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SUMMARY

Early sequential expression of mouse Hox genes is essentialformation and extension, and that Hox gene inducibility is

for their later function. Analysis of the relationship
between early Hox gene expression and the laying down
of anterior to posterior structures during and after
gastrulation is therefore crucial for understanding the
ontogenesis of Hox-mediated axial patterning. Using
explants from gastrulation stage embryos, we show that the
ability to express 3 and 5 Hox genes develops sequentially
in the primitive streak region, from posterior to anterior as
the streak extends, about 12 hours earlier than overt Hox
expression. The ability to express autonomously the earliest
Hox gene,Hoxbl, is present in the posterior streak region
at the onset of gastrulation, but not in the anterior region

transferred by cell to cell signalling.

Axial structures that will later express Hox genes are
generated in the node region in the period that Hox
expression domains arrive there and continue to spread
rostrally. However, lineage analysis showed that definitive
Hox codes are not fixed at the node, but must be acquired
later and anterior to the node in the neurectoderm, and
independently in the mesoderm. We conclude that the
rostral progression of Hox gene expression must be
modulated by gene regulatory influences from early on in
the posterior streak, until the time cells have acquired their
stable positions along the axis well anterior to the node.

at this stage. However, the posterior region can induce
Hoxbl expression in these anterior region cells. We
conclude that tissues are primed to express Hox genes
early in gastrulation, concomitant with primitive streak

Key words: Mouse, Hox genddpxbl, Hoxb4 Hoxb8 Gastrulation,
Clonal analysis, AP patterning

INTRODUCTION boundary regions were observed in loss-of-function mutants
(Krumlauf, 1994). Recently, transient abolition of early
Hox genes are key players in anteroposterior (AP) patterningplinearity, which is evident during gastrulation, by deletion of
and their crucial role in this process is reflected in theia 5 locatedHoxd regulatory region was shown to result in
extremely strong conservation among phyla (Gellon andkeletal homeotic transformations in embryos and neonates
McGinnis, 1998). The conserved chromosomal organisation ¢gkondo and Duboule, 1999). These results first demonstrated
Hox genes in clusters (four in vertebrates) is intimately linkedhat the concerted colinear control of Hox expression from its
to regulatory constraints, which couple Hox gene expression tanset at primitive streak stages is absolutely required for a
the progression of embryogenesis. In mammals, the layingprrect Hox patterning function.
down of anterior to posterior structures within the territories Most efforts to elucidate the molecular mechanisms that
patterned by the Hox genes is accompanied by a sequentiaiderlie regionalised Hox gene expression have focussed on
activation of these genes from t® 5 in the clusters. As a relatively late developmental stages (reviewed by Deschamps et
result, early structures are given an anterior identity wilo8  al., 1999). The few studies addressing the early establishment of
genes as key determinants, while progressively later structurttee Hox domains have highlighted the difficulty in correlating
start expressing more’' 3Hox genes and acquire a more these early patterns with cell behaviour during morphogenetic
posterior identity. The remarkable correlation between thenovements at gastrulation (Deschamps and Wijgerde, 1993;
spatiotemporal expression of the genes and their linear ord&aunt and Strachan, 1994). Hox genes are activated when the
in the Hox clusters has been called spatiotemporal colinearifyrimitive streak is almost fully extended, and then in the most
(reviewed by Duboule and Morata, 1994). posterior (caudal) part of the streak which is generating extra-
The function of Hox genes in AP patterning in the mousembryonic mesoderm and not contributing to the embryo proper.
has been most clearly demonstrated at levels close to the rosffale early transcription domains subsequently spread rostrally to
boundary of their definitive expression domains. Homeoticeach the anterior part of the streak by an unknown, non-lineage-
transformations of segmented structures developing from theselated mechanism (Deschamps and Wijgerde, 1993).
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After the early Hox expression domains reach the nodédinburgh Mouse Atlas Project; http://genex.hgu.mrc.ac.uk; K.A.L.,
region, they continue to spread more rostrally to reach theunpublished) and according to size (Lawson and Pedersen, 1992).
definitive rostral boundaries in neurectoderm, mesoderm arfekplants spanning the length of the primitive streak (Fig. 2) were
endoderm in axial and paraxial structures. Previous worRxcised with a glass needle while restraining the embryo by the extra-
suggested that mesaderm acquires its positional informatigfff BenC B S0 R eI S, et from the
\évgggin et?r?r%lgngn fr;)nrg Ftrgimg::rgf[tlgf (Fsrgﬁ?nkan (g?g? fgg tra-embryonic tissue at the level of the junction between embryonic

gton, ! . ’ . A d extra-embryonic ectoderm. The anterior part of the primitive
proposed that differential Hox gene expression is establishegleak designated ASR (anterior streak region, see Fig. 2) included the
at that moment. The fate map of the presumptive neurectoderistal part of the embryo, because the anterior part of the streak alone
at late gastrulation (Tam, 1989) similarly indicates that thelid not grow well in culture. All explants contained the three germ
epiblast near the anterior end of the streak contain progenitdesers and were about 10000 um in size, as measured with a
of hindbrain and spinal cord; retrospective lineage analysigicrometer. An intermediate piece between the most proximal and
indicates that spinal cord is laid down at the node, sequentialfjjstal pieces of the streak was also taken from older stages ensuring
from anterior to posterior (Mathis and Nicolas, 2000). Analysighat explants of similar size were taken from embryos of different age.

: ; xplants were transferred individually to small depression wells made
of the evolution of the early Hox gene expression pattemg(facteriological dishes with a darning needle, covered witpl 60
i

suggested that the successiye rostr.al boundary r‘?gif’”s Cog ps of Dulbecco’s modified Eagle’s medium (DMEM) plus 15%
be fixed at the node and carried by lineage transmission as 5?' calf serum (FCS) under mineral oil and further cultured

axis was laid down and the node ‘regressed’ (Deschamps ag ording to Ang and Rossant (Ang and Rossant, 1993).

