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Abstract

The earliest steps of axisrfoation in zebrafish are thought to be regulated by
maternal factors, for instance, that activate WQtatenin signaling to specify the dorsal axis.
It was previously showthat asymmetric localization of maternal transcripts of the conserved
zebrafish T&-b factor, Squint $qtNodaltrelated 1, Ndr}, in 4-cell stage embryos predicts
the position of the future embryoniorsal, precedindorsalnuclear accumulation df
Catenin(Gore et al., 2005)rhenodalgenes are classically involved in mesoderm and
endoderm formation, leftight axial patterningneural patterning and stem cell maintenance
However, ell ablations and antisense oligonucleotides that defhgtiead to dorsal
deficiencies, suggesting that localized matesgaRNA functions in dorsaspecification.

Due to discrepancies between the germatdal mutants and the ablations/antisense knock
down results, the function and mechanism of matesugialas debate@Bennett et al., 2007;
Gore et al., 2007)n this study, show thasqtRNA hasactivity independent dbgtprotein

in dorsal specification. Surprisingly, ovexpression of mutant/necodingsqtRNA and
particularly, thesqt3 8 UT R, | eads t o b-Catecimpestie eutleiand mb e r
expands dorsal gene expression. Dorsal i¢tof sqtRNA requires Wn-Catenin but not
co-receptorOepdependent Nodal signaling, explaining the discrepancy betweeodad
signalingmutants and the morpholino phenotyp&iso, depletion of maternagtRNA
abolishes nucledr-Catenin, providig the mechanism for the loss of dorsal in the morphants,
and places activity of maternsdjtRNA upstream ob-Catenin. Remarkably, this loss of

early dorsal gene expression can be rescued Izgti3ed UT R s eMydirings e s .
identify new norcoding furctions for thenodalgenes, and support a model whersh

RNA acts as a scaffold to bind and deliver/sequester maternal factors to future embryonic

dorsal.

of
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1.1 Symmetry breaking and pattern formation

Symmetrybreakingandpattern formatiorarefundamentapropertesof biological
systems. Be it a single cell or an architecturally complex multicellular organism, generation
of polarity paves the route to achieving subsequent functional complexity. In the blogic
context, polarity is crudely defined as #fithe
of struct ur dCveatlalol®I Aparhfrora genesatingsymmetric axes ian
adult organism, cell polarity alggays a role irboth individual and collective cell
movements during embryonic development sucemisoly, invagimtion andapical

constriction.

At different developmental time points, each cell of an embryo can either be specified
or determined. The former scenario is reversible, whereas the latter situation is irreversible.
The phenomenon of specification can beler classified into two main types, autonomous
and conditional. An autonomously specified cell will assume a fate dictated by the
cytoplasmic determinants it contains, regardless of the surrounding environment it is in. The
first demonstration of autemous specification was done in 1887 by Laurent Chabry, who
made use of tunicate embryos which have a small number of cells and relatively few cell
types. He observed that embryos with certain cells ablated lose only structures that were
normally formed fom those destroyed cells. Also, when he separated cells and grew them in

isolation, those isolated cells still gave rise to their specified structures.

On the contrary, a cell undergoing conditional specification develops according to
positional cues proded by neighbouring cells or morphogen gradients. In other words, the
commitment of such a cell to a certain fate requires interaction with its environment. In 1892,
Hans Driesch separated sea urchin blastomeres from each other-aethsgtdye and
suprisingly found that each of the blastomere was capable of generating a complete larva by
itself. He then extended his analysis toedl and 8cell stage sea urchin embryos, and found
that some of the separated blastomeres regulated their developrmemt arttire larva,

although each larva is not identical to one another.

Although simple as it seems, the making of a multicellular organism from a spherical

egg involves more complex intertwining of the two themes of autonomous and conditional



specificaton. During specification, some of the prevalent mechanisms include RNA

localization, unequal cell divisions, extrinsic morphogen cues etc.

1.2 Mechanisms of axes specification in invertebratesd vertebrates

1.2.1Caenorhabditis elegans

The freeliving nonparasitic soil nematod€aenorhabditis elegangs a popular
experimental model with researchers, given its short embryogenesis period (about 16 hours),
transparent cuticle and ease of hougkgnyon 1988Wood 1988 Donald 1997. Having
exactly 959 somatic cell§. elegasHentire cell lineage has beerapped, with little
variance across individuafSulston et al. 1983

The unfertilizedC. elegan®gg begins as a single cell with no obvious asymmetries.
Upon sperm entry, cytoskeletal growth nucleated by its centrioles gives rise to cytoplasmic
movements that ¥position Pgranules to the posterior end of the emi(iwvd and White
1993 Goldstein and Hird 199&Kemphues and Strome 199t genetic screens conducted
to identify regulators of cytoplasmic partitioning@ elegangmbryo, a group of genes
calledpar (partitioning defectiviegenes were discovered from mutants @igiplg early
defects in asymmetrfKemphues et al. 198&irby et al. 1990 Morton et al. 1992Cheng et
al. 1995 Guo and Kemphues 199&emphues and Strome 99. PAR-1 to-6 encode six
different proteins that function cooperatively to compartmentalize maternal regulatory factors
(Bowerman and Shelton 199%/allenfang and Seydoux 200@or example, translational
regulators contained in P granules eventually segregate into germ cells, following their
localization to posterior cytoplasm immediately after ferdilion(Strome and Wood 1983
Hird et al. 1996Amiri et al. 2M1; Smith et al. 200ANang et al. 2002 This process
requires an intact microfilament cytoskeleton because Cytochalasin D treatment resulted in
aberent phenotypes such as fireverse (iddndri tyo,
Strome 1990

Following the establishment of the antespasterior (AP) axistwo distinct ells, AB
and P granulesontaining P1 arise from thigst asymmetric cell divisionThe AB cell
divides symmetrically in a direction perpendicular to the AP axis, giving rise to two
equipotent cells, ABa andBY (Figure 1.2.1) This positioning is also ndéated by



asymmetrically distributed PAR proteins, which influence the placement of mitotic cleavage
spindleg(Cheng et al. 199%FtemadMoghadam et al. 1999 'sou et al. 2003 In contrast,
polarity of PAR proteins is restablished in PBasham and Rose 199@ichler et al. 2000
Munro et al. 2004 causing P1 to divide asymmetrically into two daughter ceNtS nd

P2. By the 4cell stage, ancestral cells leading to different lineages become precisely
positioned, as a result of a combination of factors inaglwitotic spindle positioningas

well as,spatial constraints exerted by the chorion. ABa cell fdimasanterior pharyngeal
tissue, whereas the dorsalbcated ABp cell forms the hypodermis and neurons. At the
posterior, P2 blastomere gives rise to-goeninantly gerrdine tissues. Its mitotic sibling,
EMS cell, defines the future ventral region of émbryo, forming muscle and gut cells. The
intricate positioning of those cells allow for subsequent fortification of the densival

(DV) axis because GL-R receptor is only selectively expressed in AB c@igans et al.
1994, while P2 blastomere expresses the corresponding ARgand(Mickey et al. 199k
This results in asymmetric activation of GIIRn ABp cell which physically contacts P2 cell,
thereby inducing dorsal fates in ABp cell's progéviango et al. 1994Mello et al. 1994
Moskowitz et al. 1991



anterior € —» posterior

Figure 1.2.1Generation of founder cells in the earlyCaenorhabditis eleganembryo. Anterior is to the left,
posterior to the right, dorsal is up and ventral down in this arslibfiequent figures. The getime precursors

(P cells) areshown outlned with blue. Each of the founder cells generated by asymmetric divisiondarated

with a different color. The founder cells each display a characteristic cell cycle rate and lineage: The AB lineage
produces hypodermis, neuromasiterior pharynx andther cell types; MS produces the somatic gonad, muscle,

the majority of the pharynx, neurons and gland cells; E produciegestine; C produces muscle, hypodermis

and neurons; D produces muscle;i®the gerrdine precursor. The t6ell embryo showm (E) is simplified

and does not show the daughters of the 4th AB cell division, which ocapgrakimately the same time as the
P3division. (adapted from Worm Book)



1.2.2Drosophila

The next example of an invertebrate model syst@msophila hastraditionally been
used to teach Mendah genetics and study inheritance of traits. The ease of breeding, rapid
embryonic growth and external development makes it very amenaitpdamentations
Drosophilais one of the few organisms whose entire geeds decipheredarly (Adams et
al. 2000 and many genes have been identified. In addition, mutants are readily available
using both forward and reverse genetigsrapchegBourbon et al. 20025t Johnston 2002
Bellen et al. 2008t In fact, thel995Nobel Prizewinning screen performed by
ChristianNussleirVolhard and EridVieschaus in 198(NussleirVolhard and Wieschaus
1980 led to the identification of many genes atwved in segmentation and polarity, which

also have conserved pivotal functions in higher vertebrates such as mammals.

