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Fibronectin (fn) and integrin α5 (itgα5) are both key players in cell
adhesion and intracellar signaling, however the specific in vivo role of these
proteins has never been analyzed in the vertebrate lens.
The results presented here indicate that Fn1 and Itgα5 proteins are
essential for the proper development of the lens. The loss of Fn1 protein in the
zebrafish embryo results in distinct adhesion defects, defects in lens fiber
morphogenesis, and cataracts. These results were phenocopied in zebrafish
itga5 mutants, thereby indicating an essential role for Fn1 and Itgα5 during lens
development. Furthermore, embryos with reduced levels of ptk2.1 (focal
adhesion kinase – FAK) also phenocopied the defective fn1 and itgα5 lens,
suggesting that FAK is a major player in the intracellular signaling mediated by
Fn1/Itgα5 interactions in the lens.
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Chapter 1 - Introduction
Lens development is a dynamic process, which includes drastic cell
shape changes and spatially controlled cell differentiation. The lens is made of
two unique cell types: an anterior layer of epithelial cells and a central core of
lens fibers. The epithelial cells differentiate into lens fibers at the subequatorial
region of the lens known as the transition zone (Soules & Link, 2005; Greiling &
Clark, 2009). The differentiation of a lens fiber is a dramatic event that includes
degradation of all cell organelles, a step necessary for transparency in the lens
(Bassnett, 2009). Additionally, a differentiating lens fiber must undergo an
extensive cell shape change, transitioning from a cuboidal epithelial cell to a
highly elongated lens fiber. The process of cell elongation has been described in
multiple cell contexts and begins with cell polarization. The ends of the
differentiating lens fiber extend protrusions, which are driven by actin
polymerization. The cell then interacts with a substratum and then continues to
elongate via further actin-polymerized protrusion. The elongation of a lens fiber
involves multiple cell-cell and cell-ECM interactions. Lens fibers elongate
anteriorly via cell-cell interactions between the apical end of the lens fiber and the
apical side of the lens epithelium, while they elongate posteriorly via cellextracellular matrix (ECM) interactions between the basal end of the lens fiber
and the lens capsule – an ECM that surrounds the lens (Zelenka, 2004). Lens
fibers are added to the lens throughout the life of the animal. As the lens
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continues to grow new lens fibers continually compact older fibers and displace
them into the center of the lens.
Fibronectin (Fn) is a component of the extracellular matrix and is known to
be expressed within the embryonic lens in rat and chicken (Parmigiani and
McAvoy, 1984; Kurkinen et al., 1979), and is also expressed in the adult lens in
both cows and mice (Cammarata et al., 1986; Duncan et al., 2000).
Integrin α5 (Itgα5) is a transmembrane protein that heterodimerizes with
integrin β1 to from the preferential extracellular receptor for fibronectin. Itgα5 is
known to be present in the lens in both mouse and chick (Barbour et al., 2004;
Wederell and de Iongh, 2006; Zelenka, 2004). Additionally, the heterodimer of
itgα5/β1, is expressed in the human lens (Duncan et al, 2000; Chauhan 2002,
Mathew et al, 2003).
The Itgα5/β1 dimer plays a key role in both cell adhesion and intracellular
cell signalling pathways, including morphogenesis and differentiation of cells.
Each of these processes is regulated by Fn interaction with Itgα5/β1 in other
contexts and they are also known to be important for lens development. The role
of cytoskeletal rearrangements has been studied in vertebrate lens development
(Maddala et al., 2004), however the role of adhesion has not been examined.
The ECM protein fn1 and transmembrane protein itgα5 are both key players in
cell adhesion, however, the specific in vivo role of these proteins has not yet
been analyzed in the vertebrate lens.
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Prior attempts to study these molecules during vertebrate lens
development have been challenging due to high lethality rates when these genes
are knocked-out in higher vertebrates. The Fn null mouse is embryonic lethal,
and dies before lens developments is complete (George et al., 1993).
Furthermore, the mouse knockout of Itgα5 is also embryonic lethal (Yang et al.,
1993). Zebrafish, however provide a unique vertebrate system to assay null
mutants due to the existence of maternally derived mRNAs and proteins during
early development that allow for survival of the embryo throughout lens
development. The zebrafish homozygous fn1 mutant (Trinh and Stanier, 2004) is
viable to 5dpf – well beyond the full development of the lens, and the zebrafish
itgα5 mutant is also viable to 5dpf, thereby providing an excellent tool to study
the role of the adhesion proteins Fn1 and Itgα5 in the context of vertebrate lens
development.
The results presented here indicate that Fn1 and Itgα5 proteins are
essential for the proper development of the lens. The loss of Fn1 protein in the
zebrafish embryo results in distinct adhesion defects, defects in lens fiber
morphogenesis, and cataracts. These results were phenocopied in zebrafish
itga5 mutants, thereby indicating an essential role for Fn1 and Itgα5 during lens
development. Furthermore, embryos with reduced levels of ptk2.1 (focal
adhesion kinase – FAK) also phenocopied the defective fn1 and itgα5 lens,
suggesting that FAK is a major player in the intracellular signaling mediated by
Fn1/Itgα5 interactions.
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Chapter 2 – Fn1 and Itgα5 are essential for lens development
The vertebrate lens is composed of two cell types: an anterior mono-layer
of epithelial cells, and a central core of lens fibers, which exist as elongated cells
spanning from the anterior epithelial layer to the posterior of the lens and are
packed tightly together in a fashion similar to the layers of an onion. The lens is
enclosed by a basement membrane, known as the lens capsule, which physically
separates the lens tissue from the vitreous and aqueous humour, the retinal
tissue, and the cornea. Fn1 is a component of the lens capsule. Both epithelial
and lens fibers interact with the lens capsule through cell surface receptors such
as Integrins, which are heterodimeric, transmembrane receptors that mediate
both cell-ECM and cell-cell interactions, and also transduce intracellular signals.
Multiple integrins are expressed in the lens (Walker & Menko, 2002; De
Arcangelis et al., 1999; Wederell and de Iongh, 2006) including, Itgα5, which
heterodimerizes with Integrin β1 to form a receptor, which preferentially binds to
Fn.

