Development 128, 3595-3607 (2001) 3595
Printed in Great Britain © The Company of Biologists Limited 2001
DEV2669

Independent regulation of initiation and maintenance phases of Hoxa3
expression in the vertebrate hindbrain involve auto- and cross-regulatory

mechanisms

Miguel Manzanares 1*, Sophie Bel-Vialar 1, Linda Ariza-McNaughton 1# Elisabetta Ferretti 2,
Heather Marshall 14, Mark M. Maconochie 3, Francesco Blasi 2 and Robb Krumlauf 148

1Division of Developmental Neurobiology, MRC National Institute for Medical Research, The Ridgeway, Mill Hill, London NW7 1AA, UK
2Molecular Genetics Unit, DIBIT, Universita Vita-Salute S. Raffaele, via Olgettina 58, 20132 Milan, Italy

3Mammalian Genetics Unit, MRC, Harwell, Oxon OX11 ORD, UK

4Stowers Institute for Medical Research, 1000 East 50th Street, Kansas City, MO 64110, USA

*Present address: Department of Developmental Neurobiology, Instituto Cajal, CSIC, Av. Doctor Arce 37, 28002 Madrid, Spain

*Present address: The Sanger Centre, Wellcome Trust Genome Campus, Hinxton, Cambridgshire CB10 1SA, UK

8Author for correspondence (e-mail: rek@stowers-institute.org)

Accepted 22 June 2001

SUMMARY

During development of the vertebrate hindbrain, Hox from the chick and mouseHoxa3 locus in both transgenic
genes play multiples roles in the segmental processes that mouse and chick embryos have identified a conserved
regulate anteroposterior (AP) patterning. Paralogous Hox enhancer that mediates the late phase &foxa3 expression
genes, such asloxa3, Hoxb3 and Hoxd3, generally have through a conserved auto/cross-regulatory loop. This block
very similar patterns of expression, and gene targeting of similarity is also present in the human and horn shark
experiments have shown that members of paralogy group loci, and contains two bipartite Hox/Pbx-binding sites that
3 can functionally compensate for each other. Hence, are necessary for its in vivo activity in the hindbrain. These
distinct functions for individual members of this family = HOX/PBC sites are positioned near a conservekreisler
may primarily depend upon differences in their expression binding site (KrA) that is involved in activating early
domains. The earliest domains of expression of thdoxa3  expression in r5 and r6, but their activity is independent of
and Hoxb3 genes in hindbrain rhombomeric (r) segments kreisler. This work demonstrates that separate elements are
are transiently regulated bykreisler, a conserved Maf b-Zip  involved in initiating and maintaining Hoxa3 expression
protein, but the mechanisms that maintain expression in during hindbrain segmentation, and that it is regulated in
later stages are unknown. In this study, we have compared a manner different from Hoxb3 in later stages. Together,
the segmental expression and regulation ofloxa3 and  these findings add further strength to the emerging
Hoxb3in mouse and chick embryos to investigate how they importance of positive auto- and cross-regulatory
are controlled after initial activation. We found that the interactions between Hox genes as a general mechanism for
patterns of Hoxa3 and Hoxb3 expression in r5 and r6  maintaining their correct spatial patterns in the vertebrate
in later stages during mouse and chick hindbrain nervous system.

development were differentially regulated. Hoxa3

expression was maintained in r5 and r6, whiledoxb3 was  Key words: Hox genes, Hindbrain, Segmentation, Transgenic mice,
downregulated. Regulatory comparisons ofcis-elements  Chick embryos, Auto/cross-regulation, Pbx, Meis