Prior to the knowledge ddrosophilagenet i cs, observations frc
hinted at the presence of morphogenetic gradiara®rosophilaoocyte. Using classic
embryological techniques, Klaus Sander discovered that halving the ooogietsaly very
early-on in oogenesis gave rise to strictly anterior and posterior pieces of the embryo, with no
middle body segments. Theniger the egg was allowed to develop, the two separated halves
of the embryo increasingly retain the capacity to pattern middle body segments. This simple
set of observations suggests that positional information provided by two ends of the
Drosophila egg @anize embryonic AP patterning. The nature of the positional information
was soon uncovered to be mRNASs, as ultraviolet and RNAse treatment of the anterior pole

resulted in embryos lacking head and thoracic segni€atedlerSinger and Kalthoff 1976

Through recessive female sterile screens conduct@riret al. 1989Schupbach
and Wieschaus 198%chupbach and Wieschaus 193ke identitis of several maternal
effects genes involved in different spatial and temporal aspects of oogenesis were revealed.
Subsequent research indeed supports mRNA localization as a prevalent theme for pattern
formation duringDrosophilacogenesis. IiDrosophilg its AP axis is entirely patterned by
maternal products, namely Bicoid, Hunchback, Nanos and Caudal, whose mRNAs are
deposited by nurse cellRiechmann and Ephsai 200). The anterior localization ddicoid
MRNA i s an active process that is dependent
Exuperentia and Swallow proteins. Tihieoid mRNA-containing ribonucleoprotein complex
(RNP) is tethered to the minus eraighe microtubule cytoskeleton via Dyn€ibha et al.



2001J). Upon fertilization, translated Bicoid protein diffuses from the anterior pole, forming a
gradient alonghe longitudinal axis. High levels of Bicoid at the anterior pole translationally
repress uniformly distributecaudalmRNA, such that posteriorizing Caudal protein is
restricted to the opposite e(@@han and Struhl 199Wu and Lengyel 199&8\iessing et al.
2000. Bicoid further fortifies anterior fates by enhamgithe transcription diunchbaclat

the anterio(Driever and Nussle#volhard 1989 Struhl et al. 198p

Similar tobicoid RNA, nanosRNA is actively sequestered and translated at the
posterior end of the Drosophila oocyte in a process that involves several other proteins such
as Oskar, Staufen, Vasa gilcehmann and Nussleiviolhard 1986 Schupbach and
Wieschaus 198@-errandon et al. 1998rendza et al. 20Q00Nanos protein forms a diffusion
gradient emanating from the posterior pole, and cooperates with Pumilio to inhibit translation
of uniformly distributed hunchback RNA by a deadenylation mechalismitz 1988Barker
et al. 1992Wreden et al. 19970n he other hand, Pumilibound hunchback transcripts are
translated normally at the anterior end. Taken together, AP axis in Drosophila is initiated in
the syncytial egg by asymmetrically localiz@doid andnanostranscripts, whose protein
products form dfusion gradients that further regionalize the embryo in a concentration

dependent mannéFigure 1.2.2)

Next, the establishment of DV polarity is mediated by a gradient of Dorsal protein, a
transcription factor. ABrosophilagenes are named based ogitimutant phenotypes, the
wild-type function of Dorsal protein is to specify ventral fdfesth et al. 1989Rushlow et
al. 1989 Steward 198p Unlike Bicoid, Dorsal is initially uniformly distributed throughout
the embryo, and differentially translocated into nuclei of ventral cells upon receiving
asymmetrt cues. It was discovered that these cues result frorsadeflignalling events
initiated by Gurken protein, whose transcripts are restricted in an attesal fashion
(Schupbach 198 Forlani et al. 1993NeumanSilberberg and Schupbach 1993
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Figure 1.2.2 A model of anteriorposterior pattern generation by theDrosophilamaternal effect genes(A)
Thebicoid, nanos hunchbackandcaudalmRNAs are placed in the oocyte by the ovarian nurse cells. The
bicoid message is sequestered anteriorly; the nanos message is sent to the pokte(B) Upon translation,

the Bicoid protein gradient extends from anterior to posterior, while the Nanos protein gradient extends from
posterior to anterior. Nanos inhibits the translation otilnechbacknessage (in the posterior), while Bicoid
prevents the translation of titaudalmessage (in the anterior). This inhibition results in opposing Caudal and
Hunchback gradients. (adapted from Developmental Biolodyetition, Scott F. Gilbert)



1.2.3Tunicates

Tunicatesare members of the Tuniea a subphylum of the phylum Chordata. They
havea simplesaclike body structurend are evolutionarily related to vertebraidse
phenomenon of autonomous specification was first observed in tunidates isolated
blastomeres gave rise to cell tymgtermined by their cellular content, independent of the
physical environment they are Both the DV and AP axes of tunicates are established at the
onset of embryogenesis by a common mechanism datgaiasmic segregatiomwhich
refers to the dramatie@arrangement of egg cytoplasm to achiever the aim of regionalization.
This process is triggered by growth of the sp@rastral microtubules, accompanied by
calcium ion waves that result in thentractionof cytoplasm at the animal pal8awada and
Schatten 198%peksnijder et al. 1990Bpeksnijdeet al. 1990aRoegiers et al. 1995It is
possible to visualize movements of the ooplasm using regular light microscopy because most
tunicate eggs have distinctly colored ooplasm, namely eldagasm containing vesicles
and fine particlesgrey-coloredendoderm containing yolk platelets, ayedlow-colored
myoplasm containing pigment granules, mitochondipals and endoplasia reticuum

(Zalokar and Sardet 198Kawamura and Fujiwara 1994

Prior to the first mitotic cleavage, the DV axis is already evident from the presence of
ayellowAicytmpd apodo at the veget al pole. Surgical
embryogenesis produces embrtfagt neither possess a DV axis nor enter gastrulation.

Hence, lhe location of the cap dermacates the region fated to be dorsal and is also the site o
gastrulation initiatior{Bates and Jeffery 198 #ollowing the formation of the DV axis, the

ooplasm underges a secontearrangementhich further confines the yellowigmented

myoplasm to aubequatorial zoné¢ obser ved mor phogi camarkingas a f
the future posterior of the embr{dishida 1994. Removal of this posterieregetal

cytogdasm (PVC) inhibits formation of the AP axis, whereas transplantation of this cytoplasm

into an embryo devoid of the yellow crescent was sufficient to induce AP patterning. These
observations made from surgical manipulations in the tunicate embryos shgtjesaternal
determinantsvith inductive capabilities, are apportioned to different regions before the first
mitosis(Nishida 1994 Nishida 1998.

Since mRNA localization is commonly used in other systems to create polarity,

tunicategesearchers attempted to identify possible asymmetrically localized maternal



MRNASs that may be responsible for axis indoctiUsing microarray, a large number of

mat er nal MRNAs (postplasmic/ PEM RNAs) 1l ocal.i
(Yoshida et al. 19965asakura et al. 19988asakura et al. 1998slakabe et al. 2001

Nakamura et al. 2003The function of these PEM RNAs in AP axis formation was further

studied using overexpression and knockdown experiments. It was also demonstrated that the
B30UTRs of those RNAs have oraadgtranslatio(Brodgnet ol es i
al. 2007%.

1.2.4Xenopus

Xenopuss an excellent model organism for studyhiglogy because of its ease of
breeding and maintenance in the (Blawid and Sargent 1988n the 1930sXenopusvas
mainly used for physiological studies. Lancelot Hogben establisbedpusas one of the
wor |l doés f i r itbeqgause g discoverad thisedusman chorionic gonadotropin
(hCG)-containing urine of pregnant women can caxiseopudemales to ovulate.
SubsequentlyXenopusose in status as a good model organism for developmental and
molecular biology because it lays many large (~1 mm) egusjs amenable to
microsurgical and microinjection techniques. In fact, most of what is known about vertebrate

development iglerivedfrom studies usingenopus

At the point of egg laying, the matuXenopusocyte has a prdetermined
pigmented amnal pole and clear vegetal pole. It is radially symmetrical around its animal
vegetal (AV) axis. The animal pole contains the nucleus and maternally deposited RNAs and
proteins, whereas the vegetal pole consists of mainly yolk granules and nutritioriyfor ea
embryogenesis. Owing to the pigmented cytoplasm that separates the two hemispheres, a
process known as fAcortical rotationo which g
readily observabléVincent et al. 1986Vincent and Gerhart 1987Upon sperm entry, the
sperm centrioles nucleate the formation of a
cytoplasm, causing microtubule motors to move along parallel microtubule arrays, resulting
in a 30 shift of the cortical cytoplasm relative to the inner cytoplasm, towards the sperm
entry point(Vincent and Gerhart 198Elinson and Rowning 1988louliston and Elinson
1991a Houliston and Elinson 1991kVeaveretal. 2003 The f@Agray crescent o
the future dorsal side of the embryo and it has been shown that blocking cortical rotation by
methals such as UV irradiation, nocodazole treatment etc. prevents its formation, and thus
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disrupts DV axis specificatiofiGerhart et al. 19891t was then hypothesized that the process

of microtubuledependent cortical rotation possibly translocated dorsal determinants.

