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Abbreviations

aaa: Anterior arch of the atlas

ANT-C: Antennapedia complex

AP: Antero-posterior
BX-C: Bithorax complex

Cdx: Caudal type homeobox
CNH: Chordo-Neural Hinge
Cyp26b1: Cytochrome P450 family 26 subfamily B member 1

DII1: Delta-likel

exd: Extradenticle

FGF: Fibroblast Growth Factor

FL: Forelimb

Hox: Homeobox
HD: Homeodomain
HL: Hindlimb

hth: Homothorax

Meis: Myeloid ecotropic viral integration site

Mesp1: Mesoderm Posterior BHLH Transcription Factor 1

NA: Neural arch

NSB: Node-Streak Border

Pax: Paired box

Pbx: Pre-B-Cell leukemia homeobox
PDGFRa: Platelet Derived Growth Factor Receptor Alpha

PS: Primitive Streak

PSM: Presomitic Mesoderm

RA: Retinoic Acid

Raldh2: Renialdehyde dehydrogenase 2
RAR: Retinoic Acid Receptor
RARE: Retinoic Acid-Responsive Element

RXR: Retinoid X Receptor

Sox2: Sex Determining Region Y-Box 2
Stra8: Stimulated by Retinoic Acid 8
TALE: Three Aminoacid Loop Extension
TGFp: Transforming growth factor beta

Zp3: Zona Pellucida Glycoprotein 3
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Metazoan antero-posterior patterning is established during development and in vertebra-
tes its organization can be studied through the specific morphologies of vertebrae de-
pending on their position along the rostro-caudal axis. Hox genes encode DNA-binding
homeodomain transcription factors essential for the specification of axial skeletal identi-
ties. The specificity and affinity of Hox proteins in DNA binding and axial identity speci-
fication depends on interactions with cofactors. Meis transcription factors form different
molecular complexes required for Hox proteins to efficiently regulate their targets. In this
thesis we show that Meis is involved in the specification of axial identities and skeletal
patterning, by showing that the deletion of Meis produces anterior homeotic transfor-
mations and other skeletal defects affecting the occipital, cervical, thoracic and anterior
lumbar region. The abnormalities observed in the skeleton of Meis-deficient mice do not
involve changes in Hox gene expression, despite the extensive binding of Meis to Hox
genetic complexes, and therefore, their role as Hox cofactors could underlie the homeotic
functions described. Through molecular analyses, we found retinoic acid signaling defi-
ciencies in Meis mutants and identified the gene Raldh2, which codifies for the main em-
bryonic retinoic acid synthesizing enzyme, as a putative direct Meis target. A compared
analysis of Meis and Raldh2 mutants identifies similar alterations of the skeletal pattern,
which suggests that, at least in part, Meis roles in axial skeleton patterning are conveyed
by regulation of the retinoic acid pathway. Besides homeotic transformation, we found
defective patterning of the distal segments of ribs, which we correlated with defects in
molecular pathways required for hypaxial muscle development. The results presented
characterize the functions of Meis genes in axial skeletal patterning and identify molecu-
lar pathways by which they perform these functions.
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El patron antero-posterior de los metazoos se establece durante el desarrollo y en el caso
de vertebrados puede ser estudiado mediante la identificacion de diferentes vertebras, ya
que éstas presentan caracteristicas especificas dependiendo de su posicion en el eje. Los
genes Hox codifican factores de transcripcion que presentan un homeodominio mediante
el que se unen al ADN y estan implicados en la especificacion de identidades axiales. Su
especificidad y afinidad en la unién al ADN durante el establecimiento de identidades
axiales depende de la interaccion con otros cofactores. Este es el caso de los factores
de transcripcion Meis, que forman diferentes complejos para regular las dianas de los
factores Hox. En esta tesis mostramos que Meis esta implicado en el establecimiento
del patron axial, ya que la delecion de genes Meis produce transformaciones homedticas
anteriores y otros defectos esqueléticos que afectan predominantemente a las regiones
occipital, cervical, toracica y lumbar anterior. Las anomalias observadas en el esqueleto
de los mutantes de Meis no son debidas a cambios en la expresion de los genes Hox, por
lo que, a pesar de la union profusa de Meis a los complejos genéticos Hox, no podemos
asignar a Meis una funcion en la regulacion transcripcional de estos genes durante el de-
sarrollo del eje principal de los vertebrados; sin embargo, dichos defectos si podrian ser
debidos a la necesidad de la funcion de Meis como cofactor de los genes Hox. Mediante
analisis molecular identificamos deficiencias en la ruta de sefializacion del acido retinoico
en los mutantes Meis, identificando el gen que codifica Raldh2, la enzima encargada de
la mayor parte de la sintesis de acido retinoico en el embrion, como posible diana directa
transcripcional de Meis. El analisis comparado de los mutantes Meis y Raldh?2 identifica
alteraciones similares en el fenotipo esquelético, lo que sugiere que, al menos en parte,
las funciones de Meis en la especificacion axial estan mediadas por la via del 4cido reti-
noico. Ademas de las transformaciones homedticas, identificamos defectos en el patron
de la parte distal de las costillas, que se relacionan con defectos en el establecimiento de
las vias moleculares que regulan el desarrollo de la musculatura hipaxial. Los resultados
presentados caracterizan las funciones de los genes de la familia Meis en la asignacion
de identidades antero-posteriores en el esqueleto axial e identifican vias moleculares me-

diante las cuales se ejecutan estas funciones.
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Introduction






Antero-posterior (AP) patterning is an essential feature of the bilaterian body plan and its
principles have been under study for a long time. One of the most important breakthroughs
in the understanding of antero-posterior axis patterning was the identification of Hox mu-
tants in Drosophila, which cause the transformation of one part of the body into another,

a phenomenon known as homeotic transformation (Lewis, 1978; Lewis, 1963).
Cluster organization of Hox genes

The discovery of Hox genes underlying these homeotic functions and their particular
organization in clusters highlighted a relationship between genetic organization and the
body plan. In most animals, Hox genes are organized in clusters. Classical studies in
Drosophila identified 8 genes, found to be distributed in two different genetic complexes,
the Antennapedia complex (ANT-C) and the Bithorax- complex (BX-C); both complexes
were in the same chromosome but at a significant distance (Lewis, 1992; Kaufman et
al.1990; Sanchez-Herrero et al. 1985a; Sanchez-Herrero et al. 1985b). In fact, Drosophila
homeotic genes correspond with a single ancient complex that splitted during evolution,
while it remained single in most other invertebrates (Montavon and Soshnikova, 2014;
Duboule, 2007). Genes homologous to the invertebrate homeotic genes are also found in
vertebrates (Krumlauf, 1994; Akam, 1989). Most vertebrates have Hox genes organized

in 4 paralogous complexes (HoxA, B, C and D) that originated from two consecutive

HoxA, Chromosome 6

3’'— Hoxat Hoxa 5’

HoxB, Chromosome 11

3—{Horb1 ? flobid—s
HoxC, Chromosome 15
3 {5 oxos BB} oxo5}oxo10—Hoxot1—Hoxe12—oxe13—5

HoxD, Chromosome 2

Figure 1: Spatial collinearity and organization of Hox gene complexes in the mouse

embryo.
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rounds of genome duplication (Montavon and Soshnikova, 2014). This genomic organi-
zation confers unique characteristic to the dynamics of Hox gene expression such as spa-
tial collinearity, which is the correspondence between the physical order of the genes in
the chromosome and their antero-posterior boundary of expression in the embryo (Fig. 1).
Spatial collinearity was first suggested by Lewis (1978) and then extended to vertebrates
(Gaunt et al. 1988). In vertebrates, Hox cluster regulation shows as well temporal colli-
nearity, which is a correlation between the order of genes in the complex and the timing
of their expression onset (Izpista-Belmonte et al. 1991; Doll¢é et al. 1989). The timing
of activation of a Hox gene depends on the position in the complex, so that 3’ genes are
expressed earlier than 5° genes. In vertebrates, gene clustering is needed for temporal co-
llinearity and provides a coordinated system of axial signals generating different regional
identities (Krumlauf, 1994). Despite these correlations, Hox complex organization is not
strictly necessary for stablishing spatial domains, as species that do not show clustered
Hox gene organization maintain spatial compartmentalization of Hox gene expression
(Duboule, 2007). Furthermore, both types of collinearities, although coordinated, could
be uncoupled since temporal collinearity depends on the relative location of the gene with
respect to the centromeric/telomeric landscapes of the complex, while spatial collinearity
depends on local regulation of enhancers (Tschopp et al. 2009). As demonstrated initially
in flies, mutations in Hox genes produce homeotic transformations that in vertebrates are
manifested in the axial skeleton (Krumlauf et al. 1994).

Hox genes and early development

Sequential activation of Hox genes starts at the late primitive streak stage (E7.2) and is
tightly coupled with the process of gastrulation (Deschamps et al. 1999). In fact, expe-
riments in the chicken suggest that Hox gene activation is responsible for the timing of
ingression of epiblast cells through the primitive streak (PS) (Iimura and Pourquie, 2006).
Prior to gastrulation, the mouse embryo epiblast is a cup-shaped columnar epithelium
that surrounds the proamniotic cavity. The PS is formed at the onset of gastrulation at
the extraembryonic/embryonic boundary of the proximal epiblast, defining the posterior
pole of the embryo (Rivera-Pérez and Hadjantonakis, 2015). The initial expression of
Hox genes starts in cells of the proximal-posterior region of the embryonic epiblast and
as gastrulation proceeds, Hox expressing cells colonize the PS and reach the node, ex-
tending their expression anteriorly and distally in a process that does not involve cell
migration. From this location and through asymmetric divisions, Hox expressing cells
seed the trunk mesoderm and neuroectoderm in an antero-posterior sequence. At later

stages, these precursors change position in the tail bud and lose their ability to generate



lateral and intermediate mesoderm, keeping the ability to generate notochord, paraxial
mesoderm and ectodermal derivatives (Cambray and Wilson, 2002). Hox genes are ex-
pressed sequentially in precursors, starting in the posterior epiblast up to their establish-
ment as tail precursors, which helps establishing AP identity independently in the paraxial
mesoderm, lateral mesoderm and in the neuroectoderm (Neijts and Deschamps, 2017;
Deschamps and Wijgerde, 1993). Sequential activation of Hox genes has been shown to
rely on a directional progressive transition from an inactive (closed) to an active (open)
chromatin state allowing temporal regulation (Chambeyron and Bickmore, 2004). Close
and open chromatin states correspond with a three-dimensional (3D) organization of the
complex that is modified according to time and position in the embryo. Starting from a
homogeneously inactive 3D structure, transcriptional activation starts at the 3’ region of
the complexes, establishing active and inactive regions (Noordermer et al. 2014; Noor-
dermer et al. 2011). This bimodal state of the chromatin corresponds with H3K4me3 and
H3K27me3 marks that can be found over the complex labelling active and inactive genes
(Soshnikova and Duboule, 2009a), while in transition regions both histone marks could
be seen simultaneously, indicating areas primed for activation (Soshnikova and Duboule,
2009b). This sequential chromatin activation model restricts the susceptibility of Hox ge-
nes to activation by environmental signals and provides a basis for experiments showing
that induction of Hox genes can only be achieved in tissues that are already primed for
expression at a given stage (Forlani et al 2003; Roelen et al. 2002), ensuring a proper
sequence of transcriptional activation. The position of the Hox genes along the complex
and the sequential chromatin activation mechanism thus imposes an important constraint
on the order of Hox gene activation in the main embryonic axis and provides a basis for

temporal/spatial collinearity.

Axial elongation and segmentation

While the opening of the Hox complex progresses continuously in the long-term pro-
genitors at the posterior bud, their daughters fix their Hox expression code as they exit
the progenitor region and colonize the embryonic axis. After the fixation of a Hox gene
expression profile, as cells colonize the different AP segments, they carry the successive
expression domains to the progressively forming main body axis, resulting in an AP nes-
ted pattern (Fig. 1). Thus, during axial elongation, temporal information is translated into
spatial domains (Deschamps and Duboule, 2017). In fact, axial extension is controlled
by Hox genes, as central Hox genes have been shown to stimulate axial elongation while
posterior Hox genes arrest the extension (Young et al. 2009). Axial elongation is due to

the addition of new cells from the posterior growth zone located in the node/primitive
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streak, and then later in the tail bud. Once the PS is mature, the position of the cells in
the PS correlates with their final medio-lateral position in the embryo. Hence, cells in
the rostral node generate the notochord but in the caudal end of the node and the most
anterior region of the PS, neuroectoderm and somitic mesoderm forms. This region com-
prising the caudal node and the anterior most PS is called the node-streak border (NSB)
and harbors bipotent progenitor cells, known as neuromesodermal progenitors able to
generate stem cells of the neurectoderm and somitic mesoderm (Tzouanacou et al. 2009).
Thus, neuromesodermal progenitors from the NSB and lateral epiblast of the anterior PS
generate the neural tube and the paraxial mesoderm. Central positions of the PS genera-
te the intermediate mesoderm and posterior-most regions of the PS produce the lateral
mesoderm (Wilson et al. 2009; Sweetman et al. 2008). The derivative of the NSB at later
stages is the chordo-neural hinge (CNH) in the tail bud and neuromesodermal progenitors
are maintained in this CNH until axis elongation has ceased around E13.5 (Wymeersch
et al. 2016) (Fig. 2).

During differentiation, the paraxial mesoderm first segments into epithelial sacs known as
somites, which then originate the trunk skeleton, skeletal connective tissues, muscles and
somatic endothelium. The intermediate mesoderm generates the urogenital system and
the lateral plate produces the heart, the limbs and the visceral mesoderm. Wnt signaling is
an essential player in Hox regulation and promotion of mesoderm production. Wnt signa-
ling is responsible for the initial activation of Hox genes around gastrulation and its con-
tinued signaling in the posterior bud stimulates neuromesodermal progenitors to produce
the formation of new paraxial mesoderm (Martin, 2016; Jurberg et al. 2014; Wilson et al.
2009; Sweetman et al. 2008). From its birth in the progenitor region until its segmenta-
tion as it incorporates to the differentiating axis, the paraxial mesoderm transits through a
phase in which it remains unsegmented and it is known as presomitic mesoderm (PSM).
In the PSM, cells are continuously added posteriorly from the progenitor region and exit
anteriorly, as its rostral part contributes to the formation of segmented paraxial mesoderm
in the process called somitogenesis. Somites are generated at a regular pace that is regu-
lated by a molecular oscillator involving several signals and known as the segmentation
clock. The clock displays a coordinated cell-autonomous oscillatory gene expression pat-

tern whose central regulation depends on the Delta/Notch and Wnt signaling pathways.

These oscillatory waves spread from the posterior to the anterior PSM. One proposed
model, known as the clock and wave front model proposes that a determination front is
established by an anterior threshold of Wnt and FGF signaling gradients spreading from

the posterior PSM. The position of the determination front is influenced by an opposing
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Figure 2: Axial elongation at E7.5 (A), E8.5 (B) and E10.5 (C). PS, Primitive Streak;
NSB, Node-Streak Border; PSM, Presomitic Mesoderm; CNH, Chordo-neural Hinge;
A, Anterior; P, Posterior.

gradient of retinoic acid (RA), which inhibits Wnt and FGF signaling (Aulehla and Pour-
quié, 2010). As the embryo extends posteriorly, cells that cross the determination front are
able to respond to segmentation clock signals and express mesoderm segmentation genes,
as Mesp2 in the mouse, and a new physical boundary, and subsequently a new somite, is
formed (Martin, 2016).

Coordination between segmentation and Hox gene activation in the PSM/somite tran-
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sition was described for the first time by Zakany et al. (2001). Additional experiments
show that in the PSM the Hox code of the cells is not fully determined yet (Dubrulle et
al. 2001) but remains sensitive to Wnt, FGFs, RA and signaling from the oscillatory clock
(Deschamps and van Nes, 2005; Cordes et al. 2004).

A relevant question is then when during these phases of mesoderm production Hox genes
exert their function in establishing the AP identity of skeletal elements. In this respect,
Hox gene overexpression either in the PSM or in the already formed somites, gives rise
to strikingly different phenotypes (Carapuco et al. 2005), with clear changes in vertebral
identity only appearing after overexpression in the PSM but not in the formed somites.
These experiments suggested that the Hox gene functions related to axial identity are de-

fined in the PSM and affect cells before they form somites (Carapuco et al. 2005).

Axial skeletal patterning

The segmented paraxial mesoderm helps to precisely study Hox expression antero-poste-
rior domains. Furthermore, the paraxial mesoderm gives rise to the vertebral column that
is composed of a series of vertebrae. However, each vertebra is the result of the combi-
nation of two somite halves: the caudal half of one somite and the rostral half of the next
somite join in a process known as resegmentation (Ward et al. 2017; Bagnall et al. 1988).
In addition, each vertebra is composed of two parts: a vertebral body and a dorsal neural
arch; with the spinal cord being enclosed ventrally by the vertebral body and elsewhere
by the neural arch (Fig. 3 A). Vertebral bodies and neural arches show different shapes
according to their position along the AP axis. These positional and morphological charac-
teristics allow their classification in: cervical (C), in the neck; thoracic (T), forming ribs;
lumbar (L), in the abdomen; sacral (S), connecting with the pelvic girdle and caudal (Ca),
in the tail. The number of vertebrae belonging to the different types varies depending on
the vertebrate species. The mouse vertebral formula is 7 cervical, 13 thoracic, 6 lumbar,
4 sacral and 30 caudal (Mallo et al. 2009) (Fig. 3 B). Morphological diversity and axial
position of the different types of vertebrae are sensitive to the positional cues given by
the expression of different Hox genes (Burke et al. 1995; Gaunt et al. 1988). The first
functional correlation between murine Hox genes and axial patterning was presented by
Kessel et al. (1990), who reported vertebral homeotic transformations that resulted from
the transgenic expansion of a Hox expression domain. Since then, several gain and loss-
of-function Hox mutants with different homeotic transformation have been described in
mice (McIntyre et al. 2007; Wellik and Capecchi, 2003; Horan et al. 1995a; Horan et
al. 1995b; Kostic and Capecchi, 1994; Condie and Capecchi, 1993; Ramirez-Solis et al.
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Figure 3: Schematic representation of a vertebra (A) and vertebral column (B). Sup,
Supraoccipital; B, Basioccipital; E, Exoccipital; C, Cervical; T, Thoracic; L, Lumbar;
S, Sacral; Ca, Caudal. Horizontal blue lines in B represent ribs and the vertical lines
represent the sternum.

1993; Chisaka and Capecchi, 1991).

