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“The most beautiful thing we can experience is 

the mysterious. It is the source of all  

true art and science.”

Albert Einstein 
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embryonic axis specification and elongation
After fertilization, several rounds of cell division and morphological reorganisation,  

the developing murine embryo undergoes gastrulation. During this period the anteroposterior 

(AP) axis is defined and the three germlayers (ectoderm, endoderm and mesoderm) arise. 

Cells of embryonic ectoderm ingress through a posterior structure called the primitive streak, 

starting around embryonic day 6.5 (e6.5). These cells get incorporated into the mesoderm and 

the definitive endoderm. In the gastrulating embryo, anterior structures are generated first 

and subsequently trunk and tail tissues arise sequentially. 

Growth of the AP-axis of an embryo during development is controlled via multiple 

processes. Cell division, convergent extension and posterior addition of tissue contribute to 

the elongation of the embryonic AP-axis. During convergent extension, lateral cells become 

polarised, migrate towards the dorsal midline and undergo rearrangements. This results in a 

narrower and longer axis (Wallingford et al., 2002). embryos affected in convergent extension 

can be recognized often as being shorter and broader then wildtype siblings. During posterior 

axial extension tissues are added by a subset of progenitors located in the primitive streak and 

adjacent epiblast, that constitutes a posterior growth zone. The corresponding region at later 

stages is called the tailbud.

Progenitor populations in the murine primitive streak and adjacent 
tissues 
The primitive streak contains several different progenitor populations for axial tissue (Tam and 

beddington, 1987. lawson et al, 1991). The node marks the most anterior border of the primitive 

streak, which extends caudally to the allantois (Wilson and Beddington, 1996). The ventral 

part of de node generates the notochord (axial mesoderm) and dorsal hindgut endoderm 

(Wilson and beddington, 1996). The posterior part of the node and the most anterior part of 

the primitive streak contributes to the somites (paraxial mesoderm) and the neural tube. This 

region is called ‘the node-streak border” and was shown to contain neural and mesodermal 

progenitors (Cambray and Wilson, 2002, 2007). Retrospective clonal analysis recently 

demonstrated the existence of bipotent neuromesodermal progenitors in the posterior part 

of the embryo at early somites stages (Tzouanacou et al., 2009) At e8.5, progenitors for the 

paraxial mesoderm are located in the anterior two-third of the primitive streak (Wilson and 

beddington, 1996. lawson et al, 1991). In this region, more anterior cells give rise to more medial 

tissue, while more posterior located cells generate more dorso-lateral tissue of the paraxial 

mesoderm. The posterior third of the streak is composed of progenitors for lateral and ventral 

mesoderm. The ectoderm flanking the anterior primitive streak does not ingress and gives 

rise to neurectoderm. At e7.5, the most posterior progenitors are those for the primordial 

germ cells and extra-embryonic mesoderm, while at e8.5 the progenitors for the latter are not 

present anymore (Wilson and Beddington, 1996. Tam and Beddington, 1987). 

Pathways controlling posterior axial extension
Since posterior axial extension is a highly conserved phenomenon, it is not surprising that many 

of the genes and networks involved in this process are the same in different vertebrate species. 

mutations in these genes or their regulators can lead to mild or severe posterior truncations. 
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Fig.	1: Prospective fate map for the murine primitive streak at e8.5. The upper half of the figure represents the 
future fate of progenitor cells in the ectoderm and the lower half of the figure those for the mesoderm. Ne: 
neurectoderm, Se: surface ectoderm, AX: axial mesoderm, Pm: paraxial mesoderm, lPm: lateral plate mesoderm. 
(Adapted from Wilson and Beddington, 1996)

Brachyury, or T, encodes a transcription factor and is transiently expressed in nascent 

mesoderm formed in the primitive streak. In addition, it is strongly and stably expressed in 

the notochord. expression of TBrachyury remains strong in the posterior part of the embryo 

throughout posterior axial extension (Satoh and Jeffery, 1995). TBrachyury is crucial for mesoderm 

formation and its misexpression in ectoderm results in mesoderm induction in Xenopus (Tada 

and Smith, 2001). Knock-out of TBrachyury is semi-dominant since heterozygous TBrachyury 

mutant mice have a shorter tail. TBrachyury is essential for the extraembryonic mesoderm of 

the allantois, the precursor of the placental labyrinth and umbilical cord. TBrachyury loss of 

function results in premature embryonic death at e10.5. mutants lack a notochord and fail to 

develop mesoderm posterior to somite eight. TBrachyury strongly interacts with members 

of the Wnt pathway. Wnt genes encode secreted signaling glycoproteins and have long been 

known to be involved in posterior axial extension. The first Wnt to be expressed in the posterior 

part of the embryo is Wnt3. Wnt3 mutant embryos do not form a primitive streak, node or 

mesoderm (liu et al., 1999). Although Wnt3 mutants do define an AP axis, they do not elongate 

it. Wnt3 is required for initiation of TBrachyury expression (Rivera-Pérez and magnuson, 2005). 

Brachyury stimulates the expression of another Wnt expressed in the primitive streak and the 

tailbud, Wnt3a (martin and Kimelman, 2008). Wnt3a and TBrachyury function in a positive 

feedback loop and Wnt3a is responsible for maintenance of TBrachyury expression. Wnt3a 

mutants are severely truncated. The level of the axial truncation is variable and depends on 

the mouse genetic background. The most severely affected animals do not extend their axis 

beyond the forelimb-bud (Takada et al., 1994). mutations in Wnt signaling effectors like Lef1 

and Tcf1 lead, when combined, to similar defects in posterior axial extension as the loss of 

Wnt3a (Galceran et al, 1999).

Wnt3a regulates posterior expression of Wnt5a. Wnt5a mutants have truncated AP axis and 

limbs (Yamaguchi et al., 1999). Although Wnt5a is commonly involved in non-canonical Wnt 

signaling, or planar cell polarity, it has also been found to activate the canonical Wnt pathway 

(Umbhauer et al, 2000). Null mutations in the gene coding for β-catenin, a crucial component 

of the canonical Wnt pathway, result in embryonic death before gastrulation. Conditional 

deletion of β-catenin in the primitive streak at e7.5 leads to a severe axial truncation. In these 
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embryos, expression of Fgf8 is nearly absent from the posterior part of the embryo (Dunty et 

al., 2008). fgfs are secreted polypeptides and fgf signaling plays an important role in posterior 

axial extension. A wide range of Fgfs is expressed in the posterior part of the embryo, of which 

Fgf4 and Fgf8 seem to play the major role in posterior axial extension. The role of Fgf4 or Fgf8 

in posterior axial extension can not be studied easily since this process does not take place in 

null mutants for these genes. Fgf4 null mutant embryos die shortly after implantation due to 

impaired proliferation of the inner cell mass (feldman et al., 1995). In Fgf8 null mutant embryos, 

primitive streak cells undergo epithelial to mesenchymal transition but then fail to move away 

from the streak (Sun et al., 1999). loss of fgfr1, the main receptor for fgf8, results in growth 

retardation and embryonic death during gastrulation. In addition, mesodermal cells initially 

migrate away from the primitive streak normally, but at later stages this migration is impaired 

(Deng et al., 1994, Yamaguchi et al., 1994). Conditional deletion of both Fgf4 and Fgf8 in the 

expression domain of TBrachyury, using a T-Cre, results in a complete loss of expression of fgf 

target genes. These Fgf4/Fgf8 conditional double mutants form abnormal, small somites and 

are truncated from the level of the fore limb bud (Naiche et al., 2011). Conditional loss of Fgfr1 

leads to a similar but milder phenotype (Wahl et al., 2007).

Fig.	 2: Graded distribution of fGf, RA and Wnt during posterior axial extension and patterning. Schematic 
representation of a dorsal view of an e8.5 mouse embryo, showing the distribution of signaling molecules along 
the AP-axis. RA is synthesized in the somites by Rald2 and diffuses anteriorly and posteriorly (blue arrowhead). RA 
degradation is depicted by a red arrow. The occipital and trunk somites are purple and pink, respectively. fGf and 
Wnt are expressed highest around the node (orange) and form a complementary gradient (orange arrowhead) to 
RA. from orange to yellow: decreasing concentrations of fGf and Wnt. Ov: otic vesicle.
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Retinoic acid (RA), a derivative of vitamin A, is essential for developmental processes such as 

cell differentiation and pattern formation. excess RA in embryos leads to severe develepmental 

defects, such as axial truncations and posterior homeotic transformations (Padmanabhan, 

1998). RA is synthesized in the somites by Raldh2. Raldh2 deficient embryos develop only 10 

to 12 somites and are thus posteriorly truncated. The primitive streak seems to be unaffected 

at early stages, since expression of both Fgf8 and TBrachyury is normal (Niederreither et al., 

1999). excess RA, administered to the embryos via the food of the mother, leads to posterior 

embryonic truncations and downregulation of Wnt3a and T expression. embryonic RA is actively 

catabolised in the posterior progenitor region by Cyp26A1, a member of the cytochrome P450 

subfamily. The phenotype of Cyp26A1 null mutants is reminiscent of that observed in embryos 

developing in the presence of excess RA (Iulianella et al., 1999, White et al., 1996). RA signals by 

binding to nuclear receptors (RARs). RARs form heterodimers with retinoid X receptor (RXR). 

These dimers regulate gene expression by binding to RA responsive elements (RARe) located 

in the regulatory regions of target genes. fgf and Wnt signaling antagonise signaling by RA and 

function in negative feedback loops. fgf8 induces Cyp26A1 expression posteriorly (Wahl et al., 

2007) and RA signaling represses expression of Fgf8 (Vermot et al., 2005, Sirbu and Duester, 

2006). excess RA or loss of Cyp26A1 results in a downregulation of Wnt3a expression (Iulianella 

et al., 1999, Abu-Abed et al., 2001). 

The homeodomain transcription factors Cdx control posterior axial extension. This is 

further described in the next section. The mouse contains three Caudal related homeobox 

genes which are orthologues of Drosophila Caudal : Cdx1, Cdx2 and Cdx4. The Cdx genes are 

related to Hox genes and belong to the ParaHox genes. Both the Hox and ParaHox clusters are 

originally derived from the same ProtoHox cluster (Brooke et al., 1998). Cdx1 and Cdx4 were 

shown to be targets of the Wnt pathway, as illustrated by the downregulation of both genes 

in Wnt3a mutants (Pilon et al., 2006, Ikeya and Takada, 2001, lickert et al, 2000). Cdx1 is also 

responsive to RA and its regulatory region contains functional RARes (reviewed by Deschamps 

and van Nes, 2005).

The role of Cdx genes in murine development
The expression of Cdx1 is initiated at e7.2 in the ectodermal and mesodermal cells of the posterior 

primitive streak. The most anterior extent of Cdx1 expression reaches the boundary between 

rhombomere 6 and 7 at e8.0 (meyer and Gruss, 1993, Sturgeon et al, 2011). Cdx1 is expressed in 

the neural tube, somites and the posterior progenitor region till e12.0 (Subramanian et al, 1997). 

later on and in adults, Cdx1 expression can be detected throughout adulthood in the intestinal 

epithelium (Duprey et al, 1988, meyer and Gruss, 1993, Subramanian et al., 1997). mild anterior 

homeotic transformations accompanied by a posterior shift in expression of Hox genes, are 

characteristic for loss of function mutations in Cdx1. The transformations can be detected at 

axial levels between the upper cervical and the first lumbar vertebrae. The same phenotype is 

observed in the heterozygous mutant for Cdx1, but with a lower frequency (Subramanian et al., 

1995, Van den Akker et al., 2002). 

Cdx2 is the first Cdx gene to be expressed in embryonic development, since it is expressed 

at e3.5 in the trophectoderm. At e7.5, Cdx2 is expressed in the allantoic bud, the chorion, 

the primitive streak, the posterior neural tube and the presomitic mesoderm. Cdx2 remains 

expressed in the posterior part of the embryos untill e12.5. After e12.5 and in adults Cdx2 is 
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expressed in the intestinal epithelium. In that tissue the highest level of Cdx2 expression can 

be detected around the caecum, decreasing in posterior and anterior direction. Cdx2 is not 

expressed anteriorly to the foregut-midgut junction (Beck et al, 1995). expression of Cdx2 

in the throphectoderm at e3.5 is required for throphectoderm function, thus for blastocyst 

implantation into the uterus wall at e4.5 (Beck et al., 1995, Strumpf et al., 2005, Niwa et al, 2005, 

Jedrusik et al, 2008). Consequently, homozygous Cdx2 mutants die at the peri-implantation 

stage. The implantation defect can be bypassed by tetraploid rescue, in which Cdx2-/- eS cells are 

combined with wildtype tetraploid morulae. embryos obtained by this rescue implant but die at 

e10.5, due to a failure of allantois development and outgrowth. At this stage, embryos become 

dependent on the formation of a correct placental labyrinth, providing exchange of nutrients 

and gases between fetus and the mother. Homozygous Cdx2 mutants obtained by tetraploid 

rescue are severely truncated in all three germlayers posteriorly to the forelimb bud, and only 

form between 15 and 17 somites. The first five somites develop normally but subsequent somites 

are irregular and smaller. At posterior levels the neural tube is often irregularly shaped. The last 

formed somites lie close to the posterior tip of the embryo, with no unsegmented paraxial 

mesoderm remaining (Chawengsakophak et al., 2004). Heterozygous Cdx2 mutants are viable 

Fig.	 3: Schematic representation of the Hox and ParaHox cluster evolution. Cis-duplication of an ancestral 
protohox cluster results in a mega-cluster. This mega-cluster is cleaved (blue arrow), giving rise to a primordial 
Hox and Parahox cluster. further Cis-duplications, whole genome duplications and evolution led to the current 
Hox and Parahox clusters in mouse. Ancestors and their descendants are depicted in different colors; Green: 
anterior, Red: central, Yellow: posterior. Black arrows indicate transcriptional direction (Adapted from Garcia-
fernandez, 2005 and Young and Deschamps, 2009). 

Introduction Fig. 3
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and fertile and sometimes have a shorter and kinky tail. Skeletal analysis revealed anterior 

homeotic transformations at the cervical and thoracic level (Chawengsakophak et al., 1997, Van 

den Akker et al., 2002). Additionally, Cdx2+/- adult mice develop multiple adenomatous polyps 

mostly in the paracecal area. The polyps were demonstrated to have lost heterozygosity and to 

consist partially of keratinized stratified squamous epithelium, reminiscent of the epithelium of 

the oesophagus and the foregut (Chawengsaksophak et al, 1997). ectopic expression of Cdx2 

in the gastric epithelium results in intestinal-type cells, that express intestinal markers (mutoh  

et al, 2002, Silberg et al, 2002).

Cdx4, which is X-linked, is first expressed at e7.2 in the allantoic bud and the posterior 

part of the primitive streak. At e8.5, Cdx4 is expressed in tissues posterior to the last formed 

somite in the three germ layers. Cdx4 remains posteriorly expressed until it is downregulated 

around e10.5 (Gamer and Wright, 1993, Gaunt et al, 2005). Cdx4 homozygous mutants are viable 

and fertile, only showing a anterior transformation of vertebra 15, with a very low penetrance 

(Van Nes et al, 2005).

Cdx genes were shown to be functionally redundant in both posterior axial extension and 

patterning. This is illustrated by the increase in anterior homeotic transformations in Cdx1-/-

Cdx2+/-, compared to either Cdx1-/- or Cdx2+/- animals. Cdx1-/-Cdx2+/- mice also exhibit a more 

severe axial truncation than visible in Cdx2+/- mice. The extent of the AP axis of Cdx1-/-, Cdx4-/- 

and Cdx1-/-Cdx4-/- mice does not differ in length from that of wildtype mice (Van den Akker et al, 

2002). However, Cdx4 inactivation combined with heterozygosity for Cdx2 results in a severe 

posterior truncation from the sacral level. most Cdx2+/-Cdx4-/- embryos are growth retarded at 

e10.5 and die around that stage due to chorioallantoic placental failure. In some Cdx2+/-Cdx4-/- 

embryos the allantois has a sufficient length to touch the chorion but fails to fuse to it. most 

Cdx2+/-Cdx4-/- embryos do undergo successful chorio-allantoic fusion and initiate formation 

of the allantoic vascular system but subsequently, allantoic vessel branching fails to take place 

in the labyrinth. There is clearly a variation in the severity of these defects since a small subset 

(~10%) of Cdx2+/-Cdx4-/- embryos does survive untill birth (Van Nes et al, 2005).

The evolutionary and functional relationship between Cdx and 
Hox genes
Cdx and Hox genes originate from the same ancestral ProtoHox cluster and are thus closely 

related. The initial ProtoHox cluster might have contained 2, 3 or even 4 genes (Brooke et al, 

1998, Gauchat et al., 2000, Quinquand et al, 2009). Work by Brooke and colleagues (Brooke 

et al., 1998) suggests an early duplication of the ancestral cluster. One of the two resulting 

“ancestral twin” clusters would then have given rise to the Hox cluster and the other to the 

ParaHox cluster. An alternative model suggests cis-duplication of the ProtoHox cluster 

resulting in one mega-cluster (Garcia-fernandez, 2005, Quinquand et al, 2009). The mega-

cluster would contain both a primordial ParaHox and a primordial Hox cluster. This mega-

cluster would later have been cleaved resulting in two separated clusters, subsequently 

evolving independently. The primordial Hox cluster would have contained two ancestors for 

the anterior Hox genes (Paralogous Group (PG) 1-3), one for the central Hox genes (PG4-8) 

and one for the posterior Hox genes (PG9-13). The additional paralogous groups would have 

been created by cis-duplications. Two rounds of whole genome duplications in vertebrates 

would have given rise to the four Hox clusters present in the mouse. The primordial ParaHox 
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cluster would have evolved, in a similar way as the Hox cluster. The anterior genes on the initial 

ParaHox cluster would have given rise to the Gsx and Pdx genes. The Cdx genes would originate 

from the posterior ancestor. The central ancestor would have been lost in the ParaHox cluster. 

After the two genome duplications, the ParaHox clusters would have disintegrated over time, 

leaving a cluster containing three or four genes and isolated genes (Garcia-fernandez, 2005, 

Quinquand et al, 2009, Brooke et al, 1998).

Not only do Hox and Cdx genes share common ancestry, they are also closely related in 

function (Reviewed by Young and Deschamps, 2009, mallo et al, 2010). like the Hox genes, 

Cdx genes are involved in axial patterning. Hox genes are expressed sequentially in time from 

3’ to 5’ according to their location on their cluster. This is called “temporal colinearity”. The first 

Hox genes start being expressed around e7.2, while more 5’ Hox genes start being expressed 

progressively later in development. In addition, the expression boundary of 3’ Hox genes is 

more anterior than that of more 5’ Hox genes, a phenomenon called “spatial colinearity”. 

The most obvious phenotypical consequences of Hox mutations are homeotic transformations 

of the vertebrae. mutations in 3’ Hox genes lead to vertebral transformations at more anterior 

levels along the AP-axis and mutations in increasingly more 5’ genes leads to homeotic 

transformations at levels progressively more posterior (Reviewed by Wellik, 2009). for example, 

inactivation of Hoxa4 leads to anterior homeotic transformations of cervical vertebrae 2 and 3 

(Horan et al., 1994). mutants for Hoxc8 show anterior homeotic transformations of the first 

lumbar vertebra (le mouellic et al, 1992). Combining mutations for Hox genes of the same 

paralogous group most often results in a wider range of homeotic transformations and a higher 

penetrance of the phenotype (Condie and Carpecchi, 1994, Horan et al, 1995). 

Cdx genes also play an important role in posterior axial extension in addition to patterning 

the AP-axis. It was only recently discovered that Hox genes are also involved in this process 

(Young et al., 2009 and Chapter 2). 

Outline of this thesis
Caudal related homeobox (Cdx) genes encode homeobox containing transcription factors 

that play an important role in posterior axial extension. Hox and Cdx genes descend from the 

same ProtoHox ancestors. Cdx proteins can regulate the expression of Hox genes, which have 

descended from the same ancestors. The questions addressed in this thesis are the following: 

How do Cdx genes influence posterior axial extension? Do they affect the pathways controlling 

this process? Are Hox genes also involved in posterior axial extension? These questions are 

addressed in chapter 2. We show that Cdx genes are maintaining axial elongation by stimulating 

the Wnt pathway in the posterior growth zone, that central Hox genes have the capacity to 

promote posterior axial extension, and that Hox PG13 genes would arrest this process. The three 

mouse Cdx genes are, at least partially functionally redundant in murine development. The 

conditional knockout allele of Cdx2, previously created in our group (Young, 2009), enables us 

to combine mutations for all three Cdx genes and study their function during early embryonic 

development in the triple mutants. This is presented in chapter 3. Chapter 4 describes the role of 

Cdx and Hox genes, and Wnt signaling in the morphogenesis of the caudal neural tube and the 

cloacal derivatives. The data show that the Cdx genes exert their crucial function in the tissue 

progenitors of these structures in the posterior growth zone at early stages of development. 

finally, chapter 5 summarises this work and discuss the remaining questions.



“learn from the mistakes of others. You can’t 

live long enough to make them all yourself.”

Eleanor Roosevelt 
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SUmmARY
Hox and Cdx transcription factors regulate embryonic positional identities. Cdx mutant 

mice display posterior body truncations of the axial skeleton, neuraxis, and caudal uro-rectal 

structures. We show that trunk Hox genes stimulate axial extension as they can largely rescue 

these Cdx mutant phenotypes. Conversely, posterior (paralog group 13) Hox genes can 

prematurely arrest posterior axial growth when precociously expressed. Our data suggest that 

the transition from trunk to tail Hox gene expression successively regulates construction and 

termination of axial structures in the mouse embryo. Thus, Hox genes seem to differentially 

orchestrate posterior expansion of embryonic tissues during axial morphogenesis as an integral 

part of their function in specifying head-to-tail identity. In addition, we present evidence that 

Cdx and Hox transcription factors exert these effects by controlling Wnt signaling. Concomitant 

regulation of Cyp26a1 expression, restraining retinoic acid signaling away from the posterior 

growth zone, may likewise play a role in timing the trunk-tail transition.
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INTRODUCTION
The Hox and ParaHox gene families are believed to be derived from a common ProtoHox 

gene cluster that existed before the cnidarian and bilaterian clades diverged from each 

other (Chourrout et al., 2006; Garcia-fernandez, 2005). This archetype Hox cluster acquired 

additional genes in cis, and it was duplicated twice as part of the genome-wide duplications in 

vertebrates. In contrast, the ancestral ParaHox cluster apparently never acquired more than 

three or four members. One of these is the Caudal-related gene Cad or Cdx. Sequence analysis 

supports the view that vertebrate gene duplications of the ParaHox cluster together with gene 

loss have resulted in a single remaining mammalian ParaHox cluster carrying Cdx2, and two 

isolated Cdx genes on different chromosomes  named Cdx1 and Cdx4 (ferrier et al., 2005). 

The mouse genome thus has three paralogous Cdx genes that are believed to correspond to 

a non-anterior ancestral Hox gene (Chourrout et al., 2006). 

It is widely accepted that Hox genes regulate anteroposterior specification in bilaterians 

(reviewed by (Holland and Garcia-fernandez, 1996; Kmita and Duboule, 2003; mcGinnis and 

Krumlauf, 1992). In addition, Cdx genes are required to correctly pattern the head-to tail axis. 

Caudal was shown to be a posterior homeotic gene in flies (moreno and morata, 1999). mouse 

Cdx genes modulate antero-posterior vertebral patterning, at least in part by regulating the 

expression of particular Hox genes (Subramanian et al., 1995; van den Akker et al., 2002). Analyses 

in Xenopus laevis and chicken embryos have shown that Cdx gene products act downstream 

of fgf signaling to regulate 5’Hox genes in the posterior part of the embryo (Bel-Vialar et al., 

2002; Isaacs et al., 1998; Pownall et al., 1998) during establishment of anteroposterior identity. 

most of the work on Hox and Cdx genes during axial development has focused on analyzing 

the role of these genes in antero posterior patterning of nascent tissues. more recently, Cdx 

genes have been found to be essential to posterior tissue expansion during embryogenesis in 

mice (Chawengsaksophak et al., 2004; van den Akker et al., 2002), and in zebrafish (Davidson 

and Zon, 2006; Shimizu et al., 2005).

mutations causing loss of Hox function have not been found so far to cause posterior axial 

truncations, in spite of the common ancestral origin and the similarity in early expression of 

Cdx and Hox genes. We now provide experimental evidence that gain of function of Hox genes 

belonging to the “central” group significantly rescues the truncation of the posterior axis in Cdx 

mutants, and thus stimulate trunk tissue expansion during posterior axial growth. Strikingly,  

a Hox gene of the most 5’paralogy group, Hoxb13, had been shown to inhibit axial extension since 

its loss of function caused an overgrowth of caudal spinal cord and tail vertebrae (economides 

et al., 2003). We show here that precocious expression of paralog group 13 (PG13) Hox genes 

arrests the posterior addition of tissues prematurely. We propose that the time-dependent 

balance between the expression of Cdx and trunk Hox genes on one hand, and late expressed 

posteriormost Hox genes on the other hand, are essential to successively promote and arrest 

axial elongation. The Hox genes therefore would integrate the processes of tissue generation 

and AP patterning, ensuring coordinated axial morphogenesis. We also present evidence that 

posterior activation of the canonical Wnt signaling pathway in the Cdx mutants rescues their 

axial truncation, suggesting that Cdx transcription factors are maintaining active posterior Wnt 

signaling needed to sustain tissue generation during trunk axial extension. Cdx and trunk Hox 

genes would also insure posterior RA clearance in the “posterior growth zone” (term adopted 
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from the terminology used in short and intermediate germ band animals, (Copf et al., 2004)), 

during trunk elongation, possibly contributing to ensure the maintenance of tissue expansion 

from the posterior progenitors.

ReSUlTS
Hox and Cdx genes are expressed in progenitor areas for the trunk 
and tail
During mouse embryogenesis, Hox genes are first transcribed in a sequential manner in and 

along the primitive streak and node region at the late primitive streak stage (Deschamps and 

van Nes, 2005; forlani et al., 2003). These areas contain the progenitors of the future trunk 

axial and paraxial tissues in the three germ layers (endoderm: (Tam et al., 2007); mesoderm 

and neurectoderm: (Cambray and Wilson, 2007; Kinder et al., 1999; Tam and Beddington, 

1987). like Hox genes, Cdx genes are first expressed in the primitive streak at the late streak 

stage (Deschamps and van Nes, 2005). This expression in progenitor regions that contribute 

descendants during body axis extension is maintained at later stages as the embryo generates 

its trunk and tail tissues from the older primitive streak, and later the tailbud (figure S1A). 

Cdx partial loss of function leads to a premature arrest of 
the generation of nascent mesoderm and neurectoderm, and of 
endoderm expansion
Single or combined inactivation of Cdx1 and Cdx4 does not compromise axial elongation 

(Subramanian et al., 1995; van Nes et al., 2006). Cdx2 null embryos do not implant due to 

trophectoderm defects (Chawengsaksophak et al., 1997; Niwa et al., 2005) but tetraploid 

rescue bypasses this early block and generates embryos with severe posterior axial truncations 

(Chawengsaksophak et al., 2004). Cdx2 heterozygotes miss the very last tail vertebrae 

(Chawengsaksophak et al., 1997). When introduced in the Cdx4 null background, Cdx2 

heterozygosity led to a strong increase in the severity of the premature arrest of axial extension 

of Cdx2 heterozygotes (figure S1 B). The Cdx2+/-/Cdx4-/- embryos (from now on referred to as 

Cdx2/4 mutants) were axially severely compromised (13 out of 13, Tables S1 and S2). In addition, 

most of them died around e10.5 due to deficiencies in the placental labyrinth, the vascular 

part of which derives from posterior mesoderm expressing Cdx genes at earlier stages (van 

Nes et al., 2006). examination of the Cdx2/4 mutant embryos at e9.5 revealed deficiencies 

in posterior axial and paraxial tissues (figure 1A-B). At e15.5, the surviving mutants were 

developmentally retarded and their axial skeleton was truncated at sacro-caudal levels (figure 

1 C-e). Prevertebrae in the Cdx2/4 mutants appeared thinner from lumbar levels onwards, and 

vertebral fusions and dysmorphologies were observed, mostly at lumbar and sacral levels (not 

shown in detail here). In addition, homeotic-like anterior transformations were detected at the 

thoraco-lumbar transition (Table S1). Using mutant alleles for the three Cdx genes, we found 

that Cdx2 is the main player in ensuring completion and patterning of the posteriorly extending 

embryonic axis (figure S1 B, and data not shown). 