Diffuse black Pigmented
“gray” pigment cortical
cytoplasm
Point of \ yiop
sperm entry\
Sperm | Gray
S x \
centriole 5 | (" crescent
UV t J
\ 30°

Microtubules \\\

/‘/ H
Inner \'—\’ cortical
cytoplasm Shearzone  cytoplasm

Figure 1.2.4The phenomenon of cortical rotation in a rwly fertilized Xenopus egg.Schematic of the

crosssection of an egg midway through the first cleavage cycle. The egg has radial symmetry about its animal

vegetal axis. The sperm has entered at one side, and the sperm nucleus is migrating inwargxThe cor
represented is like that 8fang with an unpigmented vegetal hemisphere. After fertilization, about 80% of the
way into the first cleavage, the cortical cytoplasm rotatésedétive to the internal cytoplasmisplacing

maternal determinants (redtdp Gastrulation will begin in the gray crescent, the region opposite the point of
sperm entry where the greatest displacement of cytoplasm ogrooxified from Developmental Biology, b
edition, Scott F. Gilbert)
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b-catenin was amongst the earlieahdidates for the determinants. Upon injection of
anttsense oligonucl eoti des ( moaaternndNA, flogs , MO) t
embryos develop without the dorsal mesod@d®masman et al. 1994This ventralized
phenotype coul d be r eadi-datgninm&NAc luhagdalsdobgenpr ovi d
shown that t he -cateniecaelzad to the estabishment bf a becondary DV
axis in frogg(Funayama et al. 1995Schneider et al., 1996 reported the asymmetric nuclear
t r ans | o eadnin io dorsa mardinal blastomeres, suggesting activatiomofical
Whnt signalling ther€Schneider et al. 1996Subsequently, Rowning et al. 1997 observed the
translocation of endogenous membréoeind organelles towds dorsal in a microtubule
dependent 4uedenimoelocalized wlith the parallel microtubule arrays at the
future dorsal side of the embrg@owning etal199j). The dor sal-ca¢ehimbi | i za
was discovered to be attributed to the dorsal accumulation of Dishevelled (Dsh) and GSK3
binding protein (GBP§Mil ler et al. 1999Weaver and Kimelman 20D4GBP can bind Dsh
directly (Li et al. 1999 Salic et al. 2000Lee et al. 200IHino et al. 2008 and they act
syner gi st i c achténin, which is®theawise donstargly tdrgeted for degradation
by the combinatorial action of GSK3, Axin and AP{Dst € al. 1996 Farr et al. 2000
Althoughthepresence f downstream compon ecatersnpatiwayt he c ar
hasbeen described, it was only in 2005 when the signalling dorsal determinant wid&ealen
to be Wntl1(Tao et al. 2006 Wholemount RNA in situ hybridization showed that maternal
Xwntl1mRNA localizes to two dorsalegetal blastomeres of arc8ll frog embryo Xwnt11
overexpression and knocown experiments confirmed its involvement in embryonic DV

patterning.

1.3 Axis specification in zebrafish

1.3.1 Zebrafish as a model organism

The zebrafish, Danio rerio, is a tropical freshwater fish lteéongs to the family
Cyprinidae. It originated from the streams in seedistern Himalayadayden et al. 2007
and is also found in streams, rivers and riekl$ of India and Burma. The zebrafish acquired
its colloqui al name due to its striped appea
five alternating bluéblack stripes contain two types of pigment cells, melanophores and
iridiophores, and kiery-yellow stripes contain xanthophores and iridoph¢gehilling
2002. In the wild, an adult zebrafish can grow up to 6.4 cm in length, however it rarely
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measures larger than 5 cm in captiiDeTolla et al. 1996 And in a typical laboratory
setting, zebrafish have a maximal recartife-span of 5.5 yrs, with an average of 3.5 yrs
(Gerhard et al. 2002

In the late 1970s, zebrafish was first introduced as a model organism for studying
vertebrate genetics and development by George Streisinger. It is favoured by researchers due
to its simple husbandry requirements, relative ease of use and developmental similarities to
humans. Female zebrafish typically lay ~328D eggs per clutch. Uponrféization, the
embryo develops rapidgx uteroand major organ precursors appear within 36 hours post
fertilization (hpf), much faster in comparison to similar events in human foetal development.
The early embryo is optically transparent, thereby ex@étgmmenable ta vivofluorescent
techniques to track single molecules or cells through development.

Notably, the zebrafish genome is fully sequenced and large number of mutations that
disrupt embryonic development have been isolated via both formdrcegerse genetic
screens/techniques, making it an ideal proxy for studying the development and diseases of
higher vertebrates using a genetpproach{Mullins et al. 1994Mullins et al. 1996Dosch
et al. 2004 Pelegri and Mullins 20Q4Nagner et al. 2004 In addition, transgenesis methods
are well established in zebrafish, allowing for the fluorestagging, trapping and/or
knockout of genegStuart et al. 1988tuart et al. 199@Bayer and Campe®rtega 1992
Higashijima et al. 19971.ong et al. 1997Kawakami et al. 20Q4Suster etl. 2009. Gene
function can also be analysed using -@eise synthetic oligonucleotides called morpholinos
that function to reduce gene expression by binding to specific trang®¥agsvicius and
Ekker 2000. And more recently, the successful implementation of the engineered nuclease
technology in zebrafish further enhanced the toolkit for studying genes and regulatory
elementgDoyon et al. 2008Meng et al. 2008Sander et al. 2011blwang et al. 201,37u et
al. 2013.

1.3.2 Early embryonic development of zebrafish

A zebrafish embryo develops rapidly. In fact, by 24 hours post fertilization, the basic

body plan is already laid down, and the embryo has a clearly defined aqpesterior and

dorsatventral axis. The early developmental events can be broadly chronicled into seven
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periods: zygote, cleavage, gastrula, segmentation, pharyngula and hétammg! et al.
1995).

The zygote period {0.75hpf) Chorion of the newly fellized egg swells after the sperm
enters through the micropyle. Within the embryo, cytoplasmic streaming begins with non
yolky cytoplasm moving towards the animal pole, separating the animafrgelicytoplasm
(blastodisc) and the vegetal yolk grantiteh cytoplasm. The blastodisc is the region where
discoidal meroblastic cleavage occurs to form the body of the embryo, while the yolk

supplies maternal factors and nutrition to support embryonic development.

The cleavage period (0.7A25hpf) During this ime, rapid synchronous cell divisions occur
in a highly reproducible manner at 15 min intervals. As these cleavages are incomplete, the
cells maintain some connections with each other and some of them also remain connected to

the underlying yolk, allowindor small molecules to transit between them.

The blastula period (2.25.25hpf) Staging of the embryo during this period can be done by
observing the cell size and shape of the blastoderm. Important events such as zygotic
transcription during midblastuh transition (MBT), yolk syncytial layer (YSL) formation and

the emergence of coordinated cell movements (epiboly) occur. MBT begins during the tenth
cell cycle (512cell stage) where the zygotic genome switches on while maternal products get
degraded. Alg at this stage, the marginal layer of blastomeres collapse into the underlying
yolk forming a syncytium with the yolk cytoplasm, termed the YSL. The second tier of cells
next to the previous marginal cells now assume the marginal postion, forming thepege

layer (EVL) cells with no cytoplasmic connections with the yolk. During the later part of the
blastula period, the first cell movement termed epiboly begins in the embryo. Briefly, the
superficial cells thin and spread downwards over the yolk delewdeep cells move

outwards to radially intercalate with the more superficial cells, though the mixing is
incomplete, and the EVL remains as a compartmentalized monolayer. These cell movements

rely on cytoskeletal restructuring too.

The gastrula perio@5.2510.33hpf) Epiboly continues during this stage, accompanied by
more varied morphogenetic cell movements such as involution, convergence and extension.
Collectively, these processes position the three important primary germ layers, ectoderm,
mesodernmand endorderm. Involution begins at about 50% epiboly at the future dorsal side of

14



the embryo, where superficial cells move underneath the margin and towards the animal pole.

By 60% epiboly, a localized thickening called the embryonic shield appear®asemoence

of rapid convergence movements. This structu
dorsal lip.The first cells to involutand move anteriorward®rrespond to precursors of the

prechordal plate. Eventually, gastrulation is deemed compbeieel thespreading cells
completelyengulfthe entire yolk cellAt the end of gastrulatigra thickened structure called

the tailbud forms at the posterior dorsal end ofetimdrya

The segmentation period (10-38hpf) This period is characterized bgmite development,

body axis elongation and precursor formation of primary organs. At the end of this period,

the first body movements of the embryo can also be visualized. Somitogenesis proceeds in a
highly predictable orderly manner of three somiteshoerr, followed by two somites per

hour after the formation of thé"&omite, in an anteriguosterior manner. Simulataneously,

the Kupfferbés vesicle organizer -rigis(LRhener at ed
asymmetry information to the latdiplate mesoderm, placing organ primordial in their

respective postions along the LR axis.

The pharyngula period (248hpf) During this period, the pharyngeal arches of the embryo
develop rapidly such that individual arches become distinguishables peticardial region,

a group of highly refractile cells called the hatching gland cells is also very prominent. The
embryo continues to lengthen along its AP axis, however, with a reduced rate. In addition,
fins start developing, circulatory system sfartctioning, and pigment cells start

differentiating. Also, the embryo will exhibit a marked behavioural change due to increase in
tactile sentivity.

The hatching period (482hpf) Thisrefers to the period of time whéme larvae start

hatching out ofltechorion.As the time of hatching varies between individuals within and
amongst clutches, it is typically not useful as a staging index. By this time, organ
morphogenesis is mostly completed with the exception of the digestive system. Over the next

few days, the gut and its associated structures will mature once the larva start to feed.
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Figure 1.3.2Schematic representation of zebrafish development from th8ygote Period to the mid-
Segmentation Period(A) Zygote period0-0.75 hpf) (B-G) Cleavage period (0.73.25 hpf). (HP) Blastula
period (2.255.25 hpf). (QU) Gastrula period (5.250 hpf). (\-Z) Segmentation period (124 hpf). (modified
from Kimmel et al., 1995)
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1.3.3 Maternal factorsand eventsin early embryonic polarity

One of thecrucial steps in embryogenesis is the early determination of the various
body axes, upon which the body plan can be laid on. However, prior to that, an important
process termed oogenesis is indispensable. During oogenesis, maternal products build up and
gets stored in the maturing oocyfelman et al. 1993During the primary growth phase
(Stage 1A and IB), chromosomes decondense and DNA becomes highly extended with
characteristic loops protruding laddly. This morphology is characteristic of active
transcription and in fact, maternal RNAs begin to be synthesized rapidly during this time,
leading to a gradual increase in oocyte volyBeumeister 1973 Subsequently, the oocyte
contacts its surrounding follicle cells, forming eedlll junctions that permit the uptake of
small mdecules by the oocytKesseletal. 1985To f ul fi | the gy owing o
requirements, mitochondria start to accumulate, and together with other structures such as the
Golgi, endoplasmic reticulum, they formanelecttbe ns e finuageod, whi ch i s
germline determinatio(Kessel et al. 1984 The next stages (Stage Il and Ill) involve the
massive accumulation of protein and lipids necessary for egg activation and embryogenesis.
In particular, the major yolk protein, vitellogenin, gets deposited in the wbigte it will be
assimilated by the growing embryo before it can feed independently. Finally, oocyte growth,
which encompasses production and uptake of maternal factors, terminates during the final
step of oocyte maturation (Stage 1V). Morphologically,step is characterized by the
translocation of the germinal vesicle towards thedarmined animal pole and the arrest of

meiosis Il metaphase stage.

