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ABSTRACT

Although there are an estimated fifteen hundred genes encoding RNA binding
proteins (RBPs) in the human and mouse genomes - accounting for nearly seven
percent of all protein coding genes - their significance to development and disease is
poorly understood. It was recently demonstrated that deficiency of Tdrd7, an RBP that
is also a component of cytoplasmic RNA granules, causes cataracts in human, mouse
and chicken, suggesting that this protein has a critical function in lens development
that is conserved in vertebrates. Tdrd7 contains three OST-HTH (Oskar-Tdrd7-Helix-
Turn-Helix)/LOTUS domains and three Tudor domains that are predicted to bind
RNA and methylated arginine residues within other proteins, respectively. My M.S.
thesis research focuses on the detailed characterization of cataracts in 7drd7 targeted
germline knockout (7drd7-/-) mouse mutants, which closely phenocopy the human
cataract and therefore serve as a model to investigate the molecular function of this
protein in the lens.

I have applied diverse approaches at the phenotypic, cellular, molecular and
the systems-level to study 7drd7-/- mouse mutants. I first carried out phenotypic
characterization of 7drd7-/- mouse mutant lenses at various stages by grid imaging
under light and dark field microscopy, and histological analysis. I find that Tdrd7-/-
mutant and control lenses are indistinguishable by these analytical methods at stage

postnatal day 18 (P18). In contrast, just four days later at stage P22, 100% of the

XV



Tdrd7-/- mutant animals tested (n > 50) exhibit severe lens defects and a distinct
flattened iris phenotype. To gain further insight into the lens phenotype, I performed
high-resolution imaging by Scanning Electron Microscopy (SEM) on mutant and
control lenses. Surprisingly, P18 Tdrd7-/- mutant lenses that appear completely
transparent and devoid of any visible defects by light microscopic or histological
analyses, exhibit severe fiber cell membrane protrusion defects as revealed by SEM
analysis. Together these data lead to the important conclusion that transparent mutant
lenses cannot be considered normal unless subjected to high-resolution phenotypic
analysis like SEM. Furthermore, these data also indicate that 7drd7-/- mouse mutants
exhibit lens defects at stage much earlier than was previously anticipated.

Next, I sought to gain insight into the molecular changes that result due to
Tdrd7 deficiency in mouse lens by performing next generation RNA sequencing
(RNA-Seq) on P4 Tdrd7-/- and control lenses. I selected stage P4 for this analysis
because it is prior to the earliest stage (P18) wherein lens defects are detectable by
SEM in Tdrd7-/- mutants, and therefore would increase the possibility for detecting
primary changes while minimizing the number of secondary changes detected. RNA-
Seq led to the identification of 193 differentially regulated genes (DRGs) at 1.5 fold
cut-offs at 2 counts per million (counts of the transcript for every million reads of
sequencing) values in 7drd7-/- mouse mutant lenses. Out of these DRGs, 84 are up-
regulated and 109 are down-regulated in the mutant lens. To prioritize promising
candidates for further analysis, I next carried out an integrated analysis on the RNA-

Seq data to identify the DRGs that are linked to Tdrd7 in a protein-protein interaction
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(PPI) network, and also exhibited lens expression or enrichment according to iSyTE.
This analysis identified a regulatory cluster of candidates that is connected to Tdrd7 in
the nearest neighbor analysis, and importantly 7 of these genes exhibit significantly
enriched lens-expression in iSyTE. Interestingly, this cluster is connected to Tdrd7
through Atxn2, a known cytoplasmic RNA granule protein. Further, the cluster
analysis identifies Actn2, an F-actin crosslinking protein, as a protein-protein binding
partner of Atxn2 and I find Actn2 transcripts to be significantly down-regulated in
Tdrd7-/- mutant lens. Thus, this analysis reveals interesting interactions between two
RNA granule component proteins that are highly expressed in the lens, Tdrd7 and
Atxn2, with Actn2 at both the RNA and protein levels. This indicated a complex
regulatory relationship between these proteins, perhaps suggestive of the importance
of their function in the lens. I next analyzed lens and whole body embryonic tissue
(WB) microarray datasets in iSyTE to gain insights into expression of the genes Atxn2
and Actn2 in embryonic and postnatal lens. Both genes are significantly expressed in
the lens at these stages. In particular, Actn2 expression in wild type lens is found to be
sharply up-regulated between P4 and P12 stages, before being down-regulated at P20
and later stages.

These findings lead to the hypothesis that up-regulation of Actn2 expression in
early postnatal stages is critical for normal lens development, and disruption of Actn2
up-regulation as a result of 7drd7 deficiency may contribute to the lens defects in
Tdrd7-/- mutants. Because Actn2 protein is described to function in deposition of F-

actin, I next tested the hypothesis that Tdrd7 deficiency results in defective F-actin
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distribution and abnormal fiber cell architecture within mutant lens. I performed whole
mount staining of the lens by Phallodin, which allows observation of the spatial
localization of F-actin. This analysis demonstrates that F-actin distribution in lens
fiber cells was abnormal, exhibiting aggregates, compared to control lens wherein
fiber cells had uniform F-actin distribution. Furthermore, I next analyzed the
phenotype at individual cell resolution by staining lenses with wheat germ agglutinin
(WGA), a marker that allows examination of cell membranes by staining sialic acid
and N-acetylglucosaminyl sugar residues. WGA staining exhibits a hexagonal pattern
of fiber cells in saggital sections of normal lens tissue. In 7drd7-/- lenses, the
hexagonal pattern is disrupted, providing further evidence supporting a defect in fiber
cell architecture.

Finally, I hypothesized that the molecular mechanism of Tdrd7-mediated
regulation in the lens involves its direct binding to Actn2 transcripts. I tested this
hypothesis by performing RNA-immunoprecipitation (RIP) by Tdrd7 antibody
followed by qRT-PCR for Actn2 transcripts. Tdrd7-pulldown complexes exhibit high
enrichment of Actn2 transcripts in lens tissue. Thus, RIP experiments demonstrate that
Tdrd7 functions by directly interacting with Actn2 transcripts perhaps by stabilizing
them in turn ensuring the build-up of a critical amount of Actn2 protein necessary for
F-actin deposition in fiber cells.

To gain insight into which proteins are differentially expressed in 7drd7-/-
mutant lens, I undertook a proteomics screen and performed 2-D gel analysis followed

by Mass Spectrometry (MS). This analysis identified a heat shock protein, Hspb1

XViii



(Hsp27), to be significantly down-regulated in the mutant lens. Interestingly, Hspb1
transcript is identified by RNA-Seq to be down-regulated in 7drd7-/- mutant lenses.
Further RIP analysis by Tdrd7 antibody indicates enrichment of Hspb1 in pulldowns,
suggesting that it interacts with Tdrd7 complexes. Interestingly, Hspb1 protein in
addition to being a component of RNA granules is linked to actin cytoskeletal
dynamics.

Thus, my research proposes a model wherein disruption of Tdrd7 function
results in reduction of Actn2 and Hspbl and consequently in abnormal deposition of
F-actin and membrane protrusion defects in fiber cells, which contribute to lens
defects and cataracts.

In summary, my M.S. research provides significant new insights into the
mechanism of Tdrd7 function in the mammalian lens. It achieves this through the
careful characterization of the ocular phenotype coupled with the identification of
molecular changes in the 7drd7-/- mutant lens, which together serve to identify
alterations in the fiber cell cytoskeleton that contribute to formation of cataracts. Thus,
this research highlights that an integrated multi-disciplinary approach based on mouse
gene-knockout mutants, high-resolution phenotypic characterization, cell biological
methods, and state-of-the-art molecular analyses involving RNA-sequencing, in
combination with existing information from large databases such as protein-protein
interaction networks and iSyTE, is exceptionally effective in providing novel insights
into regulatory mechanisms in tissue development. Importantly, by contributing to our

understanding of the molecular mechanism of a novel RNA binding protein and RNA
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granule component Tdrd7 in the lens, this research not only elucidates the various
mechanistic layers in gene regulation during cell differentiation, which may find
general applicability in other tissues, but also provides unique insights into the

pathophysiology of the most prevalent eye disease, cataract.
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INTRODUCTION

1.1 Development of the Ocular Lens

The lens of the eye is a transparent tissue that functions with the cornea to refract
and focus light on the retina (Bassnett et al., 2011; Mathias et al., 2007). Photons
from the focused light are then detected by specialized cells called photoreceptors
within the retina and converted into signals that are replayed and interpreted by the
brain as visual information, rendering us with the critical sense of sight (Bassnett et
al., 2011). The lens is located in the anterior portion of the eye, behind the cornea and
iris, and is supported by a clear semi-solid gel termed the vitreous body, which is
located in the posterior portion of the eye along with the retina (Bassnett et al., 2011;

Mathias et al., 2007).



Posterior 2.

Anterior

Figure 1. Anatomy of the eye. The lens is a transparent tissue located in the anterior
portion of the eye called the anterior segment. The lens is situated just
behind the cornea and the iris and in front of the retina, which is located
in the posterior portion of the eye. The lens, together with the cornea,
functions to refract and focus light onto the retina. The lens must

maintain its transparency in order to sustain clear vision. (Duncan, MK
2011). NEL (Eye)).

Eye development in mammals begins early, during late stages of gastrulation,

when the ectoderm is specified into four regions that form the neural plate, neural



crest, pre-placodal region and epidermis. After the formation of neural tube, neural
ectodermal tissue from either side of the forebrain forms optic vesicles — each of
which later develop into the retina. Each optic vesicle extends through the
surrounding mesenchyme until it contacts the surface ectoderm that will form the lens
(Lovicu and Robinson 2004, Lachke Maas 2010). The optic vesicle induces the
overlying (surface) ectoderm to thicken and form a structure termed the lens placode
(Donner, Lachke, Maas 2006). In a classic example of co-ordinate signaling between
developing tissue, the pre-lens ectoderm in turn is required for the optic vesicle to
develop into the optic cup (Ashery-Padan Genes Dev 2000, Hyer J, Kuhlman J et al
2003 Dev Biol). The thickened lens placode invaginates along with the optic vesicle
to forms the lens vesicle. During this process, anteriorly localized cells of the
resulting lens vesicle get inverted in their orientation to the overlying surface
ectoderm. At this stage, the lens vesicle is composed of anteriorly localized epithelial
cells and posteriorly localized cells that will begin to differentiate into primary fiber
cells (Cvekl and Piatigorsky, 1996). Also at this stage in development, lens cells
begin to form a basement membrane called the lens capsule that encloses the lens
tissue and is made up of laminin, Type IV collagen and fibronectin proteins
(Cammarata et al., 1986, Danysh and Duncan, 2009; Yurchenco and Schittny, 1990).
As lens developments proceeds, primary fiber cells elongate and fill the lens vesicle.
Later during development and indeed throughout the life of the organism, cells from
the anterior epithelium continue to proliferate, exit the cell cycle and differentiate into

secondary fiber cells.



Figure 2. Eye Development in Mammals. The schematic shows the major
morphological events that occur during mammalian lens development.
The schematic begins from the top left and continues clockwise. Specific
stages of a developing mouse embryo are indicated as follows:
embryonic (E) day 9.5 represents 9 and half days after conception. These
developmental events are similar among different mammals, although the
exact time/day of each stage varies between different species. The
process begins with the induction of the surface ectoderm by the optic
vesicle (OV) into a thickened of lens placode (LP). The LP and the OV
coordinately develop to form the lens pit (LPT) and optic cup (OC),
respectively. Between stages E10.5-E12.0, the LPT develops into the
lens vesicle (LV) in which the anteriorly localized cells and the posterior
localized cells can be differentiated as anterior epithelial (AE) or primary
fiber (PF) cells, respectively. Primary fiber cells elongate and
differentiate to fill the vesicle (E13.0). In adult lens, cells of the anterior
epithelium located near the transition zone exit the cell cycle and
differentiate into secondary fiber cells (SF), a process that continues
throughout the life of the animal. (Figure modified from Kuszak &
Brown, 1994)



1.2 Cataract

Figure 3. Cataract: Disease of the Lens. A cataract is a clouding of the lens in the eye
that affects vision. The image above serves to illustrate normal vision
(left) or impaired vision due to cataract (right).

Cataract, or the opacification of the lens, is the major cause of blindness
worldwide (Javitt et al., 1996; Petrash, 2013; Shichi, 2004). Based on the 2012 World
Health Organization report, it is estimated that cataract is responsible for about 50% of
the 39 million individuals that are blind worldwide (Petrash, 2013; Rao & Perry,
2011). Although cataract is treatable, access to the corrective surgery, especially in
developing countries, is not feasible for many cataract patients (WHO, 2014).

Moreover, as the age of the population continues to increase, it is expected that the



number of aged-related cataract cases will rise. For example, in the U.S., by the age of
80, majority of Americans have either had cataract or have had cataract surgery (NEI

2013).

Cataract in name is one disease, however it presents with a spectrum of clinical
presentation. The clinical features of different cataract types vary depending mainly
on the anatomical location of the opacity, as well as its severity. Some of the cataract
classifications are as follows: Polar cataracts (anterior and posterior), nuclear,
lamellar, pulverulent, cerulean, total, cortical, polymorphic, and structural (Ionides, A.
et al., 1999). Some, but not other, of these cataract types are commonly associated
with inherited mutations. However with all types of cataract, early diagnosis is key

for the best treatment outcome.

Depending on their onset, cataracts can be classified as either pediatric (or early
onset) or age-related (late-onset). Congenital cataract is the most common cause of
treatable visual impairment in children (Evans et al., 1996). Although congenital or
pediatric cataracts occur in frequencies of approximately 1 in 10,000 live births, they
account for one-tenth of childhood blindness worldwide (Francis et al., 2000).
Mutations in several genes that cause congenital or pediatric cataract have been
identified. These genes also represent candidate gene variations that may influence
the onset of age-related cataracts (Francis et al., 2000). Depending on population and
social structure, between a quarter to half of congenital cataract cases are estimated to

have a genetic basis (Rahi and Dezateux 2000). Interestingly, a study described that



~56% of children with bilateral isolated congenital cataract had a genetic basis,

compared to only six percent of unilateral cases (Rahi and Dezateux 2000).

Although cataract is a treatable disease, its treatment costs are substantial.
Depending on the severity of the cataract, its treatment may vary; minimal treatment
includes simple fixes such as: brighter lighting or even sunglasses (NEI 2014).
However if these treatments are not sufficient, surgery is the only effective treatment
option. Indeed, cataract removal is one of the most common surgeries performed in
the United States (NEI 2014).

For around ninety percent of patients, cataract surgery improves vision (NEI
2014). Cataract surgery is a procedure in which the natural lens of the eye is removed
and in most cases replaced by an artificial lens called an intraocular lens (IOL) implant
(Mayo Clinic 2014). There are two different types of cataract surgeries available:
phacoemulsification (phaco) and extracapsular. Between the two, phaco involves a
smaller incision at the side of the cornea, followed with the insertion of a small probe
emitting ultra sound waves that function to fracture the cataractous lens into pieces
that may be removed by suction (NEI 2014). Phaco is the currently the most
commonly preformed procedure in developed countries (NEI 2014). Extracapsular
cataract surgery differs from phaco in that a larger incision on the side of the cornea is
made in order to remove the core of the lens in one piece, which is followed by
eradicating the rest of the lens via suction. In both procedures, after the ocular lens is

removed, it is replaced by the IOL (NEI 2014).



An IOL is a plastic implant that requires no maintenance from patients and can
significantly improve vision. The IOL becomes part of the eye and functions to focus
light onto the retina. There are two main types of IOLs, monofocal and multifocal
lenses. Monofocal lenses are the most commonly implanted lenses. They harness the
same focusing power for all areas of the lens. Conversely, multifocal lenses are akin
to bifocal glasses, they have areas of the lens with different focusing power (American
Optometric Association 2014).

In the United States, cataract surgery is relatively common, but it is also
expensive. Annually in the US, upwards of 1.4 million cataract operations are
performed which account for over two percent of the total Medicare budget
(Babizhayev et al., 2004). As the average population age within the US and the world
continues to increase, the number of cataract cases is expected to rise as well. Thus,
cataract surgery-related costs are predicted to increase in the U.S., and may not be
sufficiently offset by a decline in the total cost per surgery (Babizhayev et al., 2004).

Presently at least 35 independent loci are shown to be correlated with non-
syndromic or isolated cataract classically segregating as an autosomal dominant or
recessive trait with high penetrance worldwide (Rees et al. 2000; Sheils, A., Bennett,
T.M., and Hejtmancik, J.F., 2010). Historically, mapping and identification of
mutations that cause cataract has been a formidable challenge. Indeed, prior to 1997,
mutations in specific genes causing inherited human cataract had not been identified
(Reddy et al. 2004). However, with advances in genomics, including the completion of

the human genome project, several cataract-associated genes have now been



identified. Identification of genes associated with inherited cataract involves
karyotyping, linkage analysis, mapping and positional cloning of candidate gene or
mutation screening of candidate genes (Reddy et al. 2004).

Determining which mutations cause phenotypic variation is the fundamental
theme of genetic research (Reddy et al. 2004). Previously, traditional Sanger
sequencing, as well as using PCR products to detect rare variants are some of the
earlier methods utilized in genetic disease based studies. More recently microarray
capture technology has made large sequencing more efficient; however this type of
approach has limitations, specifically it depends on the specificity of primer design for
all capture probes (Mardis, E.R., 2008).

Whole genome sequencing has become more feasible due to the advent of next
generation sequencing technology. Whole genome sequencing for variant discovery is
faster and less expensive than using next generation sequencers with conventional
approaches (Mardis, E.R., 2008).

As the efficiency of these technologies increases, the massive data generated
by these high throughput technologies are accompanied by the challenge of the
interpretation of this data to establish genotype-phenotype correlations. Sequencing
analysis of personal human genomes has revealed that individuals differ from the
human genome reference sequence at 3.5 million SNPs on average. Furthermore
establishing the pathology of a sequencing variant can also be difficult since at times
single patients are used to try to establish a disease causing gene, but even within

families multiple variants will be present leaving several candidates for gene discovery



(Tang, N.L.S and Poon, T., 2014). This technology is accompanied by a high false
positive rate and this technique is unable to distinguish between a homologous
genomic regions or pseudogenes as well as large rearrangements and deletions. These
difficulties need to be addressed and resolved before this approach can be fully
implemented (Tang, N.L.S and Poon, T., 2014). Nevertheless, exome sequencing has
already impacted cataract gene discovery and has led to the identification of TRPM3
as a new human non-syndromic cataract gene as well new mutations in established
cataract genes GJAS8 and CRYGD (Bennett, TM 2014; Mackay, DS 2014). As more of
the genome gets functionally characterized, it will lead to a greater understanding of
genetic variation and will allow the effective interpretation of genomic data and its

correlation to human diseases such as cataract (Mardis, E.R., 2008).