Wijgerde, 1993). Recombinants were made by aggregating two explants. The culture
We have investigated the mechanism by which Hox gengeriod was 24 hours unless otherwise stated. Growth and survival of

expression is initiated and propagated along the streak towart& explants were verified by measuring size with a micrometer and

the node, using embryonic explants, and show that théability with Trypan Blue staining.

conditions for autonomous Hox expression are already presellzjt b | 4 cell labell

posteriorly but not anteriorly, at the beginning of gastrulation="°"Y° culture and cell labelling _ o

more than 12 hours before overt Hox gene expression. We alfpe conditions for embryo culture and iontophoretic injection into

show that this primed but non expressing posterior tissue Céﬁggle epiblast cells were as described (Beddington and Lawson,

ind Hoxb . . imed d . 90; Lawson et al., 1991; Perea-Gomez et al., 2001). One epiblast
INdUCe HOXD1 expression In non primed and non EXpre_SS'n%eII/embryo was injected with 7.4% HRP (Horseradish peroxidase,
anterior streak and epiblast tissue. Second, we examine t

o ' - 4 £000 U/mg, Boehringer) and 2.6% lysinated rhodamine dextrdn (10
possibility that Hox expression boundaries are carried rostra, Molecular Probes) in 0.05 M KCI, as described by Perea-Gomez
to the node by lineage transmission, and show that this is net al. (Perea-Gomez et al., 2001) for endoderm, except that, for
so in the neurectoderm, because the precursors that will occugpyiblast, depolarising current pulses were applied for 15 to 20
the future rostral expression boundary region are alreadseconds. The fluorescent label served to confirm injection into an
anterior to the node when Hox expression reaches the node. Rigiblast cell and was used to record the position of the cell.

consistent relationship between the Hox gene expression Sta?gntification of the position of labelled cells

of cells at the node and the destination of their anteriormo P-containing cells were identified after culture by staining the

mesoderm descendants was found. We conclude that the ros bryos for 1-1.5 hours with Hanker Yates reagent (Polysciences)

progression of HOX gene expression must be mOd,UIated described (Lawson et al., 1991) before fixing with 2.5%
gene regulatory influences from early on in the posterior streaky taraidehyde in PBS, dehydrating, clearing in 1:2 benzyl alcohol:
until the time cells have acquired their stable positions alongenzyl benzoate (BABB), embedding in glycolmethacrylate
the axis well anterior to the node. (Technovit 1700) and cuttingiin serial sections followed by staining
with Methylene Blue. The number and position of the labelled cells,
in relation to identifiable landmarks along the AP axis, were recorded
in embryos in BABB before embedding, and crucial embryonic

MATERIALS AND METHODS dimensions noted. The embedded embryos were sectioned in the
) appropriate orientation to identify the position orthogonal to the
Mice midline of labelled cells i.e. DV position in the neurectoderm and

Embryos at E6.5-8.0 (EO.5 is defined as noon on the day of vaginaihether labelled mesoderm was axial, paraxial or lateral plate.

plug detection after overnight mating) were recovered from For comparison of clones in the hindbrain and spinal cord the
(C57BL/6XCBA) F1 matings, and from a transgenic line containingdistance along the midline between the most anterior member of a
aHoxbl-LacZconstruct (with 18 kb of genomic DNA from thioxb1l  clone and the boundary between the first and the second somite was
locus, described by Marshall et al. (Marshall et al., 1994) on a similaneasured on a sagittal view of the cleared embryo. The initial axial
background. This reporter construct perfectly mimics the early angdosition of the progenitors was measured along the midline from the
late patterns of the endogenoHi®xbl expression in mesoderm/ anterior junction of epiblast and extra-embryonic ectoderm.
neurectoderm and in rhombomere 4 (Marshall et al., 1994; Studer et )

al., 1994). The heterozygousoxbl-lacZembryos analysed were Gene expression

produced by crossing homozygous males with (C57BIC&R) Whole-mount in situ hybridisation was performed as described by

females. Roelen et al. (Roelen et al., 2002).
) Digoxigenin-labelled (Boehringer Mannheim) antisense probes
Embryonic explants were as follows. Théloxbl probe was a T7 polymerase transcript

Embryos were isolated from the decidua at the desired gestationabm a 800 basepairs (bgroRI fragment (Wilkinson and Krumlauf,
stage and Reichert's membrane was removed with tungsten needlE390). TheHoxb8 probes were a 1:1 mix of a SP6 polymerase
(Hogan et al., 1994). Embryos were staged according to morpholodyanscript from a 350 bp’ intranslatedsad-Kpnl cDNA fragment
(Downs and Davies, 1993), modified for C57Bx@BA embryos and a SP6 polymerase transcript from a 420Sa@ fragment



Hox gene expression and axial elongation 3809

Hoxbl

Fig. 1.Hox gene activation in the mouse
primitive streak. Expression éfoxb1(A-F)
andHoxb8(G-J) at E7.0 to 8.0 assayed by in
situ hybridisation. (A,G) Onset of expression in
the proximal part of the primitive streak.
(B-D,H,l) Rostral and lateral spreading of Hox Hoxb8

A

expression domains towards the distal part of
the streak (D,l), containing the organiser or e
node (n) and beyond (E,F,J). Arrowhead, rostral
expression front. Lines in A and G, primitive
streak. Late midstreak/late streak (A), late
streak (B), late streak early bud (C), late streak
early bud/neural plate (D), late neural plate (G),
early headfold (E,H,I), headfold (F), late
headfold (J). Anterior is towards the left,
posterior towards the right. Scale bar: 100.

containing the first exon of the gene (Charité et al., 1994). Theloxb8 transcripts remained mainly restricted to the primitive
T/Brachyury specific probe was a T7 polymerase transcript from gtreak and nascent mesoderm (Fig. 1G-l), wHitexb1 was

2kb EcoRI fragment (clone pSK75) (Herrmann et al., 1990). Theyranscribed more widely laterally and anteriorly in the
chordin probe is described in Bachiller et al. (Bachiller et al., 2000)mesoderma| wings (Fig. 1D-F). This distribution was confirmed

Probes were tested on embryos before use on explants. in histological sections (Frohman et al., 1990; Deschamps and
For [-galactosidase activity, explants were fixed in 1%

formaldehyde, 0.2% glutaraldehyde (Sigma) in phosphate-buﬁerewijge.rde’ 1993). Therefore, late streak ”asce”t lateral and
saline (PBS) for 5 minutes, rinsed twice in PBS and stained with xParaxial mesoderm only expressidexbl, while mesoderm

gal as described (Charité et al., 1994). born later at the EHF stage expresses bfatkb1and Hoxb8
o Both ectoderm and mesoderm at the level of the node, but not
Statistics the axial mesoderm or endoderm expi¢ssblat the NP stage

The anterior limits of clones at different stages or in different germand bothHoxblandHoxb8at the HF stage.

layers at the same stage were compared with the Wilcoxon rank test.