A mature zebrafish oocyte is radially symmetrical around its anmgtil (AV) axis.
Its DV axis ony becomes morphologically evident at 6 hpf with the appearance of the
embryonic shield. Howevethe molecular events that lead to that happen much earlier during
the early cleavage stages. Several classical surgical experiments, performed in different
teleosts, that remove the vegetabst portion of the yolk produce radially symmetrical
embryos that do not have axial structui@ppenheimer 193@lizuno et al. 19990ber and
SchulteMerker 1999. It was observed that performing the same manipulation at later stages,
progressively lead to weaker DV defeit the embryo, thus suggesting that the vegetal
region of the yolk contains maternal factors that function in DV axis specification.
Reinforcing this idea is another set of experiments from Jesuthasan and Strahle, which shows
blocking of microtubule polyerization using nocodazole in a newly fertilized embryo gives
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rise to severe ventralization, whereas the same treatmeft bns post fertilization did not

lead to loss of dorsal axial structuf@ssuthasan and Stahle 197

The initial vegetal localization followed by subsequent translocation of the dorsal
determinant irteleosts seem reminiscent of the dorsal axis specification procésaapus
It is known that the sperm entry pointfienopugletermines the future dorgalgionof the
embryo via the process of cortical rotatidincent et al. 1986Gerhart et al. 1989
However in zebrafish, the sperm enters through a micropyle, whose position is fixed on the
chorion at he animal pol¢Hart and Donovan 1983And it is only recently that processes
similar to cortical rotation is discovered through the displacement of parallel microtubule
arrays(Tran et al. 201Rand proteins e.g. SyntabuliNojima et al. 201)) These events
culminate in the local activation of the canonicaltiifcatenin pathway, exemplified by the
appearance of nucletcalizedb-catenin, a transcription factor that positively regulates the

expression of dorsapecific transcripts such dharma/bozozolEekany et al. 1999

1.4 Research objectives

In zebrafish, nucleas-catenin accumulation in cells destined to become dorsal begin
as early as the 12&ll staggSchneider et al. 199®ougan et al. 2003However, unlike the
situation in Xenopug¢Tao et al. 200p the mechanism by whidicatenin gets stabilized and

enter the nucleus to activate dorsal gene expression is still unclear in zebrafish.

A large number of maternal RNAs become differentially distributed &dtglization
(Figure 1.4)YHowley and Ho 2000 Some RNAs do not show specific localization in the
blastomeres e.gyclinB (Howley and Ho 200)) whereas others likeasaandnanoslocalize
to the cleavage furrow®lsen et al. 1997/oon etal. 1997 Knaut et al. 2000Koprunner et
al. 2001. In 2005, our lab reported the asymmetric localization of a mategualtRNA, a
member dthe Transforming Growth Factbrsuperfamily(Gore et al. 2006 The protein
form of members of this family have been shown to be essenaigblethora of processes
such aglorsal organizer formation, mesendoderm induction,qesrgystem patterning,
anteriorposterior andeft-right asymmetry specification et.evin et al. 1995Cadllignon et
al. 1996 Lowe et al. 1996Sampath et al. 199Bampath et al. 199&chier and Shen 2000
Thisse et al. 20Q(®chier and Talbot 2001Depending on their innate propertieg.estability,
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these secretemiorphoges can act locally or at a distan¢#ones et al. 199%hen and Schier
2001; Williams et al. 2004Le Good et al. 20Q5Tian et al. 200Bupon binding tAActivin
reeptors and coeceptorgGritsman et al. 1999%ritsman et al. 20Q0transmitting
activation signals tlmugh Smads and other transcription factors e.g. F¢8H&n and Schier

200Q Yeo and Whitman 20Qlactivating @wnstream target genes.

Through wholemount RNA in situ staining, endogenaagt RNA shows punctate
localization inone ortwo cells of a fouicell stage embry{Gore et al. 2006 Using
fluorescentlylabelled synthetisqtRNA, Gore et alwas able to visualize and reconstitute the
transport o6gtRNA from the yolk to thévlastoderm and its final localized position. Upon
morpholinegbased knockdown of materradtRNA or ablatingsqtRNA-containing cells,
embryos develop with a los$ dorsal axial structures, similar to the ventralized phenotypes
observed in Wnb-catenin signallingleficientichabod(ich) mutantgKelly et al. 2000. This
makes localized maternsgitRNA an even earlier marker of embryonic dorsal than nuclear

b-catenin.

However, as maternalygotic genetic mutants sfjt(MZsqf that are presumably
protein nulls(Feldman et al. 199&Io not display the severe dorsal deficiencies manifested
by the morphants, materred® s r equi rement and functi on
contentiougBennett et al. 20Q7Gore et al. 2007 In this thesis, | aim to 1) address the
requirement of localized materrajuintRNA and 2) analyze the mechanisimmaternakqt

in early DV specification.
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Figure 1.4 Shematicrepresentation of Nodal pathway.Nodal signalling is activated when Nodal ligands
interact with the Activin receptors and E&R-C careceptors, and inhibited by Leftydodal signalling is
transmitted intracellularly via the phosphorylation of Smad2/3, which then associates with Smad4 and
transcription factors Fastl and Mixer, to activate downstream target gene expression.
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CHAPTER | I:
MATERIALS AND METHODS
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2.1 Zebrafish embryo and larval cultures

All experimental procedures involving adult zebrafish and embryos were carried out
in accordance with the guidelines slated by the Institutional Animal Care Use Committee
(IACUC) at Temasek Lifesciences Labarat

2.1.1 Zebrafish maintenance and strains

AB wild-type (Johnson et al. 1994nd MZsqf=® Mzsqt™"® Mzdicer™™*®
MZoep®’and homozygough®* mutant fish were maintained at 2&5in the fish faciliy
(Westerfield 200Y. To prepare fish for mating, pairwise crosses were set up in 2L crossing
tanks fitted with separators the evening before. Next morning, the separators were removed to
allow natural mating. Embryos were colied within 10 minutes of egigying using a sieve,
and transferred into E3 mediuma85 mm petri dish. If no injection or drug treatment was
required, embryos were immediately incubated at°28ekd staged according to hours post
fertilization (hpf) adescribed in Kimmel et al, 1995.

2.1.2 Genotyping

The mutants MEqf=>MZsqt"™”® and MZoepg®’ were available in lab stocks. Their
genotypes were determined by polymerase chain reaction (PCR), using primers described in
(Feldman et al. 199&hang et al. 199850lling et al. 2002respectively. To genemfish
with germline homozygous fodicer™ "

used(Ciruna et al. 2002(to be detailed irbection 2.1.y. Adult female zebrafish that has

mutation,thegermline replacement techniqueas

undergone the transplant were-cubssed to WT AB zebrafish. The embryos obtained were
visually screened at 24hpf fdicer phenotype and then individually lysed to confirm

genotype by PCR. Thaicer715

mutation can be detesdd by PCR and sequencing as
described in the Zebrafish Mutation Resouta#p{//www.sanger.ac.uk/cgi
bin/Projects/D_rerio/mutres/mutation.pl?project_id=1177&mutation_idx320
Homozygousch™ mutant females were identified by exrbssing with WT AB zelafish
(Kelly et al. 2000 Bellipanni et al. 2006 The mutant females used in this study yielded
100% radhlized embryos lacking a head, notochord and with little trunk develop(Kelhy

et al. 200QBellipanniet al. 2008.

22



2.1.3 Microinjection into mature oocytes and embryos

Microinjection was performed using needles with fine tips pulled from borosilicate
glass micrecapillaries using a-®7 Flaming/Brown Micropipette puller (Sutter Instruments).
The micracapillaries used have an outer diameter (O.D.) ofriDand inner diameter (1.D.)
of 0.58mm with filament (Sutter Instruments). After filling the needle from the rear using a
fine pipette tip, it was fitted to a microinjection setup that comprisesrot@manipulator
(Narishige) attached to a pressure injection system (Harvard Apparatus). Next, the tip of the
needle is clipped with a pair of forceps, and the injection drop size measured usimg a 1
stage graticule slid&eforeinjection, oocytes orrabryoswere linedon ramps mouldeih
2% agarose/E3 medium ir8& mm petridish. Typically, 1-2 nl of solution was injectethto
each oocyte or embryo. To obtain mature oocytes, adult female WT zebrafish were
anaesthetized in 1X Tricaine/E3 medium (Sigb@d.#A5040), rinsed briefly in clean E3
medi um and da b-foldpapedtowel. Next,ithe fgpmabesS placedn a clean,
dry 85 mm petri dish, and gentle pressuvas appliedn the belly in an anterigo-posterior
direction to expel mature oo@g from the body. Mature oocytegrekept inactivated during

injection with 1X HanksPlus.