INTRODUCTION 1998; Trainor et al., 2000). Regulatory and mutational analyses
in mice and other species have shown that Hox genes are
The Hox transcription factors play important roles in regulatingnvolved in multiple steps of the segmental process, including
anteroposterior (AP) patterning in vertebrate embryos. In thepecification of the AP identity of rhombomeric segments. For
developing nervous system, the subdivision of the hindbraiaxample,Hoxalis required for the formation, growth and/or
into a series transient metameric units, termed rhombomeresaintenance of r5 (Carpenter et al., 1993; Dollé et al., 1993;
(n, is a fundamental mechanism used for generating andark et al., 1993); howevdrdoxalalso synergizes witHoxb1
coordinating regional specification during vertebratein establishing the initial segmental identity of r4 (Barrow et
craniofacial development. In the hindbrain, both the expressioal., 2000; Gavalas et al., 1998; Studer et al., 1998) and in
patterns and function of Hox genes are linked with the processgulating the ability of r4 to generate cranial neural crest
of segmentation (Lumsden and Krumlauf, 1996; Rijli et al.(Gavalas et al., 2001). Furthermore, through cross-regulatory
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interactionsHoxal directly participates in regulating the r4- Capecchi, 1998) have shown that members of paralogy group
restricted domain dfloxblexpression, which is necessary for 3 can functionally compensate for each other. The paralogous
the maintenance of segmental identity (Alexandre et al., 1996joxa3, Hoxb3and Hoxd3genes display many similarities in
Bell et al., 1999; Goddard et al., 1996; Popperl et al., 1993heir expression and regulation but there are differences (Hunt
Studer et al., 1998; Studer et al., 1996; Zhang et al., 1994t al., 1991a; Manzanares et al., 1999a; Manzanares et al.,
There is also synergy betweeHoxal and Krox20 in 1997). Hence, unique roles for individual members of this
controlling patterning in r3 (Helmbacher et al., 1998). family may arise owing to differences in their expression
The importance of the Hox cascade in hindbraindomains, rather than differential activity (Greer et al., 2000).
segmentation raises the question of how the rhombomerés this study we have compared the segmental expression and
restricted domains of Hox expression are established amdgulation ofHoxa3 and Hoxb3to investigate how they are
maintained. Transgenic regulatory analysescisfelements, controlled after initial activation and if there are regulatory
combined with mutant phenotype studies have shown that twdifferences between these genes. We find thaxb3 is
transcription factorsrox20andkreisler, play crucial roles in  downregulated after initial activation bkreisler and that
directly regulating the rhombomeric expression of multipleHoxa3 expression in maintained through an auto/cross-
Hox genes.Krox20 regulates the expression bfoxa2 and  regulatory mechanism. This illustrates differences in the
Hoxb2in r3 and r5 through the presence of conserved bindintemporal regulatory mechanisms of group 3 genes during
sites in enhancers located upstream of these genes (Nonctéwdbrain segmentation and underscores the importance of
et al., 1996a; Nonchev et al., 1996b; Sham et al., 1993; Vesqpesitive auto/cross-regulation in thiox complexes.
et al, 1996). However, there is a surprising degree of
complexity in the number otis-elements and regulatory
components that contribute to tKeox20-dependent activity MATERIALS AND METHODS
and segmental expression mediated by these enhancers
(Maconochie et al., 2001). Similarlyreisler’is a conserved DNA constructs _ o _
Maf b-Zipgene required for the formation of r5 and it regulate€® 5-5 kbKpnl fragment in the vicinity of the chickeoxa3locus
expression oHoxb3andHoxa3in r5-r6 by directly binding to  Was isolated from a cosmid encompassing ffreglon of theHoxA
sequences in their regulatory regions (Cordes and Barsh, 19§2mplex (a kind gift from Atsushi Kuroiwa). In order to identify

. . cohserved regions with the moudexa3 r5/r6 enhancer, two four-
Manzanares et al., 1999a; Manzanares et al., 1997, Manzanaégﬁer digest librariesHadll and Mbal) from this fragment were

etal., 1999b; Moens et al., 1998; Moens et al., 1996). Howevejenerated in M13mp18, and randomly sequenced. In this way, a 500
there are distinct differences in the way tkisler activates  pp Hadll fragment with high similarity to the mouse 600 EpoRV-
the segmental expression of these two Hox genes (Manzanasisa r5/r6 element (constructs 3.4; Manzanares et al., 1999a) was
et al., 1999a). found. Sequencing outwards on the original 5.5Kidml fragment

The expression of bottkreisler and Krox20 in pre-  confirmed that the similarity did not extend further. The relative
rhombomeric territories is transient (Cordes and Barsh, 1994pcation of the 500 bp fragment was mapped by PCR.
Manzanares et al., 1999a: Moens et al., 1996: Nieto et al.,A 500 bpAva fragment from the mousdoxa3locus was isolated
1991; Wilkinson et al., 1989a), but segmental expression of §nd used in the transgenic analysis, as the evolutionarily conserved
Hox éenes persists fc;r a Iongér period. Two different types gion of the hindbrain enhancer is completely contained within this

hani h b ted t | | ol egion. The 600 bpEcoRV-Smd fragment previously used in
mechanisms have been suggested fo play general 1o es.rérgulatory analysis (Fig. 4; constructs 3.4; Manzanares et al., 1999a)

maintaining Hox expression patterns during embryogenesigniy contains a part of the conserved domain with the KrA site and
One is a chromatin-based or epigenetic model, which, byne of the HOX/PBC sites. The specific mutations in the MEIS/PREP,
analogy tdDrosophila suggests that vertebrate members of theebx site A and Pbx site B sequences indicated in Fig. 6 were
Polycomb and Trithorax groups serve to maintain a premtroduced by site-directed mutagenesis in M13 (Sculptor VM
established state of gene activity mediated by other factofystem, Amersham). Multimerized oligonucleotides spanning the two
(Gould, 1997; Pirrotta, 1997; Schumacher and MagnusoriOX/PBC-binding sites were generated as described (Manzanares
1997). The second involves the use of positive auto- and crod- al., 1997).  The oligonucleotides used were HOX/PBC-A,
regulatory interactions between Hox genes themselves %ECGGGTTGATTATTGACCCAC'?* HOX/PBC-B, 3-AGCC-

; . . . GTCATAAATCTTGCCC-3; HOX/PBC-B+PREP/MEIS, '5
reinforce expression triggered by an independent process. GAGTCATAAATCTTGCCCAGCCATAAATGACAAAA-3: and

_the hindbrain there is .eVide’.‘C“-‘ that both mechanisms may %ir complements. All constructs were checked by sequencing on an
important. Targeted disruption e8e28 a homolog of the  appiied Biosystems 373A sequencer.

