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Abstract

Thx5is a transcription factor expressed in the developing eyes, heart and upper limbs.
Mutations in human TBX5 cause Holt-Oram syndrome (HOS), a condition characteri-
sed by heart and upper limb malformations. In zebrafish, a novel tbx5 gene (tbx5b),
which emerged from the teleost specific genome duplication, is co-expressed with its

paralogue (tbx5a).

To understand tbx5 paralogues function and relationship in the different tissues whe-
re they are expressed (i.e. eye, heart and pectoral fin) in zebrafish, downregulation by
morpholino oligonucleotides (MO) injection has been performed. The results reveal
that thx5 genes are essential for the development of these organs, where they have di-
fferent requirements and relationships to ensure proper dorsoventral (DV) retina axis
organization, the establishment of cardiac laterality and the induction and sustained

outgrowth of the pectoral fin.

In the retina, tbx5 genes role is redundant and both paralogues knock-down causes
a reduction of the dorsal retina identity, concomitant with an expansion of the ven-
tral retina markers expression, that results in defective DV patterning and subsequent
thinner retinotectal projections. In contrast, thx5a and tbx5b have gene-specific func-
tions during pectoral fin development: tbx5a is required for the initiation of pecto-
ral fin outgrowth, whereas tbx5b is later responsible for the sustained outgrowth of
the pectoral fin. In the case of heart morphogenesis, both paralogues cooperate in the
same pathway. In addition, our results uncover a novel role for tbx5 paralogues in the
establishment of heart asymmetry in zebrafish embryos in both asymmetric events
(i.e. cardiac jogging and looping) and an earlier role for tbx5a during the directional
migration and of the cardiac precursors in the midline. Further analysis of the role of

tbx5a during the establishment of left-right (LR) asymmetry shows that the expres-



sion of left-side markers from the Nodal signalling pathway expressed in the lateral

plate mesoderm (LPM) is also randomized.

Laterality defects during zebrafish development in thbx5a morphant are also found in
neural and visceral laterality, suggesting an early role of tbx5a in LR establishment.
Strikingly, tbx5a knock-down in the DFCs/KV (dorsal forerunner cells / Kupffer’s ve-
sicle) lineage, the organ responsible for LR asymmetry generation, also results in car-

diac jogging randomization.

Furthermore, our results show an early thx5a expression during gastrulation and
an altered expression pattern for charon and a reduction on bmp4 expression levels
around the KV at 10SS. In addition, a reduction on Bmp signalling levels in tbx5a
DFC-specific morphants is detected, which is consistent with the identification of a
putative binding site for Tbx5 that is conserved in high vertebrates for bmp2b and

bmp4. Finally, the analysis of thx5a morphants also show that they have a reduced KV.

Overall, we propose a model in which tbx5 is required during zebrafish early develo-
pment to achieve a proper KV size that will ensure a robust directional flow within
the KV and Bmp signalling in the KV itself and its surroundings. These signalling cues
ensure the correct activation of the Nodal signalling pathway and are subsequently
transmitted to the LPM to guide organ primordia to their final position along the LR

axis.



Resum

Thx5 és un factor de transcripcié expressat durant el desenvolupament dels ulls, el
coriles extremitats superiors. Mutacions en TBX5 huma causen el sindrome de Holt-
Oram, caracteritzat per malformacions al cor i en I’extremitat superior. En peix zebra,
un nou gen tbx5 (tbx5b) va emergir de la duplicacid especifica del genoma dels teleos-

tis i és co-expressat amb el seu paraleg (tbx5a).

Per entendre la funcid i la relaci6 dels paralegs de tbx5 en els diferents teixits on s’ex-
pressen (ie. ull, cor i aleta pectoral) en peix zebra, es va utilitzar la injecci6 de mor-
folinos per a reduir els nivells de thx5. Els resultats revelen que els gens tbx5 sén
essencials pel desenvolupament d’aquests organs, on hi tenen diferents requeriments
irelacions per tal d’assegurar una correcta organitzaci6é dorso-ventral (DV) a la retina,
I'establiment de la lateralitat cardiaca i la induccié i creixement sostingut de 'aleta

pectoral.

En la retina, el rol dels gens tbx5 és redundant i el knock-down d’ambdés paralegs
causa una reduccio de la identitat dorsal en la retina, concomitant amb una expansié
de I'expressio dels marcadors ventrals, que resulta en projeccions retinotectals més
fines. En canvi, thx5ai tbx5b tenen funcions especifiques en 'aleta pectoral: thx5a és
necessari per la iniciacié del desenvolupament de I'aleta pectoral, mentre que tbx5b
és responsable de mantenir un creixement sostingut de I'estructura. En el cas de la
morfogenesi del cor, ambdos paralegs cooperen en la mateixa via. A més, els nostres
resultats revelen un nou rol per als paralegs tbx5 en I'establiment de la lateralitat del
cor en els embrions de peix zebra en ambdds esdeveniments assimetrics (jogging i
looping) i un rol encara més primerenc per a tbx5a durant la migraci6 i fusié dels
precursors cardiacs a la linea mitja. Els analisis del rol de thx5a durant I'establiment

de I'assimetria esquerra-dreta (LR) mostren que I'expressié dels marcadors del costat



esquerra de la via de senyalitzacié de Nodal s’expressen de manera aleatoria en la

placa mesodermica lateral (LPM) en els morfants per tbx5a.

Els defectes de lateralitat també afecten la lateralitat neural i visceral, suggerint un
rol primerenc de tbx5a durant el desenvolupament. Sorprenentment, la reducci6 de
I'expressié de tbx5a mitjancant la injeccié de morfolino contra tbx5a, afectant només
el llinatge cel-lular que déna lloc I'0rgan responsable de generar I'assimetria LR (KV:

Kupffer’s Vesicle), també provoca aleatorietat en 'esdeveniment del jogging.

Els nostres resultats mostren una expressioé temprana de tbx5a durant la gastrulacié.
A més, els embrions morfants per thx5a presenten un patr6 d’expressio aberrant per
charon i una reduccio dels nivells d’expressiéo de bmp4 al voltant de la KV a I'estadi de
10SS. La reducci6 en el nivell de senyalitzacié de Bmps en els morfants per tbx5a en
que només s’afecta la KV concorda amb presencia d'un possible lloc d’'unié per a Tbx5
en bmp2bi bmp4, conservat en vertebrats superiors. Finalment, analisis en la KV mos-

tren que els morfants per tbx5atenen una KV reduida.

Com a model general, proposem que tbx5 és necessari durant el desenvolupament
tempra del peix zebra per tal d’assolir una mida adequada de la KV que asseguri un
flux direccional robust en la KV i una correcta senyalitzacié de Bmps a la KV i al seu
voltant. Aquesta senyalitzacié assegura una activacié correcta de la via de Nodal i la
segiient transmissié d’aquesta senyalitzacié a la LPM per tal de guiar els primordis

dels organs cap a la seva posicio final al llarg de I'eix LR.
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Introduction

1. Origin, evolution and relevance of the Tbhx2 subfamily of genes

1.1. T-box genes: main features

The founding member of the T-box gene family was discovered in mice in 19272 It
was named Brachyury (Greek: brakhu’s, short; oura’, tail) or 7, since its mutation cau-
ses short-tailed mice in heterozygous animals. Mutations in this gene affect embryonic
development since it is required for the formation of posterior mesoderm and axial
development®*. Further research demonstrated that Brachyury is evolutionary con-
served* and that it belongs to a multigene family that encodes DNA-binding transcrip-
tion factors: the T-box?*>~”. T-box genes are remarkably conserved along metazoans and
they have also been recently identified in several non-metazoan lineages: Ichtyospo-
rea, Filasterea and early-branching fungi (Neocallimastigomycota, Chytridiomycota,
and Mucoromycotina)®. Based on HUGO (Human Genome Organization) nomenclatu-
re, there are 18 members of the T-box gene family (including the T-box 23 pseudo-
gene) that are organized into 5 subfamilies, although the number of subfamilies and
their specific members vary in the different animal groups along evolution (Figure 1).
Notable conservation of T-box members exists between lineages that have been evol-
ving since the last common ancestor of metazoans. Nevertheless, high diversification

can be noticed at the onset of metazoan evolution? (Figure 1).

T-box genes are expressed throughout development in dynamic patterns showing
both gene-unique and overlapping expression domains®. As developmental transcrip-
tion factors, T-box genes exert numerous functions and roles in early-fate decisions
and during differentiation and organogenesis and hence, they are fundamental to en-
sure correct embryonic development. Moreover, mutations in several members of this
family result in syndromic conditions and birth defects in humans (e.g. Tbx1: DiGeor-
ge Syndrome?®!°, Tbx19: Isolated Acth Deficiency'*!?). In addition, although they have

been primarily reported to have an early role during embryogenesis, several studies
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have uncovered functions for these genes in certain cancers and in adult stem cells

populations®1314,

Amoeba  Fungi Ctenophora Porifera Placozoa Cnidaria Bilateria

T b, T, Thx2, Thxd,
Tox7/8,Tox1 ,  TbrL.Tox6
T, Tbx2, Tbx7/8
T, Thx2, Tbx7/8,
Thbx1, Tbr1, TbxPor
T, Thx2, Thx1
T

T,Tbx7/8

Figure 1 | T-box genes subfamilies. Of note, Brachyury or T, the most ancient member, is present in uni-
cellular organisms as it is Tbx7/8, a class not present in Bilateria. Sponges have a diverse set of T-box genes
including several that have not been retained in Bilateria, whereas Thx6 subfamily genes apparently arose

in Bilateria. Adapted from Papaioannou et al,, 20142

T-box proteins possess a conserved structure characterised by the presence of a DNA
binding domain, from which the name of the family arises: T-domain (at the pro-
tein-level) or T-box (at the gene-level) and a transcriptional effector domain?”>16, The
T-domain spans 180-200 amino acids and is conserved in all members of the fami-
ly21517, This regulatory module allows for the specific recognition and binding to DNA
sequences (Figure 2). Specificity of T-box proteins for their target sites lies mainly
within the T-domain, although specificity does not appear to reflect binding affinity’°.
Indeed, a study suggests that functional specificity between different T-box classes is
likely achieved by interaction with alternative cofactors, as opposed to differences in
binding specificity®. In addition to the T-domain, T-box proteins also contain a trans-
criptional effector domain located at the C-terminal side. It has been shown that T-box
proteins can function as transcriptional activators and repressors3*171® and some of
them (e.g. T and Tbx4) appear to have both activities depending on the biological con-

text*!®. Despite the position of these motifs along the protein may vary among the

24



Introduction

different factors of the family, their relative order is conserved in all the members of
the family and their orthologs>*. Additionally, in many members of the family a NLS
(Nuclear Localization Signal) - essential for their subcellular localization - has been

identified [e.g. Tbx1, Tbx3, Tbx5, Tbx6%!, Xbra'? (Figure 2)].

117 227 280 303 387 432
O |
DNA-binding domain Transcriptional
activation
domain
Nuclear
localization
VegT KLTNNT signal
Eomes KLTNNT
Xbra KLTNKM

DrosophilaXbra ¥ L. T N ®
Ascidian Xbra K L T N ¢
ZebrafishXbra k L s N
Xenopus Xbra K L T N
Mouse Xbra KLTHN

= RN

Figure 2 | The structure of T-box proteins. T-box proteins contain a DNA binding domain (T-domain) at
the N-terminal and a transcriptional activator and/or repressor domain at the C-terminal. An example of
the conservation of a specific residue in position 149 in Xbra, which is always a lysine (K, blue) in different

species but not in other T-box proteins (N, red) is shown. Adapter from Wilson and Conlon, 2002”.

The prediction of the function of T-box genes function is quite complicated due to their
functional variety®. T-box proteins can homodimerize, heterodimerize or cooperati-
vely bind other transcription factors depending on the biological context®. In addition,
as previously mentioned, T-box proteins can function as activators or repressors, and
some of them can function as both depending on the promoter context. There are also
cases of promoter competition between T-box members in which one T-box protein is
able to compete off another at a particular promoter [e.g. Ntl (no tail) and Tbx6 can
compete to regulate T-site-dependent transcription of the target gene myoD (myoge-
nic differentiation) in adaxial cells in zebrafish??]. Finally, the study of the regulatory
landscape of T-box proteins has been largely addressed by the generation of dominant

negative proteins (e.g. truncated proteins containing only the T-domain) which gene-
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rates results that are difficult to interpret, since the action of the truncated proteins
may influence other T-box genes and targets>®>?3, Hence, although the effects of the
engineered protein should be specific, in some occasions the dominant negative pro-
tein results in different or more severe phenotypes than those in the null mutants?,
indicating interference with other protein/s. Therefore, to interpret and extract con-
clusions from these experiments becomes complicated and still several aspects on the

T-box regulatory landscape and function remain to be elucidated.

Mutations in T-box genes result in developmental defects in several organisms, which
include dominant or semidominant human developmental syndromes. Remarkably,
since T-box proteins are highly sensitive to dosage, both an excess and a lack of pro-
tein equally result in a phenotype®. The complexity of the expression pattern of T-box
genes has impeded mutational analysis to address all their putative roles. One of the
most relevant limitation is the early lethality that prevents investigation of later de-
velopmental roles. New conditional or hypomorphic alleles, among other engineering
strategies, are required to better understand the role of these genes during develop-
ment. Thus, although some developmental requirements for T-box genes have been
demonstrated only few downstream target genes affecting these functions have been

described®®.

1.2. T-box subfamilies: Origin and classification

Since the discovery of the first T-box gene identified, Brachyury, further research has
characterised all the members of this family of transcription factors and, nowadays,
T-box genes have acquired a great importance in the developmental biology field.
T-box members can be phylogenetically classified in five subfamilies based on the ho-

mology of the T-domain: T, Tbx1, Tbx2, Tbx6 and Tbr1*!* (Figure 3).
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Tbx19/Tpi
X19/Tpit T subfamily
L 7

Tbx20

Tbx1
{ Tbx18
— Tbx15

Tbx1 subfamily
Tbx22

— Thx2
L T3

] Tbx4

—
L Tbxs

Tbx2 subfamily

Drtbx6

Drtbx16 Tbx6 subfamily

Figure 3 | Schematic representation of the T-box gene subfamilies in vertebrates. The depicted
genes are present in mammals except the zebrafish genes drtbx6 and drtbx16, which do not have mam-
malian orthologs. Adapted from Naiche et al., 2005°.

T-box genes are found dispersed throughout the vertebrate genome with the exception
of the paralogous pairs that form the Tbx2 subfamily: 7bx2and Tbhx3, which are linked
to Tbx4 and Thxb5, respectively. The Tbx2 subfamily of T-box genes are of special inte-
rest due to their implication in the evolution of vertebrate paired appendages, the eyes
and the heart and, like Hox genes, for the longevity of their chromosomal linkage?.
The physical linkage of these gene pairs ( 7bx2 clustered with Thx4 and Thx3 located
with Thx5) is preserved prior to the divergence of protostomes and deuterostomes?,
suggesting its importance for the development of metazoan animals. Despite the exact

reason why the linkage between these genes is constrained remains unknown, it is
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likely that they share regulatory elements required for their expression in common

expression domains?.

The current genomic arrangement of the Tbx2 subfamily has its origin in the tan-
dem duplication of a single ancestral gene (7bx2/3/4/5) prior to the divergence of
the vertebrate and invertebrate lineages giving rise to Thx2/3 and Tbx4/5>*. This
tandem-duplication event was followed by a duplication of the derived pair (7bx2/3
and Thx4/5)°, possibly during the genome duplication events that occurred close to
the root of the vertebrate lineage giving rise to Thx2, Thx3, Tbx4 and Thx5%. Additio-
nally, duplicate members are found in teleosts due to the whole genome duplication
event that their genome suffered 320-350mya?*3°. From this evolutionary event, there
are some clade-specific paralogues, having 7 members for the Tbx2 subfamily: thx2a,

tbx2b, tbx3a, tbx3b, thx4, tbx5a and tbx5b*' (Figure 4).

\ tandem gene duplication

Aplication and dispersion of the tbx gene CIQ
. e — — e —
l teleost lineage specific duplication I
— thx2a ~ —— — tbx5b —_—

—  thx2b  —— thxd ~ — —  thx3 —  thx5a

Figure 4 | Origin of the Tbx2 subfamily of genes by tandem duplication and cluster dispersion. Te-
leosts lineage underwent an additional whole genome duplication from which they still preserve two copies
for tbx2, tbx3 and tbx5 genes. tbx3a and tbx3b appear under the name of tbx3 since both lie in the same

chromosome together with tbx5a.
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1.3. Expression and function of the Tbx2 subfamily genes

Tbx2 subfamily members have been extensively studied given their fundamental func-
tions during multiple biological processes: they are expressed in vital organs for the
proper development of the embryo, in which, despite having overlapping expression
patterns they also exert unique developmental functions®. With the exception of Thx2,
mutations in the other 3 subfamily members are responsible for genetic birth defects
and syndromes in human: TBX3: Ulnar-Mammary Syndrome??, TBX4: Small Patella
Syndrome3? and TBX5: Holt-Oram Syndrome?®.

TBXZ has been described to be expressed in multiple organs and tissues in humans.
These structures include the ovaries, placenta, heart, kidney, lung, breast, prostate,
testis, thymus and polymorphonucleocytes?3. Despite it has not yet been associated
to any human genetic syndrome, TBX2 has been reported to be involved in multiple
developmental events that include the patterning and morphogenesis of several tis-
sues, like the heart or the hypothalamus in the brain, coordinate cell fate and organs
including the limb, kidney, lung, mammary gland and craniofacial structure. It is also
overexpressed in some cancers (e.g. melanoma, pancreatic, bladder, carcinoma, breast

and liver) and can suppress senescence®.

TBX3is expressed in the upper limbs, heart, liver, bladder, placenta, uterus, mammary
glands and pituitary, adrenal and tyroid glands in human?®*3. It acts as a transcriptio-
nal repressor and is thought to play a role in the anterior/posterior axis of the tetra-
pod forelimb?¢. Haploinsufficiency of TBX3 causes Ulnar-Mammary Syndrome (UMS,
OMIM#181450), firstly described in 1975 by McKusick®. UMS is an autosomal domi-
nant condition characterized by limb defects, mammary and apocrine gland hypopla-
sia and genital anomalies®®. This developmental disorder has incomplete penetrance.

Some organs are more affected than others in UMS, probably because they require
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higher amounts of TBX3 or that other genes of the T-box family compensate for the

lack of TBX3 in other tissues*.

TBX4 is broadly expressed in the allantois, lower limbs, lung and proctodeum®*. In-
deed, it has been described to be critical for the formation of the umbilicus and the
initiation of the hindlimb*!#2. Mutations in this gene result in Small Patella Syndrome
(SPS; OMIM#147891) or Scott-Taor Syndrome, a rare autosomal dominant disorder
firstly described by Scott and Taor in 1979%. SPS is characterised by patellar aplasia
or hypoplasia and by anomalies of the pelvis and feet, including disrupted ossification

of the ischia and inferior pubic rami®.

Tbx5 has been characterized in most vertebrate lineages and is widely expressed du-
ring the development of various embryonic structures, including the heart, the eyes
and the anterior set of paired appendages**. Mutations in human TBX5 cause Holt-
Oram syndrome (HOS; OMIM#142900), an autosomical dominant condition that was
firstly described in 1960%. HOS is characterized by upper limb and shoulder girdle
defects, associated with a congenital heart lesion*® (Figure 5 A, A’). A vast variety in
the severity of the abnormalities presented exists, ranging from subtle digital mal-
formations to focomelia in the skeletal tissues or from simple or multiple atrial or
ventricular septation defects to much more severe aberrant heart conditions*’. Never-
theless, the typical phenotype is a triphalangeal thumb with a secundum atrial septal
defect (ASD)*. In HOS, the consensus is that this condition is caused by haploinsuffi-
ciency rather than pathogenic mutations, located throughout the coding sequence*”3,
Indeed, genetic alterations linked to TBX5 coding or splice regulatory sequences un-
derlie approximately 70% of patients***’. These mutations create dominant-negative
forms of the protein or severely truncated proteins that are thought to act as null alle-
les*”495152 and mutations within the T-domain that diminish DNA binding ability and

binding with interaction partners®***. Although HOS classically affects both cardiac
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and upper limb fields, several cases have been reported to affect more severely either
the heart*’##55 or the upper limb*®5°, suggesting that tissue-specific roles for different
domains of the protein exist>®. Despite the mechanisms of these biased defects remain
to be fully understood, some models argue for the existence of distinct binding motifs
that allow the recognition of specific binding partners®¢-*°. Finally, it is worth mentio-
ning that the expression pattern of Thx5 is largely conserved in vertebrates (Figure
5 B) and hence, studies to elucidate the role of Thx5 have been pursued in the main
vertebrate model organisms including mouse, chick, Xenopus and zebrafish. Despite
the mouse model for Thx5 loss-of-function is the best characterized and conforms a
platform to study cardiac and upper limb defects®!®?, each model system has its parti-

cular benefits.

HH20

chicken - zebrafish

Figure 5 | Mutations in human TBX5 cause HOS and the expression of Tbx5 is conserved among
vertebrates. HOS is characterized by cardiac lesions and upper limb defects (A-A’; adapted from eMedMD,).
Tbx5 is expressed in the eye, heart and forelimbs in mouse, chicken and zebrafish during embryonic develop-

ment (B; adapted from CMG* lab). Black arrowhead points to the prospective forelimb in mouse.

* Carolina Minguillén Gil laboratory
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2. The study of the Tbx2 subfamily genes in zebrafish

2.1. The zebrafish as a model system

Danio rerio (zebrafish) is a teleost that has become a powerful animal model for the
study of developmental processes in vertebrates (Figure 6 A). The use of zebrafish as
alaboratory animal model is of distinctive interest due to a series of advantages, inclu-
ding external fertilisation and a relatively synchronized ex-utero development with a
high number of embryos per lay (200-300 eggs) (Figure 6 B). In addition, their optical
transparency and the completion of rapid morphogenesis of primary organs within
the first 48hpf (hours postfertilization)® enables to use live imaging to track early

morphogenetic events and follow key events during organogenesis (Figure 6 C, C’).

Figure 6 | Zebrafish have multiple advantages as model organisms. Adult female (A). Synchronized
ex-utero developing zebrafish embryos (B). Transgenic embryo drives EGFP expression to the retina, heart
and pectoral fin at 24hpf (C) and 48hpf (C’). Images from CMG lab.

Furthermore, the availability of a well annotated genome together with an increasing
pool of new technologies for genome editing that go beyond the existence of mutants
and the reverse genetics approaches to direct gene targeting, such as TALEN (Trans-
cription Activator-Like Effector Nucleases) and CRISPR (Clustered Regularly Inters-
paced Short Palindromic Repeats), make them a suitable model for several morpho-

genetic studies. Techniques for large-scale genome mutagenesis and gene mapping,
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transgenesis, protein knock-down or overexpression, cell transplantation and chi-
maeric embryo analysis and chemical screens have exponentially increased the value
of the zebrafish as an animal model for a broad range of experimental studies®. In
addition, morpholino oligonucleotides (MO) injection for blocking sites on RNA, is a
versatile knock-down tool available to target a wide range of RNA for outcomes such
as blocking translation, modifying splicing of pre-mRNA4, inhibiting miRNA maturation
and activity, as well as less common biological targets and diagnostic applications.
Specific MO knock-down often is the best approach to identify the function of the tar-
get gene, since it avoids genetic compensation that can occur in the mutant or pheno-

typic rescue by maternally provided mRNA".

A drawback for the use of zebrafish as a model resides on the fact that their geno-
me contains an extra copy for many of its genes, which may make it more difficult to
elucidate the role of some genes during development, since the phenotype obtained
by interfering with one gene might be (totally or partially) rescued by its paralogue
depending on the developmental context. Nonetheless, the same fact can also be be-
neficial in other cases, where a sub-functionalisation event between paralogue genes
may allow for the better dissection of the different functions of the gene in different

spatiotemporal contexts.

2.2. Expression and function of the Tbx2 subfamily genes in zebrafish

The seven members of the Tbx2 subfamily present in zebrafish (i.e. tbx2a, tbx2b, tbx3a,
tbx3b, tbx4, tbx5a and tbx5b) are expressed in multiple tissues and organs during de-

velopment and have been linked to several morphogenetic events.

tbx2a is required to specify the endodermal pouches during development of the

pharyngeal arches’?, is also responsible for heart chamber size”®”* and is related to
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pronephros segmentation together with its paralogue thx2b”. It has also been des-
cribed to be expressed in several other structures, such as the developing retina, otic
placode, pectoral fin and some neural structures (e.g. diencephalon, hypothalamus)”.
Its paralogue, tbx2b, has been related to hepatocyte differentiation’®, photoreceptor
fate determination’®, pineal and parapineal development and specification of the co-
rrect number of pineal cells and their asymmetric migration’®’°, heart chamber size”’
and pronephros segmentation’® together with thx2a. Finally, thx2b has also been des-
cribed to be essential for neural differentiation along the dorsoventral axis of the ze-

brafish retina®’.

tbx3a, expressed in the developing pectoral fin bud, the heart tube® and the noto-
chord®, has been shown to be involved in heart morphogenesis®. Its paralogue tbx3b,
is also expressed in the heart and together with thxZa has been shown to be neces-
sary to repress the chamber genetic programme in the non-chamber myocardium as
well as being required for the control of cell proliferation in the atrioventricular canal

(AVC)®.

tbx4 is expressed in the pelvic fin® and in several neural structures, such as the pre-
sumptive neural retina and the diencephalic neurons®*#*. thx4 has been shown to have
a fundamental role during the development of the pelvic fin, since mutations in this

gene result in the failure of pelvic fin development?

tbx5 paralogues (i.e. tbx5a and tbx5b) are mainly expressed in the pectoral fin, heart
and retina** (Figure 7 A-D’). Nonetheless, while the onset of tbx5a expression is alre-
ady described at 6-7SS% (somite stage) in the eye field, the earliest signal of thx5b is
not detected until 14hpf in the developing eye (Figure 7 A, A’). At this developmental
time-point both genes are co-expressed in this territory, but only tbx5a is expressed

in the lateral plate mesoderm (LPM) (Figure 7 A’). tbx5b expression in the LPM is de-
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tected from 17hpf onwards and (Figure 7 B). Nevertheless, tbx5a is expressed in a
broader AP (antero-posterior) domain than tbx5b (compare Figure 7 B with 7 B’).
tbx5a-expressing LPM cells are suggested to contain two distinct populations: the an-
terior population will eventually give rise to the early cardiac field, whereas the most
posterior one will contribute to the pectoral fin bud mesenchyme®>%¢, It is evidenced
in Figure 7 B that tbx5b is expressed in the anterior subset of cells, also positive for
tbx5a expression, that will give rise to the embryonic heart. At 18hpf, the two popula-
tions of LPM cells are clearly distinguished, since the rostral population has begun its
anterior migration (as bilateral heart tubes) and the caudal one migrates posteriorly
to form the pectoral fin buds (compare Figure 7 E with 7 F, G). At this stage, differences
between tbx5 paralogues become more evident: thx5b expression is only detected in
the rostral population, while tbx5a signal is detected in both populations (compare
Figure 7 C with 7 C’). It is particularly striking that tbx5b expression is not detected in
the pectoral fin cell precursors, but it is co-expressed with its paralogue in the other
territories. Later, around 20hpf, both genes continue to be co-expressed in the develo-
ping eyes and in the heart cone (Figure 7 D, D’), whilst the cell population committed

to become the pectoral fins only show tbx5a expression (Figure 7 D’).