2.1.41n vitro fertilization

Injected oocytes were fertilized loyvitro means. Adult male WT zebrafish were
anaesthetized in 1X Tricaine/E3 medium, rinsed lyriefclean E3 medium and dabbed dry
u s i n-fpld paPed towel. Next, the makeasslotted headirst, ventratup into a slit cut
into a soft sponge. Using a miecapillary to tease apart the anal fins, gentle pressure was
applied just under the anal éifn an antericto-posterior direction to collect the sperm. The
collected sperm was transferred immediatelyinte30 of f et al bovine ser.
Cat.# F0926) and stored on ice. To begiwitro fertilization, the sperm/FBS suspension was
added ¢ the oocytes, followed by 1@01 -tuffer dnd mixed well. After 30 seconds,
sperms were activated ltye addition o250¢ | of fructose egg water.
incubated at ambient temperature for another 2 minute 30 seconds. After fertilization,

embryos were incubated at 28&in E3 medium.
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2.1.5 Adult fish dissection

To obtain whole ovaries for total RNA extraction, adult female zebrafish were
sacrificed. After anaesthetizing the fish with 1X Tricaine, it was rinsed in clean E3 medium
anddabb d dr y -fold papegtow@lThé head wasmaputatel with a sterile scalpel and
the bellywas sniped opeim an anterior to posterior direction. Using a pair of fine forceps
(Dumont No. 5)theskin of the bellywas peeled apart to reveal the abdomtaaity. The
ovary is a whitish mass located next to the swim bladdballoonlike structure

2.1.6 Cycloheximide treatment to block translation

After injection, embryos were manually dechorionated using a pair of fine forceps
(DumontNo.5)in30% Bni eauds sol uti oncoaed @mkmepit i n 1% .
dishes. Cycloheximide (CHX, Sigma C#C4859 was added to the medium at thecHl
stage to a final concentration of i@/ml. The embryos were incubated at 28.5vith CHX
till the 128cellste g e, w h e rcatanio actumaates ib dorsal cells in wiyge
embryos(Schneider et al. 199®ouganet al. 2003. To wash out the drug, the embryos were
transferred to fresh 8ampetridi shes, and rinsed with five <c¢h
solution at Imin intervals. Following this, the embryos were transferred into freshr85
petri-dishes, incubatedt 28.5C, and fixed at oblong stages in 4% paraformaldehyde/PBS for
whole mount RNAN situhybridization analysis. As a control for the drug treatment,
dimethyl sulfoxide (DMSO, Sigma CatD8418) was used in place of CHX.

2.1.7 Germline transplant togenerate maternalzygotic (MZ) mutants

For germline transplant to generate MZ mutants which are otherwise embryonic
lethal, wild-type host embryosvere usedTo create a germline homozygous darer™ "
mutation in the host, host embryos were injeet@t 2-3 ngof deadendnorpholino ¢ind
MO) at 1cell stage to eliminate its own primordial germ cells (PGCs). On the other hand,
donor embryos were obtained by crossing heterozydices" " Ydicer". In order tarace the
transplanted cellglonor embryosvere injected at-tell stage with Tl of 0.1% fluorescein
10,000MW dextranand 80 pg offp:nos3 6 U TaRped RNAAsnanos3 6 UThes3 6 UT R)
wasselectively stabilized in PGCs, GFP expression at 24 hpfed#nke PGCgKoprunner

et al. 2001 Saito et al. 2006 The injected dextran magkall cells in the embryo uniformly.
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After injection, both hostanddoor embr yos were manually decho
solution, and incubated at 28till 512 cell stageBeforetransplant, the transplant ramp

was moistenedi t h 30% Dani eauds sol uti onanddpnerni ci | | i
embryoswere liredin a column, followed by -3 host embryos in each row corresponding to

each donor. Using a transplant needle, approximately 100naksremove@long the

margin fromadonor embryo and ~30 celigere depositedt the same position eachhost.

Therdore, cells from one donor can be transplanted inBoenbryos. After the transplant,

host embryos are maintained individually im&4ll tissue culture dish (1% agareseated),

whereas their respective donor embryos were lysed individually to obtaaimgeDNA for

genotyping. Host embryos that were transplanted with homozyticef""**PGCs were

raise till adulthood.

2.2 Molecular biology technigues

2.2.1 Cloning

For each cloning, plasmid vectors were digested with respective restriction enzymes
and compatible inserts were ligated to it using the Rapid DNA ligation kit (Roche
Cat.#11635379001). Inserts were either generated by polymerase chain reaction (PCR) or by
restriction enzyme digest. Ligation products were transformed into compstemeritia
coli strain XL1-Blue by heashocking at 42C for 1 min 30 seconds. Following a 1h recovery
at 37C in 2x Yeast Extract Typtone (2xYT) media, transformed culture was plated on 2xYT
media agar containing the relevant selection antibiotic, and kepg BiAG incubator
overnight. Colonies were individually inoculated with shaking in selection media for 5h at
37°C, and plasmids were extracted from the bacterial cells using an alkali®based
QIAprep spin miniprep kit (Qiagen Ca#27106). To identifghe right clone, restriction
digest was performed on the extracted plasmid DNAs. The clones were subsequently

sequenced and confirmed.

Plasmids encodinggtZFN1 and sqt ZFN2 nuclease pairs were obtained froaiGen, Inc.
(South Korea ThesqtTALENS target sites were designed using an online tool (TAL
EffectorNucleotide Targeter, TALENT; https://talent.cac.cornell.ed)/To check for
unique targeting sites, BLASand UCSC BLATsearch was performed with the zebrafish
genome assembly (Zv9) ug the &rget site sequencekhe TAL effector repeats were
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constructed from 4 TAL effector single unit vectors (pA, pT"d@&nd pC) using t
assembl y(Bluamgettah20DL

2.22 DNA Sequencing

In this study, sequencing on both PCR products and plasmidwéé performed
using the BigDye® Terminator Cle Sequecing Kit (Applied Biosystems). Firstly, PCR was
carried out using relevant primers on a thermocycler, and the resultant products were scanned
on an automated sequence scanning machine 3730x|I DNA Analyzer 34 (Applied Biosystems).
DNA sequences weinalyzed using softwares e.g. EditSeq, Chromas and Sequencher and

compared with sequences on Ensembl Zv9 database.
2.2.3In vitro capped mMRNA synthesis

Plasmid templates for capped mRNA synthesis were digestedNaitiNew
England Biolabs) and elecpboresed on 0.8% agarose/1XTBE (Tris/Borate/EDTA) gel. The
linearized form was excised from gel and extracted using QIAquick Gel Extraction kit
(Cat.#28706). Next, thia vitro transcription reaction was assembled at room temperature

using components frothe mMessenger mMachine® SP6 Kit (Ambion®).

Linearized template ~1leg

2X NTP/CAP 10. 0¢l

10X Reaction Buffer 2. 0¢l

SP6 enzyme mix 2. 0¢l

Top up to 20c¢l using sterile water.

The transcription reaction was allowed to proceed % 3ar 2h, followedby DNase
1(1.0el added per r°€ cddnmins.Mhe reddtian avas istopped byadding
onefifth volume worth of ammonium acetate. Newly synthesized capped mRNA was
purified via phenol:.chloroform extraction, followed by chloroform extractidme purified
RNA was precipitated using 100% isopropanol overnighi2@C. Precipitated RNA was
pelleted by cold centrifugation at 12,09@nd the RNA pellet was washed in chilled 80%

he

ethanol. After removing the 80% ethanol, the RNA pelletwadraarkd and di ssol ved

autoclaved, DEP@reated (diethyl pyrocarbonate) sterile water. To examine its integrity and
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concentration, 1.0el of the \WRdNlRZR%sampl e was

agarose/phosphatriffer pH6.5 gel, alongside a 6B kb RNA ladder (InvitrogeA™).

Capped TALEN mRNAs wersimilarly transcribedn vitro from 1.0 pg of the
respectiveNotl linearized TALEN expression vectonssingthe SPENMESSAGE
MMACHINE kit (Ambion). To synthesize capped ZFN mRNAstspecific ZFN plasmisl
were linearized wittiXhd and transcribed using T7 RNA polymerase (Promega). RNA was
was postreated with DNase I, purified and resuspended as above,

2.2.4 Anti-sense DIG/Fluorescein labeled probe synthesis
Plasmid templates for antisense RNA prohalsgsis were digested with their

respective enzymes and purified as detailed earlier. The formula fiorthe transcription

reaction is as follows.

Linearized template ~le g

5X Transcription Buffer (Promega) 10. O¢ |l

100mM Dithiothreitol (DTT, lPomega) 5. 0¢

RNasin® Ribonuclease Inhibitor (Promega) 1.0¢l

10X DIG/Fluorescein RNA labelling mix (Roche) 5. 0¢l

T7 RNA polymerase (Promega) 1.0¢l

Top up to 50¢l using sterile water.

After incubating the above transcription reaction for & 37C, the DNA template
was removed by DNase | digest al@7Tor 40mins. The reaction was stopped by addition of
le | oM EDTA @&nd the newly synthesized RNA probe was precipitated overnight at
20°C using 1e | 4 M LiCl,, 1¢ bf glycogen and 106 bf chilled 100% ethanol. The
precipitated RNA was pelleted, resuspended and checked for quality anitycps

described above.

