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Abstract

Although vertebrates display a wide diversity of body shapes and sizes
their basic body plan is consistently organized into head, neck, trunk and tail
structures. During development, the vertebrate main body axis is generated
sequentially from head to tail, first by the activity of the primitive streak and later
on by the tail bud. Progenitors within these regions, located at the posterior
embryonic end, progressively supply cells that will build the different body
tissues as the embryo extends along its main body axis. Although this is a
continuous process, head and trunk development is controlled by distinct gene
regulatory networks that lead to differing cell dynamics and generation of
specific tissues.

In the first part of this thesis, we analyze the transcriptomic and chromatin
accessibility changes associated with the head to trunk transition in the
posterior epiblast region of developing mouse embryos. These analyses
revealed changes in WNT signaling, ubiquitination, G-protein signaling and lipid
metabolism that may interact to regulate functional properties of the progenitor
region of the embryo. In addition, we describe a distinct functional requirement
of Wnt palmitoleoylation by Porcn to regulate axial extension and progenitor
differentiation during trunk formation. We also show that the head to trunk
transition is associated with a vast switch in the regulatory regions modulating
either head or trunk development, that impacts the binding activity of key
developmental transcription factors.

In the second part, we evaluate the impact of the absence of retinoic acid
(RA) signaling in both the transcriptome and chromatin accessibility profiles.
We observed that the lack of RA activity had limited influence on chromatin
dynamics in the posterior epiblast. In addition, analysis of single cell
transcriptomic profiles revealed the disruption of progenitor cell differentiation
in the caudal epiblast of Raldh2 mutants (lacking RA signaling), as well as a
reduced spinal cord cell population size. We identified Fat3 as a potential

regulator of this process, as its expression was found downregulated in Raldh2



mutants, fitting with its crucial role in neural progenitor proliferation. Throughout
this work, we evaluated the functional relevance of various potential enhancers
identified in the chromatin accessibility assays. Generation of deletion mutants
for each of these elements revealed limited impact on the expression of the
target genes, suggesting the existence of redundant enhancers that provide
robustness to developmental processes. We also show the existence of
regulatory interactions between enhancer elements to produce the proper
expression patterns of the target gene. Interestingly, we found that these
elements are regulated by different sets of transcription factors.

Overall, we show that the head to trunk transition is associated with vast
changes in chromatin accessibility that may be required for the appropriate
time- and cell-specific activation of the relevant gene regulatory networks. In
addition, the sequencing datasets generated in this thesis provide a valuable

resource for future research in embryo development.
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Sumaério

Apesar dos animais vertebrados apresentarem uma grande variedade de
formas e dimens&es corporais o plano corporal basico é invariavelmente
organizado em cabeca, pescoco, tronco e cauda. Durante o desenvolvimento
embrionario, o eixo corporal dos vertebrados € produzido sequencialmente
comecando na cabeca e terminando na cauda, primeiro pela atividade da linha
primitiva e mais tarde pelo bot&o caudal. A medida que o eixo corporal se vai
alongando, os progenitores localizados nestas regides na parte posterior do
embrido, fornecem continuamente células que irdo constituir os diversos
tecidos axiais. Ainda que seja um processo continuo, o desenvolvimento da
cabeca e do tronco é controlado por redes regulatérias de genes distintas que,
por sua vez, conduzem a dindmicas celulares diferentes e levam a producao
de tecidos especificos.

Na primeira parte desta tese, analisamos as mudangas no transcriptoma
e na acessibilidade da cromatina associadas com a transi¢éo da cabeca para
o tronco. Esta andlise revelou alteracdes na sinalizacdo de WNT,
ubiquitinagdo, sinalizagdo mediada por proteina-G e metabolismo de lipidos
que poderéo interagir de modo a regular propriedades funcionais da regido
progenitora do embrido. Além disso, descrevemos uma mudanca funcional na
necessidade de palmitoleoilacdo de Wnt por parte da proteina Porcn, para
regular o alongamento axial e a diferenciagdo de progenitores durante a
formacéo do tronco. Demonstramos também que a transi¢cdo da cabecga para
o tronco esté associada com uma vasta mudancga nas regides regulatorias que
controlam o desenvolvimento da cabeca ou do tronco, afetando a dindmica de
ligacdo de fatores de transcricdo fundamentais para o desenvolvimento.

Na segunda parte, avaliamos o impacto da auséncia da sinalizagdo do
acido retindico no transcriptoma e na acessibilidade da cromatina durante o
desenvolvimento. A falta de atividade de acido retindico mostrou um efeito
limitado na dindmica da cromatina na regido posterior do epiblasto. A

sequenciacao do transcriptoma de células individuais revelou perturbacdes na
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diferenciacdo das células progenitoras do epiblasto caudal de mutantes
Raldh2 (carentes de sinalizacdo do &cido retindico), assim como reducéo do
namero de células da populacdo da medula espinal. O gene Fat3 foi
identificado como um potencial regulador deste fenbmeno, uma vez que se
encontra reduzida a expressdo em mutantes Raldh2, concordante com o seu
papel crucial na proliferacéo de progenitores neurais.

Ao longo deste projeto avaliamos a importancia funcional de varios
potenciais acentuassomos identificados nos ensaios de sequenciacédo de
acessibilidade da cromatina. A obtencdo de mutantes com delecdes para cada
um destes elementos gendmicos exibiu um efeito limitado na expressao dos
genes sob a sua regulacdo, 0 que sugere a presenca de acentuassomos
redundantes, concedendo robustez aos processos de desenvolvimento
embrionario. Observamos também a existéncia de interacbes regulatorias
entre elementos, essencial para gerar os padrbes de expressao corretos do
gene sob a sua regulacédo. Além disso, demonstramos que estes elementos
séo regulados por diferentes conjuntos de fatores de transcrigao.

Em suma, demonstramos que a transicdo da cabega para o tronco se
encontra associada a extensas mudancas na acessibilidade da cromatina que
deverdo ser fundamentais para a correta ativacdo, em termos celulares e
temporais, das redes regulatérias de genes relevantes. Por fim, consideramos
gue os dados de sequenciacdo gerados nesta tese constituem um importante
recurso para estudos futuros dos processos envolvidos no desenvolvimento

embrionario.
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Chapter 1

Introduction
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Early embryonic development

While amniotes share several of the processes regulating their embryonic
development, they also show significant differences among clades and even
species. | will therefore mostly focus on the features characteristic of early
mouse development, as it is the animal model used in the work described in
this thesis.

Similarly to other placental mammals, following fertilization, the zygote
undergoes a series of cell cleavage divisions, increasing in cell number without
altering the overall volume (Aiken et al., 2004). At the implantation stage on
embryonic day (E) 4.5, the mouse embryo is composed of: the trophectoderm,
an outside layer of cells which will be the precursor of the placenta; the primitive
endoderm, that mainly gives rise to the yolk sac; and the pluripotent epiblast,
the source of progenitor cells for the future fetus. The epiblast then becomes a
cup-shaped epithelium that encloses the proamniotic cavity in a process called
cavitation (Bardot and Hadjantonakis, 2020; Coucouvanis and Martin, 1995).
At this stage the embryo consists of an epiblast and extraembryonic ectoderm
enveloped by a layer of visceral endodermal cells derived from the primitive
endoderm. Nodal signaling leads to the specification of the distal visceral
endoderm (DVE), a cell population at the distal pole of the embryo (Fig 1.1) (Lu
and Robertson, 2004). Bmp4 produced from the extraembryonic ectoderm
inhibits DVE formation, limiting this specification to only the distal region of the
embryo (Yamamoto et al.,, 2009). The DVE cells then migrate proximally,
breaking the embryo symmetry and specifying the future anterior region of the
embryo (Migeotte et al., 2010; Srinivas et al., 2004). The anterior visceral
endoderm (AVE) derives from a population of visceral endoderm cells located
just caudally of the DVE (Takaoka et al., 2011). The AVE cells produce Lefty1,
Cerl and Dkk1, which respectively inhibit Nodal, BMP and WNT signaling
pathways on the prospective anterior region, thus establishing the anterior-
posterior axis (Belo et al., 1997; Kemp et al., 2005; Perea-Gomez et al., 2002;

Yamamoto et al., 2004). On the opposing side of the epiblast these signaling
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pathways remain active, eventually leading to the emergence of the primitive

streak at the posterior embryonic end (Perea-Gomez et al., 2002).

E5.5 E5.75 E6.5
Post-implantation Pre-streak Early gastrulation

—{/\l"‘

-

Prox.

P OExuaembvyom( Ectoderm . Primitive Streak ODls(al Visceral Endoderm (DVE)
Dist. OEp:blasl .Vlsceral Endoderm .Anlenor Visceral Endoderm (AVE)

Figure 1.1 — Specification of the visceral endoderm and establishment of the anterior-posterior
axis. Nodal signaling results in specification of the DVE. AVE is derived from a visceral endoderm
population residing just caudally of the DVE. Secretion of Bmp, Nodal and Wnt antagonists from
the AVE restrict the activity of these signaling pathways to the posterior region. The primitive
streak emerges at the posterior embryonic end and elongates distally and anteriorly. Adapted
from (Bardot and Hadjantonakis, 2020).

Gastrulation starts with the formation of the primitive streak at the posterior
end of the embryo. Epiblast cells move towards the midline and undergo an
epithelial-to-mesenchymal transition while ingressing through the primitive
streak, in a process involving the WNT, BMP, FGF and Nodal signaling
pathways (Brennan et al., 2001; Ciruna and Rossant, 2001; Liu et al., 1999;
Winnier et al., 1995). As the primitive streak elongates anteriorly, the cells that
ingress to the space between the epiblast and the visceral endoderm, form a
mesodermal layer that envelops all the embryo (Tam and Behringer, 1997).
Meanwhile, the remaining epiblast cells lateral to the primitive streak proliferate
to ensure that the pool of cells eventually ingressing through the primitive streak

is not prematurely exhausted. Due to the dynamic signaling gradients to which
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epiblast cells are exposed, the time and place of ingression along the proximo-
distal axis of the primitive streak determines their lineage specification and
contributes to the establishment of the body plan (Kinder et al., 1999; Tam and
Beddington, 1987). As such, the first cells that ingress at E6.5 from the most
posterior part of the epiblast will give rise to the extraembryonic mesoderm.
Next, from the posterior region of the epiblast will emerge the cranial and
cardiac mesoderm, whereas the cells ingressing through more anterior regions
of the primitive streak will generate lateral and paraxial mesoderm. From the
node, a specialized structure at the anterior most end of the primitive streak will
emerge the definitive endoderm and the axial mesendoderm, which will specify
the notochord and prechordal mesoderm (Kinder et al., 1999; Lawson et al.,
1991; Quinlan et al., 1995; Tam et al., 1997, 2007).

The epiblast cells anterior to the primitive streak remain within the epithelial
layer, where it will form the head ectodermal structures. At around E7.5, this
region starts to thicken and subsequently folds, forming the head fold (Fig 1.2)
(Downs and Davies, 1993), eventually giving rise to the anterior neural
structures that, together with precursors of the cranial mesoderm, definitive
endoderm and axial mesendoderm that migrate to this region, generate the
primordia of the embryonic head (Sibbritt et al., 2018).

After formation of the head primordia is completed, the embryo starts
extending at the posterior end. A large part of this process relies on the
neuromesodermal competent (NMC) cell population, capable of generating
both neural and mesodermal lineages that progressively supply cells that build
the body along the main body axis (Binagui-Casas et al., 2021; Tzouanacou et
al., 2009). These progenitor cells are located in the node streak border and in
the caudal lateral epiblast and, while some of their derivatives remain in the
ectodermal layer and form most of the spinal cord, others gastrulate through
the primitive streak to generate paraxial mesodermal structures (Cambray and
Wilson, 2007; Wilson et al., 2009). Differentiation of NMC cells into a
mesodermal fate requires Thxt and WNT signaling, whereas neural lineage

depends on Sox2 and retinoic acid (RA) signaling (Cunningham et al., 2016;
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Gouti et al., 2017; Jurberg et al., 2014; Koch et al., 2017). Moreover, the
balance between stem cell renewal and NMC cell differentiation has recently
been shown to be regulated by Sall4 (Tahara et al., 2019). Later in
development, with primitive streak regression, which becomes complete
around E9.5 (Wilson and Beddington, 1996), NMC cells undergo an incomplete
epithelial to mesenchymal transition driven by convergent activity of Snail and
Tgfbrl signaling (Dias et al., 2020). NMC cells then relocate to the chordo-
neural hinge in the tail bud, where they will provide cells for the formation of tail

structures (Tzouanacou et al., 2009).

A E7.0 B

. allantois
amniotic
cavity

neurectoderm —=

— mesoderm amnion

proamniotic L primitive Rﬁﬁd mesoderm
cavity / streak definitive
7 visceral eadoders
endoderm notochord node
C EES D E10.5
cranial neural folds posterior A
A iy e nid

| brain

. allantois
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< remains of vesicle otic ;
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Figure 1.2 - Embryonic development from gastrulation to organogenesis. Schematic
representation of mouse embryos at (A) E7.0, (B) E7.5, (C) E8.5 and (D) E10.5 developmental

stage. A, Anterior; P, Posterior. Adapted from (Staveley, 2018).
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Somitogenesis

The progressive nature of vertebrate axial extension in an anterior-to-
posterior direction is most evident in the sequential formation of somites, which
give rise to the axial skeleton, skeletal muscle and dermis (Tam, 1981). During
somitogenesis, the presomitic mesoderm (PSM) extends posteriorly by addition
of new cells from the NMC population and sequentially segments at its anterior
end into symmetric units of epithelial tissue, placed on each side of the neural
tube (Saga and Takeda, 2001). The periodicity of this process is regulated by
the segmentation clock, a network of genes that present a posterior-to-anterior
oscillating pattern of expression in the PSM (Palmeirim et al., 1997). As such,
with each wave of the segmentation clock a new somite pair is formed at the
determination front, a point defined as the region in the PSM where the caudo-
rostral gradient of WNT and FGF signaling reaches the threshold level unable
to inhibit the segmentation network (Fig 1.3) (Aulehla et al., 2003; Diez del
Corral et al., 2003; Dubrulle et al., 2001; Olivera-Martinez and Storey, 2007).

While the identity of the oscillatory genes involved in somitogenesis is quite
diverse among vertebrates, Notch signaling seems to be a conserved staple of
the segmentation clock (Krol et al., 2011). In the mouse, Hes7 and Lfng are
involved in the establishment of the segmentation clock oscillations through a
negative feedback loop mechanism (Bessho et al., 2001; Morimoto et al., 2005)

Overall, the morphogenic nature of somitogenesis is highly conserved in
vertebrates. However, the periodicity of the segmentation is a characteristic
feature of each species, ranging from 30 min in zebrafish (Schroéter et al., 2008),
90 min in chicken (Palmeirim et al., 1997), 2.5 h in mice (Tam, 1981) to about
5 h in human (William et al., 2007). Moreover, the total number of somites is
also species-specific, with 31 somite pairs in zebrafish, 52 in chicken, 65 in
mice and about 44 in human (Gomez et al., 2008). Therefore, despite relying
on the same process for segmentation, each species can still achieve diversity,

which will be reflected in the mature body plan.
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Figure 1.3 — Oscillations of the segmentation clock. (A) Schematic representation of the distinct
regions involved in somite formation. (B) The WNT/FGF signaling gradient specifies the position
of the determination front in the anterior PSM where the future somite pair (dotted circles) will be
formed. (C) Each wave (in blue) of the segmentation clock shows a posterior-to-anterior
expression pattern. Adapted from (Diaz-Cuadros and Pourquie, 2021).

Hox genes

The Hox genes play a key role in the specification of segment identity along
the main body axis, as well as in the morphogenesis of the limbs (Mallo, 2018;
Mallo et al., 2010). In mammals they are distributed in four clusters from HoxA
to HoxD, originated from two sequential duplication events (Irie et al., 2018),
and are divided into 13 paralog groups based on sequence homology and their
position within the cluster (Fig 1.4). This results in considerable redundancy
among Hox paralogous genes (Fromental-Ramain et al., 1996; Horan et al.,
1995; Mallo et al., 2010; van den Akker et al., 2001; Wellik and Capecchi,
2003). During development, Hox genes are progressively activated from
paralog 1 to 13 in a sequence that matches the gene position within the cluster
in a 3’ to 5’ direction, a property called spatial collinearity (Duboule and Dollé,
1989; Graham et al., 1989; Izpisua-Belmonte et al., 1991). In addition, Hox
genes also present temporal collinearity, wherein they are progressively
activated as the embryo further elongates along the anterior-posterior axis
following a sequencing reflecting their organization within the Hox cluster
(Duboule and Dollé, 1989; Graham et al., 1989; Izpisua-Belmonte et al., 1991).
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For example, Hox1 genes are involved in proper patterning of the hindbrain
(Gavalas et al., 2003); Hox4 regulate formation of neck vertebrae (Horan et al.,
1995); Hox5, 6 and 9 are important for ribcage development (Mclintyre et al.,
2007); Hox10 determines the lumbar region and Hox11 specifies the sacral
vertebrae (Wellik and Capecchi, 2003). The Hox13 group genes are the last to
become activated and function as growth termination signals of the developing
axis (Aires et al., 2019; Economides et al., 2003; Young et al., 2009).

1 23 45 6 7 8 9 10111213

Hoxa |
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Hoxd o
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Anterior é \
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Early Developmental time Late

Figure 1.4 — The mammalian Hox gene clusters. The Hox clusters present temporal and spatial
collinearity, in a way that the timing and pattern of expression of each Hox gene matches its

position in the cluster. Adapted from (Afzal and Krumlauf, 2022).

Even though Hox function has been extensively researched, high
sequence homology and overlapping expression patterns still confound proper
dissection of individual paralog functions. Hox genes code for homeodomain
transcription factors that bind to highly similar AT-rich DNA sequences (Berger
et al., 2008; Jolma et al., 2013; McGinnis et al., 1984). Interestingly, the
participation of other cofactors, in particular members of the TALE family, Pbx
and Meis in vertebrates, was revealed to have an important role in increasing
Hox transcription factor (TF) binding specificity (Berkes et al., 2004; Jerkovi¢ et
al., 2017; Mariani et al., 2021; Singh et al., 2020).
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Despite the role of Hox genes in embryonic patterning processes, the
establishment of the basic body plan is determined by other regulators acting
upstream of Hox genes. Gdfll acting through the Tgfbrl receptor is a key
activator of the trunk to tail transition. Indeed, inactivation of Tgfbrl blocks this
transition (Dias et al., 2020), whereas early activation of this signaling resulted
in the formation of the tail at a more anterior position with the concomitant loss
of trunk structures (Jurberg et al., 2013). Conversely, Pou5fl (also known as
Oct4) plays a key role in the extension of trunk structures. Conditional
inactivation of this gene produced embryos lacking the trunk (DeVeale et al.,
2013), whereas sustained expression of Pou5fl in mouse embryos led to the
extension of the trunk region (Aires et al., 2016). Interestingly, sustained
Pou5f1 expression seems to be the key mechanism producing the remarkably
long trunks characteristic of snake species (Aires et al., 2016). In fact, Pou5fl
can regulate Hox genes by binding to regulatory regions in the 3’ end of the
Hox cluster that are required for proper gene expression (Tiana et al., 2022). It
is still not fully understood how Gdf11/Tgfbrl activity controls Hox genes, but a
similar mechanism relying on the control of regulatory regions and chromatin

architecture has been suggested (Mallo, 2018).

Head to trunk transition

While vertebrates present a vast diversity of body shapes and sizes, their
basic body plan is consistently organized into head, neck, trunk and tail
structures. One of the sources of diversity observed in this clade originates from
the distinct contribution of each of those regions to the global body plan. For
instance, snakes have very long trunks, some species containing more than
300 vertebrae, or in the case of the tail, some lizard species have more than
100 elements, while humans only have a few fused tail vertebrae (Mallo, 2021).
Therefore, regulation of the timing of transition between each of these
anatomical regions has an important role in establishing this variability. The
trunk to tail transition is activated by Gdfll signaling and associated with a

switch from primary to secondary body formation. This is represented by a
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change in axial extension, which is no longer reliant on cells ingressing through
the primitive streak, depending instead on the activity of the tail bud (Fig 1.5)
(Dias et al., 2020; Jurberg et al., 2013; Tzouanacou et al., 2009).
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Figure 1.5 — Schematic representation highlighting the reliance on distinct mechanism at different

stages of the vertebrate body development. PS, primitive streak; TB, tail bud. The red arrow

indicates the direction of axial extension. Adapted from (Aires et al., 2018).

