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THE ROLE OF CUGBP1 IN THE DEVELOPMENT OF ZEBRAFISH
LENS

Abstract

The lens is a transparent tissue in the anteritme@fye and its main role is to refract light ba tetina.
The lens consists of two types of cells: epithadils and fibers. Epithelial cells surround théeaior and lateral
limits of the lens, remain proliferative and at thguator of the lens they differentiate into leiteffs. In this
process newly generated lens fibers elongate eadligly lose their organelles, enabling transpare@Gataracts
are any opacification of the lens that compromitgeability to refract light onto the retina, andncbe genetic or
environmentally induced.

Since it has been demonstrated that the zebrdiahi@ rerio) is an ideal organism to study human
ocular disorders, this model system was utilizedttaly gene products that regulate normal lens|dpreent
and that in pathological states contribute to eattar CUGBP1 is an mRNA binding protein that hasnbe
implicated in the multisystemic disease MyotonicsBbgphy 1 (DM1). DM1 is caused by a (CTG)n repeat
expansion within the 3'UTR region of tlEMPK gene. Its mechanism implies a toxic gain of funttivhere
expanded CUG mRNA repeats increase steady statks lelVCUGBP1 protein among other effects. Patieiitis
DM1 develop cataracts. So, it can be hypothesibatl CUGBP1 disrupted expression in lenses from DM1
patients can be, at least, one of the causese#ds ko cataracts in this disease.

In situ hybridization results show thatigbpl is expressed in the zebrafish lens at early emmicyo
development in newly formed lens fibers. Transgemthryos expressing nuclear or membrane localizeEFE
under the control of a 1.2ktugbpl promoter further demonstrate its expression inléms. Knocking down
expression ofugbpl with a splice-altering morpholino results in catés as early as 3dpf. Hence, the latter
reveals thatugbpl expression is a requirement for normal lens eaglyetbpment. In morphant embryos, lens
fiber compaction is disturbed. In addition, thes#iscretain nuclei. Lens overall shape and sizalge affected.
Furthermore, the defective phenotype includes aemgdndevelopmental delay, little mobility and ddet

cardiomyopathy, symptoms that are also observ&Mai patients.
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EL ROL DE CUGBP1 EN EL DESARROLLO DEL CRISTALINO DE L
PEZ CEBRA

Resumen

El cristalino (lente del ojo) es un tejido transrae en la regién anterior del ojo y su rol priatips
refractar la luz sobre la retina. El cristalinodesbnstituido por dos tipos de células: célulasebales y fibras.
Las células epiteliales rodean la parte anterimsylimites laterales de la lente del ojo, mantiese capacidad
de proliferacion y en el ecuador del cristalinalgerencian para generar fibras. En este procasdibiras recién
generadas se elongan y gradualmente pierden saseteg, permitiendo asi la transparencia. Las atatase
refieren a cualquier opacificacion del cristalonee comprometa su habilidad de refractar la luzahacretina y
pueden ser inducidas por la genética o el ambiente.

Debido a que se ha demostrado que el pez c&amaiq rerio) es un organismo ideal para estudiar
desordenes oculares humanos, este sistema modeliliza® para estudiar productos génicos que regela
desarrollo normal de la lente y que en estadodd@atms contribuyen a la aparicion de cataratasGBP1 es
una proteina de union a ARNm que ha sido implicada enfermedad multisistémica Distrofia Miotonica
(DM1). La DM1 es causada por la expansion de l&tieidpn (CTG)n localizada en la region 3'UTR dehge
DMPK. Su mecanismo implica una ganancia de funciénegutdxica donde la expansién de las repeticiones
CUG del ARNm estabilizan la proteina CUGBP1 provmiaun aumento de sus niveles, entre otros efectos.
Pacientes con DM1 desarrollan cataratas. Entorsespuede plantear la hipétesis de que una expresion
defectuosa de CUGBP1 en el cristalino de paciezdasDM1 puede ser, por lo menos, una de las caysas
conllevan a la formacion de cataratas en estaraefiad.

Resultados de ensayos de hibrida¢idatu muestran queugbpl se expresa en la lente del ojo del pez
cebra durante el desarrollo embrionario temprandfileras recién formadas. Embriones transgénicos que
expresan la proteina verde fluorescente co-loaizm el nlcleo o la membrana celular bajo el obd una
region promotora de 1.2kb del gengbpl evidencian ain mas su expresiéon en el cristalihaigninuir la
expresién (knock down) deugbpl con un morfolino que altera el proceso de coreenpalme (splicing) resulta
en la formacion de cataratas a partir de los 3dkapués de la fertilizacion. Por lo tanto, lo Aateevela que la
expresiéon deugbpl es un requerimiento para el desarrollo temprammalode la lente del ojo. En embriones
inyectados con el morfolino, la compactacién defitass del cristalino se ve perturbada. Ademéasseseélulas
retienen el nicleo. La forma y el tamafio generdéefa lente del ojo también se ven afectados. Asimj el
fenotipo defectuoso incluye un retraso general ledesarrollo, poca movilidad y miocardiopatia ditd,

sintomas que también se observan en pacientesMan D

Palabras clave:Cugbpl, Desarrollo del cristalino, Diferenciactlas fibras del cristalino, Pez cebra.
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Chapter 1. Introduction

The lens is a transparent and avascular tissueiariterior of the eye and its main role
is to refract light onto the retina where lighttiansduced into neural signals. Afterwards,
these signals are transmitted to the brain. Theebmate lens consists of two types of cells:
epithelial cells and fibers. Epithelial cells sumna the anterior and lateral limits of the lens,
remain proliferative and at the equator of the |ewrsnear to it, they differentiate into lens
fibers (Chow and Lang 2001; Tsang and Gouras 2@¥6jling and Clark 2009). In this
process newly formed lens fibers elongate and @giliddose their organelles, enabling
transparency (Bassnett 2009).

Cataracts are defined as any opacification of éms lthat compromises its ability to
refract light onto the retina (Graw 1999). Accoglito the World Health Organization, the
latest estimates (Oct., 2011) say there are 28®mjpeople visually impaired worldwide and
about 90% of them live in developing countries. afatts account for 33% of global visual
impairment (VI = VA< 0.3) and are still the main cause of blindnesthird world nations
(WHO 2011). Visual acuity (VA) is the ability to stinguish details and shapes of objects.
Any visual deprivation, such as lens opacities| kesult in a decrease of VA. In humans, VA
develops from birth to adolescence and a VA ofid.feached by 5-6 years of age (Ekstrém
2009). Cataracts can be genetic and/or environihentamluced and can happen via many
different cellular and molecular mechanisms. Thaeef it is necessary to investigate the
cellular and molecular basis of lens development @nysiology to be able to understand the
reasons that cause cataracts. This will lead tofammew and better therapeutic treatments
(Gross and Perkins 2007; Wormstone and Wride 2011).

The zebrafishDanio rerio) has emerged as an ideal model to study earlylalawent
and disease of the visual system, including thes lef the eye. Some of the zebrafish
advantages to study overall embryonic developmeat external fertilization, their rapid
development compared to other vertebrate modelnsges, embryonic development occurs
ex utero. The embryo is transparent which facilitates visdaentification of morphogenetic
movements and organogenesis with a standard d@seavicroscope. Zebrafish are easily

adapted to laboratory settings and can be mairdamea relatively small space compared to
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other vertebrate model systems. These freshwaterdiach sexual maturity in just 3-4 months
and a single pair of fish can produce >200 fediizggs per mating. These characteristics
have made zebrafish embryos ideal for the discowémhe function of genes implicated in
regulating embryonic development, including lensrphogenesis (Glass and Dahm 2004,
Fadool and Dowling 2008; Greiling and Clark 2009).

Zebrafish are very visually oriented and their Bsishow much the same morphology
as other vertebrates, including humans (Glass aatthD2004). Their visual system is first
identified as a functional structure between thedtiand fourth days post fertilization (dpf;
Easter and Nicola 1996). Moreover, the lens shaypk averall structure suggests it is a
functional optical element in the visual pathwayeasly as 3dpf (Greiling and Clark 2009).
All the aspects mentioned above make zebrafish sugéd for examining lens development,

function and disease.
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Chapter 2. Research aims

2.1 General objective

Identify and investigate the role of Cugbpl proteirearly zebrafishanio
rerio) lens development.

2.2 Specific objectives

Detect if there iscugbpl mMRNA expression in zebrafish early lens
development, and if so, where inside the lens an¢hat developmental stages
is it expressed.

Identify a promoter at theugbpl gene that directs expression at the zebrafish
lens to estimate Cugbpl protein expression.

Identify if a specificcugbpl morpholino alters splicing augbpl mRNA.

Identify phenotypical defects in whole embryos,fiegt sight, due to down
regulation ofcugbpl and compare them with defects previously reported a
DM1 disease whereugbpl expression is also disrupted.

Observe if lens development is affected wheaigbpl expression is down
regulated and recognize a role for Cugbpl proteirzebrafish early lens
development.

Detect if Cugbpl is necessary for zebrafish leigpceliferation.

Identify if Cugbpl is required for the expressidnAgpO protein to detect if
Cugbpl is necessary for zebrafish lens fibers ehffgrentiation.

Recognize ifcugbpl has a role in F-actin distribution and/or arrangamin
zebrafish lens fibers.

Identify if Cugbpl is involved in nuclei degradation zebrafish lens fibers to
recognize if Cugbpl is needed for lens fibers nzeioin.

14



Chapter 3. Theoretical Framework

3.1 Zebrafish lens early development

Zebrafish lens establishment starts at the 14-Ifitsostage (~16hpf; hours post
fertilization) with a contact between the surfacan@al ectoderm and an evaginating solid
mass of cells that comes from the diencephalon énpmsterior and ventral part of the
forebrain) and constitutes the optic primordiumeTptic primordium is a solid mass of cells
that emerges from the anterior portion of the netwtae and will eventually give rise to the
retina. The forebrain or prosencephalon referqémost anterior region of the brain and it
includes the diencephalon (Schmitt and Dowling 199#mel et al. 1995; Soules and Link
2005; Dahnet al. 2007; Greiling and Clark 2008).

The surface ectoderm-optic primordium interactiesutts in the thickening of the lens
placode and in zebrafish, this occurs at 16hpfs Tihickening starts as a columnar epithelium
by doubling of the basal to apical height of cdtlsm simple cuboidal epithelium of the
cranial surface ectoderm (Schmitt and Dowling 199#iling and Clark 2008; Greiling and
Clark 2009). The lens placode is defined as thedecmal primordium of the lens and it
overlies the center of the developing retina (Kirheteal. 1995; Dahmet al. 2007; Greiling
and Clark 2009).

When observed from the surface the lens placodsn ft6hpf zebrafish embryos,
looks circular, of approximately 8 cells in dianretand it is composed of columnar cells
relatively uniform in size and shape. At this poihie lens placode of the zebrafish resembles
the mammalian or avian placode (Greiling and CE0®9).

By 18hpf, many of the cells in the lens placodeehawre than double in height as
compared to 16hpf, and look as a solid mass of cetlered as a flattened spheroid (plate-like
thickening organization). The lens mass is twolhoeé cell-layers thick at the center with a
single layer remaining laterally. The change in ph@miogy has made elongated cells of the
lens placode clearly distinguishable from cuboidalls of the surface ectoderm. In the
anteromedial region of the lens mass, cells aretashand more rounded than the elongated
cells present at the posterior and lateral lengldrsr (Greiling and Clark 2009). At the

analogous moment in development, the mammalianaarah single layered lens placodes
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start to invaginate instead of undergoing a delation growth process as in zebrafish
embryos (Fadool and Dowling 2008; Greiling and KR008).

At 20hpf the thickness of the lens mass increasdging towards the retina and
narrows in the equatorial dimension. At this moméns quite obvious that the lens placode
has changed from a plate-like structure to a lensmlid mass of cells that will eventually
acquire a more spherical shape (Fadool and Dov2@@$; Greiling and Clark 2008; Greiling
and Clark 2009). Elongated fiber-like cells appdaakong the deep and lateral boundaries of
the lens mass surrounding a central core of royngedifferentiated cells. Three distinct cell
morphologies can be seen at this stage: (1) celiseaposterior and lateral surfaces are tall
and similar in height to the elongated cells at@8ihese cells formed a single layer that
establishes a posterior and lateral border of ¢he bnd have a basal cell surface 2-3 times
wider than the apical surface. (2) Cells in theteeof the elongated lens mass with round or
ovoid shape and irregularly clustered in the ceatehe lens core and stalk (region located in
the anterior-middle). (3) Cells at the anteriorsldrder in contact with the surface epithelium
are elongated and with a more parallel orientatiiothe surface ectoderm (Greiling and Clark
20009).

At 22hpf cells attached to the surface ectodermomato form a stalk 2 to 3 cells wide
connecting the developing cornea with the develppéams. At this moment of development
the shape of the lens mass is rounded. Three miogpbally distinct cell types are clearly
present. (1) the lateral and posterior bordersheflens are formed by a single-layer of tall
columnar cells with wider basal than apical celifates. These cells radiated out from the
central core. (2) The central core is a clustecafs in the middle of the lens; these cells
appear to have a tear-drop shape with their naegges facing towards the center. (3) Cells at
the anterior-middle of the lens and the surfaced®sin in contact with the lens are rounded or
cuboidal in shape with an irregular arrangemenes€eh3 cell types correspond to the primary
fiber cells, the embryonic nucleus, and undiffeie@atl cells of the original lens mass,
respectively (Greiling and Clark 2009). The analegytens developmental stage of mammals
and birds shows a different formation pattern.Hase superior vertebrates the lens placode

continues its invagination process forming a catht pinches off from the surface ectoderm
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as a fluid-filled lens vesicle surrounded by a Brigyer of epithelial cells (Reza and Yasuda
2004; Soules and Link 2005; Greiling and Clark 2008

The lens mass remains connected to the surfacdesntoat 23hpf by a stalk that is
only one cell wide. The surface ectoderm is a si@yer of flat, cuboidal epithelium above
the lens except where it is still attached to #meslin the very anterior-middle border. Fiber-
like cells begin to curve and appear to wrap ardheccentral core. Cells in the central core of
the lens mass remain large and tear-drop shapedheir narrow edges facing the lens center.
The cells at the anterior-middle of the lens reradinounded or cuboidal in shape and in an
irregular arrangement (Greiling and Clark 2009).

At 24hpf the lens mass separates completely frarstinface ectoderm which remains
a continuous single layer of epithelial cells & #urface of the head of the fish. Cells in the
posterior-middle region continue to enlarge andetaln a rounded shape forming an
organizing center around which primary fiber calengate and migrate. Lateral columnar
cells elongate further to form arcs or layers afmary lens fibers surrounding the nucleus.
Cells at the anterior border organize into a sil@yer of epithelium and cells deep to the
developing anterior epithelium are still disorgamizand undifferentiated (Schmitt and
Dowling 1994; Greiling and Clark 2009).

The morphology of the differentiated lens cells28hpf represents the cell types
expected in the adult lens: (1) A single-layeraif, tcuboidal epithelium that covers the entire
anterior hemisphere of the lens and that in zediratbut not mammals, extends posteriorly
beyond the lens equator, but not in the posteriostnsurface of the lens. (2) Primary fiber
cells that wrap around the large round cells inatie of the lens nucleus. (3) Secondary fiber
cells that elongate and migrate from a developiagsition region (Dahnet al. 2007;
Greiling and Clark 2009). In the zebrafish lensis thransition region is located more
posteriorly as compared to the mammalian and aiases that possess this region at their
equator. This type of region in the lens is comraomong vertebrates and it is where epithelial
cells exit the cell cycle and start differentiatimjo secondary lens fibers (Soules and Link
2005; Griep 2006; Weber and Menko 2006b; Greilind &lark 2008).

By 36hpf the lens seems spherical in the equatdliimension and lentoid in the

anterior-posterior dimension. Newly added fibedscare smaller and more compact than at
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28hpf and the height of the anterior epitheliallcét decreased by half. Cell membranes
between the central cells look jagged like esthbig shallow interdigitations between them
(Greiling and Clark 2009).

By 2dpf zebrafish embryos start their hatching ge(Kimmelet al. 1995; Easter and
Nicola 1996; Easter and Nicola 1997). At 48hpf, lgres still appears spherical at the equator
and lentoid in the anterior-posterior direction. Bjays the lens has increased in size and cells
of the anterior epithelium continue to decreaskamht and form a flat cuboidal epithelium.
Fiber cells in the cortex are narrow and elongafBde posterior tips of newly added
elongating fiber cells meet at the midline estélntig a posterior suture. Borders between cells
in the lens mass are increasingly jagged (Gredingy Clark 2009).

At 72hpf (3dpf; first day post hatch; Kimmet al. 1995), the width of the lens
increases at the equator making the lens shapecghie all dimensions. An umbilical suture
(point-like) can be seen at both the anterior aosteyior poles (Greiling and Clark 2009). A
thin extracellular capsule is apparent, which is wamnterrupted basement membrane
completely enclosing and protecting the lens. Newggnerated lens fibers possess
interdigitations that have not yet achieve an avanball and socket organization (Soules and
Link 2005; Danysh and Duncan 2009). Between thedtand fourth dpf the still growing
zebrafish visual system is first identified as adiional structure (Easter and Nicola 1996). By
4dpf the lens is a larger spherical version of3dpf lens, that increases in size by additional
layers of secondary fiber cells (Greiling and Cl2€09).

As lens development and growth proceeds throughrygbnesis into postnatal
(mice) or larval (zebrafish) and subsequently thfeut adult life a distinguished organization
of regions with high or low proliferative index ses at the lens epithelium. This epithelial
tissue has 4 distinct subpopulations: (1) a ceatrak (CZ) that comprises the biggest portion
of lens epithelial tissue covering most of the dotesurface of the lens. This region has a low
proliferative index with most of its cells in a gacent state (GO); although they retain their
proliferative potential. (2) A pregerminative zo(feGZ) that constitutes cells comprising a
narrow, latitudinal band or ring peripheral to diditing the CZ. A small portion of these
cells undergo mitosis to add to the lens epithehaho-layer as the lens increases in size
throughout life. Only rarely, the daughter cellffatentiate into lens fibers. (3) Cells in the
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germinative zone (GZ) are located at a narrowtuditnal band peripheral and posterior to the
PGZ. In the GZ cells have a high proliferative indBaughter cells from the GZ migrate into

the transition region of the lens. (4) A transitmone (TZ) is found posterior to the GZ at the
equatorial (mice) or posterior to the equatorigbfafish) arc or bow region of the lens. This
zone is a narrow ring of cells where proliferatawes not happen. Cells in this place exit the
cell cycle, elongate and differentiate into secopdens fibers as they form concentric layers
around previously formed lens fibers. This sumnewihow cells are continuously added to
the differentiated fiber cell mass that originatesn the epithelium (Graw 1999; Soules and
Link 2005; Griep 2006; Kuszak and Costello 2006tt\&set al. 2010).

In addition, it is important to mention that as teas matures, its fiber cells become
flattened and band-like shaped with a width tokhess ratio between 10:1 and 15:1. Lens
fibers develop interdigitating lateral membranetprsions at their narrow edges and ball and
socket-like joints on their broad surfaces (Dattral. 2007).

3.2 Differences between mammalian and zebrafish lsndevelopment and early
morphology

Although the mammalian, bird and zebrafish lens allederived from surface
ectoderm, zebrafish early lens development possessworthy differences compared to
mammals and birds. During embryonic developmermt,mfammalian and avian lens placode
invaginates to form a hollow lens vesicle borddrgaé monolayer of ectoderm that constitutes
epithelial cells. Instead, in zebrafish the lenacpble delaminates as a solid cluster of cells
from the surface ectoderm (Schmitt and Dowling 199dster and Nicola 1996; Soules and
Link 2005; Dahnet al. 2007).

In birds and mammals, primary lens fibers are fatrfrem epithelial cells located in
the posterior half of the lens vesicle. These pastepithelial cells elongate in a posterior to
anterior direction and a parallel-like way. The¥fetientiate to fill the lens vesicle cavity as
primary fibers. In contrast, in zebrafish primapgns$ fibers differentiate from cells in the
center of the delaminated solid cluster of cellelmngating in a circular fashion. Thus, giving
rise to concentrically arranged primary lens fibénsboth cases, primary lens fibers give rise
to the lens nucleus (Dahehal. 2007; Greiling and Clark 2008; Greiling and Claf09).
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Cells in the anterior half of the still fluid-filkelens vesicle in birds and mammals as
well as cells in the anterior-most border of theslesolid mass in zebrafish become the lens
anterior epithelium. These epithelial cells exh#itigh mitotic activity to form a mono-layer
of epithelial cells that extends along the antesiod equatorial surface of the lens. However,
in contrast to birds and mammals, in zebrafish ¢péhelial single layer extends farther
towards the posterior-lateral surface of the I, like birds and mammals, the epithelial
cell layer does not extend to the most-posterisdéoarea in zebrafish lenses. At this region,
lens fibers are in direct contact with the lensscdg (Dahmet al. 2007; Greiling and Clark
2008).

As mentioned before, another difference correspaodbe location of the transition
region where epithelial cells differentiate to gitree to secondary lens fibers. In mammals
and birds this region is located at the lens equatbereas in zebrafish, this transition zone is
at a more posterior region compared with the leps®or (Soules and Link 2005; Griep 2006;
Weber and Menko 2006b; Greiling and Clark 2008).

Lens suture formation as fibers elongate and mette&r narrow edges with another
fiber is another variant. Zebrafish, as well asmavenses exhibit two umbilical sutures (point-
like), one at the center of the anterior pole dreddther one at the center of the posterior pole.
In these types of sutures fiber cells are merideams taper at the ends as they extend from
pole to pole. All fibers are sequentially overlaioto existing growth shells of fibers, resulting
in radial cell columns that extend from the cerggrthe transitional zone) to both the anterior
and posterior poles of the lens. These fibers eea ss straight meridians (circular arcs) that
extend from pole to pole (Al-Ghoet al. 2003). Dahnet al. (2007) have shown that when the
lens capsule, the monolayer of epithelial cells anthe of the outer-most fiber cells are
removed the umbilical anterior lens suture, fronbraésh whole lens samples becomes
visible. Scanning electron microscopy micrograptiypies show that the secondary lens fibers
converge in a single point at each lens pole.

In contrast, the fibers of other superior vertedsaire not meridians. These lens fibers
possess ends that flare (spread gradually outveandi)curve away from the poles in opposite
directions. As a result the end-to-end arrangenweinére opposing fibers meet produces lens

suture branches instead of just a suture pointenéns as a whole. Lenses with line sutures
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(e.g., rabbit and frog lenses), feature two antdsranches oriented at 180° to each other to
form a vertical line-like suture. Opposite end @iwe results in two posterior branches
forming a horizontal line-like suture (Al-Ghoetlal. 2003).

Other vertebrates (e.g., mice, rat, pig, cat, dmyine and primates at birth) have
lenses with Y-like sutures. In this type of lena®e anterior branches orient at 120° to each
other to form a Y-like suture. Opposite end curvattesults in three posterior branches that
form an inverted Y-like suture. In primates, theerll type of suture changes over time.
During fetal development the previously describedik€ sutures form. During infancy an
anterior and posterior six branch suture, refeagdimple star develops. At adolescence, both
sutures evolve to become nine branch sutures, krasastar. Later on, at the adult stage the
sutures are gradually transformed and become Ihrsutures, referred as complex star (Al-
Ghoulet al. 2003; Kuszalet al. 2004).

These differences must be taken into account whtampreting results of molecular
biology studies (Dahrat al. 2007). The present work is an example of this typstudies in
which the purpose is to try to identify the functiof a genedugbpl) in early zebrafish lens
development. The results obtained have the ultiga#é to try to understand what can happen
if the pathway of the human orthol@JGBP1 is interrupted in embryonic development and

unravel its early function in lens formation.

3.3 Lens fiber cells differentiation

At the TZ of the lens, epithelial cells initiateeth differentiation to become fibers, a
process that comprises dramatic changes in genesstpn as well as in cell shape. It has
been observed that actin filament reorganizationesessary for both types of changes to
happen (Weber and Menko 2006a). In the corticabre(puter layers, which are comprised of
differentiating lens fibers that still have not tldeeir organelles) of the embryonic lens, the
fiber cells elongation process occurs in parallghwhe accumulation of lens differentiation-
specific proteins (e.g., AQPO; Varadagapl. 2007).

In fact, lens fibers can elongate more than 1,@00 fo reach the lens sutures. The
stretched fiber cells are arranged as a serievwtentric layers in which they appear as

flattened hexagons in sections along the equatowéX et al. 2009) with two broad and four
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narrow lateral faces. The broad lateral faces aeni@d parallel to the lens surface (Kuszak
and Costello 2006). After the morphogenetic changssociated with elongation have
happened, the maturing fiber cells lose their oeflas, including nuclei to enable

transparency (Weber and Menko 2006a).

3.3.1 Aquaporin0 (AQPO) expression and function

Epithelial cells at the transition bow of the lengiate a change in the pattern of gene
expression as they start to differentiate into ldéiers. The new pattern includes the
expression of structural proteins that can be delgb.g. crystallins) and also membrane
proteins (e.g. water channels) in the lens fib&systalline proteins contribute to the
transparency and appropriate refractive index efléms. This happens due to the crystallins
elevated concentration and short-range interactidlembrane proteins maintain the
architecture needed for lens appropriate functialsp contributing to lens transparency
(Chepelinsky 2009). Aquaporin proteins (AQPs) awngmembrane water channels that
mediate the permeation of water across cell menaisréiagreet al. 1998).

The lens lacks blood vessels since they would excte incident light (deviate light
from its original trajectory). Hence, this avasculkegion of the eye has evolved a standing and
efficient circulatory current known as microcircidey system. This current enters at both the
anterior and posterior poles of the lens; then gmg#to and through the lens fibers. Finally,
the current exists at the equatorial region ofiéims. This circulatory system depends on water
channels (Mathiasat al. 2010).

In mice, it has been observed that AquaporiAQpQ; previously known asVip)
MRNA as well as protein expression is observedhénléns. It begins at embryonic day 11.25
(E11.25) when the posterior lens epithelial cellmuitaneously start to differentiate into
primary lens fibers. This expression continues ughmut lens development and in the adult
lens. AQPO protein is exclusively expressed atc#lemembranes of primary and secondary
lens fibers since their early cell differentiatidrhis membrane location remains permanently
(Varadaragt al. 2007).

It has also been shown that a second aquaporin geo@porinl Agpl) is expressed

in mice lens. However, this protein is expressetens epithelial cell membranes and not at
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lens fibers. AQP1 expression at the lens stafisl@t5, 7.25 hours later than APQO expression
begins at lens fibers. This happens even thoughdaterior epithelium develops earlier than
primary and secondary lens fibers. Secondary liess that differentiate from epithelial cells
that have already expressed AQP1 show progressiease of AQP1 protein expression as
they differentiate (Varadarag al. 2007).

The temporal pattern of expression between AQPQ.&kand AQP1 (E17.5) suggests
that as the lens body increases in size by theiaddf new lens fibers, there is a growing
demand for higher epithelial membrane water perimigato establish the microcirculatory
system. In addition, the lens switch from AQP1 esgion in epithelial cells, located at the
transitional ring of the lens, to AQPO in the diffetiating secondary lens fibers. This
indicates that AQPO may have other important memdréunctions. AQPO might also
function as an adhesion protein to join adjaceberficells. AQPO probably contributes to
reduce the extracellular space between lens filmedsto diminish light scattering (Varadaraj
et al. 2007).

It is thought that after the two principal evolutary radiations of jawed vertebrate life
that separated the ray-finned fish (class Actingygfi@; includes the zebrafish) and the
sarcopterygian lineage (from where the land vedtelsrevolved), a genome-wide duplication
event happened in a zebrafish early ancestor (MaygrSchartl 1999). This possible incident
might explain why many single copy genes in mamneals be observed as duplicates in
zebrafish where the function and temporal-spat@iression of the single-copy mammalian
gene can be split up between both duplicates @bstaitet al. 2004).

Indeed, it has been shown that the zebrafish ger@amawoaqp0 genes referred as
agpOa andaqgpOb. Both genes are expressed during lens developmdiber membranes and
persist in the adult lens (Froget al. 2010; Tingaud-Sequeirat al. 2010). Moreover,
knocking downagpOa and/oraqpOb in zebrafish embryos by translation altering maotpto
results in an obvious cataract phenotype as earBdaf (Frogeet al. 2010). Morpholinos are
chemically modified oligonucleotide analogous watimorpholino moiety instead of a ribose.
They also possess a non-ionic phosphorodiamidatéade instead of an anionic
phosphodiester bond resulting in a neutrally chéidgackbone. These mentioned variations

form a modified and highly soluble polymer that higizes RNA molecules with high affinity

23



and little cellular toxicity. Moreover, morpholinagre resistant to digestion by nucleases
(Ekker 2000; Corey and Abrams 2001).

Frogeret al. (2010) experiments have indicated that keamjpOa andagpOb are needed
for lens transparency. Nevertheless, water perrigabssays suggest that AgpOa protein
functions as a water channel, whereas AgpOb doesAgpOb might supply adhesion and/or
interactions with other lens components. MammakapO functions might be distributed
betweenagpOa and AgpOb in zebrafish. However, additional work is neededfigure out
agpOb function on the zebrafish lens.

The unique eye expression of AgpO protein in lefmer§ as they start their
differentiation process from initial epithelial teimakes this protein an excellent marker to

asses for early fiber cell differentiation in tleas$.