The first manifestation of the axial phenotype of Cdx2/4 mutants is a decrease in size of the 

posterior embryonic region, including the presomitic mesoderm (PSm) compared with that in 
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Fig.	 1: Phenotype and gene expression in 
the posterior region of Cdx mutant and 
wild type (Wt) embryos.	 A+B Photograph 
of whole mounts (insert) and posterior 
parts of a e9.0 (20 somite) Wt (A) and 
a Cdx2/4 (B) embryo. Arrows point to 
the last formed full size somite. C-E 
skeletal preparations of e15.5 Wt, Cdx2+/- 
(Cdx2het) and Cdx2+/-/Cdx4-/- (Cdx2/4) 
mutant embryos. F-M Whole mount in 
situ hybridization of e8.5 Wt and Cdx2/4 
mutant embryos with Tbx6 (f and G), and 
of e10.5 Wt and Cdx2/4 mutant embryos 
with Mesp2 (H and I), Hes7 (J and K), and 
Uncx4.1 (l and m). Anterior is to the top in 
C-e, and to the right for f-m. Scale bar is 
0.25 mm in A and B, 1.5 mm in C to e, and 
0.5 mm in f to m.
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age-matched wildtype (Wt) littermates. This is first apparent in mutant embryos at the 7 to 9 

somite-stage, a stage when the PSm corresponds to presumptive lower cervical prevertebrae. 

Observation and size measurement of freshly isolated embryos (figure S1 C, D), and detection 

of transcripts of genes expressed in the PSm (Tbx6 (Chapman et al., 1996)) and in segmenting 

mesoderm (Mesp2 (Saga et al., 1997); Hes7 (Bessho et al., 2001); and UncX4.1 (Rovescalli 

et al., 1996)) (figure  1A, B and f-m) confirmed that the posterior embryonic part is shortened 

in mutant embryos and that the last formed somite is located closer to the distal tip of the axis. 

These observations point to a slowing down of tissue generation in the three germ layers, and 

an imbalance between the generation of mesoderm and continuing somitogenesis in mutant 

embryos. The decrease in tissue production became more severe with time, eventually leading 

to exhaustion of the PSm shortly after e10.5.

The impaired posterior elongation in Cdx mutants also affected the caudal hindgut 

endoderm. Rectal agenesis was observed in mutant embryos at e15.5, leading to enlarged 

fluid filled bladder and hindgut in fetuses and newborns (an example is shown in figure 3 e). 

No massive cell death occurred in Cdx2/4 embryos at e8.5 and at e9.5 when the posterior 

truncation phenotype was already evident (figure S3 D and data not shown). 

Trunk Hox genes rescue posterior truncation defects in Cdx mutants
Given the evolutionary relatedness of Cdx and Hox genes, and the similarities of their early 

expression in the posterior part of the embryo at the site of axial extension, we tested if Hox 

genes are also involved in tissue expansion during body axis elongation. Cdx genes regulate at 

least some of the Hox genes, such as Hoxa5 and Hoxb8 (Charite et al., 1998; Gaunt et al., 2008; 

Subramanian et al., 1995; Tabaries et al., 2005). This suggests that Hox genes might be targets 

and mediators of Cdx function.

We tested Hoxb8 and Hoxa5, which are regulated by Cdx proteins via Cdx binding sites 

in their regulatory region (Charite et al., 1998; Tabaries et al., 2005) (figure S2 A), for their 

potential to rescue the posterior axis truncation of Cdx2/4 mutant embryos. These trunk Hox 

genes belong to the “central” group of Hox genes (Ogishima and Tanaka, 2007). We expressed 

these genes within the Cdx2 spatio-temporal window using a Cdx2 promoter fragment which 

recapitulates the embryonic expression pattern of the gene in the posterior structures 

(Benahmed et al., 2008). embryos from the transgenic lines expressed the Hox transgenes in a 

domain and at a level similar to endogenous Cdx2, in addition to their endogenous expression 

(figure 2 A-D and G). Newborn Cdx2PHoxa5 and Cdx2PHoxb8 transgenic mice in the wild 

type background exhibited no axial extension abnormalities (data not shown). In the Cdx2/4 

mutant background, gain of Hoxb8 expression from the transgene compensated for the loss 

of Cdx alleles and significantly restored the axial skeleton morphology of the trunk and tail in 

17 out of 17 cases (figure 3 A-K, Table 1, and Table S2 with details on the extent of the rescue 

in 7 of the Cdx mutants by Hoxb8). The placental deficiency which causes in utero lethality 

of many Cdx2/4 mutants (van Nes et al., 2006) was also rescued by the Hoxb8 transgene. 

This was indicated by a significantly higher number of animals born with the Cdx2/4 mutant 

genotype that carry the Hoxb8 transgene, compared with Cdx2/4 mutants (Table S3), and by 

histological analysis of the placental labyrinth of the Hoxb8 transgenic Cdx2/4 mutants at e10.5 

(not shown). Analysis of mutant and rescued animals at postnatal day 2 (P2) showed that the 

uro-rectal function was restored as well in most cases (15 out of 17) (figure 3f versus e, and data 
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not shown; Table S3). Hoxa5 was also able to rescue the posterior truncation of Cdx mutants, 

although to a lesser extent than Hoxb8 (figure S2 B, Table 1, and Table S2 documenting rescue 

of 4 out of 7 Cdx mutants by Hoxa5). Thus at least two central or trunk Hox genes (members 

of different paralogy groups) can compensate for Cdx deficiency in posterior axial elongation.

These data reveal the capacity of Hox genes to correct Cdx deficiency in the generation 

and expansion of posterior axial tissues. The Hox transgenes did not act by upregulating the 

intact Cdx2 allele in the Cdx2/4 mutants (figure S2 C and data not shown). Trunk Hox genes 

rescue the posterior truncation seen in Cdx2/4 mutants either by virtue of their acting 

downstream of Cdx genes, or by acting in concert with Cdx genes. In any case, Hoxb8 does not 

seem to transcriptionally activate the Cdx downstream program, since a lacZ reporter driven 

by a promoter containing a series of functional Cdx binding sites (Charite et al., 1998) did not 

respond to the rescuing Hoxb8 transgene in Cdx2/4 mutant embryos (figure S2 D).

This work thus provides evidence that Hox genes have the capacity to control both the 

generation of well-organized new axial tissue in the three germ layers, as well as to provide it 

with AP positional instruction. The rescue of Cdx2/4 axial truncations by the Hoxb8 or Hoxa5 

transgenes is not complete (see above), but considering the extent of improvements brought 

about by a single of the 39 Hox gene family members, expressed in a physiological range  

(figure 2), the case for considering the Hox genes as regulators of posterior axial tissue 

expansion is quite compelling.

Fig.		2:  expression of the Cdx2P-driven Hox 
–expressing transgenes in embryos. A-F	
expression of Hoxb8, Hoxa5 and Hoxb13 in 
wild type (A, C, e) and in Hox-expressing 
transgenic embryos (B, D, f) at e9.5. Shown 
here are embryos from the one among the 
transgenic lines made for each construct, 
which has been used the most in the 
functional experiments. G, expression of 
Cdx2 in an e9.5 Wt embryo. Anterior is to the 
left. Scale bar is 0.5 mm.
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Fig.	 3: Rescue of posterior axial extension 
and of uro-rectal abnormalities in 
Cdx mutant embryos and newborns 
expressing transgenic Hoxb8. A-C Skeletal 
preparations of the sacro-caudal region of 
a Wt (A), Cdx2/4 (B), and Cdx2/4 carrying 
the Hoxb8 expressing transgene (C). 
D-F, external lateral view of the posterior 
body of a P2 Wt (D), Cdx2/4 mutant (e), 
and Cdx2/4 mutant carrying the Hoxb8 
transgene; note the dilated bladder/gut 
visible on the ventral side of the mutant pup 
in e. but not in D and f; also note the longer 
tail of the rescued mutant in f versus e). G-J 
Skeletal preparations of the sacro-caudal 
region of a P2 Wt (G), a Cdx2/4 mutant (H), 
and two different Cdx2/4 mutants carrying 
the Hoxb8 transgene (I and J). K Graph 
showing the posterior vertebral counts of 
Cdx mutant and rescued animals at P2, and 
the statistical significance of the Hoxb8 
and Hoxa5 rescue of the Cdx2/4 truncation 
phenotype. Anterior is to the top for A-C 
and G-J, and to the left for D-f. error bars in 
K represent the standard deviation. n=7 for 
each genotype. P values are indicated in the 
graph. Scale bar is 1 mm for A-C, 5 mm for 
D-f, and 2 mm for G-J.
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Paralog 13 Hox genes prematurely arrest axial extension when 
precociously expressed in Wt embryos
Hoxb13 is unique among the 39 mouse Hox genes in that its loss of function results in a 

phenotype with a longer axis (economides et al., 2003), suggesting that this latter Hox gene 

functions differently from central Hoxa5 and Hoxb8 during axial extension. To look further into 

this difference, we wanted to compare the effect of Hoxb13 and other paralogy group (PG) 13 

Hox genes with the effect of central Hox genes on the Cdx2/4 truncated mutants, in conditions 

where they are expressed in the same Cdx2 spatio-temporal window. loss of function mutations 

in Hoxa13, Hoxc13 and Hoxd13, do not affect the elongation of the vertebral and neural axis 

(Dolle et al., 1993; fromental-Ramain et al., 1996). PG 13 Hox genes are expressed after  

e10.0 –e10.5 in embryonic axial tissues that form caudally to the presumptive trunk/tail 

transition (figure S3 A). This time point is at the end of the window of the Cdx2/4 mutant 

truncation phenotype (see figure 6 G). This means that PG13 Hox genes are normally not 

involved in axial extension of the trunk. We reasoned that they might be involved in slowing 

down axial extension after the trunk-tail transition.

We designed transgenic constructs precociously expressing a Hoxa13 cDNA in the posterior 

growth zone of the embryo using the Cdx2 (Benahmed et al., 2008) and the T Brachyury 

(Clements et al., 1996) promoters. No founder mouse expressing any of the transgenes 

survived to term. Strikingly, transgenic embryos at e10.5 were truncated in a way similar to 

the Cdx2/4 loss of function mutants (figure 4 A-D). Transgenic mice expressing Hoxc13 

precociously from either the PSm-restricted Dll1 promoter (Beckers et al., 2000), or from the 

posterior encompassing Cdx2 promoter described above were generated but died at birth. 

Skeletal analysis of Dll1PHoxc13 and Cdx2PHoxc13 e18.5 fetuses revealed that they miss most 

caudal vertebrae, have thinner, irregular and partially fused sacral vertebrae, and sometimes 

abnormalities at lumbar levels (figure 4 e-G). expression of Hoxb13 from the Cdx2 promoter 

was compatible with survival of the transgenic animals. Hemizygous Cdx2PHoxb13 animals 

did not exhibit posterior truncations except when carrying the Cdx4 null mutation as well 

(Table S2). Homozygous transgenic Hoxb13 mice had a shorter tail (fig. 4 H). The phenotypes 

of all these Hox13 gain of function mice were reminiscent of the posterior defects of Cdx2/4 

mutants. In addition, one of the Hoxb13 transgenic founders, and the only Hoxc13 founder 

that survived after birth, both succumbed after a few weeks and were found to exhibit hindgut 

and bladder abnormalities of the type discovered in Cdx2/4 mutants (not shown). Given this 

similarity between the phenotype of loss of Cdx and precocious gain of PG13 Hox functions, 

we tested whether the expression of PG13 Hox gene is not precociously activated in Cdx2/4 

mutants. like in wild types, no expression of any PG13 Hox gene was detected in Cdx2/4 mutants 

at e9.5/e10.0 (figure S3 B), revealing that the mechanism of action of Cdx gene products is not 

mediated by inhibiting PG13 Hox gene activity.

We conclude that precocious expression of Hox genes of the last paralogy group interferes 

negatively with posterior extension of the embryonic axis with a phenotypic result similar to 

that of loss of function of Cdx genes. In agreement with this conclusion, we observed that 

Cdx2PHoxb8 transgenic expression, shown above to rescue the Cdx2/4 mutant defects, also 

corrects the posterior truncation of Hoxb13 transgenic animals (figure 4 I).

We tested whether the transcription of Cdx2 was impaired by the early Cdx2PHoxc13 gain 

of function in transgenic embryos. The extent of the expression domain of Cdx2 was reduced 
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at e9.5, but the transcriptional level of the gene in the expressing tissue did not seem to be 

significantly reduced (figure S3 C and data not shown). It is possible that precocious expression 

of the posterior PG13 Hox genes interferes with the action of Cdx and trunk Hox genes at a 

post-transcriptional level, a situation reminiscent of the “posterior prevalence” phenomenon 

described in mouse limb, trunk and gut development ((Zacchetti et al., 2007) for the gut 

case, and references therein), based on a mechanism of interference called “phenotypic 

suppression” in Drosophila. (reviewed by (Duboule and morata, 1994)). like Cdx2/4 mutant 

embryos, Cdx2PHoxc13 transgenic embryos did not show increased apoptosis in the posterior 

growth zone (figure S3 D).

Cdx and Hox transcription factors act upstream of Wnt signaling to 
maintain trunk axial elongation
Wnt signaling has been found to act upstream of Cdx and Hox gene expression during early A-P 

patterning (forlani et al., 2003; Ikeya and Takada, 2001; Pilon et al., 2006). In addition, Wnt3a has 

Fig.	 4: Posterior truncation phenotype of 
embryos precociously expressing Hox13 
genes. A-D e9.5 embryos  Wt (A, C) or 
transgenic for Cdx2PHoxa13 (B) or THoxa13 
(D), hybridized with a paraxis (A, B) or Hoxa13 
(C, D) probe. E-G dorsal views of skeletal 
preparations of e18.5 Wt (e), Dll1PHoxc13 (f) 
and Cdx2PHoxc13 (G). H dorsal photograph 
of a 2 week-old homozygous Cdx2PHoxb13 
transgenic pup (right) and a Wt littermate. 
I dorsal photograph of adult mice, 
respectively (from right to left) transgenic for 
Cdx2PHoxb13 (2 animals), double transgenic 
for Cdx2PHoxb13 and Cdx2PHoxb8, and 
control. Note the virtually complete rescue of 
the Hoxb13tg-related posterior truncation by 
the Hoxb8 transgene. Anterior is to the left 
for A-D, and to the top for e-I. Scale bar is 0.5 
mm in A to D, and 5 mm in e-G.
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been reported to be essential for posterior axial elongation (Ikeya and Takada, 2001; Takada et 

al., 1994; Yoshikawa et al., 1997). The dynamics of expression of Wnt3a in posterior axial tissues 

follows that of Cdx and central Hox genes (figures S1 A and S4 A and figure 6 G). The end of 

trunk elongation in Wt embryos was preceded by the decrease of Cdx/central Hox transcription 

in posterior tissues (figure S1 A), and by the arrest of Wnt3a expression around e12.5 (Cambray 

and Wilson, 2007) (figure S4 A). Cdx2/4 loss of function was accompanied by a decrease in 

Wnt3a expression at e9.0 already (figure 5 D, e), an earlier time point than in Wt, anticipating 

an earlier end of axial elongation in the mutants. Similarly, in line with the close resemblance 

between the phenotypes of Cdx2/4 loss of function mutants and mice prematurely expressing 

PG13 Hox genes, Wnt3a expression was lower in the posterior region of Cdx2PHoxc13 embryos 

than in controls at e9.5 (figure 5 G, H), and was lost at e10.5 (not shown).

Fig.	 5: Involvement of the canonical Wnt 
pathway in posterior axial extension. A-F 
Wnt3a expression in Wt, Cdx2/4 mutants 
and Cdx2/4 mutants rescued with the Hoxb8 
transgene at e8.5 (A-C), and e9.0 (D-f). G+H	
Wnt3a expression in e9.5 Wt and Cdx2PHoxc13 
transgenic embryos. I-K, Rescue by lef1 of 
the arrested posterior development including 
somites in e11.5 Cdx2/4 mutant embryos. 
The dark area in K results from hemorrhage. 
L+M photographs of a Cdx2/4 mutant (l) 
and a Cdx2/4 mutant expressing the pBra-
catCLef1 transgene constitutively activating 
the canonical Wnt pathway (m). N-P skeletal 
preparations of a Wt (N), Cdx2/4 mutant (O) 
and Cdx2/4 mutant transgenic for the Lef1 
expressing construct (P). Anterior is to the 
left for A-m and to the top for N-P. Scale bar is 
0.2 mm for A-H, 0.5 mm for I-K, 5 mm for l-P.
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To investigate whether the decrease in Wnt3a expression was causally involved in the 

slowing down of axial extension in Cdx2/4 mutants, we asked whether a gain of canonical Wnt 

signaling reached by expressing an activated form of lef1 posteriorly (Galceran et al., 2001) 

would rescue the mutant truncation phenotype. The activated Lef1 transgene did not affect 

embryonic growth and patterning in wild types (data not shown on embryos from three pBra-

catCLef1 transgenic lines). embryos carrying the Cdx2/4 mutations together with the activated 

Lef1 construct were found to be largely rescued for their axial truncation defects (n=7 out of 

7, Table 1), and cured for their uro-digestive pathology (n=7 out of 7) (figure 5 I-P, Table S2 

and data not shown). Cdx is thus probably acting on axial extension by positively controlling 

Fig.	 6: Involvement of RA degradation 
together with Cdx/Hox genes and Wnt 
signaling in posterior embryonic body 
axis elongation. A+B In situ hybridization 
of Cyp26a1 transcripts in e8.5 (5-somite) 
Wt and Cdx2/4 mutant. C-F Xgal staining 
reporting RARβlacZ  expression (RA 
activity) in 5-somite Cdx2/4 mutants (D,f) 
and Wt (C,e). C, D are dorsal views and 
e,f lateral views of the same embryos. 
Scale bars are 0.2 mm. G, Schematic 
representation of the expression of 
Cdx and trunk Hox genes (green) in 
the posterior part of growing embryos, 
paralleled by the activity of canonical Wnt 
(blue) and Cyp26a1 expression (orange) 
in the wild type. Developmental stages 
are along the X axis, also indicating the 
successive phases of involvement of 
central Hox and Cdx genes during axial 
growth of the trunk. PG13 Hox genes are 
expressed with an opposite dynamics, 
starting around e10.0, shortly before 
the trunk-tail transition (brown double 
arrow). Grey double arrow shows the 
window of manifestation of the truncated 
Cdx2/4 phenotype between e8.5 and 
the end of axial extension at e10.5. This 
window corresponds to the maintenance 
of Wnt signaling by Cdx and trunk Hox 
genes. Red asterisk indicates the end of 
axial extension by posterior addition of 
tissues in Wt. H, epistatic relationship 
between the genes studied in this 
work, including the positive feed-back 
loop between Cdx and Wnt, with an 
emphasis on the time-dependence of the 
interactions, in correspondence with the 
three phases (initiation, maintenance and 
termination) indicated in G.
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Wnt signaling activity. Considering the fact that initial Cdx transcription is Wnt-dependent in 

the mouse embryo (Gaunt et al., 2003; Ikeya and Takada, 2001; Pilon et al., 2006; Prinos et al., 

2001), the molecular genetic control of posterior tissue addition appears to utilize a positive 

feed-back loop of Cdx gene products on Wnt signaling to maintain active axial extension. 

experiments with morpholinos against Cdx transcripts in Xenopus have recently suggested that 

Cdx upregulates Wnt3a in this species as well (faas and Isaacs, 2009). Targets of the canonical 

Wnt pathway were also downregulated in Cdx2PHoxc13 embryos (figure S4 B).

Cdx and Hox genes instruct posterior RA clearance by stimulating 
Cyp26a1 expression in the posterior growth zone during trunk
elongation
Transcription profiling experiments aimed at comparing gene expression in the posterior 

tissues of Cdx2/4 mutants and wild types were performed at two embryonic stages, before 

(5-6 somite) and just after (13 somite) the decrease in length of posterior tissues became 

clearly detectable in the mutants (Tables S4 A-D). One of the genes found and confirmed to be 

downregulated (1.61 times and 2.19 times respectively) was the gene encoding the RA-degrading 

enzyme Cyp26a1. Confirmation of the expression decrease in mutants by quantitative RT-PCR 

(not shown), and by in situ hybridization made it clear that the gene is expressed at a level 

lower than in wild types at the 5 to 7 somite stage (n=7, figure 6 A, B), thus before there is a 

decrease in amount of posterior tissue generated, and later. localization of RA using a RARbeta 

lacZ reporter transgene (Charite et al., 1994) in Cdx2/4 mutant embryos indicated that RA was 

present closer to the posterior growth zone in the mutants at early somite stages (figure 6 

C-f). This zone has been shown in chick and mouse to comprise the progenitor populations 

for trunk tissues (Cambray and Wilson, 2007), and the newly emerged, still undifferentiated 

progenitors of ectoderm and mesoderm, that will undergo differentiation into neural tissue 

(mathis et al., 2001; Olivera-martinez and Storey, 2007) and somitic mesoderm (Dequeant and 

Pourquie, 2008) after the axis extends further. An attempt to compensate for the impaired axial 

elongation of Cdx mutants by lowering RA biosynthesis through introduction of a null allele of 

Raldh2 (Niederreither et al., 2002) did not produce any significant rescue (not shown).

Strikingly, Cdx2PHoxc13 transgenic embryos also manifested a decrease in the expression 

of Cyp26a1 (figure S4 B), in line with the hypothesis that failure to clear RA from the posterior 

embryonic structures contributes to the truncation phenotype in this case as well as in the Cdx 

loss of function mutants. Precocious expression of PG13 Hox genes and decrease in Cdx/trunk 

Hox gene expression, which cause similar posterior truncation phenotypes, thus probably 

operate by the same mechanisms.

DISCUSSION
Cdx, Hox and axial elongation in the mouse embryo
Cdx and central Hox genes are expressed during embryogenesis in the posterior progenitor 

areas delivering descendants to axial and paraxial structures of the trunk. Our present study 

shows that these genes differentially ensure the formation and expansion of the axial and 

paraxial mesoderm and neurectoderm emerging from progenitors in the primitive streak and 

in its remnant, the tail bud. Cdx and Hox genes would assume this function in tissue generation 
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as an integrated part of their function in A-P patterning. A role for Hox and Cdx genes in 

expanding the hematopoietic progenitors, located within their expressing domain was 

previously established in mouse and fish (Davidson and Zon, 2006; ernst et al., 2004; lengerke 

et al., 2008; Wang et al., 2008).

Cdx mutations modulate axial elongation by affecting the production of posterior 

embryonic tissues in all three germ layers. In wildtypes, termination of axial extension occurs 

after paraxial mesoderm has generated about 58 presumptive prevertebra. It is preceded by a 

period during which the developmental rate slows down, causing the PSm to gradually shrink 

until it is exhausted and no further somites form (Gomez et al., 2008). In the mouse, this slowing 

down occurs at an axial level between the presumptive prevertebra 21 and 31, and roughly 

corresponds to the trunk-tail transition. In the Cdx2/4 mutants, the earliest visible defect is the 

decrease in length of the PSm domain, first observable at the 7 to 9 somite- stage (presumptive 

lower cervical vertebrae), thus much earlier than in the normal situation. The decrease in 

PSm length in Cdx mutants becomes more severe with time, until axial extension terminates 

at about the sacral level shortly after e10.5 (around 30 instead of 58 vertebrae at birth). The 

truncation defect concerns all tail bud tissues. In the mesoderm, it consists in a decrease in 

segment formation rather than in failure of differentiation of terminal segments into vertebrae 

since the number of formed somites in the mutant never reaches that in controls (figure 5 

I-K showing the caudalmost somites generated at e11.5 in the Wt but not in the mutants). The 

rescue of these defects by a Hox transgene indicates that Hox genes participate in this axial 

elongation process as mediators or as collaborators of Cdx. 

Anterior (PG1-3) Hox genes have not been examined in this study because their expression 

is anterior in space relatively to the impairment of the posterior growth in Cdx2/4 mutants.

A time-related change in the balance between trunk and posterior 
Hox genes instructs axis extension and caudal termination
Our data show that whereas trunk Hox gene products rescue the shortage in Cdx proteins, Hox 

proteins of paralogy group 13 have an opposite effect when expressed at similar levels and in 

the same spatio-temporal window. PG13 Hox genes expressed from the Cdx2 promoter cause 

early axial truncations, in a way mimicking Cdx loss of function. Our data can be reconciled 

with a model according to which Cdx genes and trunk Hox genes would stimulate posterior 

elongation of tissues by sustaining posterior growth signaling required for the maintenance 

of progenitor activity. This would take place until the most posterior Hox gene products 

accumulate, and dominantly compete with trunk Hox proteins, thus arresting axial extension. 

Sequential expression of the central versus posterior Hox genes would thus successively 

instruct a phase of tissue growth during the generation of the trunk, and a phase of slowing 

down (trunk-tail transition period indicated in figure 6 G) leading to the arrest of tissue 

addition at the end of body axis extension. This mechanism, differentially involving the central 

and posterior Hox genes, would intimately couple posterior elongation of the embryonic body 

axis with patterning of the emerging tissues by the Hox combination expressed in the growth 

zone at that moment.

The biphasic action of Cdx/trunk Hox and posterior Hox genes would also differentially 

impact on the clearance of retinoic acid (RA), essential for posterior axial elongation (Abu-

Abed et al., 2001; Sakai et al., 2001). RA is generated by Raldh2 in the somites, and causes 
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differentiation of nascent tissue arisen from the posterior progenitors (Olivera-martinez and 

Storey, 2007; Ribes et al., 2009). RA clearance is crucial in the posterior growth zone and is 

carried out by the RA degrading enzyme Cyp26a1. expression of Cyp26a1 follows the dynamics 

of Cdx expression, and is downregulated in the late phase of axial elongation (figures 6 G). 

Transcription of Cyp26a1 in posterior embryonic tissues of e8.5 Cdx2/4 mutant embryos is lower 

than in wild types, and a similar situation was observed in embryos precociously expressing 

Hoxc13. The decrease in Cyp26a1 activity in these situations may contribute to a deficit of 

proliferation versus differentiation in the growth zone. It will be interesting to find out whether 

the effect of the Cdx or PG13 Hox proteins on Cyp26a1 transcription is a direct effect.

A mode of action of Cdx/Hox genes via a timed positive feedback 
loop on Wnt signaling during trunk elongation
Remarkably, Hox genes can drive and orchestrate the complex process of posterior expansion 

of embryonic tissues during axial morphogenesis.

It is known that Wnt signaling regulates axial elongation in mice (Ikeya and Takada, 2001; 

Takada et al., 1994) and zebrafish (Shimizu et al., 2005). early Cdx expression is controlled by 

Wnt (Gaunt et al., 2003; Ikeya and Takada, 2001; Pilon et al., 2006; Shimizu et al., 2005) and 

fgf (Bel-Vialar et al., 2002; Pownall et al., 1998) in mice, chicks and amphibians, and early Hox 

expression also seems under Wnt control (forlani et al., 2003). Given our findings that gain 

of function of lef1 in the posterior embryonic tissues rescues the Cdx truncation phenotype, 

we propose that, in turn, Cdx and central Hox genes exert a positive feedback loop on Wnt 

signaling during body axis elongation. maintained Wnt signaling would sustain progenitor 

self-renewing and tissue elongation until “arresting Hox” genes intervene to slow down and 

stop this stimulation, after all axial structures have been laid down. The expression dynamics of 

Wnt3a indeed mimicks Cdx/central Hox gene expression and drops after posterior Hox genes 

are highly expressed (figure 6 G). from data base sequence search we know that there are 

several potential Cdx binding sites in the 5’flanking sequences of both Wnt3a and Lef1, and 

future work will tell whether binding really takes place and mediates transcriptional control.

Wnt signaling maintenance by Cdx/central Hox genes during axial elongation is reminiscent 

of the recently elucidated relationship between TBrachyury, also known to be required for axial 

extension, and Wnt3a signaling in zebrafish. like Cdx, T is initially transcriptionally stimulated 

by Wnt3a (Yamaguchi et al., 1999), and T exerts a positive feed-back control on canonical Wnt 

signaling at later stages, that is absolutely required for maintaining axial extension (martin and 

Kimelman, 2008). It will be interesting to discover the relationship between T and Cdx/Hox 

genes that has remained elusive so far, since the expression of Cdx genes in early T mutants, 

and the expression of T in early Cdx mutants were found to be unaffected (JD, unpublished).