The relationship of the anterior limit of clones with progenitor Upstream inducing interactions are set much earlier
position was obtained by linear regression analysis (Snedecor agian actual Hox gene expression

Cochran, 1967). Earlier work had made it clear that the spread of the Hox
expression domains along the primitive streak was not by
proliferative expansion of the initially expressing cell
population (Deschamps and Wijgerde, 1993) and did not
. L . N involve diffusion of inducers from posterior to anterior in the
Isr:[l‘telaalkarcetlviggon of Hoxbl and Hoxb8 in the primitive streak (Gaunt and Strachan, 1994). In order to investigate
9 o whether inducing molecules were involved earlier than at the
The spatiotemporal patterns of activation of thg_éheHoxbl stages analysed by Gaunt and StrachaH b4 we analysed
and the 5geneHoxb8were compared. Expression ldbxbl  the autonomy of expression of one of the earliest Hox genes,
began in the most caudal part of the primitive streak, at thgoxp1, in explants of anterior and posterior streak regions.
junction between extra-embryonic and embryonic tissues, at the e investigated whethétoxblwas activated autonomously

late midstreak (LMS) stage (E7.0) (Fig. 1A). Dynamic rostraln  empryonic tissues at stages preceding initial gene
expansion of the transcription domain followed. This domain

spread along and lateral to the primitive streak (Fig. 1B-D) and

later beyond the node (Fig. 1E,F). TranscriptionHaixb8  Tapje 1. Passage of anterior boundary dfiox expression
started about 12 hours later thdoxb1(late neural plate, E7.5, through the node region

Fig. 1G). The spreading of the expression domains of either
Hox gene from posterior to the node region took less than 8

RESULTS

LSOB LSEB NP EHF HF LHF

hours.HoxblandHoxb8transcripts reached the anterior end of"'oxgél1 500 260 (1) é 8 8 g ‘1‘ 8 8 g 8 8 %
X
the streak at the late streak early bud (LSEB)/neural plate (NI}?:&(b8 400 430 030 014

stage (Fig. 1D), and early headfold/headfold (EHF/HF) stage,

respectively (Fig. 1I). Variation between embryos in the time of *Anterior expression boundary at posterior edge of node.

arrival of the expression boundary at the node is shown in TableNumbers of embryos at different stages are shown. Regular type, posterior
1 (with Hoxb4 included for comparison). During this phase,to the node; bold, at the node; italic, anterior to the node.
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Fig. 2. Schematic representation of early mouse 6_5 70 75 8.0
embryogenesis artdoxblandHoxb8expression >
in vivo and in explants. Under the time axis (6.5 to

ES EMS MSLMS LS LSEB NP EHF LHF Ealy

8.0 days post coitus), embryonic stages (ES to AES M. somite
LHF) are drawn, with the expressionttbxbland CC ;

Hoxb8in cyan and red, respectively. Top two e @ @

panels: the explants from different regions of the

primitive streak are indicated above the — —
corresponding stages. Anterior is towards the left. I Hoxbl

Posterior streak region, PSR, blue; anterior streak- Hoxb8

region, ASR, orange; median streak region, MSR,

green. Lower two panels: pattern of activation of  Expression invivo

HoxblandHoxb8in vivo and in explants. All posterr onset + +
explants contained three germ layers: the epiblast node region reacted N T

(ep), mesoderm (mes) and endoderm (end). The
gastrulation stages are designated as follows: earlygility to express in
streak (ES), early midstreak (EMS), midstreak exgants after culture

(MS), late midstreak (LMS), late streak (LS), late PSR + + + o+ o+
streak early allantoic bud (LSEB), neural plate A
(NP), early headfold (EHF) and late headfold _wASR - -+ o+ -

(LHF). Scale bars: 20@m.

expression. To do this, we cultured posterior streak regiohours (data not shown), whereas 100% MS ASR explants were
(PSR) and anterior streak region (ASR) (Fig. 2, upper panelgpsitive after a similar culture period (versus 36% after 24
separately at different primitive streak stages, and examined theurs culture, data not shown).
expression oHoxblandHoxb1-lacZ In control experiments, In summary, these results show thixb1 expression can
explant culture conditions supported normal Hox and markestart autonomously in PSR explants cultured from the ES stage
gene expression at the different stages, as shown by tbewards. ASR explants were only able to activitexbl
maintenance oHoxbl and Hoxb8 expression in culture in autonomously at the EMS/MS stage and later. This suggests
100% of PSR and ASR explants from headfold stage embrydikat, early in gastrulation and more than 12 hours before the
(E7.5-7.75): such pieces already express the genes at the tifitest Hoxb1 expression appears in the embryo, the underlying
of excision (data not shown). The 24-hour culture period wasiolecular genetic interactions have occurred in proximo-
chosen because this time is sufficient for Hox gene expressigosterior embryonic tissues. Alternatively, cell interactions
to progress from the posterior to the anterior streak region botkithin the explants might set these instructions up in vitro.
in vivo and in longitudinally bisected egg cylinders in vitro The activation pattern oHoxb8 in explants was also
(Fig. 2, second row and data not shown). examined. A similar time period (about 12-16 hours) was
PSR explants excised at different stages between early strefakind to separate permissiveness to ‘autonomous’ activation in
(ES) and late mid streak (LMS) stages exprestexbl(Fig.  explanted tissues (Fig. 4), and effective activation in the intact
3A-D) and Hoxbl-lacZ (not shown) after culture, with the embryo in vivo (Fig. 1). PSR explants can autonomously
proportion of positive explants rising from 54% for ES explantsactivate Hoxb8 expression after culture from the LMS stage
to 80-100% from the early mid streak (EMS) to the LMS stagesnwards (E7.0) (Fig. 4A,B) but not earlier, and the MSR and
(Fig. 30). Likewise, 80-100% median streak region (MSR)ASR explants from the late streak early bud (LSEB) stage on
explants from mid streak (MS) and LMS stages had activate(E7.25) (Fig. 4C-F), althougHoxb8is only expressed in the
the Hoxblgene and transgene (Fig. 3E,F,O) after culture. Begmbryo from late neural plate/head fold (LNP/HF) stages
contrast, ES ASR explants failed to expridegblandHoxbl- (E7.75) (Fig. 1G-J). The dynamics of activatiorHafxbland
lacZ (Fig. 3G,0). The proportion of ASR explants expressingHoxb8in the explant system suggest that, like Hox expression
the gene rose with increasing age, from 18% at the EMS stagself, the process which anticipates this expression in the
(with a low number of positive cells in this latter case) (Figprimitive streak takes place sequentially (for tHeg8nes
3H,0), to 36% at the MS stage (Fig. 31,0), and to 57% for thearlier than the '5genes) in a proximal (posterior) to distal
LMS embryos (Fig. 3J,0). The absenceHaixblexpression (anterior) sequence (compiled in Fig. 2, bottom panel).
in the youngest material was not due to inappropriate culture . ] ] o
conditions because the explants expressed the Hoxhe proximal posterior region of the primitive streak
independent genes brachyuy (Fig. 3K,L) and chordin (Fig. has Hox-inducing capacity
3M,N). Hox gene expression could not be induced byAs the PSR appears to be instructed Hmrxbl expression
increasing the culture period of ES ASR explants to 30-3Before the ASR, and very young ASRs were unable to activate
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PSR 't visk
Hoxbl expression ASR ASK
in explants
cut from: Early Streak Early Mid-Streak Mid-Streak Late Mid-Streak