3.3.2 Lens actin cytoskeleton

During fibergenesis, epithelial cells undergo eltian, with the anterior and posterior
tips of the elongating lens fibers sliding along #pithelium and capsule at the anterior and
posterior direction, respectively and as thesesaelgrate inward. Lens fibers finally detach
from the epithelium and capsule when they reachatiterior and posterior sutures. At the
sutures, fiber cells form contacts with their cauparts from the opposite side of the lens. All
these cellular movements are greatly coordinatedutth actin cytoskeleton remodeling
events (Rao and Maddala 2006). Thus, the actinskgteton plays an important role in
regulating fiber cell elongation, migration, leregosule-cell and intercellular interactions, cell
packing, overall geometry and in the maintenancdilmdr cell symmetry. Therefore, the
activities of the actin cytoskeleton are critical the establishment of lens overall shape,
symmetry and ultimately, for lens optical propestiRao and Maddala 2006).

The actin cytoskeleton is composed of F-actin afiaments or microfilaments) and
other accessory proteins that vary depending ontype of structure formed. F-actin
represents a helical protein filament formed bypuwrization of globular actin molecules (G-
actin). During remodeling of the actin cytoskeletdfractin undergoes disassembly and
reassembly (Albertet al. 2008).
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Studies performed in Quail€@turnix japonica; class Aves) during embryonic lens
development by Weber and Menko (2006a) have shtvahd disassembly of actin stress
fibers (contractile large bundle/parallel arrays-edictin crosslinked bwy-actinin) happens as
lens fiber differentiation is initiated. In centigpithelial cells at the anterior region of theden
actin stress fibers are organized along these te&ltal surfaces (face linked to the lens
capsule). Indeed, actin stress fibers are the pyinactin filament structures of the
undifferentiated lens epithelium and are most obgsiinked to extracellular matrix
components of the lens capsule through integrirepes. In general, integrins are
transmembrane adhesion proteins that play partelhnatrix junctions. The extracellular
domains of integrins bind to components of the aodlular matrix (in these case: lens
capsule), while the cytoplasmic tail binds indibgd¢b F-actin. This type of cell-extracellular
matrix junction in which there is an intracellulewupling to F-actin is called focal adhesion
(Cooper 2000; Albertst al. 2008). Lamellipodial-like extensions are broad rbhesne
protrusions that contain a three-dimensional ndtwadr F-actin and can contribute in focal
adhesion formation (Cooper 2000; Lodethral. 2000). These extensions were observed at the
central epithelial cells basal edges. At the api@whl (apical: faces the center of the lens)
aspects of these cells in the region of tight jlumg (physical attachments that seal the gaps
between cells in the apical side of epithelia mghkime sheet an impermeable or selectively
permeable barrier), F-actin had a cortical arrareggri\Weber and Menko 2006a).

However, at the equatorial epithelium where difftiaion has started, a different F-
actin organization was observed. In the anteriostmegion of the equatorial epithelium, F-
actin staining in the cells basal and basolatespéets was amorphous and diffused indicating
that actin stress fibers were no longer presens [Biss of actin stress fibers was concomitant
with lens cell differentiation. At the cells latétzorders (region of cell to cell interfaces) few
F-actin was detected. F-actin at the apical domemmains cortical. At the very center of the
equator, F-actin staining was disorganized andusifin the basal surfaces. The latter is
indicative of a transition due to actin filamenbganization as cells moved through the
transition region. As cells moved to the postenst aspects of the equatorial epithelium, F-
actin became localized at the cell to cell integfaat their basal surfaces as well as along the

lateral sides. Moreover, dense clusters of F-dntithe center of the cell that radiated out to
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the cell borders were evident at the basal surfatélsese cells. Cortical F-actin at the cells
lateral borders is consistent with their functionthe assembly of stable N-cadherin cell-cell
junctions (Weber and Menko 2006a). Cadherins amstmembrane proteins that mediate
contacts between cells to form adherence junctimsgle the cell, cadherins bind indirectly to
F-actin (Cooper 2000; Alberts et al. 2008).

At the most cortical fiber cell region in the poste pole of the lens, F-actin was
present at the basal tips of lens fibers and orgainin a dense meshwork pattern. The basal
tips of these newly formed cortical lens fibersrespond to the surface in contact with the
lens basement membrane/capsule at the posteriownreg the lens. At the basal and
basolateral aspects, F-actin is present alongiddssof the already hexagonal cells, but is
missing from the vertices (region where three asléet). At the lateral surfaces of these lens
fibers, cortical F-actin extended around the erggemeter of the cells and along the length of
these elongating lens fibers. Cortical F-actin bezanuch more organized than at earlier
moments of differentiation probably helping to siab lens elongated and hexagonally
packed morphology (Weber and Menko 2006a).

In summary, Weber and Menko (2006a) have demoestitiiat the initiation of lens
cells differentiation is coincident with the disas®ly of the cellular projections
(lamellipodia) and actin stress fibers that provadd attachment between the extracellular
matrix (capsule) and the undifferentiated lensheghid. F-actin is reorganized as cortical actin
in the differentiating lens fibers. Indeed, strébsrs disassembly is sufficient to induce lens
fibers differentiation. Actin filaments organizes siress fibers interact with integrin receptors
at focal adhesion complexes where they mediatgiintenatrix adhesion. The lens epithelium
is the only region of the embryonic lens that egpes high levels of581 integrin and
fibronectin (extracellular matrix ligand @fbp1 integrin). The interaction of both molecules
promotes actin stress fibers organization and tbes could signal stress fibers disassembly
that activates lens cell differentiation.

Moreover, lens cell culture studies have evidented actin stress fiber disassembly
as well as cortical F-actin organization are depahdn the assembly of N-cadherin cell-cell
adhesions. However, in the undifferentiated epitineladhesion corresponds primarily to

integrin/matrix interactions. Epithelial cells lo#geir tight associations with the lens capsule
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(integrin/matrix adhesions) as they differentiatel @adherin based cell-cell junctions become
the principal form of adhesion as lens fibers depelThis switch may promote the
disassembly of actin stress fibers and induces fibess differentiation (Weber and Menko
2006a).

In addition, Fischeret al. (2000) experiments realized in chick lens cellturas
determined that in undifferentiated epithelial séf-actin was organized in polygonal arrays
of actin stress fibers that intersect with an adimebelt (a type of cadherin cell-cell junction in
epithelial cells located just below the tight junos and forming a continuous belt-like
structure around each cell in which an underlyiogtactile bundle of actin filaments is
linked to the plasma membrane; Cooper 2000; Alletrat 2008). As cells elongated to form
lentoid bodies (lens fiber-like cells) the arraysstress fibers were lost. Actin filaments in
differentiated lentoid cells were predominantly axsated with membranes in a reticular
pattern. Moreover, in late-stage differentiatedtdeh cells, F-actin colocalized with N-
cadherin molecules in complex curvilinear patteyadining membranes (Fischetral. 2000).

Cortical actin filaments are also part of a compdéxcture in lens fibers, besides N-
cadherin cell-cell adhesions, referred as membsksteton. The membrane skeleton is a
highly cross-linked network of spectrin (a longnthiiexible rod protein) tetramers linked to
short F-actin, and together they are associatdd mémbrane attachment and actin regulatory
proteins. The membrane skeleton is associatedthathnner surface of the lens fiber plasma
membrane. In this complex structure, F-actin sitgtalepends on capping proteins at filament
ends that prevent assembly as well as disassermtdlyon tropomyosins (TMs). TMs bind
along the sides of microfilaments blocking severiagd reducing subunit dissociation.
Tropomodulins (Tmods) are actin pointed end-cappiageins that bind to TMs and cap TM-
coated F-actin preventing polymerization and depelyzation in post-mitotic cells like lens
fibers. Thus, Tmods and TMs regulate actin filamkmgths and provide stability to the
membrane skeleton (Albergsal. 2008; Nowalet al. 2009).

A Tmodl viable knock out mice line with no detectable TMOProtein in the lens
indicated that the membrane skeleton is necessaryn&intenance of fiber cell hexagonal
shape, packing geometry during maturation of léimsr$ and radial column organization in

the lens cortex. Patches of disordered fiber cgbse observed immodl knock out mice
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lenses in comparison with hexagonally packed gegnaétcontrols. These patches exhibited
polygonal and often somewhat rounded fiber celpskawith variable numbers of vertices per
cell and irregular lengths of connecting membramather than regular flattened hexagonal
shapes. The fibers are also not arranged in preaisal columns as seen in normal equatorial
sections. At the transition zone of the lens (egiQategions displaying disordered fiber cell
packing tended to be located 20-30 cell layersromfthe epithelium; in the region where
TMOD1 normally assembles on the fiber membranes. [tter showed that the absence of
TMOD1 affects geometry of maturing lens fibers, haat than initial elongation and
organization (Nowalt al. 2009).

Nowaket al. (2009) determined that TMOD1 appears to selegtistbilize the subset
of F-actin that belongs to the membrane skeletdmchncorresponds to a part of the F-actin in
lateral broad and narrow sides, but not the vestmfematuring fibers. Absence of TMOD1
(and consequently a disrupted membrane skeletoms dwt affect fiber cell initial
differentiation or cell shape morphogenesis. Irgtd@OD1 protein stabilizes F-actin in the
membrane skeleton during cortical fiber cell maiorabefore organelle loss. This indicates a
role in maintaining cell shape and packing geometry

In addition, Quail lens cell culture experimentyd@roven that the actin cytoskeleton
also supports cell survival, and a prolonged disompof the latter induces apoptotic events
that result in cell death. Depolymerization of F#adn lens epithelial cell cultures for a
prolonged time (48h) induces extensive membrankblolg and cell rounding, indicative of
late stage apoptosis. Induced loss of corticaltifac cell cultures containing differentiating
lentoid cells also resulted in blebbing of the plasmembrane. The latter proved that F-actin
provides an essential survival signal to both lepghelial and differentiating fiber cells
(Weber and Menko 2006a).

Furthermore, a short-term induced F-actin disasbenn lens epithelial cell cultures
does not induce apoptosis. Rather, it triggers dkpression of fiber cell differentiation
specific markers, cell cycle withdrawal and theslag actin stress fibers with a subsequent
reorganization into cortical F-actin as fibers eliintiate. In additiorBCL-2 (a suppressor of

apoptosis) expression is increased in lens cdilisg that loss their actin stress fibers but also
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organize actin as cortical filaments and survivee Tatter suggests that the F-actin survival
signal in differentiating lens fibers may be coneéypyBCL-2 (Weber and Menko 2006a).

3.3.3 Organelle degradation in lens fibers: emphasin nuclei

During lens fibers differentiation, all structur@sge enough to scatter light including
nuclei, mitochondria, Golgi apparatus and endopiasraticulum are broken down and
removed from the developing fiber cells (GreilinglaClark 2008; Bassnett 2009). Despite all
these changes, lens fibers survive and are magdtainthin the lens throughout the life span
of the individual (Counist al. 1998).

Chicken studies have demonstrated that in embrykemses organelles are present
initially throughout all the cells in the develogitissue. Then, in a specific moment in early
development (embryonic day 12 in chick embryosporiles are eliminated in cells located at
the center of the lens (primary lens fibers). Tdiéer results in the formation of a central area
without membrane-bound organelles, including nudermed organelle free zone (OFZ).
After its initial establishment, the OFZ becomegéda as the lens grows and new fibers are
continuously added. Then, organelles are preselyt ianthose fiber cells located at the
periphery of the lens (Bassnett and Mataic 199Hg ®nly cells in the lens located in the
visual axis that do not lose their organelles agiscin the central-anterior epithelium.
Nevertheless, they constitute a very thin layer.s8tce light scattering is proportional to path
length, the light scattering due to organelleshia kens epithelium is insignificant (Bassnett
2009).

It has been observed that during epithelial célegntiation into lens fibers, the shape
of nuclei changes along the course of this prodesens epithelial cells, nuclei appear to be
round and relatively large. In superficial lensefib, nuclei appear ovoid, and as lens fibers
mature nuclei seem to elongate along with fiberngddion. However, just prior to
disintegration, nuclei remnants assume a much smetid more spherical shape (Bassnett and
Beebe 1992; Counig al. 1998; De Maria and Arruti 2004).

Nucleated fiber cells can perform transcription #md process might be stopped until
sometime prior to remodeling of the nuclear lamitian sheet-like meshwork beneath the
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inner nuclear membrane). Afterwards, chromatinndiégiration occurs. This order of events
has been reported in bovine and chick lenses (B#ssmd Mataic 1997; Bassnett 2009).

It has been suggested that the nuclei degradataoegs might be different in primary
and secondary lens fibers. Although, the only déifee observed in nuclei degradation is that
in primary lens fibers denucleation occurs simudtarsly in a cluster of cells during early
development. Afterwards, nuclei degradation in sdeoy lens fibers occurs as each cell
differentiates (Bassnett 2009).

Nuclear breakdown happens at the same time as othanelles are rapidly being
disintegrated. However, it is believed that orgendisintegration occurs through independent
pathways (Bassnett 2009). Mitochondria degeneratee nrapidly than nuclei. In lens
epithelial cells, mitochondria are present in peciear (around the nucleus) clusters. When
lens fibers are differentiating, mitochondria beeoetongated and distributed throughout the
cytoplasm. Prior to disintegration, mitochondriacs@e swollen and fragmented in cells
bordering the organelle free zone (OFZ; BassnetiBeebe 1992).

Most lens mutations that led to cataracts affegaoelle degradation to some extent.
Some of these mutations can directly affect ordarkeakdown. However, any mutation that
disrupts lens homeostasis sufficiently may havepibtential to disrupt organelle degradation
indirectly due to its obvious complex series o&ndiependent steps (Bassnett 2009).

DNase Ip (aka DLAD; DNase II-like group: acidic and with eation dependence) is
an enzyme expressed at significant levels at the dad liver (Counist al. 1998). DNase f
knock out mice retain undigested DNA in the lenslear fibers leading to nuclear cataracts.
This implies that DNase filhas a fundamental role in lens fiber denucleatidNase Ip
cleaves DNA producing 3'-phosphoryl and 5'-hydrergs. Since 3'-hydroxy ends rather than
5'-hydroxy ends accumulate when lens fibers deatiole takes place, it has been suggested
that endogenous phosphatases might convert 3'-pbonggends in 3'-hydroxy ends (Appleby
and Modak 1977; Bassnett 2009).

DNase IB is up regulated in differentiating lens fibers. Mdover, it is believed that
most of the acid nuclease activity in lens fibdiscis due to DNase fl activity as a lysosomal
enzyme. This enzyme might gain access to the nucteapartment by fusion of lysosomes to

the nuclear envelope and a subsequent release ab®N in the nuclear compartment.
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However, even though DNase lis critical for lens fibers denucleation, it mighdt be the
only nuclease in lens fibers. DNasg flull mice lens exhibit persistent nuclei but chedim
fragmentation and clumping is still observed sugggsthat there might be other nucleases
involved (Bassnett 2009).

De Maria and Arruti (2004) studied the presenc®iNbse | (DNase I-like: absolute
cd" Mg®" dependence; Couni al. 1998) in lens fibers from adult bovine eyes. Insle
epithelial cells, DNase | is present at the cytspialn epithelial cells from the proliferative
zone and in cells at the onset of fibergenesifenttansition region DNase | is still located in
the cytoplasmic fraction. In more elongated fibéddlase | is mainly concentrated in close
proximity to the cell membrane, but it also stadsbe observed in the nuclear territory.
Indeed, as fibers elongate DNase | becomes comtedtin patches distributed at the nuclear
surface. Then, it becomes tightly associated wighli condensed and fragmented chromatin
as lens differentiation proceeds. Furthermorehatlast stages of nuclei degradation DNase |
is still associated to nuclear remnants. The obthnesults suggest that DNase | might have a
role in DNA degradation during the last stages wélei degeneration (De Maria and Arruti
2004).

At the bovine lens secondary fiber nuclear breakdothe following sequence is
observed: onset of chromatin condensation, prooinictf DNA breaks having 3-OH free ends
in condensed chromatin, spreading of condensati@h feagmentation through the whole
chromatin. Then, beginning of nuclear envelope ift@n degradation and association of
DNase | with condensed and fragmented chromatipdrap Lastly, nuclear remnants that
remain associated with DNase | are evident atitie¢ $tages of nuclear breakdown (De Maria
and Arruti 2004). In addition, regulation of DNasgivities might also need the effect of post-
translational modifications, mitochondrial releaselecules and growth factors (Courisal.
1998).

When lens fibers reach the organelle free zoney tbse their ability to perform
protein synthesis, intracellular membrane trafficki oxidative phosphorylation and all
functions realized by organelles. Alongside, temhidifferentiation occurs (Bassnett 2009).
However, lens fibers retain their cytoplasm (Coushid. 1998).
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3.4 CUG binding protein 1 (CUGBP1): an mRNA bindingprotein

CUGBP1 is an mRNA binding protein and a foundingnber of the CELF_ (CUGBP1
and_ETR-3 like factors) protein family. Memberstlois family regulate gene expression at the
nuclear as well as the cytoplasmic levels. Theitnmaiclear function corresponds to the
regulation of pre-mRNA alternative splicing. In tlegtoplasm, they are implicated in the
control of mMRNA translation and stability. CUGBPé&rfmorms all these functions (Barreeiu
al. 2006).

What characterizes a RNA binding protein is thespnee of at least one RNA-binding
domain (RBD), also known as ribonucleoprotein (RNIBjnain or RNA recognition motif
(RRM). This domain is sufficient for RNA binding thi a wide range of specificities.
Moreover, RRMs possess two consensus sequenddss fpaper, we will refer to the domain
as RRM and to the consensus sequences within thé #&RRNPs. The first RNP consensus
sequence identified is referred as RNP1; and @nioctamer positioned at the center of the
RRM domain. A second RNP sequence, RNP2 is a hexantkis located at the N-terminus
region of the RRM. The RRM consists of a four-stiesh anti-parallep-sheet packed against
two a-helices Bappap) topology. The two conserved motifs, RNP2 and RNBitespond to
the first and third3-strands, respectively. In eukaryotes, RRMs arenofound as multiple
copies within a protein (Marit al. 2005; Tsudat al. 2009; Teplovat al. 2010).

CELF proteins are highly similar in their structuciganization. They possess three
RRMs, two in the N-terminal region (RRM1, RRM2) aoe in the C-terminal site (RRM3)
of the protein. They also have a less well congklvder region between the second and third
RRMs (Barreaut al. 2006).

Human CUGBP1 was first identified using a bandtskgkay. By this technique, it was
determined that this protein (extracted from cyasptic extracts of Hela cells, fibroblasts and
myotubes) binds to (CU@)RNA repeats (Timchenket al. 1993). This specific binding
activity led to the correlation of CUGBP1 with Mywiic Dystrophy 1 (DM1) pathology,
which is a neuromuscular disease. This associatias derived from the observation that
DML1 is a genetic disease characterized by a (CUf@)uacleotide repeat expansion in the 3
untranslated region (UTR) of the dystrophia myotaniprotein kinase (DMPK) gene
(Timchenkoet al. 1996).
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3.5 Myotonic Dystrophy 1 (DM1)

DML1 is an autosomal dominant, multisystemic dised$e human mutation lies on
the long arm of chromosome 19, band 13qg as an skpaonf CTG repeats in thé BTR of
the dystrophia myotonica protein kinase gene (DM#Ig} encodes a serine/threonine protein
kinase that contains coiled-coil, C-terminal memieraassociation and autoregulatory
domains. A CTG expansion from ~80 to 4000 repesgslts in DM1 disease. DM1 exists in
four basic forms depending on the age of appearahdke symptoms: CDM (Congenital
Myotonic Dystrophy), childhood onset, classicalladind late-onset/asymptomatic; the last
three forms are commonly referred as DM1 (Harmebml. 2008; Schoser and Timchenko
2010; Turner and Hilton-Jones 2010).

3.5.1 CDM phenotype

At the congenital form of DM1, referred as Conganltyotonic Dystrophy (CDM)
the largest CTG repeat expansionsl(500) have been identifie@DM patients may be born
as premature infants due to these large repeahsiqe. Polyhydramnios (excess of amniotic
fluid in amniotic sac) and the reduction of fetabvements have been reported during the
pregnancies of infants with CDM. After the patiénborn, first symptoms include postnatal
hypotonia (diminished resistance of muscles toipassiretching) and immobility (Leyenaar
et al. 2005; Schoser and Timchenko 2010; Turner anditliones 2010). In up to 50% of
affected patients, bilateral talipes (also knownclb feet; feet appear rotated internally at
their ankles) and other contractures are presebirtit Facial diplegia (paralysis affecting
symmetrical parts of the body) is another chargtterfeature of CDM. Newborns have an
open mouth with a tent-formed upper lip and a ragthed palate. A weak cry and the
inability to suck are present in nearly 75% of eféel babies. These latter features are due to
weakness of facial jaw and palatal muscles. Inpduwgents that survive, hypotonia improves
steadily and is only rarely prominent after 3-4rgeaf age. However, facial diplegia becomes
more apparent leading to a typical facial carp-hoappearance. Speech development is
delayed. The latter is caused by hypotonia of #ugaf, palatal and jaw muscles (Schara and
Schoser 2006; Schoser and Timchenko 2010).
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Despite the severe muscular phenotype of this dégspmyotonia (muscle stiffness and
delayed relaxation after muscle contraction) is p@sent at the neonatal period in CDM
patients and it is seldom present before school Hgevever, in CDM survivors myotonia
becomes a more prominent feature at the secondlelexfalife (Schara and Schoser 2006;
Ekstrom 2009; Schoser and Timchenko 2010).

Neonatal respiratory complications are frequent amdsevere cases that require
ventilation for more than four weeks; this symptovill most likely result in death. At
postnatal stages, delayed motor development is eenymon; however most children that
survive become able to walk independently. Althonghmal mental development is possible,
mental retardation is observed to a variable degreegreat number of patients. Depression,
attention deficit hyperactivity, autism and anxietigorders have been reported in childhood,
but not commonly (Schoser and Timchenko 2010).

Other CDM associated abnormalities of high freqyanclude: inguinal (at the groin)
or hiatus (at superior part of the stomach) he¢piatrusion of an organ or tissue through an
abnormal opening in the body), undescended testisgenital dislocation of the hip and
torticollis (stiff neck). Congenital heart defecas( elevated diaphragm), hydrocephalus
(abnormal accumulation of cerebrospinal fluid ire tiavities of the brain), spasticity
(excessive contraction of muscles leading to stiffigid muscles, blocked nasolacrimal duct
and cleft lip (Schara and Schoser 2006; Schoseiranchenko 2010).

3.5.2 DM1 phenotypes

Childhood-onset DM1 is defined by the beginningsgimptoms approximately after
one year of age (Longman 2006). Early motor devatag is normal or only slightly delayed.
Neuromuscular problems may be weakness of facnagek muscles but without the typical
features of CDM (e.g., carp-mouth). Distal weaknessdiologic problems and recurrent
abdominal pain have been reported. Mental handieagliing to speech and learning
difficulties is most commonly recognized during sehage. Motor disabilities or respiratory
difficulties are no prominent features (Schara &atioser 2006). Myotonia and distal limb
muscle weakness develop during the teenage yeang)ithan 2006).
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Cardiologic problems may become important in l&feras how it can also happen in
CDM survivors. It has been reported that cardiabydihmias (abnormal rate or rhythm of the
heartbeat) or cardiomyopathy (deterioration of beart muscle) may occur in the second
decade of life in childhood onset DM1. These protdecould lead to sudden death. When
growing older, childhood onset patients may shom@pms of the adult onset form in their
twenties (Schara and Schoser 2006).

Adult onset DM1 is the most common form of Myotolgstrophy and is frequently
referred as the classical form. Facial weaknesh Wilateral mild ptosis (dropping of the
eyelid) and distal muscle weakness are the mostmmonfeatures. Grip (when difficulty in
releasing grip or opening the hand after makingtx &nd percussion myotonias (after a brief
mechanical stimulation) are regular features, bybtonia also affects other muscles like
bulbar (muscles that control speech, swallowing @relving), facial and tongue muscles. The
latter causes problems with swallowing, chewing tadking. Cardiac defects include dilated
cardiomyopathy (the heart becomes enlarged andlitdedd and cannot pump blood
efficiently), conduction abnormalities with arrhgtia and conduction blocks up to cardiac
death (Schara and Schoser 2006).

The central nervous system is also affected (empntal retardation, affected
personality traits and excessive daytime sleepjn@®gmentary retinal degeneration has been
reported, but the most common eye defects are nmsseibcapsular cataracts (starting at the
cortical fibers situated at the posterior pole)efEhare also gastrointestinal problems like
irritable bowel syndrome and symptomatic gall seorieesticular atrophy, hypotestosteronism
(low levels of testosterone activity) and insulasistance with usually mild type 2 diabetes
(insulin resistance) are other features (Schara Scttbser 2006; Schoser and Timchenko
2010; Turner and Hilton-Jones 2010).

Furthermore, there are patients that have a ladettasymptomatic form of DM1. The
presence of cataracts in middle or older age i<hiracteristic feature. Signs of muscle
weakness or myotonia can be present, but thesetsgymapre very rare. No major cognitive
impairment has been detected, other than mild Verieganory dysfunction (Ekstrém 2009).
One of the most important reasons in detectingréipeat expansion mutation, in these late-

onset carriers, is to identify other affected famitembers and enable genetic counseling to
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more affected patients due to the genetic antidipaisuccessive generations inherit
increasing disease severity with decreasing agasét) phenomenon observed in this disease
(Cho and Tapscott 2007; Turner and Hilton-Jonep0Anticipation has been suggested to
occur as the trinucleotide expansions are highbtabie resulting in a progressive increase in
the repeat length during gametogenesis. This eabiyntieads to an infant with CDM as this
affected group of patients has been reported tegsssthe longest CTG expansions (Campbell
et al. 2004; Ekstrom 2009). Besides, germ-line instahitite mutant expanded repeats exhibit
somatic mosaicism, in which variable repeat sizelifferent tissues of a single patient has
been observed. In addition, increasing expansidharength of the mutant CTG repeats with

increasing age, in a single patient, has also bbsarved (Ekstrom 2009).

3.5.3 Molecular mechanisms of Myotonic dystrophy 1

Although some of the symptoms of DM1 may be attelduto decreased levels of
DMPK protein, a much more complex mechanism takasep As DM1 is a multisystemic
disease with variable expressivity of its symptoths,features are unlikely to be explained by
a defect in th&OMPK gene alone (Winchester al. 1999). Hence, three distinct mechanisms
have been proposed to contribute simultaneouslyh wibM1 pathogenesis: (1)
Haploinsufficiency of DMPK, (2) altered expression of neighboring genes &@)dRNA
toxicity. These mechanisms link the trinucleotidepeat expansion with DM1 disease
(Kaliman and Llagostera 2008; Ekstrom 2009). In thié trinucleotide repeat expansions are
suggested to disturb normal cellular processeh@tRNA, protein and/or chromatin level
(Cho and Tapscott 2007).

Haploinsufficiency happens when a normal phenotypeds a protein product from
both alleles of a particular gene. If one gene dspfawed, the reduction by half of the gene
product will result in a defective phenotype. laittesearch was aimed to identify the function
of DMPK protein since several studies showed tgtaptasmic amounts of this protein were
reduced in DM1 patients. In DM1, tH®MPK gene with the triplet repeat expansion in its 3'
UTR is transcribed into non-decreased mRNA with @G repeats. However, a part of the
MRNAs containing CUG repeats tends to be retaimecdhuclear foci (ribonucleoprotein

precipitates) preventing transport to the cytopldBerul et al. 1999; Cho and Tapscott 2007;
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Kaliman and Llagostera 2008; Ekstréom 2009). Theggemated forms reduce the processing
of mutant DMPK mRNA by the CUG repeat tract. Hentlsgere is a reduction in the
translation of DMPK protein (Ekstrom 2009).

To test if decreased DMPK protein translation magoant for DM1 phenotype
several studies have observed what happens if DfRKtion is eliminated in miceDmpk
null mice developed late onset mild myopathy. Indiadn, mice heterozygous and
homozygous for disrupteDmpk gene also exhibited cardiac conduction defectsu(Bat al.
1999; Cho and Tapscott 2007). Hence, haploinseficy of DMPK protein may contribute to
DML1 features specially in skeletal and cardiac rfassbut does not account for all the clinical
spectrum of DM1 (Cho and Tapscott 2007; Ekstrom9200

The expanded CTG repeats in (O&PK gene may affect the expression of other
genes. The CTG mutation is a strong nucleosomegnsite that could modify chromatin
structure having regional effects on the expressiddMPK and other genes close Dd/PK.

In fact, SX5/DMAHP (homeodomain-containing transcription factor) basn implicated as a
second candidate for DM1 pathogenesis. This becthsemutantDMPK (CTG), repeat
overlaps not only the 3'end of tHeMPK gene, but also a 5' promoter (or more strictly
speaking, enhancer-promoter) region of the dowastraeighboring gen8X5 (Winchester

et al. 1999; Ranum and Day 2004).

In more detail, first it was demonstrated that aad&l | hypersensitive site was
positioned adjacent and downstream the CTG repghaeawild typeDMPK gene. Expanded
CTG repeats seen in DM1 eliminate this hypersesmsisite and transform the region that
surrounds the repeats into a more condensed chrostaicture (Otten and Tapscott 1995).
This hypersensitive site contains a promoter eléntleat regulates transcription &X5.
Allele-specific analysis 08X5 expression demonstrated that steady-state trahdesiels
from the allele with the CTG repeat expansion wagnificantly reduced in comparison to
those from the wild type allele. Hence, CTG repegpansions can suppress local gene
expression o8 X5 in DM1 disease (Klesedt al. 1997).9X5 mRNAs are expressed in DM1
affected tissues such as brain, eye, heart andtakatuscle (Ekstrém 2009).

In addition, another target gene which its disrdm®gpression due to altered chromatin

structure may contribute to DM1 BMWD. DMWD is located immediately upstream of
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DMPK. In mice, Northern blotting and RNAn situ hybridization assays have revealed
ubiquitous low expression in all tissues of the sembryo. Strong RNA expression has
been detected in the brain and testis of adult jntiees it has been suggested th&WD gene
could be involved in the mental and testicular sionps observed in severe cases of DM1
(Jansenet al. 1995). Moreover, Alwazzamet al. (1999) have demonstrated that levels of
cytoplasmicDMWD RNA from the allele adjacent to mutaDMPK (with expanded CTG
repeats) are reduced in DM1 cells. This model emplaome but not all disrupted features of
DM1 (Ekstrom 2009).