In conclusion, Cdx and Hox genes control posterior axial elongation by differentially 

regulating maintenance of canonical Wnt signaling in the posterior growth zone. They exert 

this function in a globally collinear way, Cdx and trunk Hox genes stimulating the elongation 

process via a positive regulation of Wnt signaling, whereas posterior Hox genes compete and 

arrest this process. Given the evolutionary conservation of both Hox and Cdx genes, and the 

conserved involvement of Cdx genes in axial extension in species that extend their body axis by 

posterior addition of new tissues (Copf et al., 2004; Shinmyo et al., 2005), it is possible that the 

growth stimulation property of Hox genes in axis extension is ancient in origin.
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eXPeRImeNTAl PROCeDUReS
Generation of transgenic constructs and mice
To construct the Cdx2PHoxb8, Cdx2PHoxa5, Cdx2PHoxa13,and Cdx2PHoxb13 transgenes, full length cDNAs 
for Hoxb8 (W. de G and J.D., unpublished), Hoxa5 (a kind gift of l. Jeannotte, Quebec) , Hoxa13 (kind gift of 
J. Innis, michigan), Hoxb13 (kind gift of D. Wellik, michigan) were cloned behind the 9.4 kb Cdx2 promoter 
fragment (Benahmed et al., 2008). A TPHoxa13 construct was generated using the T Brachyury promoter 
fragment cloned by Stott et al (Clements et al., 1996). The TPβCatenin-Lef1 construct was described in 
Galceran et al., 2002. To generate the Hoxc13 transgene, a cDNA for this gene (ImAGe 6171228) was cloned 
into an expression cassette containing the Dll1 promoter (Beckers et al., 2000), and behind the Cdx2 
promoter described above. These constructs were injected in mouse pronulei to generate transgenic 
embryos. The RARβlacZ reporter line used contains a 1.5 kb promoter fragment of the mouse RARβ1 gene 
(Charité et al., 1994). A more detailed description of these procedures can be found in Supplemental 
experimental Procedures.

Genotyping
Genotyping conditions are described in Supplemental experimental Procedures

Histological analysis
Specimens were fixed in 4% paraformaldehyde in phosphate-buffered saline, embedded in paraffin, 
sectioned at 10 μm, stained with hematoxylin & eosin in standard conditions before inspection and 
photography.

Skeletal analyses 
Staining of embryonic (e)15.5 and postnatal day (P)2 skeletons was according to van den Akker et al., 2002. 
Vertebral formulae were determined as described in Tables S1 and S2.

In situ hybridization
In situ hybridization on whole mount embryos using riboprobes was according to van Nes et al., 2006.

Quantitative RT-PCR analysis
Quantitative RT-PCR analysis of gene expression in embryos of Wt, Cdx2/4 mutants, Cdx2/4 mutants 
carrying the Cdx2PHoxb8 transgene, and in embryos transgenic for Cdx2PHoxc13 was performed as 
described in Supplemental experimental Procedures. 

Statistical analysis 
Statistical analysis of vertebral counts is described in Table 1. The mann-Whitney test was used to analyze 
the significance of the difference between the sacro-caudal vertebral columns of Cdx2/4 mutants and 
Cdx2/4 mutants expressing the Hox and Lef1 transgenes. The non-parametric mann-Whitney test was 
chosen because the data sets for each genotype were not normally distributed (Z values obtained from 
the Kolmogorov Smirnov test for each genotype was higher than 0.05).

Statistical analysis of the real time PCR data was performed using the mann-Whitney test as well. The P 
values are indicated in Table 1, and in the legends of the supplemental figures, respectively.

Genome-wide transcriptome analysis of Cdx mutants versus controls
micro-array screens of down regulated and up regulated genes in Cdx2/4 mutant versus wild type embryos 
was performed at the embryonic stages of 5/6 somites and 13 somites, respectively. RNA was isolated from 
the posterior part of the embryos dissected at the same axial level using the last somite boundary as a 
landmark. Posterior tissues from embryos (10 embryos of 5/6 somite and 7 embryos of 13 somite) of each 
genotype were pooled and stored in RNAlater (Ambion, cat. Am1924). RNAs were purified using a kit from 
Qiagen (Cat 74104). cDNAs were synthesized and Cy-3/Cy-5 labeled cRNAs were generated using a low RNA 
Input fluorescent linear Amplification Kit (Agilent Technologies, Santa Clara, CA, USA). The labeled cRNAs 
were hybridized on 4X44K Agilent Whole mouse Genome dual colour microarrays (G4122f). A duplicated 
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dye swap experiment was performed in the case of the 5/6 somite stage materials, and a single dye swap 
experiment was performed for the 13 somite stage.  microarray signal and background information were 
retrieved using feature extraction (V9.5.3, Agilent technologies). All data analyses were performed using 
ArrayAssist (5.5.1, Stratagene Inc, la Jolla, CA, USA) and microsoft excel (microsoft Corporation, Redmont, 
WA, USA). Only features with an expression value higher than twice an arbitrary defined background signal 
were further analyzed. Genes were considered to be significantly up- or down-regulated if their linear ratio 
was greater or lower than 1.5. microarray data can be accessed via Gene expression Omnibus (https://
www.ncbi.nlm.nih.gov/projects/geo) under the accession numbers GSe17658 and GSe17660.
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Supplemental Data 
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Figure S1. Characterization of Cdx expression during embryogenesis and impact of Cdx 
mutations on posterior axial elongation 

Cdx and Hox genes differentially regulate posterior axial growth in 
mammalian embryos 
Teddy Young, Jennifer elizabeth Rowland, Cesca van de Ven, monika Bialecka , Ana Novoa, 

marta Carapuco,  Johan van Nes, Wim de Graaff, Isabelle Duluc, Jean-Noël freund, felix Beck, 

moises mallo and Jacqueline Deschamps

Figure	S1: Characterization of Cdx 
expression during embryogenesis 
and impact of Cdx mutations 
on posterior axial elongation. 
A, expression of Cdx2, Cdx4, 
and Hoxb8 (a “central” or 
trunk Hox gene) revealed by in 
situ hybridization in posterior 
tissues in e8.5 to e12.5 wild type 
embryos. expression of Cdx2 in 
the “posterior growth zone” ends 
after e12.5, that of Cdx4 before 
e10.5, and that of Hoxb8 around 
e9.5. B, Schematic representation 
of the axial extension phenotypes 
of Wt and Cdx mutant embryos 
around e10.5. Only Cdx2 mutants, 
or compound Cdx mutants 
carrying a mutated Cdx2 allele 
exhibit premature arrest of the 
embryonic body axis. The Cdx 
mutants studied most extensively 
in this work are the compound 
Cdx2+/-/Cdx4-/- embryos 
referred to as Cdx2/4 mutants. 
C, D, Illustration of the decrease 
in size of the posterior tissues of 
the Cdx2/4 mutant embryo at the 
7-somite stage, and measurement 
of the posterior embryonic part 
(including the PSm) between the 
last formed somite boundary and 
the posterior tip  (black arrows) at 
the 4- to 14-somite stage. length 
reduction in mutants is manifest 
from the 7-somite stage on. The 
size of the PSm between the last 
formed somite boundary and the 
posterior part of the node (dashed 
arrow) is decreased as well.  
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Figure S2. Trunk Hox genes in Cdx mutants rescue the posterior truncations without 
upregulating the remaining Cdx2 allele, and without directly activating Cdx-binding site-
mediated transcription. 

Figure	S2:	Trunk Hox genes in Cdx mutants rescue the posterior truncations without upregulating the remaining 
Cdx2 allele, and without directly activating Cdx-binding site-mediated transcription.	A, Cdx2/4 mutations slightly 
downregulate trunk Hox genes in the posterior growth zone. e8.5 Cdx2/4 and Wt embryos were hybridized with a 
Hoxb8 probes, and e9.5 embryos were hybridized with a Hoxa5 probe. B, the Cdx2PHoxa5 transgene significantly 
rescues the posterior truncations of Cdx2/4 mutants. The axial skeleton of Cdx2/4 mutants rescued by the Hoxa5 
transgene exhibits significantly improved morphogenesis of the sacro-caudal vertebral column at e15.5 and P2 
(see Table 1 for statistics). C, Transgenic Hoxb8 does not upregulate the remaining functional allele of Cdx2 in 
Cdx2/4 mutant embryos. Quantitative analysis of the expression of Cdx2  in Cdx2 heterozygote embryos in the 
absence or in the presence of the Hoxb8 transgene; no statistically significant difference between both situations 
was measured using the mann Whitney test. error bars represent standard deviations. D, Hoxb8  transgenic 
expression does not transcriptionally activate  Cdx-binding site-dependent  lacZ  reporter expression. A reporter 
driven by a Hox promoter containing essential Cdx-binding sites (Charite et al., 1998) was not expressed more 
extensively nor more strongly in the presence of the Cdx2PHoxb8 transgene. 



2

C
D

X
 &

 H
O

X
 ReG

U
lA

TeD
 PO

STeRIO
R A

X
IA

l G
RO

W
TH

36

5 
 

 

 

Figure S3. Paralogous 13 Hox genes are only expressed in axial tissues after trunk-tail 
transition in Wt and Cdx2/4 mutants. The posterior truncation that they induce when 
precociously expressed is not mediated by a down-regulation of Cdx2 and is not 
accompanied by increased apoptosis.  

Figure	S3:	Paralogous 13 Hox genes are only expressed in axial tissues after trunk-tail transition in Wt and Cdx2/4 
mutants. The posterior truncation that they induce when precociously expressed is not mediated by a down-
regulation of Cdx2 and is not accompanied by increased apoptosis. A, embryos were hybridized with probes 
for Hoxa13, Hoxb13, Hoxc13 and Hoxd13. expression in posterior axial tissues was clear at e 11.5 and 12.5. B, Hox13 
genes are not prematurely expressed in Cdx2/4 mutant embryos. Hox 13 genes are not expressed in posterior 
axial tissues before e10.5 in Wt, neither are they upregulated in Cdx2/4 mutants at that stage. C, the expression 
domain of Cdx2 in e9.5 Cdx2PHoxc13 transgenic embryos is reduced in the posterior growth zone compared to 
that in wild types, probably reflecting the decrease in tail bud size at this stage. The expression level of Cdx2 is 
still high in the expressing cells of the Hoxc13 transgenic embryo. D, e9.5 Cdx2/4  mutants and Hoxc13 transgenics 
do not exhibit  massive apoptosis in the tail bud. Cell death was assayed by TUNel reactions on sections of e9.0 
Wt, Cdx2/4 mutant and Hoxc13 transgenic embryos.The posterior growth zone (P) of the mutant and transgenic 
embryos does not exhibit massive apoptosis.  Occasional apoptotic cells in the somites of e10.5 Wt embryos were 
used as positive control (not shown, Asakura and Tapscott, 1998).
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Figure S4. Wnt signaling and RA catabolism decrease after the trunk-tail transition (E10.5) 
in Wt, and are downregulated in embryos precociously expressing Hoxc13. 

A, Dynamics of  Wnt signaling and RA metabolism  towards the end of posterior axial extension. 
Wt embryos at E10.5, E11.5, E12.5 and E13.5 were hybridized with probes for Raldh2, 
Cyp26a1, Fgf8 and Wnt3a. Only the tail tips are shown here. B, Precocious Hoxc13 expression 
in Cdx2PHoxc13  transgenic embryos causes a decrease in transcription of  Cyp26a1, and of 

Figure	 S4:	 Wnt signaling and RA catabolism decrease after the trunk-tail transition (e10.5) in Wt, and are 
downregulated in embryos precociously expressing Hoxc13. A, Dynamics of  Wnt signaling and RA metabolism  
towards the end of posterior axial extension. Wt embryos at e10.5, e11.5, e12.5 and e13.5 were hybridized with 
probes for Raldh2, Cyp26a1, Fgf8 and Wnt3a. Only the tail tips are shown here. B, Precocious Hoxc13 expression in 
Cdx2PHoxc13  transgenic embryos causes a decrease in transcription of  Cyp26a1, and of Wnt3a  and its targets T 
Brachyury, Tbx6,and  Dll1 but not of Gdf11. expression was quantitatively measured by real-time PCR in dissected 
posterior tissues of e10.5 Wt and transgenic embryos. GAPDH was used as endogenous control (see Supplemental 
experimenta Procedures). each measurement represents the outcome of duplicate PCR reactions on each of 4 
RNA samples isolated from 4 individual embryos. Transcription of GDF 11 is not significantly decreased (P=0.773) 
in the transgenic embryos, whereas Cyp26a1(P= 0.021),  Wnt3a (P=0.021) and its targets T Brachyury (P=0.034), 
Tbx6 (P=0.034),and  Dll1 (P=0.021) are significantly lower (mann Whitney test). error bar in each graph of B 
represents the standard error of the mean.
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SUPPlemeNTAl TABleS

Table	S1.	Skeletal patterning in e15.5 Wt and Cdx2/4 mutants

WT Cdx2/4

Abnormality	of	cervical	vertebrae 0/6 0/6*

First	rib	on	vertebra	8 6/6 6/6

Most	caudal	vertebra	bearing	ribs	at	position	20 6/6 1/6

Most	caudal	vertebra	bearing	ribs	at	position	21 0/6 5/6

Rib	fusions 0/6 6/6

Fusion	lumbar	vertebrae 0/6 6/6

Number	of	disctinct	caudal	vertebrae 25-28 2-9

Fusion	of	caudal	vertebrae 0/6 6/6

*anterior tuberculi (normally on vertebrae 6) are not visible at this stage
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Table	S2.	Vertebral phenotype of Wt, Cdx2/4 mutants, Cdx2Hox13 transgenics and Cdx2/4 mutants rescued 
by trunk Hox and by lef1 transgenes.

   Animals at P2:    
 WT Cdx2/4 Hoxc13 tg Hoxb13 tg*

1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 1 2 3 4

Normal	cervical		
vertebra	1	(Atlas)

X X X X X X X X X X X X X X X X X X X X X

Normal	cervical		
vertebra	2	(Axis)

X X X X X X X X X X X X X X X X X X X X X

First	vertebra	with		
ribs:	V8

X X X X X X X X X X X X X X X X X X X X X

First vertebra with ribs  
attached to the sternum: V8

X X X X X X X X X X X X X X X X X X X X X

V9                                          

Most	caudal		V	with	sternal		
ribs:	V14

X X X X X X X                     X X X X

V13                             X X X        

V15               X X X X X X X              

Most	caudal	vertebra		
carrying	ribs:	V20

X X X X X X X X           X X            

V19                               X X X X X X

V21 partial ribs                   X   X                  

V21 complete ribs                 X   X   X                

Total	rib	number	left 13 13 13 13 13 13 13 13 14 14 14 13 14 13 13 12 12 12 12 12 12

Total	rib	number	right 13 13 13 13 13 13 13 13 14 14 14 14 14 13 13 12 12 12 12 12 12

Rib	fusions               X X X X X X X     X        

Fusion	of	lumbar	vertebrae               X X X X X X X     X        

Number	of	lumbar	vertebrae 6 6 6 6 6 6 6 5 6 6 6 6 6 7 3 4 5 5 5 5 5

First	sacral	vertebra	V27 X X X X X X X                            

V25                                 X X X X X

V28                 X X X X X X              

Number	of	sacral	vertebrae 4 4 4 4 4 4 4 4 4 4 5 5 5 4 0 ** ** 5 5 5 5

Number	of	caudal	vertebrae 28 28 28 27 25 27 27 0 2 4 7 8 6 5 0 f f 9 9 9 9

Total	number	of	visible	
vertebrae

58 58 58 57 55 57 57 29 33 35 39 40 38 36 23 23 24 38 38 38 38

Hoxb13 tg*, Hemizygote Hoxb13 transgenic mice in the Cdx4 null background; homozygote Hoxb13 transgenic mice in the Wt 
background have a similar caudal truncation as the mice analyzed here (see text).
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Animals at P2:    
Cdx	mut	rescued	by	Hoxb8 Cdx	mut	rescued	by	Hoxa5 Cdx	mut	rescued	by	Lef1

1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7

Normal	cervical		
vertebra	1	(Atlas)

X X X X X X X X X X X X X X X X X X X X X

Normal	cervical		
vertebra	2	(Axis)

X X X X X X X X X X X X X X X X X X X X X

First	vertebra	with		
ribs:	V8

X X X X 8/9 X X X X X X X X X 9 9 9 9 9 9 X

First	vertebra	with	ribs		
attached	to	the	sternum:	V8

              X X X X X X X             X

V9 X X X X X X X               X X X X X X  

Most	caudal		V	with	sternal	
ribs:	V14

                                         

V13                                          

V15 X X X X X X X X X X X X X X X X X X X X X

Most	caudal	vertebra		
carrying	ribs:	V20

X X     X X X X X X X X X X X X X X X X X

V19                                          

V21 partial ribs       X                                  

V21 complete ribs     X                                    

Total	rib	number	left 13 13 14 14 12 13 13 13 13 13 13 13 13 13 12 13 12 12 12 12 13

Total	rib	number	right 13 13 14 13 13 13 13 13 13 13 13 13 13 13 12 13 12 12 12 12 13

Rib	fusions     X     X     X   X X   X X X X X X X X

Fusion	of	lumbar	vertebrae X             X X X X X                  

Number	of	lumbar	vertebrae 6 6 6 5 6 6 6 6 7 7 7 6 6 6 7 6 6 6 7 7 6

First	sacral	vertebra	V27 X X   X X X X X       X X X   X X X     X

V25                                          

V28     X           X X X       X       X X  

Number	of	sacral	vertebrae 6 6 6 5 6 6 6 6 5 5 5 5 4 6 6 5 5 6 5 5 5

Number	of	caudal	vertebrae 12 13 20 15 15 16 17 9 7 12 4 14 9 10 10 12 15 10 13 16 12

Total	number	of	visible	
vertebrae

46 47 53 45 49 50 51 43 39 44 36 45 39 42 43 43 46 42 45 48 43

** abnormal sacral vertebrae;  f, fused
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Table	 S3.	 Skeletal and uro-rectal defects of Cdx2/4 mutants, and Cdx2/Cdx4 double heterozygotes, with or 
without the Hoxb8 transgene at P2

Cdx2	X	Cdx4	mutant	
crosses

Cdx2	X	Cdx4	mutant	
crosses	with	Hoxb8	tg

Number	of	Cdx2+/-/Cdx4-/-		(Cdx2/4)	recovered
Number	of	Cdx2+/-/Cdx4-/-	(double	hets)	analyzed

13  out of 30 litters
23

17 out of 15 litters
14

Cdx2+/-/Cdx4-/- with	very	short/no	tail 13/13 0/17

Cdx2+/-/Cdx4-/-	with	dilated	bladder	and	no	anus 13/13 2/17

Cdx2+/-/Cdx4-/-	with	normal	bladder	and	anus 0/13 15/17

Cdx2+/-/Cdx4-/-	with	very	short/no	tail 7/23 0/14

Cdx2+/-/Cdx4-/-	with	dilated	bladder 7/23 0/14

Cdx2+/-/Cdx4-/-	with	fully	normal	phenotype 16/23 14/14
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Table	S4.	Genome-wide transcriptome analysis of Cdx2/4 mutants versus controls

Table	S4	A.	Top 20 and potentially relevant genes downregulated in Cdx2/4 relatively to Wt embryos at the 5/6 
somite- stage

Agilent	ID Gene	Symbol Gene	title Fold	change

A_51_P126102 Cdx4 1 caudal type homeo box 4 10.95 down

A_52_P244 Rian
RIKeN full-length enriched library, 
clone:5530401N18

9.56 down

A_51_P497044 Dtprp decidual/trophoblast prolactin-related protein 4.79 down

A_51_P510891 Afp alpha fetoprotein 4.26 down

A_52_P542860 Btbd9 BTB (POZ) domain containing 9 3.67 down

A_51_P216085 lrrc46 leucine rich repeat containing 46 3.40 down

A_51_P166152 Spp2 secreted phosphoprotein 2 3.20 down

* A_52_P591310 Hoxd13 1 homeo box D13 2.98 down

A_51_P239750 Inhba inhibin beta-A 2.97 down

A_51_P356536 9230110I02Rik
RIKeN full-length enriched library, 
clone:9230110I02

2.93 down

A_51_P448464 masp2 mannan-binding lectin serine peptidase 2 2.90 down

A_51_P337308 Saa3 serum amyloid A 3 2.76 down

A_52_P117221 C230094A16Rik RIKeN cDNA C230094A16 gene (C230094A16Rik) 2.73 down

A_51_P496905 Cfi complement component factor i 2.72 down

A_52_P1109289 TC1675885 Unknown 2.72 down

A_52_P196568 Gtl2
RIKeN full-length enriched library, 
clone:m5C1012O18

2.71 down

A_51_P434301 mcoln2 mucolipin 2 2.69 down

A_52_P1053544 A_52_P1053544 Unknown 2.69 down

A_51_P224164 Slc26a4 solute carrier family 26, member 4 2.65 down

A_52_P811124 AK047019
RIKeN full-length enriched library, 
clone:B930011K02 

2.62 down

………..

………..

………..

A_52_P129624 C130007D14Rik
RIKeN full-length enriched library, 
clone:C130007D14

2.60 down

A_51_P281033 Coro2a coronin, actin binding protein 2A 2.31 down

A_51_P461005 Nrk Nik related kinase 2.09 down

A_52_P382149 Cyp26a1 3 cytochrome P450, family 26, subfamily a, 
polypeptide 1

1.61 down

A_52_P177490 Cdx2 1 caudal type homeo box 2 1.50 down

1Hox and Cdx genes; 2 Canonical Wnt-related; 3 RA signaling-related 
Shadowed areas represent genes downregulated at  both 5/6 and 13-somite stages. 
* Hoxd13 is unexpedly expressed at this stage, see Soshnikova and Duboule, 2009 
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Table	S4	B.	Top 20 and potentially interesting genes upregulated in Cdx2/4 relatively to WT embryos at the5/6 
somite- stage

Agilent	ID Gene	Symbol Gene	title Fold	change

A_51_P227962 Dynlrb2 dynein light chain roadblock-type 2 2.33 up

A_51_P517075 Serpinf1
serine (or cysteine) peptidase inhibitor,  
clade f, member 1

2.28 up

A_51_P511015 fzd9 2 frizzled homolog 9 2.25 up

A_51_P109840 Vtn vitronectin 2.23 up

A_52_P216436 Col2a1 procollagen, type II, alpha 1 2.20 up

A_51_P254262 Nxph3 neurexophilin 3 2.19 up

A_51_P449325 H2-Oa histocompatibility 2, O region alpha locus 2.17 up

A_52_P327923 meox1 mesenchyme homeobox 1 2.15 up

A_51_P508580 Tcf15 transcription factor 15 2.14 up

A_51_P481159 Cbr3 carbonyl reductase 3 2.13 up

A_52_P223495 Itga4 integrin alpha 4 2.12 up

A_51_P422369 2010001J22Rik RIKeN cDNA 2010001J22 gene 2.11 up

A_51_P129006 B2m beta-2 microglobulin 2.09 up

A_52_P79782 Wnt7a wingless-related mmTV integration site 7A 2.09 up

A_51_P253207 Osta
RIKeN full-length enriched library,  
clone:I920191f06

2.05 up

A_51_P475244 Hemk1 HemK methyltransferase family member 1 2.04 up

A_51_P258281 Gal galanin 2.04 up

A_51_P368285 3110032G18Rik RIKeN cDNA 3110032G18 gene 2.02 up

A_52_P381484 Spon2 spondin 2, extracellular matrix protein 2.02 up

A_52_P255782 Slco2b1
solute carrier organic anion transporter family,  
member 2b1 

2.01 up

………..

………..

………..

A_51_P202440 Rarb 3 retinoic acid receptor, beta 1.79 up

2 Canonical Wnt signaling-related; 3 RA signaling- related; 
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Table	S4	C.	Top 20 and potentially interesting genes downregulated in Cdx2/4 relatively to WT embryos at the 
13- somite stage

Agilent	ID Gene	Symbol Gene	title Fold	change

A_66_P107113 Cdx4 1 caudal type homeo box 4 8.98 down

A_66_P106131 Saa3 serum amyloid A 3 6.29 down

A_66_P107235 Saa1 serum amyloid A 1 4.35 down

A_66_P113178 Coro2a coronin, actin binding protein 2A 3.82 down

A_66_P124984 lpin1 lipin 1 2.64 down

A_66_P109651 Ankrd1 ankyrin repeat domain 1 (cardiac muscle) 2.53 down

A_66_P116392 9930038K12Rik RIKeN cDNA 9930038K12 gene 2.43 down

A_66_P108982 Inhba inhibin beta-A 2.43 down

A_66_P128250 Nrk Nik related kinase 2.43 down

A_66_P139025 mrvi1 mRV integration site 1 2.35 down

A_66_P100537 4930430e16Rik RIKeN cDNA 4930430e16 gene 2.31 down

A_66_P109112 1300002K09Rik RIKeN cDNA 1300002K09 gene 2.30 down

A_66_P137116 Cldn5 claudin 5 2.26 down

A_66_P119415 lpl lipoprotein lipase 2.26 down

A_66_P138774 C130007D14
mus musculus hypothetical protein 
C130007D14

2.24 down

A_66_P125472 Pcdh21 protocadherin 21 2.21 down

A_66_P103457 Cyp26a1 3 cytochrome P450, family 26, subfamily a, 
polypeptide 1

2.19 down

A_66_P128582 Plac1 placental specific protein 1 2.18 down

A_66_P127978 Upp1 uridine phosphorylase 1 2.13 down

A_66_P115690 Hoxa10 1 homeo box A10 2.12 down

………..

………..

………..

A_66_P108212 Wnt2 2 wingless-related mmTV integration site 2 1.80 down

A_66_P133277 Wnt3a 2 wingless-related mmTV integration site 3A 1.44 down

A_66_P102287 Hoxc6 1 homeo box C6 1.44 down

A_66_P128690 Hoxd4 1 homeo box D4 1.43 down

1 Hox and Cdx; 2 Canonical Wnt-related; 3  RA signaling-related 
Shadowed areas represent genes downregulated at both 5/6 and 13-somite stages
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Table	S4	D.	Top 20 and potentially interesting genes upregulated in Cdx2/4 relatively to WT embryos at the13- 
somite stage

Agilent	ID Gene	Symbol Gene	title Fold	change

A_66_P114264 Pcdh8 protocadherin 8 16.96 up

A_66_P139772 Cer1 cerberus 1 homolog 13.30 up

A_66_P125278 Arg1 arginase 1, liver 8.33 up

A_66_P104737 meox1 mesenchyme homeobox 1 7.92 up

A_66_P108566 Trh thyrotropin releasing hormone 7.37 up

A_66_P109794 5730521e12Rik RIKeN cDNA 5730521e12 gene 6.40 up

A_66_P103425 Stx8 syntaxin 8 6.08 up

A_66_P133712 A_66_P133712 Unknown 5.50 up

A_66_P125741 C030002e08Rik RIKeN cDNA C030002e08 gene 5.45 up

A_66_P107500 Tcf15 transcription factor 15 5.43 up

A_66_P139636 5430433G21Rik RIKeN cDNA 5430433G21 gene 4.61 up

A_66_P131712 A_66_P131712 Intronic in U152472 4.48 up

A_66_P120516 Zic3 zinc finger protein of the cerebellum 3 4.12 up

A_66_P124881 A_66_P124881 Unknown 3.94 up

A_66_P132941 Smpd3 sphingomyelin phosphodiesterase 3, neutral 3.69 up

A_66_P100049 foxc2 forkhead box C2 3.30 up

A_66_P110662 Ptn pleiotrophin 3.07 up

A_66_P115383 4930443f05Rik RIKeN cDNA 4930443f05 gene 2.93 up

A_66_P125098 Gdf10 growth differentiation factor 10 2.89 up

A_66_P112183 fst follistatin 2.78 up
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SUPPlemeNTAl eXPeRImeNTAl PROCeDUReS
Generation of transgenic constructs and mice
To construct the Cdx2PHoxb8, Cdx2PHoxa5, Cdx2PHoxa13, and Cdx2PHoxb13 transgenes, we used the 
expression vector p301 kindly provided by I. Rodriguez (Geneva). The IReS-eGfP marker present in the 
construct appeared not to lead to detectable GfP expression, but was used for genotyping the transgenic 
embryos and mice.  full length cDNAs from Hoxb8 (W. de G and J.D., unpublished), Hoxa5 (a kind gift of 
l. Jeannotte, Quebec), Hoxa13 (kind gift of J. Innis), Hoxb13 (kind gift of D. Wellik) were inserted into p301 
between the rabbit ß-globin intron and IReS-eGfP, upstream of ß-globin polyA. finally the 9.4 kb Cdx2 
promoter (Benahmed et al. 2008) fragment was inserted upstream of the ß-globin intron. A T promoter 
Hoxa13 construct was generated using the T Brachyury promoter fragment cloned by Stott et al (Clements 
et al., 1996).  To generate the Hoxc13 transgene, a cDNA for this gene (ImAGe 6171228) was cloned into an 
expression cassette containing the Dll1 promoter (Beckers et al., 2000), and behind the Cdx2 promoter 
described above. These latter Hoxc13 transgenes did not lead to the generation of transgenic lines and 
were studied in transgenic embryos and fetuses exclusively. The TPβCatenin-Lef1 construct was described 
in Galceran et al., 2002. 