The regulation of the head to trunk transition still poses a challenge but
similarly, changes in cellular dynamics and gene regulatory networks involved
have also been observed. At the cellular level, the head primordia derive from
anterior epiblast tissues and early ingressing cells through the primitive streak
prior to the emergence of the NMC population (Sibbritt et al., 2018). The
remainder of the body, i.e., the trunk and the tail, relies to a large extent on the
activity of the NMC cells during the process of axial extension (Tzouanacou et
al., 2009). Regulatory differences have also been identified by genetic
approaches. For instance, Nodal signaling only seems to be required for
primitive streak activity during early developmental stages (Kumar et al., 2008).

Even though later it is crucial for left-right axis specification in the lateral
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mesoderm (Brennan et al., 2002), it becomes dispensable for the activity of the
primitive streak during post-cranial development (Kumar et al., 2008). Similarly,
Tdgfl (also known as Cripto) regulates cell migration of the DVE and
establishment of the AVE, thus playing an essential role in the emergence of
the primitive streak, as well as in the formation of mesoderm and endoderm
(Ding et al., 1998). In addition, Eomes is involved in the specification of the AVE
and the epithelial to mesenchymal transition required for primitive streak activity
(Arnold et al., 2008; Nowotschin et al., 2013). However, neither of these genes
are required later in the regulation of trunk extension.

While head formation requires Wntl and Wnt3 (Liu et al., 1999; McMahon
and Bradley, 1990), trunk development relies on Wnt5a, in a partial redundant
function with Wnt11, and on Wnt3a, as well as on key transcription factors like
Tbxt and the Cdx genes (Fig 1.5) (Amin et al., 2016; Andre et al., 2015;
Herrmann et al., 1990; Takada et al., 1994; Yamaguchi et al., 1999). This
functional specificity is particularly interesting because Wnt3a, Tbxt and the
Cdx genes are already expressed at earlier stages but genetic data indicate
that they only become functionally relevant during the head to trunk transition.
Accordingly, inactivation of these genes originates truncated embryos at the
level of this transition (Fig 1.6), whereas the formation of anterior structures
remains largely unaffected (Amin et al., 2016; Herrmann et al., 1990; Takada
et al., 1994). Therefore, the head to trunk transition might involve a change in
the capacity of cells to respond to specific gene networks. Indeed, Tbhxt and
Cdx2 have been shown to directly bind and activate genes involved in the WNT
and FGF signaling pathways during axial extension (Amin et al., 2016).

Absence of RA signaling, obtained by inactivation of Raldh2, also leads to
developmental arrest at the head to trunk transition (Fig 1.6 D) (Niederreither
et al., 1999). Notably, acute exogenous administration of RA at the stage of
transition can rescue trunk development (Zhao et al., 2009), suggesting that
unlike the previous examples, RA signaling may only be required during the

transition phase.

23



T Bra null

Figure 1.6 — Mutant embryos displaying posterior truncations. (A) Cdx2” and Tbxt’ mutant
embryos at E9.5. Adapted from (Amin et al., 2016). (B) Wnt3a”- mutant embryos at E9.5. Adapted
from (Takada et al., 1994). (C) Wnt5a” mutant embryos at E9.5. Adapted from (Yamaguchi et
al., 1999). (D) Raldh2” mutant embryos at E9.5. Adapted from (Niederreither et al., 1999).

WNT signaling

The WNT signaling pathway is involved in many cellular functions,
controlling a wide range of processes such as cell proliferation, differentiation,
cell adhesion, cytoskeletal rearrangement, migration and patterning (Logan
and Nusse, 2004; Takada et al., 1994; Wang et al., 2010; Yamaguchi et al.,
1999). WNT signaling is of particular interest in the context of embryonic
development, as shown by the lethal phenotypes observed in knockout mutants
for several members of this family. For example, Wntl homozygous mutants
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lack midbrain and cerebellum structures (McMahon and Bradley, 1990);
mutants for Wnt3a exhibit a truncated axis due to an imbalance of progenitor
differentiation to a neural fate, at the expense of mesodermal tissues (Takada
et al., 1994); and Wnt5a mutants also display axial defects, in this case due to
the role of Wnt5a in regulating the proliferation of progenitor cells (Yamaguchi
et al., 1999).

Wnt signals can operate through different pathways. The canonical
pathway involves regulation of B-catenin. In the absence of Wnt activation, 8-
catenin is continuously phosphorylated by Gsk3, which together with Apc, Axin
and Ck1a form the destruction complex (Fig 1.7) (Ikeda et al., 1998; Liu et al.,
2002; Siegfried et al., 1992). This phosphorylation allows Btrc, an E3 ubiquitin
ligase, to recognize and ubiquitylate B-catenin, leading to its subsequent
proteasomal degradation (Aberle et al.,, 1997; Kitagawa and Hatakeyama,
1999; Winston et al., 1999). WNT signaling is activated by binding of Wnt ligand
to a member of the Fzd membrane receptor family, which forms a complex with
coreceptor Lrp5 or Lrp6, triggering signal transduction (Bhanot et al., 1996;
Cong et al., 2004; Pinson et al., 2000). This prompts the recruitment of Dvl to
the membrane and subsequent interaction with the destruction complex (Bilic
et al.,, 2007). This results in the release of B-catenin from the destruction
complex, its accumulation in the cytoplasm and subsequent transport to the
nucleus, where it interacts with the Tcf/Lef family of transcription factors to
activate target gene expression (Behrens et al., 1996; Hernandez et al., 2012;
Wetering et al., 1997).

In addition to the B-catenin dependent canonical pathway, Wnt ligands can
act through non-canonical pathways, including the WNT/Planar cell polarity or
the WNT/Ca?* pathways. These cascades are not mediated by B-catenin and,
instead of relying on Lrp5/6, Fzd receptors interact with coreceptors Ror/Ryk
(Oishi et al., 2003; Yoshikawa et al., 2003). The WNT/Planar cell polarity
pathway signals via small GTPases and Jnk to coordinate cytoskeletal
reorganization and cell motility (Boutros et al., 1998; Fanto et al., 2000; Oishi
et al., 2003; Strutt et al., 1997). The Wnt/Ca* pathway signals through
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heterotrimeric G-proteins to activate phospholipase C, which in turn leads to
the release of Ca?* from the endoplasmic reticulum and consequent activation
of Ca?" dependent signaling (Kihl et al., 2000; Slusarski et al., 1997; D. C.
Slusarski et al., 1997).
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Figure 1.7 — Wnt signaling pathways. (A) In the absence of Wnt ligand, B-catenin is

phosphorylated by the destruction complex, leading to its ubiquitination and proteasomal
degradation. In the nucleus, the transcriptional repressor Groucho prevents Wnt target gene
expression. Upon binding of Wnt ligand, the destruction complex is recruited to the membrane,
resulting in the accumulation of 3-catenin, which is then translocated into the nucleus where it
interacts with Tcf/Lef to activate expression of target genes. Adapted from (Rim et al., 2022). (B)
Whnt ligands can also trigger the non-canonical signaling pathways through the coreceptors
Ror/Ryk. In the Wnt/Planar cell polarity pathway, activation of small GTPases RhoA and Rac
lead to actin polymerization and activation of the Jnk pathway. In the Wnt/Ca?* pathway, G-
protein signaling activates Plc thus increasing the intracellular levels of Ca?* and triggering Ca?*
signaling. Adapted from (Mehta et al., 2021).

Regardless of the pathway they will activate, palmitoleoylation of Wnt
proteins by Porcn is thought to be required for their binding to WIis, which
mediates the transport of Wnt proteins from the endoplasmic reticulum to the

plasma membrane, where they are secreted to the extracellular space
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(Banziger et al., 2006; Coombs et al., 2010; Herr and Basler, 2012; Rios-
Esteves et al., 2014; Takada et al., 2006). In the absence of Porcn activity Wnt
proteins (most prominently Wnt3) accumulate in the endoplasmic reticulum and
embryonic development arrests at the gastrulation stage (Biechele et al., 2011;
Takada et al., 2006).

Retinoic acid sighaling

Signaling by retinoic acid (RA) involves two types of receptors, the RAR
and the RXR, each with different isoforms (Benbrook et al., 1988; Brand et al.,
1988; Dawson and Xia, 2012; Giguere et al., 1987; Zelent et al., 1989). In the
absence of RA, RAR and RXR form heterodimers that bind to retinoic acid
response elements (RARES) and interact with nuclear corepressors, Ncorl and
Ncor2 (Chen and Evans, 1995; Kurokawa et al., 1995). These corepressors
recruit histone deacetylases (HDAC) and the Polycomb repressive complex 2
(PRC2), leading to deposition of H3K27me3 and consequent folding of the
chromatin into a closed state (Hong et al.,, 2018). The binding of RA to
RAR/RXR dimers induces a conformational change resulting in the release of
the corepressors and consequent recruitment of coactivators, like Ncoa and
histone acetylases that increase chromatin accessibility and gene activation
(Dey et al., 2007). RA signaling can also lead to repressive functions, as is the
case for the RARE located upstream of Fgf8, in which Ncor functions ligand-
dependently to recruit HDAC and PRC2 (Kumar et al., 2016; Kumar and
Duester, 2014). Nevertheless, it is still not understood what distinguishes
activating from repressive RAREs.

Retinoic acid is metabolized from vitamin A (retinol), first by the action of
retinol dehydrogenase (Rdh10) to produce retinaldehyde (Sandell et al., 2012),
followed by conversion to retinoic acid by tissue specific retinaldehyde
dehydrogenases, Raldhl, Raldh2 and Raldh3 (Dupé et al., 2003; Fan et al.,
2003; Niederreither et al., 1999). While Raldhl and Raldh3 expression is most
prominent in the optic vesicles (Dupé et al., 2003; Fan et al., 2003), at E8.5

Raldh2 is expressed in the somites, lateral mesoderm, heart mesoderm and
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the optic vesicles (Niederreither et al., 1997). The synthetized RA can then
participate in intracellular signaling or be secreted, triggering paracrine
signaling. Cyp26al and other enzymes of the P450 family, have an important
role in the regulation of tissue specific RA signaling by degrading RA molecules
(Hernandez et al., 2007; Sakai et al., 2001). This regulation is particularly
crucial in the establishment of RA signhaling gradients in the developing trunk,
as Cyp26al expressed in the tailbud degrades RA coming from more anterior
tissues (Fig 1.8) (Sakai et al., 2001).
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Figure 1.8 — RA signaling in the mouse posterior epiblast at E8.5. Diagrams detailing the

) Cyp26al _

opposing gradients of RA (blue) and Fgf (green) along the anterior-posterior axis. Cyp26al is
expressed in the tailbud and inhibits RA signaling by degrading RA molecules. A, anterior; LPM,
lateral plate mesoderm; P, posterior; PSM, presomitic mesoderm. Adapted from (Bernheim and
Meilhac, 2020).

RA signaling has been implicated in the development of the eye, hindbrain,
heart, trunk and limbs, as well as in spermatogenesis (Busada et al., 2015;
Hernandez et al., 2007; Matt et al., 2005; Niederreither et al., 2001, 1999; Zhao
et al.,, 2009). Although some of the genes under RA regulation are known,
further studies are required to unveil the mechanisms of RA signaling in specific
tissues and developmental stages. Mice lacking Raldh2 display problems in
trunk somitogenesis and premature arrest of body axis extension, failing to

undergo axial rotation and heart tube looping (Fig 1.6 C) (Niederreither et al.,
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2001, 1999). These mutants also present smaller somites due to lack of RA-
mediated repression of Fgf8 expression (Fig 1.8), thereby expanding the
gradient of Fgf8 along the PSM to control somite size (Cunningham et al.,
2015a). Although still not fully understood, axial truncation may be linked to the
altered balance in NMC differentiation observed in Raldh2 mutants, owing to
decreased Sox2 expression in prospective neural progenitors and the increase

of mesodermal progenitors expressing Thx6 (Cunningham et al., 2015a).

Chromatin structure and organization

In eukaryotic cells, the genome is packed in the nucleus in the form of
chromatin, a complex consisting of DNA, RNA, histones, and non-histone
proteins. The core structural unit of the chromatin is the nucleosome, which is
composed of 147 base pairs of DNA wrapped around an octamer comprised of
two of each of the core histone proteins H2A, H2B, H3, and H4 (Bednar et al.,
1998; Luger et al.,, 1997). Nucleosomes are connected by linker DNA,
associated with a H1 histone (Allan et al., 1980; Bednar et al., 1998).

The existence of organized chromosome territories has long been
described, initially distinguishing euchromatin (active and open regions) from
heterochromatin (repressed and closed regions) (Heitz, 1928). More recently,
development of high-throughput chromosome conformation capture (Hi-C)
methods (Lieberman-Aiden et al., 2009) has provided ever increasing details
into the fine structure of the genome organization within the nucleus. The
resource to such methods revealed the existence of distinct A and B chromatin
compartments, representing respectively active and inactive chromatin
(Lieberman-Aiden et al., 2009). In addition, at higher resolution, the chromatin
is organized in preferentially interacting domains known as topologically
associating domains (TADs), DNA regions with a size range of ~100 kb to ~1
Mb (Dixon et al.,, 2012). Chromatin interactions are established at high
frequency within TADs, whereas very few contacts are established with regions
outside their boundaries (Dixon et al., 2012). In vertebrate cells TAD

boundaries are enriched in CTCF and cohesin. TADs are thought to be
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produced through a loop-extrusion process, in which DNA slides through a ring-
shaped cohesin molecule attached to a CTCF site until the appearance of
another CTCF site in a convergent orientation, leading to stabilization of the
cohesin-CTCF interaction and creating an insulated looped domain (Rao et al.,
2014; Zuin et al., 2014). Transcriptional regulation often occurs within TADs,
as they facilitate bringing distal regulatory elements into close proximity to their
target genes (Fig 1.9). Disruption of TAD boundaries often result in the
establishment of ectopic chromosomal contacts that can lead to transcriptional
misregulation (Lupiafiez et al., 2016; Narendra et al., 2015; Nora et al., 2012).
Although TADs were initially considered to be stable structures that are mostly
conserved between tissues and across vertebrate species (Dixon et al., 2012;
Nora et al., 2012; Woltering et al., 2014), recent studies have shown that TADs
can be dynamic structures, acquiring cell state or tissue specific configurations
(Gabriele et al., 2022; McArthur and Capra, 2021).
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Figure 1.9 — Schematic representation of TAD organization. Regions within a specific TAD
preferentially interact with one another than with regions outside, as represented by the Hi-C
interaction heatmaps. Stars represent regulatory regions and boxes depict target genes. Adapted
from (McArthur and Capra 2021).
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Chromatin accessibility

Most processes involving genomic DNA, including transcription, replication
or DNA repair require accessibility of the relevant factors to the DNA molecule.
Nucleosome occupancy and positioning thus play an important role in the
regulation of those processes by modulating the access and occupancy of the
cellular machinery to DNA through steric occlusion (Widom, 1998).
Nucleosome occupancy is dynamically regulated throughout the genome, with
active promoters and enhancers showing higher nucleosome turnover rates
than inactive or heterochromatin regions (Deal et al. 2010; Schones et al.
2008). This dynamic regulation can be achieved through the action of
chromatin remodelers, TFs, or by RNA polymerase in actively transcribing
genes (Clark and Felsenfeld, 1992; Iwafuchi-Doi et al., 2016; Wang et al.,
2009).

Post-translational modifications of histone N-tails are another important
factor determining chromatin structure and include phosphorylation,
acetylation, ubiquitylation, and methylation, among others. These modifications
function following two general mechanisms, namely by recruiting architectural
non-histone proteins that can alter chromatin conformation (Bannister et al.,
2001), or by directly altering protein charge (Hebbes et al., 1994). Histone
acetylation neutralizes the charge of lysine residues, thus promoting chromatin
unfolding (Hebbes et al., 1994). In general, high levels of histone acetylation
are associated with active chromatin. Histone tail acetylation marks have been
mapped to promoters and transcribed regions of active genes (H3K4ac), as
well as regions surrounding Transcription Start Sites (TSS) (H3K27ac) (Wang
et al.,, 2008). On the other hand, histone methylation appears to be more
versatile, being involved in both gene activation and repression. Histone
methylation is characterized by introduction of methyl groups, mainly to lysine
residues of histone H3, and can occur in either a mono-, di-, or tri-methylated
form (Murray 1964; Paik and Kim 1967; Hempel et al. 1968). This diversity
allows for a wide range of effects on gene activity. For instance, H3K4me3 is

highly enriched at active promoters near TSS (Bernstein et al., 2002).
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Conversely, H3K9me3 and H3K27me3 are associated with repressive
functions. H3K9me3 is characteristic of heterochromatin while H3K27me3
marks dynamically regulated genes (Barski et al., 2007; Peters et al., 2003).

During development, genes can be decorated with bivalent histone marks,
meaning the simultaneous presence of both activating H3K4me3 and
repressive H3K27me3 marks. This pattern is typically found in earlier
developmental stages before lineage commitment (Bernstein et al., 2006). As
differentiation progresses and lineages are specified, one of the two marks is
lost, thus leading to appropriate gene activation or repression. An example of
this process is provided by the HoxD cluster, where this initial bivalent
chromatin state is resolved into a distinct distribution of histone marks along
the cluster. Actively transcribed genes are labelled with H3K4me3, whereas
inactive genes are only covered with H3K27me3 (Soshnikova and Duboule,
2009). Interestingly, the presence of bivalent histone marks has also been
described in enhancers. Active enhancers bear H3K4mel together with
H3K27ac while poised enhancers display H3K4mel with H3K27me3, and
primed enhancers retain H3K4mel but lack any H3K27 moaodification
(Creyghton et al., 2010; Rada-Iglesias et al., 2011). Even though both poised
and primed enhancer states are unable to drive gene expression, the transition
between these states allows dynamic regulation of enhancer activity.

Regions with an open chromatin conformation display nucleosome
displacement, specific histone modification signatures and are DNase |
hypersensitive sites. This allowed the first forays into genome-scale
measurements of open chromatin, by mapping DNase | hypersensitive sites
using microarrays (Crawford et al., 2006; Sabo et al., 2006). Henceforth,
several other technigues were developed to evaluate chromatin accessibility,
all relying on the basic principle that open regions of the chromatin are more
susceptible to enzymatic cleavage (DNase-seq, MNase-seq, ATAC-seq)
(Boyle et al., 2008; Buenrostro et al., 2013; Schones et al., 2008), methylation
(NOME-seq) (Han et al., 2011) or mechanical shearing (FAIRE-seq) (Giresi et
al., 2007). Among them, ATAC-seq (Assay for Transposase Accessible
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Chromatin using sequencing) has rapidly emerged as one of the most widely
adopted approaches to profile chromatin accessibility because of its simplicity,
high sensitivity and the possibility of downscaling to single cell resolution
(Buenrostro et al., 2015; Corces et al., 2017; Cusanovich et al., 2015). ATAC-
seq uses a hyperactive Tn5 transposase, which simultaneously cuts DNA and
inserts sequencing adaptors at regions of increased accessibility that are then
sequenced and mapped to the reference genome (Fig 1.10) (Buenrostro et al.,
2013)
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Figure 1.10 — Schematic representation of the molecular basis of ATAC-seq. In ATAC-seq,

hyperactive Tn5 Transposase is pre-bound to synthetic adaptor sequences, the resulting
transposase activity leads to fragmentation of DNA and end-joining of the tagged adaptor
sequences. DNA libraries are obtained by PCR amplification with tag specific primers. Finally,
the resulting sequencing reads are mapped to an assembled genome to identify the regions with

higher accessibility. Adapted from (Deema, 2019).
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Enhancer Regulation

A hallmark of development is the progressive emergence of distinct gene
regulatory networks that specify identity as cells differentiate. Regulation of
such transcriptional programs relies on the dynamic interaction between
regulatory elements and their target genes in a time- and cell-specific manner.
Enhancers were originally identified as regulatory DNA regions that activate
gene expression regardless of orientation and position relative to their target
gene (Banerji et al.,, 1981). Although the mechanisms of how enhancers
function to activate promoters are still not completely understood, in the current
view TFs bind to enhancers recruiting other TFs, coactivators, chromatin
remodelers, the Mediator complex and RNA Polymerase Il to the promoter of
the target gene, leading to transcription initiation and elongation (Lee et al.,
2015; Phillips-Cremins et al., 2013; Sawado et al., 2003). While promoters are
found in close proximity and upstream of the TSS of the respective gene,
enhancers can be located both at close or at considerable distance from their
target genes. Moreover, enhancers do not necessarily interact with the closest
gene. The ZRS, an enhancer that activates Shh in the developing limb bud, is
a paradigmatic example of this characteristic, as it is located within intron 5 of
the Lmbrl gene at about 1Mb downstream from the Shh transcription unit
(Lettice et al.,, 2003). This feature further complicates efforts to associate
enhancers to their target genes. Since enhancers can be situated quite far away
from their targets, looping of the chromatin is required to bring enhancers into
close proximity with the respective promoters. As such, chromosome
conformation capturing techniques like 4-C, Hi-C and ChIA-PET, have been
instrumental to identify enhancer-promoter interactions (Kieffer-Kwon et al.,
2013; Mifsud et al., 2015).
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Thesis aims

The main objective of this project was to explore the mechanisms behind
the switch in cell competence during head to trunk transition and the role that
retinoic acid plays in this process. Most particularly, we aimed to:

e Explore gene regulatory networks involved in the head to trunk transition.

e Uncover genomic areas involved in this developmental transition and their
role in regulating gene expression.

e Assess the impact of RA signaling on chromatin accessibility and gene

expression.

