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Summary

Summary

During embryonic development, proper vertebrate body patterning is achieved
through a series of highly regulated transcriptional mechanisms that result in a precise
spatial and temporal control of specific master genes. Hox transcription factors play a
crucial role in the specification of posterior positional identity, acting as part of a
downstream regulatory network responding to Retinoic Acid (RA) activity. RALDH2
enzyme is solely responsible for embryonic RA synthesis until E8.5, and its mutation affects
dramatically the development of different structures and organs such as heart, somites,
pharyngeal arches, limb and neural tube (Niederreither et al.,, 1999). Yet, little is known
about the molecular mechanisms involved in its regulation. Previous literature showed that
Pbx mutant mice phenocopy most of the defects exhibit by Raldh2-/- mutant animals
(Capellini et al., 2006; Manley et al., 2004; Stankunas et al., 2008). Moreover, Pbx proteins
are well characterized Hox cofactors (reviewed in Moens and Selleri, 2006). In the first part
of this work we investigate the role of Hox and Pbx transcription factors in the maintenance
of RALDH2 expression. Using genetic tools and biochemical assays such as in situ
hybridization, reporter gene analysis of RA activity, chromatin immunoprecipitation (ChIP),
electrophoretic mobility shift assay (EMSA) and BAC recombineering we address this

important question.

Furthermore, the generation of an early anterior boundary of RA activity, obtained
through the complementary distribution of synthesizing and degrading enzymes, identifies
a rostral embryonic domain devoid of Hox gene expression. Previously, it has been
demonstrated that the maintenance of a Hox-negative domain is an essential condition
required for the correct morphogenesis of vertebrate craniofacial structures (Couly et al.,
1998; Creuzet et al., 2002). During early phases of neurogenesis, exogenous administration
of RA or mutation of CYP degrading enzymes result in the anterior shift of Hox gene
expression in the hindbrain and in the corresponding NCCs populating the pharyngeal
regions (Hernandez et al., 2007; Mallo and Brandlin, 1997; Marshall et al., 1992; Mulder et
al, 1998). These effects, associated with other RA-mediated molecular changes in the

signalling epithelium of first pharyngeal arch, lead to impairment of craniofacial



development (Mallo and Brandlin, 1997; Vieux-Rochas et al., 2007). Later on, anterior Hox
genes become unresponsive to RA signalling and its exogenous administration no longer
affects head and pharyngeal patterning. These evidences suggest a possible role of
epigenetic silencing mechanisms in the maintenance of transcriptional repression of Hox
gene in the face. Takihara and colleagues (Takihara et al., 1997) show that Phc1 disruption
(the mouse homologue of the Drosophila polyhomeotic gene) leads to altered antero-
posterior pattening and neural crest defects. Furthermore, Phc2 and Phcl have been shown
to act synergistically to establish a Polycomb-mediated repression of Hox genes (Isono et al,
2005). Although these works underscore the function PRC1 complex in the maintenance of
transcriptional repression of Hox genes during antero-posterior specification, they do not
account for the general function of Polycomb-mediated silencing in NCCs. Indeed, although
a large majority of Polycomb targets are co-occupied by PRC2 and PCR1 complexes in ES
cells, there is a substantial portion of target genes that show non-overlapping
characteristics (Boyler et al., 2006; Ku et al., 2008). Moreover, a comprehensive analysis of
craniofacial defects is missing, partly due to the early lethality of the analyzed mutant mice.
In the second part of this work we address the genome-wide impact of cell-autonomous
Ezh2 mutation during craniofacial development in the mouse and we discuss the
implications of our results in the context of collinear expression of Hox genes and their
chromatin architecture inside the nucleus. Using ChIP coupled with high throughput
sequencing (ChIP-seq) and RNA-seq data, we identify the epigenomic and transcriptomic
features of defined rostro-caudal cranial NCC populations. This study deciphers the role of

PCR2 during head and pharyngeal morphogenesis.

Finally, the present manuscript encompasses also two further research articles,
result of the collaboration within the Prof. Rijli's group and with the Prof. Chiquet-

Ehrismann’s group at the FML
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Chapter 1: Introduction

Body plan formation is achieved, during embryonic development, through a series of
gene regulatory networks (GRNs) that act in response to cellular environmental cues and
promote cell-specific differentiation and behavior. Transcriptional changes induced by
environmental signals are then maintained over cell generations through tightly regulated
epigenetic mechanisms (Figure 1.1). Genetic mutations or perturbations of the cellular
environment, occurring during prenatal life, might affect specific cell function, survival or
proliferation, resulting in tissue, organ and system dysfunction and eventually leading to
death. Understanding the molecular mechanisms underlying the regulation of the
developmental transcriptional pathways is important to shed light on the etiology of a

broad spectrum of pathological conditions, from mental retardation to cancer.
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Figure 1.1. Waddington’s classical epigenetic landscape. This drawing represents the
process of cellular decision-making during differentiation (original image from Conrad

Waddington, 1957).



During early embryonic development, the gastrulation process leads to the final
positioning of the three germ layers (ectoderm, mesoderm and endoderm) that will give
rise to all the organs and tissues that compose the organism. In parallel, the cells that
compose these layers will acquire positional information according to their location along
the rostro-caudal, dorso-ventral and left-right axes of the embryo. Morphogens are
signalling molecules able to diffuse through the developing tissues and, according to their
local concentrations, influence cell identity conveying positional information along the body
axes. Although there are different mechanisms able to establish morphogen gradients, the
most known are based on localized secretion, general spreading, and defined
clearance/degradation. At the cellular level the gradient activates signaling effectors able to
modulate the transcriptional state of target genes, which in turn, cross-regulate each other
(Figure 1.2). By shaping the expression landscape of target cells, morphogens are able to

induce spatio-temporal and cell-specific differentiation and behavior (Kicheva et al., 2012).

Morphogen
gradient

Input
Gene product
concentration

Output

Figure 1.2. Positional information interpreted by a Gene Regulatory Network in

response to a morphogen gradient. This spatial model consists of a one-dimensional row
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of cells with the GRN repeated in each cell. The gene depicted in red responds to the local
concentrations of a morphogen. Cells can signal to one another (dashed arrows) by means

of diffusible gene products (Cotterell and Sharpe, 2010).

1.1. Hox genes: organization and early expression onset

In the embryo, key developmental proteins belonging to the homeodomain
transcription factor family, shape the anterior-posterior neural tube through their
differential and nested expression along the neuraxis. Otx and Emx define the most anterior
part of the neural tube. Members of Pax, Gbx and En transcription factors define the
midbrain/hindbrain boundary (Kiecker and Lumsden, 2005). Posteriorly, the
rhombencephalic region is patterned by the expression of Hox transcription factors (Narita
and Rijli, 2009), while Cdx transcriptin factors are co-expressed with Hox in the caudal part

of the embryo (Young and Deschamps, 2009).

Described to confer segmental identity in Drosophila, Hox genes have conserved
their function throughout evolution and also in vertebrates, in which they act as selector
genes during the specification of metameric structures such somites and rhombomeres. Hox
genes are organized in clusters. In Drosophila the Homeotic gene complex (HOM-C) is
composed of eight genes organized in two groups: the Antennapedia compex (ANT-C),
whose genes specify the identity of anterior segments (head to second thoracic segment),
and the Bithorax complex (BX-C), whose genes specify the identity of posterior ones (third
thoracic to abdomen). In mammals there are 39 Hox genes organized in four clusters (A to
D) that have arisen through duplication and divergence, during the evolution, from a proto-
Hox cluster (Figure 1.3). Their expression pattern along the embryonic antero-posterior
axis and the onset of their activation follow their relative position (3’-to-5’) along the
chromosomes. These phenomena have been called respectively spatial (Lewis, 1978) and
temporal collinearity (Izpisia-Belmonte et al., 1991). Thetrefore, for example, Hoxal and
Hoxb1, which belong to the Hox paralog group 1 (PG1), are expressed before and reach

more anterior expression boundaries than PG4 Hox members.
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Figure 1.3. Hox expression and genomic organization. This image depicts the genomic
organization and the expression patterns of Hox genes in fly and mouse embryos (from

Pearson and al., 2005).

In Drosophila, activation of homeotic selector genes refines the antero-posterior
pattern pre-imposed by the sequential expression of maternal genes gap and pair-rule. In
amniotes, the molecular mechanisms leading to the temporal onset of their transcription
are still elusive, although recent studies have indicated the role of regulatory regions
located in the neighborhood regions outside the clusters (Tschopp et al, 2009). On the
other hand, the events that cause their spatial distribution along the rostro-caudal axis have
been well characterized. 3’ Hox genes start to be expressed during gastrulation in the
epiblast, in a salt-and-pepper manner, at the level of the presumptive paraxial mesoderm
located bilaterally to the forming primitive streak (Forlani et al., 2003). At this stage,
endodermal and mesodermal precursors located in the epiblast converge toward the streak
where they undergo an epithelial-to-mesenchymal transition. These cells then ingress
ventrally and migrate anteriorly and laterally to reach their final position. Moreover, as
gastrulation proceeds, the primitive streak moves forward reaching its maximal extent.
Then, activated 3’ Hox gene expression spreads to all the paraxial progenitors located in the
epiblast, all along the primitive steak. During their ingression through the streak,
mesodermal and endodermal precursors enter into the presomitic mesoderm and maintain

the Hox code acquired in the epiblast (Ilimura and Pourquié, 2006).
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anterior

Stage HH3 Stage HH4 Stage HH5 Stage HHé6 Stage HH7 Stage HH9
ﬂ G
Hoxb1 Expression posterior
anterior
Stage HH3 Stage HH4 Stage HH5 Stage HH6 Stage HH7 Stage HH9
Hoxb4 Expression posterior

Figure 1.4. Onset and spreading of Hox activation in the chicken embryo. Temporal
collinear Hox gene activation causes their spatial collinear expression in the chicken

paraxial mesoderm (from limura et al., 2009).

Subsequently, the primitive streak and the node retract the notocord is laid down
ahead while somites start to condense. Following the rule of the temporal collinearity, after
a delay of few hours, subsets of more 5’ Hox genes undergo the above mentioned activation
steps. However, their anterior expression boundaries will be posteriorly shifted due to the
regression of the primitive streak (Figure 1.4). In vivo overexpression experiments have
shown that Hox genes are able to control the time the progenitors spend in the epiblast
before they ingress through the streak. In this way, precursors that express more 5 Hox
genes will spend longer time in the epiblast and will form more posterior somites compared
to those expressing 3’ genes. Therefore ,this mechanism links directly Hox code expression

to spatial collinearity in the somites (limura and Pourquié, 2006).



1.2. Regulation of Hox gene expression in the hindbrain

Later on, Hox gene activation is induced in the neural tissue where they set their
rostralmost boundaries of expression. At this developmental stage, the neural plate does
not exhibit any of the morphological landmarks that will be present during the later phases
of the central nervous system development. However, a subset of transcriptional factors,
ligands and their cognate receptors start to be expressed in a nested manner along the
antero-posterior axis of the neural tube, supplying the neural tissue with the first molecular
hint of the future physical compartmentalization. Indeed, Hox proteins together with
Krox20 and Kreisler transcription factors regulate the alternate expression of ephrin and
Eph receptors along the antero-posterior axis in the rhombencephalon. The ephrin/Eph
signaling acts as repulsive molecular mechanism that results in the subdivision of the
hindbrain in seven distinct regions called rhombomeres. Inside each rhombomere,
subpopulations of progenitors eventually form nuclei that will organize into circuits to
regulate high physiological functions such as motor control, heart rate and respiration. This
metameric organization impinges on the repetitive and stereotyped architecture of motor

nerve exit and neural crest cell migration.

The nested expression of Hox genes in the hindbrain is driven by the modulation of
cis-acting regulatory regions, whose activities are controlled in space and time through the
integration of signalling pathways (e.g. Retinoic Acid (RA), Bone Morphogenetic Proteins
(BMPs), Fibroblast Growth Factors (FGFs)), transcription factors (e.g. Krox20, Kreisler as
well as AP-2, PBC and Meis family proteins) and epigenetic complexes (e.g. Polycomb,
Trithorax).

1.2.1. Retinoic Acid Signalling
All-trans Retinoic Acid (RA), one of the active forms of Vitamin A, is a small lipophilic

molecule that shows pleiotropic effects during embryonic development and adulthood,

regulating several cellular mechanisms like proliferation, differentiation and apoptosis.
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Perturbations of the RA signalling affect organogenesis, skeletal development and central
nervous system patterning. Vitamin A cannot be synthesized by animals and should
therefore be introduced into the organism through dietary supplementation. After ingestion
it is bound to retinol binding protein (RBP) and transported through the plasma to cell
surface receptors for uptake. Inside the cells, the amount of free Vitamin A available for a
two-step conversion to RA is homeostatically regulated by the presence of cellular retinol-
binding proteins (CRBPs). In the first step, the retinol dehydrogenase 10 (Rdh10) converts
retinol to retinaldehyde. The second step is catalyzed by retinaldehyde dehydrogenases
(Raldhs) that convert retinaldehyde to RA. Retinoic Acid, as lipophilic molecule, diffuses
extracellularly and reaches target cells where it binds a subfamily of nuclear receptors, the
Retinoic Acid Receptors (RARs), inducing transcriptional activation of downstream genes.
At cellular level, retinoic acid forms complex with cellular-RA-binding proteins (CRABPs)
that shuttles RA to its receptors. The amount of free RA depends on the presence of specific

Retinoic Acid degrading enzymes belonging to the cytochrome P450 family (CYPs).

RARs form heterodimers with retinoid X receptors (RXRs) and bind to specific
sequences of DNA called retinoic acid response elements (RAREs). RAREs are composed of
two direct repeats (DRs) of a core hexameric motif PuG(G/T)TCA, usually separated by a
spacer of five (DR5), two (DR2) or one (DR1) base pairs. In absence of the ligand, the apo-
RAR/RXR heterodimers recruit a co-repressor complex (NCoR nuclear receptor co-
repressor or SMRT silencing mediator of retinoic and thyroid hormone receptor) tethering
histone deacetylases (HDACs), resulting in chromatin compaction and gene silencing. On
the contrary, in presence of RA, the holo-RAR/RXR heterodimers undertake a
conformational change that dislodges the co-repressor and recruits a co-activator complex
belonging to the SRC/p160 family, which, in turn, interacts with chromatin modifying
enzymes (p300/CBP, p/CAF, CARM1) and ATP-dependent chromatin remodelling
complexes (SWI/SNF) (Flajollet et al., 2007). The histone acetyltranferase (HAT) activity
mediated by the p300/CBP, p/CAF and SRC/p160, together with the nucleosome
reposition/eviction activity mediated by the SWI/SNF complex induce decompaction of
repressive chromatin and facilitate the positioning of the transcriptional machinery at the

promoter of target genes (Bastien and Rochette-Egly, 2004). Indeed, after chromatin



remodelling, a transient ternary complex containing Mediator facilitates the dissociation of
the co-activators and the positioning of the general transcription factors (GTFs) and RNA

polymerase II (Pol II) into the pre-initiation complex (PIC) at the promoter regions.

Perturbations of RA signalling have teratogenic effects. Excess of RA, during
embryonic development, causes severe defects in the hindbrain, limbs, heart, gut and many
other organs (Durston et al., 1989; Marshall et al., 1992; Godsave et al., 1998). Vitamin A-
deficiency (VAD) also induces defects, characterized by global reorganization of
rhombomeric territories in the hindbrain: the anterior rhombomeres expand at the
expenses of the posterior ones (r4-7) (Gale et al., 1999; White et al., 2000). The severity of
these effects depends on the severity of the VAD (Figure 1.5).
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Figure 1.5. Hindbrain reorganization in response to RA signalling activity. VAD
embryos show a variety of phenotypic hindbrain defects depending on the effective

concentration of RA (from Gavalas, 2002).
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RA acts as a morphogen during gastrulation. The RA morphogenetic gradient is
established through the complementary distribution of synthesizing and degrading
enzymes along the rostro-caudal axis of the embryo (Swindell et al., 1999). Raldh2 is the
earliest synthesizing enzyme to be expressed. Initially, it is found in the primitive streak
and mesodermal cells. Later on, it is expressed in somitic and lateral mesoderm
(Niederreither et al., 1997). RALDH2 is solely responsible for embryonic RA synthesis until
E8.5. Raldh2-/- mouse mutants die before mid-gestation due to defective heart
morphogenesis. Moreover, they exhibit numerous abnormalities (Niederreither et al., 1999;
Niederreither et al., 2001; Niederreither et al, 2000). Some of them can be rescued by
transient maternal RA supplementation from E7.5 to E8.5-9.5 (e.g. Mic et al, 2002;
Niederreither et al., 2003; reviewed in Rhinn and Dollé, 2012).

Once synthesized in the paraxial and somitic mesoderm RA diffuses extracellularly
and reaches the surrounding tissues where it regulates the transcription of target genes.
The RA degrading enzymes Cyp26al, bl and cl exhibit combinatorial and dynamic
expression patterns (White et al.,, 1997; Fujii et al.,, 1997; Hollemann et al., 1998; Swindell et
al, 1999). In the hindbrain, their local activities modulate the RA signaling, resulting in
rhombomere-specific control of RA signaling (Sirbu et al,, 2005). Loss-of-function mutations
of these genes show defects consistent with an increase in RA signaling (Hernandez et al,,

2007; reviewed in White and Schilling, 2008).

1.2.2. Transcriptional networks

The molecular mechanisms that underlie hindbrain reorganization in response to
perturbed RA signalling are mediated by deregulation of Hox genes (Marshall et al., 1994;
Dupé et al,, 1997, Gavalas et al.,, 1998) and their transcriptional networks. RAREs located
within cis-regulatory regions of Hoxal (Langston and Gudas, 1992; Frasch et al., 1995) and
Hoxb1 (Marshall et al., 1994; Langston et al., 1997), respond directly to RA and govern the
early phases of spatial and temporal expression of these genes in the hindbrain and other

tissues. Hoxal and Hoxb1l cooperate in the establishment of the rhombomere 4 (r4)



domain, which, in turn, exhibit a FGF signalling activity required for proper specification of
posterior rhombomeric identities (Maves et al, 2002; Walshe et al., 2002). In Hoxal
mutants, rhombomere 3 expands posteriorly and the development of rhombomere 4 and 5
is severely affected (Dollé et al., 1993; Carpenter et al., 1993). This reorganization results in
the absence of the abducens (VI cranial nerve), reduction of the facial (VII), absence of the
spiral and vestibular ganglia (VIII) as well as reduction of glossopharyngeal (IX) and vagus
(X) nerves (Mark et al., 1993). Hoxal~/-/Hoxb1~/- double mutants show a more severe
phenotype, with r4-5 being dramatically affected or completely absent (Gavalas et al., 1998;
Gavalas et al,, 2001; Rossel and Capecchi, 1999; Studer et al., 1998). In wild-type animals,
Hoxal starts to be expressed in the epiblast and in the posterior primitive streak at the
embryonic day 7.5 (E7.5). At E7.75, Hoxal reaches its most anterior border of expression in
the neuroepithelium, corresponding to the presumptive rhombomere 3 (Makki and
Capecchi, 2010). Subsequently, its domain retracts to most posterior regions. This dynamic
pattern of expression follows the spatial distribution of RA signalling in the developing
embryo, which, at E7.75, reaches it maximal extension to the Cyp26al domain,
corresponding to the r2/r3 boundary in the hindbrain. After that (E7.9), the anterior border
of RA activity retracts towards the r4/r5 boundary because of the RA-mediated induction of
Cyp26c1 in r4 (Sirbu et al., 2005). By E8.25, Cyp26b1 is expressed in r5, contributing to the
local control of RA activity (Hernandez et al.,, 2007). Experiments carried in Raldh2-/- and in
Hoxal 3’RARE mouse mutants showed that the earliest temporal activation of Hoxal in the
epiblast and posterior primitive streak does not depend on RA activity (Dupé et al., 1997;
Niederreither et al, 1999). On the other hand, the overall Hoxal expression levels are
reduced and a delay in the establishment of its anterior boundary in the presumptive
hindbrain is observed. Similarly to Hoxal, Hoxb1 expression in the hindbrain depends on
RA signalling. Between E7.5 and E8.0, Hoxb1 reaches its maximal extension corresponding
to the r4 presumptive region. In Raldh2-/- mutants and RARa/-/RARy/- double mutants,
Hoxb1 fails to establish its expression in r4 (Niederretiher et al, 1997; Wendling et al,,
2001; Sirbu et al., 2005). In Cyp26al-/- mutants, the expression of Hoxb1 indicates an
enlarged prospective r4 territory and misspecification of anterior regions (Abu-Abed et al,,

2001). These effects are more drastic in Cyp26al-/-/Cyp26c1-/- double mutants (Uehara et
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al., 2007). Furthermore, exogenous administration of RA leads to the ectopic expression of

Hoxb1 in the r2 territory (Mallo and Brandlin, 1997, Marshall et al., 1992).

Once RA has driven the initiation of Hoxal and Hoxb1 expression in the hindbrain,
auto- and cross-regulatory interactions, together with the regulation mediated by other
transcription factors, participate in the identification of rhombomeric regions. PBC and
MEIS classes of Three Aminoacid Loop Extention (TALE) homeodomain proteins are well
characterized Hox cofactors (reviewed in Moens and Selleri, 2006). Vertebrate PBC class
comprises Pbx homoproteins, homologous to Drosophila Extradenticle (Exd), whereas the
MEIS class includes vertebrate Meis and Prep homoproteins, homologous to Drosophila
Homothorax (Hth). Hox regulatory elements often consist of Hox-Pbx bipartite motifs,
frequently associated to nearby Meis/Prep binding sites that lead to the cooperative
recruitment of tripartite Hox-Pbx-Meis/Prep complexes. Mutation of either Hox- or Pbx-
binding element prevents reporter expression in transgenic mice (Ferretti et al, 2005;
Maconochie et al., 1997; Popperl et al., 1995). Furthermore, vertebrate Pbx mutants exhibit
phenotypic effects resembling those showed by Hox loss-of-function animals (Manley et al.,
2004; Popperl et al., 2000; Selleri et al., 2001). More broadly, Hox and Pbx are thought to
cooperate in the specification of rhombomeric identities posterior to r1 (McNulty et al,,
2005; Waskiewicz et al., 2002). Between E8.0 and E8.5, the expression of Hoxb1 becomes
restricted to r4. A cis-regulatory region containing multiple binding sites for Hox proteins
and their cofactors has been characterized to be responsible for r4 maintenance (Ferretti et
al.,, 2005; Maconochie et al.,, 1997; Popperl et al., 1995). Indeed, Hoxal, Hoxb1 and Hoxb2
have been shown to interact with members of Pbx and Meis families in order to maintain
Hoxb1 expression in r4 (Ferretti et al., 2005; Gavalas et al.,, 2003; Popperl et al., 1995;
Studer et al., 1998). Furthermore, a different Hoxb1 cis-regulatory element containing a
RARE and bound by the zinc-finger transcription factor Krox20 works as repressor in r3
and r5, to suppress its expression in surrounding regions (Studer et al., 1994). Krox20
starts to be expressed in the presumptive r3 region at E8.0 and then becomes expressed in
the presumptive r5 region by E8.25 (Irving et al., 1996; Wilkinson et al., 1989). This
transcription factor plays an important role in the regulation of Hox paralog group 2

(HoxaZ2, Hoxb2) within its domain of expression (Maconochie et al., 2001; Sham et al., 1993).



Anteriorly, HoxaZ is the only Hox gene expressed in r2 and its regulation, driven through
the activity of a cis-regulatory element located in its coding region, is important for the
identity of this segment (Gavalas et al., 1997; Oury et al. 2006; Tiimpel et al., 2008) (Figure
1.6).
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Figure 1.6. Segmental distribution of cranial nerves, neural crest cells and Hox gene
expression. The nested expression of Hox genes along the hindbrain relies on RA
responsiveness and gene regulatory networks, which, in turn, confer rhombomeric identity.
Stereotyped architecture of motor nerve exit and neural crest cell migration are here

depicted (from Kiecker and Lumsden, 2005).

The r5-6 domain is specified by the expression of the transcription factor Kreisler. In
kreisler/- mutants, r5 and r6 are lost and the otic vesicle, which normally lies adjacent to

r5-6 is displaced laterally and develops into a cystic structure without an organized
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vestibular apparatus or cochlea (McKay et al., 1994). This transcription factor is activated at
E7.5 in the presumptive r5 region. Subsequently, its expression spreads also in the r6
region and stays activated until E9.0. Kreisler initiates the expression of Hoxa3 and Hoxb3.
Subsequently auto- and cross-regulatory interactions are respectively responsible for the

maintenance of their expression (Manzanares et al., 1997, 1999, 2001).

Finally, between E8.5 and E9.5, also PG4 Hox genes reach their anterior boundary in
the hindbrain (r6/7) driven by the sustained activity of the RA signalling (Folberg et al,,
1997; Whiting et al., 1991) coming from the nearby somites (Gould et al., 1997). After RA-
mediated initiation, the expression of these genes stars to regress toward posterior regions,
while Hoxb4 is maintained through mechanisms of auto- and cross-regulatory networks

(Gould et al., 1997, 1998).

1.3. Hox genes and Neural Crest Cells

Hox gene expression does not affect only the patterning of the rhombomeric regions
and respective cranial nerves, but influences also the positional identity and the

differentiation potential of neural crest cells (NCCs).

The neural crest cells represent a transient migratory cell population specific to
craniates and originating from the dorsal part of the developing neural tube. The
ontogenesis of this cellular population requires a phase of induction, which involves the
counteracting effects of several signalling pathways (e.g. BMP, FGF, Notch and Wnt). Then,
they undergo an epithelial-to-mesenchymal transition, delaminate and acquire migratory
properties to reach their target regions where they eventually differentiate into a variety of
cell types such as neurons, glia and melanocytes. Unlike trunk NCCs, cranial cells show the
unique capability to differentiate into mesenchymal derivatives such as cartilage, bone and
connective tissue, substantially contributing to the craniofacial and pharyngeal structures
that make up the vertebrate head (Gammill and Bronner-Fraser, 2003; Le Douarin and

Kalcheim, 1999; Morales et al,, 2005; Steventon et al., 2005) (Figure 1.7).



%%\\

sox ) soxm soxm SOX'IO—PAX3 soxm sox10| ( sox9
M‘TFlsomo PO MASH] cRer EDNRB ‘NGN ) cOzoa

MBP \PHOXZb/ -
| Det/TRP2 | | PIlP ) - l l | |

' Schwann Autonomic NS Autonomic NS | | Sensory | | Cartilage
Melanocytes cells symp/parasymp ENS PNS derivatives

S R

Figure 1.7. Sox transcription factors and cell fate potentials. Sox10 activity plays and
important role in neural and melanocyte cell differentiation. Sox9 is required to proper

differentiation of mesenchymal lineage (from Sauka-Spengler and Bronner-Fraser, 2008).

NCC differentiation is established through the instructive role of signalling molecules
and transcription factors whose actions are spatially and temporally coordinated (reviewed
in Sauka-Spengler and Bronner-Fraser, 2008). In particular, TGF@ signalling has been
shown to promote mesenchymal lineage acquisition at the expenses of melanocyte and
neural lineages, through Sox10 repression in pre-migratory NCCs and activation of the early
osteochondrocytic lineage marker Sox9, as well as Runx2 and osterix (John et al.,, 2011;
Sahar et al., 2005). Sustained expression of Sox9 in pre-migratory NCCs controls directly the
expression of collagen type Il al (Col2a1), a cartilage-specific gene (Lefebvre et al., 1997).
Heterozygous loss of Sox9 function results in Campomelic Dysplasia, a lethal human

disorder characterized by severe skeletal malformations and several craniofacial defects
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(Spokony et al., 2002). In contrast, the neuronal and the melanocyte lineages require Sox10

activity (Potterf et al,, 2001; Kim et al., 2003; Stolt et al., 2002; Lee et al,, 2004).

Mesenchymal/skeletogenic neural crest cells exhibit different potentials according
to their rostro-caudal origin along the neural tube. Rostral cranial NCCs give rise to the
frontonasal skeleton and make important contributions to the membranous bones of the
skull, whereas more posterior cranial NCCs fill the pharyngeal arches, where they form the
cartilages and bones of the jaw, middle ear and neck (Couly et al., 1993; Kontges and
Lumsden, 1996; Noden, 1983) (for reviews, see Gross and Hanken, 2008; McBratney-Owen
et al, 2008; Santagati and Rijli, 2003). From their origin in the neural tube to their
destination into the craniofacial and pharyngeal regions, cranial NCCs follow specific and
stereotyped pathways of migration that are highly conserved amongst vertebrate species.
NCCs originating from the diencephalon and anterior mesencephalon migrate into the
frontonasal process (FNP), whereas NCCs coming from the posterior mesencephalon and
the hindbrain colonize the pharyngeal arches (PAs). NCCs colonizing PAs migrate into three
segmentally restricted streams: NCCs from the posterior mesencephalon, r1 and r2 fill the
first arch (PA1), which will give rise to the maxillary (Mx) and the mandibular (Md)
processes, NCCs from r4 fill the second (hyoid) arch (PA2) and NCCs from r6, r7 and r8
colonize the third and the fourth pharyngeal arches (PA3 and PA4) (Birgbauer et al., 1995;
Kulesa and Fraser, 2000; Lumsden et al., 1991; Sechrist et al., 1993; Serbedzija et al., 1992).
Few cells originating from odd-numbered rhombomeres migrate both rostrally and
caudally, joining the adjacent even-numbered rhombomeric streams (Lumsden et al., 1991;

Sechrist et al., 1993).

Molecularly, the transcriptional identity of NCCs is different from their antero-
posterior origin. Forebrain NCCs colonizing the frontonasal region and midbrain NCCs
colonizing the maxillary process of PA1 express the homeodomain transcription factor Otx2
(Kuratani et al, 1997). Accordingly, Otx2 haplo-insufficiency mainly affects the
development of frontonasal and maxillary elements with no structural anomalies observed
in rhombencephalic NCC derived structures (Matsuo et al., 1995). At hindbrain level, the AP

positional identity of the NCCs is established by the same molecular mechanisms



controlling segmentation and AP patterning of the rhombomeres from which they
delaminate; namely, by the nested and combinatorial expression of Hox genes (Lumsden et
al,, 1996). This Hox transcriptional code is transposed to the NCCs while they migrate out
from the hindbrain, thus providing them an early AP molecular regionalisation and
patterning information (Hunt et al., 1991). However, the Hox code of the neural tube is not
strictly reproduced in the migrating NCCs (Hunt et al, 1991). For example, HoxaZ2
expression in the neural tube has its anterior limit at the r1/r2 boundary, but the NCCs
arising from r2 and migrating into the first arch are devoid of Hox gene expression
(Krumlauf, et al., 1993; Prince et al.,, 1994). As HoxaZ2 is the most anterior expressed Hox
gene, its absence in r2 derived NCCs leads to an important molecular difference among
cranial NCCs. Indeed, NCCs contributing to the FNP and the first arch do not express Hox
genes, whereas NCCs contributing to the second and more posterior arches express various
combinations of Hox genes, thus providing each arch with distinct regional identities along
the AP axis.

The importance of Hox genes in determining the AP identity of the pharyngeal
arches first became evident with the targeted mutagenesis of HoxaZ in the mouse. As a
result of HoxaZ inactivation, the skeletal elements originating from the second arch were
homeotically transformed into a duplicated set of Md-like elements with reverse polarity
(Gendron-Maguire et al., 1993; Rijli et al.,, 1993). A similar outcome has been described
following the inactivation of HoxaZ in Xenopus (Baltzinger et al., 2005) and of HoxaZ2 /HoxbZ2
in zebrafish (Hunter and Prince, 2002), thus underlying a conserved role for paralog group
2 Hox (PG2) genes in establishing second arch identity. However, some differences exist
among vertebrate species, concerning the relative involvement of Hoxb2 in patterning the
second arch skeletal elements. Indeed, whereas zebrafish HoxaZ2 interacts genetically with
its paralog Hoxb2 (Hunter and Prince, 2002), this latter is dispensable in mouse and
Xenopus (Baltzinger et al., 2005; Barrow and Capecchi, 1996; Davenne et al., 1999). This
might be explained by the early downregulation of HoxbZ expression in the mouse and
Xenopus post-migratory NCCs (Hunt et al., 1991; Baltzinger et al., 2005), which does not
occur in zebrafish (Hunter and Prince, 2002). However, despite these regulatory
differences, the outcome of HoxaZ or HoxaZ/HoxbZ inactivation indicates that Hox PG2

genes, that are the only Hox genes expressed in the second pharyngeal arch, superimpose a
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second-arch-specific mode of development on a Hox-negative ground (default) patterning
program, shared by the mandibular process of the first arch and the second arch (Rijli et al.,
1993). Such a hypothesis has been confirmed by complementary gain-of-function
experiments, where ectopic expression of HoxaZ in the first arch of chick and frog
(Grammatopoulos et al., 2000; Pasqualetti et al., 2000) or of HoxaZ/Hoxb2 in zebrafish
(Hunter and Prince, 2002) led to the development of second arch-like structures in the
place of Md derivatives. Hence, it appears that PG2 Hox genes act as selector genes for
second arch development. However, their inactivation do not affect arches posterior to the
second (Baltzinger et al., 2005; Gendron-Maguire et al., 1993; Hunter and Prince, 2002; Rijli
et al, 1993), where PG3 and Hoxd4 genes are expressed (Minoux et al., 2009).

It has been shown that deleting the entire Hoxa cluster in mouse NCCs, not only
leads to the second arch homeotic transformation induced by the absence of HoxaZ2 but also
results in partial homeotic transformation of third and fourth arch derivatives into
morphologies characteristic of Hox-negative Md-derived structures (Minoux et al., 2009).
Hence, it appears that all pharyngeal arches are patterned on the top of the same Hox-
negative ground (default) state, which corresponds to the genetic program of the NCCs
colonizing the mandibular process. On this common ground patterning program, the Hox
code specifies each pharyngeal arch with a unique AP identity, resulting in the formation of

arch-specific skeletal elements.