The constructs were linearized, gel purified and microinjected into the male pronucleus of zygotes 
recovered from C57Bl/6J X CBA f1 crosses (except for the Hoxc13 transgenes that were from fVB 
crosses), following the standard procedure. founder mice were recovered for Cdx2PHoxb8, Cdx2PHoxa5, 
Cdx2PHoxb13 and TPlef1. Two or three transgenic lines were established for each transgene. embryos 
from the Cdx2PHoxb8, Cdx2PHoxa5 and Cdx2PHoxb13 lines were found to express the transgenes at 
levels comparable to that of the endogenous Cdx2. These transgenic lines and the TPlef1 transgenic lines 
were bred with Cdx2+/- and Cdx4-/- mice to generate Cdx2+/-/Cdx4-/- embryos carrying the transgenes. 
The Cdx2PHoxb8 mice were also crossed with Cdx2PHoxb13 animals, and independently with the RARβlacZ 
reporter line to generate double transgenic mice (see text). Transgenic mice were maintained under 
standard husbandry conditions, according to the Dutch regulation for laboratory animal work. 

Genotyping
Genotyping conditions for the wild type and mutant alleles of Cdx2 and Cdx4 were described earlier (van Nes 
et al. 2006). for Hoxa5, Hoxb8 and Hoxb13 transgenic lines, genomic DNA was isolated from yolk sac or ear 
cuts. After lysis with a solution containing 100mm TrisHCl pH 8.5, 5mm eDTA, 0.2% SDS, 200mm NaCl, 100μg/
ml proteinase K at 55°C overnight, isopropanol precipitation was performed and the DNA subsequently 
dissolved in 500μl Te buffer overnight at 55°C. eGfP primer sequences were AGAACGGCATCAAGGTGAAC 
(forward) and CTTGTACAGCTCGTCCATGC (reverse), generating a 242 bp specific eGfP fragment. The 
reaction conditions were 95°C for 30 sec, 60°C for 30 sec and 72°C for 30 seconds for 35 cycles in 10 μl mixture 
that contained 0.5μm of each primers, 0.2mm of each dNTP, 1.5mm mgCl

2
 and 1x PCR Buffer (Promega 5x 

flexi Green GoTaq Buffer m891A and GoTaq m830B). Genotyping pBra-catCLef1 transgenic mice were done 
by PCR as described in Galceran et al., 1999. Hoxc13 transgenic embryos were genotyped by PCR on DNA 
isolated from yolk sacs (e10.5 embryos) of from the intestines (e18.5 embryos) using the following primers: 
ACTTCGCTGCTCCTGCATCCA (forward) and CAGCTGCACCTTAGTGTAGGG (reverse).

Analysis of cell death in embryos
embryos were fixed in 4% paraformaldehyde in phosphate-buffer saline. They were embedded in paraffin 
and sectioned at 6 um. After rehydratation, they were treated with Proteinase K (10 mg/ml) for 15 minutes. 
Apoptosis was revealed by the TUNel reaction  using the  In Situ Cell Death Detection Kit fluorescein - 
Roche - Cat. No. 11 684 795 910. Parasagittal sections across the somites of e10.5 Wt embryos were taken as 
positive controls (Asakura and Tapscott, 1998).

Quantitative RTPCR analysis of gene expression
Transcription of Cdx2 in Cdx2 heterozygote mutants with and without the Hoxb8 expressing transgene 
was measured in whole e9.5 embryos. RNA was isolated from 5 individually collected e9.5 embryos of 
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each genotype. PCRs were performed in duplicate in the 5 individual samples from each genotype, with  
2μl  of amplified cDNA per reaction using light Cycler DNA master SYBR Green 1 (Roche) according to 
manufacturer’s instructions. Real time PCR was carried out using the my iQ PCR equipment (Biorad). 
expression of mouse Ppia  and b2m was used as internal controls. To quantify gene expression in Cdx2PHoxc13 
transgenic and stage matched Wt embryos, tail tips were dissected at the level of the last formed somite. 
RNA was extracted from individual tips or whole embryos using TRIzol method (Invitrogen, UK) and 
quantified using nanodrop analysis (Thermoscientific, USA) according to the manufacturer’s instructions. 
exactly 800ng of template from each sample was reverse transcribed to cDNA using Superscript II kit 
(Invitrogen, UK). for analysis of gene expression in tail tips, real-time PCRs were performed in duplicate 
in 4 individual samples of each genotype, with 1ul of amplified cDNA per reaction using the Quantifast 
SYBR Green PCR System according to manufacturer’s instructions (Qiagen). Real-time PCR was carried out 
using a light Cycler loaded with capillary tubes (Roche diagnostics) carrying a 10ul reaction mix for each 
replicate. expression of mouse Gapdh was used as the endogenous control. Relative gene expression was 
calculated by the comparative 2-DDCT method (livak and Schmittgen, 2001).

Primers used
Gapdh: 
fWD ACCACAGTCCATGCCATCAC
 ReV TCCACCACCCTGTTGCCATCAC  (452bp product)

Cyp26a1: 
fWD TCGCACAAGCAGCGAAAGAAGG, 
ReV ATGTGGGTAGAGTCCTAGGTAAGT  (569bp product)

Wnt3a: 
fWD ATTGAATTTGGAGGAATGGT
ReV CTTGAAGTACGTGTAACGTG  (317bp product)

Gdf11: 
fWD ACCACCGAGACGGTCATAAG
ReV CAAAGGCGTTGATCTCGATT           (376bp product)
T Brachyury
fWD  TGCTGCCTGTGAGTCATAACG
ReV  ACAAGAGGCTGTAGAACATG        (501bp product)

Tbx6
fWD  CTGAAGATCGCAGCCAATCCC
ReV  GGATGGTACAGATGGAGCTG     (344bp product)

Dll1
fWD  CTGAGGTGTAAGATGGAAGCG
ReV  CAACTGTCCATAGTGCAATGG  (270bp product)

Cdx2:
fWD GCGAAACCTGTGCGAGTGGATG
ReV TTTCCTCTCCTTGGCTCTGCG  (244bp product)

Ppia:
fWD   GGCCGATGACGAGCCC                      (75bp product)
ReV    TGTCTTTGGAACTTTGTCTGCAA 



2

C
D

X
 &

 H
O

X
 ReG

U
lA

TeD
 PO

STeRIO
R A

X
IA

l G
RO

W
TH

48

B2m:
fWD   GCATGGCTCGCTCGGT                        (122bp product)
ReV    CGGCTTCCCATTCTCCGGT            
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INTRODUCTION
Central Hox genes promote posterior axial extension, since the axial truncation phenotype of 

Cdx2+/-Cdx4-/- embryos can be partially rescued by Hoxa5 or Hoxb8, when expressed in the 

spatiotemporal window of Cdx2 by using a Cdx2 promoter fragment. Hox genes of the last 

paralogous group (PG 13) arrest posterior axial extension when expressed precociously. Since 

Hoxa5 and Hoxb8 belong to the central Hox genes, the question arises whether rescue of the 

Cdx mutations is a property exclusive to the central Hox genes, or whether it is shared with 

more anterior (3’) or posterior (5’) Hox genes, other than PG13. Another unanswered question 

is whether Hox genes function downstream of, or in parallel with Cdx genes in posterior axial 

extension.

ReSUlTS
Can Hox genes activate the “axial growth” program, independently 
of Cdx?
The most accepted view is that Cdx functions in axial patterning by positively regulating of Hox 

genes (Charite et al., 1998; Subramanian et al., 1995), also suggested by the downregulation 

of several Hox genes in Cdx2-/- embryos (see chapter 4). Nevertheless, Hox genes are closely 

related to Cdx genes and they might act on their own to stimulate axial growth and pattern 

axial structures. We wondered whether Hox genes rescue posterior axial extension defects 

in Cdx mutant embryos by activating the same downstream genetic pathway as Cdx. micro-

array analysis of the transcriptome of Cdx2+/-Cdx4-/- embryos did not reveal a downregulation 

of Hoxb8 in the mutants. It was thus worth testing whether Hoxb8 did not stimulate axial 

extension in Cdx2+/-Cdx4-/- mutants by directly activating Cdx target gene expression.

Cdx binding sites have been characterized in Hox regulatory regions, among which that of 

Hoxb8 (Charite et al., 1998). A lacZ reporter construct containing multiple tandem copies of 

these Cdx binding sites coupled to a minimal Hoxb8 promoter fragment is expressed in a pattern 

similar to that of the endogenous Hoxb8 gene. The Cdx binding site-containing lacZ reporter 

construct is regulated by endogenous Cdx, since mutation of the Cdx binding sites abolishes 

its activity (Charite et al., 1998; Charite et al., 1995). Previous work had shown that increased 

Cdx activity obtained by expressing the gene under the strong Rarβ promoter (RarβP-Cdx) did 

anteriorly expand the expression domain of the lacZ reporter (Charite et al., 1998). At e8.5 Rarβ 

is expressed in the neural tube and some of the anterior mesodermal derivatives (Ruberte et al., 

1991). We made use of this “Cdx regulated” lacZ reporter to assay whether Hoxb8 could induce 

lacZ expression the way Cdx did.

The Cdx-dependent lacZ reporter construct was tested in vivo, using mouse transgenic line 

carrying it (Charite et al., 1998) and lacZ expression could be visualised after Xgal staining of 

embryos. To assess whether Hoxb8 is capable of activating expression of the reporter construct 

the way Cdx had been proven to do, we transiently expressed RarβP-Hoxb8 in the lacZ reporter 

transgenic embryos. embryos transgenic for both the lacZ reporter construct and the RarβP-

Hoxb8 construct did not exhibit an expanded pattern of lacZ expression after staining with 

Xgal. In both embryos transgenic and non transgenic for RarβP-Hoxb8, lacZ expression was 

similarly detected in the neural tube caudal to the level of somite 6 and in the mesoderm caudal 
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to the level of somite 10 (fig. 1A+B). This indicates that Hoxb8 is not capable of stimulating 

the expression of the Cdx-responsive lacZ reporter construct, since lacZ expression would 

otherwise have been detected in more anterior tissues belonging to the Rarβ expression 

domain. These experiments suggest that Hoxb8 is not able to activate Cdx downstream targets, 

and does not function independently of Cdx genes in posterior axial extension. 

B

* *

A

Annex to chapter 2 Fig.1
Fig.	 1: expression of the Cdx dependent lacZ reporter construct in transgenic embryos. A+B	 X-gal staining 
reporting Cdx dependent lacZ expression in 13-somite non-transfected (A) and RarβP-Hoxb8 transgenic (B) 
embryos. The asterix and the arrow indicate the identical anterior expression boundary of LacZ in the neural tube 
and mesoderm, respectively.

Stimulation versus arrest of posterior axial extension: Hox gene 
subfamilies?
The posterior Hox paralogous group and Cdx genes have been proposed to descend from 

the same ancestor in the ProtoHox cluster. They share high similarity in amino acid sequence 

(Brooke et al., 1998). Hoxa9 expression seemed to be reduced in e8.5 Cdx2+/-Cdx4-/- embryos 

(Young, 2009). A rescue of the truncation phenotype of Cdx2+/-Cdx4-/- embryos was attempted 

by transgenic expression of Hoxa9 in the spatiotemporal window of Cdx2 expression, using a 

Cdx2 promoter. embryos from the Hoxa9 trangenic lines expressed the transgene in a domain 

similar to that of Cdx2, in addition to their endogenous expression (fig. 2A+B). No difference 

in the number of vertebrae was observed in Hoxa9 overexpressing Cdx2+/-Cdx4-/- new born 

mice, compared to non transgenic siblings (fig. 2C). The fact that Cdx2+/-Cdx4-/- new born mice 

expressing Hoxa9 are phenotypically indistinguishable from their Cdx2+/-Cdx4-/- non transgenic 



2

A
N

N
eX

: RelA
TIO

N
SH

IP BeTW
eeN

 C
D

X
 &

 H
O

X

55

siblings, means that we could not show in our experimental conditions that Hoxa9 has any axis 

stimulating activity.

Genes of the last paralogous group, Hox13 genes, terminate posterior axial extension when 

precociously expressed. Other posterior (5’) Hox genes might also posses the same potential. 

We decided to test whether a Hox PG12, neighbour of Hox PG13 in the the AbdB-related 5’ Hox 

genes, would exhibit an activity of axial elongation arrest. To asses whether Hoxc12 might play a 

role in the termination of axial extension when precociously expressed, transgenic embryos were 

generated by pronucleus micro-injection of Cdx2P-Hoxc12 in wildtype zygotes. e15.5 Cdx2P-

Hoxc12 transgenic embryos did not show an alteration of the axis length, since the number of 

vertebrae did not differ from that of non transgenic siblings (not shown). This suggests that 

Hoxc12 does not terminate posterior axial extension when precociously expressed. Although 
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Annex to chapter 2 Fig. 2Fig.	2: expression of endogenous Hoxa9 and Cdx2P-Hoxa9 transgene in embryos and average vertebral count in 
Cdx2P-Hoxa9 transgenic newborns. A+B in situ hybridization with a Hoxa9 probe on a whole mount e9.5 wildtype 
(A) and a Cdx2P-Hoxa9 transgenic (B) embryo. C Graph showing average number of vertebrae of newborn 
control (green), Cdx2+/-Cdx4-/- (Blue) and Cdx2+/-Cdx4-/- Hoxa9 transgenic (red) mice.
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the activity of Hoxd12 has not been assessed, this might indicate that precocious expression of 

PG13 genes exclusively results in a termination of posterior axial extension. Whether PG12 Hox 

genes are capable of positively contributing to axial extension has not been tested.

mATeRIAlS AND meTHODS
Generation of transgenic constructs and mice
The Cdx responsive lacZ reporter line used was previously described (Charite et al., 1998). The RarBP-
Hoxb8 construct was generated by inserting a genomic fragment of the Hoxb8 gene (unpublished data 
J. Charite and JD) into the expression vector pS8, containing a RARB promoter fragment (S. Shen and 
JD) To construct the Cdx2P-Hoxa9 transgene, we used the expression vector p301 kindly provided by 
I. Rodriguez (Geneva). The IReS-eGfP marker present in the construct appeared not to lead to detectable 
GfP expression, but was used for genotyping the transgenic embryos and mice. full length cDNA from 
Hoxa9 was inserted into p301 between the rabbit ß-globin intron and IReS-eGfP, upstream of ß-globin 
polyA. finally the 9.4 kb Cdx2 promoter (Benahmed et al., 2008) fragment was inserted upstream of the 
ß-globin intron.

Genotyping
for genotyping lacZ reporter vector, RarbP-Hoxb8 and Cdx2P-Hoxa9 transgenic lines, genomic DNA was 
isolated from yolk sac or ear cuts. After lysis with a solution containing 100mm TrisHCl pH 8.5, 5mm eDTA, 
0.2% SDS, 200mm NaCl, 100μg/ml proteinase K at 55°C overnight, isopropanol precipitation was performed 
and the DNA subsequently dissolved in 500μl Te buffer overnight at 55°C. eGfP primer sequences, for 
genotyping Cdx2P-Hoxa9 were AGAACGGCATCAAGGTGAAC (forward) and CTTGTACAGCTCGTCCATGC 
(reverse), generating a 242 bp specific eGfP fragment. lacZ reporter primer sequences were 
GCATCGAGCTGGGTAATAAGCGTTGGCAAT (forward) and GACACCAGACCAACTGGTAATGGTAGCGAC 

(reverse), generating an 821 bp specific lacZ fragment. The RarβP-Hoxb8 primer sequences were 
AGACTGGGATGCAGAGGAC (forward) and AACTCCTGGATTTGCGAAG (reverse), generating a 413bp 

specific RarβP-Hoxb8 fragment. The reaction conditions were 95°C for 30 sec, 60°C for 30 sec and 72°C 
for 30 seconds for 35 cycles in 10 μl mixture that contained 0.5μm of each primers, 0.2mm of each dNTP, 
1.5mm mgCl2 and 1x PCR Buffer (Promega 5x flexi Green GoTaq Buffer m891A and GoTaq m830B).





“Compare where you are to where you want to 

be, and you'll get nowhere.”
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SUmmARY
The three Cdx genes have been shown to play redundant functions during development 

of embryonic axial tissues. They were documented to ensure a suitable environment for 

the maintenance of progenitors of the three germ layers during axial extension, largely by 

sustaining active Wnt signaling in the posterior embryonic growth zone. We show here that the 

realm of action of Cdx genes encompasses and is restricted to the entire trunk and tail section 

of the axis. Inactivation of all three Cdx genes causes agenesis of the axial domain posterior 

to the occipital region. This dependence of trunk and tail emergence on Cdx genes seems to 

have been evolutionary conserved since it is found as well in short and intermediate germ band 

insects and arthropods.
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INTRODUCTION
Cdx loss of function was first discovered to impair axial elongation when Cdx2 was first inactivated 

(Chawengsaksophak et al., 1997). While null mutants for Cdx1 and Cdx4 are not compromised 

in their axis extension, they fail to complete their axial development when missing an allele of 

Cdx2 (van den Akker et al., 2002; van Nes et al., 2006). Compound mutants for the different Cdx 

genes revealed redundancy between the three family members in allowing tissues from the 

three germ layers to expand as development proceeds (van de Ven et al., 2011). We generated 

mouse embryos totally deprived of Cdx expression using Cdx1 and Cdx4 null alleles, and the 

Cdx2 conditional allele that we produced (Young, 2009). We show that these mutant embryos 

arrest their axial elongation after generating the cephalic and occipital tissues.

ReSUlTS
Absence of Cdx function prevents the generation of trunk and tail 
tissues during embryogenesis
Cdx triple null mutants were generated with mice carrying null alleles for Cdx1, Cdx2 and Cdx4, 

and a conditional allele of Cdx2 (Young, 2009), in combination with a Sox2P-Cre transgene 

(Hayashi et al., 2002) allowing Cdx2 inactivation in the ICm-derived embryonic tissues. 

following this strategy, the epiblast from the triple mutant is deprived of Cdx activity from 

the earliest stage on. Triple Cdx mutant embryos were recovered at the expected mendelean 

frequency, and their phenotype was compared with that of the Cdx compound mutants studied 

previously (Savory et al., 2009; Savory et al., 2011; van de Ven et al., 2011; van den Akker et al., 

2002; van Nes et al., 2006; Young et al., 2009).

The Cdx triple mutants (referred to as Cdx null from here on) did not survive beyond e10.5 

because they do not grow an allantois and never establish a placental labyrinth (fig. 1). They can 

be recovered at e10.5 but seem to have arrested their development earlier, as judged from the 

fact that they are growth retarded at this stage in comparison with controls (fig. 1).

It was obvious immediately that these triple mutants were more severely posteriorly 

truncated than any Cdx compound mutant generated previously, since the axial level of the last 

axial tissues generated was anterior to the forelimb buds (fig. 1). This phenotypical feature also 

makes of the Cdx null embryos the most severely caudally truncated of all mutants known to 

precociously arrest axial elongation. T Brachyury and Wnt3a null mutants, and Fgf4/Fgf8 double 

conditional mutants all allow axial tissues to be made down to a level beyond the forelimb buds. 

In addition, the triple Cdx null embryos exhibit an open neural tube, a condition that is inherent 

to the absence of Cdx1 and Cdx2, as reported by (Savory et al., 2011).

The antero-posterior axial phenotype of Cdx null embryos, that is more severely 

impaired than that of any embryo of the allelic series of Cdx mutants, was examined at earlier 

developmental stages. At e8.5 the morphology of anterior structures of the triple mutants was 

similar to that of age-matched controls, except for their open neural tube (fig. 1). However, only 

5 somites were visible in the mutants instead of the 8-10 generated by control e8.5  littermates. 

At the head fold stage (e7.5) no difference could be discerned between the embryonic tissues 

of Cdx null and control embryos, but the allantois was not visible in the mutants (fig.  1). We 
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conclude that Cdx triple mutants fail to develop an allantois, and arrest their axial elongation 

after the occipital somites have been generated.

Anterior tissues are generated in early gastrulating Cdx null embryos 
but progenitor cells for trunk and tail fail to be maintained
e8.5 Cdx null embryos and age-matched controls were submitted to in situ hybridization to 

detect the expression of genes marking recent mesoderm and neurectoderm generated from 

the posterior growth zone. Tbx6, a marker of presomitic mesoderm (PSm) was hardly expressed 

in the posterior part of Cdx null embryos whereas transcripts were present in the most recently 

generated paraxial mesoderm in the controls (fig. 2), suggesting an arrest of mesoderm 

generation in the mutant. Sox2 expression, marking the neurectoderm was hardly expressed 

at posterior levels in the mutant. No Sox2 expression was detected in the abortive growth zone 

of Cdx null embryos, whereas the gene was transcribed in the most recently induced neural 

tissues anterior to the node region in controls (fig. 2). This reflects a failure of the e8.5 posterior 

epiblast of Cdx null embryos to expand and undergo neural induction.

TBrachyury was found not to be expressed in the posterior part of the mutant embryo, 

whereas the gene is strongly expressed in nascent mesoderm along the streak in age-matched 

controls (fig. 2). Comparable TBrachyury expression was observed in the notochord in both 

Fig.	1: The phenotype of Cdx null embryos. A-I	The phenotype of control (A, B, e and G) and Cdx null (C, D, f, H 
and I) embryos at e7.5 (A-D), at e8.5 (e+f) and at e10.5 (G-I). Scale bars: 0.5mm.
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Fig.	2: expression of recently generated 
mesoderm and neurectoderm markers 
in control and Cdx null mutant embryos.	
A-D In situ hybridization with probes 
for Tbx6 (A+B) and Sox2 (C+D) at e8.5 
on whole mount control (A+C) and Cdx 
null (B+D) embryos. E-L Whole mount 
in situ hybridization with a probe for 
TBrachyury at e7.5 (e-H) and e8.5 (I+J) 
in control (e, f, I) and Cdx null (G, H, J) 
embryos and cross sections of the e8.5 
whole mount embryos shown in I and 
J (K+l). M-N Whole mount control (m) 
and Cdx null (N) embryos hybridized 
with a probe for Shh at e8.5. Important 
note: the Cdx null embryos are much 
flatter than their controls, meaning 
that the differences in axis length are 
even larger than suggested by the 
photographs. Scale bars: 0.5mm.

mutants and controls. This points to a specificity of the defect to the primitive streak region 

in the Cdx deficient embryos. Similar Shh expression in the notochord and floor plate of both 

mutants and controls confirmed the integrity of these structures in the Cdx null embryos (fig. 2).

Strikingly, both TBrachyury and Shh expression in Cdx mutants reveal the presence of 

a tubular ending of the notochord, confirmed in transverse sections (fig. 2) that is never seen 

in wild types. This tubular ending of the notochord expressed TBrachyury and is overlaid by 

the Sox2 expressing neural plate (fig. 2).  Interestingly, mammalian embryos that develop as 

a flat disk rather than as the rodent- typical egg- cylinder do develop a notochord with a tubular 

ending (C. Viebahn, Gottingen, personal communication). The fact that the Cdx null mutant 
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embryos are morphologically much flatter than their wild type counterparts might allow them 

to express this morphological property of the caudal notochord.

The most striking feature in Cdx mutants is the absence of the primitive streak region at 

e8.5 revealed by their TBrachyury expression pattern. Investigations in earlier, head fold (e7.5) 

stage embryos revealed that their primitive streak region, marked by T expression in nascent 

mesoderm, is indistinguishable from that in age-matched controls (fig. 2). These observations 

strongly suggest that the progenitors for anterior tissues along the primitive streak are actively 

generating mesoderm in Cdx null mutants, whereas these progenitors are eliminated at later 

stages, causing the absence of mesoderm after 5/6 somites have been generated.

Hox genes are correctly induced in the posterior primitive streak 
of Cdx null mutants but the rostral spreading of the posterior Hox 
domains is arrested as trunk tissue production stops
The expression of anterior genes was similar in Cdx null mutants and controls. Hox genes are 

initially transcriptionally induced in the primitive streak at the late mid-streak stage (e7.2), and 

their expression domain spread along the streak and adjacent tissues, in a way that is temporally 

collinear with the position of the genes in their cluster (Deschamps and Wijgerde, 1993; Iimura 

and Pourquie, 2006; Roelen et al., 2002). These expression domains then further extend 

anteriorly in embryonic tissues, eventually reaching gene-specific rostral boundaries. Hoxb1 

is initially expressed in the posterior streak at e7.2, and its expression domain has reached the 

anterior streak by the early head fold stage (forlani et al., 2003). At the head fold stage, the 

Hoxb1 expression pattern of Cdx null mutants is identical to that in controls (fig.  3). At early 

somite stage the anterior part of the expression patterns of mutant and control was the same, 

as witnessed by the sharp expression stripe in rhombomere 4 (r4) will form. The only difference 

between gene expression in mutant and control at that stage is a reduction of the expression 

level in posterior tissues of the mutant (fig. 3), in the territory shown above to harbor the 

declining tissue progenitors along the disappearing primitive streak.

The expression of more posterior Hox genes was analysed in Cdx null embryos and 

controls. Hoxb4, the expression domain of which normally reaches the r6/r7 boundary in the 

neural tube and the first somite in the mesoderm, was expressed at lower level in the mutant. 

Its rostral expression boundary remained at the level of the last generated somites in e8.5 Cdx 

null embryo (fig. 3). The expression of Hoxa5, normally expressed in early trunk tissues (rostral 

limit in posterior and somite 6/7 boundary, (larochelle et al., 1999; Young et al., 2009) was not 

observed in e8.5 Cdx null embryos (fig.3). Hoxb8, normally expressed with a rostral expression 

boundary at the level of somite 5 in the neural tube and somite 11 in the paraxial mesoderm, was 

not expressed in the Cdx null embryos (fig. 3). The same holds true for Hoxa9, a more 5’ and 

later Hox genes, that was not expressed in e8.5 and e9.0 Cdx null embryos (fig .3). 

We conclude that the initial transcription of the clustered Hox genes takes place correctly in 

the primitive streak of Cdx null embryos at early stages. The transcription domains of 3’, early 

Hox genes expectedly expand anteriorly together with the nascent tissue that will form the 

rhombencephalic and occipital structures. The posterior expression of these 3’ genes later on 

fades away as the growth zone becomes inactive. The expression domains of the Hox genes 

that will normally be expressed in trunk tissues –caudal to occipital somites- fail to expand 
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anteriorly in Cdx mutants, as expected from the lack of tissue addition to form the trunk from 

the posterior growth zone. 

The patterns of Hox gene expression thus correlate well with the hypothesis that trunk and 

tail progenitor populations are not maintained in Cdx null mutants.

Cdx factors maintain the progenitor populations for trunk and tail by 
sustaining Wnt signaling in the posterior growth zone
Cdx transcription factors do not affect the progenitors themselves but maintain their 

environment by stimulating Wnt signaling (Bialecka et al., 2010). Axial tissue growth dependency 

on Cdx could be rescued by a posterior gain of function of a constitutively active Lef1 transgene 

(Young et al., 2009) in Cdx2/4 compound mutants. The impairment of the progenitors for 

extraembryonic tissues (allantois) and embryonic lateral plate mesoderm was also corrected by 

Wnt signaling in several Cdx compound mutants (van de Ven et al., 2011; Young et al., 2009). In 

agreement with these data sets, Wnt3a was expressed at a clearly decreased level in Cdx triple 

mutants (fig. 4). Cdx proteins therefore maintain all the progenitors for trunk and tail by the 

unique mechanism of ensuring active Wnt signaling in their surroundings.