Even though it has been proven that expanded Cpé&ats affect translation of DMPK
protein and the transcription of other genes inDMPK locus; pathological features of DM1
disease are mainly linked with the accumulatiomaf-coding CUG repeats (Ekstrém 2009).
As previously mentioned, posttranscriptiodlaMPK mRNAs containing expanded CUG
repeats accumulate in large nuclear foci. Therlattes first observed by Taneghal. (1995)
in DM1 primary skin fibroblast cells from two affieed patients and a DM1 adult muscle
tissue. Large amounts of mutabMPK transcripts were also detected in the cytoplasm of
DML1 fibroblasts, but in smaller complexes and motaage aggregated forms. However, data
for the cytoplasmic as well as for nuclear locdl@a of mutantbMPK mRNA in DM1 has
been controversial. Different studies have obsethatdmutanDMPK transcripts are blocked
and present only in nuclei. But, it has also baeygested that non-aggregated muaktPK
transcripts are also present in nuclei. Other sgifbund that aggregated forms are found in
both the nucleus and cytoplasm of DM1 cells (Schard Timchenko 2010).

Despite the discrepancies related to the locatwdmautantDMPK mRNA inside the
cell, Junghans (2009) has proposed a DM1 modeldbasereviously obtained data. In this
viewpoint mechanism, foci are not the only formsnoftant RNA in DM1 cells. There are
also smaller complexes of soluble mutBMPK mRNA. In addition, CUGBP1 and MBNL1
(zinc finger protein and mammalian homologue of $dyghila muscle-blind which is required
for muscle and photoreceptor development; Fareaadi 2002; Huanget al. 2008) are RNA-
binding proteins that regulate post-transcriptiomabcesses. Binding of CUGBP1 and
MBNL1 proteins to different forms of expanded CUg&peats causes DM1 pathology because
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the regulation of gene expression of both protééspecially alternative splicing) is disrupted
upon mutanDMPK mRNA binding (Junghans 2009).

Mutant expanded CUG repeats DMPK mRNA form double stranded (duplex)
hairpins in nuclei. First, MBNL1 protein binds toet double stranded regions of these hairpin
regions and these fusions lead to insoluble foggi@gated form). Indeed, binding of each
MBNL1 clamps the adjacent duplex to facilitate teding of the next MBNL1 protein. Each
bound MBNL1 gives the duplex more stability by asthg zipper-like mechanism. Hence,
MBNL1 binding stabilizes these hairpins. In additighis zipper-like mechanism excludes
CUGBP1 from binding to insoluble foci. As MBNL1 toprecipitated with mutarfdMPK
RNA into insoluble foci, free MBNL1 in solution igradually depleted and less able to
exclude CUGBP1 protein from binding to expanded Ctd@eats. Then, CUGBP1 binds to
soluble single stranded mutadMPK CUG repeats. In addition, CUGBP1 protein binds to
single stranded tails at the hairpin bases (Jurggg@a9).

Binding to soluble single stranded mutant CUG ré&ppeotects CUGBP1 protein from
normal rapid catabolism, prolonging the normallprshhalf-life of CUGBP1 protein. The
latter induces higher CUGBP1 protein concentratiansl increased CUGBP1-dependent
splice variants. In cytoplasm, there are also uregpted expanded CUG repeats in DM1
cells. Hence, in cytoplasm, CUGBPL1 also binds mufaviPK mRNA and its protein levels
are also increased. The elevated CUGBP1 proteinadtisrs normal translation and stability of
its cytoplasmic mRNA targets in DM1. Differentlyjnding to double stranded insoluble
mutant RNAs leads to sequestration of MBNL1 andistheading to decreased MBNL1-
dependent splice variants. In addition, there saastription factors (TF) that also bind to
soluble ssCUG repeats; this leads to TF leachieglétion) from chromatin and diminished
transcription of specific genes in DM1 (Junghan®20Schoser and Timchenko 2010).
Hence, transcriptional and post transcriptionalregpion mechanisms are disrupted in cells
expressing mutanDMPK mRNA with expanded CUG repeats leading to DM1 chhi

features.
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3.5.4 CUGBP1 and its involvement in DM1 models antissues

Transient expression of RNAs containimmpk 3-UTR with 960 CUG repeats
(Dmpk-CUG" mRNA) in COS M6 cells (monkey cell line) induceyiper-phosphorylation
of nuclear, but not cytoplasmic CUGBP1 protein. Séhecells also exhibited CUGBP1
increased steady state levels in nuclear fracti@l cell cultures of skin fibroblasts
converted to muscle cells and DM1 heart tissues aiibited elevated CUGBP1 protein
levels compared to controls. CUGBP1 was also hppesphorylated in both types of DM1
samples. However, these samples were not separatedclear and cytoplasmic extracts
(Kuyumcu-Martinezt al. 2007).

A bitransgenic inducible (by tamoxifen) and hegrégfic DM1 mice model
expressing 960 CUG repeats in the context oDimpk 3-UTR was created. These transgenic
mice develop cardiac features of DM1 disease &dtapxifen administration including dilated
cardiomyopathy (weakened and enlarged heart). dbeyonstrated elevated CUGBPL1 protein
levels specifically in nuclei containing foci of @Jrepeat RNA. Bitransgenic mice exhibited
colocalization of MBNL1 with RNA foci and increas€&lJGBP1 as early as 6 hours after
tamoxifen administration. These observations indidhat up regulation of CUGBP1 is an
early and primary response to expression of exghr@dG repeats (Wangt al. 2007).
Besides CUGBP1 increased steady state levels ioceuwl heart tissues; these tissues
demonstrated CUGBP1 hyperphosphorylation. Theseaultsesindicate that CUGBP1
hyperphosphorylation induces protein stabilizateorl is also a direct effect &mpk-CUG
expanded repeat expression (Kuyumcu-Martetet. 2007).

Numerous assays performed widmpk-CUG’®® COS M6 cells and heart tissues from
Dmpk-CUG® heart-specific mice model and DM1 patients havewshthat PKC (protein
kinase C) is activated (by phosphorylation) wheereghis expression oDMPK-CUG
expanded repeats. PKC activation (induced by theR&IA mutant repeats) is required for
CUGBP1 hyperphosphorylation and its subsequendigdst state levels (Kuyumcu-Martinez
et al. 2007).

Additionally, Koshelevet al. (2010) demonstrated that 2-6 month old bitransgeni
mice overexpressing CUGBP1 in hearts (tetracydlleicible and heart-specific) reproduce

functional and molecular abnormalities observedDM1 patients and DM1 mice models,
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including the line previously described developgdvibanget al. (2007). These bitransgenic
mice exhibited dilated cardiomyopathy and reproduudstopathological abnormalities
observed in Wanget al. (2007) transgenic mice line (DMPK-CP%) and DM1 patient
tissues. These abnormalities included necrosiserdggtion and loss of myocardial fibers
(Koshelewet al. 2010).

Since it is well known that DM1 impairs skeletal sole function, an inducible and
skeletal muscle-specific CUGBP1 transgenic mice kvas created by Warg al. (2010).
This phenotype aimed to determine whether CUGBRIaxpression in skeletal muscle from
adult mice reproduces features of DM1 patients @ind DM1 mice model (DMPK-CT&°
inducible and skeletal muscle-specific) previoustgated by Orenget al. (2008). At 2-3
months of age, these transgenic mice were induzexpgress CUGBP1 protein. These mice
had a strong observable phenotype by 2 weeks ofcing CUGBP1 overexpression. They
exhibited impaired movement, abnormal gait, an I@#uction in total body weight and
histology characteristic features observed in DMgtluding a large number of myofibers
containing central nuclei. Furthermore, during theriods of time with high CUGBP1
induction (1-4 weeks) transgenic mice exhibitedgmificant reduction in muscle function.
However, muscle performance improved by 8 week@dfiction when it was shown that
CUGBP1 expression levels were significantly reduddue latter suggests a tight correlation
between the severity of muscle function and CUGBRRdtein levels of expression during
DM1 (Wardet al. 2010).

3.6 CUGBP1 and early development

The zebrafishCUGBP1 ortholog: cugbpl, formerly known a$Bruno-like (brul) was
first identified as a maternal factor (Suzwkial. 2000). Maternal factors are gene products
present in the egg at and before fertilization. yTeee synthesized during oogenesis and are
crucial before zygotic genome activation which oscat a developmental moment referred as
midblastula transition (MBT). In zebrafish, the MBEcurs gradually between the beginning
of cell cycle 10 (512 cells) and the ending of eytB (sphere stage; Kane and Kimmel 1993;
Pelegri 2003).
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In zebrafish, maternadugbpl mRNA expression has been observed during oogenesis
as well as at early embryonic development. At oegexicugbpl mRNA was distributed
ubiquitously at stage IB (primary growth, oocyteside within a definitive follicle). At stage
Il (cortical alveolus stage), mMRNA expression whseyved at the vegetal cortex. By the stage
[l (vitellogenesis),cugbpl mRNA was still accumulated at the vegetal cortdthough it was
also located around the germinal vesicle (nucl8ugukiet al. 2000).

Once the egg has been fertilized, matecngbpl mRNA was observed in the vegetal
pole at the onset of embryogenesis. Then, streaofinggbpl mRNA towards the blastodisc
was observed as early as 30 minutes post fertdizgtinpf, 1 cell stage; Suzuki al. 2000).

At the 4 cell stage (1hpfiugbpl mRNA was detected at the cytoplasm of the distdkenf
cleavage furrows; hence suggesting a role as a tjeeage determinant. In addition, it was
still apparent at the vegetal pole and a weakerasiggas observed in the blastomeres. At the
sphere stage (4hpfgugbpl mRNA was concentrated in a four-cell/cluster pattthat is
reminiscent of primordial germ cells. In additice,ubiquitous mMRNA weaker signal was
observed in the blastomeres (Hashimetoal. 2004). Afterwards, the maternal mRNA
gradually decreased during successive cleavagesst@igen, at 24hpf, zygotiotigbpl mRNA
was observed at the lens specifically in lens fimdls. Zygoticcugbpl mRNA expression was
reported to be uniform throughout zebrafish embriesore 24hpf, although no specific
moments of first appearance were specified (Suztdti 2000).

Later on, immunostaining assays showed that zebr&ugbpl protein is distributed
all over the embryo from the 1 cell stage to 28fpit including the yolk). At the 1 cell
period, Cugbpl accumulated at the animal pole viahkb by a distribution throughout the
whole blastomere. At 28hpf, Cugbpl expression wasewed at the whole embryo with
stronger signals at the lens and somites (Hashist@io 2006).

In Xenopus (genus of highly aquatic frogs), the ortholog afanCUGBP1, eden-bp
(Embryo deadenylation element binding protein) besn identified as a maternal factor that
recognizes a short element referred as EDEN orBth€R of maternal mRNAs. The core
motif of this element is a U(G/A) repeat. eden-bpt@in activity is turned on at, or just after,

fertilization triggering deadenylation [poly(A) tashortening] and subsequent translational
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repression and degradation of mRNAs bearing anNE[(Haillardet al. 1998; Graindorget
al. 2008).

Gautier-Courteilleet al. (2004) have monitoredden-bp mRNA and eden-bp protein
expression by Xenopus whole-mountsitu hybridization and immunohistochemistry assays,
respectively. Botreden-bp mRNA and protein expression were found to havey wamilar
patterns of expression. At the blastula and gastrsifages,eden-bp was expressed
homogenously in wholeXenopus embryos. By the neurula stage, expression was more
concentrated in the paraxial mesoderm (which gities to somites, facial muscle and
cartilage) flanking the neural tube. In early tadls (stage 20-44, including beginning of
hatching at stage 35-36), eden-bp was more abumddmé dorsal mesoderm and in the head
area (including the eye). This preferential exgomss the dorsal mesoderm and in the head
was more marked in late tailbud and tadpole embmgen-bp expression in dorsal mesoderm
is particularly obvious in the posterior presomitiesoderm (PSM)eden-bp mRNA and
protein relocation to preferred regions at the nkeuand tailbud stages most likely relies on
zygotic transcription and translation.

Moreover,eden-bp down regulation inXenopus embryos by antisense morpholino or
anti eden-bp antibody impairs somitic segmentatidre latter was evidenced by a lack of a
periodic pattern of somites separated by chevrapesth borders. Hence, eden-bp is required
for the metamerization of the somites during embiyaevelopment (Gautier-Courteieal.
2004).

etr-1, identified in the nematod€aenorhabditis elegans, is the ortholog of human
CUGBP1 which whom it shares 74% identity within the RRMspromoter element within
etr-1 gene linked to the GFP (green fluorescent proteliwed an expression pattern with
high muscle specificity. By 300minpf, embryos extatd GFP expression in the muscle sheet.
The muscle sheet, in early embryos, is the ternd userefer to the muscle cells that are
initially seen as a continuous sheet on the latgdd of the embryo. Between 300-350minpf,
the muscle sheet begins to separate, starting tinenanterior, as the cells move to form two
dorsal and two ventral muscle quadrants. By 430MmiGH-P expression is present at these
four quadrants along the length of the embryo. Meee, expression is evident in adult

animals. GFP is observed in striated body-wall nass@long the length of the animal,
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especially in the head. Expression was also sedhneirintestinal and sphincter muscles, the
sex-specific muscles of the male tail and the Mulwauscles (vulva: hermaphrodite
reproductive structure that serves to allow eggbedaid and male sperm to be deposited;
Milne and Hodgkin 1999).

Inactivation ofetr-1 caused embryonic lethality. First, embryos coultlglongate and
became paralyzed, a phenotype characteristic ofitannline defective in muscle formation
and function. ETR-1 protein is essential for mustd¥elopment and it may play a role in
post-transcriptional regulation of some muscle congmts. Hence, a possible conservation of
gene function betweesir-1 andCUGBP1 was suggested (Milne and Hodgkin 1999).

The miceCUGBP1 ortholog has also been implicated in early embig/development.
Kress et al. (2007) developed &Cugbpl null mice line Cugbpl®™) by homologous
recombination. These homozygous mutants were vidlblea significant portion of them did
not survive after their first few days of being boiThey were smaller and their growth
deficiency was already apparent just before bigiiigbpl”™ mice weighted significantly less
than controls. These differences remained stabieugimout life and the null mice never
reached the size and weight of controls. Impaietility was another feature observed in
most Cugbpl” males and females. A more thorough analysis ofriwdertility showed an
arrest of spermatogenesis (Kresal. 2007).

Cugbpl expression was also tested in whole mice embrypstwmn different
approaches: measurement Gfigbpl promoter activity byp-galactosidase; and protein
detection by immunohistochemistrZugbpl promoter activity starts at the two-cell stage
(time of first main zygotic activation) and it camies at least until the blastocyst stage. The
promoter activity was also present in the oocyies €xpression was very strong and sustained
during the preimplantation period. Evaluation GLigbpl expression pattern later on
development showed wide expression at 10 and 1% gagt coitum (dpc). The highest
expression levels were seen in the limb buds, diepkaucture, tail region and somites.
Immunohistochemistry assay revealed the same tethpamd spatial patternCugbpl
promoter activity in internal tissues from 12dpfleyos revealed that the expression was
extensive and variable in intensity (Kressl. 2007).
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Furthermore, Kuyumcu-Martinezt al. (2007) examined endogenous levels of
CUGBP1 protein from heart muscles of embryonic tl&yand 17 (E16, E17) and from heart
and skeletal muscles of newborn and adult (6 moolthsnormal mice. This was done to try
to identify a relationship between CUGBP1 phospladign and regulation of protein steady
state levels during early development. Resultscatéd that CUGBP1 was more acidic in el7
and newborn tissues examined compared to adulte8ssThis acidic shift was proved to be
due to hyper-phosphorylation. In addition, theres\aa increase of CUGBP1 protein steady
state levels due to hyperphosphorylation in aduttsh Wanget al. (2007) DM1 mice model
(DMPK-CUG™) and DM1 patient tissues, as explained previouslyo, the abundance of
CUGBP1 in normal embryonic and newborn cardiac akeletal muscle was due to its
hyperphosphorylation. There was no sign of CUGB#delphosphorylation in normal adult
tissues.

These results lead Kuyumcu-Martingizal. (2007) to conclude that a developmental
change in the phosphorylation state of CUGBP1 iartheand skeletal muscle correlates
directly with its steady state levels. This deveh@mtal normal change might not occur in
DM1 patients leading to abnormal increased stesatg devels of CUGBP1; and ultimately
contribute to the abnormal pathogenic phenotype.

More specifically, it has been widely observed tihat expanded CUG repeats in DM1
disrupt an alternative splicing program (Coogeal. 2009). Alternatively spliced mRNAs can
be regulated according to cell type, in responseexternal cues or depending on the
developmental stage. RNA binding proteins, like BF&, are involved in this regulation by
binding to specific regions within pre-mRNAs. Addially, it has been proven that
alternative splicing regulation can involve theidties of antagonistic factors by promoting
different pathways (Ranum and Cooper 2006).

In DM1, an alternative splicing transition mechamisegulated antagonistically by
MBNL1 and CUGBP1 in striated (skeletal and heart)isabe is disrupted. In normal
conditions, this mechanism is dependent on theldpreental stage. First, CUGBP1 protein
is up regulated in early embryonic development asddevelopment proceeds CUGBP1 is
down regulated; concomitantly MBNL1 is up regulat€iJGBP1 and MBNL1 reproduce

embryonic and postnatal/adult alternatively spliegegbression patterns, respectively. Since
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DML1 is characterized by an elevation of CUGBP1 girotevels and sequestration of MBNL1
protein, the disruption of this mechanism resuitsun inappropriate expression of embryonic
rather than adult splice variants in adult tissdss results in DM1 pathogenesis (Kalsata
al. 2008; Coopeet al. 2009; Schoser and Timchenko 2010).

Ladd et al. (2001) have also detected developmentally regiilaepression of
CUGBP1 protein. They showed that the abundanceld&BP1 from mice skeletal muscle
decreased significantly from strong expression rduembryonic development (E14), NB
(new born) and PN4 (postnatal day 4) to very lowele in adult thigh muscles. But, this
stage-dependent pattern of expression was notelinid skeletal muscle. CUGBPL1 protein
expression stayed constant throughout early staigesce brain development (E14, NB, and
PN4) and decreased to a very low but still detdetédovel in the adult brain. In addition,
Western Blot assays also revealed CUGBP1 expressiodiaphragm, uterus, spleen,
mammary gland, lung and adipose mice adult tisddesever, a possible change in CUGBP1
levels of expression throughout development wastuatied in these last mentioned tissues.

To determine if increased CUGBP1 expression isigeafft to reproduce disrupted
alternative splicing activity observed in DM1, ldpal. (2005) generated transgenic mice that
specifically express huma@UGBP1 (MCKCUG-BP1; MCK: creatine kinase promoter) in
striated muscle tissues. Transgenic mice with CUGB¥pression 4-6 fold above endogenous
levels in neonatal heart and skeletal muscle witbasn (it is likely that its mutant founder
was chimeric).

To find out if CUGBPL1 alternative splicing activity was disrupted in natal hearts
from MCKCUG-BP1 transgenic mice, Het al. (2005) compared splicing dinnt2 (the mice
ortholog of humarCTNT: Cardiac Troponin T) in transgenic vs. WT (wilgg) littermates.
CTNT is a striated muscle protein that plays anartgnt role in the regulation of muscle
contraction. This protein contains different isofsrthat are stage-dependent and regulated by
alternative splicing (Cooper and Ordahl 1985; BNadt al. 1999). Transgenic mice (~74%)
exhibited increased levels dnnt2 exon5 inclusion when compared with non-transgenic
neonates (~35%). In DM1 patients, cardiac tissuesvsan inappropriate retention of the
CTNT fetal exon5. Hence, increasdahnt2 exon5 inclusion in MCKUG-BP1 mice is

consistent with disrupted splicing and CUGBP1 iasexl steady state levels in DM1 (Eo
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al. 2005). In addition, it has been proven that MBNirbtein has an antagonistic role in
Tnnt2 and CTNT alterative splicing as MBNL1 represses inclusidérexon5 (Kanadiaet al.
2003; Hoet al. 2004).

Human myotubularin-related 1 gend{MR1) and its mice ortholoyitmr1 belong to
a highly conserved family of eukaryotic phosphatags differentiation of muscle cells in
culture (mouse myoblast cell line C2C12 and humetal fmyoblasts) two major MTMR1
isoforms (A and B) were identified in myoblastsgprio fusion into myotubes. After early
induction of myoblast differentiation, a third isom (C) was detected and its levels increased
to become the major isoform when myotubes wereqgmaeint. At normal heart as well as
skeletal muscle development, it has been provarMA®R1 undergoes a transition from the
fetal (A and B) to the postnatal/adult (C) isofofBuj-Bello et al. 2002; Hoet al. 2005).

Analysis of splicing in neonatal hearts and skéletascle samples revealed that mice
overexpressing CUGBP1 express more of the fMaMR1 isoforms. In contrast, the
predominant isoform in neonatal WT mice is C andl@W/T mice express only the adult
isoform suggesting that MGQBUG-BP1 transgenic mice display a delay in the expression o
the adult isoform (Het al. 2005). Furthermore, the splicing patternMifMR1 mRNA was
studied in congenital myotonic dystrophy muscléscéluman fetal congenital DM1 myoblast
cultures were induced to differentiate, and as repegis took place MTMR1 isoform C
decreases instead of increasing as shown in narefiatultures. Additionally, after medium-
induced differentiation, an abnormal MTMR1 trangtrisoform (G) appears in human
congenital DM1 cell cultures. The G isoform was detected in control cultures. Skeletal
muscle tissues from congenital DM1 fetuses (age@7lieeks) also revealed the presence of
the abnormal G isoform, suggesting that disruppigiag of MTMRL also happens in human
muscle affected by congenital myotonic dystrophyj{Bello et al. 2002). However Het al.
(2005) do not mention any studies performed to bt if MTMR1 isoform G is present in
MCKCUG-BP1 transgenic mice.

In addition, sections of mice skeletal muscle froeonates overexpressing CUGBP1
displayed abnormalities that resembled featuresoafienital myotonic dystrophy. Light and
electron microscopy observations showed myofibath whains of centrally located nuclei,

degenerating muscle fibers surrounded by nuclei arebularly shaped nuclei. When
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compared with controls, WT neonatal tissues diggagmall fibers with central nuclei
consistent with normal still immature skeletal mlascin contrast, transgenic animals
possessed increased number of internal nucleidividual fibers. In congenital myotonic
dystrophy, skeletal muscle development is impaizljeral of its abnormalities include:
chains of centrally located nuclei, large variasian muscle fiber size and poor fiber type
differentiation. The results in transgenic mice gegj that mice overexpressing human
CUGBP1 in skeletal muscle display pathological desd observed in DM1 disease (ktaal.
2005).

3.7 DM1 and the lens

To date, most of the efforts to try to understdmeldauses and features of DM1 disease
have been oriented to the study of heart and shtetaiscle defects (Schoser and Timchenko
2010). The study of the mechanisms underlying #nebpment of cataracts, in DM1, needs
further investigation.

Adult lens samples from individuals who had suftei®M1 have been studied to
observe the cataract morphology in this disease.fif$t lesion of the lens has been described
as fine points mixed with colored crystals or igdent-like dust in a thin band of anterior and
posterior cortex beneath the capsule. The secoddnawre advanced lesion is a stellate
grouping of opacities at the posterior pole along posterior suture lines of the lens. The
stellate arrangement of opacities is considereatexr stage than that of the colored crystals
due to a condensation of the point-like opacitiea@the sutures (Eshaghiainal. 1978).

By transmission electron microscopy imaging, Eshaglet al. (1978) observed
numerous small, round globular bodies at the pmstpole of DM1 cataractous lenses. The
accumulation of these abnormal bodies was assdaondth swirling membrane configurations
that resembled myelin-like figures (whorls). Smalhounts of cytoplasm were layered
between the whorls. Hence, it was proposed thasmmamembranes may wind around
themselves to form the myelin-like figures. And ttilaese whorls could correspond to the
iridescent crystals seen in DM1 cataracts of adattents at slit lamp views. If this is true,
then there are no crystals, but derivatives ofpflaiema membrane which refract light to give

the appearance of colored crystals. The accumaulaifothe myelin-like bodies along the
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posterior suture could account for the stellatectipaobserved. These observations suggest
that the plasma membranes of lens fibers in DM1 beylefective. In addition, the general
morphology of the anterior lens structure in addd1 patients was not normal. Central and
peripheral epithelial cells contained nuclei witHunaped chromatin, degenerating
mitochondria and enlarged intercellular clefts istarnae.

One of the first steps to try to identify what sas cataracts in DM1 was to determine
if the DMPK gene is expressed in the lens. Duenal. (1996) probed thabMPK RNA is
expressed in normal adult human lenses by RT-PGR€iRe Transcriptase PCR). The same
type of samples was used to demonstrate that DMiP@keip is expressed at adult human
lenses by Western Blot. The same size band had jesfiously detected in both human
cardiac and skeletal muscles.

Immunohistochemistry assays with anti-DMPK antibadgre performed on sagittal
sections (vertical cut from front to rear, dividesman body into right and left; equals to
transverse sections in zebrafish lenses) from noamd DM1 human adult lenses. Normal
adult lenses showed cytoplasmic staining with iasegl intensity in the perinuclear region
(cytoplasmic region just around the nucleus) irtteghial cells. A more uniform cytoplasmic
labeling was observed in anterior and posterioicapbular cortical lens fibers. Nuclei were
not labeled in any type of normal cell. The deptHileer cells staining varied, it was most
shallow at the posterior pole and it had the gstatiepth in the equatorial region. Mature
organelle-free nuclear lens fibers were not staiirthneet al. 1996).

One human adult lens sample from a DM1 patient va#taracts exhibited a
significantly different distribution of DMPK protei Staining was primarily detected inside
the cell nucleus in epithelial cells. The differena DMPK labeling between normal and a
DM1 lens, although tentative due to limited samplesconsistent with an alteration in the
localization of DMPK protein as a gain of functiefiect in DM1 (Dunneet al. 1996).

DMPK mRNA and protein expression in adult human lermes$ Eshaghiart al.
(1978) observation that whorls of multilaminate nbeames were present at the posterior pole
in DM1 lens samples; led Dunret al. (1996) to hypothesized that altered expression of

DMPK protein in DM1 could alter the regulation aofganelle loss during normal lens fiber
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maturation. An abnormal presence of membrane-eedlasganelles could produce these
whorls in lenses from DM1 patients.

DMPK expression at the lens was further studied by Wésteret al. (1999). Three
adult human eyes and two fetal eyes (12 weeks wkle used for RT-PCR (Reverse
transcriptase-PCR) analyses and western blotibihdPK mRNA was not detected at human
adult lens samples, but it was present at the &tas; however this last assay does not give
specific information of the fetal lens. Analysis@MPK protein by western blot did not show
expression at adult lenses or fetal eyes extrBdH?K mature mRNA and protein expression
results disagree with the previously mentioned Itesince Dunnest al. (1996) did observe
expression at both the protein and transcriptitsadls in normal adult human lenses.

In situ hybridization results showed MDMPK mature mRNA expression in adult
lenses from 8 human samples. DMPK protein exprasses also not detected in any specific
regions of 8 human adult lenses by immunodetecixperiments on lens sections
(Winchesteret al. 1999). These observations were incongruent witheeaesults. Dunnet
al. (1996) obtained positive results in DMPK proteixpeession at human adult lenses,
specifically at both the lens epithelial cells amdtical lens fibers. Unfortunately, this paper
did not publish any positive or negatiwesitu hybridization results of DMPK transcripts or
immunodetection assays of DMPK protein in fetabks(Winchestest al. 1999).

More recently, Harmoret al. (2008) have produced a highly specific and sesgsiti
monoclonal antibody against the coiled-coil regminDMPK protein. With this antibody
DMPK protein was detected at the mice embryo ocldas. In addition, specific DMPK
staining in the chick embryo revealed expressiastricted to postmitotic lens fiber cells
(stage 26; 4.5-5 days). DMPK protein expressiobath the murine and avian embryos lenses
suggests a conserved function for DMPK in earlyelilyment. Expression in postmitotic
cells further suggests a possible role for DMPKiryrcell differentiation (Harmoret al.
2008).

To try to identify what possible role does DMPK @ia have in lens cells, J&t al.
(2000) overexpressed coding regions of human DMRR-fgld increase compared to
endogenous DMPK) in the human lens epithelial loed known as B3. After 24-40hours after

transient transfection multiple blebs and protrasidrom near the plasma membrane were
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observed. This cellular phenotype (blebbing) redethlihe protrusions observed in the

execution stage of apoptosis. Moreover, immunobismistry assays proved that the
localization of DMPK completely overlapped with tliermed blebs. Overexpression of

cytoplasmic DMPK protein induced the apoptotic-likebs where it was concentrated. The
blebs also contained markers of the ER lumen amdtiter membrane of the blebs exhibited a
marker of the plasma membrane. This observatione w@nsistent with the condensation of
cytoplasm and the generation of outer membranemifig the protrusions) from the plasma

membrane, characteristics seen in apoptotic blebs.

Although DMPK overexpression induced blebbing fotiora there were other
behaviors that did not mimic the classical modebpbptosis. In conjunction with blebbing
(24h post transfection), chromatin condensation BN fragmentation were monitored as
these are two hallmarks of classical apoptosisi¢hilal. 1998; Jinet al. 2000). These two
characteristics were not significantly observedtha blebbing cells. Moreover, a negative
regulator transgene of classical apoptosis wasasssfected with the DMPK transgene. This
bi-transgenic cell cultures did not show a decreasalebbing. These results suggested that
DMPK overexpression participates in a mechanisr ighdifferent from the classical model
of apoptosis (Jirt al. 2000).

