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SUMMARY

Hox genes are key determinants of anteroposterior
patterning of animal embryos, and spatially restricted
expression of these genes is crucial to this function. In
this study, we demonstrate that expression oHoxb4
in the paraxial mesoderm of the mouse embryo is
transcriptionally regulated in several distinct phases, and
that multiple regulatory elements interact to maintain the
complete expression domain throughout embryonic
development. An enhancer located within the intron of the
gene (region C) is sufficient for appropriate temporal
activation of expression and the establishment of the
correct anterior boundary in the paraxial mesoderm
(somite 6/7). However, theHoxb4 promoter is required to
maintain this expression beyond 8.5 dpc. In addition,
sequences within the ‘Buntranslated region (region B) are
necessary specifically to maintain expression in somite 7

from 9.0 dpc onwards. Neither the promoter nor region B
can direct somitic expression independently, indicating that
the interaction of regulatory elements is crucial for the
maintenance of the paraxial mesoderm domain ofloxb4
expression. We further report that the domain ofHoxb4
expression is restricted by regulating transcript stability in
the paraxial mesoderm and by selective translation and/or
degradation of protein in the neural tube. Moreover,
the absence ofHoxb4 3'-untranslated sequences from
transgene transcripts leads to inappropriate expression of
someHoxb4transgenes in posterior somites, indicating that
there are sequences within region B that are important for
both transcriptional and post-transcriptional regulation.

Key words:Hoxb4 Paraxial mesoderm, Anterior boundary,
Maintenance, Transcription, RNA stability, Translation, Mouse

INTRODUCTION

domains are mechanistically distinct events. These domains are
initially defined by the regulatory cascade of gap, pair-rule

The Hox genes are a highly conserved gene family present @amd segmentation genes that also determines the segmental
all animal phyla studied (Ferrier and Holland, 2001). Theystructure of the embryo (Jack and McGinnis, 1990). However,
encode homeodomain-containing transcription factors thahe segmentation genes are only transiently expressed during
specify regional identities along the anteroposterior (AP) axiearly embryonic development, and Hox gene domains are
of the developing embryo. Crucial to this function is thesubsequently refined and maintained by auto- and cross-
spatially restricted expression of these genes, and particulamggulatory interactions between these genes (Miller et al.,
the formation of distinct anterior boundaries. Hox genes ar2001). Moreover, genes of the Polycomb (Pc) and trithorax
organised in genomic clusters, although the number andrx) families are required for the maintenance of
structure of clusters have diverged significantly along differentranscriptionally silent or active states of Hox genes,
evolutionary lineages (Amores et al., 1998; de Rosa et akespectively (Kennison, 1995). The precise function of the
1999). Remarkably, the physical order of genes in a clust@roducts of Pc and trx genes has not yet been elucidated but
corresponds both to the temporal order in which they argrowing evidence indicates that they are involved in modifying
activated and to the anterior extents of their expression, chromatin structure to maintain transcriptionally repressive or
phenomenon known as colinearity. This feature is conservgukermissive environments (Petruk et al., 2001; Tie et al., 2001).
even between the highly diverged Hox cluster®mfsophila Studies of the regulation of murine anterior Hox genes
melanogasterand the mouse, the two species in which theusing randomly-integrated transgenes have revealed distinct
structure, function and regulation of Hox genes have been moattivation and maintenance phases similar to those in
intensively studied. Drosophila One of the best characterised examples is that of
In flies, the establishment and maintenance of expressiditioxbl This gene is initially expressed in the neural tube with
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an anterior limit at the boundary between rhombomeres 3 amdsult of escape from post-transcriptional regulation and that
4. Subsequently, expression regresses and is lost from ttigs is attributable to the absenceHiixb43'-UTR sequences
hindbrain, with the exception of rhombomere 4 (r4) in whichfrom transgene transcripts.

high levels are maintained. Early neural expressiodamdb1

is controlled by retinoic acid through a response element

located 3to the gene (Marshall et al., 1994; Studer et al. MATERIALS AND METHODS

1998), whereas maintenance of r4 expression is dependent on

auto-regulation and cross-regulation by Hoxal, in associatioBonstructs and transgenic mice

with the cofactor Pbx1 (Popperl et al., 1995; Studer et alConstruct CHZ has been described previously (Gilthorpe et al., 2002).
1998). Separate early and late phases of neural expression haleother constructs were based onHaxb4 promotertacZ-SV40
been identified for several other Hox genes that have anteripplyA reporter gene [construct 8 (Whiting et al., 1991)], referred to
boundaries in the hindbrain (Gould et al., 1997; Gould et alhere as b4Z. The 1.4 KBal-Bglll region C fragment oHoxb4was
1998; Maconochie et al., 1997; Manzanares et al., 2001), bgiened upstream or down;trgam of b4Z to generate constructs Cbh4Z
little is yet known about whether equivalent phases OEénd b4ZC, respectively. Similarly, the 36al-Hindlll fragment of

: . : oxb4 containing regions C and B, was cloned upstream or
expression occur in other tissues. Although many transgen wnstream of b4Z to generate constructs CBb4Z and b4ZCB,

studies of more posterior Hox genes have been performe spectively. Specific details of all cloning steps are available on
there are currently few examples of separate enhancers thaglyest. Transgenic mice carrying construct b4ZCBpA [construct 6
control early and late phases of expression. Such elements ha¥giting et al., 1991)] were provided by R. Krumlauf (NIMR, Mill
been identified foHoxc8(Bradshaw et al., 1996), although the Hill). The production, PCR diagnosis and whole-mount staining of
molecular details of activation and maintenance have not y@tnsgenic mice were performed as described previously (Gilthorpe
been elucidated. Interestingly, Oosterveen et al. have recentpd Rigby, 1999; Summerbell et al., 2000). In some cases, X-gal
identified a single retinoic acid response element that controfained embryos were counter-stained in 0.1% aqueous acid fuchsin
the late phase of expression of several geHesk5 Hoxb6  to facilitate precise identification of anterior somitic boundaries.
andHoxb§ in the posterior hindbrain (Oosterveen et al., 2003)y\101e-mount in situ hybridisation and immunostaining

Many murine homologues of Pc and trx group genes havg .\ 4 rohe was provided by R. Krumlauf (NIMR, Mill Hill).