After segmentation from the PSM, somites are initially epithelial (Fig. 4 A) and in respon-
se to signals, ventro-medial cells close to neural tube and notochord lose epithelial charac-
teristics and form the sclerotome (Fig. 4 B), which will give rise to the vertebrae and ribs.
Somite lateral cells in contact with the ectoderm differentiate into the dermomyotome
and cells from all four edges of the dermomyotome migrate internally and spread beneath
its central region, forming the myotome (Cinnamon et al. 1999). The remaining central
region of the dermomyotome then differentiates into the dermatome (Fig. 4 C) and gives
rise to the dermis of the back and limbs. The myotome is dorso-ventrally continuous but
there are molecular signatures that differentiate its dorso-medial/epaxial (deep muscle of
the back) and ventro-lateral/hypaxial (intercostal, body wall and limb muscles) cell com-
partments (Musumeci et al. 2015; Ahmed et al. 2006). Although vertebrae and ribs have
a sclerotomal origin, their development is dependent on interactions with other somitic

compartments. Factors produced in the myotome have been shown to cause abnormalities
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Figure 4: Somite differentiation from a spherical epithelial structure (A) until diffe-
rentiation in three different layers: sclerotome, myotome and dermatome (C).

in the skeleton and especially in the hypaxial region. Disruption of the muscle regulatory
factors genes, Myf5, MRF4 and myogenin, leads to mice with absence of the distal part of
the ribs (Vivian et al. 1999; Braun and Arnold, 1995; Zhang et al. 1995; Braun et al. 1992)
and mutations in Pax3, expressed in the dermomyotome, and PDGFRa, expressed in the
sclerotome and the dermatome, show a very similar phenotype affecting ribs but also the
sternum and neural arches of the vertebrae (Henderson et al. 1999; Soriano, 1997). Im-
portant signaling crosstalk between different compartments has been proposed involving
different growth factors like PDGFa, TGFB, FGF4 and FGF6, which are required for
normal skeletal development (Tallquist et al. 2000; Vivian et al. 2000; Grass et al. 1996).
Interestingly, Vinagre et al. (2010) propose a role of Hox genes in the control of Myf5 and
MRF4 expression in the ventrolateral (hypaxial) somite through the control of PDGFa
and FGF signaling. In this work, they correlated the Hox-controlled absence/presence of

Myf5 and MRF4 in the hypaxial myotome with the absence/presence of ribs.

Hox cofactors and DNA binding

To generate positional identity, Hox proteins regulate different target genes by binding
to their DNA regulatory sequences. Binding properties come from a 180bp region called
homeobox (because it was discovered in homeotic genes) that encodes a homeodomain
(HD) of 60 amino acids that functions as a DNA-binding domain. The HD is highly
conserved in animals and plants and is not exclusive to homeotic genes but also present
in a large number of transcription factors, many of them involved in developmental pro-
cesses. The HDs of Hox proteins are very similar to each other and bind to similar DNA
sequences, having low binding specificity and affinity for their target sequences (Bobola
and Merabet, 2017; Gehrin, 1994). How Hox proteins are able to fulfill their diverse



functions despite of their low sequence specificity has been a matter of study for many
years. Additional flanking domains in the HD, DNA shape and sequence of the targets
contribute to increase the specificity; but Hox proteins usually do not bind alone to en-
hancer or promoter regions and they gain specificity and affinity for binding sequences
mainly through interactions with transcriptional cofactors of the TALE family (Mann and
Affolter, 1998). TALE (Three Aminoacid Loop Extension) is a group of homeodomain
factors which has a characteristic extra three-aminoacids between the first and second
helix of the HD (Bertolino et al. 1995). Two TALE classes, PBC and MEIS, are important
Hox cofactors (Mann and Affolter, 1998). PBC class are characterized by the presence
of the PBC domain and comprises Pbhx genes in mammals (Biirglin and Ruvkun, 1992;
Nourse et al. 1990) and extradenticle (exd) in Drosophila (Chan et al. 1994; Rauskolb
et al. 1993). MEIS class include Meis and Prep genes in mammals (Fognani et al. 2002;
Chen et al. 1997; Moskow et al. 1995) and homothorax (hth) in Drosophila (Rieckhof et
al. 1997). These TALE cofactors form dimers or trimers with the Hox proteins, conferring
them with increased DNA specificity and affinity, although they also display also Hox-
independent functions (Biirglin and Affolter, 2016). Besides the HD, these two classes
contain conserved protein-protein interaction domains allowing them to form MEIS-PBC
dimers, even in the absence of DNA. This interaction increases the DNA-binding selecti-
vity and affinity, through the binding of both HDs to the DNA. In addition, members of
the PBC and MEIS classes can form dimers with Hox proteins, with Meis factors directly
binding paralogs 9-13 (Shen et al. 1997), while Pbx factors directly binding paralogs 1-10
(Chang et al. 1996). In addition, DNA-bound heterotrimeric MEIS-PBC-HOX complexes
can form with a representative of each class (Fig. 5 A). In these complexes, the homeodo-
main of the Hox protein and one of the TALE partners binds DNA, selecting sequences
that are composites of each factor’s isolated binding sites, while the second TALE factor
participates as a non-DNA binding factor adding stability to the complex (reviewed in
Longobardi et al. 2014). Penkov et al. (2013) identified the global repertoire of Meis,
Prep and Pbx binding sites by ChIP-seq analysis in E11.5 mouse embryos. They reported
specific DNA-binding sequences associated to the different complexes formed by combi-
nations of Prep, Meis and Pbx proteins; and they show differences in the target sequences
and interactions depending on the presence of Meis or Prep in the complex. These studies,
identified Hox and Hox-PBC binding sites as the preferred sites of Meis interaction, abo-
ve the Meis-only binding sites. Interestingly, Prep factors interacted only in a minority
of their binding sites with PBC-Hox binding sites, suggesting that Meis factors represent
the preferred Hox partner among the MEIS class. Interestingly, a large number of Meis
binding sites was found within Hox complexes, and they were especially abundant in

the HoxA complex (Fig. 7 B), which suggested a specific function of Meis factors in the
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transcriptional regulation of Hox genes, in addition to their Hox-cofactor functions. Later
studies in zebrafish (Choe et al. 2014) and mouse (Amin et al. 2015) embryos showed that
some of these binding sites represent Hox genes self-regulatory elements and that these
elements contain pre-bound TALE factors, which prime the enhancer and recruits Hox
proteins, necessary for activation of transcription. A striking observation regarding the
Meis occupation of Hox complex DNA is that binding sites appear only distributed the
paralog 1 to 9 region, whereas there are no binding sites in the paralogs 10 to 13 region
(Penkov et al. 2013). This distribution suggests some relationship between Meis activity
and collinear Hox complex activity, however this aspect has not been addressed functio-

nally until now.
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Figure 5: (A) Squematic representation of different Meis-Pbx-Hox complexes and their
targets. (B) Chromatin immunoprecipitation of Meis in Hox complexes in E11.5 mouse
embryos (Penkov et al. 2013).



Retinoic acid signaling in development

Retinoic acid is the active derivative of vitamin A (retinol) and plays fundamental roles
in a wide range of processes including axial patterning, cranio-facial development, pat-
terning of the central nervous system, cell differentiation and development of multiple
organs. RA is a lipophilic molecule, diffusible through cell membranes, that acts as a
morphogen and exerts its functions by binding transcription factors of the nuclear recep-
tor family. The first roles of RA have been studied on one hand in mice fed with a vitamin
A-deficient diet; and on the other, by administering excess doses of RA that produced
teratogenic effects. In placental embryos, retinol is introduced in the embryo from the
maternal circulation and is metabolized to RA in two sequential reactions: retinol to re-
tinaldehyde, which is catalyzed by alcohol dehydrogenases and retinol dehydrogenases;
and a second reaction that is the oxidation of retinaldehyde to RA, which is carried out
by retinaldehyde dehydrogenases. There are three retinaldehyde dehydrogenases, Raldhl,
Raldh2 and Raldh3 (encoded by genes Aldhlal, Aldhla2 and Aldhla3, respectively) and
their expression patterns closely correlate with the dynamics of RA signaling (Rhinn and
Doll¢, 2012). Raldh2 is responsible for almost all the RA production during early embr-
yogenesis. At E7.5 its expression is restricted to the posterior half of the embryo, in the
mesoderm lateral to the PS and then extends rostrally along each side of the node (Nie-
derreither et al. 1997). This posterior expression domain is the origin of a RA diffusion
gradient and represents a posteriorizing signal, since anterior structures are disrupted by
an RA excess (Niederreither et al. 1997) and on the other hand, Raldh2-deficient mice
present trunk and posterior defects (Niederreither et al. 1999).

The mechanism by which RA performs its action is binding to retinoic acid receptors
(RARSs). There are three RARs: RARa, RARP and RARy, which form heterodimeric
combinations with retinoid X receptors (RXRa, RXRp and RXRy). Some of these re-
ceptors present a complex tissue-specific expression (RARP, RARy and RXRy) but most
tissues are responsive to RA, due to the widespread expression and functional redundancy
of the RAR/RXR heterodimers (Dollé¢, 2009). RAR/RXR heterodimers can bind DNA
RA-responsive elements (RAREs) found in promoter or enhanced regions of the target
genes, thereby regulating gene expression. Several members of the Hox gene family pre-
sent RAREs (Marshall et al. 1996). RA effect on Hox gene expression has been largely
studied, especially in hindbrain development due to its segmentation into rhombomeres,
each with a Hox-coded AP identity. Absence of RA leads to loss of rhombomeric segmen-
tation and alteration of segmental expression of different genes including Hox genes (Nie-

derreither et al. 2000); on the other hand, RA induction alters the Hox code and produces
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homeotic transformation in the hindbrain (Marshall et al. 1992). But alterations of Hox
codes and homeotic transformations in response to RA were also seen in the body axis
(Kessel, 1992; Kessel and Gruss, 1991). In these works, the homeotic transformations
produced opposite anterior or posterior transformation depending on the time of exposu-
re to an RA excess. Posterior homeotic transformations were correlated with an anterior
shift in the Hox boundary of expression. In addition, homeotic transformations were also
seen in the absence of RA signaling, as is the case of R4ARy mutants (Lohnes et al. 1993),
whereas other studies suggest that RARy and Hox genes act in parallel to regulate targets
genes (Folberg et al. 1999) and may impact Hox expression by regulating Cdx, which co-
des for a homeodomain transcription factor that regulates the timing and anterior expres-
sion borders of Hox genes (Allan et al. 2001). Further evidence on Hox regulation by RA
comes from experiments in embryonic stem cells in which induction with RA produces a
rapid epigenomic reorganization dependent of RARY that consists of an increase in active

histone marks in Hox genes, especially in the anterior Hox genes (Kashyap et al. 2011).

The regional distribution of RA, therefore, has to be highly controlled in the embryo;
which is achieved by the regulation of a degradation pathway consisting on cytochrome
P450 subfamily-26 enzymes (Cyp26al, Cyp26bl and Cyp26cl), which catalyze the oxi-
dation of RA in to 4-hydroxy-RA and 4-0x0-RA, which inactivates RA. Cyp26 enzymes
present an expression pattern complementary to the Raldh domains and they have a role
protecting proliferative or progenitor cell zones from RA differentiating effects (Rhinn
and Doll¢, 2012). Cyp26 subfamily genes are direct targets of RARSs transcriptional acti-
vity and are activated when embryonic cells are exposed to a RA excess or in regions that

require absence of RA for proper development.

RA also has a role regulating the induction and patterning of the limb. RA is produced
by Raldh2 in the flank mesoderm and extends into the proximal limb domain whereas
it is antagonized by FGF signaling from the apical ectodermal ridge in the distal part of
the limb, generating proximo-distal information that is interpreted by regionally expres-
sed genes, including Meis and Hox genes. Meis expression is restricted to the proximal
domain of the developing limb bud and it is essential for proximo-distal specification.
Experiments in chicken (Mercader et al. 2000), axolotl (Mercader et al. 2005) and mouse
(Yashiro et al. 2004) showed that RA promotes Meis expression in the limb bud, while
experiments in the chick (Mercader et al. 2000) and mouse (Mariani et al. 2008) showed
that FGF inhibits Meis expression. On the other hand, it has been described that Meis has
an inhibitory effect on Cyp26b1 expression, which is activated in the distal limb bud by
FGF and is responsible for RA degradation in this region (Rosell6-Diez et al. 2014). The-



se results integrate Meis proximo-distal function with RA and FGF signaling pathways.

The crosstalk between TALE, Hox and RA signaling is, however, more complex. The
TALE-PBC-HOX network has a wide spectrum of targets outside the Hox complexes
and this includes the gene encoding Raldh2, the enzyme responsible for RA synthesis.
Analysis of binding sites in Raldh2 locus identified an enhancer bound by Hoxal-Pbx-
Meis2 complex required for normal Raldh2 expression levels and AP patterning in the
hindbrain (Vitobello et al. 2011). Further evidence was found in a human neuroblastoma
cell line where Meis2 activates Raldh2 but decreases Cyp26al expression (GroB3 et al.
2018). Altogether, the knowledge in the field depicts a complex scenario in which mul-
tiple and tissue-specific regulatory interactions shape the TALE-PBC-HOX network and
its relationship to RA signaling.

Meis genes and pattern formation in the mouse embryo

Three different genes were identified in the Meis family, Meisl, Meis2 and Meis3. Meisl
is the acronym of myeloid ecotropic viral integration site 1 because it was identified as
a common site of viral integration (Moskow et al. 1995). Afterwards, two Meis-related
genes, Meis2 and Meis3, were identified showing high homology with Meis/ (Oulad-
Abdelghani et al. 1997; Cecconi et al. 1997; Nakamura et al. 1996).

Meis! deficient mice die around E14.5 (Azcoitia et al. 2005; Hisa et al. 2004) because
of defects in hematopoiesis (Azcoitia et al. 2005). MeisI expression was detected in di-
fferent structures of the head such as the eye, external ear primordium but also in other
regions of the embryo such as the spinal cord, mediastinum, mid gut, cardiac chambers,
lung, paraxial mesoderm (Gonzalez-Lazaro et al. 2014; Hisa et al. 2004) and in the proxi-

mal domain of the limb primordium (Mercader et al. 1999).

Meis1 Meis2

Figure 6: In situ hybridiza-
tion of Meis! and Meis2 in
E10.5 embryos.
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Meis2 mutants die between E13.5-E14.5 and suffer from hemorrhaging that induces apop-
tosis in liver cells and that may be the cause of embryonic lethality (Machon et al. 2015).
Meis?2 is expressed at early stages in the neural tube midline and in the somitic mesoderm
corresponding to the presumptive cervical and trunk segments. At later stages it labels the
developing brain, including the rhombomere 2 and 3, part of the midbrain and forebrain.
It was also detected in branchial arch derivatives and in heart, lung, gut and kidney. In
relation with the trunk, Meis2 is expressed in the lateral compartments of the somites
but at later stages the expression is excluded from the sclerotome persisting only in the
myotome and in the overlying dorsal ectoderm (Oulad-Abdelghani et al. 1997; Cecconi
et al. 1997). Like Meisi, Meis? is also expressed in the proximal limb bud (Mercader et
al. 1999).

Meis3 deficient mice have not been generated but experiments in Xenopus and zebrafish
suggest a role of Meis3 in the differentiation and patterning of the hindbrain (Vlachakis
et al. 2001; Salzberg et al. 1999). This is consistent with the expression detected by Nor-
thern blot at high levels in the brain, although some expression also appeared in the heart,
spleen and lung (Nakamura et al. 1996).

The three Meis genes present different expression pattern although they present overlap
in some regions. This overlap occurs mainly between Meis! and Meis2 expression (Fig.
6), being Meis3 expressed more specifically in the neural tube and dorsal root ganglia
(Yokoyama et al. 2009). In addition, unlike Meis/ and Meis2, which are expressed from
early stages, Meis3 is first detected at E11 (Nakamura et al. 1996).

As it was mentioned above, Meis family members act as cofactors of Hox proteins to
increase binding specificity in their targets. Axial patterning is one of the most known
function of Hox genes; however, the role of Meis transcription factors in the establish-
ment of axial skeleton specification remains unknown. Since Meis3 is expressed in the
nervous system at late stages, Meisl and Meis2 are the factors of this family that could
form the Hox-Meis complex and have a role in the establishment of the axial skeleton
identity. Defects in the axial skeleton have not been reported neither in Meis! (Azcoitia
et al. 2005) nor in Meis2 deficient mice. However, both factors could present redundant
functions so single knockout could not present skeletal transformation and the generation

of Meis1/2 double knockout is necessary.



Objectives






Meis transcription factors are known to play roles as cofactors of Hox proteins during
development, however, their roles in axial patterning have not been studied before.
Furthermore, Meis factors bind extensively to the chromatin of Hox complexes during
development, however the role of Meis in Hox transcription has not been established.
In this thesis we devised the following specific aims to analyze whether and how Meis

regulates antero-posterior organization during mouse development.
1- Analysis of Meisl and Meis2 expression pattern during early mouse develop

mental stages

2- Description of the axial skeletal pattern in the absence of Meis function

through the study of Meis/ and Meis2 conditional deletion models

3- Analysis of Hox gene antero-posterior transcription patterns in Meis/ and

Meis2 conditional deletion models

4- Flucidate the timing and tissue of Meis function during mouse axial skeletal

patterning

5- Identification of molecular pathways and mechanisms involved in Meis

functions during axial skeletal patterning
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Mouse lines

To generate Meis! and Meis2 conditional knock-outs, MeisI-flox and Meis2-flox lines
combined with different Cre lines have been used. Meis/-flox mice (Unnisa et al., 2012)
have loxp sites flanking exon 8. Meis2-flox mice (Alberto Rosell6 and Giovanna Giovi-

nazzo, unpublished), and in this locus, loxp sequences surround exon 3.

Raldh2-flox line (Vermot et al. 2006) which present loxP sites flanking the fourth exon
was used to generate Raldh2 conditional knock-outs.

Cre lines used recombine at different stages in development, so Sox2Cre line (Hayashi et
al., 2002) induces recombination in all epiblast cells by E6.5; whereas MespICre (Saga
et al. 1999) recombines later in the early anterior mesoderm; and finally, Delta-likel Cre
(DIl1Cre) line (Wehn et al., 2009) starts to recombine at E7.5 and expresses the Cre in the

paraxial mesoderm, lateral plate and intermediate mesoderm.

To completely delete Meis! and Meis2 from the beginning of development, male and fe-
male germ line Cre lines, Stra8Cre (Sadate-Ngatchou et al., 2008) and Zp3Cre (de Vries
et al., 2000) respectively, were crossed with Meis-flox; Meis2-flox mice.

To visualize Cre recombination pattern, Gt(ROSA )?¢Sertm!#CAG-tdTomato)tize renorter line (Madi-
sen et al., 2010) has been used.

Stra8Cre; Zp3Cre;
Meis1flox/flox; Meis2flox/flox Meis1flox/flox; Meis2flox/flox

Adult mice Meis1 _onP |0X_P m m
not gis! ==
recombined Meis2 ———= / S X / S
o}
\ / OOO

Gametes  pfeis1 == /\///://
Figure 5: Schematic representation of Stra8; Meis I"e/°*; Meis2"**fex  and

recombined  pjgis2 =—=— /}</
Zygote
Zp3Cre; Meis 1"*/x: Meis 2/*fex mating.

. Meis1 ==
recombined

Meijs2 —=—
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Embryo harvest

Mice were mated in the afternoon and females were checked every morning for the pre-
sence of a vaginal plug; noon of the day the plug was observed was considered as ges-
tational day 0.5 (E0.5). Pregnant females were euthanized by carbon dioxide inhalation
and the uterus was extracted through an incision of the abdominal cavity and transferred
to PBS. In a culture dish containing 1x PBS, the uterus was ripped with forceps to extract
the decidua and each deciduum was dissected to obtain the embryo. After isolation, ex-
traembryonic tissue from transgenic embryos was dissected for genotyping and embryos
were fixed. Fixation process varied depending on the method to be used. Usually, 4%
paraformaldehyde (PFA) was used except for immunostaining and for embryos with en-
dogenous fluorescence from the Gt(ROSA)?*6Sormi#(CAG-tdlomaio)lize reporter line in which 2%
PFA was used.

