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SUMMARY

From an evolutionary perspective, it is important to under-
stand the degree of conservation afis-regulatory mecha-

retinoid responses oHoxd4, Hoxa4 and Hoxb4 reveals that,
while they can be rapidly induced by RA, there is a window

nisms between paralogous Hox genes. In this study, we have of competence for this response, which is different to that

used transgenic analysis of the humaitiOXD4 locus to
identify one neural and two mesodermal ‘3enhancers that
are capable of mediating the proper anterior limits of
expression in the hindbrain and paraxial mesoderm
(somites), respectively. In addition to directing expression
in the central nervous system (CNS) up to the correct
rhombomere 6/7 boundary in the hindbrain, the neural
enhancer also mediates a three rhombomere anterior shift
from this boundary in response to retinoic acid (RA),
mimicking the endogenousHoxd4 response. We have
extended the transgenic analysis tdHoxa4 identifying
mesodermal, neural and retinoid responsive components in
the 3 flanking region of that gene, which reflect aspects of
endogenoudHoxa4 expression. Comparative analysis of the

of more 3 Hox genes. Mesodermal regulation involves
multiple regions with overlapping or related activity and is
complex, but with respect to neural regulation and
response to RA,Hoxb4 and Hoxd4 appear to be more
closely related to each other tharHoxad. These results
illustrate that much of the general positioning of 5and 3
flanking regulatory regions has been conserved between
three of the group 4 paralogs during vertebrate evolution,
which most likely reflects the original positioning of regu-
latory regions in the ancestral Hox complex.

Key words: Hox gene, gene regulation, hindbrain, retinoic acid,
transgenic mice, HOXD4, somite, evolution

INTRODUCTION

than the other group 4 genes (Boulet and Capecchi, 1996;

Saegusa et al., 1996).
The vertebrate Hox paralogy group 4 contains four genes The vertebrate Hox clusters arose by the duplication of an
highly related to th®rosophila Deformed (Dfdyene. While  ancestral complex (Duboule, 1994; Holland and Garcia-
their expression patterns are similar, there are differences Fernandez, 1996; Krumlauf, 1992) and it is possible that each
both the anterior boundaries and relative timing of expressioparalog may have conserved a subset or all otiteegula-
during embryogenesis (Gaunt et al., 1989; Geada et al., 199®ry regions characteristic of their ancestral ortholog. These
Hunt et al., 1991). For exampleoxa4d Hoxb4 and Hoxd4  may have subsequently been modified in some of the paralogs
have anterior limits in the hindbrain that map to the junctiorto produce small variations in the timing or boundaries of
between rhombomeric (r) segments r6 and r7 (Hunt et alexpression. An alternative hypothesis is that, after duplication,
1991; Keynes and Krumlauf, 1994), but their boundaries irach gene may have evolved control regions independently.
paraxial mesoderm are all offset by a single somite (Gaunt Analysis of the mouseéloxa4 andHoxb4 genes has previ-
et al., 1989; Hunt and Krumlauf, 1992). Mutation of theseously shown that it is possible to reconstruct many aspects of
paralogous genes in mice reveals a partial functionaheir endogenous expression patterns usiogreporter genes
redundancy or compensation illustrating that they can work transgenic mice (Behringer et al., 1993; Whiting et al.,
synergistically to pattern individual vertebral componentsl991). Elements within the' Blanking region ofHoxa4 can
(Horan et al., 1994, 1995a,b; Kostic and Capecchi, 1994jirect proper mesodermal and neural expression (Behringer et
Ramirez-Solis et al., 1993). More recently, it has been showal., 1993). Conversely, in the caseHafxb4 an enhancer in the
that this redundancy can operate at the level of individuahtron mediates the proper mesodermal and posterior neural
target genes (Gould et al., 199Apxc4is the most disparate domains of expression, while a second enharicefrtBe gene
member of the group with respect to both expression ancbntrols anterior neural expression (Gould et al., 1997; Whiting
function, as its anterior limit maps to the rostral spinal corcet al., 1991). The position, sequence and general function of
not the hindbrain (Geada et al., 1992) and loss-of-functiotheseHoxb4enhancers is conserved between puffer fish, chick
mutations affect the patterning of more posterior vertebraand mouse homologs (Aparicio et al., 1995; Morrison et al.,
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1995). The diferences beteenHoxb4 andHoxa4 in position
and actiities of rgulaory regions sugested thg in geneal,
control elements might not be conged betveen paalogs.

Analysis of the 5flanking egions of a thid group 4 member
(Hoxd4) has identitd sequences congsed betveen mouse
and human thamedide autoegulaory (Poppet and Feaher
stone 1992) andetinoic acid esponses in tissue culéucells
(Mavilio, 1993; Poppet and Feaherstone 1993). In tansgnic
mice, the consered sequenceldick containing the human
retinoic acid esponse element (RARE) functions inorias a
retinoic acid (RA)-esponsie enhancer thadirects neuail-
specift expression of a basal pmoterlacZ reporter, with a
shap bounday in the antdor spinal cod (Morrison et al.,
1996). Havever, this is postaor to the r6/7 boundgrof the
end@enousHoxd4 gene (Hunt et al., 1991). In coast, the
human autagulaory region, in the dsence of the RARE, is
unadle to direct meporter epression in t@nsgnic mice
(Morrison et al., 1996). Wle both the aut@gulatory and RA
responsie elements ma contibute to the full gpression
patem of the HOXD4 gene they do not set the @propriate
anteior boundaies in either hindk@in or paaxial mesoden,
suggesting otheragulatory regions nust be equired

In this stug, we use tansgnic anasis to identifycis-
reguletory regions of the humatOXD4 gene th& genegte
the corect anteior boundaies of epression in mesoder
and neual ectodem. We also galuaed theHoxa4 gene and
compaed the etinoid responses ofHoxd4, Hoxb4 and
Hoxa4. The esults povide a basisdr compaing and con
trasting the actities and positions of theegulaory regions
from these thee goup 4 paalogs.

MATERIALS AND METHODS

Transg ene construction

Reporter constucts utilizd the BGZ40 &ctor containing the human
-globin pomoter linled to thdacZ gene and SV40 pgaderylation
signal (Yee and Riglp 1993). Constrcts #1-#15 contain dgments

from the humanlOXD4 clone pG3-4.4co0s3.1 (Cianetti et al., 1990).