Ectopic expression of HoxaZ2 in Hox-negative NCCs, not only induces Md into PA2 homeotic
transformation, but also severely impairs jaws and craniofacial development (Creuzet et al.,
2002); a phenotype also observed by ectopic expression of Hoxa3 or Hoxb4 in chick (Figure
1.8). These experiments indicate that Hox genes repression in PA1 and more anterior NCCs
is an essential condition for proper jaw and craniofacial morphogenesis (Couly et al., 1998;
Creuzet et al.,, 2002). The elucidation of the molecular mechanism(s) involved in Hox gene
cluster repression in the first arch will be of particular interest in the future and will be

crucial for understanding jaw development and evolution.
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Figure 1.8. Phenotypic effects of ectopic Hox gene expression in chick embryo.
Overexpression of Hoxb4 in NCCs leads to severe impairment of craniofacial structures

(from Creuzet et al, 2002).

1.4. Epigenetic control of the collinear expression of Hox genes

In respect to the collinear expression of homeotic genes in Drosophlila, Welcome
Bender and colleagues (Peifer et al., 1988), suggested the “open-for-business” model,
speculating that each cell located within a segment selects, early in development, which
regulatory elements are available for temporal and cell-specific transcriptional control of
each gene (Akam et al,, 1988). Subsequently, the same model was proposed as a possible
mechanism explaining the temporal and spatial collinear Hoxd cluster expression during
vertebrate limb development (Dollé et al., 1989). Nowadays, the term “open-for-business”
has been replaced by “open chromatin” (Kmita and Duboule, 2003), yet the underlying
concept of locus-related mechanisms implicated in the regulation of Hox genes remains

almost unchanged (Figure 1.9).
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Figure 1.9. Model of collinear transcriptional activation along a Hox cluster. (A)
Nested expression of Hox genes in developing mouse trunk and limbs. (B) Progressive
chromatin remodeling as possible mechanism explaining the differential availability for

transcription within the Hox clusters (from Kmita and Duboule, 2003).

In the nucleus, DNA is associated with histonic and non-histonic proteins, which
confer structural, spatial and regulatory organization to the resulting polymer called
chromatin. Local properties of the chromatin like compaction, folding, histone variants,
post-translational modification and positioning interfere with the transcription factor (TF)
accessibility to the cognate responsive elements located within regulatory regions.
Consequently, chromatin organization modulates the ability of TF to regulate target genes

(Spitz and Furlong, 2012).

In mouse, the observation that the RA-responding Hoxb1-lacZ transgene faithfully
mimicking the endogenous gene (Marshall et al,, 1994) did not exhibit the sensitivity of

Hoxbl to precocious activation after exogenous RA treatment, lead to the idea that the



polarity, in initial activation of Hoxb genes, reflects a greater availability of 3'Hox genes for
transcription, suggesting a pre-existing (susceptibility to) opening of the chromatin
structure at the 3’ extremity of the cluster (Roelen et al., 2002). Recently, with the advent of
genomic-scale techniques allowing the investigation of chromatin state on multiple loci in
parallel, accumulating evidences are shedding light on the role of multiple epigenetic

complexes in the regulation of Hox cluster expression during temporal and spatial
collinearity in vivo (Bantignies et al., 2011; Soshnikova and Duboule, 2009).
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Figure 1.10. Expression of homeotic genes in Drosophila embryo and effect of
Polycomb mutation. Normal antero-posterior distribution of homeotic gene expression is
perturbed in Polycomb mutant embryos. Anterior derepression of AbdB gene is depicted in

the figure (from Sparmann and van Lohuizen, 2006; original image from Moazed and
O’Farrel, 1992).
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What are the evidences indicating an involvement of epigenetic factors in the
regulation of Hox collinearity in vivo? In Drosophila, a two-step process achieves spatial
restriction of homeotic genes. During the first step (initiation), transcription factors
regulate the transcriptional state of homeotic gene in sets of embryonic primordial. In the
second (maintenance), molecular mechanisms ensure, over cell generations, the
conservation of the silent/active state even in the absence of the factors that promoted the
initiation (Miiller et al., 1995). Genetic approaches identified, in Drosophila, a group of
negative regulators, the Polycomb group (PcG) proteins (Lewis, 1978; Struhl, 1981; Jlirgens,
1985), which are essential for maintaining spatial restrictions of homeotic gene expression
(Moazed and O’Farrel, 1992) (Figure 1.10). On the other hand, Trithorax group (TrxG)
proteins function as active regulators and are required to maintain correct level of
Antennapedia and Bithorax complex expression (Ingham, 1985). PcG and TrxG, as part of
the regulatory mechanisms maintaining the transcriptional memory of the cell, contribute
to the regulation of a myriad of target genes through post-translational histone
modification and, ultimately, by modifying chromatin state (Schuettengruber et al., 2009;

Schwartz et al., 2006).

TrxG proteins act in the context of heterogenous multimeric complexes, which can
be divided into three classes, based on their molecular function: histone
methyltransferases, ATP-dependent chromatin remodelers and other histone modifiers
(Schuettengruber et al., 2011). Of particular interest, the first class includes SET domain-
containing factors that can trimethylate Lysine 4 of histone H3 (H3K4me3) a hallmark for
gene activation. In mammals, MLL1 and MLL2, two HMTs homologous to Trithorax, exert
their function within COMPASS-like complexes and interact, via their N-terminal domain,
with the tumor suppressor Menin. Loss of Menin leaves little H3K4 methylation at Hox loci
and almost no transcription of Hox genes suggesting its crucial role in the targeting
MLL1/MLL2-containing COMPASS-like complexes to the Hox clusters (reviewed in Smith et
al,, 2011). Promoters enriched in H3K4me3 would then stimulate the pre-initiation complex

(PIC) assembly by recruiting the plant homeodomain finger (PHD) of the transcription



factor IID (TFIID), resulting in the transcriptional activation of targeted genes (Lauberth et
al,, 2013).

As TrxG complexes, Polycomb proteins act within multimeric complexes named
Polycomb repressive complex (PRC) 1 and 2. PRC2 core complex contains four core
subunits: EED, SUZ12, RbAp 48/46 and Ezh2/1, the SET domain-containing HMTs that
trimethylate Lysine 27 of histone H3 (H3K27me3). H3K27me3 is a hallmark associated to
transcriptional repression. Although it is still unclear whether this epigenetic mark
represents the cause or a consequence of the repressive state, there are some evidences
that indicate multiple roles played by H3K27me3 in the transcriptional silencing. In fact, its
enrichment at promoters would impair Pol II recruitment/elongation at target genes (Chen
et al, 2012; Chopra et al., 2011). Primarily, H3K27me3 acts as scaffold for PRC1
recruitment, which, in turn, ubiquitynates Lysine 119 of histone H2A and leads to

chromatin compaction (Francis et al., 2004; Wang et al., 2004) (Figure 1.11).
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Figure 1.11. Canonical recruitment of the PRC1 complex via PRC2-mediated H3K27
methylation. PRC2 complex is recruited to chromatin, the histone methyltransferase
EZH1/2 catalyzes the trimethylation of the lysine 27 of histone H3 (H3K27me3).
Subsequent recruitment of the PRC1 complex occurs in part through affinity binding of the
chromodomain of the CBX subunit to the H3K27me3 covalent mark. The PRC1 RING1 E3
ligase then monoubiquitylates the lysine 119 of histone H2A (H2AK119ubl (from

Sauvageau and Sauvageau., 2010).

Inside the nucleus, PcG proteins are not homogenously distributed, but are rather
localized in discrete foci called Polycomb bodies (Saurin et al., 1998; Dietzel et al., 1999).
During the last years, new effort has been put to address the functional role of these
subnuclear compartments as well as to investigate their distribution, composition and
dynamics (Cheutin and Cavalli, 2012). Furthermore, other PRC1 complexes have been
recently identified, which exhibit H3K27me3-independent mechanisms of chromatin
targeting (Gao et al.,, 2012; Morey et al., 2013; Tavares et al., 2012). A third complex named
PhoRC has been characterized in Drosophila (homologous to YY1 in mammals), which show
the ability to bind methylated histones and also DNA in a sequence-specific manner

(Sparmann and van Lohuizen, 2006).

In Drosophila, Trithorax- and Polycomb-group complexes bind DNA sequences called
TrxG response elements (TREs) and Polycomb response elements (PREs) respectively.
These elements contain overlapping groups of binding motifs for transcription factors like
Dafl, Gaf and Zeste, which are able to address PcGs and TrxGs to the target genomic
sequences and perpetuate the transcriptional state of controlled loci (Ringrose and Paro,
2007). In 2011, Giacomo Cavalli and colleagues (Bantignies et al., 2011) demonstrated that
Antennapedia and Bithorax complexes, located on the same chromosome arm and
separated by 10 Mb of DNA, colocalize within Polycomb bodies in tissue where they are
corepressed (embryonic head). Furthermore, this configuration is still maintained in
posterior tissues where homeotic genes are active, but in this case, the active gene escapes

from this restriction and localize outside the PcG body. Importantly, this colocalization



depends on the integrity of PRE elements located within the BX-C cluster and also on the
PcG proteins that mediate long-range interaction between PRE elements and repressed

promoters (Figure 1.12).
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Figure 1.12. Homeotic complex “Kissing” in Drosophila tissues. In the anterior tissue
Abd-B and Antp colocalize within the same PcG body. In posterior tissue Abd-B is active and
gets relocated outside the PcG body (from Bantignies et al.,, 2011).

What is the configuration of Hox cluster in vertebrates? As body plan complexity has
increased during evolution, PcG and TrxG complexes have been co-opted and integrated in
different hierarchies in order to regulate in space and time new cell-specific gene functions.
Despite their conserved functions, the mechanisms adopted for the recruitment of these
epigenetic complexes to their target sites have diverged between flies and mammals. To
date, no TRE sequences have been identified in mammals, and only few PREs have been
characterized in mouse (Mishra et al. 2007; Sing et al., 2009; Woo et al., 2010; Woo et al,,
2013). Although, this situation might be interpreted as result of an incomplete
characterization of PRE/TRE elements in higher vertebrates, some evidences suggest the
adoption of different strategies to localize PcG and TrxG complexes to their target loci. For
example, long non-coding RNAs (IncRNAs) such as HOTAIR and HOTTIP have been
implicated in the regulation of target Hox genes through the interaction with PRC2 and MLL
respectively (Rinn et al.,, 2007; Wang et al., 2011).
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Because of the divergent epigenetic mechanisms that address PcG and TrxG proteins
to their target genes and the different nature of spatial collinearity between flies and
vertebrates, it is difficult to predict the outcome of the Hox cluster configuration in higher
animals. Denis Duboule and colleagues (Noordermeer et al.,, 2011; Soshnikova and Duboule,
2009) revisited the idea of open and closed chromatin in terms of PcG- and TrxG-mediated
epigenetic modifications during temporal and spatial collinear activation of the Hox
clusters. The results of their research lead to the observation that transcriptionally
repressed genes colocalize within an inactive compartment matching the presence of
H3K27me3. Moreover, during collinear activation, the Hox genes located in 3’ position get
relocated to an active compartment marked with H3K4me3 (Figure 1.13), in keeping with

the idea of a progressive 3’ to 5’ transcriptional competence of the clusters.

HoxA, HoxC, HoxD

Figure 1.13. Active and repressive Hox cluster compartments in mouse embryo.
Sequential activation of Hox genes along the rostro-caudal axis in the mouse leads to
relocalization from a repressive compartment (red) to an active one (blue) (from

Noordermeer et al., 2011).

Taken together, these results indicate the presence of evolutionary conserved
epigenetic mechanisms that are responsible for the regulation of the collinear expression of

Hox genes. These mechanisms go beyond the general idea of transcriptional regulation



based on transcription factor availability/cis-regulatory element responsiveness, and imply

the usage of higher order 3D- chromatin organization modules called compartments.

1.5. Rationale of the work

Retinoic acid (RA) plays important roles during embryonic development, regulating key
cellular processes such as migration, proliferation and differentiation. Furthermore, one of
its well-known functions is to regulate the expression of Hox genes in the neuroepithelium,
which, in turn, are responsible for the segmental identity of rhombomeric territories at the
level of the developing hindbrain. RA acts as a morphogen during gastrulation. The RA
morphogenetic gradient is established through the complementary distribution of
synthesizing and degrading enzymes along the rostro-caudal axis of the embryo. In
particular, Raldh2 is the earliest synthesizing enzyme to be expressed in somitic and pre-
somitic mesoderm. Moreover, it is solely responsible for embryonic RA synthesis until E8.5.
Although several studies addressed it function during early embryonic development, the
molecular mechanisms responsible for its expression are still unknown. In the first part of
this work we address the transcriptional network responsible for Raldh2 maintenance in
the early developing embryo. Our findings, reported in the Chapter 2 of the present
manuscript, demonstrate how retinoic signalling pathway could have been evolutionary co-
opted for vertebrate patterning and integrated into the Hox positional system. The result of
this research led to the discovery of a retinoic acid-mediated feedforward regulatory loop
that puts in register the spatial collinear expression of Hox genes in the paraxial mesoderm

with their expression in the neural tube (Vitobello et al., 2011).

Furthermore, several lines of evidence indicate that if on the one hand, the
expression of Hox genes is crucial for the proper development of the rhombencephalic
region, on the other hand their repression in the most anterior part of the embryo
represents a prerequisite that allowed the evolution of an increasingly complex craniofacial
architecture in the vertebrate lineage. In fact, most of the bones and cartilages that make-
up the vertebrate face originate from Hox-negative cranial neural crest cells (cNCCs), a

transient cell population originating from the dorsal part of the developing neural tube.
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These cells undergo epithelial-to-mesenchymal transition and migrate in order to reach
their target regions where they proliferate and differentiate into a variety of cell types.
Experiments performed in the avian embryo demonstrated that the ectopic expression on
Hox genes in this region leads to a severe impairment of craniofacial development. To date,
the mechanisms responsible for the maintenance of the repressive state of Hox genes in the
anterior part of the embryo remain elusive. Recent studies revisit the transcriptional state
of Hox genes in terms of permissive and repressive chromatin domains, suggesting a
possible role of epigenetic factors in the regulation of their expression. In the second part of
the present manuscript we start to address the functional role of Ezh2, the catalytic
component of the Polycomb repressive complex 2, during mouse craniofacial development.
Our results, reported in this manuscript (Chapter 3), provide with new insight into the
understanding of the spatial collinearity in vertebrates, the phenomenon that links the
distribution of Hox gene expression along the rostro-caudal embryonic axis with their
relative position within the clusters. Moreover, taking advantage from genetic tools that
allowed us to isolate different rostro-caudal populations of Hox-negative and Hox-positive
cranial neural crest cells (cNCCs) we investigate the role of Ezh2 in the cell fate

maintenance.

Finally, the present manuscript encompasses also two further research articles,
result of the collaboration within the Prof. Rijli’s group (reported in Chapter 4) and with the
Prof. Chiquet-Ehrismann’s group at the FMI (reported in Chapter 5).
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2.1. “Hox and Pbx Factors Control Retinoic Acid Synthesis during

Hindbrain Segmentation”

During the evolution, the transcriptional events that lead to the initiation of Hox
gene expression in the vertebrate hindbrain became under the control of Retinoic acid (RA),
a lipophilic molecule able to regulate pleiotropic processes during embryonic development.
Produced in the paraxial mesoderm through the activity of Raldh2, RA acts as a morphogen
and regulates the transcriptional landscapes of target tissues by modulating the activity of
responsive genes. However, the molecular events leading to proper expression of Raldh2
during embryonic development are still elusive. Starting from the observation that
Pbx1/Pbx2 mutant mice exhibit most of the developmental defects caused by RaldhZ2
knockout animals we explored the hypothesis that Pbx and their partners Hox transcription
factors could be part of the transcriptional network ensuring appropriate RA signaling to
the developing hindbrain. In this paper we identified a feed-forward mechanism that
explains how retinoic signaling pathway could have been evolutionary co-opted for

vertebrate patterning and integrated into the Hox positional system.

Author contribution statement: Experimentally, I collected the biological samples and
performed the in situ hybridizations, $-galactosidase staining, in ovo electroporations and
Xenopus injections. I contributed to the study design, analysis and interpretation of the

results, preparation of manuscript and figures.
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SUMMARY

In vertebrate embryos, retinoic acid (RA) synthesized
in the mesoderm by Raldh2 emanates to the hind-
brain neuroepithelium, where it induces anteroposte-
rior (AP)-restricted Hox expression patterns and
rhombomere segmentation. However, how appro-
priate spatiotemporal RA activity is generated in the
hindbrain is poorly understood. By analyzing Pbx1/
Pbx2 and Hoxa1/Pbx1 null mice, we found that
Raldh2 is itself under the transcriptional control of
these factors and that the resulting RA-deficient
phenotypes can be partially rescued by exogenous
RA. Hoxa1-Pbx1/2-Meis2 directly binds a specific
regulatory element that is required to maintain
normal Raldh2 expression levels in vivo. Meso-
derm-specific Xhoxa and Xpbx1b knockdowns in
Xenopus embryos also result in Xraldh2 downregula-
tion and hindbrain defects similar to mouse mutants,
demonstrating conservation of this Hox-Pbx-depen-
dent regulatory pathway. These findings reveal a
feed-forward mechanism linking Hox-Pbx-depen-
dent RA synthesis during early axial patterning with
the establishment of spatially restricted Hox-Pbx
activity in the developing hindbrain.

INTRODUCTION

Retinoic acid (RA), the acidic form of vitamin A, is essential for
normal development and organogenesis of the vertebrate
embryo. In the early mouse embryo, RA is mainly produced by
the biosynthetic enzyme Raldh2 in presomitic mesoderm
(PSM), paraxial mesoderm, and lateral plate mesoderm (LPM),
from which itemanates to the developing central nervous system
(Duester, 2008; Niederreither et al., 1999). In turn, RA binds to
nuclear receptors and directly activates target gene expression
(Forman and Evans, 1995; Lohnes et al, 1993; Mark et al.,
2009). RA acts as a diffusible morphogen forming a posterior-
to-anterior activity gradient required for normmal rostrocaudal
pattemning of the spinal cord and hindbrain neuroepithelial
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segments, or rhombomeres (r) (Glover et al., 2006; Kiecker and
Lumsden, 2005; Maden, 2007; Marshall et al., 1992; Nieder-
reither et al., 2000). Rhombomere identity and patteming is medi-
ated by the transcription factors of the Hox gene family, whose
activation in the neuroepithelium is directly under RA control
(Glover et al., 2006). Hox expression domains are further refined
in specific rhombomeres by local RA degradation regulated by
the cytochrome p450 family 26 (Cyp26) enzymes (Hernandez
et al., 2007; Sirbu et al., 2005; White et al., 2007). Maintaining
normal levels of RA is crucial because retinoid excess and defi-
ciency have teratogenic effects, including abnormal hindbrain
segmentation and patteming. An outstanding question is how
the synthesis of RA is regulated to provide appropriate retinoid
levels along the rostrocaudal axis of the developing hindbrain
and achieve normal segmentation. However, little is known about
how the expression of Raldh2 is coordinated at the transcriptional
level to generate appropriate retinoid levels and activate nested
Hox gene expression domains with specific rostral boundaries
in the developing hindbrain.

In this study, we found that Raldh2 mesodermal expression is
itself under the direct transcriptional control of Hox, Pbx, and
Meis factors in vivo. In Pbx1/Pbx2 null mice, Raldh2 levels are
not properly maintained, resulting in progressive reduction of
endogenous retinoid activity. In Hoxa1/Pbx1-deficient embryos,
Raldh2 is also significantly downregulated at early somite stage,
resulting in caudal shift of hindbrain RA activity and an RA-defi-
cient rhombomere phenotype that is partially rescued by exoge-
nous RA administration. Xhoxa? and Xpbx1 mesoderm-specific
knockdowns in Xenopus embryos also resulted in Raldh2 down-
regulation and induced hindbrain patterning defects similar to
those of mouse compound mutants. By chromatin immunopre-
cipitation (ChIP) in mouse embryos, we identified a specific
Raldh2 enhancer containing a Hox-Pbx bipartite element bound
by a Hoxal-Pbx1/2-Meis2 complex and required to maintain
normal expression levels in the context of the endogenous
Raldh2 promoter. In the Raldh2-negative (Raldh2~) head of early
stage embryos this enhancer is selectively bound by Suz12,
a member of the Polycomb Repressive Complex 2 (PRC2),
correlating with an enrichment of the H3K27me3 mark associ-
ated with facultative heterochromatin. These findings reveal
a molecular feed-forward mechanism linking Hox-Pbx-depen-
dent RA synthesis in mesoderm with the establishment of Hox-
Pbx neuroepithelial activity during hindbrain segmentation.
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Figure 1. Pbx1 and Pbx2 Are Required for Maintenance of Mesodermal Raldh2 Expression and Retinoid Activity
(A-L’) Whole-mount in situ hybridization showing Raldh2 expression in control (A, E, I, and I), Pbx1~~ (B, F, J, and J"), Pbx1*/~/Pbx2~'~ (C, G, K, and K), and
Pbx1~'~/Pbx2~'~ (D, H, L, and L’} embryos at E8.75 (A-D), 9.0 (E-H), and E9.5 (I-L and I'-L).

(M) Normal Uncx4. 1 expression in E9.5 Pbx1 '~ /Pbx2~/~ mutants.

(N-Q) B-gal staining of E10.0 RARE::lacZ (N), Pbx1~'~;RARE::lacZ (0), Pbx1*'~/Pbx2~'~;RARE:lacZ (P), and Pbx1~'~/Pbx2~'~;RARE:lacZ (Q). h, heart; Ipm,

lateral plate mesoderm; s, somites.
See also Figure S1.

RESULTS

Pbx1/2-Dependent Maintenance of Raldh2 Expression
and Retinoid Activity
Pbx genes encode three-amino-acid loop extension (TALE)
class homeodomain (HD) transcription factors that form heter-
oligomeric complexes with a subset of Hox and Meis/Prep HD
proteins and regulate a variety of developmental processes
(Mann and Chan, 1996; Moens and Selleri, 2006). Compound
Pbx1~/~/Pbx2~'~ (referred to as Pbx1/2 null) embryos exhibit
multiple organogenesis defects and eventually die by E10.5
(Capellini et al., 2008). Specifically, Pbx1/2 null mutants display
abnormal tuming, shortened bodies, abnormal development
of forebrain and limb buds, a dilated heart, hypoplastic poste-
rior branchial arches, and somite/vertebral patterning defects
(Capellini et al., 2008; Selleri et al., 2001; Stankunas et al.,
2008). These developmental defects are markedly similar to
those described for Raldh2 deficient mouse embryos (Nieder-
reither et al., 1999). Thus, the Pbx1/2 null mutant pleiotropic
phenotype may be partly due to reduced endogenous retinoid
levels.

To test this hypothesis, we first investigated Raldh2 expres-
sion in Pbx1/2 null embryos. In E7.75 single and Pbx1/2 null
mutants, Raldh2 spatial distribution and expression levels did

not appear to be significantly altered, as compared to wild-
type controls (see Figure S1 available online). In contrast, at
E8.75 Raldh2 transcript levels were significantly decreased in
Pbx1/2 null embryos; moreover, Raldh2 expression was selec-
tively absent from the LPM just posterior to the cardiac field
and the anterior-most somites of the mutants (Figure 1D). By
E9.0-E10.0, Raldh2 expression was strongly downregulated in
the somitic mesoderm (Figures 1H, 1L, and 1L’). Accordingly,
endogenous retinoid activity was severely depleted in Pbx1/2
null mutants mated to RARE:lacZ reporter mice (Rossant
et al,, 1991) (Pbx1/2;RARE::lacZ) (Figure 1Q). A progressive
reduction of Raldh2 expression and RARE::lacZ reporter -gal
activity was already evident in single Pbx1 = as well as
compound Pbx1~"~/Pbx2*~ and Pbx2~/~/Pbx1*/~, though not
in Pbx2~'~ single mutants (Figures 10 and 1P and data not
shown). Notably, treatment of Pbx1/2 null embryos with exoge-
nous RA (10 mg/kg) at E8.5 partially rescued the mutant pheno-
type and yielded embryos with normal turning (3/9; 33%)
(Figure S1), suggesting that at least part of Pbx1/2 function is
mediated through the control of RA production. These data
strongly point to a synergistic genetic interaction between
Pbx1 and Pbx2 for temporal maintenance of Raldh2 transcrip-
tional levels and control of endogenous retinoid signaling, with
a main requirement for Pbx1.
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Figure 2. Hoxa1- and Pbx1-Dependent Regulation of Mesodermal Raldh2 Expression and Retinoid Activity Boundary in the Early Hindbrain
(A and B) Whole-mount in situ hybridization shows Raldh2 expression in E8.25 control (A) and Hoxa1~'~/Pbx1~'~ (B) embryos (ventral view).

(C-F) p-gal staining of RARE::lacZ (C and E) and Hoxa1 ™'~ /Pbx1~'";RARE:lacZ (D and F) embryos at £8.0 (C and D) and E8.25 (E and F).

(G and H) Double in situ hybridization for Otx2 and Hoxb1 in E8.25 control (G) and Hoxa1~'~/Pbx1~'~ (H). Ipm, lateral plate mesoderm; psm, pre-somitic

mesoderm; s, somites.

Hoxa1/Pbx1-Dependent Regulation of Raldh2
Expression and Retinoid Activity

Pbx factors are essential DNA-binding partners of Hox transcrip-
tion factors (Mann and Chan, 1996; Moens and Selleri, 20086;
Popperl et al., 2000; Remacle et al., 2004). HoxaT is activated
in the posterior primitive streak and, in turn, in presomitic,
somitic, and lateral plate mesoderm (Deschamps and van Nes,
2005; Murphy and Hill, 1991). RA-mediated activation of Hoxal
in the overlying neuroectoderm is induced through a 3’ retinoic
acid responsive enhancer (3'RARE) (Dupe et al., 1997). Under
RA response, the Hoxal expression domain spreads up into
the presumptive r3 territory and subsequently sets its border at
the r3/r4 boundary, providing the earliest sign of molecular
segmentation in the mouse hindbrain (Makki and Capecchi,
2010). Hoxal inactivation resulted in hindbrain segmentation
and rhombomere patterning defects (Carpenter et al., 1993;
Mark et al., 1993) that resemble vitamin A partial deficiency
phenotypes. Hoxal mesodermal expression in the early embryo
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precedes Raldh2 activation (Murphy and Hill, 1991; Niederreither
and Dolle, 2008). Thus, Pbx factors may cooperate with Hoxa1 in
mesoderm to regulate the early phase of Raldh2 expression,
and, in tum, the early availability of retinoids diffusing into the
developing hindbrain prior to segmentation.

To test this hypothesis, we analyzed Raldh2 expression in
compound Hoxal *~/Pbx1~'~ (referred to as Hoxa1/Pbx1 null
mutants. Several 3' Hox genes are sequentially activated in
a temporally collinear manner in the posterior end of the embryo
(Deschamps and van Nes, 2005; Soshnikova and Duboule,
2009), thus resulting in potential functional redundancy for the
regulation of Raldh2 levels. Thus, we focused on early somito-
genesis stages, when the lack of Hoxa? and its cofactor Pbx1
may be expected to have a major functional impact. In E8.0-
E8.25 (3—4 somite stage) Hoxa 1/Pbx1 null embryos, Raldh2 tran-
script levels were significantly lower than in controls, specifically
in PSM and somitic mesoderm (Figures 2A and 2B). Moreover,
the rostral Raldh2 expression domain in LPM, just posterior to
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the heart field and adjacent to the presumptive hindbrain, was
selectively downregulated (arrowhead, Figure 2B).

We next analyzed endogenous retinoid activity in Hoxal/
Pbx1;RARE::facZ null mutants by B-gal staining. At 0-2 somite
stage, B-gal activity was severely downregulated in Hoxal/
Pbx1 null embryos (Figure 2D). By the 3-4 somite stage, the
overall B-gal staining levels were still significantly lower than in
controls (Figures 2E and 2F). Moreover, the rostral LPM domain
of retinoid activity diffusing into the heart field was either missing
or severely reduced (double arrowheads), in agreement with
Raldh2 in situ hybridization results (compare Figures 2B and
2F). Notably, the anterior boundary of B-gal staining in the
presumptive hindbrain was posteriorly shifted in Hoxa1/Pbx1
null mutants, as compared to controls (single arowhead, Figures
2E and 2F). These data revealed that Hoxa 7 and Pbx 7 genetically
interact in regulating early mesodermal Raldh2 expression and
setting the RA activity boundary in the presumptive hindbrain
neuroepithelium.

RA-Deficient Hindbrain Phenotype of Hoxa1/Pbx1

Null Mutants

We next analyzed the hindbrain segmentation pattem in Hoxa1/
Pbx1 null embryos (Figures 3A-3N). In Pbx7 null mutants, the
Hoxb1* r4 territory was normally positioned (Figure 3C). In
contrast, Hoxal inactivation results in a smaller and slightly
caudally displaced Hoxb1" r4 (Figure 3B) (Barrow et al., 2000;
Carpenter et al., 1993; Mark et al., 1993) because of an early
requirement of Hoxal for Hoxb1 transcription in presumptive r4
(Di Rocco et al., 2001). Late Hoxb1 expression in r4 is instead
maintained by an autoregulatory mechanism (Ferretti et al.,
2005; Popperl et al., 1995). Hoxb1 is also a direct RA target
through specific RAREs (Marshall et al., 1992, 1994; Studer
etal., 1994, 1998). RA emanating from the mesoderm is required
to position the anterior limit of Hoxb1 expression at the r3/r4
border and to repress Hoxb1 in r3 and r5 (Marshall et al., 1994;
Studer et al., 1994, 1998).

In E8.25 Hoxal/Pbx1 null mutants, the Hoxb1 expression
border in presumptive hindbrains retreated caudally (compare
Otx2 and Hoxb1 expression domains; Figure 2H), whereas the
remainder of its expression domain appeared normal. At E9.0,
the Hoxb1 expression domain was shifted posteriorly beyond
the otocyst, lacked sharp anterior and posterior borders, and
was larger in Hoxa1/Pbx1 than Hoxa1 null mutants (r4*, compare
Figures 3B and 3D). In keeping with the marked posterior shift of
r4, rd-derived Hoxa2* neural crest cells (NCC) migrated caudally
to the otic vesicle, rather than rostrally (Figures 3I' and 3J).
A posterior shift of r3, which abnormally faced the otocyst, and
lack of r5 were also observed, as assessed with the r3/r5- and
r5/rB-specific markers Krox20 and Kreisler, respectively (Figures
3K-3N; note that the r3-specific Krox20" expression domain is
severely downregulated). Lastly, Hoxa7/Pbx1 null mutants dis-
played a prominent posterior expansion of r2, as assessed
with a Hoxa2 probe, that was not present in either single
Hoxa1l or Pbx1 null embryos (Figures 31 and 3J).

In summary, in the hindbrain of Hoxa1/Pbx1, though not single,
null mutants we observed a posterior displacement of anterior
rhombomere identities at the expense of the r5-r6 territory,
similar to the phenotype observed in partial RA-deficiency, as
posterior rhombomeres require higher RA signaling than rostral
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ones to be positioned and specified (Dupe and Lumsden,
2001; Gavalas, 2002; Niederreither et al., 2000). In this respect,
the early reduction of mesodermal Raldh2 expression and hind-
brain RA activity in Hoxa 1/Pbx1 null embryos (Figure 2) strongly
predicts that at least part of the above hindbrain phenotype
may result from partial RA deficiency induced by early roles of
Hoxal and Pbx1 in mesoderm, distinct from their later roles in
neuroepithelium.

Mesoderm-Specific Xhoxa1 and Xpbx1b Knockdown
Results in Xraldh2 Downregulation and an RA-Deficient
Phenotype in Xenopus Embryo Hindbrain

To test Hox-Pbx-dependent conservation of Raldh2 regulation
across species, we used a mesoderm-specific morpholino
(MO)-mediated knockdown approach in Xenopus embryos. We
took advantage of the established fate map of individual blasto-
meres of the Xenopus embryo (Hirose and Jacobson, 1979;
Moody, 1987; Moody and Kline, 1990) and injected antisense
MOs against Xpbx1b (Maeda et al., 2002) and/or Xhoxal
(McNulty et al., 2005) selectively in the left V2.2 blastomere of
the 16-cell stage embryo and compared to the uninjected side
as interal control. The V2.2 blastomere and its progeny largely
contribute to somitic mesoderm and LPM, though not, or only
marginally, to hindbrain and nervous system (Hirose and Jacob-
son, 1979; Moody, 1987; Moody and Kline, 1990). To further
screen for injected embryos devoid of morphant cells in the
nervous system, we coinjected MOs in V2.2 with mRNAs for
Red Fluorescent Protein (RFP) and nuclear lacZ (Figure 4).
Embryos were sorted at the late neurula stage (stage 17-18)
for the distribution of RFP fluorescence (n = 634 ; Figures 4A-
4D) by selecting only those displaying significant unilateral RFP
expression in paraxial mesoderm and LPM, but not in nervous
system, as confirmed on tissue sections (e.g., Figure 4D). More-
over, a subset of the selected embryos was additionally stained
by salmon-gal prior to further processing for in situ hybridization
(n = 61/634), and consistently confirmed the lack of injected cells
in the nervous system (Figure 4J and data not shown).

At stage 17-18, XraldhZ2 is mainly expressed in presomitic and
somitic mesoderm, and LPM in the middle part of the trunk (Chen
etal., 2001). Although embryos injected with contro/ MO did not
display molecular changes (n = 68; Figure S2; Figure 4E), the
majority of embryos injected with a Xpbx7b MO inthe mesoderm
displayed a reduction of Xraldh2 expression (n = 92/128; 72%)
that ranged from significant (n = 80/128; 63%) to severe in
some cases (n = 12/128; 9%) (Figure S2; data not shown; see
also Figures 4F and 4G). Such variability is likely due to mosai-
cism of MO distribution inherent to the knockdown approach
and/or to potential functional redundancy with other Pbx factors.
At any rate, these findings underscored an important role of
Xpbx1b in maintaining normal Xraldh2 levels in the mesoderm,
similarly to mouse (Figure 1).