Fn1 is required for embryonic lens development
In this study the natter allele of fn1 was used (Fig. 1B). This allele
possesses a premature stop codon at amino acid 81 (Trinh & Stanier, 2004). fn1
mutants possess decreased levels of Fn1 protein in the lens as detected by
immunohistochemistry (Fig. 1B), however varying levels of detection were
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present across multiple mutants, which may be a result of antibody crossreactivity due to expression of the zebrafish Fn1 ortholog, fn1b (Sun et al., 2005)
fn1 mutant fish were identified phenotypically at 2dpf due to edema in the
developing heart. By 3dpf fn1 mutant fish present with heart and somite defects,
and also begin to exhibit eye phenotypes including microphthalmia and cataract
(Fig 1D,E). At 4dpf fn1 mutant fish have considerable heart and muscle defects,
their body length is noticeably shortened compared to siblings, and both
microphthalmia and cataract phenotypes have become more pronounced. I
restricted the study of the vertebrate lens to 4dpf and earlier in order to reduce
the deleterious effects of a sickening fish on development.
Fn1 is expressed in the zebrafish lens in puncta at the interface between
the lens fibers and the epithelial layer at the anterior of the lens, and in the
cornea (Fig. 1A; cartoon of expression pattern Fig. 1C). Fn1 is localized
throughout much of the posterior of the lens including the region where the fibers
lie adjacent to the lens capsule and also throughout the young differentiating lens
fibers (Fig. 1A, arrows).
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Figure 1 – Fn is expressed in the lens and fn1 mutants possess cataracts
(A) Fn expression at 4dpf in wild-type embryo. Fn is detected in the cornea, in
puncta on the apical side of the lens epithelium (asterisks) and at the posterior of
the lens in lens fibers (arrows). (B) fn1 mutants retain Fn1 staining in the cornea,
under the lens epithelium and in posterior fibers, but levels are reduced. Shown
is a fn1 mutant with the highest level of Fn staining detected. Levels detected in
mutants vary from this, to almost none. (C) Cartoon depicting regions of the lens
in which Fn is distributed. Fn in red and nuclei in green for all images. (D)
Brightfield image of 4dpf wild-type eye showing transparent lens. (E) fn1 mutants
possess visible cataracts. Dorsal is up, anterior to the right in D,E. Scale bar =
50um.
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Given the role of Fn1 in cell-ECM interactions, we hypothesized that
without functional Fn1 protein the lens may exhibit cell adhesion defects.
Histology was used in order to analyze the detailed morphology of the cells within
the lens. fn1 mutants can be categorized into ‘mild’ and ‘severe’ phenotypic
categories. At 2dpf the WT lens is comprised of an anterior epithelial layer and a
central region of differentiating primary lens fibers. Primary lens fibers are not
fully compacted and have not completed organelle degradation, but do express
lens fiber markers (Fig. 2A, Fig. 6A). The lenses of both mild and severe
mutants are slightly smaller than WT and display reduced compaction of the
primary lens fibers (Fig. 2B, C). In addition to these phenotypes, the apical region
of the elongated lens fibers in severe mutants do not make contact with the
epithelial monolayer (Fig. 2C). This could be a result of defective adhesion
between lens fibers and epithelial cells, or could be due to defective elongation of
lens fibers, whereas they are unable to fully elongate and reach the anterior
epithelium. By 3dpf the WT lens has grown significantly and lens fibers have
compacted (Fig 2D). fn1 mutants are microphthalmic at 3dpf and exhibit more
severe gaps between cells throughout the lens and cornea (Fig. 2E, F – arrows).
These defects are categorized into mild and severe based on the severity of the
phenotype. Furthermore, in a 3dpf WT eye the lens is adhered to the retina (Fig.
2D, G). There is considerable evidence that the development of the lens is
regulated by growth factors, which are derived from the retina, reside in the
vitreous, and must traverse the lens capsule in order to signal in the lens
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(McAvoy et al, 1999; Luvico & McAvoy 2005). Interestingly, histological
sections show that the lens of most fn1 mutants is physically separated from the
retina (Fig 2E, F, & H). This phenotype resembles a condition known as ectopia
lentis, a defect that exists in human patients with Marfan’s syndrome and is
known to be caused by disruptions in the ECM (Kainulainen, 1994).
Figure 2 - Histology of fn1
mutant lens and retina
(A) Wild-type (WT) lens at
2dpf. (B) Mild and (C) severe
fn1 mutant lenses. (B) Mild
mutants possess
abnormalities in the lens
nucleus where fibers have
not fully compacted, and a
slight gap between the lens
and retina. (C) Severe
mutants also possess gaps
between the epithelium and
lens fibers at the anterior of
the lens. (D) WT lens at
3dpf. (E) Mild and (F) severe
fn1 mutant lenses at 3dpf.
Both classes of mutants
possess smaller lenses than
WT, remain separated from
the retina, and possess gaps
within the cornea
(arrowhead). In the lens, lens
fibers are not tightly apposed
to the lens epithelium at the
anterior (asterisk), and
possess gaps at the lens equator between lens epithelial cells and lens fibers
(arrow), and at the posterior of the lens. (G) WT and (H) mild fn1 mutant retinas
at 3dpf. Mutants are micropthalmic, possess pyknotic nuclei in the retina and
other than ganglion cells, no morphologically obvious retina neurons are
detected. Mutants also show variable degrees of periocular swelling. Dorsal is
up in all images. Scale bar = 50um.
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TEM was used in order to analyze the morphological defects in the fn1
mutant lens more carefully in the central anterior region, and the equatorial
region (Fig. 3A). The anterior region of the lens is comprised of lens epithelial
cells, with lens fibers posterior to them and cornea on the anterior side. The
cornea is comprised of an epithelial layer, stroma, and endothelium (Fig. 3B).
The fn1 mutant displays gaps between lens epithelial cells and the lens fibers
directly posterior, and also between the two layers of the corneal epithelium (Fig.
3C). The equatorial region of the lens is where lens epithelial cells begin to
differentiate into lens fibers. fn1 lens fibers exhibit disrupted morphology and
display abnormal gaps between fibers and the lens epithelial layer (Fig. 3E) as
compared to WT control (Fig. 3D). Furthermore, the lens epithelial layer, which
is surrounded by the lens capsule, is also physically separated from the retina
(Fig. 3E). To ensure that the lens capsule is intact I used immunohistochemistry
to show the localization of a major lens capsule protein, Laminin-111. Laminin111 is expressed entirely around the lens in the fn1 mutant, suggesting that the
lens capsule is indeed intact (Fig. 3G).
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Figure 3 – Ultrastructure of
the fn1 lens, and analysis
of the lens capsule.
(A) Diagram of the lens
indicating approximate
regions where TEM images
were obtained in B-E - the
anterior-central lens
epithelium (green square)
and the lens equator (blue
square). Lens capsule is
colored red. (B) TEM images
of the 3dpf WT lens show
lens fibers (LF) and a lens
epithelium (LE) that is
overlayed by a multi-layered
cornea (C), in which
morphologically distinct
corneal epithelium, stroma
and endothelium are present.
(C) fn1 mutant lenses
possess gaps between the
lens epithelium and lens
fibers, as well as gaps
between the two layers of the
corneal epithelium
(arrowhead). (D)
Equatorially, in a WT lens,
lens fibers are tightly
apposed to the adjacent lens
epithelial cells, while (D) in
fn1 mutants, large gaps are
observed between these two
cell types, as well as
between the lens and the
retina. (F,G) Laminin-111
staining of the lens capsule
in a (F) wild-type and (G) fn1
mutant embryo at 2dpf.
Laminin expression, and lens
capsule formation, are unaffected in the mutant. (B-E) Scale bar = 5um. (F,G)
Scale bar = 50um.
Itgα5 is required for embryonic lens development
10