To identify if apoptotic-like blebbing was an eftgaroduced by biological actions of
DMPK protein or by recombinant protein nonphysiatad dominant negative interactions,
two B3 derived transgenic cultures were createde ©fn the lines was generated by
transfecting a mutarl@MPK transgene with blocked kinase activity. The otih@nsgenic line
was transfected with wild typ®MPK. Striking differences were observed between these
lines. Cells expressing WIDMPK possessed significant blebbing. These cells atbtbted
enhanced labeling of F-actin-containing structusesl increased organization of the actin
cytoskeleton as evident stress fibers or cortioglst The surrounding cells in the same culture
that were not expressing wild type DMPK showed mdiffuse and less intense F-actin
signals (Jiret al. 2000).

On the other hand, cells expressing enzymaticaipctive DMPK did not show
blebbing. F-actin labeling did not exhibit any enb@ament. There were no differences in F-

actin staining between cells expressing mutant DMPK the cells in the same culture that
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did not express flawed DMPK protein. These ressuiggest that kinase activity from DMPK
is needed for the induction of apoptotic-like bletgbin lens epithelial cells (Jiet al. 2000).

Due to the later results, DMPK overexpression imslepithelial cell line B3 was
related with the organization of F-actin cytosketetand membrane dynamics in the lens.
Hence RHOA was transiently transfected in the B3 cell linel®A is a GTPase that activates
protein kinases structurally similar to DMPK in itheatalytic protein kinase domain (Xhal.
2000). RHOA promotes bundling of actin filamentghmnyosin Il flaments to form stress
fibers and focal adhesions (Ridley and Hall 199hrzZ8nowska-Wodnicka and Burridge
1996) and apoptotic membrane blebbing (Mikesl. 1998). Hence, a comparison between
the effects of RHOA when transiently transfected arpressed in B3 cells and the previous
results of wild type DMPK overexpression was doimeed, overexpression of RHOA
produced both blebbing and the changes in actiroskgleton seen after DMPK
overexpression in lens epithelial cell cultures.nal experiments and the latter results
suggested that the similar effects observed diBMBK and RHOA expression are due to the
fact that DMPK may function as well in regulatifgetorganization of F-actin cytoskeleton
and membrane dynamics in the lens. The functionbodh proteins (DMPK and RHOA)
might overlap in lens cells (Jat al. 2000).

Jin et al. (2000) concluded that although other pathogenagchanisms such as a
gain-of function from the abnormal properties opamded CTG repeats cannot be ruled out;
decreased expression and activity of normal DMPK rba at least one of the causes of
cataracts in DM1. Overexpression of DMPK inducespaptic-like processes. So, this protein
may be part of the regulatory network that promapeptotic-like mechanisms to remove
membrane organelles within developing lens fibers.

As mentioned beforeéd X5 has also been directly implicated as a candidates gof
DM1 sinceDMPK CTG repeat expansions decrease the expressi@Xbf(Klesertet al.
2000). Hence, expression assays have been perfaomeentify if X5 disrupted expression
might trigger a cataract phenotype. RT-PCR (Revamescriptase-PCR) experiments were
done in three adult human eyes and two fetal ey2sveeks old)SX5 mMRNA was present in
adult lens samples, but absent in whole eye fetalptes. S X5 mMRNA expression bin situ
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hybridization was observed in the lens epitheliumBoadult human eyes, but not in any
location in 6 samples of human fetal lenses (6-&éks; Winchesteat al. 1999).

To determine ifSX5 deficiency is at least in part responsible of DiMatures; é&8x5
deficient mice line was created. THe5 gene was disrupted by replacing its first exon with
B-galactosidase reporter. This made transgenic eyl exhibit3-galactosidase expression
driven by theSx5 promoter. At 12.5 and 14.5dpc (days post coituaiptfstaining was
visualized at the lens fibers. In addition, fewtsm@d spots of more intense staining at lens
fibers were present at 14.5dpc (Klestrl. 2000).

Klesertet al. (2000) also examinefix5 knock out mice aged 5-7 and 8-10 months for
presenile cataracts development under slip-lanopnithation. At both periods of time tested
homozygous mutants had a higher grade of lens tigmacdompared to wild type littermates.
Heterozygous mutants showed a trend toward a higfaele cataract phenotype that
augmented with age. However, the differences betweterozygous and wild type mice were
not statistically significant at both periods ahé analyzed. Anterior views of 10-month old
Sx5 mutant mice lenses showed concentric refractilgsrin the lens of null mice. Slit-lamp
views revealed light scattering in the lens nuclefishomozygous mice. There were no
differences observed between wild type and therbeygous littermates. Hence, Klesetral.
(2000) hypothesized that the increased incidenceabéracts in mice deficient in SIX5
indicates that a deficit of this protein in DM1 jgaits may be the reason of cataracts.
However, Ranum and Day (2004) have questioneddtter Isince the cataracts observed in
Sx5 knock out mice do not possess the typical iridesopacities and the posterior location
that is observed in DML1.

As stated before, MBNL1 protein expression is alfiern DM1 tissues due to its
sequestration by mutant mRNAs with expanded CUGatpinto nuclear foci (Jiang et al.
2004; Cardani et al. 2006). Hence, to observe ifNUB protein sequestration contributes to
the DM1 defective phenotype, Kanadtaal. (2003) developed Elbnll knock out mice line.
Data showing 18-week-old mutants lenses revealedddvelopment of dust-like opacities.
Anterior sections evidenced disorganized and tleftabnormalities in the anterior region of

the lens mass. However, this study did not displ&yll description about the morphology and
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progression of the development of cataracts inetlmegtants. Sections of the posterior region
of Mbnl1 mutant lenses were not shown either.

In all forms of DM1 (including CDM), the lens appseclear at birth and cataracts
have not been described in anyone younger thagaat L0 years old (Rhodes, unpublished).
Ekstrom (2009) performed an ophthalmic study onnd®viduals with congenital (n=30) and
childhood-onset (n=19) myotonic dystrophy 1 (fersale=20, 7.3-21.4 years; males: n=29,
1.6-21.9 years). Although, no true cataracts weponted in all individuals; bilateral subtle
haze or condensation in the posterior lens polefaasd in 39% of the individuals. The latter
abnormality in the lens is suggestive of early stagf cataract development.

In the present literature review, the only ideptifipublished data directly relating
cugbpl and the lens of the eye corresponds to early emnirymRNA and protein expression
in the zebrafish lens (Suzuéi al. 2000; Hashimot@t al. 2006). Hence, an important role of
CUGBP1 at early lens development can be hypotheésineaddition, DMPK expression has
been identified in embryonic development in chicid anice lenses (Harmoet al. 2008).
Cataracts are a common feature in DM1 patients thadaccumulation of mutar®@MPK
MRNA with expanded CUG repeats has been implicatedM1 features; in part because
soluble repeats lead to an augment in steady ktaeds of CUGBP1 increasing its post-
transcriptional activity (Schoser and Timchenko @01So, it seems logical to think that
DMPK mutant mRNA retention in lens cells may affect lesmmbryonic development by
altering CUGBP1 levels and functions. Although catés are not present at birth in DM1
(Rhodes, unpublished), disrupted CUGBP1 expressauid lead to lens lesions that may
affect lens structure and clarity in posterior .lif@ther disrupted pathways could also
contribute to the development of cataracts (i.e.NMB depletion; Kanadiat al. 2003) in
addition to CUGBP1 in DM1 patients.
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Chapter 4. Materials and Methods

All experiments were realized at The Gross Lab, ddolar Cell and Developmental
Biology, University of Texas at Austin. DNA sequerg was performed at the Institute for
Cellular and Molecular Biology (ICMB) Core Faciés, University of Texas at Austin.

Wild-type AB and TL ZebrafishQanio rerio) strains were used and maintained at
28.5°C on a 14hour light/10hour dark cycle. Animalere treated in accordance with
University of Texas at Austin, Institutional Anim&are and Use Committee (IACUC)

provisions.

4.1 RNAIn situ hybridization with digoxigenin-labeled probe

An in situ hybridization assay was performed to try to idgritie temporal and spatial

cugbpl mMRNA expression in the lens during early zebrafistielopment.

4.1.1cugbpl cDNA cloning

Previously, zebrafislcugbpl mRNA was isolated and Reverse Transcriptase PCR
(RT-PCR) was performed to obtatngbpl cDNA. Thecugbpl cDNA was cloned into CS10R
plasmid (4.1kb; Annex 2). Afterwards, tleagbpl-CS10R construct was stored in The Gross
Lab bacterial stock as Deigbpl CS10R.

(4.1.1 Section was performed by Dr. Jeffrey Gr&ss)cipal Investigator).

4.1.2 cDNA sequencing and protein sequence alignnten

To confirm that the cloned cDNA indeed encodestaafesh Cugbpl protein and that
it was produced by reverse transcriptioncafjbpl mature messenger RNA (mRNA), the
previously cloned cDNA was sequenced. @gbpl CS10R plasmid DNA was sequenced at
the DNA Sequencing Facility of the ICBM at The Uerisity of Texas at Austin.

With the cDNA sequencing results (Annex 3, Prolleg amino acid sequence was
deduced (Annex 4) to compare it with previouslyared protein sequences. This was
performed by using the translate application frow Molecular Toolkit online site (Colorado

State University). The amino acid sequence obtaindte present study was aligned with a
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501aa zebrafish Cugbpl protein sequence alreadyifidd by Suzukiet al. (2000; DDBJ,
accession number AB032726; Ensembl, ID ENSDARP00R6582, DDBJ). The latter was

done using the ClustalW2 online program (EMBL-EBlropean Bioinformatics Institute).

4.1.3 Digoxigenin-labeled probe synthesis

Antisense and sense probes were generated intorderform then situ hybridization
assay. An mRNA antisense probe is a labeled RNAd#guence that is complementary to the
sequence of a specific mMRNA, in this casectgbpl MRNA. Since antisense probe is
complementary taugbpl mRNA, the former can hybridize to the latter ire tauthanized
body of an organism, in this case to zebrafish gogrThe mRNA sense probe has the same
sequence thatugbpl mRNA. So, it should not hybridize with the mRNA guestion and it
serves as a control.

Circular DNA purification from a D4 (cugbpl CS10Rg@mid) bacterial stock culture
was performed using the QlAprep Spin Miniprep Kitlaa microcentrifuge (Qiagen). Plasmid
digestion followed by incubation for 2 hours at G7was performed using the following
amounts of reagents: 10ul plasmid DNA, 10ul NebuBeor Nebuffer 1, 2ul restriction
enzyme Sall or Kpnl (New England Biolabs) and 7BgO for a total volume of 100ul for
antisense probe and sense probe, respectivelyicBtion of linearized DNA template was
done using the PCR clean-up Kit Epoch Biolabs. gernse and sense probes were synthesized
following the DIG RNA Labeling Mix 10X conc. Protot(Roche Applied Science; Annex 5)
using T7 or SP6 RNA polymerase, respectively. Psolere labeled by adding to the
synthesis mixture, in addition to the standard inadriphosphate (UTP), a UTP conjugated
with digoxigenin. Digoxigenin is a compound isothi@nd made by a limited group of plants
and not found in animals. Hence, it will make anRMA bound to the probe recognizably
different from any other mRNA in the tissue beitgdsed.

4.1.41n situ hybridization

To suggest thatugbpl expression has a possible role in normal zebrafesty lens
development, an mMRNA expression assay was firdomeed. 1, 2, 3 and 4dpf embryo

fixation, permeabilization, hybridization, anti-digigenin alkaline phosphatase (AP) labeling
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and colorization were performed as described byefioand Lettice (2004; Annex 6). Fixation
was realized to preserve the samples morphologytaraboid the loss of mMRNA from the
cells. The permeabilization treatment allows maximexposure of target mMRNAs to probe by
facilitating probe diffusion in the cell and out & it is unbound. The hybridization step
permits the binding of antisense probe to the targ@NA due to sequence complementarity.
Labeling is done with an antibody against digoxigefThe only places where the antibody
should bind are where the antisense probe has bdunbdus where the target mRNA is.
Moreover the antibody has been linked to the AR/erez At colorization, BCIP/NBT is used.
BCIP/NBT reacts with AP generating a purple-bluegmpitate where the antibody is located.
The latter serves to indicate that the target mR&lAresent where the insoluble purple/blue
dye is at.

To observe in more detail the spatial and tempaugbpl mMRNA expression in the
lens, transverse sections of the center of the feym embryos submitted ton situ
hybridization at 1, 2, 3 and 4dpf were analyzed/o8ectioning was performed according to
Uribe and Gross (2007; Annex 7). After sectionsenaihered to the slides, 50-55uls of DPX
mounting medium were added directly to the slicddterwards a no. 1 thickness cover slip
was placed on top. Mounting medium was left to bBar@dvernight at room temperature.
Imaging and pictures taken of cryosections wereedasing the Leica Microscope DM 2500.

Figure 5.1.2a represents a transverse sectioreafehrafish lens.

4.2 cugbpl promoter activity in microinjected and transgenic zbrafish embryos

To try to identify when and where inside the leas €ugbpl protein be present, a
cugbpl potential enhancer-promoter (aka promoter) regias first sought. The latter since a
promoter is a part of a gene where RNA polymerasst binds for subsequent DNA
transcription. An enhancer is a part that tells ietend when a promoter is used. Both are cis-
DNA elements of a particular gene. Recognitionh&se sequences will help to observe the
protein temporal and spatial pattern of expressioven by the identifieccugbpl promoter

when fused to a reporter gene (e.g., Enhanced Gilaerescent Protein, EGFP).
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4.2.1 Search and cloning of a zebrafistugbpl promoter region

To try to find a potential promoter region of thebrafish cugbpl gene, the

Evolutionary Conserved Region (ECR) Browser webs#s consulted. Special emphasis was

given on conserved regions localized upstream @fstart codon (ATG lies at exon4) of the
zebrafishcugbpl gene, since promoter regions tend to be at thes.siA 1.2kbcugbpl

potential promoter fragment was identified. Thigiom was amplified from genomic zebrafish

DNA and recognition sites fakpnl and Spel restriction enzymes (Annex 8, purple shades)

were created (for further subcloning see Secti@Bf.by PCR using the following designed
primers respectively:

5-GTACAGGTACCGCTTTCTCTTCCTGC-3and

5-GTAGACACTAGT TTCTTCAGGCCTTC-3

Afterwards, the 1.2kb PCR amplicon was cloned usiiegTA Cloning Strategy (Zhou
and Gomez-Sanchez 2000) into linearized pGEM-T Bésstor (3.015Kb). For this, 'B-
tailing of the PCR product was realized to creatmglementarity with the vectors singlé 3
terminal thymidines (T-overhangs). Purification aB@-tailing of the potential promoter
DNA fragment, ligation reaction and transformatisare performed according to the pGEM-
T and pGEM-T Easy Vector Systems Manual (Promega).
(4.2.1 Section was performed by Richard Nuckelsg@ech Associate).

4.2.2 Location of thecugbpl promoter region in the zebrafish genome

To confirm that the potential promoter region poasly cloned is part of theugbpl
zebrafish gene, an identification of its locatioasmealized by using thaugbpl Ensemble
genome sequence (ID ENSDARGO00000005315). The ls#tguence was submitted ito
silico PCR with the primers mentioned above (4.2.1 SeftiastPCR 6.1 program was
utilized. A cugbpl transcript sequence (ID ENSDARTO00000018448) wasd ue find the

position of the promoter in relation to the ATGrstadon and the transcription start site (1+).
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4.2.3 Plasmids construction

An in vitro site-specific recombination approach (Hartktyal. 2000; Kwanet al.
2007) was used to create two expression constrActexpression construct is basically a
[promoter]-[coding sequence]{[Bag or polyadenylation signal] construct in a ToEhsposon
backbone (Tol2 element function is explained inti®ac4.2.4). In the present work, two
constructs were generatedtugbpl 1.2kb promoter]-[membrane or nuclear EGFP]-[SV40
polyA] to be introduced on an expression systembf&iesh) and therefore to monitor the
cugbpl promoter fragment activityn vivo. Site-specific recombinational cloning allows
simultaneous cloning of multiple DNA fragments orecstep and with a defined orientation.

The following steps were performed according toe TWultiSite Gateway Three
Fragment Vector Construction Kit (Invitrogen) antieT Tol2kit (Kwanet al. 2007). The
cugbpl promoter pGEM-T Easy Vector (from Section 4.2.1swggested with Kpnl and Spel
restriction enzymes and the 1.2&lmbpl fragment was purified for posterior subcloningint
p5E-MCS plasmid. The p5E-MCS vector contains theup&cript multiple cloning site which
includes a restriction site for Kpnl and another &pel. A plasmid referred as p5E in the
Tol2kit (Kwan et al. 2007) is a 5entry clone where the DNA insert that is goingbezome
part of the expression construct (and the multgidming site) is flanked by attL4 and attR1
sites for the posterior LR recombination reactidence, the p5SE-MCS construct was digested
with Kpnl and Spel. The 1.2kb purifieigbpl promoter fragment and the digested pSE-MCS
were submitted to a ligation reaction for subclgnof the 1.2kbcugbpl fragment into the
p5SE-MCS plasmid.

Two separate multisite gateway LR recombinatiorctieas were performed to create
two expression constructs that differ by their nedéntry clones. Both reactions were
performed with pDESTol2p2A (destination vector; lwattR4, attR3 and Tol2 transposon
ends), p5Eugbpl-MCS (5' entry clone), nuclear-localized EGFP (pWIEEGFP) or
membrane-localized EGFP (pME-EGFPCAAX) (middle grdiones; with attL1 and attL2)
and SV40 late polyA signal sequence (p3E-polyAr(8ry clone; with attR2 and attL3). Two
expression plasmids were created with the LR regoation reactioncugbpl:EGFPCAAX-
polyA and cugbpl:nlISEGFP-polyA. In both constructs, tloagbpl promoter 5 element is
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destined to drive expression of the nuclear or miamd# localized EGFP in zebrafish
development.

(4.2.3 Section was performed by Research AssoRiateard Nuckels).
4.2.4 Transposase mMRNA synthesis

Both expression constructs previously generatedti@e4.2.3) possess two ~500bp
sequences from each end of the Tol2 transposon gaeaupstream of the Blement and the
other one downstream of a polyA signal (Kvetial. 2007). These Tol2 ends are necessary for
transposition of theugbpl:EGFPCAAX-polyA or thecugbpl:nISEGFP-polyA fragments of
the expression constructs with Tol2 transposaskdrDNA of an expression system. Hence,
for zebrafish transgenesis each expression plasmgl to be coinjected withn vitro
transcribed transposase mMRNA. The latter sincenii®NA is capable of synthesizing a fully
functional Tol2 transposase protein after beingdtgd in 1-cell stage zebrafish embryos
(Kawakami and Shima 1999; Kawakami 2007).

For Tol2 transposase mRNA synthesis, circular DN#ifization from stock bacteria
pCS2FA-transposase plasmid (Kwahal. 2007) was performed using the QIlAprep Spin
Miniprep Kit and a microcentrifuge (Qiagen). Pladrdigestion followed by incubation for 2
hours at 37°C was performed using the following ante of reagents: 10ul plasmid DNA,
10ul Nebuffer 3, 2ul restriction enzyme Notl (Newdtand Biolabs) and 78ulJ for a total
volume of 100ul. Purification of linearized DNA tpiate was done using the PCR clean-up
Kit Epoch Biolabs. Capped mRNA synthesis from thedADtemplate was done with the
MMESSAGE mMACHINE Kit from Applied Biosystems usir§P6 RNA polymerase and

lithium chloride precipitation for the recovery thie RNA.
4.2.5 Injections

For transgenesis, 25pg (pictograms) of either DZNAression construct and 25pg of
transposase mMRNA were injected into 1-cell stagbrgos using a microinjector (Harvard
Apparatus, Medical Systems Research Productstiofes were done directly to the cell and

not the yolk for early transgene incorporation.
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Injected embryos were examined under a fluorescemncescope (Leica Microscope
MZ 16F) at different time points to assess for espion of the EGFP reporter gene under the
control of the 1.2klzugbpl promoter. EGFPinjected embryos (FO; founder fish) were grown
up 3-4 months. FO fish harboring the transgene weaited with wild type fish to generate

transgenic stable lines (F1).

4.2.6 Immunohistochemistry on transverse cryosectiz from embryonic

zebrafish eyes

To observe the pattern of expression driven byctigbpl 1.2kb promoter fragment in
the lens, an immunohistochemistry assay to det&¢tFEwas performed in transverse sections
of the center of the eye from transgenic embryod,a2, 3, 4 and 6dpf. Tissue fixation,
cryosectioning and immunostaining assays were pagd on F1 EGFPembryos as
described in Uribe and Gross (2007; Annex 7). Time@FP primary antibody (1:100; Santa
Cruz Biotech) was used. Images were taken usingeiasZLSM5 Pascal laser scanning

confocal microscope.
4.3 cugbpl down regulation by splice-altering morpholino injections

In order to identify the function of Cugbpl protelaring zebrafish lens development,
cugbpl pre-mRNA was targeted by injecting fertilized egg¢h an antisense splice-altering
morpholino €ugbpl-MO) to knock down protein expression (Morcos 20053 a negative
control, a second group of embryos of the samehbatevery injection round were injected
with a control mismatch morpholin@ugbpl-MM) which should not alter splicing events.
Mismatch morpholino injections serve to guarantes &ny phenotypic differencesadagbpl-
MO injected embryos are not just due to the inggctprocedure, but indeed to the specific

MO splice-altering activity.

4.3.1 Splice-altering morpholino injections

cugbpl antisense dugbpl-MO) and cugbpl mismatch ¢ugbpl-MM; 5 mispair

compared to the MO) morpholinos (MOs) were purctidsem Open Biosystems and Gene
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Tools, respectively. Both MOs were injected witbancentration of 2.2ng/embryo at the 1-4
cell stage into wild type embryos. MOs sequencests following:

cugbpl-MO 5-AACATTTTCTCACCCCTGGAAGAAT-3' and

cugbpl-MM 5-AAGATTTTGTCACCGCTGCAACAAT-3'

Injections were performed with the same equipmentmeentioned before (Section
4.2.5). An uninjected control group of embryalsthe same batch of every single injection
round was also maintained to compare them witlctigepl-MM embryos. If both uninjected
and cugbpl-MM embryos presented any unusual phenotypes, @ninthat the whole batch
was defective and all uninjected,gbpl-MM and cugbpl-MO treated embryos had to be
discarded. Injections can be directed to the ydlkhe embryo since an active process in
which mRNAs at the yolk are transported to the yueg blastomeres takes place at early
embryonic zebrafish development (Batlal. 2009).

4.3.2 Test of morpholino activity by reverse transgption PCR (RT-PCR).

To confirm the splice-altering efficacy of the mbgtino, RT-PCR was performed on
both groups of injected zebrafish embryaggppl-MO andcugbpl-MM). For RT-PCR, RNA
isolation was performed according to The Trizol ¢gd—Isolates RNA from Embryo
Protocol (Invitrogen) from 1dpf injected embryoso#uction of cDNA was done following
the iScript cDNA Synthesis Kit (BIO-RAD). PCR wasrformed using Taq polymerase with
the following conditions: 94°C for 2min; 39 cycle§94°C for 30s / 55°C for 45s / 72°C for
1min. The following primers were utilized:

Forward primer 5-ATGAATGGGTCTCTGGACCAC-3' and
Reverse primer 5- CATTGTTTTTCTCACTGTCTGCAGG-3'

For further confirmation of the RT-PCR results dadhow the nature of theigbpl
pre-mRNA transcript modification, the obtained band the agarose gel (RT-PCR results)
were purified with the QIAquick Gel Extraction K{Qiagen). The separate clean DNA
fragment samples were sent to sequence as menti@fieck (Section 4.1.2). To identify the
positions recognized and altered by tlugbpl-MO within this gene, theugbpl transcript
sequence (ID ENSDART00000018448) was utilized.
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4.3.3 Observation of the phenotypes and behaviord eugbpl-MO and cugbpl-
MM injected embryos
MO and MM injected embryos were visualized and rwwed for phenotypic

differences and pictures were taken with a micrpedteica Microscope MZ 16F).

4.3.4 BrdU incorporation assay, immunohistochemisyr on transverse
cryosections from embryonic eyes of previously inged cugbpl-MO and cugbpl-MM

embryos and statistical analysis

An assay to visualize any differences in lens geftdiferation betweercugbpl-MO
andcugbpl-MM embryos was performed. BrdU (bromo-deoxyuridirgean artificial thymine
analogue that can be incorporated in the DNA ofh&sp cells (Matsuokat al. 1990)
allowing visualization of dividing cells at spedcifiime pointscugbpl-MO as well asugbpl-
MM injected embryos of 2 or 3dpf were bathed in MrB-Bromo-2-deoxiuridine (BrdU
Sigma) for 2 hours; specifically from 24 to 26 & ® 74hpf. Embryos were euthanized
immediately after each exposure period of timeaton and cryosectioning were performed
as described in Uribe and Gross (2007; Annex 7).

For immunohistochemistry, the area of interest acheslide with the samples was
circled with hydrophobic PAP pen. Then, slides wesleydrated in PBTD (0.1% Tween-20,
1%DMSO in 1X PBS) at room temperature for 2-3minCioplin Jar. Slides were removed
from PBTD and any excess was drained. Cryosectiane treated with 4M HCI for 10min at
37°C. 4M HCI was drained off and slides were wasBénes in PBTD at room temperature
in Coplin Jar. Slides were removed from PBTD, axgess was drained from slides and slides
were placed in humid chamber. Immunohistochemistg performed as described by Uribe
and Gross (2007; Annex 7) from step 12 and aftesvalhe anti-BrdU (1:250; Abcam,
ab6326) antibody was used.

Statistical analyses were realized to find oubhére were any significant differences in
the total number of S-phase cells in the lens betmoonditions and at the specific time points
mentioned above. 3 sections of the center of thee fegm 9 eyes (n=27) from embryos
exposed to each one of the four conditions (2dgbpl-MO vs. 2dpfcugbpl-MM and 3dpf
cugbpl-MO vs. 3dpfcugbpl-MM) were used. Total BrdU positive cells from eagye lens
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section were counted. Statistical significance determined using a two-parametric unpaired

t-test (Graphpad Prism Program) with all the copeat$ormed.

4.3.5 Aquaporin0 (Aqp0) immunohistochemistry on traasverse cryosections from

embryonic eyes of previously injecteadugbpl-MO and cugbpl-MM embryos

To detect ifcugbpl down regulation affects lens fiber early diffeiatibn, an AgpO
detection assay was performed cumgbpl-MM and cugbpl-MO embryos. 2, 3 and 4dpf
cugbpl-MO andcugbpl-MM injected embryos were euthanized. Fixationosgctioning and
immunohistochemistry were performed as Uribe ands&r(2007; Annex 7). The anti-
aguaporin0 (1:500; Chemicon, ab3071) antibody veaslio mark AgpO in the lens, which is
a membrane-localized protein expressed early duliiifigrentiation of primary and secondary
lens fibers (Varadarat al. 2007).

4.3.6 F-actin staining on transverse cryosectionsrdm embryonic eyes of

previously injected cugbpl-MO and cugbpl-MM embryos

F-actin plays an important role in fiber cell elatign and migration (Rao and
Maddala 2006). Moreover, it is involved in maintagnthe hexagonal geometry of lens fibers
(Nowaket al. 2009). Hence, F-actin staining was assessed fiears duringcugbpl down
regulation to observe if Cugbpl protein has an i@ role in F-actin distribution and/ or
arrangement at these lens cells. And thus, hasdtidm in the development or in maintaining
lens fibers shape.

First, 4dpfcugbpl-MO and aigbpl-MM injected embryos were euthanized. Fixation
and cryosectioning were performed according to &@nd Gross (2007; Annex 7). For F-
actin staining, the area of interest in each shkds circled with hydrophobic PAP pen to form
a well. Slides were rehydrated in PBTD at room terafure for 2-3min in Coplin Jar. Slides
were removed from PBTD. Any excess of PBTD was nadoand slides were placed in a
humid chamber. Staining solution (Alexa-488 Phdilwi 1:50; Molecular Probes) was added
to the wells in the slides. Humid chamber was dpsefoil cover was added and they were

incubated overnight at 4°C. Then, staining solutieas eliminated by rinsing slides with
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PBTD 3 times, 10min each time. Then, slides wesatéd as described in Uribe and Gross

(2007; Annex 7) from step 21 and afterwards.

4.3.7 Nuclei staining on transverse cryosections dm embryonic eyes of

previously injected cugbpl-MO and cugbpl-MM embryos

An assay to detect nuclei in the lens was perfororetOs to determine if Cugbpl is
required for lens fiber maturation. This was domeduse organelle degradation, including
nuclei is a late event during fibers differentiati®eber and Menko 2006a).

4 and 5dpf injected MOs were euthanized. Fixatimh @yosectioning were performed
as described in Uribe and Gross (2007; Annex 7i).rfaclei staining, the area of interest in
each slide was circled with hydrophobic PAP perfoton a well in the slide. Slides were
rehydrated in PBTD at room temperature for 2-3miCoplin Jar. Afterwards, the PBTD was
removed from the slides. Any excess of PBTD wasiiekted and slides were placed in a
humid chamber. Nuclei staining solution (SytoxGretrid000; Molecular probes) was added
to the wells in the slides. The humid chamber wased, a foil cover was added and the slides
were incubated overnight at 4°C. Then, stainingtsmh was eliminated by rinsing slides with
PBTD 3 times, 10min each time. Subsequently, shdexe treated as described in Uribe and
Gross (2007; Annex 7) from step 21 and afterwards.
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Chapter 5. Results

To estimate what cell types are present at theeplaterecugbpl mRNA is expressed
or at the regions where activity driven by the iifead cugbpl promoter takes place, Greiling
and Clark (2009) assay of early embryonic lens ldbgveent in zebrafish was used as a fate
map. The latter work mentioned above was used asptimary reference for cellular
localizations at all-time points tested in the praspaper. And also as a guide for lens mass
normal overall shape and development. Hence, mengothe reference would be omitted
from the Results (Chapter 5).