We then investigated the potential impact of mesodermal
knockdown of Xpbx71b on hindbrain patterning. We predicted
that the variable impairment of Xraldh2 expression could result
in a range of RA-deficient rhombomere phenotypes. In situ
hybridization with Xkrox20 of Xpbx1b MO-injected embryos
(n = 135) revealed rhombomere abnormalities that ranged from
r5 reduction to absence in some cases (n = 74/135; 55%; data
not shown; see also Figures 4F and 4G). A fraction of the injected
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Figure 3. Retinoic Acid-Deficient Phenotype of Hoxa1/Pbx1 Mutant Hindbrain and Rescue by Exogenous RA
(A-H) Whole-mount in situ hybridization for Hoxb 1 in E9.0-untreated (A-D) and RA-treated (E-H) control (A and E), Hoxa? '~ (B and F), Pbx? /'~ (C and G), and

Hoxa1~"~/Pbx1~/~ (D and H) embryos.

(I-J') Hoxa2 and En2 expression in E9.0 control (I and I’} and Hoxa?~'~/Pbx1~/~ (J and J") embryos.
(K-N) Krox20 and Kreisler expression in E9.0 control (K and M) and Hoxa?/~/Pbx1~/~ (L and N) embryos.
(O-T) Summary diagrams illustrating the Hoxal/Pbx1 mutant RA-deficient phenotype and its RA-mediated rescue. BA2, second branchial arch; NCC, neural

crest cells; ot, otic vesicle; r, hombomere; RA, retinoic acid.

embryos (n = 14/135; 10%) additionally displayed a one-rhom-
bomere posterior shift of r3 and r5 (data not shown; see also
Figures 4H-4J), indicating a more severe RA deficiency. Direct
correlation between the extent of Xraldh2 reduction and the
severity of the observed hindbrain defects was demonstrated
by simultaneous in situ hybridization with Xraldh2 and Xkrox20

of an additional set of Xpbx7b MO-injected embryos (n = 100;
Figures 4F and 4G; see also Figure 4K for a mosaic plot of the
distribution of hindbrain phenotypes versus Xraldh2 expression
levels). In summary, Xpbx1b selective knockdown in mesoderm
has a direct impact on Xraldh2 expression and induces hindbrain
abnormalities that are expected features of partial RA deficiency.

Developmental Cell 20, 469-482, April 19, 2011 ©2011 Elsevier Inc. 473
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(A) Diagram of marginal zone V2.2 Xenopus blastomere injection at 16-cell stage, and fate of injected blastomere in stage 17 neurula.
(B) Whole-mount detection of RFP in left V2.2 blastomere-injected embryo.
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We next asked whether Xpbx1b could functionally synergize
with Xhoxa for mesodermal regulation of Xraldh2. A previously
described Xhoxal MO induced only subtle hindbrain defects
when injected at the four-cell stage throughout the left side of
the embryo, likely because of functional redundancy with other
Hox1 paralogs (McNulty et al., 2005). The injection of this Xhoxa?
MO in mesoderm (n = 26) did not significantly alter Xraldh2
expression or hindbrain patterning (n = 21/26; data not shown).
A mild decrease of Xraldh2 expression was scored in the remain-
ing 5 of 26injected embryos, as compared to the uninjected side,
that was not, however, sufficient to induce hindbrain patterning
defects (data not shown).

Coinjection of MOs against both Xhoxa? and Xpbx1b in meso-
derm strongly enhanced the effects of the Xpbx7b knockdown
(Figure S2; Figures 4H and 4l). Increasingly severe downregula-
tion of Xraldh2 expression was observed in the vast majority of
coinjected embryos (n = 98/110; 89%; Figure S2; see also
Figures 4H and 4l). Moreover, the fraction of embryos displaying
a drastic Xraldh2 reduction was notably increased (n = 46/110;
42%; Figure S2; see also Figures 4H and 4l), as compared to
singly Xpbx7b MO-injected embryos. These findings reveal
a synergistic role of Xhoxal/Xpbx1b in Xraldh2 regulation in
Xenopus embryo mesoderm.

Accordingly, we scored more frequent and/or penetrant hind-
brain abnormalities in Xpbx1b/Xhoxal MO-coinjected embryos
(n =93) than in singly Xpbx1b or Xhoxa! MO-injected embryos.
These phenotypes ranged from strong reduction/absence of r5
(n = 52/93; 56%) to a 1-2-rhombomere posterior shift of r3 with
loss of r5 (n = 18/93; 19%), as assessed with the Xkrox20 probe
(data not shown; see also Figures 4H-4J). Importantly, the spec-
imen in Figure 4J was additionally costained with salmon-gal to
directly detect the injected cells (red cells), thus demonstrating
that a strong hindbrain phenotype (e.g., a posterior shift of r3
with loss of r5 ; Figure 4J) can be induced by the selective injec-
tion of Xpbx1b/Xhoxal MOs in mesoderm.

Direct correlation between the extent of Xraldh2 reduction and
the severity of the hindbrain phenotype was further demon-
strated by simultaneous in situ hybridization with Xraldh2 and
Xkrox20 of Xpbx1b/Xhoxal MO-injected embryos (n = 42;
Figures 4H and 41). Comparison of the mosaic plots in Figures
4K and 4L allows us to directly assess the synergistic role of
Xpbx1b/Xhoxal and the impact of their knockdowns in meso-
derm on Xraldh2 expression and hindbrain phenotype, as
compared to singly Xpbx1b MO-injected embryos.

In sum, our mesoderm-specific knockdown approach demon-
strated the requirement for Xpbx1b to maintain normal levels of
Xraldh2, and its synergistic functional interaction with Xhoxa7.
It also demonstrated that selective downregulation of Pbx-Hox
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factors in the mesoderm, independently of their roles in neuroe-
pithelium, is sufficient to induce abnormal hindbrain segmenta-
tion. Such hindbrain defects phenocopied the effects of RA-
deficiency (Dupe and Lumsden, 2001; Gavalas, 2002), and
were notably similar, at least in part, to those observed in
Hoxa1l/Pbx1 null mice (Figure 3).

Rescue of Mouse Hoxa1/Pbx1 Mutant Hindbrain

by Exogenous RA Treatment

We then asked which features of the Hoxa1/Pbx1 null mouse
phenotype could be specifically ascribed to the mesodermal
Hoxal/Pbx1-dependent decrease of retinoid synthesis (Figure 2),
as opposed to those resulting from a direct role of Hoxa7 and
Pbx1 in hindbrain neuroepithelium. The administration to double
mutants of a subteratogenic dose of exogenous RA (5 mg/kg at
E8.0 [5RA-8]; Pasqualetti et al., 2001) may be expected to rescue
the former, though not the latter, aspects of the Hoxa1/Pbx1 null
hindbrain phenotype.

Remarkably, 5SRA-8 treatment of Hoxa 1/Pbx 1 null mutants was
sufficient to rescue the AP position of the r4 Hoxb1* domain and
shift it beyond the rostral aspect of the otocyst (4/4; 100%)
(Figures 3E-3H). Moreover, the Hoxb1* domain was caudally
shortened in 5RA-8-treated E9.5 mutant embryos, as compared
to untreated double mutants (Figure 3H), indicating partial rescue
of RA-mediated repression, which normally restricts Hoxb1
expression caudal to r4 (Studer et al., 1994), and of posterior
rhombomere patterning. However, 5RA-8 treatment was not
able to ectopically induce Hoxb1 in r2 of single Hoxal or Hoxa1/
Pbx1 null mutants (Figures 3F and 3H), unlike in wild-type orsingle
Pbx1 mutant embryos (Figures 3E and 3G), confirming that
ectopic Hoxb1 activation specifically requires Hoxal function in
the neuroepithelium (Zhang et al., 1994; Di Rocco et al., 2001).

Thus, the hindbrain analysis of RA-rescued Hoxal/Pbx1
mutants provided strong additional evidence that the changes
in rhombomere rostrocaudal position in untreated mutants may
in part result from the Hoxal/Pbx1-dependent decrease of
mesodermal RA synthesis (Figure 2), independently of Hoxal/
Pbx1 role in neuroepithelium.

A Specific Raldh2 Regulatory Element Is Bound
In Vivo by a Hoxa1-Pbx1/2-Meis2 Complex
Hox overexpression in chicken micromass cultures indicated
the potential for direct regulation of Raldh2 (Kuss et al., 2009).
Therefore, we sought to assess whether Raldh2 transcription in
early embryonic mesoderm is directly regulated by Hoxal and
Pbx1/2 factors.

In silico analysis revealed four conserved regions—namely, E1
(334 bp), E2 (980 bp), E3 (514 bp), and E4 (938 bp)—located

(C) Merge of bright field and fluorescence pictures of the embryo in (B).

(D) Cross-section showing selective RFP labeling in somites (s) and lateral plate mesoderm (Ipm).
(E-1) Whole-mount double in situ hybridization for Xraldh2 and Xkrox20 in control-MQ (E), Xpbx1b-MO (F and G}, and Xpbx1b-MQ;Xhoxa?-MO (H and |) left V2.2

blastomere-injected embryos.

(J) Nuclear-salmon-gal staining (red cells) of Xpbx7b-MO:Xhoxa?-MO V2.2-injected embryos indicate morphant cell localization in mesoderm. Xkrox20

expression shows r3* posteriorization and r5* loss on the injected side.

(K and L) Correlation between XraldhZ2 downregulation and hindbrain phenotype in Xpbx1b-MO and Xpbx1b;Xhoxa1-MO injected embryos (mosaic plots).
Relative phenotype severity is color-coded. Phenotype frequencies (y axis) are compared to levels of Raldh2 (x axis). Synergistic action of Xpbx1b-MO;Xhoxat-
Mo results in rising the frequencies of Xraldh2 severe reduction or loss and hindbrain patterning defects. MO, morpholino; r, hombomere; RFP, Red Fluorescent

Protein.
See also Figure S2.
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upstream of the Raldh2 transcription start site (E1 and E2) and in
its first intron (E3 and E4), respectively (Figure 5A). Putative Pbx-
Hox (PH) binding sites were identified in all such regions, whose
sequences shared high conservation with previously described
PH sites from Hox-Pbx target genes (Figure 5B; Figure S3).
In vitro binding electrophoretic mobility shift assays (EMSAs)
using different combinations of in vitro translated Hoxal,
Hoxb1, Pbx1a long isoform (Monica et al., 1991), Pbx1b short
isoform (Monica et al., 1991), and Pbx2 proteins revealed that
all PH sites could bind Pbx-Hox paralog group 1 (PG1) hetero-
dimers (Figure 5C; Figure S3). Competition assays with cold
wild-type or point-mutated oligonucleotides, or with specific
antibodies against Pbx or Hox PG1 proteins, further demon-
strated PH site specificity and Pbx-Hox requirement for in vitro
binding (Figure S3).

Pbx-Hox binding and transcriptional activity can be enhanced
by Prep or Meis proteins, which facilitate the formation of tran-
scriptionally active temary complexes on PH sites (Femetti
et al., 2000; Jacobs et al., 1999). Thus, we assessed the ability
of Hox-Pbx-Meis/Prep temary complexes to bind the Raldh2
PH sites in vitro. Specific Hoxa1-Pbx1a(b)-Meis2 and Hoxb1-
Pbx1a(b)-Meis2 ternary complexes formed only on the PH
element within the E3 region (E3PH), though not on those in
E1, E2, and E4 (Figure 5C; Figure S3). The establishment of
a temary, as opposed to multimeric, complex on the E3PH site
was confirmed by using a combination of Pbx1a and Pbx1b,
together with Hoxal (or Hoxb1) and Meis2 (Figure S3). Mutations
in Hoxal DNA-binding or hexapeptide (Pbx-binding) domains
disrupted the formation of the ternary complex, showing that
complex assembly requires Hoxal binding to both Pbx1 and
E3PH (Figure S3). Lastly, binding of nuclear extracts from poste-
rior part of E8.5 embryos (inset, red box) to the E3PH oligonucle-
otide also resulted in the formation of a specific temary complex
containing Pbx, Meis2, and Hoxa1, that was super-shifted by
specific antibody competition (Figure 5D and data not shown).

To assess whether Hoxal, Pbx1, and their Meis2 cofactor
could bind the E3PH site in vivo, we carried out chromatin immu-
noprecipitation (ChIP) on E8.5 mouse embryos. We compared
the posterior “body” that includes the mesodermal Raldh2*
domains (inset, Figure 5F) to the anterior “head” (inset, Figure 5E)
that is Raldh2 ™~ at this stage. gPCR from “body” immunoprecip-
itated chromatin using anti-Pbx (pan-Pbx) and anti-Meis2 anti-
bodies, demonstrated Pbx1 and Meis2 enrichment at Raldh2
E3 and E4, though not E2 and E1, PH site-containing elements,
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respectively (Figure 5F and data not shown). ChIP with anti-
Hoxa1 antibody demonstrated Hoxa1 enrichment only at Raldh2
E3 (Figure 5F), supporting the in vitro data showing the formation
of a ternary complex only on E3PH (Figure 4C; Figure S3; data
not shown). In summary, despite the presence of multiple poten-
tial regulatory elements containing PH-binding sites at the
Raldh2 locus, the ChIP data in E8.5 embryos revealed in vivo
selectivity for binding of all three Hoxal, Pbx1/2, and Meis2
proteins only to E3 (Figure 5).

The E3 Pbx-Hox Element Is Necessary for In Vivo
Transcriptional Regulation of Raldh2

The ChIP data revealed that in the “head” part of the embryo,
Hoxal, Pbx1/2, or Meis2 were not bound to any of the E1-E4
regions (Figure 5E; see below). This suggested that the E3
element accessibility may be related to the transcriptionally
active or inactive state of Raldh2, which in turn may be deter-
mined by distinct epigenetic configurations of the chromatin in
Raldh2* versus Raldh2~ tissues at this specific locus.

We therefore analyzed the ChIP pattems of trimethylated
histone H3 lysine 4 (H3K4me3) and trimethylated histone H3
lysine 27 (H3K27me3) at the Raldh2 locus from E8.5 “body”
and “head” embryonic regions, respectively (Figures 5G and
5H). H3K4me3 is catalyzed by trithorax-group (trxG) proteins
and primarily associated with transcriptionally active chromatin
regions at the start of transcription, whereas H3K27me3 is
mainly catalyzed by Polycomb-group (PcG) proteins and
associated with stable transcriptional repression (Ruthenburg
et al., 2007). In ChIP gPCR assays from embryonic “bodies,”
we found a selective enrichment of H3K4me3 at the E3 element
(Figure 5H and Figure 6E). Indeed, E3 is located proximal to
(within about 1 kb of) the Raldh2 transcription start site. In
contrast, in chromatin obtained from “heads” the E3 element,
though not E1, E2, or E4, was significantly enriched with
H3K27me3 (Figure 5G, Figure 6E, and data not shown). This sug-
gested that in tissues not actively expressing Raldh2, its tran-
scription may be silenced by PcG activity. Accordingly, we
found a strong enrichment of Suz12, a core PRC2 member
(Pasini et al., 2004), at E3, though not at E1, E2, or E4 (Figure 5l
and data not shown), correlating with the distribution of the
H3K27me3 mark (compare Figures 5G and 5I). Moreover,
Suz12 was not significantly enriched at E1-E4 in chromatin
from Raldh2* “bodies™ (Figure 5J), thus correlating with the tran-
scriptionally active status of Raldh2.

Figure 5. In Vivo Direct Regulation of Raldh2 by Hoxa1-Pbx1/2-Meis2

(A) Mouse Raldh2 locus (chr9:71,055,462-71,092,461, UCSC Mouse Browser). Conservation plot across vertebrate species (green peaks); blue peaks indicate
highest conservation. Blue boxes (E1, E2, E3, and E4) highlight conserved regions containing Pbx-Hox (PH) binding sites.

(B) Sequence comparison of PH elements from known targets and Raldh2 E1PH, E2PH, E3PH, E4PH1, and E4PH2; blue letters indicate divergency from PH
consensus, and variable bases are in green.

(C) In vitro binding EMSA with translated Pbx1a, Pbx1b, Pbx2, Meis2, Hoxal, and Hoxb1 on the E3PH-containing oligonucleotide (red sequence).

(D) Aternary complex (TC) comigrating band binds to E3PH probe in nuclear extracts from E8.5 embryo posterior part (red box inset, E8.5 NE). Binding specificity
is assessed using specific antibodies. Hoxal(b1)/Pbx1a/Meis2 in vitro-translated proteins were used as molecular weight control of TC.

(E-J) In vivo chromatin immunoprecipitation (ChIP) from “head” (red box inset, E, G, and I) and “body” (red box inset, F, H, and J) of EB.5 embryos. Specific
antibodies against Pbx, Meis2 (E and F), Hoxa1 (F), trimethylated histone H3 lysine 4 (H3K4me3), trimethylated histone H3 lysine 27 (H3K27me3) (G and H), and
Suz12 (1 and J) were used. In all ChIP assays, specificity was tested by nonspecific primers outside the conserved regions (OUT, in (A). Rabbit IgG is a control for
amplification specificity. Fold enrichment over IgG is plotted. Bars represent mean + SEM; *p « 0.01, t test. See also Figure S3.

(K and L) eGFP expression from transgenic E8.5 embryos carrying a Raldh2 BAC construct (not in scale) recapitulates endogenous Raldh2 expression pattem (K).
Mutation of E3PH (E3APH) in the Raldh2 BAC causes eGFP downregulation (L). DC, dimeric complex; Lys, reticulocyte lysate endogenous binding activity; SS,
supershifted band. See also Figure S4.
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Figure 6. Transcriptional Feed-Forward Model of Pbx-Hox-Mediated Raldh2 Mesodermal Regulation and Induction of Hox Expression
in Early Hindbrain Neuroepithelium

(A) Pbx and Hox factors regulate Raldh2 expression levels and maintenance in presomitic, somitic, and lateral plate mesoderm (red boxed inset) in early stage
embryo. The resulting graded RA activity (red triangle) diffuses to neuroepithelium, drives Hox paralog group 1 activation, and sets their rostral boundary in the
hindbrain. Retinoid signaling feedback on Hox/Pbx expression maintenance in mesoderm may also occur (e.g., Lohnes et al., 1994) (red curved arrow).

(B) In Hoxa1/Pbx1 null embryos, Raldh2 expression is lower in presomitic and somitic mesoderm (light blue) and absent from anterior lateral plate mesoderm.
Decreased expression results in diminished RA activity (small triangle, inset) and posterior shift of Hoxb 1 anterior boundary in the neuroepithelium (dashed line
indicates normal position, compare with A).

(C and D) RA- and Hox/Pbx-dependent regulation of Hoxa? and Hoxb1 in presumptive hindbrain neuroepithelium and r4. Panels integrate known pathways of
transcriptional regulation (e.g., Dupe et al., 1997; Popperl et al., 1995; Studer et al., 1998) with current findings. In (C), Pbx1/Hoxal mesodermal activity controls
Raldh2 expression levels and in tum the production of RA diffusing to the adjacent neuroepithelium (1). RA directly activates Hoxa? and Hoxb1 in neuroepithelium
up to r4 through retinoic acid response elements (RAREs) (2). In tum, Hoxa1/Pbx1- and Hoxb1/Pbx1-mediated cross- and auto-regulatory transcriptional
mechanisms, respectively, maintain Hoxb? r4 expression levels (3 and 4). In (D), Hoxa1/Pbx1 loss in mesoderm results in lower Raldh2 expression levels,
consequent lower RA activity (1), and reduced Hoxb1 activation in neuroepithelium (2). Lack of Hoxa1 and Pbx1 in mutant neuroepithelium further impairs the
establishment of normal levels of Hoxb1 expression (3 and 4).

(E) In Raldh2-negative (Raldh2 ) tissue in the early embryo, the H3K27me3 mark on the Raldh2 E3 enhancer and Suz12 binding reveal PcG-mediated repression
(PRC2 presence at E3, but not at E1, E2, or E4, is depicted). In Raldh2-positive (Raldh2™) tissue, the repressive mark at E3 is replaced by H3K4me3, associated
with an active chromatin state. The locus is accessible for direct Pbx1/2, Hoxa1 and Meis2 binding and transcriptionally active. The binding of E4 by Pbx-Meis,
though not Hoxa1, suggests the involvement of additional transcription factors, including Hox members from other paralog groups, in Raldh2 regulation.
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Next, we tested the potential of E3 to drive transcriptional
activity in vivo and its dependence on the PH site. Coelectropo-
ration in chick embryos of Hoxa1 with lacZ constructs carrying
either wild-type E3 (E3::lacZ) or E3 with a mutated PH site
(E3APH::lacZ) demonstrated Hoxal-mediated E3 trans-activa-
tion in an in vivo heterologous system and the requirement for
PH site integrity for such trans-activation (Figure S4). To investi-
gate the spatial pattern driven by the Raldh2 E3 enhancer in the
mouse, we generated mouse transgenic embryos carrying the
E3::lacZ construct (Figure S4). In E8.5 embryos, the reporter
expression driven by the E3 element was spatially restricted to
the posterior part of the embryo, similar to endogenous Raldh2.
Reporter expression was detected in the PSM and strongly
throughout the dorsoventral extent of the neural tube, up to
a rostral border in the posterior hindbrain (Figure S4). Even
though ectopic, as compared to the endogenous Raldh2 expres-
sion pattern, the observed spatial domain of enhancer activity
indicated that, in isolation from its sumrounding genomic
sequences, E3 behaves as a “Hox-regulated” enhancer driving
spatially restricted AP expression. In transgenic mouse embryos
carrying the PH mutated construct (E3APH::lacZ), reporter
expression in PSM and neural tube was almost abolished (Fig-
ure S4), thus demonstrating that E3 in vivo transcriptional activity
is strictly dependent on PH site integrity.

To assess the role of the E3PH element within the intact
Raldh2 promoter, we made suitable constructs for transgenic
mouse analysis by BAC (bacterial artificial chromosome) recom-
bineering (Liu et al., 2003). We first generated a construct that
carried the eGFP reporter in-frame to the Raldh2 ATG translation
start codon (BAC Raldh2::eGFP), containing a 160 kb DNA insert
spanning the entire murine Raldh2 locus, thus likely containing all
the regulatory elements to achieve normal in vivo Raldh2 tran-
scriptional regulation. Indeed, when tested in transient trans-
genic assays in E8.5 (5-6 somite stage) mouse embryos, the
BAC Raldh2::eGFP displayed an eGFP expression pattern faith-
fully reproducing endogenous Raldh2 expression (n = 5/5; Fig-
ure 5K). We then mutated the E3PH element and generated
the BAC Raldh2-E3APH::eGFP construct. In E8.5 transgenic
embryos, the E3APH mutation resulted in severe eGFP downre-
gulation (n = 5/7; Figure 5L; eGFP decrease, albeit less severe,
was also observed in the two remaining embryos; data not
shown).

In summary, these data demonstrate a fundamental role ofthe
E3PH element in the context of the entire Raldh2 promoter in
maintaining normal Raldh2 expression levels in the early embryo.

DISCUSSION

We demonstrate that Hoxal and Pbx1 synergistically regulate
the levels of mesodermal Raldh2 expression in the early embryo
and, in tum, control endogenous RA levels available for normal
hindbrain segmentation. This conclusion is supported by: (1)
the decrease of Raldh2 expression and endogenous RA activity
observed in Pbx1/2 and Hoxal/Pbx1 null embryos (Figure 2;
model in Figures 6A and 6B); (2) the decrease of Xraldh2 expres-
sion in frog embryos with mesoderm-specific knockdowns of
Xpbx1b and Xhoxal/Xpbx1b (Figure 4); (3) the induction of
abnormal segmentation in frog embryo hindbrains following
mesoderm-specific knockdown of Xpbx 1b and Xhoxa1/Xpbx1b,
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independently of their roles in the neuroepithelium (Figure 4); (4)
the posterior shift of endogenous RA activity in the hindbrain of
Hoxal/Pbx1 null embryos (Figure 2; model in Figures 6A and
6BY); (5) the partial rescue of Hoxa1/Pbx1 null hindbrain pheno-
type by exogenous RA treatment (Figure 3); (6) the in vivo binding
of the E3 Raldh2 enhancer by Hoxal/Pbx1(2)/Meis2 in E8.5
embryos (Figure 5); and (7) the demonstration of the E3PH
element requirement for normal expression of Raldh2 in vivo
(Figure 5). Thus, HoxaT and Pbx1 are necessary in the mesoderm
to generate sufficient levels of retinoids that, in tum, induce posi-
tionally appropriate gene activation in the early hindbrain neuro-
epithelium to begin normal segmentation.

Collinear Hox pattems are already established in mesoderm
precursors before their ingression through the primitive streak
(Deschamps and van Nes, 2005; limura and Pourquie, 2006),
thus before Raldh2 activation and independently of RA activity
(Lloret-Vilaspasa etal., 2010). This early phase of Hox expression
in turn controls ordered paraxial mesoderm ingression and its
positioning along the AP axis (limura and Pourquie, 2006). Block-
ing RA activity only impairs the neuropithelial, though not the
early mesodermal, Hox expression domains (Lloret-Vilaspasa
et al.,, 2010). Feedback retinoid regulation of Hox expression
maintenance in vertebral somite precursors may in turn take
place at later stages (e.g., Lohnes et al., 1994). RA produced in
the paraxial mesoderm is thought to act as a diffusible
morphogen that pattems the hindbrain in a concentration-
dependent manner by inducing spatially restricted Hox expres-
sion pattens in the overlying neuroepithelium. Based on our
results, such “homeogenetic induction” (De Robertis et al.,
1989) of Hox expression across germ layers may indeed be
controlled by the Hox genes themselves through a feed-forward
transcriptional mechanism that induces their own expression
and sets their rostral boundary in the hindbrain neuroepithelium,
through the direct control of mesodermal Raldh2 expression and
production of RA diffusing to the neuroectoderm (Figures 6A—
6D). In this respect, Hox expression boundaries in mesoderm
and hindbrain may not need to be in register, because of local
control of retinoid levels and RA responsiveness along the hind-
brain AP axis by degradation enzymes (e.g., Sirbu et al., 2005;
Hernandez et al., 2007). Our current findings provide a concep-
tual framework to support such a model and reveal its potential
importance for proper hindbrain segmentation.

Using a mesoderm-specific MO-mediated approach in
Xenopus embryos, we showed that the functional knockdown
of Xhoxal/Xpbx1b in mesoderm results in decrease of Xraldh2
expression. In tum, this correlates with a range of hindbrain
segmentation defects, including posterior shift of rhombomere
identities, a feature of partial RA deficiency. Notably, the hind-
brain abnormalities observed in mesoderm MO-injected frog
embryos phenocopied the hindbrain defects of Hoxal/Pbx1
null mutant mice, indicating that at least part of the mouse
mutant hindbrain phenotype can be accounted for by the
lack of Hoxal/Pbx1 in the mesoderm and its early effect on
Raldh2 downregulation. Previous work has shown that blocking
Izripbx4)/pbx2 or pbx4/hox1 function in the zebrafish embryo
results in extensive posterior expansion of r1 at the expense of
more caudal rhombomere identities (Waskiewicz et al., 2002).
It is tempting to speculate that such an extreme phenotype
may also be partly contributed by a partial RA deficiency induced
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by the lack of these factors in the mesoderm. Finally, although
our results do not claim to rule out additional Hox-independent
roles for Pbx factors, the synergistic effects of Xhoxa1/Xpbx1b
knockdowns in the frog mesoderm, as well as the molecular
and in vivo analyses of the mouse Raldh2 locus demonstrate
the functional impact of Hox-Pbx-mediated Raldh2 regulation.

The above observations provide strong support for evolu-
tionary conservation of this Hox-Pbx-dependent retinoid regula-
tory pathway. Moreover, by identifying Hox-Pbx factors as
regulators of RA levels in the early vertebrate embryo, together
with their known role as RA targets, these results help to better
rationalize how the retinoid signaling pathway could have been
evolutionary co-opted for vertebrate AP patteming and inte-
grated into the Hox positional system. More broadly, given the
pleiotropic and instructive functions of RA in vertebrate develop-
ment (Duester, 2008; Niederreither and Dolle, 2008), including
axial patterning, regional segmentation of the nervous system,
regulation of early organogenesis, and differentiation of stem
and progenitor cells, our results establish a mechanism for the
transcriptional control of the synthesis of appropriate RA activity
in the embryo.

EXPERIMENTAL PROCEDURES

Retinoic Acid Administration

Retinoic acid administration was performed as described elsewhere (Pasqua-
letti et al., 2001). Mice were mated for 2 hr. A vaginal plug at the end of the
mating was scored as E0.0 +1 hr. Pregnant mice were treated at the following
gestational stages: E8.0 +2 hr (Hoxa1/Pbx1) and E8.5 (Pbx1/Pbx2). Pregnant
females were administered a final RA concentration of 5 mg/kg (Hoxal/
Pbx1) or 10 mg/kg (Pbx1/Pbx2) body weight by oral gavage.

In Situ Hybridization

Whole-mount mouse in situ hybridization (ISH) was performed as described
elsewhere (Studer et al., 1998). Each probe was hybridized on at least three
single or compound mutant embryos. As for frog ISH, Digoxigenin (DIG)-
labeled antisense RNA probes were generated for Xraldh2 and Xkrox20.
Whole-mount ISH was performed as described elsewhere (Pasqualetti et al.,
2000). After color development, embryos were post-fixed and bleached under
fluorescent light to remove the pigment. For histological examination, whole-
mount ISH processed embryos were embedded in a gelatin-albumin solution
and then sectioned at 50 pm using a Leica VT1000S vibratome.

Mesoderm-Specific Morpholino Injections in Xenopus Embryos

Xenopus laevis embryos were obtained by hormone-induced laying and were
staged according to Nieuwkoop and Faber (1956). Capped mRNAs were
synthesized in vitro from template cDNAs: Nuclear-3-galactosidase (n-g-gal)
and Red Fluorescent Protein (RFP, Notl/Sp6), using the SP6 mMESSAGE
mMACHINE Kit (Ambion, catalog number AM1340). A morpholino antisense
oligonucleotide (Gene Tools, LLC) was designed against the Xpbx7b mRNA
(Gene Bank a.n. AF480430.1) complementary to —8 to +17 nucleotides:
Xpbx1b-MO 5'- CTGGGCTGATCGTCCATTTCCAAGA-3' (the ATG comple-
mentary sequence is underlined). A 5-base-mismatch control-MO was
designed from the Xpbx1b-MO sequence (5" CTGGcCTcATCGTCgATTTCg
AAcA 3, small caps indicate mismatched nucleotides) (Gene Tools, LLC).
The control MO did not induce molecular alterations or patterning defects in
injected embryos (n = 78; data not shown). The MO against the Xhoxal
mRNA was described elsewhere (McNulty et al., 2005). MOs (Xpbx1b 20ng/
embryo, Xhoxal 10 ng/embryo, control-MO 20-30 ng/embryo) or capped
mRNAs (RFP and/or n-g-gal, 300 pg/embryo each) were injected into the
marginal zone of V2.2 left blastomere of 16-cell stage embryos in 3% Ficoll-
400 (Fluka, catalog number 46327) in 0.1x MMR. After injection, embryos
were transferred in 0.1x MMR and incubated at 18°C until the desired devel-
opmental stage. The injected side was visualized by the RFP presence.
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B-Galactosidase Staining

Mice carrying the RARE:ilacZ reporter transgene (Rossant et al., 1991)
(Jackson Laboratory) mated into the Pbx1/2 or Hoxa1/Pbx1 null backgrounds
were used for endogenous retinoid detection by X-gal staining as described
elsewhere (Rossant et al., 1991). Xenopus embryos injected with Nuclear-
B-galactosidase (n-g5-gal) capped mANA were fixed and stained with
salmon-gal substrate (BIOSYNTH AG, catalog number B-7200) before further
processing for whole-mount 1SH.

Constructs

A 514 bp fragment containing the E3 Pbx-Hox site was amplified by PCR from
mouse genomic DNA. The amplicon was cloned into pCRII-TOPO plasmid
(Invitrogen), generating the pCR-E3 construct. A Spel-Notl fragment of pCR-
E3 was subcloned into the pBGZ40 plasmid (Itasaki et al., 1999) generating
the E3:dacZ construct. pCR-E3 was also used as template to obtain the
pCR-E34PH construct by PCR-mediated site-directed mutagenesis, replac-
ing the Pbx-Hox binding site with a Sacil site for diagnostic restriction. The
Spel-Notl fragment of pCR-E34PH was subcloned into pBGZ40 plasmid
(E3APH::lacZ).

In Ovo Electroporation

In ovo electroporation was performed as described elsewhere (ltasaki et al.,
1999). Construct concentrations were as follows: 1.0 mg/ml for E3::lacZ
reporter construct, E34PH::lacZ and pCMV::Hoxal expression vector, and
0.2 mg/ml pCMV::eGFP coinjected as positive control of electroporated cells.
Embryos were harvested 24 hr after electroporation and processed for
B-galactosidase staining.

Transient Mouse Transgenic Analysis

Notl-Xhol fragments containing either the E3:lacZ or its mutated version
E34PH::lacZ constructs were used for pronuclear injection. Embryos were
harvested at E8.5 and X-gal staining was used for B-galactosidase activity
detection. For coronal vibratome sectioning, stained embryos were fixed in
4% PFA overnight, rinsed in PBT, embedded in 3% agarose/PBS, and then
cut. Nuclear fast red solution (Sigma) was used as counterstaining.

Generation of BAC Transgenic Mouse Embryos

The BAC clone RP24-159G6 (BACPAC Resources Center at Children's
Hospital Oakland Research Institute, Oakland, CA), spanning from 23 kb
upstream to 47 kb downstream the RaldhZ2 locus, was used as template for
bacterial recombineering (Lee et al., 2001). The plasmid pN21-eGFP-SV40
polyA was used to amplify an eGFP-frt-Kanamycin-frt cassette by using
70-mer primers containing 50 nt of homology surrounding the ATG codon of
the Raldh2 coding sequence. For the mutated construct, the plasmid pL452
(Liu et al., 2003) was used as template to amplify a LoxP-Kanamycin-LoxP
cassette by using 70-mer primers containing 50 nt of homology surrounding
the E3PH element. Following homologous recombination and resistance
cassette removal, the E3PH element was replaced by a single LoxP site.
Correct recombination and removal of resistance genes in the Raldh2::eGFP
and Raldh2-E34PH::eGFP BACs were tested by PCR, restriction enzyme
digestion, and sequencing. Before microinjection, the modified BACs were
linearized by PI-Scel digestion.