now been identified and shown to be Involv_ed n the reg_UIat'O'?helacZ probe has been described elsewhere (Teboul et al., 2002). In
of Hox genes (Gould, 1997). For example, in mice lacking thjy, nhybridisation was performed using an InsituPro robot (Intavis,
trx group gene MIl, endogenousHoxa7 expression iS Bergisch-Gladbach, Germany) essentially as previously described
established normally but is not maintained (Yu et al., 1998)Summerbell et al., 2000), but substituting Red-Phos (Research
Conversely, double mutation of the Pc group gévied8and  Organics, Cleveland, Ohio) for BCIP in the staining solution. The
Bmilleads to de-repression of several Hox genes in anteri@nti-Hoxb4 antibody was provided by A. Gould (NIMR, Mill Hill),
regions of the embryo (Akasaka et al., 2001). Interestinglyand immunostaining was performed as previously described (Gould
some murine Pc group genes may regulate Hox genes earlféral-, 1997). For sectioning, embryos were embedded in 2% (w/v)
in development. Early activation dloxd11 transcription is 29arose. 7qum sections were cut using a vibrotome.
observed in mice lacking the Pc group gén@3, although
expression is apparently normal from 9.5 dpc onwards (Bel-
Vialar et al., 2000)Hoxd4andHoxd10are similarly affected RESULTS
when the global repression of the Hoxd cluster is disrupted by o o
targeted genomic deletions (Kondo and Duboule, 1999). Thug,allu_re of construct CHZ to maintain expression is
some Pc group genes may regulate the timing of Hox geriganifest as a gradual regression of anterior
activation and contribute to the generation of co-linearity. ~ boundaries

Sequences located within a 7.4 kb genomic fragmentVe have previously analysed the intronic enhancer (region C)
including Hoxb4 are sufficient to recapitulate the full of the mousddoxb4gene using a construct in which region C
expression pattern of this gene in transgenic mice (Whiting é positioned upstream of tHesp68promotertacZ reporter
al., 1991). We have shown previously that the intronic enhancgene (Gilthorpe et al., 2002). We showed that this construct
(region C) is sufficient to establish transgene expression in tH€HZ; Fig.1B) is able to establish expression in the paraxial
paraxial mesoderm with an anterior boundary equivalent to thatesoderm with an anterior limit identical to thatHafxb4 but
of Hoxb4but that it cannot maintain this pattern (Gilthorpe etthat it is unable to maintain this boundary (Gilthorpe et al.,
al., 2002). We have now characterised the loss of expressi@902). To further characterise this change in expression, we
more fully and show that it proceeds by a gradual regressicanalysed embryos from a transgenic line carrying CHZ at
of the anterior boundary. We demonstrate that sequences withiarious times between 8.5 and 9.5 dpc. At 8.5 dpc, CHZ was
the Hoxb4 promoter are necessary for continuation of theexpressed in the paraxial mesoderm with an anterior limit at
expression established by region C, and that regulatompe level of somite (so) 6/7 and in the neural tube up to the
elements in the'intranslated region (UTR) éfoxb4(region  spinal cord/hindbrain boundary (Fig. 2A) (Gilthorpe et al.,
B) are required to maintain the correct anterior boundary in th2002). At 8.75 dpc, the rostral limits of CHZ expression had
paraxial mesoderm throughout embryonic development. Wiot changed but it was obvious that the anteriormost regions
show that the domain dfloxb4 expression is restricted by of both neural and mesodermal expression were considerably
regulating transcript stability in the paraxial mesoderm, anaveaker (Fig. 2B). By 9.0 dpc the anterior limit of CHZ
by selective translation and/or degradation of protein in thexpression in the paraxial mesoderm was clearly posteriorised,
neural tube. Furthermore, we demonstrate that inapproprialging at the level of so08/9, and by 9.25 dpc it had receded
expression of somidoxb4transgenes in posterior somites is afurther to so10/11 (Fig. 2C,D). During this period, the neural
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A 70kb 95kb
b|13 ,!9 Eg—,!7 ,!6 1!5 t!4 ES blz !1 Fig. 1. (A) Details of theHoxb4locus
are shown along with an indication of
its position within the Hoxb cluster. The
first transcription start site (P1)
Hb/SC ” 16/7 (Gutman et al., 1994) is indicated with
S06/7 an arrow. Black and white boxes
Hoxb4 | C | B | A | represent coding and untranslated

sequences, respectively. The hatched

region within exon 2 indicates the
m position of the homeobox. The positions
5 3 b and specificities of known regulatory
1kb regions (A, B, C) are indicated above
the locus (Whiting et al., 1991). The
ambiguous function of region B is
B Construct Exp. indicated by a question maii, Bglll;
- Hb, hindbrainH; Hindlll; N, Ncd; P,
CHZ - Iﬂlhspl lacZ |pA| 5*  Pst; r, rhombomere§ Sal; SC, spinal
5 z cord; so, somite. (B) Constructs used in
’:l this study. Fragments of tttoxb4

Ch4z - lacZ [pA] 7 locus are represented as inhspand
s BP s pA indicate thehsp68promoter and

SV40 polyadenylation signal,
El lacZ |pA[- 7 3 respectively. Exp denotes the total
S

b4zC

B number of transgenicofembryos and

lines showing a consistent pattern of X-
gal staining for each construct. Asterisk
indicates that analysis of construct CHZ

S
CBb4z m El lacZz |pA|
s- B HP s
has been reported previously (Gilthorpe
b4zZCB ’:I lacZ |pA[- 7 | 1  etal, 2002) and the data are given here
P 5 ;

s B H for comparison.

o

boundary also regressed and lay alongside so5/6 at 9.0 dgdépxb4 promoter-region C interaction maintains early

and so6/7 at 9.25 dpc (Fig. 2C,D). Between 9.25 and 9.5 dpexpression but not the anterior somitic boundary

the anterior boundary of CHZ expression remained constant Previous studies on the regulationHidxb4 identified region

the neural tube but receded still further in the paraxiaC as the only enhancer responsible for setting the proper limit
mesoderm to sol3/14 (Fig. 2E). These rostral limits weref Hoxb4expression in the paraxial mesoderm (Whiting et al.,

maintained until 12 dpc (Gilthorpe et al., 2002). These result991). Therefore, we reasoned that the failure of CHZ to

demonstrate that the failure of CHZ to maintain rostral limitanaintain the anterior boundary of somitic expression was the
of expression from 8.5 dpc onwards is manifest as a graduadsult of a requirement for interaction between region C and
regression of anterior boundaries in both the somitic mesoderthe Hoxb4 promoter. The promoter itself does not contain any

and the neural tube. relevant spatially-specific regulatory elements, asHaxb4

Fig. 2. Regression of the anterior boundaries of expression of construct
CHZ. (A) By 8.5 dpc, anterior limits of expression were established at
the hindbrain/spinal cord boundary in the neural tube, and at so6/7 in
the paraxial mesoderm. The latter corresponds to the boundary of
Hoxb4expression. (B) Expression was noticeably weaker at the
anterior boundaries by 8.75 dpc. (C-E) Boundaries continued to shift
posteriorly until 9.5 dpc, coming to rest alongside so6/7 in the neural
. tube and at so13/14 in the paraxial mesoderm. Black arrowheads
9.5dpc indicate the position of so7. ov, otic vesicle; fl, forelimb bud.