Drosophila polyhomeotigene, results in a shift éfoxb3and Constructs c1, c2 and 6-11 were generated in a modified version of
Hoxb4 expression one rhombomere more anterior thapBGZz40 (Yee and Righy, 1993), that contains a basal hyfggobin
their normal segmental boundaries (Takihara et al., 1997promoter, linked to the bacterialacZ gene and an SV40
Transgenic analysis has also shown that auto-, cross- and papalyadenylation signal, while constructs 1-5 were generated in a
regulatory loops, which involve interactions between Hoxeporter vector containing a basal mottsexb4 promoter (construct
proteins and their Pbx and Meis/Prep co-factors, are importafit Whiting et al., 1991). Constructs were separated from vector
for maintaining segmental expression Héxbl Hoxb2 and sequences before microinjection by electrophoresis and purified using
Hoxb4 (Ferretti et al., 2000; Gould et al., 1998; Gould et aI.,Gelase (Epicentre Technologies).
1997, Jacobs et al., 1999, Maconochie et al., 1997, POpperl ’ﬂbuse and chicken transgenic ana|ysis and in situ
al., 1995; Studer et al., 1998). hybridization

Studies on targeted gene replacements and mutationfe generation of mouse transgenic embryos by pronuclear injection
(Condie and Capecchi, 1993; Greer et al., 2000; Manley anghd detection ofacZ reporter activity was as described (Whiting et
Capecchi, 1995; Manley and Capecchi, 1997; Manley andl., 1991). Generation of transgenic chick embryos by in ovo
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electroporation was as described (Itasaki et al., 1999), using the safBAE1, EAE2 NAElandNAE2 (Bergson and McGinnis, 1990; Chan
lacZ reporter constructs tested in mice. Most constructs were assayetal., 1997; Lou et al., 1995; Regulski et al., 1991; Zeng et al., 1994);
in founder (k) transgenic embryos; however, stable lines of micefkh (Ryoo and Mann, 1999); artdoxb6 conHoxb7 conandHoxal0
were generated with several critical constructs, (construct number &on(Knoepfler et al., 1996). With respect to MEIS/PREP sites, target
3 lines; construct 5, 4 lines) to detail and verify the temporakites are MEIS/PREP con (Berthelsen et al., 1998b; Chang et al.,
differences in segmental patterns. The reproducibility and criteria fo1997; Knoepfler et al., 1997; Rieckhof et al., 1997); Hosbland
positive (+) or negative— cases of transgene expression, as detailetHoxb2 (Berthelsen et al., 1998a; Ferretti et al., 2000; Jacobs et al.,
in the Figures and Table 1, was determined as follows: we scored®99; Maconochie et al., 1997; Popperl et al., 1995).

constructs 1-11 as (+) for r5, r6 or posterior domains (p) only if every In Fig. 8 the references used for drawing the in vivo roles of factors
transgenic embryo that expressed the relevant reporter construct warssites are, for initiatiorRARE HoxbIMarshall et al., 1994; Studer
positive in those domains=) Indicates cases where all embryos et al., 1998)RARE Hoxal(Dupé et al., 1997; Frasch et al., 1995);
expressing the reporter in other sites specifically lack a particuldRARE Hoxb2M. M. and R. K., unpublishe®RARE HoxaqFrasch
segmental domain. (+ notes cases (constructs 8, 9) whereet al., 1995)RARE Hoxb4Gould et al., 1998; Gould et al., 1997);
expression in the r5 was either very weak or absent in all embryoRARE Hoxd4(Zhang et al., 2000); and Kr, Ets and Krox sites in
even though these embryos had strong positive expression in thioxa3 and Hoxb3 (Manzanares et al., 1999a; Manzanares et al.,
posterior domain. It is important to note that in all constructs, except997; M. M. and R. K., unpublished data). With respect to the sites
3 and 4, expression in the posterior neural tube is generated by virtteferred to for maintenance auto- and cross-regulatory activity,
of independent regulatory elements contained in the enhanceeferences areloxbl (Berthelsen et al., 1998a; Ferretti et al., 2000;
fragments that are separate from those that regulate segmendalcobs et al., 1999; Pépperl et al., 198&)xb2 (Ferretti et al., 2000;
expression (Manzanares et al., 1999a). Such elements serve asJanobs et al., 1999; Maconochie et al., 1997);Hmd4(Chan et al.,
internal control for the ability and reproducibility of transgene 1997; Gould et al., 1997).