Chromatin Immunoprecipitation Assay

About 1600 E8.5 mouse embryos were manually dissected in posterior “body”
and anterior “head” regions. Chromatin was prepared, and ChIP was per-
formed as described elsewhere (Frank et al., 2001). Samples were immuno-
precipitated ovemight at 4°C with the following antibodies: Pbx1/2/3 (C20
scB888X, Santa Cruz), Meis2 (N17 sc10600, Santa Cruz), Hoxal (N20
sc17146X, Santa Cruz); Suz12 (ab12073, Abcam), H3K27me3 (9756, Cell
Signaling Technology), H3K4me3 (9751, Cell Signaling Technology), and
Rabbit IgG (Sigma). Conserved Raldh2 fragment E1 to E4 containing the
Hox-Pbx binding sites and control regions outside of the conserved regions
(OUT) were amplified by real-time qPCR using specific primer pairs.

Electrophoretic Mobility Shift Assays
EMSAs were performed as described elsewhere (Ferretti et al., 2000) using
nuclear extracts purified from E8.5 “body” embryonic region or in vitro
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translated proteins. Labeled oligonucleotide probes contain the putative Hox-
Pbx binding sites and their mutated forms within the distinct Raldh2 conserved
regions (E1 to E4). The antibodies used to assess DNA binding specificity are
the same used for ChIP assay.

Sequence Conservation Analysis
Comparisons of mouse Raldh2 genomic sequences to other vertebrates were
performed using the UCSC algorithm (http://genome.ucsc.edu/).

Statistical Methods
Results are expressed as mean + SEM from triplicate qPCRs. Student’s t test
was used when appropriate.

SUPPLEMENTAL INFORMATION
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Figure S1. Early Raldh2 Expression and Partial RA-Mediated Rescue in Pbx1/Pbx2 Null
Embryos, Related to Figure 1

(A-B and A’-B’) In control E7.5 embryos (A-A”), Raldh2 is expressed in forming mesoderm (A,
lateral view) and cells ingressing through the primitive streak (ps) (A’, ventral view) (asterisk,
position of the node). In Pbxi/Pbx2 null mutants (B-B?), lower Raldh2 expression levels are
detected in mesodermal cells that migrate through the primitive streak (B’, arrowhead).

(C-E) Partial morphological rescue by exogenous retinoic acid (RA) treatment in Pbx1/Pbx2 null
embryos. E9.5 control (C), Pbxi/Pbx2 null (D), and RA-treated Pbx1/Pbx2 null mutant (E)
embryos. Pbx1/Pbx2 null embryos show abnormal turning (D, curved arrow), that is rescued
upon RA treatment and similar to control embryo (E, curved arrow, compare with C).



S

Xpbx1b-Mo

|

B C II D .
A
inj T
' P

side

Xpbxib-Mo;Xhoxai-Mo

E' F G &5

Figure S2. Mesoderm-Specific XpbxI and Xhoxal Knockdown Results in Downregulation
of Xraldh2 in Xenopus Embryos, Related to Figure 4

(A) Schematic illustration of the injection at the marginal zone of V2.2 Xenopus blastomere at
the 16-cell stage. The fate of the progeny of the injected blastomere is depicted in a stage 17
neurula.

(B-G) In situ hybridization for Xraldh? in control-MO (B), XpbxIb-MO (C and D), or
Xpbx1b/Xhoxal-MO (E-G) injected embryos. In (B), the imnjected side (left, inj side) 1s
unaffected. In (C and D), the injected side show mild downregulation and narrowing of Xraldh?
domain expression (compare with the controlateral uninjected side). In (E-G), different degrees
of severe downregulation and narrowing of Xraldh2? domain expression, demonstrating the
synergistic role of Xpbx1b and Xhoxal m Raldh2 mesodermal regulation.
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Figure S3. In Vitro Hox-Pbx-Meis Ternary Complex Formation on Raldh2 E3PH Element
and of Hox-Pbx Dimeric Complex Formation on Raldh2 E1PH, E2PH and E4PH Elements,
Related to Figure 5

(A) Hoxal/Pbxla and Hoxbl/Pbxla in vitro translated proteins bind as dimeric complex (DC) to
labeled E1PH oligonucleotide, though not Prepl/Pbxla, with or without Hoxal or Hoxbl, in
EMSA assay.

(B) Competition assay to assess binding specificity of Hoxal/Pbxla or Hoxbl/Pbxla: 50 or 250
fold molar excess of unlabeled wild type (£7) or mutated (£] Mur) was added to labeled £1PH
and 1in vitro translated proteins.

(C) Hoxal/Pbxla, Hoxbl/Pbxla, and Prepl/Pbxla dimers bind to the labeled E2PH
oligonucleotide, though not Meis2/Pbxla.

(D) Competition assay to assess binding specificity of Hoxal/Pbxla or Hoxb1/Pbxla: 50 or 250
fold molar excess of unlabeled wild type (£2) or mutated (£2 Mur) was added to labeled £2PH
and 1n vitro translated proteins.

(E) Specific antibody competions show that the distinct dimeric complexes forming on E2PH
oligonucleotide contain Prepl, Pbx1, Hoxal, and Hoxbl.

(F-G) Sequence conservation of PH sites in Raldh2? E1 and E2 of different vertebrates.

(H) Hoxal/Pbxla(b)/Meis2 and Hoxbl/Pbxla(b)y/Meis2 in vitro translated proteins bind as
ternary complex (TC) to labeled E3PH oligonucleotide in EMSA assay. Simultancous use of
Pbxla and Pbxlb, two splice variants of Pbxl with different molecular weight, allows to
distinguish between ternary or multimeric complex (scheme of possible binding outcomes on the
right). The protein composition of each binding reaction is shown on the top.

(I) Competition assay to assess binding specificity of Meis2/Pbxla/Hoxal and
Meis2/Pbx1a/Hoxbl: 100 fold molar excess of unlabeled wild type (£3) or mutated (£3 Mut)
was added to labeled £3PH and in vitro translated proteins.

(J) Ternary complex formation requires wild type Hoxal. TC does not form in the presence of
two Hoxal mutant versions: mut328, mutated in the hexapeptide mediating Pbx binding, and
mut353, mutated in the DNA-binding homeodomain.

(K) Sequence conservation in vertebrates of the Raldh2 E3PH element.

(L) Hoxal/Pbxla and Hoxb1/Pbxla in vitro translated proteins bind as dimeric complex (DC) to
labeled E4PH]I oligonucleotide, though not Meis2/Pbx1a or Prepl/Pbxla, in EMSA assay.

(M) Pbxla/Meis2 and Pbxla/Prepl dimers bind labeled E4PH? oligonucleotide, though not
Hoxal/Pbxla or Hoxbl/Pbxla. Prepl binding alone is also indicated (arrow).

(N and O) Sequence conservation in vertebrates of Raldh2 E4PHI (N) and E4PH? (O)
elements, respectively. Lys, endogenous binding activity in reticulocyte lysate.
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Figure S4. Trans-Activation in Chick Neural Tube and Transient Transgenic Mouse Assay
of the Raldh2 E3PH Element, Related to Figure 5

(A-E) In ovo electroporation of chicken embryo neural tube with various constructs. (A)
Representative control embryo electroporated with a CMV::GFP construct showing the spatial
extent of GFP fluorescence.

(B and C) [3-gal stainings of embryos co-clectroporated with E3::LacZ and CMV::GFP (not
shown) plasmids without (B) and with (C) CMTV:.Hoxal construct, respectively. f-gal activity in
(C) reveals a strong reporter up-regulation and ectopic trans-activation of £3::LacZ by Hoxal.
(D and E) Mutation of Pbx-Hox site (E3APH::LacZ ) results in weaker activation of the reporter
(D) and loss of responsiveness to Hoxal (E).

(F-K) Raldh2? E3-driven spatial activity in mouse. B-gal stainings of E8.5 transient transgenic
mouse embryos carrying the Raldh2 E3::lacZ reporter construct (F-H) or E3APH::lacZ reporter
construct (I-K).
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(F) Lateral view of whole-mount embryo showing spatial restriction of B-gal staining with a
rostral limit of transgene activity in the posterior hindbrain (arrow). (G) Posterior part of the
embryo showing B-gal activity in neural plate (np) and pre-somitic mesoderm (psm). White bar
indicates the position of the cross-section in H, showing distribution of 3-gal staining in np and
psm.

(I-K) B-gal staining of ES8.5 transient transgenic mouse embryos carrying the Raldh?
E3APH::lacZ reporter construct, bearing a mutated Pbx-Hox binding site. PH site integrity
within the Raldh? E3 enhancer is required to drive reporter expression in psm and partly in
neural tube.



Supplemental Experimental Procedures
In Situ Hybridization

Briefly, mouse embryos were dissected, fixed in 4% paraformaldehyde (PFA) overnight, washed
i PBT and dehydrated and stored at -20 °C in 100% methanol (Sigma). Xenopus embryos were
collected, fixed in MEMFA for 2 hours, washed in PBT and dehydrated and stored at -20 °C in
100% ethanol (Sigma). Antisense riboprobes labeled with digoxigenin-11-dUTP or fluorescein-
11-dUTP were used. Labeled probes were recognized by an antibody conjugated to alkaline
phosphatase, and reactions were detected by NBT-BCIP reaction.

B-Galactosidase Staining

Whole RARE::lacZ expressing transgenic embryos were dissected and fixed in 4% PFA at room
temperature for 15 min. After three washes in PBT, embryos were put into the staining solution
(1XPBS, 2 mM MgCl12, 5 mM K3Fe(CN)6, 5 mM K4Fe¢(CN)6, sodium deoxycholate 0.1%, NP-
40 0.2%, and 1 mg/ml X-gal) at 37 °C for several hours. Xenopus embryos were fixed in
MEMFA for 30 min and put into the staining solution (1X PBS, 2 mM MgCl2, 5 mM
K3Fe(CN)6, 5 mM K4Fe(CN)6, 1 mg/ml salmon-gal) at 37 °C for 30 min.

Chromatin Immunoprecipitation Assay

About 1600 E8.5 wild type mouse embryos were manually dissected in posterior ‘body’ and
anterior ‘head’ regions. Specimens were maintained in PBS+PMSF+AP (Complete Mini Roche)
and kept on ice during dissection. After disrupting the tissues with a 20G-gauge syringe,
crosslinking was performed with 1% Formaldehyde at RT and stopped by Glycine at final
concentration of 0.125M. Chromatin preparations were sheared by sonication until reached an
average length of 500-1000bp. Immunoprecipitation was performed by using Dynal magnetic
beads (Invitrogen) prewashed with Smg/ml BSA/PBS and Img/ml sonicated salmon sperm
DNA. The eluted DNA was purified with QIAGEN PCR purification kit and resuspended in
30ul of TE.

For qPCR, sense oligos are indicated by “Fw” and antisense oligos indicated by “Rv™:
Raldh2 OUT Fw: 5> GCCTAACCTGGCCTATTTCA3’;

Radlh2 OUT Rv:5" GCAGGAAAGGATTTGTGACC3’;

Raldh? E2 Fw: 5’GTCCGTTAGAGTTTTCAGGA3’;

Raldh2 E2 Rv: 5’GCTCTTGGGTTGTATGCAGAATS3’;

Raldh2 E3 Fw: 5 TGGAAGCTCCT CCAATTCTC3;

Raldh2 E3 Rv: 5° CTCCGACATTAAAGGCTCCAZ’,

Raldh2 E4 Fw: 5° GCCTCAGCAACTTCTGGAAA3S’,

Raldh2 E4 Rv: 5° AGGCCGACTGAGA CCATAAA3Z",

For quantitative ChIP, enrichment of specitic DNA fragments was analyzed by real time qPCR
using the ABI Prism 7000 thermocycler and QuantiTect SYBR Green PCR master mix
(Quiagen). Immunoprecipitated DNA amounts were calculated from a standard curve of input
DNA and normalized to rabbit IgG immunoprecipitations.
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Electrophoretic Mobility Shift Assays

Oligonucleotide sequences (only sense strand is indicated).

E1PH: > AGAGTTGATAAATGTGCACTG3 ;
E2PH:5’CCACTGGAGATGGATGAGACCATS’;
E3PH:5’AGACAACTGATTTATAGCTAATTG3" ;
E4PH1:5’CTCTCAGGGTGATTTATGGTCTCAGTS3’ ;

E4PH2:5’ ATTTGCTGTCAAATACGCTGGCTGATTTAGAGCTAG3’;
ElMut: 5’AGAGTTegeAAcgGTGCATG3” ;
E2Mut:5’CCACTGGACGCGGCGTGAGACCATS ;

E3Mut:5’ AGACAACTegTTegTAGCTAATTGS’.

Constructs

The E3 Pbx-Hox site was amplified by PCR from mouse genomic DNA using the following
primers:

5-CGTTTCTGAATTTTTGTTGCAT-3’(forward); 5’CTCCGACATTAAAGGCTCCA-3’
(reverse).

For site-directed mutagenesis, pCR-E3 was used as a template and the following primers were
used: 5’CTACCCCAGTAGGAAAGACAACTCCGCGGTAGCTAATTGGAGCCS’
(forward);

5’GGCTCCAATTAGCTACCGCGGAGTTGTCTTTCCTACTGGGGTAGS’ (reverse).

Generation of BAC Transgenic Mouse Embryos

The BAC containing the entire Raldh?2 locus (clone RP24-159G6 BACPAC Resources Center at
Children’s Hospital Oakland Research Institute, Oakland, CA, USA) was electroporated into the
EL250 bacteria for modification by recombineering (Lee et al., 2001). To obtain the
Raldh?2::eGFP construct, bacteria were previously induced for recombineering at 42 °C and then
clectroporated with an eGFP-frt-Kanamycin-frt cassette amplitied by PCR with primers
containing 50 nucleotides of homology (indicated as caps) to the sequence upstream and
downstream of the Raldh2 ATG start codon :

Primers used for Raldh2::eGFP construct :

Forward : 5’CCAGCGAGATCGCCATGCCGGGCGAGGTGAAGGCCGACCCCGCCGC
GCTCatggtgageaagggegagga3’

Reverse : S TACTTGATCTCGAGGTTGGGCGTGGGCGACGGCAGGAGCTGCAGCGA
GGCtattecagaagtagtgagga3’.

Bacteria were subsequently arabinose-induced for Flpe expression in order to remove the
Kanamycin cassette. To obtain the Raldh2-E3APH::eGFP construct, the Raldh2::eGFP
construct was electroporated into EL350 bacteria (Lee et al, 2001). These bacteria were
subsequently induced at 42°C, as previously described, and were electroporated with a LoxP-
Kanamycin-LoxP cassette amplified by PCR with primers containing 50 nucleotides of
homology (indicated as caps) to the sequences surrounding the E3PH element.



Primers used for Raldh2-E3APH::eGFP construct :

Forward primer : 5’-TTTCATTTGGAAGCTCCTCCAATTCTCCTTTTCTCTAGCCACC
CCCTCTCageccaattecgatcatatte-3’

Reverse primer : 5’-TGTTTTTCTTGGTAATAAGTGGGAAAGTGGATACTGGATAAAA
GTCTTCAaactagtggateccctegag-3°

Finally, bacteria were arabinose-induced for Cre recombinase expression in order to remove the
Kanamyein cassefte. Correct recombination and excision of the resistance gene were validated
by PCR, restriction enzyme digestion, and sequencing. Before microinjection, the modified
BACs were linearized by PIl-Scel digestion and dialysed. Constructs (0.8 ng/ul) were
microinjected into pronuclei of (B6CF1 x C57BI0) fertilized eggs.

Supplemental References

Lee, E.C., Yu, D., Martinez de Velasco, J., Tessarollo, L., Swing, D.A., Court, D.L., Jenkins,
N.A., and Copeland, N.G. (2001). A highly efficient Escherichia coli-based chromosome
engineering system adapted for recombinogenic targeting and subcloning of BAC DNA.
Genomics 73, 56-65.
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3.1 “Ezh2 maintains the Mesenchymal Potential and Positional Identity of

Cranial Neural Crest Cells during Mouse Craniofacial Development”

A fundamental question during normal embryonic development is how the temporal and
spatial collinear expression of Hox genes is achieved. Previous evidences pointed at the
evolutionary significance to maintain Hox genes repressed in the rostral part of the embryo,
which in turn allows normal development of vertebrate craniofacial skeleton and anterior
brain. Recent discoveries shed light on the role of epigenetic complexes as key factors
implicated in the remodeling and in the maintenance of the active and repressive
transcriptional states of the chromatin, including at Hox clusters. Taking advantage from the
cranial neural crest cell (cNCC) system, this unpublished work starts addressing the
involvement of Ezh2, the catalytic component of the Polycomb repressive Complex (PRC) 2
which trimethylates lysine 27 of histone H3 (H3K27me3), in the maintenance of Hox gene
repression during craniofacial development. This study is still under progress and not yet
complete. However, it represents, to date, the advancement of our research. This draft

contains the main findings and preliminary results.

Author contribution statement:

[ contributed to the design of the study and the experiments. I contributed to the collection
of the biological samples. I performed the ChIP assays and prepared the libraries for next-
generation sequencing. I contributed to the interpretation of the results and to the writing

of the draft, as well as to the preparation of the figures.
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3.2 Abstract

Background: A remarkable event taking place during vertebrate embryonic development
is the temporal and spatial collinear activation of Hox genes. This process reflects the
progressive propagation of permissive conditions that make available Hox genes for
transcription according to their relative genomic positions within the clusters, from 3’ to 5.
Previous studies indicated that this transcriptional competence acquisition involves the
sequential relocation of each single Hox transcriptional unit from a repressive to an active
chromatin compartment, which, in turn, correlates with the distribution of Polycomb- and
Trithorax-mediated post-translational histone modifications respectively. In this study we
address the functional role of Ezh2, the catalytic component of the Polycomb repressive
complex 2 (PRC2) in the regulation of Hox transcriptional states during craniofacial
development in the mouse. Cranial neural crest cells (cNCCs) are pluripotent cells that show
the unique capability to differentiate into cartilages, bones and connective tissue. Although
originating from the neural epithelium, these cells lose their neural potential contributing
substantially to the formation of craniofacial and pharyngeal structures that make up the
vertebrate head. This ability is interestingly dependent on the maintenance of a rostro-
caudal migratory segregation of Hox-negative and Hox-positive cNCC pools which is
considered to be the prerequisite that allowed the evolution of an increasingly complex

craniofacial architecture in the vertebrate lineage. Yet, the transcriptional mechanisms
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responsible for the restriction of the differentiation potential and the maintenance of the

appropriate Hox code in cNCCs remain poorly understood.

Principal findings: By combining cell type-specific epigenomic and transcriptomic
profiling, we characterized the molecular features of different rostro-caudal cranial NCC
subsets. Genome-wide analysis revealed the presence of a common transcriptional and
epigenetic ground-state from which each cell population diverges according to its antero-
posterior pool of origin. Furthermore, we uncovered the role of Ezh2 as a crucial player in
the maintenance of the rostro-caudal identity. Indeed, PRC2 activity is indispensable for the
maintenance of the repressive state in the anterior Hox-negative domain. Moreover, in the
Hox-positive domain, after the initial collinear activation of the clusters in pre-migratory
cNCCs, Ezh2 re-establishes new repressive states in migratory and post-migratory cells in
order to gain appropriate cell-specific Hox gene restrictions. Finally, our genome-wide
analysis reveals that loss of Ezh2 activity results in a broad de-repression of the neurogenic
potential, at the expenses of the mesenchymal differentiation program, indicating its

involvement in the restriction of the cellular differentiation program.

Significance: Taken together these results unveil the pleiotropic functions of Ezh2 in the
regulation of cellular identity during mouse craniofacial development by: i) maintaining the
repressive state of Hox genes in the anterior part of the embryo; ii) re-establishing new
silent domains within active 3’ Hox clusters; iii) restricting the differentiation potential of

mesenchymal NCCs.

3.3 Introduction

Morphogenesis of the craniofacial and pharyngeal regions involves the neural crest
cells (NCCs), a vertebrate-specific transient cell population originating from different
rostro-caudal compartments of the developing neural tube, which undergo epithelial-to-
mesenchymal transition and gain migratory properties in order to reach their target
regions where they proliferate and differentiate into a variety of cell types such as neurons,
glia, melanocytes and smooth muscle. Moreover, in the cranial region, NCCs have the ability

to differentiate into chondrocytes and osteoblasts, thus contributing to most of the



cartilages and bones of the skull, facial and pharyngeal skeletons (Santagati and Rijli, 2003;
Minoux and Rijli, 2010).

Specification of NCC lineages has been shown to involve a set of signalling molecules
and transcription factors whose actions are spatially and temporally coordinated (Dupin
and Sommer, 2012). In parallel to the non-cell autonomous instructions affecting their
lineage specification, NCCs exhibit also intrinsic molecular determinants limiting their
differentiation potential according to their rostro-caudal distribution along the neuraxis.
Indeed, at the level of the rhombencephalon, the positional identity of NCC pre-migratory
progenitors is achieved through the nested and combinatorial expression of homeodomain
(HD) transcription factors belonging to the Hox (homeobox) gene family. Hence, NCC
subpopulations colonizing the different pharyngeal arches (PAs) express distinct
combinations of Hox genes, providing each arch with a distinct AP molecular and positional
identity (Trainor and Krumlauf, 2001; Santagati and Rijli, 2003; Minoux and Rijli, 2010).
Paralog group 2 (PG2) Hox genes (HoxaZ and HoxbZ2) are the only Hox genes expressed in
post-migratory second PA (PA2) NCCs, whereas first PA (PA1) and more anterior NCCs are
Hox-negative (Couly et al., 1998; Minoux et al., 2009). In vertebrates, HoxaZ inactivation (or
in combination with HoxbZ2 loss-of-funtion in zebrafish) induces homeotic transformation of
PA2 skeletal elements into a duplicated set of skeletal structures normally derived from
PA1 mandibular process. HoxaZ ectopic expression in the anterior Hox-negative domain
induces the reverse phenotype, i.e. the homeotic transformation of a subset of PA1 NCCs
into a PAZ2-like identity (Baltzinger et al, 2005; Gendron-Maguireet al. , 1993;
Grammatopoulos et al., 2000; Hunter and Prince, 2002; Minoux et al., 2013 submitted;
Pasqualetti et al. 2000; Rijli et al., 1993; Santagati et al., 2005), indicating that PG2 Hox
genes promote a PA2-like modality by modifying an underlying Hox-free ground (default)
patterning program shared by mandibular and PA2-derived skeletogenic NCCs, though not
by more anterior NCCs (Minoux et al., 2009; Minoux and Rijli, 2010; {Rijli, 1993). These
observations infer the presence of common molecular characteristics shared by mandibular
and PA2-populating NCCs, compared to those colonizing maxillary and fronto-nasal
processes.

In addition, ectopic expression of HoxaZ in Hox-negative NCCs, severely impairs jaw

and craniofacial development (Creuzet et al, 2002; Minoux et al., 2013 submitted). This
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latter phenotype is observed also in Hoxa3 or Hoxb4 overexpressing chick embryos, thus
indicating that, more broadly, Hox gene expression is incompatible with jaw and
craniofacial development and that their repression in PA1 and more anterior NCCs is an
essential condition to achieve proper morphogenesis(Couly et al., 1998; Creuzet et al,,
2002). To date, the molecular mechanisms involved in Hox gene repression in anterior Hox-
negative NCC remain elusive.

Recent evidences link the transcriptional activity of Hox genes to epigenetic factors
regulating chromatin organization and function (Bantignies et al., 2011; Noordermeer et al.,
2011; Soshnikova and Duboule, 2009). Inside the nucleus, transcriptionally active and
repressed genes are thought to be located in distinct higher order chromatin
compartments, whose functions correlate to Trithorax- and Polycomb-mediated histone
modifications, respectively. Furthermore, previous studies indicated that Phc1 full knockout
mice (homologous to the Drosophila polyhomeotic gene) exhibit altered antero-posterior
patterning and macroscopic neural crest defects (Takihara et al., 1997).

In the present work, we address the role of Ezh2, the catalytic component of the
Polycomb repressive complex 2 (PRC2) which trimethylates Lysine 27 on histone H3
(H3K27me3) (Margueron and Reinberg, 2011). We used chromatin immunoprecipitation
coupled with high throughput sequencing (ChIP-seq) and whole transcriptome sequencing
(RNA-seq) assays, to identify, at genome-wide level, the epigenomic and transcriptomic
features of distinct AP cranial subpopulations of control and EzhZ-mutant pre-migratory
NCCs. We show that mesenchymal specification and positional identity in cranial NCCs are
epigenetically maintained during early development. This study deciphers the role of PCR2

during head and pharyngeal morphogenesis.

3.4 Material and Methods

Mouse lines and embryonic tissues

Control reporter samples were dissected from E10.5 embryos, obtained from
ROSA26::RFP//f pregnant mice crossed with Wnt1::CRE*/- males. Ezh2 mutant samples were
dissected from E10.5 embryos, obtained from ROSA26::RFP/f, Ezh2//f pregnant mice crossed

with Wntl1::CRE*/; Ezh2/* males. Our laboratory generated a conditional mouse line



overexpressing full-length HoxaZ c¢DNA under the control of ROSA26 locus
(GT(ROSA)26Sor™(Hox2a)f/+), Hoxa5 overexpressing fetuses were obtained by crossing
GT(ROSA)Z26Sor™(Hoxa5)f/f females with Wnt1::CRE*/- males.

In situ hybridization

In situ hybridization was performed as previously described (Santagati et al., 2005).

Sample preparation for next-generation sequencing

For RNA-seq experiments branchial arches were dissociated (trypsin 0.5%/EDTA at 37 °C
for 10 minutes), rinsed (DMEM, 10% FBS), filtered and FACS-sorted. After sorting, 50,000
cells were pelleted by centrifugation for 5 minutes, 1000rpm at 4°C. PicoPure® Kit
(KIT0204 Life Technologies) was used for RNA Isolation.

For ChIP-seq experiments, branchial arches were dissociated (trypsin 0.5%/EDTA at 37 °C
for 10 minutes), rinsed (DMEM, 10% FBS), cross-linked with 1% formaldehyde for 10
minutes at room temperature and quenched with 125 mM glycine (Merck) for 5 minutes.
Cells were pelleted by centrifugation for 10 minutes, 2000 rpm at 4°C and rinsed three
times in ice-cold PBS and FACS-sorted. Cells where then rinsed in in ice-cold PBS containing
PIC (Complete-EDTA free, Roche) and 20 mM sodiumbutyrate, pelleted and stored at -80°C

until the amount of 500,000 cells per IP was achieved.

Chromatin immunoprecipitation (ChIP)

ChIP was performed as described previously (Dahl and Collas, 2008) with some
modifications. Briefly, cells were thawed in ice and immediately lysed at 4°C by adding
room-temperature equilibrated lysis buffer containing 50 mM Tris-HCI pH 8.0, 10 mM
EDTA, 1% SDS (Fluka), PIC (Complete-EDTA free, Roche) and 20mM sodiumbutyrate. The
samples were then snap-frozen in liquid-nitrogen and thawed at 4°C before sonication. The
cell lysate was sonicated in a Diagenode Bioruptor to achieve a mean DNA fragment size of
250 bp. After clarification by centrifugation, the supernatants were diluted with RIPA buffer
and incubated with anti-H3K4me2 (Millipore), anti-H3K27me3 (Millipore, 07-449) or anti
H3K27ac (Millipore) coated protein A/G-magnetic bead complexes (Dynabeads Protein
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A/G, Invitrogen 100.02D/04D) overnight at 4 °C. Ca. 500,000 cells were used for each IP.
The next day, the beads were washed four times with RIPA buffer and once with TE buffer
and the bead-bound complexes incubated with complete elution buffer (20 mM Tris-HCl pH
7.5, 5 mM EDTA, 50 mM NacCl, 1% SDS, 50 mg/mL proteinase K) at 68 °C for DNA elution,
cross-link reversal and protein digestion. Finally, DNA from the immunoprecipitates was
recovered by phenol-chloroform extraction and ethanol precipitation and processed for

next generation sequencing.

Libraries were generated using the ChIP-seq DNA sample prep kit (Illumina, IP-102-1001).
For sequencing, a single band of immunoprecipitated material was recovered from low-

melting agarose gel, corresponding to the 300 bp size.

Genomic coordinates

The mouse genome assembly (GRCm38/mm10) was used as a basis for analyses.
Annotation of RefSeq transcripts was obtained from the UCSC database. Genomic regions
were defined as follows: promoter, sequences containing all bases within 1,000 bp of a
RefSeq TSS; exon, non-promoter sequences that overlap with exons of RefSeq transcripts;
and intron, non-promoter and non-exon sequences flanked by two exons of a single
transcript. All other sites were defined as intergenic. A set of non-overlapping TSS regions
(N =17,012, 500 bp upstream and 200 bp downstream of the TSS) was generated using
RefSeq TSSs.

Read filtering, alignment and weighting

Low-complexity reads were removed based on dinucleotide entropy (<1% of the reads).
Reads were aligned to the mouse genome using Bowtie (version 0.9.9.1) with parameters -v
2 -a -m 100, which will find up to 100 best matches for each read with two or fewer
mismatches. To track reads without genomic template (for example, exon-exon junctions),
reads were also aligned to a databases containing known mouse sequences, tracking all best
hits with no more than two mismatches. All quantifications were based on alignments
weighted by the inverse of the number of query hits, ensuring that the total weight of a read

did not exceed one.



Peak finding

Clusters of ChIP-Seq read alignments were identified using MACS (version 1.3.7.1) with a
pool of alignments from all biological replicates and cellular stages (weights rounded to
integers) and parameters set as: mfold = 8, gsize = 2700000000 and tsize = 36.
Immunoprecipitation enrichment of resulting peak candidates was calculated, and peak

candidates with enrichments less than twofold above background were removed.

Calculation of peak enrichments in genomic regions

Enrichment of peaks in genomic regions was calculated as the ratio of the observed over the
expected number of peaks, where the observed number is the count of all peaks
overlapping a region by more than half of their length and the expected number is the

fraction of genomic bases in that region type multiplied by the total number of peaks.

Calculation of immunoprecipitation enrichment

Immunoprecipitation enrichment of a genomic region (TSS window or peak region) was
calculated as E = log ((nrc / Nrc x min(Nrg,Ngg) + p) / (nBc / Nec x min(Nrc,Ngg) + p)), where
nrc and nge are the summed weights of overlapping foreground and background (input
chromatin) alignments, Nk and Ngg are the total number of aligned reads in foreground and
background samples, and p is a pseudocount constant used to regularize enrichments with

low counts dominated by sampling noise.

Cut-offs for TSS-window enrichments were manually defined using scatter plots comparing
biological replicates to separate correlated higher enrichments (positives) from the

presumably negative and uncorrelated lower enrichments.

RNA-Seq data analysis

RNA from PA1-Mx, PA1-Md and PA2-Hy cells in three independent biological replicates
each was used for cDNA preparation followed by sequencing on an Illumina HiSeq2000.

Expression levels of RefSeq transcripts were calculated by logz (n / [ x avg._l + 1), where n is
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the weighted sum of alignments to a RefSeq transcript scaled by the total number of reads
in the sample, [ is the length of the transcript and avg._[ is the mean length of RefSeq
transcripts. Expressed transcripts were defined based on the bimodal distribution of
expression levels as transcripts with expression levels of at least 4.0 (logz-transformed,

length-normalized number of reads).

3.4 Results

3.4.1 Epigenomic organization and transcripton profiles of Hox gene clusters in
mouse cranial NCC subpopulations

To identify the epigenetic and transcriptional features characterizing cranial NCCs
according to their position along the embryonic antero-posterior axis, we focused our
analysis on three defined NCC sub-populations at E10.5: namely, the Hox-negative NCCs of
the PA1-derived maxillary (Mx) and mandibular (Md) processes, as well as the Hox-positive
NCCs of PA2 (also called Hyoid (Hy) arch). In order to obtain pure populations of NCCs, we
micro-dissected each of these prominences from embryos carrying the Wnt1::Cre and the
Rosa::RFP conditional reporter alleles and we isolated NCCs by FACS sorting (Figure 1A, B).
The Wnt1 promoter drives Cre recombinase expression in NCC progenitors (Danielian et al.,
1998), thus inducing RFP expression in NCC progenitors and their progeny. Our analysis
showed that NCCs constitute nearly 80% of the total amount of cells that composed the
pharyngeal arches at E10.5 (not shown).

We focused on cephalic NCCs destined to a mesenchymal (chondro/skeletogenic)
fate. Indeed, i) based on NCC localization in the core of the pharyngeal arches, and ii) due to
the fact that, already at E10.5, NCCs express chondrogenic markers such as Col2al and Sox9,
the NCC sub-populations collected in our experiments give most likely rise to chondrogenic
and/or skeletogenic structures (Peters et al.,, 1999). Neurogenic NCCs are more proximal,
localized into sensory ganglia, which were not included in our dissections.

We next processed these isolated NCC sub-populations for genome-wide
transcriptional (RNA-seq) and epigenomic (ChIP-seq) characterization and the resulting

data were integrated in order to correlate the transcriptional activity with the identified



epigenetic modifications. We examined histone modifications associated to Polycomb-
mediated transcriptional repression (H3K27me3), to active/poised promoters and
enhancers (Trithorax-mediated H3K4me2), and to active regulatory regions (H3K27ac).
Our analysis revealed a high and selective enrichment of H3K27me3 at the level of the four
Hox clusters compared to their flanking regions (Figure S1) in all the cNCC cell populations
studied. However, a focused analysis on the epigenetic landscape at the level of Hoxa cluster
showed that, specifically in PA2-derived cells, H3K4me2 and H3K27ac modifications are
enriched at the expenses of H3K27me3 just at the level of the HoxaZ2 locus (Figure 1C). This
distribution nicely correlates with the RNA expression profile that indicates a strong
expression of Hoxa2 in the Hy sample, though not in samples from more anterior regions
(Figure 1C). A quite similar pattern was found at the level of the Hoxb cluster in regard to
Hoxb2, which is expressed at lower level in our cNCC samples (Figure S2). Such sharp
windows of H3K27me3 depletion not only correlate with the unique expression of Hoxa2
and Hoxb2 genes in PA2 NCCs, but also suggest the presence of specific signals responsible
for maintaining the expression of these selected Hox genes in second arch post-migratory
NCCs. The specific lack of H3K27me3 enrichment observed in the E10.5 second arch NCC
sub-population at the level of the HoxaZ and HoxbZ2 loci may therefore reflect the
maintenance of an epigenetic configuration inherited from pre-migratory progenitors.