2.2.5 Tall fin-clipping

To obtain genomic DNA fromcadpbt wasoske duoe
performed Firstly, adult fish was anaesthetized in 1X Tricaif@lowed by rinsing with
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fresh E3 medi um b dddpapertodet. Ysing aysterile surgigaltblade,6 C 6
0.5mm of the tail firvas cutbefore returning the fish into the recovery tank that con&2¥ns

E3 medium with 1 drop of methylene blue added to prevent fungus growth. Each clipped fish
had been maintained individualijtil its genotypewas confirmed.

2.2.6 Genomic DNA extraction

Embryos and clipped tail finserelysed in 1X genomic DNA extrtion buffer
(Proteinase K addetid 100 pg/m) at 55C for 5h. After the incubation, proteinase K was
inactivated at 6% for 30mins. To remove debris and proteitisg genomic DNA
suspension was purified through phenol/chloroform and chloroform ertnaantid
precipitated using 100% isopropanol. Next, purified genomic DNA was pelleted by
centrifuging at 8,00@ and the pellet was washed in chilled 80% ethakiter removing the
80% ethanol, the DNA pellet was -airied and dissolved in 5000¢ | o fE pH80. Bbth
guality and quantity of the genomic DNA was assayed on the Nanodrop machine.

2.2.7 Total RNA isolation

TRIzol reagent (Invitrogen) was used to extract total RNA from zebrafish whole
ovaries, mature oocytes and fertilized embryos at vastages of development. Samples
were homogenized in TRIzol (+ glycogen) by pumping through an 18% G needle fitted to a 1
ml syringe. For whole ovary, this ste@mspreceded by grindingf the tissue with a
micropestle. Next, the homogenized samples wengbiated at room temperature for 5 mins
to completely dissociate nucleoprotein complexes -fiftievolume of chilled chloroform
was added to the sample and the mixture was shook vigorously by handséms15
Following a 23 mins incubation at room tem@ure, the mixture was centrifuged at 12,000
g for 15mins at 4C to separate the upper aqueous, interphase and lower organic phases,
which contain RNA, protein and DNA respectively. The Rb#ntaining aqueous phase was
pipetted out into a clean tube, gm@cipitated for 10mins at room temperature using chilled
100% isopropanol. After incubation, RNA was pelleted by centrifuging at 18,6&010
mins at 4C. Upon removing the supernatant, the RNA pellet was washed with chilled 80%
ethanol, and pelletedyain by centrifuging at 7,509 for 5mins at 4C. Finally, the RNA
pellet was allowed to aury briefly before dissolving it in an appropriate volume of RNase
free sterile watefTo remove residugjenomic DNA in the total RNA prephetotal RNA
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was futher treatedvith DNasel. After DNasel treatment, total RNA was purified again
through phenol/chloroform and chloroform extraction. Good quality total RNA runs as three
distinct bands (28S, 18S and tRNA) on gel and measures around 1.9 fegdthAgsbratio.

2.2.8In vitro reverse transcription

ComplementarypNA (cDNA) was synthesized from total RNA using the Superscript
Il Reverse Transcriptase (Invitrogen Cat # 18082). cDNA synthesis was primed with
either random hexamer (p(dfN)Roche Cat # 1034713 or oligodT (p(dT)s, Roche
#10814270001). 56@000ng of total RNA was denatured with 209 of primer in a total
volume of 12.&& | , °Gfor 107nins and quenched on ice for 1 min. Following brief
centrifugation, the following reagents were addethéodenatured RNA and primer mixture

on ice.

5X First Strand Synthesis Buffer (Invitrogen) 6. 0¢l
100mM Dithiothreitol (DTT, Invitrogen) 2. 0¢l
10mM dNTPs (Promega) 2. 0¢l
RNasin® Ribonuclease Inhibitor (Promega) 0.5 |
Sterile water 6. 5¢ |

The reaction mixture was either incubated &CA@or oligo-dT) for 2 mins or 2%C
(forp(dN) f or 5 mins before adding 1. 0¢l of Sup
reaction. Then, the final reaction mixture (36.0 , t er med RT +42CWmll i ncub
30mins. As a control for genomic DNA contamination, ar RE&ction (no reverse

transcriptase added) was performed for every total RNA sample.

2.2.9 Polymerase Chain Reaction

Polymerase chain reacti®(PCRs) werecarriedout with a thermoycler (Thermo
Scientific and BioRad), using polymerases such as GoTag® (Promega), HotStarTaq
(Qiagen), PhusionTaq (New England Biolabs) and Taq (maldeuse), according to
manufacturero6s instructi ons-madeGE®S buileals used i n
general, every new pair of primers was tested for specificity under different PCR conditions
(1.5 mM to 2.5 mM of MgGl, different annealing temperatures).
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2.2.10 Revers@ranscriptase-Quantitative Polymerase Chain Reaction

Total RNA was extracteftom embryos using TRIzol reagent (InvitrogelRpr cDNA
synthesis250 ngof total RNA from WT, MZsgf™®”® and Mzsqt>®*embryos and 250 nof
total RNA from lacZ:glo or lacZ:sqt RNAnjected embryosvereused.In everyl 0 ¢ | PCR
reactionsl ¢ |-str&and ¢D8lA was usedo check for gnomic DNA contaminatigrPCR
was performedo deteciactb2(act), sqt, dharmgdha bozozok voxandvent Following
that,RT-PCR was performed on an ABI 7900HT Fast Reale PCR SystenfApplied
Biosystems) using the comparative i8ethod.In addition, ontrol experiments to measure
changes in €with template dilutions were performed to test whether amplification
efficiencies of targets@t, dha, voxandven) and control &ct) primerswere similar. All

results were normalized #oxt.

2.2.11 Semiguantitative Reverse TranscriptasePolymerase Chain Reaction

Using TRIzol reagent (Invitrogen), both genomic DNA and total RNA were extracted

from single 30% epiboly stagad 2 dpf. (folhtrlab expressiongmbryos obtained from

927k 932+

heterozygousqgft® " andsqf

as template in 20 pl PCR reactions. For fssand cDNA synthesis, 250 ng of total RNA

crosses. For genotyping, 50 ng of genomic DNA was used

was used in a pdNprimed reaction usg SuperScript® Il Reverse Transcriptase (Life
Technologies). 1 pl of firsstrand cDNA was used in 20 pl PCR reactions to detect
expression o$qt ring finger protein(rnf180), 5-hydroxytryptamine (serotonin) receptor 1A
b (htrlab) eukaryotic translabn initiation factor 4E binding protein &if4ebpl)and control

actin (ac).
2.212 In vitro translation

The TNT® SP6 Coupled Rabbit Reticulocyte Lysate System (Promega) was used to
transcribe and translate from the following plasmid templa@s2+, pG2+sqi-L:sqt,
pCS2sqt'™", pCS2+6qf=° pCS2+FLAGQFL, pCS2+FLAGqP ", pCS2+TFsqtand
pCS2+sqgfFL:glo.Using1.0e g of circul ar plasmid as templ at

mixture was assembled on ice, and subsequently incubatetCaftoBh 30mins.
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Circular plasmid template 1.0¢g
Rabbit Reticulocyte Lysate 25. 0¢l
TNT Reaction Buffer 2. 0¢l
Sp6 RNA polymerase 1.0¢l
Amino acid mix,- Leucine 0. 5¢l
Amino acid mix,- Methionine 0. 5¢l
RNasin® Ribonuclease Inhibitor 1 . 0 ¢ |
Biotin-Lysyl tRNA 2. 0¢l

Top up t o 50 ¢freesterdeiwategr. nucl ease

The resultant translation producisntained biotidabeled lysineesiduesfacilitating
subsequent detection via immuhlwtting using appropriate antibodies.

2.2.13 Identification ofnew sqtfounders(Fo)

To detecsgtmutationsin founder (lg) embryos, at least 10 TALENND ZFN
injected embryos were individuallyded at 24 hpf in 20 ul of DNA extraction buffefor 5
h at 55C, followed by heat inactivation of proteinase K at@%or 10 min. Genomic DNA
was diluted Sold using 1X TE Buffer (pH 8.0), and 2 ul aliquots were used in 20 pl PCR
reactions. For singleuclease pair experiments, fragments containinglBIDbase pairs
upstream and downstream of the expected target seiesamplified with Gdaq polymerase
(Promega). For double TALEN or TALEN+ZFN experiments, primers annealing to regions
100150 basepar s upstream of 506 TALEN and downstre
sites were used in PCR from genomic DNA template using Phusion polymerase (New
Engl and Biolabs) foll owi rFigeptohpeodustafromiOact ur er 6
single embryo PCRseave pooled, gel purified to remove primer dimers and cloned into
either Promega pGEM easy TA cloning vector or Fermantas pJET1.2 blunt end cloning
vector, and transformed using Xdhlue heatshock competeriacterial cellsAt least 48
bacterial coloniesvere picked for screening by PCR. PCR products were diluteldi 3and
1 pl was used directly for sequencing using the same primer pairs. Sequences were analyzed

by comparison to the Zv9 Zebrafish Genome Assembly.