Fig.	3: expression of Hox genes in control and Cdx null embryos.	A-D Whole mount in situ hybridization with a 
probe for Hoxb1 on control (A+C) and Cdx null (B+D) embryos at head fold stage (A+B) and at e8.5 (C+D). E-J 
In situ hybridization with probes for Hoxb4 (e+f), Hoxa5 (G+H) and Hoxb8 (I+J) on e8.5 whole mount control 
(e, G, I) and Cdx null (f, H, J) embryos. K-N Whole mount control (K+m) and Cdx null (l+N) embryos hybridized 
with a probe for Hoxa9 at e8.5 (K+l) and e9.0 (m+N). Scale bars: 0.5mm.
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DISCUSSION
At primitive stage stages, progenitors for trunk and tail tissues are residing in an ordely way in the 

epiblast flanking the primitive streak from its more posterior extension to its rostralmost limit 

abutting the node (Kinder et al., 1999; lawson et al., 1991; Tam and Beddington, 1987). Recent 

work has shown that each single progenitor population is affected by the Cdx mutations. Cdx2 

null mutants and all compound Cdx mutants carrying the Cdx2 null mutation fail to develop 

an allantois from the extraembryonic mesoderm produced early on from progenitors in the 

proximo- posterior epiblast (van de Ven et al., 2011). Work in mouse eS cells (Wang et al., 2008) 

and zebrafish embryos (Davidson et al., 2003; Davidson and Zon, 2006) has demonstrated that 

Cdx mutations affect the primitive and adult hematopoietic progenitors. These progenitors 

arose in early extraembryonic mesoderm, and lateral plate mesoderm, respectively, initially 

located in the posterior primitive region. Progenitors for trunk lateral plate mesoderm tissues, 

and for axial mesoderm and neurectoderm are impaired in Cdx compound mutants (van de 

Ven et al., 2011; Young et al., 2009). These defects in the different progenitor populations are 

of maximal severity in Cdx triple mutants that lose them all by the time trunk and tail tissues 

should be generated. This means that Cdx genes are controlling the maintenance of all 

progenitor populations residing in the posterior growth zone, and are master control genes for 

the generation of trunk and tail tissues.

In the total absence of Cdx genes, the early progenitor cell populations in the primitive 

streak lay down head and occipital tissues (the “extended head”), but these progenitors are 

not maintained and no posterior structure forms. The mechanism of this Cdx-dependence is a 

positive action of Cdx on Wnt signaling as shown by genetic rescue experiments in compound 

Cdx mutants, and by the loss of Wnt3a expression in the posterior growth zone of Cdx null 

embryos after the 5 somite stage.

Cdx function coincides with an evolutionary conserved a “post-head” 
axial domain
expression analysis of the nascent mesodermal marker TBrachyury in the Cdx null embryos 

revealed that new mesoderm was generated in the primitive streak at head fold stages, but that 

this had ceased after 5 somites have formed. It therefore appears that two subsequent steps 

Fig.	4: expression of Wnt3a in control and Cdx null embryos at e8.5. A+B Whole mount control (A) and Cdx null 
(B) embryos hybridized with a probe for Wnt3a at e8.5. Scale bar: 0.5mm.
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can be distinguished in the generation of axial tissues, one independent and one dependent 

of Cdx activity, respectively. This dichotomy is reminiscent of numerous features reported so 

far to distinguish the cephalic and occipital extent of the axis from its more caudal extension. 

Axial tissues at occipital level differ from trunk and tail tissues in many ways. Unlike the neural 

crest at trunk levels, neural crest cells leaving the edge of the neural plate at closure migrate 

into the branchial arches before they contribute to cranio-facial tissues but they do not lay 

down sensory ganglia (lim et al., 1987). The occipital region of the head may be the witness 

of the evolutionary step between jawless chordates and vertebrates. A striking piece of data 

supporting this hypothesis of a specific role of Cdx in “post head” body extension is that loss 

of Cdx functions in arthropods only allows the head to develop (Copf et al., 2004; Shinmyo  

et al., 2005).

A specific role of vertebrate Cdx genes in the axial domain posterior 
to the occipital region
Well documented during early vertebrate embryogenesis is the fact that head tissues are 

generated early at the beginning of gastrulation whereas the rest of the axial structures are 

added subsequently from the caudal part of the embryo, the posterior growth zone (Kinder et 

al., 1999; Tam and Beddington, 1987; Young et al., 2009). The Hox genes contribute to pattern 

the nascent mesoderm and induced neurectoderm that will give rise to the axial body portion 

between the hindbrain to the tail end of the embryo (reviewed by (Deschamps and van Nes, 

2005)). The data presented above show that an anteriormost Hox gene is expressed correctly 

in the hindbrain and occipital region in Cdx null mutants, whereas Hox genes of the middle of 

the Hox clusters never extend their expression domains into embryonic tissues because these 

are not generated. The Hox expression features in Cdx null mutants are thus in accord with the 

capital function of the Cdx genes in allowing axial tissue generation posterior to the hindbrain 

and occipital region.

An additional set of data consolidates this hypothesis of a dichotomy between the genetic 

underlying of the “extended head” and more posterior axial tissues. Partial loss of Cdx function 

leads to milder truncations than those observed in the Cdx null embryos. These partial Cdx 

mutants are arrested in their axial elongation within the trunk, at levels depending on the Cdx 

allele(s) mutated. In all these partial Cdx mutants, ectopic neural structures were observed 

ventro-laterally to the neural tube at caudal levels preceding the truncation (van de Ven et 

al., 2011). These ectopic neural structures were proposed to result from a disturbance of the 

Cdx/Wnt deficient environment (van de Ven et al., 2011) impacting on the activity of long 

term neuro-mesodermal progenitors (Tzouanacou et al., 2009). These ventral neural tube 

dysmorphologies were never observed in the neural tube of Cdx null mutants. This shows that 

the neurepithelium formed in the absence of Cdx involvement (anterior brain, hindbrain and 

neural tube overlying the occipital region) constitutes an independent unit from the most 

posterior neural tube.  Ventro-lateral ectopic neural structures appear exclusively at posterior 

axial levels, in the neurepithelium generated upon partial loss of Cdx function. A question arising 

at this point is whether the Cdx functional domain coincides with the domain of contribution 

of the long term neuro-mesodermal progenitors to axial elongation (Tzouanacou et al., 2009).
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Signaling downstream of the Cdx dependent post-occipital axis 
elongation
Cdx transcription factors control axial extension by sustaining Wnt signaling around the tissue 

progenitors in the posterior growth zone (Young et al., 2009). Since the Wnt3a null phenotype is 

less extreme than the Cdx null phenotype, another Cdx downstream pathway must be involved 

to account for the full Cdx function. Whether Wnt3 signaling participates in the maintenance of 

axial progenitors in early post-occipital axis elongation, as suggested by micro-array analysis in 

Cdx2 mutants, remains to be confirmed.

Regulatory interactions between Cdx and Hox genes
The absence of Cdx function leaves the expression of early Hox genes unaffected. This 

demonstrates the independence of anterior Hox gene expression on Cdx expression at early 

stages. The impact of the Cdx triple null mutation on the expression of more posterior Hox 

genes appears to be the result of the lack of tissue wherein these genes should be expressed. 

Hox expression domains expand anteriorly within the emerging trunk and tail tissues 

(Deschamps and Wijgerde, 1993; forlani et al., 2003). The arrest of trunk tissue expansion 

beyond the occipital area accounts for the absence of further rostral speading of the Hox 

expression domains.

The regulatory action of Cdx genes on Hox expression reported earlier (Charite et al., 1998; 

Tabaries et al., 2005) were described at relatively late stages, during the fine tuning of the 

expression boundaries of central (or trunk) Hox genes. These interactions never take place in 

the Cdx null mutants that do not lay doen trunk and tail tissues, and thus do not generate an 

axial expression domains of these trunk Hox genes. The effect of Cdx inactivation on trunk Hox 

genes is therefore an absence of axial expression, instead of a posterior shift of the expression 

domains like observed in partial Cdx mutants that do generate trunk tissues (Tabaries et al., 

2005; van den Akker et al., 2002).

The data in this work make it clear that the inactivation of Cdx genes does not affect 

the transcriptional initiation of the Hox gene cluster in the primitive streak. The absence of 

Cdx expression does not impair the embryonic expression domain of 3’, anterior Hox genes 

that extend into the hindbrain and occipital region, but arrests the emergence of trunk and 

tail, thereby preventing the anterior expansion of central Hox gene transcripts. The Cdx null 

embryos arrest their development at a stage corresponding to e8.5, and thus never initiate the 

expression of posterior Hox genes among which Hox13.

mATeRIAlS AND meTHODS
mice
All mice were in the C57Bl6j/CBA mixed background. Cdx2 heterozygotes and Cdx4 null mutant mice as 
well as the protocols to genotype them have been described previously (Chawengsaksophak and Beck, 
1996; van Nes et al., 2006). The generation of Cdx2 conditional mutants has been reported (Young, 2009). 
epiblast specific Cdx2 null mutants were obtained by crossing Cdx2 Cond homozygotes and Cdx2+/- Sox2P-
Cre transgenic mice (Hayashi et al., 2002).

Cdx null embryos were generated by crossing Cdx1-/-Cdx2flox/floxCdx4-/- females with Cdx1-/-Cdx2+/-

Cdx4-/- males, which carry the Sox2P-Cre transgene.
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embryos were analyzed at embryonic stages e7.5, e8.5, e9.5 and e10.5. mice were treated according to 
the “law on animals in experiments”, under the licences required in the Netherlands.

Histology and in situ hybridization
for histological analysis, tissues were fixed with 4% paraformaldehyde (PfA) overnight at 4oC. 

Whole mount In situ hybridization of mutant and control embryos was performed according to 
Young et al., 2009. Probes were generated against Wnt3a, Shh, Tbx6, Sox2, Tbrachyury, Hoxb1, Hoxb4, 
Hoxa5, Hoxb8 and Hoxa9 transcripts. embryos that had been hybridized with a Tbrachyury probe were 
subsequently imbedded in plastic, sectioned at 7μm and counterstained with Neutral Red.



“I am turned into a sort of machine for 

observing facts and grinding out conclusions.”

Charles Darwin
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SUmmARY
Decrease in Cdx dosage in an allelic series of mouse Cdx mutants leads to progressively more 

severe posterior vertebral defects. These defects are corrected by posterior gain of function 

of the Wnt effector lef1. Precocious expression of Hox paralogous 13 genes also induces 

vertebral axis truncation by antagonizing Cdx function. We report here that the phenotypic 

similarity also applies to patterning of the caudal neural tube and uro-rectal tracts in Cdx and 

Wnt3a mutants, and in embryos precociously expressing Hox13 genes. Cdx2 inactivation after 

placentation leads to posterior defects including incomplete uro-rectal septation. Compound 

mutants carrying one active Cdx2 allele in the Cdx4 null background (Cdx2/4), transgenic 

embryos precociously expressing Hox13 genes, and a novel Wnt3a hypomorph mutant all 

manifest a comparable phenotype with similar urorectal defects. Phenotype and transcriptome 

analysis in early Cdx mutants, genetic rescue experiments and gene expression studies lead 

us to propose that Cdx transcription factors act via Wnt signalling during the laying down of 

urorectal mesoderm, and that they are operative in an early phase of these events, at the site 

of tissue progenitors in the posterior growth zone of the embryo. Cdx and Wnt mutations and 

premature Hox13 expression also cause similar neural dysmorphology including ectopic neural 

structures sometimes leading to neural tube splitting at caudal axial levels. These findings 

involve the Cdx genes, canonical Wnt signalling, and the temporal control of posterior Hox 

gene expression in posterior morphogenesis in the different embryonic germ layers. They 

shed a new light on the etiology of the Caudal Dysplasia or Caudal Regression range of human 

congenital defects.
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INTRODUCTION
The Drosophila gene Caudal (Cad) (mlodzik et al., 1985) has three mammalian homologues 

termed CDX1, CDX2 and CDX4 in the human and Cdx1, Cdx2 and Cdx4 in mice. Cdx4/CDX4 is 

X-linked in both mice and humans. In the mouse, all three genes are expressed in embryos at 

the primitive streak stage of development. Cdx1 transcripts appear at embryonic stage (e) 7.2 

in the posterior part of the streak, extending posteriorly to the base of the allantois; Cdx2 and 

Cdx4 start transcription at about the same stage in an overlapping region extending into the 

base of the allantois (Deschamps and van Nes, 2005). All three genes remain highly expressed 

in and along the primitive streak and later in the tailbud until e10.5 (Cdx4), e11.5 (Cdx1) and e12.5 

(Cdx2). All three genes are also expressed in the developing hindgut endoderm but only Cdx1 

and Cdx2 remain expressed there into late gestation and postnatally (Beck, 2002). 

All three Cdx genes are involved in antero-posterior patterning of the embryonic axis. 

Cdx1-/- mice exhibit anterior homeotic shifts in vertebral identity involving the upper cervical 

vertebrae (Subramanian et al., 1995) while Cdx2+/- animals manifest similar homeotic defects 

more posteriorly, in the lower cervical and upper thoracic regions (Chawengsaksophak et 

al., 1997). Cdx2 null embryos fail to implant because the gene is essential to trophectoderm 

development (Strumpf et al., 2005).  Cdx4 null mice exhibit only a mild anterior transformation 

at a particular thoracic position with a very low penetrance and no other abnormality. In 

Drosophila Cad has been found to be the homeotic gene specifying the identity of the last 

abdominal segment, the analia (moreno and morata, 1999). 

Cdx genes have been shown to play an essential role in posterior axial elongation in the 

mouse (Savory et al., 2009; van den Akker et al., 2002; Young et al., 2009) and in several insect 

and arthropod species that also extend their body axis by posterior addition of tissues (Copf 

et al., 2004). This mode is not used by long germ band insects like the fruit fly. Although each 

of the three Cdx genes contributes to posterior axial extension, the contribution of Cdx2 is 

the most obvious, since heterozygote Cdx2 mutants have a slightly shorter axis. Using a Cdx2 

conditional allele (Gao et al., 2009; Savory et al., 2009; Young, 2009) and an epiblast restricted 

Cre transgene (Hayashi et al., 2002), it was possible to specifically inactivate Cdx2 in the embryo 

proper. e10.5 Cdx2 null embryos are posteriorly truncated in a similar manner to the Cdx2 null 

embryos that were rescued by tetraploid fusion following intercrossing of Cdx2 heterozygotes 

(Chawengsaksophak et al., 2004). These Cdx2 null embryos do not develop a chorio-allantoic 

labyrinth and die in utero at e10.5. They lack axial tissues posterior to the forelimbs. Conditional 

Cdx2 mutants at e8.5 bypass the placental failure, and allows the embryos to develop up to 

birth (Savory et al., 2009). Inactivation of Cdx2 exclusively in the endoderm from its initial 

specification using Foxa2 Cre leads to blunt ending of the gut at the ceacum (Gao et al., 2009) 

and demonstrates a role of Cdx2 in posterior endoderm expansion. Compound mutants carrying 

one Cdx2 null allele and homozygous null for Cdx4 (referred to later in the manuscript as Cdx2/4 

mutants), fail to generate their posterior tissues caudal to the hindlimbs (Young et al., 2009). 

most of these embryos die around e10.5 from deficient placental labyrinthine development (van 

Nes et al., 2006), but the penetrance of the phenotype is variable, leaving about 10 % of the 

Cdx2/4 embryos to progress to full term. These latter animals die shortly after birth.  

The Caudal Regression syndrome, also called Caudal Dysplasia (Welch and Aterman, 

1984) encompasses a range of congenital defects of varying severity. These may involve 
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malformations of the lumbar vertebrae, partial or complete sacral agenesis, caudal neural 

tube defects and abnormalities of cloacal derivatives. The latter include recto-anal atresia, 

recto-urinary or recto-vaginal fistulae and abnormalities of the bladder outflow tract. Animal 

models have been described for Caudal Regression or related syndromes such as Anorectal 

malformations (ARms) and were found to involve Sonic hedgehog (mo et al., 2001), Retinoic 

acid (RA) (Padmanabhan, 1998), and the non canonical Wnt5a (Nakata et al., 2009; Tai et al., 

2009). A role for  Gdf11 and its  associated proprotein convertase Pcsk5 has been suggested as 

well since inactivating the latter causes the  VACTeRl-like phenotype (Szumska et al., 2008) 

comprising vertebral and anorectal anomalies. Recently, anorectal malformations induced by 

ethylenethiourea in rat embryos were reported to be accompanied by downregulation of Cdx1 

(Zhang et al., 2009).

We analysed the morphogenetic defects of an allelic series of Cdx mutants, at different 

stages of embryogenesis and found them to exhibit (besides posterior vertebral truncations) 

phenotypical traits mimicking Caudal Regression defects with respect to uro-rectal 

morphogenesis and neurectoderm patterning. We previously reported that the caudal vertebral 

truncation of Cdx2/4 mutants was corrected by a posterior gain of Lef1 expression activating 

the canonical Wnt pathway (Young et al., 2009). We now have carried out a detailed study of 

the relationship between Cdx and Wnt in posterior neural and anorectal tissue morphogenesis. 

Rescue of the Cdx2/4 vertebral truncation phenotype by a gain of activated lef1 re-established 

development of a separated urogenital sinus and rectum in mutant animals. We also analysed 

posterior tissues in a novel hypomorph Wnt3a mutant, and found that it exhibits a vertebral 

truncation phenotype of intermediate severity between the Wnt3a null mutants (Takada et al., 

1994) and the mild Wnt3a hypomorph mutants Vestigial tail (Vt) (Greco et al., 1996). In this 

mutant we found similar defects in the uro-rectal region and in the caudal neural tube as those 

we saw in Cdx2/4 and Cdx2 mutants (induced at stages to bypass placentation defects). We 

also observed similar defects in posterior neural tube patterning and in urorectal septation 

in transgenic embryos precociously expressing Hox13 genes. These findings point to the 

participation of Cdx genes and canonical Wnt signalling not only in the generation of the 

vertebrae, but also in posterior neural tube morphogenesis, and cloacal development. The data 

also stresses the importance of the correct timing of Hox gene expression for these events. 

We propose that the site of action of this network centered on Cdx and Wnt resides in the 

posterior growth zone in the tail bud, and reveals a unifying function of Cdx genes in posterior 

morphogenesis of tissues in the three germ layers. This suggests that the etiological nature 

of human Caudal Dysplasia and anorectal malformations (ARms) may often be the result of a 

shortage of growth stimulation of the progenitors of posterior tissues in the tail bud at earlier 

stages of development.  

ReSUlTS
Anorectal malformation in Cdx mutants and in embryos precociously 
expressing Hox13 genes 
fetuses lacking Cdx4 and one allele of Cdx2 (Cdx2/4 mutants) usually (90 %) exhibit lethal 

placental defects (van Nes et al., 2006). Ten percent overcome this defect and develop further 

but all die within a few days of birth (Young et al., 2009). Inspection of neonates with this 
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genotype revealed an imperforate anus. morphogenesis of anorectal and urethral tissues was 

analysed further. Surviving Cdx2+/-/Cdx40/- full term male were growth retarded with short or 

absent tails. The anal opening was absent in all animals. The abdomen was often distended and 

on transillumination this was seen to be due to an enlarged fluid filled bladder (fig S1). There 

was no evidence of defecation and post-natal survival was not possible. On serial sectioning 

the bladder was dilated and thin walled. The urethral outflow tract was patent but appeared 

somewhat distorted, and probably not functional due to pressure from the dilated hindgut. 

The hindgut ended blindly at the level of the bladder neck and a fistula between the urinary and 

intestinal tracts was present in all the adult specimens examined (n=4). The region at which the 

gut terminated was variable (see fig. 1D-f for e10.5 embryos). We also studied serial sections of 

Cdx2+/-/Cdx40/- male embryos at e15.5. These exhibited similar features to those described for full 

term specimens with the exception that the urinary outflow tract failed to open externally (fig 

1A,B). We conclude that in the newborn male (Cdx2+/-/Cdx40/-) compound mutants described 

above, some, possibly diminished, continuity of the urinary outflow tract is re-established with 

the development of the terminal (glandular) portion of the urethra. This normally develops to 

maintain continuity of the urinary tract with the exterior following closure of the male urethral 

folds in the midline on the lower surface of the penile shaft. This re-establishment is, however, 

defective and insufficient to relieve the accumulation of urine in the bladder. We also examined 

serial sections of a Cdx2+/-/Cdx4-/- female mouse fetuses at e18.5. Once again, we found anal 

atresia, though a recto-urinary fistula did not develop due to interposition of the utero-vaginal 

canal and its mesentery. The bladder in these animals was enormously dilated and the urinary 

tract did not open to the exterior. There was no evidence of hydronephrosis or of hydroureter. 

We examined the genital system in all the serially sectioned animals and found no abnormalities 

in either the gonads or in the gonadal ducts of either sex (not shown).

We analysed embryos in which Cdx2 was inactivated after placentogenesis, using the 

conditional Cdx2 allele and Rosa26CreERT2. They were less caudally truncated than the Cdx2 

null embryos generated with Sox2Cre. At e15.5, they all manifested anorectal abnormalities 

of the type observed in Cdx2/4 compound embryos (fig. 1C). Their cloacal development was 

incomplete, again causing a persistent communication between the urogenital and hindgut 

outflow tracts and death after birth. 

A variation in severity of the loss of function phenotypes is therefore manifest both 

in different allelic combinations of Cdx mutations, or by varying the time point of gene 

inactivation during embryogenesis. This demonstrates a dosage and time-dependance on 

Cdx during antero-posterior development, and in particular during cloacal development. In 

these experiments, as in the work on vertebral axis extension, Cdx2 plays a more prominent 

morphogenetic role than Cdx1 or Cdx4.

Some of the Cdx2PHoxb13 transgenic founder mice expressing the Hoxb13 gene 

precociously, under the Cdx2 promoter (Young et al., 2009), were found to manifest anal 

atresia. We generated transgenic fetuses expressing Hoxc13 under the Cdx2 promoter, and 

observed that they all exhibit ano-rectal agenesis and abnormal communication between 

the bladder and the hindgut (fig. 1G,H). Premature expression of Hox13 genes thus leads to a 

phenotype similar to that resulting from a decrease in Cdx activity.
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Fig.	1: Phenotypes of Cdx mutants and Hoxc13 transgenic embryos in the urorectal region. A-C, Sagittal sections 
of the urorectal region of a e15.5 embryos control (A), Cdx2+/-Cdx4-/- mutant (B) and Cdx2 null (upon Cdx2 
inactivation at e7.5 by tamoxifen induction of Rosa 26 Cre eRT2); D-F: e10.5 sagittal sections of a control (D), Cdx2+/-

Cdx4-/- mutant (e), and a Cdx2-/- mutant (f), showing the blunt-ending hindgut. G,H	Sagittal sections though the 
urorectal region of an e18.5 control (G), and transgenic fetus expressing Hoxc13 from the Cdx2 promoter (H). 
The insert in H is a blow up of part of an adjacent section showing the fistula between the bladder and the gut. 
h, hindgut; b, bladder; g, gut; r, rectum; *, communication between bladder and gut. Scale bar in A (A-C): 1mm; 
in D (D-f): 0,5mm.
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Uro-rectal septation, Cdx and Wnt signaling
Posterior axial defects of Cdx2/4 mutants are partially corrected by a transgene expressing 

an activated form of the downstream effector lef1 from the Brachyury T promoter (Young 

et al., 2009). This posterior Wnt gain of function rescued the morphogenesis of the hindgut 

and bladder outflow tracts in 8 out of 9 cases analysed (89%) (example in fig. 2A,B).  Given this 

functional rescue of Cdx mutants by an activated Lef1 transgene, we also analysed the cloacal 

derivatives of Wnt3a mutant embryos. Wnt3a null embryos fail to generate tissues posterior to 

the forelimbs, preventing such an analysis, but embryos homozygous for an hypomorphic Wnt3a 

allele (Wansleeben et al., 2011) exhibit a vertebral truncation phenotype of intermediate severity 

between the Wnt3a null and the mild Wnt3a hypomorph Vestigial tail (Vt) mutants (Greco et al., 

1996). All examined embryos (n=8) homozygous for the new Wnt3a hypomorphic allele arrest 

their axis extension at sacral levels (n=8), thereby resembling Cdx2/4 compound mutants, and 

Cdx2 null embryos generated with the  conditional Cdx2 allele and Cre recombinase induction 

at e7.5. The severity of the phenotype of homozygous Wnt3a hypomorph mutants was variable, 

and some embryos displayed sirenomelia (fused hindlimbs). This latter phenotype, observed 

in 1 out of the 4 mutants, was the most severe and was accompanied by bladder agenesis. All 

the other mutants (75%) were deficient in cloacal development at e10.5 similarly to Cdx2/4 

mutants. They failed to undergo complete septation of the urogenital and anorectal tracts  

(fig. 2C versus A). 

Cdx2 and Cdx4 are normally expressed in all three germ layers at the tail end of embryos, 

and in overlapping domains in the gut endoderm at e9.0 (fig. 2D-G). Cdx2  remains expressed 

in the endoderm at later stages, with a maximum in the para-ceacal region, decreasing in both 

directions (Beck, 2002). It is thus expressed at a much lower level in the cloaca than more 

anteriorly at e12.5 (fig. S2).  We analysed the expression of Wnt3a, and of Axin2, a read out 

of canonical Wnt signaling, during cloacal septation and anorectal morphogenesis in wild 

types and Cdx mutants. Wnt3a and Axin2 are expressed in the posterior growth zone at the 

tail end of the embryo, but are not expressed in either the endodermal lining of the cloacal 

cavity, or in the mesoderm of the urorectal septum at e10.5 (fig. 2H-O). The same restriction 

to tailbud tissues applies to the activity of the T Brachyury promoter driving the rescuing Lef1 

transgene. This promoter is the “primitive streak” promoter fragment shown previously to be 

active exclusively and transiently in the mesoderm emerging from the primitive streak during 

gastrulation, and in the tailbud thereafter (Clements et al., 1996). The TPLef1 transgene is thus 

not active in the anlage of ano-rectal and urethral tissues at e10.5. These data suggest that the 

defect in urorectal septation in Wnt3a mutants and the rescue effect of TPLef1 in Cdx mutants 

must originate from the progenitors of cloacal structures at a time when they still resided in the 

posterior growth zone. 

Wnt pathway components in Cdx mutants
In searching for a mechanism underlying the impaired development of posterior tissues in 

Cdx mutants, in particular with respect to Wnt signaling, attempts were made to identify Cdx 

transcriptional targets. Transcriptional analysis was performed in posterior tissues of Cdx2 

null mutants versus controls. This analysis had to be performed at early somite stages (fig. S3)  

when Cdx2 is active in the wild type, but before posterior morphogenesis is heavily altered in 

the mutants. Two microarray screens, performed at slightly different stages and in duplicate 
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Fig.	2: Phenotypes of lef1 rescued Cdx mutant and Wnt3a mutants, and gene expression in the urorectal region. 
A-C, sagittal sections of the urorectal region of a e15.5 control (A), Cdx2/4 rescued by the TPlef1 transgene (B), 
and Wnt3ahypo/hypo(C); the section in C is not exactly mid-sagittal but shows the bladder-rectum fistula. D-G, in situ 
hybridization of e9.5 whole mount wild type embryos with a Cdx2 (D) and Cdx4 (f) probes, and sagittal sections 
through e9.0 embryos hybridized with the same probes (e and G, respectively); H,I,L,M, In situ hybridization 
with an Axin2 probe on a whole mount e10.5 control (H) and Cdx2/4 embryo (I) and cross sections (l,m) of these 
whole mounts at the level indicated by the dashed line in H and I, respectively. J,K,N,O, In situ hybridization with 
a Wnt3a probe on a whole mount e10.5 control (J) and Cdx2/4 mutant (K) embryos, and corresponding transverse 
sections (N,O).  b, bladder; r, rectum; t, tailbud; g, gut;  h, hindgut; *, communication between bladder and gut.  
Scale bars in A: 1mm, in D: 0,5mm, in H and l: 0.5mm.
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(Supplemental Table S1) did reveal a slight downregulation of Wnt3 (by a factor of 1.43 at the 

stage of 7/8 somites) whereas no change in expression of Wnt3a and Axin2 was detected. Axin2, 

a readout of canonical Wnt signalling, was thus not downregulated in Cdx2 mutants at early 

stages, when posterior tissues in the mutant can still be compared to wild type counterparts. 

Given the rescue of the Cdx2/4 mutant phenotype by T promoter-driven expression of an 

activated lef1 (TPLef1), we performed quantitative PCR analysis of Axin2 expression in early 

Cdx2/4 mutant transgenic for TPLef1, compared with non transgenic mutants. We found that 

Axin2 was not significantly upregulated in the TPLef1 transgenic embryos. These data suggest 

that the activity of canonical Wnt signaling is not modulated extensively, either in Cdx mutants 

or in their TPLef1 rescued counterparts, at these early stages. It is possible that a subtle 

modulation of this pathway increases in amplitude with time, a possibility that cannot be cleanly 

investigated because the posterior tissue of Cdx mutants becomes increasingly affected. 