Itgα5/β1 is the preferential receptor for Fn. We predict that Itgα5 is
necessary for proper Fn signaling in during vertebrate lens development and that
the loss of this protein will phenocopy the fn1 mutant. We made use of an itgα5
mutant with a truncated Itgα5 protein lacking the extracellular ligand binding
domain (Koshida et al., 2005) in these studies. Similar to fn1 mutants, itgα5
mutant zebrafish display cataracts (Fig. 4B), exhibit severe gaps between
epithelial cells and lens fibers (Fig. 4C – F), and between the epithelial layers of
the cornea (Fig. 4D & E). Furthermore, itgα5 mutant lenses do not reside
adjacent to the retina (Fig. 4D & F), but do maintain an intact lens capsule
marked by localization of laminin-111 completely around the lens (Fig. 4G).
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Figure 4 - itga5 is
required for lens
formation.
(A) Brightfield image
of 4dpf ET eye and
(B) itga5 mutant with
cataract. (C,D)
Histological images
of 3dpf itga5 mutant.
(E,F) TEM images of
(E) anterior and (F)
equatorial regions of
the lens. itga5
mutants are
micropthalmic, the
lens remains
separated from the
retina, and they
possess gaps within
the cornea. Gaps are
present between the
lens epithelium and
lens fibers, evident in
both histological and
TEM images. (G)
Laminin-111
expression, and thus
the lens capsule, is
normal in itga5
mutants. (C,D,G)
Scale bar = 50um,
(E,F) Scale bar =
5um. LF = lens fiber,
LE = lens epithelium,
C = cornea
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Cytoskeletal organization in the fn1 and itga5 lens
The actin cytoskeleton plays a critical role in the development of the lens. Many
of the proteins that are known to be essential for lens fiber differentiation have
also been shown to regulate the organization of the actin cytoskeleton (FerreiraCornwell et al., 2000; Maddala et al., 2003). Actin stress fibers and actin
filaments have been shown to be necessary for cell survival in both lens epithelial
cells and lens fibers in the mouse (Weber & Menko, 2006). Furthermore, actin is
presumed to play a role in the dramatic process of fiber elongation, via its role in
mediating cell adhesive interactions, and remodeling the shape of the cell
through cytoskeletal reorganization (Beebe DC, et al.,2001; Zelenka PS, 2004).
The combined capability of the actin cytoskeleton to mediate both cell signaling
and cell structure, and the ability of itgα5 to regulate actin dynamics based on its
extracellular interaction with fibronectin, makes this a key molecule to analyze in
our study.
In a WT lens at 2 dpf the anterior epithelial layer of the lens is made up of
cuboidal cells. Actin distribution in these cells coincides with the cuboidal
morphology (Fig. 5A). Interestingly, in the fn1 and itga5 mutant lenses actin
localization displays a more unorganized cell shape in the anterior epithelium
(Fig. D & G). The general cuboidal morphology appears amorphous and
distorted, which could be due to intracellular disruptions in actin cytoskeletal
organization, or it could be a result of loss of tension from neighboring cells due
to cell-cell adhesion defects.
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The center of the lens in a 2dpf WT embryo consists of differentiating
lens fibers, which have undergone significant elongation, but have not yet
compacted tightly; therefore the shape of the lens fiber, and thus the distribution
of actin, appears elongated, but not fully symmetrical within the lens (Fig 5A). In
the itga5 and fn1 mutant lens the actin distribution in the lens fibers also reveals
elongated cell morphology, however the fibers appear considerably more
amorphous than in WT (Fig. 5D & G).
By 3dpf the WT lens is comprised of cuboidal anterior epithelial cells and
well organized, elongated, symmetrical, and tightly packed lens fibers (Fig. 5B).
Furthermore, actin is concentrated at the lens sutures in the WT lens, where the
polar ends of the fibers meet (red arrow). In the itgα5 and fn1 mutant lens the
defects that were apparent at 2dpf have become exaggerated (Fig. 5E & H). The
cuboidal epithelial cells retain their slightly amorphous distribution of actin, and
the actin distribution in lens fibers remains amorphous and asymmetrical. A
range of phenotypes exists in the actin distribution of lens fibers among mutants.
Some exhibit more tightly packed lens fibers (Fig 5H), which are apparent by an
absence of actin stain in the most tightly packed fibers in the center of the lens,
and some exhibit a low level of lens fiber compaction (Fig 5E), which is exhibited
by actin stain remaining in the center of the lens. Additionally, the anterior
suture of the lens fibers is not visible in fn1 and itgα5 mutants as it is in WT.