(6.5 dpc)

bl bl-Lac
E 0 M PR
= L] MSR
= B ASR
=
:'5 @ 16 10 16 2l
S 100 4 2 p
ASR 2 T
£ 92 77
- 23 13 /f
= 2= 27 %%
= 8 3 .r/"f
= = ze
5 g2 50 72
g 7%
= 7
Fig. 3.HoxblandHoxb1-lacZactivation in cultured embryonic ;\2 ﬁf;
explants. Explants dissected at different anteroposterior levels 10 7B ﬁﬁ
primitive streak (PSR, A-D; MSR, E,F; ASR, G-J) at different st: Bl = 2 -
before the onset dfoxblexpressionn vivo,were cultured for 24 EFXP'a";SC“‘ Ear 'Yk Early . Midk Late .
hours. Expression ¢loxblwas assayed by in situ hybridisation ~ 7°"¥%° Sy Midsrea Strea e

after culture. A representative selection of the data is shown, ar... ..
quantitative (total numbers above bars) representation of all data obtainétbwlithandHoxb1-lacZis given in O. Results for gene and
reporter transgene were similar. (K,L) Brachyury/T and (M,N) chordin expression in ES and EMS ASR. Scaleyrar: 100

Hoxblautonomously, we asked whether a PSR explant woulshduced in the ASR explant tissues [Fig. 5A (early streak) and
induceHoxblin an ES ASR explant when recombined. WeTable 2]. Combination with a PSR also strongly increased
combined ASR explants froloxbl-lacZES embryos with Hoxbl-lacZexpression in cells of ASR explants from EMS and
PSR explants from non transgenic embryos at different stage4S embryos (78% and 100% of positives, respectively),
(E6.5 to E7.5) and analysed tlaeZ expression after 24 hours compared with expression seen in ASR explants cultured alone
of co-culture (Fig. 5A). (17% and 27%) (Table 2 and Fig. 3). However, PSR explants
Of the ES ASR/PSR recombinates containing PSR explantgere not able to induckloxbl-lacZexpression in explants
from ES to HF stage embryos, 92% (11/12) showex¥  from the extra-embryonic part of ES/EMS embryos, a region
expression, which indicates thdtloxbl expression was that never expresses Hox genes during in vivo development
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Table 2.Hoxb1-lacZexpression in recombinates between
two explants from the primitive streak region of

PSR gastrulating embryos
: Proportion of3-gal
ASR positive recombinates
Explants (number of
cuffrom: Lats Mid Sireak Late Streak Early Bud Explants and embryonic stage of cutting positives/total numbet)
(7.0 dpe) (7.2 dpe) ES ASR Lac (fromHoxb1-lacZembryos) 0 (0/9)
i B ES ASRLac + ES PSR 100 (2/2)
£ o=, 10/10 p— 3/3  ESASRLac+EMS PSR 80 (4/5)
N - Q—‘\ ES ASRLac + MS PSR 100 (1/1)
y =2 ES ASRLac + HF PSR 100 (4/4)
PSR e S ; ES ASRLac + ES ASR 0 (0/4)
= - - e ES ASRLac + EMS ASR 0 (0/2)
(‘E g N o ES ASRLac + MS ASR 0 (0/1)
L‘*g :% 5 ’-‘ 3 ES ASRLac + HF ASR 67 (2/3)
B — ' EMS ASRLac 17 (4/24)
EMS ASRLac + ES PSR 60 (3/5)
c o1 D 23 Ems ASRLac + EMS PSR 100 (3/3)
= EMS ASRLac + MS PSR 100 (1/1)
i o EMS ASRLac + ES ASR 0 (0/4)
MSR e EMS ASRLac + EMS ASR 0 (0/6)
ARage
D) MS ASRLac 27 (6/22)
3 MS ASRLac + EMS PSR 100 (3/3)
' MS ASRLac + EMS ASR 33 (1/3)
= ES ExtrEmbLac 0 (0/7)
E o/11 F 113 ES ExtrEmbLac + ES PSR 0 (0/3)
e f“'\ f—\'& E *See Fig. 5 for experimental procedure and legend to Fig. 2 for
> . : -33 abbreviations. ExtrEmb, explant of extra-embryonic tissues cut on the
ASR e Ty R posterior side. Explants not designated as ‘Lac’ are from non transgenic
25 'f‘a F3 embryos.
g - fRecombinates were cultured for 24 hours before fixation and X-gal
staining procedure.
Hoxb8
Fig. 4. Hoxb8activation in cultured embryonic explants. Posterior ~ €Xpression from the posterior streak to the node region requires
streak region, PSR, blue; anterior streak region, ASR, orange; cell-cell interactions.
median streak region, MSR, gre¢foxb8expression in PSR (A,B), ) .
MSR (C,D) and ASR (E,F) explants cut at two different stages The spread of Hox expression domains rostral to the