In addition to Wnt3, two other genes concerned with canonical Wnt signaling were affected 

in early Cdx2 mutants. Frzb1, a Wnt antagonist at the level of receptor binding (Kawano and 

Kypta, 2003), also found to facilitate diffusion of Wnt ligands in Xenopus embryos (mii and Taira, 

2009), was found to be downregulated in both transcription screens, by a factor of 1.97 and 

1.65, respectively (Supplemental Table S1). Nkd1, encoding a protein negatively interacting with 

Dishevelled (Dvl) (Wharton et al., 2001) was found to be upregulated in both arrays, by a factor 

of 1.50 and 1.77, respectively (Supplemental Table S1). Dvl is a central mediator for both the 

canonical and non canonical Wnt pathways. Altered transcription levels of Frzb1 and Nkd1 in 

our transcriptome analysis of e8.5 Cdx2 null mutant embryos were validated with RNA from an 

independent pool of embryos at the same stage. In situ hybridization revealed that these genes 

are expressed in caudal embryonic tissues but not in the cloacal area at the time of urorectal 

septum development (not shown). We conclude from the phenotypes of Wnt3a, and TPlef1-

rescued Cdx mutants, and from the gene expression analysis, that Cdx genes and the canonical 

Wnt pathway are involved in the morphogenesis of cloacal tissues, and that they play their 

essential role in the posterior growth zone at the tail end of the embryo at the time this zone 

generates cell descendants that contribute to the urorectal septum mesoderm.

Retinoic acid signaling in cloacal development of Cdx mutants
exposure of e9.5 embryo to excess RA in utero (Bitoh et al., 2001; Iulianella et al., 1999; Sasaki 

et al., 2004) and inactivation of the RA-degrading enzyme Cyp26a1 (Abu-Abed et al., 2001; 

Sakai et al., 2001) lead to caudal defects similar to Cdx and Wnt mutations, and to premature 

expression of Hox13 genes. Cyp26a1 is expressed exclusively in caudalmost tissues in the tailbud 

during trunk and tail axial extension, and Cdx loss of function mutants and transgenic embryos 

expressing Hoxb13 or Hoxc13 precociously were found to transcribe it at lower levels in these 

tissues (Savory et al., 2009; Young et al., 2009). Cyp26a1, that was shown to be a direct Cdx 

target (Savory et al., 2009); it is not expressed at all in cloacal derivatives (fig. 3G,H). The impact 

of inactivating Cyp26a1 on cloacal septation must therefore occur early through the function of 

the gene in caudal progenitors of cloacal tissues residing in the growth zone.   

Transcription of the gene encoding the RA biosynthetic enzyme Raldh2 takes place in the 

somites and in two lateral areas in the cloacal region at e10.5, the time of cloacal septation 

(fig. 3A-f).  Raldh2 expression is absent in the cloacal tissues themselves but is localized in 

lateral ventral mesenchyme, probably associated with the anlagen of the genital tubercle that 
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Fig.	 3: expression of genes of the 
biosynthesis and degradation of RA in 
control and Cdx2/4 mutants. A-F, In situ 
hybridization with a Raldh2 probe on a 
whole mount e10.5 control (A,C,e), and 
Cdx2/4 (B,D,f), viewed laterally (A,B) 
and from the ventral side (C,D), and 
transverse sections thereof (e,f). G,H, 
Ventral view of a e10.5 control (G) and 
Cdx2/4 embryo (H), hybridized with 
a Cyp26a1 probe; h, hindgut. Dashed 
lines in A and B, indicate the level of 
sections e and f,  respectively. Scale 
bar: 0,5mm.

develops at a later stage. Ventral Raldh2 expression was slightly increased in Cdx2/4 mutants 

compared to controls (fig. 3A-D). The transcriptome analysis of Cdx2 mutants at early somite 

stages also revealed up regulation of Raldh2 in posterior tissues at stages earlier than the first 

manifestation of the posterior axial defects (Supplemental Table S1). This potential increase 

of diffusing RA together with lower Cyp26a1 in the posterior growth zone from which cloacal 

descendants are generated may causally contribute to anorectal malformations in Cdx mutants. 

Cdx function in cloacal development is not mediated by Shh or 5’ 
Hox genes
Disruption of Shh signaling has long been associated with the etiology of anorectal 

malformations (Cheng et al., 2008; Kang et al., 1997; Kohlhase et al., 1998). Shh signaling is 

required in different and successive phases of cloacal and genital development (Seifert et al., 

2009). Shh is expressed in the notochord and floor plate of the neural tube, and in the gut 
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endoderm (echelard et al., 1993). At e12.5, Shh is expressed in the endoderm lining of the cloaca 

and its derivatives, but not in the mesenchyme of the urorectal septum (Seifert et al., 2009) 

(fig. 4A,D,G). Transcriptome analysis of posterior tissues of early embryos suggested that Shh 

was slightly downregulated in Cdx2 mutants (see supplemental Table S1). However, gene down 

regulation was not evident in the cloacal region of e10.5 Cdx2/4 mutant embryos hybridized 

as whole mounts with Shh probes (fig. 4A,B and data not shown, n=4). We examined the 

expression of Shh in the cloacal region of e12.5 Cdx2/4 mutants, which all exhibit incomplete 

septation, and could not identify any difference in expression level in the endoderm relative 

to control embryos (fig. 4G,H). These experiments argue against a major direct impact of Cdx 

gene products on Shh expression in the cloacal region in this crucial e10.5-e12.5 window. Shh 

expression was not downregulated either in Wnt3a hypomorph mutants (fig. 4C,f,I versus 

A,D,G).

Hoxa13 and Hoxd13 are expressed in the endoderm and mesoderm of the cloacal tissues in 

both mice and chicks (Davis and Capecchi, 1996; de Santa Barbara and Roberts, 2002; Dolle et 

al., 1991b; Roberts et al., 1995; van der Hoeven et al., 1996). Double inactivation of these genes 

also leads to a defect in partition between the urogenital and rectal outflow tracts (Warot et al., 

1997). The expression of Hox13 genes was monitored in Cdx2/4 mutants and controls at e10.5 and 

e12.5.  Hoxc13 and Hoxb13 are not expressed in the cloacal region at e10.5. Hoxa13 and Hoxd13 

are expressed in the cloacal area at this stage, but no difference was found in their expression 

levels between mutants and controls (fig. 5A-H). In situ hybridization on sagittal sections of 

e12.5 embryos revealed that Hoxa13, Hoxb13 and Hoxd13 are expressed at the same level both 

in the cloacal endoderm and in the urorectal septum mesoderm in Cdx2/4 embryos and in 

controls (fig. 5I-P). We could not detect Hoxc13 expression in these tissues, although the gene 

was expressed in the tail bud mesoderm and neurectoderm (not shown).  We therefore conclude 

that Cdx mutants are not causing urorectal septum defects by doenregulating Hox13 genes.    

Aberrant neurepithelial morphogenesis in Cdx and Wnt3a mutants
and in embryos precociously expressing Hox13 genes
An additional phenotypic feature indicates the relevance of Cdx mutations to the human 

Caudal Regression syndrome. Not only do mouse and human conditions exhibit anorectal 

septation and posterior skeletal defects, but both also manifest abnormalities in the caudal 

neural tube. Transverse sections of Cdx2/4 compound embryos at axial levels cranial to the 

truncation revealed Sox2 positive ectopic tubular structures ventral to the neural tube, and 

irregularities in the cellular arrangement in the neurepithelium in all cases (fig. 6A,D and 

fig. S4A,B for the axial levels of these defects; n=6). Ventral ectopic neural structures (ens) 

were also found in Cdx2 null (n=4) and in Cdx2/4 double null (n=3) mutant embryos obtained 

after epiblast-restricted inactivation of the Cdx2 conditional allele (fig. 6B,e and and C,f, 

respectively). We characterized the posterior neurepithelium of the latter mutant embryos at 

e10.5 with a number of antibodies on transverse sections. Alpha6 integrin is normally expressed 

on cell membranes in the ventral neural tube and in the gut endoderm (Bajanca et al., 2004). It 

was either not expressed (n=1) or expressed considerably less (n=2) in the mutant neural tube 

(fig. 6C,f), in spite of the fact that expression was observed in the mutant gut endoderm (not 

shown). The neural cell arrangement was disrupted in the mutant at these caudal levels, and  

the lumen of the neural tube was irregular in shape (fig. 6f). Neural tube morphogenesis was 
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Fig.	4: expression of Shh in Cdx2/4 mutants and Wnt3a hypomorph mutants. A-F In situ hybridization with a Shh 
probe of a whole mount e10.5 control (A), Cdx2/4 (B) and Wnt3ahypo/hypo  (C) embryos, and transverse sections 
thereof  (D-f);  G-I,  in situ hybridization on sagittal sections of the urorectal region of a e12.5 control (G), Cdx2/4 
(H), and Wnt3ahypo/hypo (I) mutant embryos. h, hindgut; r, rectum; u, urethra; cl, cloaca. Scale bars: 0,5mm.

analysed in sections of TPLef1- rescued Cdx2/4 mutants, and found to be similar to that in wild 

types even at posterior levels (not shown).

Transgenic embryos precociously expressing Hoxb13 under the transcriptional control 

of the Cdx2 promoter were examined for neural tube morphogenesis. These embryos were 

reported earlier to exhibit an axially truncated vertebral column resembling in that to embryos 

with decreased Cdx expression (Young et al., 2009). The truncation due to homozygocity for the 

Cdx2PHoxb13 transgene, though relatively mild (axial arrest after 25 sacral and caudal vertebrae, 

instead of the normal 35, fig. S4G,H) was found to be more severe than in hemizygotes. Cross 

sections of e10.5 embryos of this genotype revealed in all cases a disturbed cellular arrangement 

of the neurepithelium, and the presence of ectopic tubular structures expressing the neural 

marker Sox2, similar to those in Cdx mutants (fig. 6G,J) (n=4). Alpha6 integrin staining labelled 

the adherens junctions between cells of the ventral aspect of the neural tube in both Hoxb13 

transgenic and wild type embryos, attesting to correct dorso-ventral patterning of the mutant 

and transgenic neural tubes. Analysis of the posterior neural tube of embryos transgenic for 
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Fig.	 5: expression of the four Hox13 genes in wild types and Cdx2/4 mutants at e10.5 and e12.5. A-H, In situ 
hybridization with probes for  Hoxa13 (A,B), Hoxb13 (C,D), Hoxc13 (e,f) and Hoxd13 (G,H) on whole mount e10.5 
control (A,C,e,G) and Cdx2/4 mutant (B,D,f,H) embryos. I-P,  In situ hybridization of transverse sections of the 
urorectal region of  a e12.5 control (I,K,m,O) and Cdx2/4 mutant (J,l,N,P) embryos with probes for Hoxa13 (I,J), 
Hoxb13 (K,l), Hoxc13 (m,N) and Hoxd13 (O,P) . Scale bars: 0.5mm. u, urethra; r, rectum; cl, cloaca. Dashed circles 
indicate the cloacal area in e10.5 embryos; dashed circles, cloacal area.

Cdx2PHoxc13 (fig. S4I,J) revealed similar ectopic neural structures at e10.5 (fig. 6H,K), and 

a split in the neural tube posteriorly at e18.5 (fig. 6I,l). 

The ectopic neural structures of Cdx mutants and of transgenic embryos prematurely 

expressing Hox13 genes are reminiscent of features reported in Wnt3a null mutants (Takada et 
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Fig.	6: Characterization of the posterior neural tube of 
wild types, Cdx mutants, Wnt3a mutants and transgenic 
embryos precociously expressing Hox13 genes. The 
axial levels of the sections analysed for the different 
genotypes are indicated in Supplemental fig. S4. A-F, 
controls and Cdx mutants. Transverse sections of a 
e10.5 control (A) and a Cdx2/4 mutant (D) embryos 
immunostained for the proliferation marker Ki67; B,e, 
neutral red stained histological section of a control (B) 
and Cdx2 null (e) embryo; C, f,  immunofluorescence 
for alpha6 Integrin (green) and Sox2 (red) on transverse 
sections at posterior levels of a control (C) and Cdx2/4 
double null mutant embryo (f) Note the ectopic 
neural structures –ens- ventral to the neural tube in 
the mutants in D and e, and the arising ens on the left 

side –asterisk- of the very weak alpha6 integrin staining in f. G-L, Controls and transgenic embryos expressing a 
Cdx2PHox13 transgene. Immunofluorescence for alpha6 Integrin (green) and Sox2 (red) on transversal sections 
at posterior levels of a control e10.5 (G) and a Cdx2PHoxb13 transgenic embryo (J). Cross sections through the 
posterior part of an e10.5 control (H) and a Cdx2PHoxc13 transgenic embryo (K) after hybridization with a Sox2 
probe. Cross sections in the posterior region of a e18.5 wild type (I) and Cdx2PHoxc13 transgenic embryo (l); M-P, 
Controls and Wnt3a mutants. Staining of transversal sections of an e10.5 wild type (m) and a Wnt3ahypo/hypo mutant 
(O) with anti Sox2 (red) and anti alpha6 integrin (green) antibodies; hematoxylin/eosin stained sections through 
a e10.5 wild type (N) and a Wnt3a null embryos (P).  ens, ectopic neural structures; h, hindgut, nt*, split neural 
tube; not, notochord,” in f, emerging ectopic neural structure.
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al., 1994; Yoshikawa et al., 1997) (fig. 6N,P and S4K,l), and we analysed transversal sections of 

Wnt3a null and Wnt3a hypomorph homozygous embryos (fig. 6m,O and S4m,N). These also 

revealed ectopic neural structures and neurepithelial irregularities of a severe type (fig. 6O), 

resembling the Cdx2PHoxc13 split neural tube. 

The similarity in neurepithelial defects between Wnt3a and Cdx mutants, and transgenic 

embryos prematurely expressing Hox13 genes, strengthens the hypothesis that Cdx 

transcription factors and canonical Wnt signaling belong to interacting genetic pathways 

underlying posterior morphogenesis in the three germ layers. 

DISCUSSION
Cdx, Hox and Wnt and posterior morphogenesis 
The data in this work reveal that in addition to the extension of the vertebral axis, development 

of posterior neurepithelium and of cloacal derivatives also depends on the activity of Cdx genes, 

on precisely timed, sequential Hox gene expression, and on persisting canonical Wnt signaling in 

the posterior embryonic growth zone. Alteration of any of these parameters arrests the skeletal, 

neural and cloacal development programme and mimics human congenital Caudal Regression 

or Caudal Dysplasia. The involvement of a shortage of growth stimulation in the progenitor zone 

of posterior tissues at early stages in the tail bud therefore sheds a new light on the aetiology of 

these syndromes, and possibly on anorectal malformations (ARms) more generally.

Other genetic factors have been considered in the etiology of the Caudal Regression 

syndrome, such as Shh and its proposed downstream signaling effectors Wnt5a and BmP4 

(mandhan et al., 2006; Nakata et al., 2009; Sasaki et al., 2004; Tai et al., 2009). Shh plays 

multiple essential roles during embryogenesis. Its inactivation in the mouse leads to agenesis 

of distal limbs and caudal axial structures in addition to midline patterning defects (Chiang et 

al., 1996). Shh was shown to contribute to morphogenesis of uro-rectal structures by a specific 

function in the endodermal lining of the cloacal cavity, from where it signals onto the growing 

urorectal septum mesenchyme (Seifert et al., 2009). We did not observe a downregulation 

of Shh expression in posterior endoderm derivatives of Cdx mutants during the time window 

of uro-rectal septation. Cdx loss of function therefore does not appear to impair urorectal 

septum development by downregulating Shh in the endoderm. furthermore it is unlikely that 

Cdx involvement in anorectal development is exerted at the level of the endoderm. Grainger 

and colleagues (Grainger et al., 2010) report that endoderm-specific inactivation of Cdx2 using 

the VillinP-Cre does not lead to imperforate anus. These data, together with our observations 

on the Wnt3a mutant phenotype, the TPLef1 rescue of Cdx mutants, and the growth zone-

restricted expression of the canonical Wnt pathway components, emphasize an essential role 

of the Cdx and Wnt at the level of the posterior growth zone that supplies progenitors for the 

cloacal structures earlier than urorectal septum generation (see graphic scheme in fig.7).  

Timing of Hox expression is crucial for cloacal development
A posterior gain of function of the trunk Hox gene Hoxb8, rescues Cdx2/4 mutant defects 

(Young et al., 2009), including uro-rectal septation failure. This rescue must occur early in the 

progenitor region in the tail bud since the promoter used on the rescuing transgene is the 

Cdx2 promoter which is not active in urorectal mesoderm. While microarray screens had not 
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Wildtype Cdx2/4

E9.5

E10.5

E12.5

_ _ _ _ _ _ _ _ _

_ _ _ _ _ _ _ _ _ _ _

URS level

E8.5

E7.5

Chapter 4 Fig. 7

Fig.	 7: Scheme summarizing the 
morphology and gene expression in 
the posterior growth zone of wildtypes 
(surrounded by a green circle) and Cdx2/4 
mutants. The growth zone is along the 
primitive streak at e7.5, e8.5, and in the 
tail bud region at e9.5, e10.5 and e12.5. The 
expression of Cdx2, Wnt3a, and Cyp26a1 
is found in posterior tissues including the 
growth zone of the wildtype (red color), 
and of Cdx2/4 (Cdx2+/-Cdx4-/-) mutants 
(less intense red or pink color), but is 
absent in the region where the urorectal 
septum (URS) region develops between 
e10.5 and e12.5. The situation in Cdx2/4 
mutants is the same as that in transgenic 
embryos precociously expressing 
Hox13 genes, and in Wnt3a hypomorph 
mutants. The cloacal endoderm (in blue) 
expresses Cdx2 at very low levels, but this 
is not shown here (not stained in red). 
The dashed lines indicate the axial level 
where the uro-rectal septum mesoderm 
develops between e10.5 and e12.5.

revealed a downregulation of Hoxb8 in early Cdx2/4 mutants, transcriptome analysis in the 

severely impaired Cdx2 null mutants, revealed a down regulation of this Hox gene (2.75 fold 

at the 4/5 somite stage, and 2.47 fold at the 7/8 somite stage, Table S1). Phenotypical rescue of 

the Cdx2/4 mutation by posterior gain of Hoxb8 function therefore probably results from the 

correction of a slight reduction of Hoxb8 transcription, even though this slight reduction is not 

detectable at stages before tissue are visibly affected.   

expression of Hox13 genes begins in the posterior growth zone of the embryo (remnants of 

the primitive streak) at around e9.5. The function of Hox genes during embryogenesis has been 

proven to be critically dependent on a correct timing of their expression (Kondo and Duboule, 

1999; Tschopp et al., 2009; Zakany et al., 1997; Zakany et al., 2004). Hox13 genes normally 

control cloacal development after more anterior axial structures have been generated. 

Precocious expression of Hox13 genes negatively interferes with the trunk developmental 
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program as shown for the axial skeleton (Tschopp and Duboule, 2011; Young et al., 2009). 

Precocious expression of Hox13 genes also jeopardizes the development of cloacal mesoderm. 

Transgenic embryos expressing Hox13 genes under the Cdx2 promoter do generate the Hox13 

protein prematurely since the Cdx2 promoter is active in posterior embryonic tissues at e7.2.  

Cdx2PHoxb13 transgenic mice were found to manifest anal atresia in some of the cases, and 

transgenic fetuses expressing Hoxc13 under the Cdx2 promoter exhibit ano-rectal agenesis 

and abnormal communication between the bladder and the hindgut. These deleterious 

consequences of premature expression of Hox13 genes prove that sequential temporal control 

of Hox gene expression is a prerequisite for balanced morphogenesis of urorectal tissues, in a 

similar manner to that indicated for axial skeletal structures (Young et al., 2009). Precociously 

expressed Hox13 genes would functionally antagonize the action of earlier Hox genes, a 

phenomenon observed in different tissues and called Posterior Prevalence (Duboule, 1991; 

Duboule and morata, 1994; Tschopp and Duboule, 2011; Young et al., 2009). The impairment 

of urorectal septation in Hox13 transgenic embryos indicates that expression of these genes 

needs to be delayed in order not to interfere with earlier Hox genes in the control of cloacal 

progenitors in the posterior growth zone. 

Defects of the urorectal septum of Cdx and Wnt mutants must trace 
back to their impaired progenitors in the posterior growth zone
expression of Cdx genes, activity of the canonical Wnt pathway and clearance of retinoic acid, 

that are all required for correct growth of the urorectal septum and anorectal development, 

are manifest in the embryonic posterior growth zone from early on, and are not seen in the 

septum during its development. Our hypothesis is therefore that these genes play their role in 

the progenitors of the septum at the time they will contribute descendants to the lateral plate 

mesoderm of the cloacal region. 

lateral plate mesoderm is generated in the gastrulating mouse embryo from the posterior 

1/3 of the primitive streak, whereas somitic and midline mesoderm (notochord) emerge from 

the anterior 2/3 and the anterior extremity of the streak, respectively (Cambray and Wilson, 

2002; Cambray and Wilson, 2007; Tam and Beddington, 1987; Wilson and Beddington, 1996). 

At later stages, after the posterior neuropore closes, the anterior primitive streak, node-

streak border and  node region become internalized and form the chordoneural hinge (CNH) 

(Gont et al., 1993; Wilson et al., 2009), while the rest of the primitive streak is curved along the 

ventral outer surface of the tailbud, becoming the ventral ectodermal ridge (VeR). mesoderm 

emergence from the VeR, regulated by BmP (Ohta et al., 2007; Zakin et al., 2005), contributes 

some cells to the posterior tailbud until e9.5 (Ohta et al., 2007; Wilson and Beddington, 1996) 

and has completely ceased by e10.5. The trunk lateral mesoderm at axial levels of the urorectal 

septum therefore must be laid down from progenitors that have emerged from the posterior 

growth zone earlier than when cloacal septation takes place.

Cdx, Hox, Wnt and neurepithelium expansion and patterning
Cdx and Wnt3a loss of function mutations and precocious expression of Hox13 genes impair 

elongation and morphogenesis of the caudal neurepithelium. Phenotypic similarity between 

the neural tube of Cdx mutants, of transgenic embryos precociously expressing Hox13 genes 

and of Wnt3a and other Wnt pathway mutants (Galceran et al., 1999; Gregorieff et al., 2004; 
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Yoshikawa et al., 1997) adds to the mutual resemblance of these mutants with respect to axial 

and lateral mesoderm. It consolidates the emerging concept that Cdx and Hox genes function 

in the same pathway as Wnt signaling in controlling generation and patterning of posterior 

tissues in the three germ layers.

mild tail truncation defects such as those in transgenic embryos prematurely expressing 

Hoxb13 are accompanied by severe neurepithelium patterning defects at levels anterior to the 

truncation. This points to an intrinsic disturbance in the Cdx/Hox network during patterning 

of the caudal neurepithelium, rather than to a mere consequence of axial growth arrest. The 

abnormalities observed in the posterior neurepithelium arrangement in Cdx mutants and 

transgenic embryos precociously expressing Hox13 genes are in some way reminiscent of 

aberrant gut endoderm histology observed recurrently at posterior axial levels on sections of 

Cdx2/4 mutants (van Nes, 2006) and in transgenic embryos prematurely expressing Hoxb13 

(data not shown). Another study (Gao and Kaestner, 2010) also reported that Cdx2 null embryos 

exhibit multiple lumens, with  disturbed apico-basal polarity in the endoderm epithelium. 

Abnormal apico-basal position of nuclei in Cdx2 mutant intestinal epithelium has also been 

described (Grainger et al., 2010), reminiscent of the irregular polarization of the neurectoderm 

in Cdx mutants described here. 

Cdx, Hox and Wnt, and neurectoderm versus mesoderm generation 
from the stem zone
The similar neural defects in Cdx and Wnt mutants, and in transgenic embryos prematurely 

expressing Hox13 genes point to common or at least interacting steps in their genetic program. 

The neurectoderm defects seen in e10.5 Cdx and Wnt mutants, and in embryos precociously 

expressing Hox13 genes take place at caudal axial levels exclusively, in tissues preceding the 

truncation, that have already emerged from a progressively declining growth zone. This makes 

it likely that the neural patterning defects result from impairment of the Wnt-depending 

growth zone.

Another transcription factor expressed in the posterior growth zone is T Brachyury. T 

Brachyury mutants were the first mutants isolated from a mutagenesis screen in the mouse 

(Dobrovolskaia-Zavadskaia, 1927). The T transcription factor is required for embryonic axial 

elongation, and T was shown to be a direct target of Wnt3a (Yamaguchi et al., 1999), and to 

exert its activity on axial extension by the maintenance of canonical Wnt signaling (martin 

and Kimelman, 2008; martin and Kimelman, 2010; Rashbass et al., 1994). T is expressed in the 

epiblast and mesoderm of the primitive streak, and strongly in the notochord.  ectopic neural 

structures have been observed as well in T Brachyury mutants (Yamaguchi et al., 1999).

mutants in another Tbox gene, Tbx6, form ectopic neural structures more severe in extent 

than Hox13 transgenics, and Cdx, Wnt3a and T mutants. Additional neural tubes form in this 

mutant at the expense of somitic mesoderm, as a result of upregulation of Sox2 expression 

in descendants of posterior progenitors in the growth zone (Takemoto et al., 2011). The Sox2 

expression domain is also expanded to include regions outside the neural tube at posterior 

axial levels in Cdx mutants, and in transgenic embryos precociously expressing Hox13 genes, 

suggesting an overlap in the mechanistic impairment of the partition of mesoderm and 

neurectoderm in these mutants. 
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In Cdx, Wnt, T and Tbx6 mutants, and in transgenic embryos precociously expressing Hox13 

genes, the ectopic neural structures form at the ventro-lateral side of the neural tube. This area 

is normally colonized by descendants of the anterior primitive streak and later chordo-neural 

hinge (CNH) (Cambray and Wilson, 2002; Cambray and Wilson, 2007), making it assumable 

that these mutations affect the activity of the population of long term neural/mesodermal 

progenitors (Tzouanacou et al., 2009).  

Cdx, T Brachyury and Wnt, central players in posterior morphogenesis 
in the three germ layers in the embryonic growth zone
T null mutants are posteriorly truncated in the three germ layers, and anal atresia was reported 

for heterozygotes for T curtailed, one of the T mutant alleles (Inman and Downs, 2006), 

suggesting that interfering with T function leads to abnormalities in the urorectum as well 

as to axial truncation. T remains strongly expressed in the embryonic tailbud during cloacal 

development but it is not expressed in the uro-rectum septal mesoderm and endoderm 

(data not shown) again suggesting that its involvement in anal atresia originates in its earlier 

function in the progenitor area in the tail end of the embryo.  T mutants thus exhibit a largely 

overlapping spectrum of posterior defects with the Cdx and Wnt mutants described here. The 

similarity in impact of Cdx and T, mediated in both cases by Wnt signaling strengthens even 

further the hypothesis that the canonical Wnt pathway is the central player in the balanced 

morphogenesis of the derivatives of the posterior growth zone during emergence of tissues 

from the different germ layers. Our data so far do not establish whether or not Cdx and Hox 

genes operate independently of T Brachyury to sustain growth in the posterior growth zone. 

mATeRIAlS AND meTHODS
mice
All mice were in the C57Bl6j/CBA mixed background.  Cdx2 heterozygotes and Cdx4 null mutant mice as 
well as the protocols to genotype them have been described previously (Chawengsaksophak and Beck, 
1996; van Nes et al., 2006). As Cdx4 is X-linked, Cdx2+/-/Cdx4-/0 and Cdx2+/-/Cdx4+/- embryos and pups were 
generated by crossing Cdx2 heterozygote and Cdx4 null mice.  Cdx2+/-/Cdx4-/- female embryos and pups 
were generated by crossing Cdx2+/-/Cdx4+/- females with Cdx4-/0males. 

Transgenic mouse lines and embryos expressing Hoxb13 and Hoxc13 under the control of the Cdx2 
promoter (Benahmed et al., 2008) were described earlier (Young et al., 2009). embryos and animals were 
analyzed at embryonic stages e8.5, e9.5, e10.5, e12.5, e15.5, e18.5, at birth (P0), and two days after birth (P2). 
After the first paragraph of the Results section, Cdx2+/-/Cdx40/- male and Cdx2+/-/Cdx4-/- female animals will 
be referred to as Cdx2/4 compound mutants.

The generation of Cdx2 conditional mutants has been reported (Young, 2009) and will be described in 
detail elsewhere. epiblast specific Cdx2 null mutants were obtained by crossing Cdx2 Cond homozygotes 
and Cdx2+/- Sox2Cre transgenic mice (Hayashi et al., 2002). Post-placentation inactivation of Cdx2 was 
achieved by using the Rosa26CreeRT2 (Generous gift of Austin Smith) and tamoxifen intraperitoneal injection 
at e7.5. The time delay in effective action of tamoxifen in inducing the Cre recombinase in the embryos in 
our experiments allowed the embryos to develop beyond placentogenesis. This Cre allele was genotyped 
using the following Cre primers: forward CCGGGCTGCCACGACCAA, reverse GGCGCGGCAACACCATTTTT 
(fragment size: 445bp). Wnt3a null mice were obtained from S. Takada (Takada et al., 1994). A new Wnt3a 
loss of function hypomorph mutant was recently described (Wansleeben et al., 2011). mice were treated 
according to the “law on animals in experiments”, under the licences required in the Netherlands. 
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Tissue treatment
for histological analysis, tissues were fixed with 4% paraformaldehyde (PfA)  overnight at 4 oC and 
embedded in paraffin. 10 μm sections were stained with Hematoxylin and eosin. for immunostaining, 
fixation was for 2 hours with 2% PfA.