9.25dpc
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promotertacZ reporter gene (b4Z) does not recapitulate anynerve from drg2 was clearly passing through the most rostral-
aspect of the normatoxb4 expression pattern, although it stained somite, identifying it as so7. This pattern was observed
consistently directs ectopic expression in the dorsal midbrain
(Whiting et al., 1991).

We cloned region C upstream of b4Z to produce construc
Cb4z (Fig. 1B), and analysed expression in transgenic mic
At 10.5 dpc, Cb4Z was expressed in more anterior somites thi
CHZ, as expected (Fig. 3C-F). However, comparison with th
distribution of the Hoxb4 protein (Fig. 3A,B) indicated that
Cb4z did not specify the correct boundary of expression in th
somites at this stage of development. Moreover, a usefi
internal control provided by staining of the dorsal root ganglic
(drg) confirmed this. The second drg (drg2) is identifiable a
10.5 dpc by its characteristic bipartite structure and by the fa
that it is the most anterior drg visible, as drgl degenerates
form a bar-like structure (Spoérle and Schughart, 1997). Th
spinal nerve originating from drg2 passes through the rostr:
half of the sclerotome of so7 (Spdrle and Schughart, 1997).
was clear that the spinal nerve emanating from drg2 did n
pass through a somite in which Cb4Z was expressed (Fi
3E,H. However, the next somite caudally was expressin
lacZ, although weakly, demonstrating that Cb4Z specifies
boundary of expression in the paraxial mesoderm at so7/8
this stage. This pattern was seen in akfbryos in which the
transgene was expressed, although expression was often we
not only in so8 but throughout the cervical region. Expressio
in the neural tube was also more anterior with Cb4Z than CH
(Fig. 3C-F). The position of the neural boundary relative tc
drg2 indicates that Cb4Z was expressed up to the boundary
the spinal cord and hindbrain. Therefore, Cb4Z had maintaine
the neural boundary of expression that is established by regi
C at 8.5 dpc.

The inability of Cb4Z to specify the correct somitic
boundary could have been caused by the incorrect position
region C and the promoter relative to each other, in comparisc
with their normal genomic arrangement. However, we
observed an identical expression pattern in theeeafsgenic
embryos carrying a construct in which region C was cloned
of the Hoxb4 promoterlacZ reporter gene (construct b4ZC;
Fig.1B), which suggests that this is the genuine limit of regiol
C activity in combination with theHoxb4 promoter (Fig.
3G,H).

Region B is required for maintenance of the somitic

boundary

. . Fig. 3. Multiple regulatory elements are required to determine the
From these experiments it is clear that the Cb4Z construct lacanterior boundary of expression in the paraxial mesoderm. (A,B)

regulato_ry elements required to fully recapitulate the somitiyypqie-mount immunostaining of a 10.5 dpc embryo, using an anti-
expression oHoxb4 All the enhancer elements necessary {Croxh4 antibody. Hoxb4 protein was expressed up to the r6/7
recapitulate the full expression patterntxb4lie 3' of its  poundary in the neural tube and up to so7 in the paraxial mesoderm.
transcription start sites (Fig. 1A) (Whiting et al., 1991). Regiorso7 is easily identified at this stage as it lies alongside the second

A controls the proper boundary of expression in the neural tukdorsal root ganglion (drg2). Drg2 is the most anterior drg visible at
and does not specify any mesodermal expression. Althoucthis stage as drgl has degenerated. (C-J) X-gal staining of 10.5 dpc
only lung-specific enhancer activity has previously beertransgenic embryos. (C,D) Construct CHZ was expressed only up to
ascribed to region B, constructs containing regions C and B asol4.at .thIS. stage. (E,F) Construct Ch4Z had.an anterior boundary at
able to specify the so6/7 boundary (Whiting et al., 1991)308, indicating that thidloxb4promoter can maintain much of the

I - somitic expression established by region C but not the correct
Therefore, we cloned a DNA fragment consisting of regions .(anterior boundary. (G,H) Construct b4ZC had identical boundaries of

and B upstream of the b4Z reporter gene to test whether r(':'9"expression to Cbh4Z, demonstrating that the position of region C
B could alter the observed expression pattern (construygjagive to the promoter does not affect the expression pattern.
CBb4Z; Fig. 1B). At 10.5 dpc, expression of CBb4Z clearly(1,J) Construct CBb4Z did recapitulate the somitic boundary of
extended one somite more rostrally than that of Cb4Z or b4ZHoxb4expression, identifying a requirement for region B in the
(Fig. 31,J). Moreover, drg2 is again easily identifiable, and thregulation ofHoxb4in the paraxial mesoderm.
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in all embryos expressing the CBb4Z construct, and also in Rifferential downregulation of reporter genes during
single embryo carrying a construct in which regions C and Bater embryonic development

were cloned 3of the Hoxb4 promotertacZ reporter (Fig. 1B; We examined transgenic mice carrying reporter constructs

data not shown). Interestingly, the anterior limit of neural tubecHz, Cb4Z and CBb4Z during later stages of development,
expression was identical with Cb4Z and CBb4Z (Fig. 3E,F,1,J),

which indicates that region B is involved in regulating
mesodermal but not neural expression. In addition, bot Cb4Zz CBb4Z
constructs gave staining in the dorsal midbrain that i
attributable to ectopic activity of thdoxb4promoter (Whiting

et al., 1991).