The 4dpf WT epithelial cells have a clear cuboidal actin distribution, while
the lens fibers exhibit very elongated and symmetrical distributions of actin (Fig.
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5C). By 4dpf the fn1 and itga5 mutant lens cells exhibit a clearly distorted
distribution of actin within the lens fibers, which is present in a pattern of
amorphous, asymmetrical and unpacked cells. These lens fibers also have
minimal concentration, or no concentration of actin at their polar ends, creating
no clear suture within the lens. Interestingly, the morphology of the actin
cytoskeleton in lens epithelial cells do not appear to have grown increasingly
amorphous over time, and resemble a similar state as was apparent at 3dpf.
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Figure 5 - fn1 and itga5 mutants possess
defects in lens fiber morphogenesis.
Transverse sections stained with Alexa-488 phalloidin to show F-actin
organization in lens fibers. (A-C) Wild-type, (D-F) severe fn1 mutant, and (G-I)
mild itga5 mutant embryos at (A,D,G) 2dpf, (B,E,H) 3dpf, and (C,F,I) 4dpf. (A-C)
F-actin is enriched in wild-type lens fibers at their apical (asterisks) and basal
ends, and is observed throughout the fibers generating an image composed of
rings of concentric secondary fiber shells that span the circumference of the lens.
At 3dpf and 4dpf, lens sutures are evident (red arrow) where fibers from opposite
sides of the lens adhere to one another. F-actin is also enriched on the basal
side of the lens epithelium (white arrow). (D-I) In both fn1 and itga5 mutants, lens
fiber elongation and organization are disrupted. Lens sutures are absent in
severe mutants (E,F), and disrupted in mild mutants (H,I). (D-F) Apical and basal
F-actin puncta in lens fibers are also absent in severe mutants, but basal
accumulation within the lens epithelium appears unaffected. Lens fibers have
also not fully compacted, and fibers remain visible in the central lens of both
mutants. Scale bar = 50um.
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Differentiation in the fn1 and itga5 lens
The lens is a unique organ in that it continually grows throughout life. The
anterior epithelial layer is proliferative throughout life and generates a constant
pool of epithelial cells, which enter the transition zone of the lens and differentiate
into lens fibers (Soules & Link, 2005; Greiling & Clark, 2009). The differentiation
program for a lens fiber is rather unique, as the cell undergoes a dramatic
morphological elongation, degrades all organelles and, at least in mice, forms
extensive cell-cell junctions linking the cytosol of all lens fibers.
The itgβ1 (binding partner for itgα5) mouse knockout shows defective lens
fibers, however it is impossible to conclude definitively that these defects are a
result of defective itgβ1 signaling because the epithelial layer of the lens, which is
the progenitor source of lens fibers, is not maintained in the lens (Simirskii et al.,
2007). In order to assay whether or not the anterior epithelial layer was
maintained in itga5 and fn1 mutant lenses we looked at RNA expression of
foxe3, a molecular marker for the lens epithelium. Foxe3 is a downstream target
of Pax6 (Dimanlig et al., 2001; Shi et al., 2006; Medina-Martinez et al., 2005) and
marks the lens epithelium at both 2dpf and 4dpf in WT controls (Fig. 6A & D). At
2dpf foxe3 is expressed normally in both fn1 and itgα5 mutants (Fig. 6B & C). By
4dpf the lens of fn1 and itgα5 mutants exhibits gross morphological defects,
however expression of foxe3 in the lens epithelium is maintained (Fig. 6E & F).
Proliferation is a key characteristic of the epithelial cells of the lens and was
examined using BrdU incorporation. Proliferation in both mutants was reduced
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(data not shown), however both fn1 and itgα5 mutants lenses retained
proliferation in their epithelium (Fig. 6H, I, K, & L). PCNA, which marks
proliferative epithelial cells, was also detected in the epithelium of both fn1 and
itgα5 lenses at 4dpf (Fig. 6N & O).
Figure 6 - Lens epithelial identity is maintained in fn1 and itga5 mutants.
A) foxe3 is expressed in the
lateral regions of the lens
epithelium at 2dpf. Expression is
retained in (B) fn1 mutants and
(C) itga5 mutants. Lens epithelial
cells remain proliferative and
BrdU incorporation assays reveal
the location of proliferative cells
within the epithelium at (D-F)
2dpf, (G-I) 3dpf and (J-L) 4dpf.
(D,G,J) In the wild-type lens
proliferative cells are detected in
the lateral regions of the lens
epithelium at all time points
(yellow arrows). Proliferative
epithelial cells are also detected
in (E,H,K) fn1 mutants and (F,I,L)