In situ hybridization
Whole mount In situ hybridization of mutant and control embryos was performed according to Young 
et al., 2009.  Probes were generated against Cdx2, Cdx4, Axin2, Wnt3a, Wnt5a, Raldh2, Cyp26a1, Shh, Ihh, 
Hoxa13, Hoxb13, Hoxc13 and Hoxd13 (Abu-Abed et al., 2002; Aulehla et al., 2003; Beck et al., 1995; Bogarad 
et al., 1989; Dolle et al., 1991a; echelard et al., 1993; Niederreither et al., 1997; Peterson et al., 1994; Roelink 
and Nusse, 1991; Warot et al., 1997). Hybridization on sections from paraffin embedded embryos was 
according to van Nes et al., 2006.

Antibody staining
Antibody staining on 50 μm vibratome sections of agarose embedded embryos were performed with anti 
Sox2 (millipore cat #AB5603) and anti α6 integrin (Bajanca et al., 2004). Counterstaining was with DAPI 
(Invitrogen cat #D3571).

Genome-wide transcriptome analysis of Cdx2 mutants versus controls
micro-array screens of downregulated and upregulated genes in Cdx2 null mutant versus wild type 
embryos were performed at the 4/5 somite and 7/8 somite stage. RNA was isolated from the posterior 
part of the embryos (20 embryos of each genotype and stage), dissected at the same axial levels by using 
the last somite boundary and the base of the allantois as landmarks. Treatment of tissues and micro-array 
hybridization and analysis were performed as described in Young et al., 2009.
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Fig	 S1: Dilated bladder in Cdx2/4 mutants at 
birth. A-D Control (A,C) en Cdx2/4 (B,D) new 
born mice shown laterally (A-B) and ventrally 
after skin removal (C,D), showing the normal 
bladder (A,C) and the dilated bladder of Cdx 
mutants (B,D).

Fig	S2: expression of Cdx2	at e12.5. A-I In situ hybridization of transversal 
sections of the urorectal region of e12.5 Control (A,B,D,f,H) and Cdx2/4 
mutant (C,e,G,I) embryos with a Cdx2 probe (A) and all four Hox13 genes 
(B-I). Scale bar: 0.5mm. u, urethra; r, rectum; cl, cloaca. Note that the 
expression in the cloacal endoderm is much weaker than in more anterior 
gut endoderm seen on the section.

SUPPlemeNTARY mATeRIAl

Fig	 S3: Dissected embryonic 
tissues used in the microarray 
experiments.	 Whole mount	
5 somite embryo. Dashed 
lines indicate landmarks for 
dissection for tissue used in 
the micro-array (between 
the base of the allantois and 
one somite length posterior 
to the last somite).
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Chapter 4 Fig. S4Fig.	 S4: Photographs of e10.5 embryos of all genotypes analysed, with indication of the axial level where the 
neural defects of fig.6 were found.	 for each genotype, an e10.5 mutant embryo and a matched control are 
shown, with a dashed line at the axial level that was analysed in fig.6.
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Table	 S1A: Top 20 and potentially interesting genes upregulated in Cdx2-/- relatively to control embryos at 
the 4/5 somite stage.

Agilent	ID Gene	Symbol Gene	title
Fold	
Change

A_51_P218335 Tbx1 T-box 1 7,56 up

A_52_P428654 Zic1 zinc finger protein of the cerebellum 1 7,00 up

A_52_P171166 BC048679 cDNA sequence BC048679 6,69 up

A_52_P385594 Tal2 T-cell acute lymphocytic leukemia 2 6,19 up

A_52_P118560 Kynu kynureninase (l-kynurenine hydrolase) 5,97 up

A_52_P437792 A730017C20Rik RIKeN cDNA A730017C20 gene 5,69 up

A_51_P333438 TC1651696 filamin-interacting protein l-fIlIP, partial (22%) 5,66 up

A_51_P146970 Dmrt2 doublesex and mab-3 related transcription factor 2 4,85 up

A_51_P448167 Cer1 cerberus 1 homolog 4,51 up

A_52_P671132 Dner delta/notch-like eGf-related receptor 3,86 up

A_51_P403705 2610100l16Rik
 product:hypothetical protein, full insert sequence. 
[AK011787]

3,81 up

A_51_P227222 Adamts2
a disintegrin-like and metallopeptidase (reprolysin 
type)

3,72 up

A_52_P270429 2200001I15Rik RIKeN cDNA 2200001I15 gene 3,65 up

A_51_P423709 fam84a family with sequence similarity 84, member A 3,62 up

A_52_P136782 Rgs5 regulator of G-protein signaling 5 3,61 up

A_52_P455428 Glra2 glycine receptor, alpha 2 subunit 3,29 up

A_51_P417720 Itga11 integrin alpha 11 3,24 up

A_52_P122649 Dmrta1
doublesex and mab-3 related transcription factor like 
family A1

3,21 up

A_52_P60194 C4bp complement component 4 binding protein 3,19 up

A_52_P425667 Adcyap1 adenylate cyclase activating polypeptide 1 3,16 up

…………………

…………………

…………………

A_51_P202440 Rarb retinoic acid receptor, beta 2,18 up

A_52_P552665 fzd7 frizzled homolog 7 2,10 up

A_52_P58145 Aldh1a2 aldehyde dehydrogenase family 1, subfamily A2 1,96 up

A_51_P361220 fzd4 frizzled homolog 4 1,77 up

A_51_P511015 fzd9 frizzled homolog 9 1,70 up

A_51_P124285 Nkd1 naked cuticle 1 homolog 1,50 up

Table S1: Genome-wide transcriptome analysis of Cdx2	 mutants versus control embryos. A-D Top 20 and 
potentially interesting genes upregulated (A,C) or downregulated (B,D) in Cdx2 mutants relative to control 
embryos at the 4/5 somite stage (A,B) and the 7/8 somite stage (C,D).
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Table	S1B:	Top 20 and potentially interesting genes downregulated in Cdx2-/- relatively to control embryos at 
the 4/5 somite stage.

Agilent	ID Gene	Symbol Gene	title
Fold	
Change

A_51_P337308 Saa3 serum amyloid A 3 18,72 down

A_51_P309530 Nepn nephrocan 7,82 down

A_51_P103406 Vwf Von Willebrand factor homolog 7,42 down

A_51_P370458 Krtap17-1 keratin associated protein 17-1 6,85 down

A_52_P685021 Cxcl12 chemokine (C-X-C motif) ligand 12 5,23 down

A_51_P509263 Hoxa7 homeo box A7 5,13 down

A_52_P556448 Krt86 keratin 86 5,13 down

A_52_P665240 Krt83 keratin 83 4,83 down

A_52_P201106 4930473A06Rik RIKeN cDNA 4930473A06 gene 4,14 down

A_51_P181297 Serpinb1a
serine (or cysteine) peptidase inhibitor, clade 
B, member 1a

4,14 down

A_52_P346987 Hoxc9 homeo box C9 4,12 down

A_52_P880457 Ampd1 adenosine monophosphate deaminase 1 4,04 down

A_52_P973575 Hoxb9 homeo box B9 3,93 down

A_51_P496245 Hoxc6 homeo box C6 3,79 down

A_52_P591310 Hoxd13 homeo box D13 3,63 down

A_52_P441294 Chl1
cell adhesion molecule with homology to 
l1CAm

3,61 down

A_52_P590168 Tg thyroglobulin 3,55 down

A_52_P350950 Dennd2c DeNN/mADD domain containing 2C 3,11 down

A_51_P466285 Hoxa10 homeo box A10 3,03 down

A_51_P117924 Hoxa9 homeo box A9 2,96 down

…………………

…………………

…………………

A_51_P402686 Hoxb8 homeo box B8 2,75 down

A_51_P260265 Hoxd4 homeo box D4 2,29 down

A_51_P102911 Hoxa11 homeo box A11 2,26 down

A_51_P479444 Ihh indian hedgehog 2,16 down

A_52_P85805 Wnt5b wingless-related mmTV integration site 5B 2,07 down

A_51_P286748 frzb frizzled-related protein 1,97 down

A_51_P485542 Hoxd8 homeo box D8   1,93 down

A_52_P49014 Shh sonic hedgehog 1,87 down

A_52_P382149 Cyp26a1
cytochrome P450, family 26, subfamily a, 
polypeptide 1

1,81 down
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Table	S1B:	Continued.

Agilent	ID Gene	Symbol Gene	title
Fold	
Change

A_51_P372853 Rarg retinoic acid receptor, gamma 1,61 down

A_51_P383741 Bmp4 bone morphogenetic protein 4 1,59 down

A_52_P686760 Gdf11 growth differentiation factor 11 1,50 down

A_52_P544043 Pcsk5 proprotein convertase subtilisin/kexin type 5 1,48 down



4 

C
D

X
/H

O
X

 &
 W

N
T IN

 TH
e C

A
U

D
A

l N
eU

R
A

l TU
Be A

N
D

 C
lO

A
C

A
l D

eRIVA
TIV

eS

96

Table	 S1C: Top 20 and potentially interesting genes upregulated in Cdx2-/- relatively to control embryos at 
the 7/8 somite stage.

Agilent	ID Gene	Symbol Gene	title
Fold	
Change

A_51_P194230 Zic1 zinc finger protein of the cerebellum 1 12,82 up

A_51_P423709 fam84a family with sequence similarity 84, member A 8,61 up

A_52_P437792 A730017C20Rik RIKeN cDNA A730017C20 gene 8,09 up

A_51_P218335 Tbx1 T-box 1 7,38 up

A_51_P397876 en2 engrailed 2 6,52 up

A_51_P227222 Adamts2 a disintegrin-like and metallopeptidase (reprolysin type) 5,63 up

A_51_P287198 Krt23 keratin 23 5,63 up

A_52_P224348 Kctd12b potassium channel tetramerisation domain containing 12b 4,82 up

A_51_P455166 Prl4a1 prolactin family 4, subfamily a, member 1 4,57 up

A_52_P60194 C4bp complement component 4 binding protein 4,07 up

A_52_P661412 Adora1 adenosine A1 receptor 3,86 up

A_52_P127925 Tcfec transcription factor eC 3,83 up

A_51_P403705 2610100l16Rik  RIKeN full-length enriched library, clone:2610100l16 3,80 up

A_52_P270429 2200001I15Rik RIKeN cDNA 2200001I15 gene 3,70 up

A_51_P276305 Stra8 stimulated by retinoic acid gene 8 3,55 up

A_51_P317141 Col2a1 collagen, type II, alpha 1 3,52 up

A_52_P39083 Ccbe1 collagen and calcium binding eGf domains 1 3,50 up

A_52_P739568 AK082480 RIKeN full-length enriched library, clone:C230053P15 3,47 up

A_52_P478025 Smpd3 sphingomyelin phosphodiesterase 3 3,40 up

A_52_P63892 Itga4 integrin alpha 4 3,32 up

…………………

…………………

…………………

A_52_P58145 Aldh1a2 aldehyde dehydrogenase family 1, subfamily A2 2,30 up

A_52_P552665 fzd7 frizzled homolog 7 1,94 up

A_51_P124285 Nkd1 naked cuticle 1 homolog 1,77 up

A_51_P202440 Rarb retinoic acid receptor, beta 1,65 up

A_51_P511015 fzd9 frizzled homolog 9 1,49 up

A_51_P361220 fzd4 frizzled homolog 4 1,37 up
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Table	S1D:	Top 20 and potentially interesting genes downregulated in Cdx2-/- relatively to control embryos at 
the 7/8 somite stage.

Agilent	ID
Gene		
Symbol Gene	title

Fold	
Change

A_51_P337308 Saa3 serum amyloid A 3 19,57 down

A_52_P973575 Hoxb9 homeo box B9 10,41 down

A_52_P591310 Hoxd13 homeo box D13 9,50 down

A_51_P370458 Krtap17-1 keratin associated protein 17-1 8,05 down

A_51_P487818 fabp1 fatty acid binding protein 1 7,78 down

A_51_P172502 Cxcl12 chemokine (C-X-C motif) ligand 12 6,23 down

A_51_P103406 Vwf Von Willebrand factor homolog 5,45 down

A_52_P665240 Krt83 keratin 83 5,12 down

A_51_P398525 fn3k fructosamine 3 kinase 4,85 down

A_51_P137322 Cck cholecystokinin 4,79 down

A_52_P525317 Gja5 gap junction membrane channel protein alpha 5 4,79 down

A_51_P309530 Nepn nephrocan 4,72 down

A_52_P556448 Krt86 keratin 86 4,59 down

A_51_P456208 Tff3 trefoil factor 3 4,50 down

A_51_P181297 Serpinb1a
serine (or cysteine) peptidase inhibitor, clade B, 
member 1a 

4,49 down

A_52_P648524 Dio3 deiodinase, iodothyronine type III 4,31 down

A_51_P466285 Hoxa10 homeo box A10 3,97 down

A_51_P210510 Sparcl1 SPARC-like 1 3,97 down

A_51_P502437 Cacna2d3
calcium channel, voltage-dependent, alpha2/delta 
subunit 3

3,93 down

A_51_P113784 Prpf19 PRP19/PSO4 pre-mRNA processing factor 19 homolog 3,77 down

…………………

…………………

…………………

A_51_P102911 Hoxa11 homeo box A11 3,03 down

A_51_P260265 Hoxd4 homeo box D4 2,69 down

A_52_P346987 Hoxc9 homeo box C9 2,49 down

A_51_P402686 Hoxb8 homeo box B8 2,47 down

A_51_P509263 Hoxa7 homeo box A7 2,46 down

A_51_P117924 Hoxa9 homeo box A9 2,13 down

A_52_P973575 Hoxb9 homeo box B9 1,92 down

A_51_P496245 Hoxc6 homeo box C6 1,81 down

A_52_P382149 Cyp26a1 cytochrome P450, family 26, subfamily a, polypeptide 1 1,70 down
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Table	S1D:	Continued.

Agilent	ID
Gene		
Symbol Gene	title

Fold	
Change

A_52_P49014 Shh sonic hedgehog 1,69 down

A_51_P286748 frzb frizzled-related protein 1,65 down

A_52_P686760 Gdf11 growth differentiation factor 11 1,65 down

A_51_P479444 Ihh Indian hedgehog 1,57 down

A_52_P544043 Pcsk5 proprotein convertase subtilisin/kexin type 5 1,55 down

A_51_P372853 Rarg retinoic acid receptor, gamma 1,48 down

A_51_P485542 Hoxd8 homeo box D8   1,43 down

A_52_P258116 Wnt3 wingless-related mmTV integration site 3 1,43 down

A_51_P383741 Bmp4 bone morphogenetic protein 4 1,41 down

A_51_P137991 Wnt5b wingless-related mmTV integration site 5B 1,39 down





“What a book a devil's chaplain might write on 

the clumsy, wasteful, blundering, low,  

and horribly cruel work of nature!”  

Charles Darwin
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INTRODUCTION
In order to identify Cdx2 targets that play a role in posterior axial extension, micro-array 

transcription profiling was performed, comparing gene expression between control and Cdx2 

mutant embryos at e8.0. Since Cdx2 expression is required for trophectoderm function, Cdx2-/- 

embryos were rescued for trophectoderm defects by using the epiblast restricted Sox2P-Cre 

transgene in combination with a conditional Cdx2 allele. The screen was performed using 

RNA from the posterior tissues of control and Cdx2-/- embryos at two different time points; 

the 4 or 5 somite stage and the 7 or 8 somite stage. An axial truncation becomes visible by a 

shortening of the presomitic mesoderm around the 6 somite stage. At the 4/5 somites stage 

894 transcripts were differentially expressed with a more than 1,5 fold variation, of which 343 

were downregulated and 551 were upregulated in the Cdx2-/- embryos relative to controls. A 

total of 798 transcripts was differentially expressed with a more than 1,5 fold variation at the 7/8 

somite stage, 298 and 500 transcripts being respectively down or upregulated in the Cdx2-/- 

embryos relative to controls. The micro-array data have been deposited in GeO with Accession 

Number GSe30113. 

A selected group of potential Cdx2 target genes was submitted to validation tests. 

ReSUlTS
Validation of Cdx targets
Validation of putative targets of Cdx2 was first performed by quantitative RT-PCR, using RNA 

from an independent pool of embryos at the same stages. embryos were dissected at the 

same axial levels as in the materials used in the micro-array. Some putative targets of Cdx2 

play important roles in general cellular processes, leading to difficulties in studying their 

function in whole embryos. Therefore, further validation of some of such putative Cdx2 targets 

was attempted in P19 eC cells. Since P19 eC cells do not express Cdx2, high Cdx2 expression 

conditions were realised by transfection of a construct containing a SV40 promoter fragment 

driving Cdx2 (fig. 1A+B). The Cdx2 dependence of the expression of candidates to be tested 

was further challenged by downregulating Cdx2 in the P19 eC cells carrying the SV40P-Cdx2 

construct. Cdx2 protein levels could effectively be knocked down (90%, fig. 1C+D) by a specific 

anti-Cdx2 shRNA (TRCN0000055393 Sigma-Aldrich), which was electroporated into the cells 

using an Amaxa kit (VCA-1003 lonza). 

Cdx and the Wnt signaling pathway
The phenotype of Cdx2+/-Cdx4-/- embryos can be at least partially rescued by an activated form 

of Lef1, when expressed in the posterior part of the embryo (Young et al., 2009). In the micro-

array screen, Wnt3 was downregulated 1.43x in Cdx2 null mutants at the 7/8 somite stage. At 

this stage Wnt3 expression is very low and can not be detected by in situ hybridisation. The 

Wnt3 apparent downregulation thus likely represents a false positive result. Wnt3a expression 

is not altered in early Cdx2+/-Cdx4-/- embryos and was not significantly changed in Cdx2 null 

mutants versus control embryos. This altogether suggests that Cdx mutations might affect 

downstream components of Wnt signaling. Nkd1, an interactor of Dishevelled, and Frzb, a 

soluble Wnt receptor-like molecule, are putative Cdx targets since their transcripts were found 
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Fig.	1: expression and knock-down of Cdx2 in P19 
eC cells. A-D Westernblots with antibodies specific 
for Cdx2 (A+B) and Tubilin (as a loading control, 
C+D) using lysates of cell cultures of P19 eC cells 
transfected with control or SV40P-Cdx2 vectors 
(A+C) and of P19 eC cells stably expressing Cdx2 
transfected with a control or Cdx2 specific shRNA 
(B+D). 

to be significantly altered in the micro-array screen. frzb, a member of the secreted frizzled-

Related Protein family, is able to bind to Wnt proteins and can fulfil a dual role. By binding to Wnt 

proteins, it competes with fzd, the Wnt receptor, and thus decreases Wnt signaling (Wang et 

al., 1997). It was also suggested to be able to enhance the diffusion of Wnt proteins and would 

thus promote Wnt signaling (mii and Taira, 2009). In the micro-array screen, Frzb transcripts 

were downregulated in Cdx2 null mutants compared to control embryos (1.97x in the 4/5 

somite stage and 1.65x in the 7/8 somites stage). Downregulation of Frzb could be confirmed 

by quantitative RT-PCR with RNA isolated from an independent pool of embryos. In addition, 

upon overexpression of Cdx2 in P19 eC cells, Frzb expression was upregulated, and levels of 

Frzb transcripts were slightly reduced after Cdx2 knock-down in the Cdx2 overexpressing P19 

eC cells (Table 1). This would suggest that Frzb is a genuine Cdx2 target. The hypothesis that we 

should test in the future is whether frzb functions as a stimulator of Wnt signaling in posterior 

axial extension during embryogenesis. 

Nkd1 encodes an ef hand protein, related to Naked Cuticle in Drosophila. Nkd1 antagonises 

Wnt signaling by inhibiting Dvl (Wharton et al., 2001). Nkd1 transcripts were upregulated 1.50x 

and 1.77x in the micro-array at the 4/5 somites stage, and 7/8 somites stage, respectively. 

Upregulation of Nkd1 could be confirmed by quantitative RT-PCR with RNA isolated from the 

independent pool of embryos (Table 1). furthermore, overexpression of Cdx2 in P19 eC cells 

resulted in a downregulation of Nkd1 expression and this effect could be reversed by specific 

knock-down of Cdx2 in these cells (Table 1). Additionally, Nkd1 transcripts seem to be slightly 

upregulated in whole mount Cdx2 null mutant embryos hybridized with Nkd1 probes at e8.0 

(fig. 2). These data suggest that Cdx2 negatively regulates Nkd1 expression.
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Table 1: Difference in expression level of putative Cdx targets. fold change in expression observed in the micro-array analysis 
or by quantative RT-PCR in Cdx2 null mutant embryos relative to control embryos. – indicates a decrease and + indicates  
an increase in expression level in Cdx2 null mutant compared to control embryos.

Putative
Cdx2	targets

Expression	in	
microarray	screen
in	Cdx2-/-	embryos

versus	control

Expression	in	independent		
RNA	pool

in	Cdx2-/-	embryos
versus	control

Expression	difference	
in	P19	overexpressing	

Cdx2	versus	P19	EC	cells

Expression	difference
	in	P19	overexpressing
	Cdx2	after	
knockdown
	of	Cdx2	by	shRNA	^4/5	somites 7/8	somites 4/5	somites 7/8	somites

Nkd1 +1,50 +1,77 +2,86 +1,88 -1,63 +1,32

frzb -1,97 -1,65 -3,84 -2,14 +7,90 -1,12

Rnf43 -2,15 -2,27 -1,96 -3,65 +6,74 -1,24

Cldn9 -1,22 - -1,55 -1,94 +7,92 -1,28

Chl1 -3,61 - -1,18 -1,84 +7,21 -1,53

Ajap1 +1,55 +1,39 +1,13 +1,61 +1,93 -1,37

Gjb2 +1,32 +1,85 +2,39 +1,74 +2,31 -1,05

^ Compared to P19 overexpressing Cdx2

To asses the role of Nkd1 in posterior axial extension, the gene was overexpressed in wildtype 

embryos in the spatiotemporal window of Cdx2 expression, by using the Cdx2 promoter that was 

successfully used before (Young et al., 2009). Cdx2P-Nkd1 transgenic embryos were generated 

by pronucleus micro-injection in fertilised eggs of wildtype embryos. Transgenic embryos 

were submitted to skeletal analysis and were found to be phenotypically indistinguishable from 

their non-transgenic control littermates (not shown). Rather than suggesting that Nkd1 does 

not function in posterior axial extension, these data show that Wnt signaling in the embryos 

was not perturbed upon overexpression of Nkd1. Discussions with a scientist involved in the 

study of Nkd1 and the Wnt pathway in Drosophila (K.A. Wharton, personal communication) 

suggest that a strong compensatory mechanism neutralizes artificial overexpression of Nkd1 

in embryos. In spite of this hypothesis, it might still be worth to addres the function of Nkd1 

in axial extension by an attempt to rescue the phenotype of Cdx mutant embryos by knocking 

down of Nkd1. 

Cdx and the Tgfβ signaling pathway
Tgfβ signaling plays an important role in proliferation and cell differentiation during embryonic 

development (Andersson et al., 2006; lee et al., 2010). In the micro-array screen, Bmp4 

transcripts were downregulated 1.59x and 1.41x, at the 4/5 somite stage, and the 7/8 somite stage, 

respectively. Bmp4 is involved in biological events that are relevant for the Cdx-dependent 

process of axial extension. Validation of Bmp4 is being performed by other members in  

our group. 

Gdf11 is a member of the Tgfβ family and loss of Gdf11 results in a variety of defects, including 

axial truncation, AP patterning defects and anorectal malformations. The Gdf11 proprotein has 

to be cleaved to its mature form in the Golgi apparatus by a specific proprotein convertase 

Pcsk5. Pcsk5 mutant embryos largely phenocopy Gdf11-/- embryos. loss of Pcsk5 or Gdf11 results 

in a reduction in tailbud expression of several Hox genes, such as Hoxa10 and Hoxd11 (Szumska 

et al., 2008). In the micro-array screen, transcripts of both Gdf11 and Pcsk5 are downregulated 
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Fig.	 2: expression of Nkd1 in 
control and Cdx2 mutant embryos 
at e8.5. A+B Whole mount in situ 
hybridization with a probe for Nkd1 
on control (A) and Cdx2 mutant (B) 
embryos at e8.

in Cdx2 null mutant embryos versus controls at both stages analysed, and this downregulation 

was validated by quantitative RT-PCR with RNA isolated from the independent pool of embryos. 

Cdx2 might function in posterior axial extension through regulation of Gdf11 and Pcsk5. It will be 

necessary to challenge the involvement of Gdf11 and Pcsk5 in posterior axial extension by using 

more specific approaches in embryos in vivo in the future. 

Validation of other putative Cdx2 targets
Axial truncation of Cdx mutant embryos might involve a decreased proliferation and/or an 

increase of differentiation of posterior progenitors, and also possibly apoptosis in the posterior 

growth zone. Regarding cell proliferation, Rnf43 was downregulated 2.15x and 2.27x in Cdx2-/- 

versus control embryos at the 4/5 somites stage and the 7/8 somite stage respectively. Rnf43 

encodes a ring-finger protein involved in cell proliferation. Its expression level is high in rapidly 

proliferating carcinoma cells and decreases upon knock-down with a specific shRNA, causing 

cell proliferation decrease (Yagyu et al., 2004). Downregulation of Rnf43 could be confirmed by 

quantitative RT-PCR with RNA isolated from the independent pool of embryos. Overexpression 

of Cdx2 in P19 eC cells results in upregulation of Rnf43 expression. Additionally, levels of Rnf43 

transcripts were reduced after Cdx2 knock-down in the Cdx2 overexpressing P19 eC cells 

(Table 1). This suggests that Rnf43 is a genuine Cdx2 target and that downregulation of Rnf43 in 

Cdx2-/- embryos might contribute to a decrease of cell proliferation rate and consequently to 

axial truncation. This hypothesis is strengthened by the ability of Cdx2 to bind specifically to the 

Rnf43 regulatory region in cell cultures (J. Schuijers, personal communication).

Cell proliferation and differentiation might also be affected by changes in cell-cell contact 

or matrix attachment of proliferating cells. In several instances, transcripts of genes encoding 

adhesion molecules are differentially expressed in the micro-array (Table 1). Cldn9, a molecule 

that plays a role in tight junctions, is downregulated 1.22x in Cdx2-/- versus control embryos 

in the micro-array screen at the 4/5 somites stage. Overexpression of Cldn9 in cancer cell 

lines results in enhanced cell proliferation (Zavala-Zendejas et al., 2011). Chl1 encodes an 

adhesion molecule of the immunoglobin family and is closely related to l1cam (Chen et al., 

1999). Chl1 regulates cell-differentiation and migration in neurons (Buhusi et al., 2003). In the 

micro-array screen, Chl1 is downregulated 3.61x in Cdx2-/- versus control embryos at the 4/5 
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somites stage. Downregulation of Cldn9 and Chl1 could be confirmed by quantitative RT-PCR 

with RNA isolated from the independent pool of embryos (Table 1). Overexpression of Cdx2 

in P19 eC cells resulted in an upregulation of both Cldn9 and Chl1 expression and this effect 

could be reversed by specific knock-down of Cdx2 in these cells (Table 1). Cldn9 and Chl1 

may represent genuine Cdx2 targets, and downregulation of these genes might contribute to  

a decrease in cell proliferation and to the truncation phenotype observed in Cdx2 null 

mutants. Nevertheless, further support of this hypothesis in embryos in vivo is required before 

the relationship between both genes and Cdx2 is established.

Ajap1 and Gjb2 both play a role in adherens junctions, and gap junctions, respectively (Bharti 

et al., 2004; Kelsell et al., 1997). Ajap1 is upregulated 1.55x and 1.39x, and Gjb2 is upregulated 

1.32x and 1.85x, in Cdx2-/- mutant compared to control embryos, at the 4/5 somites stage, and 

the 7/8 somite stage, respectively. Upregulation of both genes was validated by quantitative 

RT-PCR with RNA isolated from the independent pool of embryos. Ajap1 and Gjb2 transcripts 

were both upregulated upon overexpression of Cdx2. Ajap1 mRNA levels were reduced after 

knock-down of Cdx2, while there was no significant change in levels of Gjb2 expression. further 

research is required to elucidate the role of Cdx2 in the regulation of both genes. 