35



Chapter 2

Regulatory changes associated with the

head to trunk developmental transition
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Introduction

During embryonic development the vertebrate body is generated
progressively in a head to tail sequence. Although this is a continuous process
it occurs in distinct steps that produce head, neck, trunk and tail structures
(Aires et al., 2018; Stern et al., 2006; Wilson et al., 2009). Each of these stages
is characterized by distinct cell dynamics and the generation of a specific set of
tissues. For instance, during head development, the embryo establishes the
main body axis, lays down the anlage for future brain structures and engages
in the process of gastrulation to generate the germ layers (Stern et al., 2006;
Tam and Behringer, 1997). The latter process requires the induction of the
primitive streak at the posterior end of the embryo that organizes the
emergence of the embryonic endoderm as well as the mesodermal tissues for
the head and heart primordia (Tam and Behringer, 1997). Genetic analyses in
mice have identified key regulators involved in these processes. Some
examples include interactions between Nodal, Bmp4 and Wnt3 to form the
primitive streak (Bardot and Hadjantonakis, 2020), Eomes for the specification
of the endodermal layer and mesoderm delamination (Arnold et al., 2008), and
Gata4 and Gata6 for heart induction (Zhao et al., 2008). The switch to trunk
development is associated with major changes in the growth dynamics of the
embryo. It starts elongating the main body axis at the posterior embryonic end
by the progressive addition of new tissue produced by the activity of axial
progenitors (Aires et al., 2018; Steventon and Martinez-Arias, 2017; Wilson et
al., 2009). This process is associated with the emergence of the neuro-
mesodermal competent (NMC) cell population, the progenitor cells that build
the spinal cord and the axial skeleton (Aires et al., 2018; Binagui-Casas et al.,
2021, Steventon and Martinez-Arias, 2017; Wymeersch et al., 2021). Additional
progenitors in the epiblast also lay down the tissues that will contribute to the
formation and vascularization of the organs involved in digestive, excretory and
reproductive functions of the animal (Ferretti and Hadjantonakis, 2019).

Similarly to the cells contributing to most embryonic tissues during head
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development, the progenitors generating trunk structures are also part of the
epiblast, which at this stage occupies the posterior end of the embryo (Aires et
al., 2018; Wymeersch et al., 2021, 2016). Also, the primitive streak keeps being
the main organizer of progenitor activity during trunk development (Aires et al.,
2018; Steventon and Martinez-Arias, 2017). However, the regulatory processes
undergo major changes. Inactivation of Thxt, the Cdx genes, Wnt3a, and the
combined Wnt5a and Wnt11 loss of function results in embryo truncation at the
head to trunk transition, indicating their essential role for trunk development
(Andre et al., 2015; Chawengsaksophak et al., 1997; Chesley, 1935; Herrmann
et al., 1990; Savory et al., 2011; Takada et al., 1994; Yamaguchi et al., 1999).

These observations indicate that the transition into trunk development is
associated with a global change in gene regulatory networks, most particularly
in the posterior region of the embryo, that switches from gastrulation
movements to axial extension. Importantly, many of the factors that control
developmental processes during trunk extension are also expressed at earlier
stages of development, despite not being required at those stages according
to genetic experiments. This indicates that the head to trunk transition also
involves a change in the capacity of cells to respond to regulatory factors when
entering the trunk formation stage. From a regulatory perspective, this might
involve modification of transcription factor (TF) accessibility to their functional
targets in the genome.

In this study, we aimed to understand the mechanisms involved in the
switch from head to trunk development. For this, we compared transcriptome
and chromatin accessibility profiles from the posterior epiblast region of wild
type mouse embryos at embryonic day (E)7.5 and E8.5. We observed
significant changes in transcriptomic profiles between these two stages. In
addition to the expected changes in factors involved in pluripotency and in the
Hox gene profiles, we observed madifications in a variety of functional groups,
including the WNT signaling pathways, ubiquitination systems and lipid
metabolic profiles that might interact together to change functional properties

at the progenitor region of the embryo. Moreover, we uncovered a differential
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requirement for Wnt palmitoleoylation upon trunk formation. We also observed
major changes in chromatin accessibility profiles mostly involving intergenic
regions, thus indicating a major switch in regulatory elements controlling head
or trunk development, which were associated with changes in the binding
activity of key transcription factors. In addition, we performed functional tests
on specific enhancers identified in the chromatin analyses, including potential
regulators of Wnt5a and Pax3. In transgenic reporter experiments these
enhancers showed activity compatible with the regulation of the candidate
target genes. However, when removed from the genome by edition procedures
they had limited effect on the expression of those genes, indicating the
existence of redundant enhancers that provide robustness to the system.

Results & Discussion

Transcriptome profile of the posterior epiblast in the developing embryo

To explore the changes in expression of genes involved in trunk formation,
we used RNA-seq to obtain the transcriptome profiles from the posterior
epiblast region of wild type mouse embryos at E7.5 and E8.5 (Fig 2.1A),
representing respectively the progenitor-containing region of embryos before
and after they engage in trunk formation. Principal component analysis
separated the samples by timepoint (Fig 2.1B), revealing the presence of
distinct transcriptomic profiles at these two developmental stages. Differential
analysis revealed the presence of 2090 genes significantly downregulated, and
1668 genes upregulated at E8.5 relative to E7.5 (Fig 2.1C). Manual inspection
of the list of differentially expressed genes (DEGS) identified downregulation at
E8.5 of pluripotency genes, like Pou5f1 or Nanog (Mitsui et al., 2003; Nichols
et al., 1998), and genes involved in the initial establishment of the body axis
and germ layers like Tdgfl (Cripto), Nodal or Eomes (Fig 2.1D) (Arnold et al.,
2008; Conlon et al., 1991; Ding et al., 1998). Conversely, activation of central

and posterior Hox genes was clearly observed at E8.5 (Fig 2.1E). These
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findings fit with expression patterns reported for these genes, thus serving as

an initial validation of our approach.
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Figure 2.1 - Transcriptomic changes in the posterior epiblast associated with the head to trunk
transition. (A) Schematic representation of sample collection from the posterior epiblast region
of mouse embryos at E7.5 and E8.5. (B) Principal Component Analysis of RNA-seq data from
E7.5 (red) and E8.5 (blue). (C) Volcano plot of RNA-seq gene expression (|JLogz(Fold Change)|=1
& p-value < 0.05). Significantly upregulated genes at E8.5 are in red, downregulated at E8.5 are
in green and non-significant in black. (D-E) Gene expression of key pluripotent and early
developmental genes (D) and Hox genes (E). (F) K-means clustering of the 1000 most variable
genes. Cluster 1: 616 genes; Cluster 2: 352 genes; Cluster 3: 32 genes. (G) Top 3 GO terms

from biological processes associated with Cluster 1, 2 and 3.
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K-means clustering of the top 1000 most variable genes produced three
clusters with distinct gene expression dynamics (Fig 2.1F and G). Cluster 1
includes genes that became downregulated at E8.5; genes in this cluster are
enriched in gene ontology (GO) terms related to anion and ion transport.
Interestingly, a similar decrease in expression of genes enriched for ion
transport and homeostasis has been described at the whole embryo level
during the same stages analyzed here (Mitiku and Baker, 2007), further
suggesting an important role for changes in ion transport profiles during early
embryonic development. The full implication of this finding remains elusive. The
control of ion fluxes has been implicated in patterning processes (Jaffe, 1981;
Levin, 2021), including early stages in the establishment of left-right asymmetry
associated with node activity (Levin et al., 2002; Raya et al., 2004). They also
have been shown to control cell processes involved in cell migration, cell
proliferation and autophagy (Becchetti et al., 2013; Schwab et al., 2012; Zhang
et al., 2022). Focused experimental approaches will be required to explore if
the drastic changes in ion transporter profiles observed in the progenitor-
containing region during the head to trunk transition play a relevant role in the
transition. Cluster 2 comprises genes moderately upregulated at E8.5, mostly
associated with skeletal system, vasculature, and blood vessel development.
Finally, cluster 3 is composed of genes strongly upregulated at E8.5. Genes in
this cluster are enriched in skeletal system development, anterior/posterior
pattern specification, and regionalization.

To get a closer image of the changes associated with the transition from
head to trunk development, we built a protein-protein interaction (PPI) network
(Fig 2.2A) based on the differentially expressed genes between E7.5 and E8.5,
as obtained from StringDB (Szklarczyk et al., 2019). To focus our analysis on
the most relevant interactions, we computed the metric backbone of this PPI
network (Simas et al., 2021), which removed all redundant interactions and has
been shown to help identifying genes and interactions responsible for core
cellular programs (Correia et al.,, 2022a). Next, we identified structurally

coherent network modules using LowEnDe (Correia et al., 2020), with an in-
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house developed algorithm based on spectral decomposition and information
theory. Our interpretation is that these network modules may represent core
development functions that are responsible for key aspects of the head to trunk

transition.
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Figure 2.2 - Interaction networks reveal changes in various functional modules. (A) Protein-
protein interaction network based on the differentially expressed genes between E7.5 and E8.5.
Colored clusters represent structurally coherent network modules identified using LowEnDe
(Correia et al., 2020). Purple cluster, Growth factors; Green cluster, Lipoprotein metabolism;

Yellow cluster, Immune system. (B-D) Expanded versions of the Hox (B), Wnt (C), ubiquitination
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(D) and G-protein coupled receptor signaling (E) modules are shown to highlight the genes
included in each. Nodes are colored by Logz(Fold Change), node size by Logz(CPM).

Significantly upregulated genes at E8.5 are in red, downregulated genes at E8.5 are in blue.

One of the resulting clusters comprised the Hox genes (Fig 2.2B) that we
had already identified in our manual inspection of the differentially regulated
genes, thus serving again as an internal validation of the approach. Another
prominent cluster was associated with ubiquitination processes (Fig 2.2D)
enriched in genes encoding for E3 ligases, the key determinants of substrate
specificity of the ubiquitin proteasome system (Zheng and Shabek, 2017). This
cluster contains a mix of up and downregulated genes, suggesting a switch in
global ubiquitination patterns during the head to trunk transition that could
impact general cellular functions by changing the availability of components
involved in those processes. The large number of canonical WNT signaling
components that have been shown to be regulated by ubiquitination, including
B-catenin, Fzd, Lrp6, Dvl, Apc and Axin, (Abrami et al., 2008; Angers et al.,
2006; Choi et al., 2004; Kim and Jho, 2010; Koo et al., 2012), suggests that
changes in ubiquitination patterns might lead to functional modifications in WNT
signaling during the head to trunk transition (see also below). Particularly
interesting in this module is Btrc, known to promote B-catenin ubiquitination and
its subsequent degradation (Hart et al., 1999; Kitagawa et al., 1999; Liu et al.,
1999), which has been shown to also interact with components of several other
signaling pathways and regulators of cell proliferation (Dorrello et al., 2006;
Mdierkdster et al., 2005; Winston et al., 1999). Changes in Btrc levels might
therefore affect interactions and activity balance between different signaling
pathways, eventually impacting their global functional output. Indeed, the PPI
network also identified several clusters composed of genes involved in different
signaling pathways, indicating the existence of a substantial change in the
signaling activities governing cell function when embryos engage in trunk

formation.
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One of those signaling-related clusters particularly prominent in the PPI
network was composed of genes involved in G-protein coupled receptor
signaling (Fig 2.2E). This cluster included both up- and down-regulated genes,
suggesting a significant switch in G-protein-dependent signaling during the
transition. Some changes involved ligands and receptors associated with G-
protein-mediated signaling, like Ednra, Ednrb, Adora2a, Calcrl or Agtria,
whose upregulation could be related to the development of the vascular system
(Chigurupati et al., 2005; Liu et al., 2017; Schiffrin, 2007; Wong et al., 2003), or
Cxcl12, which could be related to germ cell migration (Ara et al., 2003). Other
changes in the G-protein-associated cluster could indicate a more general
functional switch in the basic G-protein machinery. For instance, cluster
analysis indicates a switch in the gamma subunits of the heterotrimeric G
protein complexes, from Gng3 to Gngl1, which could impact the selection of
the pathways supported by the complex.

Those general changes in G protein-mediated signaling might play a role
in the functional changes associated with WNT signaling during the head to
trunk transition. In particular, the PPl network showed connections between the
G-protein cluster and Wnt5a and Wntll. This connection might expose a
regulatory switch, considering that these Wnt factors are known to signal
through non-canonical pathways (Abedini et al., 2020; Pandur et al., 2002;
Slusarski et al., 1997) and their activity is essential when the embryo enters
trunk development (Andre et al., 2015; Yamaguchi et al., 1999). It will be
therefore interesting to determine whether the changes observed in the
molecular composition of the G-protein signaling cluster from E7.5 to E8.5,
promotes activation of the non-canonical WNT/Ca?* pathway by Wnt5a and
Wntl1 (Slusarski et al., 1997) when the embryo engages in axial extension. A
more prominent involvement of the non-canonical WNT signaling downstream
of Wnt5a when entering trunk development was also suggested by the
upregulated Sfrp2 expression at E8.5 (Fig 2.2C), since Sfrp2 redirects Wnt
signals from Fz7 to Ror2, stabilizing the Wnt5a-Ror2 complexes that mediate

Whnt5a activity during body axis development (Brinkmann et al., 2016; Ho et al.,
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2012). The possible involvement of Sfrp2 in this process is also supported by
genetic data showing its requirement during trunk axial extension redundantly
with Sfrpl (Satoh et al., 2006).

Another of the relevant changes in WNT signaling associated with the head
to trunk transition is the switch from Wnt3 to Wnt3a functional dependency (Liu
et al., 1999; Takada et al., 1994). In our datasets, Wnt3 was downregulated at
E8.5, fitting with its functional dynamics. Wnt3a expression levels, however, did
not change from E7.5 to E8.5. This contrasts with the known Wnt3a functional
requirements, as it is essential during trunk development but seems to be either
inactive or functionally limited at earlier developmental stages given its inability
to replace for Wnt3 (Liu et al., 1999). This could suggest that stimulation of
Whnt3a functional activity during axial extension might result from expression
changes in additional factors modulating WNT signaling at different levels of
the pathway. This is an intriguing possibility considering the differential effects
that stabilization of Axin2 had on canonical WNT signaling in different areas of
the embryo (Qian et al.,, 2011). In particular, it was shown that in embryos
carrying an Axin2 allele (canp) coding for an Axin2 protein with increased
stability, canonical WNT signaling was suppressed in the primitive streak during
gastrulation and in the neural crest at later stages but was strongly up-regulated
specifically in the progenitor zone of E8.5 embryos, eventually negatively
impacting axial extension (Qian et al., 2011). These observations suggested
fundamental changes in WNT signaling as embryos engage in axial extension,
mostly involving the canonical pathway. A prominent candidate to be involved
in differential Wnt regulation is Porcn, which codes for a molecule that
introduces an essential palmitoleoyl moiety into a highly conserved serine
residue of the Wnt ligands (Rios-Esteves et al., 2014; Takada et al., 2006).

Given the essential role of Porcn during gastrulation (Biechele et al., 2011),
it was somewhat surprising to find a reduction of Porcn expression levels at
E8.5, which was also observed in the expression patterns reported for this gene
(Biechele et al., 2011). Whether this reduction plays a role in the WNT signaling

switch associated with the head to trunk transition is unclear. Intriguingly, it has
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been reported that pharmacological inhibition of Porcn impacted differently
canonical and non-canonical WNT signaling in a cell line assay (Galli and
Burrus, 2011), suggesting both that the Porcn-mediated modification might not
be a universal requirement for WNT signaling and that Porcn expression levels

might control the balance between canonical and non-canonical pathways.

WNT signaling dependency on Porcn during axial extension

We tested the effect of blocking Porcn activity on axial extension by
incubating E8.5 embryos in vitro in the presence or absence of the Porcn
inhibitor IWP-01. Our culture conditions allowed normal progression of
development, with every control embryo attaining typical E9.5 morphology
within 24 hours of incubation (Fig 2.3A). The presence of the inhibitor affected
the development of every treated embryo. The brain structures were seriously
reduced in size, likely affecting mainly the midbrain and anterior hindbrain
structures, which also led to a substantial reduction in migratory cranial neural
crest cells (Fig 2.3A and B). These features are consistent with the inhibition of
Whntl signaling (Ikeya et al., 1997), thus serving as an internal control for IWP-
01 activity. IWP-01 treated embryos underwent considerable extension at the
caudal embryonic end, although they eventually became truncated. Uncx4.1
expression indicated the presence of paraxial mesoderm along the whole
anterior posterior axis, presenting fairly normal-looking somites for a
considerable extent of the trunk, but losing segmental patterns towards the end
of the axis (Fig 2.3J). The Uncx4.1 signal almost reached the caudal embryonic
end (Fig 2.3J), indicating that the presomitic mesoderm (PSM) was strongly
reduced or absent, an idea also suggested by the lack of Msgnl signal (Fig
2.3D). Sox2 expression indicated that IWP-01-treated embryos also developed
a spinal cord, morphologically normal at the axial levels containing identifiable
somites and becoming a wider flattened structure (Fig 2.3L-L”) in the region
containing the disorganized Uncx4.1 expression (Fig 2.3J). Importantly, even
in the area showing abnormal neural and paraxial mesodermal patterns, IWP-

01 treated embryos contained a single neural tube (Fig 2.3 J’, L’, N’). The axial
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truncation in the context of a disorganized paraxial mesoderm and enlarged
spinal cord could indicate an exhaustion of NMC cells derived from accelerated
progenitor differentiation at the expense of self-renewal. The lack of Cdx2
expression at the caudal end of IWP-01-treated embryos is consistent with this
hypothesis (Fig 2.3F). Interestingly, Shh expression showed that the notochord
also became truncated in the region where the paraxial mesoderm and the
neural tube lose normal patterns (Fig 2.3N). Thxt expression was reduced to a
small spot beneath the neural tube (Fig 2.3H and H’), roughly corresponding to
the position of the caudal end of Shh expression (Fig 2.3N and N’), indicating
that it could represent the posterior end of the notochord.

Ctrl

IWP-01

Uncx4.1 & Thx5

Figure 2.3 - Impact of Porcn activity during axial elongation. Embryos were cultured for 24hrs
(E8.5 to E9.5) in the presence or absence of the Porcn inhibitor, IWP-01. Whole-mount in situ
hybridization with Crabpl (A-B), Msgnl (C-D), Cdx2 (E-F), Tbxt (G-H’), Uncx4.1 & Thx5 (I-J),
Sox2 (K-L) and Shh (M-N) probes. G', H', K’ and L’ show dorsal views of the posterior end of the
respective embryos. I, J', K”, L”, M’ and N’ show transverse sections at the axial levels indicated
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by the dashed lines in the respective embryos. Arrows and arrowheads in A and B indicate first
and second branchial arches, respectively. Tbxt expression in the caudal region is reduced to a
small spot (arrows in H and H’). Arrows and arrowheads in I’ and J’ indicate paraxial mesoderm
and neural tube, respectively. The neural tube (arrows in K” and L) becomes a flat structure in
the posterior end of the IWP-01-treated embryo. Arrows and arrowheads in M and N’ emphasize

Shh expression in the notochord and gut, respectively.