itga5 mutants. (M-O) PCNA also
marks proliferative epithelial cells.
At 4dpf in wild-type embryos,
PCNA-expressing cells are
detected along the lateral regions
of the lens epithelium (dorsalepithelium marked with white
brackets). In fn1 mutants and (O)
itga5 mutants, PCNA-expressing
epithelial cells are maintained
(white arrows). Scale bar = 50um.
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Epithelial lens cells appear to be maintained in the fn1 and itgα5 mutant lens,
which suggests that the cell precursor to a lens fiber is present in the mutants.
Next we asked whether or not the cells that appear morphologically similar to
lens fibers in the mutants do, in fact, express lens fiber molecular differentiation
markers. To answer this question we assayed protein localization of a key lens
fiber protein; Aquaporin0 (Aq0; Sheils & Bassnett, 1996; Shiels et al., 2001). In a
sibling control at 2dpf Aq0 is expressed in a normal distribution throughout the
membrane of both the primary and secondary differentiating lens fibers (Fig. 7A).
In fn1 and itga5 mutants Aq0 localization appears normal, though the lens is
considerably smaller than control (Fig. 7D & G). Interestingly, previous studies
have shown that, in a WT lens, Aq0 co-localizes with actin in the lens fibers (Lo
W.K., et al., 1994), although no functional link has been shown. At 2dpf the
expression pattern of Aq0 in both control and mutant lenses is very similar to the
expression pattern of actin shown previously (Fig. 5). As the lens grows Aq0 is
expressed in the differentiating lens fibers in fn1 and itga5 mutants at 3dpf and
4dpf (Fig. 7E, H, F, &I) and also mirrors the distorted expression pattern of actin
at these time points (Fig. 5), suggesting that the morphologically defective cells
of the lens nucleus are indeed turning on a ‘lens fiber’ differentiation program.
While proper molecular marker expression suggests that the lens fiber
differentiation program is initiated in fn1 and itgα5 mutant lenses, complete
differentiation of lens fibers includes the degradation of all organelles (Bassnett,
2009), which does not occur in the fn1 and itgα5 mutants. In a 3dpf WT lens the
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newly differentiating lens fibers at the posterior of the lens retain nuclei,
however these nuclei are quickly degraded as the fibers differentiate, elongate,
and are compacted towards the center of the lens (Fig. 7J; lens fiber nuclei are
traced in white). In both fn1 and itgα5 mutants, however, lens fibers fail to
degrade their nuclei at the posterior of the lens (Fig. 7K; lens fiber nuclei are
traced in white in a representative mutant image). Nuclei exist ectopically
throughout the central lens and could be a critical contributor to the cataract
phenotype of both fn1 and itgα5 mutants. The nucleus of a 3dpf control lens
possess, on average, 20.75 +/- 1.97 central lens nuclei/section, however fn1
mutant lens possess 31.6 +/- 1.03, and itgα5 has 33.8 +/-4.13 central
nuclei/section (Fig. 7L). Organelle degradation is critical for fiber transparency,
which suggests that the ectopic retention of nuclei in medial lens fibers may be
contributing to the cataract phenotype present in itgα5 and fn1 mutants.
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Figure 7 - Lens
fibers initiate
differentiation in
fn1 and itga5
mutants.
Aquaporin0 (Aq0) is
expressed by
differentiating lens
fibers in (A-C) wildtype, (D-F) fn1
mutant and (G-I)
itga5 mutant lenses
at (A,D,G) 2dpf,
(B,E,H) 3dpf and
(C,F,I) 4dpf.
Nucleus
degradation occurs
in lens fibers to
generate
transparency. (J,K)
Schematic of how
inner-lens nuclei
were counted at
3dpf. Inner-lens
nuclei (white) were
counted, while lens
epithelial nuclei
(red) and those in
the most posterior
lens fibers (yellow)
were omitted from
counts. (L)
Quantification of
nucleus counts (n=
4-5 embryos per
condition). Both
mutants possess
elevated numbers
of inner-lens nuclei.
Error bars
represent S.E.M., **
p < 0.01. Scale bar
= 50um.
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Chapter 3 – Intracellular signaling regulated
by fn1 and itgα5 in the zebrafish lens
When the extracellular domain of the Itgα5/β1 dimer binds to fn1 multiple
intracellular proteins are recruited to the cytoplasmic tail of Itgα5/β1 (Hynes R.,
2002). These cytoplasmic protein complexes link Itgα5 to a number of signaling
pathways and are essential for critical cell signaling events such as proliferation,
and morphogenesis. In order to assess what the intracellular role of Fn1/Itgα5
interaction is in the lens we examined two key intracellular proteins known to be
regulated by Fn1/Itgα5 interactions: Integrin Linked Kinase (ILK) and ptk2.1
Focal Adhesion Kinase (FAK).