expression, and influences of integration site effects. Hence, in all

these cases—) refers to a specific loss of only rhombomeric

expression. Constructs 3 and 4 lack the posterior enhancer elemeRESULTS

and do not express in this domain. To confirm that the lack of

expression of construct 4 in the r5, r6 and P domains, is meaningfufhe paralogous Hoxa3 and Hoxb3 genes are

we generated a large number of transgenic embryos and scored foiggfferentially expressed in late phases of vertebrate

least two examples with ectopic expression. This shows the transgeffdbrain segmentation

is capable of expressing in some tissues, just not in r5 or r6. .
Whole-mount in situ hybridization on mouse and chick embryoe,At 8.25-8.5 days post coitus (dpc) the group 3 Hox genes all

was as described (Wilkinson, 1992). The probes used were mouSkart to display sharp anterior limits of expression that map to
Hoxb3 a 700 bpBanHI-Hindlll genomic fragment containing' 3 the r4/r5 boundary. In subsequent stages, the relative levels of

coding and untranslated regions (Sham et al., 1992); nttmsz3 a  expression in the anterior rhombomeres varies for each
650 bpHindlll-EcoRl Hoxa3genomic fragment (Gaunt et al., 1986); member (Hunt et al., 1991a; Hunt et al., 1991b; Manzanares et
chick Hoxb3 a 400 bpEcoRI-SpH genomic fragment from the'3  al., 1999a; Wilkinson et al., 1989b). Whitoxa3expression
coding and untranslated regions; and chiltkka3 a 900 bpKpnl-  js upregulated in both r5 and #8pxb3is only upregulated in
EcoRI genomic fragment spanning the second exon ahd 35 Hoxd3is weakly expressed in these rhombomeres. The
untranslated region (Saldivar et al., 1996). initial expression ofHoxb3 and Hoxa3 in these segments
Electrophoretic mobility shifts assays results from the fact that they are direct targetsreisler.

All pSG5-derived expression vectors containiRipxla Hoxbl, As a first step in investigating the h.OW 'Segmental'domains
Hoxb3, Hoxd3, Hoxa®r Prepl coding sequences were translated Of Hoxb3andHoxa3expression are maintained whieeisler

in vitro using the coupled TNT transcription/translation systemiS NO longer expressedie examined their expression patterns
(Promega), in the presence388-methionine (Amersham). Prepl and in mouse and chick embryos in the stages after their initial
Pbx were co-translated (plasmids in equimolar amounts). Proteilgeislerdependent activation (Fig. 1). Whole-mount in situ
were visualized by SDS-PAGE followed by autoradiography to ensurhybridization was performed at 10.5 dpc in mouse embryos and
they were the correct lengths. For EMSAJIDf reticulocyte lysate  at HH stage 16 in chick embryos. Surprisingly, we detected
were mixed with binding buffer (10 mM Tri_s-_CI pH 7.5, 75 mM NacCl, stages in both species (Fig. 1). In moudexa3 expression

1 mM EDTA, 6% glycerol, 3 mM spermidine, 1 mM DT, 0.5 MM .o &1 aintained in 15 and 6 (Fig. 1B,F); however, expression

PMSF, 1 mg poly-didC, 40000 cp#AP-labeled oligonucleotide and, . oo
when used, unlabeled competitor double-stranded oligonucleotide: Hoxb3was absent in these segments and a new anterior limit

to a total volume of 20ll. After 30 minutes of incubation on ice, the Of €xpression appeared at the r6/r7 junction (Fig. 1AE). An
reactions were separated by 5% PAGE in<OIBE. The sequences analogous change in the spatial expression patterns of these
of the double stranded oligonucleotides A3-PP2, A3-PH1 and A3genes was detected in chick embryos at HH stagéldsa3

PHP1 used in the EMSA of this study are shown in Fig. 3. The MUTAvas clearly expressed at high levels in r5-r6 (Fig. 1D,H), while
and MUTB oligonucleotides used as competitors contained the sankoxb3was downregulated in all of r5 and most of r6, although
sequences as wild type, except that the A and B Hoxa3/Pbx sites weffere were two dorsal stripes of expression in r6 that extended
mutated in the sz.ime.bases in the same manner as those usedifofhe r5 boundary (Fig. 1C,G). Interestingly, there was a weak
transgenic analysis (Fig. 6A). domain of Hoxb3 expression that extended up to the r3/r4
Target sites and control elements interface in chick embryos (Fig. 1C,G). This lower level of

The references on the identification/analysis of the HOX/PBC targdtXPression was similar to that seen in the mouse, where it had
sites used in Fig. 6 with respect to HOX/PBC are HOX/PBC corP€€n previously shown that differertioxb3 promoters

(Mann and Chan, 1996)abial (Grieder et al., 1997)ioxblri-r3 ~ generate spatially distinct subsets of transcripts (Sham et al.,
(Popperl et al., 1995Hoxb2(Maconochie et al., 1997FphA2(Chen  1992). These data demonstrate that the downregulation of
and Ruley, 1998)Hoxb4(Chan et al., 1997; Gould et al., 1990fd Hoxb3in r5 and r6 is a conserved aspect of its regulation and



3598 M. Manzanares and others

mouse chicken
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Fig. 1. Differential maintenance dfioxa3andHoxb3
expression is conserved in mouse and chick embryosE
(A-D) Dorsal views of flat-mounted mouse hindbrains =
(A,B) and chick hindbrains (C,D) hybridized with