To determine whether region B can function as ar
independent enhancer, a construct containing only region
cloned 5to the b4Z reporter gene was analysed in transgen
mice. Embryos were examined between 9.5 and 11.5 dpc b
only random expression was observed3; data not shown).
This is consistent with the results of previous attempts ti
identify a specific enhancer function of region B in isolation
(R. Krumlauf, personal communication). Therefore, we
conclude that sequences within region B represent
component of the paraxial mesoderm enhancétoxb4that
is functionally dependent on elements located within regiol
C. This interaction is necessary for expression in so7 at 10
dpc.

Region B is required from 9.0 dpc onwards

As construct CHZ is able to establish the so6/7 boundar
at 8.5 dpc, we reasoned that Cbh4Z and CBb4Z woul
also recapitulate this pattern and that the single somit
difference seen at 10.5 dpc must arise between these two tit
points. As expected, both Cb4Z and CBb4Z were expresse
with rostral limits at so6/7 in the paraxial mesoderm, anc
at the hindbrain/spinal cord boundary in the neural tube ¢
8.5 dpc (Fig. 4A,B). These boundaries were maintained wit
both constructs until 9.0 dpc (Fig. 4C,D). However, by 9.t
dpc the boundary in the paraxial mesoderm had shifte
one somite caudally with Cb4Z, compared with CBb4Zz,
although the anterior limit of neural expression of both
constructs remained identical (Fig. 4E,F). To confirm this
subtle shift in the expression boundary, transgenic embryc
previously stained fof-galactosidase activity were treated
with the cytoplasmic stain acid fuchsin in order to visualise
somites in which reporter genes were not expressed. /
9.0 dpc there was a two-somite gap between the limits ¢
reporter gene expression in the paraxial mesoderm and neu
tube for both Cb4Z and CBb4Zz (Fig. 4G,H). However, at
9.5 dpc there was a clear three-somite difference betwee
the mesodermal and neural boundaries of Ch4Z eXpress"Fig. 4.Region B is required to maintain the anterior somitic

(Fig. 4l), whereas the gap remained two somites for CBb4youndary after 9.0 dpc. (A-F) X-gal staining of transgenic embryos.
(Fig. 4J). o ~ (A,B) Expression patterns for construct Ch4Z (A) and CBb4Z (B)
These results demonstrate that elements within region were identical at 8.5 dpc. Both had an anterior boundary at so06/7 in
have a very specific role in maintaining expression in thihe paraxial mesoderm. (C,D) Anterior boundaries of expression
anteriormost somite (so7) of tiéoxb4domain from 9.0 dc  remained identical at 9.0 dpc. (E,F) By 9.5 dpc, the somitic boundary
onwards. Moreover, the ability of construct Cb4Z to maintairof Cb4Z expression shifted one segment posteriorly (E), whereas that
the somitic boundary between 8.5 and 9.0 dpc furtheof construct CBb4Z remains at so6/7 (F). Black arrowheads indicate
underlines the importance of tHexb4promoter in preserving e Position of so7. (G-J) X-gal stained transgenic embryos
the expression established by region C. Thus, we have defin<:ountersta|ned with acid fuchsin. (G,H) At 9.0 dpc, two somites

th h in th | iomokbain th ial could be detected between the anterior boundaries of X-gal staining
ree phases In the early expressioiriokb4in the paraxial i, the paraxial mesoderm and neural tube (black arrows) for

mesoderm_ that are controlled by dlstlnct_regulatory elementgnstructs Cb4Z and CBb4Z. (1,3) By 9.5 dpc, the gap had extended
(1) establishment, dependent on region C; (2) generio three somites with construct Ch4Z (1) but remained at two with
maintenance, dependent on the promoter; and (3) speciiCBb4z (J), confirming the timing of the posterior shift of the
maintenance in so7, dependent on region B. expression boundary.
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and observed further changes in expression patterns, notateypression, as well as to maintain the early expression
two distinct events of downregulation. First, expression of alestablished by region C.
three constructs in the posterior mesoderm was CBb4Z was also expressed in other tissues in which both
downregulated between 11.0 and 12.5 dpc (Fig. 5A-1). Fo€b4Z and CHZ were not. By 12.5 dpc, expression was visible
Ch4z and CBb4Z this resulted in restriction of expression tin the follicles of the vibrissae in the snout and in the primordia
the cervical region of the embryo, although the posterioof the mammary glands (Fig. 51). 24 hours later, additional
boundary was not sharply defined for either construct (Figexpression was detected in the follicles of the tactile hairs of
5H,I). By contrast, expression of CHZ was lost from thethe face (Fig. 5L). Moreover, diffuse staining was seen in the
cervical somites between 8.5 and 9.5 dpc (Fig. 2) andskin throughout the trunk region (Fig. 5L). This preceded the
therefore, downregulation in the posterior region at this stagexpression in the dermal placodes of the pelage hair follicles
completely eliminated mesodermal expression of thigdata not shown), which has been reported previously for
construct (Fig. 5G). Hoxb4transgenes (Whiting et al., 1991).

Second, the remaining neural expression of CHZ is ) o )
downregulated after 12.5 dpc such that only weak patches &tabilisation of transcripts underlies inappropriate
B-galactosidase activity were detected at 13.5 dpc (Fig. 5J). B{ansgene expression in posterior somites
contrast, expression of both Cb4Z and CBb4Z remained strorfrong reporter gene expression in posterior somites was
with distinct anterior boundaries (Fig. 5K,L). Moreover, thecharacteristic of all the constructs used in this study (Fig. 3).
difference in the anterior limits of mesodermal expressioniHowever, this is not a domain of expression of eitierb4
first observed at 9.5 dpc, was maintained throughout th@RNA or protein (Fig. 6). Whole-mount in situ hybridisation
developmental period analysed. The significance of thdetectedHoxb4transcripts in so7 to sol3 of 10.5 dpc embryos
downregulation of transgene expression in the posteridsut not in more posterior somites (Fig. 6A), and an identical
mesoderm is unclear given that this domain does not refledtstribution of Hoxb4 protein was revealed by whole-mount
expression of the endogenol$oxb4 gene (see below). immunostaining (Fig. 6E). These observations were confirmed
However, the differential downregulation of CHZ between 12.5%y cutting sections of embryos (Fig. 6lI-L). In transverse
and 13.5 dpc, compared with Cb4Z and CBb4Z, suggests thsgctions at the level of the forelimb budoxb4 transcripts
the Hoxb4 promoter is required to maintain late phases ofvere detected in all tissue surrounding the neural tube with

CHZ

Cb4Z CBb4Z

Fig. 5. Downregulation of transgene
expression in later development.