Whole mount In situ hybridization

Embryos were fixed in 4% PFA overnight at 4°C. Next day, embryos were washed with
Ix PBS containing 0.1% Tween 20 (PBT) at least three times and dehydrated washing
them with increasing concentrations of methanol in PBT (25%, 50% and 75%). Finally,
embryos were stored in 100% methanol overnight at -20°C, although they can be stored

for several months.

For hybridization, embryos were rehydrated washing them with decreasing concentra-
tions of methanol in PBT and finally with PBT. Once rehydrated, embryos were bleached
in 6% H202 in PBT during one hour and after several washes in PBT they were digested
with proteinase K (10pg/ml) (Sigma). Time of proteinase K treatment depends on the
stage of the embryo (Table 1).

After proteinase K permeabilization, embryos were washed with PBT during 5 minutes
and fixed with glutaraldehyde 0.05% in 4%PFA. After 20 minutes, fixative was removed
and embryos were washed twice with PBT during 10 minutes before prehybridization.
For prehybridization, embryos were incubated in pre-warmed hybridization buffer (50%
Formamide, 4x SSC pH 4.5, 1% SDS, 50pg/ml heparin (Sigma), 10pg/ml tRNA from

Stage Time

E7.5 3 min

E8.5 > min Table 1: Time of proteinase K treatment depending on the
E9.5 9 min

E10.5 13 min embryo stage.




baker’s yeast (Sigma), 1% w/v Blocking reagent (Sigma) during 2 hours at 65°C. Af-
terwards, embryos were hybridized with the probe overnight at 65°C. Before hybridi-
zation, probes were resuspended in prehybridization buffer at different concentrations
depending on the probe. Next day, the probe was removed and several washes were per-
formed with posthybridization buffer I (0.1% CHAPS w/v (Sigma), 2x SSC pH 5.5) and
posthybridization buffer II (0.1% CHAPS w/v, 0.2x SSC) during 3 hours at 65°C. Af-
ter posthybridization, embryos were washed with TBST (5SmM Tris-HCI pH 7.5, 15mM
NaCl, 0.1% Triton X-100 (Sigma) 3 times during 30 minutes and incubated in blocking
solution (20% Goat serum, 1% Blocking reagent in TBST) during 2 hours. Then, embryos
were incubated overnight at 4°C with 1:2000 anti-digoxigenin AP antibody (Roche) in
blocking solution. Next day, embryos were washed with TBST several times during the
day at room temperature and overnight at 4°C. Finally, 3 washes of 10 minutes each with
NTMT (125mM Tris-HCI pH 9.5, 125 mM NaCl, 62.5mM MgCl2, 0.5% Triton X-100)
were made and embryos were stained with BMPurple (Roche) at room temperature until
the signal was optimal. After the staining, embryos were washed with TBST, fixed in 4%
PFA and stored at 4°C.

Occasionally, after in situ hybridization embryos were sectioned in the cryostat. Tissue

processing for sectioning was done as described below for immunostaining.

Probe synthesis

RNA antisense probes were synthesized by transcription of linearized DNA from plasmids
or from DNA amplified with specific primers and purified using a Gel DNA recovery kit
(Zymoclean) (see Table 2). Transcription was carried out with digoxigenin labelled nu-
cleotides (Roche) and T7 RNA polymerase (Roche). Synthesized RNA was precipitated
with 0.8M ammonium acetate in 75% ethanol or 0.1M LiCl in 75% ethanol and finally

resuspended in 50% formamide-50% RNase free water. Probes were stored at -20°C.

Skeletal and cartilage staining

Embryos at E14.5 were prepared for cartilage staining with Victoria Blue and at late-
gestation stages embryos were prepared for Alcian Blue and Alizarin Red staining to dye

cartilage and bone, respectively.

Victoria Blue
Embryos were eviscerated and fixed in 10% formaldehyde overnight and then washed

in acid alcohol (3% HCI in 70% ethanol) several times. Embryos were stained during 3
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Probe 5’-3’ Sequence
Hoxal Forward | ATTTAGGTGACACTATAGAATGCCATCAGACATTTGCAGG
Reverse | GTAATACGACTCACTATAGGGACAGTGTGGAAGGAAAGGGT
Hoxa3 Forward | ATTTAGGTGACACTATAGAATGCTGGAAAGGCTGTCAGTA
Reverse | GTAATACGACTCACTATAGGGTTAGCGTTCAGTTTGGCCAG
Hoxad Forward | ATTTAGGTGACACTATAGAATATACCCGGCAGCAAGTCTT
Reverse | GTAATACGACTCACTATAGGGAGTACATGTCCCCAGTCAGC
Hoxd4 Forward | ATTTAGGTGACACTATAGAATTCGGTGAACCCCAACTACA
Reverse | GTAATACGACTCACTATAGGGGCCTCCAACCTTCATTTGCA
Hoxas Forward | ATTTAGGTGACACTATAGAA GCTGCACATTAGTCACGACA
Reverse | GTAATACGACTCACTATAGGG GCAACACACAACATTGGCAC
Hoxab Forward | ATTTAGGTGACACTATAGAACGGACAAGACATACACCTCAC
Reverse | GTAATACGACTCACTATAGGGCTGCGTGGAGTTGATGAGTT
Paxl Forward | ATTTAGGTGACACTATAGAA AGATGGCTGCGTTCTCCTAA
Reverse | GTAATACGACTCACTATAGGG CGCGGATTGAAGAAGTCGAG
Pax3 Forward | ATTTAGGTGACACTATAGAA CAATGGCCTTTCACCTCAGG
Reverse | GTAATACGACTCACTATAGGG TCTGTGTCCTGGGCTTATCC
Pax9 Forward | ATTTAGGTGACACTATAGAAATGGATTGGAGAAGGGAGCC
Reverse | GTAATACGACTCACTATAGGGGCACGTTTCGAAAGTTCAGG
Myf3 Forward | ATTTAGGTGACACTATAGAATACCATGGATCGGCGCAA
Reverse | GTAATACGACTCACTATAGGGGTATTCTGCCCAGCTTGTC
Myogenin Forward | ATTTAGGTGACACTATAGAACATCCAGTACATTGAGCGCC
Reverse | GTAATACGACTCACTATAGGGGTCAGGGCACTCATGTCTCT
MRF4 Forward | ATTTAGGTGACACTATAGAATCTGATCTGGGCTTGCAAGA
Reverse | GTAATACGACTCACTATAGGGACTTGAGGTGGTGAGAAGTTTC
MyoD Forward | ATTTAGGTGACACTATAGAATGGTTCTTCACGCCCAAAAG
Reverse | GTAATACGACTCACTATAGGGAGGGCTCCAGAAAGTGACAA
FGF6 Forward | ATTTAGGTGACACTATAGAATCCACGACGAATGCAAGTTC
Reverse | GTAATACGACTCACTATAGGGTACACACCATGCAGTCCAGT
Eyal Forward | ATTTAGGTGACACTATAGAAACCGTGTCTGGGATTCTTGT
Reverse | GTAATACGACTCACTATAGGGGGCCATTTCTGTCTGCATCA
Eya2 Forward | ATTTAGGTGACACTATAGAAGGCCCTAGACACCAGAAACT
Reverse | GTAATACGACTCACTATAGGGCCTACAACACAAGATGGCGG
Siml Forward | ATTTAGGTGACACTATAGAAGGAAAGGGCAGAGCAGAGTA
Reverse | GTAATACGACTCACTATAGGGGCCTTCAGACCAGATAGCCA
Cdhls Forward | ATTTAGGTGACACTATAGAA CCCTACGACACAGCTCTCAT
Reverse | GTAATACGACTCACTATAGGG GCCTAGTCCATGCTCCAGAT
Palld Forward | ATTTAGGTGACACTATAGAACTAGAGGTAGGTGCCGAGTG
Reverse | GTAATACGACTCACTATAGGGGAGATAGGCCCATGAGACCC
Shisa2 Forward | ATTTAGGTGACACTATAGAACGATCTTGAACTCCGACCCT
Reverse | GTAATACGACTCACTATAGGGAGTGACAGCGGACAACCTAT
Probe Reference
Meisl Generated previously in the lab
Meis2 Generated previously in the lab
Cyp26b Generated previously in the lab
Raldh2 Provided by Bovolenta
RARP Provided by Zuniga
FGF4 Provided by de la Pompa

Table 2: Primer sequences

and references of the probes used. SP6 and T7 RNA po-

lymerase transcription start sequence was included in the primer sequence of forward

and reverse primers, respectively.




hours with 0.5% w/v Victoria Blue (Sigma) in acid alcohol and after staining embryos
were washed in acid alcohol until the embryos were white, then they were washed in 70%
ethanol and 95% ethanol. Finally, embryos were clarified with increasing concentrations
of Methyl salicylate in ethanol (30%, 50%) and stored in 100% Methyl salicylate.

Alcian Blue and Alizarin Red

Embryos were eviscerated and the skin and soft tissues were removed as much as possi-

ble. Embryos were fixed overnight with 95% ethanol and after fixation were submerged
in Alcian Blue solution (0.03% w/v Alcian Blue (Sigma), 80% ethanol, 20% glacial acetic
acid) overnight. Alcian Blue solution was removed and several washes with 70% ethanol
were made during the day; incubating the embryos in 95% ethanol overnight. Once the
tissue becomes whiter, embryos were cleared with 1% KOH during 3-6 hours depending
on the stage and the amount of soft tissue that the embryos have. Once cleared, Alizaren
Red solution (0.005% Alizarin Red (Sigma), 1% w/v KOH) was added until the bones
were stained. Another clarification step with 1% KOH could be done if necessary after
staining with Alizarin Red solution, if not embryos were transferred to increasing con-
centrations of glycerol (20% and 50%) and finally placed in 100% glycerol for long term

storage.

Immunostaining on gelatin sections

Embryos were fixed in 2% PFA and after several washes with PBS were left in 15% su-
crose in PBS overnight at 4°C. On the following day, embryos were included in a gelatin
solution (15% sucrose, 7.5% gelatin from porcine skin (Sigma) in PBS) at 37°C and after
1-2 hours, gelatin blocks were made and frozen for 1 minute in isopentane at -70°C and
stored at -80°C. Cryosections were made using a Leica CM 1950 Automated Cryostat and
stored at -20°C.

For immunostaining, removal of the gelatin is required so sections were incubated in
PBS for 15 minutes at 37°C. After several washes with PBT, sections were permeabi-
lized with 0°5% Triton X-100 in PBS for 20 minutes and blocking was performed with
20% goat serum in PBS for 1 hour. Primary antibodies used were a rabbit polyclonal
anti-Aldhla2 (ab96060) and an anti-Meis-a antibody generated in rabbits with a synthe-
tic peptide corresponding to the conserved C-terminal domain of Meisla and Meis2a/
Meis2b isoforms (GMNMGMDGQWHYM). Primary antibody was incubated overnight
at 4°C and after several washes; secondary antibody was incubated during 45 minutes at
room temperature. Secondary antibodies were an Alexa-488 (1:500) for anti-Meis-a and
an anti-HRP (1:200) for anti-Aldh1a2. After anti-HRP incubation, amplification with Tyr-
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FITC (1:100) during 3 minutes at room temperature was performed. Secondary antibody
and tyramides were washed with PBT several times and DAPI incubation (1:1000) was
done during 3 minutes at room temperature. Then, sections were mounted in Vectashield

or Dako fluorescent mounting media for acquisition.

Image acquisition and processing

Images were acquired using a Nikon A1R confocal microscope using 405, 488 and 561nm
wavelengths and Plan Apo 10x DIC L or Plan Apo VC 20x DIC N2 dry objectives and a
Zeiss LSM 780 upright microscope fitted with a W Plan-Apochromat 20x/1.0 DIC M27
75mm objective in confocal mode and using 405, 488 and 56 Inm wavelengths. Acquisi-
tions were commonly 1024x1024 pixels.

In situ hybridization and skeletal preparations images were acquired with a Nikon
DXM1200F coupled to a Leica MZFLIII scope with a Plan Apo 1x objective.

Images were processed using Image J (https://imagej.nih.gov/ij/), Imaris and Adobe Pho-
toshop CC.

RNA sequencing

Differential gene expression analysis was carried out among Meis1 and Meis 2 DI11Cre
conditional double knockout and control embryos at E9. Four embryos were used for each

condition and were staged by somite number, choosing the embryos with 20-24 somites.

RNA isolation

Embryos were dissected separating the anterior trunk containing the first 10-12 somites

and the posterior trunk with the rest of the somites and the tail bud (head was excluded).
Tissue was frozen in liquid nitrogen and stored at -80°C until all the samples were collec-
ted and total RNA was performed using the RNeasy Micro Kit (Qiagen).

RNA-seq library production and sequencing
20ng of total RNA were used to generate barcoded RNA-seq libraries using the NEBNext
Ultra RNA Library preparation kit (New England Biolabs). Briefly, poly A+ RNA was
purified using poly-T oligo-attached magnetic beads followed by fragmentation and then

first and second cDNA strand synthesis. Next, cDNA ends were repaired and adenylated.
The NEBNext adaptor was then ligated, followed by uracile excision from the adaptor
and PCR amplification. Finally, the size and the concentration of the libraries was chec-
ked using the TapeStation 2200 DNA 1000 chip.



Libraries were sequenced on a HiSeq2500 (Illumina) to generate 60 bases single reads.

FastQ files for each sample were obtained using bcltofastQ softaware 2.20

RNA-seq data analysis

Sequencing reads were pre-processed by means of a pipeline that used FastQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/), to asses read quality, and Cuta-
dapt (Martin, 2011) to trim sequencing reads, eliminating Illumina adaptor remains, and
to discard reads that were shorter than 30 bp.

The resulting reads were mapped against the mouse transcriptome (GRCm38, release 91;
dec2017 archive) and quantified using RSEM v1.2.20 (Li and Dewey, 2011). Data were
then processed with a pipeline that used Bioconductor package Limma (Ritchie et al.
2015) for normalization and differential expression analysis, using a blocking strategy to
consider gender and developmental stage (number of somites).

Genes with at least 1 count per million in at least 4 samples (14,731 genes) were con-
sidered for further analysis. We considered as differentialy expressed those genes with
Benjamini-Hochberg adjusted p value <0.05. Fold change and log(ratio) values were cal-

culated to represent gene expression differences between conditions.

Gene Set enrichment analysis was performed with the genes differentially expressed
using the Broad Institute GSEA “Molecular Signatures Database” (http://software.bro-
adinstitute.org/gsea/msigdb/index.jsp). For pathways analysis, the Ingenuity Pathway

Analysis software was used.
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Meisl and Meis2 expression in early mouse embryo development

Meis1 and Meis2 have been shown to play different roles during development in different
organs/tissues but early embryonic functions remain unknown. We studied the expression
dynamic of both genes at early stages of mouse development starting at E6.5, at the onset
of gastrulation (Fig. 8). We detected the earliest expression of Meis2 at E7 in the proximal
and posterior region of the embryo, in the boundary with extraembryonic mesoderm (Fig.
8 F). This expression extended distally and anteriorly as development progresses (Fig. 8
G-I, P) and at early headfold stage, a stripe of Meis?2 transcripts was found bilaterally in

the embryo, below the extraembryonic region, and continuous with its posterior expres-

Mei$1 Meis2 Meis1

Meis2

Figure 8: In situ hybridization of Meis genes in early development. Meis! (A-D) and
Meis2 (F-I) expression from E7 to E7.5. (E and J) Transverse section of Meis! (E)
and Meis2 (J) at E7.5 embryo. MeisI (K-N) and Meis2 (P-S) expression from E7.5 to
E8. (K and P) late allantoic bud, (L and Q) early headfold embryos, (M and R) late
headfold and (N and S) E8 embryos. (O and T) Meisl and Meis2 immunostaning of
a late bud embryo. (T) Magnification of the region marked in O with the three germ
layers indicated: Ect, ectoderm; Mes, mesoderm and End, endoderm. All images are

orientated with the anterior, A, region to the right and posterior, P, to the left.
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sion (Fig. 8 Q). At later stages, Meis?2 started to disappear from the posterior region (Fig.
8 R) and at ES, the posterior embryonic bud was devoid of Meis2 transcripts (Fig. 8 S).
On the other hand, we observed Meis! expression starting slightly later than Meis2 and
the first signal arose bilaterally in the proximal mesoderm (Fig. 8 A-C) and later extended
anteriorly forming a stripe of expression, similar to Meis2 pattern (Fig. 8 D, K-L). Meisl
expression extends slightly posteriorly at the early headfold stage and more intensely in
late headfold stage (Fig. 8 L-M) but high levels of Meis! transcripts were never observed
in the posterior embryonic bud. Finally, at E§ Meis/ and Meis2 expressions converge to

a similar expression pattern. (Fig. 8N).

To confirm the presence of Meis1 and Meis2 proteins at early stages, we performed immu-
nostaining in transverse sections of late bud embryos (Fig. 8 O). To detect Meis proteins
we used an antibody that recognizes the isoform “a” of Meisl protein, and the isoforms
“a” and “b” of Meis2 protein. These isoforms contain an alternative shorter c-terminus
and predominate during development (Azcoitia and Torres, unpublished). Meis proteins
were detected in the posterior epiblast, in the posterior and lateral mesoderm and in the
endoderm (Fig. 8 T). As we were unable to discriminate Meisl from Meis2 protein by
immunostaining, we sectioned Meis] and Meis?2 in situ hybridizations in E7.5 embryos.
We observed Meis2 expression in the posterior epiblast and in the mesoderm (Fig. 8 J);
suggesting that the early expression of Meis2 starts in epiblast cells before they migrate
through the primitive streak and form the mesoderm and definitive endoderm. In contrast,
Meis | transcripts were found only in the mesoderm (Fig. 8 E).

We observed a different timing and pattern between Meis! and Meis2 genes at the onset
of their expression but as development progresses, both expression patterns became more
similar. This difference in timing at early stages suggests that Meis1 and Meis2 have di-

fferent roles in early embryogenesis.

Role of Meis in mouse development

The onset of Meis2 expression coincides in time and space with the activation of Hox
genes. This observation together with the high number of Meis binding sites in the HoxA4
cluster (Penkov et al. 2013), and the well-known role of Pbx and Meis as Hox cofactors
(Ryoo et al. 1999; Mann and Affolter, 1998) led us to think of a possible function of
this early expression in the activation and regulation of Hox genes. To investigate this
function we followed two different approaches: analysis of Hox gene expression pattern
and observation of the axial skeleton in Meis2 conditional knockouts, in order to see if the

absence of Meis2 produces changes in the expression and/or skeletal pattern.



- Analysis of Hox gene expression in the absence of Meis2

To delete Meis2 early in development, we used a Sox2Cre allele crossed to a Meis2-
floxed allele, eliminating Meis2 in the epiblast from ES. By in situ hybridization in
Sox2Cre; Meis2” embryos, we analyzed the expression of the Hox genes that are activated
at early stages (Fig. 9).

Hoxal is activated at the posterior end of the embryo and its expression spreads anteriorly
both in mesoderm and in the overlying ectoderm (previously described in Murphy and
Hill, 1991 and in Sundin et al. 1990), presenting a very similar pattern to that of Meis2
(Fig. 9 A”). Expression of Hoxal in Sox2Cre;Meis2”- at E7.75 is unchanged with respect
to controls (Fig. 9 A).