Zebrafish embryos with compromised tbx5a function show a complete absence of
pectoral fins (Figure 7 H, 1), whereas heart development is disturbed at significantly
later developmental stages as it can be observed at 3dpfin the tbx5a hst (heartstring)
mutant?” (Figure 7 ], K) and eye development remains to be thoroughly analysed. Re-
garding tbx5b, it had been shown that its knock-down resulted in a reduction in pecto-
ral fin size (Figure 7 H’, I') and defective cardiac looping (Figure 7 |, K’). Nonetheless,

retinal phenotype was not studied in thx5b morphants®.
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?tbeb MO
- K’

tbx5b. MO~

Figure 7 |Expression pattern of tbx5 genes during zebrafish development and tbx5 knock-down phe-
notypes. thx5a is co-expressed with tbx5b in the retina, heart and pectoral fins. Lateral views with anterior
to the left at 14hpf (A-A’), 17hpf (B-B’), 18hpf (C-C’) and 20hpf (D-D’). Dorsal views with anterior to the top
for tbx5a expression at 16hpf (E), 18hpf (F) and 20hpf (G). tbx5a MO knock-down results in the lack of fin
buds (1) and tbx5b morphants have smaller fins (I') at 3dpf compared to control/wild-type pectoral fins that
are already elongated (H, H’). tbx5a hst mutants and tbx5b morphants show pericardial edema together
with an unlooped, stretched heart (K-K’) compared to the normal heart in wildtypes (J-J’) at 3dpf. Dorsal
views with anterior to the left (H, I) and lateral views with anterior to the left (], K). A-D’ adapted from Al-
balat et al,, 2010*, E-1 CMG lab, ] K, adapted from Garrity et al, 2002%, H, I, ], K’ adapted from Parrie et al,
2013%, Black asterisks in A-A’ label the eye field. White asterisks label the area where pectoral fins should
have emerged in tbx5a MO knock-down in L e: eye field, h: heart, [pm: lateral plate mesoderm, pf: pectoral

fin.
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3. Retinal Development

3.1. General features

Eye formation is a complex developmental process that requires the coordination of a
series of morphogenetic events and the regulated expression of several genes. There-
fore, this process has served as a paradigm for organogenesis. After three major, ste-
reotyped events take place -namely evagination, invagination and rotation- the final
shape of the eye is acquired®*°. This process begins with the specification of the eye
territory at early gastrulation and concludes at the pharyngula stage at the onset of
neuronal differentiation®”?°. In zebrafish, lateral evagination (Figure 8 A) of the ventral
diencephalon at approximately 11hpf gives rise to the optic vesicle (OV)°L. Subsequent
interactions and contacts established between the surface ectoderm and the OV result
in a concerted invagination (Figure 8 B) at 16hpf, that leads to the formation of a bi-
layered structure, the optic cup (OC), where the inner layer corresponds to the retina
and the outer layer is the retinal pigmented epithelium (RPE) and the lens®'. Finally,
a 902 clockwise rotation by 22hpf, brings the dorsal retina to its final position®! (Figu-
re 8 C). Some studies consider an intermediate step between OV evagination and the
formation of the OC, in which the OV elongates, and a furrow constricts the connection

between the eye and the brain, forming the optic stalk®.

A< Bg C

Figure 8 | Schematic representation of the main events of vertebrate eye development. Evagination
(4), invagination (B) and rotation (C). The surface ectoderm (Ect) is depicted in green, the presumptive and
dorsal retina in red and the presumptive bilayered OC in purple. Mes: Mesoderm. Adapted from Weaver and

Hogan®.
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At the molecular level, it has been shown that the homeodomain transcription factor
Rx/RAX (rx3/chokh in zebrafish) mediates some of these cellular behaviours during
the evagination step®, since in rx3 mutants OV evagination is disrupted in a cell-au-
tonomous manner?*°*. Furthermore, downregulation of the cell adhesion molecule
Nlcam, a potential direct target of rx3 in zebrafish, is required to enable the outward
migration of retinal progenitor cells in the eye field to contribute to the evaginating
OV?®. Rx promotes non-canonical Wnt signalling, that controls morphogenetic move-
ments of ocular cells® and is essential for the expression of other key regulators, such
as pax6, lhx2, six3 to control, directly or indirectly, specification of retina progenitor

cells in the optic vesicle®.

During the evagination of the OV, the neural retina and RPE domains are specified®.
Remarkably, the LIM homeobox transcription factor /hxZ, is the earliest known patter-
ning gene required in the early optic vesicle for specification into both neural retina
and RPE and to regulate optic cup formation®. Then, the homeobox gene vsx2 and the
bHLH (basic helix-loop-helix) transcription factor mitf, are the first genes that show
domain-specific expression for the retina and RPE, respectively®®1%.Following OV eva-
gination, its distal side and lens ectoderm invaginate, forming the OC in a process that
is dependent upon tissue-tissue interactions®. In addition, pre-placodal lens specifi-
cation is critical for invagination of the distal optic vesicle®. Interestingly, disruption
of the function of the homeobox transcription factors Six3 or Pax6 or the HMG (High
Mobility Group) transcription factor SoxZ during the pre-placodal stage, results in fai-
lure of thickening of the lens placode and lens formation, and disrupted invagination
that leads to arrest at the OV stage®1%*11° In contrast, overexpression of Six3 results
in the formation of ectopic lenses!'!12, In addition, a role for Bmps in lens induction
and Fgf signalling in the lens placode have been shown to be required for the correct
OV invagination®113-116, Retinoic Acid (RA) has also been demonstrated to be neces-
sary for OC morphogenesis, providing an essential signal to the neural retina required

for morphogenetic movements that lead to ventral invagination of the OC73!17.
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While the morphogenetic movements take place to enable the proper folding of the
presumptive eye, patterning along the different retina axes also takes place and once
established, the different identities in the retina are maintained to ensure subsequent
correct retinotectal projections and visual function. At 24hpf, not only pan-eye genes
that specifically define the eye field in earlier stages remain expressed [e.g. rx3 or pax6
(Figure 9 A)], but also genes involved in eye patterning along the dorso-vental (DV)
[e.g. tbx2Zb, tbx5a (Figure 9 B), tcf4 (Figure 9 C) or vaxZ (Figure 9 D)], naso-temporal
(NT) (e.g. vaxZ) and proximo-distal (PD) (e.g. paxZa) axes and topographical guidance
clues for the correct organization of the projections to the optic tectum, such as efn-
bZa or ephBZ (Figure 9 E, F), among other signalling molecules and their respective

receptors.

A

»Wax2 | efnb2a B2

Figure 9 | Eye field and retinal DV domain at 24hpf. Pax6 (A) labels all the retinal territory, whereas
tbx5a (B) and tcf4 (C) are markers for dorsal identity and vax2 (D) for ventral identity. efnb2a (E) and ephB2
(F) also highlight the dorsal and ventral territory, respectively. Images are lateral views with anterior to the
left. Scheme of the retinal axes on the right side of the panel. D: dorsal, V: ventral, N: nasal, T: temporal, P:

proximal, Dt: distal. The black line represents the proximodistal axis.
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3.2. DV patterning of the vertebrate retina

A key step during eye development is the establishment of the DV polarity of the retina,
which begins immediately after evagination of the retinal precursors, as evidenced by
the expression of specific genes in discrete retinal domains (e.g. thx5 expression in the
presumptive dorsal retina or vaxZ in the presumptive ventral domain and optic stalk
from 12hpf'!?). More specifically, during DV patterning two phases can be distingui-
shed: an initiation and a maintenance phase!'*. Although some authors describe that
both Sonic Hedgehog (Shh) and RA are responsible to specify ventral identity!'%-122
others have shown that RA is not required for the DV patterning the retina!*®2%, Mo-
reover, the expression of pax2a'?®, thx5' and vax2'?¢ in the retina prior to the onset

127

of RA signalling'?” supports this dispensability of RA. Hence, Shh signalling from the
ventral midline is responsible to trigger the initiation of ventral identity'?8. Similarly,
there is some controversy with regard to the factors required to induce dorsal identity,
although some signalling cascades have been identified for the maintenance of dorsal
retina identity [e.g. Wnts and BMPs (Bone Morphogenetic Proteins)*'?8-131]. Current mo-
dels for vertebrate retina DV patterning include a gradient of Bmp signalling, resulting
from Bmp2 and Bmp4 expression in the dorsal retina and surrounding tissues!?%13°
and the expression of Bmp inhibitors in the ventral side. In zebrafish, gdf6a (Growth
Differentiation Factor 6a), a BMP ligand, was shown to be necessary to induce dorsal
fate in the retina and activate dorsal marker gene expression (bmp4, tbx5a, tbx2b,
and efnb2) while repressing the expression of the ventral fate determinant vax2'%2.
In other animal models (e.g. mouse), Thx5 was found to be regulated by ThxZ, which
in turn would be under the control of Bmp4'*°. This contrasts with the observations
made in zebrafish, where no discernible retinal phenotype was detected after bmp4
MO knock-down!* and instead gdféa is responsible of dorsal retinal patterning initia-
tion independent of bmp4. Few years later, another publication reported that bmpZ2b

acts upstream gdf6a'* regulating its expression.
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3.3. The role of the Thx2 subfamily genes in the DV patterning of the retina

The members of the Tbx2 subfamily have been described to be related to dorsal retina
identity, specially Thx2 and Thxb5, and as such, are frequently used as markers of dor-
sal retina characteristics?!114119133-136_ Thx2is dynamically expressed in the presumpti-
ve retina and its loss of function causes a reduction of retinal volume due to increased
apoptosis and a delay of ventral OV invagination leading to the formation of small and
abnormally shaped OC in mice'*. In addition, it is also essential for the maintenance,
but not for the induction of expression of other dorsal determinants such as Thx5'°. In
zebrafish, whereas there is no functional data implicating tbx2a in eye development,
tbx2b has been related to the cellular mechanisms regulating dorsal neuronal diffe-
rentiation. tbx2b is first expressed throughout the retinal neuroepithelium at 15hpf
(Figure 10 A). By 24hpf, tbx2b distribution is markedly asymmetric with higher levels
dorsally than ventrally (Figure 10 B). This asymmetry proceeds through 30hpf (Figure
10 C, D) and 48hpf (Figure 10 E). At 48hpf, expression is largely confined to the proli-
ferative marginal zones at the retinal periphery, although fainter expression can also

be observed in the RGC (retinal ganglion cells) layer (Figure 10, arrow)®.

With regard to tbx5 paralogues, tbx5a expression starts at around 12hpf in the pos-
terior halves of the retina. This expression is intensified and after eye rotation it gets
finally confined to the dorsal retina (Figure 10 A’-C’), where it is restricted to a narrow
sector of neuroepithelium that appears to be in contact with the lens and is directly
opposed to the choroid fissure, surrounding the posterior groove. By 36hpf, this ex-
pression domain is reduced to a few columnar cells of the neuroepithelium adjacent
and dorsal to the lens, and finally expression is lost by 48hpf, prior to the differentia-
tion of the RGCs in the dorsal retina®. Although tbx5b expression is initiated in the
posterior retina slightly later in development, around 14hpf, its expression in the pos-

terior retina and it evolves in the same manner as tbx5a* (Figure 7 A-D).
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Figure 10 | tbx2b and tbx5a expression during retinal development. tbx2b expression at 15hpf (A).
Sagital section through a 24hpf eye with highest levels in the dorsal retina (B). tbx2b expression at 30hpf
is prominent in the dorsal retina (C-D). Section at the plane is indicated by dashed line. At 48 hpf, strong
tbx2b expression is observed in the dorsal retinal periphery, and fainter expression is observed in the ventral
periphery and throughout the ganglion cell layer (arrow) (E). tbx5a expression is restricted to the posterior
halves of the eyes at 15S8S (A), 20SS (B) and becomes restricted to a dorsal sector of the neural retina from
30hpf (C) to 36hpf, before it is lost prior to the organisation of the retinal epithelium into distinct layers A-E:
Adapted from Gross and Dowling, 2005%°, A-C’: Lateral views with anterior to the top, adapted from Bege-
mann and Ingham, 2000%.

3.4. Retinotectal projections

Correct axon pathfinding requires proper patterning of the tissues that will har-
bour the axonal tract, and the precise localisation of axon guidance cues along the-
se tracts at the time of axon outgrowth!*”. RGC projections exit the eye and pro-
ject across the ventral diencephalon to reach the optic tract, where they project to

their primary central targets: the optic tectum in non-mammalian vertebrates!3®.

Fundamental aspects of retinotectal development are conserved across vertebrates,
including the initial molecular guidance of axons through gradients of ephrins and Eph
receptors, and arbour refinement through neural activity'*. Eph and ephrin families of
axon guidance molecules provide positional information required for retinotectal map

formation. Interactions between Eph receptor tyrosine kinases and ephrin ligands re-
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sultin changes in cell adhesion and cytoskeletal rearrangements, eliciting repulsive or
attractive responses. Finally, accurately ordered projections within the optic tectum

reflect their position within the retina®®®

. Defined ephrinB and ephB expression do-
mains along DV axis are essential for proper topographical map construction in the
tectum?®®® (Figure 11). In chick and mice has been shown that Efnb2 expression in the
dorsal retina is induced by Thx5 and Thx2 when Bmp4 and Bmp_Z are overexpressed,
while in the ventral retina VaxZ2 is repressed'?®*°. Impaired expression of any of these

molecules leads to abnormal retinotectal mapping'*°-142,

DORSAL NASAL
ephrinB2a ephrinA5a
VENTRAL TEMPORAL

QY

EphB2 EphA4b EphA7

Figure 11 | Schematic representation of the distributions of gradients of Eph receptors and ephrin
ligands in the zebrafish retina. Adapted from Kita et al.,, 2015,

In addition to the axon guidance cue family of ephrin/Eph, Semaphorin3D, Slit/Robo
and Netrins have also a roles in axon pathfinding in zebrafish'°. Furthermore, Shh
signalling pathway has been described to be indirectly required for intraretinal axon
pathfinding through patterning the optic stalk and correct expression of downstream
guidance molecules, the cxcl12a chemokine, at the optic disc that directs RGC axons
out of the eye'®”. Shh signalling acts non-cell-autonomously for intraretinal axon path-
finding in zebrafish and inhibition of Shh signalling during optic vesicle patterning is
sufficient to induce intraretinal axon pathfinding errors later during development!*’.
Also, interference in RA signalling, blocking RA receptors (RAR) provoke axons pro-
jecting ipsilaterally and aberrant around the eye or leaving the retina from ectopic

locations, instead of from the choroid fissure'??.
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4 Limb development

4.1. Common steps on limb formation

The development of a limb relies on a series of morphogenetic events including me-
soderm-ectoderm interactions, cell migration and patterning. A key step during limb
development is the establishment of the limb field at a precise position in the LPM, in
the flanks of the developing embryo!*3. Limb buds are the initial structure formed by
the protrusion of the limb mesenchyme precursors covered by an ectodermal layer.
Signalling interactions between the two tissues promote limb outgrowth!**. This pro-
cess is essential and it precedes the development of all the tissues that conform the
adult functional limb: the muscular tissue, connective tissue, epidermis, blood vessels

and nerves.

Despite the morphological similitude of forelimbs and hindlimbs, their identity is al-
ready specified in the initiation phase of their development'*? (Figure 12). This ear-
ly determination is established by the differential expression of the paralogue genes
Tbx5and Thx4 in the mesenchyme of the prospective forelimb and the hindlimb, res-
pectively**>-1*°, The initiation phase of limb bud outgrowth is dependent on the acti-
vation of Fgf10 (Fibroblast Growth Factor) expression in the mesenchyme, which is
critical to ensure subsequent outgrowth!>®!*!(Figure 12). Thx5 null mice are unable to
form an upper limb bud and show complete absence of Fgf10 expression?1%2, In the
case of Thx4 null mice however, they still form a hindlimb, although it is significantly
smaller!®3. Fgf10 expression is reduced in Thx4 mutants, but not completely lost. In
addition, some studies have revealed that a paired-type homeodomain transcription
factor, Pitx1 and Isl1, are also necessary for hindlimb outgrowth regulating both Thx4
and Fgf10 directly*>*1%,
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Fgf signalling is required for limb development in both the initiation and maintenance
of outgrowth stages?®®. This signalling pathway is required for proper PD patterning of
the limb, and disruption of Fgf10, Fgf8, or Fgf4/Fgf8 result in severely malformed or
truncated limbs!°157-161, After the establishment of Fgf10 expression in the mesenchy-
me, cells within this territory signal to the overlying ectoderm where Fgf8is induced.
Ectodermal FGF8 is in turn responsible of maintaining Fgf10 expression in the mesen-
chyme. Thus, bi-directional FGF signalling emanating from both, the mesenchyme and
the covering ectoderm, results in the creation of a positive feedback loop between the

two tissues that is required to sustain the limb outgrowth'** (Figure 12).

10 FGF10, FGF8
1 =
12

Figure 12 | The establishment of Fgf positive feedback loop between the mesenchyme and the ecto-
derm is required to ensure limb development. Tbx5 determines forelimb identity and is responsible for
the activation of Fgf10 in the mesenchyme (A), whereas Tbx4 confers hindlimb identity and activates Fgf10
in the mesenchyme of this territory (B). Adapted from Duboc and Logan, 2011'%.

Other signalling pathways such as RA and Shh also play important roles during limb
development. RA is implicated in the initiation of both forelimbs and hindlimbs62-16°,
Indeed, blocking RA signalling prevents both forelimb and hindlimb initiation¢*16°
[e.g. mouse null mutant for Retinal dehydrogenase 2 (RaldhZ) do not form limbs and

RALDH2 activity blockade inhibits wing bud formation in chicken'”°, which can be
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rescued by supplying ectopic RA in the LPM!27166168] 'Regarding Shh, this pathway is
essential for the establishment of the AP pattern and digit number in vertebrate fore-
limbs and hindlimbs'”*. The expression of Shh, central in AP axis patterning, together
with Wnts and Bmps signalling, involved in DV axis formation, are dependent on Fgf

signals from the Apical Ectodermal Ridge (AER) in the overlying ectoderm!”2,

The role of the key factors that trigger limb development (RA, Thx4 or Thx5and Fgf10)
is conserved among vertebrates!**'73, but the FGF ligands activated in the AER in te-
trapods, might vary in different species (e.g. Fgf8 in mouse or chicken and fgf24 in
zebrafish). Nevertheless, the critical key point is to achieve the establishment of the
feedback loop signalling that ensures the outgrowth of the limb!*%174175 In addition
to the Tbx2 subfamily members Thx4 and Tbx5, at least seven other T-box genes are
expressed during limb development with distinct and dynamic expression patterns:
Tbx2 and Thx3 from Tbx2 subfamily, Thx1, Thx15 and Tbx18 from Tbx1 subfamily,
Brachyury (T) and Eomes (Tbr2)2.

4. 2. Fin development in zebrafish

Similar to what occurs during tetrapod forelimb and hindlimb development, the pec-
toral and pelvic fins, the equivalent structures in zebrafish, are subject to similar signa-
lling cues during the initiation and outgrowth of these structures. Nevertheless, whilst

143 in ze-

in other organisms (e.g. mice) both paired limbs are induced at similar stages
brafish the pectoral fin is formed much earlier than the pelvic fin. Pectoral fins already
become visible as a small protrusion at 28hpf!**, whereas the pelvic fin only emerges
at three weeks of development, more than two weeks after completion of somitogene-
sis'’>. In addition, in contrast to the pectoral fin, the early pelvic fin directly forms the

adult fin, without first creating an intermediate larval fin'’¢. Therefore, the pectoral fin

is @ much more suitable model for the study of the early limb development than the
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pelvic fin. Indeed, there exist multiple studies using the pectoral fin as a model, whe-
reas the molecular mechanisms for the development of the pelvic fin remain largely

unknown#4,

Pectoral fins derive from the LPM and emerge at the level of the 2-3 somites. Fin bud
compaction occurs between 18hpf and 28hpf'** and from this time point onwards, the
bud emerges as a small protrusion. Compaction of the fin primordium is apparently
the result of a feed-forward mechanism: tbx5-expressing mesenchymal cells activate
expression of fgf24in the fin field (Figure 13), which ensures the subsequent compac-
tion of the tbx5-positive cell population within this region'’’. Proper fin outgrowth re-
quires fgf24 downregulation in the fin mesenchyme with subsequent activation in the
AER'” after the establishment of a positive Fgf feedback loop between the mesenchy-
me and the surrounding ectoderm. The AER is a transient embryonic structure that
consists in an apical thickening of wedge-shaped cells of the basal stratum'7® at the
distal part of the fin bud. It is important to highlight that tbx5a is the first marker of
pectoral fin identity and its expression in the mesenchyme is fundamental for fin bud
induction. Thus, interference with tbx5a function by MO knock-down or in the hst mu-
tants causes total absence of the pectoral fin®%’. After thx5a activation by hox genes,
fgf10is eventually activated in the mesenchyme downstream of fgf24'”® (Figure 13).
Indeed, the fgf24 gene that belongs to the fgf8/17/18 gene family, is the first Fgf gene
described to be expressed in the fin bud mesenchyme and its mutant ikarus (ika)lacks
pectoral fins'’8. Therefore, ika embryos are unable to activate fgf10, and consequently
show reduced tbx5 expression, that will ultimately regress. Subsequent fin outgrowth
though, requires fgf24 downregulation in the fin mesenchyme with subsequent acti-

vation in the AER™,
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Figure 13 | Representation of the regulatory relationships between genes required for pectoral fin
development. Green arrows indicate relationships between FGF receptors and ligands, while black arrows

represent transcriptional regulatory relationships. Adapted from Harvey and Logan, 20067,

5. Heart development

5.1. General features

The heart is the first organ to fully develop and function during embryonic develop-
mentin vertebrates. In addition, it is also the first organ where left-right (LR) asymme-
try is evident. In zebrafish, cardiac development can be briefly described as the folding
of the lateral cardiogenic layer that gives rise to a tubular heart!®®!8!, Then, the tube
will loop creating the atrial and ventricular chambers that bloat at the outer curvature.
The mesodermal tissues by which the vertebrate heart is mainly composed already
specify once gastrulation begins with the ingression of cells from the epiblast!®? (Figu-
re 14A). Heart tube precursor cells originate during early-mid gastrulation®®® (Figure
14B). The endocardial and myocardial lineages are differentiated in the bilateral heart
fields while they migrate towards the midline where they will eventually fuse (Figure
14 C-D) and give rise to the cardiac tube!®*'¥’. The main events that occur during early
development of the heart are also shared among vertebrates. These processes include
heart tube formation, rightward looping, heart tube elongation by the addition of pro-
genitor cells from adjacent pharyngeal mesoderm, cardiac chamber morphogenesis
and cushion and valve morphogenesis'®®. However, the four-chambered heart found in

reptiles, birds and mammals contrasts with the much simpler two-chambered struc-
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ture with one atrium and a ventricle that fish possess or the three-chambered system,
containing two atria partially or completely divided in amphibian tetrapods!®®. The
distinct anatomy and functionality of the structure for the different systems though,

have specific benefits for each species.

Since the main events taking place during heart morphogenesis are conserved in ver-
tebrates, the study of zebrafish heart morphogenesis is particularly useful. In contrast
to avian and mammalian embryos, zebrafish are not totally dependent on a functional
cardiovascular system for their development, therefore embryos that lack blood cir-
culation are still able to survive the initial phase of embryonic development thanks to
passive diffusion of the oxygen'®. In zebrafish, heart development starts with the spe-
cification of endocardial and myocardial progenitor cells located in the marginal zone
at either side of the embryo prior to gastrulation (5hpf, Figure 14 A)'*°. Atrial proge-
nitors occupy a more ventral position in the lateral marginal zone compared to the
ventricle progenitors. In the case of the endocardial progenitors, these are scattered
throughout the marginal zone without an apparent organization'®. After involution,
during gastrulation and early somitogenesis the cardiac progenitors migrate towards
the midline reaching their destination at the level of the hindbrain (by somite 5)*8! (Fi-
gure 14 B). Endocardial precursor cells lie most medially, whereas the myocardial pre-
cursor cells are situated more laterally'**'°2, By 13SS, the myocardial precursors have
segregated into preventricular and preatrial groups (Figure 14 C) and from 19hpf the
myocardial precursors begin to merge in the posterior part forming a horseshoe-sha-
ped structure!®® (compare Figure 15 A, A’ with Figure 15 B, B’). During mid- and la-
te-somite stages, cardiogenic differentiation and heart morphogenesis occur at once,
which difficult to assign specific function to genes during this period of embryonic de-
velopment'®°. Namely, at this developmental point, the myocardial cells migrate to the
midline and begin to assemble while they begin to express genes that are associated
with terminal differentiation and start to contract. Thus, within a few hour time-frame

myocardial cells expressing nkx2.5begin to express sarcomeric genes.
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Figure 14 | First stages of zebrafish heart development. Before gastrulation (5hpf) heart progenitor
cells are located throughout the ventral and lateral regions of the embryo (A). After involution, the cells
converge towards the embryonic axis and reach their final destination at the level of the future hindbrain
(~12hpf; 55S) (B). Myocardial precursors segregated into preventricular (red) and preatrial (yellow) groups
(15.5hpf; 13SS)(C). (D). A: anterior, AP: animal pole, D: dorsal, L: left; P: posterior, R: right, V: ventral, VP:
vegetal pole. Adapted from Stainier, 2001,

By 19.5hpf the anterior cells migrate in a coherent and medial direction and fuse in
the anterior part!®l. Consequently, the horseshoe gets transformed into a cone with
the ventricular (arterial) cells at the centre and apex and atrial (venous) cells at its ba-
se'®(Figure 15 C, C’). Finally, the endocardial cells lie inside the cone. The formation of
this cardiac cone is a critical step in heart morphogenesis. The cone is initially orien-
tated along the DV axis but it rapidly rotates 902 in a clockwise manner to achieve
an AP orientation'® .This rearrangement is potentially led by physical forces exerted
in both organ autonomously and organ non-autonomously*®.Then, the cone extends
and telescopes out to form the heart tube undergoing the first asymmetric event of its
development: cardiac jogging (Figure 15 D, D’). Polarity and epithelial organization
are critical for the extension of the cardiac tube, as loss of cell polarity results in an
arrest of cardiac morphogenesis at this stage!?*192194195 The ventricular end is the first
assembled, followed by the atrial end. This leftward displacement event results in the
positioning of the tube along the AP axis at around 24hpf, with the atrial side lying to
the left of the midline.
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Despite the endocardial and myocardial cells belong to different populations, both
migrate towards the left side simultaneously!®. Nonetheless, myocardial-endocardial
interactions have a minor role during myocardial migration. Indeed, in the absence
of endocardial cells, the formation of the heart cone is only mildly affected!*”'%8. This
directed migration requires the extracellular matrix component hyaluronic acid and
the Nodal and Bmp signalling pathways, expressed asymmetrically in the anterior
LPM, are also essential for the correct directed migration. Nodal and Bmp signalling
pathways are also important earlier in heart development, since both are responsible

of inducing nkx2.5 expression and cardiogenic differentiation by gata5 activation'®’.

Later, by 30hpf, the different chambers are morphologically distinct and around 36hpf
the heart tube goes through a second asymmetric event: cardiac looping (Figure 15 E,
E"), by which the ventricle ends up positioned at the right side of the embryonic midli-
ne sitting on top of the atrial chamber, which stays in the left side'*°. According to stu-
dies in zebrafish and chick, RA is involved in the chamber formation by encouraging
atrial development at the expense of ventricular development?°°2°1, These results have
also been reported in mouse??. The direction of cardiac looping is determined by the
previous asymmetric event (cardiac jogging): tubes displaced towards the right side
will eventually loop in the reverse direction?®3. At 48hpf, functional valves are formed.
Their presence is required to prevent blood to flow back from the ventricular chamber

to the atrium when the ventricle contracts.
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17SS 19SS 21SS 25hpf 48hpf
A B’ (0 D’ E’
Figure 15 | Zebrafish cardiac development. At 17SS myocardial precursors migrate towards the midline

(A-A’) and soon after they will fuse at the posterior part (B-B’). At 21SS the fusion also has occurred in the

anterior part giving rise to the cardiac cone (C-C’). The cardiac cone then telescopes towards the left side of

the embryo (D-D’) in the asymmetric event of cardiac jogging. This asymmetric event is followed a dextral
torsion, i.e. cardiac looping (E-E’) a second asymmetric event after which the ventricle ends sitting on top of
the atrial chamber. A-D: Dorsal images with anterior to the top. E is a ventral image with anterior to the top.
A-E: CMG lab ISH images for myl7 highlighting the cardiac precursors. In the scheme, orange is for ventricu-

lar precursors, while turquoise corresponds to atrial precursors. In green is highlighted the AVC.