preceding the onset of gene expression in vivo and cultured for 24 node is not lineage related
hours. T_he fraction of positive explants of each type is indicated in  Rostral spread of Hox expression continues beyond the node
the top right-hand corner. (Fig. 1) during a period when the presumptive hindbrain and
spinal cord territories are expanding anterior to the node (Tam,
1989) and the node ‘regresses’ while generating spinal cord
(Table 2). In contrast to the induction observed in ASR/PSRMathis and Nicolas, 2000). Given this coincidence, a plausible
recombinates, ndacZ expression was scored in ASR/ASR mechanism for the continued spread of the expression front
control recombinates when the non transgenic ASR was taketong the AP axis is that a cell acquires a Hox code and
from ES to MS embryos (E6.5-E7.0) (Fig. 5B; Table 2).positional specification while in the node region and its
Interestingly though, we observétbxbl-lacZexpression in  descendants retain it after leaving the node region (Deschamps
67% (2/3) of recombinates between transgenic ES ASRnd Wijgerde, 1993). Descendants remaining (temporarily) in
explants and the node region of E7.5 headfold stage embrytise node region would acquire a new Hox code as the more
[Fig. 5B (HF) and Table 2], showing the emergence of & genes are expressed there. If this hypothesis is valid,
HoxbZXinducing capacity in late ASRs. The Hox-inductive predictions about the final position of the most rostral
capacity therefore is present in the PSR early duringlescendants of cells at the Hox gene expression front at the
gastrulation (ES stage, E6.5) until at least the HF stage (E7.5)pde at different stages can be made on the basis of the
a time when it can also be identified in the anterior strealater rostral expression limits of different Hox genes in
region. neurectoderm and mesoderm at E8.5-9.5. Both a general
These results indicate that the posterior part of the primitiverediction with regard to neurectoderm and mesoderm
streak region is capable of producing signals leading to th@descendants, and specific predictions can be made.
induction of Hoxb1 expression in competent anterior streak The general prediction is that the anterior limit of
tissues. Regardless of whether this anterior tissue stithesodermal clones will be several somite lengths posterior
represents anterior streak, or is differentiating as neurectodenm neurectodermal clones generated in the node region at the
and mesoderm, the results imply that rostral spreading of Hesame stage (Gaunt et al., 1988; Frohman et al., 1990). Clones



Fig. 5.Recombination with a PSR
inducesHoxb1-lacZexpression in

a non-expressing ASR from ES
and EMS stages$ioxbl-lacZ
expression in ASR explants cut
from transgenic embryos (drawn in
blue) at ES or EMS stages (E6.5-
6.7), cultured for 24 hours in
combination with either a PSR (A)
or another ASR (B) cut from wild-

Explant ASR Hoxb1-LacZ from:

Early Streak
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type embryos (E6.5, ES, EMS and
MS; E7.5, EHF). Combination ES EMS HF ES
with a PSR explant resulted in a 3
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labelled with HRP were generated in epiblast at the node regidi®93), behaved differently: it remained associated with the
from LS to HF stages (E7.0-E7.7), and the embryos culturedode, and therefore relatively posterior (Fig.7). Therefore axial
for 1 day (Fig. 6). Some clones were also generated in the axiettension from the node progresses at similar speed in
epiblast anterior to the node at LSEB and older stages. Moseurectoderm and paraxial mesoderm and the general
(93%) of the clones generated at the node after the LS stageediction from the hypothesis was not fulfilled.

and contributing to neurectoderm were restricted to the ventral If Hox codes are acquired at the node, specific predictions
half of the neural tube; 78% of the clones contributing to nombout neurectoderm and mesoderm separately are not necessarily
axial mesoderm anterior to the node were in paraxiallependant on the validity of the general prediction about relative
mesoderm. The anterior limit of neurectodermal descendantispersion of neurectoderm and mesoderm from the node region.
in clones generated at the node was progressively moiighe specific predictions for neurectoderm, based on later anterior
posterior with advancing initial stage (LS versus LSEBexpression boundariesidbxbl Hoxb4andHoxb8 and the stage
P<0.01; NP versus HR=0.01) with the exception that LSEB at which expression reaches the node (Table 1), are that the
and NP did not differ significantly (Fig. 7, upper set). A similarcolonising population of rhombomeres 3 and 4 (r3/r4, for the
progression was seen in the mesoderm (LS stages versus ldRterior limit ofHoxb1) (Wilkinson et al., 1989) is generated at
P<0.01). This trend confirms the sequential addition of neurahe node at LSEB/NP stages, that of r6/r7, at the level of the first
and mesodermal material from the node region. At no stagemite (S1),Kloxb4 (Gould et al., 1998) is generated at the node
was the anterior limit reached by mesodermal clones generatatithe EHF stage, and that of neurectoderm at the level of S5/S6,
at the node posterior to the anterior limit of neurectodermah the anterior spinal cordiHoxbg (Deschamps and Wijgerde,
clones (Wilkoxon rank test). At the HF stage, mesoderm cloneE993; Charité et al., 1998) is generated at the node at the HF
were even slightly more rostral to neurectoderm oRe6.05).  stage. Analysis of neurectoderm descendants of epiblast clones
Clones initiated in the mesoderm layer did not differ from thosgenerated in the node region (Fig. 7, upper set) and anterior to it
initiated in the epiblast. Axial mesoderm, which does no{Fig. 7, lower set) showed that the most anterior limit of any
express Hox genes in the mouse (Deschamps and Wijgerdesurectoderm clone derived from the node region at LSEB and
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Fig. 7. Anteroposterior clone distribution after labelling epiblast at
different stages. The upper set of figures shows results after labelling
at or near the node, the lower set after labelling anterior to the node.
In each set, the upper figure shows the positions of the progenitor
cells projected on a sagittal section of average dimensions. The
extent of the primitive streak is indicated by a curved line. A part of
the sagittal section to the right of LS, LSEB and HF shows the
position of progenitors initially labelled in the mesoderm layer. The
positions of the clone progenitors are divided by broken lines into
subregions, comprising three or four subregions from anterior to
posterior in the node region and, anterior to the node, anterior axial
(within 55um of the midline) and paraxial. Filled blue circles,
progenitors with only ectoderm descendants; open blue circles,
progenitors with ectoderm and mesoderm/endoderm descendants;
filled red circles and squares, progenitors with only mesoderm
descendants; open red circles and squares, progenitors with paraxial
mesoderm and axial mesoderm or endoderm descendants; filled
B brown circles and squares, progenitors with only axial mesoderm
descendants. The lower figures in each set show the lineal AP
distribution of each clone on a schematic representation of the neural
preotic sulcus tube; the regions of the neural tube and the corresponding ‘segments’

in the paraxial mesoderm are shown on the left. The position of the
2 node is indicated by an asterisk. The presence of one of more
labelled cells in a ‘segment’ is indicated by a coloured line, absence
o f - node of labelled cells by a broken line connecting the clone to the node.
— Blue, ectoderm; red, paraxial mesoderm (unless otherwise indicated);

brown, axial mesoderm (notochordal plate); yellow, endoderm. The
Fig. 6.HRP-labelled clones in cultured embryos. (A) Seven somite clones generated by individual progenitors can be identified as
embryo labelled in the node region at the NP stage. There are sevefpllows: for the node region, anterior precede posterior subregions
mesoderm descendants (arrow) (not all in focus) in the second somagd, within subregions, proximal precedes distal. Anterior towards
and a further seven lightly labelled descendants in postnodal the node, the anterior axial subregion precedes the paraxial
ectoderm (star) (not all visible), which were presumably derived subregion, and anterior or proximal precedes posterior or distal
from a sibling still in cytoplasmic connection with the labelled cell at within each subregion. The subregional divisions are indicated by
the time of injection. (B) Four somite embryo labelled at the anteriorbroken vertical lines on the clonal distribution scheme. Clones

edge of the node region at the LS stage. Twelve labelled initiated in mesoderm follow the last epiblast subregion. Anterior
neurectoderm descendants are distributed in small clusters from  clonal limits predicted by the hypothesis that Hox codes are fixed in
prospective r5/r6 (arrow) towards the node. Scale barsui00 the node region and carried further by lineage transmission are

indicated by blue (neurectoderm) and red (paraxial mesoderm)
arrowheads at the appropriate stagesfimxblandHoxb8.i.m.,

