwasthe complement pathway (yellow dot). E) Bar graph
showing complement pathway genes differentially expressed in the aged
mousel EC (Faranda et al., 2021a)
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