To assess the germ cell transmissiate injected k fish were raised to adulthood,
and mated either with siblings or witgpe fish to obtain Fprogeny. To screen for gerlime
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transmission events at the endogersgitocus, progenybtainedfrom pairwise mating of
potentialfounderswere analyzed Single embryos from 6 founder fish (3 pairs) were
screened per 9%ell plate. At least 30 embryos (24hpf) from each mating were collected,
lysed and analyzed by PCR using the same primer pairs as used above for the transient
assays. This nuber allowed efficient detection of ge#iine transmission events (whose
frequency ranged from80%), and recovery of the mutation. Bands of aberrant sizes were
either sequenced directly or after cloning into the pGEM@&asy vector system.; progeny

of positive ks were raised to adulthood, and heterozygous carriers for the deletions were

identified by finclipping and routine genotyping PCRs

2.3 Biochemistry

2.3.1 Extraction of total protein from embryos

Embryoswere manually dechorionated usiagair of fine forceps in 30% Danigau
solution. Then, they were transferred into a 1.5 ml eppendorf tube usingpaligieed glass
pipette. The 30% Danieéisolution was removed and replaced with 406 ionic lysis
buffer (with protease inhibitor] tablet /10 ml of ionic lysis buffefper 50 embryos)

Embryos were homogenized using a 1 ml syringe fitted with a 26 1/2G needle. Then, the
contents were briefly spun at 200 §C4or 10 secs to pellet the debris. The supernatant was
collected into aresh tube and stored-&0°C.

2.3.1SDSPAGE separation of proteins

Denatured proteins were separated 0i12% sodium dodecyl sulphate
polyacrylamide gels (SDBAGE) [1012% (v/v) acrylamide/biscrylamide (29:1, BidRad),
375 mM TrisHCI pH 8.8 (forseparating gel) or pH 6.8 (for stacking gel), 0.1% (v/v) SDS,
0.1% (w/v) ammonium persulphate (APS), 0.4% (v/v) N, N, N', N'
Tetramethylethylenediamine (TEMED)] using a Btad minigel electrophoresis system at
25 mA till the samples pass through theckilag gel and at 250 mA till the dye front
reaclesthe end. Using the pr&tained Spectra Multicolor Broad Range Protein Laddef (10
230 kDa), the extent of protein migratisisestimated. After SD®AGE, the separated
proteins were transferred by ell@phoretic blotting ontétlybondC Extra membranes &
Healthcare) in 1X transfer buffer at 100 V for 100 min.
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2.3.2 Immuno-blotting

For detectingn vitro translated productsmimunoblotting was performed using
avidin and biotinylated HRP (1:200 dilutip(Ultra-sensitive ABC peroxidase Rabbit IgG
Staining kit; Pierce). Proteins were detedigdKodak Biomax MS film using the
SuperSignal West Femto Maximum SensitiBiybstrate (Pierce). FLAG epitopegged
peptides were detected with aRtLAG M2 mouse nenoclonal primary antibody (1:2500
dilution; Sigma) and HRfeonjugated antimoudgG secondary antibody (1:5000 dilution;
DAKO).

2.4 Staining and imaging techniques

2.4.1 Wholemount RNA in situ hybridization (WISH)

For detecting endogenously expresgedeswholeembryos were subjecteéd RNA
in situ hybridization.Embryos were fixed usingither4% paraformaldehyd&X PBS or 4%
paraformaldehyde;4% sucrose/1X PB8ernight at 4C. Next day, theywere washed 3
times 10mins each with 1X PBST (1X PBS0t1% Tween20)lechorionated and
dehydrated usingscending grades of methanol. Embmwesestored in100% methanol 4t
20°C for at least alay.

On the first day of WISH,mabryos wereaehydrated usingescending grades of
methanol and washed 2 times fdrmins with1X PBST. Embryos were thereated with 2.5
pg/ml of Proteinase K briefly (duration of treatment depends on embryo stage) to render cells
more permeable to the probe. This was followed by fixatanactivate Proteinase K and
embryos wereubsequentlyvashed thoroughlysing 1X PBST. Prior to probe hybridization,
embryos weresquilibrated inpre-hybridization buffer at 6% for 4 hours, followedby the
antisense probeontaininghybridization solutiorovernight at 68C. After hybridization the
embryoswere washednultiple timeswith high stringency2X SSC and 0.2X SSC containing
buffers at65°C and1X maleic acid buffer (MAB at room temperatur&hen, enbryos were
blocked in0.5%Blocking Reagent (Roche) in 1X MAB fdt h, before the adddn of1:2000
dilution of anttDIG antibody conjugated with alkalinghosphatase (Roche) in blocking
buffer. The antibody wapre-adsorbed withish powderto reduce nosspecific binding
Typically, the embryos were allowed to incubate with the antibodynaytet at £C.
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After antibody incubation, embryos were washed repeatedly using 1X ViAdh,
they werewashed 3 time$0 minswith freshly prepared 1X NTMT buffe6taining was
developedn the darkusing a precipitaihg substrate BM Purple (Roche). Fsaf in situs,
staining was performed using diluted BM Purple/1X NTMT (1:1) over a spatBafad/s,
mostly at 4C, but with 45 h at room temperature each day. Upon completistairfing
embryos were washed in 1X PBST 3 times 10 minutes eaclixaddising 4% PFAto
terminate alkaline phosphatase activAgter that, enbryos were washed with PBST and
cleared in PBST: Glycerol (1:1). For imaging, embryos were mounted in 100% glycerol.

2.4.2 Anti-b-catenin antibody staining

To detect nucledr-Catenin.enbryos at thé12-cell stage wereixed in 4%
paraformaldehyde/PBS at room temperature for 4.5 h, washed, dechorionated and dehydrated
in ascending grades of methanol. The embryos were incubated in 100% methanol for 30 mins
at room temperature, rehydratedieblocked in 1% BSA/1% DMSO/1X PBST for z2ahd
incubated witha rabbit polyclonal adb-Catenin antibody1(:200 dilution;Sigma C2206)
followed by detection usinglexa488conjugated goat antabbit secondary antibody
(1:1000 dilution; Molecular Prolsg.

2.4.3 Nuclei/DNA staining

After the antibody staining, embryos were incubated at 1:10000 dilutibrbof
diamidinc2-phenylindole(DAPI; Sigma)for 30 mins at room temperature and subsequently
washedltrice10 mins each witiX PBST.

2.4.4 Imaging

Live embryos injected with fluorescent RNAs or expresSiggGFP fusion protein
were manually dechorionated, mounted in 2.5% methylcellulose (Sigma) and visualized
using a Zeiss Axioplan2 microscope with a CoolSNAP HQ camera (Photometrics).
MetaMorph (Unversal Imaging Corporation) and ImageJ (NIH) software packages were
used to acquire and process images. Stained embryos from in situ hybridization and

immunohistochemistry experiments were mounted in 100% glycerol and imaged using a
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Zeiss Axioplan2 micrasope equipped with a Nikon DXM1200 color camera. Images were
acquired using ACL software (Nikon) and cropped using Adobe Photoshopbfeatenin
and DAP}stained embryos, images were acquired using a Zeiss LSM 5 Exciter upright
confocal microscope. Tguantifyb-catenin positive nuclei, 185 optical sections at 1.76 um
intervals starting from the yolk syncytial layer nuclei were examined per embryo. We
detected-cateninpositive nuclei in many sections. However, owing to intense membrane
and cytoplasnie b-catenin staining that obscured nuclear staining upmmojection of all
sections obtained, three serial confocal sections for each embryo were selpobdget;ted
using LSM Image Browser software, and cropped using Adobe Photoshop.

2.4.5Measurement of expression domains

Animal pole view images of embryos staineddscwere used. In Imageldrew a
bestfit circle for the circumference of the embryo using @iecle tool. Using the xy
coordinates, the diameter of the circle alongthand yaxes and its center were determined.
The Radial Grid tool inmageJ and the center coordinates were used to mark the center, and

usingthe Angle and Measure tools the anglgetexpression was determined.

2.5Recipes

E3 medium

5mM NaCl
0.17 mM KCI
0.33 mM CaCb
0.33 mM MgSOy

25X Tricaine (3amino benzoic acidethylester)
400mg Tricaine powder

97.9ml double distilled water

Approximately 2.Iml 1M Tris pH 9.0

Adjust pHto 7.0

[-buffer

116 mM NacCl
23mM KCI

6 mM CaCb
2mM MgSO,
29mM NaHCQ;
0.5% Fructose

Adjust pH to 8.0
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HanksPlus (Hankdés with BSA)

0.137 M NaCl
5.4 mM KCI

0.25 mM NaoHP Oy
0.44 mM KHPO,
1.3 mM CaCb
1.0 mM MgSQO,
4.2 mM NaHCG;

D a n i ssSalutidn(30X)
1740 mM NaCl

21 mM KClI
12 mM MgSQA 7.8
18 mM Ca(NQy),

150 mM HEPES buffer
Add water to 1 L and stir until dissolved. Store at 4°C. The pH is 7.6
For working solution, dilute 100X.

DNA extraction buffer

10 mM Tris pH 8.2
10 mM EDTA

200 mM NaCl
0.5% SDS

100 w/ml Proteinase K

lonic lysis buffer

50mM Tris pH8.0
150mM NaCl

0.5% NP-40

0.5% Deoxycholic acid
0.05% SDS

10X TGS(Western blot running buffer)
30.3g Tris-base

144.19g Glycine

1% SDS

Top up to llitre with sterile water
Store at 4C

1X Transfer buffer

1X TGS

20% Methanol

Store a#’C

TBST

20ml 1M Tris (pH7.5)
30ml 5M NacCl

5ml Tween20

Top up to llitre with sterile water



PBSTw
1X  PBS pH7.4 (DEP@reated)
0.1% Tween20

4%PFA (paraformaldehyde)

29 PFA

50ml 1X PBS pH7.4

Dissolve at 65.8C for ~2hours. Invert tube evePPmins.
Filter with O0.45¢m.

Store at 4C.

Use within a week.

Fish Fix

29 PFA

29 sucrose

50ml 1X PBS pH7.4

Dissolve at 65.6C for ~2hours. Invert tube every 20mins.
6 ul 1M CaCb

Filter with O0.45¢m.