Hoxa3 was analyzed at E8 when the first somites appeared and the expression of this gene
is restricted to the PSM and the neuroectoderm, however no changes in the expression
of Hoxa3 with respect to controls were found in Sox2Cre; Meis2”~ embryos at this stage,
remaining the boundary of expression at the anterior border of the PSM, similar to control
embryos (Fig. 9 B and B’).

Similar to Hoxa3, Hoxa4 was also found in the PSM and in the neuroectoderm and, again,
we did not see any difference between control and Sox2Cre; Meis2”- embryos (Fig. 9 C
and C’).

Regarding Hoxa5, we analyzed embryos at E8.5, when Hoxa5 expression was present in

Sox2Cre; Meis2-/- Control Sox2Cre; Meis2-/- Control

Hoxa1
Hoxa4

Hoxa3
Hoxab

Figure 9: In situ hybridization of Hox genes in Sox2Cre; Meis2”~ embryos (A-D) and
control (A’-D’). All images are oriented with the anterior region to the left.
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the rostral PSM and in the most recently formed somites. The anterior most somite with
a faint Hoxa5 expression was somite 5 in both the Meis2-deficient and control embryos
(Fig. 9 D and D’).

These results indicate that deletion of Meis2 from the early epiblast using Sox2Cre does

not alter the expression pattern of the anterior genes of the HoxA cluster.

- Skeletal patterning in Meis-deficient mice

The mouse vertebral formula is 7 cervical, 13 thoracic, 6 lumbar, 4 sacral and 30 caudal
(Mallo et al. 2009) and we have examined if changes in this axial organization are seen in

the absence of Meis, using different Cre lines.

- The skeletal pattern of Sox2Cre; Meis2 mice

To investigate if the early expression of Meis2 described above could have a role in
skeletal patterning, we analyzed the skeleton in the same mouse line used in the Hox
expression analysis. Lethality of these Sox2Cre;Meis2”- embryos around E14.5-E15.5
due to cardiac defects (Carramolino and Torres, unpublished) did not allow us to study
the pattern at later stages but despite specific structures are not completely developed
at E14.5, the verteral formula can be determined. Skeletal defects are summarized in

Supplementary Table 1.

-Occipital region abnormalities:
Due to the early stage and cartilage staining we could not observe the basioccipital and
supraoccipital bones at this stage. However, exoccipital cartilage condensations are al-
ready formed at this stage and presented a normal position and morphology, except for the
fact that its posterior part was fused to the neural arch (NA) of the first cervical vertebra
(Fig. 10 A). In addition, we observed a severe hypoplasia of the otic capsule, suggesting

a failure in inner ear development.

-Abnormalities in the cervical region:

The first cervical vertebra (C1 or atlas) of all Sox2Cre; Meis2”" fetuses studied was fused
to the exoccipital (n=14/14); This fusion involves a change in the angle and shape of the
first vertebra that becomes aligned and similar to the exoccipital in its ventral part, while
its most dorsal part was not formed. These changes correlated with a change in the shape
of the second vertebra (C2 or axis), which acquired a C1-like morphology (n=13/14) (Fig.
10 A). With less penetrance, the C3 vertebra presented a morphology that resembles C2
(n=2/14).



Other abnormalities found in this cervical region were the presence of disconnected chon-

drogenic condensations that could not be assigned to any vertebra (asterisk Fig. 10 A).

-Abnormalities in the thoracic region:

The thoracic vertebrae did not show any defect in shape; however, defects were observed
in their associated ribs. We found that the first rib (R1) was short (open arrowhead in
Fig. 10 A and A’) and sometimes fused to the second rib in one or both sides of the em-
bryo (n=13/14 taking into account both defects). In posterior ribs, fusions and splits were
found (arrowheads in Fig. 10 A’) and in 6 of 14 embryos the last thoracic rib, T13, was
short and in some cases (n=4/14) an extra short rib is present in the first lumbar vertebra
(named here as T14). In addition, in wild type mice the first seven thoracic vertebrae have
ribs that reach the sternum and the next six vertebrae have floating ribs (T7/6 formula);
however, the proportion between sternal and floating ribs was changed from the normal
7/6 pattern to a 6/7 pattern (named T6/7; n=3/14) in Sox2Cre; Meis2” fetuses. In the tho-
racic region, absence of fusion between both halves of the sternum was also observed
(n=5/14) (arrows in Fig. 10 A”).

Further defects in the lumbar or sacral regions were not observed in Sox2Cre; Meis2”"

mice.

- The skeletal pattern of Mesp1Cre; Meis2* mice

To investigate if these defects, especially those observed in occipital and cervical region,
are due to the elimination of the very early expression of Meis2 in the posterior epiblast
or to the lack of Meis2 in the mesoderm, we combined Mesp I Cre with Meis2-flox mice to
eliminate Meis2 from the early mesoderm. While Mesp! activates in the early embryo in a
similar pattern to Meis2, because of the time lag between Cre expression and effective re-
combination, the recombination pattern of MespICre affects only the anterior mesoderm
down to the forelimb level (Saga et al. 2000). As it occurred with Sox2Cre,; Meis2”" mice,
lethality due to cardiac defects only allowed us to study the phenotype at E14.5.

In MesplCre;Meis2”- fetuses, we found the same kind of defects described above for
Sox2Cre; Meis2”", although with reduced penetrance and severity, with the exception for
the inner ear, which was largely normal (Fig. 10 B, B’ and B”” and Supplementary Table
1). Transformation of C1 and its fusion to the exoccipital was found in 6/9 embryos, but
half of them presented this defect in only one side, while in Sox2Cre; Meis2” fetuses,
this defect appeared bilaterally in most cases (n=13/14). Nonetheless, in those fetuses
in which a fusion between exoccipital and C1 was not observed, C1 was found in a po-

sition close to the exoccipital and adopted an angle and shape similar to the exoccipital,
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although it was dorsally truncated. As observed in Sox2Cre; Meis2” fetuses, there was
also a change of C2 to a Cl-like morphology, as well as extra-elements in the cervical
region. However, we did not observe the shortening of the first rib in Mesp1Cre; Meis2”-
fetuses and other posterior defects appeared at a very low frequency, consistent with the
recombination pattern of MespICre (Fig. 10 B’ and Supplementary Table 1). Regarding

Sox2Cre; Meis2-/- Mesp1Cre; Meis2-/- Control

A

Figure 10: Cartilage staining at E14.5 in Sox2Cre,; and MespCre; Meis2”- mutants.

(A-C) Lateral view of the cervical region. Asterisk indicate chondrogenic condensa-
tions. Open arrowheads in A and A’ points shortening of the first rib. (A’-C’) Lateral
view of the thoracic region. Arrowheads point fusion and split of ribs. (A”-C””) Ven-
tral view of the sternum. Arrows indicate defects in the sternum. E, exoccipital; C,

cervical vertebra; R, rib.



the sternum, only one embryo presented the sternum separated and in another there was

only a small separation of the sternum (arrow in Fig. 10 B”).

We have shown that the deletion of Meis2 induced by either Sox2Cre or MespICre at
early stages produces skeletal defects in the occipital/cervical region consistent with an
anterior transformation of the first two vertebrae. In addition, skeletal patterning was
defective at the cervical/thoracic and thoracic/lumbar transitions with apparent anterior
transformations of incomplete penetrance and rib/sternum misspatterning. The changes
observed in the skeletal pattern, however were not accompanied by shifts in the expres-

sion of Hox genes in Sox2Cre; Meis2” fetuses.

- The skeletal pattern of DIl Cre;Meis I?%; Meis2- mice

Redundant functions of Meis/ and Meis2 have been observed during the development of
several organs, like the heart and the limb (Delgado, Lopez-Delgado, Carramolino and
Torres, unpublished). Even though we observed differences in the early expression pat-
terns between both genes, there was a weak expression of Meis! in the posterior region at
E7.5 (Fig. 8 L-M) that could compensate for the lack of Meis2 and we cannot exclude a
possible compensatory activation of Meis! in Meis2 mutants. For these reasons, we wan-
ted to eliminate both genes and analyze both Hox expression and axial skeleton. Howe-
ver, Meisl;Meis2 double heterozygous animals recombined with Sox2Cre or MespICre
are not viable due to cardiac defects. To be able to generate double-homozygous mutants
we used the DIl Cre deleter strain. This deleter strain recombines the paraxial and lateral
mesoderm mostly without affecting the cardiac mesoderm (Wehn et al. 2009). In addi-
tion, it recombines axial precursors at a later phase of their incorporation to the embryo
AP axis compared to Sox2Cre or Mesp1Cre. While Sox2Cre recombines the epiblast pre-
cursors before they become mesodermal, Mesp I Cre recombines as they adopt the meso-
dermal fate and DIl1Cre just before they enter the segmentation program. Meis/-flox and
Meis2-flox lines were crossed with DI/l Cre to generate different combinations of mutant
alleles, fetuses of different genotypes were obtained and the phenotypic analysis was per-
formed at E14.5 and E18.5 (Supplementary Table 2).

-Abnormalities in the occipital region:
The basioccipital bone presented abnormalities when two Meis2 alleles, any three Meis
alleles or the four Meisi/2 alleles were deleted (Fig. 11 A, B, C, E); however, we did
not find basioccipital defects in single or double heterozygous mice or Meis! knockouts
(Fig. 11 D). The basioccipital posterior border normally is indented in controls (Fig. 11

F) but showed posterior aberrant protrusions in mutants of the different genotypes (Fig.
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Figure 11: Skeletal staining at E18.5 of Meis mutants with DI/lICre. (A-F) Ventral
view of the basioccipital. Arrowheads indicate fusion of the basioccipital with the aaa.
(A’-F’) Dorsal view of the supraoccipital and cervical vertebrae. Arrow in B’ points
an extraelement in the cervical region (A”-F’’) Lateral view of the cervical region.
Asterisk indicate aaa formed by C2. B, basioccipital; S, supraoccipital; E, exoccipital;

C, cervical vertebra; aaa, anterior arch of the atlas.



11 A-E). In extreme cases, the basioccipital is fused to the anterior arch of the atlas
(aaa) (arrowheads in Fig. 11) that is a osified protrusion formed in the ventral part of the
first cervical vertebra. These fusions were observed most frequently in DI/ Cre; Meis] ™~
;Meis2” mice (n=7/11). Abnormalities in the supraoccipital bone were more frequent than
those in the basioccipital bone. We observed a reduction in supraoccipital ossification of
DIlICre;MeisI”;Meis2”- (n=3/3) and DIl1Cre; Meis1**;Meis2”- mice (n=4/4) (Fig. 11 A’
and E’) and a complete lack of supraoccipital ossification when three Meis alleles are de-
leted (n=7/11 in DIl Cre;Meis1™-;Meis2”~ , n=3/4 in DIlI1Cre; Meisl”-;Meis2*") (Fig. 11
B’ and C”). The exoccipital bone presented abnormal shapes in DIl1Cre; Meis1™; Meis2™"
(n=7/7) and DIl1Cre; Meis1*-;Meis2”- (n=5/22) mice, being either shorter or rounder (Fig.
11 A”, B” and E”). In most of the cases, these abnormalities concur with the fusion of
the neural arch of the first vertebra to the exoccipital bone, as previously observed in de-

letions using Mesp1Cre or Sox2Cre.

-Abnormalities in the cervical region:

Defects in C1 resembled those observed in the Sox2Cre and MespICre-deletion. In
DIl1Cre; Meis2”- mice, the neural arch appears in a shape and position similar to and im-
mediately porterior to the exoccipital, with absence of its dorsal part (n=4/4) (Fig. 11E’,
E”). In DIl1Cre;Meis1”";Meis2”- and DIl1Cre; Meis1™-;Meis2”- mice, this phenotype was
even more severe, since C1 appeared completely fused to the exoccipital (n=11/22 and
n=6/7, respectively). In some cases, this fusion led to the lack of the aaa formed by C1,
resulting in a ventrally incomplete C1 (Fig. 11 B and E).

We also found that in several genotypes, the C2 acquired a C1-like morphology, forming
the aaa (asterisks in Fig. 11 B, E, B”, C” and E”), although it maintained the ventral
odontoid process characteristic of this C2 vertebra (Fig. 11 E). Moreover, we noticed that
the neural arches of the second cervical vertebra also were larger and present angles that
approximate those of C1 (Fig. 11 A, B”” and E”). These transformations of the axis often
correlated with the fusion of the exoccipital and C1. In the same way, C3 also presented a
C2-like appearance with larger neural arches (Fig. 11 B and E”’) and in some cases, the
ventral part of the vertebra is fused to the C2 (Fig. 11 E). We also found neural arches of
the second and third cervical vertebrae fused.

In wild type mice, cervical vertebra 3 to 7 present a similar morphology with the excep-
tion of C6 that presents a ventral protrusion called tuberculi anterior; this structure seems
not to be affected in the absence of Meis. The rest of the cervical vertebrae remain normal
in the mutant, although some fusions and splits of the neural arches were also frequent
(Fig. 11 A” and E”’). These splits and fusions, together with the presence of disconnected

skeletal elements in the cervical region (arrow in Fig. 11 B’), produced a mismatch bet-
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Figure 12: Skeletal staining at E18.5 of Meis mutants with DI/ICre. (A-F) Lateral
view of the thoracic region. Arrows point fusion and splits of ribs. (A’-F’) Ventral
view of the sternum. Arrowheads indicate defects in the sternebrae and intersticial

cartilage and asterisk mark abnormal xiphoid process. T, thoracic vertebra; R, rib.



ween the neural arches of both sides of the vertebra in the dorsal part (Fig. 11 A’, B’ and
E).

-Abnormalities in the thoracic region:
Mutants presented changes in the sternal/floating formula, with a T6/7 pattern in one or
both sides of the embryo (Fig. 12 B’ and E’). Although, we ocassionally detected this
defect unilaterally in control embryos (n=4/46), the frequency was higher and included
bilateral affection in DIlICre; Meis1™*;Meis2”- mice (n=4/4), DIl1Cre;Meisl*";Meis2”"
mice (n=5/22) and DIl1Cre;Meis1”-;Meis2*- mice (n=3/12). In DIl1Cre;Meis1"";Meis2”"
mice, we observed that most of the ribs did not join to the sternum due to a truncation
of the cartilaginous distal part of the rib; however in all cases of these double-knockout
mice collected at E18.5 presented the seventh rib joined to the sternum (Fig. 12 A’). This
distal rib truncation was also observed in the absence of any three alleles of Meis and less
frequently in the single knockouts of Meis! and Meis2 (Fig. 12 B, C, E). The first rib was
most frequently affected by truncations and sometimes appeared fused to the second rib
in the absence of three/four Meis1/2 alleles and in Meis2 mutant mice (Fig. 12 A, B, C and
E). Moreover, different sternal and floating ribs presented fusions and splits at different

penetrances according to the genotype (arrows in Fig. 12 A, C).

Sternum defects were observed in DIl Cre; Meis 17 ;Meis2”- (n=5/7) and DIl1 Cre; Meis 1"
;Meis2”- (n=2/22) mice. The most severe sternum defects detected were the split of the
sternum in two halves (Fig. 12 A’); in these cases, ribs from each side fused to each half.
On the other hand, we observed fusions between ribs and shortening of the costal carti-
lage of the rib was related with the malformation of sternebrae, the intersternal cartilage

and with an abnormal xiphoid process formation (arrowheads and asterisks in Fig. 12 A,
B’,C’,D’and E’).

In general, skeletal defects were more severe as the number of Meis alleles deleted increases,
being the absence of Meis2 more detrimental than Meis /. However, E18.5 DIl1Cre; Meis I
~:Meis2”" mice appeared less affected in comparison with DIl1Cre; Meis1*";Meis2”- mice

, which was paradoxical. We observed, however that the viability of DI/l Cre; MeisI™”

Stage E18.5 E14.5 <E10.5

N° Dil1 Cre; Meisl-/-; Meis2-/- expected 8,13 7,47 11,95
N° DIl Cre; Meisl-/-; Meis2-/- observed 3 5 12
% Viability 36,9 66,9 100,4

Table 3: Viability of DIlICre; Meis1”;Meis2” fetuses at different stages.
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;Meis2”- mice at E18.5 was reduced to 37%, which suggested that mice of this genotype
represent escapers at this stage and thus missing mice could be more affected than ap-
preciated at E18.5 (Table 3). We then studied the phenotype of DI/1Cre; Meis1™”-; Meis2™"
fetuses at E14.5 and observed a fraction of embryos with the same defects as at E18.5
(Fig. 13 B) and, in addition, we found very strongly affected fetuses with all the cervical
vertebrae fused and with ribs not correctly developed, showing widespread fusions and

not reaching the sternum (Fig. 13 C).

DIl1Cre;
Control Meis 1 -/-; Meis 2 -/-

Figure 13: Cartilage staining at E14.5. (A) Control. (B-C) DIl Cre; Meis1™-;Meis2".

In summary, we observed similar defects comparing DI/1Cre; Meis2”- mutants with equi-
valent mutants induced with Sox2Cre and MespICre (Supplementary Table 1 and Fig.
10), although the penetrance of the phenotypes was lower. This results suggest that most
Meis2 functions involve relatively late functions of the gene, starting the earliest in the
presomitic mesoderm. Additional evidence for this conclusion derives from the observed
excacerbation of the phenotypes upon deletion of Meis ! copies, provided Meis! is not co-

expressed with Meis2 expression in at the earliest stages of axial precursor development.

-Limb defects:
Limb defects also appeared in Meis mutants lacking at least three copies of Meis. Hind-
limb (HL) defects were more frequent than those in the forelimb (FL) and affected FLs
were detected mainly in E14.5 fetuses (Fig. 13), appearing normal in E18.5 fetuses (Fig.
13; 14 A-D). HL defects observed were shortening of the stylopod and pelvic bones,
which was detected in DIl1Cre; Meisl”;Meis2”-, DIl1Cre;Meisl;Meis2” and DIlICre;
Meis1”;Meis2*- (Fig. 14 A’-D’), while in the DIl1Cre;Meisl”;Meis2”- mutants, defects
in the zeugopod were also observed (Fig. 14 A’). The autopod remained normal in all the

cases (Fig. 14).
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Figure 14: Limb defects observed in Meis mutants with DI/ICre at E18.5. (A-D) Fo-
relimb and (A’-D’) hindlimb.

- Analysis of Hox gene expression in the absence of MeisI and Meis2

The stronger skeletal phenotype of MeisI/2 double-knockouts compared to Meis2-only
deletions, and their similarity with previously described Hox mutants prompted us to stu-
dy Hox gene expression in these embryos. Some examples of Hox mutants with similar
phenotypes to Meis mutants are the paralogous group 4, which present different anterior
transformation such as C3 to C2 and C2 to C1 with the presence of the aaa in C2 (Horan
et al. 1995b), fusion between the exoccipital and C1 and defects in the basioccipital (Luf-
kin et al. 1992), fusions of the basioccipital with the aaa were shown in Hoxd3 mutants
(Condie and Capecchi, 1993). We examined the early expression of Hoxal and Hoxa3
and no differences were found between controls and double-knockout embryos (Fig. 15
A,A’, B, B).

We also studied Hoxd4, as mutant mice for this gene present malformations in the cervi-
co-occipital joint (Horan et al. 1995a) and to Hoxa6, because it plays a role in the cervi-
cothoracic transition (Kostic and Capecchi, 1994). However, we have not observed any
difference in the expression pattern at E10.5 in either Hoxd4 or Hoxa6, which show an
anterior boundary of expression at somites 5 and 14, respectively, both similar to those
observed in control embryos (Fig. 15 C-D and C’-D’).