10



1.3 Cell Types in the Lens
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Figure 4. Anatomy of the Adult Mammalian Lens. The mature lens contains three
main components, the epithelial cells, the fiber cells, and the capsule.
The epithelial cells (Epi) are found at the anterior portion of the lens
while fiber cells (Fib) found in the posterior portion account for the bulk
of the lens tissue. Epithelial cells proliferate in an area termed the
germinative zone and cells displaced below the equatorial region get
located in the transition zone where they respond to signals such as Fgfs
to differentiate into fiber cells. The elastic structural basement membrane
surrounding the lens is the capsule (gray), which encloses the epithelium
and the fibers. Fiber cells from apposing ends meet to form the anterior-
and posterior sutures (AS and PS). During fiber cell differentiation
nuclei (N) as well as other cellular structures are degraded. This process
forms the organelle free zone (OFZ). This zone consists of both primary
fiber cells (PF) as well as secondary fiber cells. (Figure acquired from
Shi, Y., et al. 2009)
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The lens contains two types of cells: (a) epithelial cells localized in the anterior
part, and (b) fiber cells localized in the posterior part of the lens (Bassnett et al., 2011;
Bassnett and Mataic, 1997). During embryonic development, cells within the
posterior portion of the lens vesicle begin to differentiate and elongate to fill the
vesicle and become primary fiber cells, while the anterior cells of the vesicle are the
epithelium of the lens (Lachke et al., 2011). Cells of the anterior epithelium serve as a
reservoir of cells that proliferate, and exit the cell cycle for differentiation of new fiber
cells, termed secondary fiber cells (Bassnett et al., 2011). Although during early lens
development proliferation occurs throughout the anterior epithelium of the lens, it is
increasingly restricted to a region of cells known as the germinative zone that is
located just above the lens equator, (Figure 4). As a result of the proliferative activity
in this zone, cells that get located below the equator are placed what is called as the
transition zone (Bassnett et al., 2011). In the transition zone, cells of the epithelium are
induced by signaling cues such as Fgfs to exit the cell cycle and begin differentiation
into secondary fiber cells (Zhao, HT et al. 2008).

As they differentiate, fiber cells assume an orientation in which their apical
regions face the apical portion of the anterior epithelium, and thus “invert” in
orientation (Cvekl, A and Ashery-Padan, R., 2014). As newer epithelial cells continue
to terminally differentiate into fiber cells, earlier differentiating fiber cells
progressively migrate toward the center of the lens. This differentiation processes
involves extensive cellular lengthening and eventually results in the apical-apical and

basal-basal regions of apposing cells to form coaxial rings in the center of the lens
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(Cvekl, A and Ashery-Padan, R., 2014). Furthermore, this unique differentiation
program involves the degradation of all cellular organelles and nuclei in terminally
differentiated fiber cells, an essential feature for lens transparency (Bassnett and
Mataic, 1997, Mathias et al., 2007).

Both lens anterior epithelial cells and differentiated fiber cells are polarized cell
types that have their basal membranes attached to the basement membrane. The lens
capsule, the biochemical matrix surrounding the lens and representing its outer most
layer, is smooth and transparent, and functions as the basement membrane. The
capsule is formed by epithelial cells of the lens and is essential for maintaining its
shape (Bassnett et al., 1999, Zampighi et al., 2000). The capsule is maintained by
membrane complexes and is critical for cell survival, differentiation, and the
homeostasis of the lens (Coulombre and Coulombre, 1963, Greenburg and Hay, 1982,

Bassnett et al., 1999)

1.4 Cellular Biology of the Ocular Lens

The characteristic cellular morphology of lens fiber cells is important not only
for the overall shape of the lens, but also its unique cell biology is essential for its
function to enable light to pass with minimum loss of photons as well as focus. During
their differentiation from epithelial cells, lens fiber cells undergo elongation,
migration, and extensive cellular remodeling. A genetic circuitry coordinates the
various molecular and cellular events that generate these profound changes in cellular

shape and length. These cellular events are precisely orchestrated through actin
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cytoskeletal reorganization, the generation of contractile forces, and cellular adhesive
interactions (Minko, A., 2002; Lee, A., et al., 2000; Nowak, RB et al., 2009).

Actin is a highly conserved cytoskeletal protein expressed as one of the most
abundant proteins within eukaryotic cells. In most cells, it comprises of around five to
ten percent of all cellular proteins and plays a central role in forming cytoskeletal
structures. There are two major forms of actin in the cell: Filamentous (F) and globular
(G) actin; however only filamentous actin is a major component of the cytoskeleton as
well as mediates internal motility. One of the hallmark transitions that denote fiber cell
differentiation is the increase in the ratio of F-actin to G-actin as the cytoskeleton
begins to form a discrete organizational pattern. Furthermore, actin is a major
component of stress fibers or complexes found in non-muscle cells, which consist of
actin filaments, crosslinking proteins, and myosin II motors, these fibers have been
found to play a critical role in cell adhesion as well as morphogenesis (Tojkander S.
Gateva, G and Lappalainen, P. 2012). Actin content as well as stress fiber formation
increases in cells along the elongating epithelium where fiber cell differentiation
begins, when compared to cells within the central epithelium where differentiation has
not been initiated (Ramackers, FCS; Boomkens, TR; Bloemendal, H; 1981;
Ramaekers, F; Jap, P; Mungyer, G; 1982; Mousa, GY and Trevithick, JR; 1979).

Actin filaments affect cells by influencing the re-organization of cell shape.
Actin has been shown to localize to the plasma membrane within elongating lens fiber
cells. Furthermore studies have shown that when actin localization is disrupted,

epithelial cells express fiber cell differentiation markers and therefore disrupt

14



differentiation; indicating a critical role actin plays in fiber cell differentiation (Mousa,
GY and Trevithick, JR.; 1977). Previous research has shown that disruption of the
actin cytoskeleton disturbs the epithelial elongation essential for fiber cell
differentiation; reiterating the significance of actin filaments for a reliable fiber cell
transition. This evidence supports the importance of actin cytoskeletal interactions
with adhesive connections to influence fiber cell differentiation (Mousa, GY and
Trevithick, JR., 1977; Iwig, M; Glaesser, D; Bethge, M; 1981). For instance, previous
research has shown that Src, Cortactin, EphA2, and F-actin function together in the
formation of the hexagonal shapes the form within fiber cells of the lens (Cheng, C, et
al. 2013). Furthermore, adherens junctions are particularly prominent at intersections
where fiber cells meet. These junctions have been shown previously to usually
correlate with the distribution of N-cadherin (Bassnett, S et al. 2011).

Actin function is regulated by its interaction with myosin II resulting in actin:
myosin complexes. These complexes are the main influence that direct cellular fate
between contractile ability of muscle cells to the formation of cell adhesions and
junctions. Myosin II forms bipolar filaments, which are able to contract with actin-
filament networks in the cytoplasm affecting membrane tension. This tension is
critical in the cellular shape and therefore its function (Bresnick, AR; 1999).

Some molecules including spectrin, actin, and tropomyosin have been shown to
be constitutively expressed as well as assembled onto the plasma membrane of both
undifferentiated and differentiated fiber cells (Woo, M. K et al.; 2000). However other

molecules including tropomodulin has shown to be expressed only after fiber cell
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differentiation begins. Both tropomodulin and tropomyosin, as well as other actin-
binding proteins stabilize tropomyosin—actin filaments by capping their pointed ends.
Capping proteins have been shown to function within the ends of actin filaments in
order to either stabilize the filaments or increase disassembly. Capping proteins such
as tropomodulin have also been hypothesized to affect the lengths actin filament.
(Rao, VP and Maddala, R 2006). These proteins are also associated with the spectrin-
actin membrane skeleton of lens fiber cells (Fowler, VM, 1994).

While some proteins including microtubules and intermediate filaments undergo
proteolysis during fiber cell differentiation, others proteins such as actin and
tropomysoin remain associated with the membrane and are not degraded during this
process. It is proposed that modifications of actin filament capping; which bind to the
fast-growing ends of actin filaments (barbed end), to inhibit the exchange of subunits
at these ends; are essential for remodeling of the lens membrane skeleton to maintain
plasma membrane integrity and transparency within the lens (Lee, A; Fischer, RS;
Fowler, VM; 2000; Woo, MK; Fowler, VM; 1994; Sussman, MA; McAvoy, JW;

Rudisill, M; et al; 2006). (Rao, PV and Maddala, R 2009).

1.5 Transcriptional Control of Lens Development

Functional analysis of several transcription regulator proteins that are
expressed in the presumptive eye region and called as eye-field transcription factors
(EFTFs) have shown these to be essential for eye formation in vertebrates (Cvekl and

Mitton, 2010; McCabe, KL and Bronner-Graser, M, 2009; Cvekl, A and Ashery-
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Padan, R 2014). These transcription factor gene families are present during eye
development and include: Pax, Six, Sox, Eya, Msx, Prox, and Pitx/Rieg. Specifically
for the lens, some of the highly conserved transcription factors (TFs) include Pax6,
Rax, Six3, and Lhx2 (Donner, A; Lachke SA, and Maas RL 2006; Heavner and Pevny
2012; Cvekl, A and Ashery-Padan, R 2014). These TFs participate in a regulatory
network operational within ectodermal cells to define and establish eye tissue
development. Beginning with their expression in the presumptive retinal ectoderm
(PRE), these transcription factors coordinately function with each other and signaling
molecules like Sonic hedgehog (Shh) to establish eye formation. Furthermore, human
mutations of many of these EFTFs have been shown to cause a spectrum of eye
malformation phenotypes, and mutations of these factors in mouse knockout models
result in animals with abnormal or no eyes (Lachke SA and Maas RL, 2010; Zuber et.
al. 2003; McCabe, KL and Bronner-Graser, M, 2009; Cvekl, A and Ashery-Padan, R
2014). EFTFs are critical for inducing the expression of downstream transcription
factors that operate within the lens development gene regulatory network (GRN)
(Donner et al. 2006; Lachke and Maas 2010; Cvekl, A and Ashery-Padan, R 2014).
EFTFs also function in the major signaling pathways that direct lens development.
Known as the “master regulator” of the eye development, Pax6 (Paired box 6)
encodes a highly conserved paired homeodomain transcription factor essential for eye
development in metazoans, and its deficiency in fruit fly, mouse or human results in
profound eye defects or the complete absence of eyes (Halder, G et al. 1995; Glaser, T

et al. 1994; Hill, RE et al. 1991; Cvekl, A and Ashery-Padan, R 2014). Ectopic
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expression of Pax6 in fly or vertebrate species results in the induction of ectopic eyes
(Halder, G et al. 1995; Chow, RL et al. 1999; Shaham, O et al. 2012). Heterozygous
mutations in Pax6 cause profound eye defects including aniridia (absence of iris) and
cataract in human, and “small eye” and cataract in mouse and rat (Hill et al., 1991;
Hogan et al., 1986; Matsuo et al., 1993). Pax6 homozygous null mutations in human
results in complete absence of eyes (anophthalmia) (Glaser, T et al. 1994), and in mice
cause an early onset defect in lens initiation that results in the absence of lens (Hill,
RE et al. 1991; Ashery-Padan et al., 2000). Pax6 is cooperatively regulated by
members of TALE transcription factors (TFs) including Meisl and Pknox1 (Rowan et
al., 2010; Zhang et al., 2002) as well as Six3, Sox2/Octl or by directly binding to its
own enhancer in a feedback loop (Donner et al., 2007; Liu et al., 2006; Cvekl, A and
Ashery-Padan, R 2014).

Conditional deletion of Pax6 from mouse lens tissue after lens vesicle stage
causes failure of lens epithelial cells to exit cell cycle and initiate fiber cell
differentiation. In addition to induction of lens fate, these findings are indicative of
Pax6 function in lens fiber cell differentiation (Huang et al., 2011; Shaham et al.,
2009). Pax6 interacts with other significant lens-enriched TFs including c-Maf, AP2a
and Sox2, as well as with non-lens specific TFs including pRb and TFIID (Cvekl &
Piatigorsky, 1996). These interactions partially explain Pax6 function in the lens that
ranges from regulation of other transcriptional regulators including Six3, c-Maf,

Prox1, transmembrane receptor molecules like a5B1 integrins, as well as structural
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proteins such as crystallins (Cvekl and Piatigorsky, 1996, Ashery-Padan et al., 2000;
Goudreau et al., 2002; Sakai et al., 2001, Duncan et al., 2000).

Pax6 regulates other transcriptional factors including Sox11 and AP-2a that are
essential for lens placode invagination and lens vesicle separation (Pontoriero et al
2008, Wurm et al. 2008) as well as Pitx3, which is essential for the maintenance of the
anterior epithelium of the lens (AEL) (Ho et al. 2009). Additionally Pax6 controls yet
another transcription factor Mab2111, which regulates Foxe3 that in turn negatively
controls expression of a fiber cell-enriched transcription factor Prox1 (Blixt et al.
2000, Yamada et al, 2003).

Another critical transcription factor that assists in lens fiber cell differentiation;
Prox1 is expressed in the lens placode and eventually the lens vesicle early on during
lens development. Prox1 regulates transcription of gamma-crystallins as well as cell
cycle inhibitors p27KIP1 and p57KIP2, both of which inhibit cell cycle kinase
proteins to promote fiber cell differentiation (Duncan et al. 2002). ProxI germline
knockout mouse mutants exhibit lens fiber cell elongation defect (Wigle et al., 1999).

Similar to Prox1, Sox1 also regulates transcription of gamma-crystallins
(Nishiguchi, S et al. 1998). Sox1 belongs to the Sox-family of transcription factors and
when deleted in mouse models, Sox1 null mutants exhibit lens defects including mis-
expression of Pax6 in fiber cells (Donner et al. 2007). Further, mutations in the large
Maf family transcription factor gene MAF (c-Maf) are associated with human juvenile
cataracts (Jamieson, RV et al. 2002) and mouse mutants exhibit profound lens defects

with mis-regulation of gamma-crystallin genes (Kim, JI et al. 1999). Finally, another
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transcription factor Hsf4 has been shown to control y-crystallin expression in lens and
null mouse mutants exhibit down-regulation of Dl/ad (Dnase2b), which encodes a
DNase that is essential for degradation of fiber cell nuclei during fiber cell
differentiation (Shi, X. et al. 2009; Cui, X. et al., 2013; Lv, H. et al., 2014). These
findings indicate Hsf4 functions in fiber cell differentiation and homeostasis. Indeed,
mutations in human HSF4 cause congenital cataract, as do Hsf4 null mouse mutants
(Cuietal., 2012; Yietal., 2011).

Together, Pax6, Six3, Sox2/Octl, Meisl, Pknox1, Mab21l1, Foxe3, Pitx3, c-
Maf, Proxl1, SoxI, and Hsf4 have critical functions in lens development and
homeostasis (Cvekl, A et al. 2004; Lv, H. et al., 2014; Cvekl, A and Ashery-Padan, R
2014). Thus, while function of signaling molecules and transcription factors are well
defined, the significance of a different functional class of regulatory molecules, which
participate in post-transcriptional control of gene expression, remains relatively
uncharacterized in the eye and lens development (Taube, JR et al. 2002; (Harocopos

GJ et al. 1998).

20



1 Gygopusd
I ] 1
)

Pax6 Lens Placode Expression CREs

TG

PLE

) omle Q|
{ Pax6 @@

i E A G A
¢ Qf Notch1 '@ [ Goxe” =

X I,
(D—
{D—

& é%\ @ — ] % AP-23
® ) 7 ﬁ[’ 15111 ’- & S
0 $.God? W W GO

Pdgfra @ @ @ i[) iﬂ % ?
* P lp

Figure 5. Circuitry of Early Mammalian Lens Development. Signals from the optic
vesicle (OV) induce other regulatory molecules in the presumptive lens
ectoderm (PLE), which then bind to multiple cis-regulatory elements
(CREs) to induce the placodal expression of Pax6 (Pax6LP). Asthe PLE
develops into the lens pit (LPt), Pax6LP turns on the necessary
transcription factor cascade and circuitry required for lens formation.
Pax6LP, Six3LP, and Sox2LP indicate the expression of these genes in
stages following lens placode induction. Hatches in lines are to indicate
the interaction may have more intermediate steps. Figure modified from
Lachke and Maas 2010.



1.6 Post-Transcriptional Control in the Lens

Our understanding of the molecular biology of eye development has grown
immensely in the past twenty years (Cvekl A and Ashery-Padan R, 2014). This is
largely due to use of various model organisms to investigate gene function and the
application of genomics-level technologies such as microarrays and high-throughput
sequencing. From these studies, it does not come as a surprise that several
transcriptional regulators associated with ocular disease have been shown to function
in orchestrating the development of this complex multi-component sensory organ
(Lachke & Maas 2010). Through these efforts, we have gained a detailed
understanding of transcription factor proteins that initiate gene transcription.
Excitingly, breakthroughs within the past decade are now beginning to point to a
previously underappreciated role for non-coding RNA and RNA binding proteins
(RBPs) in mediating post-transcriptional control (PTC) mechanisms for controlling
gene expression (Eddy 2001; Sanchez-Diaz, P and Penalva, LOF 2006; Keene, JD
2007; Gliaovic, T et al. 2008; Licatolosi, DD and Darnell RB 2010; Cirillo, D et al.
2014).

In eukaryotic cells, several different types of RNA (mRNA, miRNA, tRNA,
rRNA) molecules are transcribed in the nucleus and undergo extensive modifications
by molecular mechanistic events that offer opportunities for mediating regulatory

control (Figure 6). For example, generation of mature mRNA involves diverse and
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multiple regulatory mechanisms that include 5’-end capping, splicing, RNA
modification, and 3’ cleavage and polyadenylation before their exit from the nucleus
and being available for translation. Exit of mature mRNAs from the nucleus through
the nuclear pores involves the binding of RNA-binding proteins. Once transported out
of the nucleus these mRNAs are directed to specific cellular locations where they are
translated. These events as well as inherent cis-sequences in the 5 and 3’ untranslated
region (UTR) of mRNAs influence the timing and extent of their translation into
protein, as well as their stability. These diverse molecular events are representative of
opportunities where post-transcriptional control (PTC) functions to produce a diverse
and dynamic pool of proteins, thus generating complexity in the proteome of a cell
(Figure 6). Thus PTC mechanisms give an additional means for cellular gene
regulation, beyond transcriptional control, and need to be investigated in as much

detail as transcriptional mechanisms.
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Figure 6. Post-Transcriptional Gene Control. As RNA is transcribed in the nucleus,
the resulting transcripts are processed and modified in distinct steps. For
simplicity, I focus on the life of mMRNA molecules. During transcription,
small RNAs and RNA binding proteins bind to the pre-mRNA molecules

to facilitate proper splicing events, as well as in cleavage and

polyadenylation. A mature mRNA molecule must contain a 5’-cap,
correct splicing signals, a poly-A tail, as well as polyA-binding proteins,
and other RNA-binding proteins, in order to be successfully transported
out of the nucleus. RNA-binding proteins also function in the correct
localization of the mRNA within the cell. Furthermore, RNA-binding
proteins can also influence the rate of translation of mRNA molecules by
regulating both the stability as well as the degradation of mRNAs within

the cell.

1.6.1 Alternative Splicing in the Lens

More than ninety percent of human muti-exon genes undergo alternative

splicing and it is estimated that greater than 100,000 intermediate to high frequency
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splicing events occur in major human cells (Pan, Q. et. al. 2008). Alternative splicing
increases the diversity of gene products encoded by the genome and alternatively
spliced forms of a single gene can control cell fate (Black, 2003). Although the list of
molecules controlling splicing in cells continues to expand, our understanding of how
individual splice variants function in controlling cell fate and homeostasis is
comparatively limited (Black, 2003).

Alternative splicing of the Pax6 transcript controls the specific DNA-binding
properties of the resulting encoded protein. In the developing lens, two different splice
forms of Pax6 have been detected (Epstein et. al. 1994). These splice variants, known
as Pax6 and Pax6(5a) result in two different isoforms. The Pax6(5a) protein retains a
portion of the paired domain that is spliced out in the canonical Pax6 isoform. This
results in a change in the DNA-binding specificity of the two Pax6 isoforms with the
consensus of Pax6(5a) being 5aCON while the consensus of Pax6 being POCON,
(Epstein et. a. 1994), thus expanding the range of target cis-regulatory sequences
controlled by this transcription factor in lens tissue.

Both Pax6 and Pax6(5a) are detected in equimolar ratios in the adult human
lens epithelia and fiber cells, although both are expressed at higher levels in the lens
epithelium. The inference derived from these findings suggests that these two different
isoforms of Pax6 function to regulate specific and non-overlapping target genes
(Zhang et. al. 2001). These finding are consistent with other studies showing that the
over-expression of the splice variant PAX6(5a) could cause congenital cataract

(Duncan MK et al 2000; Ducan MK 2004).