5.2. Signalling during cardiac development

Heart morphogenesis and cardiomyocyte differentiation are complex processes that
demand the coordination of multiple signalling pathways. The temporal and spatial
integration of all the events is essential to acquire a functional cardiac structure?’*.
During the directed migration towards the midline the acquisition of a polarized epi-
thelial organization by the medial myocardial progenitor is fundamental. Myocardial
progenitor cells express (3-catenin with basolateral localization and aPKC (atypical
protein kinase C) and junctional localization of Z0-1 (zonula occludens 1) on the
apical surface!®?%, In addition, the preservation of adherens junctions between the

myocardial progenitor population relies on fibronectin deposits which laterally edge
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the myocardial progenitor cells?*>2%, As previously mentioned, Bmp and Nodal sig-
nalling pathways play relevant roles during heart morphogenesis. Cardiac jogging is
controlled by the Nodal co-receptor oep (one-eyed pinhead)?°” and the left-sided No-
dal signalling cascade?®®. Indeed, cardiomyocytes lacking oep move slowly and with
reduced directionality?”. A similar function has been proposed for Nodal in regulating
cell migration during cardiac jogging. Bmp4, expressed in the LPM and heart field, de-
pends on Nodal signaling?®*?'°, Furthermore, Bmp signalling is needed to repress the
nodal-related gene southspaw (spaw) expression in the right LPM, probably by indu-
cing lefty1 expression in the midline. Thus, Bmp signalling appears to be acting at two
different levels, downstream and upstream of the Nodal signalling pathway?'°. Cardiac
cells are extremely sensitive to the dosage of TGF (Transforming Growth Factor) sig-
nals and possibly complex coordination of Nodal and Bmp signalling pathways control
of the differential motility along the LR (Left-Right) axis of the myocardial and endo-
cardial cells?!. Nevertheless, a study from the Bakker’s lab revealed that after gastru-
lation, Nodal signalling is dispensable for directional heart looping and demonstrate
that non-muscle myosin II activity and actin polymerization are essential for cardiac
looping?!?. In addition, another recent study supports the existence of a right-handed
pathway that conducts differential LR EMT (epithelial-mesenchymal transition) and
heart looping in vertebrates. A left-specific Nodal-Pitx2 pathway would confer left
identity in the LPM and repress the right-handed pathway, whereas Bmp signalling
would activate EMT in the LPM in a LR asymmetric manner to drive heart laterality
and the repression of leftward identity on the right side through the repression of the

Pitx2 transcription factor?'3,

Several T-box genes are involved in the vertebrate heart morphogenesis. These inclu-
de Tbx1, Tbx2, Tbx3, Tbx5, Tbx18, and Tbx20 and their roles have been linked to ear-
ly cardiac lineage determination, chamber specification, valvuloseptal development,
and diversification of the specialized conduction system in vertebrate embryos®1*,

To reach adequate levels of T-box protein is key to ensure the functionality of the-
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se genes, since haploinsufficiency result in syndromic diseases in humans for TBX7,
TBX3 and TBX5. In addition, haploinsufficiency phenotypes have also been described
in mice with ThxI or Thx5 targeted mutagenesis®**!. Interactions of T-box proteins
with other transcription factors involved in cardiac development add complexity to
the regulatory mechanisms that ensure correct morphogenesis. Thus, it is of para-
mount importance the tight regulation and coordinated expression of T-box proteins
with other cardiac genes such as nkx2.5 or gata4. For instance, in mice Tbx20 has been
reported to physically interact with the cardiac transcription factors Nkx2.5, Gata4

and Gata5, collaborating to synergistically activate cardiac gene expression'’.

A variety of molecules and signalling pathways affect T-box gene induction, which in-
clude Fgfs, Bmps, Wnts and RA. Regarding T-box target genes in the developing heart,
these include lineage-specific genes and genes related to growth control. For instance,
Tbx2, Tbx3, Tbx5, and possibly Tbx20 are involved in the regulation of atrial and con-
duction system genes (e.g. Cx40, Cx43, and Nppa)*'*-*'7. In addition, cardiac restriction
of T-box target genes is probably due to protein-protein interactions between T-box,
Nkx, and GATA families?'. It is worth to highlight the role of Thx5 during early cardiac
development. This transcription factor is a transcriptional activator of genes associa-
ted with cardiomyocyte maturation and it also acts upstream of morphological signals
for septation?'?2%%, During later cardiac development, Thx5 is required for patterning
of the cardiac conduction system and maintenance of mature cardiomyocyte func-
tion?!. Cardiac expression patterns of Thx5in human, mouse, chick, and frog are very
similar. In addition, both paralogues (tbx5a and tbx5b) in zebrafish are also expressed
in the developing heart. In human hearts, TBX5 is expressed in the epicardium, myo-
cardium, and endocardium of embryonic and adult hearts?*®. Functionally confirmed
TBX5 direct targets in the heart are genes implicated in cardiac proliferation, matu-
ration, and function, including Nppa, Gja5, and Scn5a®"¢218>215221-226 while no direct

effectors of morphology have been uncovered for TBX57*.
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6. Left/Right Asymmetry

6.1. Overview and incidence

Despite the external symmetrical appearance of vertebrate organisms, the developing
heart together with several other internal organs (e.g. liver, pancreas, gut) and paired
structures (e.g. lungs and brain hemispheres) exhibit a defined position in the body
plan along the LR axis. Indeed, the establishment of the LR axis during embryonic
development, in addition to the DV and AP axes, is crucial for the subsequent proper
positioning of organs (situs solitus) and their functionality. Impaired LR patterning
during embryogenesis results into a partial or total organs reversal (heterotaxia and
situs inversus, respectively) or other birth defects of clinical relevance (e.g. Kartage-
ner syndrome or Primary Ciliary Dyskinesia (PKD)?*” and Ivemark syndrome or right
atrial isomerism??®). Therefore, understanding the establishment of LR asymmetry is

fundamental to understand these human conditions (Figure 16).

Laterality defects in humans are rare disorders, with an incidence of 1:8,000 to
1:10,000%° and a multifactorial aetiology. To date, many cases of LR asymmetry disor-
ders have been reported, and yet with more than 100 genes that have been identified
as playing important roles in the establishment of LR asymmetry in animal models, the
aetiology of these human disorders remains unclear?°#, Laterality defects arise due
to both genetic and environmental factors and phenotypes are highly heterogeneous,
ranging from asymptomatic to severe clinical conditions®*2. Interestingly, a wide va-
riety of human syndromes affecting paired organs present a bias for one side?**. The
molecular mechanisms that drive LR asymmetry have been largely unknown up until
the last couple decades and some hypothesized that subtle molecular differences may
exist between organs which are assumed to be symmetrical (e.g. limbs or eyes)?*. This
idea is also suggested by some human conditions: fibular a/hypoplasia affects the ri-

ght side more often?*?, while HOS presents upper limb malformations which are much
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more common on the left side?'>2%5-237, Indeed, a recent publication in mouse shows
that bilateral suboptimal levels of Thx5 fail to reach threshold levels that buffers the
inherent asymmetry in the left and right LPM. Thus, it results in abnormalities in limb

formation that affects more severely the left limb®*.

Situs solitus Situs inversus totalis Left isomerism (polysplenia)
: %
Spleen Q @
Stomach
Situs inversus thoracalis Situs inversus abdominalis Right isomerism (asplenia)

a2e

Figure 16 | Left-Right disorders in humans. Schematic representation of the lateral orientation of the

asymmetric organs within the body plan in normal conditions and in five different laterality defects that
affect the lungs, heart, liver, stomach and spleen. Adapted from Fliegauf et al,, 2007%%.
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6.2. Prevailing models for the establishment of LR asymmetry

It is generally accepted that the establishment of LR asymmetry in vertebrates con-
sists of three main phases?%-2*1, Phase 1: LR asymmetry originates in transient midline
structures referred to as left-right organizers (LROs) that appear at the posterior end
of the notochord during early somite stages (e.g. node in mouse, gastrocoel roof plate
(GRP) in Xenopus or Kupffer’s Vesicle (KV) in zebrafish). Phase 2: asymmetries that
originate in and around LROs are then transferred to the LPM. Phase 3: final correct

position of organs along the LR axis (Figure 17 A).

The first phase is the one that generates more controversy. In the absence of a consis-
tent canonical model, it is widely accepted that a symmetrical embryo distinguishes
L from R only after the DV and AP axes have been established, by consistent orienta-
tion of some subcellular component inherently chiral?*2. Therefore, the existence of
an inherently biophysical origin of asymmetry preceding the asymmetric transcrip-
tional events is accepted?*!. The prevailing model proposes that the movement of ci-
lia present in LROs in the neurulating embryo creates a chiral fluid flow within this
transient structure (Figure 17 B). The flow is directional with a strong anticlockwise
current due to cilia orientation and biochemical structure?*3®-?45, Nevertheless, another
explanation called intracellular model suggest that the symmetry break arises from
cytoplasmic cytoskeletal chirality during the first cell cleavage events. Three different
non-mutually-exclusive proposals aim to explain this model: the ion flux model, the
chromatin segregation model and the planar cell polarity (PCP) model?*'. These mo-
dels justify their proposals claiming that a great number of intracellular elements are
extensively conserved in LR patterning, including invertebrates and plants?38246247- [n
addition, in some vertebrates, e.g. chicken, it has been proposed that signalling in the
LRO (Hensen’s node) is independent of cilia, since there is not an evidence for motile
cilia or fluid flow?*%. This is also the case of the pig, whose LRO is not ciliated**°. Data

that support each of the models of LR asymmetry cannot discriminate which is the one
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truly responsible for this symmetry break. For example, interference with cytoskeletal
proteins affects the intracellular cytoskeleton, but also the cilia, thus not allowing to
identify the real cause and to distinguish between the two models. Therefore, here we
will consider the cilia model, which has been accepted with higher consensus in the

developmental biology community.

Cilia are microtubule-based organelles that protrude from the apical side of cells and,
in the case of LROs, are distributed in a one cilium per cell manner. Interestingly, di-
fferent plausible mechanisms by which the fluid flow created in the LRO is amplified
also exist in the cilia model. Consequently, there has also been some discussion in the
field to determine which of them could better explain the observed experimental data.
One model claims that the accumulation of extracellular morphogens on the left side
of the embryo results in the transmission of this signal in the left LPM. Nodal, Fgf, Shh
and RA are proposed to act as morphogens??, although not fully supported by expe-
rimental data. For instance, despite in mice Nodal has been suggested to signal from
the node to the LPM via an internal route, travelling directly to the LPM via interaction
with sulfated GAGs (glycosaminoglycans), this could not be the case in zebrafish, since
spaw mutants still express spaw in the LPM?12251252 Another model, defends that the
asymmetric distribution of nodal vesicular parcels (NVPs), small membrane-bound
vesicles that transport morphogens in a leftward movement is the responsible mecha-
nism?>3-2°°, Finally, a last explanation is based on asymmetric detection of fluid flow
itself by mechanosensory cilia leading to calcium signalling on one side of the embryo
250256-260 - A]] three models have experimental data that support them, and regardless
whether there is a prevailing model or it is indeed a combination of the three, the im-
portant fact at this developmental point is that left biased signals are transmitted to
the peripherally located cells around LROs creating asymmetries in gene expression
in this territory. Either way, an increase of intracellular Ca** concentration on the left
periphery of the ventral LRO is ultimately created and then laterally propagated to

firmly ensure left side identity®*® (Figure 17 C).
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Zebrafish Xenopus Mouse
Kupffer's vesicle Gastrocoel roof plate Posterior notochord
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Figure 17 | Asymmetrical disposition of organs in human and model for the onset of LR asymmetry.
Schematic drawing for asymmetric organs (A). LROs in different organisms differ in shape(B). Depiction of
leftward flow at the ciliated epithelium of an LRO (C): motile and polarized cilia (positioned at the posterior
pole of cells) rotate in a clockwise fashion to produce a leftward fluid flow in the extracellular space. Flow
is sensed by unpolarized cilia on cells bordering the LRO. The asymmetric signal (likely to be Nodal protein;
blue octagon labeled with question mark) is transmitted to the left LPM, where the Nodal cascade is induced.
Adapted from Blum et al., 2014*%.

6.3. General features and signalling pathways related to the establishment of LR
asymmetry

It is widely accepted that the symmetry break in vertebrates emerges in the LROs at
the posterior pole of the notochord and the conserved Nodal signalling pathway has
a key role to magnify the biased signalling cues originated. Although LROs have struc-
tural differences in terms of shape and cilia***?*” (Figure 17 B), the main mechanistic
features by which LR asymmetry is achieved, are conserved across many vertebrates.
Once cilia rotation creates a clockwise flow in the cavity of the LRO, asymmetric gene
expression is generated in the vicinity of this structure. A key step in the establishment

of left identity is the downregulation of the Nodal pathway repressor Dand5 (DAN do-
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main family member 5) - charon in zebrafish - in the left side of the LRO, triggering the
activation of left-sided Nodal signalling. Nodal activation induces the expression of its
downstream targets (e.g. Lefty1, Lefty2, Pitx2) and Nodal itself*¢'-?¢3, In addition, whi-
Ist Nodal signalling pathway induces its own expression in the left-side LPM by posi-
tive feedback regulation, another member of this pathway, Lefty1, a Nodal antagonist,
restricts Nodal activity to the left side by a negative feedback regulation®¢!?¢*, The re-
lation between Nodal and Lefty has been described to fit into a self-enhancement and
lateral-inhibition (SELI) model, in which subtle differences in expression levels are
dramatically transformed between two separated regions due to the enhancement of
this differences through local activation and long-range inhibition?¢>. This model im-
plies that the inhibitor (LEFTY1) spreads faster and diffuses further than the activator
(NODAL), which is indeed true?¢6-2%¢, Thus, small differences in nodal expression in the
LRO are amplified in the LPM (Figure 18). In addition, the antagonistic relationship
that these two Nodal signalling members hold seems to be based on the interactions of
lefty proteins with EGF-CFC (Epidermal Growth Factor-Cripto/FRL-1/Cryptic) co-re-
ceptors and Nodal ligands impeding the establishment of receptor complexes?%32¢°,
Furthermore, Nodal long-range activity has been shown to be dependent on Gdf1 in

mice, which enhances nodal specific activity by directly binding to it?’°.

Vertebrates have two lefty genes, Lefty1 and LeftyZ, but while LeftyZ2is mainly expres-
sed in the left LPM, Lefty1 is primarily expressed in the midline preventing the leak of
nodal signalling to the right side of the embryo (Figure 18). Disruption of the midline
structure or midline gene expression (e.g. Lefty1 or Ntl) results in the loss of left-side
restricted expression pattern and consequently loss of proper organ patterning along
the LR axis?’!"?’%, Nodal signalling in the LRO is fundamental for its own subsequent
expression in the left LPM?7527¢, NODAL activates the homeobox transcription factor
Pitx2 in the left LPM, which remains expressed in this region for several hours after
Nodal signalling has already ceased?® Loss of Pitx2 in mouse mutant embryos affects

the heart vessels and lobation of the lungs?”’. Nevertheless, other asymmetries such
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as heart looping or stomach sidedness are not affected in these mutants and strikingly,
in zebrafish loss of pitx2 does not cause any phenotype in organ laterality?’®. Regar-
ding Nodal inhibitors Lefty1 and LeftyZ, loss of Lefty1 result in a bilateral expression
of Nodal in the LPM after losing its expression in the midline barrier, while in mouse
Lefty2 mutants it has been described that Nodal show longer persistency and further

expression accompanied by an upregulation of Pitx2?68,

L R
‘)
Lefty1, Ntl
[}
E _S E v Nodal, Dand5
p—
X \(//' E i ) Nodal, Lefty1/2, Pitx2
7

Figure 18| Schematic representation of the Nodal signalling pathway during the establishment of
LR assymmetry. The directional fluid flow created within the LRO is transmitted to the surrounding terri-
tory where Nodal signalling pathway is activated and subsequently induces its own activation in the left
LPM. Remarkably, the Nodal target gene Lefty1 together with Ntl are expressed in the midline to prevent

signalling leakage from one side to the opposite of the embryo.

Several studies have also suggested that Bmp signalling has different functions during
LR patterning in zebrafish, chick and mouse, probably due to the dynamic expression
in different developmental time points and tissues?'%?”°. However, the outcome of the-
se studies is quite controversial, since the effect of Bmps on Nodal signalling has been
observed to be positive or negative depending on the biological context and animal
model. In chicken, Bmps are required for Nodal induction and maintenance in the left
LPM?80-28235 has been suggested in mice 2792%, In contrast, a repressive function of Bmp

signalling has been described in Xenopus: whilst inactive Bmp signalling on the right

61



Introduction

side causes bilateral expression of Nodal, constitutively active Bmp signalling causes
loss of nodal expression?®3. Besides, misexpression of the Bmp antagonist Caronte in
the chicken left LPM is sufficient to activate Nodal in the right LPM?#*-286, In mouse,
mutant embryos for either Smad5 or AlkZ express low levels of Lefty1 in the midline
and hence, Nodal, Lefty2 and Pitx2 are bilaterally expressed?”2%, In addition, Bmp
antagonists Chordin and Noggin, restrict Bmp signalling in the left LPM?¥°, Similarly, in
zebrafish has been proposed that Bmp represses nodal by inducing lefty1 in the mid-
line, thus preventing nodal expression on the right side?'. All these results, seem to
indicate Bmp signalling has different roles during the establishment of LR asymmetry
at different developmental stages. Studies in zebrafish propose that Bmp4 represses
spaw during early segmentation, right after the formation of the KV. This inhibition
would result in the regulation of both visceral and cardiac laterality. Moreover, a se-

cond wave of bmp4 signalling would be responsible uniquely for cardiac laterality?*°.

Besides the TGF-f signalling pathways of Nodal and Bmps, a number of intercellu-
lar pathways such as Fgfs, Wnts, and Shh, have also been reported to have a role in
the control of LR asymmetry?10.253-255290-293 Einally, several T-box genes have also been
identified to have a role in LR patterning or cilia development. In a screen to identify
targets of Ta, one of two zebrafish orthologs of T, flh was identified®**, which is requi-
red for normal KV and cilia formation? In addition, Thbx6 regulates LR patterning in
mouse embryos through effects on nodal cilia and perinodal signalling®®® and Thx3
has been found in primary cilia and localized to the same regions of the cilia where
GLI3-repressor is found in mice®. In the case of tbx5, zebrafish hAst mutants have been
described to show central and linear disposition of the heart?”, in contrast to a direc-
tional displacement in the case of the wildtypes. In addition, 70% of HOS individuals
exhibit asymmetrical upper limb defects?’¢. Hence, the regulatory mechanisms invol-
ved in the establishment and maintenance of LR patterning in vertebrates include

many signalling pathways and are overall quite complex. Laterality has been reported
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to be affected not only by drugs (e.g. cadmium, lidocaine, nitrofurazone) or asymme-
trical expressed genes (e.g. spaw, lefty1, bmp4), but also by bilateral expressed genes
such as fli-1, hest-1 or rtk-2?3*.

6.4. Establishment of LR asymmetry in zebrafish

The KV, the LRO in teleosts, is a fluid-filled transient organ located at the posterior
end of the notochord during early somitogenesis?’*?°” discovered in 18682%, In ze-
brafish, the KV originates from a cluster of 20-30 cells, the dorsal forerunner cells
(DFCs), which appear adjacent to the embryonic shield at mid-gastrulation and migra-
te towards the vegetal pole by late gastrulation??°3%, DFCs become polarized epithelial
cells and create a rosette-like structure at the 1-25S5%7%3%%, Then, the lumen of the KV
inflates becoming a fluid-filled structure and a single motile cilium protrudes from the
apical surface of each cell pointing towards the lumen32 Defects in the specification of
the DFC, their clustering or migration cause failures in KV assembly, ciliogenesis and

LR patterning®’.

Intriguingly, progenitor cells of the DFC/KV lineage remain connected to the yolk cell
up until 4hpf, while the contacts between the rest of the embryonic cells and the yolk
are closed after 2hpf?97390.303 Yet, this fact has provided a unique opportunity to target
the cell population that gives rise to the KV without affecting the other embryonic
cells and show specific phenotypes of certain genes linked to LR asymmetry. Never-
theless, injecting in this time-frame of 2-4hpf not only delivers the injected solution
to the DFCs, but also to the yolk and the yolk syncytial layer (YSL) and therefore, it is
extremely important to generate a control by injecting after 4hpf at sphere-dome sta-
ges (4-4.3hpf) to demonstrate that the observed phenotype is not due to a signalling
alteration in the yolk or the YSL. This approach has enabled to demonstrated a key role

for multiple signals during KV morphogenesis (e.g. Fgf, Nodal, Notch, Shh and Wnt).

63



Introduction

Correct KV organogenesis is crucial for subsequent signalling and embryonic patter-
ning along the LR axis. Structural defects in the KV, such as smaller size or inability to
inflate, or in its cilia (Z.e. length, number or motility) lead to aberrant signalling and
incorrect positioning of the heart, visceral organs and neural structures. For instance,
the balance between motile and immotile cilia and their localization in the KV needs
to be tightly regulated. Otherwise, an accumulation of immotile cilia at the anterior
half of the KV caused by different signalling impairments, such as overexpression of
her12 or Notch intracellular domain (NICD), disrupts the normal intensity of the fluid
flow and patterning affecting LR establishment3**. Other parameters, such as KV size
or cilia number, are not that solidly controlled during development, but rather must
be hold within a range to secure robust LR patterning. The length of KV cilia had the
smallest amount of variability, whereas KV cilia number and lumen size exhibit great
diversity within similar stages and genetic backgrounds®®. In the case of the lumen
size, a 1300um? threshold has been reported, below which the KV is no longer able to
firmly secure LR patterning®®. In addition, in wildtype conditions there is a correla-

tion between KV size and cilia number3®,

Like in other vertebrates, Nodal signalling is key for LR asymmetry in zebrafish?®.
spaw expressed in the cells surrounding the KV at 4-6SS, where it becomes limited to
the left LPM at around 12SS*% and its positive feedback loop is critical to create LPM
asymmetry?¢23%7 (Figure 19). On the other hand, charonis also first expressed bilatera-
lly around the KV at 6SS and it becomes restricted to the right area®(Figure 19). Since
Charon binds to Spaw antagonizing its functions3®, the rightward gradient of Charon
around the KV prevents spaw expression in the right side. Thus, opposed gradients
between Spaw and Charon around KV are proposed to contribute to the asymmetric
expression of spaw in the left LPM?*7 (Figure 19). spaw knock-down extinguishes the
expression of its target genes in the LPM (e.g. lefty1, leftyZ, and pitx2) and lefty1 in

the midline losing left-specific morphogenesis, as observed in mouse?®. In the case of
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the loss of expression of lefty1, spaw expression leaks to the right side causing a bila-
teral expression in the LPM!%3310, Moreover, lefty1 and charon morphants show a fas-
ter propagation of spaw expression from posterior to anterior in the LPM compared
to wild-type siblings®!°. Spaw is, indeed, a long-range activator that might be locally
restricted due to the necessity of EGF-CFC co-receptors to activate Nodal signalling
through activin receptors®!!, thus being slightly different to the consensus definition
of a SELI model. So, despite activin receptors are widely expressed, oep an EGF-CFP
co-receptor is restricted to the LPM and the notochord during early and mid- somito-
genesis®!. Oep together with Leftyl impedes Spaw to be acting in a longer range and
Spaw can only enhance its own expression in oep positive cells in the left LPM where
Lefty1 is scarce. Nevertheless, further studies are required to better understand the
nature of spaw signalling expansion in the left LPM and the role of the midline barrier
and other signalling molecules to firmly ensure correct LR patterning. Likewise, other
signalling pathways (e.g. Bmp signalling®'°3'?) have been described to have an impor-
tant role in the establishment and maintenance of LR asymmetry, but the contribution

of additional signalling pathways also needs to be further investigated.
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Figure 19 | Schematic representation of signal transfer from the KV to the LPM. spaw is expressed
bilaterally around the KV at 4-6SS until 10-12SS where it is restricted to the left side. Charon antagonizes
spaw by binding to diffused Spaw* which cannot activate its own expression in the right LPM. However,
Spaw reaches the left LPM without the antagonism from Charon where it stimulates its own expression. A:
Anterior; L: Left; P: Posterior; R: Right. Adapted from Matsui and Bessho, 2012%.
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6.5. Maintenance of LR asymmetry: Organ laterality

The impact of signalling disruptions during development is dependent on the time
point when this signalling is altered or interrupted. Hence, it is expected that early
interference, when LR patterning is being established will have an embryonic global
effect, while the latest the signal is impaired the lesser the impact, this being proba-
bly restricted to one or few organs. A key step in the maintenance of LR asymmetry
is the interpretation of the LR specific cues that emerge around the KV structure by
organ primordia. According to this information, cells undergo specific organ-specific
asymmetric morphogenesis by, at least, three different means: looping or rotation out
of the midline (e.g. heart and gut), side-specific differences (e.g. lungs) and regression
of one side of a bilateral symmetric structure, while the other is maintained (e.g. ve-
nous system)3!3, Remarkably, since the establishment of LR identity happens much
earlier than asymmetric morphogenesis, LR signalling differences generated by the
transiently expressed Nodal and Leftys have to be maintained to secure correct organ
laterality®'*31°. Pitx2 Nodal signalling effector, has been described to have this role in
both chicken and mouse®#3'>, Nevertheless, this has been shown not to hold true in

the case of the zebrafish (see section 6.3.).

Finally, the orientation of the different organs is highly consonant. In wildtype condi-
tions, the position of the visceral organs can be predicted from the direction of cardiac
jogging, which is the first event to take place in asymmetric organogenesis. In addi-
tion, the normal development of the midline structures is apparently fundamental for
coordinated heart jogging and looping and intestinal looping to occur®®. Defects in
laterality have been observed in human and in model organisms. The degree in dis-
cordance in the laterality of each organ respect to the rest is highly variable, hence
pointing towards a specific and independent regulation for LR orientation for each or-

gan®'’. One example in zebrafish is Shh misexpression on the right side of the embryo,
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that causes both heart and viscera reversal. The reversal events affect each structure
independently, suggesting that each organ interprets the signals differently*' Also,
bmp4 misexpression on the right side in zebrafish uniquely affects heart positioning,

whereas visceral organs remain unaffected?'2.

Heart laterality in zebrafish

As previously mentioned in the section related to heart development (see section 5.1),
the heart primordia appears in the anterior part of the LPM at around 18-20SS. The-
se bilateral cell populations migrate medially to finally form a cardiac tube, that will
experience a series of asymmetric events that give rise to the functional heart. These
morphogenetic events during heart organogenesis are controlled by several signalling

molecules and pathways, with special relevance of Nodal and Bmp signalling.

After the fusion of the cardiac progenitors in the midline the leftward involution of
the right posterior heart field leads to the formation of the ventral floor, whereas the
non-involuting left heart field generate the dorsal roof of the primary heart tube!%2.
Then, simultaneously to the extension and leftward migration of the myocardial cells,
a clockwise rotation of the heart tube occurs regulated by lefty1, leftyZ, pitx2 and
bmp4, among others!78191.207315 Thys, all these movements trigger the conversion of
the LR axis into the DV axis in the tube'®l. Then, the heart elongates and is displaced
over the yolk until the dorsal part of the tube locates on the ventral side of the develo-
ping embryo. Later, another rotational movement restores DV polarity to LR polarity,
and finally the tube loops creating a multi-chambered structure, in which the left side
is positioned on the left side of the looped heart3®. This second asymmetric event
is dependent not only on genetic factors, but also on biophysical mechanisms. The
action of mechanical forces together with an important role of extracellular matrix
components (ECM) in this process enable correct twisting and bending of the heart3:®.

Despite cardiac jogging and subsequent heart looping have a high correlation, a failure
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in cardiac jogging not necessarily drives to a failure in looping. It has been reported
that indeed, it results in randomized lopping?°!, demonstrating that both events share
some regulatory mechanisms, but they also possess others that specifically regulates

each process.