In vertebrates, Hox genes are expressed in space and time according to their physical
position within their clusters; a process referred as spatio-temporal collinearity (Dolle and
Duboule, 1989). This process is correlated with a progressive loss of H3K27me3 and a gain
of H3K4me3 marks from the telomeric (3’) extremity of the cluster to its opposite (5’) end
(Soshnikova and Duboule., 2009). The 3’ most Hox paralogue group (PG) 1 genes, such as
Hoxal and Hoxbl, are the first genes expressed in rhombomere 4 (r4)-derived pre-
migratory progenitors, i.e. the cells that give rise to the cNCCs populating PA2 (Gavalas et
al,, 1998; Makki and Capecchi, 2010; Murphy et al., 1991; Zhang et al,, 1994). However, Hox
PG1 genes are no longer expressed in post-migratory mesenchymal PA2 NCCs (Murphy and
Hill, 1991; Hunt et al, 1991). Interestingly, we found an enrichment of H3K27me3
corresponding to Hoxal and Hoxbl loci in this post-migratory NCC sub-population

suggesting an active process responsible for de novo deposition of the H3K27me3
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repressive mark following r4 NCC progenitor epithelial-mesenchymal transition (EMT) and

migration into PA2 (Figs. 1 and S2).

3.4.2 Ezh2 is a key determinant of Hox gene repression in the anterior part of the
head

Hox genes are not expressed in anterior head cranial NCCs. This specificity is
conserved in the vertebrate lineage, from agnate to gnathostomes and is an absolute
condition for the correct patterning of the fronto-nasal and first-arch derived skeletal
structures (reviewed in Minoux and Rijli, 2010). Indeed, ectopic expression of Hox genes in
chick Hox-free NCCs severely impairs jaw and craniofacial development (Couly et al., 1998;
Creuzet et al., 2002). Similar defects are observed as a result of ectopic expression of HoxaZ2
and/or Hoxa5 in mouse NCCs (Figure S3 and Minoux et al., 2013 submitted). The lack of Hox
gene expression in the anterior Hox-free NCCs indicate that either absence of activators or
presence of repressors, or both, are responsible for this condition.

The presence of high H3K27me3 levels (Figs. 1 and S1), strongly suggest a possible
role of Polycomb for the acquisition and maintenance of a stably repressed chromatin
configuration at Hox clusters. In order to test this hypothesis, we addressed the role of the
PRC2 catalytic component EzhZ in during craniofacial development. We induced EzhZ2
deletion in NCCs progenitors before the onset of their migration by crossing mice carrying
conditional (floxed) alleles of Ezh2 (Shen et al.,, 2008) with WntI::Cre transgenic mice. At
E10.5, Wntl::Cre;Ezh2f1ox/flox conditional mutant embryos are indistinguishable from control
embryos. However, craniofacial defects start appearing around E11.5, with the presence of
a midline cleft at the level of the FNP (not shown). Analysis at E18.5 revealed that loss of
Ezh2 in NCCs results in a pronounced craniofacial phenotype characterised by absence of
almost all NCC-derived bones, as shown by skeletal preparations (Figure 2).

To characterize the molecular mechanisms involved in the craniofacial and
pharyngeal defects induced by Ezh2 inactivation, we generated E10.5
Whntl::Cre; Ezh2flox/flox;Rosa::RFP mutant embryos. This approach allowed us to isolate the
equivalent mutant subpopulations characterized in the previous analysis (PA1l-derived Mx
and Md proceses, as well as PA2-derived Hy NCCs) by FACS sorting and to use them for
genome-wide transcriptional (RNA-seq) and epigenomic (ChIP-seq) analysis. For each of

these prominences, comparable number of cells could be collected from E10.5



Wntl1::Cre;Ezh2flo¥/flox;Rosa::RFP mutant embryos versus E10.5 Wnt1::Cre; Ezh2flox/flox control
embryos, supporting the absence of macroscopic defects in cell proliferation and/or
apoptosis at this stage (not shown).

Loss of Ezh2 function would be expected to result preferentially in derepression (i.e.
up-regulation) of gene expression. Accordingly, RNA-seq analysis revealed that,
independently of the cranial NCC sub-population analysed, 9.3 % of genes display up-
regulated expression, whereas only 0.7% were down-regulated in
Wntl1::Cre;Ezh2fo%/flox;Rosa::RFP mutant NCCs compared to control Wntl1::Cre;Ezh2flox/flox
samples (Figure 3A). 90% of the genes however displayed unchanged expression, thus
indicating that Ezh2-mediated regulation affects a relatively small percentage of the cranial
NCCs genome (Figure 3A). Among the genes whose expression is mostly up-regulated as a
result of Ezh2 conditional inactivation, we found several Hox transcripts (Figure 3B and
Figure S4) with a similar pattern of distribution between the three sub-populations
analysed (Figure 3E and Figure S4). One exception concerns transcription 5’ adjacent to
HoxaZ2 and HoxbZ2 loci, as our RNA-seq analysis shows higher enrichment in Hy than in Md
or Mx NCC sub-populations (Figure 3E). In particular, in situ hybridization confirms that
Hoxa3 expression is more up-regulated in Hy than in Md or Mx NCCs (Figures 3C,D),
possibly suggesting a role of Hoxa? regulatory regions on the neighbour 5’ locus. By
carrying out H3K27me3 ChIP on mutant samples, we found that de-repression of Hox genes
is associated, in all the sub-populations analysed, with the absence of this Ezh2-mediated
epigenetic modification (Figure 3E and Figure S4).

In summary, these results support the notion that Hox genes are direct targets of
Ehz2 and reveal that Ezh2 plays the major role, as compared to its paralogue Ezhl, in
H3K27 methylation of the Hox clusters in cranial NCCs. Moreover, these data show that
Ezh2 is involved in maintaining a collinear pattern of Hox expression in Hy Hox PG2* NCCs

and Hox repression in anterior head NCCs.

3.4.3 Ezh2 is crucial to maintain positional identity of distinct rostrocaudal NCC
subpopulations

To characterize the molecular identity of E10.5 Mx, Md and Hy (PA2) NCC sub-

populations, we performed a genome-wide analysis of their epigenetic and transcriptional
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features. We found that only a few loci are differentially enriched/depleted in H3K27me3
(Figure 4A), H3K27ac (Figures 4B,C) or H3K4me2 (not shown) marks between Mx, Md and
Hy samples. Among these, we found key regulators of cellular positional identity. Indeed,
we show that HoxaZ is among the few genes that are the most selectively enriched in
H3K27ac in PA2 cells (Figure 4D). Similarly, DIx5/6 and Hand1/2, known to be major
determinants of PA1 (Md vs. Mx) dorsoventral identity (Beverdam et al., 2002; Depew et al,,
2002; Sato et al., 2008) are among the subset of genes that show selective H3K27ac
enrichment in the Md NCC sub-population compared to the other samples (Figure 4D).
Altogether, these results emphasize the sub-population specific in vivo role of epigenetic
regulation of the transcriptional states of key developmental genes.

In keeping with the epigenetic data, the transcriptional profiles show that control
Mx, Md and Hy NCC sub-populations show high degree of correlation (Figure 4E).
Interestingly, Md and Hy NCCs were more similar to each other than to the Mx sub-
population (Figures 4E,F). In E10.5 Ezh2 mutant embryos, NCC sub-populations lost the
molecular signatures that characterize their respective control samples (Figure 4F).
Moreover, multi-dimensional analysis revealed that Ezh2 deficient Md and Hy samples
segregated together indicating that these sub-populations acquire the same transcriptional
profile (Figure 4F). To investigate whether such a similar transcriptional molecular identity
might result from intermingling of NCC subpopulations due to altered migratory behaviour,
we performed cellular retinoic acid-binding protein 1 (Crabp1) in situ hybridization on E9.5
control and Wntl1::Cre;Ezh2flox/flox mutant embryos (Figure S5 and not shown). No
differences were observed in Ezh2 deficient embryos, showing normal stream segregation
of migrating NCCs from distinct rostrocaudal levels, similar to wild-type behaviour. Lastly,
it is noteworthy that in Ezh2 mutants the Mx sample transcription profile segregates
distinctly from control Mx but also from Ezh2 deficient Md and Hy NCC sub-populations
(Figure 4F). Taken together, these data show that the Ezh2 mutation has different effects on
the three cranial NCC sub-populations. This might reflect their distinct rostrocaudal
embryological origin. While the NCCs populating the Mx process derive from the
mesencephalic region, NCCs colonizing Md and Hy colonizing cells are mostly of

rhombencephalic origin (Kontges and Lumsden, 1996).



3.4.4 Ezh2 maintains the mesenchymal identity of cranial NCCs through repression

of their neurogenic potential

To further investigate Ezh2 function in cranial NCC specification and identity, we
next compared the delta-RNA-seq data, i.e. the genome-wide transcriptional differences
between Whntl::Cre;Ezh2flox/flox:Rosa::RFP mutant versus Wntl::Cre;Rosa::RFP control NCCs,
with genome-wide H3K4me2 and H3K27me3 distribution (Figures 5A,B). Our analysis
revealed that the genes highly up-regulated in the Ezh2 mutant, were those enriched both
in H3K27me3 and H3K4me?2 in the control sample. The presence of active and repressive
epigenetic marks at the level of the same promoter regions is reminiscent of the situation
described for important developmental genes in ES cells (Azuara et al., 2006; Bernstein et
al, 2006), which need to be primed for expression although transcriptionally silent
(bivalent promoters). The genes decorated only with H3K27me3 in the control also
resulted to be up-regulated in the mutant, albeit at a minor extent compared to the
“bivalent” ones. The genes that where only enriched in H3K4me2 or that did not show any
specific enrichment in the control remained almost unchanged in the Ezh2 mutant (Figure
5B). These results indicate that the up-regulated genes were prevalently those under direct
Polycomb-mediated repression.

To better understand the outcome of EzhZ2 conditional inactivation in NCCs, we
performed a Gene Ontology (GO) analysis of the differentially regulated transcripts. We
focused our analysis on the Md sub-population, which normally gives rise to the lower jaw.
In addition to the Hox genes, which are scored in specific classes such as “embryonic
skeletal system morphogenesis” and “anterior/posterior pattern specification”, we found
significant enrichments of genes involved in “neurogenesis and neuronal differentiation”,
such as for instance Pou4f1 (a marker for differentiating sensory neurons). This indicates
that Ezh2 represses the neurogenic potential of cranial NCCs normally fated to
mesenchymal (i.e. chondro/skeletogenic) differentiation (Figure 5A). Although in E10.5
Wntl::Cre;Ezh2fo¥/flox;Rosa::RFP mutant embryos the expression of chondrogenic markers
such as Sox5, Sox6, Sox9, or Col2al is only slightly decreased, the GO analysis suggest a

consistent trend towards down-regulation as a gene group ensemble, which prefigures
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their significant spatial down-regulation in E13.5 embryos , as assessed by in situ
hybridisation (Figure 6; and data not shown). These results underscore the role of Ezh2 in
the maintenance of mesenchymal fate through repression of alternative neurogenic fate. In
the absence of Ezh2 function, NCCs normally migrate to their final destination, begin a

chondrogenic differentiation program but they are not able to properly pursue it.

3.5 Discussion and perspectives

The cranial neural crest cell system represents one of the most interesting models in
developmental biology to address the problem of self-renewal and differentiation potential
in vivo of cells that show bona fide stem cell properties. Previous studies demonstrated that
the fate of NCCs is not irreversibly committed at the progenitor stage in the neural
primordium and rather depends upon the environment encountered by NCC during
migration and at sites of arrest (Dupin et al., 2010). Paracrine factors like BMP2/4, Wnt and
TGF- signalling pathways as well as Delta family ligands have been shown to modulate the
differentiation potential of these cells (De Bellard et al., 2002; Goldstein et al., 2005; Lee et
al, 2004; Shah et al., 1996). Studies conducted in the avian embryo demonstrated the
existence of cranial neural crest cell progenitors endowed with a different combination of
both mesenchymal (osteogenic/chondrogenic) and neurogenic-melanogenic potential

(Calloni et al., 2007) which respond differently to Shh signalling.

At the molecular level, the differentiation program undertaken by these cells rely on
the instructive role of non-cell autonomous information as well as transcriptional networks
already established in pre-migratory cells which reflect their rostro-caudal origin along the
neuraxis (e.g. Otx2, Hox - Kimura et al., 1997; Minoux et al., 2009). Hox genes for example,
are repressed in the anterior part of the embryo (Hox-negative domain) and expressed in a
rostrocaudally nested manner from the rhombencephalon to the spinal cord (Hox-positive
domain), reflecting their relative genomic positions within the clusters (spatial
collinearity). The importance to maintain a Hox-negative domain in the anterior part of the
embryo is underscored by gain-of-function experiments in which anterior cranial NCCs are

forced to ectopically overexpress Hox genes, leading to severe impairment of craniofacial



development (Creuzet et al., 2002). Recently, the transcriptional availability/silencing of
Hox genes has been proposed to be influenced by regulatory effects played by the
chromatin configuration of the clusters (Soshnikova and Duboule, 2009). In particular,
maintenance of Hox transcriptional states correlates with distinct sub-nuclear domains of

active or repressed genes (Bantignies et al., 2011; Noordermeer et al., 2011).

Previous reports (Takihara et al., 1997) indicated that Phcl disruption (the mouse
homologue of the Drosophila polyhomeotic gene) leads to altered antero-posterior
patterning and neural crest defects. Furthermore, Phc2 and Phcl have been shown to act
synergistically to mediate repression of Hox genes (Isono et al, 2005). This work supports a
role of the PRC1 complex in the maintenance of transcriptional repression of Hox genes
during antero-posterior patterning. Moreover, a large majority of Polycomb targets are co-
occupied by PRC2 and PCR1 complexes in ES cells, though a substantial portion of target
genes show non-overlapping characteristics (Boyer et al., 2006; Ku et al., 2008). Finally, due
to the early lethality of mutant mice a comprehensive analysis of Polycomb loss of function

in NCCs and resulting craniofacial defects was missing.

In this study, we addressed the role of Ezh2 in the maintenance of mesenchymal fate
of cranial NCCs in the mouse. Our analysis takes advantage from genetically labelled cells to
isolate nearly pure populations of NCCs according to their rostrocaudal origin along the
developing embryo. In particular, we micro-dissected three sub-populations corresponding
to the Hox-negative Maxillary (Mx) and Mandibular (Md) prominences of the first
pharyngeal arch as well as the Hox-positive Hyoid (Hy) NCCs of the second pharyngeal arch.
This approach allowed to perform a genome-wide correlation in vivo of transcriptome and
epigenome from each of these sub-populations and between them, and to use the

craniofacial system as readout of the phenotypic effects caused by the Ezh2 mutation.

Because of the strong evidence pointing at the importance of maintaining Hox genes
repressed in the embryonic head, we decided to start our analysis by conditionally
inactivating Ezh2 in NCCs and investigating its effects on the transcriptional regulation of
these important developmental regulators. In control animals, Hox clusters in the three NCC
sub-populations are highly enriched and decorated with the Polycomb-mediated

H3K27me3 repressive mark, irrespectively of the sub-population analysed. However, in the
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Hy component, the HoxaZ2 and HoxbZ2 loci are H3K27me3-depleted with a concomitant
selective enrichment in H3K4me2 and H3K27ac, correlating with their selective expression
in this sub-population. Intriguingly, the bodies of Hox PG1 genes (i.e. Hoxal and Hoxb1) are
heavily decorated with the H3K27me3 mark in E10.5 Hy NCCs. As Hoxal and Hoxb1 are
expressed in pre-migratory rhombomere 4 (r4)-derived cranial NCCs (Gavalas et al., 1998;
Makki and Capecchi, 2010; Murphy et al., 1991; Zhang et al., 1994) it is plausible to assume
that Hox PG1 genes were devoid of H3K27me3 decoration in r4-derived NCC progenitors.
Consequently, an active process took place in order to modify the collinear expression and
change the epigenetic landscape of these genes in migratory and post-migratory NCCs. If the
distribution of active and repressive epigenetic marks represents the distribution of Hox
genes within respective chromatin compartments, we can speculate that, in migratory and
post-migratory r4-derived NCCs, Hox PG1 genes colocalize with the rest of the repressed
cluster, whereas Hox PG2 would occupy a different active compartment of the nucleus
(Figure 3.1). In order to validate this model, on-going activities in our laboratory are
devoted to study the epigenetic marks associated with Hox PG1 genes in r4 pre-migratory
neural crest cells. In parallel, Chromosome Conformation Capture (4C) assays will be used
to determine the spatial distribution of Hox genes within active and silenced chromatin

compartments.

To assess the functional role of Polycomb in the maintenance of the repressive state
of Hox genes in cranial neural crest cells we took advantage from an EzhZ conditional
deletion in pre-migratory neural crest cells. The Ezh2 mutation causes the complete loss of
the H3K27me3 mark in all four Hox clusters and, in parallel, results in a general de-
repression of their transcriptional state. Phenotypically, the mutation impairs the correct
formation of facial and pharyngeal bones and cartilages, in keeping with the previous
observation that the ectopic expression of Hox genes is incompatible with normal
craniofacial development (Creuzet et al., 2002; Couly et al., 1998 and Minoux et al., 2013
submitted).
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Figure 3.1. Working model. In pre-migratory cranial NCCs a linear distribution of Hox
transcriptional units between active (green) and repressed (blue) chromatin compartments
reflects the silent state in the anterior embryonic domain and the collinear expression of 3’
genes in r4-originating cells. In migratory and post-migratory cranial NCCs a switch in the
chromatin state would modify the initial collinear configuration and bring Hox PG1 genes

back into the repressive domain (modified from Pindyurin and van Steensel, 2012).

More broadly, Ezh2 activity is important for the maintenance of the positional
identity of cranial NCC sub-populations. Our transcriptomic and epigenomic data on control

Mx, Md and Hy samples reveal a high degree of correlation, at genome-wide scale, amongst
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all three cell populations. Only a small subset of loci show specific enrichment/depletion of
the epigenetic marks analysed. Importantly, the epigenetically regulated target genes are
known to play a crucial role in the rostrocaudal and dorsoventral identity of cranial NCCs
(e.g. Hoxa2, Hoxb2, Hand1/2), thus indicating that during NCC migration and settling Ezh2
plays an important role in vivo in the cell-specific maintenance of the repressed state of key

patterning genes.

Previous loss- and gain-of-function experiments, aimed at decipher the role of Hox
genes in the differentiation of pharyngeal arch derivatives, suggested the presence of a PA1-
like skeletogenic ground state shared by all the cranial NCCs populating the pharyngeal
region (Minoux et al., 2009). Our study extends the analysis to different sub-populations
within the first pharyngeal arch and identifies a shared molecular signature belonging to
Md and Hy samples, which probably reflects the common rhombencephalic origin of these
two populations. This similarity is more evident in Ezh2 mutants, where, at genome-wide
scale, the two populations lose their molecular identity. In this scenario, Ezh2 would play an
important role in maintaining the positional identity of neural crest cells originating from
the same rostrocaudal brain region. In fact, the Mx sample, which derives from the
mesencephalic region, does not show such a high degree of correlation as between Md and
Hy NCCs (both subpopulations are derived from the rhombencephalon), neither in the
control nor in the Ezh2 mutant background. If this interpretation is correct, we would
expect to find an even more diverged outlier by analysing a further anteriorly originated
sub-population of cNCCs, like those populating the fronto-nasal process (FNP) that derives
from the diencephalic region. This hypothesis is currently subject of further investigation in
our laboratory. Overall, these findings reveal a somewhat unexpected intrinsic

heterogeneity of cranial NCC subpopulations contributing to craniofacial development.

The Ezh2 mutation leads to the up-regulation of 9.3% of the entire genome. The
large majority of those genes show bivalent promoters (i.e. enriched in H3K4me2 and
H3K27me3) or decorated only with H3K27me3, indicating that they are under direct
control of PRC2. Furthermore, although preliminary, our GO analysis suggests that EzhZ2
plays a role in the maintenance of the mesenchymal (chondro/skeletogenic) fate of
migratory and post-migratory cranial NCCs by repressing their neurogenic potential and

Hox genes, which have been proposed to be major antagonist of the craniofacial program



carried by cranial NCCs (Couly et al.,, 1998). Interestingly, previous studies demonstrated
that the chondrogenic potential of cranial NCCs decreases according to the rostrocaudal
distribution of their progenitors (Calloni et al., 2007), which also correlates with an
increase of Hox expression. To consolidate this observation, we plan to perform in situ
hybridization as well as immunohistochemisty assays on control and
Wntl::Cre;Ezh2fo¥/flox;Rosa::RFP embryos to assess quantitatively and qualitatively the
change in the expression of neural and chondro/osteogenic markers. The comparison
between the transcriptome at E10.5 and our in situ hybridisation analysis on the marker
Col2al reveals a significant decrease of its expression in E13.5 Ezh2 conditional mutant
fetuses, indicating a loss of chondrogenic potential of mesenchymal NCCs through
development. Furthermore, we will also investigate if the de-repression of such an
inappropriate program in cNCCs would consequently induce their apoptosis, a change in

their proliferative properties, or a stable switch in their fate.

Taken together our data indicate the pleiotropic effects of cell-autonomous Ezh2
mutation in the maintenance of positional identity and mesenchymal fate of rostrocaudally

defiend cranial neural crest cell sub-populations.



Chapter 3: Manuscript in preparation

3.6 Figure legends

Figure 1 - Method outline. Transgenic embryos expressing the RFP protein in the Wnt1
domain allow the isolation of fluorescently labeled NCCs. Maxillary, Mandibular and Hyoid
pharyngeal arches (A) are dissected at E10.5, dissociated and FACS-sorted (B). The
fluorescent signal is detected over the baseline level of a Wnt1::Cre negative littermate. The
red rectangles indicate the sorted singlets used for the further analysis. For ChIP assay, cells
are formaldehyde-fixed before sorting to preserve the “native” chromatin interactions
captured at moment of the dissection. Three epigenetic modifications have been used for
the analysis (H3K27ac, H3K4me2 and H3K27me3) in combination with RNA profiling. (C)
UCSC genome browser snapshot. RNA-seq (black tracks) and ChIP-seq results (grey track=
input; blue tracks= H3K27ac, green tracks= H3K4me2; red tracks= H3K27me) are aligned
to the reference genome to identify regulatory mechanisms underlying rostro-caudal NCC

diversity. Highlighted is the HoxaZ2 genomic locus.

Figure2 - Phenotypic effects of Ezh2 conditional mutation in NCCs. External view of
Control (A) and Wnt1::Cre; Ezh2flox/flox mutant fetuses (B). Skeletal preparation of Control (C)
and Wntl::Cre;Ezh2flox/flox mutant (D) showing dramatic impairment of jaws and frontal

bone formation.

Figure3 - Molecular characterization of Wnt1::Cre;Ezh2flox/flox mutant embryos. (A) Bar
chart indicating the percentage of genes down-regulated, unchanged and up-regulated in
mutant samples. (B) Volcano plot showing the genes differentially expressed in control
versus Ezh2 conditional mutant Md samples (red dots= Hox cluster genes). Hoxa3 in situ
hybridization on control (C) and Ezh2 conditional mutant (D) in E10.5 embryos, a
substantial up-regulation is observed in PA2. (E) UCSC genome browser snapshot of Hoxa
cluster expression in E10.5 Ezh2 conditional mutant samples. H3K27me3 modification is
completely lost and RNA-seq data reveal extensive dysregulation of Hox expression. The
de-repression pattern appears similar in all the populations analyzed, except for the 3’ end
of the clusters in the Hy population where the active HoxaZ2 locus affects the expression of

nearby 5’ genomic region (Hoxa3).



Figure 4 - Genome-wide analysis of control and Ezh2 mutant NCCs. H3K27me3 (A) and
H3K27ac (B) enrichments on Mx, Md and Hy samples are represented as heatmaps, lateral
red lines indicate Hox gene clusters. (C) Pairwise scatter correlation of H3K27ac between
Mx, Md and Hy samples, red dots represent promoters differentially enriched. (D) Scatter
plot representing the distribution of H3K27ac of Hy versus Mx samples using Md as
reference (red dots= Hy genes specifically enriched in H3K27ac; blue dots= Md genes
specifically enriched in H3K27ac). (E) Pairwise correlations of RNA-seq data reflecting high
similarity within control and mutan Md/Hy samples. (F) Multi-dimensional analysis of
RNA-seq data showing loss of cellular identity in Md and Hy mutant samples, solid boxes

represent control samples, empty boxes represent Ezh2 samples.

Figure 5 - Genome-wide correlation of RNA-seq/ChIP-seq data and GO analysis. (A)
Scatter plot correlating histone modification enrichment at promoter regions (x-axis=
H3K27me3, y-axis=sH3K4me2) and RNA levels (color coded) in control Md samples. In the
next panel same analysis performed on Ezh2 mutant samples, color-coded is indicated the
delta-RNA FC of mutant versus control samples. The distribution of red dots in the second
panel indicates that the majority of up-regulated genes were bivalent or enriched in
H3K27me3 in control samples. (B) Box-and-whisker categorizing the upregulated genes in
Ezh2 mutant Md samples according to H3K27me3/H3K4me2 enrichment. (C) GO analysis
comparing Ezh2 mutant and control Md sampes, listed are cellular functions significantly

expected to be modulated in Ezh2 mutants.

Figure 6 - Col2al expression in control versus Wnt1::Cre;Ezh2flox/flox mutant fetuses.
Normal expression of the chondrogenic marker Col2al in normal E11.5 embryos (A,B) and
E13.5 (C-F) fetuses. Respective expression pattern in conditional E11.5 (G,H) and E13.5 (I-
L) Ezh2 mutants. A significant decrease of ColZal expression is observed at E13.5 in mutant

fetuses indicating a progressive loss of chondrogenic potential.
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Figure 2

Control Wnt1::Cre;Ezh2ox/flox
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3.7 Supplemental Figures

Figure S1 - UCSC Genome Browser snapshots of RNA-seq and ChIP-seq data of control
NCCs at Hoxa, Hoxb, Hoxc and Hoxd clusters (1Mb scale). Gray track= input, red
track=H3K27me3, black trak= RNA, green boxes= CGI, blue boxes= ref genes, red box= Hox

gene cluster.

Figure S2 - UCSC Genome Browser snapshots of RNA-seq and ChIP-seq data of control
NCCs at Hoxb, Hoxc and Hoxd clusters in Mx, Md and Hy samples. Highlighted is the Hoxb2
genomic locus. Gray track= input; blue tracks= H3K27ac, green tracks= H3K4me2; red

tracks= H3K27me; black track= RNA

Figure S3 - Phenotypic effects of Hoxa5 conditional overexpression in NCCs. External view
of Control (A) and Wntl::Cre;Hoxa5-IRES-GFP E18.5 overexpressing fetuses (B). Respective
skeletal preparation of Control (C) and Wntl::Cre;Hoxa5-IRES-GFP overexpressing fetuses

(D) showing severe impairment of jaws and frontal bone formation.

Figure S4 - UCSC Genome Browser snapshots of RNA-seq and ChIP-seq data of Ezh2 mutant
NCCs at Hoxb, Hoxc and Hoxd clusters in Mx, Md and Hy samples. Gray track= input; red
tracks= H3K27me; black track= RNA

Figure S5 - Crabp1 in situ Hybridizations on E10.5 embryos. Semilateral (A) and dorsal
view (C) of control embryos. Semilateral (B) and dorsal view (D) of Wntl1::Cre; Ezh2/f
embryos. Unaltered pattern of migration of different antero-posterior migrating cranial

NCC streams is observed.
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4.1 “Ezh2 Orchestrates Topographic Migration and Connectivity of Mouse

Precerebellar Neurons”

Abstract

We investigated the role of histone methyltransferase Ezh2 in tangential migration of
mouse precerebellar pontine nuclei, the main relay between neocortex and cerebellum. By
counteracting the sonic hedgehog pathway, Ezh2 represses Netrinl in dorsal hindbrain,
which allows normal pontine neuron migration. In Ezh2 mutants, ectopic Netrinl
derepression results in abnormal migration and supernumerary nuclei integrating in brain
circuitry. Moreover, intrinsic topographic organization of pontine nuclei according to
rostrocaudal progenitor origin is maintained throughout migration and correlates with
patterned cortical input. Ezh2 maintains spatially restricted Hox expression, which, in turn,
regulates differential expression of the repulsive receptor Unc5b in migrating neurons;
together, they generate subsets with distinct responsiveness to environmental Netrinl.
Thus, Ezh2-dependent epigenetic regulation of intrinsic and extrinsic transcriptional
programs controls topographic neuronal guidance and connectivity in the cortico-ponto-

cerebellar pathway.

Author contribution statement: Experimentally, I participated to the collection and isolation
of biological material for chromatin analysis and performed part of these assays. I
contributed to the study analysis and interpretation of the relative results.
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Ezh2 Orchestrates Topographic
Migration and Connectivity of
Mouse Precerebellar Neurons

Thomas Di Meglio,** Claudius F. Kratochwil,"?* Nathalie Vilain,* Alberto Loche,?
Antonio Vitobello,? Keisuke Yonehara,* Steven M. Hrycaj,’ Botond Roska,™?
Antoine H. F. M. Peters,"? Anne Eichmann,>* Deneen Wellik,® Sebastien Ducret," Filippo M. Rijli**t

We investigated the role of histone methyltransferase £zh2 in tangential migration of mouse
precerebellar pontine nuclei, the main relay between neocortex and cerebellum. By counteracting
the sonic hedgehog pathway, £zh2 represses Netrin1 in dorsal hindbrain, which allows normal
pontine neuron migration. In Ezh2 mutants, ectopic Netrinl derepression results in abnormal
migration and supernumerary nuclei integrating in brain circuitry. Moreover, intrinsic topographic
organization of pontine nuclei according to rostrocaudal progenitor origin is maintained
throughout migration and correlates with patterned cortical input. Ezh2 maintains spatially
restricted Hox expression, which, in turn, regulates differential expression of the repulsive receptor
Unc5b in migrating neurons; together, they generate subsets with distinct responsiveness to
environmental Netrin1. Thus, Ezh2-dependent epigenetic regulation of intrinsic and extrinsic
transcriptional programs controls topographic neuronal guidance and connectivity in the

cortico-ponto-cerebellar pathway.

formation is mostly relayed to the cerebellum
via the hindbrain precerebellar pontine nuclei
(PNs), which include pontine gray and reticulo-
tegmental nuclei. The developing hindbrain is
rostrocaudally segregated into progenitor compart-
ments, or rhombomeres (rl to 18) (1), genetical-

A B i
vpu ;
.

Barhl1 E14.5 Barhl1

In mammals, cortical motor and sensory in-

Fig. 1. Ezh2 non—cell autonomous role in pontine neuron tangential mi-
gration. (A, B, E, F, and G) Migratory phenotypes in control (A) and (B) and
r5-6:Cre:Ezh2™ mutants (E) to (G). Barhl1 in situ hybridization in E14.5
whole-mount (A) and (E), E16.5 (B) and (F), and E18.5 (G) sagittal sections.
Pontine gray and reticulotegmental [arrowheads (G)] nuclei (PNs) are duplicated
(PN°s). (C and H) Tracings from P7 cortex (rabies-AG-eGFP) and cerebellum
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ly defined by nested Hox gene expression (2).
Mouse PN neurons are generated from r6 to r8
lower rhombic lip progenitors (3), undergo a long-
distance caudorostral tangential migration via the
anterior extramural stream (ALES), and settle be-
side the ventral midline (Fig. 1, A and B) (4, 5).
Intrinsic expression of transcription factors and

s

guidance receptors and extrinsic distribution of
ligands are important for AES migration (6-8).
However, little is known about the epigenetic reg-
ulation of these transcriptional programs. Here, we
addressed the ole of Ezh2, which is member of the
Polycomb repressive complex 2 and trimethylates
histone H3 at lysine 27 (H3K27me3) (9).

Ezh2 transcripts are maintained through late
stages in lower rhombic lip progenitors, migra-
tory stream, and PN neurons (fig. S1), whereas
H3K27m3 is detected throughout the hindbrain
(fig. S2). To conditionally inactivate Ezh2, we
generated transgenic lines in which Cre is driven
by rhombomere-specific enhancers in spatially
restricted regions tiling the caudal hindbrain (/0)
(figs. S3 and S4). To assess cell-autonomous
and/or region-specific non—cell autonomous Ezh2
function in pontine neuron migration, we first
crossed Krox20::Cre (10) to an Ezh2™ allele
(10) (Krn.t}():.'Crc*.'E:h.?ﬂ"ﬂ), Inactivation in r3
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(rabies-AG-mCherry) in contrals (C) and r5£::(.'re;£zh2’m mutants (H). PNs and
PN°® are connected to cortex and cerebellum. (D, 1, J, and K) Barlh1/Netrinl
expression in E14.5 control (D), r5-6::Cre;Ezh2™ (1), rSpost::Cre;Ezh2-shh**
(K), and rSposr::Cre;EthM';ShW (1) coronal sections. Ectopic Ntnl [arrow-
heads: (1) and (K)] and PN® ectopic migration [arrow and white arrowhead,
respectively: (I) and (K)] are partially rescued (]).
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and r5, which do not contribute to the pontine
migratory stream (3), resulted in small ectopic
PNs in posterior 5 (PN°s) (fig. S5), which sup-
ports an Ezh2 non—cell autonomous role. Dele-
tion inr3 and 16 (r5-6: .'Cm,'E:h?’W) resulted in a
more prominent phenotype. A neuronal subset
split from the migratory stream, turned ventrally,
and generated an ectopic duplication of PNs
(PN%s) (Fig. 1, E to G). PN® neurons were nonre-
combined Fzh2""" H3K27me3" located within

the r5- and r6-derived territory mostly devoid of

H3K27me3 (fig. S2), which confirmed Ezh2’s
non—cell autonomous function.