Constuct #1 contains a 4.2 KBcaR| fragment in the 53' orienta
tion, dunt end toned into theSal site. Constucts #2, #3 and #5ew
made ly digesting constrct #1 withNotl and eitherStu or Xba or
Bqglll, respectiely. Constuct #4 was made in te stgs, with irverse
PCR (Clakson et al., 1991) anesting the 95 bp deletion of CR1
sequences in a 720 bp sldme frst, using the olignudeotide
primers:  direct-3-CAGAGGACCCAGGCTAACGGGCT3  and
inverse-3-CAGGTCAGGACCATGTGGCTGGC-3 Constuct #6
was gneseted ty blunt ended loning of the HOXD4 Bglll- Xba
fragment in the 53’ orientaion. Constucts #7 and #8 are genested
by digesting constrct #6 withKpnl and eitheiMsd or Drall, respee
tively. Constuct #9 was gneeted ty digesting constict #1 with
Bglll and Std end filing, which remoses the 1.65 kb intaal
fragment and self liging. Constuct #10 contained a 960 badment
of HOXD4 3' flanking sequencesgested by PCR using the olignu-
cleotides (A) diect-3-TTAGCTTCTAGAAGACTTAACAAAGG-
Jand (B) iverse-3-AATCTGTCTAGACATTGAACCTTCTC-3.
Constuct #11 catied in the 53 orientaion a 1.5 kbXba-Apal
HOXD4 fragment. Constrcts #12#15 were geneeted ly inseting
HOXD4 genomic fegments, gneated ty PCR into theXbd site. The
insets for constucts#12#14 were geneeted with the same' primer
(C) direct-3-AAATTTAATTTCTAGATCCAGAAGGGGGG-3 and
the fllowing 3 primers respectiely #12 (D) indirect-3-CTTTC-
CTCTAGAGCAGGGATGCAGTC-3, #13 (E) indiect-3-GAAG-

GTTCAATGTCTAGACAGATTTGGG-3, and #14 (F) indiect-3-
AAAGACGTCTAGACTATGTATGAACTCTG-3. The inser for
constuct #15 was gneeted using pmer E and the 'Sprimer (G)
direct-3- TGGGGTCRGACTTTGTTTCTCCTTGG-3 Constucts
#16 and#17 were geneated using DM fragments fom the mouse
Hoxd4 genomic ¢one Cos E (Eaherstone et al., 1988). Constit
#16 contained a 1.6 kKkbd 3' fragment and congict#17 a 3.8 kb
Hindlll 3' fragment in the 53" orientaion. Constucts#18 and 19
were enegted by inseting a 3.9 kbApal fragment, isolted from the
9 kb, mouseHoxa4 genomic done 2195F (it from D. Wolgenuth),
into theApal site of BGZ40 in the ‘'35’ orientédion.

Production of transg enic mice and B-galactosidase

staining

In all cases, s&ctor sequences ere removed from fragments or
injection ty digestion with estiction enzymesdllowed Ly gel puifi-
caion. Transgnic potocols andlacZ staining eactions \ere
performed as pviously descibed (Hagan et al., 1986; \Witing et al.,
1991). Throughout this stuy the allocdion of expression to specifi
somite boundées was based on oaful counting of somite umbes
and the position elaive to the érelimb kud, assuming thathe
antefor magin of this stucture & 9.5-10.5 dpc liestaghe somite (s)
8/9 junction as mviously descibed by (Burke et al., 1995). Under
these dteria, our combined antibgdand in situ anabis revealed tha
the pression of the endgnousHoxd4, Hoxb4 and Hoxa4 genes
were of'set fom eab other ly a single somite and rpped to the s5/6,
s6/7 and s7/8 junctionsgspectiely. The assignment ofbsolute
somite boundaes often aries betveen goups, deending upon: (1)
whether the fst somites drmed which degeneste ae talen into
account; (2) wether the most anier somite of &pression is usuall
very weak and mosaic and could be missed and (8fhwsomite
bounday is assigned to the animr magin of the brelimb kud. In
the case of honx@ressing constrcts, the total mamber of tansgenic
embros was detemined ly PCR anajsis of embyonic tissue For
timed pegnancies, noon on thedtha the \aginal plug was obsered
was talen to be 0.5 dpdRA treament of embyos was ty gavage, as
descibed peviously (Conlon and Rossant, 1992; Mhall et al.,
1992; Morison et al., 1996).

Mouse embr yo culture

Mouse embyo cultue was perbrmed using 9.5 dpc emjms as
descibed by Codroft (1990) using 100%at seum in otating tubes
in the dak and intemittent gassing with 40% @and 5%CQat 37°C.
In RA treaments, RA (1.6uM) was adled and after 4 hous, the
culture media emoved and the empos washed etensiely in RA-
free media toamove exogenous RA. Tie embyos were then cultued
for a futher 12 hows bebre anaysis.

Whole-mount in situ h  ybridisation and imm unostaining

Mouse embyos were pepared using a modifetion of the method of
Wilkinson (1992). Tie RMA probes vere made using full-length
Hoxd4 and Hoxa4 cDNAs (Feaherstone et al., 1988; @genuth et
al., 1987). Immnostaining s perbrmed using a mouse Kb4-
specifc monodonal antibog as desdbed (Gould et al., 1997).

RESULTS

Identifi cation of HOXD4 regulator y regions

In order to identify enhancer elements of tHOXD4 gene
responsite for geneeting the poper antdor limits of
expression in the neattube &the r6/7 junction and in paxial
mesodem & the s5/6 boundgr(Gaunt et al., 1989; Hunt et al.,
1991), ve tested egions from the human locus inansgnic
mice Prviously, we shaved tha regions 3 of the HOXDA4
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Fig. 1. Genomic oganisdion and tansgnic constucts flom thiee
Hox group 4 @nes. Tie humarHOXD4 (A), the mouséHoxd4 (B)
and the mouskloxa4 (C) loci ae depicted ty the patial restiction
mgps d the top of edt panel, vihere the h&ched ectangles mérthe
position of &ons. The elongted hached ellipse in the inbn of eab
gene maks the position of a consexd (CR1) sequence element
(Apaicio et al., 1995; Haey and Gehing, 1996; Morison et al.,
1995). (A,B) The oval and heagon in the 5flanking egion of eat
gene maks the consered positions of a compteRARE and a
potential autaegulatory element, espectiely. Above the loci ag
rectangles indiding the elaive positions of neat (Hack) and
mesodemal (stippled) enhanceegions identifed in this and another
(Morrison et al., 1996) &ansgnic stug. Belov eat panel a the
various genomic fagments usedof transgenic leporter constucts
and athe ight of eat is indicaed the constrct rumber (#) and the
total rumber of tansgnic mice poducing the same consistent
expression ptiem (EXP). (A) Arows over constucts 10-15 indici
the PCR pmers (see methods) used to igelthe espectie regions.
Restiction enzyme sites, (Apal, (B) Bglll, (D)Drall, (H) Hindlll,
(Kp) Kpnl, (P) Pst, (R) EcaRl, (S)Stu.

ATG medidged neual-specifc expression with a boundgrin
the 1ostral spinal cod (Morrison et al., 1996). Since this naur
limit was posteor to the boundarof the endgenous gne and
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mesodemal expression vas missingwe eamined egions 3
of the ATG for adlitional enhancer aeifty.