. .__intermediate mesoderm; l.p., lateral plate mesoderm; Mes,
NP stages was at the level of S1 and S2, respectively (medlaﬁsencephalon; Pros, prog,encepha?on; . thombomere: Rh,

S5), a”O_' not more_ anFenorIy inr3,r4,r5, as expected Hombl .rhombencephalon; S, somite; SC, spinal cord; Sm, somitomere
expression. Contribution to r3,r4,r5 came from the most anteriQfeier and Tam, 1982); +, additional to paraxial mesoderm.
descendants of clones generated in the node region at the eartiet
LS stage, and from a region ~1 anterior to the node at the
NP stage. Contribution to neurectoderm at the level of S1 byf S5/6 Hoxb4) (Gould et al., 1998) at the node at the EHF
anterior descendants of epiblast near the node came not fratage, and those of S10/1Hokb8 (Charité et al., 1998;
LNP/EHF stage embryos as expected fréomb4expression, but  Deschamps and Wijgerde, 1993) at the node at the HF stage.
from the earlier LS stage and from ectoderm anterior to the noddthough the anterior limits of mesoderm clones generated
at the LSEB stage. At the HF stage, the most anterior contributiorear the node became progressively more posterior with
of epiblast at the node region to the neurectoderm was at the leeelvancing initial stage, there was no general agreement of
of S7 (median at S9/S10), not at S5/S6 as predicted from tipeediction with the levels at which anterior descendants were
Hoxb8expression pattern. Contribution to the S5 level by antericiound. The anterior limit of two mesodermal clones was in S1
clonal descendants came from the node region of younger LSEEBd one was just anterior, as predictedHoxb1 expression
(median at S4/S5) and NP stage (median at S5) embryos as wadlier labelling at the LSEB stage, and two clones derived at
as from epiblast anterior to the node at NP and HF stages (Fig.#)e NP stage were in S2, but the anterior limits of the other
Therefore cells that will eventually occupy the anterior boundarjour clones at LSEB and NP stages were more posterior
regions ofHoxbl and Hoxb4 expression in the hindbrain or (median of nine clones at S2). The eight mesoderm clones
Hoxb8in the spinal cord, are already in positions anterior to thgenerated at the HF stage had anterior limits between S4 and
node when the anterior expression boundaries reach the no8® (median at S6/7), instead of more posteriorly at S10/11 as
region (Fig. 8). expected from the AP level of the definitive anterior
The specific prediction with regard to mesoderm is that thexpression boundaries blioxb8 Therefore, although lineage
precursors of the first somite, which is the anterior limit oftransmission oHoxb1expression in paraxial mesoderm has
Hoxb1expression in the mesoderm (Murphy and Hill, 1991)not been excluded, mesoderm generated at the node does not
are present at the level of the node at the LSEB/NP stage, thdsehave as predicted if anterior Hox boundaries were being
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consistently established by the lineage transmission of speciftord from the node is indicated by the progressively more
Hox codes acquired sequentially at the node between LS awdudal position of the anterior limits of clones generated in
the node region between LS and HF stages (Fig. 7, upper set).
Of the clones contributing to neurectoderm, 45% (14/31)

HF stages.

Hindbrain and anterior spinal cord elongate both by
addition from the node and by internal growth

extended to the node, whereas no (0/9) clones generated in
the axial region anterior to the node did (Fig. 7, lower set).
Sequential addition of material into the hindbrain and spinaThis is supporting evidence of a self maintaining pool of
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Fig. 8. Rostral spread of Hox expression in relation to the precursors o
of cells that will eventually occupy the rostral expression boundaries =
in the neurectodernThe anteroposterior (A,P) axis is shown at 8
different stages. The node is represented by a star, the primitive g 200+
streak as an open bar. The exterilokbl, Hoxb4andHoxb8 )
expression is indicated by coloured lines below the axis. The e
position of precursors of rhombomere 4 (R4, definitive anterior g 1004
boundary ofHoxb1) and different somite (S) levels (S5 level, A
definitive anterior boundary ¢foxb8 in the neural axis are shown
above the axis.
0 “I/ T T T 1
200 3.00 400 500um
precursors in the node region for the spinal cord (Mathis an inital
Nicolas, 2000; Mathis et al., 2001) and also for part of th -1004 .
hindbrain.
Comparison of the anterior limits of neurectoderm clone:
shows a consistency in result in clones generated anterior -200-

the node (Fig. 7, lower set) compared with those generated ) _ ) _ _
in the node region (Fig. 7, upper set): the anterior limit is welf'9: 9-AP extension of hindbrain and spinal cord. (A,B) Schematic
correlated with the distance from the node of anterior axiarﬂ)resemat'On of the curved AP axis at the time of injection (A) and

: . I ter culture (B). The position of the node is indicated by a star. For
progenitors (those anterior to the node and withinu&b regression analysis, the position of the injected cell (x) was

either side of the midline) at all stages. The AP position Of,easured from the anterior embryonic/extra-embryonic junction
the anterior limits of the clones was compared with thethick curved line in A). The position of the most anterior

position of their anterior axial progenitors by linear descendant (y) in the resulting clone was measured along the
regression analysis in order to assess quantitatively whetheiidline (thick curved line in B) from the boundary between the first
the neural axis anterior to the node at LSEB to HF stagespd second somites (S1/S2). Values of y anterior to S1/S2 are
representing prospective r3 to spinal cord at the level of S®egative. (C) Regression of the AP position of the most anterior

is stabilised or is continuing to grow within itself (Fig. 9). descendant fyy ....) on progenitor position fxxz ....). Initial
The value of the regression coefficient (b) was 2.76§tages: Square, LSEB; dots, NP; triangles, HF. Only clones with
(s.e.=0.463n=9, P<0.001). This value is also significantly anterior axial progenitors (see Fig. 7) were used, and were suitable