Even considering that IWP-01 might not block Porcn activity completely,
our data indicates that during axial extension WNT signaling involves a
combination of Porcn dependent and independent activities. This contrasts with
the essential role of Porcn during gastrulation (Biechele et al.,, 2011).
Interestingly, the axial level at which the paraxial and spinal cord of IWP-01-
treated embryos lose normal patterns roughly corresponds to the level when
the embryo starts the transition into tail bud-dependent elongation, thus
suggesting different requirements for the control of epiblast-driven and tail bud-
dependent axial elongation. The differences between the reported phenotype
of Wnt3a mutant embryos and the IWP-01 treated embryos indicate that during
axial elongation Wnt3a signaling might include Porcn independent activities, an
effect previously observed in a cell culture context (Rao et al., 2019). The
presence of both neural and paraxial mesodermal tissues throughout the AP
axis of IWP-01 treated embryos differs from the duplicated neural tubes
replacing the paraxial mesoderm characteristic of the Wnt3a mutant embryos
(Yoshikawa et al., 1997), thus indicating that the Wnt3a activity that modulates
NMC cell fate might be Porcn-independent. Interestingly, IWP-01-treated
embryos show a phenotype resembling Wnt5a mutants (Yamaguchi et al.,
1999), indicating that its function during axial extension is Porcn-dependent.
Together this suggests that the required equilibrium between differentiation and
self-renewal of NMC cells might also entail proper balance of Porcn-dependent

and Porcn independent WNT activities.
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Chromatin accessibility landscape of the posterior epiblast in the
developing embryo

To understand the regulation behind the changes observed in gene
expression, we mapped global chromatin accessibility profiles. For this, we
performed ATAC-seq (Corces et al., 2017) from tissues of the same regions
and timepoints as those used for RNA-seq. Principal component analysis
separated the samples by timepoint (Fig 2.4A), indicating the presence of
distinct chromatin accessibility profiles at these two developmental stages.
Both E7.5 and E8.5 datasets had a similar chromosomal distribution of
accessible regions, with two thirds mapping to promoters and about 20% to
intergenic regions (Fig 2.4B). Differential analysis of the two datasets identified
18197 regions with increased chromatin accessibility (open regions), and
11087 with decreased accessibility (closed regions) at E8.5 relative to E7.5 (Fig
2.4C). Interestingly, the differentially accessible peaks followed a distribution
different to that observed for the individual datasets, with most peaks (57%)
mapping to intergenic regions, 14% to introns and the contribution of promoters
being reduced to around 21% (Fig 2.4B). This suggests that the transition
between these developmental stages is to a large extent associated with a
switch in regulatory elements. In addition, the finding that there are around ten
times more genomic regions changing accessibility profiles than differentially
expressed genes suggests a high complexity in the regulatory mechanisms
controlling the transcriptional switch associated with the head to trunk
transition.

From the regions showing differential accessibility, only 1418 could be
associated with an annotated gene within 5 kb. Integrative analysis of
transcriptomic and chromatin dynamics by crossmatching these 1418 regions
with the differentially expressed genes (n=3758) identified 300 genes in
common, of which 238 showed consistent regulation at both chromatin and
transcriptomic levels (Fig 2.4D) (i.e., upregulated transcripts close to regions
that became accessible or downregulated transcripts close to regions that lost

accessibility). The remaining 62 regions might represent inhibitory elements.
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These observations indicate that only a very small proportion of the regions that
change accessibility during the head to trunk transition are predicted to control
the closest annotated transcriptional unit, thus further complicating the
understanding of the regulatory processes controlling the head to trunk

transition.
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Figure 2.4 - Integration of genome accessibility and gene expression data. (A) Principal
Component Analysis of ATAC-seq data from E7.5 (red) and E8.5 (blue). (B) Genomic distribution
of ATAC-seq peaks identified at E7.5, E8.5 and distribution of only the differentially accessible
peaks (black). (C) Volcano plot of ATAC-seq peaks (|[Log2(Fold Change)|=2 & p-value < 0.05).
Significantly open regions at E8.5 in red, closed regions at E8.5 in green and non-significant in
black. (D) Scatterplot showing correlation between genomic accessibility and gene expression.
Significantly accessible and upregulated genes in red, closed and downregulated genes in green.
(E) Top 3 GO biological process terms of positively regulated genes at E8.5 (red group in D),
Abbreviations: Emb, Embryonic; Sys, System, A/P, Anterior/Posterior. (F) Top 3 GO biological
process terms of negatively regulated genes at E8.5 (green group in D) (G) Heatmap of
Log2(Fold Change) of ATAC-seq and RNA-seq levels.
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Analysis of GO terms of this restricted group revealed an enrichment in
anterior/posterior pattern specification and skeletal system development, in
genes which are both accessible and upregulated at E8.5 (Fig 2.4E). These
include several Hox genes, most particularly those of central and posterior
paralog groups (Fig 2.4G), which might reflect the activation of enhancers
within the Hox clusters upon sequential global opening of the clusters during
axial extension (Beccari et al., 2016). The group of less accessible and
downregulated genes include genes related to stem cell pluripotency and
proliferation (Fig 2.4G), like the already mentioned Pou5f1 and Nanog. This is
consistent with the known position of relevant regulatory regions for these
genes (Agrawal et al., 2021; Okazawa et al., 1991). This group also included
the miR-302/367 cluster, important for stem cell maintenance and repression
of cell differentiation (Rosa and Brivanlou, 2011).

GO terms of the less accessible and downregulated genes were enriched
for triglyceride homeostasis and lipid metabolism (Fig 2.4F), including several
Apo genes as well as Lpl, that catalyzes the hydrolysis of triglycerides (Fig
2.4G). These observations indicate that the head to trunk transition is
associated with changes in lipid metabolism, which have the potential to impact
the activity of various signaling pathways. For instance, lipid modifications have
been shown to be essential to generate functionally competent Wnt and
Hedgehog molecules (Gallet et al., 2003; Lu et al., 2018). In the case of Wnt
ligands, they contain several lipidic modifications, including the above-
mentioned palmitoleoylation, which have been shown to affect differently the
functional activity of different Wnt molecules (Doubravska et al., 2011; Galli and
Burrus, 2011) and, as already discussed above, could be involved in the
implementation of the functional switch in WNT signaling associated with the
head to trunk transition. Interestingly, in Drosophila embryos lipid-modified
Hedgehog and Wingless require association with lipoproteins for long-range
spreading of their activity (Panakova et al., 2005), and Wnt5a has also been
shown to associate with lipoprotein particles for long distance regulation of

hindbrain development (Kaiser et al., 2019). In our datasets, several genes
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encoding for lipoprotein components are downregulated at E8.5. While this
could be related to changes in the transport of lipid nutrients to the developing
embryo, as shown for Apob during mouse embryogenesis (Farese et al., 1995),
it could also impact Wnt and Hedgehog activities by determining the spatial
range of their activity at different developmental stages. In this regard, it is
interesting to note that one of the first determinants of left-right asymmetry
involves a flow in the node that has been shown to include lipoprotein vesicles
containing Shh (Tanaka et al., 2005). This occurs around E7.5, although signs
of asymmetry are only apparent later in development (Okada et al., 2005;
Zhang et al., 2001). Therefore, the reduction in apolipoprotein-encoding genes
could be involved in a restriction of the timing of this signaling. The Wnt-
coreceptors Lrp5 and Lrp6 also belong to the family of lipoprotein receptors,
thus adding the potential involvement of apolipoproteins in the differential
regulation of WNT signaling by modulating interactions between the Wnt
molecules and their receptors.

Transcription factor binding activity in the posterior epiblast

To assess how the modification of the chromatin accessibility profiles
between E7.5 and E8.5 was reflected in the binding profiles of TFs known to
be involved in developmental processes, we searched for TF footprints in our
ATAC-seq datasets using HINT-ATAC (Li et al., 2019). We found several TFs
with a significant difference in activity score between the two developmental
stages (Fig 2.5A). At E7.5 we observed a higher activity score for TFs involved
in pluripotency, like Pou5f1, Nanog and Sox2. The average ATAC-seq profiles
around the binding sites of each of these TFs revealed that, although at a lower
level and in a reduced number of regions, binding activity was still detected at
E8.5 (Fig 2.5B-D). This might reflect a change in the functional profile of those
factors as development proceeds. For instance, while Sox2 and Pou5fl are
required for pluripotency (Avilion et al., 2003; Nichols et al., 1998), later in
development they are involved in trunk elongation (Pou5f1) or in neural tube
development (Sox2) (Aires et al., 2016; DeVeale et al., 2013; Graham et al.,
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2003). At E8.5 the highest activity scores were provided by Cdx2, Cdx1, and
several posterior Hox proteins (Fig 2.5A). Interestingly, their ATAC-seq profiles
showed shallow footprints at E7.5 (Fig 2.5E-G), revealing that binding of these
factors to their genomic targets mostly starts when the embryo engages in trunk
development. These observations fit the genetic data showing that in the
absence of Cdx activity, mouse embryos are truncated at the head to trunk
transition (Amin et al., 2016; Chawengsaksophak et al., 1997; Savory et al.,
2011), thus indicating that the functional requirement for these genes starts at
this transition. Conversely, the binding profile of Tbxt (Brachyury), another of
the main regulators of axial extension (Herrmann et al., 1990), was similar at
E7.5 and E8.5 (Fig 2.5H). This suggests that Thxt transcriptional activity might
be similar at both developmental stages despite only being essential when the
embryos enter trunk development (Amin et al., 2016; Chesley, 1935).
Alternatively, the Thxt binding activity identified with the footprints at E7.5 might
not be directly related to this protein but to Eomes, a T-box TF essential for
endodermal and mesodermal development at early developmental stages
(Arnold et al., 2008) that shares DNA target sequence with Thxt. Discerning
between these possibilities will require evaluating Tbhxt binding profiles in
Eomes mutant embryos. Nfya and Nfyb were also found to have a higher
activity score at E8.5 (Fig 2.51). Nfya homozygous mutants exhibit early
embryonic lethality (Bhattacharya et al., 2003), possibly related to the role of
Nfya in zygotic genome activation (Lu et al., 2016). Besides the role in early
development, our data suggests that Nfya and Nfyb may also be important at
the transition stage. Together, these results highlight a change in the main
regulatory networks involved in each of these developmental stages, which is

reflected by the activity levels of specific TFs.
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Figure 2.5 - TF activity dynamics during the head to trunk transition. (A) Scatter plot of TF activity
dynamics between E7.5 and E8.5. The y-axis represents the differences in TF binding activity.
Each point represents a TF, points colored in red have significantly different activity scores (p-
value < 0.05). Labelled points have a differential |Activity Score| > 0.2. (B-I) Average ATAC-seq
profiles of Pou5f1 (B), Sox2 (C), Nanog (D), Cdx1 (E), Cdx2 (F), Hoxc9 (G), Tbxt (H) and Nfya
(I) binding sites. Red profiles correspond to E7.5, blue profiles to E8.5, n indicates the number of

binding sites used to calculate the average profiles.

Testing potential enhancer regions

From the differentially accessible peaks identified between E7.5 and E8.5
we assembled a list of phylogenetically conserved regions (Pollard et al., 2010),
that mapped close to important developmental genes, and evaluated their
capacity to promote activity patterns consistent with a role in the head to trunk
transition. For this, we cloned the genomic sequence of each candidate region
into a plasmid with a minimal promoter and the B-galactosidase reporter gene
and examined their activity in transgenic mouse embryos. Of the 10 regions
tested, six elements induced consistent expression of the reporter gene in
transgenic embryos (Table 2.1). Peak 92869 promoted reporter expression in

the forebrain and optic vesicles (Fig 2.6A). Peak 123246 activated expression
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in the lateral mesoderm, limited to the trunk region (Fig 2.6B). Peak_57185 and
Peak 57188 showed similar activity patterns, in the posterior epiblast, neural
tube, lateral mesoderm, PSM and somites, although expression in the latter
tissue extends more anteriorly in Peak 57185-B-gal (Fig 2.6C and D). These
regions are located in an intron and downstream of Hoxc9, respectively, and
their pattern of reporter expression fits with a possible role in regulating Hoxc9

expression.

Table 2.1 — List of genomic regions tested in §-galactosidase reporter assays.

D & S o Regulation Reporter
at E8.5 expression

Peak_37 chrl 4506 473 4507 113 Closed No
Peak_621 chrl 16 127 242 16 127 499 Open No
Peak_ 3705 chrl 78 171 700 78 172 183 Open Yes
Peak_45848 chri4 28 500 913 28 502 135 Open Yes
Peak 57185 chrls 102 982 949 102 984 110 Open Yes
Peak 57188 chrls 102 986 211 102 988 795 Open Yes
Peak_83746 chr2 74 685 149 74 685 691 Open No
Peak_92869 chr3 34 645 894 34 646 882 Closed Yes
Peak_102158 chr4 47 449 347 47 450 598 Closed No
Peak_123246 chr6 52173 674 52174 119 Open Yes
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A Peak 92869-B-gal B Peak 123246-B-gal

C Peak _57185-B-gal D Peak 57188-B-gal

Figure 2.6 — B-galactosidase reporter activity in transgenic embryos. Transgenic embryos for
reporter constructs with Peak_92869 (A); Peak_123246 (B); Peak_57185 (C) and Peak_57188

(D).

Transgenic embryos featuring Peak_ 45848 consistently induced reporter
expression in the posterior epiblast and emerging neural tube, in a pattern
closely resembling Wnt5a expression (Fig 2.7A). We will refer to this region as
CR1. CR1 is approximately 3.3kb upstream of Wnt5a transcriptional start site
and becomes accessible at E8.5 (Fig 2.7B). In addition, Wnt5a expression is
upregulated at E8.5 (Fig 2.2C) which would be consistent with involvement of
CR1 in Wntba activation in the progenitor region during the head to trunk

transition.
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Figure 2.7 - Characterization of Wnt5a enhancer, CR1. (A) B-gal staining of CR1-8-gal transgenic
embryo, also showing dorsal view of the caudal region. (B) ATAC-seq tracks showing
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accessibility profiles in the CR1 region. Phylogenetic conservation data (phyloP) (Pollard et al.,
2010) is shown in dark blue. (C-F’) Whole-mount in situ hybridization of wild type and
Wnt5a2CR7ACRT embryos at E9.5 and E10.5 using a probe for Wnt5a. (C’ and D’) Dorsal view of
the posterior end of the embryo emphasizing the reduction of Wnt5a expression in the neural
tube (brackets). At E10.5 Wnt5a expression is reduced in the PSM (arrows in E’ and F’). (G) RT-
gPCR analysis of Wnt5a gene expression in wild type (WT) and Wnt5aACRACRT (KO) embryos at
E9.5 and E10.5. Wnt5a expression is normalized to B-Actin. Error bars indicate the standard

deviation; **, p-value < 0.01; *, p-value < 0.05

To directly explore this hypothesis, we generated CR1 deletion mutants
(Wnt5a“RY). Whole-mount in situ hybridization suggested a reduction in Wnt5a
expression levels in the neural tube of Wnt5a*“RY 4Rl embryos at E9.5 (Fig
2.7C’ and D’), and in the PSM at E10.5 (Fig 2.7E-F’). This downregulation was
confirmed by quantitative RT-PCR, at both stages (Fig 2.7G). These results
suggest that, while the CR1 element participates in the regulation of Wnt5a
expression in vivo, this regulation should also involve the activity of additional
redundant enhancers that confer robustness to Wnt5a expression, able to keep
a baseline Wnt5a transcription in Wnt5a4RY 4Rl mytants, thus allowing their
full embryonic development. Despite the observed downregulation of Wnt5a,
Wnit5a4°RY 4CRt mytants developed normally, generating adult animals with no
obvious phenotypic defects. This contrasts with Wnt5a” mutants, where loss of
Wnt5a leads to perinatal lethality, with embryos showing an absence of tail and
a shortening of the anterior-posterior axis (Yamaguchi et al., 1999).

Finally, Peak 3705 (We will refer to it as CR2) showed reporter expression
in the neural tube and midbrain, in a pattern similar to Pax3 expression in these
tissues (Fig 2.8A). CR2 is located in intron 4 of Pax3 and becomes accessible
at E8.5 (Fig 2.8B). Since Pax3 is the only annotated gene within a highly
interactive TAD sub-domain, CR2 is most likely regulating the expression of
Pax3 itself (Fig 2.8C), which we found upregulated at E8.5. To evaluate CR2
function in vivo, we generated CR2 deletion mutants (Pax3““R?). However,
whole-mount in situ hybridization revealed no changes in Pax3 expression

patterns when compared with wild type embryos (Fig 2.8D). In addition,
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embryonic development of homozygous mutants was unaffected and adult
animals showed no obvious phenotype, indicating that these mutants can still
maintain Pax3 expression through redundant enhancers. Similar reporter
assays have previously identified enhancer regions upstream of Pax3, directing
expression in neural crest precursors and interlimb somites, however the
impact of deleting these elements in vivo was not investigated (Brown et al.,
2005; Milewski et al., 2004).
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Figure 2.8 - Characterization of CR2. (A) B-gal staining of CR2-8-gal transgenic embryo, also
showing dorsal view of the caudal region. (B) ATAC-seq tracks showing accessibility profiles in
the CR2 region. Phylogenetic conservation data (phyloP) (Pollard et al., 2010) is shown in dark
blue. (C) Hi-C data from 3D genome browser (Wang et al., 2018) demonstrating CR2 location in
the same TAD as Pax3. (D) Whole-mount in situ hybridization of wild type and Pax32CR¥ACR2

embryos with a probe for Pax3.
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Conclusion

Overall, this study provides a comprehensive analysis to gain insights into
the mechanisms regulating the remarkable changes in tissue activity
associated with the transition from head to trunk development, combining
differential screening with bioinformatic treatment of the resulting data. The
specific treatment of the DEG profiles with the identification of modules in the
PPI network revealed changes in WNT signaling, ubiquitination and the basic
machinery of G-protein-mediated signal transduction that could engage in
interactions resulting in a global functional output. We also observed a switch
in the functional relevance of Wnt palmitoleoylation by Porcn, essential during
gastrulation (Biechele et al., 2011; Takada et al., 2006) but later becoming
differentially required for the control of axial extension and progenitor
differentiation during trunk formation.

The high disparity in the number of changes in chromosomal accessibility
and differentially expressed genes at the two developmental stages indicates
that the control of the changes in gene expression might also be very complex.
Consistent with this, the lack of obvious phenotypes upon deletion of regulatory
elements that largely reproduce the expression profiles of the genes they might
regulate, argues for the existence of a considerable degree of redundancies
among regulatory mechanisms. This redundancy, which has been previously
observed for other regulatory regions (Cunningham et al., 2018; Osterwalder
et al., 2018), might confer robustness to developmental processes by providing
protection against genetic and environmental perturbations (Antosova et al.,
2016; Frankel et al., 2010; Osterwalder et al., 2018; Perry et al., 2010). Future
studies testing the effects of CR1 or CR2 deletion combined with a
heterozygous inactivation of the Wnt5a or Pax3 genes, respectively, or with
other potential regulatory elements may reveal phenotypic traits normally
suppressed by functional redundancy among enhancers. In addition, our
datasets can be used as a resource for future research not only to explore the

role of other enhancer regions but also to delve into the mechanisms of gene
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regulatory networks involved in the head to trunk transition by combining it with

gene knockout studies.

Methods

Mice and Embryos

Mouse embryos were recovered by cesarean section at different
developmental stages and processed accordingly for the distinct analyses
described below. All experiments conducted on animals followed the
Portuguese (Portaria 1005/92) and European (Directive 2010/63/EU)
legislations concerning housing, husbandry, and welfare. The project was
reviewed and approved by the Ethics Committee of Instituto Gulbenkian de
Ciéncia and by the Portuguese National Entity, Direc¢éo Geral de Alimentag&o
e Veterinaria (license reference 014308).

CR1 and CR2 deletion mice were generated by CRISPR/Cas9 (Wang et
al., 2013) on the FVB/J background as previously described (Tekko et al.,
2022), using two gRNAs targeting the border of the sequence to be deleted and
one ssDNA oligo bridging the two sides of the deletion (Table 2.2) to increase
the edition efficiency. In these cases, each gRNA was generated by annealing
the relevant Alt-R-CRISPR-Cas9 crRNA (targeting sequences in Table 2.2)
with the Alt-R-CRISPR-Cas9 tracrRNA (all purchased from IDT). 1uM of each
gRNA was incubated with 100 ng/ul of theCas9 protein and 10 ng/ul of the
replacement DNA and microinjected into the pronucleus of fertilized mouse
oocytes. Identification of deletion mutants was performed by PCR using the
oligonucleotides specified in Table 2.3. Positive founders were crossed with
wild type mice to generate F1 heterozygous animals that were then used to
build the mutant lines. Homozygous mutants were then generated by
heterozygous crosses. Mice and embryos were genotyped by PCR using

primers specified on Table 2.3.
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Table 2.2 - gRNA and ssDNA used for CRISPR/Cas9.

gRNA_CR1_1 CCAGTGGCAGTATTCTGTGA

gRNA_CR1_2 CTGTGTAGCCGTAGTTTGCC

CR1 CCCCCTAACCTCAAGGGAGCCTTTGTCCCCCACAGGCTAGTGGC

ssDNA CAGTGGCAGTATTCTGGCCAGGAGGTGAGGGACTTCCACAAACT
GGAGGCTCTCCTTTGGGAGTCTTCCCCAGTGG

gRNA_CR2_1 CACTTCATCCAAGCACGAGA

gRNA_CR2_2 GCTCGAGAGAGAGGAAGGAG

CR2 TGCTCCTTTTTAAATGTAAGGCTTCCTCCTCAAACCTTACCATCAC
ssDNA TTCATCCAAGCACGCTTCCTCTCTCTCGAGCCAGCCTGGTGGGA
CGTGGGAGCAGAATTAATAAACAAAATAAG

Table 2.3 - Primers used for genotyping.