Visceral laterality in zebrafish

The gut is also generated after a series of looping events. The digestive system is also
dependent on LR positional cues that trigger the asymmetric migration of the LPM3".
In wildtype conditions, the left and right LPM migrate dorsally and ventrolaterally res-
pectively towards the midline, which results to a leftward shift of the intestine (gut
looping) at 26-30hpf (Figure 20). Eventually, the liver and the pancreas are asymme-
trically positioned in the left and right side, respectively with respect to the midline in
the abdominal cavity**72?322(Figure 20). Migration or asymmetric cell rearrangement
of the adjacent mesodermal tissues are critical for LR orientation of the endodermal
organs3?%323, The movements that drive this asymmetric migration of the LPM are sub-
jected to the control of LR signalling®?°. This has also been confirmed by the results
obtained in spaw morphants that have randomized LPM migration and gut looping,
suggesting that asymmetric LPM migration and gut looping are regulated by LR gene
expression in the LPM??’. In addition to Nodal signalling, bidirectional EphrinB1/Eph-
B3b signalling has been observed as reported as responsible for coordinated liver and

LPM movements3%,
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24 hpf 28 hpt 40 hpt 48 hpf

REK

Figure 20 | Schematic representation of the stages of endodermal organogenesis in wild-type ze-

brafish embryos. Endoderm in green, liver and exocrine pancreas in red, and endocrine pancreas in blue.
I, liver; p, pancreas; dotted line, endocrine pancreas; sb, swim bladder; and i, intestinal bulb.. Adapted from
Noél et al,, 2008°%°.,

Neural laterality in zebrafish

LR asymmetry is also a salient feature of the vertebrate central nervous system. Brain
asymmetry is indispensable for the expansion of the sub-nucleus in the left habenula
by the early larva stage3?®. At the genetic level, Nodal signalling has a central impor-
tance with the contribution of the Fgf, Notch, Wnt/bcatenin pathways3%’ to build the
lateralized embryonic brain (Figure 21). Despite the key role of Nodal in the regulation
of neuroanatomical asymmetries in the zebrafish forebrain, the first steps are Fgf-me-
diated: initial migration of the parapineal from the midline to a lateralized position in
the brain is controlled by fgf&8*?%. Furthermore, reduced Fgf signalling leads to bilateral
lefty1 expression and an increment of cell boundary formation in the brain midline3?2.
spaw knockdown results in the loss of left-sided activation of Nodal signalling in the
diencephalon, suggesting that LPM spaw regulates Nodal activity in the brain?®. In abf
(about face) mutants Nodal is activated in the right side of the diencephalon and ha-
benula sub-nucleus asymmetry is reversed, indicating an essential Nodal dependent
mechanism for determining habenula laterality?”. However, mutants in which Nodal
is activated bilaterally (ntl) or is absent (LZoep), habenula asymmetry is established
but laterality of the habenula sub-nucleus is randomized, suggesting that habenula

laterality is independent of the nodal handedness in the diencephalon?®’.
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Nodal (‘
activity

FGF activity

Figure 21 | Schematic illustration of the epithalamic region of the zebrafish brain showing the left
and right Hb, the PpO, and the ep. The PpO migrates left toward the left Hb. An FGF gradient that increases
from the midline to the lateral sides. Nodal is only active on the left side and promotes left-sided migration
of the PpO. ep: epiphysis, Hb: habenulae, PpO:, parapineal organ, L: left and R, right. Adapted from Grimes
and Burdine, 2017%,
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Aims

The present Doctoral Thesis had the following overall aims:

1. To uncover the specific versus overlapping roles of the tbx5a and tbx5b genes
during zebrafish development.

2. To understand the role of thx5a during left/right asymmetry in zebrafish.

To achieve these overall aims I set out to pursue the following specific aims:

1. To elucidate the function of the thx5 paralogues (i.e. tbx5a and tbx5b) during re-
tina development in zebrafish.

2. To determine the role of the tbx5 paralogues during pectoral fin development in
zebrafish.

3. To characterise the role of the thx5 paralogues during heart organogenesis in ze-
brafish.

4. To analyse the early role of thx5a during the establishment of LR asymmetry in
the heart, visceral and neural structures in zebrafish.

5.  To understand the mechanism by which tbx5a influences the establishment and/

or maintenance of LR asymmetry in zebrafish.
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Materials and Methods

1. Animal welfare

The local ethics committee approved animal studies and all procedures conformed
to the essential ethical rules and the current applicable legislation (Council Directive
86/609/EEC; Law 5/1995/GC; Order 214/1997/GC; Law 1201/2005/SG). Adult fish
were kept in a designated fish facility with a designated manager and welfare officers.
When animals needed to be euthanized, an overdose of tricaine methane sulfonate
(MS222, 200-300 mg/1) by prolonged immersion was used, which is a well-establi-

shed humane method.

2. Animal maintenance

Adult zebrafish were bred under standard conditions at 28.52C with a light/dark cycle
of 14/10h. Embryos were obtained by natural spawning and incubated at 28.5°C in
E3 medium?%*. They were further staged and fixed in 4% PFA (paraformaldehyde) in
PBS at specific time-points®. Prior to fixation the embryos were either mechanically
dechorionated, using Dumont forceps #5 in the case of the youngest embryos, or by an
enzymatic treatment using 2mg/mL pronase (Roche 165921) in E3 medium. In this
case, embryos were exposed 1-10’ to pronase solution depending on the developmen-
tal stage, afterwards rinsed and kept in E3 medium before undertaking the fixation

procedure.

3. mRNA synthesis

Transposase mRNA was obtained after linearization of the plasmid pCS2FA, purifi-
cation of the gel band [QIAquick® Gel Extraction (Qiagen)], transcription (mMESSA-
GE mMACHINE® SP6 (Ambion®) and purification [MaXtractTM High Density (Qia-
gen®)].
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4. Injection of Morpholino Oligonucleotides (MO)

1-cell injection (full injection)

MO oligonucleotides (Gene Tools LLC) were resuspended to a final concentration of
1mM and, depending on the experiment, 0.5-5ng injected into 1-cell stage embryos.
MOs were always co-injected with an anti-p53 MO (7.5ng) to avoid off-target effects
caused by toxicity, and all experiments were performed with at least three indepen-
dent replicates. The MOs used were: a control MO; an anti-tbx5a MO for the coding
sequence®, an anti-thx5b MO against the 5’"UTR/coding sequence boundary (tbx5b_
UTR), an anti-tbx5b MO for the exon 3/intron 4 boundary (tbx5b_SP)

DFC-targeted injection

Injections were performed at the 512-cell stage in the same conditions a described for
full injection (i.e. co-injection with anti-p53 MO) and using control MO and anti-tbx5a

MO for the coding sequence®.

Yolk- targeted injection.

Injections were performed at 4hpf, once the cytoplasmic bridges between the cells
and the yolk are closed. The injection conditions were as described in the 1-cell and

DFC-targeted injections.

Table 1 | MO sequences

Target MO sequence (5" --> 3’)

thx5a GAAAGGTGTCTTCACTGTCCGCCAT
tbx5b_SP TTAAAAAACTAGGCACTCACCGGCC
tbx5b_UTR GGATTCGCCATATTCCCGTCTGAGT
p53 GCGCCATTGCTTTGCAAGAATTG
ctrl CCTCTTACCTCAGTTACAATTTATA
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To test the knock-down efficiency of the tbx5b_SP MO, RT-PCR (Reverse Transcription
PCR) was performed using whole-embryo RNA from 24hpfthat had been injected with
either control or thx5b_SP MO. RNA was isolated using Trizol reagent (Invitrogen) and
a reverse transcription reaction with SuperScript IIl RNaseH—reverse transcriptase
(Invitrogen) was then performed to generate cDNA following the manufacturer’s ins-
tructions. PCR was performed using the primers zftbx5b_ex3fwd, located in the third
exon of the tbx5b gene and zftbx5b_ex4rev, present in the fourth exon of the thx5b

gene, respectively, to detect spliced and un-spliced tbx5b transcripts.

Table 2 | MO specificity assay primers

Primer name Sequence (5’ --> w3’)
zftbx5b_ex3fwd AGTATG GAGGGAATTAAAGTTTA
zftbx5b_ex4rev CATTTGTTATCTG CAAACTTATAC

As equivalent phenotypes were obtained with both thx5b MOs, for most of the experi-

ments the tbx5b_UTR was injected, unless otherwise indicated.

5. MO functionality and specificity

To assess for the functionality of the MOs used, we generated chimeric mRNAs in
which the tbx5a or tbx5b MO recognition sites were fused to EGFP (Enhanced Green
Fluorescent Protein) by PCR amplification using a plasmid containing EGFP-polyA as
template. The following primers were used: tbx5aMO_EGFP_fwd, tbx5bMO_EGFP_fwd,
in conjunction with the reverse primer: FP_SV40rev. The resulting products were clo-
ned into the pGEMT-easy vector (Promega) and further transferred into the pCS2fl
vector to obtain full-length mRNAs. The validity of all products was confirmed by DNA

sequencing prior to mRNA synthesis.
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Table 3 | MO functionality and specificity assay primers

Primer name Sequence (5’ --> 3’)

thx5aMO_EGFP_fwd ATGGCGGACAGTGAAGACACCTTTCGGGTGAG-
CAAGGGCGAGGAGC

tbx5bMO_EGFP_fwd ACTCAGACGGGAATATGGCGAATCCAGTGAGCAA-
GGGCGAGGAGC

FP_SV40rev AAGCTTGATGAGTTTGGACAAACCAC

The mMessage Machine kit (Ambion) was used to obtain full length mRNAs according
to the manufacturer’s protocol. 100pg of mRNA with or without the corresponding
MO (3ng) was injected into one-cell stage embryos and the presence of GFP expres-

sion assessed at 24hpf.

To assess for the specificity of the MOs used and functionality of thx5a variants, mR-
NAs to perform rescue experiments were generated. The thx5a_fwd primers was used
in conjunction with one of the reverse primers FLrev, hstQ316rev or T-boxtruncrev,
to generate full-length, heartstrings or truncated variants of tbx5a, respectively. In ad-
dition, thx5b_fwd and FLtbx5b_revwere used to generate full-length thx5b. Resulting
products were cloned into the pGEM T-easy vector (Promega) and further transferred
into the pCS2fl vector to obtain mRNAs. The validity of all products was confirmed by
sequencing prior to mRNA synthesis. 80pg of mRNA with the corresponding MO (3ng)
were co-injected into one-cell stage embryos and heart laterality assessed at 26hpf by

means of myl7 expression.
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Table 4 | Primers for thx5a variants for rescue assay

Primer name Sequence (5’ -->3’)*

thx5a_fwd ATGGCcGAttcaGAgGAtACgTTcaGGCTCAAAACTCTCC-
CAGTG

FLrev TTAGCTGGCTTCATTCCAGTC

hstQ316rev CTaTGTGTGTCCGTGGTAGGAGC

T-boxtruncrev CTATGCTTTGGTGATGATCATCTCTG

tbx5b_fwd ATGGCcAAcCCAATGTTCGAATCTCTACGG

FLtbx5b_rev TCAACTCCCCCCACACCAGTTG

* mismatched nucleotides are shown in small letters

6. Whole Mount In Situ Hybridisations

Total RNA was isolated using Trizol reagent (Invitrogen) and a reverse transcription
reaction with SuperScript Il RNaseH—reverse transcriptase (Invitrogen) was then
performed to obtain cDNA following the manufacturer’s instructions. Specific probes
for each gene were generated by PCR using total cDNA. Resulting products were cloned
into the pGEM T-easy vector (Promega). Digoxigenin (DIG) labelled RNA probes were
transcribed in vitro from linearized template plasmids using T7, SP6 or T3 Polymerase
(Roche) and DIG RNA labelling mix (Roche) according to manufacturer’s instructions.
The antisense RNA probes used were: bmp4*%, camk2b2%?, efnb2a (kindly provided
by J. Terriente), ephBZ (kindly provided by R. Dorsky) foxA3 (kindly provided by M.
Poulain), lefty1?%, lefty2, fgf4, fgf8 and erm (kindly provided by N. Mercader), myl7%%,
ntl (kindly provided by M. Marsal), span?®, tbx5a*, wtip**. Oligonucleotide primers
were designed for the rest of the genes tested by in situ hybridisation (ISH) (Table 5).
The amplified cDNA fragments were subsequently ligated into pGEM-Teasy (Promega)

and sequenced to confirm their validity prior to probe synthesis.
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Table 5 | Primers for ISH probe synthesis

Materials and Methods

Gene Primer Fwd Primer Rv
charon GGAATGGACCAGACGAACCT CGCCCTGGTTGAGAACTTTT
sox17 ATGTTGAATGAACTGTATGCAC GCAGGTTTATTGAACTGAGTTG
fg f1 Oa ATGGAAAGTGACTAAGGGTGC CTACACGATAGGAATGGGGAG
pea3 AGAAAGAGCCGCAGAGTCCC TCCTGTTTGACCATCATATGGG
p itx2 AAATGCACCACTCTCTGCGT TTGGTAGACAGAGAGGCCGA
gdf3 AGAGCCTGTCTTCTGACCCT CTGGGAGTAACGGGGAGGTA
eph b4b ATACCACCGAGCAACCAGTG TATCCGGGTCTGGATCCCTC
p rrxla AA CTGAAGCGGGCAGCTGGG TTCATCACTTACATACATGGCC
p rrx1b AACTAAGCCTGAAAAGAGGGAC CAGATACATATGTCACCATGGG
tbx5aFL ACGTTCAGGCCAAAACTCTCC- TTAGCTGGCTTCATTCCAGTC
CAG

Chromogenic whole mount ISH were carried out as previously reported*+3%, Embryos
were observed in an OLYMPUS MVX10 macroscope and photographed with the OLYM-
PUS CELL D software, or alternatively, with a Leica MZ16F stereoscope.

Fluorescent whole mount in situ hybridisations (FISH) were carried out as formerly
described***. Embryos were embedded in 1% low melting agarose (Sigma) dissolved
in PBS and observed in a Leica SP2 confocal microscope. Acquired images are projec-

tions of z-stacks.

foxA3 ISH embryos at 48hpf were clarified using the BABB (benzyl alcohol (Sigma
B-1042)/ benzyl benzoate (Sigma B-6630); 1:2 ratio) clearing agent.

After following the ISH protocol embryos were gradually submitted to a series of 10’
washes diluted in PBT to reach 100% MetOH beginning from a solution of PBT: 25%
MetOH, 50% MetOH, 75% MetOH and 100% MetOH.
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7. Quantification of retinal phenotype

The extent of retinal markers expression domain was quantified by setting an ima-
ginary hinge in the centre of the lens. The total angle of expression was sub-divided
into nasal versus temporal by considering the choroid fissure as the ventral-most
point. The Kruskal-Wallis test was used to assess statistical differences among ex-

perimental conditions.

8. Immunofluorescence

GFP immunofluorescence

ath5:GFP 48hpf embryos were fixed overnight (ON) in 4% PFA [PBS/4% paraformal-
dehyde (PFA)] at 42C, washed with PBST (0.5% Triton), digested with 10 mg/ml of
proteinase K for 40’and post-fixed in 4% PFA for 20’ After PBST washes, embryos
were blocked in PBST/1% BSA (Bovine Serum Albumin) and an anti-GFP antibody
(Invitrogen, 1:600) was subsequently left overnight at 42C. The antibody was washed
out with 1% BSA washes before adding the secondary antibody (anti-rabbit Alexa488
1:200, Molecular Probes) and left overnight at 42C. Secondary antibody washes were
performed with PBST. The acquired images are projections of z-stacks taken with a

Leica SP2 confocal microscope.

Anti-acetylated tubulin immunofluorescence.

10SS embryos were fixed ON in 4% PFA at 4°C. Fixed embryos were washed with
PBS/0,1% Triton (PBST) and treated with 10 mg/ml proteinase K for 30” and post-
fixed in 4% PFA. After further PBST washes embryos were blocked 2h in PBST/1%B-
SA. Primary-antibody incubation in PBST/1%BSA (1:1000 monoclonal anti-acetyla-
ted tubulin 6-11B-1) was subsequently added and embryos were incubated at 42C ON.
The primary antibody was washed out with BST/1% BSA washes before adding the
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secondary antibody 1:1000 goat anti-mouse Alexa488 (Molecular Probes) and left ON
at 4°C. Secondary antibody washes were performed with PBST. The acquired images

are projections of z-stacks taken with a Leica SP2 confocal microscope.

9. RT-PCR

RT-PCR was performed using whole-embryo RNA from shield, 1SS and 48 hpf embr-
yos. RNA was isolated using Trizol reagent (Invitrogen) and a reverse transcription
reaction with SuperScript IIITM Reverse Transcriptase (Thermo Fisher Scientific) was
then performed to generate cDNA following the manufacturer's instructions. The PCR
was performed using the primers zftbx5a_F 5’ AGGCGGATGTTTCCCAGCTTCAAAG 3’
and zftbx5a_R 5’ GATATGGCCGAAGGGATCCAGATG 3’ for tbx5a and zfefla_F 5’ GACA-
TTGCTCTCTGGAAATTCGAG 3 and zfefla R 5 TCAATCTTCCATCCCTTGAACCAG 3’ for

eflaas a reference gene.

10. qPCR

Total RNA was extracted from zebrafish embryos using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), and the extracted RNA was quantified using a NanoDrop 2.0 spec-
trophotometer (Thermo Scientific; Waltham, MA, USA). Complimentary DNA was
synthesized from 1pg of total RNA by using SuperScript IIITM Reverse Transcrip-
tase (Thermo Fisher Scientific) according to manufacturer’s instructions. Real-time
gPCR was performed using SYBR Green PCR Master Mix (Applied Biosystems, Foster
City, CA, USA) on an Applied Biosystems 7500 Sequence Detection System (ABI 7500
SDS). Real-time PCR reaction was a Two-Step Cycling Program and the conditions
were as follows: 95 °C for 10 min followed by 40 cycles of 95 °C for 15” and 60°C for
40”. The qPCR primers used for the reactions were: bmp2b®’, bmp4**’, bmpriaa®s®,
bmpriab®°, bmpriba**®, bmpribb*°, bmpr2a®°, bmpr2b**’, camk2b2**, cx43.4*,
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dnah®", g%, fgf8a®**, fgf1P*, fgfr2**®, prrx1a**’, spaw’®® and efla**' or hatni(®*®

as reference genes.

11. Detection of putative binding sites

Putative binding sites for Tbx5 were found in the regulatory regions of the Bmp sig-
nalling pathway members analysed in the zebrafish genome using FindM programme
from the Signal Search Analysis (SSA) software package. We looked for TBX5 motifs
using JASPAR CORE 2016 vertebrate motif library.

12. Image processing

Images taken with the stereoscopes and microscopes were processed using Image]/

Fiji.

13. Statistical analysis

The Kruskal-Wallis test was used in the experiments to quantify the retinal pheno-

typic differences after tbx5a and/or tbx5b knock-down after MO injection.

A x2 statistical analysis was used to assess for differences when the tbx5a morphants

phenotype was compared to control siblings in the LPM or in/around the KV.
Two-tailed Student’s T-test statistical analysis was used to analyse the transcriptional

levels differences for each gene in the different conditions (ctrl MO and DFC-targeted

tbx5a MO) for the qPCR results.

85






Results






Chapter 1

The role of tbx5 paralogues

in the developing retina






Results

Chapter Overview

Despite the role of Thx5 has been previously described to a certain extent in the deve-
loping heart and forelimb in a number of model organisms, it has not been thoroughly
analysed in the retina. In the zebrafish, both copies of tbx5 are expressed in a similar

fashion in the developing retina.

In this chapter [ aimed to identify the role of tbx5 paralogues in the dorsal retina to be-
tter understand their putative specific versus common roles in this tissue. The knock-
down of these genes by using different doses and combinations of both thx5a and
tbx5b MOs, permitted to identify alterations in the expression pattern of different dor-
sal and ventral identity markers in the developing retina. Hence, I could define a role
for these genes in the DV patterning of the retina as well as ascertain the relationship

of these paralogues in the retinal territory.
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Results

1.1 MO knock-down efficacy and specificity

Although tbx5a is widely used as a marker of dorsal retina identity, its function in
this territory, where it is conspicuously expressed, has not been fully investigated. As
introduced before, the two copies of the thx5 gene in zebrafish are expressed in the
eye field from its earliest stages of morphogenesis. It is hence plausible that functional
redundancy exists between the two paralogs*. All this prompted me to investigate the
putative specific versus common roles that tbx5a and tbx5b have in the developing

retina following a MO knock-down strategy.

To investigate the function of thx5a and tbx5b and their possible redundancy during
eye development, MOs against both genes were injected in different doses and com-
binations into 1-cell stage embryos. Briefly, the MOs used were one against tbx5a that
had been previously characterised®, and two different MOs against tbx5b: a splicing
(SP) MO that binds to a splicing-junction and a UTR MO directed to the 5'UTR of the
mRNA blocking the initiation of its translation. The functionality of these MOs was as-
sessed by the generation of chimeric mRNAs containing the tbx5a or tbx5b(UTR) MO
recognition sites fused to EGFP. After the injection of the tester chimeric RNA or the
combination of tester RNA and MO, fluorescence or the lack of it was assayed at 24hpf.
As shown in Figure 1.1, EGFP expression was observed after injection of 100pg of
tbx5a-EGFP mRNA into 1-cell stage embryos (Figure 1.1 A, A’) or after injecting 100pg
of tbx5b-EGFP mRNA (Figure 1.1 C, C") at 24hpf, whereas co-injection with thx5a MO
(Figure 1.1 B, B’) or tbx5b(UTR) MO (Figure 1.1 D, D’) caused the disappearance of
EGFP signal. Finally, tbx5b(SP) MO functionality was assayed by RT-PCR. RNA was
extracted from injected embryos with a control MO or a tbx5b(SP) MO and after the
RT-PCR, control embryos showed the expected 215bp (spliced) band in comparison to
the 791bp (unspliced) bands in tbx5b(SP) MO injected embryos (Figure 1.1 E).
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tbx5b-GFP RNA + thx5b(UTR) MO

E ctrl MO_2ng MO_4ng

N . '

215bp  — -

Figure 1.1 | Efficiency of the MOs used. Injection of 100pg of tbx5a-EGFP mRNA (A-A’) or tbx5b-EGFP
mRNA (C-C’) caused detectable expression of EGFP in 24hpf embryos (A’-C’). Chimeric mRNA-driven EGFP
expression is abolished by co-injection with thx5a M0 (B-B’) or tbx5b(UTR) MO (D-D’). RT-PCR from injected
control MO or tbx5b(SP) MO embryos show 215bp (spliced) band and 791bp (unspliced) bands, respectively.

1.2 The consequences of thx5 knock-down on DV identity of the retina

After confirming the specificity of the MOs used to knock-down tbx5 paralogues and
their functionality, | analysed the effects on retinal DV identity after interfering with

tbx5 paralogues by MO knock-down.

To check whether the knock-down of tbx5a and/or tbx5b has an effect in the main-
tenance of the DV retina domains the expression of known dorsal and ventral retina
markers was examined. The markers chosen to highlight the dorsal and ventral terri-

tories in the retina, bmpZb and vaxZ, respectively, are broadly used as read-outs of the-
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se identities and therefore, are a good reference to identify defects in DV patterning.

The reference for measuring the reduction/expansion in the expression domain for
bmpZ2b and vaxZ was the centre of the dorsal retina and the choroid fissure and, by
setting an imaginary hinge in the centre of the lens, the angle of expression was cal-
culated (Figure 1.2 A, D). The total angle of expression was subdivided in nasal and
temporal (Figure 1.2 B, E and 1.2 C, F respectively) to assess whether the reduction/
expansion of the expression domain was symmetric or it was biased towards one side.
ISH experiments showed that, at 24hpf, morphant embryos injected with either 5ng
of tbx5a MO (Figure 1.2 A-C, G) or 4ng of tbx5bUTR MO (Figure 1.2 A-C, G) suffered a
subtle but significant down-regulation of bmpZ2b expression with a reduction on the
temporal expression domain compared to the wildtype expression shown in the con-
trol embryos (Figure 1.2 A-C, G). Injection of lower doses, 1ng of tbx5a MO or tbx5b
MO, did not produce such down-regulation of bmpZb expression (non-significant).
Co-injection of both MOs resulted in a mild phenotype when 0.5ng of each MO were
injected, but after injection of 1.5ng or 3ng of each MO the phenotype resembled the
observed in thx5a or tbx5b morphants (injected with 5 and 4 ng of MO, respectively)
and were also found to be significant Figure 1.2 A-C, G). These results suggest that
tbx5a and tbx5b are required to set-up some dorsal retina characteristics. Neverthe-
less, the changes in bmpZb expression pattern were very subtle, possibly due to the
presence of other factors expressed in the retina that might regulate bmp2b expres-

sion in a complex manner.

In the case of vaxZ, injection of either tbx5a (5ng) or tbx5b MO (4ng) caused a mild
change in the expression pattern. ISH experiments revealed that the ventral vaxZ do-
main suffered a subtle expansion, which was more evident in tbx5a morphants, al-
though both tbx5a and tbx5b morphants expansion of the vax2 expression domain

was found to be significant. (Figure 1.3 D-F H). Again, the reference for measuring the
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expansion on the expression domain was the choroid fissure, in the ventral retina and
as previously described for bmpZb, an imaginary hinge was set in the centre of the
retina to measure the angle of the expression domain. It is remarkable to point that
the expansion of the vaxZ expression domain occurred in the nasal side of the retina.
Lower doses (1 ng) of thx5a or tbx5b MOs did not cause a significant expansion in the
vaxZ expression domain (not shown) and co-injection of both MOs in different doses
(from 0.5 to 3ng each, Figure 1.3 D-F, H) resulted in a phenotype that resembled to
tbx5a or tbx5b morphants (injected with 5 and 4 ng of MO, respectively). Hence, it
seems that both paralogues act in the same pathway and are both necessary for pro-
per bmpZ2b and vaxZ expression since the injection of single higher doses of MOs and

when the two MOs were co-injected a phenotype can be detected in the retina.
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Figure 1.2 | Expression pattern of bmp2b and vax2 in the retina at 24hpf after the injection of tbx5a
and/or tbx5b(UTR) MOs. Quantification of total (A), nasal (B) and temporal (C) expression domain for
bmp2b. Quantification of total (D), nasal (E) and temporal (F) expression domain for vax2. Data are repre-

tbx5a MO 5ng

sented as the mean # s.e. A Kruskal-Wallis test was used to determine statistical differences among experi-
mental groups (*p < 0.05, **p < 0.001). ISH for bmp2b (G) and for vax2 (H). Lateral views with anterior to
the left are shown in G-H. Scheme of the retinal axes references for the quantification (on the right side of
the panel). D: dorsal, V: ventral, N: nasal, T: temporal. Yellow discontinuous lines set the centre of the dorsal

retina and the ventral choroid fissure.
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In addition, to bmp2b and vaxZ, efnbZa and ephBZ2 expression in the retina was also
assessed since both genes have been shown to be fundamental for the maintenance of
DV patterning along the retina, which is essential for subsequent correct retinotectal
projections. In this case, to be more sensitive to subtle changes in the expression of
these markers, FISH was carried out for these genes. To quantify the extent of efnbZa
expression in the FISH, the angle of expression of this gene was measured by setting
an imaginary hinge in the centre of the lens (Figure 1.3 A). In control embryos, the
efnbZa expression domain was measured to form an average angle of 632 (Figure 1.3
B, H). Knock-down of either tbx5a or tbx5b caused a reduction of the efnb2a angle of
expression leading to an average angle of 542, although this decrease was not found to

be statistically significant (Figure 1.3 C, D, H).

To investigate whether both paralogues function in conjunction to determine the ex-
tent of dorsal efnbZa expression, sub-optimal doses of thx5a and tbx5b MOs were
co-injected. Remarkably, efnbZa expression domain was greatly reduced to an average
angle of 379, a statistically significant 41% reduction compared with control embryos
(Figure 1.3 E, H). Injection of increasing concentrations of both MOs caused slight-
ly more severe effects than those observed after co-injection of sub-optimal doses of
tbx5a and tbx5b MOs (Figure 1.3 E, G, H). Notably, further statistical analyses showed
that significant differences existed between the injection of single tbx5a and tbx5b
MOs with respect to their co-injection at these higher doses (1.5 and 3ng each; Figu-
re 1.3 H). This suggested that tbx5 paralogues act redundantly in the dorsal retina
to ensure efnbZa expression in this territory. To better map the decrease of efnbZa
expression observed in tbx5a and/or tbx5b-morphant retinas, the angles obtained
were divided into two, a dorso-nasal angle and a dorso-temporal angle, by setting the
dorsal-most point as the point lying dorsal to the ventrally located choroid fissure (D
in Figure 1.3 A). This showed that both dorso-nasal and dorso-temporal borders of
expression similarly decreased according to the total angle of efnbZa expression me-

asured (Figure 1.4 A-C).
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Figure 1.3 | tbx5 genes are required for DV retina organization. Scheme of the quantification method
(A). Expression of efn2a and ephB2 in control (ctrl) embryos (B-B, respectively), tbx5a morphants (C-C’)
and tbx5b morphants (D-D’). Expression of efn2a and ephB2 in embryos co-injected with different concen-
trations of both tbx5a and tbx5b MOs (E-G’). Quantification of the results obtained for the expression of efn-
b2a (H) and ephB2 (1). Data are represented as the mean # s.e. A Kruskal-Wallis test was used to determine
statistical differences among experimental groups (*p < 0.05, **p < 0.001). D, dorsal; N, nasal; T, temporal;

V, ventral.