(A-C) At 11.0 dpc, the anterior
boundaries and overall expression
patterns of constructs CHZ (A), Cb4z
(B) and CBb4Zz (C) were identical to
those seen at earlier stages of
development. (D-F) By 11.5 dpc,
downregulation of expression had
commenced in the posterior mesoderm
with all three constructs (white
brackets). (G-1) Downregulation was
complete by 12.5 dpc. Mesodermal
expression was absent from embryos
carrying construct CHZ (G) and was
restricted to cervical regions for
constructs Cb4Z (H) and CBb4Z (I).
(J-L) At 13.5 dpc, neural expression of
CHZ was also downregulated (J),
whereas neural and mesodermal
expression was maintained by
constructs Ch4Z (K) and CBb4Z (L).
White arrowheads indicate drg2. Black
arrowheads and arrows indicate the
anterior and posterior boundaries of
mesodermal expression, respectively.
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Fig. 6. Post-transcriptional regulation of
Hoxb4 (A-D) In situ hybridisation for

Hoxb4 Transcripts were present in so7-13
(black arrowheads) but not in more posterior
somites. By contrastjoxb4was expressed
throughout the neural tube posterior to the
r6/7 boundary (white arrowhead). (D) Strong
staining was seen in the tailbud (white
arrow). (E-H) Whole-mount immunostaining
for Hoxb4. Protein was detected in so7-13
and in the posterior hindbrain (E,F), but was
absent from posterior neural tube and somites
(G). (H) Protein was not expressed in the
tailbud (black arrow). (I-J) Transverse section
of embryos subjected to in situ hybridisation
for Hoxb4(1,J) or immunostaining for Hoxb4
(K,L). (1) Transcripts were widely distributed
at forelimb level with relatively high levels in
the dorsal neural tube (white arrowhead) and
dermomyotome (white arrows). (J) At
posterior levels transcripts were expressed
throughout the neural tube but not in the
adjacent somites. (K) At forelimb level,
Hoxb4 protein was not detected in the neural
tube but was expressed in adjacent tissue
with a high level in the dermomyotome
(white arrows). (L) In the posterior embryo,
protein was detectable in neither somites nor
neural tube, but was seen in the notochord
(black arrow) and the mesonephric ducts
(black arrowheads). (M-O) In situ
hybridisation of dacZ probe to a transgenic
embryo carrying construct CBb4Z. The
pattern was identical to that seen with X-gal
staining (Fig. 31,J), with strong expression

in all somites posterior to so7 (black
arrowhead) and in the tailbud (white arrow).
(P) X-gal staining of a 10.5 dpc transgenic
embryo carrying construct b4ZCBpA. Strong
staining was seen only in so7-13 (black
arrowheads). (Q) Structure of construct
b4ZCBpA [construct 6 (Whiting et al.,

- 7 | [oA] 1991)]. This schematic follows the format
8 B H

used in Fig. 1.

b4ZCBpA Fl lacZ

noticeably higher expression in the dermomyotome (Fig. 6l)contains identicaHoxb4 sequences to constructs CBb4Z and
Hoxb4 protein was not detectable in the neural tube at this axibhZCB, but more closely recapitulated the somitic expression
level but was distributed in other tissues in a similar pattern tof Hoxb4 with strong expression in so7-13 and little or no
transcripts, with relatively high dermomyotomal expressiorexpression in somites posterior to the forelimb (Fig. 6P).
(Fig. 6K). At posterior levels, neither RNA nor protein wereTherefore, it is likely that the strong posterior expression
detected in somites (Fig. 6J,L). resulted from the stabilisation of transcripts, which must reflect
To further investigate the misexpression of transgenes ia feature that is common to the constructs we have employed
posterior somites, we performed in situ hybridisation orhere. All transgenes used in the present study contaicZa
transgenic mice using a probe facZ mRNA. We found that SV40 polyA reporter gene (Fig. 1B). By contrast, the
the distribution olacZ mMRNA was identical to that of tH&  constructs used by Whiting et al. (Whiting et al., 1991) used a
galactosidase protein, with transcripts detectable in all somitéacZ gene that was not coupled to a SV40 polyA signal;
posterior to the forelimb bud, as well as in the anterior somititranscript termination was controlled by the polyA signal of
and tailbud domains that are characteristic of the endogenott®xb4 or by an SV40 polyA sequence cloned at then8 of
Hoxb4 gene (Fig. 6M-0). This could represent ectopicthe construct (Fig. 6Q). Thus, these constructs retained the 3
transcription that is normally suppressed by sequences noffR of Hoxb4 and we therefore infer that the presence of this
present in these transgenes. However, comparison with 3 UTR is necessary to confer instability on the transcripts of
construct in which the genomic arrangement of texb4  transgenes and the endogenous gene in posterior somites.
locus is maintained around the insertacZ gene makes this As region B contains the entiré BTR, we conclude that
unlikely (Fig. 6P,Q) (Whiting et al., 1991). This constructthis fragment contains sequences that are crucial for post-
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transcriptional regulation dfloxb4 expression, in addition to DISCUSSION
the sequences involved in transcriptional regulation that we

have identified in this study. In this study we show that control Biboxb4expression in the
mouse embryo is complex, involving transcriptional, post-

Translational regulation of ~ Hoxb4 expression in the transcriptional and translational regulation. Moreover, the

