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During vertebrate embryonic development, structures along the anterior-posterior (A-P) axis 

or head-tail axis are generated progressively in a timed fashion: anterior structures are 

specified early and posterior structures are specified late (Eyal-Giladi, 1954; Gamse and 

Sive, 2000; Gamse and Sive, 2001; Nieuwkoop, 1952; Stern et al., 2006). Evidently, timing 

is involved in this process. In an attempt to understand how time and space are coordinated 

during A-P axis formation, previous research in our lab suggested a BMP/anti-BMP 

dependent time-space translation mechanism for patterning the trunk part of the axis 

(Durston et al., 2010; Wacker et al., 2004a). A key component of this mechanism is a BMP 

dependent timer, which causes sequential expression of Hox genes (Wacker et al., 2004a; 

Wacker et al., 2004b).  

 

Hox genes have long been known to regulate the specification of positional identities along 

the A-P axis during development (Alexander et al., 2009; Deschamps and van Nes, 2005; 

Wellik, 2009). The most striking feature of Hox genes is collinearity: their 3’ to 5’ order on 

the chromosome matches their temporal expression sequence in development (temporal 

collinearity) (Dolle and Duboule, 1989; Duboule, 2007; Izpisua-Belmonte et al., 1991) and 

their spatial order of expression along the A-P axis (spatial collinearity) (Duboule and Dolle, 

1989; Graham et al., 1989; Lewis, 1978). The sequential activation of Hox genes during 

early development has been found in many species to occur in a high BMP environment: 

the non-organiser mesoderm (NOM) in the frog (Kolm and Sive, 1995; Wacker et al., 2004a) 

and the posterior primitive streak in the chick (Denans et al., 2015; Gaunt and Strachan, 

1994; Iimura and Pourquie, 2006) and mouse (Deschamps et al., 1999; Forlani et al., 2003). 

This is consistent with the finding that BMP signalling is required for Hox gene activation 

(Faial et al., 2015; Wacker et al., 2004b). In the high BMP environment, although Hox genes 

are sequentially expressed, their expression domains are largely overlapping with each other 

and show no spatial pattern. The time-space translation mechanism proposes that these 

domains will be sequentially exposed to anti-BMP signals from the Spemann organiser 

during gastrulation cell movement. This fixes Hox expression and translates the temporal 

pattern into a spatial pattern (time-space translation) (Wacker et al., 2004a). Through this 

way, positional identities are sequentially specified along the A-P axis. To test this 

mechanism further, my PhD project has been attempting to answer the following two 

questions: 1. How is Hox temporal collinearity achieved? 2. Is BMP/anti-BMP involved in 

head patterning? 
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Why Hox gene activation sweeps along the clusters has been a subject of great interest in 

developmental biology. The accepted wisdom is that Hox collinearity originates from 

evolutionary tandem duplication of an ur-Hox gene (Gehring et al., 2009), and is based on 

sequential opening of chromatin from 3’ to 5’ in the Hox clusters, sequentially making more 

and more Hox genes available for transcription (Chambeyron et al., 2005; Noordermeer et 

al., 2014). Considering that the occurrence of chromatin opening fits well with gene 

activation and gastrulation cell movement (Chambeyron et al., 2005), this explanation seems 

very attractive. However, if Hox temporal collinearity is solely due to chromatin opening, 

then it is difficult to understand how cells at a certain A-P position communicate with each 

other to ensure the same combination of Hox genes are expressed. Moreover, if at a posterior 

position, they also need to agree with each other to decide which anterior Hox genes to shut 

down. Due to these complexities, another layer of regulation is apparently required to 

synchronize Hox expression among different cells and tissues. There are two possible 

mechanisms whereby synchronization can be achieved: one is that Hox genes are regulated 

by other timing mechanisms (e.g. somitogenesis clock (Palmeirim et al., 1997; Pourquie, 

2004) or cell cycle (Primmett et al., 1989; Stern et al., 1988)) to coordinate their expression; 

the other is that Hox genes could coordinate their expression by themselves, e.g. by Hox-

Hox interactions (Hooiveld et al., 1999).  

 

In Chapter 2, we did ectopic expression of 4 different Hox genes (hoxd1, hoxb4, hoxa7 and 

hoxb9) in both noggin-injected embryos and wild-type embryos. As a BMP antagonist, 

noggin injection repressed Hox gene expression, because the initiation of Hox gene 

expression during gastrulation is BMP-dependent (Faial et al., 2015; Wacker et al., 2004b). 

Interestingly, ectopic expression of a Hox gene in noggin-injected embryos could only 

induce genes that are posterior to it, suggesting the existence of posterior induction --- 

induction of more posterior Hox genes by more anterior ones. This is consistent with 

overexpression studies in wild-type embryos, which showed that more posterior Hox genes 

were induced while more anterior ones were repressed (we call it here: posterior dominance 

--- the repression of anterior genes by posterior ones) in a gain-of-function situation. 

Therefore, there are both inductive and repressive interactions among Hox genes.  

 

To dissect the different roles of these interactions in A-P patterning, we did a timing 

experiment by ectopic expression of hoxb4 long before its initial expression during normal 
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development. Interestingly, this brought forward the Hox sequence without disrupting their 

temporal order. Moreover, since genes (hoxb4, hoxb6/c6, and hoxb9) brought forward by 

hoxb4 overexpression also showed anteriorization in their expression domains at a later 

stage (st. 26), these results suggest a connection between temporal and spatial expression. 