25



Unlike Pax6, which functions as a transcription factor, Calpains are a family of
calcium dependent cysteine proteases (Croall and Ersfeld 2007). Calpains can target
many different types of proteins including receptors, cytoskeletal proteins, ion
channels, and signal transduction proteins (Liu and Schnellmann, 2003, Sato and
Kawashima, 2001, Hell et. al. 1996, bi et. al. 1996). Calpain-3, once thought to show
muscle specific expression was found to have a specific splice variant, Lp82 found
exclusively in the murine lens (Ma et. al. 1998). Lp82 lacks the IS1 and IS2 regions
found in the muscle-specific Calpain, p94, and harbors an alternate N-terminus. These
alternate regions have to been shown to contribute to the stability and function of
Calpains in the lens (Hong et. al. 2000). More recently Calpain-3 has also been shown
to be critical for fiber cell differentiation, including the remodeling of the cytoskeleton
and membrane (De Maria et. al. 2009). Additionally, Lp82 has been shown to regulate
other Calpain species and cascades, which could be significant to cataract formation
(Fukiage et. al. 2002).

Additionally, efforts on understanding some of the features shared between
lens fiber cells and neuronal cells, such as an elongated cellular morphology, have led
some researchers to investigate splicing events and splice variants shared between
these diverse cell types (Frederikse et. al. 2012, Bitel, et. al. 2010, Frederikse et al.
2012). Interestingly, what were once considered as “brain specific” splice variants of
specific genes have been detected in the lens (Bitel et. al. 2011, Frederikse et. al. 2012,
Bitel et. al. 2010). Examples include the neuronal polypyrimideine tract binding

(nPTB) protein as well as other neuronal specific splice forms of REST/NRSF,
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REST4 found in both neurons and lens tissues. Further studies are needed to
understand the significance of these neuronal splice forms in the lens (Bitel et. al.

2010).

1.6.2 miRNA Function in the Lens

MicroRNAs (miRNAs) are small non-coding RNAs, usually around 21
nucleotides long that bind imperfectly to the 3’ untranslated regions of target mRNAs
(Zamore and Haley 2005, (Filipowicz et. al. 2008). After binding, miRNAs are able to
influence gene expression by altering the mRNA’s stability or translation into protein
(Valencia-Sanchez et. a. 2006, Paillai, et. a. 2007). miRNAs have been found to play
key roles in the most basic biological processes including development (Wienholds et.
al. 2003) and many miRNAs play critical roles within the pathogenesis of many
diseases (Couzin 2008, Meola et. al. 2009).

miRNAs are first transcribed either by specific miRNA genes or as part of
introns of protein-coding genes. (Filipowicz et. al. 2008, Bushati and Cohen 2007,
Rana 2007, Du and Zamore 2005). Once transcribed, these pri-miRNA then fold into
imperfectly paired double-stranded RNA (dsRNA) hairpins. Then the endonuclease
Drosha and the DGCRS proteins further process and cleave these pri-miRNAs to the
7-nucleotide hairpin form known as pre-miRNAs. These pre-miRNAs can be exported
out of the nucleus via Exportin5 (Filipowicz et. al. 2008, Bushati and Cohen 2007,
Rana 2007, Du and Zamore 2005). Once these pre-miRNAs make it to the cytoplasm,

they are then cleaved again by the protein Dicer and TRBP (TAR RNA binding
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protein) to produce miRNAs of around 20 nucleotides bound together in a duplex.
From this duplex, one strand is selected as the mature miRNA and the other strand is
degraded, although in some rare cases both strands could function as mature miRNAs
(Filipowicz et. al. 2008, Bushati and Cohen 2007, Rana 2007, Du and Zamore 2005).

Once these miRNAs become mature, they are able to join with
ribonucleoprotein complexes called micro-RNPs or miRNA-induced silencing
complexes (miRISCs). The association of the miRNAs and these various complexes is
a transient process, usually influenced by the pre-miRNA processing functions of
Dicer (Filipowicz et. al. 2008, Bushati and Cohen 2007, Rana 2007, Du and Zamore
2005). However, miRNPs primarily contain proteins of the Argonaute (AGO) family.
In mammalian systems, Argonaute proteins, partner with mature miRNAs and
function in mRNA repression through. Only AGO?2 is able to function in RNA
interference (RNA1), which actually cleaves mRNA at the center of the miRNA-
mRNA duplex and leads to mRNA degradation (Filipowicz et. al. 2008, Peters and
Meister 2007, Rana 2007). These small non-coding RNAs have been shown to play a
crucial role in many cellular processes as well as helping to regulate tissue specificity
(Filipowicz, et. al. 2007, Wienholds et. al. 2003, Zhao et. al. 2007). The lens is no
exception and current research is beginning to illuminate the roles of these miRNAs
and their composite proteins (Li and Piatigorsky 2009, Frederikse et. al. 2006).

Dicer as well miRNAs were shown to be present within the lens (Frederikse et.
al 2006). Dicer is expressed during embryonic and early postnatal stages in elongating

fiber cells, differentiation cells, as well as epithelial cells. Dicer staining in rat lenses
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seemed to coordinate with nuclear expression. However, in adult lenses, Dicer was
only strongly detected in the epithelium of the lens and cells that had not undergone
fiber cell differentiation (Frederikse et. a. 2006). Conditional mouse knock-out via the
Pax6 ectoderm enhancer (EE) (Williams, SC. et al. 1998; Dimanling et. al. 2001,) of
Dicer in the cornea and lens was shown to cause microphthalmia (Li and Piatigorsky
2009). Furthermore lens degeneration began around E14.5 and by birth, knock-out
mice exhibited aphakia. These results signify that Dicer plays a critical role in lens
development and homeostasis (Li and Piatigorsky 2009).

Several other miRNAs are associated with lens development and homeostasis
(Nakamura et. al. 2010, Tsonis et. al. 2007, Tian et. al. 2010, Peng et. al. 2012,
Hoffmann et. al. 2012, Wu et. al. 2012). Although several miRNAs are expressed in
the lens, a select few have been studied in detail, which include miR-184 and miR-
204. Other miRNAs associated with the lens include: miR-124, mir-125, and the let7
family of miRNAs.

miR-184 represents one of the best characterized miRNA in the lens. It was
first detected in the lens epithelium, specifically in the germinative zone, with less
consistent expression seen in the anterior region of the epithelium or in fiber cells
(Ryan et. al. 2006). miR-184 was shown to target Bin3, which is important in the lens
as its deletion in mouse mutants (Bin3-/-) causes cataracts (Tian et. al. 2010,
Ramalingam 2008). It is important to note however, that miR-184 is not exclusively
expressed in the lens. Its expression has also been demonstrated in the retina, cornea,

and cilliary body/iris tissues (Karali, M. et. al. 2010).
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miR-184 has recently been linked with cataracts (Wu, C. 2012, Hoffmann, A.
2012). When comparing transparent and cataract lenses miR-184 was one of the top
eight differentially expressed miRNAs (Wu. et. al. 2012). Furthermore, it was shown
that changes in the seed sequence (the region of miRNA that binds imperfectly to the
3’UTR of target mRNAs) of miR-184 causes severe familial keratoconus as well as
early-onset polar cataracts (Hughes, AE et. al. 2011). Additionally, miR-184 was also
unregulated after cataract surgery (Hoffmann, A. et. al. 2012). Further work is
necessary to illustrate the full significance of miR-184 in PTC in the lens.

Another miRNA, miR-204, is expressed throughout the anterior epithelial
cells, within the germinative zone, as well as weakly in the fiber cells, in adult murine
lenses (Ryan et. a. 2006). Studies have also identified a potential role for miR-204 in
cataract pathogenesis (Conte et. al. 2010). Interestingly, studies in medaka fish
indicate that miR-204 is highly expressed in the lens as well as in other ocular tissue
components, is necessary for lens and optic cup development. Furthermore, miR-204
misregulation caused fissure coloboma (Shaham, O et al. 2013). Additionally, miR-
204 regulates Meis2 (Conte et. al. 2010), which itself is implicated in the control of
Pax6 expression in early lens development (Zhang et. al. 2002). Similar to miR-184,
differential expression of miR-204 was observed in secondary cataract and it was also
found to be downregulated after cataract surgery (Hoffmann et. al. 2012). Thus, future
work on miRNAs in the lens will further elucidate their function in PTC in the

development and homeostasis of this tissue.
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1.6.3 RNA Binding Proteins in the Lens

Similar to microRNA, RNA binding proteins regulate PTC via control of RNA
expression and metabolism. Various RNA-protein complexes such as RNA granules
function with RNA-binding proteins to implement PTC. Cytoplasmic RNA granules
are ribonucleoprotein (RNP) complexes detected in eukaryotic cellular cytoplasm that
can function in controlling mRNA via localization, stabilization, and degradation
(Lachke and Maas 2011, Anderson and Kedersha 2009, Buchan and Parker 2009,
Thomas et. al 2011, Parker and Sheth 2007; Buchan, JR 2014; Ramaswami, M et al.
2013). RNA granules are classified into several different classes as follows:
processing bodies (PBs), stress granules (SGs), transport RNP particles, and germ cell-
specific granules (GCGs). Transport RNA granules have been previously
characterized in many different cell types including neurons and fibroblasts and
function in the transport and localization of mRNA within cells (Oleynikov and Singer
2003; Buchan, JR 2014; Ramaswami, M et al. 2013). On the other hand, GCGs are
RNA granules that are detected exclusively in the cytoplasm of germ cells and are
essential for spermiogenesis (Kotaja and Sassone-Corsi 2007; Voronia et. al 2011;
Ramaswami, M et al. 2013). Another class of RNA granules is the Processing bodies
(P-bodies) that are constitutively expressed and are associated with mRNA decay. P-
body components include decapping enzymes as well as exonucleases (Kedersha and
Anderson 2007). Finally, RNA granules that are induced by stress are termed Stress

Granules (SGs). SGs mainly contain preinitiation complexes, mRNA, as well as small
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ribosomal subunits and their associated initiation factors, and function to mediate
translation of heat shock proteins (Kedersha and Anderson 2007; Roucou, X 2009).

The present model for the metabolism of cytoplasmic mRNA, the mRNA
cycle, includes activity of both SGs and P-bodies. It is hypothesized that transcripts
are concentrated into these mRNPs and then targeted to either stress granules or P-
bodies based on the specific cellular condition. From these sites, the mRNAs are fated
for either storage or degradation (Olszewska et. al 2012; Roucou, X 2009).
Furthermore, both these granules have been shown to interact within the RNA-induced
silencing complex and proteins such as Argonaute 2, although the significance of these
interactions is not yet understood (Pare et a. 2011; Roucou, X 2009). Interestingly,
some of these granules are known to interact with other granules as well as cellular
components such as mitochondria, and it has been proposed that there is a symbiotic
relationship between the efficiency of RNAI, P-bodies, and mitochondria (Ernoult-
Lange et. al 2012; Roucou, X 2009).

RNA and RNA-binding proteins have recently arrived at the forefront in lens
research (Duncan 2011). Because of their functional diversity, these regulatory
molecules can be hypothesized to function in meeting the various challenges that are
presented in differentiation of lens fiber cells. It is possible that the characteristic
proteome of lens fiber cells is achievable due to action of RNA granules. For example,
in a highly crystallin mRNA-rich transcriptome, fiber cells manage to translate
sufficient quantities of proteins from relatively low expressed mRNAs such as

transcription factors and signaling molecules, which may involve a role for RNA
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granules. Perhaps specific RNA granules may function to extend the life of lens-
specific mRNAs by directly binding and shielding them from decay mechanisms,
thereby controlling their stability in the lens (Duncan 2011, Lachke et. al 2011).

Given that during fiber cell differentiation, nuclei eventually degrade and transcription
ceases, such mechanism may operate to temporally and precisely couple transcription
and translation of fiber cell transcripts prior to this terminal event. Moreover, it can be
further hypothesized that because the fiber cell environment has unusually high
amounts of crystallin proteins, it may necessitate a function for transport RNA
granules in transport of mRNAs to specific locations within these elongated cells.

In addition to RNA granule components, several types of RNA-binding
proteins are identified in the lens and include some that were previously classified as
“neuronal specific” proteins. For example, nPTB (neuronal polypyrimidine tract
binding protein) is an RNA-binding protein that was previously characterized in
association with neuronal differentiation and elongation, and recently has also been
detected in differentiating fiber cells (Bitel et. al 2010). Additionally, two proteins of
the Fox-1 family of RNA binding proteins, Fox-1 and Fox-2, have also shown to
exhibit their neuron-expressed splice variants in the lens.

Several neuronal ELAV family proteins HuB, HuC, and HuD are also present
in post-mitotic lens fiber cells, suggesting a potential overlap in some regulatory
aspect between lenses and neurons (Bitel et. al 2010). Further investigation into the
function of HuB, HuC, and HuD in lens cells could give new insight into splicing,

RNA metabolism, and translation (Hinman and Lou 2008; Frederikse et. al 2012).
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Other types of proteins have been associated with RNA-binding as well as
RNA granules, but have not yet been characterized in the lens. These include the
RNA-binding protein Musashi-1 (encoded by Msi/) that is present in the equatorial
region of the lens, as well as differentiated fiber cells (Raji et. al 2007). Based on its
expression it was speculated that Msi/ functions in lens fiber cell differentiation (Raji
et. al 2007). Furthermore Caprin2, an RNA granule associated protein also exhibits
high expression in lens fiber cells, and is implicated in the FGF signaling (Loren, CE
et al. 2009).

TDRDY7 represents the first RNA-binding protein encoding gene that is directly
linked with cataract in human, mouse and chicken. Tdrd7 is a Tudor domain protein,
the founding member of which is the Drosophila Tudor. Tdrd7 contains three
LOTUS/OST-HTH (Oskar Tudor-Helix Turn Helix) domains near its N-terminus and
three Tudor Domains distributed through the remainder of the protein. While the
LOTUS/OST-HTH domains are predicted to interact with double-stranded RNA, the
Tudor domains are considered to interact with methylated arginine residues within
other proteins (Lachke and Maas 2011). Tdrd7 exhibits highly enriched expression in
lens fiber cells where it forms Tdrd7-RNA granules that co-localize with other RNA
binding proteins like Staufenl in lens fiber cells (Lachke et. al 2011). TDRD7
mutations or haploinsufficiency in human patients were linked to congenital or
pediatric cataract, respectively. Further, Tdrd7 nullizygosity in mouse (Tdrd7°"™

mutant mice, identified in an N-ethyl-N-nitrosourea-induced recessive null allele
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mutation in 7drd?7), or its knock-down in chicken lenses, was shown to cause

cataracts, (Lachke et al 2011, Lachke and Maas 2011).

1.7 Tudor Domain Proteins in Cell Differentiation

The Tudor gene was first discovered in a screen for maternal factors that
regulate embryonic development or fertility in Drosophila melanogaster (Boswell and
Mahowald, 1985). The Tudor domain is a highly conserved protein structural motif
consisting of around sixty amino acids and is associated with a bent anti-parallel beta-
sheet composed of five beta-strands with a barrel-like fold (Sprangers et al. 2003).
Tudor domains recognize and bind to methylated lysine or arginine residues within
other target proteins and facilitate the assembly of protein complexes (Friber, et al.,
2009; Liu et al, 2010a, Liu et al., 2010b). Additionally, Tudor domain proteins are
implicated in splicing, small RNA metabolism, histone modifications, and DNA
damage (Ponting, 1997; Callebaut and Mornon, 1997). Tudor domain proteins also
function as molecular adaptors, assisting to scaffold together molecular complexes
(Pek, J.W. et al., 2012). Recent studies have indicated an important function of Tudor
proteins in maintaining genomic stability in gametes via regulation of piRNA
pathways.

Piwi-interacting RNAs (piRNAs) belong to a class of small non-coding RNAs
that are largely described in context of their function in transposon silencing during
germline development (Aravin et al. 2007). piRNAs are 24-32 nucleotides in length

and abundantly expressed in the testes. Interestingly, piRNA genes exhibit a distinct
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clustering pattern within the genome. Although piRNA genes are predominantly
grouped in 20-90 kilobase clusters and can be transcribed bidirectionally, majority of
them are derived from one strand of DNA (Girard et al., 2006). piRNAs interact with
the PIWI subfamily of Argonaute proteins (Somi, M.C., et al. 2011, Ross et al., 2014).
Piwi proteins are highly conserved from invertebrates to mammals. Specifically the
mouse genome encodes MIWI, MILI, and MIWI2, analogous to the Drosophila Piwi,
Aubergine and Argonaute3. All of these proteins have the potential to be methylated at
specific arginine residues, suggesting the possibility that they are targets of Tudor
domain proteins (Chen et al. 2009; Kirino et al., 2009 Liu et al., 2010a, Liu et al.,
2010b, Nishida et al., 2009; Vagin et al. 2009).

Some of the factors required for piRNA production found in Drosophilla
include: Zucchini (zuc) and armitage (armi) in ovarian stroma and
Vasa, maelstrom (mael), krimper(krimp), armi, and spindle-E (spn-E) in testes (Haase
et al.,2010; Olivieri et al., 2010; Saito et al., 2010). Primary piRNAs are mostly
antisense to transposon mRNAs, and usually show a bias for the uracil at the 5° end;
these piRNAs are then in turn loaded onto other proteins Aub and Piwi (Li et
al., 2009; Malone et al., 2009). Although thorough understanding of the piRNA
biogenesis factors is still elusive today, cytoplasmic granule structures called nuage
and Yb bodies are considered to represent the sub-cellular locations for piRNA
biogenesis (Findley et al., 2003; Lim and Kai, 2007; Olivieri et al., 2010; Saito et

al.,2010; Qi et al., 2011). Contrasting to other known piRNA associated factors, Zuc is
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localized to the mitochondria (Olivieri et al., 2010, Saito et al., 2010). The implication
of mitochondrial localization of Zuc to the biogenesis of piRNA is presently unknown.

Germline cells of animals contain characteristic cytoplasmic structures called
the nuage or germinal granules, which is a ribonucleoprotein complex. In postnatal
male mice, the nuage is termed the intermitochondrial cement or chromatid bodies.
Several Tdrd-family proteins are components of the nuage. The dynamic localization
of these proteins during development suggest that Tdrd proteins are involved in the
molecular rearrangement of the nuage.

Tdrd7 is essential for post-meiotic sperm development, and its interaction with
Tdrd6 is critical for the biogenesis of chromatoid bodies. Mouse knockout
experiments on single and double nullizygous of Tdrd7 and Tdrd6 indicate the
function of proteins in the remodeling of chromatoid bodies. This includes the initial
establishment of the chromatoid bodies, as well as RNP fusion with ubiquitous
Processing bodies (P-bodies) or GW bodies. Furthermore, it has been found that Tdrd7
specifically suppresses LINEI retrotransposons independently of piRNA biogenesis in
mice (Tanaka et al. 2011).

Although other Tudor domains have been shown to function in the regulation
of splicing, histone modifications, and DNA damage control, the mechanisms that
Tdrd family proteins are involved with, outside the germline, have not yet been
discerned. Although Tdrd7 forms RNA-granules in lens fiber cells, and are directly
associated with cataracts in human, mouse and chicken, details of Tdrd7 function in

the lens are not yet identified.
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1.8 iSyTE: integrated Systems Tool for Eye gene Discovery

Despite significant advances of genomics-level approaches and the advent of
new technologies including high-throughput sequencing of nucleic acids, the
identification of genes associated with congenital defects including eye defects
remains challenging. For example, in human and mice, the identification of genetic
mutations that are associated with cataract formation involves numerous steps
including genetic mapping, linkage analysis, and sequencing. While other approaches
involving mutational analysis on animal models can be performed, these are time
consuming as well, mainly because there is no straightforward approach to prioritize
high-priority genes from a list of candidate genes identified in these methods.