integrin-linked kinase mutation does not affect lens fiber morphogenesis
ILK is a serine-threonine kinase that binds to the cytoplasmic tail of itgβ1
and is known to regulate survival ( Liu E., et al., 2005), differentiation (Belvindrah
R. et al., 2006), and proliferation (Mills J., et al., 2006) in a multitude of cellular
contexts. The role of ILK has been analyzed in vivo (Samuelsson A., et al.,2007)
and in vitro (Weaver M., et al.,2007) in mouse lens tissue within the context of an
itgβ1 knockout. ILK is expressed in the lens epithelial cells in the mouse, and,
interestingly, co-localizes with itgβ1 in lens epithelial cells (Weaver, MV 2007).

22

To assay the role of ILK in zebrafish lens development we made use of
the lost-contact mutant, which posses a nonsense mutation in ilk (ilky319X; Knoll et
al., 2007). Histology of ilk mutants shows that they are mildly microphthalmic at
3dpf (Fig. 8A, C) and 4dpf (Fig. 8B, D), however overall retina and lens
development appears to have progressed normally. We analyzed actin
localization in ilk mutants and found no visible difference compared to WT
controls at 3dpf (Fig. 8E, G) or 4dpf (Fig. 8F, H).

Figure 8 - ilk mutation does not affect lens fiber morphogenesis or lens
formation. Histology from (A,E) wild-type and (B,F) ilk mutant embryos at (A,B)
3dpf and (E,F) 4dpf. No defects are observed in the ilk mutant lens at either time
points. F-actin staining at (C,D) 3dpf, and (G,H) 4dpf also did not reveal any
defects in lens fiber morphogenesis or organization. Scale bar = 50um.