First we tested a 4.2 kkcoRl genomic fagment contain
ing the HOXD4 intron, eon two and 3.4 kb of sequence
extending past the ansldional stop codon (consict #1; Rg.
1), linked to alacZ reporter gene In seven indg@endent inser
tions & developmental time points dm 9.0-11.0 dgs post
coitum (dpc), this congict directed both neat and mesoder
mal reporter expression, Vkich extended up to a sharr6/7
anteror limit in the hindbain and up to the \el of the s5/6
bounday in the paaxial mesoden (Fg. 2B,C,E). Typical of
Hox genes, the »pression of both the endenousHoxd4
mRNA and thelacZ reporter in the most anter domain of
somitic epression (s6), ws @ a lover level than in moe
caudal somites. e anteior boundaies of expression diected
by this 3 reguldaory region ae the same as the emgomous
Hoxd4 gene (Fg. 2A,D) and combined with the poster
neurl enhancer lo¢ad 3 of HOXD4 (Morrison et al., 1996),
they reconstuct a major pdrof the Hoxd4 patem. However,
these 5and 3 regions do not completgl reconstuct the
endagenous Hoxd4 patem because theris an hsence of
reporter staining in lgeral plae mesoden and diferences in
limb expression. his sugests thaother contol regions ma
be missing or thahe ggne m# need to be in the noral chro-
mosomal conte for proper egulaion of these aspects of
expression (compar Hg. 2A,B and DE).

Mapping a pr oximal 3' mesodermal enhancer

To further ma the mesodenal and newal contol regions, we
geneated a sdes of deletion congicts (#2-#15; k. 1A).
First we tested a 2.36 kBcoRI-Stu fragment (constict #2)
containing theHOXD4 intron, exon 2 and 1.14 kb of'3
sequenceln nine tansgnic foundes, neual expression vas
speciftally lost, ut we consistenyl obseved the same s5/6
mesodemal expression ptiem seen with conatict #1 (déa not
shavn). A shoter 2 kb EcaRI-Xbd fragment (constrct #3)
gave an identical mesodeal-resticted pdtem in three tans
genic embyos (Hg. 2RJ).

Initially, we focused on the imin within constuct #3,
because in grious work on theHoxb4 pamalog we identifed
a mesodanal enhancer lotad in the equwalent egion
(Morrison et al., 1995; Wting et al., 1991). Ftinermore,
within the Hoxb4 intron, thee is a highy conseved iegion
(CR1) pesent not onl in the mousg chick and puferfish
homolagys hut also in the intins of the palogousHoxd4 and
Hoxa4 genes fom seeral species (paicio et al., 1995;
Cianetti et al., 1990; Moison et al., 1995). In dition, a
conseved Hock relaed to CR1 isdund within the intons of
the Hoxa7 (Haery and Gehing, 1996) andHoxd9 (Zappavi-
gna et al., 1991)anes. In all cases, the eoof this lock
contains thee consensus homeodomain binding sitegjesig
ing it may function as a Hotamget in \ertebrates (Haery and
Gehing, 1996). D examine the potentialote of CR1 in the
HOXD4 enhancer (consict #3), ve ceaed a specifi 95 bp
deletion of CR1 (congict #4), lut obseved no iang in the
expression ptem (n=3; dda not shan) compaed with wild-
type constuct #3 or with other deletioraviants (constucts #5-
8; Hg. 2). Therfore, despite thed¢ensive deree of @olu-
tionaly consevation, this esult shavs tha CR1 is not
necessarin this tansgnic assgafor the egulaory actiity of
the poximal HOXD4 3 mesodemal enhancer Intronic
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Fig. 2. Compaison ofHoxd4transgne and
enda@enous gpression paems and the
mgpping of two mesodanal enhancer
actiities. (A) Whole-mount in situ
hybridisaion of the mousé&loxd4gene €9.5
dpc (B) Lateral view of 3-calactosidase
expression in a 9.5 dpcansgnic embyo
containing constrct #1. The tansgne has the
correct anteior limits a the r6/7 hindbain
bounday (shavn in flat mount in (C)) and the
s5/6 junction in the paxial mesoden.

(D) Whole-mount in situnybridisation of the
mouseHoxd4gene 410.5 dp¢note tha
expression in the antr most somite istaa
lower level than moe caudaly expressing
somites. (EB-galactosidasexpression in a
10.5 dpc tansgnic embyo containing
constuct #1. Expession of3-galactosidase in
a transgnic embyos d 10.5 dpc caying;
(F,J) constuct #3, (GK) constuct #7,

(H,L) constuct #8, (I,M) constuct #10. In all
cases, staining igsticted to the sgmented
mesodem (F-M) with an antdor limit at the
s5/6 junction bit with lower levels of actity

in somite 6. (Ov) Otic &side, (r)

rhombomeg, (s) somite

sequences other than CR1 could be irgydrfor regulaory
actiity, so we tested a 710 biacoRI-Bglll fragment contain

ing only the HOXD4 intron and 165 bp ofx®n 2 sequences

(constuct #5). Havever, in a total of 18 dunder embyos, we
detected ndacZ gene gpression in mesodear, demonstting
that the HOXD4 intron alone is not sfitient for mesodenal
regulation.

This sugested thaithe enhancer is lotad in the 1.2 kb
Bglll-Xba fragment, vhich was confimed ty testing the
actiity of this region alone (constrct #6). In dur transgnic
embryos, we detected mesodral expression with a boundgar
at the somite 5/6 junction, identical to tha@btained with con
stiucts #2-#4 (d@ not shan). Transgenic embyos carying
two further deletions of the 1.2 kb enhancer (cardt #7 and
#8) all had a s5/6 boundaof somitic epression identical to
that of the full 1.2 kb enhancer and the egeloousHoxd4gene
(Fig. 2GH,K,L). Thus elements gable of mediding the
comect patem of HOXD4 expression in somites lie within & 3
375 bpDrall-Xba fragment.

A second distal mesodermal enhancer 3 ' of HOXD4

We made an inteal deletion of the 1.2 kb mesodal
enhancer in the conte of the initial 4.2 kb fagment
(constuct #9) to detanine whether the emaining egions
were suficient to medite the poper r6/7 newl expression.
Sumprisingly, the p#tems of tansgne a&pression vere
identical in the nea tube and mesodarto those obseed
with constuct #1 (d& not shan). This sugested thathere

#7 #8 #10

is a second mesodral/somite enhancer within these
sequences gable of directing the poper antdor bounday
of expression. Since & found no egulaory actiity within
the intion alone (constict #5), v examined theemaining 3
region. A 960 bp fagment gneeted by PCR (constict #10),
directed a consistent fpam of transgne epression in the
paaxial mesoden, with an antéor bounday a the s5/6
junction (Fg. 2I,M). Howvever, we detected noxression in
the hindbain or anteior spinal cod of ary of the embyos.
This implies tha somitic expression ofHOXD4 is geneeted
by a least tvo indgpendent egulaory regions eab cgable
of directing mesod@nal expression up to the s5/6 boungar
Sequence compiaons betwen these tovenhances revealed
no extended bbcks of identity and a seelr of the Eukayotic
Transciption Factor Daabase (TFD) (Ghosh, 1993)orf
potential knavn cis-acting binding sites as not inbrmétive
with respect to candida regulaors.