neural tube relative contribution of each mechanism is different for the

In contrast to the paraxial mesoderm, the distribution ofame gene in different tissues. We demonstrate that
transcripts and protein was not identical in the neural tubepecification of the anterior boundarylbxb4 expression in
Hoxb4 transcripts were detected throughout the neural tubthe paraxial mesoderm is controlled by multiple transcriptional
from the rhombomere 6/7 boundary to the posterior tip of theegulatory elements, each of which has a distinct role and acts
embryo, although staining was often noticeably weaker in that a particular time during development. We have shown
interlimb region (Fig. 6A-C). By contrast, Hoxb4 protein waspreviously that the intronic enhancer region C is sufficient to
only detectable in the posterior hindbrain and not in morestablish expression in the paraxial mesoderm with the correct
posterior regions of the neural tube (Fig. 6E-G). At the levehanterior limit but that it cannot maintain this pattern (Gilthorpe
of the forelimb bud,Hoxb4 transcripts were distributed et al., 2002). We now demonstrate that maintenance of the full
throughout the neural tube, although expression was clearBxpression pattern dfioxb4in the somites is dependent on
stronger in the dorsal region (Fig. 61). By contrast, Hoxb4sequences in both the promoter and th&BR (region B).
protein was not detectable in the neural tube at this axial levéoreover, these elements do not direct somitic expression
(Fig. 6K). At posterior levels, transcripts were detected in théndependently. Therefore, interaction of regions C and B, and
neural tube but not in the adjacent somites (Fig. 6J), whereése Hoxb4promoter are required to specify paraxial mesoderm
protein was not present in either of these tissues (Fig. 6Lgxpression oHoxb4throughout development, and the somitic
These differences in the distribution &foxb4 transcripts enhancer is correctly defined as a fragment comprising regions
and Hoxb4 protein were evident from the earliest stage€ and B. The roles of each of these elements and the overall
we examined (8.5 dpc; data not shown) indicating thategulatory organisation dfloxb4are summarised in Fig. 7A.
translational and/or post-translational regulation is a crucial

mechanism in determining the domain of Hoxb4 function inRegion B and maintenance of the somitic boundary

the neural tube. In addition, strong staining was seen in thfeequences within region B play a specific role in the regulation
tailbud by in situ hybridisation but protein was not detectableof Hoxb4 expression in the paraxial mesoderm, i.e. in the
which indicates that Hoxb4 is also regulated at the level ahaintenance of expression in so7 from 9.0 dpc onwards. In the

translation in this region (Fig. 6D,H). absence of this fragment, the anterior boundary of reporter
A Fig. 7.Regulatory organisation of
paralogous group 4 Hox genes in the
Hoxb4 | c | B | A mouse. (A) A revised version of Fig.

1A incorporating the data presented in
this study. The spatial and temporal
m, ! specificities of regulatory regions are
S B H N indicated below the Hoxb4 locus. Red
and yellow boxes indicate neural and

8.5dpc paraxial mesodermal specificity,
respectively. Early and late regulatory
>8.5dpc m elements have been more precisely
mapped within region A and are
indicated accordingly (Gould et al.,
>9.0dpc 067 By 1997: Gould et al., 1998).
(B) Comparison of the regulatory

organisation oHoxa4 Hoxb4and
Hoxd4 Black boxes represent the

B E coding sequences of each gene. The

guestion mark represents the

.—. ambiguous role of theloxadintron

f
P

1kb

Hoxa4 (see Discussion). Asterisks indicate
that enhancer activity may be located
et [N in cither or both of the region$ G
Hoxd4 M, maintenance. This diagram
- . incorporates data from Behringer et
Hoxb4 al. (Behringer et al., 1993), Keegan et
al. (Keegan et al., 1997), Morrison et
| S0/t | al. (Morrison et al., 1997), Sharpe et
al. (Sharpe et al., 1998), Whiting et al.
._. (Whiting et al., 1991) and Zhang et al.

Hoxd4 Lk (Zhang et al., 1997).
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gene expression shifts caudally, after 9.0 dpc, from so6/7 this, we observe gradual regression of the anterior boundaries
s07/8. Interestingly, this bears a striking similarity to theof CHZ expression between 8.5 and 9.5 dpc. However, we do
regulation of Hoxb4 in the neural tube. Proper neural not yet have any evidence for TrxG proteins interacting with
expression oHoxb4is controlled by the region A enhancer the Hoxb4promoter. There may also be a requirement for the
(Fig. 7A) (Whiting et al.,, 1991), and specific elementsHoxb4 promoter in maintenance during late embryonic
responsible for early and late phases of expression have bed#velopment, as expression of the CHZ reporter is completely
identified within this region (Gould et al., 1998). The earlydownregulated between 12.5 and 13.5 dpc; constructs
neural enhancer (ENE) is responsible for establishing theontaining theHoxb4 promoter continue to express strongly
anterior boundary of expression between rhombomeres 6 addring this period.
7 by 8.5 dpc. However, between 9.0 and 9.5 dpc, expression of The detailed characteristics of core promoters are important
a reporter gene controlled by the ENE regresses to the r7#8 determining the specificity of enhancer/promoter
boundary, approximately. The late neural enhancer (LNE) alsoteractions (Smale, 2001). This is likely to be especially
directs expression up to the r6/7 boundary, but it is only activpertinent to the tightly clustered Hox gene loci, where such
from 9.0 dpc onwards. Therefore, it seems that 9.0 dpimteractions must be correctly established and maintained in a
represents the time at which regulatiotdokb4switches from  complicated regulatory environment; evidence fromHloab
an early activation phase to a maintenance phase in both tbleister supports this assertion. The LNE in region A controls
neural tube and the paraxial mesoderm. the late expression ¢foxb3 as well as that dfloxb4 (Gould
However, it is important to note that the molecularet al., 1997). Similarly, a mesodermal enhancer located
mechanisms of activation and maintenance are likely to bepstream oHoxb4 (Fig. 7B) can activate expression through
significantly different in the neural tube and paraxialthe Hoxb4or the Hoxb5promoters (Sharpe et al., 1998). By
mesoderm. The activation of neural expression through theontrast, neural- and limb-specific enhancers in the same DNA
ENE is directly controlled by retinoid signalling (Gould et al., fragment demonstrate a selective interaction Wittxb4 and
1998). Region C is sufficient to establish somitic expression aire seemingly unable to activate transcription through the
Hoxb4 and presumably contains all the cis-acting regulatoryHoxb5promoter (Sharpe et al., 1998). Furthermore, a separate
elements required to respond to the inductive signals thatural enhancer in theloxb5Hoxb4 intergenic region can
activate Hoxb4 expression in this tissue. We have analysedlrive expression through either promoter but, when placed
region C in detail (Gilthorpe et al., 2002) and have found ndetween them, interacts exclusively wittoxb4 indicating
evidence for direct regulation of this enhancer by retinoidhat the promoters of these two genes may compete for certain
signalling. The late phase &foxb4 expression in the neural enhancers (Sharpe et al., 1998). The details of the interactions
tube is controlled by autoregulation, and by crossregulation biyetween enhancers and promoters that determine sharing,
other Hox proteins (Gould et al., 1997). As the LNE is a Hoxselectivity and competition in the Hoxb cluster have not yet
responsive element, it is active in isolation from the ENE. Bybeen elucidated but it is interesting to note the results of recent
contrast, region B does not function as an independestudies inDrosophila The presence or absence of certain
enhancer and apparently requires interaction with region C twomponents of the core promoter (the TATA box, initiator and
drive expression in so7. Although this does not rule out thdownstream promoter element) can define the specificity of
involvement of Hox proteins in maintaining somitic expressiorenhancer/promoter interactions (Ohtsuki et al., 1998; Butler
of Hoxb4 the mechanism is clearly more complex than a Hoxand Kadonaga, 2001). Although the promoters of the majority
responsive element in region B that is equivalent to that in thef mouse Hox genes are poorly characterised, we have shown
LNE. In addition, the r6/7 boundary can be maintained by théhat theHoxb4 promoter has an unusual architecture (Gutman
neural regulatory elements on heterologous promoters (Gouét al., 1994). It does not contain a TATA box but includes two
et al., 1997; Gould et al., 1998; Whiting et al., 1991), whereaimitiators located approximately 80 bp apart that determine the
maintenance of the somitic boundary is dependent on th&tart sites of alternative transcripts. It will be interesting to see