In conclusion, the results obtained so far in the validation of Wnt and Tgfβ pathway 

components in the Cdx mutant phenotypes should be extended in embryos in vivo. from 

the data concerning the putative involvement of genes modulating cell proliferation,  

the question remains whether these genes are truly affected by the Cdx impairment or whether 

their expression changes only reflect the decrease in tissue generation in the mutant posterior 

growth zone. 

mATeRIAlS AND meTHODS
Cell culture and transfections
P19 embryonic carcinoma cells (ATCC, CRl-1825) and their derived transfectants were cultured according 
to standard procedures (www.lgcstandards-atcc.org) on gelatin coated plates. P19 cells were transfected a 
SV40P-Cdx2 vector using PPeI according to standard procedures (www.cellntec.com) and stably cultured 
with standard medium including neomycin for selection. Subsequent knockdown of Cdx2 in the P19 eC cells 
stably expressing Cdx2 was performed by transfecting a Cdx2 specific shRNA (TRCN0000055393 Sigma-
Aldrich) into the cells by electroporation using an AmAXA kit (VCA-1003) according to manufacturer’s 
instructions (www.lonzabio.com). 

Quantitative RT-PCR analysis of gene expression
Transcription of Gdf11, Pcsk5, Nkd1, Frzb, Rnf43, Cldn9, Chl1, Ajap1 and Gjb2 was measured in control and 
Cdx2 mutant embryos. RNA was isolated from 10 individually collected 4 or 5 somite and 7 or 8 somite 
embryos of each genotype. Transcription measurement was performed for the same genes using 
RNA isolated from P19 eC cells transfected with a control vector, cells stably expressing Cdx2, and cells 
stably expressing Cdx2 in which Cdx was knocked down by a specific shRNA. RNA was extracted from 
individual posterior growth zones using TRIzol method (Invitrogen, UK) and quantified using nanodrop 
analysis (Thermoscientific, USA) according to the manufacturer’s instructions. PCRs were performed 
in duplicate for each genotype, with 5μl of amplified cDNA per reaction using light Cycler DNA master 
SYBR Green 1 (Roche) according to manufacturer’s instructions. Real time PCR was carried out using 
the my iQ PCR equipment (Biorad). expression of mouse Ppia, Gapdh and Hprt was used as internal 
controls. Relative gene expression levels were calculated by the comparative 2-DDCT method (livak and  
Schmittgen, 2001).
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Primers used for RT-PCR

Gdf11   forward: CTTGGAAGAGGACGAGTACC  
  Reverse: TGAAGTGGAAATGACAGCAG 
  Product size: 119bp
Pcsk5   forward: GTGCGCTCCATCTACAAAG   
  Reverse: GGTGTGTGATGGTAATACGC
  Product size: 128bp
Nkd1  forward: GTCTCTGTGGAGGAGGACAG 
  Reverse: TTCACAGAGGAGTCAACCAC
  Product size: 134bp
Frzb1  forward: TGCCTCTGTCCTCCACTTAC  
  Reverse: CTTACCAAGCCGATCCTTC
  Product size: 141bp
Rnf43  forward: GCAGGAGATGTCCTTACTCAC 
  Reverse: AAGCTTCATCTGACCAGCTC
  Product size: 124bp
Cldn9  forward: GGCTACTCCATCCCTTCC  
  Reverse: ATAAGGATGTAGCCCAATGC
  Product size: 131bp
Chl1  forward: AAGCCATCAATCAACTAGGC 
  Reverse: GGAATGGATGACCAGGTAAC
  Product size: 109bp
Ajap1  forward: GTTCTCACGAGTGTGTCAGG 
  Reverse: AGACACAAAGGCCACAGG
  Product size: 123bp
Gjb2  forward: GGTATTGCTCAGGAAAGTCC 
  Reverse: ATCCTCTCCCTCCATCTTTG
  Product size: 138bp

Generation of transgenic constructs and mice
To construct the Cdx2P-Nkd1 transgene, we used the expression vector p301 kindly provided by I. 
Rodriguez (Geneva). The 9.4 kb Cdx2 promoter (Benahmed et al., 2008) fragment was inserted upstream 
of the ß-globin intron. full length cDNA from Nkd1 (a kind gift of K.A. Wharton, Dallas) was inserted into 
p301 between the rabbit ß-globin intron and ß-globin polyA. 

Genotyping
for genotyping Cdx2P-Nkd1 transgenic embryos, genomic DNA was isolated from yolk sacs. After lysis with 
a solution containing 100mm TrisHCl pH 8.5, 5mm eDTA, 0.2% SDS, 200mm NaCl, 100μg/ml proteinase K at 
55°C overnight, isopropanol precipitation was performed and the DNA subsequently dissolved in 50μl Te 
buffer overnight at 55°C. Primer sequences for genotyping Cdx2P-Nkd1 were GTCTCTGTGGAGGAGGACAG 
(forward) and TTCACAGAGGAGTCAACCAC (reverse), generating a 134 bp specific Nkd1 DNA fragment, 
not present in the endogenous Nkd1 gene. The reaction conditions were 95°C for 30 sec, 60°C for 30 sec 
and 72°C for 30 seconds for 35 cycles in 10 μl mixture that contained 0.5μm of each primers, 0.2mm of each 
dNTP, 1.5mm mgCl2 and 1x PCR Buffer (Promega 5x flexi Green GoTaq Buffer m891A and GoTaq m830B).



“Don't part with your illusions. When they are 

gone you may still exist, but you  

have ceased to live.“

Mark Twain 



GeNeRAl DISCUSSION

5chapter 





 5 

G
eN

eR
A

l D
ISC

U
SSIO

N

111

General discussion
The homeodomain transcription factors Cdx play an important role in embryonic development. 

The work described in this thesis extends our knowledge regarding Cdx function in murine 

development. The three Cdx genes, Cdx1, Cdx2 and Cdx4, like their relatives the Hox genes, 

are involved in the generation of axial structures and in the specification of anteroposterior 

positional identity of these. Cdx genes also play a role in the development of the extra-

embryonic tissues, the mesodermal allantois that will form the umbilical cord and the placental 

labyrinth (Beck et al., 1995, Strumpf et al., 2005, Niwa et al., 2005, Van Nes et al., 2006, Young, 

2009). Cdx genes function in posterior axial extension in a redundant way. All three Cdx genes 

contribute to tissue elongation and patterning, but Cdx2 plays a more important role than its 

paralogs.

In chapter 2, we show that Cdx maintains Wnt signaling in the posterior part of the embryo 

that acts like a growth zone. This was proven by the partial rescue of the phenotype of Cdx2+/-

Cdx4-/- embryos by an activated form of lef1, a downstream effector of the canonical Wnt 

pathway. We also report that Cdx promotes posterior axial extension by restricting RA 

signalling, away from the posterior growth zone by activating expression of the RA catabolic 

enzyme Cyp26A1. 

Genetic relationship between Cdx and Hox proteins
The phenotype of Cdx2+/-Cdx4-/- embryos can be, partially, rescued by overexpression of 

Hoxa5 or Hoxb8, two central Hox genes, in the spatiotemporal window of Cdx2 expression. 

Intriguingly, overexpression of Hoxa9, belonging to a neighbour paralogous group, does not 

rescue the phenotype of Cdx2+/-Cdx4-/- embryos. We wondered which features are important 

for a Hox protein to take over the function of Cdx. Hox proteins are transcription factors that all 

contain a homeodomain enabling them to physically bind to the DNA. These homeodomains 

are highly conserved in amino acid sequence. However, there are some differences between 

Hox proteins of the distinct paralogous groups that probably contribute to their diversity in 

function. Although the amino acid sequence of Hoxb8 and Hoxa9 are very similar, there are 

some differences that might contribute to the incapability of Hoxa9 to rescue the phenotype 

of Cdx2+/-Cdx4-/- embryos (figure 1). Besides specific binding to target DNA, interaction with 

co-factors also determines the specificity of the downstream transcription program. Hox 

proteins interact with members of another class of homeodomain proteins, the TAle proteins, 

containing Pbx and meis factors. Interaction with cofactors is mediated by a conserved 

hexapeptide, slightly upstream of the homeodomain. Certain mutations in the hexapeptide 

abolish interaction of Hox and their cofactors (Neuteboom et al., 1995). Hexapeptides of the 

central Hox genes are highly similar. Only one residue, the tryptophan is conserved between 

Hoxb8 (central) and Hoxa9 (posterior) (figure 1A). Hoxa9 and Hoxb8 are both able to interact 

with Pbx1, but both complexes differ in conformation and DNA-binding affinity (laRonde-

leBlanc and Wolberger, 2003). This, in combination with the differences in homeodomain, 

might explain why Hoxa9 is not capable to rescue the Cdx2+/-Cdx4-/- phenotype. It is not clear 

yet which precise features are prerequisite for a Hox protein to take over Cdx function in 

stimulating axial extension.
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Arrest of axial extension: Hox13 as terminators?
Precocious expression of Hox genes of the paralogous group 13 results in a similar phenotype as 

that observed upon Cdx partial loss of function. The ability to terminate posterior axial extension 

when precociously expressed seems to be an exclusive property of the Hox13 genes, since 

precocious expression of Hoxc12, the neighbouring AbdB gene in the cluster, did not result in a 

premature arrest of axial extension. Differences in amino acids are present between Hox13 and 

Hoxc12 proteins (figure 2). This might also contribute to the differences in biological function. 

A hexapeptide sequence can be defined in Hox12 proteins, although it is less conserved than 

A 
Hoxb8       --SPSPTQLFPWMRPQAAAGRRR-
Hoxc8       -QNSSPSLMFPWMRPHAP-GRRS-
Hoxd8       --SSSPSQMFPWMRPQAAPGRRR-
Hoxa9       IDPNNP--AANWLHARSTRKKRC-
Hoxb9       PDQTNP--SANWLHARSSRKKRC-
Hoxc9       -DPSNP--VANWIHARSTRKKRCP
Hoxd9       -DPNNP--AANWIHARSTRKKRCP

  .*     *::.::.  :* 

B 
Hoxb8      RRRGRQTYSRYQTLELEKEFLFNPYLTRKRRIEVSHALGLTERQVKIWFQNRRMKWKKENNKD 
Hoxc8      RRSGRQTYSRYQTLELEKEFLFNPYLTRKRRIEVSHALGLTERQVKIWFQNRRMKWKKENNKD 
Hoxd8      RRRGRQTYSRFQTLELEKEFLFNPYLTRKRRIEVSHTLALTERQVKIWFQNRRMKWKKENNKD
Hoxa9      TRKKRCPYTKHQTLELEKEFLFNMYLTRDRRYEVARLLNLTERQVKIWFQNRRMKMKKINKDR 
Hoxb9      SRKKRCPYTKYQTLELEKEFLFNMYLTRDRRHEVARLLNLSERQVKIWFQNRRMKMKKMNKEQ 
Hoxc9      TRKKRCPYTKYQTLELEKEFLFNMYLTRDRRYEVARVLNLTERQVKIWFQNRRMKMKKMNKEK
Hoxd9      TRKKRCPYTKYQTLELEKEFLFNMYLTRDRRYEVARILNLTERQVKIWFQNRRMKMKKMSKEK 
            *  * .*::.************ ****.** **:: * *:************** ** . :.

C 
Hoxc12      GGGLSASGAPWYPIHSRSRKKRK 
Hoxd12      LRSSLPDGLPWGAAPGRARKKRK
Hoxa13      PKEQTQPPHLWKSTLPDVVSHPS 
Hoxb13      QGEQNPPGPFWKAAFAEPSVQHP 
Hoxc13      SKEQSQSAHLWKSPFPDVVPLQP 
Hoxd13      AKDQPQGSHFWKSSFPGDVALNQ
         * 

D 
Hoxa13      GRKKRVPYTKVQLKELEREYATNKFITKDKRRRISATTNLSERQVTIWFQNRRVKEKKVINKL 
Hoxc13      GRKKRVPYTKVQLKELEKEYAASKFITKEKRRRISATTNLSERQVTIWFQNRRVKEKKVVSKS
Hoxd13      GRKKRVPYTKLQLKELENEYAINKFINKDKRRRISAATNLSERQVTIWFQNRRVKDKKIVSKL
Hoxb13      GRKKRIPYSKGQLRELEREYAANKFITKDKRRKISAATSLSERQITIWFQNRRVKEKKVLAKV
Hoxc12      SRKKRKPYSKLQLAELEGEFLVNEFITRQRRRELSDRLNLSDQQVKIWFQNRRMKKKRLLLRE
Hoxd12      ARKKRKPYTKQQIAELENEFLVNEFINRQKRKELSNRLNLSDQQVKIWFQNRRMKKKRVVQRE
            .**** **:* *: *** *:  .:**.:::*:.:*   .**::*:.*******:*.*:::

 
 
 
Discussion Fig. 1 

Fig.	1: Alignments of hexapeptide and homeodomain amino acid sequence of Hox8 versus Hox9 and Hox12 versus 
Hox13. (A-D) Alignment of the hexapeptide sequence and adjacent amino acids (A+C) and the homeodomain 
(B+D) of Hox8 versus Hox9 (A+B) and of Hox12 versus Hox13 (C+D) proteins. Green box indicates the hexapeptide 
sequence. – (dash) indicates a gap in the alignment, * (asterix) indicates a single fully conserved residue, : (colon) 
indicates conservation between groups of strongly similar properties, . (period) indicates conservation between 
groups of weakly similar properties.
(http://www.ebi.ac.uk/Tools/msa/clustalw2/)
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in central Hox genes. However, the Hox12 hexapeptide is very different from that present in 

paralogous Hox13 proteins (figure 2) and the hexapeptide sequences of paralog 12 and 13 group 

members differ extensively.

An evolutionary conserved function for Cdx genes in emergence of 
trunk and tail
In chapter 3, the effect of inactivating all three Cdx genes is described for the first time 

(Chapter 3). The Cdx genes function in a redundant manner during posterior axial extension 

and are indispensable for the formation of trunk and tail tissues. Cdx null embryos fail to 

generate any tissue caudal to the occipital region, arrest their development around e9.5 and 

die around e10.5 due to placental failure. loss of Cdx function in species remotely related to the 

mouse results in phenotypes reminiscent of that of Cdx null mouse embryos, suggesting that 

Cdx function may be inherent to the generation of trunk and tail. In addition, the data clearly 

show that initiation of early Hox gene expression is normal in Cdx null mutant embryos and 

therefor not dependent on Cdx genes.

Wnt signalling as a crucial component of the Cdx-dependent genetic 
network driving axial extension
Cdx activity, canonical Wnt signaling and correct timing of Hox gene expression, modulate 

the development of the posterior neurepithelium and the cloacal derivates, in addition to 

stimulating posterior axial extension (Chapter 4). Cdx2+/-Cdx4-/- and Wnt3a hypomorph embryos 

and embryos precociously expressing Hox13 genes suffer from anorectal malformations 

and aberrant neurepithelial morphogenesis. In all three types of mutants, septation of the 

urogenital and anorectal tracts fails to complete, resulting in a persistent cloaca. The data show 

that Cdx and Wnt impact on the progenitors of the lateral plate mesoderm at the time they 

still reside in the posterior growth zone at earlier stages. This is a recurrent observation in Cdx 

research: embryonic tissue deficiency is observed more than a day later than when the genes 

were last expressed in the tissue progenitors. This phenomenon will have to be investigated 

further in the future.

Cdx functions upstream of Wnt signaling, possibly by regulating the expression of Wnt 

pathway components Nkd1 and Frzb. Nkd1 is a negative regulator of Dishevelled and antagonises 

Wnt signaling (Wharton et al., 2001). Frzb encodes a soluble Wnt receptor-like molecule, 

that can both enhance and antagonise Wnt signaling (Wang et al., 1997, mii and Tiara, 2009). 

Cdx mutations lead to increased Nkd1 expression and a downregulation of Frzb expression 

(Chapter 4). Wnt signaling in the posterior part of the mouse embryo may be under strict 

control. Overexpression of Nkd1, in the spatiotemporal window of Cdx2 expression, did not 

result in a truncation of the body axis. According to discussions with scientists who worked 

on Nkd1 in Drosophila, Wnt signalling is well buffered against fluctuations of the intermediate 

pathway components, in particular Nkd1 (K.A. Wharton, personal communication). Despite this 

warning it may still be worth attempting to decrease Nkd1 expression and analyse whether this 

might rescue the Cdx mutant phenotype. We could not functionally validate the involvement of 

Nkd1 and frzb so far. Analysis of Cdx mutants revealed additional potential downstream targets 

of Cdx. Cdx probably functions by regulating the Tgfβ pathway and by modulating components 
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of general cellular processes, such as cell-cell adhesion. further work will tell whether these 

preliminary indications for additional Cdx targets are confirmed.

Conserved interactions of Cdx and RA in vertebrate development
RA signalling is required for posterior hindbrain and anterior spinal cord formation in a dosage 

dependent manner (Begemann et al., 2001, Grandel et al., 2002). Raldh2 inactivation leads to loss 

of the anterior spinal cord and rhombomere 7. Cdx genes have also been shown to pattern the 

developing hindbrain in several vertebrate species. Cdx was suggested to function in hindbrain 

patterning in both Zebrafish and mouse embryos by in induction of Hox gene expression and 

by antagonizing RA signaling. Cdx1 expression is induced by RA signaling. Overexpression of 

Cdx genes leads to downregulation of RA target genes and hindbrain patterning genes (epstein 

et al., 1997, Skromne et al., 2007). On the other hand, Cdx deficiency in Zebrafish results in 

ectopic expression of hindbrain specific genes in the posterior part of the embryo (Shimizu 

et al., 2006). expression of Mafb, an RA dependent transcription factor normally expressed in 

the future rhombomere 5 and 6, is expanded into the neural tube in murine Cdx1 null embryos 

(Sturgeon et al., 2011). 

expression of Raldh2 seems to be upregulated in murine Cdx mutant embryos at e8.0, 

which is reminiscent of the observations on Zebrafish embryos at the equivalent stage (Wingert 

et al., 2007). Cdx partial loss of function leads in both mouse and zebrafish to an upregulation of 

posterior Raldh2 and a downregulation of the RA-degradating Cyp26A1, in the posterior growth 

zone (Wingert et al., 2007).

In addition to other work in our group, the data presented in this thesis shows that Cdx is 

essential for the generation of tissues from all progenitor populations in the posterior part of 

the embryo. Cdx functions by regulating signaling pathways and general cellular processes 

that are indispensable for posterior axial extension. future work will have to elucidate the 

mechanisms at work in this major embryonic process.





“Our greatest glory is not in never falling,  

but in getting up every time we do.”

Confucius
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DANKWOORD
Wow, het is af. eindelijk. Na wat voelt als een dag en een eeuwigheid ineen, is mijn boekje klaar. 

maar dit alles had nooit tot stand gekomen zonder (aanzienlijke) hulp van meerdere mensen.

Jacqueline, a mere “Thank you” would not be sufficient, but my vocabulary falls short. I’ve 

never met anyone in my life with such a thorough knowledge of our field and such a never 

failing dedication to science. 

monika, my colleague, my friend and my paranimf, what would I have done without you? 

It’s been an interesting journey the last 4+ years but whenever I would complain, you would 

outmatch me every time! Remember, the more I snipe, the more I care. And what are you going 

to do without me to bring you down to earth or listen to your stories?

Waar heb je al die tijd gezeten, Carina? Je bent een aanwinst in het lab en als je eerder bij 

ons was geweest, was dit boekje veel dikker geweest. Dank je, voor je hulp en ook voor het 

verzachten van alle vroege morgens met je gezelschap. Nou moet ik iemand anders vinden om 

te sms-en en mijn lunch mee te delen.

Salvo and Roel, good luck is all I have for the both of you. No matter how things look, they 

have a way of all clicking together in the end and sum up to a book of your own. And don’t get 

discouraged by a “No”-answer, I had plenty of those!

Het cloneren van shRNAs was nooit gelukt zonder Dirk, die met aanwijzingen en voorgekauwde 

info mijn leven makkelijker maakte. Ook snijdende humor per email heeft mijn dag vaak 

gemaakt. Jammer dat we er niet meer uit hebben weten te slepen.

Rianne, Gérôme and Rita. It really was very nice to work with all three of you. I loved ‘teaching’ 

you and transferring my, perhaps limited, knowledge. Good luck in whatever career you pursue.

Vincent, de laatste maanden waren aanzienlijk minder kleurrijk zonder jouw aanwezigheid 

in het lab en in de logeerkamer! Ik mis de droge analyses en je luisterend oor. Ik wens je alle 

geluk en liefde in je leven, waar ik graag nog lang onderdeel van blijf uitmaken.

mark and Hsin-Yi, one moment you share every day with the same bunch of people and then 

the other, they live halfway around the globe. However, that doesn’t make our time together 

any less memorable.

Yuva, the only woman I know who’s into whisky besides myself. Your amazing cheerful view 

of the world baffles me every time! We should really try to keep up our dinner dates! 

Since I’m not planning on naming all of you personally, it’s been a pleasure working with the 

people inhabiting the second floor of the Hubrecht. The constant change in ‘population’, 

people coming and going and even the return of old friends has been enervating.

maartje, bij jou kan ik altijd mijn hart en hoofd kwijt. Je bent waarschijnlijk van mijn 

vrienden en familie de enige die daadwerkelijk ook nog echt begrijpt wat ik heb gedaan de 

laatste paar jaar. en zeker de enige die ook weet wat het is om promovendus te zijn. met jou 

als mijn paranimf heb ik de beste rugdekking! Nooit verwacht ook nog ooit schoonouders te 

noemen in een dankwoord! Jeanne en Jules, bedankt dat ik meer dan een jaar bij jullie heb 

mogen wonen, ook al kwam en ging ik op de meest ongoddelijke uren. Het schoonmoeder-

fabeltje bestaat niet! en als dank voor al jullie liefde en steun, heb ik jullie zoon gestolen.

marieke, je bent misschien wel mijn grootste supporter. Wat een gelijkenis en verschillen 

tussen ons. en alsof het zo moet zijn is Sienna een “mini”-Ces. Ik ben benieuwd wat Colin gaat 

worden! Dat belooft wat voor Richard.
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Pap en mam, hier schieten mijn woorden pas echt te kort. Ik had nooit kunnen zijn wat ik nu 

ben, zonder jullie. Jullie steun in alles wat ik doe en nastreef is onvoorwaardelijk. en zoals alles 

in onze familie: geheel wederzijds.

Geoffrey, dat je het met mij uithoudt wil al genoeg zeggen. Ik laat je dan ook niet makkelijk 

meer gaan. Vier jaar heb je alles opzij gezet en me in alles gesteund, de slopende uren, rare 

tijden en het plannen om mijn (of jouw) werk heen. Zaterdagochtend om 6 uur samen naar 

het Hubrecht zodat ik mijn celkweek kon doen, zodat we een weekend weg te konden. en 

misschien hoef ik me nu niet meer af te vragen met wie ik ook alweer in één huis woon, omdat 

we elkaar al een week niet hebben gezien vanwege onze belabberde werkschema’s… maar het 

is nu af, voltooid en het boek is uit.
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SAmeNVATTING
De drie Cdx-genen, Cdx1, Cdx2 en Cdx4 zijn verwant aan de Hox genen en coderen voor 

transcriptiefactoren die overlappende functies hebben tijdens patroonvorming van het 

embryo en bij het voltooien van axiale extensie, met Cdx2 als voornaamste speler. een inleiding 

in embryonale ontwikkeling, posterieure axiale elongatie, en de genetica van deze processen 

wordt gegeven in Hoofdstuk 1.

In Hoofdstuk 2 laten wij zien dat Cdx- en Hox-genen cruciale spelers zijn tijdens de 

verlenging van de embryonale as. Cdx mutanten vertonen caudale verkortingen die kunnen 

worden gecorrigeerd door een hogere expressie in de posterieure groeizone van bepaalde 

Hox-genen (namelijk die uit het midden van de clusters). Deze afwijkingen kunnen ook worden 

gecorrigeerd door een overactivatie van het Wnt signaleringspad, wat wijst op een positieve 

regulatie van Wnt signalering door Cdx. De laatste genen van de Hox clusters (de Hox13 genen) 

hebben een tegenovergesteld effect op de posterieure embryonale groei wanneer ze te vroeg 

tot expressie komen: ze fungeren als antagonisten van de Cdx- en “midden” Hox genen, en 

werken de groei-stimulerende Wnt signalering in de posterieure groeizone tegen.

Hoofdstuk 3 beschrijft voor het eerst het effect van het uitschakelen van alle drie Cdx genen. 

embryo’s die zich zonder enige Cdx activiteit ontwikkelen vormen uitsluitend kop structuren. 

In deze mutante embryo’s onstaat geen weefsel meer nadat het kop-gebied is gevormd, omdat 

de cellulaire voorlopers die normaal voor posterieure aangroei zorgen, niet meer actief zijn. De 

initiële expressie van anterieure Hox genen heeft in Cdx nul mutanten echter normaal plaats, 

wat aantoont dat Cdx genen niet verantwoordelijk zijn voor de activatie van de eerste Hox 

genen. maar deze Hox-expressie wordt niet in stand gehouden in het posterieure gedeelte 

van Cdx nul embryo’s, waar de groeizone inactief is geworden. De rol van Cdx-genen in het 

ontwikkelen van embryonale structuren van romp en staart is waarschijnlijk tijdens evolutie 

geconserveerd. 

Naast hun bekende functie in de verlenging van de toekomstige ruggengraat zijn Cdx 

genen, Wnt signalering, en het correcte tijdstip van Hox gen expressie ook onmisbaar voor 

de morfogenese van het posterieure deel van de neurale buis en het verteringsysteem  

(Hoofdstuk 4). een tekort aan actieve Cdx genen of aan Wnt signalering, dan wel een voortijdige 

expressie van Hox13 genen leidt tot het ontwikkelen van anorectale  afwijkingen vergelijkbaar 

met het humane “caudale regressie-syndroom”. We tonen aan dat de causale defecten veel 

eerder plaats vinden in de posterieure groeizone van het embryo dan de afwijkingen zich 

manifesteren. Daar en dan reguleren Cdx- en Hox-genen de Wnt signalering mogelijk door het 

moduleren van de expressie van componenten (Nkd1 en frzb) van de Wnt signaleringsroute.

De resultaten en hun interpretatie worden in Hoofdstuk 5 besproken.
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SUmmARY  
The three mouse Cdx genes, Cdx1, Cdx2 and Cdx4, encode Hox-related transcription factors 

that play overlapping functions in patterning the embryo and in ensuring the completion of its 

posterior axial elongation, with Cdx2 as the major contributor. An introduction to embryonic 

development, posterior axial extension and the genetics driving these events is given in 

Chapter 1.    

In Chapter 2, we show that Cdx and Hox genes are crucial players in embryonic axial 

extension. Cdx mutants exhibit a caudal truncation that can be rescued by a gain of posterior 

expression of some of the central Hox genes. The precocious arrest of axial growth in Cdx 

mutants can also be cured by a posterior activation of the Wnt effector lef1, revealing a positive 

feedback of Cdx on Wnt signaling. The last paralogous group of Hox genes, Hox13, was shown 

to negatively interfere with this process, antagonizing more anterior Hox and Cdx genes, thus 

counteracting their growth-stimulating Wnt signaling in the posterior growth zone. 

In Chapter 3, the effect of inactivating all three Cdx genes is described for the first time. 

embryos developing in the absence of Cdx genes only form head structures. In Cdx null 

embryos, no tissue is generated caudal to the occipital region. The progenitors residing in the 

posterior growth zone of these embryos seem to be eliminated at e8.5, as can be judged by 

the lack of tissue generation after this stage and the absence of expression of posterior marker 

genes. expression of anterior Hox genes is initiated normally in early Cdx null mutant embryos, 

but it fades away posteriorly in the exhausted growth zone by e8.5. This also shows that the 

initiation of the earliest Hox gene expression is not dependent on Cdx genes. The function of 

Cdx genes in trunk and tail (post-head) development appears to have been conserved during 

evolution.

Cdx activity, canonical Wnt signaling and correct timing of Hox gene expression, are required 

for morphogenesis of the posterior neurepithelium and digestive tract, in addition to their 

obligatory role in the regulation of vertebral axis extension (Chapter 4). Cdx2+/-Cdx4-/- and 

Wnt3a hypomorph embryos and embryos precociously expressing Hox13 genes suffer from 

anorectal malformations and aberrant neurepithelial development reminiscent of a human 

syndrome called “Caudal Regression”. We demonstrate that, although these tissue deficiencies 

are observed late in development, Cdx and Wnt impact on tissue progenitors at the time they 

still reside in the posterior growth zone several days earlier. Cdx and Hox genes regulate Wnt 

signaling, possibly by affecting the expression of Wnt pathway components Nkd1 and frzb.

The data and their interpretation are discussed in Chapter 5.
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