Fw GTCTCTTCCATGAGTGCTGAG

Ko Rv CTGCATTCTAAGAAGCAGTCC

Rl Fw ACCCACTTTCTACAGCAGATC
wT Rv CTGCATTCTAAGAAGCAGTCC

Fw CTAGCAGACAACACTGACCTG

Ko Rv ACGAACTTACGTACTCTGGTG

Rz Fw CTAGCAGACAACACTGACCTG
wT Rv CATCCTGCATTTAGGCAATGC

RNA-sequencing analysis

Posterior epiblasts of wild type mouse embryos at E7.5 and E8.5 were
dissected and snap frozen. Total RNA was isolated from pooled samples with
TRI Reagent following the manufacturer’s protocol. RNA samples were then
resuspended in RNase-free water. RNA concentration and purity were
determined on an AATI Fragment Analyzer (Agilent). RNA-seq from E7.5 and
E8.5 tissues was performed using two separate biological replicates. Libraries
were prepared from total RNA using the SMART-Seq2 protocol (Picelli et al.,
2014). Sequencing was performed on lllumina NextSeq500, generating >25M
single-end 75 base reads per sample. Reads were aligned to the reference
mouse genome (mm10) using STAR (Dobin et al., 2013). Read count

normalization and differential expression between samples was analyzed using
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DESeq2 (Love et al., 2014). RNA-seq data is available in the GEO accession
database under the accession number GSE220246. K-means clustering was
performed on the 1000 most variable genes using the standard R function
‘kmeans()’. The elbow method was used to determine the number of clusters
to use for this analysis. Gene ontology enrichment analysis was performed
using PANTHER (Ashburner et al., 2000; Mi et al., 2019), by selecting for
biological processes using Fisher's Exact test and False Discovery Rate. No
background gene list was used. Gene ontology results presented are ranked
by Fold Enrichment.

To assemble the PPI network, the DEG were filtered according to the
following criteria: log of count per million (logCPM) >1; absolute log fold-change
(logFC) >1; and false discovery rate (FDR) <0.05. All possible interactions
between DEGs were retrieved from the STRING v11 protein-protein
interactions database (Szklarczyk et al., 2019). The mouse transcriptome
network was then constructed from the set of expressed genes and their
corresponding STRING PPI. We casted this network as a weighted graph,
where edge weights (given by the STRING PPI scores) denote the probability
of the connected genes interacting and thus jointly contributing to a specific
function. To remove redundant edges and focus our attention on the most
important interactions we extracted the (metric) backbone of the mouse
transcriptome network (Simas et al., 2021). The metric backbone is a subgraph
that is sufficient to compute all shortest paths in the network, thus removing
edges that break the triangle unequally (and are therefore redundant regarding
the shortest paths). This network retains all metric edges and preserves all the
nodes in the original network (Correia et al., 2022b; Simas et al., 2021). This
metric backbone of transcriptome networks has been previously used to
successfully identify biologically relevant genes and their interactions (Correia
et al., 2022a). Network modules, i.e., structurally coherent structures in the
transcriptome network backbone were identified using LowEnDe (Correia et al.,
2020), an algorithm based on the spectral decomposition of the adjacency

matrix coupled with information theory to identify overlapping modules in
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weighted graphs. Importantly, in this method genes may participate in more
than one module at the same time, reflecting the possible participation of genes

in multiple cell functions.

Embryo culture with Porcn inhibitor

Wild type E8.5 embryos were dissected, in cold GMEM (Sigma, G5154),
keeping the yolk sac intact. Embryos were cultured in 60% Rat serum, 40%
GMEM and Pen/Strep (Gibco, 15070063). For embryos cultured with Porcn
inhibitor, 500 nM of IWP-01 (MedChem express, HY-100853) was added as in
(Galli and Burrus, 2011), whereas for control embryos an equal volume of
DMSO was added. Embryos were cultured for 24 hours in a rotator bottle
culture apparatus (B.T.C. Engineering, Milton, Cambridge, UK) at 37°C, 65%
O2. Three embryos were cultured per tube in 1,5 ml of media. Embryos were
collected after 24hrs, dissected and fixed in 4% PFA at 4°C overnight. They
were then processed for in situ hybridization, 2 embryos were stained per probe
and condition, showing similar patterns. In addition, the structure of the neural
tube was also assessed in the sections of embryos stained for other markers,

showing highly reproducible patterns.

ATAC-seq

Posterior epiblasts of mouse embryos were collected to 500 pl of cold M2
(Sigma, M7167), spun down to remove supernatant and incubated with 500 pl
of Accutase (Sigma, A6964) for 30 min at 37°C, with shaking at 600 rpm, to
dissociate the tissue into single cells. ATAC-seq was performed as previously
described (Corces et al., 2017), using two separate biological replicates for
each condition. The amplified libraries were double-step size selected (0.5x
followed by 1x) using SPRIselect (Beckman Coulter, B23317) according to
manufacturer’s instructions. Pooled ATAC-seq libraries were sequenced on a

NextSeg500 (Illumina) at 50M paired-end 75 base reads per sample.
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ATAC-seq Data Analysis

Fastq files were processed with GUAVA v1, following the recommended
guidelines (Divate and Cheung, 2018). GUAVA enables pre-processing of raw
sequencing reads, mapping of reads to a reference genome, peak calling and
annotation, as well as differential analysis between samples. ATAC-seq data is
available in the GEO accession database under accession number
GSE220245. All genome browser tracks were captured using Integrative
Genomics Viewer (Robinson et al., 2011). Phylogenetic conservation data for
multiple alignments of 59 vertebrate genomes to the mouse genome
(mm10.60way.phyloP60way) was obtained from phyloP directory (Pollard et
al., 2010) and loaded into IGV. Hi-C data was obtained from 3D genome
browser (Wang et al., 2018) using the ‘mm10 mESC Bonev_2017-raw’ dataset
at 40kb resolution. To visualize our candidate regions within the context of this
dataset we loaded a BED file with the coordinates of our candidate regions to
UCSC Genome Browser (Kent et al., 2002) and loaded this session into the 3D
genome browser.

ATAC-seq data was analyzed for TF footprints using HINT (Li et al., 2019).
Replicates were merged to increase read depth and processed with “rgt-hint
footprinting” command. Footprint motifs were matched to HOCOMOCO
database (Kulakovskiy et al., 2018) with “rgt-motifanalysis matching” and then
further assessed for differential motif occupancy with the “rgt-hint differential”

command.

B-Galactosidase Transgenics

For reporter analyses, candidate regions identified by ATAC-seq data were
amplified by PCR from mouse genomic DNA (primers provided below, Table
2.4) and cloned upstream of a cassette containing the adenovirus 2 minimal
late promoter, the B-galactosidase cDNA, and the polyadenylation signal from
SV40 (Jurberg et al., 2013). Transgenic mice were produced by pronuclear
injection (Hogan et al., 1994). The B-galactosidase staining was performed as

previously described (Jurberg et al., 2013). At least 3 transgenic embryos
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displaying consistent reporter expression patterns were observed for each

candidate.

Table 2.4 - Primers used to amplify candidate regions for B-Galactosidase assays.

Fw TACTCGAGCTGCTGCTCTTGACTCTGAAG
CR1
Rv ATCTGCAGATGCTCTGGACTCCGAGGAAC
CR2 Fw ACCTCGAGATGTCAACGAAAGAAAGACGC
Rv TTCTGCAGGAGGTGTAGCTTTAAGCACAC
‘ Fw ACCTCGAGTCAAAGGGTAACTAAGAACGC
Peak 37
- Rv CGAGATCTTTGCTAGTGGGTATAGGAATC
Peak 621 Fw TACTCGAGGACCAGCATTGGCAATAGACC
ea
- Rv AGCTGCAGGCTTCTTACTAAACTCCTGTC
F ATCTCGAGGTGTAAGCTGCA TCAAA
Peak 57185 W CTCGAGGTG GCTGCAGGGTC G
Rv GCAGATCTTCAGCTTCCAGCACCTAAAAC
Fw CACTCGAGCTTAAGCTCAGTGCTGTTTCC
Peak_57188
Rv TACTGCAGTTCCTAGCATCTGACACGGAG
Fw GACTCGAGCCTTTATGTCACAGGACCAAG
Peak_83746
Rv TCCTGCAGGCTTCTGAGAGGTTAAGAGTC
Fw ACCTCGAGCACTTCGTTTGGTTAAAGCTG
Peak 92869
Rv GCAGATCTGCCTTAACTGCCAAGCATAAC
Fw ACCTCGAGAGCTCCTTGCCTTTGATAAGC
Peak_102158
Rv TTCTGCAGCCATCTTGCGAAGGTGACTGG
Fw GACTCGAGTCTCCTGCCTTGGATTTTCTG
Peak_123246
Rv AGCTGCAGTCTGAAGCAGGAAAATGGACC

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed as previously described
(Aires et al., 2019) using digoxigenin-labeled RNA antisense probes. For the
genetically modified embryos and their wild type controls, at least 3 embryos
were stained per probe and genotype, showing highly reproducible patterns.
RNA probes have been previously described: Msgnl (Aires et al., 2019); Sox2,
Thxt and Uncx4.1 (Aires et al., 2016); Shh and Cdx2 (Jurberg et al., 2013);
Whnt5a (Lickert et al., 2001) and Pax3 (Goulding et al., 1991). Stained embryos
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were included in 0.45% gelatin (Merck, 104078), 27% bovine serum albumin
(Roche, 9048-46-8) and 18% sucrose (Sigma, S0389) in PBS and then
polymerized with 1.75% glutaraldehyde (Biochem Chemopharma, 507130500)
and sectioned at 35um with a vibratome (Leica, VT1000S).

RT-qPCR

Total RNA was extracted from the caudal region of wild type and
Wnit5a2R"ACRT empbryos at E9.5 and E10.5 using Tri Reagent. 1 ng of RNA was
used for reverse transcription into complementary DNA (cDNA) using NZY
Reverse Transcriptase enzyme (NZYTech, MB124) and random hexamer mix
(NZYTech, MB12901) following the manufacturer’s protocol. Real-time gPCR
was performed in a QuantStudio 7 Flex real-time PCR system (Thermo Fisher)
using iQ SYBR Green Supermix (Bio-rad, 1708880) according to
manufacturer’s instructions. Primers used are listed in Table 2.5. Quantification
was determined using the standard curve method, and expression levels
normalized to B-Actin. Statistical significance was assessed using unpaired t-
test.

Table 2.5 - Primers used in RT-gPCR.

Fw CCATGTCTTCCAAGTTCTTCC
wntsa Rv TACTTCTGACATCTGAACAGG
) Fw TCTGGTGGTACCACCATGTAC
A-Actin Rv TACTTGCGCTCAGGAGGAGC
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Chapter 3

Impact of retinoic acid signaling

In the developing embryo
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Introduction

Retinoic acid (RA) is a key signaling molecule during embryonic
development. Heterodimers of nuclear receptors retinoic acid receptor (RAR)
and retinoid X receptor (RXR), each with different isoforms, are bound to
retinoic acid responsive elements (RARES) (Benbrook et al., 1988; Brand et al.,
1988; Dawson and Xia, 2012; Giguere et al., 1987; Zelent et al., 1989). Binding
of RA leads to a conformational change in these heterodimers resulting in
recruitment of either nuclear coactivators or corepressors, which in turn interact
with histone acetylases and deacetylases, respectively, to regulate chromatin
accessibility and transcription of the target genes (Chen and Evans, 1995; Dey
et al.,, 2007; Hong et al., 2018; Kumar and Duester, 2014; Kurokawa et al.,
1995).

Mice lacking RA signaling (Raldh2 mutants) are developmentally arrested
at the head to trunk transition, displaying problems in posterior neurogenesis
and somitogenesis (Cunningham et al., 2015a; Niederreither et al., 1999).
Indeed, the absence of RA-mediated repression of caudal Fgf8 expression
leads to expansion of the Fgf8 gradient along the PSM, culminating in smaller
somites in Raldh2” (Cunningham et al., 2015a). Loss of RA activity is also
accompanied by an imbalance in NMC cell differentiation, with decreased
Sox2-expressing neural progenitors and increased Thbx6-expressing
mesodermal progenitors (Cunningham et al.,, 2015a). In addition, RA is
involved in the specification of neural progenitors to a motor neuron fate, where
together with Shh, RA activates Pax6 and Olig2 expression in the spinal cord
(Diez del Corral et al., 2003; Molotkova et al., 2005; Novitch et al., 2003).
Interestingly, the axial truncation observed in Raldh2 mutants can be rescued
by an acute exogenous RA administration coincident with the timing of the head
to trunk transition (Zhao et al., 2009). Embryos rescued in this manner are then
able to complete trunk and tail development in the absence of further RA
signaling activity, indicating that RA is only required for axial extension during

the transition phase (Zhao et al., 2009).
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The head to trunk transition is associated with substantial changes in
chromatin accessibility of regulatory regions (as described in chapter 2). In this
study we aimed to assess whether RA signaling is involved in the regulation of
these extensive chromatin changes. For this, we compared chromatin
accessibility profiles from the posterior epiblast region of wild type and Raldh2
" mouse embryos at E8.5. We observed that the absence of RA activity had a
limited impact on the changes observed in chromatin accessibility in the caudal
epiblast at this developmental stage, and only a small fraction of the affected
regions was associated with RAREs. In addition, we characterized the
functional relevance of potential enhancers of Nr2f2 and Hoxa4, identified in
the accessibility analysis. Dissection of TF binding sites associated with each
of these enhancers provided a valuable insight into their upstream regulation,
revealing a complex interplay between elements for proper regulation of target
gene expression. We also generated single cell transcriptome profiles of wild
type and Raldh2” whole embryos at E8.25. We found a pronounced impact of
the absence of RA activity in the caudal epiblast. Inference of directional
trajectories (Bergen et al., 2020; La Manno et al.,, 2018) highlighted
perturbations in the neural differentiation of progenitor cells from the caudal
epiblast, consistent with the observed decrease of the spinal cord cell

population in Raldh2” mutants.

Results & Discussion

Impact of RA signaling on chromatin accessibility

Genetic analyses revealed a fundamental role of RA signaling for proper
transition from head to trunk development (Niederreither et al., 1999). We
therefore tested the extent to which this is associated with changes in chromatin
accessibility. Principal component analysis segregated samples by genotype
(Fig 3.1A). Comparison of the global accessibility profiles from the posterior
epiblast region of E8.5 wild type and Raldh2” mutant embryos revealed that

only 120 peaks were differentially accessible between both conditions,

74



including 54 regions with decreased and 66 regions with increased accessibility
in the Raldh2” mutants (Fig 3.1B). Moreover, we observed that the differentially
accessible peaks mapped mainly to intergenic regions (43%) (Fig 3.1C),

indicating that they might represent regulatory elements.
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Figure 3.1 - Impact of RA signaling in genome accessibility of the posterior epiblast. (A) Principal
component analysis of ATAC-seq data from WT (black) and Raldh2” (red). (B) Volcano plot of
ATAC-seq peaks (Raldh2”- vs WT) (JLogz(Fold Change)|>2 & p-value < 0.05). Significantly open
regions in Raldh2” are red, closed regions in Raldh2”’- are green and non-significant in black.
(C) Genomic distribution of ATAC-seq peaks identified in WT (black), Raldh2” (red) and
distribution of only the differentially accessible peaks (white). (D-l) Average ATAC-seq profiles of
RARa (D), RARB (E), RARYy (F), RXRa (G), RXRpB (H) and RXRYy () binding sites. Black profiles
correspond to wild type, red profiles to Raldh2”, n indicates the number of binding sites used to

calculate the average profiles.
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TF footprinting analyses showed no significant change in RAR and RXR
binding activity in Raldh2” mutants (Fig 3.1D-1). This fits the notion that RA
receptors are normally bound to retinoic acid response elements (RARES) but
kept inactive until bound by RA, (Kurokawa et al., 1995). Interestingly, only 12
of the regions that became differentially accessible contain RA receptor binding
sites. Together, these observations suggest that RA activity in the posterior
epiblast at this developmental stage does not involve major changes in the
genomic regions bound by RA receptors and that most of the differences in
chromatin accessibility observed in the Raldh2 mutants are not mediated by
direct RA activity, most likely representing instead downstream effects of
factors under direct RA regulation. The potential involvement of genes
regulated by the 12 elements containing binding sequences for RA receptors
in this or other RA-dependent regulatory processes will require direct
experimental analyses.

To further explore the differentially accessible chromatin regions identified
in Raldh2”- mutants, we performed additional functionality assays to evaluate
their regulatory potential. For this we cross-referenced the identified 120
differentially accessible peaks with basewise conservation data (Pollard et al.,
2010) and found that only 12 regions are phylogenetically conserved in
mammals and therefore could have an evolutionarily conserved regulatory
function. As such, we focused on these 12 elements and assessed their
capacity to induce activity patterns. Of the 12 regions tested, five elements
induced expression of the reporter gene in transgenic embryos (Table 3.1).
Peak 14942 activated reporter expression restricted to the upper cleft of the
first branchial arch (Fig 3.2A). Peak_ 123811 promoted expression in the PSM
and caudal lateral epiblast (Fig 3.2B), while Peak 143897 showed activity in
the PSM and most recently formed somites (Fig 3.2C). Peaks 135397 and
125080 generated prominent expression patterns and were the focus of further

analyses, described in the sections below.
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Table 3.1 - List of genomic regions tested in B-galactosidase reporter assays.

- - Start End Regulation Reporter
coordinates  coordinates in RAL expression
Peak_10773 chrl 188 884 705 188 885 217 Open No
Peak_11325 chrl 194 058 650 194 059 176 Open No
Peak_14942 chrl0 68 248 668 68 248 949 Open Yes
Peak_35261 chrl2 97 402 840 97 403 128 Open No
Peak_59634 chrl6 25 843 726 25 844 047 Closed No
Peak_60984 chrl6 43 347 899 43 348 139 Open No
Peak_67886 chrl7 63 342 975 63 343 437 Open No
Peak_ 123811 chré 32363534 32364 151 Open Yes
Peak_125080 chré 51 975 757 51 976 081 Closed Yes
Peak_ 135397 chr7 70 847 893 70 848 657 Closed Yes
Peak_ 143897 chr8 48 793 076 48 793 535 Open Yes
Peak_ 152170 chr9 43 035 165 43 035 550 Open No

A |Peak 14942-B-gal| B

Peak_123811-B-gal

Peak_143897-B-gal

Figure 3.2 — Functionally active genomic regions. B-gal reporter expression in Peak_14942--
gal (A), Peak_123811-6-gal (B) and Peak_143897-B-gal (C) transgenic embryos.

Evaluating potential Nr2f2 enhancers for RA-mediated Nr2f2 activation
Peak 135397 (we will refer to it as CR3) gained accessibility at E8.5 in a
RA-dependent fashion (Fig 3.3A) and is located within the same TAD as Nr2f2
(Fig 3.3B), a gene that is under the control of RA signaling (Berenguer et al.,
2020). We selected CR3 for further analysis because when tested in transgenic
reporter assays it reproduced to a large extent the Nr2f2 expression pattern
(Fig 3.3C-D), thus suggesting that it might be involved in the RA-dependent

activation of Nr2f2 expression. CR3 contains two distinct elements (CR3a and
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CR3b) (Fig 3.3A). Both elements also gave well-defined activity profiles when
tested individually in transgenic reporter assays. CR3a-B-gal embryos
displayed staining in the somites starting from the forelimb level, in the second
branchial arch neural crest (Fig 3.3E) and rhombomere 5 (Fig 3.3E”). CR3b
gave a much broader range of expression in the neural tube, including the
whole hindbrain and the spinal cord, and in the neural crest migrating from the
hindbrain into the branchial arches (Fig 3.3F-F”). It also activated expression
in the most anterior somites, where CR3a activity was not observed (Fig3.3E
and F). Together, these staining patterns indicate that CR3 activity in the
somites, branchial arches, and hindbrain might result from the combined CR3a
and CR3b activities. However, the strong CR3b-£-gal reporter staining in the
spinal cord contrasts with the absence of staining in the same region of CR3
reporter transgenics (Fig3.3 D-D” and F-F”), suggesting that CR3a could block
CR3b activity in this region.

A chr7:70,843,318-70,851,234 B -

(0-80]
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w W . .L
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WT l
R
{0-80] b a

CR3a-B-gal

CR3-B-gal
CR3b-B-gal

Figure 3.3 - Characterization of the CR3 region. (A) ATAC-seq tracks showing accessibility

profiles in the CR3 region. CR3 includes two peaks, a and b. Phylogenetic conservation data
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(phyloP)(Pollard et al., 2010) is shown in dark blue. (B) Hi-C data from 3D genome browser
(Wang et al., 2018) highlighting CR3 location in the same TAD as Nr2f2. (C-D”) Comparison of
Nr2f2 expression pattern in wild type embryos by in situ hybridization (C-C”) with 3-gal reporter
expression in CR3-8-gal transgenic embryos (D-D”). Expression is present in the hindbrain
(arrows in C” and D”) but absent from the spinal cord (arrows in C’ and D’). (E-E”) B-gal reporter
expression in CR3a-B-gal transgenic embryos. Reporter expression is restricted to the second
branchial arch (arrow in E), rhombomere 5 (arrow in E”) and somites from the forelimb level. (F-
F”) B-gal reporter expression in CR3b-B-gal transgenic embryos is extended to the anterior

somites and neural tube (arrow in F’).