Hoxb4 promoter (Gilthorpe et al., 2002). how the specific characteristics of this and other promoters in
) ) ) . the Hoxb cluster contribute to the proper spatiotemporal

Enhancer/promoter interactions in the regulation of regulation of these genes

Hoxb4

We have previously shown that in the absence of interactioRegulatory organisation of PG-4 Hox genes

with specific enhancers, theéHoxb4 promoter cannot Murine Hox genes of paralogous group 4 (PG-4) have
recapitulate any aspect of the proper expression patteragulatory regions that are organised in a broadly similar
(Whiting et al., 1991). However, we have now demonstratechanner (Morrison et al., 1997). Fig. 7B summarises all the
that theHoxb4 promoter is required to maintain the anteriorknown neural- and paraxial mesoderm-specific enhancers
boundaries of expression that are established by the regionl@tated close to théloxa4d Hoxb4 and Hoxd4 genes, and
enhancer. To our knowledge, this represents the first examplecorporates the results of this study. Enhancers locatefl 3

of an active role for the promoter of a Hox gene in theHoxad4andHoxd4 direct somitic expression with appropriate
maintenance of expression. The failure of construct CHZ tanterior boundaries for each gene. We have now demonstrated
maintain expression that was initially established in the corre¢hat sequences 8f Hoxb4 are similarly required for proper
somitic domain is suggestive of the involvement of theexpression of this gene in the paraxial mesoderm. However,
Trithorax group proteins. It is interesting to note that in miceegion B has a restricted role in maintaining the anterior
mutant for thetrithorax gene MIl, Hoxa7 expression is boundary and is dependent on sequences within region C to
established normally during late gastrulation but is completeldrive somitic expression (this study). By contrast, the 3
downregulated by 9.5 dpc (Yu et al., 1998). Consistent witlenhancers of botHoxa4andHoxd4can function as regulatory
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regions independently (Morrison et al., 1997). Interestinglyregions that is characteristic of the ancestral condition, and that
there may be some interaction between the intron and’ the the mouse gene has evolved to rely more heavily on sequences
region ofHoxa4 A transgene containing these sequences iwithin the intron. Further analysis of the regulatory regions of
expressed in the paraxial mesoderm with a boundary equivaleRG-4 genes from these and other vertebrate species should
to that ofHoxa4 and deletion of a 2 kb fragment from the 5 provide valuable insights into the evolution of regulatory
region abolishes reporter gene expression (Behringer et abrganisation in the Hox clusters, and whether or not this can
1993). Using the same parent construct, mutation of Hoke correlated with changes in expression boundaries.

binding sites in the intron eliminates expression in the paraxial ) . o )

mesoderm and the posterior neural tube (Keegan et al., 199Regulation of transcript stability in the paraxial

Thus, both the upstream region and the intron would seem fgesoderm

be required. However, the ability of either to function as arn the paraxial mesoderm, the distributiorHafxb4transcripts
independent enhancer has not yet been tested, and the relattverestricted to so7-13, and protein is produced wherever
contribution of these regions and thé éhhancer to the transcripts are present. By contrast, all of the constructs used
establishment and/or maintenance of somitic expressian this study are expressed in somites posterior to so13, at both
remains unclear. the transcript and the protein level. Comparison with other

As noted above, the enhancérd Hoxb4 can function Hoxb4transgenes (Whiting et al., 1991), indicates that the 3
independently and can interact with the promoter of either TR of Hoxb4 is required to destabilise transcripts in the
the neighbouring genes (Sharpe et al., 1998). Although thisosterior somitic domain and thus restkgtxb4expression to
region specifies an anterior somitic boundary characteristic @7-13. Therefore, although other possibilities exist, we feel it
Hoxb§ this does not rule out involvement in the regulation ofis likely that Hoxb4 is transcribed in all somites posterior to
Hoxb4 a hypothesis supported by comparisonHoxd4  the so06/7 boundary, and that post-transcriptional regulation
Similar toHoxb4 the 5 mesodermal enhancerldbxd4directs  determines the posterior boundary and thus the definitive
expression with an anterior boundary caudal to that of thdomain of Hoxb4 expression. Further complexity in the
endogenous gene (Zhang et al., 1997). The nearest geme 5Sregulation of Hoxb4 is revealed by the downregulation of
Hoxd4is Hoxd§ the somitic expression of which has an anteriorconstructs CHZ, Ch4Z and CBb4Z in the posterior domain
boundary in the lower thoracic region (Izpistia-Belmonte et alafter 11.5 dpc. However, we do not yet know whether this late
1990), and it is thus unlikely to be regulated by the enhancer phase of regulation involves changes in transcriptional or post-
of Hoxd4 Therefore, the assumption is that this enhancer dogganscriptional regulation.
regulateHoxd4expression. Thus it seems likely that regulation Interestingly, construct CHZ uncouples the two domains of
of PG-4 Hox genes involves integration of inputs from upstrearsomitic expression during early development, as it maintains
and downstream elements, and this arrangement presumaklpression only posterior to sol4 and not in the anterior
serves to determine appropriate levels of expression. Finally, mtefinitive domain ofHoxb4 expression. We have shown that
regulatory function has yet been ascribed to the intrétogtl4 maintenance of expression in the latter domain is dependent on
Deletion of the intron from transgenes based on the mouse tire Hoxb4 promoter and have attributed this to a requirement
humanHoxd4 genes has no effect on the observed expressidior the promoter in the maintenance of transcription. However,
patterns, and the intron of the human gene does not functioniass possible that sequences within this region (presumably
an independent enhancer (Morrison et al., 1997; Zhang et aljthin the 3 UTR) are necessary for the stabilisation of
1997). We have previously identified a conserved block ofranscripts, and that CHZ transcripts are generated in so7-13
sequence within the introns of PG-4 genes (Gilthorpe et alafter 8.5 dpc but are rapidly degraded. Should this be true, it
2002). Interestingly, thédoxd4 sequences showed the leastwould identify contrasting roles for thé &nd 3 UTRs of
identity in these alignments. Whether this is related to théloxb4 the former being required to stabilise transcripts and
apparent reduction in the regulatory function of thexd4 the latter to destabilise them, albeit in different domains of the
intron has not yet been determined. paraxial mesoderm.