. - 2 for this approach because there is no significant increase in length or
greater than 1R<0.01), implying that the part of the axis cell mixing along the midline of prospective forebrain, midbrain and

representing precursors of hindbrain and spinal cord to th&ierior hindbrain between the LS and 4S stage (K.A.L.,

level of S8, anterior to the node at LSEB to HF stagesinpublished). The values in the regression equation Y=a + bX are
increases in length within 24 hours. The axis is therefore@s7.11=—867.60 + 2.7686 (362.89).

extending within itself anterior to the node, and not only at

the node by the sequential insertion of new material. In

addition, the posterior displacement of the anterior limits oposterior than might have been expected from the shape of
paraxially generated clones relative to anterior axial onethe embryo and the space apparently available for the first
(LSEB and NP, Fig. 7, lower set) suggests that convergen@®mites [compare Fig. 1F with Fig. 7 (HF)]. The results also

and extension occur in the more lateral ectoderm until at leashderline the dynamic nature of the relative AP positions of

the NP stage. These results could explain why labellingells that are leaving, and have recently left, the node during
epiblast just anterior to the node at the HF stage gives clonas period when Hox expression domains are traversing

with anterior limits in the neurectoderm that are morerostrally through the region.
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DISCUSSION In addition, the relative AP positional values in the
o o o neurectoderm are changing anterior to the node as the axis
Initiation of Hox gene expression is anticipated by elongates and while Hox expression domains are spreading
earlier events in the posterior early streak and rostrally through this region, implying that positional
spreads by cell-cell signalling specification in terms of a stable Hox code must be acquired

Transcriptional initiation of the earliest Hox gene is anticipatedater. The delay before Hox codes are fixed may correspond to
by genetic interactions occurring in the posterior streak, muctie time required for stabilisation of the relative AP positions
earlier than actual Hox gene expression, perhaps coincideot cells in the neurectoderm and mesoderm, when clonal
with the generation of the primitive streak. Permissiveness @rowth in the neurectoderm changes from an AP to a DV mode
the presumptive posterior streak region for precociouslyMathis and Nicolas, 2000), and when cell mixing stops in
induced Hoxbl expression is present at the pre-streak stagesegmented paraxial mesoderm (Tam, 1988).

(Roelen et al., 2002), also pointing to a link between Hox

inducibility and streak formation. Inducibility was present Clonal expansion and Hox gene expression in

earlier for 3 than for 5 genes, sequentially in posterior and paraxial mesoderm versus neurectoderm

anterior streak tissues. The conditions for eventda@kbl  Although the rostralmost neurectoderm descendants of cells at
expression were not present in the isolated anterior streak thfe node when the expression domains arrived there ultimately
ES stage embryos, and did not develop autonomously imccupy more posterior positions than the anterior expression
culture. Re-establishing tissue continuity in recombinateboundary of the genes considered, it is not so for the
restored the expansion of Hox gene inducibility from posteriomesoderm. The most anterior mesodermal descendants of
to anterior tissues. This demonstrates that the mechanism epiblast cells near the node whenltuxblexpression domain
anterior spreading of Hox expression through the streaérrived there did, in some embryos, contribute to paraxial
(Deschamps and Wijgerde, 1993; Gaunt and Strachan, 19949sitions at or near the anterior boundary region of this Hox
(see also Gaunt, 2001) operates by cell to cell signalling, muaene, and in others were more posterior. By contrast, the most
earlier than suspected, coincident with streak extensiomnterior mesodermal descendants of cells near the node when
Among possible signalling molecules involved in thesethe expression domain bfoxb8reached the node were found
interactions, and acting as Hox inducers, are members of tla¢ positions much more rostral than the expression boundary
Wnt and Fgf families. Some of these, such as Wnt3 and Fgf# this gene. A conclusion from these data is that the regulatory
are strongly expressed in the posteriormost embryonic tissuieteractions responsible for generating the sequeritial 3

at prestreak stages, and in the streak at streak stages, and tHey expression boundaries are different in the neurectoderm
are required for primitive streak formation and gastrulatiorand in the mesoderm and must involve down regulation in the
(Liu et al., 1999; Sun et al., 1999). Wnt molecules have beemesoderm at least éfoxb8 This is unsurprising in the light
shown to induce Hox genes in other context€inelegans of the recent findings about mesoderm-specific modulation of
(Maloof et al., 1999) an®rosophila(Riese et al., 1997), and Hox gene expression in the segmental plate (Zakany et al.,
loss of function mouse mutants in the Wnt and Fgf pathway2001). The Hox codes may well be reset by the oscillatory
exhibit homeotic phenotypes accompanied by decrease in Hoxechanism in the mesoderm descendants of cells near or
gene expression (lkeya and Takada, 2001; Partanen et anterior to the node, after their ingression through the streak.
1998). Preliminary data (S.F. and J.D., unpublished) suggestAxial extension anterior to the node progresses at similar
that a Wnt signal is able to indudd¢oxbl in ES anterior speed in neurectoderm and mesoderm. The offset of rostral
explants. In addition, early sequential expression’db 3 expression boundaries of Hox gene expression in the
Hox genes in the primitive streak involves the progressivenesoderm compared with the neurectoderm can not be
release of a repression mechanism operating at the level of thecounted for by germ layer specific clonal distribution of
cluster from a remote' ®is-acting element, as demonstrateddescendants from progenitors around or anterior to the

for the Hoxd cluster (Kondo and Duboule, 1999). node, but must also result from differential gene regulation

. ) including transcriptional induction in the neurectoderm and
Neurectoderm cells acquire their Hox code after downregulation in the mesoderm. The anterior progression
they have left the node region of the Hox expression domains in both neurectoderm and

The regions of the neural tube that will be positionally specifiethesoderm appears to be modulated by gene regulation from
by the Hox genes are formed from the LS stage onwards byearly on until at least early somite stages. Transcriptional
combination of the sequential addition of cells from the nodeegulation of Hox genes, although usually studied at later
region (Fig. 7), convergence and extension of paraxiadtages, has indeed been shown, in several cases, to depend on
ectoderm anterior to the node (Fig. 7 and data not shown) agérm layer-specific regulatory elements (Gilthorpe et al., 2002;
subsequent longitudinal extension within the neurectoderr@ould et al., 1998; Marshall et al., 1994; Sharpe et al., 1998).
(Fig. 9). Comparison of the clonal behaviour of neurectoderm . ) )

generated at the node and the spread of Hox gene expressfofingle continuous phase of induction of the Hox

past the node showed that nascent neurectoderm does R¥Pression domains between initial transcription

acquire and fix its Hox code at the node: cells whos@nd establishment of the rostral expression

descendants will contribute to definitive anterior boundarypoundaries

regions of the Hox domains (both&hd 5 genes) are already The data suggest that the Hox expression domains are
anterior to the node when the waves of Hox expression arrivestablished gradually from the posterior streak to their
there. Therefore the early Hox domains have to ‘catch up’ witdefinitive rostral boundaries anterior to the node, by cell-cell
the cells that will later occupy the rostral boundary domainssignalling driving transcriptional modulation. Induced by
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genetic interactions occurring at the time of primitive streakang, S. L. and Rossant, J(1993). Anterior mesendoderm induces mouse
formation and extension, Hox gene expression may continue|5?19|llffﬂll|e[f)j 9&?93 in engath Cﬂthm\glogfﬁenglil?f-?g .