To further analyze the mechanisms regulating CR3 enhancer activity and
the interactions between CR3a and CR3b, we searched for the presence of TF
binding sites within these elements with HINT-ATAC. We identified two TF
footprints in CR3a, matching Msgnl and Hox binding sites (Fig 3.4A). Given
the important role of these TFs in embryonic development, we assessed their
contribution to CR3a enhancer activity by generating transgenic reporters for
the CR3a element lacking each of these features. Transgenic embryos
generated with CR3a lacking the Msgn1 binding site (CR3a*"*%") lost almost
completely reporter gene expression in the somites (Fig 3.4B-B”), consistent
with the known role of Msgnl as a regulator of paraxial mesoderm
(Chalamalasetty et al., 2014; Yoon and Wold, 2000). Conversely, transgenic
embryos of CR3a reporters lacking the Hox binding site (CR3a*"%%) did not
affect somite expression, displaying instead extended reporter activity in the
neural tube, including rhombomeres 3, 4 and 6 and the anterior spinal cord (Fig
3.4C-C”). This suggests a repressor rather than an activator role for Hox
proteins in this enhancer, most particularly in the neural tube. We therefore
tested whether the Hox binding site could also be involved in keeping CR3
inactive in the spinal cord by silencing CR3b activity in this embryonic region.
Deletion of the Hox binding site from the CR3 reporter construct (CR3*"%%)
resulted in a substantial activation of reporter activity in the neural tube (Fig

3.4D-D”), although not as extensive as the pattern obtained with CR3b (Fig
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3.3F-F”), indicating that it could indeed be part of the interaction mechanism
between CR3a and CR3b.

We also identified binding sites for Smadl and Sp5 in the CR3b element
(Fig 3.4E). Deletion of both sites resulted in the loss of reporter expression in
most of the embryo, with some residual expression being detected in the
hindbrain, neural crest and anterior spinal cord up until the trunk level (Fig
3.4F). Hence, the CR3a and CR3b elements are regulated by distinct sets of
TFs, further allowing these regions to drive robust gene expression patterns
despite possible fluctuations in upstream TF levels (Waymack et al., 2020).
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CR3a-B-gal
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Figure 3.4 — The role of TFs in the regulation of CR3. (A) schematic representation of generated
transgenic reporters for CR3a and CR3 regions lacking the specified TF binding sites. (B-B”) B-
gal reporter expression in CR3a*Ms9"-B-gal is limited to the second branchial arch (arrow in B)
and rhombomere 5 (arrow in B”). (C-C”) B-gal reporter expression in CR3a*H°*-B-gal transgenic
embryos expands up to rhombomere 3 (arrow in C”) and along the neural tube (arrowhead in
C”). (D-D”) B-gal reporter expression in CR3*H%x-B-gal transgenic embryos is extended into the
neural tube (arrows). (E) Schematic representation of generated transgenic reporters for CR3b
lacking the specified TF binding sites. (F) B-gal reporter expression in CR3bASmad1+Sp5_3.g3|
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transgenics. (G) Whole mount in situ hybridization of wild type, CR3a*2, CR3b** and CR3* at
E9.5 using a probe for Nr2f2.

Together, the reporter assays indicate the existence of regulatory
interactions between the CR3a and CR3b elements to achieve a pattern of
activity resembling Nr2f2 expression. CR3 thus represents a case in which
enhancer interactions, both positive and negative, play an important role in fine
tuning gene expression, contributing to the production of sharp boundaries in
the expression domains, similarly to what has been previously reported for
other systems (Bothma et al., 2015; El-Sherif and Levine, 2016; Perry et al.,
2011). Our results also suggest that the RA-dependent opening of CR3a and
CR3b might expose these elements to become activated by factors involved in
the development of trunk and hindbrain structures.

To directly assess CR3 function and its potential relevance for Nr2f2
expression, we generated mouse strains containing deletions of CR3a, CR3b
and CR3. Homozygous mutant animals for each of these strains developed to
term and the adults had no obvious phenotypic alterations, already indicating
that these mutants kept Nr2f2 expression, at least to a level allowing normal
development. We confirmed this by whole-mount in situ hybridization showing
that the Nr2f2 expression pattern in homozygous mutant embryos for any of
the deleted CR3 regions were similar to that observed in wild type embryos (Fig
3.4G). This indicates that if CR3a and CR3b are indeed involved in Nr2f2
expression as suggested by the reporter assays, other redundant enhancers
might be present that ensure Nr2f2 expression and prevent developmental
arrest caused by the inactivation of this gene. A possible candidate for an
enhancer able to maintain Nr2f2 transcription in the absence of CR3 is the
previously identified RARE in intron 1 of Nr2f2 (Berenguer et al., 2020).
Consistent with this hypothesis, we observed that the genomic region featuring
this RARE is accessible in both our wild type and Raldh2 mutant datasets.
However, further studies will be required to validate the role of this RARE in the

regulation of Nr2f2 and whether it interacts functionally with CR3.
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Assessing a potential enhancer of HoxA genes

Another candidate region that was further analyzed for its regulatory
potential was Peak 125080 (we will refer to it as CR4). CR4 consistently
activated reporter expression in the neural tube at E9.5, restricted to the trunk
region (Fig 3.5A). CR4 was open and accessible in wild type embryos at E8.5,
whereas no ATAC-seq peak was observed in Raldh2”- mutants (Fig 3.5B).
Hence, in the absence of RA signaling this region failed to become accessible
and could thus represent an enhancer region under the control of RA signaling.
Identifying the target gene of CR4 is a crucial step in understanding its
regulatory function. CR4 maps to intron 4 of Skap2, which is located in the
same TAD as the HoxA cluster (Fig 3.5C). In addition, intron 4 of Skap2, has
been shown to engage in strong interactions with genomic regions from Hoxa4
to Hoxa7 (Gentile et al., 2019). This suggests that CR4 may regulate a HoxA
gene, more specifically either Hoxa4, Hoxa5, Hoxa6 or Hoxa?.
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Figure 3.5 - Characterization of the CR4 region. (A) B-gal reporter expression in CR4-£-gal
transgenic embryos. (B) ATAC-seq tracks showing accessibility profiles in the CR4 region.
Phylogenetic conservation data (phyloP)(Pollard et al., 2010) is shown in dark blue. (C) Hi-C data
from 3D genome browser (Wang et al., 2018) highlighting CR4 location in the same TAD as the
HoxA cluster. (D) Whole mount in situ hybridization of wild type and CR4~* embryos at E9.5
using a probe for Hoxa5, Hoxa6 and Hoxa7. (E) Whole mount in situ hybridization of wild type
and CR4~ embryos at E9.5 using a probe for Hoxa4. Arrows and arrowheads emphasize
reduced expression of Wnt5a in the caudal region and spinal cord, respectively. (F) RT-gPCR
analysis of Hoxa4 gene expression in wild type (WT) and CR4%2 (KO) embryos at E9.5. Hoxa4
expression is normalized to B-Actin. Error bars indicate the standard deviation. ***, p-value <
0.001.

To directly test this hypothesis, we generated CR4 deletion mutants
(CR4%%). Whole-mount in situ hybridization revealed that the patterns of
expression for Hoxa5, Hoxa6 and Hoxa7 were similar in wild type and CR4
deletion mutant embryos (Fig 3.5D). However, an overall reduction of Hoxa4
expression levels was evident in CR4%4 at E9.5, confirmed by quantitative RT-
PCR analysis (Fig 3.5E and F), suggesting that CR4 might act as a Hoxa4
enhancer. Even though deletion of the CR4 element had an obvious
quantitative effect on Hoxad expression, transcripts for this gene were still

observed in CR4%4

mutants, likely induced by redundant enhancers. Indeed,
RA signaling has previously been described to activate Hoxa4 expression
through a RARE in the 5’ flanking region of the Hoxa4 promoter (Behringer et
al., 1993; Packer et al., 1998). This, combined with Hox4 redundant paralog
function (Horan et al., 1995), might account for why CR4 homozygous mutants
are viable and adult animals show no apparent phenotype.

Next, we searched for the presence of TF binding sites within CR4 with
HINT-ATAC to explore the mechanisms regulating its activity. With this analysis
we identified three distinct TF footprints, whose motifs matched to Rfx6, Pax3
and Vdr binding sites respectively. To evaluate their role in CR4 enhancer
activity, we generated transgenic reporters for the CR4 element lacking these
binding sites (Fig 3.6A). Transgenic embryos with CR4 lacking both the Rfx6

and Pax3 binding sites (CR4°R*¢*P@3) displayed a pattern of reporter
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expression in the neural tube (Fig 3.6B), similar to that observed in the CR4-£-
gal transgenics (Fig 3.5A). However, there was increased reporter expression
in the lateral mesoderm (Fig 3.6B), suggesting that one or both TFs could act
as inhibitors in this tissue. In contrast, transgenic embryos with CR4 lacking the
Vdr binding site (CR4%V") completely lost reporter expression (Fig 3.6C),
revealing that Vdr is essential to induce CR4 enhancer activity. A chromatin
immunoprecipitation (ChlP) assay with an anti-Vdr antibody, followed by gPCR
confirmed that Vdr binds to the putative binding site identified within the CR4
element at E8.5 (Fig 3.6D). Interestingly, Vdr forms heterodimers with retinoid
X receptor (RXR) to bind specific DNA sequences and regulate target genes
(Haussler et al., 2013). Overall, this indicates that Vdr binds and activates the
CRA4 regulatory region, in a RA dependent manner, which in turn will induce the

expression of Hoxa4.
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Figure 3.6 — Role of TFs in the regulation of CR4. (A) schematic representation of generated
transgenic reporters for CR4 lacking the specified TF binding sites. (B) 5-gal reporter expression
in CR4ARM6+P3.B.g3| transgenic embryos. Increased reporter expression is observed in the
lateral mesoderm (arrowheads). (C) Absence of B-gal reporter expression in CR42Vd-gB-gal
transgenic embryos. (D) ChIP-gPCR of Vdr binding to CR4 in the posterior epiblast of wild type

E8.5 embryos. Fold Enrichment was normalized to 1IgG (negative control), ***, p-value<0.001.

84



Transcriptome profile of the posterior epiblast of Raldh2 mutants

To explore the impact of the absence of retinoic acid signaling we
characterized the transcriptional profile of Raldh2 mutants by RNA-seq. For
this, we dissected the posterior epiblast region of mouse wild type (WT) and
Raldh2” (RAL) embryos at E8.5, equivalent to the ATAC-seq experimental
setup. Principal component analysis separated the samples by genotype (Fig
3.7A). Differential analysis revealed 372 genes that were significantly
upregulated, and 948 genes that were downregulated in RAL, when compared
with WT (Fig 3.7B). The observation that about three quarters of the
differentially expressed genes were downregulated may allude to the activation
of gene expression having a higher weight in the RA-dependent functions at
this developmental stage. Intriguingly, manual inspection revealed that almost
52% of the total DEGs pertain to IncRNAs and unannotated genes (e.g.
4930517019Rik, Gm10388), suggesting that several genes that might play
important roles downstream of RA signaling still remain uncharacterized.
Future studies geared towards generation of mice with deletions for some of
these unannotated genes would be interesting to explore their function and
possibly uncover new insights into the role of RA signaling at this

developmental stage.

A B E Fgfs
= 15 Fst
g >° 2 Lefty2
H H Pousf1
5 i B oma a 948 372 Wnt8a
a 5 Pax6
Hd 5 _ Neurod1
‘ Neurog1
.5 y Neurog2
. ki Olig3
25 0 25 5 ) 3 [ 3 Lhx1
PC1: 95% variance Log2(Fold Change) Mesp2
@ D Ripply2
Embryonic pattern specification Amylin receptor signaling pathway Meoxi
Synapse assembly Positive regulation of lactation Gax1
Bone morphogenesis Regulation of lactation xS
Pos reg of cell junction assembly from NK cell medi " Lmx1b
Neuron migration Nogative reg of NK cell mediated Wnt7a . . .
0 2 4 6 0 5 10 -4 -2 0 2
-Log10(p-value) -Log10(p-value) Log,(Fold Change)

Figure 3.7 - Transcriptome profile of the posterior epiblast of Raldh2”. (A) Principal Component
Analysis of RNA-seq data from WT (black) and RAL (red) at E8.5. (B) Volcano plot of RNA-seq
gene expression (JLogz(Fold Change)[z1 & p-value < 0.05). Significantly upregulated genes in

RAL inred, downregulated genes in RAL in green and non-significant in black. (C) Top 5 enriched
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GO biological process terms of downregulated genes in RAL. (D) Top 5 enriched GO biological
process terms of upregulated genes in RAL. Abbreviations: Pos, positive; reg, regulation. (E)

Expression levels of key developmental genes.

Even considering the limitations imposed by the large proportion of
unannotated genes, we wanted to obtain an overview on the pathways affected
by the absence of RA by exploring enrichment for GO terms among annotated
genes within the DEGs (Fig 3.7C and D). For the downregulated genes, we
observed enrichment of GO terms related to embryonic pattern specification
and neural development (i.e. synapse assembly, neuron migration) (Fig 3.7C),
consistent with known developmental requirements of RA signaling (Molotkova
et al., 2005; Niederreither et al., 1999; Ribes et al., 2008; Zhao et al., 2009).
These included genes like Neurog2 and Pax6, involved in initiating and
regulating neurogenesis, respectively (Lacomme et al.,, 2018; Ribes et al.,
2008; Sansom et al., 2009), both of which were downregulated in our mutant
datasets (Fig 3.7E). Also downregulated in RAL tissue were genes associated
with specification of somitic mesoderm, including Mesp2 and Ripply2, both
required for somite segmentation by establishing the anterior boundary of Thx6,
(Takahashi et al., 2010; Zhao et al., 2015). Meox1l and Cdx1l were also
downregulated in the RAL mutants, consistent with previous reports indicating
their activation by RA signaling (Houle et al., 2003, 2000; Kennedy et al., 2009).
Tbhx5, Lmx1b and Wnt7a were also among the downregulated genes in the RAL
embryos, which might reflect the requirement of RA signaling for the induction
of forelimb bud formation (Adamska et al.,, 2005; Agarwal et al.,, 2003;
Krawchuk and Kania, 2008; Zhao et al., 2009).

Upregulated genes in RAL embryos included early epiblast markers Fgf5
and Wnt8a, and the pluripotent gene Pou5fl. Both Pou5fl and Wnt8a have
been shown to be repressed by RA signaling (Cunningham et al., 2015b; Gupta
et al., 2008; Pikarsky et al., 1994), and Wnt8a has been reported to collaborate
with Wnt3a to maintain Fgf8 expression and suppress Sox2 in the caudal

epiblast (Cunningham et al., 2015b). We also observed upregulation of Fst in
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the caudal epiblast at a developmental stage when Fst expression is normally
limited to the hindbrain and somites (Cunningham et al., 2016; Stafford et al.,
2014). Altogether, these observations highlight how both neural and
mesodermal specification are compromised in the absence of RA signaling.
GO analysis of the upregulated genes uncovered an enrichment for terms
associated with very diverse biological processes that have not been previously
linked directly to RA activity in the embryo (Fig 3.7D). One such process was
the Amylin receptor signaling pathway, known to be involved in controlling
energy and glucose homeostasis (Turek et al., 2010; Boccia et al., 2020). From
the 7 genes in this GO category, three were found upregulated in our datasets
(Adm, Calcr and Ramp1), which accounts for the high enrichment observed in
the GO analysis. From these, Calcr had already been shown to be repressed
by RA signaling (Lanigan et al., 1993; Bi et al., 2018). Another enriched GO
term was regulation of lactation, with several prolactin genes found upregulated
in RAL. Prolactin is one of the most abundant soluble factors present in the
amniotic fluid, originating from both maternal and fetal production and is
involved in regulation of reproduction, development, behavior, metabolism,
osmotic balance, and immunity (Bole-Feysot et al.,, 1998; WINTERS et al.,
1975). Interestingly, RA has been shown to inhibit expression of the prolactin
receptor (Widschwendter et al., 1999), already supporting a direct role of RA in
inhibiting prolactin signaling. Finally, we also observed enrichment in the GO
term associated with regulation of natural killer cell mediated cytotoxicity.
Indeed, in the absence of RA we observed an upregulation of genes that
suppress natural killer cell cytotoxicity, including Lgals9 and the Serpinb9 gene
family (El Haddad et al., 2011; Golden-Mason et al., 2013), consistent with a
role for RA in the inhibition of natural killer cell cytotoxicity by decreasing the
production of IFN-y (Abb et al., 1982; Chang and Hou, 2015; Li et al., 2007).
Overall, GO analyses of DEGs highlight the role of RA signaling in both

promoting and inhibiting a wide range of systemic functions.
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Single-cell transcriptome profile of Raldh2 mutants

To have a better understanding of the early effects that absence of RA
signaling has on the developing embryo at a cellular level we generated single
cell RNA-seq data from both wild type and Raldh2” whole embryos at E8.25.
Unsupervised clustering was applied independently to segregate each dataset
into individual clusters. We then annotated the clusters by comparing the most
expressed genes in each cluster (Fig 3.8 and 3.9) with known gene expression
patterns in embryos, as well as with published scRNA-seq datasets (Pijuan-
Sala et al.,, 2019). With this approach we were able to identify clusters
representing the main tissues found in embryos at this developmental stage
(Fig 3.10A). Even though the projection yielded similar clusters in RAL, we
observed some differences (Fig 3.10B). In particular, the absence of an
individual spinal cord cluster in RAL, although a small group of cells included
in the hindbrain cluster present markers pertaining to the spinal cord. In
addition, we identified two individual clusters (6 and 14) in the RAL dataset,
both containing gene markers characteristic of the caudal epiblast (Fig 3.9), an
embryonic region represented by a single cluster in WT embryos (Fig 3.10A).

To understand if this was a real separation or just an artifact resultant of
the dimensionality reduction step, we analyzed the differential expression of
cluster 14 versus cluster 6 (Fig 3.10C). This analysis revealed 30 genes
differentially expressed between these two clusters, several of which are
regulated by RA signaling. In cluster 6 we observed higher expression of Xist
which is indirectly regulated by RA-dependent repression of Pou5fl (Ahn and
Lee, 2010), as well as Fst, Fos and Jun, all repressed by RA (Cunningham et
al., 2016; Lee et al., 1998; Ozeki and Tsukamoto, 1999). In cluster 14 we
identified Cdx1 which is activated by RA (Houle et al., 2003, 2000, p. 200),
Crabp2, that encodes for a protein that transports RA from the cytosol to RARs
present in the nucleus (Dong et al., 1999), and Mdk a RA responsive gene
involved in neurite growth (Kaname et al., 1993). Altogether, segregation of
clusters 6 and 14 may indicate a differentially regulated impact of the absence

of RA signaling in the caudal epiblast.

88



Q N 9% > & o ) A > o N N NN R S S NI
1 ] ) e el I =2 E

1

- i

Figure 3.8 — Top 5 marker genes in wild type scRNA-seq dataset. Heatmap of the five most differentially expressed genes of each

cluster in WT dataset. Color scale represents scaled gene expression (z-score values). Yellow represents higher expression levels,

purple lower expression, and in black are the non-differentially expressed genes.
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Figure 3.9 - Top 5 marker genes in Raldh2 mutant scRNA-seq dataset. Heatmap of the five most differentially expressed genes

of each cluster in RAL dataset. Color scale represents scaled gene expression (z-score values). Yellow represents higher

expression levels, purple lower expression, and in black are the non-differentially expressed genes.
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wild type (A) and Raldh2” (B) whole embryo datasets. (C) Differential expression analysis
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between the cluster 14 versus 6 for the Raldh2”- dataset. In red are the genes more expressed
in cluster 14 cells, in blue the genes more expressed in cluster 6 cells. The top 10 up- and

downregulated genes are highlighted. Adjusted p-value <0.05 and |Logz(Fold change)|>0.5.

Next, we explored the lineage relationships in the WT and RAL single-cell
datasets using scVelo, which relies on computation of splicing kinetics to infer
directional trajectories (Bergen et al., 2020). The inferred trajectories along the
WT clusters highlight already known lineages, including the emergence of the
somitic mesoderm from the PSM, and the contribution of the lateral plate and
cardiopharyngeal mesoderm to the heart (Fig 3.11A). Importantly, the
trajectories in the WT UMAP reflected the duality of the caudal epiblast (cluster
0) in providing cells both for neural (cluster 5) and mesodermal tissues (cluster
2). However, in the RAL dataset the directional flows originating from the caudal
epiblast clusters (6 and 14) were severely disrupted, lacking trajectories
contributing to neural specification (Fig 3.11B). Indeed, from cluster 14 we only
observed directional flows to cluster 6, whereas the flow from cluster 6 was only
directed to mesodermal fates (cluster 1). These observations highlight the
existence of perturbations in the neural differentiation of progenitor cells from
the caudal epiblast in Raldh2” mutants already suggested in the transcriptomic
assay.