5.1 RNAIn situ hybridization with digoxigenin-labeled probe
5.1.1cugbpl cDNA sequencing and protein sequence alignment

The sequencing results from CS16ibpl plasmid showed that theigbpl cDNA
has a length of 1494bp (Annex 3, Probe). The cparding protein sequence has 497 amino
acids (aa; Fig 5.1.1 A, PROBE; Annex 4). When ftristein sequence was aligned with the
501aa zebrafish Cugbpl sequence previously repdye8uzukiet al. (2000), the 497aa
sequence seemed to be almost identical to the S5Hmeence. The only difference was that
the sequence identified in this study lacked 4ag §1.1 A) which corresponded to 231-
234aa of the Suzulet al. (2000) protein sequence. This variation extendsnf22103 to
22114bp (location: +22103 to +22114) downstrearmftbe transcription initiation site (+1)
of the DNA sequence from Suzudtial. (2000) protein. More specifically, the DNA sequenc
variation present in Suzuld al. (2000), but absent in the sequencing results efptiesent
study was located from the 4-15bp (5°-3" directioh)exonl10 of the formerly identified
sequence. The DNA difference (12bp in tandem) teatls to the protein dissimilarity is

shown in Figure 5.1.1 B (complete cDNA sequenceshown in Annex 3).

5.1.2In situ hybridization to detect mMRNA expression

At 1dpf, cells in the posterior-middle of the dey@hg lens continue to enlarge and

take a rounded shape forming a nuclear center.n&raihis core region primary lens fibers
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A
DDBJ MNGSLDHPDQPDIDSIKMFV@QIPR QSKG 60
PROBE CCFVTYYTR KNNAVEDRKLFV CN 120
DDBJ CCFVTYYTRK KNNAVEDRKLEV CN 120
PROBE ENDI AFVTF SSP 180
DDBJ ENDIR FVTF SSP 180
> Enker regicEI
PROBE IVVKF‘;‘KRIAQQLQQQMQQLNAASMWGNLTGLNSLGPQYL QQSAS 236 A

DDBJ IVVKFA KRIAQQLQQOMQQOLNAASMWG NLTGLNSLGPQYL LLQQSAS 240
PROBE SGNALNNLHPMSGLNAMQNLAALAAAASATQATPT GSSALTTSSSPLSVLTSSGTPSGQP 296
DDBJ SGNALNNLHPMSGLNAMQNLAALAAAASATQATPT GSSALTTSSSPLSVLTSSGTPSGQP 300
PROBE AQSAWDAYKAGSSPTSSTSSSVNPMASLGALQSLA AGAGAGLNMSSLASMAALNGGLGSG 356
DDBJ AQSAWDAYKAGSSPTSSTSSSVNPMASLGALQSLA AGAGAGLNMSSLASMAALNGGLGSG 360
PROBE GLSNGSGSTMEALTQAAYSGIQQYAAAALPSLYSQ SLLSQQNVSAAGSQKEGPRIGANLFI 416
DDBJ GLSNGSGSTMEALTQAAYSGIQQYAAAALPSLYSQ  SLLSQQONVSAAGSQKEGPEGANLFI 420

DDBJ YHLPQEEG KCFGFVS GF 480
DDBJ QIGMK PY 501 -

*kkkkkkkkkkkkkkkkkkkk

B
Probe AACTCACTGGGCCCACAGTACCTTGCACTT--- CAGCAGTCTGCTTCC 708
DDBJ AACTCACTGGGCCCACAGTACCTTGCACTTT TCTACAGCAGTCTGCTTCC 720

* * *kkkkkkkkkkkkkkkkk

Figure 5.1.1 Amino acid sequence alignment a@lugbpl cDNA with previously reported cugbpl sequence
DDBJ AB032726. A:PROBEis the protein sequence based on cDNA sequencsutsefrom the previously
cloned D4cugbpl CS10R plasmid. DDBJ is the sequence previouslgrteg by Suzukgt al. (2000). PROBE
protein sequence is missing 4aa that are presehe dinker region of DDBJ protein. Blue shadesrespnt the
RRMs (RNA-recognition motifs). Gray shades représére RNPs within the RRMsB: The nucleotide

differences (12bp absent in Probe cDNA) that resulprotein dissimilarities are shown. Complete ¢ON

sequences are shown in Annex 3.
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elongate. Hence, layers of primary lens fibers@urd the developing nucleus. In accordance
with transverse sections (Fig 5.1.2a) of embrydsrstied toin situ hybridization assay, these
are the places whemgbpl mRNA expressiorappeared to be at 1dpf (Fig 5.1.2b A, B).
Expression appeared more intense at the posterduiiencore region. The anterior region of

the developing lens did not shaugbpl mMRNA expression during this time point.

Equator

JTransition zone

Light

> Anterior Posterior

Core of

) lens mass
@ nuclei

suture

Equator

Transition zone

Adobe lllustrator CS5

Figure 5.1.2a Diagram representing a transverse ston of the zebrafish lens.All transverse sections
presented in Figures 5.1.2b, 5.2.2a, 5.2.2b, 553334, 5.3.5, 5.3.6 are in the same orientation.

By 2dpf, cugbpl mRNA expression was observed at both transitigiors of the lens
(Fig 5.1.2b C, D); place where epithelial cells @avithdrawn from the cell cycle and start to
differentiate into secondary lens fibers. Expressibthe middle part of the lens was no longer
observed. At the anterior border of the lens, whoslés remain as epithelium, there was no

detectable expression.
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Figure 5.1.2b Transverse sections of zebrafish eyes show expressdf cugbpl mRNA in the lens byin situ
hybridization assay. A, B: At 1 day post fertilization (dpf) expression isosin at the posterior-middle,
posterior-lateral and posterior regions of the léftge former is constituted of cells that have anded shape
forming a center. The last two areas are compospdroary lens fibers that surround the cen@rD: By 2dpf,

expression was seen at both transition regionseofensE, F: 3dpf transverse sections showed expression at the

posterior-middle and posterior borders of the leegjons where secondary newly and still differatimig lens

fibers are G, H: Expression at the posterior border of the lerstilisvisible at 4dpf.
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At 3dpf, expression otugbpl mMRNA appeared to be more intense at the posterior
border of the lens (Fig 5.1.2b E, F). This regisnwihere newly formed lens fibers are
differentiating and the tips of this outer newlyrfeed lens fibers from both differentiating
zones meet at the posterior suture. A little lgslmtense but still very obvioesgbpl mRNA
expression was present at the posterior-lateratidsoregions which include both of the
transition zones (TZs) of the lens (Fig 5.1.2b E,Thhese TZs are located more posteriorly in
zebrafish as compared to mammals.

cugbpl mRNA expression, at 4dpf, was still present atlgelifferentiating lens fibers
at the posterior border of the lens (Fig 5.1.2bHR, However this expression seemed to be

less intense compared to the expression seen &(RBdb.1.2b E, F).
5.2 cugbpl promoter activity in microinjected and transgenic zbrafish embryos

5.2.1 Identification of the location of thecugbpl promoter region in the zebrafish
genome

A 1.2kb cugbpl promoter fragment with high lens specificity wadentified in
zebrafish (Fig 5.2.1 A). This promoter is localizagihin the leader sequence (5'UTR) of the
cugbpl gene and extends from 9 808 to 10 959bp (from G® 8 +10959) downstream the
transcription initiation site (+1). Its length i$ ©152bp according to the Ensemble genome
sequence (ID: ENSDARGO00000005315). In the 5' taiction, the identified promoter
begins 85bp downstream of exon3 start site (inolyidis last 39bp) and also contains the first
1113bp of intron3 (Annex 8). To avoid any confusidns important to clarify that the start

codon (ATG) of the zebrafistugbpl gene is located at exon4.

5.2.2 EGFP expression driven by a 1.2kbugbpl promoter region

High lens specificity was demonstrated by obser&@F-P expression in the lens from
1dpf and onwards in embryos injected with eitheriaclear (Fig 5.2.1 B) or membrane (Fig
5.2.1 C) localized EGFP constructs.

70



A 1.2kb cugbp1 promoter C Membrane-localized EGFP
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B Nuclear-localized EGFP
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Figure 5.2.1 EGFP expression driven by a 1.2kkcugbpl promoter in FO zebrafish embryos.FO embryos
were microinjected at the one-cell stage with 26pgransposase mRNA and 25pg aigbpl:pME-nIsEGFP-
polyA (nuclear-localized EGFP) augbpl:pME-EGFPCAAX-polyA (membrane-localized EGFP) DNA:

Schematic diagram of plasmid constructs that coraazebrafish 1.2kbugbpl promoter fragment fused to the

membrane-localized or nuclear localized EGFP. dugbpl gene representation (not drawn to scale) shows the

location of the 1.2kb fragment in the zebrafish ayae. B: Zebrafish embryos at 1, 2, 3 and 4dpf showing
nuclear-localized EGFP expressidi. Zebrafish embryos at 1, 2, 3, 4 and 6dpf showingnbrane-localized

EGFP expression. Both constructs reveal expressitire lens.
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Figure 5.2.2a Transverse sections at the eye region from zebrafisF1 stable transgenic line embryos
carrying the 1.2kb cugbpl:pME-nIsEGFP-polyA transgene. The cugbpl promoter fragment possesses high

lens specificity
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Figure 5.2.2b Transverse sections at the eye regidrom zebrafish F1 stable transgenic line embryos
carrying the 1.2kb cugbpl:pME-EGFPCAAX-polyA transgene. The cugbpl promoter fragment possesses
high lens specificity.
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Transverse sections of the center of the eye fr@msgenic embryos (F1) showed
EGFP expression within the lens. Both the nucl€ay §.2.2a) and membrane-localized (Fig
5.2.2b) EGFP expression driven by the 1.2ufjopl promoter was detected in a more general
pattern inside the lens compared to the resul@imdd by then situ hybridization assays (Fig
5.1.2h).

At 1, 2 and 3dpf, transverse sections of both gani lines showed strong expression
at the posterior and posterior-middle regions @& léns (Fig 5.2.2a A-C; Fig 5.2.2b A-C)
correlating with the results obtained in the situ hybridization assay. Both nuclear or
membrane localized transgenic embryos also displayeression at the anterior region of the
lens during these time points. At 4dpf, nucleamled EGFP embryos showed intense
expression at the posterior border of the lens §Eg2a D). High levels of EGFP seemed to
be still present in the lens fibers at the midddstprior and middle-anterior regions of the lens
mass in the membrane localized EGFP transgenicyaslat 4dpf and 6dpf (Fig 5-2.2b D, E).
At 4dpf, less intense expression of mem-EGFP wasalized at the posterior and lateral
borders of the lens. However, at 6dpf mem-EGFP masdetected at these borders of the

lens.

5.3 cugbpl down regulation by splicealtering morpholino injections in zebrafish

embryos
5.3.1 Splice-altering morpholino activity tested byRT-PCR

The cugbpl-MO binds to the splice junction of exon5/introfag 5.3.1 A; Annex 9

A) to disrupt correct splicing afugbpl pre-mRNA. RT-PCR results showed tlbagbpl-MO
injected embryos (“morphants”) possessed alterdidirsp by showing a 227bp band (Fig
5.3.1 B; Annex 9, A) in agarose geligbpl-MM embryos (“controls”) exhibited a 310bp
band (Fig 5.3.1 B; Annex 9, B) and no 227bp PCRlpcb. Splice-altering activity was not
100% efficient since morphant samples also posdabee310bp band. More specifically, the
310bp band corresponds to 178bp of exon4 downstasambeginning with the ATG start
codon, exon5 (83bp) and exon6 (49bp; Fig 5.3.1 @Ayex 9). The latter represents unaltered
splicing. The 227bp band corresponds to a remof/aixon5 (316 83=227bp; Fig 5.3.1 C;
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Annex 9). Exon5 exclusion atugbpl-MO injected embryos was further confirmed after
sequencing each purified band (Fig 5.3.1 D). Exeniécated from +14 098 to +14 180bp.

5.3.2 Morphant vs. control embryos phenotype and lh&vior

cugbpl-MO embryos exhibited less body movement when coetpavith controls.
Most morphants were not able to get out of theoridms (normally realized at the 2-3dpf
stage) by their own. By 2dpf, it was obvious thatrpihants exhibited a delayed phenotype by
having less pigmentation (2dpf MO embryos had angigtation pattern as if they were 1dpf),
being of smaller size and having bigger yolks duéts lower consumption compared with
cugbpl-MM embryos. 4dpfcugbpl-MO embryos exhibited smaller bodies, enlarged tsear
had smaller eyes (microphthalmia) and possessecdvatent cataract phenotype when
compared witlcugbpl-MM embryos (Fig 5.3.1 E). Morphants were veryl stilcontrast with

cugbpl-MM embryos which swam and were in constant moverasmninjected littermates.

5.3.3 Cell proliferation analysis by BrdU incorporaion assay in lens cells after
cugbpl down regulation

At 24 to 26hpf (Fig 5.3.3 A; Annex 10gugbpl-MM lens contained an average total
number of 8.037 + 0.5188 BrdU+ cells, aaagbpl-MO possessed a 7.963 + 0.4117 value
(P=0.9114). At 72 to 74hpf (Fig 5.3.3 B; Annex 1€@)gbpl-MM lens had a par of 9.222 +
0.6047 BrdU+ total cells ancugbpl-MO possessed a mean of 8.111 + 0.3711 BrdU+ cells
(P=0.1234). There were no statistical differencethe total number of BrdU+ cells between
cugbpl-MO vs. cugbpl-MM embryos at both time periods analyzed (Fig $.@). Hence,
morphants epithelial lens cells retain their apitid proliferate at the same rate as epithelial

cells of control embryos do, despaagbpl down regulation.

5.3.4 Expression of lens fiber membrane protein AcaporinO as a marker of early

fiber differentiation after cugbpl down regulation

At all-time points tested (2, 3 and 4dpf) deteatdblvels of AqpO protein were present
in cugbpl-MM as well as incugbpl-MO embryos lenses (Fig 5.3.4 A-F). Demarcatioteak

fiber membranes by AgpO immunology assay shaavednsiderable difference in size and
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Figure 5.3.1 Knock down of cugbpl function in zebrafish embryonic development by spte-altering
morpholino results in a cataract phenotype and othefeatures that resemble DM1 diseaseA: Ensembl
diagram (ENSDARP00000026582) afigbpl gene showing the region where the splice-altermmaypholino
binds tocugbpl pre-mRNA (exon5/intron5)B: RT-PCR results frontugbpl-MO and cugbpl-MM embryos
show splice-altering activity inugbpl-MO samples evidenced by a 227bp band (DNA laddesr superimposed
on agarose gel photoE: Schematic representation (not drawn to scale)tefeal splicing vs. normal splicing
and its corresponding RT-PCR results. The 310bpl lsanresponds to 178bp of exon4, 83bp of exon54&itgh
of exon6. The 227bp band is present due to a rehwd\&8bp from exon®D: Automatic sequencing results of
each purified band exhibit removal of exon5 frore 227bp band detected only on thegbpl-MO RT-PCR
products.E: Lateral view of 4dpfcugbpl-MO and cugbpl-MM embryos. Whereagugbpl-MM embryos
displayed normal early developmermgbpl-MO embryos showed a defective phenotype whichuhet

opacification of the lens.

shape of the lens fiber mass afgbpl-MM vs. cugbpl-MO embryos. At 2dpf, MM lenses
seemed spherical along the equator and lentoidydtenanterior to posterior region (Fig 5.3.4
A). Whereas, 2dpf MO lenses appeared to have ansbape with an equatorial diameter that
seemed longer than the anterior to posterior diametd a squeezed-like phenotype at both
equatorial regions of the lens (Fig 5.3.4 B). Byf3dMM lens mass seemed to have a
spherical form in all dimensions (Fig 5.3.4 C). Badipf MO lens mass appeared to retain the
oval shape with the squeezed-like phenotype aéduatorial regions (Fig 5.3.4 D). The 4dpf
MM injected embryos exhibited a lens mass form thaeked as a larger and still spherical
version of the 3dpf lenses (Fig 5.3.4 E). Howevelpf MO lenses still retain the squeezed
phenotype at both equatorial zones (Fig 5.3.4 FAsmdtch morpholino injected embryos
possessed a lens overall shape that appeareda® deected in normal development during
all periods of time analyzed. Nevertheless, this wat the case for embryos submitted to
cugbpl down regulation as early as the 1-4 cell stage.

Moreover, 2 and 3dpfugbpl-MO embryos showed obvious AgpO protein presence in
the lens nucleus, place where primary fibers redAdgp0 expression was also observed in the
secondary fibers immediately surrounding the lemsary fibers (Fig 5.3.4 B, D). However,
in cugbpl-MM embryos, AqpO expression in the center of greslcould not be detected (Fig
5.3.4 A, C). At the outer-most lens fibers, Agp@tpin was observed in morphants (MO) as
well as in controls (MM) in all times tested.

77



cugbp1-MM cugbp1-MO

2dpf (24-26hpf)

3dpf (72-74hpf)

Total BrdU+

MM MO MM MO
24-26hpf 72-74hpf

Adobe lllustrator CS5

Figure 5.3.3 BrdU incorporation assay at 24-26 or2-74hpf showed that there were no differences ¢
total number of proliferative cells in the lens betveen cugbpl-MO and cugbpl-MM embryos. A: 2dpf
control embryos and morphants show proliferativiks e the lensB: 3dpf control embryos and morphants show

proliferative cells in the lenS: Chart showing the number of BrdQells in each condition (n = 27; p < 0.05).
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Figure 5.3.4 Lens fibers express differentiation mrker Agp0 in cugbpl-MO embryos.A,C,E: 2, 3 and 4dpf
lens sections from control embryos, respectiv@yD,F: 2, 3, and 4dpf lens sections from morphants. All
conditions tested showed Agp0 expression. In amditugbpl-MO embryos have smaller lenses and abnormal

lens shape.
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5.3.5 F-actin organization in the lens after knockig down cugbpl expression

Since AgpO protein detection assay demonstrated ttie initiation of fiber cell
differentiation happened, but lens overall formaffected due to down regulation afigbpl
expression, an F-actin marker was used to longanale lens fiber morphology. Lens fibers
from 4dpfcugbpl-MM embryos displayed normal F-actin organizati®his was shown as a
ring-like structure with concentric thin rings @aykers surrounding the center of the lens (Fig
5.3.5 A). This ring-like F-actin staining patterrasvpresent at the region of the lens where
newly formed secondary lens fibers are being cotigstaadded and subsequently displaced
inward for younger fiber cells to be at the perigh&lo F-actin staining was visible at the lens
nucleus, probably because this region has very aotag primary and surrounding secondary
lens fibers. An evident posterior lens suture (5i8.5 A, cyan arrows) was observed in
cugbpl-MM embryos, but an anterior lens suture was sttlapparent.

In contrast, 4dptugbpl-MO embryos seem to have a diverse defective plgpao®A
medium flawed phenotype (Fig 5.3.5 B) showed smédieses as observed before (Fig 5.3.4
F). The innermost region of the lens was not sthiaéhough this area was not as big as the
stained-free region observed in MM embryos. F-aatirangement showed that lens fibers
appear as concentric rings of outer fibers surrmgnthe rings of inner fibers. A posterior-like
suture is evident (Fig 5.3.5 B, cyan arrow), builoes not have the same appearance of the
one seen in controls (Fig 5-3.5 A). A severe phgmot(Fig 5.3.5 C) did not show F-actin
concentric rings from fibers, rather a disorganipattern (wave-like) of actin filaments was

present. There was no evidence of a posterioreiruthis severe phenotype (Fig 5.3.5 C).
5.3.6 Lens fiber nuclei degradation ircugbpl-MM vs. cugbpl-MO embryos

4 and 5dpfcugbpl-MM embryos (Fig 5.3.6 A, B) had rounded shape leasphology
and lens fiber nuclei appeared to be localizechatlateral-posterior (including the TZ) and
very posterior borders of the fiber lens mass. &\t [fiber nuclei were detected at the anterior,
posterior-middle or the core of the lens mass #t periods of time.

Differently, 4 and 5dpfcugbpl-MO embryos (Fig 5.3.6 C, D) further exhibited a

cataract phenotype, due to retained nuclei obitg the light path. Morphant lenses were
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Figure 5.3.5 F-actin organization in the lens masshows differences betweeaugbpl-MO and cugbpl-MM
embryos.A: 4dpfcugbpl-MM embryos lenses exhibit a ring-like structurees concentric rings of outer fibers
are surrounding the rings of inner fibers. No steynis visible at the lens nucleus. A posteriorslesuture is
evident (cyan arrowsB, C: 4dpf cugbpl-MO embryos exhibit a diverse defective phenotypeA medium
flawed phenotype shows a smaller lens with a camicering-like structure. A posterior-like suture visible
(cyan arrow), but it does not look like the sutabserved irA. C: Severe lens morphology exhibits a completely

disorganized cortical microfilament organizatiorthat lens fibers and no posterior lens suturelat al
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Figure 5.3.6 Nuclei staining (Sytox Green) exhilsta flawed lens fiber late differentiation after krocking
down cugbpl expression.A,B: 4dpf and 5dptugbpl-MM embryos lens. At both time points embryos exhib
round shape lenses with lens fiber nuclei onhhatgosterior and lateral-posterior borders of &ms ImassC,D:
4dpf and 5dpfcugbpl-MO embryos lens. At both periods of time embryakibit a cataract phenotype with
smaller, not rounded-shape lenses and fibers thlatesain their nuclei in the center and the oiir-middle

regions of the lens mass.
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smaller than control lenses and their overall shvag@® not spherical, as evidenced before (Fig
5.3.4; Fig 5.3.5). These abnormal lenses had aezeddike phenotype still evident at 5dpf.
During both time points, nuclei were still visibtethe central and posterior-middle regions of
the lens mass demonstrating flawed fiber late dhffgation at these regions of the lens.

Moreover, lens fiber nuclei signals at the posteaind posterior-lateral fibers observed
in transverse sections from controls looked eloedjaind they seemed to become thinner
before disappearing in an outer to inner directiBlangated nuclei positions appeared as
concentric rings and/or dashed lines at the pastand posterior-lateral borders (Fig 5.3.6 A,
B). On the other hand, 4dpfigbpl-MO lenses (Fig 5.3.6 C) had spherical nuclei mmdkntral
region where primary lens fibers reside. Ovoid-kepe or irregular-shaped nuclei were also
present at the center and middle-posterior regajrtbe lens, but in both cases they did not
look as elongated as in control lenses. 5dpf morpleases (Fig 5.3.6 D) also exhibited nuclei
that were not as elongated as in control lensesy €khibited ovoid-like or irregularly shaped
nuclei; however the center of the lens had fewelaisignals compared to 4dpf morphant
lenses (Fig 5.3.6 C).
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Chapter 6. Discussion and Conclusions

6.1 cugbpl expression on zebrafish early lens development
6.1.1cugbpl cDNA sequencing and protein sequence alignment

The 497aa protein sequence identified in the ptesteidly contained the same three
RNA-recognition motifs (RRMs; Fig 5.1.1 A, blue sled with their corresponding RNP2
(hexamer) and RNP1 (octamer) motifs (Fig 5.1.1 Aaygshade) as the previously reported
Cugbpl protein of 501aa from zebrafish (Suzekial. 2000). Two RRMs are at the N-
terminal region and a third one in the C-termin&.sThe linker region corresponds to the
whole sequence between the second and third RRMsrg@&uet al. 2006). The only
difference between the 497aa and 50laa sequeramds df four in tandem amino acids)
appeared to be within this linker region (Fig 5.A)1 The sequence conservation of this linker
region between the members of the CELF proteinlfa(mcluding CUGBP1) is much lower
in comparison with the RRMs. In fact, there is igm8icant conservation of sequence identity
for this region between some CELF proteins (Barretaal. 2006). BLAST searches have
revealed that these linker regions are unique derdr domains in each CELF protein. No
known predicted secondary structures have beenrifieéenwithin this domain (Laddet al.
2001).

6.1.2cugbpl mMRNA expression and promoter activity

Zebrafishcugbpl mRNA specific and strong expression in the lens weeviously
identified as early as 24hpf and embryo sectiomrayed it was abundant in lens fiber cells
(Suzukiet al. 2000) supporting the results of the present s{etty5.1.2b A, B). At 24hpf, the
current study revealed that expressiorcagbpl mRNA was more intense at the posterior-
middle region of the lens, place where roundedscé&km a nuclear organizing center
(Greiling and Clark 2009). All the cells in thisalear center are considered part of the lens
primary fiber cell mass (Greiling al. 2010). There was also mMRNA expression at thedhter
posterior and posterior borders, regions of thes leere still elongating lens fibers are
surrounding the nuclear center (Greiling and CROR9), but this expression was less strong

than the expression seen at the posterior-middiemeof the lens.
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At 24hpf, there was no detectable mRNA expressibtha anterior and anterior-
middle regions and borders of the lens; areas wihereells within it are destined to organize
into a single layer of lens epithelium (Soules dnadk 2005; Greiling and Clark 2009;
Greiling et al. 2010). In contrast, Suzula al. (2000) exhibited strong expression at the
anterior-middle region of the lens at the same fpoiat. This difference might have happened
because it is common that different zebrafish ewwbyevelop at slightly different rates and
this happens even within a single clutch (Kimreekl. 1995). Hence, the anterior-middle
region from embryo lenses, in the present resutigght have been composed of still
disorganized and undifferentiated cells that hasteyet migrated to the anterior and anterior-
lateral borders of the lens to constitute the kgpighelium. Differently, in Suzulet al. (2000)
24hpf embryo lenses, the cells destined to becqoiiteelium may have already migrated to
the anterior and anterior middle borders of theslepithelium. Then, the anterior-middle
region might have been already comprised of diffea¢éing lens fibers as how this region is
supposed to be formed of at slightly later moméntdevelopment (Greiling and Clark 2009)
in comparison with the present data. In fact, izukiet al. (2000) results, the 24hpf lens
section looks slightly more developed and biggantthe lens seen in the present results.

The detection of MRNA expression at specific patallows the visualization of the
expression of a determined gene at the transanigitievel. But if the gene encodes a protein
product, it is important to detect the protein kbma as some proteins are made at one type of
cell, and then migrate to other tissues where thesform their function. Moreover, the
MRNA of a specific protein can be degraded andongér synthesized at a certain time point;
whereas the protein can remain in the cells wheveas previously produced to perform its
function(s) (Albertset al. 2008). Due to technical difficulties it was notsgible to detect
Cugbp1l protein expression by performing an immustolchemistry assay on lens transverse
sections, specifically with anti-CUGBP1 (sc-210%6énta Cruz Biotech) antibody.

Hence, two zebrafish lines were created with asgane composed of membrane or
nuclear localized EGFP (as a reporter gene) driwera 1.2kbcugbpl potential promoter
fragment. The purpose of this was to estimate #ttem of Cugbpl protein expression in wild
type zebrafish embryos due to the activity of thecsfic promoter fragment on the expression
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of EGFP in transgenic embryos. Whole mount embsjasved that the promoter fragment
had high lens specificity in both transgenic lifeg 5.2.1 B, C).

At 24hpf and onwards, EGFP showed to be strongbressed at the lens (Fig 5.2.1).
In addition, it is important to mention that evdroigh all embryos that expressed EGFP
showed strong signals at the lens, some few FOyaalaiso exhibited EGFP expression at the
head and/or at diverse middle and posterior pdrther bodies. These posterior or middle
regions constitute the places where the somites Tdrese expression patterns were seen
sporadically, in small regions and not in all s@sihor at the whole head at the same time.

Hashimotoet al. (2006) have previously reported Cugbpl proteirresgion on whole
mount zebrafish embryos by immunohistochemistry anNestern Blot assays; hence
supporting the latter results of the present wérkroader Cugbpl protein expression pattern
in their whole mount embryos was observed comptratie embryos from both transgenic
lines in this study. Hashimot al. (2006), reported protein expression distributédetr the
embryo (but not the yolk) from the 1-cell stage2@hpf, including the head and somites.
Indeed, by 28hpf their results showed expressiooutfhout the whole embryo and stronger
signals were seen in the lens and somites. Thesedgions of higher levels of expression
correlate with EGFP expression in the transgenibrgas developed in these work. Since
every transient (FO) and stable (F1) transgenicrgenbhowed EGFP in the lens, it can be
concluded that the promoter identified has highslspecificity. The differences observed
might be because the 1.2kbgbpl promoter fragment lacks the sequence portion arqos
that contribute to the expression in the whole simlat early stages of developmental activity.
The broad expression promoter and/or enhancer seg(g may also be present as separate
units and not in tandem from the 1.2kb fragmentt, Bue promoter identified might also
contain a small portion of the sequence(s) thactliexpression in somites and in the head;
this would explain why the EGFP is detected not/\aten and in small different regions of
the head and somites in a few transient transgenics

Transverse sections from 24hpf transgenic embryag $.2.2a A; Fig 5.2.2b A)
showed a similar pattern of expression asithgtu hybridization results (Fig 5.1.2b A, B).
Intense expression was seen at the nuclear cdntee tens mass in both transgenic lines and

less concentrated EGFP in the surrounding primemg fibers as in mRNA expression assay.
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The anterior-middle regions of the lens showed nexgression of EGFP than the mRNA
expression results. This might have been becausieeaame reasons mentioned above that
explained the differences between thaitu data from the present study and the Suetkl.
(2000) results. The anterior-middle region in thesl from the transgenic embryos might have
differentiating lens fibers. Whereas, the antenoddle region at 24hpf lenses from the
MRNA expression assay are probably comprised affenehtiated cells that will migrate and
give rise to lens epithelial cells.