To assess whether PN integrated cortico-
cerebellar connectivity, we carried out cortex-
to-PN and cerebellum-to-PN tracings. We injected
viral constructs expressing green fluorescent protein
(GFP) (rabies-AG-GFP) and/or mCherry (rabies-
AG-mCherry) in postnatal day 2 (P2) wild type
and 73-6::Cre;Ezh2"" and Krox20::Cre;Ezh2™"
mutants. At P7, PNs and PN°®s triggered collat-
eralization of corticospinal axons and innervated
the cerebellum (Fig. 1, C and H, and fig. S6).

To evaluate Ezh2 cell-autonomous function,
we used the Watl::Cre deleter (10). Ezh2 tran-
scripts and H3K27me3 were selectively deleted
from lower rhombic lip and migratory stream in
Watl ::Cre;Ezh2 M1 utants (figs. S2 and S7). None-
theless, the mutation was not sufficient to induce
ectopic posterior pontine neuron migration (Fig. 2,
Jand M, and figs. S5 and S7). The most severe
phenotype was observed in Hoxa2::Cre;Ezh 2™
mutants, where Ezh2 was nactivated in both AES
neurons and their migratory environment, i.e.,
throughout 13- to r6- and dorsal 17- to r8-derived
structures including the lower rhombic lip (figs. S2
and S3). The whole AES did not migrate anterior
to 16 and settled into a single posterior ectopic nu-

Fig. 2. Intrinsic topogra-
phy of pontine migratory
stream and PNs and Ezh2-
dependent Hox regulation.
(A) Hoxb5/Barhl1 in situ
hybridization on E15.5
whole-mount brain (later-
al view). Arrowheads show
Hoxb5™ neuron ventral re-
striction in AES. (B and €)
E15.5 r5-6:CreR26R™ ™
AES coronal sections co-
stained with ZsGreen and
Pax6 (red) (B) or ZsGreen
and Hoxb4 (red) (C) show-

ing complementary dorsal

cleus (PN®) (fig. S5). Thus, Ezh2 has a non—cell
autonomous role in AES migration, which is en-
hanced by a cell-autonomous function in progen-
itors and migrating neurons.

Netrinl (Ninl) and Slitl-3 are attractive or
repulsive secreted cues that influence pontine neu-
ron migration (6, 7). Slitl-3 expression was not
altered in embryonic day 14.5 (E14.5) r5-6.:Cre;
Ezh2™ mutants (fig. S8). In contrast, N, nor-
mally expressed in floor-plate and ventral ven-
tricular progenitors (Fig. 1D and fig. S5) (11),
was ectopically expressed in dorsal progenitors and
the mantle layer medially to the AES in r5-6::
Cre;Ezh 2™, Krox20::Cre;Ezh2™, Hoxa2::Cre;
Ezh2™and r5post.:Ci re;Ezh2™ mutants (Fig.
1T and fig. S5). Additional deletion of Shh was
sufficient to prevent strong ectopic Ninl activa-
tion in dorsal progenitors of E12.5 rSpost::Cre;
E:IIJW;SM{M conditional mutants (fig. S5). At
E14.5, ectopic Ninl was almost undetectable and
the Ezh2 knockout was partially rescued (Fig. 1,
Jand K, and fig. S5). Therefore, Ezh2 is required
to restrict Nini expression to ventral progenitors
by silencing N/ in the dorsal neural tube.
However, Ezh2 deletion is not sufficient to ec-
topically induce Ntnf, which additionally requires
Shh signaling from the floor plate. Thus, in the
dorsal neural tube, Ezh2-mediated epigenetic
repression of Nin/ may normally counteract Shh-
mediated activation.

Ectopic and/or increased environmental Ninl
levels may trigger premature migration toward
the midline. In E14.5 r5—6.'.'0v;E:hj w mutants,
only a subset of pontine neurons split from the
stream and entered the altemnative ventral migra-
tory pathway at the level of the ectopic NemI™ do-
main (Fig. 11 and fig. S5), which suggested that
AES neurons may display intrinsic differential

ZsGreen* and ventral Hoxb4™ cell distributions [bar in (A) shows section level]. (D to F) E15.5 Hoxa5:CreR26R 25"
AES sections showing partially overlapping ZsGreen and Hoxb4 (red) costainings with offset dorsal limits (D);
ZsGreen™ (E) and HoxaS*™ (F) neurons display similar ventral restriction. (G and H) E15.5 whole-mount
Hoxa5::Cre;R26R“C™" (G) or r5-6::Cre;R26R“C™" (H) sagittal sections costained with ZsGreen and Pax6
(red) or ZsGreen and Hoxa5 (red), respectively, illustrating posterior PN restriction of Hoxa5* neurons
[arrowheads: (G) and (H)], and anterior restriction of r6-derived neurons [arrow (H)]. ML, ventral midline.
(1) Hoxb3/Hoxb4/Hoxb5 nested in situ expression patterns on PN sagittal section (] to M) Hoxb4 (red) and
Hoxa5 (green) immunostaining of E15.5 Wan::Cre;Eth"" * control ()) and (K) and Wnrl::Cre;EthM
mutant (L) and (M) AES. In (L) and (M), Hoxb4 and Hoxa5 lose their spatial restriction and are ectopically

derepressed up to the dorsal edge of the AES.
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responsiveness 0 Ninl signaling. To map the
contributions of 16 (#6RL”) or r7 and 18 (r7-8RL”)
lower thombic lip—derived neuronal progenies
into the pontine stream and nuclei (Fig. 2, B, C
and H, and fig. S3), we crossed floxed reporter
lines to r5-6::Cre orr7post.:Cre (Cre is expressed
up to the r6-r7 boundary) (fig. S3H) in which Cre
is down-regulated before AES migration (fig. S4).
r6RL” mapping was confirmed by the tamoxifen-
inducible MafB::CreERT?2 transgenic line, whose
reporter expression pattermn is restricted to 5 and
16, similar to that in r5-6::Cre (10) (fig. S3). To
trace the whole precerebellar lower rhombic lip
progeny (r6-8RLP), we used ripost::Cre (figs.
S3A and S4).

r6-8RI7 contributed to the whole PNs (fig.
S3), whereas r6RL” mapped to the most anterior
(arrow in Fig. 2H and fig. S3), and #7-8RI” filled
the remaining posterior portions of PNs (fig. S3).
This topographic organization of pontine neuro-
nal subsets directly correlated with their relative
position within the migratory stream. Namely, r6RL”
mapped to the dorsalmost AES, whereas r7-8RL”
contributed to the remaining portion ventrally to
r6RL” (Fig. 2, B and C). Thus, the precerebellar
lower thombic lip is rostrocaudally mapped onto
the AES dorsoventral axis (Fig. 3E and fig. S1J)
and, in tum, onto the PN rostrocaudal axis (fig.
S1K), with neuronal subsets maintaining their rel-
ative position throughout migration and settling.

Next, we investigated molecular correlates of
this intrinsic cellular regionalization and asked
whether Hox paralog groups (PG) 2 to 5 maintain
their spatially restricted progenitor expression pat-
terns in pontine migratory stream and nuclei (Fig.
2). Indeed, Hox PG2 (Hoxa2/Hoxb2) and PG3
(Hoxa3/Hoxb3), expressed in the whole precer-
ebellar rhombic lip. were correspondingly main-
tained throughout the pontine migratory stream
and nuclei (6) (fig. S1). Hoxb4 is normally ex-
pressed up to the r6-r7 boundary, whereas the
Hox PG5 rostral expression limit is posterior to
PG4 genes (2). In the AES and PNs, Hoxb4"
neurons extended just ventrally and posteriorly,
respectively, to #6RL” (Fig. 2, C and D, and fig.
SIL), whereas Hoxa5 and Hoxb3 transcripts and
Hoxa5 protein mapped to the ventralmost migra-
tory stream and posteriormost PNs, respectively
(Fig. 2, A, F, H and [, and figs. S1 and S2).
Simultaneous detection of Hoxa$ and ZsGreen in
r5-6::Cre;R26R™ ™™ specimens demonstrated
rostrocaudal segregation of r6RL” and Hoxa5"
neurons within the PNs (Fig. 2H). To permanent-
ly label Hoxa5-expressing neurons, we generated
a transgenic line in which Cre was inserted in-
frame at the Hoxa5 locus (Hoxa5::Cre) (10) (fig.
S3). Hoxa5::Cre-expressing neurons segregated
to the ventralmost AES and posteriormost PNs,
faithfully overlapping endogenous HoxaS distri-
bution (Fig. 2, D, E, F and G, and figs. SIF, S3,
and S4). Thus, pontine neuron subsets of distinct
rostrocaudal origin maintain their relative topo-
graphic positions and Hox codes throughout mi-
gration and settling within the target nucleus
(Fig. 4A and fig. S1).
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Is Ezh2 required to maintain Hox nested ex-
pression in migrating pontine neurons and PNs?
In E14.5 Wil ::Cre;Ezh2" and Hoxa2::Cre; Eh 2
mutants, Hoxb4, Hoxa5, and Hoxb3 were ectop-
ically expressed within the anterior lower rhom-
bic lip and spread ventrodorsally throughout the

pontine migratory stream (Fig. 2, L and M, and
figs. S2 and S7). Thus, by preventing Hox PG4
and PG5 expression in anterior precerebellar thom-
bic lip and migrating neuronal progeny, Ezh2-
mediated repression contributes to the maintenance
of molecular heterogeneity in the migratory stream.

This, in turn, may underlie intrinsic differential
response of migrating neuron subsets (o environ-
mental Ninl.

Netrin-mediated attraction is counteracted by
UncS repulsive receptors (12), and UncSc inactiva-
tion results in vanable ectopic migration of AES

@Netr\m
T

Ezh2

Barhli
Hoxa5

¥ e E145

Uncsb

Fig. 3. Ezh2- and Hox-dependent regulation of Unc5b in pontine neuron
migration. (A and B) X-gal (green) and Paxé (red) costainings of E14.5
Unc5b°%9" heterozygotes (A) and Unc5b°%2/*%@ homozygotes (B) showing
X-gal—stained cell distribution in AES (arrowheads). (C to E) Unc5b/Barhl1 (C)
and Hoxa5/Barhl1 (D) in situ hybridization in E14.5 AES showing com-
plementary dorsoventral expression of Unc5b and Hoxa5 (arrowheads) and
summary (E). (F and G) In r5-6::Cre;Ezh2™ mutants, PN migrating neurons
are Unc5b-negative (F) and Hoxa5*/Barhl1* (G) (arrowheads). (H and 1) In
E14.5 Hoxa5 ™ /Hoxb5™ /Hoxc5™~ AES, Unc5b is up-regulated ventrally (1),
whereas Hoxb4 and Pax6 are normally expressed (H). () and K) In utero EP in

Fig. 4. PN regionalization and A
patterned cortical input. (A, B, D,
E, and F), Hox expression summary
in migrating pontine neurons of con-
trol (A) and r5-6::Cre:Ezh 2™ mutants
(D). Barhi1Hoxb5 in situ hybridiza-
tion on E17.5 sagittal sections (B),
(B), and (F). In r5-6::Cre;Ezh2™ mu-
tants (E) and (F), Hoxb5" neurons
spread throughout the rostrocaudal
extent of the ectopic nuclei (PN®)
[arrowheads (P)], whereas, in PNs,
they are normally posteriorly re-
stricted as in control [arrowheads:
(B) and (E)]. (C and G) Rabies-AG
viruses injected in control visual/
medioposterior cortex (MPC) and
SSC anterogradely trace fibers into
anterior (green,*) and posterior
(red, arrow) PNs (C), respectively.

Hox PG4
L
Hox PG5 =

Barhl1 / Hoxb5

Esriy

HoxPG | Unc

E14.5 r5-6:Cre;Ezh2™ mutants of UncSb/Unc5c/eGFP strongly reduces at
E18.5 ectopically migrating PN® neurons (K), as compared with EP of eGFP ()),
and partially rescues the phenotype. ML, ventral midline. (Lto Q) In E13.5 wild
type, EP of NtnI results in posterlor ectopic pontine neuron migration at
E17.5, phenocopying r5-6::Cre;Ezh2™ mutants [arrowheads (L)]. Although EP
at E13.5 of eGFP (M) or Unc5¢/eGFP constructs has no apparent effect on
migration at E18.5 (N), EP of Unc5b/eGFP results in anterior ectopic migration
andior dorsal-lateral arrest [arrowheads (0)]. Immunostaining on sagittal
sections shows that anterior ectopic GFP+/Unc5h* electroporated cells are
Hoxa5-negative (P); Hoxa5" cells are normally restricted in posterior PN (Q).

Environment

Ezh2 Ezh2
Hox PG5 Ntn1
Unc5b Shh

In r5-6::Cre:Ezh2™ mutants (G), PN® lacks innervation by MPC, whereas it is innervated by SSC (arrow). (H) Fzh2- and Hox-dependent genetic circuitry of

intrinsic and extrinsic Unc5b/Ntn1 regulation.
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neurons (/3). Unc5e is expressed in lower rhombic
lip progenitors, down-regulated in migrating neurons,
and reactivated upon approaching the midline (fig.
S9) (13). Thus, UncSe is unlikely to confer a dor-
soventrally biased response of the AES to Ninl.
Unc5b has been involved in vascular develop-
ment (/4), though a role in neuronal development
was not explored. We found a dorsoventral high-to-
low density of cells expressing Une5b (Fig. 3C and
fig. $9) and B-galactosidase activity in UncSh?e
fetuses (Fig. 3A). Une5h expression was, in turn,
down-regulated when the migratory stream tumed
toward the midline (fig. S9C). Dorsoventral Unc5h
transcript distribution in the migratory stream anti-
correlated with Hox PGS expression (Fig. 3, C
and D). In E14.5 Hoxa5 ™" ;Hoxb5™" ;Hoxc5 ™~
compound mutants, Une5b was up-regulated in
ventral Hoxb4"/Pax6” AES neurons (Fig. 3, H
and I). Thus, Hox PGS normally represses Unc3h
in ventral AES neurons originating from poste-
rior precerebellar lower thombic lip.

In E14.5 Une5p°9“"*S4! null mutants, p-
galactosidase” cells partially lost their normal
dorsal restriction and spread into ventral AES
(Fig. 3B). Thus, Unc5b contributes (o maintaining
topographical organization of dorsal AES sub-
sets. In E16.5 Uncse fetuses, dorsal Unc5b-
expressing AES neurons maintained their normal
migratory path, whereas ectopic neurons were
Hox PG5™ and mainly Unc5b-negative (fig. S9).
Therefore, in the absence of UncSc, ventral Unc5b-
negative AES neurons become more sensitive to
Ninl-mediated attraction than dorsal Unc5b-
expressing neurons. Similarly, in r5-6:.Cre; Ezh 2"
mutants, UncSh-expressing neurons remain dorsal
and pursue their normal migration, whereas Hox
PG5" /Unc5b-negative neurons are preferentially
influenced by Ntnl up-regulation and ectopically
attracted to the midline (Fig. 3, F and G, and fig.
S2). Moreover, in Hoxa2:-Cre;Ezh2™ mutants, in
which all pontine neurons are Ezh2™* /H3K27me3
and migrate through an environment ectopically
expressing N/ (fig. S5), all migrating neurons are
prematurely attracted to an ectopic posterior mid-
line position, are Hox PGS", and down-regulate
Unc5b (figs. S2 and S7).

Next, Unc5b/5¢ overexpression by in utero
electroporation (EP) of E14.5 lower thombic lip
progenitors was sufficient to cell-autonomously
rescue the PN® phenotype in r5-6::Cre;Ezh 2™
mutants [enhanced GFP-positive (eGFP ") neuron
quantification in PN°s compared with PNs: eGFP
(n=15)33.79% + 0.1060; eGFP/Unc5b/5¢ (n = 5)
0.64% £ 0.0044; P=0.00011] (Fig. 3, J and K),
which demonstrated that elevating UncS receptor
levels counteracts increased Ninl-mediated attrac-
tion. Ntnl overexpression by EP in E13.5 wild-
type fetuses induced ectopic posterior migration
of AES neurons (Fig. 3L), partially phenocopy-
ing the r5-6::Cre; Ezh2™ mutant phenotype and
showing that increasing Nin1 is sufficient to cause
ectopic ventral migration of neuronal subsets.

Furthermore, although overexpression of Unc5e¢
in E13.5 wild-type fetuses had no apparent effect
on AES migration (Fig. 3, M and N), Unc5b EP
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triggered ectopic anterior migration and/or a block
in dorsal position of Hoxa5-negative pontine neu-
ron subsets (Fig. 3, O to Q). Therefore, maintain-
ing constitutively high Unc5b levels in migrating
neurons prevents or delays tuming toward the
midline; the latter results in ectopic anterior mi-
gration. Conditional Hoxa2 overexpression in
rhombic lip derivatives by mating Wnt!::Cre with
a ROSA26::(lox-STOP-lox)Hoxa2-intemal ribosome
entry site (IRES)-eGFP (Wntl::Cre;R26R™ oxaZy
allele (/0) also resulted in anterior ectopic mi-
gration generating rostrally elongated PNs, which
maintained high Unc3b expression, unlike in con-
trol mice (fig. S9). Therefore, although Hox PG5
are involved in negatively regulating Unc5b in the
ventral migratory stream, UncSh expression in
dorsal AES may be under Hox PG2-positive
regulation and generates differential responses to
environmental Ntnl.

Finally, we investigated whether the PN and
PN€ patterning differences in r5-6::Cre;Ezh2™
mutants result in distinct cortical inputs. In P7
Pep2::Cre; R26R“™™® animals (10) expressing
Cre in medioposterior (including visual) cortex
(MPC), tdTomato” axons projected onto the ros-
tral PN, in agreement with (/5), including the
r6RLP neuron subset (fig. S6). Coinjection of
rabies-AG-GFP and rabies-AG-mCherry into vi-
sual and/or MPC and medial somatosensory cor-
tex (SSC) resulted in rostral GFP* and caudal
mCherry” axonal inputs onto the PNs, respective-
ly (Fig. 4C). In #5-6::Cre; Ezh2™" mutants, PN
was targeted both by visual or MPC-derived GFP*
(rostrally) and SSC-derived mCherry” (caudally)
axons, whereas PN® was innervated by SSC-
derived though not visual MPC-derived axons
(Fig. 4G), correlating with their posterior Hox
PG5 profile (Fig. 4, A, B, and D to F).

During radial migration, correlation to rostro-
caudal position of origin is maintained through
interaction with glial progenitors (/6). How long-
range tangentially migrating neurons (/7) main-
tain information about their origin is less well
understood. We show that the topographic mi-
gratory program of 16- to r8-derived pontine neu-
rons is largely established in progenitor pools
according to rostrocaudal origin and maintained
in migrating neurons. We found similar organi-
zational principles during lateral reticular nucleus
migration (fig. S10). Moreover, the 12 to r5 rthom-
bic lip also gives rise to neurons that migrate
tangentially along a short dorsoventral extramu-
ral path and populate distinct brainstem cochlear
nuclei with a rostrocaudal topography (3). On its
caudorostral route, the precerebellar stream mi-
grates ventrally to the cochlear stream (3), although
they do not mix despite close cellular proximity,
which suggests that rhombomere-specific pro-
grams may control appropriate precerebellar neu-
ron position during tangential migration. Indeed,
we show that the topography of 16 versus r7 ver-
sus 18 origin is preserved throughout migration,
mapped along the dorsoventral axis of the pon-
tine stream, and eventually within rostrocaudal
subregions of the PN, correlating with patterned
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cortical input. The transcriptional regulation of
this tangential migratory program is epigenetical-
ly maintained (Fig. 4H). Ezh2-mediated repression
maintains dorsoventrally restricted environmental
distribution of attractive and/or repulsive cues,
such as N/, and an intrinsically heterogeneous
Hox transcriptional program in the migratory stream
that, in tum, provides neuronal subsets with dis-
tinct UncSb-dependent responses to environmen-
tal Ntnl, and thus contributes to maintaining the
neuronal position during migration.
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Materials and Methods

Generation of Hoxa5::Cre BAC line

The BAC clone RP23-20F21 (BACPAC Resources Center at Children’s Hospital
Oakland Research Institute, Oakland, Calif., USA) containing the entire Hoxa cluster was
used as a template for bacterial recombination as described previously (/8). The plasmid
pN21-Cre was used to amplify a Cre-SV40polyA-Frt-Kanamycin-Frt cassette with 70-
mer primers containing 50 nucleotides of homology (indicated as caps) surrounding the
coding sequence of the Hoxal first exon, such that Cre is inserted in-frame with the
Hoxal ATG codon. Forward primer:
5’ACGCACAAACGACCGCGAGCCACAAATCAAGCACACATATCAAAAAACAA
atgtccaatttactgacegt3’; reverse primer:,
5’CAAGACCCGCGCCCCCACGGACGCGTGGATCAGAAAACGGCTGGCTTTACt
attccagaagtagtgagga3’. To obtain the Hoxad::Cre BAC construct, EL250 bacteria
containing the BAC RP23-20F21 were induced for recombination at 42°C and then
electroporated with the Cre-SV40polyA-Frt-Kanamycin-Frt cassette. Bacteria were
subsequently arabinose-induced for Fipe expression in order to remove the kanamycin
cassette. Correct recombination and removal of the resistance gene in the Hoxal::Cre
BAC were tested by PCR, restriction enzyme digestion and sequencing. Before
microinjection, the modified BAC was linearized by PI-Scel digestion. One founder was

obtained that displayed the expected Cre expression pattern.

Generation of the MafB::CreERT?2 line and tamoxifen treatment




The same approach as above was taken using the BAC clone BAC clone RP23-33A18

(BACPAC Resources Center at Children’s Hospital Oakland Research Institute, Oakland,

CA). The plasmid pN21-CreERT2 was used to amplify a CreERT2-SV40polyA-Fit-

Kanamycin-Frt cassette by using 70-mer primers containing 50 nucleotides of homology
(indicated as caps) surrounding the coding sequence of the MafB gene, such that the Cre
is inserted in-frame with the MafB ATG codon.

Forward primer:
5’GGCCGCAAAGTTTTCCCCGCGGCAGCGGCGGCTGAGCCTCGCTTTTAGCGA

TGtecaatttactgaccgt3’;

reverse primer:
5’GAATAGGGAGTCTGGGCCAGGGCAAGGGCGGGGGCCGGACCCGCCAGGAC
ctattccagaagtagtgagga3’.

Tamoxifen was dissolved in corn oil and administered by oral gavage at E7.5 (Img;

100ul of 10mg/ml stock solution).

Generation of r5post::Cre, r5-6::Cre and r7post::Cre lines

We generated transgenic mice in which Cre is driven by rhombomere-specific enhancers
of Hoxb3 (19) (r-post.:Cre), Hoxa3 (20) (r3-6::Cre), or Hoxb4 (21) (r7post::Cre) (figs.
S3 and S4), which were mated to Gt(ROSA)26Sor (R26R)" (22), R26R™™™ ™ (23), or
R26R%%*" (23) reporter lines.

The mouse lines were created by replacing the LacZ gene of the pKS-B-globin-lacZ
vector (BGZ40) (24) with a Cre cassette (Clontech) using homologous recombination.

Enhancers for Hoxb3 (19) (r5-post::Cre, 483 bp), Hoxa3 (20) (r5-6::Cre, 629 bp) and
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Hoxb4 (21) (r7-post::Cre, 400 bp) were amplified by PCR from genomic DNA using the

following primers: ri-post.:Cre: forward,
5’ATATCCGCGGGATCGGAGAGGAGAGGGCAA; reverse, 5
CGCGACTAGTGATCTCCAAGGTCCCCTTTCA. r3-6::Cre: forward,
STATATCCGCGGCAACTTGAAAGGGAAGAGCC; reverse, 5

CGCGACTAGTGATATCAAATAGCAGCGAATCTTC. r7-post::Cre: forward,
STATATCCGCGGTCCTTGGAAGGTATGAATAG:; reverse, 5
CGCGACTAGTTGTTACCTCTGAGCCTCTTG. The PCR bands were purified and
inserted 5° of the B-globin promoter using restriction sites Fsll and Xhol (#3-6.:Cre) and
Bgll and Pvull (#3-post:.Cre, r7-post::Cre), thus generating constructs consisting of an
enhancer, a B-globin minimal promoter and Cre recombinase encoding sequence. The
constructs were linearized, purified and microinjected into the pronuclei of blastocyst
embryos. Founders were identified by PCR and screened at PO after crossing with
R26R"““ animals. 72 animals were genotyped (19 for r5post::Cre; 38 for 13-6::Cre; 15
for r7post.:Cre). 19 were positive for Cre (8 for ripost::Cre; 8 for r3-6::Cre; 3 for
r7post::Cre). 3/8 showed the expected recombination pattern at PO for rpost.:Cre; 2/8
for r3-6.:Cre and 1/3 for r7post::Cre, while the other founders showed no, ubiquitous or

ectopic patterns of recombination.

Generation of Hoxa2::Cre line

For the generation of the Hoxa2::Cre transgenic line a 3.5kb EcoRI fragment upstream to
the Hoxa?2 promoter (from -3585 to -1) was obtained from the plasmid p314R (25) and

subcloned in a native orientation upstream to a fj-globin minimal promoter, the Cre gene

and a SV40 polyA signal. The transgene fragment was excised by digestion with Sall and



Notl, and purified before microinjection.

Generation of the ROSA::(lox-STOP-lox)Hoxa2-IRES-EGEFP mouse line

The conditional Hoxa2 overexpression mouse line was generated by using the Gateway-
compatible ROSA26 locus targeting vector as previously described (26). LR reactions
were performed between the plasmid pENTR-FLAG-Hoxa2 (containing the Hoxa2
c¢DNA coding sequence with a 5’FLAG tag) and the destination vector pROSA26-DV1 to
obtain the targeting vector pROSA26-FLAG-Hoxa2-IRES-EGFP. This vector was
linearized with Pvul and electroporated into the E14 ES cell line. The positive ES cell
clones, selected by G418 resistance and screened by PCR, were aggregated with morula-
stage embryos obtained from inbred (C57BL/6 x DBA/2) F1 mice. Germline
transmission of the ROSA26::(lox-STOP-lox)Hoxa2-IRES-EGFP allele was obtained.

Heterozygous and homozygous mice were viable and fertile.

Other mouse lines used in the study

Wantl::Cre (27), R26R“% (22), Ezh2™ (kind gift from S.H. Orkin) (28), Hoxa3, Hoxbh3,
Hoxe5 knockout mice (29), Une3h" %! knockout mice (kind gift from M. Tessier-
Lavigne) (/4) and Uneic™ (embryos kindly obtained from V. Castellani) (30) were as
described. Pcp2::Cre (31), R26R“™", R26R**" (23) and Shh™*" (Shh™) mice (32)

were obtained from Jackson Laboratory.

Circuit tracing

G-deleted rabies virus vectors encoding mCherry (SADAG-mCherry) or eGFP (SADAG-
eGFP) were harvested from BHK-B19G cells (kind gift from E. Callaway) and

centrifuged as described previously (33). Stereotaxic injections of viruses to different
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areas of neocortex or cerebellum were performed via pulled-glass pipettes using a
microinjector (Narishige, IM-9B). Pups were anesthetized by hypothermia, injected at P2

and perfused at P7.

In utero electroporation

In utero electroporation was performed on embryos at E13.5 or E14.5 as described
previously (34) using different combinations of eGFP (pCX-eGFP (33)), Unc3b
(pcDNA- ratUnc5b (36)), UncSc (pcDNA 3.1-mouseUncic; kind gift from P. Mehlen)
and Netrinl (pcDNA 3.1-humanNetrinl; kind gift from P. Mehlen) expressing vectors
diluted to 1 mg/ml in 1x phosphate buffer (PBS1x). Electroporated brains between E16.5
and PO were fixed for 30 min in paraformaldehyde (PFA, Merck) 4%/ PBS1x. For rescue
experiments on 75-6.:Cre;Ezh2™ embryos, the proportions of ectopic neurons were

quantified by Imaris (Bitplane). A Student’s t-test was used for statistical analysis.

Histological analysis. immunostaining, and in situ hybridization

Prenatal or postnatal brains, dissected when necessary, were fixed in 4% PFA diluted in
phosphate buffer (PBS 1x) from 30 minutes to overnight. For cryostat sections, tissues
were cryoprotected in 10% sucrose (Fluka) / PBS1x and embedded in gelatine 7.5%
(Sigma) / 10% sucrose / PBS1x before being frozen at -80°C. Cryostat sections (20 pm
and 30 pm) were cut (Microm HMS560) in coronal and sagittal orientations, respectively.
Vibratome sections (80 um or 35 pum for reconstruction) were prepared from postnatal
brains after embedding in 4% agarose (Promega)/0.1 M phosphate buffer (pH 7.4).

Immunohistochemistry was performed as described in (6, 29) using rabbit anti-mouse

6



Pax6 (Millipore; AB2237; 1/1000"), anti-Hoxa5 antibody (Sigma; HPA029319;
1/2007"), rat anti-mouse Hoxb4 (developed by A. Gould and R. Krumlauf; obtained from
the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD
and maintained by The University of lowa, Department of Biology, lowa City, 1A 52242;
1/100°™) or rabbit anti-mouse trimethyl-histone H3 Lys27 (07-449; Millipore; 1/250°™),
followed by species-specific fluorochrome-coupled secondary antibody staining,
including donkey anti-rabbit A546 (Invitrogen; 1/1000™) and the donkey anti-rat A488
(Invitrogen; 1/1000*") diluted in solutions containing DAPI (Invitrogen). Simple and
double in situ hybridizations were performed as described previously(6). The following
probes were used: Barhll; Hoxa2; Hoxb3; Hoxb4; Hoxb5, Hoxal (6, 29), Ntnl (6, 11),
Unedb and Uncde (37). X-galactosidase staining on whole embryos, whole brains or

cryostat sections was performed as described in (6).

Imaging and Picture Processing

Imaging of fluorescent signals was performed using an Axio imager 72 upright
microscope coupled to a LSM700 Zeiss laser scanning confocal 5x lens (NA 0.25), 10x
lens (NA 0.45) or oil/glycerol/water immersion lens 25x (NA 0.8). Stitching of whole-
mounts (electroporated brains) was performed using Zen Software at postnatal stages,
and using Xuvtools (http://www.xuvtools.org) at prenatal stages. Chromogenic staining
was examined by classical wide-field or binocular microscopy (Nikon). Fig. 2I is an
inverted artificial superposition of chromogenic signals from adjacent sections. In Fig.

3A, B inverted X-Gal signal 1s artificially projected onto Pax6 immunohistochemistry.
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Fig. S1. Ezh2 and Hox gene expression in precerebellar rhombic lip derivatives. (A
to C) Ezh2 in situ hybridization on coronal (A, B) and sagittal sections (C). At E12.5
Ezh2 is expressed in lower rhombie lip (IRL, A) and maintained in E16.5 anterior
extramural stream (AES, B) and pontine nuclei (PN, C). (D to E) E15.5 whole-mount
hindbrains show Hoxb3 expression in all pontine neurons (D) and Hoxb) restriction to
the posterior PN (E). (F) Sagittal section of E15.5 Hoxa3.:Cre;R26R*“*" specimen
revealing the localization of ZsGreen™ neurons to the posterior PN (arrowhead). (G to I)
E15.5 PN sagittal sections show Hoxb3 expression in all pontine neurons (G) and
restriction of Hoxa3™ (H) and Hoxb5™ (1) cells to the posterior PN. (J to K) Summaries of
Fig. 2A-I and fig. S1D-I. (L to M) Hoxb4 (L) and Hoxa5 (M) immunostaining on a
coronal section of a E14.5 wildtype embryo. ML: ventral midline.
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Fig. S2. Hox gene expression in migrating pontine neurons of Ezh2 conditional
mutants. (A to L) H3K27me3/Hoxb4 immunostaining (A,B,EF.L)), Hoxa5/Barhil
(C.G,K) and Hoxb5/Barhil (D,H,L) in situ hybridization on coronal sections at r5-r6
level in control (A-D), r5-6::Cre;Ezh2™ (E-H) and Hoxa2::Cre;Ezh2™ (I-1) E14.5
fetuses. Strong reduction of H3K27me3 in the r5-r6 environment of Ezh2 conditional
knockouts (E,F,1J). In control (A-D), arrowheads show restricted ventral expression of
Hoxb4 (A,B), Hoxa5 (C) and Hoxb5 (D) in the anterior extramural stream (AES). In #5-
6::Cre; Ezh2"" embryos, Hoxb4™ pontine neurons migrate to ectopic pontine nuclei
(PN°), are Ezh2™ (co-labeled by H3K27me3/Hoxb4 double immunostaining
(arrowheads, E,F)), and express both Hoxal and Hoxb5 (arrowheads, G,H). In
Hoxa?2::Cre;Ezh2™ embryos, Hoxb4™ pontine neurons migrate ectopically to PN® are
Ezh2" as shown by the lack of H3K27me3 (arrowheads, 1,J), and express both Hoxa3 and
Hoxb5 (arrowheads, K,L). The neurons of the facial nucleus (FN), a 14 derivative, still
carry the H3K27me3 mark in r5-6::Cre; Ezh2™ embryos, showing the specificity of the
knockout (E). (M to P) Pax6 (M) and H3K27me3 (N,O,P) immunohistochemistry of
Whatl::Cre; Ezh2™:R26R%°*" (M-O) and control AES (P) on coronal sections. In the
conditional knockout, ZsGreen® pontine neurons express Pax6 (M), but lack the
H3K27me3 mark (N,0) in contrast to controls (P). (Q to S) H3K27me3
immunohistochemistry on sagittal sections at E18.5 showing loss of the H3K27me3 mark
in environment only (R, r35-6::Cre;Ezh?™) or environment and PN° (S,
Hoxa?2::Cre; Ezh2™) unlike in controls (Q).
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Fig. S3. Generation and characterization of posterior hindbrain Cre-expressing
lines. (A,D,H,K,0Q) Embryos carrying ripost::Cre (A), r5-6:.:Cre (D), r7post::Cre (H)
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and MafB::CreERT? (1mg Tamoxifen@E7.5) (O) transgenes crossed to the R26R™
floxed reporter and expressing f-galactosidase (fGal) at E10.5 in a rhombomere-
specific manner, with r3post::Cre expression spanning r5 to spinal cord (A), 3-6::Cre
and MafB::CreERT2? spanning 15 and 16 (D, O), and r7post::Cre spanning r7 to spinal
cord (H). Hoxa5::Cre is not expressed in the hindbrain before E10.5 (K). (B,E,LL,S)
Detection of the fGal on whole-mount hindbrains (ventral views) at PO show the
spatially-restricted progeny of these rhombomeres traced after recombination of the
R26R** locus in each of these Cre or CreERT2 expressing lines (B,E,I,L) or in (S) using
the R26R ™" reporter line at P7 for Hoxa2::Cre. (F,M) High magnifications show the
segregation of r6 (#3-6::Cre, (F)) (rostrally) and Hoxa3 (i.e. ‘r8’) (caudally) progenies
(M) in the pontine nuclei. (C,G,J,N,T) Sagittal sections at P7 show recombined,
tdTomato™ thombomere progenies of indicated genotypes; segregation of rhombomere-
derived territories persists up to postnatal stages. (P to R) Coronal (P, E15.5) and sagittal
sections (Q.R, P7) of Mafb.::CreERT2; R26R““*" show the dorsal restriction of r5-6
progeny in the anterior extramural stream (P) and the restriction of ZsGreen™ cells to the
anterior pontine nuclei (R). r: Thombomere; minP: minimal promoter.