Knock-down of focal adhesion kinase phenocopies the fn1 and itga5 lens
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FAK is expressed in both lens fibers and epithelial cells in the
developing mouse lens (Kokkinos et al., 2007) and is regulated by Itgα5/Fn
interactions. To determine if FAK is essential for normal development of the
zebrafish lens an antisense splice-blocking morpholino (MO) was injected at the
one-cell stage in order to reduce levels of functional FAK protein. FAK
knockdown resulted in embryonic lens defects almost identical to both fn1 and
itga5 mutants.
The ptk2.1 MO was designed to bind to the intron5/exon6 splice junction,
altering splicing to exclude exon 6 (Fig. 9A). Efficacy of this MO was confirmed
using PCR (Fig. 9B) and sequencing (Fig. 9C).
Histology was used to assay for morphological defects in ptk2.1 MO
injected embryos compared to embryos injected with a control ptk2.1 5 base pair
mismatch morpholino. Morphants exhibit severe defects throughout the lens,
including gaps between lens epithelial cells and lens fibers, lens fibers and the
basement membrane, and also in the corneal epithelium (Fig. 9H, I), which
phenocopy both the fn1 and itga5 mutant lens. The lens and retina of ptk2.1 MM
injected embryos appear to have undergone normal development (Fig. 9A, B).
Previous work in both lens tissue and cell culture has suggested that FAK
is required for adhesion of fillapodia to extracellular matrix (Partridge &
Marcantonio, 2006; Chuahan et al., 2009), a key step in lens fiber
morphogenesis. Analyzation of actin distribution in the lens of ptk2.1 morphants
revealed defective lens fiber morphology similar to both fn1 and itgα5 mutants
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(Fig. 9F, J). Additionally, Aq0 was expressed normally in the ptk2.1 morphants
lens – specifically localized to the secondary lens fibers and absent in the lens
epithelium (Fig. 9G, K), suggesting that, like fn1 and itgα5 mutants, both
epithelial and lens fiber differentiation states are maintained in ptk2.1 morphants.
Figure 9 – Loss of ptk2.1 (FAK) function compromises lens fiber
morphogenesis and phenocopies lens defects in fn1 and itga5 mutants.
(A,B)

Histology from 3dpf ptk2.1-MM injected control embryos. (C) F-actin staining and
(D) Aq0 expression. (E,F) Histology from ptk2.1-MO injected embryo. Loss of
ptk2.1 (FAK) function results in gaps between lens fibers and the lens epithelium
both anteriorly (asterisks) and equatorially (arrows). (G) F-actin distribution is
compromised and lens sutures are absent. (H) Aq0 is expressed indicating that
fiber differentiation has initiated. Scale bar = 50um
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Chapter 4 - Discussion
These data show a clear role for the adhesion proteins Itgα5 and Fn1 in
the development of the embryonic zebrafish lens. Specifically, in embryos
lacking functional Integrin α5 or Fn1 protein, lens fiber morphogenesis is
disrupted, and, while lens fiber differentiation is initiated, these cells do not
complete their differentiation program as is evident by defective organelle
breakdown. I have shown that FAK signaling is also essential for lens
development, and that disrupted splicing of ptk2.1 results in an identical lens
phenotype as itgα5 and fn1 mutants, including lens fiber morphogenesis defects
and partial differentiation of lens fibers. Furthermore, I have shown that integrinlinked kinase, which is essential for mediating intracellular signals regulated by
itgα5/fn interactions in other cell contexts, is not required for early lens
development. My data, combined with previous work showing that Itgα5/Fn1
interactions regulate FAK signaling in multiple cell contexts (Parmigiani &
McAvoy, 1991; Svennevik & Linser, 1993; Zelenka, 2004), strongly suggests for
the first time that the following molecular pathway is at work in the developing
vertebrate lens: The extracellular domain of Integrin α5 interacts with Fn1, which
then signals intracellularly via FAK to regulate lens fiber morphogenesis and
differentiation.
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Integrin α5, Fn1 and FAK in lens fiber differentiation
Previous studies have shown that fibronectin mediates intracellular signals
via FAK in order to regulate differentiation (Greenberg et al., 2006).
Furthermore, active FAK is expressed in the differentiating lens fibers in rat
(Kokkinos et al., 2007). Unfortunately, we have been unable to identify active
FAK localization in the zebrafish lens due to poorly reproducible immunostaining
using multiple FAK Y397 antibodies. While I am unable to conclusively show
active FAK localization in the differentiating lens fiber, I have been able to show
that itgα5 and fn1 mutants, as well as ptk2.1 morphants, all exhibit similar states
of lens fiber differentiation, including expression of the lens fiber molecular
marker Aq0, but a failure to successfully degrade nuclei, which is a critical step in
lens fiber differentiation.
The differentiation state of the lens epithelium of itgα5 and fn1 mutants,
and FAK morphants are also similar. itgα5 and fn1 mutants retain foxe3 and
PCNA expression in their epithelial layer, despite morphological cell defects.
This suggests that the differentiation of epithelial cells in both itgα5 and fn1
mutant lenses remains normal. Furthermore, the epithelial cells of ptk2.1
morphants also express the epithelial marker PCNA (data not shown).
Combined, my data indicates that the differentiation states of both lens
fibers and epithelial cells are the same in itgα5 and fn1 mutants, and FAK
morphants. This is consistent with a model of Itgα5/Fn1 interactions signaling
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through FAK as a functional molecular pathway that is important for lens fiber
differentiation, but is not essential for epithelial differentiation in the lens.