Recently it was hypothesized that mouse tissue-specific developmental gene
expression patterns could inform on the prioritization and identification of congenital
structural birth defect genes in humans, especially in non-syndromic cases. A novel
bioinformatics tool iSyTE (integrated Systems Tool for Eye gene discovery,
http://bioinformatics.udel.edu/Research/iSyTE) was developed by Lachke et al. (2012)
that applied mouse lens embryonic gene expression patterns based on microarrays to
prioritize and identify cataract candidate genes. The first published version of iSyTE
was based on three stages in lens development (E10.5, E11.5, and E12.5) when the
lens transitions from the lens placode stage through the initiation of primary fiber cell
differentiation stage.

To specifically identify genes with lens-enriched expression, iSyTE depends on

a comparative analysis called “in silico subtraction” in which lens microarray datasets

38



are compared to whole body embryonic tissue (WB) reference dataset. The WB
dataset is a representative of averaged gene expression profiles across embryonic
tissues. Thus, comparisons to WB result in efficient identification of genes not just
expressed in the lens, but rather, which exhibit lens-enriched expression. Based on
high lens-enrichment scores, iSy7TE-mediated gene discovery is based on the
hypothesis that significantly high tissue-enriched gene expression may be reflective of
potential function for the gene in that tissue. Thus, the list of genes ranked based on
their lens-enrichment scores is the central theme of the iSyTE database (Lachke and
Maas 2012).

The efficacy of iSyTE was tested in a retrospective analysis of known human
non-syndromic cataract genes. This involved analysis of 24 originally mapped
genomic intervals that contain the causative gene among several tens (or hundreds) of
potential candidates associated with non-syndromic congenital cataract. Of the 24
intervals tested, iSyTE was able to correctly identify the mutant gene among the top
two candidates genes within the original mapped interval with ~90% efficacy (21/24).
Significantly, the mapped intervals averaged 12.3 Mb and encompassed an average of
80 genes. Furthermore, in addition to highly expressed and enriched Crystallin protein
encoding genes, iSyTE also readily identifies other important genes (FOXE3, HSF4,
MAF, PAX6, and LIM?) that are not as highly expressed, but are highly enriched in the
lens.

In addition to its efficacy in this retrospective analysis, iSyTE has proved over

the past three years to be successful in prospective analysis in identifying novel genes
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associated with cataract. In the first of its prospective analysis, iSyTE correctly
identified TDRD?7 as the highest priority candidate gene among 108 candidates in a
~10-Mb interval mapped in a case of pediatric cataract. Later, independent human
mutations in 7DRD?7 were identified in a consanguineous family with recessive
inherited congenital cataract. Since these findings, iSyTFE has greatly expedited gene
discovery in the lens, leading to the identification of several new cataract-associated
genes (Pvrl3, Sepl5, MafG, MafK, CelfI) and has contributed to the understanding of
many other important regulatory pathways in the context of lens biology (e.g. Sip1,
CBP, p300, Caprin2, Zbtb8b etc.) (Lachke Science, 2011; Kasaikina,. 2011; Lachke
2012; Wolf', 2013; Manthey, 2014). These findings indicate the significance of iSyTE

as an effective tool for identifying genes associated with lens biology and cataract.
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Interval No. iSyTE
Gene Chr Size (Mb) Genes Rank Reference

BFSPI 20 5.43 22 1 16
BFSP2 3 17.88 106 1 17
CHMP4B 20 3.03 43 34 18
CRYAAI 21 2.79 37 1 19
CRYAB 11 21.08 99 1 20
CRYBAI 17 15.20 129 1 21
CRYBA4 22 0.40 6 1 22
CRYBBI 22 2.54 21 2 23
CRYBB2 22 1.47 5 2 24
CRYBB3 22 3.76 31 1 25
CRYGC 2 32.97 129 1 26
CRYGD 2 32.97 129 2 26
CRYGS 3 2.76 31 1 27
EPHA2 1 5.75 67 1 28
FYCO1 3 12.21 191 21 29
GCNT2 6 5.26 21 7 30
GJA3 13 8.69 50 1 31
GJA8 1 46.04 299 1 32
HSF4 16 11.41 102 2 5
*LIM2 19 6.71 103 1 34
MAF 16 5.01 18 1 35
MIP 12 24.00 144 1 36
PXDN 2 6.68 18 1 37
TDRD7 9 21.08 108 1 38

Figure 7. iSyTE rank for known genes linked to congenital non-syndromic cataract in
humans. Majority of the genes (88%) are scored as the number 1 or 2
candidate gene from several within the originally mapped interval
(Lachke SA et al., 2012).
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1.9 Mutations in Tdrd7 Cause Juvenile Cataracts

Although transcriptional regulation of gene expression in lens development is
well defined, the significance of post-transcriptional control of gene expression
remains relatively uncharacterized. Furthermore, although RNA granules are critical in
post-transcriptional control, their function in mammalian development and
organogenesis has not been explored. Tdrd7 is a component of RNA granules in the
sperm and lens. Furthermore, Tdrd7 nullizygosity in mouse causes cataracts and
spermiogenesis defects (Lachke et al. 2011).

In humans, TDRD7 deficiency causes cataracts in two separate pediatric cases.
The first case was ascertained through the Developmental Genome Anatomy Project

(DGAP, www.bwhpathology.org/dgap), which was of a male patient designated

DGAP186 presented with juvenile cataract and hypospadias had a de novo balanced
paracentric inversion of chromosome 9, 46, XY, inv(9)(q22.33a34.11). This
breakpoint disrupted TDRD?7 and caused reduced expression of the gene in patient
lymphoblastoid cells, suggestive of TDRD?7 haploinsufficiency (Lachke et al. 2011).
The second independent case of human congenital cataracts involved four
siblings that inherited an in-frame triplet deletion mutation in 7DRD?7, which was
inherited in an autosomal recessive manner within a consanguineous family.
Sequencing confirmed the novel in-frame three base-pair deletion, which is predicted
to lead to the deletion of an amino acid V618 that is conserved from fish to human.

This variant was not detected in over 300 ethnically matched controls and was
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predicted to disrupt TDRD7 protein structure and therefore considered likely to
represent a loss of function mutation (Lachke et al. 2011).

Recently, a study examined 7DRD7 polymorphisms in age related cataract in
human patients. Five single nucleotide polymorphisms (SNPs) were identified within
the TDRD?7 gene and one SNP, rs10981985, was found to be associated with age
related cataract in dominant and allele dose genetic models. SNP, rs10981985 was
found in the 5’ flanking region of Tdrd7 where two transcription factors were
predicted to interact with it: HSF2: Heat shock factor protein 2, and LYF-1:
lymphocyte-specific DNA-binding protein. The rs10981985 A allele, was found to be
lower in patients with cortical age related cataract compared to control subjects. This
led the authors to hypothesize that the rs10981985 G to A polymorphism could have a
protective effect within the Han Chinese population (Zheng, C. et al. 2013).

Considering these data, I hypothesized that Tdrd7 has an essential function in
post-transcriptional control of gene expression in the mammalian lens. The specific
aims of my Master’s thesis tested this hypothesis by performing detailed phenotypic
and molecular characterization of the lens tissue in the 7drd7-/- germline targeted
knockout mouse mutant. The 7drd7 deletion mutant mice used in this thesis were
generated by Dr. Shinichiro Chuma’s group (Kyoto University, Japan) and represent
an independently derived 7drd7 null mouse mutant model in addition to the ENU
mutagenesis line originally reported in Lachke et al. (2011). Thus, this thesis focused
on characterization of ocular defects in this 7drd7-/- germline targeted knockout

mouse mutants.
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This thesis describes a multi-disciplinary experimental approach to gain novel
insights into the molecular and cellular basis of the lens pathology exhibited in 7drd7-
/- mutants. This research has led to the identification of a novel Tdrd7 function in the
regulation of fiber cell structure through direct interactions of regulators with the actin

cytoskeleton.
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Figure 8. Tdrd7 deficiency causes cataract in human and mouse. (A) The image on left
represents the eye of a pediatric patient with severe cataract at age two
years. The image on right represents the eye of a Tdrd7 null mouse
mutant, also exhibiting severe cataract at age 3 month. Tdrd7 contains
three OST-HTH domains as well as three Tudor domains that bind to
RNA and methylated arginines residues within other proteins,
respectively (B). Image C represents the paracentric inversion of
chromosome 9 in pediatric patient; inversion breakpoints are shown by
red lines and the dotted black line marks breakpoint that
disrupts TDRD7 within the 2.6-kb region shown and in TDRD7 protein.
Image D indicates the autosomal recessive congenital cataract within a
family with TDRD7 mutation (Lachke et al. 2011).
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METHODS AND MATERIALS

1.10 Animals

All animals were treated in accordance with the protocols established by the
Association for Research in Vision and Ophthalmology (ARVO). The Animal Care
and Use Committee of The University of Delaware approved all experimental
protocols involving mutant mice and their controls. The target germline knockout
strain studied has been designated Tdrd7™"'“"*™; and strain of origin is (C57BL/6J x
129S6/SvEvTac) for F1. One loxP site was inserted upstream of exon 8 and an FRT
flanked PGK-neomycin selection cassette together with a second loxP site was
inserted downstream of exon 12. Exons 8-12 were subsequently removed by cre
excision (Tanaka, T et al. 2011). Wild type ICR outbred mice were obtained from
Harlan Laboratories (Frederick, MD) and used for in situ hybridization,
immunofluorescence, and RNA expression analyses. Mice were housed in a 14 h light
to 10 h dark cycle, and mutant and littermate control mice were housed together to

control for cage-dependent differences.

1.11 DNA Isolation for Mouse Genotyping
PCR amplification was performed on the BioRad®” T100 Thermal Cycler (Hercules,
CA). Mouse tail tissue for DNA isolation was obtained according to IACUC

regulations; approximately 1 cm of tail tissue was used. The Puregene® Genomic
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DNA Purification Kit (Gentra Systems, Minneapolis, Minnesota) was used for
genomic DNA isolation. Freshly excised mouse tail samples were placed in
microcentrofuge tubes on ice and stored at -80°C for long term storage. For cell lysis,
300 pl Cell Lysis Solution and 1.5 pl of 10mg/mL Proteinase K Solution (Invitrogen,
Grand Island, New York) were added and the samples were mixed by inverting 25
times. Samples were incubated overnight at 55°C. For protein precipitation, samples
were cooled to room temperature, and 100 pl of Protein Precipitation Solution was
added to the cell lysate. Samples were then mixed by inverting 10 times, and
centrifuged at 13,000 x g for 3 minutes to form a precipitated protein pellet. If a pellet
did not form, the samples were inverted again followed by incubation on ice for 5 to
15 minutes and centrifuged again. After centrifugation, the supernatant was
transferred to a new clean 1.5 mL centrifuge tube containing 300 pul of 100%
isopropanol. Samples were then mixed by inverting gently approximately 30 times,
and centrifuged at 13,000 x g for 5 minutes. The supernatant was then carefully
removed via pipette. 300 pl of 70% ethanol was then added to the sample and inverted
several times to wash the DNA pellet. The sample was centrifuged at 13,000 x g for 5
minutes, and the ethanol was carefully removed via pipette. The samples were drained
on a clean absorbent paper and allowed to air dry for 30 minutes. Finally, to rehydrate
the DNA, 30 — 100 pl of DNA Hydration Solution was added to the samples, and
allowed to rehydrated at 65 °C for 1 hour. Samples were then gently mixed overnight

on a shaker at 100rpm for DNA to enter into solution. Once the DNA was isolated,
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the samples were quantitated with the NanoDrop” ND 1000 Spectrophotometer

(NanoDrop, Wilmington, Delaware) and stored at 20 — 25 °C (RT) until needed.

1.12 Mouse Genotyping

Samples were prepared for PCR (polymerase chain reaction) by adding 2.5 pl
of CoralLoad PCR Buffer (Qiagen, Valencia, California), 1.25 ul Dimethyl Sulfoxide,
Fisher BioReagents™ (Thermo Fisher Scientific, Waltham, Massachusetts Waltham,
MA), 18.125 pul Nuclease Free water, 0.5 pl each of the forward and reverse primers
and 1 pl of genomic DNA to a 0.2 mL PCR micro-centrifuge tube (VWR, Radnor,
PA). Samples were evenly mixed by inverting and spun down. The samples were then
placed into the BioRad” T100 Thermal Cycler PCR machine, and the appropriate
cycling program was used. The thermo cycler settings are as follows: 5 minutes at
95°C, 30 seconds at 95°C, 1 minute at 56 °C 30 seconds at 42°C, repeated 35X and
stored at 4°C until needed. Once the PCR program was completed, 24 ul of sample
was loaded onto a 1% agarose gel with a final concentration of 0.01% ethidium
bromide (EtBr)(Thermo Fisher Scientific, Waltham, Massachusetts). PCR products
were then size separated by electrophoresis, using approximately 100 volts for 30 — 45
minutes. A 100 bp DNA Ladder (Thermo Fisher Scientific, Waltham, Massachusetts)
was used as a marker for DNA band sizes. Agarose gels were imaged on the GelDoc-

IT® 310 Imager (UVP Upland, CA).
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Primer Forward Reverse Band Size

Tdrd7-WT-g 5' GAG TAA CTC TGG GCG | GCC ATA GCA ATC AGT 250 bp
CAGTC3 GAGCA 3'

Tdrd7-KO-g 5'GTC TAA CCC ATT CAG | 5' GAA TCC TCA CCA GTT | 500 bp
GGA TGA AGA 3' AGC CTC ACC 3'

1.13 Isolation of Embryos

Mice were euthanized according to IACUC standards. For embryonic samples,
mouse crosses were set up the evening and were tested for a vaginal plug early
morning the next day. If a plug was detected, the developing embryo was considered
to be at day 0.5 post coitum (dpc). For specific embryonic stages, pregnant females
were euthanized on the appropriate day after a vaginal plug was observed. Using
forceps, the skin anterior to the urethra was drawn up to tighten the skin for cutting.
Scissors were then used to cut from the urethra, cutting along the ventral midline until
at the rib cage, opening the body cavity. Secondary incisions were then made
perpendicular to the primary incision on either side of the lower abdomen to open the
body cavity.

The uterus with embryos was then removed from the body cavity, and the
embryos were removed from their embryonic sacs and placed in 1X PBS for further
dissection. If embryonic tissue was required for use in immunostaining experiments,

the head tissue was incubated with 4% PFA for 30 minutes shaking on ice, washed
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with 1X PBS for 10 minutes and then transferred to 30% sucrose over night. After the
embryonic head tissue was saturated in 30% sucrose overnight, it was transferred to a
1:1 mix of 30% sucrose and Tissue-Tek” O.C.T. Compound (optimum cutting
temperature)(Sakura® Finetek, Torrance, California) for approximately 1-2 minutes.
The samples were then transferred to 100 percent O.C.T. for approximately 1-2
minutes. The embryonic head was then embedded in a Tissue-Tek™ Cryomold®
(Sakura® Finetek, Torrence, California) filled with O.C.T. Compound and

immediately placed on dry ice, to freeze the samples and stored at -80°C.

1.14 Light Microscopy

Eyes were dissected from mutant and control mice and carefully cleaned in 1x
phosphate buffered saline (PBS) solution under a Nikon SMZ1500 (Melville, NY)
dissecting microscope. Eyes were photographed under light field and dark field optics.
Lens was extracted, cleaned, and imaged in 1X PBS using a Zeiss Axiophot light

microscope (Carl Zeiss Microscopy, Thornwood, NY).

1.15 Histology

For histologic analysis, whole eyes were fixed in 4% paraformaldehyde (PFA) for
18h, washed with 1X PBS for 10 minutes, and then transferred to 70% ethanol, and
stored at 4°C until paraffin embedding. Paraffin-embedding was performed at the
Comparative Pathology lab at the College of Agriculture and Natural Resources,

University of Delaware. Sections (6 um) were prepared, stained with H&E, and
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photographed on an upright microscope a Zeiss Axiophot light microscope (Car Zeiss

Microscopy, Thornwood, NY) by standard methods.
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1.16 Scanning Electron Microscopy (SEM)

For scanning electron microscopy whole eyes were fixed in a solution of 0.08 M
Sodium Cacodylate buffer pH 7.5 (Electron Microscopy Sciences, Hatfield, PA,
USA), 1.25 gluteraldehye (Electron Microscopy Sciences) and 1% paraformaldehyde
(Electron Microscopy Sciences) for 5 hours at room temperature. The lenses were
then dissected from the eye and transferred to fresh fixative for an additional 48 hours
at room temperature. After this incubation, the lenses were washed in 1X PBS for 10
minutes. With two lenses per animal, one was peeled to expose cortical fiber cells,
while the second was peeled to expose nuclear fiber cells. Peeled lenses were then
processed through an ethanol dehydration series (25%, 50%, 70% 100%) with
exposure to each dilution for 10 minutes. The lenses were then subjected to a 2.5-hour
100% ethanol incubation. The lenses were critical point dried using an incubation
series of hexamethyldisilazane (Electron Microscopy Sciences) (33%, 66%, 100%,
diluted in ethanol). Dried lenses were mounted on aluminum stubs and coated with
gold/palladium for 3 minutes. Samples were viewed with a field emission scanning
electron microscope Hitachi S-4700 (Tokyo, Japan). SEM analyses were performed on

three biological replicates for control and mutants.

1.17 Immunofluorescence Staining
All immunofluorescence experiments were performed as previously described

(Lachke et al.; 2011). Briefly, lenses were isolated fixed in 4% PFA for 30 minutes
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and transferred to 30% sucrose overnight. Then lenses were transferred to a succession
of 1:1 of 30% sucrose and OCT and then 1:3 of sucrose to OCT and then and 100%
OCT (OCT, Tissue Tek, Torrance California). Once in OCT eyes were immediately
embedded in Optimum Cutting Temperature media and frozen using dry ice (OCT,
Tissue Tek, Torrance California). Fourteen um thick sections were cut with a cryostat
and mounted on ColorFrost plus slides (Fisher Scientific, Hampton, New Hampshire).
For staining with most antibodies, sections were fixed previously in 4%
Paraformaldehyde (PFA) for 30 minutes at 4°C. Sections were blocked in 5.0%
chicken serum for 1 h at room temperature, followed by an incubation with the
appropriate dilution of primary antibody overnight at 4°C. Sections were then washed
three times for 10-minutes each and detected with the appropriate AlexaFluor 594
labeled secondary antibody (Molecular Probes, Eugene Oregon) prepared in 1%
chicken serum and then mounted with VECTASHIELD® containing DAPI (Vector
Biolabs, Burlingame, CA). Slides were then visualized using a Zeiss LSM 780
confocal microscope (Carl Zeiss Inc, Gottingen, Germany). Identical conditions were
used to do the imaging of each antibody at different ages to ensure the validity of

comparisons.

1.9 Lens Dissections
Lenses were collected from 7drd7+/- heterozygous and Tdrd7-/- germline knockout
mice at P4 for RNA isolation (if not stated otherwise, at least 10 lenses per biological

replicate; three independent biological replicates analyzed for each genotype). Lenses
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were dissecting in RNase, DNase free 1X PBS, in RNase DNase free petri dishes,
using micro-dissection, during which the retina, blood vessels, and cornea were
carefully removed with forceps that were also sprayed with RNAse away as well as
70% ethanol. Lenses were then flash frozen on dry ice and then stored at -80°C until

RNA isolation was performed.