12



110

r5post::Cre ; R26R"* " r5-6::Cre ; R26R-*% ]l r7post::Cre ; R26R"**
B D : F E8.5

| r5-6::Cre |Hoxa5:Cre||
M EI55N ~E155 O

"/ cre ¥ Cre Cre Cre SR ol o)

Fig. S4. Cre expression patterns in transgenic lines. (A to D) At E8.5, Cre (A,C) and
f-galactosidase (Gal) (B,D) are expressed in r3post::Cre (A,B) and r3-6::Cre (C,D)
whole-mount embryos. (E to F) In r7post::Cre, neither Cre nor -Gal are expressed at
E8.5. (G, I, K) At E9.5, Cre transcripts were not detectable in any of the Cre transgenics.
(H, J, L) LacZ signals reveal that the R26R"** locus has recombined in all three Cre
transgenics at E9.5. rSpost::Cre (H) and r5-6::Cre (J) share the same [fGal anterior
boundary (arrow), while r3-6::Cre (J) and r7post::Cre (L) have their posterior and
anterior expression boundaries, respectively, at the r6/t7 border with no overlap
(arrowhead). Note that r7post::Cre;R26R"* show LacZ restricted activity at E9.5 (L),
although Cre and fGal transcript levels are below in situ hybridization detection at E8.5
and E9.5 (E,F.K). (M to N) In situ hybridizations on coronal sections of E15.5 AES show
no expression of Cre in r3-6.:Cre (M), while in Hoxa3::Cre embryos Cre expression
faithfully recapitulates endogenous Hoxad expression (N). (O to Q) On PO sagittal
sections, Cre transcripts are not present at detectable levels in r3-6::Cre (O) and
r7post::Cre (P), while Hoxa3::Cre newborns show Cre expression in posterior hindbrain
and posterior PN (Q). OT: otic capsule; PN: pontine nuclei.
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Fig. S5. Analysis of pontine neuron migratory phenotypes in Ezh2 conditional
mutants. (A to T), PN migratory phenotype in control Ezh2™ (A-D),
Krox20::Cre;Ezh2™" (E-H), r3-6::Cre;Ezh2™" (I-L), Hoxa2::Cre;Ezh2™ (M-P) and
Wntl::Cre;Ezh2™ (Q-T) fetuses. In situ hybridization on sagittal sections show
rostrocaudal distribution of normal (PN) and ectopic (PN®) Barhll™ pontine neurons at
E18.5 in the different genotypes (A,E,LM,Q). Co-detection of Netrinl and Barhll
transcripts on serial coronal sections taken at the r3, r5/r6 and r7/r8 levels show ectopic
expression of Netrinl in Krox20: :Cre;Ezh2™ y5-6::Cre;Ezh2™ and Hoxa2::Cre; Ezh2™"
(dashed lines, F,G,K,N,0) but not in Wntl::Cre; Ezh2™" and Ezh2™" embryos at E14.5. (U
to X) Expression of Netrinl and Barhll in rSpost::Cre;Ezh2™ (U, V) and
rpost::Cre;Ezh2":Shi™ (W, X) at 1546 (U, W) and r748 (V, X) levels at E14.5.
Ectopic Netrinl expression is strongly reduced in Shh/Ezh2 double cKO (W,X) partially
rescuing the Ezh2 ¢KO phenotype (U,V). (Y to Z7) At E12.5, ectopic Netrinl expression
(black arrowheads) observed in ripost::Cre;Ezh2™" mutants (Z) is absent in controls
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Ezh2™ (Y) and partially rescued in r3post:: Cre;Ezh 2™ :ShI™ compound mutants (white
and black arrowheads, Z"). (Z™") Migratory phenotypes in Hoxa?2::Cre;Ezh2™ shown by
Barhll in situ hybridization on E14.5 whole-mount. Summaries show the migratory
pathways of wildtype and mutants as well as the proposed genetic interaction between
Shh, Ezh? and Netrinl in the last column. AES: anterior extramural stream; 1IR1: lower
rhombic lip; r: thombomere; sc: spinal cord; Pr5: principal trigeminal nucleus; SpS5:
spinal trigeminal nucleus; ¢KO: conditional knockout.
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Fig. S6. Cortico-ponto-cerebellar connectivity in Ez4#2 conditional mutants. (A to C)
Ventral views of P7 whole-mount hindbrains after retrograde tracing with rabies-AG-
mCherry from cerebellum (Cb) show that Cb is innervated by normal pontine nuclei (PN)
in control (A) and both PN and ectopic pontine nuclei (PN°) in Krox20.:Cre; Ezh2™" (B)
and  r5-6::Cre;Ezh2™ (C) mutants. (D) Retrograde injections in P7 73-
6::Cre,Ezh2™-R2GR=%*" animals show that PN® is included within the ZsGreen domain
demonstrating PN® localization in posterior r5/r6 as well as the duplication of both parts
of the PN, i.e. reticulotegmental nucleus (inner nucleus) and pontine gray nucleus (outer
nucleus). (E to F) Cortical injections of rabies-AG-GFP combined with retrograde
cerebellar tracing (rabies-AG-mCherry) illustrate that in P7 Krox20.:Cre;Ezh2™ pups,
PN® (F) 1s also integrated imto cortico-ponto-cerebellar connectivity. Injections were
carried out at P2 and analyzed at P7. (G to H) Restricted tdTomato’ cells in
posterior/visual cortex (Ctx) in P7 Pcp2::Cre;R26R“™" pups (G) and tdTomato” axon
projection to anterior PN in sagittal sections (H).
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Fig. S7. Ezh2 cell-autonomous role in rhombic lip and pontine neurons. (A to B)
Ezh2 is downregulated in the lower rhombic lip (IRL) of WntI::Cre Ezh2™ embryos at
E10.5 (B, arrowhead) compared to controls (A). (C to F) Lateral views of Barhll"

18



anterior extramural stream (AES) m El14.5 wild type (C), Wntl::Cre (D),
Watl::Cre;Ezh2" (E), and Wntl::Cre;Ezh2™ (F) conditional mutant whole-mount
hindbrains. (G to R) Co-detection of Hoxb3 and Barhll (G,1,J.L.M,0,P,R) and Hoxal
and Barhll (HJK.N,Q) expression on coronal sections from E14.5 embryos (G-I,
Ezh2fl/fl; T-L, Wntl::Cre), Wntl::Cre:Ezh2™" (M-O) and Hoxa2::Cre:Ezh2™ (P-R) at
anterior precercbellar IRL (G, H.J,K.M.N.P.Q) and AES levels (LLL,O.R). In controls
Hoxa5 and Hoxb5 transcript is absent from the anterior precerebellar IRL (arrowheads,
GH.JK) and restricted to the ventral AES (LL). In both Wntl::Cre:Ezh2"" and
Hoxa?2.::Cre:Ezh2™ conditional knockouts, Hoxa3 and Hoxb3 are expressed ectopically
in the anterior precerebellar IRL (arrowheads, M,N,P,Q) and throughout the AES
(arrowheads, O,R), while expression is regionalized in controls (arrowheads, H,J). (S to
T) Co-detection of Hoxad (S), Hoxb5 (I) and Barhll (S, 1) transcripts in EI18.5
Hoxa?2.::Cre:Ezh2™ ectopic pontine nuclei (PN*) on sagittal sections. (U to V) Dorsal
Unedb expression at E14.5 in coronal control AES (U), as compared to HoxaZ2::Cre
Ezh2™" AES (V) showing Unc3b downregulation. PN: pontine nuclei.

19



Chapter 4: Research Article

Control r5-6::Cre : Ezh2 "
A A\_‘__,} \B T E - '—— Fc ‘ E
Yc‘ ‘l ; p . . ‘| Y
- Gy
Netrin1 Slit1 Netrin1 slit1
Tt D . | e N
- ' o o P
g . "
' '
o FN = #° FN . OFN : N
E. o hy, %
siit2 Sia < st Siit3

Fig. S8. Slit1-3 expression patterns in conditional Ezh2 mutants. (A to H) In situ
hybridization for Netrinl (A,E), Slitl (B,F), Slit2 (C,G) and Slit3 (D,H) on adjacent
coronal sections at r5-r6 level in E14.5 control (A-D) and r3-6::Cre; Ezh2™" (E-H).
Netrinl is ectopically expressed in 73-6::Cre; Ezh2™ (arrowhead, E). FN: facial motor

nucleus
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Fig. 89. Unc5b and Unc5c expression during normal pontine neuron migration and
in Wntl::Cre;R26R" mutants. (A to D) Double in situ hybridizations for
Barhl1/Unc5b (A,C) and Barhll/UncSc (B,D) on coronal sections at E14.5 (A,B) and
E15.5 (C,D). Unc3b transcripts are detected in the dorsal part of the anterior extramural
stream (AES) (arrowheads, A) and become undetectable in Barhll" neurons reaching the
ventral midline (C). On the contrary, Uncic transcript expression is undetectable in AES
neurons (B) while is reactivated during the second phase of ventral migration
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(arrowheads, D). (E to J) In sifu hybridization for Hoxa2? (E,H), Barhil (F.,I) and Unc3b
(G.,J) on E16.5 sagittal sections in controls (E-G) and Wntl::Cre;R26R™* embryos (H-
D). In the latter, pontine nuclei (PN) are anteriorly extended (arrow, I) and overexpress
Unc3b (I), which is undetectable in control E16.5 PN (G). (K to M) Hoxad/Barhll (K)
and Unc5b (L) expression in E16.5 Unc5¢” AES. Ectopically migrating neurons (arrows)
strongly express Hoxa’ while do not express Une3b, as summarized in (M).
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lateral view

Fig. S10. Topographic organization of migrating lateral reticular nucleus. (A to B)
Lateral reticular nucleus (LRN) neurons originate as the pontine nuclei (PN) from the
lower thombic lip (A) and migrate extramurally to the contralateral side. The migratory
stream can be visualized by Pax6 immunostaining on E13.5 sagittal sections (B). (C to D)
Pax6/DAPI double immunohistochemistry on sagittal sections of #5-6::Cre;R26R"™"™"
embryos at E13.5 showing that LRN neurons lack r5-6 derived progeny. (E to F)
Pax6/DAPI double immunochistochemistry on sagittal sections of Hoxa3.:Cre;R26R""""
embryos at E13.5 showing that posterior LRN neurons are contributed by
Hoxa5::Cre;R26R“"™ positive cells. (G to H) Immunohistochemistry for Hoxb4 (G)
and Hoxa5 (H) in migrating LRN neurons on sagittal sections show the posterior
restriction of Hoxa5 (H) positive cells. PES: posterior extramural stream; AES: anterior
extramural stream.
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5.1 “Human Teneurin-1 is a direct target of the homeobox transcription

factor EMX2 at a novel alternate promoter”

Abstract

Background: Teneurin-1 is a member of a family of type Il transmembrane proteins
conserved from C.elegans to vertebrates. Teneurin expression in vertebrates is best studied
in mouse and chicken, where the four members teneurin-1 to -4 are predominantly
expressed in the developing nervous system in area specific patterns. Based on their
distinct, complementary expression a possible function in the establishment of proper
connectivity in the brain was postulated. However, the transcription factors contributing to
these distinctive expression patterns are largely unknown. Emx2 is a homeobox
transcription factor, known to be important for area specification in the developing cortex.
A study of Emx2 knock-out mice suggested a role of Emx2 in regulating patterned teneurin

expression.

Results: 5’RACE of human teneurin-1 revealed new alternative untranslated exons that are
conserved in mouse and chicken. Closer analysis of the conserved region around the newly
identified transcription start revealed promoter activity that was induced by EMX2.
Mutation of a predicted homeobox binding site decreased the promoter activity in different
reporter assays in vitro and in vivo in electroporated chick embryos. We show direct in vivo
binding of EMX2 to the newly identified promoter element and finally confirm that the

endogenous alternate transcript is specifically upregulated by EMX2.

Conclusions: We found that human teneurin-1 is directly regulated by EMX2 at a newly
identified and conserved promoter region upstream of the published transcription start
site, establishing teneurin-1 as the first human EMX2 target gene. We identify and

characterize the EMX2 dependent promoter element of human teneurin-1.
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Abstract

Background: Teneurin-1 is a member of a family of type Il transmembrane proteins conserved from Celegans to
vertebrates. Teneurin expression in vertebrates is best studied in mouse and chicken, where the four members
teneurin-1 to -4 are predominantly expressed in the developing nervous system in area specific pattems. Based on
their distinct, complementary expression a possible function in the establishment of proper connectivity in the
brain was postulated. However, the transcription factors contributing to these distinctive expression patterns are
largely unknown. Emx2 is a homeobox transcription factor, known to be important for area specification in the
developing cortex. A study of Emx2 knock-out mice suggested a role of Emx2 in regulating patterned teneurin
expression.

Results: 5RACE of human teneurin-1 revealed new alternative untranslated exons that are conserved in mouse
and chicken. Closer analysis of the conserved region around the newly identified transcription start revealed
promoter activity that was induced by EMX2. Mutation of a predicted homeobox binding site decreased the
promoter activity in different reporter assays in vitro and in vivo in electroporated chick embryos. We show direct in
vivo binding of EMX2 to the newly identified promoter element and finally confirm that the endogenous alternate
transcript is specifically upregulated by EMX2.

Conclusions: We found that human teneurin-1 is directly regulated by EMX2 at a newly identified and conserved
promoter region upstream of the published transcription start site, establishing teneurin-1 as the first human EMX2

target gene. We identify and characterize the EMX2 dependent promoter element of human teneurin-1.

Background

Many transmembrane proteins mediate cell-cell interac-
tions and thereby regulate key developmental processes.
Teneurins are a unique family of type II transmembrane
proteins conserved from Drosophila melanogaster and
Caenorhabditis elegans to vertebrates, where four paralo-
gues exist called teneurin 1-4 [1]. This protein class was
discovered in a screen for the Drosophila homologue of
the extracellular matrix protein tenascin-C [2]. Structure
and domain architecture are highly conserved across
phyla. All proteins of the teneurin family share a large
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extracellular domain with eight tenascin-type EGF-like
repeats followed by a region of conserved cysteines and
YD repeats [3]. Recently, several publications suggested
that the C-terminal parts of the teneurin proteins contain
peptides with similarities to corticotrophin-releasing factor
(CRF) and might have a function in modulating CRF-
mediated behavior [4]. All vertebrate teneurins have an
N-terminal intracellular domain with two polyproline
motifs, EF-hand-like metal ion binding sites and several
putative phosphorylation sites. This intracellular domain
was shown to be cleaved from the membrane and translo-
cates into the nucleus where it can interact with transcrip-
tion factors and alter gene expression [5-7].

In C. elegans, RNAI knockdown and deletion of its sin-
gle teneurin gene (Ten-1) results in a broad range of phe-
notypes, including defects in axon guidance and neuronal

© 2011 Beckmann et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commoens Attribution License (http//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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pathfinding, as well as gonadal disintegration and protru-
sion of the vulva [8-10]. Drosophila harbors two teneurin
genes, Ten-a [2] and Ten-m/Odz [11,12]. Mutations in
either of these genes result in embryonic lethality and
Ten-a mutants enhance the segmentation phenotype of
weak alleles of Ten-m/Odz [13]. It was also shown that
teneurin expression is required for the proliferation and
cellular identity in the Drosophila eye [14]. Extensive
localization studies in mouse [15-17] and chicken
[5,18-20] embryos, as well as in rat [21] and zebrafish
[22] revealed that the different members of the teneurin
protein family are expressed with overlapping patterns by
distinct subpopulations of neurons. Experiments in vitro
and in vivo showed that the different members of the
teneurin family form disulfide-linked dimers [16,23] and
promote homophilic cell-cell adhesions and neurite out-
growth [18,24]. These functions of the protein are
believed to mediate correct pathfinding and area recogni-
tion of neurons. This was shown in the teneurin-3 knock-
down mouse, which exhibits dramatic changes in the
mapping of ipsilateral retinal inputs causing mismatches
in binocular mapping. This is associated with major defi-
cits in the performance of visually mediated behavioral
tasks [25].

Recent findings suggest an important role for the
teneurin protein family in establishing cortical arealiza-
tion and patterning in the developing embryo. Teneurin-
2 was found to be expressed in developing limbs, somites
and craniofacial mesenchyme in a pattern strikingly simi-
lar to that of fibroblast growth factor 8 (Fgf8) and Fgf8
coated beads implanted into chicken limb buds induced
ectopic teneurin-2 expression in situ [20]. Furthermore,
teneurin-4 transcripts are down regulated, and the
expression patterns of teneurins are shifted in the cor-
tices of mice deficient in Emx2 [26]. These findings link
the regulation of teneurin expression to Fgf8 and Emx2,
two proteins that are part of a complex network of
growth and transcription factors regulating arealization
of the developing brain, a crucial event regulating sensory
perception, the control of our movements and behavior
(reviewed in [27]). The best studied protein in this net-
work is Emx2. Emx2 is the vertebrate homologue of the
Drosophila empty spiracles (ems) protein, which is
involved in the development of the fly head [28]. This
protein is a homeobox-containing transcription factor
implicated in mouse cerebral cortex development [29]. It
is expressed in a graded manner from rostral (low) to
caudal (high) [30-33]. Knock-out and overexpression stu-
dies of Emx2 showed the function of this transcription
factor in establishing the correct size and positioning of
cortical areas [reviewed in 34]. Comparing expression
analyses of different embryonic stages to the adult for
both Emx2 [32,33] and teneurins [5,7,35] showed that
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areas of Emx2 expression (e.g., the cortical plate, dentate
gyrus and the olfactory bulb) strongly correlate with
areas of teneurin expression, suggesting a possible role of
teneurins in mediating arealization.

The human teneurin-1 gene resides on the x chromo-
some at position Xq25, a locus with low gene density
[reviewed in 36]. Beside severe mental retardation,
patients suffering from a syndrome mapped to this locus
also suffer from motor sensory neuropathy, deafness and
severely impaired vision [37-41]. Given the predominant
expression in the developing brain and its function in
establishing proper connectivity in the brain, teneurin-1
is a potential target gene for causing XLMR.

In order to provide the basis for an investigation of
possible deletions and mutations in teneurin-1 of XLMR
patients, we decided to delineate the gene locus and
determined the transcription start site(s) of human
teneurin-1. We identified a novel promoter upstream of
the published transcription start, which is conserved in
chicken and mice. We show that EMX2 directly binds to
and regulates human teneurin-1 expression at this alter-
nate promoter.

Results

Identification of alternate transcription start sites of the
teneurin-1 gene

Whereas the expression and localization of the different
members of the teneurin protein family are well charac-
terized, promoter regions regulating teneurin gene
expression in vertebrates have not yet been studied. To
find the transcription start point of human, mouse and
chicken teneurin-1 (gene name is ODZ1), we performed
5-RACE on brain ¢cDNAs of the respective species. We
used gene-specific primers derived from the first coding
exon and in each case identified two classes of products
(Figure 1 and Table 1). The first class ended with the
5'UTR of the published first exon containing the transla-
tion start site (as depicted in the genome browser as
ODZ1), and the second class included additional non-
coding exons. Two additional exons were found in
human, three in mouse, and one in chicken teneurin-1.
All of these exons were between 80 kb and over 200 kb
distant from the first coding exon. CpG islands were
found surrounding the newly identified alternate first
exon suggesting promoter activity in this region. Using
4 kb of sequence surrounding the newly identified first
exon of human teneurin-1 to BLAST the mouse genome
revealed that this entire region was conserved between
species with an overall sequence identity of 58%, and
included local sequence identities of over 90%. Based on
these findings, we considered that teneurin-1 expression
is regulated by two different promoters that are used to
differentially regulate teneurin-1 expression.
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Figure 1 Determination of teneurin-1 transcription start sites. BLAT alignments to the corresponding RefSeq sequences of 2 representative
clones per species obtained by 5' rapid amplification of cDNA ends are shown. The sequences of the clones are given in Table 1. The human
clone h1_cl_1, the mouse clone m1_cl_1 and the chicken clone c1_cl_1 start with the annotated first exon containing the ATG translation start,
whereas clones h1_cl_2, m1_d_2 and c1_cl 2 contain up to three further non-coding exons. Based on the presence of two different
transcription start sites, two alternate promoters (grey shaded areas) are postulated to control the expression of the two types of transcripts.
Promoter 1 resides upstream of the first coding exon, whereas Promoter 2 is located about 100-200 kb upstream depending on the species
analyzed.

EMX2 transactivates teneurin-1 promoter reporter
constructs in cell culture

To test whether human teneurin-1 is a direct target gene
of EMX2, we set up a reporter gene assay. We obtained a
myc-flag-tagged EM X2 expression plasmid to transfect
NIH3T3 cells. Recombinant EMX2 could be detected in
cell extracts as a 37kD protein band on Western blots
with a FLAG antibody (Figure 2a) and the protein accu-
mulated in the nuclei of the cells as shown by immunos-
taining (Figure 2b). In order to do promoter reporter
assays, we cloned a 4 kb fragment of highly conserved
genomic sequence around the published transcription
start site, as well as around the newly determined
upstream transcription start site of human teneurin-1
into a pSEAP2-basic reporter vector. These promoter
reporter constructs were co-transfected with the EMX2
plasmid into HEK293 cells and reporter gene activity was
measured (Figure 2¢). Interestingly, EMX2 was able to
strongly induce reporter gene activity from the newly
identified upstream promoter 2, but not from promoter
1, which remained unchanged compared to the empty
vector control. Previously it was shown that EMX2 binds
to a homeobox binding motif in the Wnt-1 promoter
[42]. Upon sequence analysis of the promoter 2 construct
we found one conserved site with a high score for EMX2
binding, while the promoter 1 construct possessed sev-
eral high scoring binding sites. This indicates that the
mere presence of core sequences of homeobox binding
elements is not sufficient per se for the induction by
EMX2, but the context may matter as well. To examine
whether the homeobox binding motif in the promoter 2
construct contributes to the reporter gene activation

upon EMX2 co-transfection, we mutated this motif and
measured secreted embryonic alkaline phosphatase
(SEAP) reporter gene activity. Indeed, the SEAP activity
dropped significantly to 50% compared to the wild-type
construct (Figure 2c¢).

EMX2 transactivates a teneurin-1 promoter construct in
chick embryos electroporated in ovo

To further prove the promoter activity of the upstream
sequence, as well as its dependence on EMX2 expres-
sion, we carried out an in ovo reporter gene assay in
chick embryos. Upon co-electroporation of the promo-
ter 2-lacZ construct with the EMX2 expression vector
in the chick embryo neural tube, lacZ staining was
strongly detected in the electroporated area (Figure 3b),
whereas no staining was visible with the empty lacZ vec-
tor control (data not shown) or upon electroporation
with the promoter 2-lacZ construct alone (Figure 3b). A
GFP-expressing construct was always co-electroporated
as well and used as a control for the efficiency of elec-
troporation (Figure 3a).

To confirm the influence of the putative EMX2 binding
motif on reporter gene activation in vivo, we co-electro-
porated the mutant promoter 2-lacZ construct with
EMX2 and compared the staining with that of embryos
co-electroporated with the wild-type promoter 2-lacZ
construct and EMX2. Similar to the cell culture based
reporter gene assay (Figure 2), reporter gene activity was
also strongly reduced in vivo. Indeed, the vast majority of
the embryos co-electroporated with EMX2 and the
mutated promoter 2-lacZ construct showed a much
fainter lacZ staining than those co-electroporated with
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Table 1 Sequences obtained in 5'RACE (Translation start site in bold and underlined)

clone name
hi_cl_1

sequence

TTTTTTTTTTTITTITGAACTGAGCTTGCTTAATCAGAGATGGAGCAAACTGACTGCAAACCCTACCA
GCCTCTACCAAAAGTCAAGCATGAAATGGATCTAGTTTACACCAGTTCTTCTGATGAGAGTGAAG
ATGGAAGAAAACCAAGACAGTCATACAACTCCAGGGAGACCCTGCACGAGTATAACCAGGAGCT
GAGGATGAATTACAATAGCCAGAGTAGAAAGAGGAAAGAAGTAGAAAAATCTACTCAAGAGAT
GGAATTCTGTGAAACCTCTCACACTCTGTGCTCTGGCTACCAAACAGACATGCACAGCGTTTCTCG
GCATGGCTACCATCTAGA

TTTTTTTTITTTITTTITTGGCGGGGGANCAGCACCTGGGGACGCCGCCGAAACTTGCGCTTGGAATA
GGAATTACAAGGGTGACCTTTATTCCGCTGTCTCCTTTTTGATTCCCATAACTTCTGGACCTATCAA
GGACTGCTTGCATTAAAGGACTTCCTCATCCTTTTTTTCATGAAACTGAGCTTGCTTAATCAGAGA
TGGAGCAAACTGACTGCAAACCCTACCAGCCTCTACCAAAAGTCAAGCATGAAATGGATCTAGCT
TACACCAGTTCTTCTGATGAGAGTGAAGATGGAAGAAAACCAAGACAGTCATACAACTCCAGGG
AGACCCTGCACGAGTATAACCAGGAGCTGAGGATGAATTACAATAGCCAGAGTAGAAAGAGGA
AAGAAGTAGAAAAATCTACTCAAGAGATGGAATTCTGTGAAACCTCTCACACTCTGTGCTCTGGC
TACCAAACAGACATGCACAGCGTTTCTCGGCATGGCTACCATCTAGA

TTTTTTCCACCGCCACCTCCTCCACATGCCTGCACCTGTGCCAGGAAGCCACCTCCTACAGTGGAC
TCTCTACAAAGAAGATCAATGACTACCCGCAGCCAGCCCAGCCCAGCTGCTCCTGCTCCTCCAACC
AGCACACAGGATTCGGTTCATCTGCATAACAGCTGGGTCTTGAACAGTAACATACCGCTGGAGAC
CAGGTACATTTTATGATTGACCATTTCAGCAAAGACTGTTTTCATTAAAGAACTTCCTTATCCTTTT
TTCATGAAACTCAGCTTGCTTAATCAGAGATGGAGCAAACAGACTGCAAACCTTATCAGLLTCTG
TCCAAAGTCAAGCATGTCTAGA

TTTTTTCCCGCAGGAACCAGCAAAGACGCCCTAAGTCCAGCGCACTTACAGCACACCAGCAGAGC
TGAGTACCTGGCAAGGAGGCGGGGGACCGCACCTGAGGACATCACTGAAACTTGCGCCTGGACT
AGTCCTTCTACTGCCATGGAAACTAGATGGCACAGACAGCGGAGAGTCACTCATTCAGAACAGG
GGCCCCCTTTTTAATTTCATGTCAGCCTGTTGGTCCCTGAAAGTAACTGAAAAGGAATTACAAGA
GCGACTTTTATTCTGTGTAACTTCTCTTCTGGATCTAACAAGGTACATTTTATGATTGACCATTTCA
GCAAAGACTGTTTTCATTAAAGAACTTCCTTATCCTTTTTTCATGAAACTCAGCTTGCTTAATCAGA
GATGGAGCAAACAGACTGCAAACCTTATCAGCCTCTGTCCAAAGTCAAGCATGTCTAGA

TTTTTTTCCTCATTCCTTAAGGAATTCCAGTTGCTTGTTTTCATGATTTTGAGCCTATTCAGCCAGA
GATGGAGCAGATGGACTGCAAACCCTACCAGCCACTGTCAAAAGTTAAACATGAAGTGGATCTA
ACNTTACACAAGTTCTTCAGATGAAAGTGAAGATGGCAGAAAGCAAAGGCAATCTTATGACTCA
AGAGAAACTCTGAATGAATATAGCCAAGAGCTAAGACTGAACTACAACAGTCAAGGCAGAAAAA
GAAAAAATACTGACCAATCCACACAAGACATGGAATTCTGTGAGACACCCCACATICTGTGCTCT
GGCTACCAAACAGATTTACATGGTGTGTCGGAGCACAGCTACCCACTAGAGGTGGGCTCAGATG
TTGATACTGAAACCGAAGGTGGCGCATCACCAGATCATGCCCTGAGGATGTGGATGAGGGGGAT
GAAGTCAGAACACAGCTCCTGTCCGTCAAGCCGGGCAAACTCAGCGTTGTCCCTGACTGACACTG
ACCATGAGAGGAAGTCTGATGGGGAGAATGACATGCCGGGGAGCCCACACAACCAGTTCACGTT
TCTAGA

TTTTTTTCGCCGAGCCTAGAGGCGATGGGAGCTGCCGAGCCGGGGCGCTGCTGAAAGTTCAGCC
GGTGGCCGCGCAGCGCGGACTCATCCTTAAGGAATTCCAGTTGCTTGTTTTCATGATTTTGAGCC
CATTCAGCCAGAGATGGAGCAGATGGACTGCAAACCCTACCAGCCACTGTCAAAAGTTAAACAT
GAAGTGGATCTAACTTACACAAGTTCTTCAGATGAAAGTGAAGATGGCAGAAAGCAAAGGCAAT
CTTATGACTCAAGAGAAACTCTGAATGAATATAGCCAAGAGCTAAGACTGAACTACAACAGTCAA
AGCAGAAAAAGAAAAAATACTGACCAATCCACACAAGACATGGAATTCTGTGAGACACCCCACA
TTCTGTGCTCTGGCTACCAAACAGATTTACATGGTGTGTCGGAGCACAGATACTCTAGA

hi_c_2

mi_cl_1

ml_cl_2

cl_d_1

cl_cl_2

EMX2 and the wild type promoter 2-lacZ construct (Fig-
ure 3b). These findings show that EMX2 is able to induce
reporter gene activity at the alternate teneurin-1 promo-
ter and that this activation is greatly dependent on an
intact homeobox binding motif.

EMX2 binds a homeobox core element in the alternate
teneurin-1 promoter

To prove that the activation of the construct is due to the
direct binding of EMX2 to the homeobox binding motif
in the novel upstream promoter, we performed an elec-
trophoretic mobility shift assay (EMSA). Nuclear extracts
of HEK293 cells transfected with the EMX2 construct
showed a shift of the labeled probe containing the puta-
tive homeobox binding site of the upstream promoter,

whereas no shift was observed in nuclear extracts of
untransfected HEK293 cells or with a mutated labeled
probe (Figure 4a, lanes 1-3). To show the specificity of
the binding, the effect of wild-type or mutated unlabeled
oligo-nucleotide on the protein/DNA interaction was
analyzed. Whereas no shift of the oligo-probe was visible
when competing with the unlabeled wildtype oligo-
nucleotide, the shift was still detected in the presence of
excess mutant unlabeled oligo-nucleotide (compare lanes
4 and 5). The complex was super-shifted with a c-myc
antibody against the tagged EMX2, and indeed the
shifted band disappeared (lane 6). This indicates a direct
binding of EMX2 to the probe, but due to a high unspeci-
fic background the super-shifted band could not be
resolved.
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Figure 2 Transcriptional activation of teneurin-1 promoter reporter constructs by EMX2. (A) NIH3T3 cells were transfected with a flag-
myc-tagged EMX2 construct or an empty vector and tested for expression by Western blot of whole cell extract with anti-Flag. (B)
Immunostaining of the cells with anti-Flag reveals the nuclear accumulation of the EMX2 protein in the nuclei of the cells. (C) HEK293 cells were
transfected with EMX2 or empty vector control and co-transfected with different promotor constructs as indicated. The graph shows relative
SEAP values for one representative experiment performed in triplicates (n = 5). The activity obtained with the Promotor 1 construct is arbitrarily
set to 1. Error bars display standard deviation of the mean. The sequences of the region harboring the putative binding site and the mutation

C [Wt CCCTCAGGAGAARGTAATAAAAAAARAA
mut CCCTCAGGAGAARGT GGTAAAAARARRA

relative SEAP activity

To reduce the unspecific background obtained with
the nuclear extract, we tested EMX2 produced by
in vitro transcription and translation in the gel shift
assay. Whereas no shift of the labeled probe was
detected with mock extracts, the same shifted band as
with the nuclear extract could be detected with in vitro
transcribed and translated EMX2 (Figure 4b, lanes 1 and
2), while unspecific background was greatly reduced.
The binding of the protein to the probe was successfully
competed with an excess of unlabeled wildtype oligo-
nucleotides (Figure 4b, lane 3), whereas no competition
was detected for unlabeled mutated oligo-nucleotides
(Figure 4b, lane 4). Adding ¢-myc antibody to the bind-
ing reaction resulted in a super-shifted band (Figure 4b,
lane 5), indicating a direct binding of EMX2 to the
homeobox motif in the alternate teneurin-1 promoter.