H H cniler, D., Ingensmitn, J., kemp, C., belo, J. A., Anderson, K. .
to spread antgrlorly beyond th_e node undgr the influence of tf% ay, S. R., McMahon, J. A.. McMahon. A, P., Harland, R. M., Rossant
same or a S'm”ar gene re_QUIauon meChan'smv.and does notrely ef 4. (2000). The organizer factors Chordin and Noggin are required for
on proliferative expansion of Hox-expressing cells. The mouse forebrain developmentature 403 658-661.
explant and lineage experiments therefore suggest that a singgdington, R. S. P. and Lawson, K. A(1990). Clonal analysis of cell
continuing process drives the rostral extension of the Hox "”gages' ”Pgsump'a”;a“on Margm?(“a?t Embrng‘zAgprag'?a' cfp%mfacz

. . . ed. A. J. Copp. and D. L. Cockroft), . 7-291. Oxford: Oxfor
domains both posterior and anterior to the node. The nodef‘,mversity pres‘f ) pp
region itself, around which the laying down of tissues alongouillet, P., Oulad-Abdelghani, M., Ward, S. J., Bronner, S., Chambon, P.
the extending axis is coordinated, would not be specifically and Dollé, P.(1996). A new mouse member of the Wnt gene family, mWnt-

involved in instructing newly generated cells as to their AP 8 is expressed during early embryogenesis and is ectopically induced by
. . ivel retinoic acid.Mech. Dev58, 141-152.
identity and Hox code, but seems to be passively traversed Q}garité’ J., de Graaff, W., Shen, S. and Deschamps, (L994). Ectopic

the progressing Hox domains. expression of Hoxb8 causes duplication of the ZPA in the forelimb and
Although some of the candidate Hox-inducing molecules, homeotic transformation of axial structur€ell 78, 589-601.

such as Wnt3, Wnt3a and Fgf8, could be acting early in th@esghampsr J- a”d(;"/iigefdev M(19?3)-GTW°3P’1%%€S in the establishment of
o . e - HOX expression domain®ev. Biol.156, 473-480.

pr!mltlve Str(_:"ak’ as_ already dlscussed’, additional mduc_eréeschamps, J., van den Akker, E., Forlani, S., de Graaff, W., Oosterveen,

might come into action around and anterior to the node during T, Roelen, B. and Roelfsema, J1999). Initiation, establishment and

the axial extension phase which we studied. Such possiblemaintenance of Hox gene expression patterns in the motisé.Dev. Biol.

inducers are Wnt8 (Bouillet et al., 1996), the Cdx transcription 43 635-650.

owns, K. M. and Davies, T(1993). Staging of gastrulating mouse embryos
factors (van den Akker et al., 2002) and effectors of th(‘p by morphological landmarks in the dissecting microsc@peelopment

oscillatory mechanism of the Notch pathway in the paraxial 11g 1255-1266.
mesoderm (Zakany et al., 2001). During this period and latepuboule, D. and Morata, G.(1994). Colinearity and functional hierarchy
retinoic acid signalling has been shown to sequentially shift the among genes of the homeotic complex@ends Genetl0, 358-364.
definitive expression boundaries 6t@ 5 Hox genes rostrally ~Fronman. M. A., Boyle, M. and Martin, G. R.(1990). Isolation of the mouse
. . _Hox-2.9 gene; analysis of embryonic expression suggests that positional
in the neurectoderm (Marshall et al., 1994; Studer et al., 1994;i,tormation along the anterior-posterior axis is specified by mesoderm.
Gould et al., 1998; Oosterveen et al., 2003). Stabilisation Development.10, 589-607.
of the Hox expression domains would only take placeGaunt, S. J.(2001). Gradients and forward spreading of vertebrate Hox
subsequently, possibly by the epigenetic polycomb and gene expression detected by using a Hox/lacZ trans@eawe.Dyn.221,
trithorax maintenance system taking over the control of thgay, s 3., Sharpe, P. T. and Duboule, D(1988). Spatially restricted
restricted Hox expression domains, thus putting an end to thedomains of homeo-gene transcripts in mouse embryos: relation to a
rostral spreading of gene expression in the neurectoderm angegmented body plaevelopment04, 169-179.
mesoderm (Yu et al., 1998; Tomotsune et al., 2000; Akasalkzgunt, S. J. and Strachan, L(1994). Forward spreading in the establishment

t al.. 2001). Di 't’. f ,th lat int N fi ' d of a vertebrate Hox expression boundary: the expression domain separates
etal, ) ISruption o € regulatory m_erac 1ons wou "' into anterior and posterior zones, and the spread occurs across implanted
at any stage, lead to altered Hox expression anq patterninglass barriersDev. Dyn.199, 229-240.
defects; for example, precocious Hox expression in thellon, G. and McGinnis, W. (1998). Shaping animal body plans in
primitive streak (Kondo and Duboule 1999) would result in development and evolution by modulation of Hox expression patterns.

- - . L . BioEssay<0, 116-125.

the dl_sruptlon of the sequential arrival of thg Hox eXPressiof,ome J.. Vandromme, M., Brend, T., Gutman, A., Summerbell, D.,
domalns_ at th_e level of the cells to be |n5_trUCted in the Totty, N. and Rigby, P. W.(2002). Spatially specific expressiontddxb4
prospective axial and paraxial structures, causing aberrant APis dependent on the ubiquitous transcription factor NFexelopment 29,

instruction and patterning alteration that cannot be correctegglﬁ?'is??a-saki . and Krumiaut, R. (1998). Iniiaion of hombomeric
by SUbsequem reQU|atlon' Hoxb4 expression requires induction by somites and a retinoid pathway.
Neuron21, 39-51.
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