1.10 RNA Isolation Total RNA Isolation

Lenses were collected from 7drd7+/- heterozygous and Tdrd7-/- germline knockout
mice at stage P4 as described. From each genotype (control or null mutant), lenses
were collected as n = 15 per biological replicate and for three independent biological
replicates. Lenses flash frozen and stored at -80°C were thawed on ice. RNA isolation
was performed using the mirVana™ (Ambion®) miRNA isolation kit, (Life
Technologies, Grand Island, NY) following the supplier recommended protocol for

total RNA isolation.

1.11 Small and Large RNA Isolation
RNA isolation was performed using the mirVana™ (Ambion®) miRNA isolation kit,
(Life Technologies, Grand Island, NY) following the supplier recommended protocol

for large and then small RNA separately from the same sample.
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1.12 ¢DNA Synthesis

Total RNA (2 pg) was used to synthesize cDNA using Bio-Rad iScript' ' cDNA
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA). For cDNA synthesis reactions,
the RT Cocktail was prepared using the RT buffer, primer mix and enzyme mix
provided in the kit, the specifications are as follows: RNA was diluted to 0.5 pg/ul,
and used to prepare cDNA by adding RNase/DNase free water, iScript Pre-mix (5x),
and iScript Enzyme (reverse transcriptase) in a PCR tube. Total volume 20 pl. The
reaction parameters are as follows: Incubate complete reaction mix: 5 minutes at 25°C,

30 minutes at 42°C, 5 minutes at 85°C, Hold at 4°C (optional).

1.13 Quantitative Reverse Transcription-PCR (qRT-PCR)

Quantitative Reverse-Transcription PCR (qRT-PCR) was performed using
RealMasterMix Fast Probe Kit (5 PRIME, Gaithersburg, MD) on the ABI 7500 Fast
Real-Time PCR System and Software v2.0.3 (Applied Biosystems: Carlsbad, CA). All
samples were prepared in a 96-well reaction plate with three biological replicates and
technical triplicates. The master-mix was prepared as follows: 8.5 ul molecular grade
water, 10 pul SPRIME RealMasterMix Fast SYBR Low ROX, 0.5 pl of forward and
reverse primers each, and 0.5 pl of cDNA per sample. The following cycling
conditions were used for all experiments: 40 cycles of 30 seconds at 95°C, 15 seconds
at 58°C and 15 seconds at 68°C. A select list of differentially regulated genes,
identified by microarray analysis, was used for validation and is provided in

supplemental Table 1. Mean fold change (F.C.) was calculated using log (base 10)
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transformed data in a nested ANOVA by determining the mean and standard

deviations. These values were then back transformed to obtain the final F.C. values.

1.14 RNA Sequencing

The University of Delaware Sequencing and Genotyping Center performed all
RNA-Sequencing and the following preparations. Messenger RNA was purified from
the total RNA samples using Oligo dT conjugated magnetic beads, and converted to
adaptor-tagged, paired-end fragments which were then used for cluster generation onto
a TruSeq v3 flow cell according to the [llumina® TruSeq™ RNA Sample Preparation
Kit v2. Sequencing was carried out using the SBS Sequencing Kit on an Illumina
HiSeq 2000 Sequencer (University of Delaware Genotyping and Sequencing Center).
The images were analyzed using the [llumina Pipeline software (version RTA
1.13.48/CASAVA 1.8.2), and bases were called and translated to generate FASTQ
sequence files. The preparation and sequencing procedures did not deviate from
standard protocols and the procedure for large RNA-Seq was performed as per the
manufacturer’s recommendations. The library preparation was Illumina TruSeq
Directional RNA, sequencing was performed on a 2x75 paired end run using the

[llumina HiSeq 2500.

1.15 Bioinformatics Analysis of RNA-Seq Data
Bioinformatics processing was performed in collaboration with Dr. Shawn

Polson at the University of Delaware Center for Bioinformatics and Computational
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Biology Core facility. Support from the University of Delaware Center for
Bioinformatics and Computational Biology Core Facility was made possible through
funding from the NIH National Institute of General Medical Sciences (8 P20
GM103446-12), and National Science Foundation EPSCoR (EPS-081425).

Quality of [llumina reads was assessed using CLC Genomics Workbench
Quality Assessment tool (v. 6.5). Reads were end-trimmed to remove adapter
sequence, obtain a minimum average sequence quality (Q = 0.01), and to allow a
maximum of one ambiguous base per read using the Trim Sequences Tool in CLC
Genomics Server (v. 5.5). After trimming, reads below 50 bp were discarded.
Remaining intact pairs were mapped to the Mouse reference genome (version
GRCm38.73 as downloaded from ENSEMBL) using the CLC Genomics RNAseq
mapping tool (80% identity over 80% of query). For C1 and C2 and T2 and T3, 92-
96% of the reads mapped to the reference; however for C3 and T1, only about 60-65%
of reads map to reference; these reads were then not used in further analysis. Mapping
pairs were compared to the reference annotation to obtain raw counts (unique and total
exon reads) for both genes and transcripts (isoform). All targets (genes/transcripts)
with a minimum of 1 count per million in two samples were considered for differential
expression analysis. Count data was subjected to differential expression analysis in
R/Bioconductor (v. 3.0.1) using the EdgeR package (v. 3.2.4). P-values were adjusted
for multiple comparisons using the method of FDR method of Benjamini & Hochberg
(1995). Further annotations were linked from ENSEMBL Biomart using the biomaRt

R package (v. 2.16.0).
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1.16 Phalloidin Whole Mount Staining of Lens

Lenses were dissected from the eye, fixed for 2 h in 4% paraformaldehyde (PFA,
washed three times for 15 min each in PBS with 0.1% Triton X-100, and stained in
PBS with 0.25% Triton X-100, a 1:2,000 dilution of DAPI, FluoroPure™ grade
(Invitrogen, Grand Island, NY), and 1:200 Alexa Fluor 561-labeled phalloidin
(Molecular Probes, Eugene, Oregon) overnight at 4°C. Lenses were subjected to three
15-min room temperature washes in 0.1% Triton X-100 in PBS before storage in PBS
at 4°C. Whole stained lenses were placed epithelial side down in an uncoated 35-mm
#1 glass-bottom culture dish (MatTek Corp., Ashland, MA) filled with 1 percent
agarose gel cover the bottom and 1X PBS as a buffer for imaging and imaged in the
XY plane with a LSM 780 VIS confocal microscope fitted with a 20X dipping
objective lens, a 30-mW argon krypton laser, and a 5-mW helium-neon laser (Carl

Zeiss)

1.17 Wheat Germ Agglutinin Staining of the Lens

For wheat germ agglutinin (WGA), P4 and P22 sections were fixed previously fixed in
4% Paraformaldehyde (PFA) for 45 minutes at 4°C. Sections were blocked in 2.5%
BSA (Fisher BioReagents™ Thermo Fisher Scientific, Waltham, Massachusetts
Waltham, MA) for 1 h at room temperature, followed by an incubation with 1:200
dilution of primary antibody Wheat Germ Agglutinin, Alexa Fluor® 488 Conjugate
(Molecular Probes, Eugene, Oregon) and DRAQ5™ (BioStatus Limited,

Leicestershire, United Kingdom) for 1 hour at room temperature. Sections were then
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washed three times for 10-minutes each and then mounted with 1 drop of p-
phenylenediamine antifade media. Slides were then visualized using a Zeiss Elyra
PS1 super resolution microscope (Carl Zeiss Inc, Gottingen, Germany). Identical
conditions were used to do the imaging of each antibody at different ages to ensure the

validity of comparisons.

1.18 Protein-Protein Interaction Mapping Combined with iSyTE Expression
Protein-protein interaction information on human TDRD7 was obtained from the
NCBI database. Protein-protein interaction data was also obtained via the Human
Protein Reference Database or BioGrid>?. These interactions were documented with
references shown in the PubMed database and only interactions that met one of the
following criteria were considered valid: Two-hybrid, Affinity Capture-MS, Two-
hybrid, Affinity Capture-Western. In particular, co-localization of protiens was not
considered validation of protein-protein interactions. Once proteins that interact with
Tdrd7 were identified, these were then also investigated for their own interacting
proteins, hereby termed “nearest neighbors” of Tdrd7. Proteins that directly interacted
with Tdrd7 as well as its nearest neighbors were searched within the iSy7TE database
for their highest ranking, representative of lens-enrichment. Each protein that Tdrd7
was found to interact with as well as its nearest neighbors arising from that interacting
protein, were all grouped together for analysis. Once the Tdrd7-protein intereactome
was completed and combined with iSyTE data, heatmap colors were assigned to

proteins according to their iSyTE values. Any iSyTE ranking under 300 (highest lens
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enrichment) were assigned the color ED1C24, a bright and deep red. iSyTFE rankings
from 301- 500 (high lens enrichment) were assigned the color E34128, a lighter red.
iSyTE rankings from 501- 1000 (medium lens enrichment) were assigned the color
F37E72, a salmon pink color. iSyTE rankings from 1001- 2000 (lens enrichment) were
assigned the color FDE3EO a light pink. iSyTE rankings over 2000 (non-lens enriched)
were assigned the color EGE7ES, a light gray. Thus, the color-coding of the protein
interactions gave indications of their enrichment specifically for the lens, in turn
prioritizing clusters and potential high-priority targets of Tdrd7 within its network of
protein interactions. Finally, the Tdrd7-protein-protein interaction network was
interrogated for candidates that were also differentially expressed in 7drd7-/- mutant

lens according to RNA-Seq analysis.

1.19 RNA Immunoprecipitation
Postnatal day 15 (P15) wild-type ICR lenses (15-20) were dissected and used with the
17-700 | Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit according to
the manufacturer’s protocol. This method differed from the machufacture’s protocol in
that lenses were freshly dissected and transferred into lysis buffer instead of PBS. The
protocol is as follows:

Freshly dissected lenses were washed freshly three times with ice-cold PBS
and then teased apart in lysis buffer. On average, 1-5x10° cells were needed to
generate a sufficient amount of mRNP lysate for a typical immunoprecipitation

reaction and therefore the goal was to obtain an extremely concentrated mRNP lysate
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with approximately 20—-50 mg/ml total protein in a volume. The cells were then
pelleted by centrifugation and the cell pellet was lysed in ice-cold lysis buffer
supplemented with RNase and protease inhibitors.

Magnetic beads were re-suspended by rotation, both control (Mouse IgG) and
test samples (Tdrd7 antibody) were first incubated with 50 pL of magnetic beads and
wash buffer vortexed and placed on a magnetic separator; this process was repeated
twice and then only 100 puL of wash buffer was added with ~5 pg of the antibody of
interest to the tube. The tubes were then incubated with rotation for 30 minutes at
room temperature. The tubes were then centrifuged briefly and placed on the magnetic
separator to remove the supernatant. Another 500 pL of wash buffer was added and
the tubes were vortexed again briefly, again the tubes were placed on the magnetic
separator and this process was repeated three times. The tubes were then placed on ice.

Once the beads and antibody was prepared, the RIP immunopreciptiation
buffer was made containing 900 pL of buffer with 35 uL. of 0.5 M EDTA and 5 pL of
TNA inhibitor per reaction. The magnetic beads with antibody were placed on the
magnetic separator one more time and the supernatant was removed and the 900 pL of
wash buffer was added along with 100 pL of the thawed lysate. A control 10 pL of the
supernatant of RIP lysate was also taken and placed into a new tube for “input”. The
tubes were then incubated with rotation overnight at 4°C. The next day, the tubes were
centrifuged and placed on the magnetic separator to discard the supernatant. 500 uL. of

RIP Wash Buffer was added to each tube and vortexed briefly; the tubes were then
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placed on the magnetic separator to discard supernatant. This was repeated five times
to wash the beads a total six times with 500 pL of cold RIP Wash Buffer.

Each immunoprecipitate required 150 uL of proteinase K buffer containing
117 pL of RIP Wash Buffer, 15 pL of 10% SDS, 18 uL of 10 mg/mL proteinase K.
Each immunoprecipitate was re-suspend in 150 pL of proteinase K buffer and then
incubated at 55°C for 30 minutes with shaking to digest the protein. After the
incubation, the tubes were centrifuged briefly and placed on the magnetic separator.
The supernatant was transfered into a new tube and 250uL of RIP Wash Buffer was
added to each tube contacting the supernatant. 400 pL of phenol:chloroform:isoamyl
alcohol was then added to each tubes followed by vortexing for 15 seconds and then
centrifuged at 14000 rpm for 10 minutes at room temperature to separate the phases.
350 pL of the aqueous phase was carefully removed and placed in a new tube. This
was followed by the addition of 400 pL of chloroform. The tubes were then vortexed
for 15 seconds and centrifuged at 14000 rpm for 10 minutes at room temperature to
separate the phases. 300uL of the aqueous phase was carefully removed and placed in
a new tube. In each tube 50 pL of Salt Solution I, 15 pL of Salt Solution II, 5 pL of
Precipitate Enhancer was then added followed by then 850 puL of absolute ethanol.
The solution was then mixed and kept at -80°C overnight to precipitate the RNA.

The next day the tubes were centrifuged at 14,000 rpm for 30 minutes at 4°C
and the supernatant were discarded carefully. The pellet was then washed once with
80% ethanol, centrifuged again at 14,000 rpm for 15 minutes at 4°C. The supernatant

was again discarded and the tubes were then carefully opened to air dry the pellets.
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Once the pellets were dry they were then re-suspended in 10 to 20 pL of RNase-free
water, and stored at -80°C for downstream analysis including RT-PCR after quality

assessment and quantification.

1.20 Two-Dimensional Gel Electrophoresis and Mass Spectrometry

1.20.1 2-D Gel Electrophoresis (2-DE)

These experiments were performed in collaboration with Dr. Robert Mason’s
laboratory at Alfred I DuPont Hospital for Children. The 2D-DIGE experiments were
performed in collaboration with the Cell Science Core Laboratory at the Nemours
Alfred I duPont Hospital for Children. P4 and P15 lenses were lysed in DIGE lysis
buffer containing 7M urea, 2M thiourea, 4% CHAPS, 30mM tris at pH 8.5. Resulting
supernatants were precipitated using a TCA protein precipitation procedure with an
acetone wash (2-D Clean Up Kit, GE Lifesciences). Samples were resuspended in
DIGE lysis buffer, pH was adjusted to 8.5, and 40 ug of each sample was DIGE
labeled using 200 pmole of CyDye per 40 pg of protein (DIGE Minimal Labeling
Fluor, GE Lifesciences). A pooled internal standard was generated using 10 ug of

each sample and DIGE labeling with a separated CyDye fluor.

1.20.2 Protein and Peptide Identifications
This project was made possible by the Nemours Center for Pediatric Research

that is supported by a grant from the NIH National Institute of General Medical
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Sciences - NIGMS (P20GM103464). This project was done in collaboration with the
laboratory of Dr. Robert Mason. First dimension, isoelectric focusing, was performed
using 24 cm immobilized pH gradient (IPG) strips with a non-linear pH gradient of
pH3 to 10 (ReadySrips IPG Strips, Bio-Rad Labs) for a total of 40.5 kVh over 9 hours
on a [PGphor II (Amersham Biosciences). IPG strips were rehydrated in buffer
containing 10 pug experiment protein sample, 10 pg control protein sample, 8 ug
pooled internal sample, 7M urea, 2M thiourea, 4% CHAPS, 20 mM DTT, and 2% 3-
10 pharmalyte. IPGs were equilibrated for 15 minutes twice in a SDS buffer
containing 6 M urea, 30% glycerol, 2% SDS, 75 mM Tris-HCI pH 8.8 and either 65
mM DTT (first equilibration) or 135 mM iodoacetamide (second equilibration).
Second dimension separation was performed on 24 x 20 cm of 10% acrylamide SDE-
PAGE gels. Gels were imaged using a Typhoon Trio (GE Life Sciences) and analyzed
using DeCyder 2-D Differential Analysis Software (GE Life Sciences). Additional
pick gels were run by rehydrating IPGs in similar buffer with additional 500 pug or 800
pg of unlabeled P15 lens protein using the same procedure for first or second
dimension regardless of total protein loaded. Pick gels were stained with Imperial
Protein Stain (Thermo Fisher) and spots were matched to previous gels. This analysis
demonstrated that spot 951 was significantly reduced in the P15 experimental group
compared to control (P=0.039, average ratio -1.64). Spot 951 and a nearby lower MW
spot were excised. The lower MW was not significant, but it was picked to see if spot

951 was a post-translational modification of the same protein. Excised spots were sent
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for identification at the Proteomics and Mass Spectrometry Core Facility at Delaware
Biotechnology Institute for identification.

We acknowledge Leila Choe at the UD Proteomics and Mass Spectrometry
Facility, supported in part by the Delaware INBRE, NIH grant number 8§ P20
GM103446-13, for portions of this work. Gel spots of interest were excised for
analysis. The enzymatic digestion procedure was performed with trypsin (Promega) at
37C as previously described (Finehouse EJ and Lee KH, 2002) and included
reduction/alkylation with dithiothreitol (BioRad) and iodoacetamide (Sigma),
respectively. Subsequently, samples were desalted and concentrated using Ziptips
(Millipore) and applied to a target plate with alpha-Cyano-4-hydroxycinnamic acid
matrix (Sigma). Data were collected on a 4800 MALDI TOFTOF Analyzer (ABSciex)
in positive ion, reflector mode over a mass range of 850-4000 m/z. Select peaks were
further analyzed by tandem mass spectrometry (MS/MS) at 1kV with default
calibration. The combined MS and MS/MS data were submitted to Mascot v2.4
(Matrix Science) and searched against NCBI (Mus musculus taxonomy), with trypsin
specificity, 300ppm mass tolerance, 0.3Da MSMS tolerance, and the following
variable modifications: carbamidomethylation (C) and oxidation (M). Protein
identifications were made based on database matches of 99% confidence or greater,

including three MSMS matches >99% confidence.
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PHENOTYPIC CHARACTERIZATION OF LENS DEFECTS IN TDRD7
KNOCK OUT MOUSE MUTANTS

Previously, Lachke et al. described that 7drd7 deficiency causes cataract in
human, mouse and chicken (Lachke et al., 2011). Two different 7drd7 null mouse
mutant models have been developed. Dr. Simon John’s group at The Jackson
Laboratory used an ENU mutagenesis screen to identify a mouse mutant carrying a C
to T transition that generates a nonsense mutation in 7drd7 exon 13, which generates a
null allele as demonstrated by western blot and immunostaining analyses (c.2187C>T
(Q723X)) (Lachke et al. 2011). Dr. Shinichiro Chuma’s laboratory has separately
developed a Tdrd7 targeted germline knockout mouse mutant that carries a deletion of
exons 8-12 (Tanaka et al. 2011). The eye defects in Tdrd7 ENU mutants have been
characterized by Lachke et al. (2011), although not in profound detail. On the other
hand, although the Tdrd7 targeted germline knockout mouse mutants are reported to
exhibit ocular defects including cataracts (Tanaka et al. 2011), these have not been
characterized to any detail. Both 7drd7 mouse mutant models exhibit fully penetrant
cataracts (Figure 9) that closely phenocopy the phenotype observed in human, and
therefore the study of these models have the potential to provide unique insights into

the pathophysiology of this disease.
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Although the exact onset of the cataract phenotype may differ between the two
Tdrd7 null mutants, possibly reflecting their different strain background (targeted
mutant is on C57B16 while ENU mutant is on C3H background), by postnatal day 30
(P30), both models exhibit a flattened iris and severe cataracts with an unmistakable
posterior post-capsule rupture. The difference in the nature of the null mutant alleles
could also account for the phenotypic variation within the age of onset. In my thesis, |
focused on the characterization of the eye and lens defects in the less studied 7drd7

targeted germline knockout mouse henceforth referred to as 7drd7-/- mouse mutants.
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Figure 9. Tdrd7-/- Mutant Mouse Models. The top panel shows 3-month lens of the
previously characterized (Lachke et al. (2011) Science) mouse mutant,
which contains a nonsense mutation, ¢.2187C>T(Q723X). The Tdrd7°™
mouse mutant model was identified in an ENU mutagenesis screen in
collaboration with Dr. Simon John (The Jackson Laboratory, Bar Harbor,
Maine). The bottom panel of this figure displays the 3-month lens of the
Tdrd7 targeted knockout mouse mutant model developed by Dr.
Schinichiro Chuma (Kyoto University, Kyoto, Japan) (Tanaka et al.
(2011) PNAS) that has not been characterized. Left panels show the
control animal lens, while the right panels show the lens from the two
different 7drd7-/-. Both mouse mutants show a severe lens defect that
results in a posterior post capsule rupture.
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1.21 Light Microscopic Analysis of Eye Phenotype in 7drd7 Mutants