Therefore, we have not found any differences in the Hox gene expression domains after
eliminating both Meis! and Meis2 genes with DIl Cre, even though we observed an evi-

dent skeletal phenotype, including AP transformations.
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Figure 15: In situ hybridization of Hox genes in control (A-D) and DIl1Cre; Meis1™

;Meis2”- embryos (A’-D’). All images are oriented with the anterior region to the left.

Global gene expression analysis of Meis1/2 double-knockouts recombined with
DIlICre

To unravel the molecular mechanism underlying the skeletal phenotype observed we per-
formed a gene expression analysis in E9 DIl1Cre;Meis1”;Meis2”- embryos. As we were
unable to reveal any qualitative change in Hox gene expression by in situ hybridization,
we wanted to confirm if quantitative changes in their expression levels occurred. Fur-
thermore, we wanted to independently determine putative changes in gene expression in
differentiating and pre-differentiating axial precursors and in anterior and posterior Hox
genes. To achieve this, we dissected and analyzed separately the posterior axial bud to-
gether with the 10-12 newly formed somites and the rest of the trunk.

We identified 9 upregulated genes and 25 downregulated genes in the analysis of the
anterior region; whereas in the posterior region there were 58 upregulated and 58 down-
regulated genes differentially expressed (p-value < 0.05) (Fig. 16 B and Supplementary
Table 4).

Ingenuity Pathway Analysis showed that developmental processes were affected, and it
is worth mentioning that skeletal and muscular system development and function was
significantly disturbed. Differences in other processes such as cell death, cell-to-cell in-
teractions, cell assembly and organization were also found in this analysis (Fig. 16 A).

Complementary studies using Gene Set Enrichment Analysis in the “Molecular Signatures



Database” (http://software.broadinstitute.org/gsea/msigdb/index.jsp) showed correspon-
dence with similar processes such as skeletal development, adhesion, cell differentiation,
proliferation and death. In addition, processes related with urogenital and neural system,
Polycomb Repressive Complex 2 (PRC2) targets and endoplasmic reticulum were signi-

ficantly detected (Supplementary Table 3).

However, no significant differences in Hox gene expression between the control and the
mutant embryos either in anterior or posterior region were found. These results show that
Meis1/2 function does not affect Hox gene expression in the AP embryonic axis.

Among the genes sensitive to Meis function there were several representatives of the

Notch and Retinoic Acid signalling pathways (Fig. 16 C).

We next focused on genes potentially involved in skeletal and muscular system develo-
pment, such as development of the myotome, sclerotome, paraxial mesoderm and for-
mation of vertebrae and ribs. Characterization of the expression pattern of some of these
genes was carried out by in situ hybridization in E9.5-E10.5 DIlICre;Meis1”; Meis2”

embryos.

- Somite compartmentalization in Meisl/2 double-knockouts recombined with
DIlICre

To study the compartmentalization of Meis-deficient somites, we selected misexpressed
genes from the RNA-seq analysis that are known to have a restricted expression pattern
in sub-domains of somites. Eyal and Eya2 are transcription factors with phosphatase ac-
tivity expressed in the ventrolateral (hypaxial) and mediolateral (epaxial) compartment of
the somites (Fig. 17 A’), and are required for hypaxial somitic myogenesis (Grifone et al.
2007). In the RNA-seq analysis Eyal was downregulated, while Eya2 was upregulated in
mutant mice. In situ hybridization of Eyal showed that its ventrolateral signal was redu-
ced (white arrow in Fig. 17 A); however, anterior somites presented an abnormal expres-
sion in the epaxial region that was not observed in the control (black arrow in Fig. 17 A).
On the other hand, Eya2 did not show any alteration in somitic expression (Fig. 17 B and
B’), although its expression in dorsal root ganglia appeared more intense in mutant embr-
yos. This expression pattern allowed to demonstrate fusions between dorsal root ganglia,
indicating a segmentation defect in peripheral nervous system patterning (arrowhead in
Fig. 17 B). We conclude that the hypaxial gene Eyal is specifically reduced in Meisi/2

double-knockouts.

We next analyzed Sim 1, a gene encoding a transcription factor homologous to Drosophila
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Figure 16: Transcriptome analysis of DIlICre; Meis1™;Meis2”- embryos at E9. (A)

Functions affected in D//1Cre; Meis1”-;Meis2” embryos from the Ingenuity Pathway



analysis (p-value < 0.05) in anterior and posterior region of the embryonic trunk. (B)
Representation of the number of genes differentially expressed in both anterior and
posterior samples (p-value < 0.05). (C) Fold change representation (p-value < 0.05)
from anterior and posterior samples (upregulated and downregulated genes are co-
loured in dark and light blue, respectively). Genes coloured in red are differentialy

expressed in both, anterior and posterior.

single-minded and expressed in the lateral hypaxial dermomyotome (Ikeya and Takada,
1998). We found that the dermomyotomal expression is strongly reduced in mutant mice,
which was in accordance with the RNA-seq results (Fig. 16 C; 17 C and C).

Another downregulated gene in the mutants was Shisa2, which is expressed in the dor-
solateral part of the dermomyotome and encodes an endoplasmic reticulum protein that
inhibits FGF and Wnt signaling (Nagano et al. 2006). In the anterior region of control
embryos, down to the forelimb, we found expression in the dorsal part of the dermom-
yotome, while in the interlimb region the expression extended along the hypaxial region
as well (Fig. 17 D’). In Meis mutants this hypaxial expression was abolished and in the
anterior region, we could not detect a properly segmented expression as it was the case

in control embryos. In addition, the ventral extension of the expression was reduced in

Dil1Cre Dil1Cre
Meis1-/-; Meis2-/- Control Meis1-/-; Meis2-/- Control
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Figure 17: In situ hybridization of Eyal (A and A’), Eya2 (B and B’), Sim/ (C and C’)
and Shisa2 (D and D’) in DIl1Cre; Meis1”-;Meis2”~ (A-D) and control (A’- D’) embr-
yos at E10.5. Black arrow in A indicates abnormal expression of Eyal in the anterior
somites and white arrow points reduced hypaxial expression of Eyal in interlimb so-
mites. Arrowhead in B points fusion of the dorsal root ganglia. Brackets in D and D’

shows the dorso-ventral extension of Shisa2 expression in the trunk.
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mutants (brackets in Fig. 17 D and D’).

Differentially expressed genes studied in this section, with the exception of Eya2, exhibit
altered expression in the different somite compartments, with the hypaxial dermomyo-
tome being specially affected (Fig. 17). These results, together with the similarities of
the skeletal phenotypes in Meis mutants with those previously described in the literature
affecting sclerotomal, myotomal and dermomyotomal development (Vivian et al. 2000;
Henderson et al. 1999, Soriano, 1997; Wallin et al. 1994; Braun et al. 1992), led us to ex-
tend the study to other genes expressed in different components of somite development,
even if their expression was were not found differentially expressed in the transcriptome
analysis.

Regarding the sclerotome, we checked Pax/ and Pax9, members of the paired-box trans-
cription family and involved in sclerotome development. Pax/ expression was not altered
in E10.5 mutants (Fig. 18 A and A’), however, an abnormal expression of Pax9 was obser-

ved in the anterior sclerotomes, which appeared not fully segmented (Fig. 18 B and B’).

Another member of the family, Pax3, is expressed in the hypaxial dermomyotome and is

Dil1Cre Dil1Cre
Meis1-/-; Meis2-/- Control Meis1-/-; MisZ-/—

Control
A '

Pax1
Pax9

Dil1Cre
Meis1-/-; Meis2-/- Control

Figure 18: In situ hybridization of Pax/ (A and A’), Pax9 (B and B’) and Pax3 (C and
C’) in DIl1Cre;Meis1”-;Meis2”- (A-C) and control (A’-C’) embryos. Arrowhead and
open arrowhead in C point ectopic dorso-medial expression in anterior and interlimb

somites, respectively.



involved in myotomal cell migration (Fig. 18 C’). Pax3 presented strongly reduced and
mispatterned expression in mutant embryos in regions posterior to the forelimb at E10.5
(open arrowhead Fig. 18 C), further indicating a strong affection of hypaxial dermomyo-
tome development. However, an apparent ectopic Pax3 expression in the dorso-medial

region of the anterior somites was observed in the mutants but did not appear in controls
(arrowhead Fig. 18 C and C’).

Provided that it has been described that crosstalk between myotome and sclerotome is
essential for development of the ribs, we have studied the main myogenic factors: Myf5,
MRF4, myogenin and MyoD (Fig. 19). Early expression of Myf5 arises in the epaxial
myotome at E9 (Fig. 19 A’). At later stages, Myf5 signal also appears hypaxially from
the forelimb to the caudal region of the embryo (Fig. 19 B’). In mutant mice, this epaxial
early expression showed incomplete segmentation (arrowhead in Fig. 19 A). At E10.5,

Myf5 expression in myotomes anterior to the forelimb extended ventrally in a pattern that

~Dll1Cre; Dil1Cre;
Meis1-/-; Meis2-/- Control Meis1-/-; Meis2-/- Control
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Figure 19: In situ hybridization of myotomal markers in DI/ Cre; Meis1”-; Meis2” (A-
F) and control (A’-F’) embryos at E9 (A, A’, Dand D’) and E10.5 (B, B’,C, C", E, E’,
F and F’). Arrowhead in A, open arrowhead in B and arrow in C indicate fusion of the
somites. Arrow in E points to a split of a somite. Brackets in C, C’, E and E’ mark the

dorso-ventral extension of the signal.
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was not detected in control embryos. The extended expression appeared to fuse between

adyacent myotomes, forming a continuous band (open arrowhead in Fig. 19 B).

MRF4 and myogenin presented a similar pattern to Myf5 and again we found that in the
anterior and interlimb regions of mutant embryos, the expression pattern showed mis-
segmentation and splitted patterns (arrows in Fig. 19 C and E). In addition, the ventral
hypaxial extension of the signal was reduced as observed before for other hypaxial mar-
kers (brackets in Fig. 19 C, C’, E and E’). In contrast, defects in the early expression of
myogenin at E9 were not as evident as for Myf5 (Fig. 19 D).

In addition , MyoD expression in the anterior somites of the mutants was not restricted to
the medial region as it occurs in the control embryos and appeard disorganized and less
extended hypaxially (Fig. 19 F and F’).

In summary, resegmentation of the paraxial mesoderm appears defective in Meis mutants,
with defects in the separation of adjacent sclerotomal/myotomal domains and bifurcated
myogenic domains. These defects affected mainly to the anterior region although defects
were also seen in the interlimb region. During dermomyotome formation and myotome
further development, the hypaxial developmental program seems especially affected and

hypaxial migration fails in correlation with an inability to activated Pax3 expression.

DIl1Cre; DIl1Cre;
Meis1 -/-;_ Meis2-/- Control Meis1 -/-;_MeisZ-/— Control

60

Figure 20: In situ hybridization of different markers at E10.5 in control (A’-D’) and
DIlICre;Meis1";Meis2”- (A-F) embryos. Brackets in C, C’, D and D’ indicate the
dorso-ventral extension of the signal.
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- Expression of adhesion molecules in Meisl/2 double-knockouts recombined with
DIlICre

Another group of genes differentially expressed were related with cell adhesion such as
Cdhl5 in the anterior region or Palld, Itga8 and Itga9 in the posterior. In situ hybridi-
zation of Cdhl5 showed mild defects in the anterior somites of mutant mice at E10.5.
Abnormal expression appeared in the anterior somites, and some ectopic patches of ex-
pression were found in the ventral part of this region (Fig. 20 A and A’). Palld signal was
strongly reduced in the absence of Meis compared with the control. In control embryos,
a stripe of expression appeared in the intersomitic boundary, which is not well-formed in
the mutants (Fig. 20 B and B’).

- Myotomal FGF factors in Meis1/2 double-knockouts recombined with DIll1Cre
FGF4 and FGF6 are involved myogenesis, though their expression in the medial myo-
tome. We found that expression of FGF4 and FGF6 appeared highly reduced in mutant
embryos. Both genes presents a similar pattern in the medial myotome extending from
the dorsal to the ventral region in controls. This expression is reduced (almost absent in
some embryos) and surprisingly, the reduction affects predominantly the epaxial region
(Fig. 20 E, F, E’and F).

- Retinoic Acid signaling in Meis1/2 double-knockouts recombined with DIlICre

In the transcriptomic analysis of Meis mutants, Raldh2, the gene encoding the main em-
bryonic enzyme responsible for synthesis of RA, and Cyp26b1, the gene encoding the
main embryonic enzyme responsible for RA degradation, appeared downregulated in the
anterior region (Fig. 16 C). In situ hybridizations for both genes were consistent with the
transcriptomic analysis. Raldh2 expression in the somites appeared reduced at E9.5 (Fig.
21 A and A’) and E10.5 (Fig. 21 B and B’). Dorsal and medial signals from the anterior
and interlimb region were severely reduced; while ventral expression in the interlimb
region appeared unaltered. Strikingly, the reduction in Raldh?2 transcript showed a mosaic
appearance. In control embryos at E9.25, Cyp26b1 was expressed in the hindbrain and in
the endothelium of the dorsal aortae and intersomitic vessels. While the hindbrain signal
was preserved in mutants, the endothelial signal in the somitic region was abolished (Fig.
21 Cand C’).

Cyp26b1 is a direct target of the RA pathway that gets activated in response to RA. The
concomitant downregulation of Raldh2 and Cyp26b1 thus suggest that Meis mutant em-
bryos are defective in RA. We then studied the expression of the gene encoding the RA
receptor beta (RARS), which has been described as a RA-responsive gene. Contrary to
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Figure 21: In situ hybridization of different genes of retinoic acid signalling in
DIlICre;Meis1;Meis2”- (A-D) and control embryos (A’-D’) at E9 (C and C’), E9.5
(Aand A’) and at E10.5 (B, B’, D and D).

expectations, no change in the pattern of RARfS was seen between controls and Meis mu-
tants (Fig. 21 D and D), which is consistent with the RNAseq data, where there were no
differences in RARa, RARpS or RARy.

We then studied the expression of Raldh2 in Meis mutants from the onset of its expres-
sion. As it was previously described, Raldh2 expression starts around E7 and at E7.5 is
restricted to the mesoderm in the posterior half of the embryo (Niederreither et al. 1997).
Interestingly, its expression pattern at early stages is very similar to that of Meis2 in the
mesoderm. We then performed a time-course expression analysis during the stages of
onset of Meisl and Meis2 expression (Fig. 22 A-D and F-I). We found a weak lateral
signal in the E7 embryo (Fig. 22 C) and, as the embryo developed, this signal extended
more posteriorly and distally (Fig. 22 D and F-I). Immunostaining of Raldh2 was also
performed at E7.5 and the signal corresponds with that seen by in situ hybridization. Un-
like Meis2 expression, which appeared in the three germ layers, ectoderm, mesoderm and
endoderm, Raldh2 signal was restricted to the mesoderm (Fig. 22 E and J).

This initial expression of Raldh?2 in the lateral mesoderm coincides with the early expres-
sion of Meis|, although Meis 1 start to express slightly before. To investigate if Meis could
regulate Raldh2 at these early stages we could not use the DI/ICre, as it recombines at
later stages. Generating early double Meis mutants is a challenge, provided that double

heterozygous mutants affecting anterior mesoderm are lethal. We therefore designed a
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Figure 22: In situ hybridization of Raldh2 genes in early development from E7 to E7.5
(A-D), early allantoic bud (F), late allantoic bud (G and H) and late headfold (I) embr-
yos. (E) Transverse (E) and sagittal (J) section of Raldh2 immunostaining at E7.5 em-
bryo. (K and L) Raldh2 expression in Stra8Cre; Zp3Cre;Meis1”-;Meis2”- and control
embryo. (M-O) Raldh2 immunostaining in double-knockouts using Stra8Cre; Zp3Cre
(M) and DIliCre (N) and in control embryos (O). All images are orientated with the
anterior region to the right. Scale bar (M-0O), 100um.

strategy in which we used simultaneous paternal and maternal germline-specific deletion
of Meis alleles. For this strategy, we used the Zp3Cre and Stra8Cre delete strains, which
recombine in the female and male germ line, respectively. We crossed Zp3Cre; Meis 1"
Jiox - Neis 2oxfox females with Stra8Cre;Meis 170¥/°*: Meis 27/ males, to recombine Meis
alleles in the parental gametes and obtain Meis double- zygotic knockouts (zMeisDKO).
In situ hybridization of Raldh2 in zMeisDKOs at E7.5 did not show any defect in Raldh?2
early posterior expression. However, the lateral expression that corresponds with the ear-
liest expression, was not detected in mutants (Fig. 22 K and L). Immunostaining at E8.5
of Raldh2 in zMeisDKOs did not show alterations in the paraxial and proximal lateral
mesoderm (Fig. 22 M). We were not able to study Raldh2 expression at later stages in
zMeisDKOs, due to lethality after E8.5 related to cardiac defects.

In situ hybridization at E7.5 and immunostaining in zMeisDKOs suggests that Meis is

not responsible for the early posterior expression of Raldh2 but regulates an early lateral
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domain probably related to cardiac precursors. At later stages, reduced Raldh2 expression
was detected when DI/1Cre was used to delete Meisi/2 alleles. The reduction in Raldh2
correlated with a reduction in Cyp26b1 expression, however other RA targets like RARfS
do not show changes in the mutants, suggesting a complex scenario in the relationship

between Meis and the RA pathway.
In conclusion, our data support a role for Meis in regulating Raldh2 expression in the
embryo, however this regulation is context dependent and does not affect all expression

domains/stages.

DIlICre recombination pattern in control and Meis mutant embryos

The mosaic pattern observed in Raldh2 expression downregulation suggested incom-
plete DIlICre recombination. We therefore aimed to study the distribution of D//ICre-
recombined cells and compared their distribution in control embryos and Meis-deleted
embryos. For that purpose, we combined Meis/ and Meis2 floxed alleles with DIl1Cre
and a Rosa26RtdTomato reporter allele. In these embryos, DIl1Cre recombines the Meis-
floxed alleles and removes the stop cassete of the Rosa26RtdTomato reporter, producing
lineage-labelled double-knockout cells, while unrecombined cells remain unlabelled.
The Tomato* cell distribution was widespread in the trunk and the presomitic mesoderm
at E8 and no differences were found between control and Meis mutant embryos (Fig. 23
A and B). At E10.5 we observed a mosaic pattern of Tomato" cell distribution in both
control and Meis mutant embryos (Fig. 23 C-F). This mosaicism had not been described
for this line before (Wehn et al. 2009) and therefore it might depend on the genetic back-
ground. To determine whether the observed mosaicism results from inefficient recombi-
nation in all cells or from random mosaic inactivation of DI/ Cre expression, we studied
the correlation between Meis immunodetection and Tomato expression in D//ICre;Rosa
26RtdTomato,; Meis 1"*/°x; Meis 2o~ embryos. We found that Tomato™ cells were devoid
of Meis, while their neighbouring Tomato™ cells showed Meis expression (Fig. 23 G-N).
Image profiling shows the anti-correlation between Tomato and Meis detection (Fig. 23
L) whereas this correlation did not exist in control embryos (Fig. 23 N). These results
indicate that the mosaic Tomato distribution results from mosaic inactivation of DI///Cre
and therefore the Tomato* cell distribution reports the distribution of Meis-deficient cells.
We did not find any reproducible difference in the distribution of Tomato® cell patches
between mutant and control embryos and the proportion of Tomato* cells was variable
between different embryos. However, in the mutant there is a tendency of knockout cells

to agregate forming patches that are more evident in the mutants compare with the con-
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Figure 23: 3D reconstruction of DIl Cre;tdTomato lineage in double-knockout (A,
C and E) and control (B, D and F) embryos at E§ (A-B) and E10.5 (C-F). (E and F)
Detail of the trunk under the forelimb of DIl Cre; Meis1”;Meis2”- (E) and control (F)
embryos at E10.5. Meis (G-K and M) and Raldh2 (O-S and U) immunostaining in
anterior somites from E10.5 sections of DIlICre;Meisl’;Meis2”;R26tdTomato and
control embryos. (L, N, T and V) Representation of Meis (L and N) or Raldh2 (T and
V) signal in green and tdTomato signal in red from the region of the section depicted

with a white line in their superior panels. Scale bar (A-F), 400pum.
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trols (Fig. 23 E-F). The anterior-most border of Tomato* cell distribution was established
at the occipital level and was also unchanged between control and mutant embryos.