To ascertain whether this decrease in efnbZa expression domain was concomitant
with a deregulation of ephB expression in the ventral retina, the extent of ephBZ2 ex-
pression was also measured. In control embryos, the expression domain of ephB2
formed an average angle of 1462 (Figure 1.3 B’, I). thx5a and tbx5b downregulation
caused an increase of this angle to an average of 1692 (significant) and 1622 (non-sig-
nificant), respectively (Figure 1.3 C’-D’, I). Moreover, injection of sub-optimal doses of
tbx5a and tbx5b MOs similarly caused a statistically significant increase in the expres-
sion extent of the ventral marker ephBZ (to an average of 1672, Figure 1.3 E’, ). Again,

injection of increasing concentrations of both MOs caused similar effects to those ob-
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served after co-injection of sub-optimal doses of tbx5a and tbx5b MOs (Figure 1.3 F,
G, I). In contrast to the results obtained for the bilaterally symmetrical reduction of the
expression domain of the dorsal marker efnbZa, statistically significant expansions of
the ephBZ2 expression domain towards its ventro-nasal border were large enough to
explain the global increase of the domain of ephBZ expression in the different condi-
tions (Figure 1.3 I).

Hence, downregulation of tbx5 paralogues was enough to explain the defects in
DV-restricted expression of the ephrinB/ephB. Notably, dorsal efnbZa gene expres-
sion was not completely abolished after tbx5a and tbx5b knock-down (Figure 1.3 G,
H), suggesting that other factors might be acting with the tbx5 paralogues to maintain

dorsal retina identity.
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Figure 1.4 | Quantification of the extent of efnb2a expression. Total extent (A), dorso-nasal (B) and
dorso-temporal (C) angles measured by setting an imaginary hinge in the centre of the lens, considering the
dorsal-most point as the point lying dorsal to the ventrally-located choroid fissure. Data are represented
as the mean # s.e. A Kruskal-Wallis test was used to determine statistical differences among experimental
conditions (*p<0.05, **p<0.001).
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1.3 tbx5 interference affects retinotectal projections

Since defined ephrinB and ephB expression domains along DV axis are essential for
proper topographical map construction in the tectum!*, the alteration of the expres-
sion pattern of efnbZ2a and ephBZ may be causing a misrouting of the retinal projec-
tions. To assess this, MOs against tbx5a and/or tbx5b were injected into one-cell stage
ath5:GFP embryos that express GFPin RGCs under the regulation of the ath5 promo-
ter, the zebrafish homologue of the Drosophila atonal gene3*°. By 48hpf, RGCs have
extended their axons to form the optic nerve that crosses the ventral midline to form
the optic chiasm and project dorsally to the contralateral optic tectum. Thus, embr-
yos were fixed at this developmental stage and GFP expression was analysed by im-
munofluorescence to enhance the signal from the retinotectal projections (Figure 1.5

A-D).

Injection of 3ng of thx5a or tbx5b MOs did not cause obvious pathfinding errors (Figu-
re 1.5 B, C, respectively). However, these experiments showed that the optic nerve of
double morphants (3ng of each MO) was thinner than that of control MO-injected si-
blings (Figure 1.5 D). Moreover, and in agreement with both tbx5 genes acting redun-
dantly to ensure proper optic nerve formation, the reduction of the optic nerve diame-
ter in double-morphant embryos was found to be significant (Figure 1.5 E). Altogether,
data showed that knock-down of thx5 genes caused an alteration of DV ephrinb/ephB

expression in the retina and the formation of a thinner optic nerve.
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Figure 1.5 | tbx5 genes are required to ensure correct retinotectal projections. Retinal projections
of 48hpf ath5:GFP embryos injected with control (A), tbx5a (B), tbx5b (C) or tbx5a and tbx5b (D) MOs.
Optic nerve diameter quantifications (E). Data are represented as the mean # s.e. A x* statistical was used
to detect significant differences among experimental conditions (**p<0.01). Images are ventral views with

anterior to the top.
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Chapter Overview

tbx5 paralogues have been both described to be expressed in the pectoral fin bud du-
ring zebrafish development, being tbx5a expressed very early and tbx5b later, from
36hpf onwards®. thx5ahad previously been identified to be essential for the initiation
of pectoral fin outgrowth: tbx5a MO knock-down or the heartstring (hst) mutation
lead to the total absence of pectoral fins. The role for tbx5b in this territory had not
been fully characterised, although tbx5b morphants were described to have smaller

pectoral fins®,

In this chapter I aimed to gain further insight into the role of tbx5 genes in limb deve-
lopment as well as the functional relationship that exists between these paralogues
in the pectoral fin using a MO knock-down approach. Moreover, the use of a series of
markers expressed during pectoral fin development in the fin mesenchyme and in the
overlying ectoderm, allowed me to identify the mechanism by which fin development
is impaired in both cases and to define specific roles for thx5a and tbx5b in the pec-
toral fin field. Briefly, ISH of several members of the Fgf signalling pathway, permitted
to understand how Fgf signals that emanate from both fin mesenchyme and the su-
rrounding ectoderm were affected, thus interfering with the creation of the positive
Fgf feedback loop between these two tissues and the maintenance of this signalling to

ensure sustained pectoral fin outgrowth.

Finally, according to the obtained results, a model for tbx5a and tbx5b role during ze-

brafish pectoral fin bud initiation and outgrowth was proposed.
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2.1. Consequences of tbx5b knock-down in pectoral fin development

To assess the phenotype that results after interference with the function of tbx5b, a
MO against tbx5b was injected. After injecting 3ng of tbx5b MO, morphant embryos
showed much-reduced pectoral fins compared to control MO injected embryos at 3dpf
(Figure 2.1, compare the black line in ctrl MO with the ones in thx5b MO), which was
reminiscent of the phenotypes observed after subtle downregulation of thx5a func-
tion or downregulation of thx5 target genes!*#179332 Therefore, despite tbx5b mor-
phants could initiate pectoral fin initiation outgrowth, they were unable to reach the
normal fin size, suggesting that the signalling responsible for the maintenance of pec-
toral fin outgrowth was impaired. Regarding tbx5a knock-down by MO injection, the
already-described phenotype of total loss of pectoral fins was obtained, as shown in

Figure 2.1.

ctri MO  thx5a MO tbx5b MO

Figure 2.1 | tbx5 knock-down results in defects in pectoral fin development. Pectoral fin morphology at
3dpf. Dorsal views are shown with anterior to the top. tbx5a morphants show total absence of pectoral fins,
whereas tbx5b morphants exhibit smaller pectoral fins compared to control MO injected embryos. Asterisks
label the lack of pectoral fins in tbx5a morphants. Black lines highlight the pectoral fins in control and tbx5b

morphants.
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2.2. Characterization of tbx5b knock-down phenotype in the pectoral fin

To get further insight into where in the limb developmental pathway tbx5b function
was required, I used a series of markers to assess the state of the two tissues required
for and involved in the process of fin outgrowth: the fin mesenchyme and the overl-
ying fin ectoderm. Briefly, bi-directional Fgf signals emanate from and are received by
both tissues, creating a positive feedback loop that is required to sustain pectoral fin
outgrowth. First of all, I tested that the initiation of pectoral fin bud outgrowth occu-
rred normally. Before pectoral fin bud, protrusion it is essential that the mesenchymal
cells in this territory condense and get compacted. In control embryos, compacted
pectoral fin territories could be observed by means of thx5a expression at 26hpf (Fi-
gure 2.2A) and expression of the tbx5a target gene, fgf24, was activated in this terri-
tory, namely the pectoral fin mesenchyme (Figure 2.2B-B’). By contrast and as already
shown, tbx5a morphants failed to compact the tbx5a-labelled mesenchymal tissue
(Figure 2.20) and fgf24 expression was never activated in the mesenchyme, although
its expression was readily detected in other tissues such as the branchial arches (Fi-
gure 2.2P, arrow). Similar to control embryos, tbx5b morphants displayed compacted
expression of tbx5a and fgf24 expression was activated in this territory (Figure 2.2H,
[-1"). fgf24 expressed in the pectoral fin bud mesenchyme is required to activate the
expression of another Fgf, namely fgf10a. Activation of fgf10a expression was obser-
ved in both control and tbx5b morphants (Figure 2.2C-C’, J-]"), indicating that the fin
bud outgrowth initiation programme was properly established in tbx5b-compromised
embryos. However, in contrast to the similarities observed between control and thx5b
morphants regarding mesenchymal Fgf expression, it was striking to note that at
36hpf, when fgf24 expression had been downregulated in this tissue and activated in
the overlying fin ectoderm in control embryos, this did not occur after tbx5b depletion
(Figure 2.2D-D’, K-K’). To determine whether the only tissue with active Fgf signalling

was the fin bud mesenchyme and not the overlying ectoderm of tbx5b morphants,
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pea3 expression was used as a marker since it is a direct read-out of cellular exposure
to Fgf. In control embryos, pea3 expression was detected in both mesenchymal and
ectodermal compartments of the fin bud (Figure 2.2E-E’), whereas only mesenchymal
pea3 was detected after tbx5b knock-down (Figure 2.2L-L, the asterisk labels lack of
ectodermal expression). Interestingly, ectodermal fgf24 was observed in 48hpf thx5b
morphant fins (Figure 2.2M-M’) and these fins resembled to the control 36hpf ones
(Figure 2.2D-D’). In agreement with Fgf signalling being active in both mesenchymal
and ectodermal tissues of tbx5b-depleted fins, pea3 expression was now evident in
these two tissues (Figure 2.2N-N’, the arrow marks expression in the tbx5b-morphant
ectoderm), similar to what was found in control MO-injected embryos (Figure 2.2G-
G). Taken together, these data showed that pectoral fin development has a different
requirement for each of the tbx5 paralogues: tbx5a function is required for the earliest
steps of initiation of fin outgrowth, whereas tbx5b functions later to ensure properly
timed and sustained fin outgrowth. Both these requirements are linked by the connec-

tion betweentbx5 genes and the downstream regulation of Fgf signalling.
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tbx5a 26hpf faf24 28hpf fgf10a 28hpf faf24 36hpf pea3 36hpf fgf24 48hpf pea3 48hpf

tbx5b MO ctrl MO

tbx5a MO

faf24 28hpf fgf10a 28hpf fgf24 36hpf pea3 36hpf fgf24 48hpf pea3 48hpf

ctrl MO

Figure 2.2 | thx5b knock-down causes a delay in pectoral fin growth. Expression of the developing

tbx5b MO

pectoral fin markers in ctrl MO-injected embryos (A-G). Higher magnifications of ctrl MO-injected embryos
(B*-G’). Pectoral fin markers expression in thbx5b-morphant embryos (H-N). Higher magnifications of tbx5b
MO-injected embryos (J’-N’). tbx5a morphants (0-P). A-P are dorsal views with anterior to the left. B’-G, I'-N’
are lateral views with anterior to the left. Arrow in P highlights expression in the branchial arches. Asterisk

in L’ shows lack of expression in the ectoderm and arrow in N’ highlights expression in the ectoderm.

In summary, during the initiation phase of pectoral fin outgrowth, thx5a expressed
prior to overt fin outgrowth is required to initiate fgf24 expression in the pectoral fin
mesenchyme, and hence in the absence of tbx5a the limb initiation programme is ne-
ver established and pectoral fins fail to form. Later, once the limb initiation program-

me has commenced and Fgf signalling is active in the pectoral fin mesenchyme, thx5b
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is required for the maintenance of pectoral fin growth. tbx5b morphants have a delay
in pectoral fin growth: these embryos fail to downregulate fgf24 expression in the fin
bud mesenchyme and activate the expression of this gene in the overlaying ectoderm
at 36hpf (Figure 2.2K-K’). Nevertheless, 12h later, fgf24 expression is no longer detec-
ted in the mesenchyme and becomes clearly observed in the ectodermal tissue (Figure
2.2M-M"). Strikingly, 48hpf tbx5b-morphant pectoral fins resemble younger (36hpf)
control fins, suggesting that thx5bis required to setup a certain threshold of Fgf activi-
ty in the mesenchyme that is necessary to signal to the overlying ectoderm and activa-
te Fgf signalling in this tissue and downregulate fgf24 expression in the mesenchyme.
Thus, owing to this delay in Fgf signalling activation in the ectoderm, tbx5b-deficient

pectoral fins appear smaller than control fins (Figure 2.1).
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Chapter Overview

tbx5 paralogues have recently been described to have a role during cardiac looping in
zebrafish®. Analysis at 48hpf showed that both genes are required to ensure the com-

plete looping of this structure to obtain the correct display of the heart chambers®e.

In this chapter I aimed to further analyse the cardiac phenotype observed after in-
terfering with either tbx5a or tbx5b, or with both genes to better understand the
morphogenetic events that the anterior LPM cell population undergo during heart
development until this organ is displayed in the right place along the embryonic axes.
Knock-down interference with tbx5a and/or tbx5b function by MO knock-down with
subsequent analysis of the key events during cardiac morphogenesis (i.e. jogging and
looping) led to determine that, due to the highly similar phenotypes observed in tbx5a
and tbx5b morphants, these genes may act cooperatively during heart morphogenesis.
In addition, tbx5a knock-down also affected the previous event of directional migra-

tion towards midline of the LPM bilateral population of cardiac precursors.

Finally, to understand the existing discrepancies in the phenotype described for the
hst mutant compared to the results obtained here after MO knock-down for either
tbx5a or tbx5b, a series of injection and rescue experiments for different versions of
tbx5a gene versusthe full-length form of thx5a version or the Astversion were carried

out.
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3.1. tbx5 genes knock-down causes cardiac looping defects

As others previously described, thx5a or tbx5b knock-down leads to an incomplete
looping event in morphant embryos (Figure 3.1) in comparison to the characteristic
looping observed in control morphants that results in the positioning of the ventricle
and the atrium parallel to each other (Figure 3.1A)%. To consider the event of cardiac
looping complete, the ventricle must be located at the right-hand side of the embryo
with the atrial and ventricular chambers sitting side by side. Nevertheless, the una-
vailability to properly complete the cardiac looping event was not the only defect that
could be observed after thx5a and/or tbx5b MO knock-down. In tbx5a and/or tbx5b
morphants, defects in the orientation of the cardiac torsion were also evident. In other
words, in contrast with previous data, the defects detected were more profound than
the degree (or extent) of looping. thx5 morphants exhibited a randomized cardiac loo-
ping orientation and they could be readily classified into three distinguishable heart
looping orientation groups [D-loop (right, normal), L-loop (left, reversed) and no-
loop]. After MO knock-down the characterisation of the cardiac looping phenotypes
was performed by ISH at 48hpf using myl7 expression to reveal the position of the

heart.

Injection of a control MO resulted in over 99% (n = 158) of the embryos displaying an
S-shaped heart with the ventricle lying to the right-hand side of the embryo (D-loop;
Figure 3.1A, I). By contrast, 88% (n = 121) of the tbx5a MO-injected embryos had in-
complete cardiac looping and within these, 57% showed D-loop, 24% showed L-loop
and 19% showed no looping at all (Figure 3.1D-D”, I, ]). Likewise, injection of tbx5b
MO also caused heart looping defects (81%, n = 108), and these embryos displayed
D-looped (52%), L-looped (16%) and no-looped (34%) cardiac morphologies (Figure
3.1E-E" 1 ]).
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The phenotypic similarities observed after tbx5a or tbx5b knock-down prompted to
investigate whether these genes cooperatively regulate cardiac looping. To this end,
both paralogues were simultaneously knocked-down by co-injecting sub-optimal do-
ses of thx5a and tbx5b MOs (0.5ng of each MO). Remarkably, when injected alone the-
se MOs did not affect cardiac looping (Figure 3.1B, C, I; n = 75 for thx5a MO and n = 71
for tbx5b MO). In contrast, over 56% (n = 110) of the double-morphants had looping
defects and the three D-loop, L-loop and no-loop phenotypes were detected (68%,
11% and 21%, respectively; Figure 3.1F-F”, I, ]) suggesting that indeed, both genes act
in the same pathway and cooperate with each other to ensure the completeness and

orientation of looping of the zebrafish heart.

Similar to the results obtained after single and double-MO injection with sub-optimal
doses of the thx5a and tbx5b MOs, double-morphant embryos after injection with 1.5
and 3ng of each MO also exhibited looping orientation defects since the three orien-
tation phenotypes were also detected (Figure 3.1G-H”, ]). Moreover, injection of in-
creasing concentrations of both MOs caused an increase in the percentage of looping
phenotypes, with 87% (n = 99) and 96% (n = 105) of double-morphants displaying
looping phenotypes after injection with 1.5 and 3ng of each MO, respectively. Althou-
gh, in agreement with previous reports, the severity of the phenotype was not enhan-
ced by double knock-down, downregulation of both genes increased the penetrance of

the phenotype (Figure 3.11).
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Figure 3.1 | Knock-down of tbx5 genes causes cardiac looping defects. Embryos injected with control
(ctrl) MO (A) or sub-optimal concentrations of tbx5a (B) or thx5b MO (C). tbx5a morphant phenotypes (D-
D"). tbx5b-morphant phenotypes (E-E’). Double knock-down of tbx5 genes (0.5ng each MO (F-F"), 1.5ng
each MO (G-G") and 3ng each MO (H-H"). Quantification of the percentage of looping phenotypes: wt, com-

plete; phenotype, incomplete looping s.o., sub-optimal (I). Quantification of the looping orientation pheno-

types (]). A x? statistic has been calculated to assess significant differences between groups (**p < 0.01, *p

< 0.05). Images are frontal views of 48hpf embryos with anterior to the top, and myl7 expression is used to

highlight the developing heart.
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3.2. tbx5 genes knock-down results in cardiac jogging defects

As heart looping orientation phenotypes are indicative of cardiac LR asymmetry de-
fects, the previous and first apparent morphological breakage event in LR symmetry
(i.e. heart jogging) was also assessed. To check whether the directional migration of
the heart tube was disrupted, MOs against both tbx5 paralogues were injected and the
laterality of the heart tube was evaluated at 26hpf by ISH using myl/7 expression to re-
veal the position of the heart tube. Cardiac jogging was classified as left (normal), right
(reversed) or midline (no jog). After injection of 3ng of control MO, 99% (n = 197) of
the embryos developed normal left jogging (Figure 3.2F, G). Conversely, right as well as
midline jogging phenotypes were observed after tbx5aknock-down (Figure 3.2A-A”, G;
n = 183). Similarly, tbx5b morphants displayed left as well as right and middle jogging
of their linear heart tubes (Figure 3.2B-B”, G; n = 90).

Once again, the phenotypic similarities between tbx5a and tbx5b morphants sugges-
ted these genes cooperatively regulate heart jogging. To confirm this, sub-optimal do-
ses of thx5a and tbx5b MOs were injected. This showed that, in agreement with both
genes cooperating to ensure the normal left-sided jog of the heart tube, 12.5% (n =
96) of these morphant embryos had a defective middle or right jog of the heart (Figure
3.2C-C", G). Moreover, and similar to the heart looping defects results mentioned in
the previous section, increasing concentrations of both MOs increased the percentage
of phenotypes observed, with nearly 30% (n = 94) and 40% (n = 71) of double-mor-
phant embryos showing defective heart jogging after injection of 1.5 and 3ng of each
MO, respectively (Figure 3.2D-E”, G). The cardiac phenotypes caused by tbx5a and/or
tbx5b knockdown (namely cardiac jogging and looping orientation defects) demons-
trated that tbx5 genes are required to direct both asymmetric events the zebrafish

heart undergoes.
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Figure 3.2 | tbx5 morphants exhibit cardiac jogging defects. tbx5a morphant phenotypes (A-A”). tbx5b
morphants (B-B”). Co-injection of tbx5a and tbx5b MOs at 0.5ng (C-C"), 1.5ng (D-D") or 3ng (E-E") of each
MO. Control MO-injected embryo (F). Quantification of the jogging phenotypes (G). All images are dorsal
views with anterior to the top, and myl7 expression is used to highlight the developing heart tube.

121



Results

3.3. tbx5 knock-down results in medial migration and fusion defects

Considering the aforementioned phenotypic defects in both asymmetric events during
cardiac LR asymmetry establishment (i.e. heart jogging and heart looping), medial mi-
gration, the process that precedes these asymmetric events during cardiac morphoge-
nesis, was also analysed to assess whether the directional migration and fusion of the
cardiac precursors in the midline was impaired. To assess this, MOs against both tbx5
paralogues were injected and the ability to complete the medial migration towards the
midline to form the heart cone of the cardiac precursors was analysed at 21SS by ISH
using myl7 expression to label the cardiac population (Figure 3.3 A-A”). In this case,
the phenotypes observed were classified as heart cone, when no defects were obser-
ved in the consecution of the fusion of the cardiac population in the midline, cardia
bifida, when the bilateral LPM populations were unable to complete their migration
towards the midline, and fusion defects, when the anterior fusion of the cardiac po-
pulations was achieved but heart cone formation was not completed. All control-MO
injected embryos displayed a perfectly formed heart cone (100%, n = 119, Figure 3.3
A”, D, D’). In contrast, after injection of 3ng of tbx5a MO injection (3ng, n = 97) only
69.07% of the embryos were able to fully complete the whole migration process while
within the embryos that showed a phenotye (30.93%), the majority showed cardia
bifida (73.33%, Figure 3.3 B, D, D’) or a milder phenotype: anterior closure without
previous posterior fusion to complete the heart cone formation (30.93%, Figure 3.3
B, D, D’). These phenotypes were not observed in the case of thx5b MO injection. Des-
pite the co-injection of both MOs using sub-optimal doses (0.5ng each) did not result
in LPM fusion defects either (Figure 3.3 D, D’), co-injection of 3ng of each MO cau-
sed midline fusion defects like in tbx5a morphants, but with a higher penetrance. The
72.73% (n = 121) of the embryos presented a migration phenotype: cardia bifida in
66.64% of the embryos (Figure 3.3 C’, D, D) and posterior fusion defects in 36.36% of
them (Figure 3.3 C, D, D’). These results were statistically significant at p<0.01 after

using a x? statistical analysis.
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Figure 3.3 | tbx5a morphants have defects in the midline fusion of the anterior LPM at 21SS. Car-
diac development in wildtype conditions (17SS: A, 195S: A, 215S: A”). tbx5a morphants (B-B’) and embryos
co-injected with tbx5a and tbx5b MO (3ng each) (C-C’) result in posterior fusion defects (B, C) and cardia
bifida (B’-C’). Quantification of the phenotypes (D-D’). A y statistic has been calculated to assess significant
differences between groups (**p < 0.01). Images are dorsal views with anterior to the top (A-A”) and dorsal
views with anterior to the left (B-C’). myl7 expression is used to highlight the developing heart.

The observed results suggested that either tbx5a has a role during the migration of
the rostral population of the LPM towards the midline to fuse correctly to form the
heart cone, or that tbx5a has an earlier role that eventually results in defects in direc-
tional medial migration of the cardiac precursors and subsequent cardiac laterality
defects. In contrast thx5b knock-down did not result in any observable phenotype at
this earlier stage indicating that it is not required for midline migration of cardiac cell
precursors. Nevertheless, a migration phenotype was obtained when both tbx5a and
tbx5b MOs were co-injected with 3ng each. In this case, there was a higher penetrance

of embryos with medial migration defects. Hence, this pointed towards a possible mi-
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nor role for tbx5b during cardiac precursors directional migration towards the midli-
ne. The results suggested that tbx5b could have mildly rescued tbx5a after tbx5a MO
injection, but it failed to do so when both paralogues are knocked-down in the double

morphants.

3.4. hstphenotype versus tbx5 knock-down phenotype

The defects observed after tbx5 paralogues knock-down during heart development
showed some discordance with previous results obtained using the Ast mutant as a
model for tbx5aloss-of-function. The intriguing differences were analysed by perfor-
ming rescue experiments to ascertain the nature of the differences observed.

The reason for the discrepancies between the roles of the thx5 paralogues described
here, as tbx5 genes being implied in the asymmetric events the zebrafish heart under-
goes (namely cardiac jogging first and looping later), and those of others remained un-
clear. One possibility is that we used a MO against thx5a to downregulate its function,
whereas Parrie and colleagues used the thx5a mutant line hstto analyse the effects of
this gene loss-of-function®. The hst mutant is characterized by a stretched heart tube
that is unable to loop and exhibits bradycardia. The hAst mutation introduces a prema-
ture STOP codon at residue 316 of the tbx5a open reading frame (ORF), which leaves
the mutated protein with intact N-terminal and T-box (DNA binding) domains and
part of the C-terminal domain. It is therefore possible that the Ast mutation behaves
as an hypomorphic allele with regard to the LR asymmetric development of the heart.
In agreement with this hypothesis, most of the TBX5 mutations causing a clear HOS

phenotype lie upstream of the predicted hst mutation.
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To test whether in fact the hAst mutation behaves as an hypomorphic allele with regard
to cardiac development, we developed an assay to check whether the laterality phe-
notype of thx5a morphants could be rescued by introducing specific MO-insensitive

forms of the tbx5a mRNA (Figure 3.4 A):

I. A full-length tbx5a mRNA that should be able to rescue the tbx5a MO-mediated
phenotype.

I1. tbx5a mRNA that is identical to that produced in Ast mutant embryos.

I1I. A severely truncated version of thx5a the T-box domain.

Notably, both the full-length and the hAst-like forms of thx5a were able to partially res-
cue the cardiac jogging phenotype when co-injected with the thx5a MO (Figure 3.4 B,
n =65 and n = 168, respectively). Similarly, a full-length tbx5b form was able to rescue
the jogging phenotype of tbx5b morphants when co-injected with our tbx5b MO (Fi-
gure 3.4 B; n = 117). By contrast, the severely truncated form of tbx5a was not able to
rescue the laterality phenotype (Figure 3.4 B, n = 79). Overall, these data demonstra-
ted not only the specificity of the cardiac phenotypes caused by MO-mediated knock-
down of tbx5a and/or tbx5b, but also that the hst mutation behaves as a hypomorphic
allele regarding cardiac laterality. When heart tube jogging was analysed in Ast mu-
tants (n = 38), all of them displayed a normal left-jog as visualized by myl7 expression
in 26hpf embryos (Figure 3.4 C). These results underline the need for caution when

using the hst mutation as a thx5a loss-of-function allele.
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Figure 3.4 | The hst mutation is a hypomorphic allele with regards to cardiac laterality. tbx5a va-
riants generated to perform the rescue experiments: a tbx5a full-length (tbx5a FL) version includes the
whole N-terminal (N, black rectangle), T- (T, blue rectangle) and C-terminal (C, grey rectangle) domains;
a heartstrings version (tbx5a hst) containing the whole N-terminal domain and T-domain and a truncated
C-terminal domain; and a tbx5a severely truncated version (tbx5a trunc) that contains the whole N-terminal
domain and a truncated T-domain (A). Quantification of the rescue experiments (wt, left jog; phenotype,
right and middle jog) (B). A x? statistic has been calculated to assess significant differences between groups
(**p < 0.01, *p < 0.05). Dorsal views with anterior towards the left of 26hpf +/+ or +/hst and hst mutant
embryos showing normal leftward jogging of the embryonic heart tube highlighted by myl7 expression (C).
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Chapter 4

The role of tbx5a in the establishment

of left-right asymmetry






Results

Chapter Overview

After uncovering a new role for the tbx5 genes during the asymmetric morphogene-
sis that cardiac precursor cells undergo, further questions about the mechanism by
which this asymmetry defects were originated arose. Since the tbx5a paralogue was
shown in our experiments to have an earlier role than tbx5b, affecting also the di-
rectional migration towards the midline of the cardiac precursors, in this chapter I
focused on this paralogue and the consequences of its knock-down during zebrafish
development in a broader sense, including the assessment of the specificity of the
phenotypes observed and the analysis of other structures, where LR asymmetry is

also of paramount importance.

In this chapter | aimed to ascertain whether the phenotype observed in the cardiac
field was due to an early specific effect of targeting the DFCs that eventually give rise
to the left-right organizer (KV), or by contrary, these defects emerge much later in
development as a consequence of an impaired signalling in the LPM. To shed some
light into this question, after tbx5a MO knockdown I checked the expression pattern of
several left-LPM markers. In addition, I also examined whether these laterality defects
were restricted to the heart or the knock-down of thx5a affected the laterality of other
organs; the neural structure of the diencephalon and the endodermal organs liver and

pancreas.
Finally, I injected tbx5a MO during the time-frame when only DFCs and the yolk cell

are affected and analysed whether the heart phenotype was disrupted to confirm

whether tbx5a knock-down has a specific effect on DFCs/KV lineage.
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4.1 The expression of left-side markers is altered after tbx5a knock-down

After observing defects in both asymmetric events of cardiac morphogenesis as well
as in the migration towards the midline of the LPM population in tbx5a morphants, I
aimed to examine whether the signalling cues that drive organ primordia positioning
were also impaired when thx5a was knocked-down. Since Nodal signalling pathway
has been described to be key for the establishment of the left-identity in the LPM, the
nodal-related gene spaw and its feedback inhibitors lefty1 and lefty2 expression was
analysed in both control and thx5a morphant conditions. In all the markers analysed,
the typical left-side expression was randomized. The embryos were classified in four
categories: left expression, right expression, bilateral expression and absence of ex-

pression.