Interestingy, in several of the embyos with constuct #10,
we obseved staining in the limbux, lateral plate mesoden
and tail lwud (Hg. 21) tha were not seen with constct #1 (Fg.
2B,E), sugesting thanegative regulaory influences mahave
been deleted in this smaller constr: Since the taral palde
and limb domains coespond to the spedifisites viner
constuct #1 tansgne a&pression did not ecrede the en-
dogenous ptem, it is possike tha in the nomal chromo-
somal contet these ngative influences do not occur ancew
are not missing dfical cis-elements needeaif positive actt
vation of the gne in these tissues.



Mapping the HOXD4 neural enhancer

The esults @ove implied thathe components wlved in ieg-
ulating neual expression might be lot¢ad in the 5portion of
the 1.9 kbStu-EcoRl fragment (kg. 1). This was confimed
using thee diferent ovedapping subfagments of this egion
(constucts #11-#13) (da not shavn and kg. 3A,E). In all
cases, the anter limit of expression gtended up to a shar
ré/7 bounday with reporter staining gadualy dedining
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mesodemal and newl enhancer ae consered betveen these
species.

The 3' HOXD4 neural enhancer responds to retinoids

The RARE locted in the 5region of theHOXD4 locus has
been shan to medite a esponse to ectopietinoic acid (RA)

in transgnic embyos (Morrison et al., 1996), andewanted

to detemine if it is involved in the werall response of the

caudaly. To further defhe the position of the r6/7 enhancer in HOXD4 gene to RA though inteaction with other 3contol

the minimal 700 bpeagion (constuct #13), ve geneated two
patially ovedapping subfagments. In fre transgnic embyos
carying the 5 405 bp (constrct #14), eporter actvity was
never detected (da not shwn). In contast a 3 468 bp
fragment (constrct #15) medited a consistent pgam of
neurl-resticted epression (k. 3B,F) in six tansgnic
foundes. Havever, the antdor limit of expression did not
extend up to the mper r6/7 boundgr but mgped caudayl to
the hindbain/spinal cod region. These esults sha tha
multiple elements in théedOXD4 enhancer & required for

setting the poper r6/7 newl expression domain. Elements in

the 3 patt of the enhancer arale to direct neual-resticted
expression, ile elements in the' Segion ae required to set
the corect anteor limit.

The Hoxd4 regulator y elements are conser ved
between mouse and human

We wished to detenine whether the position of 3egulaory
regions were also pesent in the mouseege By sequencing in
the 3 flanking egion of the mouséloxd4locus, we identifed

a region coresponding to the minimal 700 bp human aéur

enhancer within a 1.6 kiXbd fragment. In thee bunder
embryos, this fegment (constict #16) medieed neual-
resticted staining up to the r6/7 boungdFig. 3C,G).
This patem was indistinguishiale from thd obtainec
with the humarHOXD4 neuial enhancer demonatr
ing tha the function and position of thegulaory
region was consered We hae tied to utiliz
sequence compaons betwen these tw elements t
identify functionalyy conseved Hocks, hut the dgree
of identity oser the entie 700 bp is soxtensie (85%;
that this gproac has been uninfmative.

The humarHOXD4 neuial enhancer as fanked by
two mesodanal contol elements all contained in
2.6 kbDrall-Ecadrl fragment (kg. 1). Therefore, we E
used a 3.6 kblindlll fragment (constrct #17), vhich
extended both 5and 3 of the mouse neat enhance Ov
to assg for the pesence of similar mesodeal
contol regions. In adiition to the &pected r6/7 neat
domain, thee of six tansgnic embyos displged
strong mesodenal expression with the same st
anteror limit as the endgenousHoxd4 gene (Hg.
3D). The thee emaining emlyos shaved the r6/

#13

elements sutas the neat enhancer defed hee. As a basis
for compaison, we first chaacteised the RA esponse of the
end@enousHoxd4 gene in utes. Using conditions knen to
induce Hoxbl (Conlon and Rossant, 1992; Mhaall et al.,
1992), &posue to RA & 7.5-7.75 dpcdils to induce ectopic
Hoxd4 expression (k. 51) even though the @ne is gpression
at tha time in the pimitive steak. Havever, thee is a apid
and d/namic induction oHoxd4 in the anteor hindbiin in
response to RA&aments &9.5 dpg whenHoxb1is no longer
induced ly RA. The lesponse can be seen within 6 lsowhen
ectopic epression is gpanded antésrly over thee rhom
bomees (r4-r6) t, after 12-24 how, thee is a gadual
reduction in r5 (K. 5A, E). Under these conditionsgevdid
not obseve ary chang in the mesoderal patem of Hoxd4
gene gpression bllowing exposue to RA.

The RA esponse of the endgenous gne is signiftantly
different to tha seen with the '5RARE elements décting
reporter expression (Morison et al., 1996) andince it occls
largely within the hindbain, we wished to xamine vhether
the 3 neuml enhancer @as irvolved We exposed tansgenic
founder embyros carying either constrct #16 (the mouse
neual element) or consict #11 (the human nalrelement)
to RA & 7.5-7.75 dpc or 9.5 dpand assged for lacZ activity

neurl expression bt had either wak or p&chy mese
demal epression vhere it was had to assign

distinct anteior bounday (Fig. 3H). We assume the
differences & due to diferential infuences xerted by
the sites of intgration. Therefore, as in the hume
gene this 3.6 kb fagment containstdeast oneeagu-
latory region flanking the nea enhancer qable of
mediaing the poper pstem and boundagr of somite
expression, sugesting thathe elaive positions of th

V) AN

Fig. 3.dentification of theHOXD4 /Hoxd4neurl r6/7 enhancsr

(A-D) Lateral and (E- H) dasal vievs of neual-specifc 3-galactosidase
expression in 10.5 dpc emrs containing consicts #13, #15, #16 and #17,
respectiely. For constucts #13, #16 and #17, the aietimit to expression
lies & the r6/7 junction in the hindain (arowheads), postar to the otic
veside (Ov). (BF) Note havever, tha in the tansgnic embyo carying
constuct #15 the antéar limit to neurl expression (aiowhead) is caudal to
the r6/7 junction (small eow in F).
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a 10.5 dpc Treaments & 7.75 dpc did not altereporter
expression. Havever, in both cases withéements &9.5 dp¢
we detected an anter shift in transgene &pression vitually

At later stges betveen 11.5 and 12.5 dpendaenous
Hoxa4 expression gtends moe anteiorly up to the r6/7
junction, like Hoxd4 andHoxb4, indicaing thd there is a dif
identical to tha obseved with the endgenous gne where  ference in the timetavhich these gnes ead their espectie
ectopic staining &s seen in r4 and r6 after 24 hoyFAg. anteior limits (Gaunt et al., 1989; Hunt et al., 1991). Hence
5B,C,EG). Weak r5 staining &s also seen in some casesdda we examined &pression in the AL34 linetal1.5-12.5 dpc to
not shavn). This demonsates tha the 3 neuml enhancer is detemine if it would shift moe anteiorly, but staining

itself cgpable of mediging a etinoid response and is not
stiictly dependent upon the' RARE elements. \thin the 3

remained caudal to the r6/7 junctionigF4D, and déa not
shavn). This indicdes tha the 3 Hoxa4 enhancer does not

enhancerthee ae no typical consensus RARESs with a spacingnimic the endgenous ptiem & later staes.