Store at 4C.

Use within a week.

Hybridization soltion
50%-65% Formamide

5X SSC

Img/mi TorulaRNA

100ug/ml Heparin

1X De n h a sotutio® s
0.1% CHAPS

10mM EDTA

0.1% Tween20

9ImM Citric acid (to adjust pH to 6.5)
FSTw

50-65% Formamide

5X SSC

0.1% CHAPS

0.1% Tween20

9ImM Citric acid(to adjust pH to 6.5)
MABTw

0.1M Maleicacid

0.15M NacCl

Adjust pH to 7.27.5 using 5M NaOH
NTMT

0.1M Tris-HCI pH 9.5
50mM MgCl,

0.1M NaCl

1mM levamisole



0.1%

CES Buffer
375 mM
100 mM
0.5%
2.7M

6.7 mM
6.7%
55ug/ml

Tween20

Tris-HCI (pH 8.8 at 25°C),
(NH4)2S0y,

Tween 20

Betaine

DTT

DMSO

BSA
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3.1 Is there a maternal requirement for squint?

In 2005,0ur lab reported that asymmetrically localized matesg#transcripts mark
the futuredorsalregion ofzebrafish embryogGore et al. 2006 Further experimentation
such as morpholinbasedsqgtknock-down and using cekblation to removeqtRNA-
containing blastomeres produce a range of severely ventralized presatyggesting a
function for maternallydepositedsqgttranscripts in early dorseentral patterning-dowever,
these observations were not supported by the mild dorsal deficiencies manifested by
MZsqf?*and MZsgf"®”®embryos, many of which survive towdthood(Erter et al. 1998
Feldman et al. 199&eldmanand Stemple 20QAoki et al. 2002 Amsterdam et al. 2004
Bennett et al. 20QPei et al. 200)f Hence, the role of maternsdtwasa matter of debate
(Bennett et al. 20QGore et al. 2007

3.1.1Morpholino-based knockdown ofsqt

In order to examine the immediate effecsqtmorpholinos $qtMOs) on dorse
ventral (DV) patterningl looked at expression of early dorsal markers in injected embryos.
To target maternadqtRNA, sqtMOs wereinjected into unactivated eggs, which were
subsequently fertilized using witype sperm. Injected embryos were fixedhigh and
oblongstages, and subjected to whole mount RNA in situ hybridization for detecting
googcoid(gsg, an early dorsal marker. | observed the losgsaExpression irsgqtMO-
injected embryos (Figur@.1.1), consistent with the loss of dorsal structures observeqtin
morphants reported previougigore et al. 2006 Cantrol MO-injected embryos show robust
gscexpression at comparable stagemilar to uninjected wildype embryogFigure3.1.7).

Thus, maternadqtis required for thénitiation of early dorsal gene expression.
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Figure 3.1.1 Early loss of dorsain sqtmorphants. Lateral and dorsal views of wiltype and control MO
injected embryos show early expressiomgstat high and oblong stages. At comparable stesggd/1O-
injected embryos show either reduced or total logsoéxpression.
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3.1.2 MZs¢ genetic mutants

Both SC{fZ35 Pi975

andsq are molecular lesions located at the genaqitocus on

zebrafishos c tsgfdallelsveasgenettid by &spantaneous insertion of an
approximately 1.9 kb fragment in exon 1soft whereas theqf'®’® allele arose from a
retroviratbased insertion of a 6.0 kb sequence into exonsgtofAs bothcz35andhi975
insertion sequences have multiple translation stop signals, both alleles were regarded as

genetic nulls.

Loss ofsgtresults in embrys exhibiting varying degrees of cyclopia and reduction in
forebrain structures and prechordal pl&eridiesfrom several labs have suggested that the
incomplete penetrance of tegtphenotype is due to partial redundancy wveiklops (cyc)a
second nodarelated gene in zebrafish, in mesoderm development, as well as environmental
and genetic factors. For example, raising embryos at a higher temperature can significantly
increase the phenotypic penetrancedgifwhereas the same temperature shift doeaffrect
wild-type embryos. Pei et al., 2007 further demonstrated that the sensitisgipbienotypic
penetrance towards alterations in temperature is likely due to compromiseshidelat
protein 90 (HSP90)6s funegmuams. in the genetic

It is noteworthythat the notion of no maternal requirementdqtwas based entirely
on the analysis afqf?*andsqf™®’® genetic mutantgn the asumption that they are nulls.
But are they reallgomplete RNA and proteinulls? Expression ofjsc in wildtype embryos
dermacates early dorsal (Figure 3.1.2A9ss of earlygscexpression is observed via MO
mediated knockdown of materrsajt(Figure3.1.1 and 3.1.2B In contrast, the initiation of
earlygscexpression is unaffected in Mgt MZoepandsqtcyc doublemutant embryos at
comparable stages (Figuel.2C,0Q ). Taken together, these observations suggest that
maternalsqtRNA but not functional Nodal signalling is required for the early initiation of

dorsalgscexpression.
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A WT B sqtMO
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C MZsqt D MZoep

Figure 3.1.2 Presence of dorsal isgtsignaling mutants.At sphere stagesqtMO-injected embryos exhibit
loss of gsc expression (B). In contrast, gsc expression is observedsqgt (@Xand Mzep (D) mutant
embryos, similar to that observed in wilgpbe (A). Animal poleviews.
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3.1.3 Detection of maternakgtmutant (sqf™) transcripts in MZ sqt

As maternakqtis present as transcripts in witgloe ovaries, oocytes and early
cleavage stage embry@Sore and Sampath 2002 first examined the presencesujt
transcripts in embryos obtained from Btf***and MZsqf"®’® via semiquantitative RF

975 transcipts (sqf™ transcripts) are

PCR. | observed that similar to witsipe, sqf*** andsqf’
detected at4ell stage (Figur8.1.3A panel and ll), indicating that maternalgtRNA is

still made and deposited in the eggs bydd@@emales. Usingqtintron ll-spanning primers

on p(dN}-primed cDNA, | detected two ddrent PCR products (615 bp and 696 Bigure

3.1.3A panel). Upon sequencing, the 615 bp product corresponsigtteith intron I

spliced, whereas the 696 bp product still retains the 81 bp intron Il. On the other hand, using
the same PCR primers onga-dT-primed cDNA, | only detected the 615 bp spliced product

in wild-type and M2qt4-cell embryogFigure 3.1.3A panel Il)Taken together, the data
suggests that both maternal wiighe andsqf™transcripts exist as nepolyadenylated un

spliced forns, as well as, polyadenylated spliced forms.

The presence d&gttranscripts in M3agtembryos was further confirmed and
guantitated usingeverse transcriptasgpuantitative PCRRT-gPCR). At 1-cell and 4cell
stages, the level of expression of matesgptranscripts do not show a significant difference
between wildtype and M&qtsamples. However later during gastrulation, when zygofic
expression is expected to peak, $dFsamples recorded a decreassdtievels (Figure
3.1.3B) This observation isonsistent with the inability of maternsdf™ RNA to encode
functional wildtype Sqgtprotein @iscussed later in Section 3.1.5 §Rdldman et al. 1998
which is required to induce zygotic expressiorsgif(Meno et al. 1999Pogoda et al. 2000
Shimizu et al. 2000Sirotkin et al. 200D
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Figure 3.1.3 Presence of wspliced and spliced maternabqtRNA in MZ sqtmutant embryos. (A) Semi
guantitativeRT-PCR using pd(N)}$primed cDNAs panel ) or oligo-dT-primed cDNA panel 1) to detecsqt
RNA in 4-cell and dome stage wiltype, MZsqf**and MZsqf™"® embryos. PCR using pd(Ny&imed cDNA
shows upspliced (696 bp) and splicesdit(615 bp) RNA. Spliedsqgtproduct is detected in oligdT-primed
cDNA at early stages, and no PCR product is detected imRTno template controlactin RT-PCR panel
[1I) and genomic DNA PCR were used as positive contfB)sReverse transcriptaspiantitative PCRo detect
sqtRNA show that maternalgttranscript levels in MEZqtmutants are similar to that of wiype embryos at
the Lcell and 4cell stage, and reducedttranscript levels are observed at gastrula stages.
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3.1.4 Architecture of sqt°***full -length transcript

From total RNA extracted from whole ovary of a Mif***female, | generatefirst-
strandcDNA using oligedT primers. Using two sets of primers (F1+R1, F2;HRBure
3.1.4A) and Mzqf=°ovary cDNA as PCR template, | amplified two overlapffiiagments
of ~2.2 kband~1.4kb respectively. In the second round of PCR, using primer pair F1+R2
and the two overlapping PCR fragments as template, | cloned tHerfgth~ 3.2 kbsqf**°
transcript. After sequencing, felkngthsqf®*transcriptwa f ound t o hawve
translated regions (UTRS) like wilype sqtRNA. Except for its exon 1 which is interrupted
at position136by an ~1.9 kbcz35sequence, both exon 2 and 3qf***transcript are intact
(Figure 3.1.4B) This indicateshat nontruncatedsqf®* transcript is made in M&ft=*°

females
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Figure 3.1.4 Architecture of full-length sqf?**mutant transcript. (A) Schematic o6qf“*®* mutant transcript
and position of cloning primers (F1, F2, R1 and R2). Dark blue baiabedhe UTRs. E1, E2 and E3 represent
sqgtexons.cz35insertion is represented by a yellow bar. (B) Sequence alignment of full lengttypéldgtand

mutantsqf“*transcripts.
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