By 2dpf, cugbpl mRNA seemed to be localized only at both bow negjiof the lens
(Fig 5.1.2b C, D), zones that are located moreepmsty in comparison to the transition
regions in mammalian lenses (Soules and Link 20856).it seemed that mRNA is being
synthesized at cells that are in a conversion mémemhich they are in their first moments of
differentiating from epithelial cells to secondaens fibers. Since both transgenic lines
demonstrated intense EGFP expression at these tsans&tion positions of the lens at 2dpf
(Fig 5.2.2a B; Fig 5.2.2b B), translationaigbpl most probably happens quickly and early in
differentiation as soon azugbpl mature mMRNA is synthesized. It is possible thagliai
might be needed for the proper differentiationesfd fibers by playing a post-transcriptional
regulatory role. The latter since Cugbpl is welbwn as an mRNA binding protein that
regulates gene expression at the post-transcrgitiemel (Barreatet al. 2006) and dramatic
changes in gene expression happen early in fibesgen(Weber and Menko 2006a). In
addition, Cugbp1l protein may contribute to the ecrmorphology of lens fibers, at least at
very early lens development, as cell shape chahgesen early during differentiation (Weber
and Menko 2006a; Varadarej al. 2007). Hence, playing a role in lens overall shapd
function as fiber cells proper formation and migmatare key determinants of the lens
structure as a whole (Rao and Maddala 2006).

2dpf transgenic fish also showed strong EGFP esmesat the most posterior region
of the lens. In this region, newly synthesized rfifblead elongated and form contacts with their
counterparts from the opposite side of the lenso(&ad Maddala 2006; Greiling and Clark
2009). This EGFP might have been translated whenfitkers were starting to change in
morphology at the transition regions of the lensabse no mMRNA was seen at the most
posterior border of the lens at 2dpf. Most probablying this time point, most of tloeigbpl
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MRNA had already been translated or degraded béfooelld reach a posterior-most location
as the fibers elongated.

At 3dpf, cugbpl transcript expression was present at both tramsibnes of the lens
(Fig 5.1.2b E, F) as in 2dpf. Hence, at 3dpfbpl mMRNA is also present where future fiber
cells are in their transitional moment from epithleto lens fibers. In addition, the strongest
MRNA expression was present at the most postednotdn of the lens. This intense mMRNA
expression, at 3dpf might be from mRNA that was/joesly synthesized when the cells that
contain it were in earlier stages of differentiatiand still at one of the bow regions. At least
some of that very-posterior located mRNA mightlshie quickly translated, since the
translation machinery is still functional in codlcdifferentiating fibers (Liet al. 2001).
Otherwise, that mRNA will probably become degralledause as lens fibers mature they loss
all their compartments and their machinery to penféeranslation (Bassnet 2009). However,
the possibility that the mRNA located at the pastemost lens fibers could have been
synthesized when the fibers were already locatétiaatregion cannot be discarded as these
fiber cells are not completely differentiated atitl sontain nuclei. Indeed, cortical lens fibers
are transcriptionally active until quite late inffdrentiation. Once nuclear degradation is
complete, the capacity of transcription is lostg&zett 2009).

4dpfin situ hybridization assay (Fig 5.1.2b G, H) evidencagbpl mRNA expression
at the posterior border of the lens, region wheese are newly formed already elongated and
still differentiating secondary lens fibers (Grediand Clark 2009). As mentioned in 3dpf, this
MRNA might have been synthesized when those cdieravat the bow regions of the lens at
an earlier time point. And at least a part of ip@ssibly going to be translated before these
fibers lose their capacity to do so.

EGFP expression from 1-3dpf (Fig 5.2.2a A-C; Fig.Z A-C) showed an interesting
pattern where strong promoter activity seems ttdggpening in the regions where cells are
going to become and/or are already turning ints ldrers. Whereas, the 4-6dpf (Fig 5.2.2a D;
Fig 5.2.2b D, E) pattern looks like most EGFP idte cells that synthesized it at earlier
moments of development and when they were stilhblpof translating mRNA. 3dpf EGFP
is strongly present at the bow regions of lensesadso at the posterior border and the middle-

posterior zone of the lens. But at 4dpf, membrawcealized EGFP showed that it is more
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intensively located at more inner fibers of theslefihis EGFP might have been synthesized
when the fibers where at a more outer positionbgloty at the posterior-lateral and posterior
borders of the lens as they were on their difféeaioh process. Less strong expression at
outer fibers might have been due to a progressieeedse in theugbpl promoter activity at
posterior moments in development. At 6dpf, membianelized EGFP is present at inner
fibers, but is no longer seen at any border regbthe lens, including the bow zone and
posterior area of the lens. It seems that EGFPesgmn is located at the fibers that
synthesized this protein at earlier moments of lbgweent, but there is no more EGFP
synthesis in the younger fibers (outer) or thesaellthe transition differentiating state.

The transgenic promoter fused to EGFP approach gawable results. Nevertheless,
it is important to bear in mind that there mightd&erences in the moments of expression,
retention and/or degradation between Cugbpl zabrgirotein and EGFP. For example,
EGFP presence in inner fibers that are devoid gamelles may just reflect where Cugbpl
used to be at earlier moments of development andh@n these cells were at other and/or
outer positions within the lens mass. The lattarlddappen because there is not a pathway
that eliminates EGFP from lens cells as zebrafishndt express EGFP under normal
conditions. Hence, EGFP presence in inner fiberghtnnot mean that Cugbpl actually
remains in these differentiated cells.

Differences may have also occurred because thegtesrfragment might be missing
other units that could act as repressors or/andremgns at certain specific moments or places
during development. There was also EGFP seen atniterior border of lenses, where
epithelial cells reside and ncugbpl mRNA expression was detected. This might have
happened because there may be a basal level edsskpn at the epithelial cells as it has been
mentioned thatugbpl is expressed ubiquitously at the zebrafish emijHashimotoet al.
2004; Hashimotat al. 2006). In normal conditions, Cugbpl protein mightpresent at 1dpf
in the lens epithelium due to synthesize from mRixghscribed before 1dpf. Or maybe the
promoter fragment used is missing a repressor meiat in normal circumstances suppresses
cugbpl expression at 1dpf and/or later moments of devetoy in lens epithelial cells. But,
since the promoter fragment might lack at leastaa pf that repressor region, there is

detectable EGFP in the anterior border of the lens.
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The pattern oftugbpl mRNA expression and thaugbpl promoter fragment activity
seemed to indicate that, at early developmaugbpl is expressed at the lens in cells that are
in their differentiation process to become the naddbe lens (cells in the nuclear central core
and surrounding lens fibers). Afterwardsjgbpl is expressed at the first cells that are
becoming secondary lens fibers (fibers in the begvan). But at posterior moments (~5-6dpf)
of development it seems thatgbpl is no longer being expressed at new differentigtiivers.

If the latter is true, Cugbpl might no longer beeded for proper morphogenesis of newly
synthesized secondary lens fibers at further dewedmt. Another protein may switch places
with Cugbpl to continue performing modified regafgt functions. Actually, a postnatal
switch has been reported between CUGBP1 and MBNitihgl striated muscle development.
CUGBP1 is expressed at early embryonic developmé&nén, as development proceeds
CUGBP1 is down regulated and MBNL1 is concomitanibyregulated in these tissues. This
shift reprograms embryonic (by CUGBPL1) to postratallt (by MBNL1) alternative splicing
patterns of other proteins expressed in skelet@lhamart tissues (Kalsoteh al. 2008; Cooper
et al. 2009; Schoser and Timchenko 2010). In fact, it besn observed that adult MBNL1
knock out mice develop cataracts (Kanaadial. 2003).

However, further expression studies should be pesd to corroborate if Cugbpl
protein is no longer expressed in the lens as dpuent proceeds (~5dpf and onwards)
Moreover, protein detection experiments with an rappate antieugbpl antibody for
zebrafish could elucidate the region(s) insidefiter cells where Cugbpl is located.

EGFP expression at transgenic fish was monitored @&dpf and whole mount fish
still showed EGFP expression. Although this expogsw/as real, it might not reflect the real
promoter activity or Cugbpl spatial and temporahtmns. The latter could be because, as
mentioned before, EGFP might remain in lens cedlshare is not a pathway that eliminates
this protein from zebrafish cells. In conclusiaugbpl mRNA and promoter activity have
been observed in the lens of zebrafish embryosci®bpl should have a role in lens early
development.

Additionally, other distinctions in expression cduccur because it is not possible to
control where the transgene is inserted withinzélerafish genome using this approach. So,

the transgenes may be inserted in regions withoydaNA sequences (enhancers, repressors,
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etc.) that could contribute to dissimilar patteofigxpression as compared with the wild type
location of the zebrafisltugbpl gene. This could account for differences in exgors

between EGFP ancligbpl mRNA and also between different transient transgeand their

descendants. However, since EGFP expression #&rthavas observed at every transient and

stable transgenic embryo; this shows tubpl promoter truly drives expression in the lens.

And this expression is not just a consequence efrevthe transgene was inserted.

6.2 cugbpl down regulation by splice-altering morpholino injections in zebrafish
embryos

It is important to clarify that even though knodfiown cugbpl expression by
morpholino injections was performed at 1-4 cellgsteembryos, there might have been
uninterruptedcugbpl expression at early embryonic development. Therdiecause it has
been shown that Cugbpl is a maternal factorcaghpl mRNA as well as protein expression
have been found at unfertilized eggs, 1 cell sexgéryos and afterwards (Hashimetoal.
2004; Hashimotoet al. 2006; Suzukiet al. 2000). Since we utilized a splice-altering
morpholino, it targets expression at the level i#-mRNA. Therefore, angugbpl mature
MRNA and Cugbpl protein already present at the monoé injections or before was

expected to function normally.

6.2.1 Splice-altering morpholino activity tested byRT-PCR

RT-PCR and sequencing results confirmed thattigbpl morpholino altered correct
splicing by removing exon5 fromougbpl mature mRNA (Fig 5.3.1). In normalugbpl
translation, the amino acid number 60 (Fig 6.2.1cAjresponds to Glycine (G) and it is
encoded by the last nucleotide (G) of exon4 andfitee (G) and second (T) nucleotides of
exon5. Since exon5 was removed froogbpl mature mRNA of MO injected embryos, a
frameshift was generated. The first frameshift ol in the amino acid number 60 (D,
Aspatrtic acid; Fig 6.2.1 B) because it was encdued nucleotide triplet composed by the last
nucleotide from exon4 (G) and the first (A) anda®t (T) nucleotides of exon6, instead of
exon5. The sequence downstream from this firs{ @@&T—GAT) was frameshifted as well
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A. Normal protein (Annex 3 has the complete translated sequence)

1 M N G S L D H P D Q P D I D S I K M F V
1 ATGAATGGGTCTCTGGACCACCCAGACCAGCCCGACATTGATTCTATAAAGATGTTTGTG

(Translation) .........

21 G ¢ I P R T W S E D Q L R E L F E P Y G
61 GGTCAGATCCCTCGGACGTGGTCAGAGGATCAGCTGCGTGAGCTGTTTGAGCCCTATGGT

41 AV Y E I NV L R DR S Q N P P Q S K G
121 GCAGTTTATGAAATCAATGTTCTTCGTGACAGGAGTCAAAACCCCCCACAGAGTAAAGGT
‘ 1]

L 4

exon4 exon5

61 c ¢ ¥ VvV T Y Y T R K S A L E A Q N A
181 TGTTGTTTTGTCACATATTACACCCGTAAGTCTGCATTAGAAGCACAAAATGCC. ..

» (Translation) .........
B. MO disrupted splicing by removing exon5 (Frameshift and premature Stop codon)

1 M N G S L D H P D Q P D I D S I K M F V
1 ATGAATGGGTCTCTGGACCACCCAGACCAGCCCGACATTGATTCTATAAAGATGTTTGTG

(Translation) .........

21 G ¢ I Pp R T W S E D Q L R E L F E P Y G
61 GGTCAGATCCCTCGGACGTGGTCAGAGGATCAGCTGCGTGAGCTGTTTGAGCCCTATGGT
41 AV Y E I NV L R DR S Q N P P Q S K D
121 GCAGTTTATGAAATCAATGTTCTTCGTGACAGGAGTCAGAACCCCCCACAGAGTAAAGAT

3
4

exon4 exon6
61 A S S H T N E T C R Q - ﬂ
181 GCATCATCCCATACAAATGAAACCTGCAGACAGTGA
.x, Frameshift

24

Premature STOP codon

C. The frameshift downstream amino acid sequence (Fig 1. indicates the three RRMs)

1 mnGstonppoeoTos RUEVEo I < 0

First Frameshift aa (G—D)

6l 120

Premature stop codon (A—STOP)

Adobe lllustrator CS5
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Figure 6.2.1 Splice-alteringcugbpl morpholino activity generates a frameshift and a pemature stop
codon by removing exon5. A:Normal cugbpl translation (Annex3 has the complete translateyliesece).
Amino acid 60 corresponds to glycine (first amirmdashaded in yellow)B: cugbpl-MO caused a frameshift
(vellow shade) as the MO disrupted exon5 junctietween exons4 and 6 durimggbpl mRNA splicing. In
addition, a premature stop codon in-frame is geadrat amino acid 72 (GCATGA=STOP).C: The frameshift
begins at the first C-terminal RRM of Cugbpl protefFigure 5.1.1 indicates the three RRMs. Blue shad
represent the RRMs (RNA-recognition motifs). Grémades represent the RNPs within the RRMs. Cross out

represents the frameshift downstream sequence.

In fact, a premature stop codon in-frame (TGA) wasduced at position 72 in the
frameshifted mature mRNA sequence (Fig 6.2.1 B)rlyEgermination codons trigger
nonsense-mediated decay (NMD) of transcripts aftessing through a ribosome as a
mechanism to monitor defective mature mRNAs. NM@rddes mRNAs by deadenylation-
independent decapping and, subsequent 5' to 3y dddhe transcript body by exonuclease
activity. Another pathway involves accelerated dggdhtion followed by 3' to 5' decay of the
MRNA body by exonuclease activity (Isken and MaqR@07). So, at least part of the
defective mature mRNA variant generated by thigbpl-MO is probably eliminated by
nonsense mediated decay, and hence Cugbpl prgteiresis is down regulated.

Any protein synthesized from the flawedgbpl mature mRNA should generate a
truncated protein since the excision of exon5 ghgwmioduce a frameshift downstream
sequence by altering the amino acids encoded bydamtstream of exon5. In fact, the first
amino acid that is changed due to the morpholinivigcis part of the RNP1 from the first
RNA-recognition motif of Cugbpl protein (Fig 6.2C1 G—D). The premature stop codon is
generated twelve amino acids downstream from tte¢ fiameshifted amino acid. It is also
located in the first RRM where there is an L-al&nin wild type zebrafish Cugbpl protein
(Fig 6.2.1 C, A>STOP). This means that any MO-dependent truncategbi@l protein
should be composed of only 71aa. It does not Haeniost important fractions of the protein-
coding regions, as a part of the amino acids teaerate the first RRM and the complete
second and third RRMs should be eliminated. RRMs the functional motifs of RNA-
binding proteins, including Cugbpl; hence are nemlifor regulation of post-transcriptional
expression of specific gene targets (Matisal. 2005; Barreatet al. 2006). Therefore, any
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truncated Cugbpl protein generated by the morpb@ativity of the present study should not
be functional.

In addition it is important to mention that spliakering activity using morpholinos is
not 100% efficient (Heasman 2002; Morcos 2007).sThas shown at the RT-PCR assay
wherecugbpl-MO samples also possessed the 310bp band, inadthtthe 227bp band (Fig

5.3.1 B). So, there is always going to be a reduicedstill functional amount of protein.
6.2.2 Morphant (MO) vs. control (MM) embryos phenoype and behavior

As anticipated, knocking down Cugbpl protein exgims resulted in a defective
phenotype (Fig 5.3.1 E) confirming that the correxpression of this protein is fundamental
for proper early embryonic zebrafish developmehtwdas interesting to observe that the
flawed characteristics observed ougbpl-MO injected zebrafish embryos correlate with
symptoms observed in Myotonic dystrophy 1 (DM1pessally in the congenital form (CDM)
of this disease. Similarities occurred even thoGgHGBP1 protein levels are elevated in all
forms of DM1 (Schoser and Timchenko 2010). In castir Cugbpl protein expression was
decreased in the present study during zebrafishpmaots early development. The latter
suggests that CUGBP1 protein levels have to betlyigregulated for normal early
development in vertebrates.

In DM1, increased CUGBPL1 protein half-life andaslg state levels are responsible
for part of the DM1 defective features. It has bs@own that in DM1 cells nuclei these
increased levels occur due to binding of CUGBP4adiable mutanDMPK mRNA and hyper-
phosphorylation of CUGBP1 by protein kinase C (PK@)ich is activated by expanded
DMPK-CUG RNAs. PKC-dependent hyperphosphorylation oflear CUGBP1 has been
shown in COS M6 cells expressing DMPK-CUG960 RNAJDcell cultures, DM1 tissues
and in heart-specific DMPK-CUG960 inducible DM1 mic model. Likewise,
hyperphosphorylation of CUGBP1 was demonstratedarmal heart tissues from mice at
embryonic days 16 and 17 (E16, E17) and normal newheart and skeletal muscle tissues
from mice, but not in normal adult heart or skdletéce tissues (Kuyumcu-Martinez al.
2007). This is concomitant to the proposed patbémxpression of Cugbpl protein in the lens.

As a possibility, Cugbpl might have a role at Iéber differentiation at early embryonic
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development but later on (beginning at ~4-5dpf) lghigis no longer needed in the fibers
differentiation process. As mentioned before, a@othost-transcriptional regulatory protein
might replace Cugbpl as lens development procdédaever, Cugbpl activity as lenses
grow throughout life cannot be discarded until Hert investigation and also as CUGBP1
strong expression in mice has been observed imwsmdult tissues (Ladet al. 2001). In
addition, if Cugbpl protein expressed in lens eddyelopment is hyperphosphorylated also
remains to be studied.

As morphant embryos were examined, it was notewdttht at 1-4dpf they seemed
very still and most of them had to be taken outefr chorions with tweezers. Otherwise they
would not have come out by their own. In CDM, itshlbeen reported that human fetal
movements are reduced in pregnancies. Immobilit delayed motor development are also
one of the first postnatal symptoms (Schoser anttchienko 2010).

cughbpl-MO embryos also exhibited a delay in developmeidt smaller size compared
with controls. Although, this traits have been poegly associated with a non-specific effect
of morpholino injections (Uribe and Gross 2010)ktHbes not seem to be the case because
control injected embryosciigbpl-MM) did not show these traits. Indeed, it is conmfor
CDM children to be born as premature infants (Sehasd Timchenko 2010). Forsbestcal.
(1990) have observed that patients (ages 11-2% y#d)y with CDM are thinner than normal
(body mass index20kg/nf). Likewise a recent report showed that a transgenice line, in
which Cugbpl gene was inactivated, displayed growth retardativeady apparent at the
embryonic stage and it was not compensated in atadtife. Cugbpl null mice never reached
the size and average weight of their control littetes (Kresset al. 2007). In addition,
transgenic mice overexpressing CUGBP1 in skeletaisale during early embryonic
development were also underdeveloped, growth-rethahd had less weight than controls
(Timchenkoet al. 2004).

Skeletal muscle (responsible for conscious movenhuawelops from somites (Heather
et al. 2000) and Cugbpl is normally expressed in sondt@sng early development as
demonstrated in some of the transgenic zebrafidiryam of the present study and previously
reported in mice (Kresst al. 2007), zebrafish embryos (Hashimadbal. 2006), Xenopus
(Gautier-Courteilleet al. 2004) and in the muscle sheetQzenorhabditis elegans (Milne and
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Hodgkin 1999). Moreover, it has been shown that 8BG regulates the expression of
several genes important for muscle developmentrainacriptional and/or a translational level
(Timchenkoet al. 2001; Timchenket al. 2004; Charlet-Bet al. 2002; Kalsotrat al. 2008).

As an example, it has been demonstrated that CUGBRIquired in myogenesis by
enhancing fibroblast conversion into myoblast adl we in myoblast differentiation into
myotubes. It has been reported that CUGBP1 canneehmyogenesis by ~50% via direct
translational regulation of MEF2A (a DNA-bindingutiscription factor). Moreover, CUGBP1
protein is required for the increase of MEF2A ar?ll protein levels in differentiating
myoblasts. Then, MEF2A induces myosin for propeido of myotubes and myotubes give
rise to skeletal muscle (Timchenkbal. 2004). So, flawed traits and a motionless behavior
seen in zebrafisttugbpl morphants are probably, at least in part becafisehampaired
embryonic development of skeletal muscle. Fibrdble@nversion into myoblasts might
happen at a lower rate in morphants because tharetienough Cugbpl to enhance Mef2a.
This could be one of the reasons why MO-injectetrgos appear delayed and smaller. They
possibly have lower levels of myosin. If this isidr then their myoblasts might not align
properly and in turn they would not fuse correddy myotube synthesis; hence leading to
impaired skeletal muscle tissues and immobilitgugfopl-MO injected embryos.

Additionally, in DM1 disease CUGBPL1 levels are haghn proliferating myoblasts
and lower in differentiating cells compared to nafreells. So, since the latter leads to lower
levels of MEF2A in differentiating myoblasts; thesells have lower levels of myosin and
myoblasts do not fuse correctly. Muscular dystroping delay of muscle development are
attributed to the above mentioned impail@dGBP1 translational activity in DM1 illness
(Timchenkoet al. 2004). So, less body movement and a delayed egppsaincugbpl-MO
injected embryos as well as immaturity of skeletaiscle (Sarnat and Silbert 1976; Sileer
al. 1984; Furlinget al. 2001; Timchenkat al. 2004), fetal and postnatal immobility and natal
premature appearance in CDM are due to (at legsait) CUGBP1 protein abnormal levels
that lead to CUGBP1 disrupted post-transcripti@udilvity.

Another feature shared loygbpl knock down zebrafish embryos and DM1 disease is
the presence of an enlarged and weakened heate®itardiomyopathy and arrhythmias are

common features in DM1 disease. Sudden cardiac dsabtot uncommon, even in young
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patients (Schoser and Timchenko 2010). Also, attspecificDmpk-CUG960 inducible DM1
mice model exhibited dilated cardiomyopathy andvaied CUGBP1 steady state levels
(Kuyumcu-Martinezt al. 2007). Moreover, to test the hypothesis (DdGBP1 up regulation
also contributes to the cardiac phenotype in DMIgshelev et al. (2010) created a
tetracycline-inducible and heart-specifitigbpl mice line. These transgenic mice displayed
enlarged hearts as a sign of cardiomyopathy wherpaced with controls. Histology analysis
revealed that these transgenic mice reproduce Dadfufes in heart tissues like widespread
degeneration and necrosis (Kosheteal. 2010). So, enlarged heartsamgbpl-MO embryos
are due to Cugbpl disrupted levels.

A wide range of different studies have suggested #t least several of the DM1
symptoms are caused by increased steady stats lelv€lUGBP1 protein and/or a reduction
of MBNL1 protein (Schoser and Timchenko 2010). MBNprotein decrease in DM1 is
caused due to its sequestration by insoluble mutengt DMPK-CUG repeats (Cardaset al.
2006). MBNL1 and CUGBP1 proteins regulate alterrgasplicing in an antagonistic manner
during normal heart and skeletal muscle developni€atsotraet al. 2008; Coopest al.
2009; Schoser and Timchenko 2010).

In normal heart development, for instance, it hasnbshown that CUGBP1 protein is
expressed at low levels in adults compared withrgorbc high levels in hearts. In mice heart,
CUGBP1 protein levels begin to decrease by podt#a 6 (PN6). In contrast, MBNL1
protein levels in mice hearts start increasing M5.PThis postnatal switch of CUGBP1 and
MBNL1 protein expression controls fetal to posthatult transitions for a subset of
alternative splicing events. There are also altereaplicing events that are under the control
of CUGBP1 and not MBNL1 and vice versa. Since in DiMiman tissues and animal models,
CUGBP1 protein levels are increased and MBNL1 pmd&vels are decreased this leads to an
aberrant expression of CUGBP1-dependent embryofternative splicing variants in
postnatal/adult tissues (Kalsotet al. 2008). In fact, Hoet al. (2005) observed that
overexpression of CUGBP1 in neonatal transgenicemieproduces alternative splicing
alterations observed in DML1.

Hence, abnormal enlarged hearts observetlghpl-MO injected embryos are most

probably caused by a reduction in the expressioenobryonic splicing variants that are
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Cugbpl targets and are essential for proper eambyryonic development of the heart. Other
post-transcriptional regulation processes perforimge€ugbpl should also be altered in MO
cardiac tissues that contribute to an abnormal gomic development of heart. It would be
interesting to observe if histopathological featuobserved in DM1 tissues and DM1 models
that present abnormally enlarged hearts are repeatin cugbpl-MO injected zebrafish
embryos hearts.

Morpholino induced down regulation ofigbpl in zebrafish embryos could also lead
to failure or reduction of expression of embryoprotein isoforms in other tissues that are
dependent on CUGBP1 regulation. The latter sinc&BP1 protein has been reported to be
ubiquitously expressed at early embryonic develognre zebrafish (Hashimotet al. 2006)
and other vertebrate species (Gautier-Courteilld. 2004; Kress et al. 2007). An abnormal
induction of embryonic splicing variants by up ridion of CUGBP1 expression in
postnatal/adult tissues has also been shown irtskehuscle (Wardt al. 2010). Therefore,
Cugbpl protein is important for proper skeletal oheisand probably overall embryonic
development and consequently for a healthy pheeoffpe latter sinceugbpl-MO injected
embryos possessed smaller bodies with a delayedaegpuce. In addition, inactivation of
CUGBP1 ortholog inCaenorhabditis elegans caused embryonic lethality (Milne and Hodgkin
1999), and in mice it causes a significant augmemtaf neonatal deaths (Kreasal. 2007).

In fact, it has been demonstrated thaMbnll knock out mice line that disrupts
MBNL1 isoforms associated with expanded (CUG)n §8€UG)n RNAs is sufficient to
cause physical features, like myotonia and RNAcsgii defects that resemble those seen in
adult DM1. Nevertheless, there were no defectsady @mbryonic/postnatal transgenic mice
development that resembled those observed at newdyoneonatal CDM patients or CDM
animal models (Kanadiet al. 2003). CDM patients display severe underdevelapedcles
(Timchenkoet al. 2004) and older studies revealed higher mortaitgs (17-41%) due to
respiratory muscle weakness and complications @mpturity. Nevertheless, with the
improvement of neonatal care survival rates haeeeased (Longman 2006).

In contrastMbnl1 knock out mice did not show any visibly or highates of lethality
in embryos and/or early newborns compared to ctanf{kanadiaet al. 2003). However, an 8-

10 fold elevation of CUGBP1 in skeletal muscle rainsgenic mice leads to utero or after
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birth death and a severely underdeveloped phendfiipechenkoet al. 2004). Transgenic
mice overexpressing CUGBP1 (4-6 fold), specificatlyheart and skeletal muscle, were also
stillbirth (Ho et al. 2005). The latter suggests that overexpressio@WEBP1 in embryos
might have a severe effect on early embryonic agrebnt. Whereas MBNL1 inhibition may
not have a critical impact in embryonic developmeandl its primary function and effect on
DM1 might occur until later stages in developmdiritis correlates with the observation that
transgenic mice overexpressing CUGBP1 protein sarathe only mice models reproducing
symptoms of CDM (Timchenket al. 2004; Schoser and Timchenko 2010). In the present
study, morphants also resemble some of CDM firstgms, but instead of increased steady
state Cugbpl protein levels at embryonic developntkeay had a decrease of Cugbpl protein
at analogous time points. Hence, normal Cugbpleprofevels are required for normal
embryonic and early postnatal/larval developmemeiriebrates.

In addition, CDM patients do not suffer from myaoomluring their first ten years of
life even though they display a severe musculametype (Longman 2006; Schoser and
Timchenko 2010; Vanier 1960). MBNL1 knock out migenifest myotonia beginning at
around 6 weeks of age. Since myotonia is not ptesedDM this correlates with the previous
observation that MBNL1 protein sequestration in Dfight not have a severe effect in
embryonic development. Rather, it seems to havegative effect in later stages of life
(postnatal to adult) in DM1 animal models (that m@ss expression or sequester MBNL1
protein) and DM1 patients. This is also concomitath the observations that MBNL1
protein is needed for a subset of postnatal/adtdtreative splicing changes during skeletal
muscle (Linet al. 2006) and heart (Kalsotret al. 2008) development. Whereas normal
CUGBP1 down regulation occurs at this postnatatcdwand its up regulation happens before,
during an embryonic/early postnatal splicing patt@g¢uyumcu-Martinezt al. 2007; Kalsotra
et al. 2008) This is why, at least in part, a reversiohie embryonic/early postnatal splicing
pattern is observed in DM1 adult tissues and mouseels when CUGBP1 is overexpressed
(Ranum and Cooper 2006).

Morpholino injected zebrafish larvae also exhibigedataract phenotype (Fig 5.3.1 E)
and this was evident as early as 3dpf. In additinesset al. (2007)Cugbpl null mice line

also displayed a defective lens phenotype. In the®e, cataracts are easy to observe at
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adulthood (~6months; Paillard, unpublished). Howgevwso results have been published
describing the appearance or age of onset oféhis defective phenotype in this mice line. In
addition, cataracts are a very common feature ebdedn DML1 patients. An obvious cataract
phenotype has not been described in any patientgeuhan at least 10 years old (Rhodes,
unpublished). However, Ekstrom (2009) has repattted bilateral (both eyes) subtle haze or
condensation in the posterior lens pole was foun89% of 49 individuals with congenital
(n=30) and childhood-onset (n=19) myotonic dystsofdh (females: n=20, 7.3-21.4 years;
males: n=29, 1.6-21.9 years). These abnormalitiessaggestive of early stages of cataract
development. But these abnormalities are not y@stered as true cataracts, probably because
no opacifications (white appearance, instead afiform black look) are evident at first sight.