The role of Integrin α5, Fn1 and FAK in
lens fiber morphogenesis and cataract
Lens transparency is essential for vision, as light must move undeterred
through the lens toward the photoreceptors of the retina in order for the visual
signal to be transduced. The lens is a highly organized and symmetrical
structure. It is important that lens fibers elongate, form symmetrical sutures in in
the lens, and compact to condense crystallins in order to refract and transmit light
to the retina. I have shown that lens fibers in itgα5 and fn1 mutants, as well as
FAK morphants, display disorganized actin distribution, defects in cell
morphogenesis and compaction, and defects in symmetrical suture formation in
the lens. The nature of the phenotypes I have identified in the lens suggest that
visual refraction in the lens would be perturbed, causing cataracts, which I have
identified in both itgα5 and fn1 mutants.
The proper development of a transparent cornea is also essential for light
to travel uninterrupted to the retina. The cornea of the embryonic zebrafish is
just anterior to the lens and consists of 3 distinct layers; the epithelial layer, the
stromal layer, and the endothelial layer (Zhao et al.2006). Rabbit corneal
epithelial cells are known to express both Fn and Itgα5 in (Gingras ME, 2003
IOVS), and I have also shown Fn expression in the embryonic zebrafish cornea.
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The corneal epithelium displays gaps between cells in fn1 and itga5 mutants,
and also FAK morphants. These defects appear to be disrupting the symmetry
and structured nature of the cornea and could also be contributing to the cataract
phenotype.

The remarkably similar differentiation states of both lens fibers and
epithelial cells, as well as the morphology defects of lens fibers, are present in
itgα5 and fn1 mutants, as well as FAK morphants. My data suggests that Itgα5,
Fn, and FAK may be working in a single molecular pathway during lens fiber
morphogenesis and differentiation, and are essential during development of the
embryonic zebrafish lens.
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Materials and Methods
Zebrafish maintenance: Zebrafish (Danio rerio) were maintained at 28.5°C on a
14h light/10h dark cycle. Embryos were obtained from the natural spawning of
heterozygous carriers set-up in pair-wise crosses. Alleles used in these studies
were fn1tl43c, itga5kt451 and ilkhu801. Animals were treated in accordance with
University of Texas at Austin IACUC provisions.

Morpholino injections: ptk2.1 (ptk2.1-MO), and ptk2.1 mismatch (ptk2.1-MM)
morpholinos were purchased from Gene Tools (Philomath, OR). Both ptk2.1-MO
and ptk2.1-MM were injected at 3ng/injection at the 1-cell stage into wild-type AB
embryos. Morpholino sequences are as follows:
ptk2.1-MM (5’-TaCAgCTGCACACATtGAGAtATAT - 3’)
ptk2.1-MO (5’- TTCACCTGGACACATAGAGAAATAT - 3’)
Morpholino efficacy was confirmed by PCR and sequencing using the following
primers:
Forward primer (5’ - GGACAGTTAGCACCCACCAAAG - 3’)
Reverse primer (5’ - AAGAATCTCCGCAGACCAACG - 3’)

Riboprobes and in situ hybridization: Hybridizations using digoxigenin labeled
antisense RNA probes were performed essentially as described (Jowett and
Lettice, 1994). Day 1 in situs were modified as followed: Embryos were washed
out of MeOH and into PBST, then incubated in hybridization buffer at 60o C for 1
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hour, and finally incubated in probe overnight at 60o C. foxe3 cDNA was
obtained from ZIRC (Eugene, OR).

Histology: Histology was performed as described in (Nuckels and Gross, 2007).

Transmission Electron Microscopy: Transmission electron
microscopy (TEM) was performed as described in (Lee and Gross,
2007)

Immunohistochemistry: Immunohistochemistry was performed as described in
(Uribe and Gross, 2007), with the following exceptions: PCNA and BrdU
cryosections were treated with 4M HCL for 10 minutes at 37o C prior to blocking,
and when staining for laminin-111 cryosections were treated with 0.5% SDS for
20 minutes at 37o C prior to blocking. The following antibodies and dilutions
were used: anti-fibronectin [1:500] (Sigma, F3648); anti-laminin-111 [1:200]
(Sigma, L-9393); anti-BrdU [1:200] (Abcam, ab6326); anti-PCNA [1:100] (Santa
Cruz, SC-7907); anti-crystallin βB1 [1:100] (Harding et al., 2008 – kindly provided
by David Hyde, University of Notre Dame); anti-aquaporin0 [1:500] (Chemicon,
ab3071). Nuclei were counterstained with SytoxGreen [1:10,000] (Molecular
Probes). F-actin was stained with Alexa-488 Phalloidin [1:50] (Molecular
Probes). Images were obtained on a Zeiss PASCAL confocal microscope and all
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images are 1um optical sections.

BrdU assays: BrdU incorporation assays were performed as described (Ng et
al., 2009). Embyros were bathed in 10mM BrdU for 4 hours and fixed
immediately thereafter.

Nuclei Counts: Cryosections obtained from the center of the lens were stained
with Sytox-green (n=4-5 embryos/condition). Nuclei in the inner region of the
lens (Fig. 6J,L) were counted and statistical significance determined using a two
parametric, unpaired t-test (Graphpad Prism).
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