I first validated that the 7drd7-/- germline knockout mouse mutants exhibited
lens defects and iris flattening at 3 months of age (Figure 10) as previously reported
(Tanaka et al. 2011). To identify the earliest age when the ocular phenotypes are first
evident, [ analyzed 7Tdrd7-/- mutants at different stages to identify the exact onset of
the cataract phenotype. I analyzed mutant lenses at stages P30, P28, P24, P22, and P18
by light and dark microscopy and grid imaging and found both eye defects to be fully
penetrant as a result of 7drd7 nullizygosity in these stages except P18 (Figure 11). To
identify the postnatal day stage between P18 and P22 when an ocular phenotype can
be discerned, I carefully analyzed 7drd7-/- eye and lenses at P19, P20, and P21 and
observed no difference between mutant and controls at these stages. I conducted a
thorough analysis of seven litters totaling 98 eyes and lenses at P18 and P22 stages
and determined that P22 was the first stage that eye defects are detected in 7drd7-/-

mutants.
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Figure 10. Presentation of ocular defects in 3-month (P90) old 7drd7-/- mouse
mutants as examined by light microscopy. The Tdrd7-/- eye shows a
flattened iris and a smaller size lens with posterior rupture and cataract
(Right panels). Conversely, the control (7drd7+/-) eye exhibits a normal
iris and a clear lens (Left panels). The flattened iris is indicated by an
asterisk. Arrow points to posterior capsule rupture in lens.
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Figure 11. Tdrd7-/- germ-line knockout mouse mutants develop visible eye defects by

at postnatal day 22. Light microscopy of control (7drd7+/-) (left) and
Tdrd7-/- eye and lens (right) indicates no visible difference at postnatal
day 18 (P18). However, at P22 (bottom panels), Tdrd7-/- mutants exhibit
a flattened iris (asterisk, left image) and cataract (asterisk, right image)
compared to control.
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1.22 Histological Characterization of the Lens Phenotype in Tdrd7 Mutants
Since there was no observable phenotype in Tdrd7-/- eyes at P18 based on light
microscopy, I next tested if histological analysis could distinguish lens abnormalities.
Tdrd7-/- mutant and control (7drd7+/-) eye were characterized at the histological
level for a wide range of developmental stages including early postnatal and
embryonic stages. Although severe lens defects were observed at P30, when the
Tdrd7-/- mutant lens exhibits disrupted structural morphology and posterior capsule
rupture (Figure 12), no difference was observed between control and null lenses at P18
or earlier stages. The P22 Tdrd7-/- mutant lens shows mild defects in lens architecture
as well as the beginning of a posterior rupture (Figure 12). From these data, I
concluded that while histology could reveal interesting features of the defects in
Tdrd7-/- lens at later stages (P30), this analysis was could not identify a robust
phenotype at P22, which is better detected by light microscopy. This data indicates
that light microscopy imaging is a more sensitive approach to detect lens cataracts

than histological analysis.
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Figure 12. Histological characterization of 7drd7-/- and control lenses. The left panel
shows control (7drd7+/-) lens, while the right panel shows the Tdrd7-/-
lenses at stages E16.5, P4, P18, P22, and P30. At P30 7drd7-/- lenses
exhibit profound lens defects (asterisk) at 100% penetrance while subtle
changes (asterisk) are detected at P22. No defect is discernable between
mutant and control lenses at other stages.
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1.23 Analysis of the Tdrd7-/- Lens Defects by Scanning Electron Microscopy

Histology-based analysis was not able to detect lens defects in stages earlier than
the application of light microscopy, so I investigated the application of alternate high-
resolution methods to characterize the 7drd7-/- lens. Therefore, I performed scanning
electron microscopy (SEM) on 7drd7-/- and control lenses. Lens fiber cells assemble
together in distinct fiber cell architecture. I hypothesized that SEM could potentially
recognize the subtle defects in mutant fiber cells that are not distinguishable by other
lower resolution methods.

The lens is a difficult tissue to examine using SEM because it lacks blood
supply and therefore cannot be fixed by traditional methods. , Therefore, immersion
fixation is the only method that can be utilized to effect its chemical presentations for
adequate structural analysis (Kusak et al. 2004). Fiber cells have a granular cytoplasm
composed of soluble proteins as well as crystallins, polysomes, and cytoskeletal
elements including actin, intermediate filaments, and microtubules (Alcala and Maisel,
1985; Fitzgerald and Casselman, 1990; Ireland and Maisel, 1984).

There are two basic types of lateral membrane interdigitations between fiber
cells that vary minimally in shape, size and periodic arrangement between species.
The first type is a cellular outpocketing, termed the “ball”, and an invagination called
as “socket”. Numerous such “ball” structures, regularly arrayed along the length of
fiber cells, fit into complementary-shaped “sockets” formed between neighboring fiber

cells of adjacent growth shells (Kusak et al 2004). The second type is a cellular
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outpocketing, membrane protrusion, that originates from the angle formed by a board
and narrow face of fiber cells. This is important since it fits into complementary-
shaped imprint or groove formed on the narrow face of a neighboring fiber cell. These
membrane interdigations are frequently characterized by patches of square array
membranes (Kusak et al 2004).

Structural features of the apical, lateral, as well as the basal plasma membrane
of fiber cells suggest cellular polarization. The apical membranes of fibers overlap in a
precise manner with the other apical membrane fibers of the same growth shell to
form anterior sutures. These intricacies that connect individual fiber cells within the
lens resemble the interlocking parts of a zipper. The same phenomenon occurs with
the basal membranes of fiber cells. The morphology of the apicolateral border of lens
fibers is comparable to the apicolateral border of lens epithelial cells. These cells
contain numerous micropinocytotic and endocytotic events, square array membranes
with small amounts of gap junctions, and a lack of tight junctions (Kusak et al 2004).
Fibers are moved progressively farther away from their source of nutrition as a
function of lens development and growth and this cell-cell motif helps accommodate
this cell specific obstacle (Kusak et al 2004).

For initial SEM analysis, 7drd7-/- lenses were examined at stages after the
onset of the cataract, allowing me to confirm that application of SEM could enable the
visualization of a phenotypic defect. 7drd7-/- lenses at P28 were examined first since
these show presence of cataracts without overt lens capsule rupture. 7drd7-/- lenses at

P28 exhibit profound defects in cortical fiber cells (Figure 13).
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Once it was established that phenotypic differences between 7drd7-/- mutant
and control (7drd7+/-) lens could be reproducibly detected by SEM analysis at stage
P28, I proceeded to test earlier stages. Similar to P28, Tdrd7-/- lenses at P18 exhibited
a membrane protrusion defect in cortical fiber cells. These data demonstrated that the
onset of the lens defects in 7drd7-/- mutants begins earlier than what could be
discerned using histology and light microscopy. The changes in fiber cell morphology
and packing as revealed by SEM analysis offer clue into the factors such as fiber cell
morphology defects that may contribute to the development of cataract in Tdrd7-/-
mouse mutants. These data lead to the conclusion that although cataracts are not
observed until P22, already by P18, differences in fiber cell organization between the

Tdrd7-/- mutant and control lenses is discernable by SEM.
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Figure 13. Scanning Electron Microscopy-based analysis of 7drd7-/- Mouse Mutants
Lens. The top panel shows no difference between control and null lenses.
The bottom panel shows only a slight difference between the control and
the null lenses. The Tdrd7-/- lens shows slight misshapen architecture as
well as the beginning of a posterior rupture (noted by the asterisk).
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1.24 Discussion

It has previously been shown that deficiency in 7drd7 causes eye defects
including cataracts in human, mouse and chicken, however the onset of the lens
phenotype was not elucidated for the mouse mutant models. Using a previously
uncharacterized Tdrd7-/- mouse model for the lens, I determined the onset of the lens
phenotype by applying light microscopy, histology, and SEM analysis.

Tdrd7-/- eyes and lenses show a distinct phenotype including both penetrant
cataracts as well as a flattened iris. The flattened iris as well as the cataracts is clearly
visible with light microscopy by postnatal day 22 (P22). Although the cataract is
penetrant and visible with light microscopy at P22, the cataract is not always clearly
visible with histological analysis. Only eight days later when the lens has fully
ruptured is the phenotype truly recognizable with histological analysis alone.

Although Tdrd7-/- mouse mutant lenses do not exhibit a phenotype observable
by light microscopy or histology at P18, they exhibit a dramatic cataract phenotype at
P22. However, examination of P18 7drd7-/- lenses, which appear transparent and
devoid of defects, using high resolution SEM imaging reveal fiber cell membrane
protrusion defects and disruption of fiber cell organization and structure.

These findings suggest that both histology and light microscopy may miss the
true onset of lens defects and cataracts in mouse mutants, especially if such defects
result from the accumulation of fiber cell morphology and packing. This is one
example of how important it is to utilize high-resolution microscopy for

comprehensive phenotypic analysis. Future efforts can be directed toward establishing
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a protocol for analysis of 7drd7-/- lenses at earlier stages in order to firmly establish
the earliest onset of phenotype in the 7drd7-/- lenses using a high resolution method
such as SEM.

Early postnatal lenses cannot be viewed using SEM, so this should not be the
only high-resolution analysis utilized to evaluate the exact phenotypic onset. TEM
analysis could also be used as another high resolution imaging technology that could
be used in future work to further characterize 7drd7-/- lenses.

Tdrd7 is known as an adaptor molecule, and functions in bringing other
proteins other proteins to perform different cellular mechanisms (Takashi, H. et al.
2011). The architectural changes occurring within the lens of this mouse model
suggest that Tdrd7 could be interacting with other proteins that affect lens cellular
structure. With the absence of Tdrd7, changes could be occurring slowly within earlier
lenses but not accumulated yet to be observed with current technology. The drastic
change within the lens phenotype between P18 and P22 Tdrd7-/- lenses suggests that
of the absence of Tdrd7 causes either: (1) an accumulation of molecules, (2) or a build
of faulty protein interactions that climaxes with the disruption of lens homeostasis and

transparency.
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MOLECULAR CHARACTERIZATION OF TDRD7 KNOCKOUT MOUSE
MUTANT LENS

1.25 Investigation of Differentially Regulated RNAs in 7drd7-/- Mouse Mutant

Lenses

To determine the molecular changes that underlie the lens fiber cell defects and
cataracts in 7drd7-/- mutant lens, I sought to take an unbiased whole genome
transcriptional profiling approach by performing deep RNA-sequencing analysis
(RNA-Seq) on mutant and control (7drd7+/-) lenses. While designing high-
throughput expression profiling approaches at whole genome-levels, it is critical to
select the affected tissue samples at a stage that is prior to the full manifestation of the
phenotype. This is because as the defect is manifested, it is expected that the
downstream molecular changes also progress to secondary and tertiary alterations.
Detailed phenotypic characterization of 7drd7-/- lens (please see Chapter 3) indicates
that lens fiber cell defects can be detected using SEM in mutants at stage P18, when
there are no defects visible by light microscopy. Therefore, I selected postnatal day 4
(P4), 14 days prior to the SEM based detection of the phenotype, to perform RNA-Seq
on mutant lenses. I hypothesized that gene expression alternations that are detected at
this stage will potentially represent the primary molecular changes that result in the

lens due to Tdrd7 deficiency.
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RNA-Seq was performed in biological triplicates (15 lenses per replicate) on
Tdrd7-/- mutant and control (7drd7+/-) lenses at stage P4 and the differentially
regulated genes were identified and sorted based on fold change and p-values. As
other Tudor domain proteins, e.g. SMN and SPF30 (Pellizzoni, et al. 1999; Little, JT
and Jurica, MS, 2008), are described to function in pre-mRNA splicing (Pek et al.
2012), I chose to perform paired-end 75-nucleotide sequencing of RNA fragments so
the data could be analyzed in future for potential splice form variants.

After sequencing and data analysis as described in Methods, differentially
regulated genes (DRGs) in Tdrd7-/- lens were identified and classified according to
their functional categories. DRGs were sorted on their fold change, separated into up-
regulated and down-regulated candidates and analyzed independently at different fold
change-cut offs (e.g. 1.5-fold, 2.0-fold, efc.), significant FDR values (0.05 or below),
as well as different counts per million-cut offs (2 or higher counts per million, 10 or
higher counts per million) using the web-based software DAVID (Database for
Annotation, Visualization and Integrated Discovery, http://david.abcc.ncifcrf.gov/) to
identify enriched biological themes that they represent. At the 1.5-fold and 10 counts
per million cut offs (high stringency), the DRGs were enriched for the following
categories: Translation, Ribosome, ATP binding, Cytoskeleton, Cell Cycle, Cell
Morphogenesis, Proteolysis, Cation Binding, Transcription, Integral to Membrane, and
Alternative Splicing.

To validate the sequencing data, select candidate genes from the RNA-Seq

identified DRGs were confirmed by qRT-PCR (Figures 17-21 and Tables 1-3). To gain
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further insights into the 7drd7-/- DRG list, I performed a comparative analysis with
iSyTE data (published and unpublished) on lens embryonic and postnatal lens (Lachke
et al. 2012). This analysis indicates that 44% (n=25 of 57) of DRGs are significantly
lens-enriched (iSyTFE ranked under 500). At the 1.5-fold and 2 counts per million cut

offs (medium stringency), 193 DRGs were identified (Table in Appendix).
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Figure 14. Bioinformatics approach for analyzing 7drd7-/- RNA-Sequencing data.
First, read quality was assessed, adaptors were removed, followed by a
second quality evaluation. Once sequence integrity was assured,
sequences were mapped back to the reference genome, counts per
transcript were obtained, and differential analysis was performed.
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Figure 15. DAVID (Database for Annotation, Visualization and Integrated Discovery)
analysis of Tdrd7-/- DRGs, which groups genes by gene ontology terms.
These terms correspond to the categories shown in the table below.
Although some groups only contain three genes, since only 57 total genes
were used for analysis, 3 genes accounts for 5 percent of the total genes
about 1.4 fold.

Table 1. Gene ontology from DAVID analysis of 7drd7-/- DRGs. The 57 total genes
above 1.5 fold change and expressed within the lens were group
according to DAVID gene ontologies. This table corresponds to Figure
15.

Term Number of Genes
Translation (GO:00064120)
Ribosome (G0:00058400)

ATP binding (G0:0032559)
Cytoskeleton (GO:0005856)

Cell Cycle (G0O:0007049)

Cell Morphogenesis (G0O:0000902)
Proteolysis (GO:0006508)

Cation Binding (G0O:0043169)
Transcription (GO:0006350)

Integral to Membrane (GO:0016021)
Alternative Splicing
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Table 2. Up-regulated genes above 1.5 fold in 7drd7-/- lenses. Sequencing results of
all genes with a positive fold change above 1.5 (control compared to
Tdrd7-/- lenses) and as well as expression (over 10 counts per million) in
the lens. This table also shows the iSy7E rank of these genes. Sequencing
resulted from mouse lenses sequenced using the Illumina HiSeq 2500.

Gene Fold-change | FDR-corrected Pvalue Min Rank iSyTE

Tmprssiie 2.4 1.5E-26 43
mt-Atp8 2.4 3.5E-23 NA
Eif2s3y 1.9 3.1E-04 5592
Trak2 1.8 9.3E-25 1913
Uox 1.8 1.5E-08 126
Poln 1.8 2.9E-08 211
Bicd1 1.8 2.6E-12 1155
Idi1 1.7 3.2E-22 NA
Geg 1.7 1.9E-07 33
Ddx3y 1.7 4.0E-03 4679
E330034G19Rik 1.7 2.1E-16 33
Arntl2 1.7 1.0E-04 63
Lars2 1.6 1.4E-02 2348
Plekhs1 1.6 1.3E-09 NA
Rpl39 1.6 3.2E-12 173
Med21 1.6 8.4E-14 534
Rnf113a1 1.6 5.6E-12 24
Scfd2 1.6 5.5E-03 2586
Tceb1 1.6 1.8E-11 851
Clgn 1.6 8.8E-05 331
mt-Nd6 1.5 2.4E-12 NA
Hspb11 1.5 2.1E-06 385
Ammecr1 1.5 2.0E-07 2689
Sh3bgrl 1.5 3.2E-06 2366
Cetn3 1.5 3.8E-13 786
mit-Nd3 1.5 2.4E-10 NA
Zfp40 1.5 1.4E-06 676
Stxbp6 1.5 2.5E-11 121
Uchl3 1.5 1.2E-05 3056
Casp7 1.5 6.1E-10 78
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Table 3. Down-regulated genes above 1.4 fold in 7drd7-/- lenses. Sequencing results
of all genes with a positive fold change above 1.4 (control compared to
Tdrd7-/- lenses) and as well as expression (over 10 counts per million) in
the lens. This table also shows the iSyTE rank of these genes. Sequencing
resulted from mouse lenses sequenced using the Illumina HiSeq 2500.

Fold-change FDR-corrected

Gene (FC) Pvalue Min Rank iSyTE

Abcc6é 2.2 2.1E-09 3512
Bgn 1.9 3.9E-07 1399
Brsk2 1.9 1.1E-09 1203
Chrna4 1.9 5.8E-15 291
Hspb1 1.9 1.1E-07 28
Rpl17 1.8 6.3E-05 213
Rpl13 1.7 4.4E-03 2869
Hspb6 1.7 6.1E-08 61
Adcy5 1.7 6.4E-10 828
Wnk2 1.6 4 4E-11 2764
Cckbr 1.6 8.1E-06 61
Ppmie 1.6 6.7E-09 352
Dcakd 1.6 3.2E-07 392
Gpsm?2 1.6 2.9E-17 960
Snx22 1.6 5.8E-15 86
Mylk 1.6 8.7E-12 519
Glip 1.5 6.7E-10 191
Lpin1 1.5 5.1E-09 115
Dgcré 1.5 3.9E-07 750
Cdk18 1.5 9.0E-06 NA
Pkdcc 1.5 9.9E-08 1937
Actn2 1.5 4.2E-05 189
Pabpn1 1.5 1.9E-05 2646
Nfasc 1.5 2.9E-05 905
Rpl38 1.5 5.7E-05 208
Nr2fé 1.5 3.9E-07 106
Mapk7 1.5 5.5E-06 1668
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Figure 16. qRT-PCR graph of HspbI. Results are means with standard deviation
mRNA normalized to beta actin (internal control) mRNA. 7drd7-/- and
control P4 lenses were tested, and control lenses set equal to 1. Bars are
standard deviation (S.D.). Fold change calculated in Microsoft Excel, P-
values calculated using nested Anova, sample size of three for control
and null lenses. One star indicates p-value less than 0.05.
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Figure 17. qRT-PCR graph of mt-ATPS. Results are means with standard deviation
mRNA normalized to beta actin (internal control) mRNA. 7drd7-/- and
control P4 lenses were tested, and control lenses set equal to 1. Bars
indicate standard deviation (S.D.). Fold change calculated in Microsoft
Excel, P-values calculated using nested Anova, sample size of three for
control and null lenses. Two stars indicate p-value less than 0.01.
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Figure 18. qRT-PCR graph of Idi/. Results are means with standard deviation mRNA
normalized to beta actin (internal control) mRNA. 7drd7-/- and control
P4 lenses were tested, and control lenses set equal to 1. Bars indicate
standard deviation (S.D.). Fold change calculated in Microsoft Excel, P-
values calculated using nested Anova, sample size of three for control
and null lenses. Two stars indicate p-value less than 0.01.
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Figure 19. qPCR graph of Snx22. Tdrd7-/- and control P4 lenses were tested and
normalized to beta actin. Results are means with standard deviation
mRNA normalized to beta actin (internal control) mRNA. 7drd7-/- and
control P4 lenses were tested, and control lenses set equal to 1. Bars
indicate standard deviation (S.D.). Fold change calculated in Microsoft
Excel, P-values calculated using nested Anova, sample size of three for
control and null lenses. One star indicates p-value less than 0.05
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Figure 20. qPCR graph of Hspb6. Tdrd7-/- and control P4 lenses were tested and
normalized to beta actin. Results are means with standard deviation
mRNA normalized to beta actin (internal control) mRNA. Control and
null P4 lenses tested, control lenses set equal to 1. Bars indicate standard
deviation (S.D.). Fold change calculated in Microsoft Excel, P-values
calculated using nested Anova, sample size of three for control and null
lenses. One star indicates p-value less than 0.05

The data was initially analyzed using DAVID and the differentially regulated
genes were than curated into functional groups, based on ontology (Figure 15 and

Table 1).