Hoxa3(B,D) or Hoxb3(A,C). (E-F) Lateral views of

!'.

mouse (E,F) and chick embryos probed withxa3 - ',\

(F,H) orHoxb3(E,G). All mouse embryos and tissue r

were at stage 10.5 dpc, and chick embryos and flat- ‘

mounts at HH stage 16. The black arrowheads indica 2

the r4/r5 boundary. Note that in both speciésxb3is i F-

downregulated in r5 and r6, whitéoxa3is maintained '

in the anterior segments. Hoxb3 Hoxb3

distinct from that oHoxa3 Because the initiation of segmental A | Chicken Hoxa3 &
Hoxa3 and Hoxb3 expression is regulated bkreisler — 1 Lol
(Manzanares et al., 1999a; Manzanares et al., 1997), whi £:5KH # | N r5/r6
is no longer expressed during the phase Hbxb3 — 21
downregulation, these changes in late expression refle

differences in the maintenance mechanisms of these genes. #c1 #C1 #C2
Characterization of a conserved r5/r6 enhancer from B

the chicken Hoxa3 locus

To examine the basis of thkreislerindependent r5/r6

expression oHoxa3in later stages we decided to first isolate ov
and characterize the relateid-regulatory elements required
for chick Hoxa3expression, so that we could compare therr
with those of the mouse and try to identify evolutionarily
conserved sequence elements. To this eriddgehomic
fragments upstream of the chiddoxa3coding region
were inserted into dacZ reporter vector (BGZ40) and
electroporated in ovo into the chick neural tube to assay fc
their regulatory potential. In embryos=12) assayed at HH
stage 14-16, we found that a 5.5Kgbnl fragment (construct
cl; Fig. 2A), reproducibly mediated reporter staining in the
neural tube up to an anterior limit at the r4/r5 boundary (Fig
2B,E). This corresponds to the same segmental limit as th
of the endogenoukloxa3 gene (Fig. 1D,H). To test if the chick mouse

regulatory activity of this chick fragment was conserved, Wq:'g. 2.ldentification and activity of a chiddoxa3r5/r6 enhancer in

generated trans_genlc mouse embryos with the same use and chick embryos. (A) Diagram of the upstream region of the
construct, and in all cases=3; Table 1) observedacZ  chick Hoxa3locus and fragments used to make constructs for chick
expression at 10.0 dpc in the neural tube, with a sharfhd mouse transgenic analysis. On the right is indicated the construct
anterior boundary at the level of r4/r5 (Fig. 2C,F). Thisnumber (#) and also the number (N) of transgenic embryos, all
pattern of reporter expression is virtually identical to thateproducibly expressing the constructs in r5/r6 in the mouse analysis.
found in the transgenic chick embryos and also resembldB,E) Reporter expression at HH16 in the chick neural tube

that obtained with fragments from the mou$exa3locus  electroporated on the right side with construct c1. Anterior expression
we previously characterized in isolating tHeeisler reproducibly =12) maps to r4/r5. (C,F) Dorsal (C) and lateral (F)

dependent r5/r6 enhancer (constructs 3 and 3.3; Manzanarg@vs of fransgene expression in 10.0 dpc mouse embryos carrying
et al., 1999a) ’ construct c1. Note that the pattern and anterior boundary is the same

I L . s that detected in chick embryos (see B,E). (D,G) Dorsal (D) and
Based on the similar regulatory activities of the chick ancf’:\teral (G) views of reporter expression in r5/r6 directed by a region in

mouse enhancers and the fact the chick elements will functiQynstruct c1 conserved with the motiexa3gene (see Fig. 3). nc,

in the mouse, we scanned the chick Bl fragment for  neural crest; ov, otic vesicle. The black arrowheads indicate the r4/r5
regions of sequence similarity to the mouse enhanceoundary. All mouse embryos shown are at 10.0 dpc.
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mouse GCGGTGAGAGTCGC. .[GTCAGCA|GTTTGGAGGAGAAAGTGCGGG. TTGATTATTGAC|CCAC
humen - - - - - - - oo o oo R e E T T I T T T ST A T I R
chick -G--A---C-A--G. .|JC------ s e - - CL s s A e - e e T---G-]- - --------- TA- A
shar k AGA-AA-A---T-GGA|- - - - - - - C--- .. -AA-A- - - - - - GA- - GC|--CGC- - - - - - AATA
KrA HOX/PBC site A
A3-PP2 oligo

mouse GCCTTCTTT. CTTCAAATGCCACATCCGACCCTGAGGGTTTGAAGAGAAAAAGCGGCCGAG
humen - - - - - - - - - T T T GG-C- - - - - - - - - - - - - - - -C- - - - - A
chick AAGACT-- - . ----CG- -+ - - - - - - T-..A-GG-GTT=---- -+ - - C.----C—ATA c