To test whether an interaction between EMX2 and the
binding site in the teneurin-1 promoter can also occur in
vivo without overexpression of the EMX2 protein, we
tested nuclear extracts of brains from E12.5 embryos
known to express high EMX2 levels in the EMSA assay
(Figure 4c). We were able to detect a shift of the band
with the embryo extract, which runs lower than the com-
plex of the overexpressed tagged protein in the control
(compare Figure 4c, lanes 1, 2). We were able to compete
the binding to the probe with wildtype unlabeled oligo-
nucleotides, whereas no competition was detected using
the unlabeled mutated oligo-nucleotide (Figure 4c, lanes
3-4). As a final proof of direct binding of EMX2 to the

endogenous teneurin-1 promoter at the homeobox bind-
ing site in vivo, we performed chromatin immunoprecipi-
tation (ChIP) in chicken embryos electroporated with the
FLAG-myc-tagged EMX2 construct. Electroporations
were performed in developing telencephalic regions in
order to test the ability of Flag-myc-tagged EMX2 to
bind the target region in its physiological cell context.
Indeed, we detected specific enrichment of the target
region containing the homeobox binding site after ChIP
with the anti-FLAG antibody, recognizing the electropo-
rated tagged EMX2 protein compared to a negative con-
trol region, which was not the case in control embryos
(Figure 4d).

Teneurin-1 expression pattern correlates with that of
EMX2 in E14.5 embryos

To test whether the endogenous teneurin-1 expression
pattern overlaps with sites of EMX2 expression in the
developing brain, we performed in situ hybridizations with
a probe for EMX2, a probe for total teneurin-1 and an
additional probe specific for the alternate transcript of
teneurin-1 on adjacent sagittal brain sections (Figure 5).
The staining for teneurin-1 transcripts showed expression
at sites that are in accordance with those reported before
for E15.5 embryos [26]. Interestingly, staining with a probe
specific for the alternate transcript revealed the same
staining pattern as the probe for total teneurin-1, indicat-
ing that the long transcripts are indeed expressed at these
stages of embryogenesis. We detected a correlation
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lacking a potential EMX2 binding site (mut ten-1BGZ40) was
electroporated alone (data not shown) or in combination with CMV-
EMX2 (Mut 4+ EMX2). (C) Electroporation results are summarized in
stacked columns. Data are represented as percentile of the total
number of electroporated embryos (n = 16 for the WT construct
and n = 26 for the mutated construct) and are classified according
to three levels of reporter expression: strong staining, medium
staining and no or weak staining.

between the teneurin-1 signals and the EMX2 signal in a
caudal high to rostral low gradient. We find teneurin-1
being expressed in the marginal, but not in the ventricular
zone of the cortex. Especially good correlations were
found in the caudal cortex, olfactory bulb (ob) and hippo-
campus (hi) (Figure 5).

EMX2 specifically induces the transcription of the
alternate transcript
To test whether EMX2 is able to induce the endogenous
teneurin-1 gene from the alternate promoter, we set up a
real-time Q-PCR assay. We compared the mRNA expres-
sion level for total teneurin-1, as well as for the presence
of the exons specific for the alternate transcript in paren-
tal HEK293-ECR cells with HEK293-ECR cells stably
expressing myc-flag-tagged EMX2 (Figure 6). Indeed, the
EMX2 expressing cells showed significantly (p < 0.01)
elevated transcript levels of total teneurin-1. Although we
generally observed a low expression level for the alternate
transcript in our cells, it showed a much higher fold
induction upon EMX2 expression than the total mRNA.
control + EMX2 WT+ EMX2 This is further support for our reporter gene studies on
the level of the endogenous gene and represents an inde-
C 100% pendent confirmation that EMX2 specifically acts on the
= Strong ™™

alternate promoter of teneurin-1.

Medium Discussion
No or % In this work, we characterized the teneurin-1 gene locus
weak 20% and found novel upstream exons which are conserved

between species. These new exons expand the size of the
0% — ] — 0Odz1 locus to more than 800 kb, harboring one intron
] which is more than 200 kb in size. Genes with large
introns have been reported before [43]. A continuous

WT+ EMX2 Mut + EMX2 -
transcription of the entire gene, given a polymerization
Figure 3 Chicken Embryo Electroporation. (A) Embryos were rate of 3800 nucleotides per minute by RNA polymerase
electroporated at Hamburger and Hamilton stage 10 and collected 11, would take 3.5 h [44]. This might add another level of

24 h later. A CMV-GFP plasmid was always used as positive control
of the electroporation and only embryos showing an expression
pattern as shown were kept. Embryos electroporated with beta-

regulation of the defined expression in time and space.
Here we show that there are at least two promoters regu-

globin_LacZ (BGZ40) plasmid alone or in combination with EMX2 in lating teneurin-1 expression with one alternate promoter
pCMV6-Entry (CMV-EMX2) were used as negative controls (not upstream of the published transcription start. Only this
shown). (B) A 4 kb genomic fragment of the teneurin-1 promoter alternate promoter was inducible by EMX2 in reporter

was cloned into the reporter plasmid beta-globin-LacZ (ten-1BGZ40)
and electroporated alone (WT control) or in combination with CMV-
EMX2 plasmid (WT + EMX2). A mutated version of ten-1BGZ40

gene assays and cells stably overexpressing EMX2 exhib-
ited an increase of the resulting alternate transcript. A
single homeobox binding site seems to be critical for the
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Figure 4 Direct binding of EMX2 to teneurin-1 promoter oligo-nucleotide probes. (A) Electrophoretic Mobility Shift Assays (EMSA) using
EMX2 containing nuclear extract or control nuclear extract were performed in the presence or absence of Dig-labeled probe, unlabeled probe
for competition, mutated probes and anti-myc antibody as indicated above the lanes. A specific myc-EMX2/DNA complex could be detected as
indicated by an arrow. (B) EMSA with in vitro transcribed and translated EMX2 protein or control extracts were analyzed using Dig-labeled
wildtype and mutated probes as indicated. Binding to the probe resulted in a myc-EMX2/DNA complex as indicated by an arrow that was
competed by unlabeled probe and resulted in a supershifted complex after addition of anti-myc-antibody as indicated. (C) EMSAs with nuclear
extracts of E125 embryos and nuclear extract of myc-EMX2 overexpressing cells as a control were performed using Dig-labeled wildtype probe.
Binding to the probe resulting in a myc-EMX2/DNA complex and an EMX2/DNA complex is indicated by arrows. (D) ChIP of chicken embryos
electroporated with flag-myc-tagged EMX2 (+) and control chicken embryos (-). Fold enrichment of the target region, containing the homeobox
binding site versus a negative control region from the coding region of the same gene after anti-flag precipitation is shown, Error bars display
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Emx2

G i

i i { B ‘"'"\‘./\
Figure 5 In-situ hybridizations for Teneurin-1 and EMX2
expression on sagittal sections at E14.5 mouse embryos. (A; A)
Expression of EMX2 in the cortex at higher magnification in A'. (;
BY) Expression of total teneurin-1 in an adjacent section. (C; C)
Expression of the alternate transcript of teneurin-1 in an adjacent
section. Ob, olfactory bulb; hi, hippocampus

promoter activity and is bound directly by EMX2, as
shown by gel shift assay and ChIP in chicken embryos.
Although one has to take into account that the teneurin-
1 expression, especially in later developmental stages,
opposes the expression pattern of EMX2, a direct regula-
tion of teneurin-1 expression by EMX2 is likely to occur
at earlier stages. First, we and others [26] showed that

10

relative mRNA level

0
EMX2 = + = +
total ten1 alternate transcript

Figure 6 Activation of the alternate transcript by EMX2. RNA
was isolated from parental HEK293 cells (-) and HEK293 cells stably
expressing EMX2 (+). Teneurin-1 mRNA levels of 3 independent
preparations were measured by real-time PCR. The graph shows
total teneurin-1 mRNA (total ten1) and mRNA levels under control
of the alternate promoter (alternate transcript) relative to GAPDH
mRNA values. Values of the parental cells were arbitrarily set to 1.
Error bars display standard error of the mean.
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total teneurin-1 expression, as well as the expression of
the alternate transcript, correlates well with EMX2
expression at E14.5. Secondly, the expression of teneurin-
1 is highly dynamic and its patterned expression and the
overall expression level collapses in EMX2-deficient mice
[26]. Notably, we found teneurin-1 being expressed in
the marginal, but not in the ventricular zone of the cor-
tex. This suggests a possible function of EMX2 in post-
mitotic neurons via the control of teneurin-1. Based on
these findings, it is conceivable that the promoter at the
published transcription start is responsible for the basal
expression of teneurin-1, whereas the novel promoter is
responsible for the graded expression dependent on
EMX2. This finding suggests that this promoter region of
the teneurin-1 gene is essential in establishing correct
patterning of teneurin-1 expression. Although the tran-
scription factors involved in correct patterning and area-
lization are well known, and their expression patterns are
well characterized, very little is known about the down-
stream mechanisms contributing in establishing proper
arealization and pathfinding [reviewed in 45]. A number
of reports describe screens to find genes which are differ-
entially expressed within the cortex [24,46,47] or which
are potential target genes of differentially expressed tran-
scription factors [11,26,48-50]. Interestingly, in both
types of approaches members of the teneurin protein
family were revealed as differentially expressed genes,
supporting the evidence for a role of teneurin in arealiza-
tion. Lists of potential target genes of the transcription
factors involved in arealization, like Emx2 or Pax6, have
also been described in knock-out gene expression studies
[26,31,48], but indirect effects on transcription cannot be
ruled out and interesting targets need to be validated. In
this study, we validated teneurin-1 as the first direct tar-
get gene of EMX2 in human. As a transmembrane pro-
tein, teneurin-1 is well-suited to convey nuclear signals
to the level of cell-cell interactions. However, the mole-
cular mechanisms of how teneurins mediate their pro-
posed function in brain development and patterning of
the cortex remain to be elucidated.

Many cases of XLMR have been mapped to Xq25, the
locus of the teneurin-1 gene [37-41]. Interestingly, many
of these individuals suffer from motor sensory neuropathy
[37], and teneurin-1 is predominantly expressed in
patterns that relate to anterior sensorimotor areas [26].
Taking into account the regulation of teneurin-1 by
EMX2 at the novel promoter, setting up proper arealiza-
tion of the developing cortex, and the well established
functions of teneurins in correct pathfinding and neurite
growth, we consider teneurin-1 as a potential target gene
for XLMR. When analyzing patient samples, attention
should be given to the newly established promoter region,
as mutations or deletions in this area could lead to a shift
in expression of teneurin-1 early in the developing brain
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leading to improper connectivity and consequently to
XLMR.

Conclusion

In this work, we show that teneurin-1 expression is
regulated by EMX2 at a novel and conserved upstream
promoter. We present teneurin-1 as the first direct tar-
get gene in humans and characterize the binding site in
the newly identified promoter region.

Methods

Rapid amplification of 5 complementary DNA ends (5’
RACE)

Total RNA of mouse and chicken brain tissue was purified
with QiaShredder and RNA Easy kit (Qiagen, Hombrechti-
kon, CH) according to manufacturer’s instructions. Using
these RNA extracts and total human adult normal brain
RNA (ams Biotechnology, Oxon, UK) 5RACEs were per-
formed with the 2nd generation 5’/3’'RACE kit (Roche
Diagnostic, Mannheim, Germany) according to manufac-
turer’s instructions. Nested PCRs with the primer
sequences shown in Table 2 were performed. The bands
obtained were purified and cloned into vector pKS* and
sequenced. The sequences were analyzed using the BLAT
algorithm on human genome assembly GRCh37, mouse
assembly July 2007 and chicken assembly May 2006
(http://genome.ucsc.edu) [51].

Promoter studies

The promoter constructs for human teneurin 1 were
amplified from human genomic DNA using the Expand
High Fidelity system (Roche) with primer htenl promoter
1 Xhol fw (all primer sequences are given in Table 2) and
htenl promoter 1 HindIII rev using the highlighted
restriction sites for directional cloning into vector
pSEAP2-Basic (Clontech, Mountain View, CA, USA) of
the promoter 1 construct. For the htenl promoter 2 con-
struct, we used htenl promoter 2 Nhel fw and htenl pro-
moter 2 EcoRI rev using the highlighted restriction sites
for directional cloning into the same vector. The promoter
1 construct contains a sequence of just over 2 kb from
nt124097602 to nt124099666 of chromosome x and the
promoter 2 construct around 4 kb from nt124336306 to
nt124340205 on chromosome x of assembly GRCh37.
Analysis of the promoter sequences for potential binding
sites was done using the JASPAR database (http://jaspar.
cgb.kise[52]) and the ems matrix. Mutation of the poten-
tial homeobox-binding sequence (nt124338584 to
nt124338589 on chromosome X) in the promoter 2 was
achieved using overlapping PCR with the primer set for
htenl promoter2 and mutated promoter 2 fw and rev.
HEK293-EBNA cells were plated at 1 x 10° cells per well
in six-well plates 18 h before transfection. Cells were
transfected in DMEM containing 0.3% FCS with Fugene 6
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Table 2 Primer sequences

Primer name Sequence

human RT-PCR TTAGTGCATGGTCAGGTGAGG
mouse RT-PCR TCTCCCATCTTCACTCTCATCAG
chicken RT-PCR GCTGTGTTCTGACTTCATCC

hten PCR1 rev
hten nested Xbal rev
mouse PCR1 rev

mouse nested Xbal
rev

chicken PCR1 rev
chicken nested Xbal

GTGTCCACATCAGATCCCATCTC
TAGTTCTAGAGCACAGGTGCAGGCATGAGG
CTCCAGCTGGTAGCCATGTCG
TAGTTCTAGATCTGTGTGGTAGCCGGAGCAC

ATGCGCCACCTTCGGTTTCAG
TAGTTCTAGAGTAGCTGTGCTCCGACACACC

rev

oligo dT anchor
primer

hten1 promotor 1
Xhol fw

hten1 promotor 1
Hindlll rev

hten1 promoter 2
Nhel fw

hten1 promoter 2
EcoRI rev

GACCACGCGTATCGATGTCGAC

ACTACTCGAGCAAGACCCATGCTGAAGCT

ACTAAAGCTTCTCTGATTAAGCAAGCTCAGTTTC

ACTAGCTAGCCCCCTAGAGTGTTCAGCTCT

ACTAGAATTCGGGCCACCTCAAAAACACCTCC

mutate promoter 2 CCACCCCTCACCCTCAGGAGAAAGTGGTTAAA

fw
mutate promoter 2
rev

TTTAACCACTTTCTCCTGAGGGTGAGGGGTGG

total ten1 gPCR fw GCATAGTTCCTGTTTGTCCA
total ten1 gPCRrev  TCTGCACATCTTGAGTAGAC
alt exon gPCR fw GCTTGGAATAGGAATTACAAGG
alt exon gPCR rev GAAGTCCTTTAATGCAAGCAG
hGAPDH gPCR fw GGAGTCAACGGATTTGGTC
hGAPDH gPCR rev AAACCATGTAGTTGAGGTC
ChIP target region fw  TTCAGCTTCCTCGITCTTCG
ChIP target region rev.  GGTGGTTACAACCGCCTTTT
ChIP negative control  AGATTCCTGTGAGCCCTGCT
fw

ChIP negative control TCCAACAACTCATGCAATGG

rev

Transfection reagent (Roche) using 1 pg promoter con-
struct DNA and co-transfected with either empty 1 pg
pcDNA3 or flag- and myc-tagged EMX2 in pCMV-Entry
(OriGene, Rockville, MD, USA) as indicated in the Result
section. Twenty-Four hours after transfection, the medium
was collected and SEAP reporter gene activity was mea-
sured and normalized for the co-transfected plasmid
pGL3, expressing firefly luciferase (Promega, Madison,
W1, USA) as previously described [53].

Real-time Q-PCR

HEK293-ECR cells were transfected as described before
with the flag-myc-tagged EMX2 construct in pCMV and
cells were selected for stably expressing clones with
G418 (Roche) for 2 weeks. Clones were pooled and
expression of the construct was tested by Western blot
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(data not shown). From these cells and untransfected
HEK293-ECR cells RNA was isolated with QiaShredder
and the RNA Easy kit (Qiagen) following the manufac-
turer’s protocol. From this preparation, cDNA was gen-
erated using the Superscript III (Invitrogen) polymerase
and random primers following the standard protocol.
Real-time Q-PCR was performed on these samples with
teneurin-1 specific primers and normalized to GAPDH
values (sequences Table 2) using SYBR QPCR Supermix
with ROX (Invitrogen) on an AbiPrism 7000 system.
Three independent experiments were performed and the
averaged results are shown and p-values were calculated
using the one-way ANOVA.

In ovo electroporation

For reporter assay experiments, chicken eggs were incu-
bated in a humidified chamber at 38°gC and DNA con-
structs were injected into the lumen of the neural tube
of stage Hamburger Hamilton (HH) 10-12 embryos.
Construct concentrations were: 1 pg/ul lacZ reporter
construct (BGZ40; [54]), 1 pg/pl EMX2 expression vec-
tor, and 0.2 pg/pl co-injected EGFP in pCMYV as positive
control of electroporated cells. Embryos were harvested
24 hours after electroporation and processed for
B-galactosidase staining. For EMX2 overexpression,
1 pg/pl of Myc/FLAG-tagged EMX2 expression vector
and 0.2 pg/pl of pCMV-EGFP construct were co-
injected into the lumen of forebrain of stage HH 14
embryos. Positive tissues (n = 20 brains) were collected
72 hours after electoporation and immediately processed
for chromatin cross-linking. As negative control, the
same amount of unelectroporated tissue was collected
and processed for ChIP experiments. Electroporations
were performed as described previously using a square
wave electroporator [54].

Chromatin immunoprecipitation Assay

Brains were chopped and then cross-linked in 1% For-
maldehyde (F8775, Sigma) for 10 minutes at room tem-
perature. Cross-linking was stopped in 125 mM Glycine
for 5 minutes and the material was washed three times
in ice cold PBS containing EDTA-free Protease Inhibitor
Cocktail (Complete, 04693132001, Roche). DNA shear-
ing was performed in lysis buffer (50 mMTris-HCI
pHS8.0, 10 mM EDTA, 1%SDS, 1 x Protease Inhibitor
Cocktail) using the following parameters: 20 cycles of 30
seconds ON/30 seconds OFF (Diagenode bioruptor
sonicator, high power setting).

Chromatin immunoprecipitation was performed by
using Dynabeads protein G (100.04D, Invitrogen) as
described elsewhere [55]. The following antibodies were
used: Mouse monoclonal anti-FLAG M2 (F1804, Sigma),
Mouse control 1gG (AB18413, Abcam).
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Electrophoretic Mobility Gel Shift Assay (EMSA)

EMX2 binding to the promoter construct was examined
by Electrophoretic Mobility Gel Shift Assay (EMSA)
using DIG-labeled double-stranded oligo-nucleotides
(5CAGGAGAAAGTAATTAAAAAA3Z or with mutated
binding site 5’CAGGAGAAAGTGGTTAAAAAASZ,
putative binding site underlined). For probe preparation,
5 pg of sense and anti-sense oligo-nucleotides were
diluted in 90 pl TE buffer, incubated for 10 min at 95°C
and cooled down for 30 min at room temperature for
annealing. DIG-labeling of the probes was achieved
using the DIG Gel Shift Kit, 2" Generation (Roche)
according to the manufacturer’s instructions. For the gel
shift assay, nuclear extracts from stably EMX2 expres-
sing HEK293 cells, in-vitro translated extracts or nuclear
extracts of E12.5 embryo brains containing 20 pg of
total protein were incubated with 4 pl of 5 x binding
buffer of the Gel Shift Kit, 1 pg double-stranded poly
(dIdC) and 0.1 pg poly-L-lysine in a 19 pl reaction mix.
For the competition assay, unlabeled wild-type or
mutant annealed oligo-nucleotide were added with a
150-fold excess. This mix was incubated for 20 min at
room temperature. Afterwards, 1 pl of labeled probe
was added and the mix was incubated for another
20 min at 30°C. For supershifts, 1 pl of c-myc antibody
(Sigma) was added after 10 min incubation with the
labeled probe. Following another 10 min of incubation,
the reaction mix was loaded onto a precast 6% DNA
retardation gel (Invitrogen, Carlsbad, CA, USA), which
was pre-run in 0.5 x TBE for 20 min at 80 V and 4°C.
The gel was run for 1.5 h at 80 V and 4°C. After separa-
tion, the complexes were blotted on a positively charged
nylon membrane in 0.5 x TBE for 45 min at 280 mA
and DIG detection was performed as described in the
manufacturer’s instructions.

In-vitro transcription and translation of EMX2

In-vitro transcription and translation of EMX2 was
achieved using the TNT® Coupled Reticulocyte Lysate
System (Promega). 25 pl of TNT® rabbit reticulocyte
lysate, 2 pl TNT® reaction buffer, 1 pl TNT® T7 RNA
polymerase, 0.5 pl of each Amino Acid mixture without
Leucine and without Methionine and 1 pg of EMX2-
pCMV-Entry were mixed in a 50 pl reaction mix and
incubated for 90 min at 30°C, quick frozen in dry ice/
ethanol and stored at -80°C until used in EMSA.

In-situ hybridization

In-situ hybridizations on sections were performed as
previously described [56]. The following RNA probes
were used: For EMX2 we used the entire CDS of EMX2
(NM_010132.2), for total teneurin-1 we used the probe
previously published [26] and for the probe specific for



136

Beckmann et al. BMC Developmental Biology 2011, 11:35
http://www.biomedcentral.com/1471-213X/11/35

the alternate transcript we used the sequence described
in Table 1 (ml_cl_2) plus the first 100 bp of the CDS of
mouse teneurin-1 (NM 011855.3).

Abbreviations

XLMR: X-linked mental retardation; hten1: human teneurin-1; EMSA:
Electrophoretic Mobility Shift Assays; RACE: rapid amplification of cDNA ends;
CRF: corticotrophin-releasing factor; SEAP: secreted embryonic alkaline
phosphatase; ChIP: Chramatin Immunoprecipitation
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Discussion and outlook

During this PhD work we have investigated the counteracting effects of active (RA
signaling) and repressive (Polycomb-mediated repression) mechanisms able to modulate
the transcriptional state of Hox genes, which, in turn, play an important role in the

embryonic body patterning.

Although the Hox positional system has been conserved during the evolution, there
are important differences between flies and vertebrates with regard to the molecular
events that lead to their activation along the rostro-caudal embryonic axis. In flies, the
transcription of homeotic selector genes is determined by the hierarchical control exerted
by maternal effect genes as well as zygotic gap and pair-rule genes. In mouse, the anterior
expression boundaries of Hoxal and Hoxb1 in the hindbrain are set by their responsiveness
to RA signaling (Dupé et al. 1997; Marshall et al., 1994; Studer et al., 1998). Previous works
underlined the crucial function of Hox transcription factors during hindbrain development
(Gavalas et al. 1997, 1998; Studer et al., 1998; Rossel and Capecchi, 1999). In particular,
Hoxal mutation leads to a dramatic reorganization of the rhombomeric (r) identities
causing a posterior expansion of r3 and affecting the development of r4 and r5 (Dollé et al,,
1993; Carpenter et al., 1993). This reorganization results in the absence of the abducens (VI
cranial nerve), reduction of the facial (VII), absence of the spiral and vestibular ganglia
(VIII) as well as reduction of glossopharyngeal (IX) and vagus (X) nerves (Mark et al., 1993).
Furthermore, Pbx is a well-characterized Hox cofactor and participate to the auto- and
cross-regulatory loops responsible for the maintenance of rhombomere-specific Hox

transcriptional states (Ferretti et al., 2005; Maconochie et al.,, 1997; Popperl et al., 1995).

How during the evolution Hox genes became under the control of RA signaling is ill
characterized. Furthermore, the molecular mechanisms leading to proper expression of RA
synthesizing enzymes during embryonic development are still elusive. RaldhZ2 is the earliest
RA synthesizing enzyme expressed during embryonic development and its mutation causes
pleiotropic developmental abnormalities such as altered turning, shortened bodies,
abnormal development of forebrain and limb buds, a dilated heart, hypoplastic posterior

branchial arches, and somite/vertebral patterning defects (Niederreither et al., 1999). In
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order gain insight into the transcriptional control of RaldhZ we started from the
observation that Pbx1/Pbx2 double mutants show most of the developmental defects
exhibited by RaldhZ2 mutant animals (Capellini et al., 2008; Selleri et al., 2001; Stankunas et
al., 2008). Furtermore, given the known functional interaction between Hox and Pbx we
hypothesized a potential involvement of Hox transcription factors in Raldh2 regulation. In
the first work we demonstrate the presence of non-cell-autonomous effects mediated by
Hox and Pbx mutations on hindbrain segmentation in the mouse. We show that Hox and
Pbx play a crucial role in the maintenance of RaldhZ expression in the mesoderm.
Compound Pbx17/-/Pbx2+/- and Hoxal”/-/Pbx1/- mouse embryos fail to maintain proper levels
of Raldh2 expression over time and exhibit lower RA reporter activity. Moreover, Hoxal/
/Pbx1/- compound mutants show hindbrain segmentation defects that can be partially
rescued by exogenous RA complementation. Mesoderm-specific Hoxal and Pbx1b
knockdowns in Xenopus embryos also result in RaldhZ2 downregulation and hindbrain
defects similar to mouse mutants. Mechanistically, Hox-Pbx and Meis factors form tri-
molecular complexes able to bind directly a specific regulatory element, located within the
first intron of Raldh2 locus, which is required to maintain normal Raldh2 expression levels
in vivo. Taken together, our data reveal a RA-mediated feed-forward regulatory loop that
puts in register the spatial collinear expression of Hox genes in the paraxial mesoderm with
their expression in the neural tube. These findings show how retinoic signaling pathway
could have been evolutionary co-opted for vertebrate patterning and integrated into the

Hox positional system.

These results underline the role of Hox and Pbx transcription factors in the
maintenance of Raldh2 expression. In the future, would be interesting to investigate the
transcriptional network responsible for its initiation. We speculate that the same
mechanism discovered by our research might play a role, but such hypothesis would be
difficult to demonstrate in the mouse because of the presence of several Hox and Pbx
paralog genes. Interestingly, Hoxd1 is not expressed in the neuroephitelium at this stage,
although it is cyclically transcribed in the newly formed somites and in the posterior
presomitic mesoderm (Pitera et al., 2001). Furthermore, other reports describe dramatic
hindbrain reorganization to a rhombomere 1-like identity upon Hox PG1 gene knockdown

in Xenopus (McNulty et al., 2005) or Pbx loss-of-function in Zebrafish (Waskiewicz et al,,



2002). These observations strengthen the hypothesis that, at the early gastrula stage, Hox
PG1 and Pbx might play a role also in the onset of the RA signaling.

After the initial expression of Hox PG1 genes, the activation of the following paralog
groups reflects their position along the clusters from 3’ to 5. This phenomenon called
temporal collinearity (Izpista-Belmonte et al., 1991) indicates a sequential acquirement of
the transcriptional competency of these genes. Although not completely deciphered, this
mechanism relies on the presence of regulatory elements located in the nearby gene-desert
regions surrounding of the Hox clusters (Tschopp et al., 2009). Recently, the transcriptional
availability/silencing of Hox genes has been revisited in terms of chromatin configuration of
the clusters (Soshnikova and Duboule, 2009). In particular, maintenance of Hox
transcriptional states correlates with distinct sub-nuclear domains of active or repressed
genes (Bantignies et al, 2011; Noordermeer et al, 2011). According to this model, in
rostral-most embryonic regions, where Hox genes are completely silent, each Hox cluster is
organized as a single repressive domain, while in posterior regions, a progressive number
of Hox genes become expressed and relocated to an active chromatin compartment,

following their distribution from 3’ to 5’ along the clusters (spatial collinearity).

To date, the molecular signals responsible for the maintenance of repressive state or
the absence of de-repression of Hox genes in rostral embryonic domains have been not
totally elucidated. Signaling pathways such as FGF, produced by the midbrain/hindbrain
boundary could play a role (Trainor et al, 2002) or the expression of RA degrading
enzymes (Uehara et al., 2007) can individually, or in combination, lead to the establishment
of this configuration. However, previous reports suggested a role of the PRC1 complex in
the maintenance of transcriptional repression of Hox genes during antero-posterior
patterning (Isono et al, 2005), but due to the early lethality of mutant mice a comprehensive

analysis of Polycomb loss of function was missing.

In the second part of this manuscript, using the cranial nural crest cells (cNCCs) as
model for our study, we investigated the role of Ezh2, the catalytic component of the
Polycomb repressive complex 2 (PRC2), in the maintenance of the repressive state of Hox
genes and deployed the craniofacial system as readout of the phenotypic effects caused by

the Ezh2 mutation. cNCCs are bona fide stem cells that, differently from their posterior
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counterparts, are endowed with a different combination of both mesenchymal
(osteogenic/chondrogenic) and neurogenic-melanogenic potential (Calloni et al., 2007).
This transient population of cells originates from the dorsal neural tube, undergo epithelial-
to-mesenchymal transition and populate the frontonasal and pharyngeal regions where
they contribute to the formation of most of the cartilages and bones of the skull, facial and

pharyngeal skeletons (Santagati and Rijli, 2003; Minoux and Rijli, 2010).

Differently from posterior NCCs, Hox genes are not active in the most anterior
cranial NCC populations and their ectopic expression in this system leads to severe
impairment of craniofacial development (Creuzet et al., 2002). This situation underscore
the importance to maintain Hox genes repressed in order to achieve proper development of
the anterior part of the embryo. Taking advantage from genetically labeled NCCs, we
performed genome-wide transcriptional and epigenetic analysis on nearly pure populations
of FACS-sorted cNCCs isolated from different rostrocaudal origins along the developing
E10.5 embryo, namely the Hox-negative Maxillary (Mx) and Mandibular (Md) prominences
of the first pharyngeal arch as well as the Hox-positive Hyoid (Hy) NCCs of the second
pharyngeal arch. In control samples and independently on their rostrocaudal origins, the
epigenomic profile revealed the presence of high enrichment of H3K27me3 at the level of
the four Hox clusters, the epigenetic mark catalyzed by Ezh2 and associated with
transcriptional repression (Margueron and Reinberg, 2011). However, in the Hy population,
HoxaZ2 and Hoxb2 loci were depleted of H3K27me3 and enriched in H3K4me2 and H3K27ac,
epigenetic marks associate with positively regulated promoters and enhancers. This
epigenetic landscape not only reflects the transcriptional state of Hox genes in the three
cNCC sub-populations analyzed, but is also reminiscent of the collinear activation of 3" Hox
genes in pre-migratory progenitors. Intriguingly, an important observation was done in
regard to the epigenetic configuration of 3’ Hox PG1 genes (i.e. Hoxal and Hoxb1). While in
rhombomere 4 (R4)-derived pre-migratory cNCCs PG1 genes are active (Gavalas et al,,
1998; Makki and Capecchi, 2010; Murphy et al, 1991; Zhang et al., 1994), suggesting an
absence of H3K27me3 decoration, in migratory and post-migratory cells high enrichment of
this mark was found at the level of these loci, indicating that an active deposition of the
Ezh2-mediated modification took place. This result emphasizes the idea that migrating

NCCs are still plastic and not irreversibly committed (Dupin et al., 2010).



To address the functional role of Ezh2 in the cNCC system we induced its conditional
mutation in pre-migratory progenitors. In Ezh2 mutant cNCCs, the H3K27me3 mark is
completely lost from all four clusters and a consequent de-repression of Hox genes is
observed. Phenotypically, the mutation impairs the correct formation of facial and
pharyngeal bones and cartilages. This result is in line with the previous data demonstrating
that the ectopic expression of Hox genes is incompatible with normal craniofacial

development (Creuzet et al., 2002; Couly et al., 1998 and Minoux et al., 2013 submitted).

More broadly, Ezh2 activity is important for the maintenance of the positional
identity of cranial NCC sub-populations. Previous studies suggested the presence of a PA1-
like skeletogenic ground state shared by all the cranial NCCs populating the pharyngeal
region (Minoux et al., 2009). In keeping with this hypothesis, our genome-wide analysis
identified high degree of correlation between Md and Hy samples. This similarity is more
evident in Ezh2 mutants, where, at genome-wide scale, the two populations lose their
molecular identity. We speculate that this situation reflects their common rhombencephalic
origin. This interpretation is corroborated by the fact that the Mx sub-population, deriving
mostly from the mesencephalic region, never shows such high degree of correlation with

the other two samples, neither in the Ezh2 mutation background.

Finally, our analysis reveals that most of the effects mediated by the EzhZ mutation
are due to the de-repression of its direct targets, i.e. genes whose promoters showed
bivalent or H3K27me3 enrichment in the control samples. Although preliminary, our GO
analysis suggests that EzhZ2 plays a role in the maintenance of the mesenchymal
(chondro/skeletogenic) fate of migratory and post-migratory cranial NCCs by repressing
their neurogenic potential. Taken together our data strongly indicate the role of Ezh2 in the
maintenance of the mesenchymal potential and positional identity of cranial neural crest

cells during mouse craniofacial development.

At the moment, our laboratory is consolidating some of the hypotheses derived from
the analysis of the epigenetic configuration of the clusters. In particular, it will be of
particular importance to assess the epigenetic configuration of Hox PG1 genes in r4-derived
pre-migratory progenitors in order to prove the existence of a de novo deposition of

H3K27me3 on migrating and post-migratory cNCCs. Furthermore, according to the recent
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publication correlating the presence of active and repressive chromatin domains with the
distribution of H3K4me3 and H3K27me3 modifications (Noordermeer et al, 2011) we
would expect to observe that, in migratory and post-migratory r4-derived NCCs, Hox PG1
genes colocalize with the rest of the repressed cluster, whereas Hox PG2 would occupy a
different active compartment of the nucleus. To address this question Chromosome
Conformation Capture (4C) assays will be used to determine the spatial distribution of Hox

genes within active and silenced chromatin compartments.

In this study we did not include the anterior-most population of cNCCs originating
from the diencephalic region and colonizing the frontonasal process (FNP), but an analysis
of their transcriptome will be important to link the loss of positional identity observed in
the Md and Hy samples to their common rhombencephalic origin. In fact, if our
interpretation is correct, we would expect to observe maintenance of distinct expression

profiles among Ezh2 mutant populations originating from different regions.

Finally, our laboratory is now investigating the cell identity of Ezh2 mutant cNCCs. In
keeping with the observation that the mutation causes a de-repression of the neural fate at
the expenses of the chondro/osteogenic potential, we are performing a characterization of
the neural versus mesenchymal markers expressed by mutant cells. Furthermore, we will
also investigate if the de-repression of such an inappropriate program in cNCCs would
consequently induce their apoptosis, a change in their proliferative properties, or a stable

switch in their fate.
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