of 2 or 5 base parbetveen the dict iepeds, tut thee ae

A deletion of théHoxa4 constuct emaoving 1 kb of the DM

some &ypical direct iepeds with a spacing of 0 and 4 base sequences thdie immedidely adjacent to theane (constict
pairs and tvo widely dispesed consensus half sites. Hence it#19), also diected neual-resticted epression in a manner

is not dear if the RA esponse is dict. The naure of the RA
response medied ly the 3 enhancer and the ernginous gne
are so similarthis element is ligly to be a major component
involved in egulaing the ectopic @sponse in the hindin.
Thus the RAesponse of theHOXD4 gene ivolves inputs fom
multiple contol elements and tlyegppear to hee a common
window of competence toespond which opens beteen 8.5
and 9.5 dpc

3' regulator y elements in the mouse Hoxa4 gene

Regulaory elements thiacan medite Hoxa4like patems of
expression lie in sequences$ o this gne (Behinger et al.,
1993). Havever, we were inteested in testing hether adi-
tional elements geble of directing Hoxa4 expression I in
3 regions ty analay to Hoxb4 (Whiting et al., 1991) and the
HOXD4/d4 results aove. Therfore, a ~3.3 kbXbd-Apal 3'
fragment fom Hoxa4 (Fig. 1C; constuct #18) vas testedin
transgnic embyos, we consistenyl obseved neual and
mesodemal expression with shar anteior boundaies (daa
not shavn) and ve geneeted a sthle line (AL34) to irvestt
gate this pdem in moe detail (kg. 4A).

In transgnic embyos from the AL34 line and &msient
foundes, thee was staining in leral plae and paaxial
mesodem, with the same anter somite boundar a& s7/8
obsewed with the endgenousHoxa4 gene (Fg. 4A,G). The
mesodemal expression of this ainsgne (constrct #18) is
similar to tha previously obseved with 5 regulaory elements
from Hoxa4 (Behiinger et al., 1993 ). Aerefore, like HOXDA4,
there ae multiple ovedapping mesodenal enhancer adcfities
surrounding theHoxa4gene some of hich lie in its 3 flanking
region.

The anteior bounday of neual expression with thidHoxa4
transgne ppeaed to be caudal to the r6/7 junctiongHA-
D). To illustrate this moe deaiy, we bed the AL34 line with
another line (ML19) thiacaries alacZ reporter gene under the
contol of an r3/r5 enhancerdm theHoxb-2 gene (Sham et
al., 1993). his povides comenient intenal reference points
for identifying specift rhombomec boundaies (Fg. 4B-D).
From the laeral view of a 10.5 dpc empo (Hg. 4B) and a #t
mount of the hindlain region (Fg. 4C), it is ¢ear tha the
anteror limit of the Hoxa4 transgne lies mag than a single
rhombomee’s width fom the r5 mdeer, in the vicinity of the
r7/8 junction. Inteestingly, in Hoxa4 whole-mount in situ
anaysis d 9.5-10.5 dpcwe consistenyl found thathe antdor
expression limit of the endfenous gne vas also caudal to the
ré/7 bounday (Fig. 4GH). Thus the endgenousHoxa4neual
patem of epression & 10.5dpc tosely resemkes the
transgne &pression with constict #18.

identical to tha seen with the full enhancer i¢F 4E,F).
However, in these emlyos, epression in mesoder was
speciftally abolished This demonsates tha separable neuel
and mesodenal contpl regions also opeite in the 3flanking
region of theHoxa4 gene which may be a common pipety
of the goup 4 paalogs.

The response of Hoxa4 to retinoids

To further our compasons withHOXD4/Haxd4, we have also
analsed the RA&sponse ofoxad To chek the endgenous
RA response fst, we perbrmed whole-mount in sitthybridi-
saion on 10.5 dpc emios, which had beenx@osed to RA in
utero at 9.5 dp¢ as br Hoxd4. While we did obsere an RA
responsedr Hoxa4 , this was quite diferent in naure to the
Hoxd4 responseTher was an inagase in the stngth of the
signal, sugesting higher leels of Hoxa4 transcipts, and a
small anteior shift in the &pression boundar This shift was
from a egion near the spinalcdfindbain bounday in
contwol embyos (Hg. 4GH), up to an antésr limit at the r6/7
junction (Hg. 5K,L), but with no &pression in mag anteior
rhombomees. The teament & 9.5 dpc had no detetla
effect upon the mesodunal pdatem of expression andlike
Hoxd4, RA treaments & eafier times also diled to induce
Hoxa4expression (d&a not shavn). Thus the tempead window
in competence toespond to RA is consexd betveenHoxd4
andHoxa4 but the esponse itself is diérent.

Embryos carying theHoxa4 3 neuil enhancer (line AL34,
constuct #18) and the r3/r5 mar (ML19) were also teaed
with RA a 9.5 dpc and angded br transgne induction after
24 hous. lacZ expression shifted mer anteiorly to the r6/7
bounday, but only in ventral regions (Fg. 5D,H). Thus thee
is an RA esponse medied by theHoxa4 neurl element, bt
this enhancer as not sufcient to ecrede the full induction
obseved for the endgenous gne

Neural enhancer s and the retinoid response of

group 4 paralogs

The coreldion between the 3neurl enhancerand the ectopic
response to RAdir both theHoxd4 andHoxa4 genes sugests
that this might be a gneal chamacteistic of goup 4 paalogs.
To explore this futher, we examined the RAesponse dfloxb4
and of the 3r6/7 neual enhancer égion A), which we hare
previously identified in tansgnic studies (paicio et al.,
1995; Morison et al., 1995; \WMting et al., 1991). & hae
used both \Wwole-mount in situ ybridisaion and imnunohis
tochemisty to monitor the RA esponse of the engenous
Hoxb4 gene and obtained identicalsults with both methods.
In the neual ectodem, thee is a stong and apid RA response



at both 8.5 dpc and 9.5 dpbut no induction with ®aments
at 7.5-7.75 dpc (i§. 6A-C and d&a not shavn). At 9.5 dp¢

ther is initialy a thee rhombomer shift etending the
anteror bounday from r6/7 up to the r3/4 junction i@ 6B),

and this is éllowed ty a davnregulation in r5 (Hg. 6C). Again

we detected nohangs in mesodenal expression after RA
treament & 9.5 dpc This response is identical to thabseved

with Hoxd4. Exposue to RA & 8.5 dpc esulted in an antier

shift of one rhombomer up to the r5/6 boundar(daa not
shawn).

To examine the esponse of the’' 3Hoxb4 neuml enhancer
we gplied the same RA @¢ement egime to tansgnic
embros carying the lacZ reporter under egion A contol
(constuct #9 in Whiting et al 1991). Lik the endgenous
gene the tansgne displged the same temparwindowns of
responsggiving a one rhombomershift & 8.5 dpc and a tee
rhombomee anteior shift with d/namic devnregulation in r5
at 9.5 dpc (k. 6D-I; and déa not shan). Futhemore, to
confirm tha the teansgne and endgenous ptems were coin
cident, in some caseswirst perbrmed Hob4 immunostain
ing (Hg. 6B), followed Ly B-galactosidase histbemisty on
the same #@nsgnic embyos (Hg. 6E) and édund identical
patems.