shar k AAG-A---CA--A--G--AGA----TG..AG-G-CTTAC- - - - - - - GTT ATA- - -
mouse CGGATTTT. GCGGCCGGCTCTCACCTCCTACACGTCCCGGGCTCTTCCCTTTCA. . AGTT
humen - - - - - - - - T- - -- - T- = = = = = - e e e e e e e G- - G- - A. C. - - - - - - - - .
chick e e - - - T--TT-TC R G- TG- - - . TC. - - - - - - - - . T- -G
shar k T-A-- - - - T--CC-TA - TC- - - - - - - G-TG-TT- TC. - - - - - - - - TGC- - - -
mouse GCcGCcCGC O TGCAATCAGC . o v o o e e e CAGCTTTGG
human - - T-T--AATA -C--A--GAGCAAGTGTTTGCTGTTTTGTGCTCTGTTTA- - - - - - - - -
chick ST - - - TTC. . 0 = CACT - G- = = . v ot e s e s e e e e e e e
shar k --AT---AATAA--G--.--GAGCAAGTGTTTTCTCTTTAGTGCTCTGTTTA----C- - A-

A3-PH1 oligo
A3-PHP1 oligo
mouse GGAGCCGAGITCATAAATCT|ITGCCCAGCCATAAA[TGACAAJAAACCATTGGTATGCATGAGGC
human B S e o R R . I T T T
chick T-CATGA- -|- - - - - - - - - - B - N T B e G - - -
shark T-CATGA- -/ == A-GT- - - - - -« - - C----G6 G- . - - e e e e e e e cC---6
HOX/PBC site B Prep/Meis

mouse CACCCTGGCCCGG. ACTGCTTTTTTGATTTCTCCCTTTCCCCCCTGGCTTTGTTTTTGCTC
human - - - - - - - oo oo - R T T L T
chick - - - - - CA---TTAT-G- -- - - - - - e e e e e e - G- - - . .- C- - - - - - - e - =T
shar k GTGA--AT-G-TCATA-A--C---.C-C-C---G-C-...--T---C--CG- - - - - GCT- -
mouse TAAAGTGACACTTTGGCTCCCTGACAGTTTAAACATACTACTTAT. . ATTTTTAACACCT
human R C I T T LI T L T R
chick --GGA-T--G-CG. - - - - - - - - ceGTGC- - -T---GG---GG- - - - . . - - - - - - - - TG- - -
shar k - G- - - - - TA- - - - - TCACTT---TGCC-GA--CAC-TT-G---CAGC--CG=- - - - - - - - -

Fig. 3.Sequence alignment of a region conserved between the chick, mouse, human and hétoxst3diflanking regions. The kreisler-
binding site KrA previously identified in the mouse enhancer (Manzanares et al., 1999a) is boxed, as are the putativ¢MpaBIt:

sites A and B, and the Prep/Meis consensus motif. The unbroken black lines above the sequence indicate the double-stranded
oligonucleotides A3-PP2, A3-PH1 and A3-PHP1 used in binding and competition assays (Fig. 6). Dashes represent an idetstidy and d
missing nucleotide.

Sequencing and comparisons identified a relatively large bloc  Taple 1. Transgenic analysis on the ability of Hoxa3

of approximately 400 bp that had >70% similarity with the  genomic regions to direct segmental expression in r5
mouse r5/r6 element (Fig. 2A; Fig. 3). Outside of this region and r6

similarity dropped to non-significant levels. This situation is
very different from that of theloxb3r5 enhancer, where only

Late Kr-independent

Early Kr-dependent phase maintenance phase

two blocks of 19 and 45 bp are conserved between mou: (8.25-9.0 dpc) (9.5-10.5 dpc)
(1 kb) and chick (800 bp) regulatory fragments (Manzanareconsyrycer  n 15/16 D n 5 6 D
et al., 1997). Furthermore, in comparing the conserved bloc
. . 1 38* + + 65 + + +
in Hoxa3with database sequences of the complete human ai 1 _ + 3 _ _ +
horn shark [Keterodontus francisgi HoxA clusters, we 3 2 + - 1 + + -
identified a region of high similarity located in a similar 4 n.d. n.d. n.d. ® - - -
position (5-7 kb) upstream of tféoxa3ATG in both species 1; N * 3? * - *
(Fig. 3; GenBank Accession Number, AC004079; Kim et al. - 3 - . 3 . - +
2000). _ _ 8 nd.  nd  nd 4 +H- - +

We have previously demonstrated thaeisler regulates 9 n.d. n.d. n.d. 4 +— - +
early segmental expression in r5 and r6 mediated biydka3 10 n.d. n.d. n.d. 5 - - +
enhancer through interacting directly with a Maf b-Zip DNA- 11 2-3' E-g' E-g- 5 N N !
binding motif, termed the KrA site (Manzanares et al., 1999a -, 1 4 4 2 + + 4

This KrA site is also present in the consertka3block of
other species identified above (Fig. 3). The main difference i *Construct numbers tested in transgenic analysis using regions indicated in
this conserved domain between species is that a 31 bp insertiF'%-N4- bers include t i« found b i d thei
occurs at the same position and with an identical sequence pmggg; ©rs Include transgenic founder embryos, permanent ines and their
both th? shark and human blocks, when compared with mou’ sgctopic expression domains where reporter is capable of expression, but
and chick (Fig. 3). only does so under the influence of elements in flanking integration sites.