This renders further support to the time space translation mechanism, which proposes that 

Hox temporal collinearity is required for generating a spatial pattern. Notably, the 

endogenous expression of hoxd1 was not repressed by Hoxb4 until st.15, when the last 

paralogue group of Hox genes (hox13) are first expressed. Unlike posterior induction, which 

happens during gastrulation in the high BMP non-organizer mesoderm, this repression 

occurred in paraxial mesoderm and neurectoderm, where there are relatively low levels of 

BMP. These results suggest that the inductive and repressive Hox interactions serve different 

purposes during A-P patterning. The inductive Hox interaction (posterior induction) is 

required for driving the Hox timer. The repressive interaction (posterior dominance), on the 

other hand, is needed in dorsal paraxial mesoderm and neurectoderm where a spatially 

collinear Hox pattern develops. Consistent with this idea, the nested Hox expression zones 

in NOM mesoderm overlap fully with each other during gastrulation (Wacker et al., 2004a), 

whereas they show partial or no overlap starting from neurulation, when the last group of 

Hox gene (hox13) is initiated. It is likely that the inductive and repressive interactions 

between Hox genes set up a dynamic equilibrium which permits the genesis of dynamically 

metastable expression zones. That these zones have dynamical stability is shown by 

phenomena like pattern regulation.  

 

In Chapter 3, we did Hoxc6 loss-of-function (LOF) using antisense morpholinos. The 

results further supported the findings in Chapter 2. In the Xenopus frog, depletion of this 

single Hox gene significantly truncates the body axis, and the truncation position is at the 

anterior boundary of hoxc6 expression: the neck-thorax boundary. Hox genes 3’ anterior to 

this boundary have increased or unaffected expression. Hox genes 5’ posterior to it have 

their expression deleted. This effect is much more extreme than Hoxc6 LOF or even LOF 

for the whole hox6 paralogue group in the mouse. One possible explanation for the 

difference is that the process of A-P axis specification is different in frog and mouse. In frog, 

the entire axis is specified early (Durston and Zhu, 2015), whereas in mouse the specification 

of the A-P axis happens in a much longer period due to axial growth (Steventon et al., 2016; 

Young et al., 2009). An alternative explanation may have to do with the discrepancies 
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between the outcomes of gene knockdown by anti-sense and knockout by genetic deletion, 

which have been observed in many species (De Souza et al., 2006; Gao et al., 2015; Kok et 

al., 2015). While these discrepancies are frequently attributed to off-target effects of the anti-

sense reagents (e.g. morpholinos), a recent study, by comparing the proteomes and 

transcriptomes of the egfl7 mutant and morphant, suggests that deleterious mutations but not 

gene knockdowns could trigger genetic compensation (Rossi et al., 2015). This could well 

be the reason that we observed a more severe phenotype in our Hoxc6 LOF experiment. 

Given that the effect of Hoxc6 LOF on Hox gene expression fits well with our gain-of-

function results in Chapter 2, these findings strongly support our proposal that vertebrate 

axial patterning is mediated by collinear Hox-Hox interactions.  

 

Chapter 4 attempted to answer question 2: what mechanisms are involved in patterning the 

head? In our research, we observed that timed anti-BMP treatment of wild-type frog 

embryos by noggin injection at blastula and gastrula stages sequentially arrested the A-P 

axis at different positions, including the head part. Similar results were also observed in 

zebrafish (Tucker et al., 2008). The progressive arrest of the A-P axis by BMP inhibition is 

further supported by gene expression analysis, which shows that in zebrafish, timed anti-

BMP treatment from mid-blastula to mid-gastrula stage sequentially regulates the 

expression of four anterior genes: six3, a forebrain marker (Kobayashi et al., 1998); otx2, a 

forebrain and mid-brain marker (Li et al., 1994; Mori et al., 1994); gbx1, a rostral hindbrain 

marker (Rhinn et al., 2003), and hoxb1b (Alexandre et al., 1996), the caudal hindbrain 

marker (Hashiguchi and Mullins, 2013). These results indicate that BMP signalling may be 

involved in regulating the timing of head patterning. In Chapter 4, this view was tested by 

applying timed anti-BMP treatment to BMP4-ventralized embryos. This sequentially fixed 

the expression of six3, otx2, gbx2 and hoxd1, further reinforcing the above view. This gene 

sequence, with hox1 being the last and most posterior component, is sequentially arranged 

along the A-P axis in the head and is spatially complementary to the Hox gene sequence in 

the trunk.  However, the genes in this sequence are not expressed in a temporal order that 

can be continued by Hox genes. The sequential fixation of these genes by timed BMP 

inhibition is therefore likely to be due to an upstream BMP-regulated timing mechanism. 

This putative timing mechanism in the head and the mechanism regulating sequential Hox 

gene expression in the trunk may constitute an integrative timer, which can be stabilized by 

anti-BMP signals and translated into spatial patterns of gene expression.  
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In Chapter 5, we did a conceptual analysis on how the vertebrate A-P axis is patterned by 

a BMP/anti-BMP dependent time-space translation mechanism, and pointed out that there 

are several decision points involved in the transition between different axial blocks, e.g. 

extreme anterior domain (EAD), head, neck, thorax, abdomen, and tail. At these decision 

points, external signalling pathways are needed to interact with the axial timer. In summary, 

this thesis studies how BMP signalling patterns the vertebrate head-tail axis via its actions 

on sequentially expressed genes. In the trunk part of the axis, these genes are Hox genes, 

which show temporally and spatially sequential expression during head-tail patterning. The 

sequential activation of Hox genes is BMP dependent and dependent on collinear Hox-Hox 

interactions. The temporal information encoded by Hox genes can be stabilized by anti-BMP 

signals and translated into spatial information. In the head part of the axis, a currently 

unknown gene sequence imparts temporal information that could be fixed by BMP 

inhibition, resulting in the establishment of spatial patterns of gene expression along the 

head-tail axis.  
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