We therefore used the mosaic inactivation of Meis alleles to study the regulation of Ral-
dh2 by Meis. We performed Raldh2 immunostaining and correlated this signal with that
of tdTomato. We found that Tomato® cells lacking Meis function did not show Raldh2
signal, while their Tomato™ neighbours, Meis-expressing cells showed normal Raldh2 ex-
pression (Fig. 23 O-V). The result was similar to that observed for Meis immunostaining,
being the signal of Raldh2 and tdTomato mutually exclusive in the mutant mice but not
in controls (Fig. 23 T and V). These results indicate that Raldh?2 is a confirmed target of
Meis in the differentiating paraxial and lateral plate mesoderm, however this relationship
does not take place in the undifferentiated nascent mesoderm, with the possible exception
of the early cardiogenic mesoderm. These conclusions correlate with the observed down-
regulation of Raldh2/Cyp26b1 in the transcriptome of anterior trunk but not the posterior
trunk of E9.5 embryos (Fig. 16 C).

Skeletal pattern in DIl1Cre;Raldh2* embryos

The relation of Meis and Raldh2 expression described above prompted us to study whether
defects observed in Meis mutants may derive from a deficiency in Raldh2/RA. Despi-
te the role of RA in regulating Hox expression and skeletal patterning (Kessel, 1992;
Marshall et al. 1992; Kessel and Gruss, 1991), there is no published description of the
consequences to AP axial patterning of Raldh2 deletion. For that purpose, we generated
DIl1Cre;Raldh2™/°x embryos and analyzed the axial skeleton (Supplementary Table 2
and Fig. 24).

In the occipital region, abnormalities in the basiocciopital were observed (n=14/43), in-
cluding fusion of this structure with the aaa (arrowhead Fig. 24 A). However, these abnor-
malities were also found in the control embryos although in a lower proportion (n=5/39)
(Fig. 24 G). The supraoccipital did not present any malformation (Fig. 24 B) and the
exoccipital appeared normal (Fig. 24 E and F) except in the cases in which C1 is fused to

it and shows a rounder appearance similar to that found in Meis mutants.

In the cervical region, abnormalities were found at a low frequency. In the mutants, the
C1 was fused to the exoccipital (n=5/49) or appeared close to and showed a similar angle
and shape as the exoccipital, with reduction or absence of the neural arch (n=2/49) (Fig.
24 F). When C1 it was fused to the exoccipital, C2 changed its morphology to Cl1-like,

and this can be observed in the morphology of the neural arch and in the formation of



the aaa at the level of the C2 (asterisk in Fig. 24 E and F). In DI/1Cre,;Raldh2" fetuses,
fusions were also common between neural arches of the cervical vertebrae and, in some
cases, tuberculi anterior was found in C7 instead of C6 (n=5/21) (Fig. 24 E and F).

Altogether, the alterations found in Raldh2 mutants were similar to those observed in

Meis mutants but were present at a lower frequency.

In the thoracic region, rib fusions and splits were observed in similarity to those found in
the Meis mutants (Fig. 24 J), and shortening of the first rib or its fusion with the second
rib was also found (Fig. 24 E and F).

DIl1Cre; Raldh2-/-

e A . AR

Figure 24: DIl1Cre;Raldh2”~ embryos skeletal staining at E18.5. (A, C and G) Ventral
view of the basioccipital in control (C and G) and knockout (A) embryos. Arrowheads
point to the fusion between the basioccipital and the anterior arch of the atlas. (B, D)
Dorsal view of the cervical region. (E, F and H) Lateral view of the cervical region
in knockout (E and F) and control (H) embryos. Asterisk indicated the aaa formed
by C2. (I-L) Ventral (I and K) and lateral (J and L) of knockout (I and J) and control
(K and L) embryos. aaa, anterior arch of the atlas; B, basioccipital; E, exoccipital; S,

supraoccipital; C, cervical vertebra; T, thoracic vertebra; R, rib.
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We detected a change as well in the number of sternal versus floating ribs in Raldh2 mu-
tants (n=15/49) but also in control embryos (n=14/42). Eight sternal ribs and five floating
ribs were found in both cases in a similar proportion (Fig. 24 I). In the most affected
mutant embryos, we observed defects in the intersternal cartilage and the sternebrae,

although we did not observe a split sternum.

The defects observed in rib formation are partially coincident with those observed in Meis
mutants and suggest a especial affection of hypaxial development as it was observed in
Meis mutants. In both Meis and Raldh2 mutants, the abnormalities observed were restric-
ted to the occipital, cervical and thoracic region, and this is consistent with the expression

changes of different markers analyzed by in situ hybridization.

In conclusion, the data obtained from the compared analysis of Meis and Raldh2 mutants
support the hypothesis of a direct control of Raldh2 expression by Meis during mesoder-
mal differentiation and suggest that at least in part, the axial skeleton defects observed in

Meis mutants derive from a defect in RA signaling.
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Meis proteins and their orthologs are involved in regulating Hox protein function through
direct protein-protein interaction and thereby modulation of Hox DNA binding proper-
ties. In flies, elimination of the Meis ortholog homothorax results in strong homeotic
phenotypes which, however, do not involve changes in Hox gene expression but in Hox
protein DNA affinity and target selectivity (Rieckhof et al. 1997). In vertebrates, in addi-
tion to the ability of Meis proteins to interact with Hox proteins, a dense pattern of Meis
protein binding to Hox complexes (Penkov et al. 2013) has suggested they may play a role

as well in transcriptional regulation of the Hox complexes.

Meisl and Meis2 expression in early mouse embryo development

Meis] and Meis2 genes start expression at early stages in the mouse embryo, when gas-
trulation has just started. The initial expression pattern of both genes is different in time
and space, suggesting a possible differential early function for both genes. Meis| starts to
be expressed slightly later than Meis2, and its first expression is found in the mesodermal
layer of the lateral region of the embryo, which we think could correspond with the car-
diac precursors. On the other hand, Meis?2 starts to be expressed at E7 and, interestingly,
its early activation coincides in time and space with the onset of Hox gene expression
(Deschamps et al. 1999). In addition, in situ hybridization and immunostaining showed
that Meis2 is expressed in the three germ layers in the posterior region at E7.5. At this
stage neuromesodermal progenitors are localized in the caudal lateral epiblast and in the
adjacent NSB, within the Meis2-expressing region. At late headfold stages, Meis/ and
Meis?2 are expressed in more anterior regions, although some Meis2 transcripts are still
seen in the posterior region (Fig. 8 R). At E8, neither Meis I nor Meis2 are expressed in the
most posterior region where the neuromesodermal progenitors continue generating neural
and mesodermal cells that contribute to axial extension (Henrique et al. 2015). Although
it is not clear when these neuromesodermal progenitors arise, we have a time window in
which Meis and these neuromesodermal progenitors coincide in the posterior epiblast un-
til the late headfold stage, when Meis withdraws from the posterior region. Therefore, the
cells that ingress through the PS and contribute to the mesoderm during this time window,
including the paraxial mesoderm, have been under the action of Meis from the time they

were in the epiblast.

Role of Meis in mouse axial skeletal development

As the Hox code is acquired through the temporal sequence of gene activation, first in the

epiblast and later in neuromesodermal progenitors, we have used different Cre lines to
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dissect Meis roles in time and space in axial precursors and determine their relationship

to Hox regulation and axial pattern formation.

Therefore, the deletion of Meis was carried out with Sox2Cre for eliminating the ear-
liest function of Meis in the epiblast; with MespICre for eliminating Meis function in
the nascent mesoderm and with D//ICre for eliminating Meis from the mesoderm at the
level of the PSM (Fig. 25). As double heterozygotes for Meisl and Meis2 floxed alleles
recombined with either Sox2Cre or MesplCre were not viable, we were unable to ge-

nerate double-knockouts embryos using these Cre lines. Based on the early expression

H=

Somites PSM NSB PS
Sox2Cre Mesp1Cre DIl1Cre

Figure 25: Recombination pattern of the different Cre lines used.

pattern of both genes, we reasoned that Meis2 and not Meis! would be the most likely
gene to play early roles in axial patterning, so in a first approach we deleted Meis2 with
either Sox2Cre or MespICre. Similar skeletal defects were detected in Sox2Cre,; Meis2”
and Mesp1Cre;Meis2”- E14.5 fetuses, affecting mainly to the cervical vertebrae and to
a lesser extent, the thoracic region (Fig. 26). Although the deletion with Sox2Cre and
Mesp1Cre produced the same type of defects, the penetrance and the severity of the ab-
normalities was milder using the MespCre line. This could suggest that the timing of
Meis2 elimination is important, which would identify a role for the earliest Meis2 ex-
pression in axial patterning. While this idea is consistent with the lower penetrance and
severity observed in DI/1Cre; Meis2”" fetuses, we cannot discard that the different genetic
backgrounds and/or the mosaicism observed for DI//ICre underlie these differences. The
fact that the quality and axial level of the defects is similar in the three models in fact
argues for an essential function for Meis2, not in epiblast or nascent mesoderm but du-
ring and/or beyond their transit through the PSM. In addition, it is important to highlight
that the variation in the penetrance is mostly observed in the thoracic region and in the
posterior cervical vertebrae, whereas the most anterior defects, like the fusion and the

repositioning of the atlas (C1) to the exoccipital, we obtained similar penetrance with
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Figure 26: Schematic representation of the skeletal defects observed in Sox2Cre,
Mesp1Cre and DIlICre; Meis2” fetuses and their frequencies. Arrows indicate the di-
rection of the homeotic transformation. NA, neural arch; E, exoccipital; C, cervical;

T, thoracic; L, lumbar; S, sacral; Ca, caudal; R, rib.

the three Meis2” models (see supplementary Table 2). Our analysis thus identifies no
obvious patterning functions for the earliest Meis2 expression in the epiblast and nascent
mesoderm. Yet, we show a previous unknown role for Meis in the specification of axial
skeletal element identity and proper patterning. Early expression of Meis2 could be in-
volved in cardiac development since cardiac defects are more severe in Sox2Cre;Meis2-/-
mice than in MesplCre;Meis2-/- and even milder when Meis2 is deleted specifica-

lly in cardiac progenitors with Nkx2.5Cre (Carramolino and Torres, unpublished).

Previous data suggests that the role of Hox genes in the specification of segmental identity
occurs in the PSM before the cells form the somites (Carapugo et al. 2005). Our results
would be consistent with this model, as Meis is present initially from the earliest stages
of axial precursor development and later from the PSM; furthermore, axial skeletal trans-
formations were observed when eliminating Meis function from the PSM. However, we
cannot exclude later functions during somite development, provided Meis is also present
in the differentiating paraxial mesoderm and we have not eliminated Meis function spe-

cifically in the differentiated somites, as it was performed in the overexpression experi-
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ments of Carapuco et al. (2005).

Since Meisl and Meis2 show a similar expression pattern from E8 and Meis1 and Meis2
proteins are highly similar, we cannot discard the cooperation of these two transcription
factors, as it has been observed for Meis function in heart and limb development (Del-
gado, Lopez-Delgado, Carramolino and Torres, unpublished). For this reason, we gene-
rated Meis1/2 double KO using D//ICre and, as we expected, the severity of the defects
increases with the number of alleles deleted (Fig. 27). This is evident in E14.5 fetuses
in which the fusions between vertebrae are most frequently observed in MeisI/2 double
KO, and are accompanied by incompletely developed ribs (Fig. 13). Meis1/2 double KO
at E18.5 did not show this strong phenotype, probably because the most affected fetuses
died before this stage, provided that the survival rate was 37% at E18.5. The cooperation
between Meisl and 2 in axial patterning further supports the lack of relevance of Meis2

early expression in this process, provided Meisl is not expressed at the early stages.

Regarding the defects observed in DIlICre-induced mutants, and consistently with the
phenotype of Meis2-deficient mice discussed above, we observed an almost complete
penetrance of defects affecting the exoccipital and C1. At E18.5 we also observed lack
of ossification of the supraoccipital bone and defects in the basioccipital morphology in
several genotypes. Quail-chick grafting experiments have shown that the exoccipital and
basioccipital receive contribution from the first 5 somites, while the supraoccipital only
receives contribution from somites 1 and 2 (Huang et al. 2000). Assuming these contri-
butions are similar in the mouse, defects in the first two somites, which contribute to the
three occipital bones, could suffice to explain the phenotypes observed, however, the
highly penetrant affection of the first cervical vertebra suggests a more general role for

Meis in specifying skeletal elements across the occipital-anterior cervical region.

The basioccipital and supraoccipital bones are not yet formed at E14.5, so we could not
observe if Sox2Cre- and MespICre-induced Meis2-deficient mice show defects in these
bones; however, provided D//1Cre; Meis1”- mice do not present defects in any of the occi-
pital bones, it is likely that Meis2 plays the main role in occipital development. This role
of Meis2 in the earliest and most anterior structures formed under Hox control correlated
with the early expression of Meis2 as compared with Meis/. The early onset of Meis2
expression might thus have to do with the need to have the pathway active early enough
for occipital patterning. On the other hand, fusion of the exoccipital and the basioccipital
bones with posterior structures could involve an alteration in the fifth somite since af-

ter re-segmentation its rostral half contributes to the exoccipital and basioccipital bone,
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Figure 27: Schematic representation of DI/1Cre;Meisl”-;Meis2”, DIl1Cre; Meisl*"
;Meis2”, DIl1Cre; Meis1”-; Meis2"" and DIl1Cre;Raldh2”" mice and their frequencies.
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while its caudal part forms the first cervical vertebra. Fusions between these structures in
Meis mutants could indicate an alteration in AP identity of the fifth somite and/or a failure
in re-segmentation. The fusions observed between other vertebrae could be due to the
similar abnormalities.

The change of the identity of the neural arches of C2 to Cl-like was only observed in
embryos in which both Meis2 alleles were deleted. However, the presence of the aaa in
C2 was not exclusive of the Meis2 deficiency, as it was also detected in DI[1Cre; Meis1™”
;Meis2* and in DI[1Cre; Meis1”- animals. This ectopic aaa indicates a partial acquisition

of a C1 identity since C2 maintains the odontoid process characteristic of C2.

The morphological changes observed in C1 and its fusion to occipital bones as well as the
transformations of C2 and C3 represent anterior homeotic transformations, since verte-
brae are transformed into their immediate anterior homologs. We consider the shortening
of the first rib (even its fusion to the second rib) as a possible anterior transformation,
since the first thoracic vertebrae is not developing a proper rib as cervical vertebrae do.
Nonetheless, the general affection of rib development might be a confounding factor here,
whereby the defects in T1 might derive from a general defect in hypaxial development

and not correspond to a change in identity.

Likewise, the different proportion sternum-attached versus floating ribs observed in Meis
mutants (6/7 sternal/floating ribs instead of 7/6) could be consider a posterior transfor-
mation or, as we have discussed above, it could derive from the defects in the hypaxial
somite development. In fact, Sox2Cre,; Meis2 mutants also showed the presence of ribs in
L1, which clearly indicates an anterior transformation. These observations argue for a ge-
neral effect of anterior transformation affecting from the occipital to the anterior lumbar
region, with and added specific effect on hypaxial development that is mostly manifested
in rib and intercostal muscle misspatterning. Interestingly, similar phenotypes to those
produced by Meis] and Meis2 mutations have been described in Hox mutants. Hoxd3"
(Condie and Capechi, 1993) and Hoxd4”- mutants (Horan et al. 1995a) present a change
in the morphology at the base of the basioccipital protruding posteriorly to the aaa and in

some cases it is fused to the aaa.

C1 repositioning towards the exoccipital and a thicker C2 vertebra are also observed in
these mutants. Hoxd3 and Hoxd4 deficient mice therefore show the same kind of homeo-
tic transformation seen in Meis mutants. Compound mutations in genes from the paralog
group 4 present as well defects in the cervical region such as the presence of the aaa in C2

and the fusion of the dorsal region of the neural arches (Horan et al. 1995b).



Defects observed in the thoracic region of Meis-deficient mice such as the fusion of the
first and second ribs and a fourteenth rib were also observed in Hoxa9 and Hoxb9 com-
pound mutants, (Chen and Capecchi, 1997); while the absence of the first rib appeared in
paralogous mutants of Hox5 and Hox6 (MclIntyre et al. 2007).

Skeletal defects similar to those described here for Meis mutants were also observed in
Cdx mutants. Cdx are homeobox genes and are regulators of axial patterning. Mutations
in these genes lead to anterior transformations predominantly in anterior regions. CdxI-
~ mice present a broader basioccipital with neural arches of the C1 sometimes fused to it.
In addition, anterior transformations of C1, C2 and C3 were also observed (Subramanian
et al. 1995). In the compound mutant Cdx /-, Cdx2"", the penetrance of these defects was
increased, suggesting that both genes cooperate in the regulation of axial patterning (van
den Akker et al. 2002). Fusions between spinal ganglia was also observed in these com-
pound Cdx17;Cdx2"" mutants, a phenotype that we have also observed in DIl1Cre; Meis I
“:Meis2™", revealed by Eya2 mRNA distribution (Fig. 17 B and B’). Contrary to our ob-
servations in Meis mutants, Cdx loss of function affects Hox gene expression boundaries,
which are shifted posteriorly, in correlation with the anterior transformations observed
(van den Akker et al. 2002; Subramanian et al. 1995). In good agreement, overexpression
of Cdx genes shifted anteriorly Hox gene expression and produced posterior transforma-
tions (Gaunt et al. 2008).

Meis role in Hox regulation

Hox gene mRNA expression patterns in Sox2Cre; Meis2”~ and DIl1Cre; Meis1”; Meis2”
mice did not show any alteration (Fig. 9 and 15). We analyzed Hoxal early expression
in order to see if the earliest activation was affected; however, we did not detect any mo-
dification of the expression pattern. Examination of other 3’ Hox genes whose anterior
boundaries of expression lie in the regions where defects were observed did not show any
alteration. In most of the cases, the analysis was performed at early stages, to avoid the
changes in the boundary of expression that take place during later development (Gaunt
et al. 1999).