To examine its functional activity in stages following initial  n total number of embryos expressing the transgene with an identical
activation by kreisler, a 500 bp chickHagll fragment Pattern; p, expression in posterior region of embryo; n.d., not tested.
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Hoxad Hoxa3
T nlv = 'Hlv Ml '1’-- Mouse
’—’_,—r" Uvg@é’{o Ex“‘x

Fig. 4. The mousddoxa3locus: transgenic constructs 25 &S !p-@:;é h
tested for regulatory activity. At the top is a diagram of Chick
the genomic region and below an expanded view c2 Transgene expression
illustrating the wild-type and mutated genomic fragments
linked to alacZ vector used for stimulating reporter > O
activity in transgenic analysis. The gray box indicates th _1‘? '}' B o & e
conserved region whose sequence is shown in Fig. 3. The
KrA-binding site is marked by a red box, the HOX/PBC- -@ 2 ®
A site by a blue circle, the HOX/PBC-B site by a purple ——uvv—m@- 3 o+ o+
circle and the Prep/Meis site by a white circle. The black X® "
triangle (Post) represents elements that direct posterior
expression in mesoderm and neural tissue; they function Xo-@ 5 = =
independently of the segmental elements. Black X in e 6 + + +
white squares or circles mark mutated sites. The X0-@ 7 . %
construct numbers (#) for each fragment and a summary
of their domains of expression in r5, r6 and posterior (p) XiX-@ B ¥
regions is indicated at the right of each fragment. Details XX 9 4 +
of the timing and numbers of expressing embryos are XK~ 0 - a
provided in Table 1. Restriction sites are RgoRV; A, X0-0% §ii N
Avd; S,Smad; P, Pst; and N,Notl.

spanning the conserved domain was tested in transgenihich includes the conserved block (construct 1; Fig. 4), is
embryos. In 10.0 dpc mice, strorigcZ expression was capable of mediating both the early and late segmental expression
detected in r5 and r6 of ah£3; Table 1) transgenic embryos patterns in r5-r6 (Table 1) that are characteristic of endogenous
(construct ¢c2; Fig. 2D,G). In a similar manner, construct cHoxa3 In six founder embryos and progeny from three stable
also directed robust staining in r5/r6 of ali=8) in ovo lines carrying this construct (Table 1), strdagZ staining was
electroporated chick embryos assayed at HH14-16 (Fig. 5Djletected in the future r5/6 territory at 8.25-9.0 dpc and in later
These experiments demonstrate that this region of similaritgtages (9.5-11.5 dpc) this expression was maintained at high
contains cis-elements important for regulating conservedlevelsin r5 and r6 (Fig. 5A,B; data not shown). In addition to the
aspects of segmental expressionHoixa3 in later stages in rhombomeric expression, this enhancer also mediated expression
vertebrates. in posterior neural and mesodermal domains through separate
regulatory regions (see triangle in Fig. 4).
kreisler -independent control
elements direct late segmental §
expression | mouse . chick |
We have previously shown (Manzanare 8.25 dpc 9.5 dpc HH14
al, 1999a) that a 1.8 kiEcoRV-Ncd A I
fragment from the mouséloxa3 locus, :
5/6 5
v ré
from mouse mediates both early (8.25 dpc) and
late (9.5 dpc) reporter expression in r5/r6. A A
(E-G) Mutation of the KrA sites eliminates the =~ =i~ —@—
early but not the late phase of r5 expression in KrA

transgenic mouse embryos. (D) A fragment _
containing the conserved block from chick
reproducibly (=8) directs reporter expression
Bl
q

Q
o
Fig. 5. A kreislerindependent activity in the =
conserved block regulates late segmental o
expression. (A-C) A large (A,B) and a minimal§
(C) fragment containing the conserved block