1.26 Tdrd7 2D DIGE

To gain further understanding of Tdrd7 function in the lens, a global proteomics-
based approach was taken. Specifically, I sought to examine if the changes observed
on the transcript level in 7drd7-/- lens translated to protein changes, or to identify
other translational changes that resulted in altered proteome without affecting

transcripts in the mutant. Therefore, I performed 2D DIGE on 7drd7-/- and control
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lens so that overall changes in protein expression (the lens proteome) could be
analyzed. However, from previous experiences of other lens researchers, I expected
the analysis of the lens proteome to be challenging due to presence of extremely high
quantities of crystallin proteins. Nevertheless, I reasoned that any change(s) in proteins
that could be detected in spite of the high crystallin protein load in the lens is likely
indicative of its high significance in the manifestation of the cataract phenotype in
these mutants.

Since the RNA-Seq analysis was performed well before visible phenotypic
changes were observed in the mutant lens, this stage was selected for the 2D DIGE
analysis as well, so as to allow comparisons between these datasets. However, because
it takes time for mRNA changes to translate to protein changes and because the P4
stage is at two weeks prior to observation of SEM-detected phenotypic changes (P18),
a second stage at P15 was selected just prior to P18 in order to capture any significant
protein changes that was closer to the age of onset and possibly could relate to the
phenotype.

While proteins were differentially expressed between P4 and P15 in control lens,
indicative of normal alterations in the lens proteome, only one target spot was detected
to be differentially expressed and reduced in 7drd7-/- lens at fold change higher than
1.5 with a significant p-value. The differentially expressed spot was relatively low
molecular weight and close to the molecular weight of crystallins. This spot was
isolated and subjected to LC/MS analysis. This data identifies the protein to be

Hspbl, which serves to validate our RNA-Seq findings (Figure 22).
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Figure 21. 2D DIGE results that show a protein (Spot 951) is down regulated in both
P4 and P15 Tdrd7-/- lenses however only in P15 lenses show a
significant p-value. The protein was identified as Hspbl by LC-MS/MS
analysis. Note that Hspb1 increases in abundance with age and is down
regulated in the 1.64 fold with a p-value of 0.039.
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Figure 22. Spot 951, later identified as Hspb1 is first circled in red and then designated
by the red arrow, however compared to crystallins it has relatively low
abundance. In order to ensure that it is not contaminated, the nearby spot,
visualized by a green arrow, was also picked to help distinguish peptides.
The confidence of Hspbl from LC-MS/MS was confirmed with a 100%
Protein CI as well as a 100% Best Ion CI.
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1.27 Discussion

RNA-Seq identified several DRGs in 7drd7-/- lens. These DRGs were
investigated for their relevance/contribution to the lens defect phenotype by
performing analyses using DAVID, iSyTFE, and literature based approaches. I discuss a
few interesting findings that are likely to be relevant to the phenotype. Tmprssile was
up-regulated in 7drd7-/- lens and encodes the protein transmembrane protease serine
that forms serpin inhibitory complexes. Serpins are known to be inhibitors of serine
proteases and most serpins have a structure that would present a loop to interact with
the protease active site cleft (Hobson JP et al. 2004). Interestingly, another serpin
protein, pigment epithelium-derived factor (PEDF) is critical in the lens. It has been
shown that down-regulation of PEDF results in decreased protein expression of
vimentin and increased expression of aB-crystallin. Studies have shown that PEDF
may regulate or protect the lens epithelial cells by paracrine or autocine processes
(Yang, J et al. 2010). Vimentin is a critical protein for cellular shape, and is known to
function in the formation of cytoskeleton (Mendez, MG et al. 2010), while mutations
in the gene encoding aB-crystallin cause cataract (Berry, V et al. 2001). Consequently,
these proteins have the potential for further investigations in 7drd7-/- mouse mutants.

An actin depositing protein encoding gene Actn2 is down-regulated in Tdrd7-/-
mutant lens. Down-regulation of Actn2 may be contributive to the lens defects

observed in 7drd7-/- mutants. Lens transparency depends on numerous cellular
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properties and the organization of fiber cell cytoskeleton is especially critical as these
cells are highly elongated and are aligned in a specific manner (Rao, P.V. and
Maldala, R. 2006). Cytoskeletal proteins are important for the organization of
cytosolic and membrane-bound proteins in the lens. Namely actin-based
microfilaments, microtubules, and intermediate are critical to the maintenance of lens
transparency (Kuszak JO 2004; Zelenka PS; Lee A. et al. 2000; Tardieu, A 1988).
Thus, this finding is of significance to the lens and will be discussed in more detail in
the next chapter.

The actin cytoskeleton participates in and regulates a variety of biological
functions including morphogeneiesis, cell migration, polarity, adhesion, trafficking,
transcription, and cell survival (Bloemendal H et al 1984; Ireland M et al. 1983;
Kibbelaar MA et al 1998). Actin provides a structural framework that provides cellular
shape and polarity; actin dynamics interact with cell adhesion proteins and the plasma
membrane to provide the mechanical force driving cellular movement and division.
Studies have focused on the organization of actin filaments into polygonal arrays
within the lens epithelium. The contractile activity of actomyosin and the tensile
strength offered by this structure are properties believed to be critical in the lens for
the maintenance of structure and function (Rafferty, NS 1985). Furthermore, actin is a
major cytoskeletal protein in lens fiber cells and its function in this context has been
characterized in several species (Lo, WK et al. 1997; Lee, A. et al. 2000; Weber, GF
and Menko AS. 2006). Lens fiber cell elongation and differentiation are associated

with profound changes in cell morphology. Fiber cell elongation is accompanied by
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extensive membrane cytoskeleton remodeling (Weber, GF and Menko AS. 2006). As
differentiation proceeds, lens fiber cells assemble actin into cortical filaments. Actin
filaments play a critical role in lens cellular function; previous research has found that
elongated actin bundles are always parallel to the cell membranes. A number of actin
bundles were found to form a chain with periodic short intervals these actin bundles
were frequently associated with adherens junctions and other regions of fiber cell
membranes (Lo, WK et al. 1997). The interactions of F-actin with other regulatory
proteins directly affect the cellular shape and organization of fiber cells which in turn
regulate lens homeostasis. These findings provide new evidence that Tdrd7 functions
in the regulation of the actin cytoskeleton during differentiation and/or growth of the
lens. Without the potential regulatory role of Tdrd7, the organization of actin and
therefore fiber cell architecture becomes disturbed.

One of the benefits of RNA-Sequencing is the massive amount of data
generated, however one of the challenges of this type of investigation is the significant
analysis needed for accurate interpretation. This thesis used tools such as DAVID
analysis, qRT-PCR, and outside resources such as iSyTFE in order to fully understand
and interpret the Tdrd7 RNA-Sequencing data. Altogether, RNA-Seq has identified
several promising candidates genes whose mis-regulation in 7drd7-/- lenses may
contribute to the cataract phenotype. However even twenty genes is a considerable
task for validation as well as a deeper understanding of mechanism within the lens that

translates to cataract. Different avenues of data analysis must be utilized in order to
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identify the most critical targets that truly influence lens homeostasis and or
pathogenesis in Tdrd7 null mutant lenses.

Although P4 sequencing has given several candidate genes that could be used
for further analysis, it was previously not known how many of these candidates
translated to the protein level. By performing 2D-DIGE analyses on both P4 and P15
samples, only expression changes that translated to protein changes would be observed
and potentially some of the mRNA expression could be validated. As expected, the
trends for both the P4 and P15 lenses were similar, however the magnitude of the
changes were larger in the P15 samples. These findings indicate that by the time
phenotypic changes were observed potentially more protein changes could be found
that were not yet statistically significant at the P15 time point.

Protein changes are one indication of the cellular pathways within the cells of
the lens, however other factors can also affect the function and homeostasis of cells.
For instance, some mRNA changes may not translate to protein expression; however
other mechanisms when disrupted could cause molecular changes that contribute to
phenotypes. Our finding that Hspb1 is reduced in the 7drd7-/- lens is of significance.
Interestingly, Hspb1 protein was identified by Lachke et al. to be down-regulated in
the Tdrd7°™ null mouse mutant lens. Further, Lachke et al. had demonstrated that
Tdrd7°"™ null lens at P4 and P30 as well Tdrd7-knockdown lens epithelial cell lines
exhibited Hspb1 down-regulation on the transcript level. Finally, my RNA-Seq
analysis also identifies Hspbl1 transcripts to be down-regulated in 7drd7-/- lens. Thus,

although entirely new candidates were not detected, the 2DE analysis served to
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independently validate our RNA-Seq findings (Figure 22) data on the protein level.
Importantly, because Hspb1 was now identified in an unbiased proteomic screen, this
served to indicate its importance in manifestation of the cataract phenotype in Tdrd7-/-

mutants.
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CELLULAR CHARACTERIZATION OF FIBER CELL DEFECTS OF TDRD7
NULL MOUSE MUTANTS

The absence of Tdrd7 in the lens causes a definitive cataract phenotype that is
one hundred percent penetrant by P22. However the severe changes seen in the lens
phenotype between a short interval of four days - between P18 and P22 - indicate
severe changes in the cellular morphology or physiology that are present prior to the
onset of the cataract phenotype. My RNA-Seq data have indicated several potential
candidate genes for further molecular analysis. However, prioritization of a select few
biologically significant candidates from 57 (at 10 counts per million cut-off) or from
193 (at the 2 counts per million cut off) presents a daunting challenge.

I took an integrated approach toward prioritization of candidates from the DRGs
identified in the RNA-Seq experiments and gain insight into their relevance in
manifestation of the cataract phenotype. This approach involved, 1) identifying Tdrd7
binding proteins and their nearest neighbors, 2) overlaying lens gene expression
information from iSy7TE, and 3) overlaying lens-gene enrichment expression from
iSyTE. 1 then performed molecular experiments to further investigate the high-priority
candidates that were identified by this approach. To gain insight into the fiber cell
defects at the cell biological level, I examined the pattern of F-actin by staining for

phalloidin on whole-mount P22 lenses as well as sectioned lenses at P4 and P22
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stages. Furthermore, to understand the effect of potential changes in F-actin on cellular
shape, I performed wheat germ agglutinin (WGA) staining on lens sections from
mutant and control. Based on the data obtained in these experiments I present a model
to outline the function on Tdrd7 in mediating post-transcriptional control of gene
expression for specific proteins that in turn function to maintain the cellular
characteristic architecture of lens fiber cells. Finally, the model also serves to explain
the timeline of events in 7drd7-/- mouse lens that contribute to the generation of lens

defects due to deficiency of this important regulatory protein.

1.28 Tdrd7 Protein-Protein Interaction Mapping

To prioritize promising candidates for further analysis, an integrated analysis on
Tdrd7 protein-protein interaction (PPI) network data as well as lens expression data
according to iSyTE was utilized. According to NCBI databases and the Tdrd7-PPI
network, TDRD7 has experimentally demonstrated to directly interact with seven
proteins. These proteins include ATXN2, TACC1, CABLESI1, CDK17, NRFI,
GABPBI, and FRAT1. When this PPI data was overlaid with iSyTE lens expression
and enrichment data, the most highly lens enriched protein identified was ATXN2
(Figure 22).

ATXN?2 expression is highly enriched in the lens based on its iSyTFE rank,

which is 352 and within the top 1.5% of lens enriched genes. According to protein-
protein analysis, ATXN2 directly binds to 42 other proteins of which nine are

recognized by iSyTE to be among the top 5% of lens-enriched genes (iSyTE ranking
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less than top 1000). These proteins include ACTN2, NEDDS, PABPC2, BAG®,
CUL3, TSG101, SH3GL2, WWOX, and SH3KBP1 (Figure 23). I hypothesized that
ATXN?2 and its lens-enriched interacting partners may be potentially applied to
prioritize the DRGs identified by RNA-Seq in Tdrd7 mutant lens.

From all of the interacting partners of Tdrd7, only one was in the 1.5% iSyTE
enriched genes, Atxn2. Furthermore, out of the 42 interacting partners of Atxn2 only 9
were in the top 5% of iSyTE-enriched genes. Out of these seven candidates, only one
of these was also found to be downregulated from our RNA-Sequencing data.
Remarkably, the most lens enriched binding partner of Atxn2 was Actn2. These
interactions presented additional evidence in support of Actn2 as a potential target of
Tdrd7 in the lens. I next investigated the developmental expression of Atxn2 and Actn?2
in the lens by analyzing iSyTE data.

iSyTE expression showed that Atxn2 and Actn2 were both significantly
expressed in the embryonic and postnatal lens. Interestingly, Actn2 expression in wild
type lenses is sharply up-regulated in early postnatal stages between P4 and P12 prior
to being down-regulated at P20 and later stages. On the other hand, A#xn2 expression
was relatively high in all postnatal stages analyzed. The dynamic up-regulation of
Actn2 expression in early postnatal stages between P4 and P12 may be of significance

in lens differentiation in normal lens.
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Figure 23. Protein-protein interaction mapping of Tdrd7 integrated with iSyTE data.
iSyTE ranks below 300 (highly lens-enriched, top ~1%) were assigned
the color ED1C24, a bright and deep red. iSyTE ranks between 301- 500
were assigned the color E34128, a lighter red. iSyTE ranks between 501-
1000 were assigned the color F37E72, a salmon pink color. iSyTFE ranks
between 1001- 2000 were assigned the color FDE3EO a light pink. iSyTE
ranks above 2000 were assigned the color EGE7ES, a light gray.
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Figure 24. Atxn2 gene expression is highly enriched in the murine lens. Atxn2 is the
most highly enriched gene that has been identified to direct binding
protein partner of Tdrd7. The most highly lens-enriched candidate that
interacts with Atxn2 is Actn2. This indicates that Tdrd7 may potentially
be within a protein complex with Actn2 protein. Further, it supports
candidacy of Actn2 for further investigation in the lens.
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Figure 25. iSyTE expression of genes Atxn2 and Actn2 in the embryonic and postnatal
lens. Analysis of lens expression data in iSy7E microarray database (both
published, and new, unpublished) identified both Atxn2 and Actn2 to be
significantly expressed at these stages. While Atxn2 expression remains
high through all lens developmental stages tested, Actn2 expression is
sharply up-regulated between P4 and P12 stages, prior to being down-
regulated at P20 and later stages. Up-regulation of Actn2 expression in
early postnatal stages between P4 and P12 may be of significance in
normal lens development.

1.29 RNA Immunoprecipitation (RIP)

Because Tdrd7 is predicted to bind RNA, I sought to investigate if Tdrd7 protein
was associated with RNA in the lens. I undertook an RNA Immunoprecipitation (RIP)
assay followed by qRT-PCR analysis of candidate target transcripts. I used a Tdrd7-
specific antibody to perform RIP on lens tissue lysate from stage P15 ICR wild type
lens and then tested the level of Actn2 transcripts in Tdrd7-RIP pulldown complex
(Figure 25).

I selected P15 stage for RIP assays to increase the likelihood that interactions
between Tdrd7-targets represented molecular changes pertinent to the phenotype. This
stage is both close to when Actn2 expression is highest. Moreover, this stage is just

three days prior to the lens fiber cell defect detected by SEM analysis. Further, I
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validated that the RIP assays were working well by testing (and confirming)
candidates HspbI and Crybb3 that were previously identified by Lachke et al. in

Tdrd7 RIP assays (Figure 26).
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Figure 26. Actn2 is downregulated in 7drd7-/- mutant lenses and Tdrd7 directly binds
to Actn2 mRNA. Both RNA-Seq as well as qRT-PCR indicate that Actn2
is down regulated in P4 Tdrd7-/- mutant lenses. RIP analysis has been
validated in WT ICR P15 lenses using both RT PCR as well as qRT
PCR. Both methods demonstrate that Tdrd7 can bind to Actn2 mRNA in
the lens.
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Figure 27. Validation of previously identified Tdrd7-RIP target RNAs in mouse P15
WT lens. Tdrd7-/- mutant lenses show down-regulation of Hspb1.
Although Crybb3 is not down-regulated in P4 Tdrd7-/- mutant lenses
(but is down-regulated in Tdrd7“" homozygous null mutant at P30),
Tdrd7 has been shown to directly bind to Hspb! and Crybb3 mRNA in
mouse P15 WT ICR lens.

1.30 Phallodin Staining of F-Actin

Actn2 is among four actin-binding proteins belonging to a family called a-
actinins. These proteins are related to dystrophin and the spectrins. Within non-muscle
cells, Actn2 functions in binding F-actin to the cell membrane (Jalan-Sakrikar, N et al.
2012). Actn2 is generally located near microfilament bundles and adherens-type
junctions. Furthermore, Actn2 and Actn3 have also been shown to function in the
localization of actin-containing filaments (Mills, MA et al 2001). Moreover, a-actinin
binds to the cytoplasmic domain of B1-integrin. This suggests that a-actinins may be
directly linked to the cytoskeleton (Otey, CA et al. 1993).
Since actinins have been shown to affect the special localization of actin, and
specifically because Tdrd7 directly associates with Actn2 (Actinin 2) mRNA in wild
type lenses, we hypothesized that fiber cell cytoskeletal defects partially originate
from an irregular network of filamentous actin networks. These disrupted networks

contribute to the cataract phenotype observed in 7drd7-/- mutant lenses. To test this
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hypothesis, I performed whole mount phalloidin staining on 7drd7-/- and control P22
lenses to visualize the pattern of F-actin in the lens. This assay revealed a difference in
the spatial localization of F-actin differed from the controls. While F-actin appeared
uniformly distributed in control lens, it was unequally distributed along the length of
fiber cells in the Tdrd7-/- lenses. In mutant lens, although the overall cytoskeleton
structure was not entirely altered, F-actin appeared in aggregates were detected along

the fiber cell cytoskeleton throughout the lens tissue (Figure 27).
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Figure 28. Phalloidin staining of F-actin in P22 7drd7-/- and control lenses. Control
lenses show linear fiber cell architecture and organization, however
Tdrd7-/- lenses seem to develop disordered cellular appearance as well
as disjointed fiber cell packing. Actin appears to accumulate or clump on
the edges of fiber cells.

Phalloidin staining on P4 sections were also used to visualize the examine
actin distribution in the development of 7drd7-/- mouse mutant lenses. At P22, while

levels of actin appeared similar in both control and 7drd7-/- mutant lens, the F-actin
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distribution was altered in mutant lens. As with whole mount staining, F-actin

aggregates were detected in the 7drd7-/- mutant lens (Figure 28).
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Figure 29. Phallodin staining of lens sections from P22 7drd7-/- mutant and control.
Tdrd7-/- shows “clumping” of actin on the cytoskeleton. Actin
cytoskeleton morphology was also disrupted.