In the present studyugbpl mRNA expression was observed in the posterior-taidd
and very posterior regions of the developing soligster of cells that constitutes the lens at
24hpf, in zebrafish (Fig 5.1.2b A, B). At this arfeav rounded cells constitute the core of the
lens nucleus, and primary lens fibers are elonga#éind surrounding the core of the lens
(Greiling and Clark 2009). However, in mammaliandalevelopment instead of a solid mass
of cells; a hollow fluid-filled vesicle forms frorhead ectoderm. Then, cells in the anterior
hemisphere give rise to the lens epithelium. Callshe posterior hemisphere elongate in a
posterior to anterior direction and a parallel-lik@nner and differentiate to fill the lens
vesicle cavity as primary lens fibers. In additiongbpl mRNA expression is also evident in
secondary lens fibers that are elongating arouagtimary lens fibers at zebrafish embryonic
and early larvae development.

Since Kres&t al. (2007)Cugbpl null mice develop cataracts (Paillard, unpubligh#d
is very probable that CUGBP1 protein function i tens is conserved between zebrafish and
mammals. It is likely thaCugbpl has a role at the elongating primary fibers thihtttie
vesicle in mammals and, at least, in the first sdaoy lens fibers that start elongating around
the lens center (region with primary fibers) duriegbryonic development. However, the
dissimilarities observed in the formation of thedecenter between mammals and zebrafish
may account for the differences in time of onsetaotataract phenotype due to altered
CUGBP1 levels. In zebrafish, the function afgbpl in the appropriate formation of the

central area of the lens may be more importanttiie organization and positioning of
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surrounding fibers and overall lens form in eargvelopment. Socugbpl knock down
contributes to lens opacities early in life (3-4dph contrast, in mammals the negative effect
caused by an aberrant lens core development caulchdre important in the long term,
resulting in obvious lens opacities until latetifa.

In addition, secondary lens fibers elongate in feint pattern in zebrafish as
compared to mammals giving rise to obvious diffeemnin lens sutures formation. In
zebrafish, all fiber cells are meridians and taguethe ends as they extend from pole to pole
and meet with opposing fibers to produce a suttireaah pole. However, in mammals all
fibers in the same layer do not elongate in theesamanner. The fiber cells contacting the
middles of each branch in the Y-shaped suturesioe tenses possess S-shaped curvatures.
Indeed, sporadic instead of uniform perturbationgens fibers packing ifmodl null mice
lenses have been potentially attributed to thefferdnces in fiber cells morphology; even
though Tmod1l is a structural protein in the memérakeleton of lens fibers regardless of
their shape or location (Nowagk al. 2009). This evidences that in mice lenses (antgiry
other mammals) a disruption in the expression leha fiber protein does not affect all fibers
equally due to differences in their shape, evéhay are in the same layer.

Cugbpl function in primary and the first secondaiys fibers may be critical for the
overall shape of lenses in zebrafish as the pressentts show thatugbpl-MOs do not have
an overall spherical shape by 4dpf (Fig 5.3.4 E) ih comparison with normal lenses
(Greiling and Clark 2009). However, in mice a lafkCUGBPL1 in lens early development
may not affect in the same way all cells in a snglyer resulting in a less severe phenotype.
Nevertheless, as lenses grow throughout life, #featls in early development produced by a
lack of CUGBP1 activity may become more apparenmnaintaining the lens overall shape,
and transparency.

DM1 cataracts are probably a result of both a MBNehuestration and CUGBP1
increased steady state levels. The latter sincerbgent results have evidenced that Cugbpl
levels and, hence activity are critical for lensye&lepment. Moreoverbnl1 null adult mice
possess a cataract phenotype (Kanatia. 2003). It would be interesting to studybnll
MRNA and protein expression specifically in thesléa observe if a switch-like expression

pattern between Cugbpl and Mbnll is observed is tEvelopment as described before in

101



skeletal and heart tissues (Lah al. 2006; Kalsotraet al. 2008). A change in alternative
splicing variants may take place at embryonic tovdHpostnatal development in
differentiating lens fibers.

Moreover, cugbpl expression during lens early development in zétiratorrelates
with DMPK protein detection in mice and chickeneamhbryonic lens development with a
specific antibody. In the present worygbpl expression is detected in differentiating lens
fibers. Likewise, DMPK protein, in the lens, waded#ed specifically at fiber cells and not at
the epithelium (Harmon 2008). This overlapping gemeression pattern at the lens during
early development betweengbpl andDmpk indicates that in DM1, DMPK mutant mRNAs
with expanded CUG repeats are probably expressethbtyonic differentiating fiber cells
that also express CUGBP1. Hence, in DM1, lens dilpgobably possess CUGBP1 increased
steady state levels due to mutant DMPK mRNA exjpoessuring early lens development. So,
CUGBP1 disrupted activity may affect embryonic Idieers differentiation in DM1, even
though a cataract obvious phenotype is not appaeeiarly development. lougbpl-MO
embryos, Cugbpl activity is also disturbed at lengryonic development leading also to
flawed lens fibers differentiation.

In addition, zebrafish embryos and larvae wherebpagprotein was down regulated
also exhibited smaller eyes. As mentioned befonegbpl protein has been shown to be
expressed ubiquitously at early embryonic develapgnme zebrafish (Hashimoto et al. 2006)
and other vertebrates (Gautier-Courteille et aQ42&ress et al. 2007). Hence, it may play a
function in the development of other regions of #ye. In addition, microphthalmia, short
axial length (distance between the anterior andepios poles of the eye) and other eye
problems have been reported in DM1 patients. Howeyghthalmological flawed features in
DM1 need further investigation (Ekstrom 2009).

6.2.3 Cell proliferation and differentiation analyds in the lens ofcugbpl knock
down zebrafish embryos

According to the expression results from this sfuedy?2 and 3dpéugbpl seemed to be

expressed at the transition zone of the lens §H®b C-F), place where epithelial cells stop
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being proliferative by exiting the cell cycle anthrs differentiating to become lens fibers
(Soules and Link 2005; Griep 2006; Daktal. 2007; Greiling and Clark 2009).

CUGBP1 has been implicated as a key regulator iagayesis, especially during the
transition from myoblasts to the differentiationroyotubes. CUGBP1 activity is regulated by
phosphorylation at specific amino acids by différkimases depending on the cell stage. In
proliferating myoblasts, CUGBP1 is phosphorylatgdAlixt kinase in the position 28 (Ser28).
Ph-S28-CUGBP1 has high affinity towards cyclin DRNA increasing its translation. Since
D1 is a strong promoter of cell proliferation ph882UGBP1 increases cell proliferation in
myoblasts. Unlike cyclins D1 and D2 that promot# peoliferation, cyclin D3 supports cell
growth arrest and differentiation. At differentiggi myoblasts (to become myotubes) cyclin
D3 levels are increased and Cyclin D3/cdk4 phospats CUGBP1 at Ser302. Ph-S302-
CUGBP1 binds strongly to cdk inhibitor p21 mRNA ieasing its translation; thus promoting
cell cycle arrest which is required for cell diatiation (Salisburgt al. 2008; Schoser and
Timchenko 2010).

As mentioned before CUGBPL1 has a critical functiomyoblasts proliferation and is
also involved in inducing myoblasts differentiatitmmyotubes by promoting p21 translation
(Salisburyet al. 2008). So, a cell proliferation assaydngbpl-MO and MM embryos was
performed to observe if Cugbpl protein has a smndke in lens epithelial cell cycle arrest to
induce fiber cell differentiation, specifically tite transition zone of the lens. However, BrdU
incorporation assay did not show any differencésa/éen morphant and control lenses at 2dpf
nor at 3dpf (Fig 5.3.3). Morphants did not exhibity significant difference in the total
number of proliferating cells. So, it is not likelthat epithelial cells that should be
differentiating to become lens fibers remain pestitive at the transition zones due to failure
to translate enough levels of p21. In addition,lifg@tion was observed at the lateral
epithelium of morphant lenses. So, it is not praddbat cells in this region fail to translate
appropriate levels of cyclin D1.

Since cugbpl-MO embryos display smaller lenses, it is possthigt a count of the
percentage of BrdU+ cells (instead of the total berh betweertugbpl-MO vs. cugbpl-MM
embryos would show that morphant lenses have ahigércentage in BrdU+ cells, but this

might be because morphant fiber cells fail to dégreneir nuclei as shown in Fig 5.3.6 and
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discussed below. So, there might be BrdU positigeads in lens fibers from morphant lenses
while their BrdU positive counterparts in contrehses are not present when counting. This
would be due to DNA degradation as a normal prodesscontrol lens fiber cells
differentiation (Counit al. 1998; Bassnet 2009).

Then, the ability ofcugbpl-MO embryos to start their differentiation procdssm
lens epithelial cells to lens fibers was tested,amalyzing the expression of AquaporinO
(AgpO0) as a lens fiber marker (Fig 5.3.4). Varagatal. (2007) have shown that AQPO is a
plasma membrane protein expressed in newly forrmedséll differentiating mice primary
and secondary lens fibers, but not in lens epahatells. Immunohistochemistry results
demonstrated that morphants as well as control ywsbexpressed AqpO in their lens
evidencing that Cugbpl is not required for theiatibn of fiber cell differentiation. In
addition, these results demonstrated that Cugbpleipris not needed for AgpO protein
synthesis pathway.

Furthermore, it was interesting to observe that Agpuld be detected at the center
and most inner part of the lens in morphant embgta® and 3dpf. In contrast, this was not
possible in controls. This could have happenedusanorphant lens fibers fail to arrange in
a compact manner at the same rate as in contm|ari-Aqp0 antibody can reach the inner-
most primary fiber cells at the center of the ldmscontrast, control embryos displayed an
organized arrangement in which fiber cells elongat®rm a new layer covering the previous
formed fiber layers in a compact manner (Varadaral. 2007; Greiling and Clark 2009;
Chepelinsky 2009) otherwise controls would haveldiged an abnormal lens phenotype.

The visualization of AqpO expression allowed theeation of lens fiber membranes
since AgpO constitutes more than 50% of the men&opaiatein in lens fibers (Varadastjal.
2007). The latter permitted the examination ofléres mass shape arrangements during early
development incugbpl knock down embryos. Indeed, morphant embryos leadefective
lens mass shape that does not correlate with thpeskeen in control and other wild type
zebrafish lenses (Greiling and Clark 2009). Thetatould be due to an impaired lens fiber
morphogenesis. If lens fibers fail to elongate propand/or do not have the right overall
thickness and/or form then they are not going togact in a correct manner. This would lead
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to an impaired overall structure of the lens masshaw it was observed iougbpl-MO
embryos.

This defective lens mass shape, the faulty lensrférrangement phenotype and
cugbpl expression pattern might suggest that Cugbpl ipratgequired for proper lens mass
overall architecture by having an effect at leastens fibers organization. Morphants lens
mass seems to have a defective structure and ngpamt fibers in the lens nucleus during
early zebrafish development. In addition, epitHela fiber cell fate does not seem to be

compromised.

6.2.4 F-actin organization in the lens ofugbpl-MO zebrafish embryos

AgpO0 immunodetection experiment revealed that kimarklown cugbpl expression
did not alter the epithelial to fiber cell diffeteation pathway. Rather, lens mass overall
structure and lens fibers compaction seems to feetatl. Then, an F-actin staining assay on
the lens was performed (Fig 5.3.5) to further obséfra possible flawed fiber cell shape was
identified.

It is known that the actin cytoskeleton has anmsserole in lens fiber cell elongation
and differentiation. Epithelial cell morphology ciges are accompanied with membrane
cytoskeleton remodeling and actin filament reas$enitens epithelial cell differentiation is
coincident with the disassembly of actin stresgrBband the reorganization of F-actin as
cortical actin during fibergenesis (Rao and Mad@#l@6; Leeet al. 2000; Weber and Menko
2006a).

The F-actin concentric staining appearance seemedincide with an enrichment of
cortical F-actin (membrane bound) along the lengdkeral surfaces) of normal lens fibers
(Weber and Menko 2006a). Such pattern was appateltM lenses. The medium flawed
phenotype also exhibited an organized concentactf pattern in lens fibers. Nevertheless,
lenses were smaller and had less compact lenssfibdée latter was evidenced by F-actin
staining in inner concentric fiber membranes coregdo control lenses.

A severe phenotype showed a highly disorganizedtif-gattern. However, F-actin
still appeared to be present along lens fibersnasontrols and medium flawed phenotype

lenses. Depolymerization of F-actin has been aasamtiwith disordered lens fiber cell
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packing (Nowaket al. 2009) and blebbing of the plasma membrane (Wehdr Menko
2006a). In the severe phenotype, an abnormal webding-like morphology (but still
concentric) instead of an appearance of concemtigs was obvious, but F-actin still appears
to be enriched in lens fibers cortical cytoskeleton

The fact that there were two flawed phenotypes:lesg severe that appeared to have
an organized F-actin pattern and another with aewie F-actin overall arrangement might
indicate that F-actin disorganization is not a direffect ofcugbpl down regulation. Rather, it
is probably a consequence of another importantplisd pathway that is crucial for lens fiber
proper morphogenesis. In addition, Cugbpl prote&iasdnot seem to be important for the
maintenance of cortical F-actin in lens cortichkfis.

Additionally, it is important to remember that thebrafish lens TZ is located posterior
to the equator. So, the anterior elongation of seapy fibers is greater than the posterior
elongation in respect to the TZ and this differencakes the appearance of the posterior
suture to happen before the anterior suture (@wegind Clark 2009). This is most probably
the reason why an evident posterior lens sutureokasrved in 4dpfugbpl-MM embryos,

while the anterior suture was still not apparetgraf-actin staining (Fig 5.3.5 A).

6.2.5 Nuclei degradation incugbpl-MM embryos vs. cugbpl-MO embryos

It has been demonstrated that lens fibers terndiffdrentiation includes losing their
organelles including their nucleus (Appleby and lsliod977; Counist al. 1998; Bassnett
2009). SytoxGreen staining was performed in morplamses to test if Cugbpl might be
involved in DNA degradation as a normal part ofsléiber differentiation.

Nuclei staining results on morphant lenses furthddenced an impaired lens fiber
phenotype due to Cugbpl down regulation (Fig 5.3t@&nd 5dpf morphants still retain nuclei
in their inner-most fibers; moment at which nornmimary fiber cell maturation and
organelle break-down in the core of the lens shdwge already occurred. This DNA
presence scatters incident light and does not alppvopriate focusing on the retina resulting
in a cataract phenotype (Greiling and Clark 200&sd®ett 2009).

In contrast, control embryos exhibited DNA onlytive posterior-lateral and posterior

borders of the lens. Both regions correlate with gtaces at which newly secondary lens
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fibers are still differentiating, so it is expectéd still observe nuclei in these positions
(Bassnett 2009).

It was evident that at 5djgtigbpl-MO embryos had less amounts of DNA in their lens
body compared with morphants at 4dpf. This probabfjppened because at 5dpf the
morpholino had already dissipated too much, seffectiveness is being reduced. However, it
could also have happened just due to delayed ndisleitegration.

De Maria and Arruti (2004) have observed that Idii@ers nuclei undergo
characteristic morphological changes accordingheléns fibers differentiation stage. First,
nuclei are large, round shape and with uncondeadseamatin. Lens from morphants seem to
retain their nuclei appearance in this stage evdheacore region of the lens. Then, as lens
fibers normally mature, they elongate and nuclked dlecomes elongated (De Maria and Arruti
2004). Control lenses exhibit this nuclei shapdifferentiating cortical fibers. The elongation
of nuclei is a process that seems to correlate thighdevelopment of an elongated form in
lens fibers. If nuclei do not start elongating detoming thinner; then fibers are going to
have a big round structure that is not going tdHetn elongate properly. And this would lead
to a disorganized packaging of the fibers and tsapact fibers correlating with the lens
defective phenotype from this study.

Finally, as the nuclei disintegrate it is viewedsmall rounded bodies (De Maria and
Arruti 2004). This conformation is not apparentthe control (MM) neither the morphant
lenses, most likely because in this last conforomathe rounded bodies are too small. They
probably form as a separation of the elongatedeshapclei and the small rounded parts are
so close that at the magnification utilized theasapons are not visible and just look as a
curved thin line.

It can be speculated that the observation that haorplenses had not compacted lens
fibers at the center of the lens (evidenced by Agpfression detection; Fig 5.3.4) could be
due to a lack of organelle degradation, at leagiam. If nuclei and/or other organelles are not
eliminated from lens fibers then, it is reasondblénink that fibers are not going to be able to
elongate and stretch properly to become long aladively thin cells which are organized as
concentric layers. This could also explain the gainawed lens mass shape observed in
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morphants, if fibers do not arrange in a highly pasted way then the lens mass is not going
to be able to have a spherical form.

An abnormal persistence of nuclei in the centeheflens mass was evident. And this
happened due tougbpl knock down. Nevertheless, most mutations that keadataracts
affect organelle breakdown to some extent. It issggle that a certain mutation can impact the
organelle disintegration process directly. Howeweganelle breakdown involves a complex
series of interdependent steps. So, any mutatianatiects lens homeostasis can indirectly

affect organelle breakdown (Bassnett 2009).

In general, it was interesting to observe that kimax down cugbpl expression in
morpholino injected zebrafish embryos led to defecteatures that resemble those observed
in DM1 patients. And that this happened even thaugjbpl is up regulated in this disease.
Hence, CUGBP1 protein levels have to be tightlyutagd for proper development and
overall morphology in vertebrates.

Cugbpl is a very versatile protein present in batbleus and cytoplasm and known
to regulate the expression of other proteins bylibign to pre and mature mRNAs (Philigis
al. 1998; Vlasoveet al. 2008; Kalsotreet al. 2008; Rattenbachest al. 2010). So it seems
obvious that the next step to try to unravel thdemdar mechanism/s regulated by this

protein in the lens will be aimed to identify tla@dets ofcugbpl in this region of the eye.
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Chapter 7. Recommendations and Future Directions

7.1 ldentification of Cugbpl RNA targets at the degloping zebrafish lens

Since this study has demonstrated that Cugbpl heke an lens early formation, the
next step should be directed to identify what males are bound and thus regulated by
Cugbpl protein during zebrafish early lens develepmin order to do so, the creation of a
transgenic line with an expression construct thialed Cugbpl protein expression specifically
at the lens during early development and wheretthissgenic protein can easily be isolated
with its bound targets seems a viable approach.

First, an expression construct should be syrtbdsiThis study showed that the 1.2kb
cugbpl promoter element identified has high lens spatjfiduring the time points monitored.
Hence, this DNA sequence could be used asedehent in the creation of a new expression
construct using Tol2kit technology (Kwahal. 2007). A full-length zebrafisbugbpl cDNA
sequence should be used as a middle element. THesher Scientific has a vector with a
completecugbpl cDNA insert (Vector pME18S-FL3; Clone ID 577687%his cDNA should
include the cap sequence, translation initiaticle sind all the exons for propém vivo
translation. Clone 5776879 could be aligned withzuku et al. (2000; Ensembl, ID
ENSDARP00000026582) completegbpl cDNA sequence and the sequence of the cDNA
used to make probe (fon situ hybridization assay; 5.1.1 Section; Annex 3; Fit).B5). This
alignment is important to identify if there are asignificant differences between sequences
that could alter the function of the synthesizeatqin in the lens.

A C-terminal fusion protein tag can be addecugbpl transgenic protein for easier
isolation of the RNA-protein complex. The Tol2kasa 3entry clone with a c-myc-tag and a
SV40 late polyA signal (p3E-MTpA, Kwagt al. 2007). The stop codon of the middle element
(cugbpl cDNA) has to be removed for the tag to be in-framité the protein sequence. Then,
when the transgenic protein is expressed, it vaigess the c-myc polypeptide sequence in its
C-terminal region. This will allow immune precigitan of transgenic Cugbpl by using a c-
myc-tag antibody. The myc-tag is a polypeptide wiftaa (Terpe 2003). Since it is a small
peptide, it is unlikely that it will interfere withthe biochemical properties of Cugbpl

transgenic protein.
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In the multisite gateway LR recombination reactitime use of destination vector
pDestTol2CG2 will be helpful to visualize animalsat have incorporated the expression
construct. The latter since this destination vegtoludes an extramlc:EGFP-pA expression
cassette as a marker for transgenesis. In thiettasshecmlc 3' element corresponds to a
promoter from the cardiac myosin light chain géefl@s promoter is used to drive cytoplasmic
EGFP expression specifically in the developing h@arvanet al. 2007).

Then, a transgenic line can be created with thexfign of transposase mRNA and the
created plasmid. The new DNA that should be incateal in the zebrafish genome has the
expression constructigbpl:Cugbpl:MTpA and the transgenesis marker consthjections
have to be performed into one cell-stage zebrafisbryos as described in 4.58ction. The
embryos that have incorporated the foreign DNAideatified by observing EGFP expression
in their developing hearts. FO embryos can be grogvto develop a transgenic line for further
investigation.

Alternatively, a transgenic line could be createthwa different construct from the one
mentioned above. A bicistronic construct in whicligBpl protein with the myc-tag is
encoded by the first cistron and GFP is encoded bgcond cistron on the same mRNA can
be created. This can be done when expression ofgbend cistron is driven by an IRES
(internal ribosome entry site). An IRES is a seqaethat induces translation initiation without
5" cap recognition (Hellen and Sarnow 2001). This troies would have the 1.2kbugbpl
promoter. The major advantage that this construatildv have, over the one previously
mentioned, is that the temporal and spatial exmessf both proteins Cugbpl and GFP
would be directed by the same promoter. Thus, ecetlythat expresses GFP would also
express Cugbpl. This is useful because it marks flbrescence the cells that are expressing
the gene of interestigbpl), in addition to just being a general transgenessker. Plasmid
pCMV6-AC-IRES-GFP (No. PS100027) from ORIGENE hagcstag, IRES and GFP
sequences in tandem and downstream from a multipleng site (MCS).cugbpl cDNA
sequence could be cloned into this MCS and thisplasmid could be used to develop a new
DNA cassette with expression of Cugbpl and GFRedrlwy the 1.2klougbpl promoter at the
same time. Monitoring the regions where Cugbpl-isypresent is needed since the 1.2kb

promoter exhibited activity in other parts of trebrafish embryo body. Although this activity
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was rare, this cellular expression marker is usefuliscard embryos (or their body parts) that
express Cugbpl in other regions besides the lens.

The next step of this assay is to coimmunopred®if@o-IP) transgenic Cugbpl with
its RNA targets. To identify the early role of Cygbin lens development, it will be preferable
to use 1dpf and 2dpf embryos, since at these dagyspl expression was more intense in the
lens (Fig 5.1.2b). There are several commercialtbilable Kits to Co-IP transgenic proteins
with a c-myc epitope tag. The ProFolMdc-Myc Tag IP/Co-IP Kit (Thermo Scientific
Pierce) is one of them. In this kit, the sampleatgsinteracts with a high affinity anti-c-Myc
antibody-coupled agarose resin in a spin columowatlg coimmunoprecipitation of c-Myc-
tagged proteins. After the spin column is washedlitoinate cellular components that did not
IP, the c-myc-tagged protein and its bound targe¢seluted from the column. The mRNAs
that are bound with the transgenic protein can thenseparated by phenol/chloroform
extraction and isopropanol precipitation.

Afterwards, RNAs can be amplified by Reverse Traptase PCR. Then, the samples
may be amino-allyl labeled with a fluorescent dyéhis latter technique consists in
incorporating a nucleotide analog that has a chaligiceactive group to which a fluorescent
dye can be attached. This can be done while perfigrlACR. Then, the analog group can be
linked to an N-hydroxysuccinimidyl ester group altad to a dye. The labeled samples can
then be probed to a cDNA microarray and the dat@iodd (positive signals) analyzed
(Shepardet al. 2003). In this case, a zebrafish cDNA microarrbgud be used (L@t al.
2003). These last mentioned steps are usually moeefd with a collaboration of a
Bioinformatics laboratory.

Usually a bioinformatics laboratory sends a listmthe targets identified. Then, first
candidates are selected for posterior studies.eTheslies can include expression assays and
MO knock downs to observe if a defective phenotyperlaps with the one observed with the
morpholino againstugbpl. The aim is to identify proteins that are posts@iptionally
regulated by Cugbpl protein at the developing Aedbréens.
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7.2 Reversal oftugbpl morpholino phenotype by RNA rescue

A common strategy to further test morpholino speity is to reverse its effects by an
assay referred as RNA rescue (Rdllal. 2009). Thecugbpl-MO injected in this study is a
splice-altering morpholino that targets pre-mRNA binding to the splice junction of
exon5/intron5. Hence, the MO does not recognizeureanRNA because the latter does not
possess the intron5 sequence. So, the complete cidgAence otugbpl gene (Clone ID
5776879; Thermo Fisher Scientific) can be usedrtolyce mature mRNAhat is capable of
being translated in zebrafish embryos. At this tgbeassay, mature mRNAs are normally
generatedn vitro and they can be produced by the same general meohas transposase
MRNA was synthetized in 4.2.4 Section.

Then, an assay in whidugbpl mRNA andcugbpl-MO are injected at the same time
at the yolk of 1-4 cell-stage embryos should beeddm this test, the protein synthesized from
the injected mMRNA is intended to reverse the effeétthe MO. This principal is the purpose
of a RNA rescue experiment. First, the MO with tencentration previously established
(2.2ng/lembryo; 4.3.1 Section) is injected with eiéint concentrations of MRNA to identify
the appropriate concentration of mMRNA that can iglate the flawed phenotype of the MO,
but is not toxic to the embryo.

Then, embryos of the same batch should be dividex several groups (Bilét al.
2009). As a control, one group of embryos is imdctith the targeting MO and with a
control mRNA. This control mRNA can be GFP-encodlisg its expression can be verified
under a fluorescence microscope (Leica MicroscogelBF). These embryos should have the
same defects asugbpl-MO injected embryos (5.3.2 Section). Another graspthe one
injected withcugbpl-MO and the appropriate concentrationcofbpl mRNA that exhibits
the rescued phenotype. In addition, groups injectalg with thecugbpl mRNA, the GFP
MRNA or just the MO should be maintained.

In particular, embryos injected with different centrations of just theugbpl mRNA
should be carefully monitored. Since it has beesvipusly discussed (6.2.2 Section), that

overexpression of CUGBP1 in transgenic mice and Divddels and tissues produces
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defective features, some of which are similar t® ¢times observed icugbpl-MO injected

embryos.

7.3 Other experiments

cugbpl-MO embryos seem to mimic characteristics obsenve®M1 disease and
transgenic mice overexpressing CUGBP1 in heartsketketal muscles. Therefore, it will be
interesting to realize histological analyse<iigbpl-MO heart and skeletal muscle tissues. A
comparison of the histopathological abnormalitiesnsin DM1 tissues, DM1 mice models

and transgenic mice induced to overexpress CUGBBUId be addressed.

In addition, a characterization of the differencesens sections fromugbpl-MO and
cugbpl-MM embryos should be performed by using light mmggopy. Transmission electron
microscopy imaging can be realized, especially len regions of the lens that exhibit any

abnormalities seen during light microscopy obséownst

It will also be interesting to study if CUGBP1 egpsed in early lens development is
hyperphosphorylated. The latter since Kuyumcu-Matiet al. (2007) have shown that
CUGBP1 is hyperphosphorylated at early developriventice heart and skeletal muscle, but
not at the adult stage. These studies would besre&siperform in mice embryos because
zebrafish lenses in early development are too sipaiis tissue could be separated from mice
embryos during E12.0-12-5 since at this time Igmemary lens fibers are elongating. 2D-gel
electrophoresis and Western Blot could be usedsemve the isoelectric point of CUGBPL1.
Alkaline phosphatase treatment (CIAP) would be doneentify if an acidic shift is observed
due to phosphorylation. These techniques can b®orpeed essentially as described by
Kuyumcu-Martinezet al. (2007). This assay could also be tried out in akegin Cugbpl-myc

transgenic protein from 7.1 Section.
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Annex 2.CS10R plasmid
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Annex 3. Sequence alignment ofigbpl cDNA used for probe synthesis

Start codon

ATGAATGGGTCTCTGGACCACCCAGACCAGCCCGACATTGATTCTATAAAGATGTTTGTG 60
ATGAATGGGTCTCTGGACCACCCAGACCAGCCCGACATTGATTCTATAAAGATGTTTGTG 60

GGTCAGATCCCTCGGACGTGGTCAGAGGATCAGCTGCGTGAGCTGTTTGAGCCCTATGGT 120
GGTCAGATCCCTCGGACGTGGTCAGAGGATCAGCTGCGTGAGCTGTTTGAGCCCTATGGT 120

GCAGTTTATGAAATCAATGTTCTTCGTGACAGGAG TCAAAACCCCCCACAGAGTAAAGGT 180
GCAGTTTATGAAATCAATGTTCTTCGTGACAGGAG TCAGAACCCCCCACAGAGTAAAGGT 180

Kk kkkkkkkkkkkkkkkkkkkkk

TGTTGTTTTGTCACATATTACACCCGTAAGTCTGC ATTAGAAGCACAAAATGCCCTTCAC 240
TGTTGTTTTGTCACATATTACACCCGTAAGTCTGC ATTAGAAGCACAAAATGCCCTTCAC 240

AACATGAAGATTCTTCCAGGGATGCATCATCCCAT ACAAATGAAACCTGCAGACAGTGAG 300
AACATGAAGATTCTTCCAGGGATGCATCATCCCAT ACAAATGAAACCTGCAGACAGTGAG 300

AAAAACAATGCGGTAGAAGATAGAAAGCTGTTTGT TGGAATGATTTCAAAGAAGTGCAAT 360
AAAAACAATGCGGTAGAAGATAGAAAGCTGTTTGT TGGAATGATTTCAAAGAAGTGCAAT 360

GAGAACGACATCAGACTCATGTTTTCTCCATATGG TCAAATCGAGGAGTGCCGCATATTG 420
GAGAACGACATCAGACTCATGTTTTCTCCATATGG TCAAATCGAGGAGTGCCGCATATTG 420

AGAGGTCCAGACGGACTAAGCCGTGGCTGTGCCTTCGTCACATTCACAGCGAGACAGATG 480
AGAGGTCCAGACGGACTAAGCCGTGGCTGTGCCTTCGTCACATTCACAGCGAGACAGATG 480

GCCCAGTCTGCCATCAAATCCATGCACCAGTCACA GACTATGGAGGGCTGTTCTTCTCCC 540
GCCCAGTCTGCCATCAAATCCATGCACCAGTCACA GACTATGGAGGGCTGTTCTTCTCCC 540

ATCGTGGTGAAGTTTGCAGACACACAGAAGGATAA AGAACAGAAACGCATCGCCCAGCAG 600
ATCGTGGTGAAGTTTGCAGACACACAGAAGGATAA AGAACAGAAACGCATCGCCCAGCAG 600

CTGCAGCAACAGATGCAACAGCTCAATGCTGCCTC CATGTGGGGAAACCTTACAGGGCTG 660
CTGCAGCAACAGATGCAACAGCTCAATGCTGCCTC CATGTGGGGAAACCTTACAGGGCTG 660

AACTCACTGGGCCCACAGTACCTTGCACTT---
AACTCACTGGGCCCACAGTACCTTGCACTTT.