In addition to this spatial description of the pattern, no significant differences in the le-
vels of transcripts were found in the RNA-seq analysis performed in DI//ICre;MeisI
“:Meis2”~ embryos at E9, indicating that Meis function does not affect the amount of
Hox transcripts. In summary, despite the early activation of Meis in the epiblast and the
profuse binding of Meis proteins to the DNA of Hox clusters, we did not find any role for

Meis in establishing the pattern, timing or intensity of Hox gene transcription. The fact
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that Meis mutants reproduce the phenotypes of Hox mutants and Cdx mutants without
altering Hox expression, points to their role as Hox protein cofactors, which agrees with
the established role of Meis and its Drosophila homolog hth as Hox protein co-factors.
In contrast with the observations in Drosophila, where the transformations described are
posterior (Ryoo et al. 1999), our observations indicate the loss of Meis provokes anterior
transformations. These contrasting observations indicate that, despite their similar level
of regulation of Hox activity, no direct correlation can be established between Meis and
hth molecular function. The fact that in vertebrates two subfamilies of hth-like factors
exists; Meis and Prep and that specific and even antagonistic functions have been descri-
bed for these two sub-families (Blasi et al. 2017; Penkov et al 2013) possibly underlies

this complex scenario.

Somite development in the absence of Meis

RNA-seq analysis in D/lI Cre-induced mutants revealed a set of genes expressed in somi-
tes that change expression in Meis mutants, which could shed light in the role of Meis in
axial development. From this analysis we investigated the expression pattern of different
markers that helped us to decipher defects in somite development. The myogenic regu-
latory factors: Myf5, MRF4, myogenin and MyoD present alterations in Meis!/2 double
KOs. In situ hybridization of MRF4 and myogenin (Fig. 19) showed fusions and bifurca-
tions of the expression domains. We have not detected these fusions and splits in Myf35 in
the inter-limb region but some somites were misshaped in this region. Myf5, MRF4 and
myogenin-deficient mice show rib defects including fusion between ribs (Patapoutian et
al. 1995; Hasty et al. 1993; Braun et al. 1992). These ribs defects resemble those observed
in Meis mutants. Myf5-deficient mice present defective chondrogenesis on the rib primor-
dia (Grass et al. 1996); according with this, the altered pattern of these markers could be
responsible of the rib mispatterning in Meisi/2 double KOs. Moreover, FGF4 and FGF6
are highly downregulated in these myotomal mutants (Fraidenraich et al. 2000; Grass et
al. 1996) and this was also observed in Meis mutants, suggesting a function of Meis in the
cross-regulation between different somite-derived compartments. A link between signa-
ling in different compartments has been related with the activity of Hox genes (Vinagre
et al. 2010). Vinagre et al. (2010) correlate the presence of Myf5 and MRF4 in the axial
region of the interlimb somites with the presence of ribs. They suggest that Hox proteins
could bind to enhancer elements of Myf5 and MRF4 and regulate its expression, affecting
consequently FGFs and PDGFa that are downstream effectors that could transmit the
myotomal information to the sclerotome. We have not detected a lack of signal in this

region, either for Myf5 or for MRF'4, but fusions between expression domains from diffe-



rent segments and abnormal signal distribution was present preceding the rib phenotype
observed at later stages. Altered expression or absence of several genes analyzed here,
indicated an alteration of hypaxial myotome development. Eyal, Pax3 and Sim are some
examples of genes that showed hypaxial expression reduction. During somite differentia-
tion, hypaxial dermomyotome growths and expands ventrally to give rise to thoracic and
abdominal muscle. It has been described that the hypaxial expression of Eyal together
with Six homeodomain transcription factors induce Pax3 in the hypaxial region promo-
ting the myotomal migration (Grifone et al. 2007). On the other hand, Pax3 has been
proposed to activate the myogenic program through regulation of myogenic regulatory
factors, MRF4, myogenin, MyoD and Myf5 (Grifone et al. 2005). Similarly, Vinagre et al.
(2010) suggested that Pax3 and Six factors could be involved in the regulation of Myf5
and MRF4 by Hox genes.

On the other hand, Myf5 seems to regulate FGF4 and FGF6 expression in the myotome
(Fraidenraich et al. 2000; Grass et al. 1996) and Shisa, that appeared downregulated also
in Meis1/2 double KO, may act to modulate FGF signaling (Furushima et al. 2007). This
downregulation of FGF4 and 6 was evident in Meis!/2 double KO, as it was shown by in
situ hybridization, so FGF signaling in the myotome could be disrupted in Meis mutants

and this could affect the sclerotome in a non-autonomous manner, affecting rib formation.

In conclusion, Meis1/2 double KO presented defects in several factors expressed in the
inter-limb region that could explain the rib phenotype. Meis factors could be acting early,
together with Six and Eya factors in the induction of the myotomal program through
Pax3. This hypothesis is supported by ChIP seq data (Delgado and Torres, unpublished)
that show several Meis binding sites in the Pax3 locus in E10.5 embryos and limb buds
(Fig. 28).
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Figure 28: Meis binding sites in Pax3 locus from ChIP-seq experiments of FL, HL
and E10.5 embryos (Delgado and Torres, unpublished).
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Apart from the defects observed in the inter-limb region, the anterior region of the embr-
yo, comprising occipital, cervical and forelimb-level somites, presents altered expression
of most of the factors studied here, including all the myogenic regulatory factors but
also the dermomyotomal marker Pax3, and the sclerotomal marker Pax9. This altered
expression in the anterior region may be related to the defects in the occipital and cervical

vertebrae.

Altered expression of genes involved in cell adhesion was also detected, including Cdhl5,
integrins /tga8 and ltga9 and the actin cytoskeleton organizer Palld. We have checked
Cdhl5, which was upregulated in RNAseq and this upregulation probably comes from
the ectopic patches observed by in situ hybridization in the anterior region. However,
integrins and Palld appeared downregulated and by in situ hybridization we observed a
strong reduction in the expression of Palld in the interlimb and anterior region. In pre-
vious works, Palld function has been related with cell adhesion and cell migration (Liu et
al. 2007a; Liu et al. 2007b), which might be related to an inability of differentiating somi-
tes to maintain their structural organization or to migrate properly, producing the defects

observed in the vertebrae and ribs.

Involvement of Meis in retinoic acid metabolism

Raldh2 mRNA distribution was found severely altered in Meis mutant embryos. This
reduced expression of Raldh?2 is in accordance with RNA-seq data in which both Raldh2
and Cyp26b1; the main regulators of embryonic RA levels, are downregulated. Although
Cyp26b1 and Raldh?2 have antagonistic functions on RA abundance, both genes appeared
downregulated. It has been shown that Cyp26 is a RA-activated gene in vitro (Ray et al.
1997) and in vivo (Fujii et al. 1997). Thus, RA level-dependent regulation of Cyp26b1
could occur in Meis mutants, so that low levels of RA would be responsible for Cyp26b1
low levels. Raldh2 downregulation could thus be the primary event and the reduction in
RA could secondarily lead to a downregulation of Cyp26b1.

On the other hand, Cyp26 mutants (Sakai et al. 2001) present axial skeletal defects, the
most striking of which is the caudal truncation due to the action of excess RA on the
posterior region where axial progenitors reside, but interestingly, these mice also present
posterior homeotic transformations in the cervical region such, as fusions between the
exoccipital and the first cervical vertebrae, and posteriorization of the rest of the cervical
vertebrae (Sakai et al. 2001). These alterations considered to be the result of a RA excess
are opposite to those observed here for Meis mutants. On the other hand, Raldh2 knoc-

kout mice die around E10.5 from an impairment in RA synthesis (Niederreither et al.



1999), so it has not been described if the absence of RA produces homeotic transforma-
tions in constitutive mutants. We have generated a Raldh?2 conditional knockout using the
DIl1Cre driver and found homeotic transformations affecting the occipital and cervical
region, and additional patterning defects in the skeletal elements of the thoracic region.
Transformations in DIl Cre;Raldh2”- mutants are observed at a low frequency; one pos-
sible explanation is the mosaicism observed in the recombination of DI/ICre, together
with the diffusible properties of RA, which could lead to cell non-autonomous phenotypic
rescue in many specimens. The fusion of the basioccipital to the aaa, the transformation
of C2 to an atlas identity, the presence of the tuberculi anterior in C7, the fusion of the
first rib to the second, and the presence of 8 sternal ribs instead of 7 are defects found in
DIl1Cre;Raldh2”- similar to those found in Meis mutants. In addition, similar defects are
observed in RAR mutants, which, in addition, show rib fusions and sternum defects simi-
lar to those observed in Meis mutants (Lohnes et al. 1994). RARy mutants, and in a very
low frequency RARo mutants, show homeotic transformations in isolation (Kastner et al
1995; Luo et al. 1995; Lohnes et al. 1994; Lohnes et al. 1993), while the frequency of the
defects is increased in compound mutants of the three isoforms of RAR: a, f and y (Kast-
ner et al. 1995; Lohnes et al. 1994). RARy is expressed in the regressing PS at E§ and in
the sclerotome-derived precartilage of the prevertebrae at E12.5 (Ruberte et al. 1990); so,
it stands as a candidate to convey RA signaling during vertebral patterning. In addition, a
synergistic interaction exists between RARY and either Cdx (Allan et al. 2001) or Hoxd4
(Folberg et al. 1999) and in both compound mutants, the phenotype was more severe than
in the single RARy mutant, but always affecting the occipito-cervical region. In these
works, the expression of Hoxd4 in RARy” (Folberg et al. 1999) and RARy”;Cdx1”- mu-
tants was unchanged (Allan et al. 2001). These studies suggested the possibility that both
RARy” and Cdx I genes were involved in the same genetic pathways regulating the same
targets genes in parallel to and without affecting Hox gene expression. This conclusion
however is in conflict with the observation that several conditions in which Cdx genes are
mutated show clear alterations of Hox expression domains (van den Akker et al. 2002).
Although it has been shown that Hox genes respond to increased RA and this induction
could be mediated by RARs (Folberg et al. 1997; Marshall et al. 1996), RARy and RARf
loss of function mutants show anterior transformations but do not show changes in Hox
expression patterns (Folberg et al. 1999a, b). Even though the analysis of Hox expression
in RAR mutants is not comprehensive in the literature and it has not been determined in
compound mutants (Doll¢, 2009; Kastner et al. 1995; Lohnes et al. 1994), the data so far
available thus indicate similar phenotypic alterations and similar absence of Hox expres-
sion changes in RA-pathway mutants and Meis mutants.
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On the other hand, Kessel and Gruss (1991) performed in vivo treatments with RA during
mouse gestation and obtained anterior or posterior homeotic transformations depending
on the stage of the treatment. They correlate these homeotic transformations with shifts
in the boundary of expression of Hox genes and in fact proposed a Hox code whereby
specific combinations of Hox factors specify vertebral identity. Anterior transformations
with concomitant Hox expression changes were observed following treatments at E7.5,
however, RA treatment at E10.5 produced posterior transformations in the cervical re-
gion, without altering the Hox expression code (Kessel, 1992). These observations led
Kessel (1992) to suggest two phases sensitive to RA in vertebral column development. In
the first phase, during gastrulation, RA would alter Hox expression to promote anterior
transformations, while in a later stage, RA could alter the AP-specific differentiation pro-

grams to promote posterior transformations without altering Hox expression.

Although most of the alterations found in the basioccipital, cervical and thoracic regions
of mutants of the RA pathway were similar to those observed in Meis mutants, other
alterations appear to be RA-specific phenotypes independent of Meis function, like the
posteriorization of the tuberculi anterior and the presence of eight sternal ribs instead of
seven in DIl1Cre;Raldh2”” and RARy’- mutants and after RA treatment.

The similarities in skeletal transformations between Raldh2 and Meis mutants and the
downregulation of Raldh2 in Meis mutants suggest a functional regulatory relationship.
Our results suggest a positive regulation of Raldh2 by Meis and this result was confirmed
by the immunostaining of Raldh2 and Meis in the mosaically deleted DI/ICre;MeisI”
;Meis2”- embryos, in which the regions lacking Meis are fail to express Raldh2 protein.
On the other hand, Raldh?2 is a Meis target in the hindbrain (Vitobello et al. 2018) and hu-
man neuroblastoma cells (GroB et al. 2018). Provided RA activates Meis in the limb bud
and P19 cells (Yashiro et al 2004; Mercader et al. 2000; Oulad-Abdelghani et al. 1997)
one possibility is that a positive feedback loop exists between Raldh2 and Meis. In fact,
Meis could affect RA metabolism at various levels, as it represses Cyp26b1 during limb

development in a cell-autonomous manner (Rosello-Diez et al. 2014).

To understand how and when Meis regulates Raldh2, we performed in situ hybridization
of Raldh?2 at early stages and we observed that Raldh2 activation occurs slightly later
than Meis expression and strikingly we observed a very early expression in the lateral
region of the embryo, very similar to the expression observed for Meis/ mRNA. At a la-
ter stage, a posterior mesodermal Raldh2 expression appears (Niederreither et al., 1997)

that is similar to Meis2 expression pattern. Raldh2 could therefore be activated initially



by Meisl in the lateral mesoderm (putative cardiogenic region) and then by Meis2 in the
posterior mesoderm. While the earliest Raldh2 expression in the lateral mesoderm of
E7.5 embryo was not found in the Meis double-zygotic knockouts (zMeisDKO), the main
expression domain in the posterior mesoderm was unaffected in E§-8.5 embryos. These
results suggest that the early lateral expression of Raldh2 could be Meis1-dependent but
the posterior expression relies on Meis-independent mechanism. Our results thus suggest
that Meis is not generally required for Raldh2 expression but this relationship is context
dependent. The requirement of Meis activity for Raldh2 transcription in the paraxial mes-
oderm therefore seems to be restricted to the differentiation stages but does not apply to
the nascent or segmenting mesoderm. The affection of RA synthesis only at differentia-
tion stages and the observed Hox-expression independent anterior transformations in the
occipital-cervical area match well with the reported Hox-independent cervical posterior

transformations following RA administration at E10.5 (Kessel 1992).

Meis regulation of Raldh?2 transcription could be direct; in fact, Hox, Pbx and Meis2
bind an enhancer in the Raldh2 locus thereby regulating Raldh?2 transcription directly in
the hindbrain (Vitobello et al. 2011). This result agrees with ChIP-seq studies performed
in E10.5 whole embryos and E10.5 limb buds, which showed Meis binding sites in the
Raldh?2 locus (Fig. 29) (Delgado and Torres, unpublished). In similarity to our findings,
Vitobello et al. (2011) also reported that Pbx1/2 null embryos did not present altered ex-
pression of Raldh2 at early stages; however, from E8.75 Raldh2 levels start to decrease
and at E9.0-E10.0 the expression is strongly downregulated in the somitic mesoderm.
Raldh?2 expression could be dependent on Meis and Pbx at later stages but not in the early
development of the somitic mesoderm. In fact, axial skeletal defects similar to those ob-

served in Meis and Raldh2 mutants have been described for Pbx/ and compound Pbx /-2
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Figure 29: Meis binding sites in Raldh2 locus from ChIP-seq experiments of FL, HL
and E10.5 embryos (Delgado and Torres, unpublished).
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deficient mice, such as abnormalities in the occipital region, loss of identity in cervical
vertebrae, distal shortening of the ribs and rib fusions (Capellini et al. 2008; Selleri et al.
2001).

Our results thus support a role of Meis as a cofactor of Pbx and Hox transcription fac-
tors, which would alter axial skeletal identity by modifying Hox protein activity, without
altering Hox expression. In addition, Meis alone or in combination with Pbx and/or Hox
transcription factors may regulate RA synthesis through directly controlling Raldh?2 trans-
cription during the differentiation phase. How RA levels change AP skeletal identities
without altering Hox expression at this stage remains unknown, however, the similarities
observed between Meis and RA-pathway mutants suggest they act in close cooperation.
One interesting possibility is that a positive feedback loop exists between Meis and RA,
so that alterations in RA levels impact on Hox functions exclusively by modifying the

availability of Meis proteins for interaction with Hox proteins.
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Figure 30: Proposed model of the role of Meis in axial specification as cofactor of
Hox and Pbx. These factors regulate targets genes involve in axial patterning, and this
regulation could be mediated by RA produced by Raldh2. Likewise, Meis is involved
in direct regulation of Raldh?2 expression. RA, retinoic acid; RAR, retinoic acid recep-

tor; RXR, retinoid X receptor.



Conclusions






1- Meisl and Meis2 present divergent expression patterns during their earliest activa-
tion in the mouse embryo with Meis2 transcription appearing in the posterior epiblast and
nascent mesoderm and Meis! in lateral mesoderm. Around the onset of somitogenesis

both patterns converge.

2- Meis?2 loss of function leads to anterior transformations of axial skeletal elements in

the occipital to anterior lumbar regions.

3- Compound Meis! and Meis2 loss of function mutants exhibit stronger axial defects,

showing a cooperation between Meisl and Meis2 functions in axial patterning.

4- The early expression of Meis2 in the epiblast and nascent mesoderm does not play a

detectable role in anteroposterior axis identity specification.

5- Meis roles in axial patterning do not involve transcriptional regulation of Hox genes.

6- Raldh?2 loss of function produces skeletal defects at occipital and cervical levels that
partially match those observed in Meis mutants.

7- Raldh?2 is a target of Meis during axial development, possibly through a direct trans-

criptional regulation.

8- Meis function is required for a molecular program involved in hypaxial myotomal

development, which could underlie the defects observed in rib distal patterning.
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1- Meisl y Meis2 presentan diferentes patrones de expresion durante su activacion
temprana en el embridn de raton empezando la transcripcion de Meis2 en la zona poste-
rior del epiblasto y el mesodermo temprano mientras que Meis/ comienza en el mesoder-

mo lateral. Al comienzo de la somitogénesis ambos patrones convergen.

2- La pérdida de funcion de Meis2 lleva a la aparicion de transformaciones homedticas

anteriores en el esqueleto axial desde la region occipital a la lumbar.

3- Mutantes con pérdida de funcion de Meis! y Meis2 muestran defectos axiales mas
severos que los mutantes simples de sendos genes mostrando una cooperacion entre las

funciones de Meis! y Meis2 en el patron axial.

4- La expresion temprana de Meis2 en el epiblasto y en el mesodermo temprano no

tienen un papel en la especificacion de la identidad anteroposterior del eje axial.

5- El papel de Meis en el patron axial no estd implicado en la regulacion transcripcio-

nal de los genes Hox.

6- La pérdidad de funcion de Raldh2 produce defectos esqueléticos en la region occi-

pital y cervical que parcialmente coinciden con los observados en los mutantes de Meis.

7- Raldh?2 es una diana de Meis durante el desarrollo axial, posiblemente mediante una

regulacion transcripcional directa.

8- La funciéon de Meis es necesaria para el desarrollo del miotomo hypaxial, que

podria ser responsable de los defectos observados en el patréon distal de las costillas.
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Phenotypes
Abnormalities cervical vertebra
C1 fused to E unilateral
C1 fused to E bilateral
C1 NA approaching E unilateral
C1 NA approaching E bilateral
C2 with C1-like morphology unilateral
C2 with C1-like morphology bilateral
C3 with C2-like morphology unilateral
C3 with C2-like morphology bilateral
6 cervical vertebra or less
Other abnormalities *
Rib defects
R1 short unilateral
R1 short bilateral
R1 short and fused R2 unilateral
R1 fused R2 unilateral
R1 fused R2 bilateral
R13 short
Other rib fusions/splits
T14 little rib
R7/7 unilateral
R6/7 unilateral
R6/7 bilateral
Sternum defects

N2 of embryos

Supplementary Table 1: Skeletal defects of Meis2” with Sox2Cre, MesplCre and
DIlICre. E, exoccipital; C, cervical vertebra; R, rib; T, thoracic vertebra.