It seems that the relative inputs 6f3 and intron sequences  We have found interesting parallels between our
to PG-4 regulation have diverged over the course of vertebratdservations on the regulationtddxb4expression and recent
evolution but that the similar regulatory organisation of thesevork onHoxd1(Zakany et al., 2001). This is an unusual Hox
genes reflects that of an ancestral Hox4 gene. Unfortunatelyene in that it is not expressed in somites but is expressed in
details of the regulation of Hox genes in species other thahe anterior presomitic mesoderm. This expression occurs in
the mouse are extremely scarce. However, we note that tpellses associated with the formation of each somite, and
regulatory function of intronic sequences is apparently notoxdltranscripts are rapidly excluded from somites once they
equivalent for theHoxb4 genes of all vertebrate species. Thehave formed. However, whenacZ reporter was inserted into
intron of the chicken gene drives expression only in posteridhe endogenousioxdl gene, stable transcripts accumulated
neural and mesodermal tissue in transgenic mice, while trend were retained in somites well after their formation. We
equivalent region of the pufferfishFfgu rubripe$ gene note that in this experiment theeZ gene was coupled to SV40
completely lacks enhancer activity in this assay (Morrison gbolyA sequences, thus removittpxdl 3' UTR sequences
al., 1995). This is in marked contrast to th@&ural enhancer from the transcripts generated from this locus. This correlates
(region A), as similar fragments of the chicken and pufferfistwith our observations th&loxb4transgenes containingcz-
genes are able to recapitulate the r6/7 boundary in transger8¥40 polyA cassettes generate transcripts that are stable in
mice (Aparicio et al., 1995; Morrison et al., 1995). It is anposterior somites, whereas those that cortiorb4 3' UTR
intriguing possibility that the chicken and pufferfish genes haveequences are not. We note that many, although not all, Hox
retained a more robust mesodermal enhancer function in 8enes have restricted domains of expression in the paraxial
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mesoderm, with both anterior and posterior boundaries (BurkeKanno, M., Taniguchi, M., Vidal, M., Alkema, M., Berns, A. and Koseki,

et al., 1995), and propose the following general mechanism ofH. (2001). Mice doubly deficient for the Polycomb Group geviell8and

Hox gene regulation in this tissue. Specification of the anterior Bmilreveal synergy and requirement for maintenance but not activation of
. . ’ . . Hox gene expressiolevelopmeni28 1587-1597.

bounda_‘ry_ of a given gene IS de,termmed by the timing . O)(\mores, A., Force, A, Yan, Y.-L., Joly, L., Amemiya, C., Fritz, A, Ho, R.

transcriptional activation a}nd is I|r_1ked to the segmentation k., Langeland, J., Prince, V., Wang, Y.-L. et al. 1998). ZebrafisiHox

clock that regulates somitogenesis (Dubrelle et al., 2001, clusters and vertebrate genome evolut®rience282, 1711-1714.

Zakany et al., 2001). Transcription then occurs in all somitedparicio, S., Morrison, A., Gould, A., Gilthorpe, J., Chaudhuri, C., Rigby,

posterior to this point and the definitive posterior boundary if P., Krumlauf, R. and Brenner, S.(1995). Detecting conserved regulatory

: . . - . . elements with the model genome of the Japanese puffefFtigh,rubripes
any, is determined by regulating the stability of transcripts in poc. Natl. Acad. Sci. US®2, 1684-1688.

posterior regions through sequences in thdTR. Awgulewitsch, A. and Jacobs, D(1990). Differential expression of Hox 3.1
protein in subregions of the embryonic and adult spinal &edelopment
Translational regulation of  Hoxb4 in the neural tube 108 411-420.

. . . Behringer, R. R., Crotty, D. A., Tennyson, V. M., Brinster, R. L., Palmiter,
We have compared the distribution l8bxb4 transcripts and R. D. and Wolgemuth, D. J(1993). Sequences &f the homeobox of the

Hoxb4 protein and observed that different regulatory strategieSHox-1.4 gene direct tissue-specific expression latZ during mouse
are employed in the neural tube and paraxial mesoderm todevelopmentDevelopment17, 823-833. o
achieve the same end: the spatial restrictiadadb4function ~ Bel-Vialar, S, Coré, N., Terranova, R., Goudot, V., Boned, A. and Djabali,

. M. (2000). Altered retinoic acid sensitivity and temporal expressittosf
in the embryo. In the neural tube, detectable levels of the genes irPolycomb-M3adeficient miceDev. Biol.224, 238-249.

_prOtei_n accumm?-te only ir! an anterior subdomain of th_e regioBelting, H.-G., Shashikant, C. S. and Ruddle, F. H1998). Multiple phases
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; ; ; ; ; adshaw, M. S., Shashikant, C. S., Belting, H.-G., Bollekens, J. A. and
scenarios. Either transcripts are selectively translated in tH:"éRu ddle. F. H. (1996). A long-range regulatory elementdxc8identiied

hindbrain and anterior sp|nal cord, or Hoxb4 p_roteln 1S by using the pClasper vectétroc. Natl. Acad. Sci. US#3, 2426-2430.

produced throughout the neural tube and actively angurke, A.C., Nelson, C. E., Morgan, B. A. and Tabin, G(1995).Hoxgenes
rapidly degraded in posterior regions. Drosophilg the and the evolution of vertebrate axial morphologgvelopment.21, 333-
homeodomain protein Bicoid (Bcd) regulates the expression of 346

. . f tler, J. E. and Kadonaga, J. T.(2001). Enhancer-promoter specificity
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