To understand what could be causing this discrepancy in the inferred
lineages, we identified the genes with the highest differential RNA velocity.
Since these are the genes contributing the most to the inferred trajectories and
could therefore be potential drivers of cell specification (Bergen et al., 2020).
Comparison of the generated list of the top 100 dynamic genes for clusters 0
(WT), 6 and 14 (RAL) showed more genes in common between both RAL
clusters than with WT (Fig 3.11C). The unique genes in WT could represent
key driver genes that are compromised in the gene regulatory networks of
Raldh2 mutants therefore, we focused on the top 15 genes with highest
differential velocity in each cluster. With this approach we identified 5 driver

genes unique to the WT cluster (Table 3.2). Among these, Fat3 might be
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particularly relevant, as its conditional deletion in the neural tube has recently
been shown to lead to depletion of neural progenitors, a consequence of the
requirement of Fat3 for the maintenance of progenitor proliferation (Seo et al.,
2022). Together, this suggests that Fat3 might also have a key regulatory role
in maintaining progenitor proliferation in the caudal epiblast. Interestingly, we
found that Fat3 is downregulated in the posterior epiblast of Raldh2” at E8.5
(Logz(Fold Change) = -1,54), and a similar downregulation has also been
reported in the trunk region of Raldh2” at the same developmental stage
(Berenguer 2020). Other unique driver genes identified in this analysis include
Rspo3, which activates canonical Wnt signaling (Lebensohn and Rohatgi,
2018); Gabrb2, that encodes a subunit of GABAA synaptic receptor, with
homozygous mutant mice presenting a schizophrenia-like phenotype (Yeung
et al.,, 2018); Gadl, essential for the synthesis of GABA, inactivation of this
gene produces lethal phenotypes at birth (Asada et al., 1997); and Scg5
involved in regulation of pituitary hormone secretion (Mbikay et al., 2001).

Table 3.2 - Top 15 driver genes in WT cluster 0 and RAL clusters 6 and 14. Genes listed are
ranked by differential RNA velocity values. Unique genes for each cluster are highlighted in bold.

WT Cluster 0 | RAL Cluster 6 RAL Cluster 14
Hoxb6 Lrrtm4 Hoxb6
Arid3b Hoxb6 Lrrtm4

Gabrb2 B230323A14Rik | B230323A14Rik
Hoxa9 Dgkb Tmem132c
Hoxb50s Tmem132c Spock3
Spock3 Hoxb3os Hoxb50s
Hoxd3 Thxt Plpp4
Rspo3 Alcam Tfcp2l1
Kif26b Lypd6b Sema3e
Tmem132c Mtmr7 Alcam
Gadl Sema3e Mcc
Fat3 Ttc28 Oxrl
Scgs Mcc Hoxa9
Slco5al Hoxb50s Ccdcl71
Sema3e Hmga2 Wnt3a
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Figure 3.11 — Lineage relationship reveals differential trajectories in caudal epiblast cell
populations. (A-B) Inferred directional trajectories in wild type (A) and Raldh2” (B) cell
populations. Cluster identification according to Figure 3.10. (C) Venn diagram illustrating the
overlap between the top 100 genes with the highest differential RNA velocity in WT cluster 0 and
RAL clusters 6 and 14.

Direct comparison of separate single-cell datasets requires data
integration, by identifying and aligning shared cell populations (Stuart et al.,
2019). Following this approach, we used the WT as the baseline dataset to
which RAL cells were mapped. Integrative analysis revealed the existence of
cells in the RAL dataset aligning to every single cluster present in the WT
UMAP (Fig 3.12A). However, the spinal cord cluster was found under-
represented in Raldh2” mutants, comprising only 1.3% of total cells as opposed
to the 4.9% found in WT (Fig 3.12B), which may explain why this cell population

did not show as an individual cluster in the initial RAL UMAP. The marked
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decrease of the spinal cord cell population is also consistent with the

disruptions we observed in lineage trajectories toward neural fates in RAL.
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Figure 3.12 — Integration of wild type and Raldh2” datasets reveal an under-representation of
spinal cord cell population. (A) UMAP clustering of the integrated datasets. (B) Percentage of

total cells per cluster in wild type (black) and Raldh2” (red).

Comparative scRNA-seq analysis revealed significant expression changes
in diverse systemic cell functions. We observed an overall upregulation of
several Atp, Cox and Nduf genes (Fig 3.13A), which are an integral part of the
electron transport chain and ATP synthase. The significance of this observation
is not clear, as there have been conflicting reports about the impact that
addition of all trans retinoic acid has on oxidative phosphorylation, in a cell
culture context (Papa et al., 2017; Tourniaire et al., 2015). More recently,
analysis of Rdh10*~ mice indicated a sexually dimorphic effect of RA on muscle
metabolism, specifically in terms of complex IV activity and ATP production
(Zhao et al., 2021). Moreover, we observed quantitative variations in the
expression of various ribosomal genes. While several Rpl and Rps genes were
found upregulated, Rpl29 was found highly downregulated in RAL (Fig 3.13A).
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Rpl29 is part of the 60S large ribosomal subunit and has been shown to be
involved in regulating the rate of protein synthesis with significant functional
impact, as homozygous mutants presented global growth defects and a
postnatal survival rate of 50% (Kirn-Safran et al., 2007). Fos and Jun, key
components of the JNK pathway, were also upregulated in RAL (Fig 3.13B and
C), fitting with previously reported RA repressive functions (Lee et al., 1998;
Ozeki and Tsukamoto, 1999). Interestingly, these were two of the genes that
led to the split of the caudal epiblast into two individual clusters (Fig 3.10C).
Although not many developmental genes were found differentially
expressed at this stage, Raldh2”- mutants showed increased expression levels
of Wnt5a and Wnt8a (Fig 3.14A and B), both required for axial extension and
maintenance of progenitor cells (Cunningham et al., 2015b; Yamaguchi et al.,
1999). We could also observe an overall upregulation of Fgf8, Fst, Pou5fl and
Tbxt (Fig 3.14C-F), consistent with their RA dependent regulation (Cunningham
et al.,, 2016; Gupta et al., 2008; Kumar and Duester, 2014; Martin and
Kimelman, 2010). Since scRNA-seq was performed on embryos at an earlier
developmental stage, it might be too early for the appearance of some of the
differences observed in the epiblast at E8.5 by RNA-seq (Fig 3.7). However, it
provides an insight into which are the first developmental genes affected by the
absence of RA signaling. Interestingly, these are mostly genes that require RA-
dependent repression during normal development, leading to extended

domains of expression along the embryo.
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Figure 3.13 — Absence of RA signaling leads to global changes in gene expression. (A) Heatmap

comparing average expression of select genes in each cluster of the integrated wild type and

Raldh2- datasets (as identified in Figure 3.12A). Color scale represents scaled gene expression

(z-score values). (B-C) Expression levels of Fos (B) and Jun (C) in each cluster of the integrated
wild type (black) and Raldh2” (red) datasets (as identified in Figure 3.12A). Abbreviations: CE,
Caudal epiblast; LM, Lateral mesoderm; PSM, Presomitic mesoderm; HB, Hindbrain; ASE,

Anterior surface ectoderm; GE, Gut + Endoderm; FB, Forebrain; PIM, Posterior + Intermediate

mesoderm; MB, Midbrain; HM, Head mesoderm; CM, Cardiopharyngeal mesoderm; PSE,
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Figure 3.14 — Impact of the absence of RA signaling in the expression of key developmental
genes at E8.25. (A-F) Expression levels of Wnt5a (A), Wnt8a (B), Fgf8 (C), Fst (D), Pou5fl (E)
and Thxt (F) in the integrated wild type (black) and Raldh2”- (red) datasets (as identified in Figure
3.12A). Abbreviations: CE, Caudal epiblast; LM, Lateral mesoderm; PSM, Presomitic mesoderm;
HB, Hindbrain; ASE, Anterior surface ectoderm; GE, Gut + Endoderm; FB, Forebrain; PIM,
Posterior + Intermediate mesoderm; MB, Midbrain; HM, Head mesoderm; CM, Cardiopharyngeal
mesoderm; PSE, Posterior surface ectoderm; H, Heart; SM, Somitic mesoderm; E, Endothelium;
SC, Spinal cord; A, Allantois; NC, Neural crest; EE, Extraembryonic endoderm; VNT, Ventral
neural tube; B, Blood; N, Notochord.
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Conclusion

In the present study, we evaluated the impact of the absence of RA
signaling in both chromatin accessibility and transcriptomic profiles during
embryo development. Despite the reported mechanisms for RA gene regulation
relying on modulation of chromatin (Hong et al., 2018; Kumar et al., 2016;
Kumar and Duester, 2014), we observed very few statistically significant
changes in chromatin accessibility in the caudal epiblast of Raldh2” embryos
at E8.5. Although RAREs have been identified near both Nr2f2 and Hoxa4
(Behringer et al., 1993; Berenguer et al., 2020; Packer et al., 1998), our
analysis uncovered enhancer regions regulating these genes from hundreds of
kilobases away, suggesting that RA signaling can have multiple mechanisms
to regulate gene expression. Our functionality assays also revealed the
existence of regulatory interactions, both activating and inhibiting, between
enhancer regions to fine tune the expression pattern of the target gene (Bothma
et al., 2015; El-Sherif and Levine, 2016; Perry et al., 2011). In addition,
enhancer regions modulating the same gene were found to be regulated by
distinct sets of TFs, which allow maintenance of gene expression patterns
regardless of fluctuations in TF levels (Waymack et al., 2020). Overall, these
results demonstrate the high complexity behind the mechanisms involved in
enhancer regulation.

Single cell transcriptome profiles revealed that the absence of RA activity
had a marked impact on the cellular dynamics of the caudal epiblast, in
particular the disruption of progenitor cell differentiation to neural fates,
consistent with previous reports (Cunningham et al., 2015a). We also identified
Fat3 as a potential driver gene of the inferred trajectories in the caudal epiblast.
Although we found no significant changes of Fat3 expression at E8.25, by E8.5
we and others (Berenguer et al., 2020) describe a downregulation in Raldh2
mutants. These observations confirm the expression dynamics predicted by
scVelo and suggest that Fat3 potential regulatory role is compromised in

Raldh2 mutants. RA signaling has been associated with several processes
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throughout development (Busada et al., 2015; Hernandez et al., 2007; Matt et
al., 2005; Niederreither et al., 2001, 1999; Zhao et al., 2009). Our approach
provided insight on the early RA activity at the whole embryo level, suggesting
that the first regulatory defects are the extended domains of expression due to

the lack of RA-dependent repression of the target genes.

Methods

Mice and embryos

Mouse embryos were recovered by cesarean section at different
developmental stages and processed according to the standard methods for
the distinct analysis described below. All experiments conducted on animals
followed the Portuguese (Portaria 1005/92) and European (Directive
2010/63/EV) legislations concerning housing, husbandry, and welfare. The
project was reviewed and approved by the Ethics Committee of Instituto
Gulbenkian de Ciéncia and by the Portuguese National Entity, Direc¢éo Geral
de Alimentacéo e Veterinaria (license reference 014308).

Raldh2 mutant mice were generated by introducing in frame stop codons
into the second exon of the gene (Fig 3.15). A sgRNA targeting the sequence
AATGGCAGAACTCAGAGAGT was generated by in vitro transcription. Briefly,
oligonucleotides Raldh2-gRNA-1 and Raldh2-gRNA-2 (Table 3.3) were
annealed and cloned into the Bssl sites of plasmid pgRNA-basic (Casaca et
al., 2016). The sgRNA was transcribed from the resulting plasmid with the
MEGAshortscript T7 Kit (Life Technologies) and purified with the MEGAclear
Kit (Life Technologies). Cas9 mRNA was produced by in vitro transcription from
the pT7-Cas9 plasmid (Casaca et al., 2016) using the MMESSAGE
MMACHINE T7 Ultra Kit (Life Technologies) and purified with the MEGAclear
Kit (Life Technologies). The replacement ssDNA oligonucleotide containing
three in frame stop codons followed by an EcoRI site (Raldh2-3X-Stop) (Table
3.3) was purchased from IDT. A mixture of 10 ng/ul of Cas9 mRNA, 10 ng/ul of

the gRNA and 10 ng/ul of the Raldh2-3X-Stop oligonucleotide was injected into
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the pronuclei of fertilized oocytes of the FVB/J background, using standard
procedures (Hogan et al., 1994). The mutant allele was detected by PCR using
primers Raldh2-MUT-Fw and Raldh2-MUT-Rv (Table 3.4). Targeting was
confirmed by direct sequencing (Fig 3.15).

Wild type

Raldh2"

Figure 3.15 - Sequencing profiles of wild type and Raldh2’ mutants, generated by
introducing in frame stop codons in the second exon. Whole-mount in situ hybridization
of wild type and Raldh2”- mutant embryos at E9.5 using a probe for Fgf4.

Table 3.3 - gRNA and ssDNA used for CRISPR/Cas9
Raldh-gRNA-1 AGGGAATGGCAGAACTCAGAGAGT

Raldh-gRNA-2 AAACACTCTCTGAGTTCTGCCATT

Raldh2 CATATCCCATTTTCTTGTGTCCCTTCTGTAGATCTTTATTAACAATGA
Raldh2-3X-Stop | ATGGCAGAACTCAGAGTGATAGAATTCAGTGGGAGAGTGTTCCCTG
TCTGTAATCCAGCCACAGGAGAGCAAGTGTGTGAAGTTCAAGAAG

gRNA CR3 1 | TCTTTCGGTCGTTCCCAGAG

gRNA_CR3_2 GATACAACCGTCTTCTAGCT
CR3 CCATCGGGGCGGGTGAGACCTCTCAGCACACCCTCTGTCCCCT
ssDNA TCTTTCGGTCGTTCCCAGCTAGGGAACCAGGGCAAAGTTGGC
CTGGGTGGGATGGTTCTAAGGGTGCAGGGTGAACA

gRNA CR3a 1 | ATTGGAGGTGCACTGGGTGA
gRNA_CR3_2 GATACAACCGTCTTCTAGCT
CR3a GGATGCTGGTGTGTATGCTTGTATGTGCCTTTGGAGTCAGGGT

ssDNA ATTGGAGGTGCACTGGGGCTAGGGAACCAGGGCAAAGTTGG
CCTGGGTGGGATGGTTCTAAGGGTGCAGGGTGAACA

gRNA _CR3 1 [ TCTTTCGGTCGTTCCCAGAG
gRNA_CR3b_2 | TCTCCTGGGCATTATCTGCC

CR3b
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CCATCGGGGCGGGTGAGACCTCTCAGCACACCCTCTGTCCCCT
ssDNA TCTTTCGGTCGTTCCCAGCCAGGTTCACCCCATTTCTTTTTATAA
TCTTACTACATATTTAAAGGAGTCCCTTGCCT

gRNA_CR4_1 GAAACCTTCAGAGGCAGTAG

gRNA_CR4_2 AGAGCTAAATCAGATGTCAC

CR4 TCCGTCAATCAACAATAAAGTATTATTCTACCGTCACAAAGGGGA
ssDNA AACCTTCAGAGGCAG ACATCTGATTTAGCTCTTCTCCCCGAGTG
ACATTCACTGCTCCTTTTCTTCACATACTTA

Table 3.4 - Primers used for genotyping.

Fw GTTTTCTGATCTCCCAGATCTC
MUT Rv TCTCCCACTGAATTCTATCAC
Raldn2 Fw GTTTTCTGATCTCCCAGATCTC
wT Rv AACACTCTCCCACTCTCTGAG
Fw GAGCCACACTGATTTCAGAGG
<0 Rv TCATCCATACCCTCCAGCTAC
cR3 Fw GAGCCACACTGATTTCAGAGG
wr Rv AGACGTTACAGTAACGTGCTC
Fw TGAATTGACGTGAGAGGAAGG
<0 Rv TCATCCATACCCTCCAGCTAC
cR3a Fw TGAATTGACGTGAGAGGAAGG
wT Rv GGCTGATGTGAAGCATTGCAG
Fw GAGCCACACTGATTTCAGAGG
0 Rv TTATCACAGACTGTGACCAAC
CR3b Fw GAGCCACACTGATTTCAGAGG
wT Rv AGACGTTACAGTAACGTGCTC
Fw CTGTGATTGAACATGGTAGGC
CR4 "o Rv TGTGACGATAAGGTCCAGTTG
Fw CTGTGATTGAACATGGTAGGC
wr Rv GATGGAGTACACTGAGTAGTG

CR3 and CR4 deletion mice were generated by CRISPR/Cas9 (Wang et
al., 2013) on the FVB/J background, as previously described (Tekko et al.,
2022). We used two gRNAs targeting the border of the sequence to be deleted
and one ssDNA oligo bridging the two sides of the deletion (Table 3.3) to

increase the edition efficiency. In these cases, each gRNA was generated by
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annealing the relevant Alt-R-CRISPR-Cas9 crRNA (targeting sequences in
Table 3.3) with the Alt-R-CRISPR-Cas9 tracrRNA (all purchased from IDT).
1u M of each gRNA was incubated with 100 ng/ml of theCas9 protein and 10
ng/ml of the replacement DNA and microinjected into the pronucleus of
fertilized mouse oocytes. Identification of deletion mutants was performed by
PCR using the oligonucleotides specified in Table 3.4. Positive founders were
crossed with wild type mice to generate F1 heterozygous mice that were then
used to build the mutant lines. Homozygous mutants were then generated by
heterozygous crosses. Mice and embryos were genotyped by PCR using
primers specified in Table 3.4.

ATAC-seq

Posterior epiblasts of wild type and Raldh2” E8.5 mouse embryos were
collected to 500 ul of cold M2 (Sigma, M7167), spun down to remove
supernatant and incubated with 500 ul of Accutase (Sigma, A6964) for 30 min
at 37°C, with shaking at 600 rpm, to dissociate the tissue into single cells.
ATAC-seq was performed as previously described (Corces et al., 2017), using
two separate biological replicates for each condition. The amplified libraries
were double-step size selected (0.5x followed by 1x) using SPRIselect
(Beckman Coulter, B23317) according to manufacturer’s instructions. Pooled
ATAC-seq libraries were sequenced on a NextSeg500 (lllumina) at 50M paired-

end 75 base reads per sample.

ATAC-seq Data Analysis

Fastq files were processed with GUAVA vl1, following the recommended
guidelines (Divate and Cheung, 2018). GUAVA enables pre-processing of raw
sequencing reads, mapping of reads to a reference genome, peak calling and
annotation, as well as differential analysis between samples. ATAC-seq data is
available in the GEO accession database under accession number

GSE220245. All genome browser tracks were captured using Integrative
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Genomics Viewer (Robinson et al., 2011). Phylogenetic conservation data for
multiple alignments of 59 vertebrate genomes to the mouse genome
(mm210.60way.phyloP60way) was obtained from phyloP directory (Pollard et
al., 2010) and loaded into IGV. Hi-C data was obtained from 3D genome
browser (Wang et al., 2018) using the ‘mm10 mESC Bonev_2017-raw’ dataset
at 40kb resolution. To visualize our candidate regions within the context of this
dataset we loaded a BED file with the coordinates of our candidate regions to
UCSC Genome Browser (Kent et al., 2002) and loaded this session into the 3D
genome browser (Wang et al., 2018).

ATAC-seq data was analyzed for TF footprints using HINT (Li et al., 2019).
Replicates were merged to increase read depth and processed with “rgt-hint
footprinting” command. Footprint motifs were matched to HOCOMOCO
database (Kulakovskiy et al., 2018) with “rgt-motifanalysis matching” and then
further assessed for differential motif occupancy with the “rgt-hint differential”

command.

B-Galactosidase Transgenics

For reporter analyses, candidate regions identified by ATAC-seq data were
amplified by PCR from mouse genomic DNA (primers provided below, Table
3.5) and cloned upstream of a cassette containing the adenovirus 2 minimal
late promoter, the B-galactosidase cDNA, and the polyadenylation signal from
SV40 (Jurberg et al., 2013). Transgenic mice were produced by pronuclear
injection (Hogan et al., 1994). The B-galactosidase staining was performed as
previously described (Jurberg et al., 2013). At least 3 transgenic embryos
displaying consistent reporter expression patterns were observed for each

candidate.

Table 3.5 - Primers used to amplify candidate regions for 3-Galactosidase assays.