We tharacteized the nture of the tansgne RA esponse in
two ways. Rrstly, we exposed 9.5 dpc @ansgnic embyos to
RA in culture and then asgad for reporter staining obseving
a rapid three rhombomer anteior shift in the boundar of
expression (kg. 6H). Similaty, when embyos posed to RA
at 9.5 dpc in utey were havested and staineaif reporter
actvity 4-6 hous laer we ajain obseved the thee rhom
bomeke anteior shift in expression (kg. 61). Thus, the lak of
response to elgr RA treaments (7.5-7.75 dpc) ven both the
transgne and endgnous gne ae epressed in the neal
ectodem does not impyl the Hoxb4 gene itself is sl in
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RA-responsie regulatory elements in the'3lanking egion.
These findings, and m@vious work on Hoxb4 andHoxa4, have
endled us to gamine the dgree to viich Hax group 4 egu-
latory elements h& been conseed dumg duplicdion and
divergence of the ertebrate dustes. The daa shaev tha the
global oganisaion of cis-regulaory regions betveenHoxd4,
Hoxb4 andHoxa4 is remakably conseved in suppor of the
idea tha they reflect the oiginal positioning of egulaory
regions in the ancedt vertebrate duster (summazed in Hg.
7). Supeimposed upon this ganisdion, in some cases the
actiity of individual elements@peas to hae diverged which
may account &r some of the minor diérences in antéor
boundaies and timing of xpression. In other cases aitfies
have either beenained lost or earanged

Neural regulation of Hoxa4, Hoxb4 and Hoxd4

Enhances cgable of setting the r6/7 anier limit of neusmal
expression bamcteistic of both the endgnousHoxb4 and
Hoxd4 genes lie in the '3flanking sequences i 7). The
timing, spdial restiction and RA esponse medied ty these
two enhancex is \ery similar, sugyesting thaboth genes mg
use common méanisms to gvem the p#em of neual
expression. Although & used sequence comisans to se@h
for consevation between theHoxb4andHoxd4r6/7 enhances;
we detected no efibus Hock of similaity shaed betveen
them. Hence if the similar functional adty of these
enhances is deived from common ancestr regulaory
elements lodad in this position, it wuld gpear these awoir
ties ae medided by small dispesed maotifs.

Although Hoxa4 regulation differs from tha of Hoxb4 and
Hoxd4, thee ae still impotant similaities. One diference is
tha the antdpor limit of endayenousHoxa4 expression on}
reates the r6/7 junctiontdater time points (after 11.5 dpc)
(Gaunt et al., 1989; Hunt et al., 1991hile, in ealier stayes,

responding orequires a higher dose of RA. Instead once thehe anteior bounday lies caudal to r6/7 (§. 4GH). The 3

gene is competent tespond in leer staes, the esponse to
RA can be obseed both in vito and in utes within 4-6 hous
of RA administetion, sugyesting thathis is a apid and diect
result of RA e&posue. Together theseeasults demonsite a
consevation in the 3 locaion of neual-specift enhancer
from thiee goup 4 paalogs, with a tose associ@on of regu-
latory elements gaeble of mediding responses to RA tha
closely resemlte those seen with theegpectre endgenous
genes.

DISCUSSION

In this stug through tansgenic ana}sis of the humarlOXD4
gene we have identifed contol elements in the'3Jlanking
region tha direct expression of aeporter gene in a peéem
similar to the endgenousHoxd4 mouse gne with espect to
antefor boundaies. We found two different enhancer tha
independentyy direct mesodenal epression to the per
somite 5/6 boundgrand a thid regulaory element, conseed
with the mouse gne tha medides epression up to an r6/7
limit in the hindbein. The neual enhancer wolves the inter
action of nultiple componentsdr r6/7 epression and also
responds to ectopic doses of RA in a manndrrtimics the
RA response of the engenousHoxd4 gene In adlition, our
anaysis of theHoxa4 gene identiftd mesodenal and neal

enhancer fim Hoxa4 identified hee, directed neul
expression with an anter bounday in the caudal
hindbrain/spinal cad region, but the boundar never maped
to the r6/7 junction taary stage (Hg. 4A-F). This pdtem
closely resemles ony the ealy phase of endgenousHoxa4
expression. hie actvity of the Hoxa4 enhancer isety similar
to tha of the HOXD4 enhancer containing onithe neual-
specifc component (comparHg. 3F and kj. 4F). Our tans
genic anasis kevealed tha the humanHOXD4 neual
enhancer could bewdded into tw sgarte components; one
tha medided neual speciftity and a secondequird for
setting the prper anteor bounday a r6/7 (Hg. 3E,F). This
suggests thathe Hoxad gene ma differ from its paalogs in
having lost the 3component(s)aquired to set the r6/7 anter
limit at 10.5 dpc On the basis of thesetdawe condude tha
the thee goup 4 paalogs, Hoxa4, Hoxd4 and Hoxb4, have
maintained the position of d Beurl enhancer (seeid- 7),
presumaly deived fom a common ancestr regulaory
element, dung duplicdion and dvergence of Ha comples
in vertebrate evolution.

Regulation of the 3 ' neural enhancer s by retinoids

One of hallmaks of the Ha gene complees is the colinear

naure of their esponse toetinoids (Conlon and Rossant,
1992; Kessel and Guss, 1991; &alopulu et al., 1991;

Simeone et al., 1990, 1991). Wever, this lesponse is pobyr
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Fig. 4. The mousdioxadgene contains'ieurl and mesoderal
enhancer agtities. (A) A 10.5 dpc &nsgnic embyo from the
Hoxa4 AL34 line containing constict #18. Expession is seen in the
lateral and somitic mesoder; the antaor limit of which lies & the
somite 7/8 junction. (B-D) Doué transgnic embyos from a
mating of AL34 with another insgnic line (ML19) catying an
r3/r5 enhancer dicting lacZ gpression (Sham et al., 1993h&
anteror limit of expression 10.5 dpc (BC) and 12.5 dpc (D) lies
caudal to the r6/7 junction. A hindbn flat mount (C) of the emio
in B shavs thd expression limit (arowhead) does not caspond to
r6/7 (arow) and mas moe than a single rhomboneewidth fom
the r5/6 junction. (E,F) A teral (E) and dasal (F) viev of a 10.5
dpc embyo carying constuct #19, gain the antdor limit of neusl
expression (alowhead) lies caudal to the r6/7 junctiorréar).
(G,H) Hoxa4in situhybridisation in a 10.5 dpc embo (H), with a
flat-mount peparation of the embyo (G) illusteting thd, a this
stage of deelopment, the antier limit of Hoxa4 neurl expression
is caudal to the r6/7 junction. (Ov) otieside. The small aiow in
C,EH indicaes the position of the r6/7 junction.