* Includes cervical vertebra misshapen, split neural arches, extra-elements in the cer-
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DIl1; Meis1; Meis2 ~ DiLRaldh2

Phenotypes M1KOM2KO M1HTM2KO M1KOM2HT M1HTM2HT  M1KO M2KO  CONTROL KO HT CONTROL
Abnormalities occipital bones
Basioccipital 0(3) 7(11) 1(4) 0(2) 0(3) 4 (4) 0(23) 14 (43) 0(8) 5(39)
B fused to aaa 6(7) 1(1) 1(4) 7 (14) 4 (5)
Supraoccipital 3(3) 7 (11) 3 (4) 0(2) 1(3) 4(4) 0(23) 2(25) 0 (8) 4(33)
Exoccipital 7 5 0 0 0 0 0 3 0 0
Abnormalities vertebral
C1 NA short unilateral 0 0 1 0 0 0 0 5 0 0
C1 NA short bilateral 1 1 0 0 0 3 0 2 0 0
C1 short and fused to E unilateral 0 4 0 0 0 1 0 1 0 0
C1 fused to E unilateral 0 0 0 0 0 0 0 2 0 0
C1 fused to E biilateral 6 7 0 0 0 0 0 3 0 0
C1 NA approaching E unilateral 0 4 0 0 0 1 0 2
C1 NA approaching E bilateral 1 0 0 0 0 3 0 0
Abnormalities vertebra2
C2 fused to C1 unilateral 1 0 0 0 0 0 0 8 0 2
C2 fused to C1 bilateral 1 0 0 0 0 0 0 1 0 0
C2 fused to C3 unilateral 1 3 1 0 0 0 0 10 0 1
C2 fused to C3 bilateral 0 0 0 0 0 0 0 1 0 0
Forming aaa 1(3) 4(11) 1(4) 0(2) 1(3) 3(4) 0(23) 14 (41)  0(8) 0(38)
C1-like morphology unilateral 1 3 0 0 0 0 0 2 0 0
C1-like morphology bilateral 1 9 0 0 0 4 0 6 0 0
Abnormalities cervical vertebra
Fusions 6 4 1 1 2 0 0 10 0 0
Other * 3 16 6 1 1 3 2 12 1 2
Tuberculi anterior
Absence of Tuberculi anterior 0(3) 1(11) 0(4) 0(2) 0(3) 0(4) 0(23) 1(21) 0(8) 0(25)
Vb 6y 7 unilateral 0(3) 0(11) 0(4) 0(2) 0(3) 0(4) 0(23) 4(21) 0(8) 2(25)
Vb 7 bilateral 0(3) 0(11) 0(4) 0(2) 0(3) 0(4) 0(23) 1(21) 0(8) 0(25)
Rib defects

R1 short unilateral 0 0 0 0 0 0 0 2 0 0
R1 short bilateral 2 8 5 0 0 3 0 0 0 0
R1 short and fused R2 unilateral 1 5 2 0 0 1 0 2 0 0
R1 fused R2 unilateral 0 0 0 0 0 0 0 0 0 0
R1 fused R2 bilateral 0 0 0 0 0 0 0 5 0 1
Other rib fusions/splits 5 7 6 0 2 3 0 7 0 0
Not reaching sternum 4 8 5 0 1 2 0 4 0 0
R8/5 unilateral 7 0 5
R8/5 bilateral 8 1 9
R6/7 unilateral 0 3 1 0 1 2 4 1 0 0
R6/7 bilateral 0 2 2 1 0 2 0 0 0 0
T14 little rib 0 2 0 0 0 0 1 5 0 2

Sternum defects 5 2 0 1 0 0 0 1 0 0

Limb defects
FL 4 1 5 0 0 0 0
HL 6 11 10 0 0 0 0
N¢ of embryos 7 22 12 8 4 4 46 49 15 42

Supplementary Table 2: Skeletal defects of Meis and Raldh2 mutants with DI/ICre.
B, basioccipital; aaa, anterior arch of the atlas; E, exoccipital; C, cervical vertebra; R,
rib.

* Includes cervical vertebra misshapen, split, extra-elements in the cervical region
and mismatch in the posterior arch.

() Number of embryos is indicated in parenthesis when it is different from the total.
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Gene Set p-value
REN_ALVEOLAR_RHABDOMYOSARCOMA_UP 3.09E-9
MARTORIATI_MDM4_TARGETS_FETAL_LIVER_DN 1.54E-8 X
GO_CELL_DEVELOPMENT 7.36E-8 X
GO_BIOLOGICAL_ADHESION 9.57E-8 X
BENPORATH_ES_WITH_H3K27ME3 1.76E-7 X
DELYS_THYROID_CANCER_DN 2.32E-7 X
GO_ENSHEATHMENT_OF_NEURONS 2.44E-7 X
GCANCTGNY_MYOD_Q6 8.12E-7
GO_PROXIMAL_DISTAL_PATTERN_FORMATION 8.87E-7
MODULE_19 1.03E-6 X
BENPORATH_SUZ12 TARGETS 1.76E-6 X
GO_TISSUE_DEVELOPMENT 1.76E-6 X
SMID_BREAST_CANCER_BASAL_UP 1.77E-6 X
MODULE_12 2.01E-6 X
» |BENPORATH_EED_TARGETS 2.05E-6 X
-2 [MEISSNER_BRAIN_HCP_WITH_H3KAME3_AND_H3K27ME3 2.14E-6 X
;g MODULE_1 2.24E-6 X
< |TGTTTGY_HNF3_Q6 3.73E-6 X
AKT_UP.V1 DN 4.33E-6 X
GSE15324_ELF4_KO_VS_WT_NAIVE_CD8 TCELL DN 5.65E-6 X
GSE32533_WT_VS_MIR17_OVEREXPRESS_ACT_CD4_TCELL DN 5.65E-6 X
GSE33374_CD8 ALPHAALPHA VS_ALPHABETA_CD161 HIGH_TCELL_UP 5.65E-6 X
GSE9650_GP33_VS_GP276_LCMV_SPECIFIC_EXHAUSTED_CD8 TCELL_UP 5.65E-6 X
GO_SKELETAL_SYSTEM_MORPHOGENESIS 5.76E-6
GO_SKELETAL_SYSTEM_DEVELOPMENT 6.28E-6
EBAUER_TARGETS_OF_PAX3_FOXO1 FUSION_UP 6.47E-6
GO_POSITIVE_REGULATION_OF_CELL_PROLIFERATION 6.53E-6
CAGGTG_E12_Q6 7.5E-6 X
GCM_MAP1B 7.71E-6 X
GO_ORGAN_MORPHOGENESIS 7.86E-6 X
GO_SENSORY_ORGAN_DEVELOPMENT 9.25E-6 X
GO_NEURON_DIFFERENTIATION 9.79E-6 X
MARTORIATI_MDM4_TARGETS_NEUROEPITHELIUM_UP 1.83E-18 X
QUINTENS_EMBRYONIC_BRAIN_RESPONSE_TO_IR 2.33E-15 X
MARTORIATI_MDM4_TARGETS_FETAL_LIVER_UP 7.76E-14 X
MEISSNER_BRAIN_HCP_WITH_H3K4ME3_AND_H3K27ME3 9.07E-14 X
BENPORATH_ES_WITH_H3K27ME3 2.07E-13 X
GO_EPITHELIUM_DEVELOPMENT 1.35E-12 X
GO_ORGAN_MORPHOGENESIS 2.38E-12 X
GO_ENDOPLASMIC_RETICULUM 2.97E-12
GO_TISSUE_DEVELOPMENT 6.27E-12 X
GO_METANEPHROS_DEVELOPMENT 8.31E-12
BENPORATH_EED_TARGETS 9.25E-12 X
GO_TUBE_DEVELOPMENT 1.24E-11
CUI_TCF21_TARGETS_2_DN 2.26E-11
ZHANG_TLX_TARGETS_60HR_UP 3.59E-11 X
DUTERTRE_ESTRADIOL_RESPONSE_24HR_DN 5.89E-11 X
BENPORATH_SUZ12_TARGETS 6.33E-11 X
GO_METANEPHRIC_NEPHRON_DEVELOPMENT 6.55E-11
ONGUSAHA_TP53_TARGETS 1.98€-10 X
GO_KIDNEY_EPITHELIUM_DEVELOPMENT 2.82E-10
GO_RENAL_TUBULE_DEVELOPMENT 3.5E-10
AACTTT_UNKNOWN 3.51E-10 X
GSE42021_CD24HI_VS_CD24INT_TCONV_THYMUS_DN 4.8E-10 X
GO_KIDNEY_MORPHOGENESIS 5.00E-10
GO_SENSORY_ORGAN_DEVELOPMENT 6.36E-10 X
GO_EPITHELIAL_CELL_DIFFERENTIATION 6.65E-10
GO_EMBRYO_DEVELOPMENT 6.78E-10 X
5 |GO_METANEPHRIC_NEPHRON_MORPHOGENESIS 7.48E-10
'S |GO_NEPHRON_EPITHELIUM_DEVELOPMENT 1.22E-9
‘g‘ GO_TISSUE_MORPHOGENESIS 1.53E-9 X
o |GO_ANATOMICAL STRUCTURE_FORMATION_INVOLVED_IN_MORPHOGENESIS |1.71E-9 X
GO_EMBRYONIC_MORPHOGENESIS 1.73E-9 X
GO_TUBE_MORPHOGENESIS 1.88E-9
WGTTNNNNNAAA_UNKNOWN 2.04E-9 X
GO_CELL_DEATH 3.12E-9
GO_POSITIVE_REGULATION_OF_GENE_EXPRESSION 3.44E-9 X
ZHANG_TLX_TARGETS_UP 3.51E-9 X
GO_METANEPHROS_MORPHOGENESIS 3.57E-9
GO_NEPHRON_DEVELOPMENT 5.45E-9
GO_POSITIVE_REGULATION_OF_BIOSYNTHETIC_PROCESS 6.64E-9 X
CTTTGA_LEF1 Q2 6.69E-9 X
GO_CELL_DEVELOPMENT 7.57E-9 X
GO_RESPONSE_TO_EXTERNAL_STIMULUS 7.65E-9 X
GGGAGGRR_MAZ_Q6 9.28E-9 X
GO_REGULATION_OF_CELL_DEATH 1.21E-8
GO_TUBE_FORMATION 1.21E-8
GO_CELL_MORPHOGENESIS_INVOLVED_IN_DIFFERENTIATION 1.26E-8 X
GO_MORPHOGENESIS_OF_AN_EPITHELIUM 1.43E-8 X
GO_MORPHOGENESIS_OF_EMBRYONIC_EPITHELIUM 1.58E-8 X
GO_UROGENITAL_SYSTEM_DEVELOPMENT 1.6E-8
GO_REGULATION_OF_PROTEIN_MODIFICATION_PROCESS 1.76E-8

Supplementary Table 3: Skeletal Gene Set Enrichment Analysis of the genes diffe-

rentially expressed (p-value < 0.05).
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mgi_symbol
4930481B07Rik
Eya2
Bncl
S1pr3
Pgm5
Pdgfra
Hes5
Lgalsl|
Rian
Ncam1
Chrnbl
Peg3
Tmem252
Alpk2
Gm36958
Epb4113
Nab1l
Mecom
Cyp26bl
Shisa3
Aldhla2
Cdh15
Nr1h5
Gpcl
Ptprk
Meis2
Lyvel
Enox1
2610016A17Rik
Siml
Usp29
Pappa2
Ppplrléb
Pde9a

Anterior
adj.P.val foldChange

0.0001 6.7453
0.0069 -1.8355
0.0069 3.2875

0.0069 1.5321
0.0069 3.6710
0.0077 1.8002
0.0077 -1.5830
0.0100 1.3074
0.0100 1.3051
0.0101 -1.2851
0.0109 -2.2738

0.0192 1.6741
0.0192 3.3147
0.0192 -1.7307

0.0194 1.8586
0.0239 1.5279
0.0239 1.5069
0.0239 1.7547
0.0239 2.0444
0.0239 3.2871
0.0250 1.9680
0.0250 -1.6563
0.0269 -32.5832
0.0269 -1.2052
0.0316 1.2856
0.0332 1.3301
0.0332 6.2079
0.0332 1.5411
0.0332 2.9555
0.0338 2.2725
0.0340 1.6373
0.0384 2.5186
0.0434 -1.4897
0.0483 1.8997

logFC
2.7539
-0.8762
1.7170
0.6155
1.8762
0.8482
-0.6627
0.3867
0.3842
-0.3619
-1.1851
0.7434
1.7289
-0.7913
0.8942
0.6115
0.5916
0.8112
1.0316
1.7168
0.9768
-0.7279
-5.0261
-0.2693
0.3625
0.4116
2.6341
0.6240
1.5634
1.1843
0.7113
1.3326
-0.5751
0.9258

Posterior

mgi_symbol  adj.P.val foldChange
4930481B07Rik 0.0002 5.0125
A930024N18Rik 0.0002 -8.5291
Slitrké 0.0010 3.2674
Sesn2 0.0012 -1.5746
Cdknla 0.0020 -2.0538
Pax2 0.0053 2.2434
H2-K1 0.0063 -1.6437
Alx1 0.0074 4.1973
Meis2 0.0093 1.4244
Tapl 0.0093 -2.6088
Fam212b 0.0114 -3.6617
Lyst 0.0114 1.6360
Slc27a4 0.0114 -1.3314
Azin2 0.0114 -1.5831
Sim1 0.0147 2.4444
SIfn9 0.0159 1.4661
Bsg 0.0178 -1.2321
Wil 0.0192 4.6931
Lgalsl 0.0211 1.2612
Sh3kbpl 0.0211 1.3502
Pltp 0.0211 -1.3852
Gm14226 0.0211 2.6778
Nr1h5 0.0211 -29.6678
Hes5 0.0211 -1.6201
Ddit4l 0.0211 -1.8141
Dexr 0.0211 -1.6248
Foxd2 0.0211 1.9513
Runx1tl 0.0211 1.9822
Qrfpr 0.0211 -2.9556
Cptlc 0.0211 -1.3554
Mvk 0.0211 -1.3077
Ptn 0.0211 -1.2671
Cd63 0.0211 -1.2370
Igfbp3 0.0211 -1.2962
Peg3 0.0211 1.5845
Thoc6 0.0211 -1.2079
Zfpa4d2 0.0211 1.7247
Irx1 0.0217 -1.3614
Klhi14 0.0217 2.1444
Cengl 0.0217 -1.5644
Shisa2 0.0217 1.5505
Edem3 0.0217 1.3674
Ctsl 0.0217 -1.1780
Ntsrl 0.0217 5.3250
H2-Q4 0.0217 -1.2883
Gadd45a 0.0217 -1.2700
Ebf3 0.0223 2.0784
Palld 0.0223 1.2101
Arhgef3 0.0226 1.4920
Zfp365 0.0226 -2.3158
Dpf3 0.0226 1.7468
Fndc3cl 0.0230 1.2784
Sdf2 0.0231 -1.2450
Pappa2 0.0244 3.8265
Hmenl 0.0252 1.5642
Lhx1 0.0253 2.8812
Pthlr 0.0253 -1.3408
Klhdc8a 0.0253 2.5177

logFC
2.3255
-3.0924
1.7081
-0.6550
-1.0383
1.1657
-0.7169
2.0695
0.5103
-1.3834
-1.8725
0.7102
-0.4130
-0.6627
1.2895
0.5520
-0.3011
2.2305
0.3348
0.4332
-0.4701
1.4210
-4.8908
-0.6961
-0.8592
-0.7003
0.9644
0.9871
-1.5635
-0.4387
-0.3870
-0.3415
-0.3069
-0.3743
0.6640
-0.2725
0.7864
-0.4451
1.1006
-0.6456
0.6327
0.4514
-0.2363
2.4128
-0.3655
-0.3448
1.0554
0.2751
0.5773
-1.2115
0.8047
0.3543
-0.3162
1.9360
0.6455
1.5267
-0.4231
1.3321

mgi_symbol
Tmed9
Ephbl
Tspan7
Hcnd
Gperl
Yjefn3
Ppib
Sap25
Ank3
Erp29
Ppplrla
Dse
Meox1
Eyal
Lpp
Rab3gapl
Rspol
Gdnf
Shisa3
Shroom3
Tmem97
Zfp937
Sdf4
Foxd2os
Rpn2
Trp53inpl
Rxfp3
Prkce
Mecom
Gm21992
Cst3
Med14
Mkrnl
Atgad
Spon2
Mgat5
B930095G15Rik
Ergic3
Ptprv
Klhdc10
Fzd1l
Npdcl
Anapcl6
Ly6e
Itga9
Ttc28
AsxI3
Gm44215
Prex2
Ssr4
B4galte
Nell1
Lrig3
Phida3
Ctgf
Topl
Itga8
Tmod4

Posterior
adj.P.val foldChange
0.0253 -1.1699
0.0253 1.5618
0.0275 -1.2069
0.0281 1.8459
0.0286 -2.4910
0.0297 -1.9689
0.0297 -1.2476
0.0297 -1.9857
0.0303 1.2353
0.0303 -1.3263
0.0303 -1.4328
0.0303 1.2592
0.0303 1.5609
0.0309 1.2448
0.0309 1.2308
0.0309 -1.1838
0.0309 1.6853
0.0309 -1.6105
0.0309 2.0362
0.0309 1.3332
0.0309 -1.2073
0.0313 1.5519
0.0323 -1.1443
0.0328 1.7263
0.0339 -1.1410
0.0339 -1.7201
0.0339 8.4743
0.0339 1.3600
0.0356 1.6591
0.0356 -1.3281
0.0356 -1.2561
0.0356 1.2274
0.0385 -1.2083
0.0402 -1.2613
0.0402 -1.7217
0.0402 1.3599
0.0422 1.5589
0.0422 -1.1989
0.0422 -3.1391
0.0433 1.2037
0.0433 1.4349

0.0433 -1.3471
0.0441 -1.2453
0.0457 -1.2359

0.0457 1.4807
0.0467 1.5072
0.0480 1.2763
0.0481 -1.2905
0.0485 1.3374
0.0485 -1.2328
0.0485 1.2822
0.0485 5.1463
0.0485 1.1854
0.0485 -1.4449
0.0488 -1.6226
0.0488 1.1481
0.0488 1.7608
0.0488 -4.7433

logFC
-0.2264
0.6432
-0.2713
0.8843
-1.3167
-0.9774
-0.3191
-0.9897
0.3049
-0.4074
-0.5189
0.3325
0.6424
0.3159
0.2996
-0.2435
0.7530
-0.6875
1.0259
0.4149
-0.2718
0.6341
-0.1945
0.7877
-0.1904
-0.7825
3.0831
0.4436
0.7304
-0.4093
-0.3289
0.2957
-0.2730
-0.3349
-0.7839
0.4435
0.6405
-0.2617
-1.6503
0.2675
0.5209
-0.4299
-0.3164
-0.3055
0.5663
0.5918
0.3520
-0.3679
0.4194
-0.3019
0.3586
2.3635
0.2454
-0.5309
-0.6983
0.1992
0.8162
-2.2459

Supplementary Table 4: RNA-seq data of genes differentially expressed (p-value

< 0.05) in the anterior and posterior region of E9 DIlICre; Meis1”";Meis2”- embryos.
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