The expression pattern of spawin the LPM was assessed at 16SS and 21SS and, in both
cases, the results were alike. Injection of a control MO resulted in 90.05% (n = 191,
Figure 4.1 A, F) and 93.67% (n = 158, Figure 4.1 H, M) of the embryos with the typical
expression of spaw at the left LPM at 16SS and 21SS, respectively. By contrast, after
injection of 3ng of tbx5a MO morphants exhibited spaw expression in the left LPM in
only 45.50% (n = 189, Figure 4.1 B, F) and 46.63% (n = 193, Figure 4.1 I, M) of the ca-
ses at 16SS and 21SS, respectively. The rest of the tbx5a morphants at 16SS (Figure 4.1
G) showed an altered expression of spawin the LPM and within these, 22.33% (Figure
4.1 C, F) showed expression on the right side, 19.42% (Figure 4.1 D, F) showed bilate-
ral expression and 58.25% (Figure 4.1 E, F) of the embryos did not have expression in
the LPM. Similarly, at 21SS, 53.37% of tbx5a morphant embryos showed altered spaw
expression (Figure 4.1 N) and within these, 50.46% of the embryos expressed spawon
the right side (Figure 4.1 ], M), 16.50% bilaterally (Figure 4.1 K, M) and 33.00% of the
embryos lacked expression (Figure 4.1 L, M) in the LPM. These results were found to
be statistically significant at both stages at p<0.01 after a x? statistical analysis (Figure
4.1 G, N).
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Figure 4.1 | tbx5a morphants have randomized expression of spaw. Control (ctrl) morphant (A and H
for 165S and 21SS, respectively) showing the typical left-side expression of the marker. Left, right, bilateral
and no-expression phenotypes were obtained after injection of tbx5a MO (3ng) at 16SS (B-E) and 21SS (I-L),
respectively. Quantification of the laterality phenotypes (F and M for 165S and 21SS, respectively). Quantifi-
cation of the embryos exhibiting a phenotype compared to the ones showing the typical expression pattern
(G and N, for 16SS and 21SS). A x? statistic has been calculated to assess significant differences between
groups (**p < 0.01). All images are dorsal views with anterior to the top.
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Similar to spaw, expression of lefty1 was randomized in the LPM of tbx5a morphants.
In control morphants Jefty1 is normally observed at the left LPM in 92.08% of the
embryos (n= 202, Figure 4.2 A, F). In contrast, after injection of 3ng of thx5a MO at
1-cell stage embryos, only in 32.47% (n = 231, Figure 4.2 B, F) of the embryos lefty1
was expressed in the left LPM. The rest of the tbx5a morphant embryos (67.53%) ex-
hibited right (26.28%, Figure 4.2 C, F), bilateral (26.92%, Figure 4.2 D, F) or absence
(46.79%, Figure 4.2 E, F) of lefty1 expression. A x? statistical analysis showed that the
number of thx5a morphants with altered lefty1 expression was significant with res-
pect to the control counterpart at p<0.01 (Figure 4.2 G). Finally, it is worth mentioning
that expression of /efty1 in the midline of tbx5a morphants remained unaffected, thus

preventing signalling leakage to the right side of the embryo (Figure 4.2 B-E).
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Figure 4.2 | tbx5a morphants show randomisation of lefty1 expression in the LPM at 21SS. Control
(ctrl) siblings (A) have the typical left-sided expression of leftyl marker. Left, right, bilateral and lack of
expression phenotypes were found after injection of tbx5a MO (3ng) (B-E). Quantification of the phenotypes
(F). Quantification of the embryos exhibiting a phenotype compared to the ones showing the wildtype ex-
pression pattern (G). A x? statistic has been calculated to assess significant differences between groups (**p

< 0.01). All images are dorsal views with anterior to the top.

133



Results

The expression of leftyZ, another downstream target of the Nodal signalling pathway
and also a feedback inhibitor, was analysed. The expression pattern of this left-side
marker in the cardiac field at 21SS was affected after tbx5a MO knock-down. Con-
trol embryos showed the typical leftyZ expression in the left LPM in 98.69% of them
(n = 152, Figure 4.3 A, F), whereas injection of 3ng of tbx5a MO resulted in the ran-
domization of lefty2 expression with only 41.75% (n = 194, Figure 4.3 B, F) of the
embryos showing left-side expression of lefty2. Within the rest of the morphant em-
bryos (58.25%), the 64.60% of them expressed leftyZ in the right-side (Figure 4.3 C,
F), 20.35% of them had bilateral expression (Figure 4.3 D, F) and 15.04% showed no
lefty2 expression in this territory (Figure 4.3 E, F). The statistical analysis (x?) of the
quantification of the embryos presenting a phenotype versus the ones that retained

the typical left-side expression was found to be significant at p<0.01 (Figure 4.3 G).
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Figure 4.3 | tbx5a morphants have randomized expression of lefty2 in the LPM at 21SS. Control (ctrl)
siblings (A) showed the typical left-sided expression of lefty2. Left, right, bilateral and no-expression pheno-
types were observed after injection of thx5a MO (3ng) (B-E, respectively). Quantification of the phenotypes
(F). Quantification of the embryos exhibiting a phenotype compared to the ones showing the endogenous
expression pattern (G). A x? statistic has been calculated to assess significant differences between groups

(**p < 0.01). All images are dorsal views with anterior to the top.
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The randomization of the expression of members of the Nodal signalling pathway in
the LPM prior to the initiation of the first cardiac morphogenesis asymmetric event
(i.e.heartjogging) suggested that this earlier LR defect could be resulting in a more ge-
neral phenotype in the developing embryo, affecting other structures in which correct
laterality signalling cues are also crucial to achieve their proper directional display
along the LR axis. It was hypothesized that the diencephalon and the positioning of
the endodermal organs of the liver and pancreas with respect to the gut could also be

impaired after interfering with tbx5a function.

4.2 tbx5a knock-down affects LR asymmetry in the diencephalon

To determine whether the effect on LR asymmetric events during zebrafish develop-
ment after tbx5a knock-down was limited to cardiac morphogenesis or it also affected
the laterality of neural structures, the expression of a diencephalic maker was asses-

sed.

lefty1 was once more used as a left-side marker to study its expression in the dien-
cephalon. The vast majority (96.67%) of control MO-injected embryos (n = 120) had
lefty1 expression in the left diencephalon of the embryos (Figure 4.4 A, F). In contrast,
only 30.72% (n = 166) of the embryos injected with 3ng of tbx5a MO showed left-si-
ded expression of lefty1 (Figure 4.4 B, F). Surprisingly, in tbx5a morphants lefty1 ex-
pression in this structure was also randomized and from the 69.28% of the morphant
embryos with altered expression (Figure 4.4 C-G), 20.87% of them displayed lefty1
expression on the right side (Figure 4.4 C, F), in 49.57% the expression was bilateral
(Figure 4.4 E, F) and in 29.56% lefty1 expression could not be detected in this terri-
tory (Figure 4.4 D, F). Statistical significance of these results was assessed using a x2

statistical analysis, which was found to be significant at p<0.01 (Figure 4.4 G).
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Figure 4.4 | tbx5a knockdown leads to neural laterality defects. Left, right, no-expression or bilateral
expression was observed (B, C, D, E, respectively) in tbx5a morphants, whereas control morphants showed
leftylexpression restricted on the left side (A). Quantification of the laterality phenotypes at 21SS (F). Quan-
tification of the embryos showing a phenotype compared to the ones expressing a wildtype expression pa-
ttern (G). A x? statistic has been calculated to assess significant differences between groups (**p < 0.01).
Images are dorsal views with anterior to the top (A-E). Dashed white lines divide the embryos into left and
right halves (A-E).

Once confirmed that the laterality of the diencephalon was impaired after thx5aknock-
down, supporting the hypothesis of a more widespread effect upon reduction on tbx5a
levels, laterality was assessed in the developing pancreas and liver to check whether

LR defects were extended to the positioning of these visceral organs.
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4.3 thbx5a knock-down affects visceral organs disposition along the LR axis

The observation that thx5a MO knock-down had also an effect on neural laterality
prompted to investigate whether visceral laterality was also under the scope of tbx5a
roles. The extent of the effects of thx5ainterference was studied in the asymmetric po-
sitioning of the attached organs (namely liver and pancreas) with respect to the mid-
line and the bending of the gut. In wildtype conditions, the liver lies on the right side
of the embryo, whereas the pancreas is located in the left. The endodermal marker
foxA3 enabled the observation of these organs at 48hpf (Figure 4.5 A-E). The position
of these visceral organs was the expected in the control embryos (Figure 4.5 A, G) in
95.72% of the cases (n = 122), while 72.87% of the embryos injected with 3ng of thx5a
MO (n = 129) showed the wildtype position of these organs. Other tbx5a morphants
showed the following phenotypes: totally reversed, partial reversal and absence of
attached organs. The different categories assigned to the embryos exhibiting a pheno-
type correspond to the specular image of the wildtype conditions in the case of totally
reversed (8.57%, Figure 4.5 C, G), the incorrect positioning of the pancreas or liver
and the duplication of one or both structures in partial reversal (34.29%, Figure 4.5
D, E, G) and the absence of the attached organs refers to the sole presence of the gut

structure (57.14%, Figure 4.5 F, G).

Although the laterality of the endodermal organs appeared to be less sensitive to thx5a
knock-down than heart or neural laterality, that showed more than 80% and around
70% of the tbx5a morphant embryos with LR laterality defects, respectively, the per-
centage of thx5a morphant embryos showing a laterality phenotype in the display of
the liver and pancreas was also significant at p<0.01 after x* statistical analysis (Figure

4.5 H).
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Figure 4.5 | tbx5a knock-down affects liver and pancreas positioning along the LR axis. foxA3 ex-
pression at 48hpf highlights distribution of the visceral organs (A-F). Normal positioning of the organs (B)
together with total reversal (C), partial reversal (D-E) and absent attached organs (F) was observed in
tbx5a morphants, whereas control embryos showed normal distribution of these organs (A). Quantification
of the laterality phenotypes (G). Quantification of the embryos exhibiting a phenotype with respect to the
wildtype positioning (H). A x? statistic has been calculated to assess significant differences between groups

(**p < 0.01). Images are ventral views with anterior to the top (A-F).

These results were also verified by analysing GFP expression in the gut:GFPline, a sta-
ble transgenic line that expresses GFP throughout the developing digestive system3?°.
At 48hpf, control MO injected embryos showed the pancreas and liver correctly posi-
tioned along the LR axis in 96.84% of the embryos (n =95, Figure 4.6 A, H). tbx5a mor-
phant embryos displayed the liver and the pancreas correctly in 71.62% of the cases

(n =74, Figure 4.6 B), while an aberrant position of the pancreas and liver was obser-
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ved in 28.38% of the embryos (Figure 4.6 C-H): 9.52% totally reversed, 42.86% with
partial reversal and 47.62% with absence of the structures. The x? statistical analysis
was also found to be significant at p<0.01 (Figure 4.6 I). Hence, despite the percentage
of tbx5a morphants exhibiting laterality defects in the visceral organs compared to the
previous structures analysed is lower, the statistical analysis indicate that the results
were still significant in both approaches (foxA31SH, Figure 4.5 H and and gut:GFPline,
Figure 4.6 1).
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Figure 4.6 | tbx5a knock-down affects liver and pancreas positioning. GFP expression at 48hpfin gut:-
GFP transgenic embryos highlights the distribution of the visceral organs (A-G). Normal positioning of the
organs (A-B), total reversal (C), partial reversal (D-G) Quantification of the laterality phenotypes (H). Quan-
tification of the embryos exhibiting a phenotype with respect to the wildtype positioning (I). A y* statistic has
been calculated to assess significant differences between groups (**p < 0.01). Images are ventral views with
anterior to the top (A-G).

Overall, it is clear that thbx5a has a relevant role during zebrafish embryonic develop-
ment for the proper positioning along the LR body axis of multiple organs and struc-
tures. Of note, this role is not restricted to heart morphogenesis but also to neural and

visceral structures. Therefore, all these observations suggested that the onset of the
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consequences of thx5a knock-down might be at very early stages during zebrafish de-
velopment and might be explained by specifically targeting the lineage that give rise

to the KV, the LRO in zebrafish.

4.4 tbx5a specific knock-down in the DFCs lineage leads to laterality defects

The observation of the randomized expression of the left-side expression markers in
the LPM together with the fact that laterality defects were not limited to the heart,
prompted to check whether the tbx5a phenotype was a result of an early interference

with the establishment of LR asymmetry.

The DFC/KV lineage cells maintain cytoplasmic bridges between the yolk up to 4hpf,
while these cytoplasmic bridges are closed after Zhpf between the yolk and the other
cells®®. Taking advantage of this fact, the thx5a MO was injected during this time-fra-
me (2-4hpf), at 512-cell stage, and the direction of cardiac jogging was assessed at
26hpf (Figure 4.7 H-G’). Once again, after tbx5a MO knock-down (n =103) in addition
to the normal left-jogging (42.72%, Figure 4.7 A), midline (20.39%, Figure 4.7 B) and
right-jogging (13.59%, Figure 4.7 C) phenotypes were observed. Moreover, DFC-tar-
geted injection also resulted in more severe phenotypes classified as cardia bifida
(16.50%, Figure 4.7 D) and other fusion defects (6.80%, Figure 4.7 E), for embryos
that although a medial migration of the anterior LPM cell population is observed, they
were unable to culminate the migratory process with the midline fusion. As a positive
control, the expression of fgf24 was checked in the pectoral fin bud and branchial ar-
ches, which remained unaffected (Figure 4.7 F). Additionally, it is worth to notice that
the phenotypes identified after injection targeted to the DFCs were more severe than
the ones observed after global injection with 3ng tbx5a MO (compare Figure 4.7 H, H’
with Figure 4.7 G, G'). This apparent paradox could be explained by the fact that the
same dose of MO is injected targeting a much-reduced cell population, thus causing a

stronger phenotype in the morphant embryos.
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Furthermore, to complete this analysis thx5a MO was injected after 4hpf as a nega-
tive control. At this time-point the cytoplasmic bridges are already closed between
the DFCs and the yolk cell. Hence, an injection after this developmental stage solely
targets the yolk cell. Yolk-targeted injections did not result in laterality defects during
the cardiac jogging either in the control or in the thx5a morphants (n=67 and n=102,
respectively; Figure 4.7 |, I'), demonstrating that the LR phenotype after tbx5a knock-

down resulted from specifically affecting the DFCs.
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Figure 4.7 | DFCs-targeted injection with tbx5a MO results in a jogging phenotype. tbx5a knock-down
targeting the DFC lineage result in morphants that exhibit not only left, right, no-jogging (A, B, C, respecti-
vely), but also cardia bifida (D) and other severe phenotypes (E). (B-E). Expression of fgf24 in the pectoral
fin bud and branchial arches as a positive control (F). Scheme of the different injection strategies adapted
from Wang et al., 2013%: global injection (G), DFC-targeted injection (H), yolk- targeted injection (I). Quan-
tification of the jogging phenotypes at 24hpf obtained after tbx5a MO global injection (G-G’), DFC-targeted
injection (H-H’) and yolk-targeted injection (I-I'). Yolk-targeted injection morphants do not exhibit laterality
defects (I’) phenotypes (F). Images are dorsal views with anterior to the left (A-F).
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Chapter 5

A novel and early role for tbx5a

during zebrafish development






Results

Chapter Overview

The results described in chapter 3 and 4 regarding the laterality defects in the organs
analysed, together with the specific LR asymmetry jogging phenotype after interfering
with tbx5afunction specifically in the DFCs, strongly suggested that thx5ais expressed

earlier than what it had been previously described.

In this chapter [ aimed to demonstrate an early thx5a expression pattern and to in-
vestigate the possible mechanism by which tbx5a plays a role in the establishment of
the correct signalling and positioning along the LR axis. To this end, I assessed the ex-
pression pattern of several genes expressed in the KV or on its vicinity that have been
previously described to have either a role in LR asymmetry or to be involved in tbx5a
signalling by ISH. In these experiments, expression was compared between control
embryos and embryos with compromised thx5a function. In the ISH experiments con-
trol embryos expression pattern was compared to the tbx5a morphants at 10SS. For
the most promising genes, I carried out qPCR to seek for significant variation in their
expression levels comparing control embryos versus DFC-targeted thx5a MO injected
embryos. In addition, [ searched for putative binding sites in the regulatory region of
those genes that showed a significant change in their transcriptional expression after
tbx5a knock-down that could explain the defects identified. Finally, I also checked the

morphology of the KV and its cilia in control and tbx5a morphant embryos.
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5.1 tbx5a is expressed during early zebrafish development

The onset of thx5a expression had been described to be at around the 6-7SS in the
posterior halves of the optic cup and faintly in the LPM®. Nevertheless, the fact that
DFC-targeted tbx5a MO injection resulted in cardiac asymmetry defects, suggested an
earlier expression for thx5ain development related to LR asymmetry. Hence, RT-PCRs
using RNA from early developmental stages were performed. RNA was extracted from
embryos at shield, 1S and 24hpf stages (the latter as a positive control for tbx5a ex-
pression). Strikingly, after running a RT-PCR for tbx5a and ef1a (elongation factor 1 a),
as a positive control, a band could be detected for all the developmental stages analy-
sed (Figure 5.1 A) that could not be detected in a negative control RT-PCR with water.
In addition, the RT-PCR results were confirmed by ISH for the same developmental
stages. The probe previously described by Begemann and Ingham?®® did not reveal any
signal at shield or at 1SS (Figure 5.1 C, C"). Hence, another probe that includes the 5’
region of thx5a (tbx5a5’) was designed. This probe did not reveal any specific signal in
any of the stages analysed either (Figure 5.1 D, D’) and therefore, a longer tbx5a probe
[tbx5a FL (full length)] as well as its complementary sense probe were designed. Re-
markably, this FL probe, which spans a greater region than the probes previously used,
reported signal in both shield and 1S stages (Figure 5.1 E-E’), in addition to the typical
expression pattern obtained at 24hpf (Figure 5.1 E”). As expected, no staining was ob-
tained with the sense probe (Figure 5.1 B-B”), indicating that the signal detected with
the FL tbx5a probe was specific. At shield stage, expression was specially detected on
the dorsal side, in the area where the shield develops (Figure 5.1 E). The embryonic
shield is a thickening of the leading edge of the blastoderm during the formation of the
germ ring and is one of the first signs of DV polarity in the embryo. Later, at 1SS, the

expression seemed to be more homogenous throughout the embryo (Figure 5.1 E’).
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Moreover, by using the same FL tbx5a probe some faint expression around the KV at
10SS (Figure 5.1 F”) together with the previously described expression pattern in the
OC and LPM (Figure 5.1 F’) could be detected. This evidence, enforced the hypothesis
of thx5a having an early role during the embryonic development of the zebrafish that

ensures the consecution of the correct arrangement of the organs along the LR axis.

tbx5a FL sense

Fl

10SS

Figure 5.1 | thx5a is expressed at shield and 1S stages. RT-PCRs show a band for both efla (positive
control: 430bp (*) and tbx5a (273bp (**)) at all lanes except for the negative control (ctrl -) (A) .tbx5a (C-
C’) and tbx5a 5’ (D-D’) probes do no detect thx5a expression in the zebrafish embryos at shield (B-E) and 1S
(B*-E’) stages. tbx5a FL probe (D-D’”) retrieves signal at all stages analysed (shield: E, 1S: E-E”; 24hpf: E”),
whereas FL sense probe does not show any signal (shield: B, 1S: B, 24hpf: B”).). tbx5a expression pattern at
10SS using FL tbx5a probe for ISH (F-F”). Images are animal views B-E with dorsal to right, lateral views in
B’-E; E with anterior to the left, dorsal view in F’ with anterior to the top and ventral view in F” with anterior
to the top. White arrowheads point to the OCs, whereas the white dashed circle define the area containing
the KV structure.
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5.2. Analysis of the expression pattern of putative effectors of thx5a

Once tbx5a expression was confirmed to be expressed as early as shield stage and
also been detected in the surroundings of the KV at 10SS, the expression of a series of
putative targets was analysed at 10SS. This analysis was performed by comparing the
ISH signal of the control-MO injected embryos with tbx5a morphants (injected with
3ng of thx5a MO at the one-cell stage).

The criteria to select the genes to be included in this analysis took different aspects
into consideration. Genes should be described as expressed in the KV or in its vicinity
around 10SS. To this end, the literature and zfin.org database were thoroughly sear-
ched to select candidates. In addition, genes reported to be regulated by T-box genes

in other structures that were also found in the first selection process were prioritized.

5.2.1. The Fgf signalling pathway

After the aforementioned search, the Fgf ligands fgf4 and fgf8a were found to be ex-
pressed in the KV3%, In addition, fgf10a and fgf24 were also analysed since they have
been described to act downstream of thx5a during pectoral fin morphogenesis and
they are also faintly expressed in the KV at this stage3*'. Finally, pea3 and erm were

also examined since both are direct read-outs of cells to Fgf levels.

fgf4 and fgf8 are expressed in the KV (Figure 5.2 A and 5.2 B, respectively), specially
fgf4, which expression gets further extended towards the posterior notochord. Both
genes have been previously described to result in defects in LR asymmetry after their
knock-down using MO injection®?, but their expression was not found to be altered
after tbx5a MO knock-down (compare Figure 5.2 A, Bwith 5.2 A, B’and 5.2 A”, B”). For

fgf10a and fgf24, which are expressed in lower levels in the KV area, similar results
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were obtained. Both Fgfligands did not exhibit a significant change in their expression
pattern or levels (Figure 5.2 C-C” and 5.2 D-D” for fgf10a and fgf24, respectively). Fi-
nally, despite no significant changes were observed in any of the Fgf ligands, erm and
pea3 expression pattern was also assessed as a general read-out for Fgf signalling. No
differences were observed for these genes either (Figure 5.2 E-E” and 5,2 F-F”), indi-

cating that tbx5a does not play its role in LR asymmetry via regulation of Fgf signalling.

The quantification of the embryos exhibiting a fainter expression compared to the
ones showing the typical expression pattern was submitted to a x? statistical analysis
for all the genes checked by ISH (Figure 5.2 A”-F”). The analyses demonstrated that
there were no significant differences between control MO injected embryos and tbx5a

morphants.
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Figure 5.2 | The Fgf signalling pathway is not affected by thx5a MO knockdown. Fgf ligands fgf4 (A),
faf8 (B), fgf10a (C) and fgf24(D) do not change their expression pattern after tbx5a MO injection (4, B, C,
D; respectively). erm and pea3 FGF signalling read-outs do not have any significant modifications either (E
vs E’and F vs F’). Quantification of the expression pattern (A”-F”). A x? statistic has been calculated to assess
significant differences between groups, but no significant differences were found. Images are ventral views
with anterior to the top (A-F’).
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5.2.2. The Bmp signalling pathway

Bmps have been described to be related with tbx5in several developmental processes
including cardiovascular development and limb and retina morphogenesis. From this
family of signalling molecules, I chose to analyse bmp4 since it is expressed around
the KV area and had previously been demonstrated to be required for proper LR de-
velopment?'’. As shown in Figure 5.3, bmp4 expression in the periphery of the KV gets
reduced after thx5a MO injection: 43.50% (n = 246) of the tbx5a morphants showed
a reduced expression in the vicinity of the KV compared to the control morphants
(compare Figure 5.3 A, C with 5.3 B, C). The quantification of the embryos exhibiting a
fainter expression compared to the ones showing the typical expression pattern was
submitted to a x? statistical analysis and the differences between control injected em-

bryos and tbx5a morphants were found to be significant at p<0.05 (Figure 5.3 C).

ctrlMO tbx5a MO
A B ' cC -
- F £ 35
8)‘" ~ - ctrl MO thx5a MO

Mnormal ®fainter

Figure 5.3 | bmp4 expression levels are reduced after tbx5a knock-down. The typical expression
around the KV is significantly reduced in tbx5a morphants (B) compared to the control embryos (A). Quan-
tification of the phenotype (C). A x? statistic has been calculated to assess significant differences between
groups (*p<0.05).
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5.2.3. Eph/ephrin signalling

Among the ephrin ligands and Eph receptors, ephb4b was selected since it had been
previously reported to be expressed in the DFC**2, In addition, the efnb2a ligand was
also included in these analyses since, as described in the chapter 1 of the results, its
expression domain gets reduced in the double knock-down of thx5 genes. In addition,
Zhang and colleagues also demonstrated that Eph signalling inhibition results in LR
defects®2. By overexpressing s-efnb2a mRNA, which encodes the extracellular domain
of Efnb2a and binds to Eph receptors antagonizing Eph signalling®>*3%4, they observed

the randomization of the heart looping and the liver position3>2.

Despite a faint ring-shaped expression could be detected for efnbZ2a in the border of
the KV (Figure 5.4 A), its expression did not change in tbx5a morphants (Figure 5.4 A,
A”). No changes were either detected for ephb4b, which was highly expressed in the
KV in both control and tbx5a morphant embryos (Figure 5.4 B-B”). The differences in
the expression pattern (i.e. reduction on the detected signal) were quantified and a
X° statistical analysis was done for both genes. Nevertheless, the differences were not

significant (Figure 5.4 A”, B”).
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Figure 5.4 | Expression of efnb2a and ephb4b in the KV area is is not affected by tbx5a knock-down.
efnb2a expression in the periphery of the KV in tbx5a morphant (A’) and controls (A). ephb4b remains ex-
pressed in the same domain in tbx5a morphants compared to control embryos (B’ and B, respectively).
Quantification of the expression pattern (A”-B”). A x? statistic has been calculated to assess significant diffe-
rences between groups but no significant differences were found. Images are ventral views (A-A’) and frontal

views (B-B’) with anterior to the top.

5.2.4. Additional tbx5a putative downstream effectors

In addition to members of Fgf, Bmp and Ephrin/Eph signalling cascades, other genes
previously described as tbx5a targets were included in these analyses. Among them,
prrxla and prrx1b which have Tbx5 binding sites in their regulatory region3>*. Also,
camkZ2bZ2 expression was checked, since its regulation by tbx5 is required for proper
pectoral fin and cardiac morphogenesis*? and cx43.4, which is under Tbx genes regu-

lation during cardiac development?®®¢,
With regard to the prrx1 paralogues, only prrx1awas found to be expressed surroun-

ding the KV. prrx1a was a promising candidate since, in addition to the putative bin-

ding sites for Tbx5 in its regulatory region, ISH experiments at a later stage of embr-
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yonic development (18SS) showed higher levels of prrx1aexpression and asymmetric
expression in the LPM?133%, Yet, the expression levels for prrxIa in this area at 10SS
were found to be quite faint and did not experience significant expression changes

after thx5a MO injection (Figure 5.5 A-C).

Similarly, the expression of camkZ2bZ2, which was faintly detected in the KV, in agree-
ment to the essential role of calcium in the establishment of LR asymmetry, did not
change in tbx5a morphants (Figure 5.5 D-F). Finally, the expression of cx43.4 did not
suffer any noticeable changes to be reported (Figure 5.5 G-1). Any detected reduction
on expression levels was quantified for the three genes and submitted to a x? statistic
to assess differences between groups, but no significant differences were detected (Fi-
gure 5.5 C, F I). Nevertheless, it cannot be ruled out that this lack of significance could
be due to the sensitivity of the probes, which may not be good enough to detect subtle

changes in the expression domain/level.
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Figure 5.5 | prrx1a, camk2b2 and cx43,4expression in the vicinity of the KV is not altered in tbx5a
morphants. prrx1a expression around the KV (A), camk2b2 in the KV (D) and cx43.3 in the vicinity of the KV
(G) are detected in low levels in this territory. thx5a knock-down does not cause significant changes in their
expression pattern (B, E, H, respectively). Quantification of the expression (C, E 1). A x? statistic has been cal-
culated to assess significant differences between groups, which retrieved no significant differences. Images

are ventral views with anterior to the top.
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5.2.5. The Nodal signalling pathway

Several members belonging to the Nodal signalling pathway were examined, since this
pathway has been extensively reported to be linked with LR asymmetry establishment.
The Nodal-related gene spaw, its downstream effectors pitx2 and lefty1 and charon,
a negative regulator of Nodal signalling, were analysed. In addition, gdf3, previously
known as dvrl, that potentiates the activity of Nodal was also checked. Interestingly,
despite no significant differences in the expression levels were detected by ISH for
spaw (Figure 5.6 A-A”), expressed around the KV, or for lefty1 (Figure 5.6 B-B”), which
maintained its expression in the midline preventing LR cues leaking from the left side
of the embryo, charon expression domain suffered an obvious change in its typical
expression domain (Figure 5.6 C-C”). In control conditions, charonis expressed in the
periphery of the KV surrounding this structure with a horseshoe shape (with the an-
terior side opened, Figure 5.6 C), but after thx5a MO injection 44.67% (n = 244) of the
embryos exhibited an impaired expression in this territory (Figure 5.6 C’). Since pitx2
is not expressed in the KV area and gdf3is only faintly expressed in this area, to detect
whether there were any differences in the expression of these genes pattern in thx5a
morphants compared to controls, expression was checked in the LPM. Expression of
pitx2 (Figure 5.6 D-D”) and gdf3 (Figure 5.6 E-E”) remained unaltered after thbx5a
MO knock-down. Hence, from all the members belonging to Nodal signalling pathway
analysed, only charon was altered after interfering with tbx5a suggesting that this

gene is directly or indirectly regulated by tbx5a.