undestood and it is notlear whether the RA-inducechanges  different mannerRA treament @times (7.25-7.75 dpc) kmm

in expression ag direct or indiect and vether thg involve  to afect Hoxbl expression (Conlon and Rossant, 1992;
graded sensiiities to RA concengtions. In suppdrof a diect ~ Marshall et al., 1992) had nofe€t upon the endgnous
role for RA and its ndear ecetors, RAREs hee beendund  expression pdem of Hoxa4, Hoxb4 or Hoxd4 even though
near some gnes and seral ae implicaed in the nanal these gnes a being &pressed in the elyr neural ectodem
contol of Hox expression (Dupé et al., 1997ydsd et al., and esthlishing their espectie anteior boundaies dosely
1995; Langston and Gudas, 1992; Btall et al., 1994; following Hoxbl Corversely, RA treament & later times (8.5-
Moroni et al., 1993; Maison et al., 1996; ¢ppet and Feah- 9.5 dpc) apidly induced antéor shifts in epression of the
erstone 1993; Studer et al., 1994)h@ RA esponse of the group 4 gnes (fgs 5, 6), vimnenHoxb1is no longr responsie
most 3 genes has priously been gamined in the geaest  even though it is still pressed in the hindain.

detail, lut our anasis of thee goup 4 Hx
genes hasevealed thathey respond in

D

12

Fig. 5. The RA esponse of the endenous
Hoxd4 andHoxa4 genesand tansgnic
reporters under contl of their 3 neual
enhances. (A-C) The endgenousHoxd4 gene
(A), the mouseHoxd4transgne (B) and
human HXD4 transgne shw a similar
response to RA administat in uteo at 9.5
dpc In all cases ectopicpression is induced
in r4, r5 and r6, with den reguldion in r5 after
12-24 hous. The embyos shavn hee were
assged either 12 housr(A ) or 24 hows (B,C)
after teament. (E-G) Dosal vievs of the same
embros shavn in A-C, respectiely. (I) A 9.5
dpc embyo treaed with RA @ 7.5 dpc; the
endagenousHoxd4 neurl expression is
unchanged (J) A 10.5 dpc contt untreged
embro. (D,H) A lateral view of a whole 10.5
dpc embyo (D) and its dasal flet mounted
hindbrain (H) from theHoxa4 AL34 line
(constuct #18), &posed to RA89.5 dpc A
Hoxb2/lacZtransgne (Sham et al., 1993a&
again used to m&rr3 and r5. Tiere is a ostral
shift in expression up to the r6/7 boungar
however, this lesponse is limited to themtral
regions of the newl tube (arowhead).

(K,L) Hoxa4in situ hybridisation in a 10.5 dpc
embryo (K) treged with RA @ 9.5 dpc and the
flat-mounted hindkain of this embyo (L)
shavs neual expression shifts up to the r6/7
junction. The * in A-D and K, L epresents the
position of the otic @side.




Fig. 6. Analysis of the RA esponse of endenousHoxb4and a
Hoxb4/lacZtransgne under contit of the 3 region A neual
enhancer(A-C) The distibution of the Hab4 piotein is detected
using a mondonal antibog in a contol untregted 10.5 dpc emio
(A) and a 10.5 dpc emypp (B) and a 11.0 dpc emjfwr (C) eab
exposed to RA89.5 dpc Ectopic epression (B) is induced in r4, r5
and r6 with an antér limit to expression athe r3/r4 boundar

(C) Ectopic epression in r5 iseduced tlater times after RA
treament while tha in r4 and r6 is maintainedD-F) Transgne
expression in a condt 10.5 dpc @nsgnic embyo containing the
Hoxb4Region A lacZreporter (D) and in same 10.5 dpc embr
shavn in B, which was also staineaf reporter actvity after Hob4
immunostaining (E) shwing tha the expression is coincident. At
12.5 dpc ectopicxpression of the amsgne is dan regulated in r5
(F). (G) A 9.5 dpc ainsgenic embyo exposed to RA®7.5 dpc The
Hoxb4transgne like the endgenous gne (not shen), fails to
respond to RAthis time (H) An ~10.5 dpdoxb4transgnic
embryo exposed tansienty to RA in embyo culture, again a thee
rhombomee anteior shift of expression is obsged (I) The same
rapid RA response is seen in a 9.75 dmsgenic embyo exposed
to RA & 9.5 dpg illustrating tha the esponse occarwithin 4-6
hours of exposue.

Both Hoxb4 and Hoxd4 displayed identical apid rostmal
shifts in &pression of one rhomboneg 8.5 dpc Similady,
at 9.5 dpg they had an antéor shift of thee rhombomess (r6-
r4) in the limits of &pression, bt the induction is ghamic and
followed ly a specift dowvn reguldtion in r5. This sugests tha
there ae differences in the molecularsdmnment of r5 viich
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are incompéble with sustained»g@ression of theHoxb4 and
Hoxd4genesand might eflect a basic diérence betwen odl-
and een-rumbeed rhombomess. The aility of the 3
enhances to meditge a esponse to RA and r6/7 nalr
expression tharesemies the endgenousHoxb4 and Hoxd4
genes, povides futher suppdrfor the idea thiaboth genes use
common mebkanisms in diecting neual expression in the
hindbrain (Gould et al., 1997). \##h respect to the RA
responsgit remains uniear if this is diecty medided by
retinoid eceptors, because therae no typical consensus
RARE direct epeds (DR2 or DR5) in the enhanesetut thee
are seeral dispesed half sites.

The tempoal windov of the RA esponse oHoxa4 was
similar to tha of Hoxb4 and Hoxd4, but the néure of the
response s \ety different. While nomal Hoxa4 expression
does not xtend up to the r6/7 junctionipr to 10.5 dpcRA
treament pemdurely resulted in r6/7 xpression ht thee was
no induction in maoe anteior rhombomees. The neual
enhancer thtawe identifed 3 to theHoxa4 also esponds to
RA in a similar manner to the ergknous gne but the
response @as esticted onj/ to the entmal regions of the newal
tube Hence the Hoxa4 3 enhancer is ogl cgpable of
mediaing pat of the werall endaenous new expression and
RA response

Thus, thee membey of the Ha group 4 paalogs and their
3 neurl enhancer have a conseted tempaoal window of sen
sitivity to exogenous etinoids tha opens avund 8.5-9.0 dpc
and mg be elaed to their positions in the Mocomplees.
This is also similar to the RAesponse thave obseved with
a 3 HOXD4 neurl enhancer containing an RARE (Mison
et al.,, 1996). Once thesemps a& competent, theiresponse
to retinoids is apid (within 4-6 hous in all cases). Indeed it
would gpear thg once a goup 4 gne is ale to respond to
RA, it is as sensite as the most’3jenes,Hoxbl or Hoxal
These esults sugest tha the colinear @sponse of Hogenes
to retinoids is not a simple function orable thresholds or
graded concendtions along the A-P axis as uiously
suggested (Dekkr et al.,, 1992; Gaunt and &than, 1994,
1996; Simeone et al., 1991). Other axibis or inhibitos
appear to be wolved in limiting the A&ility of the genes to
respond diectly or indirectly to RA. The molecular basisof
these tempal windovs of RA sensitiity is not knavn hut it
has been suggsted thavertebrate membes of the tithorax
and poycomb goups might be wolved in contolling the
naure of the RA esponse and pgams of Hox genes (Coré et
al., 1997).