1.31 Wheat Germ Agglutinin Staining

To investigate the effect F-actin misregulation on fiber cell shape, I next
performed wheat germ agglutinin (WGA) staining on P4 and P22 control and mutant
lens sections. WGA is a lectin protein that binds to N-acetylglucosamine and N-
acetylneuraminic acid, N-acetylgalactosamine and is applied in staining of cell
membranes. As expected, WGA staining for both P22 and P4 controls lenses exhibited
a largely hexagonal pattern of fiber cells in saggital sections. In 7drd7 null lenses
however, the hexagonal pattern was disrupted for P4 and almost nonexistent for P22

samples (Figure 28).
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Figure 30. WGA staining of 7drd7-/- mutant and control lens at P4 and P22 stage.
Sagittal lens sections from control and mutants were stained with WGA
to identify cellular structure of lens fibers. Normal lens fibers exhibit
expected the distinct hexagonal structure that is observed in controls.
However, Tdrd7-/- lens exhibits deformed structure at P4. By P22, the
fiber cell shape is severely abnormal in 7drd7-/- lens.

To investigate WGA and actin staining pattern in the 7drd7-/- mutant lens,
sections were co-stained with phallodin and WGA at P4 and P22. While P22 control
lenses showed normal WGA and actin interactions as well as hexagonal structures, the

Tdrd7-/- mutant lenses exhibited disruption of both markers (Figure 32).
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Figure 31. Co-staining of phalloidin and WGA (Green) in sagittal P22 Tdrd7-/- mutant
and control lenses. Actin (Red) localizes to edges of the hexagonal
shapes of the fiber cells in the control lenses but not in the 7drd7 null
lenses. The shapes of hexagons are abnormal in the Tdrd7-/- lenses
compared to the controls.

1.32 Discussion

By stage P22, Tdrd7-/- mutant lenses exhibit a 100% penetrant cataract
phenotype. Despite this fully penetrant phenotype in these mutants, drastic changes
that lead to cataract formation transpire within a short period of only four days
between P18 and P22, prior to which the lens are completely transparent. The
abnormal fiber cell morphology detected by SEM analysis in P18 7drd7-/- mutants
indicate that intense cellular changes occur before the onset of the cataract phenotype,
in turn reflecting even earlier alterations in molecular mechanistic events in these

animals. However, resolving these causative molecular changes is challenging.
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I have investigated the molecular mechanism of cataract in 7drd7-/- lens by
applying an integrated approach. Namely I analyzed RNA-Seq data with protein-
protein interaction data and iSyTE enrichment analysis has provided new insights into
the function of Tdrd7 in the lens. This integrated approach has allowed me to identify
a new regulatory function for previously characterized proteins in lens homeostasis
and development. Namely, these experiments indicated that Tdrd7 regulates lens fiber
cell cytoskeleton by regulating F-actin deposition. It does so by potential direct
binding to Actn2 RNA, which encodes a a-actinin protein that is involved in F-actin
distribution. It could be hypothesized that in normal wild type lens, Tdrd7 interaction
with Actn2 transcripts leads to their increased stability in turn ensuring the build-up of
a critical amount of Actn2 protein necessary for appropriate F-actin deposition in lens
fiber cells. Disruption of Tdrd7 function results in reduced Actn2 transcripts and
consequently in abnormal deposition of F-actin, which contributes to membrane
protrusion defects in fiber cells that culminate in the formation of cataract.

However, the possibility can be entertained that other mechanisms, besides
Actn2 down-regulation, also contribute to the abnormal fiber cell morphology in
Tdrd7-/- lens. In this alternate model, the F-actin aggregates observed in mutant are a
secondary effect of disorganized fiber cells that are established early in 7drd7-/- lens.
However, the early changes in Actn2, long before the onset of the phenotype, supports
the action of this gene in favor of causative than reflective.

Actin is one of the principal components of the cytoskeleton and is necessary for

lens transparency as well as homeostasis. Cytoskeletal remodeling is essential in fiber
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cell differentiation, and without proper actin distribution, this process is disrupted. In
non-muscle cells, actin plays a critical role in regard to the attachment of the actin
cytoskeleton to cell-substrate and cell-to-cell contacts (Cooper., 2000). Thus, based on
these findings that elucidate Tdrd7 function in regulation of F-actin distribution, it is
likely that abnormal cytoskeletal organization could play a large role in the disrupted

architecture seen in 7drd7-/- mouse mutant lenses.

113



CONCLUSIONS AND FUTURE DIRECTIONS

This thesis seeks to characterize Tdrd7 function in the lens through the careful
analysis of T7drd7-/- mouse mutants on the phenotypic, cellular and molecular levels.
While phenotypic characterization using SEM, light microscopy and histological
analysis reveal defects in the mutant lens at different levels of resolution; RNA-Seq
analysis identifies 57 genes that are differentially expressed at +1.5 fold cut-off. An
integrated analysis of these DRGs, based on Tdrd7 protein-protein interaction (PPI)
network data as well as lens expression according to iSyTE, leads to prioritization of
promising candidates for further analysis. In particular, the Tdrd7 PPI network
analysis identifies Atxn2, a cytoplasmic RNA granule protein, as a direct interacting
protein of Tdrd7. These networks also identify Actn2, an F-actin crosslinking protein,
as a binding partner of Atxn2, whose transcripts are downregulated in 7drd7-/- mutant
lens.

The protein Actn2 has been described to function in deposition F-actin;
additionally, Actn2-KD zebrafish has lens/cataract phenotype (Gupta et al. 2012).
Thus cell biological analysis of F-actin reveals abnormal fiber cell architecture in
Tdrd7-/- mutant lens. Tdrd7-pulldown complexes in RIP assays exhibit high
enrichment of Actn2 transcripts in normal lens tissue. These experiments serve to

demonstrate that Tdrd7 functions by directly interacting with Actn2 transcripts in the
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lens, and therefore has the potential to affect F-actin within the lens (Figure 33 and
34).

Actin is one of the most highly abundant proteins found within eukaryotic cells
and is also vital for the accurate formation of the cytoskeleton and its exchanges with
the extracellular matrix (Tojkander S. Gateva, G and Lappalainen, P. 2012). Within
the lens changes in actin dynamics have been shown to correlate with lens
differentiation. Specifically there is an increase in the ratio of F-actin to G actin while
fiber cell differentiation occurs (Nowak, RB and Fowler, VM 2012). These changes in
actin filaments alter cytoskeletal organization and therefore cellular shape. When the
architecture of the actin cytoskeleton is disturbed, fiber cell differentiation is stunted;
specifically the epithelial elongation does not occur and therefore lens defects arise
(Cheng, C et al. 2013). These findings support how critical the actin cytoskeleton is
for the cell in general and specifically for the differentiation and networks of lens fiber
cells (Nowak, RB and Fowler, VM 2012; Mousa, GY and Trevithick, JR, 1977; Iwig,
M et al. 1981).

Many cytoskeletal-associated proteins other than alpha-actinin including
vinculin, talin and integrins have previously been shown to play an important role in
the actin cytoskeleton membrane dynamics (Nowak, RB and Fowler, VM 2012).
Other molecules including specrin, actin and tropomyosin have previously been
reported to assemble within the plasma membrane of both undifferentiated and
differentiated fiber cells (Woo, M. K et al.; 2000). Furthermore other experiments

have demonstrated that alpha actinin can also potentially bind to betal integrin,
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another protein associated with lens homeostasis (Otey, CA et al 1990). Recent work
has illustrated how critical beta 1-integrin is within the lens and also how it can affect
F-actin (Scheilblen, DA et al. 2014). These previous experiments are a solid
foundation for the hypothesis that Tdrd7 functions in the regulation and distribution of
F-actin within the lens (Nowak, RB and Fowler, VM 2012).

Both Hspbl (Hsp25/27/HSPB1) and actin are induced by cellular stress and
Hspbl provides resistance against both heat shock and oxidative stress. Hspb1 also
interferes with various cell signaling pathways and can function as a chaperone within
the cell (Garrido et al., 2006; Parcellier et al. 2005). Additionally, Hspb1 has been
shown previously to interrupt apoptotic pathways by blocking the release of
cytochrome c (Bruey, JM et al. 2000). Previous research has shown that in other
tissues Hspb1 helps to regulate actin dynamics by influencing the contraction of actin
filaments (Moreno-Dominguez, A. et al. 2014). During differentiation, fiber cells
undergo high levels of stress while undergoing drastic changes in cellular shape; all of
these processes require cellular mechanisms to control and regulate these severe
molecular changes.

Interestingly, Hspb1 is known to interact with actin in vitro (Graceffa, P.
2011). Previous research has shown that Hspb1 is involved in the capping of actin
filaments, in vivo evidence demonstrates that phosphorylated Hspb1 is required for
providing actin stability after a cell experiences heat stress. Furthermore,
phosphorylation of Hspb1 has been hypothesized to play an important role in the

regulation of F-actin dynamics in response to growth factors and stress. The
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microfilament network is one of the earliest targets of oxidative stress and
phosphorylation of Hspbl1 is strongly induced by reactive oxygen metabolites. Thus,
Hspbl phosphorylation may be involved in regulation of actin dynamics in response to
oxidative stress (Lavoie, JN et al 1993). The accumulation of unregulated oxidative
stress in the lens has been shown to causes cataracts previously (Berthoud, VM 2009).
Research presented in this thesis elucidates the interactions of Tdrd7, Hspbl, and F-
actin in maintaining lens homeostasis and transparency.

Other proteins involved in actin regulation include actin cross-linking proteins
such as filamin and actinin that provide structural support and organize actin filaments
into bundles. Conversely, other actin regulating proteins include actin-severing
proteins; these proteins function in increasing the number of actin filaments. This
thesis reiterates the importance of Tdrd7 and its affect on actin distribution in the lens.
Co-staining of proteins like Hspb1 and Actin in the lens, as well as staining for Actn2
should be performed as future work. These experiments will help elucidate the
cytoskeletal regulatory components of this pathway regulated by Tdrd7.

In future, proteomics based approaches to identify the protein-binding partners
of Tdrd7 leading to defining the “Tdrd7-interactome” in the lens will further advance
the function of this protein. Such an approach involving immunoperciptation (IP) of
Tdrd7 and its associated proteins from the lens tissue followed by mass spectrometry
will identify protein interactions of Tdrd7 in a non-biased screen. Depending on the
results of the IP further staining could be performed, specifically co-staining of

proteins like Hspb1l and Actin in the lens as well as staining for Actn2. It would be
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interesting to test if any recognized arginine-methylated proteins are identified in such
a screen, as it would lead to investigation of a new area of arginine-methylated
regulation in the lens. It would also be interesting to learn if other RNA granule
component proteins in addition to Atxn2 are identified as Tdrd7 targets.

One potential concern that can be addressed in future research is related to
some of the early post-natal stages used in these studies. Because P4 is two weeks
prior to the observation of the lens fiber cell defects, it may potentially be so early that
important candidate genes were missed. Future studies could focus on the identifying
new targets at later lens stages, which are temporally closer to the onset of the
phenotype.

This could be useful very useful for the sequencing data since the control used
in this study was a heterozygous lenses instead of a complete wild type lenses. This
was used in order to discern the most profound differences occurring within that lens
that cause such an intense phenotype. Nonetheless since one of the control and null
lenses were removed from sequencing analysis, the data does loose some of its power.
This may account for the fact that within the dataset there were less candidate genes
come pared to other sequencing datasets. Another alternative explanation for the
relatively small candidate gene list is that all of the lenses used for sequencing were
pooled together. Although this does give better quality RNA, it also may hide
variation between samples so larger changes become diluted and therefore are missed
by sequencing cut-offs. These questions could be further addressed in future research,

where more sequencing could be performed.
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Tdrd7 is implicated in post-transcriptional regulation in lens as well as non-
lens tissue (Lachke et al. 2011, Tanaka et al. 2011). Therefore, in addition to its
protein-binding partners, it would be beneficial to understand the binding sites of
Tdrd7 within lens-expressed RNAs. Additionally, the sequencing results suggest that
there is more to be discovered regarding Tdrd7’s interactions with the mitochondria.
Several mitochondrial mRNAs were found to be upregulated in the 7drd7-/- lenses.
This thesis was not able to fully investigate the molecular mechanism of these changes
however this could be a new field of study for future investigation. These findings in
the future may elucidate how Tdrd7 interacts with RNA and proteins and how these
different molecular functions contribute to lens homeostasis.

Finally, research in this thesis serves to demonstrate that an integrated
approach using cell biology, high resolution phenotypic characterization, and state-of-
the-art molecular analysis including RNA-sequencing, combined with bioinformatics
analysis can identify novel connections and provide new insights into regulatory
mechanisms in tissue development. This thesis contributes to the understanding of the
molecular mechanism of a novel RNA binding protein and RNA granule component
in the lens, and therefore provides unique insights into the pathophysiology of a

prevalent eye disease cataract.

119



Actin Microfilaments

Actin icrofilaments

Figure 32. Tdrd7 affects F-actin distribution in the lens. In this thesis, I provide
evidence that Tdrd7 is involved in the spatiotemporal positioning of F-
actin within the mouse lens. It can be hypothesized that alteration of the
structure of actin, results in alteration of microfilaments, in turn affecting
the overall architecture of lens fiber cells.
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Figure 33. Proposed partial mechanism of Tdrd7 within the lens. Tdrd7 not only
regulates critical lens mRNAs for Hspb1 and Actn2, but also interacts
with other important proteins like Atxn2, to regulate the distribution and
architecture of the actin cytoskeleton.
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CURATED GENE LIST FROM TDRD7-/- MOUSE MUTANTS

Table 4. List of genes that are differentially regulated with significant FDR-values and
a fold change of 1.5 and over. These genes are also over 10 counts using

both counts per million and RPKM.

mgi_symbol Fold-change (FC) FDR-corrected Pvalue
mt-Atp8 2.4 3.5E-23
Eif2s3y 1.9 3.1E-04
Krcel 1.7 3.0E-07
Idil 1.7 3.2E-22
Gceg 1.7 1.9E-07
Lsm5 1.6 4.6E-04
Rpl39 1.6 3.2E-12
Med21 1.6 8.4E-14
Rnfl13al 1.6 5.6E-12
Tcebl 1.6 1.8E-11
mt-Ndo6 L5 2.4E-12
Cetn3 L5 3.8E-13
mt-Nd3 L5 2.4E-10
Nr2£6 1.5 3.9E-07
Uchl3 1.5 1.2E-05
Casp7 1.5 6.1E-10
Tbca 1.4 2.6E-10
Scoc 1.4 3.2E-11
Gm1673 -1.5 3.6E-06
Cxxla -1.5 1.9E-03
Pabpnl -1.5 1.9E-05
Actn2 -1.5 4.2E-05
Pkdcc -1.5 9.9E-08
Lpinl -1.5 5.1E-09
Gltp -1.5 6.7E-10
Snx22 -1.6 5.8E-15
Gpsm2 -1.6 2.9E-17
Metrn -1.6 6.6E-05
Dcakd -1.6 3.2E-07
Hspb6 -1.7 6.1E-08
Rpl13 -1.7 4.4E-03
Rpl17 -1.8 6.3E-05
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Hspbl -1.9 1.1E-07
Aarsd1 -1.9 3.4E-03
Avp 2.1 6.2E-13
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COMPARISION OF RPKM AND COUNTS PER MILLION FOR CURATED
GENE LIST

Table 5. RPKM and counts per million within the curated list of genes shown in

appendix A. Each gene listed has at least 10 RPKM.

FDR-
corrected  Cl- C2- T2- T3- C1- C2- T2- T3-

mgi_symbol Pvalue RPKM RPKM RPKM RPKM CPM CPM CPM CPM

3833
mt-Atp8 3.5E-23 628.72 582.47 1146.60 1636.40 143.98 136.86 281.56 7
Eif2s3y 3.1E-04 8.71 10.04 21.71 12.09 17.95 21.24 47.99 2548
Kreel 3.0E-07 33.55 32.45 50.05 57.02 4.15 4.07 6.68 7.12
Idil 3.2E-22 14.39 14.42 24.09 24.33 38.43 39.17 66.53  63.47
Geg 1.9E-07 27.61 37.33 48.64 56.67 35.05 48.63 66.21  73.60
Lsm5 4.6E-04 6.00 7.07 9.13 12.56 2.87 3.04 4.79 5.83

316.6
Rpl39 3.2E-12 367.82 396.20 493.93 579.16 172.86 200.27 281.90 6
Med21 8.4E-14 28.73 29.39 40.84 48.14 35.34 37.09 5392  60.62

193.4
Rnfl13al 5.6E-12 82.23 80.37 110.55 138.28 112.43 112.75 162.09 2
Tcebl 1.8E-11 19.75 21.96 29.51 33.46 21.15 24.13 33.89  36.66

499.5
mt-Nd6 2.4E-12 543.52 491.45 706.35 838.13  316.67 293.77 441.28 5
Cetn3 3.8E-13 25.90 25.43 34.89 39.78 29.04 29.26 4195  45.64

290.7
mt-Nd3 2.4E-10 480.82 439.23 604.58 727.39 187.83 176.05 253.25 0
Nr2f6 3.9E-07 9.19 9.19 7.12 7.38 14.50 14.45 10.11 9.80
Uchl3 1.2E-05 10.57 12.03 14.54 17.74 10.98 12.73 16.01 18.44

155.6
Casp7 6.1E-10 37.56 38.37 49.02 57.69 99.09 103.86 138.68 8
Tbca 2.6E-10 94.62 101.70 131.81 143.80 53.36 58.92 79.70  82.70
Scoc 3.2E-11 21.75 21.33 29.11 32.64 45.81 46.24 64.96  67.80
Gml673 3.6E-06 16.25 15.90 11.07 10.32 12.13 12.18 8.86 7.88
Cxxla 1.9E-03 13.45 14.34 10.50 9.55 5.35 5.87 4.18 3.46
Pabpnl 1.9E-05 26.97 26.32 22.00 18.59 27.19 28.62 21.57  16.39
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Actn2
Pkdcc
Lpinl
Gltp
Snx22
Gpsm2
Metrn
Dcakd
Hspb6
Rpll3
Rpll7

Hspbl
Aarsdl

Avp

4.2E-05
9.9E-08
5.1E-09
6.7E-10
5.8E-15
2.9E-17
6.6E-05
3.2E-07
6.1E-08
4.4E-03
6.3E-05

1.1E-07
3.4E-03
6.2E-13

9.77
4.44
9.41
9.55
84.47
11.83
9.93
14.61
10.47
324.30
301.66

407.78
12.39
14.15

7.15
4.46
10.58
9.42
77.71
11.22
9.41
14.77
9.55
322.71
313.13

514.32
11.70
12.07

5.19
2.81
6.62
6.16
49.59
6.89
6.63
11.22
6.45
272.34
308.69

275.58
9.32
6.40
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5.85
2.94
6.01
5.75
45.19
7.54
6.53
11.03
5.18
193.35
330.10

214.61
9.57
5.78

40.50
12.18
60.47
18.84
143.40
46.02
6.68
13.46
16.02
10.42
37.41

217.58
1.62
9.17

30.44
12.56
69.78
19.06
137.85
44.80
6.67
13.25
15.00
9.58
40.14

280.36
1.54
8.02

23.09
8.27
45.65
13.04
95.21
28.60
4.71
9.42
10.59
7.85
27.48

156.66
0.69
4.42

24.84
8.25
39.53
11.60
86.22
29.88
3.83
7.66
8.11
4.11
15.80
109.7

0.93
3.83
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