The differences in expression levels or expression domain for all the members of No-
dal signalling pathway genes analysed were quantified and submitted to a x? statistical
analysis (Figure 5.6 A”-E”). In the case of charon, the differences between control and

tbx5a morphant groups were found to be significant at p<0.01 (Figure 5.6 C”).
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Figure 5.6 | charon typical expression pattern is misshaped around the KV when tbx5a is knocked
down. spaw (A-A’) and its inhibitor lefty1 (B-B’) expression remain unaltered after MO knockdown, whereas
nodal-inhibitor charon loses its typical horseshoe-shaped (C) pattern around the KV in tbx5a morphants
(C). pitx2 (D-D’) and gdf3 (E-E’) in the LPM also were unaffected by tbx5a knock-down. Quantification of the
phenotypes (A”-E”). A x? statistic has been calculated to assess significant differences between groups (**p <
0.01). Ventral images with anterior to the top (A-C’). Dorsal images with anterior to the top (D-E’). Control
embryos (A-E) and tbx5a morphant embryos (A-E’).
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5.2.6. Other genes expressed in the vicinity of the KV

Finally, several other genes previously described in zfin.org or reported in the literatu-
re to be expressed in the KV or in its immediacy were checked. Many of them showed
extremely low signal or were basically undetectable. Hence, only few more genes were
included in the present expression pattern analyses in the KV after tbx5aknock-down.
A special case was considered for wtip, (Wilm's tumor 1 interacting protein) and ntl.
wtip is expressed in the basal bodies of cilia*” and its knock-down by MO injection
results in the randomization of spaw and lefty1/2 expression in the LPM and the ran-
domization of the cardiac looping***. In additon, its bilateral expression at 10SS in the
LPM resembles that of thx5a. Regarding ntl, its expression in the midline is important
to preserve the left and the right side as independent compartments, acting as a phy-
sical barrier that prevents signal leakage from one side to the other of the embryo.
Consequently, its expression was also checked to assess whether it is affected after

tbx5a knock-down.

Therefore, expression pattern in this area was checked for cavi (Figure 5.7 A-A”),
which is expressed in the territory surrounding the KV, sepw1 (Figure 5.7 B-B”’), which
also exhibits its expression surrounding the KV but in lower levels, wtip (Figure 5.7

C-C”) and ntl (Figure 5.7 D-D”).

After comparing the expression pattern of the tbx5a morphant embryos to their res-
pective control siblings, no significant observable changes in the expression pattern
could be detected in any of the genes (Figure 5.7 A’-D”"). These results, are especially
relevant in the case of ntl, because this indicates that the midline barrier is not lost
after tbx5a interference (Figure 5.7 D-D”). Regarding the rest of the genes, the obser-
vations point towards a regulation independent of tbx5a, at least in this territory and

developmental stage. The quantifications (Figure 5.7 A”’-D”) indicate the percentage
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of embryos in which the levels of expression were found to be fainter compared to the
expected expression pattern. A x? statistic was calculated to assess significant diffe-

rences between groups, but no significant differences were detected.
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Figure 5.7 | cavl, sepw1, wtip and ntl expression levels do not change after tbx5a MO knock-down.
Cav1 expression pattern around the KV in control and thx5a morphants (A,A; respectively), sepw1 expression
for control (B) and tbx5a morphants (B’), wtip expression in the LPM in control and tbx5a morphants (C vs
C’) and ntl expression in the midline in control and tbx5a morphants (D vs D’) remain unaltered. Quantifi-
cation of the expression pattern for the genes (A”-D”). A x* statistic has been calculated to assess significant
differences between groups. Images are ventral views (A-B’) and dorsal views (C-D’) with anterior to the top.
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In summary, the analysis of the expression pattern of several putative downstream
effectors for tbx5a in both control and tbx5a morphant conditions showed that only
bmp4 and charon expression around the KV structure were significantly altered in
terms of expression levels and expression domain, respectively. The rest of the can-
didates checked by ISH did not retrieve any significant differences, although some of
them were quite promising due to its previous relationship with tbx5aor its role in LR
asymmetry described in the literature, such as the Fgfs, camk2bZ2, cx43.4 or prrx1a.
However, it has to be considered, that ISH may not be sensitive enough to detect subt-
le differences in the expression levels or in the expression domain. For this reason, I
aimed to perform qPCR for the most promising genes in order to obtain a quantitative

approach for the expression of these genes in order to achieve more conclusive results.

5.3. Quantitative analysis of putative thbx5a downstream effectors

Although some significant differences were already found in the expression pattern of
two genes by ISH, this method confers lower sensitivity than qPCR. Thus, the expres-
sion of several genes from the Fgf, Bmp, Nodal signalling pathways, among others, was
analysed by qPCR. The samples to be compared were control MO-injected embryos
versus DFC-targeted injected embryos with 3ng of tbx5a MO, which would allow to di-
rectly link variations in the expression levels to interference with tbx5ain the DFC/KV
lineage. For all genes analysed, a technical and a biological triplicate was performed
and efla was selected as a reference gene. From Bmp signalling pathway, the ligands
bmp4 and bmpZb were included in these analyses as well as their receptors bmpr1aa,
bmprilab, bmprilba, bmprlbb, bmprZa and bmprZ2b. Interestingly, many of the genes
assessed suffered a significant reduction on their transcriptional levels after using a
two-tailed Student’s T-test statistical analysis, e.g. both ligands and several of bmpr1

receptors: bmprlab, bmpribaand bmpribb (Figure 5.8 A, B).
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In the case of the Fgf signalling pathway, none of the genes analysed (£gf4, {gf8, fgf10a
and fgfr2) exhibited significant differences in their expression levels (Figure 5.8 A, C).
Finally, for the Nodal-related gene spaw there was a reduction on its expression levels,
whereas in the case of cx43.4 and prrx1a, no significant differences could be detected

(Figure 5.8 A, D).
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Figure 5.8 | Quantification of the transcriptional levels by qPCR at 10SS of DFC-targeted tbx5a mor-
phants compared to control embryos. Summary of fold change for all the analysed genes (A). Bmp sig-
nalling pathway genes (B), Fgf signalling pathway genes (C) and other tbx5a related genes (D). Error bars
represent the standard error. Data were analysed by Student’s T-test (* p<0.05, ** p<0.005, *** p<0.0005). Y

axis represents fold change.

To confirm the observed results, the experiments were repeated using another refe-
rence gene: hatnl10, a repetitive sequence in the genome (ERE: Expressed Repetiti-
ve Element). hatn10 has been reported to be one of the most reliable reference gene

in many biological scenarios (e.g. comparison of different developmental stages, or-
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gans or drugs)3*. After doing this further analysis the results were quite similar those
obtained in the analysis using efla. All the genes that were found to be significant-
ly downregulated in the first analysis were also found downregulated in this second
analysis although with some variation in the level of significance (compare Figure 5.9
B with 5.8 B). An exception was detected in spaw, which expression levels in the mor-
phants appeared to be non-significantly altered in this second analysis (Figure 5.9 D

versus 5.8 D).

From all the genes analysed, Bmp signalling pathway members were the most pro-
foundly affected after tbx5a knock-down, suggesting that this pathway acts downs-

tream of tbx5a to ensure proper consecution of LR asymmetry (Figure 5.9 A, B).
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Figure 5.9 | Quantification of the transcriptional levels by qPCR at 10SS of DFC-targeted tbx5a mor-
phants compared to control embryos. Summary of fold change for all the analysed genes (A). Data are dis-
sected in Bmp signalling pathway genes (B), Fgf signalling pathway genes (C) and other tbx5a related genes
(D). Error bars represent the standard error. Data were analysed by Student’s T-test (* p<0.05, ** p<0.005,
*#*p<0.0005). Y axis represents fold change.
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5.4. Analysis of the regulatory region of the Bmp signalling pathway members

The fact that several members of the Bmp signalling pathway (both ligands and re-
ceptors) were downregulated after interference with tbx5a in the DFCs prompted to
investigate whether there were any binding sites for Tbx5 in the regulatory region of
these genes. To do so, the FindM software was used. FindM is a tool from the Signal
Sequence Analysis Server that finds motifs around functional sites. The putative regu-
latory region encompassing 30kbp upstream and downstream of every gene as well
as the gene sequence for all the members of the Bmp pathway previously analysed by
gPCR were submitted to this in silico analysis. In the search, the TBX5 motif from the
motif library JASPAR CORE 2016 vertebrates (Figure 5.10 A’) was the target sequence
to be detected in the input sequences. Strikingly, the regulatory regions for all Bmp
signalling members analysed contained a putative binding site for TBX5 (Figure 5.10
A). Thus, the stringency of the analysis was increased to find which of the putative
binding sites obtained in this first in silico analysis appeared to be conserved along
vertebrate evolution, which resulted in a more refined output. No conservation was
found for any of the Bmp receptors 1 and, in the case of receptors 2, conservation was
only found to be preserved in teleosts (Figure 5.10 A”). In contrast, for bmp2b and
bmp4ligands conservation was extended to mammals: both ligands were found to be
conserved in mouse and bmp4 was also found to be conserved in human (Figure 5.10
A”). Due to the high conservation of the Tbx5 putative binding site in the bmp4 regu-
latory region, the regulatory region of zebrafish bmp4 gene was further dissected to
precisely locate the putative Tbx5 binding site along its sequence. After this analysis,
the binding site sequence (AGGTGTGA) was found to be located beginning at position
-3930 in the + strand (Figure 5.10 B).
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Figure 5.10 | Bmp signalling members contain a putative binding site for Thx5. Schematic representa-
tion of TBX5 binding site in the Bmp pathway members (A), its conservation (A”) and the reference sequence
used by FindM to locate TBX5 putative binding sites along the regulatory region of these genes (A’). Schema-
tic representation of the zebrafish bmp4 regulatory region (B): the drawing includes the distal and proximal
regulatory regions, 5- and 3’ untranslated regions, exons 1-4 and intron 1-3. The sequence highlights a
putative binding site for tbx5 (AGGTGTGA) beginning at position -3930 in the + strand with a red triangle.

Once it was confirmed by a quantitative approach that some members of the Bmp
signalling pathway appeared downregulated and that putative binding sites for Tbx5
were found in their regulatory region, several parameters of the KV were checked to
investigate whether there were other additional defects that could contribute to the

tbx5a knock-down phenotype.
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5.5. Morphology of the KV of thx5a morphants

[ next analysed other parameters of the KV such as its size and functionality to detect
whether there were any physical and biological aspects of KV development that were
also affected by tbx5a downregulation. The analysis included the measurement of the
diameter and area of the KV, the migration of the DFC cohesiveness and some parame-

ters related to the KV cilia.

The diameter of the KV at 10SS in control and tbx5a DFC-targeted morphants was si-
milar in terms of maximum length (around 75um), while the mean size of the KV was
reduced in thx5a morphants (Figure 5.11 A-C). In addition, the minimum size detected
for tbx5a was also smaller (Figure 5.11 A-C). Previous publications reported that the
KV size expands between 1SS and 10SS3°13%2 and it has been described that an essen-
tial feature of KV size/morphology is to achieve a luminal area bigger than 1300um?
at 8SS3%, This size ensures the correct creation of the directional fluid flow to initiate
LR asymmetry establishment and subsequent correct expression of spaw in the LPM.
Therefore, this parameter was also analysed in both conditions (control and tbx5a
morphants). The mean value for the KV area of thx5a morphants was around 2281 um?
in contrast to the 3277pum?for the control siblings. In addition, a higher variation of KV
size was observed in thx5a morphants (Figure 5.11 D) and some embryos presented
an area under the minimum KV threshold size between 1300um? and 1700um? or
even under the critical size of 1300pum? (< 1700um?: 42.31%, < 1300um?: 16,67%),
below which the KV can no longer function to generate robust LR asymmetric develo-
pment3%. Thus, the observed reduction in the KV size could impede the consecution of
a correct/consistent fluid flow in the KV and the subsequent proper LR asymmetrical

disposition of the internal organs.

Additionally, to assess whether cilia motility was impaired in thx5a morphants, dnah9

(dynein, axonemal, heavy polypeptide 9), also known as /rdr1 (left-right dynein-rela-
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ted 1) expression levels were checked. dnah9is a marker for cilia functionality in the
KV since its expression is under the control of foxj1a, a master regulatory gene for
motile cilia production®®®. After comparing control embryos with tbx5a DFC-specific
morphants by qPCR using hatn10 as a reference gene, no differences were detected
(Figure 5.11 E), suggesting that cilia motility remained unaffected after tbx5a knock-
down. Therefore, despite the reduction in size of the KV, the functionality of the cilia

seems to be preserved after thx5a interference.
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Figure 5.11 | tbx5a morphants have a smaller KV at 10SS. In vivo imaging of the KV at 10SS, which in
comparison to ctrl MO injected embryos (A) is smaller in tbx5a MO injected embryos (B). Schematic repre-
sentation of the KV (C) with its maximum (outer dashed lines), minimum (inner dashed lines) and mean
diameter (colour-filled circumference) detected in both control and DFC tbx5a-depleted embryos. Quan-
tification of the KV lumen area variation in control embryos and tbx5a morphants (D). Quantification by
qPCR of dnah9 expression in thx5a morphants compared to control MO injected embryos (E). Error bars in E
represent the standard error. Data were analysed by Student’s T-test (E). Dashed white lines encircle the KV.
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Migratory defects in DFC could explain the diminishment in KV size since a smaller
population of DFC lineage would be contributing to the formation of this structure. To
assess this, DFC migration was assessed by examining sox17 expression during epi-
boly in the DFC population. When sox1 7 was checked in control embryos (Figure 5.12
A) and tbx5a morphants (Figure 5.12 B-B”) at 50% epiboly no significant differences
were detected (Figure 5.12 C). Control morphants showed subtle defects in their co-
hesive migration only in 5.88% of the embryos (n = 102), whereas 13.40% (n = 97) of
tbx5a morphants exhibited defects. After a x? statistical analysis, the differences were
found to be non-significant. Thus, since the migratory process seems to be unaltered
in tbx5a morphants, the fact that these embryos had a smaller KV might be due to a re-
duced capacity of the inflation of the vesicle or the reported defects of Bmp signalling
downregulation alone or together with some other signalling impairments. Finally, in
order to visualize the cilia within the KV structure at 10SS, an immunofluorescence
against acetylated tubulin was performed, but after analysing 10 cilia per embryo (n =
5 for each condition) the length of the cilia within the KV was found to remain unaffec-

ted after tbx5a knock-down (Figure 5.12 D, D’).
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Figure 5.12 | tbx5a morphants do not show significant DFC migration defects. ISH for sox17 at 50%
epiboly in control (A) and tbx5a morphant (B-B”) embryos. Quantification of the embryos showing a non-co-
hesive expression of sox17 (C). A x? statistic has been calculated to assess significant differences between
groups. Cilia length in control (D) and tbx5a morphants (D’) at 10SS. Images are lateral views with animal
to the top (A-B) and ventral views (D-D’). Black arrow points towards mild migratory defects in B-B”. Yellow
lines highlight cilia with the same length in D-D’

In summary, the reduction in KV size might be responsible of the creation of a less
robust flow within the KV followed by an altered expression of charon expression do-
main around the KV together and a reduction on Bmp signalling levels. The decrease
in the Bmp signalling expression levels could be either a direct consequence of tbx5a
knock-down, as downstream effectors of thx5a (indicated by the putative binding si-
tes) or an indirect effect, as a consequence of lack of a stable directional flow than can
be sensed and transmitted by the KV cilia. These defects would trigger the laterality
phenotypes observed later in development in the LPM signalling and during the mor-
phogenetic events that resulted in organs that exhibited a LR phenotype when tbx5a

was knocked-down.
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1. Consequences on retinal DV patterning after interference with tbx5a and
tbx5b genes function

The MO knock-down approach to assess the function of the tbx5 paralogues in the
developing retina shed some light into their function in the retina by means of the
analyses of marker gene expression. The dorsal retina marker bmp2b suffers a subtle
reduction of its temporal expression domain when either tbx5a MO (5ng), tbx5b MO
(4ng) or both MOs are injected. In addition, the ventral retina marker vaxZ experien-
ces an expansion of its nasal domain especially significant after tbx5a knock-down,
although a significant expansion is also observed after injection of tbx5b MO (4ng)
or different combinations of both MOs. These results indicate that retinal identities
are affected after interfering with tbx5 genes. In addition, the results highlight the re-
levance of tbx5 paralogues to maintain the dorsal identity in the retina. Indeed, the
maintenance of the dorsal identity in this territory is key to acquire a correct retino-

tectal map and a proper visual function.

Changes in the expression domain of dorsal and ventral retinal markers were further
analysed by checking efnbZa and ephbZ expression domains in the dorsal and ventral
retina, respectively, which are crucial to ensure DV identity along the retina and the
subsequent proper retinotectal projections. The efnbZa expression domain is symme-
trically shrunk in both dorso-nasal and dorso-temporal borders after both thx5 genes
were knocked-down. Significant differences are found when single tbx5a or tbx5b MO
injections and their co-injection at high doses are compared, suggesting that these pa-
ralogues act redundantly in the dorsal retina to ensure the expression of efnbZain this
territory. Remarkably, efnbZa expression is never completely abolished after co-injec-
tion of both MOs at high doses, indicating that some other factors are acting together
with tbx5 paralogues to maintain dorsal retina identity. Indeed, the other members
of Tbx2 subfamily genes are also expressed in the developing retina and functional

redundancy between these genes may explain the lack of complete inhibition of the
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expression of dorsal retina markers, since Tbx genes have been shown to cooperati-
vely interact in many developmental processes®**°. ephBZ2 expression in the ventral
retina suffers an asymmetric expansion in tbx5a and tbx5b double morphants. More
specifically, the ventro-nasal domain is largely expanded in tbx5 double morphants
while the temporal domain remains unaltered, similar to the control embryos. This
DV patterning phenotype was observed both in single tbx5a or tbx5b MO injection or

combined injection of tbx5a and thbx5b MOs at different increasing doses.

2. Consequences of tbx5 knock-down on retinotectal projections

The importance of ensuring proper DV patterning in the retina is reflected at 48hpf,
when double morphants for thx5a and tbx5b display significantly thinner retinotectal
projections compared to those of control siblings, which are probably associated with
impaired visual function. Related with this observation, rbI mutants exhibit a much
thinner optic nerve compared to their control siblings and they also present a delay
in RGC axonal outgrowth, leading to a delay in optic nerve development and reduced
innervations of the optic tectum?®®°. Tbx2 has been shown to molecularly interact with
Rb1%¢!, Hence, it is tempting to hypothesize that, since Tbx5 is closely related to Tbx2,
it could likewise be interacting with Rb1 to regulate the normal formation of the optic

nerve in zebrafish embryos (Figure 22).

It is relevant to highlight that the homeodomain-containing meis1 transcription fac-
tor has been reported to be involved in the establishment of proper retinotectal map
of the developing zebrafish. Similar to tbx5 genes down-regulation, meisI knock-
down results in a reduction of dorsal efnbZa expression in the retina and an expan-
sion of ephBZ2in the ventral domain. meis1 knock-down has also been associated with
tbx5a downregulation'®¢, hence it is plausible that downregulation of tbx5 (and tbx5b)

is enough to explain the DV expression defects observed in meis1 morphants. This
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prompts to think of a model in which meisI acts upstream of thx5 genes to ensure
the correct DV expression of ephrinb2a and ephBZ in the zebrafish developing retina

(Figure 22).

gdf6ahas been described to be necessary and sufficient to activate tbx5a and efnbZa
in the retina and that impaired expression of gdf6a results in defects in DV patterning
positional information and subsequent formation of the retinotectal map!*2 Therefo-
re, the down-regulation of tbx5 paralogues could be causing the same phenotype one

level downstream of the described effect for gdfé6a interference (Figure 22).

Finally, BmpZ2 knock-down has been described in chicken to cause altered retinotectal

projections'?’

. BmpZ2 expression is critical for the maintenance of regional specificity
along the DV axis, suggesting that the dorso-temporal reduction of bmpZ2b expres-
sion domain after thx5 paralogues knock-down could also influence into the retino-
tectal phenotype observed in tbx5 double morphant embryos at 48hpf (Figure 22).
Additionally, mouse VaxZ mutants have been described to exhibit impaired DV and
NT gradient of EphB5, EphB2, EphB3, EphrinB1 and EphrinB2 axon guidance cues'*®.
Therefore, if this signalling mechanism is also conserved in zebrafish, the ventro-nasal

expansion of the vaxZ expression domain in the retina after tbx5 genes knock-down

could also contribute to the retinotectal defects observed (Figure 22).

Apart from the speculations suggested by the results of the experiments, it is clear that
the observations reported in the eye field indicate that a synergistic effect of tbx5a and
tbx5b is necessary for proper efnnb2a expression in the dorsal retina. Also, that efnb2a
expression is not significantly affected in tbx5a or tbx5b morphants, whereas it is de-
creased by 50% in double tbx5a and tbx5b morphants, suggesting these two genes act

together to guarantee the proper extent of efnbZa expression in this domain.
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Figure 22 | Model for tbx5 genes function in the dorsal retina. meis1 and gdféa result in a reduction
on efnb2a expression probably through the downregulation of tbx5 genes. Thx5 genes knock-down by MO
injection cause a reduction on bmp2b and efnb2a and an expansion on vax2 and ephB2 expression ventral
domains. In the case of efnb2a, only after the knock-down of both paralogues a significant decrease in the
expression domain is observed. Tbx5 might be interacting with Rb1 to ensure proper retinotectal projections

as it is described in the case of Thx2. D: dorsal, n: nasal, T: temporal, V: ventral.

3. Consequences of interfering with tbx5 genes in the developing pectoral fin

In contrast to the synergistic role for the tbx5 paralogues identified in the developing
retina, pectoral fin development shows different (and specific) requirements for tbx5a
and tbx5b. thx5a is required for the earliest steps of initiation of pectoral fin bud out-
growth (Figure 23 A), whereas tbx5b function is related to a later stage ensuring pro-
perly timed and sustained fin growth, so that the pectoral fin achieves its final normal
size (Figure 23 B). The distinct roles executed by the different tbx5 paralogues are
linked by Fgf signalling, which is key to establish a crosstalk between the mesenchy-
mal and ectodermal territories that secures a positive feedback loop signalling be-

tween the two tissues to promote and sustain pectoral fin outgrowth.

The total absence of pectoral fins in tbx5a morphants shows the essential role of this

paralogue for the compaction of the cells in this territory for the subsequent protru-
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sion of the fin bud and formation of this structure. The lack of activation of fgf24 by
tbx5ain the mesenchyme impedes the pectoral fin development programme to initia-
te. By contrast, tbx5b knock-down results in the formation of shorter fins compared
to the control embryos. The mechanism that explains the thx5b morphants phenotype
is the delayed achievement of a threshold in the Fgf signalling feedback between the
mesenchyme and the ectoderm, as shown by the expression pattern of several Fgf sig-
nalling members at different stages during the development of the pectoral fin (Figure

23 B).

Given the critical requirement of tbx5a to establish the pectoral fin bud outgrowth
initiation programme, it is not clear whether tbx5a may function, similarly to tbx5b,
during these later stages of fin outgrowth. It is tempting to speculate that this is indeed
the case, because as mentioned before, the subtle downregulation of thx5a function or
its target genes is reminiscent of the thx5bloss-of-function shown here!*#179332 Never-
theless, Parrie and colleagues showed that the phenotype of tbx5b morphants could
not be rescued by injection of tbx5a mRNA®,. Injection of tbx5a mRNA into tbx5b mor-
phants made the fin phenotype more severe and most embryos failed to even initiate
pectoral fins. However, since tbx5 doses are extremely critical to ensure to correct
development of the structures where they are expressed an “overexpression” could
also result in defects in the pectoral fins, which could explain the lack of rescue of the
tbx5b morphants. To decipher which is the case, different doses of thx5a mRNA should
be injected in a tbx5b morphant background to see whether there exist any conditions

that allow to significantly rescue the fin outgrowth phenotype.

Related to forelimb outgrowth, it is worth mentioning that experiments with mice that
carry a tamoxifen-inducible allele for Thx5 show that, although Tbhx5 is essential for
initiation of the forelimb and its misexpression results in limb truncation, the requi-

rement of this transcription factor is restricted to a specific time frame3®2. Hence two
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distinct phases of limb development are defined, equivalent to the ones defined in our
model for pectoral fin outgrowth. The first one would be the Thx5-dependent limb
initiation phase, which would be followed by the subsequent limb outgrowth phase,
which is Thx5-independent. In this second phase the Fgf feedback loop between the
mesenchyme and ectoderm is already established and, in contrast to what is observed
in zebrafish, it does not rely on the expression of thx5 to maintain the signalling be-

tween the two structures?®?.

mesenchyme mesenchyme
tbx5a
fg£24 y’ vigf24
fgf\lea fbx3b / fgf%Oa
A. INITIATION B. OUTGROWTH

Figure 23 | Model for the differential requirements for the tbx5 genes during pectoral fin develop-
ment. tbx5a is required for the initiation process (A), while tbx5b is essential to maintain the outgrowth of

the structure (B).

4. Consequences of tbx5 genes knock-down in the asymmetric development of
the zebrafish heart

Cardiac looping is affected in both tbx5a and tbx5b morphants, and downregulation
of both tbx5 genes does not increase the severity of the looping phenotype, indicating
the essential function of these genes to achieve the complete looping of the zebrafish
heart. Moreover, both genes must act in the same pathway and cooperate with each
other to ensure looping morphogenesis, since co-injection of sub-optimal concentra-

tions of tbx5a and tbx5b MOs similarly causes looping phenotypes and increasing con-
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centrations of both MOs result in an increase in the percentage of embryos with a la-
terality phenotype. Regarding the first cardiac asymmetric event, both paralogues are
also essential for normal leftward heart tube jogging to occur, since tbx5a and tbx5b
morphants show jogging orientation defects and co-inhibition of both genes does not

result in either more severe or higher phenotypic penetrance.

Despite this is a quite unexpected phenotype for a gene that is bilaterally expressed in
the LPM, laterality defects have been previously described after interference of other
genes expressed symmetrically along the LR axis (e.g. fli-1, rtk-2). Furthermore, these
results are in conflict with the cardiac phenotypes described in previous publications
where the hst mutant and/or tbx5a MO were used to interfere with tbx5a gene func-

tion and tbx5b MO to knock-down tbx5b paralogue®”®,

5. The hst phenotype differs from the tbx5knock-down phenotype

The hst mutant was originally described as having a severe cardiac dysfunction due
to tbx5 premature termination at aminoacid 316. The characteristic phenotype con-
sists in failure of cardiac looping completion, cardiac edema with a central linear heart
(string-like) and a slow heart rate®. In addition, in thx5b morphants Parrie and collea-

gues only reported its inability to completely loop®.

Our rescue experiments for thx5a MO injected embryos show that the hstform of tbx5a
is an hypomorph that is able to partially rescue the phenotype caused after thx5a MO
injection. Related to the controversy generated by the different phenotypes observed
after different approaches for tbx5 paralogues knock-down, two new CRISPR mutants
for thx5ahave been recently reported3®. Both mutants exhibit tbx5a frameshift alleles
in the first coding exon: thx5ac.21_25del (tbx5aA5) and tbx5a c.22_31del (tbx5aA10).

Interestingly homozygous and transheterozygous combinations of these alleles result
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in loss of pectoral fins and cardiac defects. However, these frameshift mutants do not
exhibit the characteristic stretched hst heart phenotype. An evident difference be-
tween the two types of mutants is the location of the mutation that in the case of the
hst, is an ENU-induced stop codon in the second-last coding exon, hence being able
to translate into a C-terminally truncated protein with residual or dominant-negative
activity compared to the CRISPR mutants obtained in this study that contain the mu-
tation in the first exon. These CRISPR mutants exhibit fully penetrant cardiac defects
in homozygous and trans-heterozygous mutants that range from inflow tract defects

to mis-looped chamber, but never an Ast heart phenotype.