Mesodermal regulation of Hoxa4, Hoxb4 and Hoxd4
Despite their coincidentxgression up to the r6/7 junction in
the hindbain, the thee goup 4 paalogs, Hoxa4, Hoxb4 and
Hoxd4, have antelor boundaies of epression in somitic
mesodem tha are of'set from eab other ly a single somite
Previous ana}sis ofHoxb4 indicaed tha the inton contained
an enhancer thalirected &pression up to s6/7 (Wting et al.,
1991). Hee we hare shavn tha the 3 flanking egions of the
Hoxd4 and Hoxa4 genes contain mesodeal enhancer dle
to direct somitic ®pression vinich corespond to the enden-
ous gnes (k. 7). In the case oHOXD4, thee ae two
separate mesodenal enhancer flanking the newl element,
eat cgable of mediging expression up to the pper s5/6
junction (Rg. 2F-M). For Hoxa4, we hare magped a single
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Hoxa4

Fig. 7. Alignment of thee Hx group 4 paalogous gnes and
their respectie regulaory regions. The two exons and pximal
promotes for ead gene ae indicded by the shadedectangles
and arows. The Hacdk triangles indicge neual (N) regulaory
elements, the stippled cies mesodenal (M) regulaory
components and the tiched ellipse in the intm consered
region 1 (CR1). Belw ead is indicaed the actiity or antefor
bounday of expression setythe contol regions. s, somite;,r
rhombomee; HB, hindbrin; S¢ spinal cod; RA, response to
ectopic etinoids. Digram also summées déa from previous
studies orHoxb4 (Apaiicio et al., 1995; Gould et al., 1997,
Morrison et al., 1995; Witing et al., 1991)HOXD4 (Morrison
et al., 1996) an#floxa4 (Behiinger et al., 1993).

mesodemal enhancer'50 the neual element waich directs
expression up to the s7/8 junction. gkens 3 to the neual
element vere not &amined so ly analgy to HOXD4 it
remains possib tha there ae adlitional mesodenal contol
regions. The similar oganisaion between 3 mesodemal
contol regions of HOXD4 and Hoxa4 led us to e-examine
Hoxb4, and ve also detected posi@r somitic expression in a
line containing the '3region A neuml enhancer and Wa
mapped a sparte mesodenal contol region flanking the
minimal neual enhancer element CR3idF 7; unpulished
obsevations). Therefore, these thee goup 4 paalogs hae
similarly positioned 3mesodemal enhances; tut eaq with a
slightly different anteior bounday in somites. Sequence cem
patisons betwen the diierent mesodenal enhancerhae not
identified ary extended kbcks of sequence consetion hut, if
they are evolutionaily relaed they may dgpend on a mmber
of small dispesed motifs 6r actvity.

Extended paralog comparisons

Given the ppaent similaity in organisdion of 3 regulatory
regions desdbed hee to wha extent ae adlitional contol
elements in théloxa4, Hoxb4andHoxd4loci also consered?
Transgnic studies ha&e maped mesodenal and newl com
ponents 50f Hoxa4 (Behiinger et al., 1993) thaare involved
in regulating its expression. A 5neusl region is required for
late phase xpression of Hoxa4, which reahes the r6/7
junction, whereas the 3region identified hee mediges the
eafier patem. In contast, the 5and 3 mesodemal regions
appear to media similar somite xpression up to s7/8.
Therefore, thee is considaable overap in the egulatory activ-
ities of theHoxa4 5" and 3 enhances (Fg. 7).

In the case of HRD4, we peviously charmacteised a 5
enhancer containing an RARE thdirected newal resticted
expression and aesponse to RA (Moison et al., 1996).
Recenty, in a paallel stugy of the mousdéHoxd4 5’ flanking
regions, neual actvity similar to tha seen with the human
HOXD4 gene and a mesoderal enhancer ag¢fity associted
with the 3 RARE was identifed (Zhang et al., 1997). In ther
suppot of a gneal positioning of 5contwol elements in the
group 4 genes, v have beyun to analse the 5flanking egions
of the Hoxb4 gene and alsoofund neual and mesoderal
enhancer aatities tha direct expression with antéor bound
anes caudal to the endenous gne (kg. 7; S Nondev, J
Shape and R. K., unpdighed). In adition to the 5and 3
contol regions, the inton of Hoxb4 contains an enhancer

Hoxb4

HOXDA4
(Hoxd4)

r6/7 s7/8

HB/Sc

HB/Sc
RA

r6/7 s5/6
RA

(region C) with both newal and mesoderal actvities
(Whiting et al., 1991). fiis enhancer is pable of mediding
mesodemal epression diected up to the s6/7 junction
obseved with the endgenous g@ne neual domains with an
anterior limit in the caudal hindlain/spinal cod region. The
presence of a highlconseved region (CR1) within the intons
of Hoxb4, Hoxd4 and Hoxa4 in broad ange of \ertebrate
species (Maiicio et al., 1995; Cianetti et al., 1990; Mison
et al., 1995) sugested thathere might also be consexd eg-
ulatory actvities in the intons of all the gpup 4 paalogs (Hg.
7). However, our ana}sis hee on theHOXD4 intron and CR1,
and pevious anasis on Hoxa4 (Behiinger et al., 1993),
indicates thain contast toHoxb4neither of these inbins hae
independent enhancer agties. Therfore, if CR1 has a
geneal role in the goup 4 paalogs, it mg be though inter
action/coopeation with adlitional 3 or 3 regulaory regions.

Fig. 7 summases the elaive positioning of egulaory
activities in thiee goup 4 paalogs. On the basis of the similar
5" and 3 distiibution of neual and mesoderal enhancerand
retinoid-responsie regions, it gpeas thd there has been cen
sidemble consevation in the position of egulatory compo
nents of the gup 4 paalogs dumg the duplicion and dver-
gence of the ancestr vertebrate Hax complex. Mesodemal
regulation gppeas to be compbe and \arable between
pamlogs. The identifcaion of multiple mesodenal-specift
enhances, eab with the &ility to regulate or impose the same
or slightly different anteior limits, provides a futue basis ér
examining the mdtanisms thiaset antdor somite boundaes
of Hox genes. Vith respect to neat contol, the timing of
segmental &pression and ganisaion of neual regulaory
components oHoxb4 and Hoxd4 are very similar. Fuither
more, as both the endenousHoxb4 and Hoxd4 genes a&
required for bounday maintenance of theloxb4 r6/7 neual
enhancer (Gould et al., 1997), this g#egulation (i.e cross-
regulaion between paalogs) indicdes the sgmental egula
tory medanisms of these twgenes a also linled Since the
expression of Hoxa4 overdaps with Hoxb4 and Hoxd4 in
regions postepor to the r6/7 boundsy cross talk inolving all
three of these patogs ma be citical for maintaining new
expression.
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