CR3 Fw GACTCGAGGTGTCAGACCTGTGTAAATGC
Rv ACCTGCAGGGAGGAAATGTTGTTGTTTGG
CR3a Fw TTACTCGAGGCTGTCTACAGTGACTCTGTG
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Rv

ACCTGCAGGGAGGAAATGTTGTTGTTTGG

CR3b Fw GACTCGAGGTGTCAGACCTGTGTAAATGC
Rv ATCTGCAGGTAAGGAGCAGACTTCACGTC
U Fw TTACTCGAGGCTGTCTACAGTGACTCTGTG
p
Rv GCCGAATTCTACTAGTTTATGGGGCTGATG
CR3aAMsgn1
Fw CGCGAATTCGACACTTGAAAGTACCAGTTC
Down
Rv ACCTGCAGGGAGGAAATGTTGTTGTTTGG
Fw TTACTCGAGGCTGTCTACAGTGACTCTGTG
Up
Rv GCAGAATTCGGCTGATGTGAAGCATTGCAG
CR3aAHOx
Fw GCCGAATTCAGTCAGAACAAAAGGTCTGAC
Down
Rv ACCTGCAGGGAGGAAATGTTGTTGTTTGG
U Fw GACTCGAGGTGTCAGACCTGTGTAAATGC
CR3AHox P Rv GCAGAATTCGGCTGATGTGAAGCATTGCAG
b Fw GCCGAATTCAGTCAGAACAAAAGGTCTGAC
own
Rv ACCTGCAGGGAGGAAATGTTGTTGTTTGG
U Fw GACTCGAGGTGTCAGACCTGTGTAAATGC
P Rv ATTCTAGAGTGGCTTCTGCTCCAGAGCTC
CR3bASmad1+Sp5
b Fw CGTCTAGATTCTAAGAGACTCAGTGGCTC
own
Rv ATCTGCAGGTAAGGAGCAGACTTCACGTC
CR4 Fw GCACTCGAGAGTGGTTATAAGCTTGCCTTG
Rv GTCTGCAGAAATCAGATGTCACTGGAGTG
U Fw GCACTCGAGAGTGGTTATAAGCTTGCCTTG
P Rv GGTCTAGAACAACCCATAGTCCTCTACTG
CR4Afo6+Pax3
b Fw AATCTAGACGCTGGCTTGGGGCAAGAAGC
own
Rv GTCTGCAGAAATCAGATGTCACTGGAGTG
U Fw GCACTCGAGAGTGGTTATAAGCTTGCCTTG
CRAAVer P Rv CCTCTAGACCAGCGGTCAGCAACAAATAATTC
b Fw GCTCTAGATTCCTGATGAGCACCATCACC
own
Rv GTCTGCAGAAATCAGATGTCACTGGAGTG
Fw GTACTCGAGGCCAGGCTAAAGAGTATGTTG
Peak_10773
Rv AACTGCAGTGTATGCTGGCTTGGCTGCTG
Fw CGACTCGAGGTGAGTGTATTTCACAGAAGC
Peak 11325
Rv CGCAGATCTCCCAATTCTGTGTGAAATTGG
Fw GTCTCGAGAGGCTGGATGACTAATGGTTAGC
Peak_14942
Rv AACTGCAGCTTCTGCGTTGTCTGTGAGTG
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Fw

GTCTCGAGTGACACGGAGTATTTCATGTC

Peak_35261
Rv AGCTGCAGCTCAAACTTCTTCCTAACCTG
Fw CATCTCGAGTAAAGCAGAGTCTGAAGGCAG
Peak 59634
Rv GTCAGATCTTCAAAGCTTTGCCAGAGCCAG
Fw GCGCTCGAGTCCACACTGAACTATTTGTTC
Peak_60984
Rv CACTGCAGTCTTCTCTCACACATTCCAAC
Fw GTACTCGAGTGCTGGGATCTCAAAAGACAG
Peak_67886
Rv AGCTGCAGGCTACTGTGTATCTGAACATG
Fw CGACTCGAGAGTTCCACTAAAAGGCACCATC
Peak_123811
Rv TTCTGCAGGATTACAGCAATTGGCACCAC
Fw ACGCTCGAGAGGACCACTTAACAATTCTGC
Peak 143897
Rv TCCTGCAGTAACCTACTACACCAAATGGCC
Fw CGGCTCGAGGCATACATTAGTCTTTCTTCACC
Peak 152170
Rv TGCAGATCTCCTTGTGCATTCAGAGTGCAG

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed as previously described

(Aires et al., 2019) using digoxigenin-labeled RNA antisense probes. At least 3

embryos were stained per probe and genotype, showing highly reproducible

patterns. RNA probes were prepared by amplifying a cDNA fragment by RT-
PCR (primers provided below, Table 3.6) from total RNA isolated from E9.5

embryos with TRI Reagent (Sigma, 93289), according to the manufacturer’s

protocol, and cloning it into pKS-bluescript. The Hoxa6 probe was obtained
from a cDNA image clone (MGC:155423, IMAGE:8733856).

Table 3.6 - Primers used to amplify in situ probes.

Fw ACGAATTCTGCATGCAGCCTAACAACATC
raf2 Rv ATGGATCCATTGCTCTATGACTGAGGAGG
Fw GCGAATTCCACTTTAACCGCTACCTGACC
roxad Rv TTGGATCCTTCCACTAAGCAGTAACGAGG
Fw GCGAATTCATCATAGTTCCGTGAGCGAAC
roxas Rv TTGGATCCTCTTTCTCCAGCTCCAGGGTC
Hoxa7 Fw GGATCGATGCTTATACAATGTCAACAGCC
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Rv AAGGATCCCTGGCTCTCATCTTTATGCTC

RT-qPCR

Total RNA was extracted from whole wild type and CR4** embryos at E9.5
using TRI Reagent. 1 ug of RNA was used for reverse transcription into
complementary DNA (cDNA) using NZY Reverse Transcriptase enzyme
(NZYTech, MB124) and random hexamer mix (NZYTech, MB12901) following
the manufacturer’s protocol. Real-time qPCR was performed in a QuantStudio
7 Flex real-time PCR system (Thermo Fisher) using iQ SYBR Green Supermix
(Bio-rad, 1708880) according to manufacturer’s instructions. Primers used are
listed in Table 3.7. Quantification was determined using the standard curve
method, and expression levels normalized to B-Actin. Statistical significance
was assessed using unpaired t-test.

Table 3.7 - Primers used in RT-gPCR and ChIP-gPCR.

H 4 Fw CCTGGATGAAGAAGATCCACG
oxa
Rv TTCCTTCTCCAGTTCCAAGAC
BAc Fw TCTGGTGGTACCACCATGTAC
-Actin
Rv TACTTGCGCTCAGGAGGAGC
Fw TTCCACCAGCCACAAACTTAG
CR4-Vvdr
Rv TGGAGTACACTGAGTAGTGGC
ChIP-qPCR

Posterior caudal epiblasts of wild type embryos were collected at E8.5 for
ChIP as previously described (Schmidl et al., 2015). Immunoprecipitation was
performed using rabbit monoclonal anti-Vitamin D Receptor antibody (Abcam,
Ab109234), and rabbit polyclonal IgG antibody (Cell Signaling, 2729) was used
as a negative control. Enrichment was measured by real-time gPCR in a
QuantStudio 7 Flex real-time PCR system (Thermo Fisher) using iQ SYBR
Green Supermix (Bio-rad, 1708880) according to manufacturer’s instructions.

Primers used are listed in Table 3.7. Quantification was determined using the
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relative quantification method, enrichment was normalized to IgG. Statistical

significance was assessed using unpaired t-test.

RNA-sequencing analysis

Posterior epiblasts of wild type and Raldh2”- E8.5 mouse embryos were
dissected and snap frozen. Total RNA was isolated from pooled samples with
TRI Reagent following the manufacturer’s protocol. RNA samples were then
resuspended in RNase-free water. RNA concentration and purity were
determined on an AATI Fragment Analyzer (Agilent). RNA-seq from wild type
and Raldh2” tissues was performed using two separate biological replicates.
Libraries were prepared from total RNA using the SMART-Seq2 protocol
(Picelli et al., 2014). Sequencing was performed on lllumina NextSeq500,
generating >25M single-end 75 base reads per sample. Reads were aligned to
the reference mouse genome (mm210) using STAR (Dobin et al., 2013). Read
count normalization and differential expression between samples was analyzed
using DESeq2 (Love et al., 2014). Gene ontology enrichment analysis was
performed using PANTHER (Ashburner et al.,, 2000; Mi et al., 2019), by
selecting for biological processes using Fisher’s Exact test and False Discovery
Rate. No background gene list was used. Gene ontology results presented are
ranked by Fold Enrichment. RNA-seq data is available in the GEO accession
database under the accession number GSE220246.

Single-cell RNA sequencing

Embryos from Raldh2 heterozygous crossings were collected at E8.25 and
dissected in M2 media (Sigma, M7167). Since at this developmental stage
homozygous mutants are not visually distinguishable, yolk sacs were collected
for genotyping while the dissected embryos were maintained in M2 media on
ice. Samples were genotyped using Speedy Supreme NZYTaq DNA
polymerase (NZYtech, MB360), following the manufacturer's instructions.
Whole wild type and Raldh2”- embryos were pooled for one sample of each

genotype. Pooled samples were dissociated into single cell suspension by
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incubating the embryos with TrypLE Express (Life Technologies, 12604-013)
at 37°C for 7 min followed by mechanical dissociation by pipetting and
guenched with M2 supplemented with 10% FBS (GE Healthcare,
HYCLSH30070.03). Single cell suspensions were centrifuged at 300g for 5min,
resuspended in PBS with 0,04% UltraPure BSA (Ambion, AM2616) and filtered
through a 40um cell strainer (PluriSelect, SKU 43-10040-40). Cell counts were
determined with a haemocytometer. Single cell libraries were generated with
Chromium Next GEM Single Cell 3' Kit (10x Genomics, v3.1), according to
manufacturer’s instructions, using 10 000 cells as input. Libraries were
sequenced on Illumina NextSeq500 with High Output v2.5 (75 cycles) kit
(NMlumina, 20024906).

Raw fasta files were processed with 10x Genomics Cell Ranger pipeline
(10x Genomics, v3.0), reads were mapped to the mouse genome (mm10) and
counted using UMI barcodes to generate count matrices. Cell quality control,
data normalization, clustering and differential analysis was performed using
Seurat V4.0 package (Stuart et al., 2019), following developers’
recommendations. Cells with less than 2000 expressed genes, as well as with
more than 5% of mitochondrial genes were excluded from the analysis. RNA
velocity was computed using Velocyto (La Manno et al., 2018) and scVelo

(Bergen et al., 2020), according to the developer’s instructions.
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The vertebrate main body axis is generated sequentially from head to tail,
first by the activity of the primitive streak and then of the tail bud. Despite the
diversity of body shapes and sizes present in this clade, they all share a basic
organization of their body plan, distributed into head, neck, trunk and tail
structures. Head and trunk development are distinct not only in terms of cellular
dynamics and types of tissues produced, but also in the gene regulatory
networks controlling their development. In chapter 2 we described a wide
variety of molecular and genomic changes associated with the head to trunk
transition and further focused on relevant changes observed in WNT signaling.
Wnt5a and Wntll, non-canonical Wnt ligands required for axial extension
through the trunk and tail (Andre et al., 2015; Yamaguchi et al., 1999), were
found upregulated already at E8.5, suggesting an increased reliance on non-
canonical WNT signaling in the posterior epiblast upon head to trunk transition.
This was also accompanied by significant changes in G-protein-dependent
signaling that may play a functional role in the activation of the non-canonical
WNT pathway.

We also found that the effect of Porcn on WNT signaling might be different
during head and trunk development. Porcn introduces a palmitoleoyl moiety to
Whnt proteins (Rios-Esteves et al., 2014; Takada et al., 2006) and experiments
in cultured cells indicated that its absence results in Wnt protein accumulation
in the endoplasmic reticulum. Porcn inactivation in mice produced development
arrest during gastrulation (Biechele et al., 2011; Takada et al., 2006), indicating
an essential role of this enzyme for Wnt3 activity. It has been assumed that
Porcn is also required for WNT signaling at later developmental stages of axial
development, although it had never been directly evaluated. The finding that
Porcn is downregulated at E8.5, an observation that fits with published
expression analyses during embryonic development (Biechele et al., 2011), led
us to analyze the effect of blocking Porcn activity on axial extension. Our ex-
vivo embryo culture assays in the presence of the Porcn inhibitor IWP-01,
revealed that WNT signaling during axial extension might include both Porcn-

dependent and -independent activities. Significantly, the phenotype of IWP-01
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treated embryos did not include the formation of ectopic neural tubes at the
expense of paraxial mesoderm, a hallmark of the absence of Wnt3a in mouse
embryos (Yoshikawa et al., 1997). This indicates that, at least the known Wnt3a
activity as a coordinator of NMC fate is independent of Porcn activity. These
findings are consistent with previous reports showing that Wnt3a can activate
WNT signaling independently of Porcn in cell culture assays (Rao et al., 2019).
Interestingly, IWP-01-treated embryos presented a phenotype reminiscent of
Wnt5a mutants (Yamaguchi et al., 1999), indicating that its function during axial
extension requires posttranslational modification by Porcn. In addition, this
phenotype is also consistent with an increased reliance on non-canonical WNT
signaling during axial extension. Wnt5a has been described to inhibit canonical
WNT signaling during secondary heart field development by modulating the
levels of B-catenin (Bisson et al., 2015; Cohen et al.,, 2012). It would be
interesting to determine whether a similar mechanism could operate during
axial extension, to establish a proper functional balance between canonical and
non-canonical signaling. Such balance could be required both to regulate the
promotion of axial extension and to achieve a proper equilibrium between the
production of neural tube and paraxial mesoderm from the NMCs.

Key regulators of trunk development like Cdx2, Thxt and Wnt3a only seem
to become functionally relevant during the head to trunk transition, despite
already being expressed at earlier developmental stages (Amin et al., 2016;
Herrmann et al.,, 1990; Takada et al., 1994). Inactivation of these genes
originates truncated embryos at the level of this transition, while the formation
of anterior structures is not affected (Amin et al., 2016; Herrmann et al., 1990;
Takada et al., 1994). This suggests that the head to trunk transition may involve
a change in the capacity of cells to respond to specific gene networks.
Consistent with this hypothesis, we observed extensive changes in chromatin
accessibility, with most of the differentially accessible regions mapping to
intergenic regions, thus indicating a major switch in the regulatory elements
associated with either head or trunk formation. Analysis of TF binding dynamics

revealed that the binding activity of Cdx2, Cdx1, and several posterior Hox
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proteins only kickstarts when trunk formation is initiated. This switch in binding
activity demonstrates how changes in chromatin accessibility can determine
which regulatory networks become active or inactive at a particular
developmental stage by controlling the expression of genes playing relevant
roles in those networks. Cdx2 has been shown to activate genes involved in
FGF and WNT signaling pathways by binding to regulatory elements controlling
their activity (Amin et al., 2016). One of the genomic regions bound by Cdx2 is
located upstream of Wnt5a (Amin et al., 2016) and overlaps with the CR1
element we described herein. Together, this suggests that the change in
chromatin state during the head to trunk transition may be required to enable
Cdx2 binding to the CR1 region, which in turn will promote proper timing of
Whnt5a expression.

RA signaling is also required for proper regulation of the head to trunk
transition, as inactivation of Raldh2 results in developmental arrest at this stage
(Niederreither et al., 1999). Despite our initial hypothesis of RA acting as a
regulator of the chromatin changes observed during this transition, absence of
RA activity had a minor effect in chromatin accessibility in the caudal epiblast
at E8.5. This was somewhat unexpected, considering previous reports showing
that RA signaling has a marked impact on chromatin accessibility (Kiani et al.,
2022; Li et al., 2018; Lopez-Pérez et al., 2021; Schleif et al., 2023). However,
in all of these studies chromatin dynamics were assessed following addition of
RA, which may generate non-physiological effects, as the described RA effect
on chromatin accessibility was dose dependent (Kiani et al., 2022).

Although Raldh2 mutant embryos still do not display a visible phenotype at
E8.25, single cell transcriptome analysis of the whole embryo revealed that the
cellular dynamics of the caudal epiblast was severely disturbed. This was also
accompanied by a reduction of the spinal cord cell population size in Raldh2
mutants. These findings are consistent with the requirement of RA signaling for
proper balance of NMC differentiation into mesodermal and neural fates
(Cunningham et al., 2015a) as well as a possible role for RA in cell proliferation

in the spinal cord (England et al., 2011; Wilson et al., 2003). Analysis of the
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genes with the highest differential RNA velocity identified Fat3 as a potential
regulator of this process, which is supported by its requirement for neural
progenitor proliferation (Seo et al., 2022). While at E8.25 Fat3 expression levels
are similar, by E8.5 Fat3 was downregulated in Raldh2 mutants, thus
confirming the expression dynamics estimated with scVelo. Therefore, the
reduced expression of Fat3 may be responsible for the decrease in neural
progenitors in Raldh2 mutants (Cunningham et al., 2015a).

We also observed a global upregulation in Raldh2 mutants of several
genes encoding for components of the electron transport chain. Further studies
will be required to determine whether this upregulation is also accompanied by
increased activity of the electron transport chain in Raldh2”-. A recent study has
demonstrated that increased electron transport chain activity can accelerate
the segmentation clock, by regulating the NAD*/NADH ratio (Diaz-Cuadros et
al., 2023). In turn, a faster segmentation clock rate leads to smaller somites
(Gomez et al., 2008). Therefore, this mechanism could potentially account for
the smaller somites observed in Raldh2 mutants. Interestingly, at E8.25 the
majority of the differentially expressed genes between wild type and Raldh2”
embryos were upregulated in the mutant dataset, likely due to the lack of
repression by RA signaling. Some of these genes, like Fgf8, Pou5fl and Fst,
had already been shown to be repressed by RA (Cunningham et al., 2016;
Gupta et al., 2008; Kumar and Duester, 2014).

In this work, we also characterized the functional relevance of several
potential enhancers identified in the chromatin accessibility assays. Generation
of CR deletion mutants revealed no obvious phenotypic defects for any of the
tested elements. Even though in specific cases single enhancer deletion can
lead to significant phenotypes (Banerji et al., 1981; Lettice et al., 2003;
Yanagisawa et al., 2003), there is growing evidence for the existence of
widespread enhancer redundancy (Ahituv et al., 2007; Antosova et al., 2016;
Cannavo et al., 2016; Cunningham et al., 2018; Nolte et al., 2014; Osterwalder
et al., 2018). Indeed, approximately 340,000 candidate cis-regulatory elements

have been identified in the mouse genome, which vastly surpasses the number
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of annotated genes (around 24,000 with protein sequence data) (The ENCODE
Project Consortium et al., 2020). In keeping with this global estimative, we also
found a high disparity between the number of genomic regions presenting
significant changes in accessibility and the differentially expressed genes
associated with the head to trunk transition. These numbers point towards a
complex regulatory mechanism where each gene may be controlled by multiple
enhancers. The presence of redundancy between enhancers provides
phenotypic robustness by protecting against genetic and environmental
perturbations (Antosova et al., 2016; Frankel et al., 2010; Osterwalder et al.,
2018; Perry et al., 2010).

Importantly, the redundancy that enhancers display most often does not
include sequence homology (Barth et al., 2020). Our observations with CR3a
and CR3b can illustrate this phenomenon, as these genomic regions could
induce partially overlapping patterns of expression, but their regulation was
dependent on distinct TFs. Indeed, redundant enhancer pairs have been shown
to drive more robust gene expression patterns than a mere enhancer
duplication (Waymack et al., 2020; Wunderlich et al., 2015). This is due to the
regulation of each enhancer relying on a different set of TFs, which would help
buffering the effects of possible fluctuations in the levels of their regulatory TFs
(Waymack et al., 2020; Wunderlich et al., 2015). We also observed positive
and negative enhancer interactions between CR3a and CR3b that were
required to reproduce the expression pattern of the target gene, Nr2f2, in a way
that each individual enhancer could not. Our observations with the CR3
enhancer are consistent with previous reports on the role of enhancer
interaction in producing precise boundaries in the expression domains of
developing Drosophila embryos (Bothma et al., 2015; EI-Sherif and Levine,
2016; Perry et al., 2011). As such, redundant enhancers can present individual
functional roles in what concerns time- or cell-specific regulation, which may
favor their prevalence in the genome and explain why these elements are

maintained throughout evolution.
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Overall, by exploring both transcriptome and chromatin accessibility
profiles of mouse embryos we demonstrated that the head to trunk transition is
associated with extensive changes in chromatin accessibility that might play a
fundamental role in the establishment of proper time- and cell- specific
activation of the relevant gene regulatory networks. Despite the importance of
proper regulation of the head to trunk transition for the normal course of
embryonic development, this has rarely been the focus of mechanistic analysis
of developmental processes. Further efforts must be employed to fully
understand the control of the rapid cellular and molecular changes occurring at
this embryonic stage. In particular, it would be important to identify a possible
master regulator of the head to trunk transition, somewhat similar to what has
been previously described for the regulation of the trunk to tail transition (Dias
et al., 2020; Jurberg et al., 2013).
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