All this variability in the cardiac phenotype after interfering with tbx5 paralogues is of
critical importance since the high sensitivity of tbx5 dosage might be greatly influen-
cing the different phenotypes reported under different conditions. It is also important
to consider whether activation of a compensatory network to buffer against delete-
rious mutations influences the final phenotype, which normally does not occur after
translational or transcriptional knockdown?®¢’. It is therefore extremely important to
consider recent publications related to the use of MOs as a knock-down strategy that
recommend extreme caution when analysing mutant and morphant phenotypes’*3¢’.
The phenotypes induced by MO are often more severe than those obtained with the
equivalent mutant, probably due to phenotypic rescue of zygotic mutants by materna-
lly provided wild-type mRNAs, which translation can be inhibited by MOs, the hypo-
morphic nature of the mutant allele or the genetic compensation in the mutant con-
ditions but not in the morphant animals. Also, MO could exhibit a stronger phenotype

due to off-target effects of the MO3*”.
Hence, in all the experiments performed with tbx5 MOs, they were co-injected with

p53 MO to avoid unspecific phenotypes that do not present any link to the real phe-

notype caused by the reduction of the endogenous levels of the target gene. Finally, in
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the case of the existence of different paralogues that share their expression pattern in
different developing tissues, like the tbx5 paralogues, it is important to test functio-
nal compensation by co-injection of MOs that simultaneously knock-down both genes
and analyse the phenotype obtained at different injection doses. Similarly, using this
strategy it can be demonstrated genetic interaction between the paralogous genes by

knockdown of both genes at subthreshold levels*®®.

6. Consequences of tbx5a knock-down for cardiomyocyte medial migration

The early defects during the migration of myocardial precursors in the anterior LPM
are only detected after thx5a MO knock-down or when co-injected with tbx5b MO (3ng
each). The fact that not only randomization of the asymmetric events of the heart, but
also defects in the migration of the cardiac precursors towards the midline are found,
indicates that tbx5 may be regulating migratory cues. Nevertheless, it is striking that
in the case of the midline fusion defects to form the cardiac cone the phenotype only
arises after tbx5a MO injection or when both paralogues are knocked-down at high do-
ses (3ng each). Hence, the results suggest a role for thx5a during the medial migration
of the cardiac towards the midline, while tbx5b would only have a minor role that fails

to rescue tbx5a when both paralogues are knocked-down in the double morphants.

Interestingly, the LR cardiac determinant Bmp4, have been isolated in screens that
aimed to find Thx5-induced genes*®3. Bmp signalling to the endocardium non-auto-
nomously decreases myocardial migration rates on the right and potentially tempers
Nodal-induced increases in velocity on the left, therefore leading to the anterior and
left positioning of the atrial cells with respect to the ventricular cells?*'. Hence, tbx5

knock-down could be affecting Bmp signalling in the LPM leading to migration defects.
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In addition, the posterior fusion defect in the cardiac cone formation resembles to
the phenotype obtained after snail1b MO knock-down. Both snailla and snail1b pa-
ralogues have been described to be implicated in the anterior migration of axial me-
soderm?’13¢>3¢7 and snail1b has been shown to have a key role in the migration of car-
diac precursors. snail1b morphants have a delay in the migration towards the midline
and defects in the myocardial fusion. The phenotype observed in snail1b morphants is
not surprising, since snail genes are known to regulate cell adhesion and migration. In
addition, at 48hpf snail1b morphants result in a string-like heart®®, so it is tempting to
speculate that both genes (i.e. tbx5a and snailb) may be related to secure the correct
migration towards the midline during cardiac morphogenesis to ensure the final co-

rrect positioning of the looped heart.

7. Consequences of tbx5a knock-down on the expression of left-side LPM mar-
kers.

As evidenced by the randomization of all three Nodal-related genes analysed, spaw
and its downstream effectors and inhibitors letfy1 and leftyZ, LR asymmetry is alre-
ady altered before the morphogenetic migratory events that take place during cardiac

development (Figure 24 B).

Regarding the randomization of the expression of spaw, lefty1, lefty2, there are se-
veral aspects to consider. First of all, the maintenance of the /efty1 expression in the
midline that indicates that the physical and genetic barrier which impedes signalling
cues to diffuse from one side of the embryo to the other is preserved. Otherwise, only
total absence or a bilateral expression pattern for spaw and lefty1/2 would be obser-
ved in the LPM. This suggests that laterality establishment is impaired earlier in deve-
lopment, at the KV level or on its vicinity or, alternatively, that the expression pattern

in the LPM for these genes results altered after interfering with thbx5a because this
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genes has a buffering role in the LPM as described in mice. Interference with 7bx5in
mice shows the inherent LR asymmetry in the formation of the forelimbs, since after
Thx5 knock-down the left limb is more severely affected than the right®*. Similarly,
another possibility could be that tbx5a would be buffering some signalling molecules
that ensure the correct consecution of all the asymmetric events that occur during
cardiac morphogenesis. In addition, the fact that the randomized expression for spaw
was also observed at 16SS indicates that this phenotype in the LPM is evident in early
somitogenesis stages. It is also interesting to note that when spaw expression pattern
is compared in both stages (i.e. 16SS and 21SS) in the LPM of tbx5a morphants, despi-
te showing a similar penetrance of embryos exhibiting a LR phenotype, the proportion
of the embryos displaying expression in the right side, bilaterally or lack spaw expres-
sion in the LPM varies. Curiously, the proportion of embryos exhibiting total absence
of spaw signal decreases at 21SS. A suitable explanation would be that the onset of
Nodal-related genes in the LPM is delayed in tbx5a morphants and consequently, em-

bryos lacking expression are later classified as left, right or bilateral expression.

8. Consequences of tbx5a knock-down in neural and visceral LR asymmetry

The analysis of LR asymmetry defects during the development of other structures
such as the laterality of the neural structure of the diencephalon and the positioning
of the visceral organs of the liver and pancreas with respect to the gut resulted in some

striking results.

The expression and involvement of Nodal signalling pathway in the establishment of
LR asymmetry in the neural structure of the dorsal diencephalon has been extensively
reported. This fact prompted us to test the laterality of lefty1 expressed in this struc-
ture which was shown to be randomized. Multiple mutations in zebrafish have been

reported to interfere with LR patterning in the diencephalon. Among the mutated ge-
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nes, there are some members of the Nodal signalling pathway (i.e. oep, cyc). Never-
theless, interference with genes involved in the laterality of the dorsal diencephalon
results in the majority of the cases with bilateral or absent expression of the asymme-
tric markers expressed in the left diencephalon in wildtype conditions (e.g. lefty 1, cyc,
pitx2)*173% These altered expression is probably due to midline ablation and therefo-
re expression results in either absent or bilateral, depending on the gene mutated. In
the case of tbx5a knock-down, there is a total randomization with cases of left, right,
bilateral and lack of expression. Within the Nodal-related genes, charon morphants
show a total randomized Jefty1 expression in the dorsal diencephalon that coincides
with the observed phenotype in tbx5a morphants. However, in the case of charon, this
randomized expression does not occur in the LPM, since it is rare to find spaw or lefty1
expression totally absent3?°. Hence, it is probable that charon could not fully explain

the phenotype observed after tbx5a knock-down.

In the case of visceral laterality, despite the frequency of embryos with a phenotype is
lower than in the other two structures where laterality was analysed, the penetrance
is significant enough to consider that tbx5a knock-down also affects the positioning of
the visceral organs. In this case, within the variety of presence and location of the liver
and pancreas organs, the most prevalent phenotype is the absence of both structures.
Since the positioning of these endodermal organs is also impaired, all three types of
laterality analysed are found to be affected after tbx5a interference (i.e. cardiac, neu-
ral and visceral), suggesting that the signalling defects after tbx5a knock-down arise
much earlier, affecting the establishment of LR asymmetry in the embryo during early
stages of embryonic development so that the knock-down of tbx5a results in impaired

organogenesis of all the analysed structures and organs.
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9. Consequences of tbx5a knock-down in the DFC lineage

The phenotype detected in the asymmetric event of the jogging during heart mor-
phogenesis demonstrates that targeting the DFCs lineage is sufficient to obtain the
LR asymmetry phenotypes. The phenotypes that DFC-targeted morphants exhibited
were more severe than in 1-cell stage injected embryos with cases of cardia bifida and
other defects in fusion. This apparent paradox could be explained by the fact that the
same dose of MO is injected in a much-reduced cell population, thus causing a stronger
phenotype in the morphant embryos. In addition, tbx5a knock-down LR asymmetry
defects that arise after only targeting the DFCs lineage support the hypothesis of an
early role for thx5a during LR establishment. The fact that LR asymmetry is affected
when the DFCs cells are targeted indicate that tbx5ais indeed expressed in these cells
that will eventually form the KV, which has not been previously reported. To confirm
this finding, RT-PCR experiments from early developmental stages embryos were per-

formed.

10. tbx5a is expressed during early zebrafish development

An early expression from tbx5a at shield and 1SS is coherent with the specific pheno-
type found when the injection of tbx5a MO was done only targeting the DFCs. Hence,
the design of the probe is crucial to detect faint expression levels. It is also relevant to
highlight the expression around the KV at 10SS for tbx5a, which could be important
for the transmission of the signalling cues generated in the KV to the surrounding tis-
sue. The analysis of numerous markers within the KV or on its vicinity revealed some
interesting changes in the expression patterns and levels of the genes of interest. Re-
markably, the characteristic expression of the Nodal inhibitor gene charon gets altered
after tbx5a knock-down, probably leading to a reduction on the solidity of the esta-

blishment of LR asymmetry and therefore to the randomization of the left-side mar-
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kers in the LPM. Furthermore, bmp4levels surrounding the KV result diminished after
interfering with tbx5a (Figure 5.3), whereas the genes belonging to the Fgf signalling
pathway or the any of the rest of the genes analysed remain unaffected. Interestingly,
ntl and lefty1 expression in the midline are unaltered which means that signalling
cues are not able to leak from one side to the other in tbx5a morphants. The preser-
vation of the midline expression of both genes is consistent with the subsequent total
randomization of the Nodal-related genes in the LPM, since as previously mentioned,
the perturbation of the integrity of this structure would result in either total absence

or bilateral expression of these markers.

The Nodal signalling pathway members spaw, pitx2 and gdf3 did not show significant
expression differences at 10SS. In addition, as already mentioned, pitx2 mutants do
not result in LR asymmetry phenotypes in zebrafish. The zebrafish pitxZHD mutants,
which present indel mutations in the homeodomain - predicted to prevent DNA bin-
ding and disrupt both isoforms (pitx2a and pitx2c) - exhibit eye and tooth defects,
characteristic of Axenfeld-Rieger Syndrome, but heart and gut looping remain una-
ffected?’s. However, it should be considered that it is not rare that in mutants other
compensatory mechanisms (i.e. genetic compensation) rescue the lack of the disrup-
ted gene resulting in a milder phenotype than in knock-down approaches. Regarding
gdf3 expression, it has been recently published that zygotic contribution of this gene
does not result in LR asymmetry defects®’°372 Despite being expressed in domains
of critical importance for LR asymmetry establishment, i.e. KV area and LPM, Zgdf3
mutants exhibit no LR defects. Consequently, zygotic Gdf3 is described as not required
for LR patterning in the presence of maternal Gdf3 and therefore, the zygotic contri-
bution only results in an increase of robustness of the system37°372, Consequently, even
if pitx2 or gdf3 were affected they could not explain the LR phenotypes obtained after

tbx5a knock-down.
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11. Bmp signalling is downregulated after thx5a DFC-specific knock-down

The lack of consequences in the expression of the Fgf ligands, which have been related
to tbx5ain other structures (e.g. fgf10 and fgf24 in the pectoral fin) and/ or related to
LR asymmetry e.g. fgf4 and fgf8, together with the absence in phenotype in some other
promising genes like prrx1a, which shows an asymmetric expression in the LPM later
in development, prompted to perform some qPCRs. The use of two different reference
genes efla and hatn10 make the results obtained by qPCR more reliable, especially
since hatn10 gene has been described to be a very solid reference gene. Indeed, the
expression stability of hatn10, together with two other EREs, dnal5tal and loopern4,
has been found to be better than the common reference genes (e.g. gapdh or 8-ac-

tin2)*s.

gPCR results confirm that Fgf signalling pathway members remain unaltered after
tbx5a knock-down, whereas many Bmp signalling members show a significant down-
regulation. Together with fgf4, fgf8, fgf10a and fgfrZ, cx43.4, prrx1a and spaw are not
found to significantly change their expression levels after thx5a DFC-targeted knock-
down. The lack of detection of differences in the transcription levels of the aforemen-
tioned genes could be explained by two main reasons. The most straight-forward
would be that, regardless many of these genes have been described to be linked to
tbx5 in other developmental stages and tissues, they are not related at this develop-
mental stage. Another explanation could be that regardless these genes could be suffe-
ring an up- or downregulation after interfering with tbx5a its effect could be masked,
since the injection confined to the DFC lineage might only cause a slight variation that
cannot be detected as significant when analysing the expression levels in whole embr-
yos. Nevertheless, it was considered that it is more accurate to perform a DFC-targeted
injection followed by an RNA extraction of the whole embryos at 10SS, rather than a
full injection and dissecting the posterior part of the embryo, since the extracted part

might not be totally equal in all embryos and, in addition, since a high number of em-
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bryos is required to obtain enough genetic material, between the cut and collection
of the dissected embryos some necrotic events could already be triggered, also crea-
ting some differences in the conditions in which the embryos are collected. Therefore,
despite the technique used for RNA extraction to subsequently determine changes in
the expression levels by qPCR could be missing some minor changes, the method was
considered the most thorough approach to treat the samples homogenously and avoid

differences in the groups compared.

Since the most promising signalling pathway to be acting downstream of tbx5a ac-
cording to both ISH and qPCR results was Bmp, the regulatory regions of the Bmp
signalling members assessed here were analysed. Despite all of them contained a pu-
tative Tbx5 binding site, the particular case of bmp4 is the most remarkable since the
binding site could be detected in higher vertebrates, including human . In addition,
when the bmp4 regulatory region was further analysed, the putative binding site was
found to be within its proximal regulatory region. However, some controversy exists
regarding the role for bmp4 in LR asymmetry. bmp4 MO experiments identified bmp4
as presumably responsible for the inhibition of spaw in the right LPM at the early
segmentation stage and hence of controlling both visceral and cardiac LR asymme-
try?'°. The phenotype observed in MZbmp4'18°" mutants suggests that bmp4 would be
limiting the responsiveness of LPM cells to nodal signals, setting a threshold for Nodal
signalling pathway activation in the LPM that could not be surpassed by low concen-
trations of Spaw?’%. Nevertheless, organ laterality is properly established in most of
this MZ mutants (89%) and spaw expression is initiated and maintained correctly in
the majority of these embryos. Therefore, Lenhart and colleagues suggest that bmp4 is
not necessary for lefty1 expression at the midline and that bmp4is not the main ligand
required for posterior repression?’2 Alternatively, they suggest that bmpZ2b could be
the Bmp ligand responsible for mediating this inhibition, since it is highly expressed

in the ventral mesoderm and epidermis posterior to the KV373. Interestingly, bmp2b
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was also found downregulated in our qPCR analysis and a putative binding site for
Tbx5 was found in its regulatory region conserved also in higher vertebrates, since
it was also found in mouse. In addition, it has been described that bmpZ2b overex-
pression abolishes spaw expression in the LPM?'°. Unfortunately, although some ove-
rexpression experiments have been carried out using the tg(hs:bmpZ2b) line, specific
approaches that enable spatiotemporal inhibition of this ligand should still be deve-
loped, since loss of bmpZb causes strong DV patterning defects. bmpZb mutants have
an important disruption of ventral posterior tissue formation that results in embryo
lethality before 10SS*7*, impeding the study of further phenotypes during zebrafish
development. Yet, despite 1-cell stage MO injection against bmpZb or bmp?7 results
in profound DV patterning defects, it has been described that MO injection against
bmpZ2b or bmp7has no effect on spaw expression when injected at 512-cell stage, that
specifically targets the DFC/KV lineage?!. In contrast, DFC-targeted injection of bmp4

MO causes bilateral expression of spaw.

Considering all the data mentioned above, a plausible explanation that would reconci-
le all these observations is that, although bmp4 could have a relevant role in transmit-
ting LR information to the LPM, the MZ phenotype of bmp4 mutants could be compen-
sated by other members of the bmp signalling pathway, whose promiscuity has been
extensively described®”>37¢, Thus, the phenotype would be rescued, showing a milder
effect on LR asymmetry establishment. With respect to our qPCR results, it is clear
that many Bmp signalling ligands and receptors suffer a significant decrease on their
transcriptional levels. Nonetheless, thbx5a does not completely abolish Bmp signalling
in the tissue surrounding the KV structure. However, the sole fact of a reduction on
the expression levels of Bmp cascade could be sufficient to resolve in a decrease on
the robustness of Nodal signalling pathway activation, as shown by an altered typical
horse-shoe charon expression in a significant percentage of thx5a morphants (Figure

5.6 C). Indeed, it is feasible that this reduction in Bmp signalling consequently leads to
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a bistable system where any additional subtle signalling change could eventually lead
to the activation or repression of Nodal signalling pathway in one or both sides of the

embryo (Figure 24 B).

[t is important to keep in mind that the midline was not depleted of /efty1 expression
in tbx5a morphants, meaning that this barrier has always been present despite the re-
duction on Bmp signalling. This enforces to think that the reason why we observe that
the randomization of the expression of Nodal signalling pathway members is probably
due to a decrease on the solidity of the activation of the Nodal signalling pathway and
not due to a leakage from signalling cues from left to right or viceversa in the embryo.
Regarding the Bmp signalling receptors found downregulated in DFC-targeted mor-
phants, bmpr1 receptors (bmprilaaand bmpriab)are known to be required to regu-
late lefty1 expression in the midline 378, Nevertheless, the bmpr1aa paralogue, whose
transcriptional levels have not been significantly altered in our analysis, has been re-
ported to affect phenotypic severity more robustly than loss of bmpri1ab®’8. Expression
levels expression of bmpriba and bmpri1bb have also been found downregulated by
gPCR in tbx5a DFC-targeted morphants. In this case, there is no literature describing
an early role for these genes related to LR asymmetry. Finally, despite bmprZ2 recep-
tors (i.e. bmpr2a and bmpr2b) have also been related to LR asymmetry in zebrafish37°,
we did not detect significant expression levels. In addition, in all these members of the
Bmp signalling pathway a putative binding site for Tbx5 was found, but it was not de-
tected as conserved in higher vertebrates, which diminishes the probability that these
putative binding sites are indeed biologically functional and the possibility that these

genes are downstream effectors of thx5a.
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12. tbx5a knock-down results in altered KV parameters

Some of the features of the KV appear to be affected to some extent in thx5a morphants.
Despite migration of the DFCs seemed unaffected by tbx5a knock-down, the KV was
smaller. The fact no defects observed in the expression pattern of ephrins (efnb2a and
ephb4b) and cx43.4, analysed by qPCR, which are important for collective migration in
a cohesive manner, is consistent with the unaffected sox17 expression during epiboly,
which indicates no significant defects in the migration of the DFCs. The reduction in
size of the KV in tbx5a morphants could be due to a reduced ability to lumen inflation
within the vesicle, which has been previously described to be triggering LR defects
since it impedes to reach a directional stable fluid flow?7*381382 The variability existing
between different strains and within individuals of the same strain in wildtype con-
ditions is also quite remarkable, but, in any case, a threshold of 1300um? should be
surpassed to ensure the correct signalling transmission to the KV neighbouring tissue
and subsequently to the LPM. On the contrary, spaw expression in the LPM results

randomized and consequently it results in LR asymmetry defects.

Finally, the functionality of the cilia is thought to be unaffected, since the expression
levels of dnah9 were not altered after DFC-targeted tbx5a knockdown, as shown by
gPCR, tempting the suggestion that cilia motility is not impaired after tbx5a knock-
down. As previously mentioned, dnah9 lies under the regulation of foxjla, a master
regulator of cilia motility. Interestingly, dnah9 expression has been found to be remain
unaffected after DFC-targeted bmp4 MO injection?'®. Nevertheless, to assess whether
cilia motility is really affected in the thx5a morphants live imaging experiments of the
beating cilia should be performed. Finally, cilia length in the KV has been observed to
remain unaltered in tbx5a morphants. Nonetheless, the number of cilia present in the
KV should also be assessed, since the reduction on cilia number could also lead to the

inability to reach a solid directional flow within the KV.
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Hence, the mechanism that triggers LR asymmetry defects in the neural, cardiac and
visceral structures seems to be driven by a diminished robustness of the directional
fluid flow due to a reduction of the KV area followed by an altered expression of cha-
ron expression domain around the KV and a reduction on Bmp signalling levels (Figu-
re 24 A). The decrease in the Bmp signalling expression levels could be either a direct
consequence of thx5a knock-down, as a downstream effectors of tbx5a (indicated by
the putative binding sites found in the bmp4 regulatory region) or an indirect effect, as
a consequence of lack of a stable directional flow than can be sensed and transmitted
by the KV cilia. These defects would trigger the laterality phenotypes observed later
in development in the LPM signalling due to a randomized Nodal signalling pathway
activation (Figure 24 B) and during the morphogenetic events that resulted in organs

that exhibited a LR phenotype when tbx5a was knocked-down (Figure 24 C).

tbx5a does not seem to have a specific role in establishing polarity along LR axis, but
nonetheless ensures the robustness of the subsequent critical signalling cues that lead
towards a correct signalling in the LPM and proper organ positioning. These obser-
vations are also in tune with a recent publication that identifies Thx5 in mouse as a
buffering factor of the inherent LR asymmetries that secures symmetric limb forma-

tion®.

Further studies are needed to demonstrate the physical interaction of tbx5a with the
regulatory region of Bmp factors to demonstrate that the action of tbx5a transcription
factor is directly regulating these genes to ensure LR asymmetric expression. Never-

theless, the aforementioned results point towards this possibility.
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Figure 24 | General model for tbx5a role in LR asymmetry. During the phase in which a directional flow
is created in the KV and transmitted to the surrounding tissue (A) tbx5a knock-down results in a reduction
on the KV size, a reduction on Bmp signalling around the KV as well as an altered shape of charon expression
pattern. All this will result in an inefficient transmission of LR cues to the LPM, and consequently a randomi-
zation of the left-side markers spaw, lefty1 and lefty2 (B). Altogether, the cumulative defects in LR patterning
results in a randomization of the cardiac asymmetric events of the jogging and lopping (C) and also the

laterality of the diencephalon and liver and pancreas are affected.
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13. Final remarks: the different relationship between the tbx5 paralogues du-
ring the development of the retina, pectoral fin and heart

tbx5 paralogues have been demonstrated to be required for the development of diffe-
rent organs in the zebrafish embryo. Nonetheless, their role and relationship on each
of the territories where they are expressed varies. It has been shown that in the dor-
sal retina both paralogues ensure dorsal identity and only when both paralogues are
knocked-down a significant reduction on the expression domain of the dorsal marker
efnb2ain the retina can be observed. In contrast, when only one of the genes is targe-
ted, in the case of bmpZ2b a significant decrease in the expression domain is observed,
whereas in the case of efnbZathe other paralogue is able to rescue its reduction on its
expression. This indicates that for efnbZa expression tbx5 paralogues have redundant
roles in the dorsal identity maintenance probably to ensure the subsequent correct
retinotectal projections, which are essential to acquire proper visual function (Figure
25). The case of the pectoral fin is quite different, since tbx5a function is early required
for the initiation of fin bud outgrowth, whereas tbx5b is only required later to keep a
sustained outgrowth of the structure (Figure 25). In the case of the heart, despite both
genes have been shown to result in the same phenotype, indicating that they must
be collaborating and acting in the same pathway, tbx5a seems to have an earlier role
since tbx5b morphants do not show defects in the directional migration towards the
midline, or at least tbx5b shows a more significant role during zebrafish embryonic
development in the jogging and looping events, whereas its contribution in earlier
stages at the LPM is minor (Figure 25). In any case, the laterality phenotypes in the
heart together with the neural and visceral laterality after tbx5a knock-down have

their origin much earlier in development.

194



Discussion

tbx5a & tbhx5b

functional r
efnb2a expression and retinotectal map formation

collaborate acting in the same pathway
ensure correct cardiac developmental
asymmetric events

distinct roles

initiation (thx5a)
outgrowth (thx5b)

Figure 25 | thx5a and tbx5b paralogues maintain different relationships during retina, heart and
pectoral fin development. Schematic representation of a zebrafish embryo at 48hpf shows the distinct
roles and relationships of the tbx5 paralogues during zebrafish development on each tissue where they are

co-expressed.
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Conclusions

The main conclusions of this Doctoral Thesis are:

1. The zebrafish tbx5 genes have essential roles in the different organs where they
are expressed (I.e. retina, heart and pectoral fin), but the relationship between the two
paralogues and their specific requirement differs in every tissue where these genes

are expressed.

2. tbx5 paralogues are required for correct DV patterning of the retina. Knock-down
of both paralogues (tbx5a and tbx5b) cause a significant reduction of dorsal identity
markers expression concomitant with an expansion of ventral markers expression do-

main, especially significant in the ventro-nasal domain of the retina.

2.1. Functional redundancy of tbx5 paralogues in the retina only results in a signi-
ficant downregulation of efnbZa expression in double morphants. Dorsal identity
is never completely abolished, since other members of Tbx2 subfamily, co-ex-
pressed in this domain, may impede complete downregulation of dorsal retina
markers.

2.2. tbx5 double morphants have thinner retinotectal projections at 48hpf, pro-

bably reflecting the loss of proper DV patterning in the retina.

3. Pectoral fin development has different requirements for each tbx5 paralogue: tbx5a
is early required for the initiation of pectoral fin outgrowth, whereas tbx5bis required

later for the sustained and timely outgrowth of the pectoral fin.

3.1. Lack of thx5a results in a failure of compaction of the mesenchymal tissue
and Fgf factors are never activated in the mesenchyme, whilst thx5b morphants
show a delay on activation of Fgf signalling in the overlying ectoderm and down-
regulation of fgf24 expression in the mesenchyme. Accordingly, tbx5a morphants
completely lack pectoral fins, whereas tbx5b morphants have smaller pectoral

fins compared to control siblings.
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4. tbx5 genes act in the same pathway during heart morphogenesis. Both genes coope-

rate ensuring jogging and looping asymmetric events.

4.1. tbx5a and/or tbx5b knock-down result in a randomized jogging (left-, mid-,
right-jogging) and looping (D-, L-, no-loop) events.

4.2. The hst mutation behaves as an hypomorphic allele with regard to cardiac
LR asymmetric development.

4.3.tbx5a knock-down results in migration and fusion defects of the rostral LPM

population towards the midline.

5. The expression of left-sided LPM markers from the Nodal signalling pathway (spaw,
lefty1 and lefty2) is randomized (left, right, bilateral, absent expression) after tbx5a

knock-down.

5.1. Diencephalic lefty1 expression is randomized after tbx5a knock-down, indi-
cating laterality defects.
5.2. The visceral position of the liver and pancreas is altered after tbx5a knock-

down.

6. A specific LR phenotype arises from affecting tbx5a function in the cellular lineage

that gives rise to the KV.

6.1. tbx5a MO DFC-targeted injection results in randomized jogging.
6.2. Cardiac jogging defects in DFC-targeted morphants are more severe than
1-cell stage injected embryos.

6.3. tbx5a MO yolk-targeted injection does not result in laterality defects.

7. Early expression of tbx5ain zebrafish development is required for the correct esta-

blishment of LR patterning
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7.1.tbx5a is expressed at shield and 1S stages, earlier than what had been pre-
viously described in zebrafish embryos.

7.2. bmp4 expression levels and charon characteristic expression pattern around
the KV at 10SS are altered after thx5a knock-down.

7.3. Bmp signalling at 10SS is down-regulated after tbx5a DFC-targeted injection.
7.4. The genomic regions of bmprlaa, bmprlab, bmprilba, bmpribb, bmprZ2a,
bmpr2b, bmpZ2b and bmp4 contain a predicted binding site for Tbx5. This site is
conserved in higher vertebrates for bmp2b and bmp4.

7.5. tbx5a knock-down results in a reduced KV area at 10SS.
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