CAGCAGTCTGCTTCC 708
TCTACAGCAGTCTGCTTCC 720

Fhkkkkkkkkkkkkkkkk

TCTGGAAATGCGCTCAACAATCTCCATCCAATGTC AGGTCTGAATGCCATGCAAAATCTG 768
TCTGGAAATGCGCTCAACAATCTCCATCCAATGTC AGGTCTGAATGCCATGCAAAATCTG 780

GCTGCATTAGCAGCAGCAGCGAGTGCTACACAGGCCACACCTACAGGTAGCAGTGCGCTG 828
GCTGCATTAGCAGCAGCAGCGAGTGCTACACAGGOCACACCTACAGGTAGCAGTGCGCTG 840

ACCACCTCCAGCTCCCCTCTCAGCGTCCTCACCAG CTCAGGTACGCCCTCCGGACAGCCT 888
ACCACCTCCAGCTCCCCTCTCAGCGTCCTCACCAG CTCAGGTACGCCCTCCGGACAGCCT 900
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*DDBJ corresponds to previously reporteagbpl cDNA sequence by Suzukt al. (2000),
Accession number AB032726. Probe refers to the esempiofcugbpl cDNA used to make

GCTCAATCTGCCTGGGATGCCTACAAGGCAGGTTC CTCTCCCACCTCCAGTACTAGTTCT 948
GCTCAATCTGCCTGGGATGCCTACAAGGCAGGTTCCTCTCCCACCTCCAGTACTAGTTCT 960

TCTGTGAACCCCATGGCATCTTTAGGTGCTCTTCA GTCTCTTGCTGCGGGCGCTGGAGCA 1008
TCTGTGAACCCCATGGCATCTTTAGGTGCTCTTCA GTCTCTTGCTGCGGGCGCTGGAGCA 1020

GGTCTCAACATGAGTTCCCTAGCAAGCATGGCTGC TCTAAATGGTGGTCTGGGCAGCGGA 1068
GGTCTCAACATGAGTTCCCTAGCAAGCATGGCTGC TCTAAATGGTGGTCTGGGCAGCGGA 1080

GGTCTCTCCAACGGCTCTGGAAGCACTATGGAGGC TCTGACTCAGGCGGCCTATTCTGGG 1128
GGTCTCTCCAACGGCTCTGGAAGCACTATGGAGGCTCTGACTCAGGCGGCCTATTCTGGG 1140

ATCCAGCAGTATGCAGCTGCCGCTCTGCCAAGCCT CTACAGTCAGAGTTTACTGTCCCAG 1188
ATCCAGCAGTATGCAGCTGCCGCTCTGCCAAGCCTCTACAGTCAGAGTTTACTGTCCCAG 1200

CAGAACGTTAGCGCTGCTGGCAGCCAAAAAGAAGG CCCTGAAGGAGCAAACCTGTTCATC 1248
CAGAACGTTAGCGCTGCTGGCAGCCAAAAAGAAGGCCCTGAAGGAGCAAACCTGTTCATC 1260

TACCATCTGCCACAGGAGTTTGGTGATCAGGATTT GTTGCAGATGTTTATGCCTTTCGGC 1308
TACCATCTGCCACAGGAGTTTGGTGATCAGGATTT GTTGCAGATGTTTATGCCTTTCGGC 1320

AACGTCATCTCTGCCAAGGTCTTTATTGACAAACA GACCAACCTTAGCAAGTGTTTTGGC 1368
AACGTCATCTCTGCCAAGGTCTTTATTGACAAACA GACCAACCTTAGCAAGTGTTTTGGC 1380

TTTGTAAGTTACGACAATCCAGTTTCGTCCCAGGC AGCCATTCAGTCAATGAACGGTTTT 1428
TTTGTAAGTTACGACAATCCAGTTTCGTCCCAGGC AGCCATTCAGTCAATGAACGGTTTT 1440

CAGATTGGAATGAAGCGGCTGAAGGTGCAACTTAA ACGATCTAAAAATGACAGCAAGCCA 1488
CAGATTGGAATGAAACGGCTGAAAGTGCAACTTAA ACGATCTAAAAATGACAGCAAGCCA 1500

Length of Probe sequence (bp)

TACTGA 1494
TACTGA 1506

Fkkkkk

Stop codon

antisense and sense probes foritheetu hybridization assay.
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Annex 4. Amino acid sequence froougbpl cDNA used for probe synthesis

21
61
41
121
61
181
81
241
101
301
121
361
141
421
161
481
181
541
201
601
221
661
241
721
261
781
281
841
301
901
321
961
341
1021
361
1081
381
1141
401
1201
421
1261
441
1321
4601
1381
481
1441

M N G S L D H P D Q P D I DS I KM F V
ATGAATGGGTCTCTGGACCACCCAGACCAGCCCGACATTGATTCTATARAGATGTTTGTG
G 0 I P R TW S EDOOTLI RTETLT FTE P Y G
GGTCAGATCCCTCGGACGTGGTCAGAGGATCAGCTGCGTGAGCTGTTTGAGCCCTATGGT
AV Y E I NV L R DU R S O N P P QO S K G
GCAGTTTATGAAATCAATGTTCTTCGTGACAGGAGTCAAAACCCCCCACAGAGTAAAGGT
c ¢C FV T Y Y T RK S AL E- ATUOQTNA L H
TGTTGTTTTGTCACATATTACACCCGTAAGTCTGCATTAGAAGCACAAAATGCCCTTCAC
N M K I L P G M H H P I Q9 M K P A D S E
AACATGAAGATTCTTCCAGGGATGCATCATCCCATACAAATGAAACCTGCAGACAGTGAG
K N N A VvV E DR K L F V G M I S K K C N
AAAAACAATGCGGTAGAAGATAGARAGCTGTTTGTTGGAATGATTTCAAAGAAGTGCAAT
E N D I R L M F S P Y G Q I E E C R I L
GAGAACGACATCAGACTCATGTTTTCTCCATATGGTCAAATCGAGGAGTGCCGCATATTG
R 6 P DG L SR GOCO ATFV T F T AT R QM
AGAGGTCCAGACGGACTAAGCCGTGGCTGTGCCTTCGTCACATTCACAGCGAGACAGATG
A Q S A I K S M H Q S Q T M E G C S S P
GCCCAGTCTGCCATCAAATCCATGCACCAGTCACAGACTATGGAGGGCTGTTCTTCTCCC
I V VvV X F A DT Q K D KU E Q K R I A Q0 0
ATCGTGGTGAAGTTTGCAGACACACAGAAGGATAAAGAACAGAAACGCATCGCCCAGCAG
L 0 0 0 M 0 0L NAASM®W®WGNTLT G L
CTGCAGCAACAGATGCAACAGCTCAATGCTGCCTCCATGTGGGGARACCTTACAGGGCTG
N S L G P Q Y L A L L Q Q S A S S G N A
AACTCACTGGGCCCACAGTACCTTGCACTTCTACAGCAGTCTGCTTCCTCTGGARATGCG
L N N L H P M S G L N A M ON L A A L A
CTCAACAATCTCCATCCAATGTCAGGTCTGAATGCCATGCAARATCTGGCTGCATTAGCA
A A A S A T QAT P T G S S A L T T S S
GCAGCAGCGAGTGCTACACAGGCCACACCTACAGGTAGCAGTGCGCTGACCACCTCCAGC
s P L SV L T S S G T P S G Q P A Q S A
TCCCCTCTCAGCGTCCTCACCAGCTCAGGTACGCCCTCCGGACAGCCTGCTCAATCTGCC
W D A Y K A G S S P T S S T S S S V N P
TGGGATGCCTACAAGGCAGGTTCCTCTCCCACCTCCAGTACTAGTTCTTCTGTGAACCCC
M A S L 6 A L 0 S L A A GAO G AG L N M
ATGGCATCTTTAGGTGCTCTTCAGTCTCTTGCTGCGGGCGCTGGAGCAGGTCTCAACATG
S s L A S MAOATULINGTGTUL G S G G L S N
AGTTCCCTAGCAAGCATGGCTGCTCTAAATGGTGGTCTGGGCAGCGGAGGTCTCTCCAAC
G S G S T M E AL T Q A A Y S G I O O Y
GGCTCTGGAAGCACTATGGAGGCTCTGACTCAGGCGGCCTATTCTGGGATCCAGCAGTAT
A A A A L P S L Y S QO S L L S Q QO N V S
GCAGCTGCCGCTCTGCCAAGCCTCTACAGTCAGAGTTTACTGTCCCAGCAGAACGTTAGC
A A G S Q K E G P E G AN L F I Y H L P
GCTGCTGGCAGCCAAAAAGAAGGCCCTGAAGGAGCAAACCTGTTCATCTACCATCTGCCA
QO E F 6D OQOD L L QMU FMMZ&PZ F G N V I S
CAGGAGTTTGGTGATCAGGATTTGTTGCAGATGTTTATGCCTTTCGGCAACGTCATCTCT
A K V F I D XK Q T N L S K C F G F V S Y
GCCAAGGTCTTTATTGACAAACAGACCAACCTTAGCAAGTGTTTTGGCTTTGTAAGTTAC
DN PV S S QA ATI QS MNDNGT FOQTI G M
GACAATCCAGTTTCGTCCCAGGCAGCCATTCAGTCAATGAACGGTTTTCAGATTGGAATG
K R L K V 0 L K R S K N D S K P Y - (497aa)
AAGCGGCTGAAGGTGCAACTTAAACGATCTAAAAATGACAGCAAGCCATACTGA (1494bp)

*RED refers to amino acid8LUE refers to nucleotides.
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Annex 5.Protocol forcugbpl probe synthesis

DIG-labeled, single stranded RNA antisense and semprobes were generated according
to: DIG RNA Labeling Mix, 10 x conc. Cat No. 11 27073 910 (Roche Applied Science).

https://e-labdoc.roche.com/LFR PublicDocs/ras/1023810 en 21.pdf

Reagents:

1. DIG RNA Labeling Mix, 10X conc. 10mM ATP, 10mM CTROmM GTP, 6.5mM
UTP, 3.5mM DIG-11-UTP, pH 7.5 (20°C).

2. Transcription buffer, 10X conc. 400mM Tris-HCI, p80 (20°C); 60mM MgGl

100mM dithiotreitol (DTT), 20mM spermidin.

RNase inhibitor 20U/pl

DNase 1. 10U/pl

how

Methods:
Note: Make sure to work under RNase-free conditions
1. Add the following to a microfuge tube on ice:

2ul (1pg) linearized plasmid DNA.

2l DIG RNA labeling mix, 10X

2ul Transcription buffer, 10X.

1ul RNase inhibitor (adding this reagent is not tisered in the original protocol).
2ul (20U/ul) RNA polymerase T7 or SP6 for antisenissense probes, respectively.
11l sterile RNase free double distilled water fmal volume of 20pl.

Mix and centrifuge briefly.

Incubate for 2 hours at 37°C.

Add 2ul DNase |, RNase-free to remove template DNA.
Incubate for 15 minutes at 37°C.

Add 2ul 0.2M EDTA (pH 8.0) to stop the reaction.

oahkwh
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Annex 6. Whole mount RNAN situ hybridization protocol

A. Fixation and permeabilization

Fixation

Dechorionate embryos prior to fixing

Fix embryos in 4% PFA, overnight at 4°C

Wash 3X with PSB 5 min at RT

Add 100% MEOH, sit RT 5 min and then aliquot endsry12-15) into tubes with fresh 100%
MEOH. Store at -20 for at least 30 min.

Rehydration (all at RT)

5 min 50% MEOH/PBST

5 min 30% MeOH/PBST

2X 5 min PBST

Collagenase (1mg/ml PBST) (in Tupperware at botdr20 5.5hrs b/f PK)
2 DAY 1HOUR

3 DAY 2 HOUR

PK Treatment
PK stocks 2 mg/mL (add 5 pL/ml PBST for 10 pg/mL)
Digest with PK (10u g/mL PBST) at RT

Developmental period Digestion time
> 10HRS 7 min

1 somite 10 min

24 hpf 12 min

33 hpf 14 min

36 hpf 15 min

48-50 hpf 20 min

60 hpf 27 min

72 hpf 30 min

Rinse 2X 5 min PBST at RT

Refix in PFA 25 min at RT

Wash 2X 5 min PBST at RT

B. Hybridization

Prehyb in Hyb solution at 55°C for 3-5 hours

Hybridization
Remove prehyb and add Hyb with probe
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Heat Hyb+probe solution 10 min at 68°C before add{th0 pl of synthesized probe in 1ml of

Hyb buffer = Hyb+probe solution). 500 ul per tuseecommended.
Incubate overnight at 55 °C

Washes
Make solutions for washes before starting:

Solution 1:

2X SSCT from stock 20X SSC (1:10)
ViC1 =V, C;

Add 50ul Tween

Solution 2:

0,2X SSCT (1:100)
V1C1 = V2 C2

V120X = 50mI*0,2X
Vi =0,5ml =500ul
Add 50ul Tween

Solution 3:
50% formamide /12X SSCT
25ml formamide + 25ml 2X SSCT

Heat every solution before using in the followingicated temperatures
Remove Probe and save at -20°C (can reuse 3-4)times

Wash 20 min at 55°C in 50% formamide/2XSSCT

Wash 3X 10 min at 37°C in 2X SSCT

Wash 2X 15 min at 55°C in 0,2X SSCT

Wash 5 min at 37°C in PBST

Wash 5 min at RT in PBST

C. Anti-digoxigenin alkaline phosphatase (AP) labeling

Detection

Block 1 (or more) at RT in Block

Remove block and add primary Ab/block (preincubpated
Leave for 4 hours at room temperature or overragif C

D. Colorization

Washes

4X 20 min at RT with PBST

If Ab added for 4 hours at RT, can leave in lasBPBvernight at 4°C
3X 5 min RT in Staining buffer

5ml 1M Tris 9,5
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2,5ml 1M MgCh

5ml 1M NaCl

50ul T-20 + to 50ml with KD

Incubate in NBT/BCIP stain (500ul) at RT in darkheCk embryos every 30 min
Wash 3X after desired staining level in PBS, RT.

Fix in PFA at 4°C to preserve

E. Solutions

4% PFA: 2g PFA in 50ml PBS. Cover with folil, stir and héadissolve. Takes about 10-
15min, cool on ice. Store at 4°C for 7days.

PBST: 1X PBS with 0.1% Tween20.

SSCT: SSC with 0.1% Tween20, 20X Stock.

HYB: 50ml: 50% formamide 25ml, 5X SSC (12.5ml of 2081% Tween20 50ul, 5mg/ml
yeast tRNA, 50pg/ml heparin. Can store at -20°Gyéans.

Block: 500ul NGS into 10ml of 1X PBTD.

Other: 2g BSA, 2ml DMSO, 600ul Triton X-100, 500meen20, 4ml NGS, 1X PBS.
Staining Buffer: 50ml, store at 4°C for 2 weeks. 100mM, Tris &6, 1M), 50mM MgClI2
(2.5ml 1M), 200mM NacCl (5ml 1M). 0.1% Tween20 (5P H20 to 50ml.

NBT/BCIP: 1 tablet /10ml H20 plus 10 ul Tween20. Freezenm aliquots at -20 °C in
dark.
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Annex 7. Immunohistochemistry protocol
From Uribe and Gross (2007).
Materials:

* Reagents

1. DMSO (Dimethylsulfoxide may be harmful if absorldadough the skin or if its fumes
inhaled). Safety directions: wear appropriate gtowad safety glasses. Use in a
chemical fume hood to prevent inhalation. Stora tightly closed container, DMSO is
combustible. Keep away from heat, sparks, and fipare.

Normal Goat Serum (NGS)

Paraformaldehyde, 4% dissolved in 1X PBS

Phosphate Buffered Solution (PBS), 1X

Primary Antibody

Secondary Antibody

Sucrose, 25% and 35% both dissolved in 1X PBS

Tween-20

Vectashield Mounting Medium (Vector Labs)

©CoeNOGOA~WD

Equipment

Coverslips, No. 1 thickness

Cryostat

Cryomolds (Tissue Tek)

Eppendorf Tubes, 1.5 ml

Humid Chamber: A Tupperware container with air-eddbck and wet paper towels or
kimwipes inside to provide moisture

Microslides, 1.0 mm thick, pre-cleaned and gelatated
PAP pen (Sigma)

Razor Blade

. Slide jar or Coplin jar

10.Tissue Freezing Medium (Triangle Biomedical Scisn@eBS))

o wNE

©®~No

Methods:
* Fixation

1. Collect and fix whole zebrafish embryos or surdicaemoved adult eyes in 4%
Paraformaldehyde (PFA) at 4°C overnight (or for enbme) or at room temperature
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for 4-6 hours in eppendorf tubes. If collecting eyds before 48hpf, make sure to
remove the chorion with forceps prior fixation.

. Remove 4% PFA by using a pipette to gently remadati®n. Rinse in 1x PBS 3
times, 5 minutes each for total time of 15 minutes.

. Soak specimen in 25% Sucrose dissolved in 1x PB$%o@n temperature until
embryos or eyes sink to the bottom of the tubegtiraries, but may take up to 2.5
hours).

. Remove 25% sucrose and add 35% sucrose dissolvdd iRBS. Soak at room

temperature until embryos or eyes sink to the botdd the tube (again, time varies).
Pause point: may leave in 35% sucrose at 4 °Cddo & week.

Cryosectioning

. To line fish up in cryomolds:

a. Prepare desired amount of cryomolds by filling ongdds with Tissue Freezing
Medium (TFM) at room temperature. Take care nogéb any bubbles in the
molds.

b. Using one TFM-filled mold as a transfer dish, remgpecimen(s) from Eppendorf
tube and stir gently around in TEM-filled mold t@sh out 35% Sucrose.

c. Transfer specimen(s) to a new TFM-filled cryomoM/ith a blunt needle,
submerge embryos in the TFM and move embryos imbwahat faces one side of
the mold: line up fish head first such that theitst are facing center of mold and
their heads are against the wall. Keep embryodose ¢o one another as possible
and in a straight line. For adult eye, orient inladnaith lens facing outward. If not
interested in lens tissue, one may remove the tengg this step for easier
cryosectioning.

d. Carefully transfer to -80 °C to freeze. Pause paonay store at -80°C indefinitely.

. To prepare for cryosectioning:

a. Set Cryostat to -20 °C. Remove specimen block fcoyomold inside the cryostat.
Using a razor blade, carefully trim away all excdsszen medium around
specimen.

b. Place TFM on center of chilled cryostage to whidurysample will be placed.
Carefully place trimmed specimen onto this TFM wstte to be sectioned facing
up. Ensure that specimen block is as straight asilpe. Add more TFM around
periphery of sample on stage. Freeze for 1-2 m&pit®r to sectioning.

c. Transfer cryostage to cryostage holder.
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7. Using the trim function on the cryostat set to kesw 30-60 microns, trim through
block until a uniform section is made in the appiae part of the sample. Quickly
transfer section to room temperature gelatin-coatete by allowing cryosection to
gently melt onto slide. Be careful not to secti@stpthe area of interest by checking
sections using a basic light microscope.

8. Continue to section at 8-12 micron thickness. Getrdnsfer each section to room
temperature gelatin-coated slide by allowing sectiomelt onto slide.

9. Allow sections to adhere to slide at room tempeeafior at least 2 hours prior to
immunostaining. Pause point: slides may be stored(a°C for up to a month. In this
case, slides should be brought to room temperatiweto beginning immunostaining.

e Immunostaining

10.Circle area of interest on slides with hydrophoB&P pen. This will form a well to
hold block and antibody solutions. Be careful motduch sections. Rehydrate slides in
PBTD, [0.1% Tween-20, 1% DMSO in 1 X PBS] at roe@mperature for 2-3 min in
Coplin Jar.

11.Remove slides from PBTD, drain excess off slide plade slides in humid chamber.
From this point forward, it is critical to not Ilete slides dry.

12.Gently pipette ~200-300 microliters of Block [5% SGn PBTD] onto slides (Note:
solution volume depends on how large area of istgre

13.Incubate at room temperature for 1-2 hours.

14.Remove Block from slides by draining off excessoddtmwipes

15. Add ~200-300 microliters of primary antibody dédtin block.

16.Incubate in humid chamber overnight at 4 °C.

17. Remove primary antibody by rinsing slides in PB3@imes at room temperature for
10 minutes each.

18.Drain excess PBTD, return slides to humid chamber@ace 200-300 microliters of
appropriate concentration of secondary antibodyteid in block.

19.Incubate at room temperature for 1-2 hours.

20.Remove secondary antibody by rinsing slides in PBTidnes at room temperature for
10 minutes each.

21.Drain as much PBTD from slide as possible. Add drap of Vectashield mounting
medium directly onto sections.

22.Carefully place no. 1 thickness coverslip on sliéléow Vectashield to harden at room
temperature for at least 3 hours before imagings@aoint; may place slides in 4°C
for up to 1 week until ready to image.

23.Image on confocal or fluorescent microscope.
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Annex 8. cugbpl promoter sequence and location

Gene ID: ENSDARG00000005315
Transcript ID: ENSDART00000018448

Exon3 CATTTGACAAAGGCACTGGATGGATAGTATCGAAGCTGAAGCCCHEATABCRAGC

GCAGCACGGGCAACCTCAATGCGA GCTTTCTCTTCCTGCTGIRAGTACCTGCCCTTS
GCGG

Intron3 GTAAGCACACATTCACTTTGTTTTTTATTACCTCAGGGGTGCGAGGRIGATCTA

CAGGTTTTCCCTATTTCAAACAGCTTCTCTTTGAAGCAGGAABSAAGAAACATATAGC
TTTCTTTTATAGAAAAGAAATATGCATGTATGCCATGAGCAGTACCAGATGTCACTGC
GTGGCAGGCAATGATGTCATGGCTGTTTGAATGTATAATTAGE & CAATAGAATGATT
ACACTTATTAATTACGGAACTATCTGTGTTAGAATATTTTTGTGACAATTTGAACTTTT
GTTTCTGAATGTATTACAGCTTTATAGTTTATGCATTTATTTTITCCAGTAGCGAAAAGC
GTTGTAATGCTTTATTTTTAATGTACTTTATTATAGGTTTTTTGATGTTATGTTGAACAA
GACCAATTAATAGACCTTTGCTTGCCTGCGGCTTGTTTTGTTTGACCATTGACTGAAG
GCTTATAACACAACCCTTGTCGCATGACCCCGAGCAGCTTGTIE®CCTCCCTTCCGTC
ACCCCTCCATGCTGGAATGGTGCACGATCCGTGGCCCGTTCGEAXECTGATTGTGTCC
TGGGGGCGCTTCAGCTCAGGGATTACCAGAGAGCTGCCTGT2dTCATTCCTGCCGT
TCACTCACGCTTATCAGCATCGATCTGACACTTTATTTATCTGRACTGCACTCAGTTCT
GCTTTGCTAAGAGAAAAACTCACAAAAAAGTCCCCCTCCATOBACTTTCTTTTGTGGG
ATCAGGGGTGCAGCTTTTAGTGGCCAGTCGGGTCCATCCTABTCAGGCCCAACCCAG
TGACCAGTGCTAGGGCCTGTGTTTGTCATCCAGCTTCGTCGTBECTCTTTGCTCCAT
GTGGATTTGCGTTTTGTGGGGCCTCCTCAGCCTCCATGAGGAGARCTTCCCCGTTCTC
TCCCAGCTGTTCCCATGTCACTTATCACGACTTGTGAACTTTGAGACATTGTACTTAA
CGGATAGTTGCTGTTGAAGTGTGAGCCGGTCTGCTGTTTTTARGTGTCACCGTTCAT
TTGAGACTTGCTAATTGCTGAAGGCCTGAAGANA AATGGCTTATT....... CTGTAG

Primers used to amplify the 1152bgugbpl promoter

Primer 1: 5'-gtacaggtaccgctttctcttcctge

rengion =y

—

Kpnl
5-gtacag BB tctcttcctgc-> "

ttggagttacgctcgadagagaaggacgacac

F1 | F1i |

Promoter
location

Nnnmmn 5 ... GTACAGGTACCGCTTTCTCTTCCTGC

bz |

3 ... CATGTCCATGGCGAAAGAGAAGGACG

Kpnl
Promoter
Primer 2: 5'-gtagacactagtttcttcaggccttc
Spel
' site
I—I
<-cttccggacttctitgatca S
T [
Ctgaaggcctgaagaaaatggcttcctttaag 5 ... GTAGACACTAGTTTCTTCAGGCCTTC
FL 1o ! k2o |

... CATCTGTGATCAAAGAAGTCCGGARG

Promoter spel

.37

.37

.37

.97
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Annex 9.RT-PCR Morpholino Activity

A. Morpholino disrupted splicing by removing exon4

Exon 4 (188bp)

A 4

| primer for RT-PCR
AAGCAAGAABT CAATEEGTCTCTGGACCACCCAGACCAGCCCGACATTGATTCTATAAA
GATGTTTGTGGGTCAGATCCCTCGGACGTGGTCAGAGGATCAGGGGEITGSA
GCCCTATGGTGCAGTTTATGAAATCAATGTICTTCGTGACAGGAGKTZGRRACA
GAGTAAAG

Intron 4 (289bp)

Exon 5 (83bp)

GCHFGTHFCTHFGTCACATATFACACCCCTAAGTCTCCATTAGAAGCBACBARTIC

ACAACATG/ SR G

'Y

» Splice junction of
Intron 5 (240bp) R and exonsfintrons

- where MO binds
meaa!aateeaﬂmm‘"wc* gigtegtea—
aatgaeetggeaﬁetaeeaaﬁta&geﬁ:ﬁaaaaatnnnfﬁafcfafa agnnr\afaf
Exon 6 (49)
ATGCATCATCCCATACAAATGAAACCTGCAGACAGTGAGAAARAACAATG

| ~ Region recognized by
- primer for RT-PCR

In silico PCR Primer(s) search for: 2
1 5'-atgaatgggtctctggaccac
Position: 11->31 21bp  100%
5-atgaatgggtctctggaccac->

(T
tctacttacccagagacctggtgggtce
2 5'-cattgtttttctcactgtctgcagg
Position: 213<-237 25bp  100%
<-ggacgtctgtcactctttttgttac-5

aacctgcagacagtgagaaaaacaatg
1 5'-atgaatgggtctctggaccac
2 5'-cattgtttttctcactgtctgcagg

PCR product size: 227bp

*Blue Outlines: regions amplified by RT-PCR.
Cross-out: regions deleted by splicing.
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Annex 9.RT-PCR Morpholino Activity

B. Mismatch morpholino did not disrupt splicing

Exon 4 (188bp) | ~ Region recognized by
AAGCAAGAABT CAATGGGTCTCTGGACCACCCAGACCAGCCCGACATTGATTCTATAAA
GATGTTTGTGGGTCAGATCCCTCGGACGTGGTCAGAGGATCAG GBI TGSA
GCCCTATGGTGCAGTTTATGAAATCAATGTTCTTCGTGACAGGAGIEZGEBACA
GAGTAAAG
Intron 4 (289bp)
Exon 5 (83bp)
GITGTTGTTITGTCACATATTACACCCGTAAGTCTGCATTAGAAGBAGERETTC
ACAACATGA GG

'

- Regions recognized
intron > (2400p) by MO, but not by MM

L4
—tﬂ'aﬂ'afah\aafnah\naﬂaaﬂ'ntcctgt gtgtegtca—
W@M@M&thnfﬁafcfafa acr\nr\afaf
Exon 6 (49bp)
ATGCATCATCCCATACAAATGAAACCTCCACACAGTCAGARAAACAATG

|  Region recognized by

In silico PCR Primer(s) search for: 1
1 5'-atgaatgggtctctggaccac
Position: 11->31 21bp  100%
5-atgaatgggtctctggaccac->
[
tctacttacccagagacctggtgggte
2 5'-cattgtttttctcactgtctgcagg
Position: 296<-320 25bp  100%
<-ggacgtctgtcactctttttgttac-5
AR ARR

aacctgcagacagtgagaaaaacaatg

1 5'-atgaatgggtctctggaccac
2 5'-cattgtttttctcactgtctgcagg

PCR product size: 310bp

*Blue Outlines: amplified regions by RT-PCR.
Cross-out: regions deleted by splicing.
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Annex 10.BrdU+ cell counts
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