e

in r5/r6 at late stages (HH14) when
electroporated in ovo into the right side of the
neural tube. (H) Similar to the result in the
mouse, mutation of the KrA site in the chick
enhancerri=11) does not abolish its ability to
mediate later stage expression. The relevant
constructs used in each case are indicated
below each panel with the stages assayed listed e B4 —9 A
above. KrA
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To begin to see if we could separate the regulatory regioreontain TA or TT in the center of the core instead of GG, and
involved in early and late segmental expression, we tested twoore closely resemble sites for paralogy groups 4-10 (Fig. 6A).
subregions of the&coRV-Notl fragment contained in construct We have previously demonstrated that multimerized versions
1 by taking advantage of@ma site that cuts in the middle of of HOX/PBC sites from in vivo target genes can direct highly
the conserved block (Fig. 4). When a 1.2%Ma-Ncd sub-  restricted patterns of expression in mouse and fly embryos, and
fragment (construct 2), which contains & fart of the that the central two base pairs in the core site are important in
conserved block, was assayed in transgenic embryos, it wasodulating the specificity of Hox proteins that act through
unable to direct reporter activity in hindbrain segments at anthese sites (Chan et al., 1997; Gould et al., 1997; Maconochie
stage (Table 1; Fig. 4), although there was expression it al., 1997; Popperl et al., 1995). To test the potential of these
posterior domains of the embryos (data not shown; Manzanarstes inHoxa3 we generated five copies of HOX/PBC-A linked
et al., 1999a). Next we tested a 600HIDR/-Sma genomic  to alacZ reporter. Interestingly, this synthetic combination
fragment from the 'Spart of theEcoRV-Ncd region. This mediated staining in r5-r6 and/or posterior regions of the neural
construct (3) contains the KrA site necessary for early r5/r@ube (Fig. 6B,C). This pattern is similar to tHexa3enhancer
expression and part of the conserved block (Fig. 4). Aand distinct from the r6/7 and r4 patterns seen with
expected, this construct directed reporter expression in r5 amaultimerized HOX/PBC sites frordoxb4 (Chan et al., 1997)
ré in transgenic mouse embryos, and mutation of the KrA sitand Hoxb1/Hoxb2 respectively (Maconochie et al., 1997;
(4) abolished all regulatory activity (Table 1; Fig. 4). Popperl et al., 1995). These results illustrate that subtle

Next, we tested whether the conserved region itself wadifferences in the bipartite sites can result in dramatically
sufficient to mediate early and late r5/r6 expression. Using different readouts of in vivo activity.

500 bpAvd fragment, containing the full mouse conserved To confirm that these HOX/PBC sites are able to interact
region (construct 6; Fig. 4), we found that strong reportewith Hox, Pbx and Prep proteins, we first used a previously
staining was detected in both early and late stages (Table dstablished electrophoretic mobility shift competition assay
Fig. 5C). Furthermore, when the conserved domain from chickased on the ability of combinations of these proteins to bind
(construct c2; Fig. 4) was tested by in ovo electroporation, tio HOX/PBC and Prep/Meis sites from thdoxb2 gene

also mediated expression at later stages8;( Fig. 5D). To (Berthelsen et al., 1998a; Ferretti et al., 2000). Using double-
determine if the KrA site and, hendeeisleris required in this  stranded oligonucleotides spanning HOX/PBC site A (A3-
context, we generated specific mutations in the KrA sites of theP2) or site B (A3-PHP1) as cold competitors, the binding of
mouse (constructs 5, 7; Fig. 4) and chick fragments that wefbxla/Hoxbl and Prepl/Pbxla heterodimeric complexes, and
capable of directing the late patterns. These mutations abolisi ternary Prepl/Pbxla/Hoxb1l complexes toHlesb2motifs

the early domains (8.25-9.0 dpc) of expression in r5 and r@2-PP2) were all inhibited by wild-type sequences, but not by
(Table 1), confirming the role ddreislerin initial activation. mutant forms (MUTB) of the HOX/PBC sites (Fig. 6A,D,E).
However, the KrA mutation does not affect the ability of these To test for direct binding of Hox group 3 and Pbx proteins,
enhancers which span the conserved block, to direct latee used labeled double-stranded oligonucleotides spanning the
segmental expression in r5 and partially in r6 (Fig. 5E-H; datéloxa3 HOX/PBC site B (A3-PH1; Fig. 3) as a substrate for
not shown). This demonstrates that sequences within both tkemplex formation. In the presence of Pbxla and Hoxa3,
mouse and chick conserved blocks can also function in ldoxb3 or Hoxd3 slower migrating complexes are formed by
kreislerindependent manner to maintaqtoxa3expression at comparison with the addition of Pbx1a alone (Fig. 6F). Under

later stages. these conditions, Hoxb3/Pbxla heterodimers are more efficient
] o o at forming complexes on the HOX/PBC-B site that those with

Functional HOX/PBC binding sites in the conserved Hoxd3 or Hoxa3 and the relative efficiency appears to be

Hoxa3 hindbrain enhancer Hoxb3>Hoxd3>Hoxa3. However, complex formation with

To identify the basis of this separate activity, we examined theach of these combinations of Hox group 3 and Pbxla

sequences in more detail. While no obvious motifs arose frometerodimers is inhibited by an excess of cold competitor for

a database search, we found two putative sites (HOX/PBC-the wild-type site (A3PH1) or anti-Pbxa antibodiesRbxa)

and HOX/PBC-B; Fig. 3) related to consensus bipartite bindingut not by an excess of competitor carrying the same mutations

sites for Hox and Pbx proteins (Fig. 6A; Chan and Mann, 1996n the Hox/PBC-B site (MUTB), as tested in transgenic

Chan et al., 1997; Mann and Chan, 1996; Mann, 1995). lanalysis (Fig. 6A,F). Together, these transgenic and in vitro

addition, we also found a putative binding site for theresults suggest that the sitesHoxa3 may be important for

Prep/Meis family of homeodomain proteins (Figs 3, 6A),enhancer activity, by mediating interactions with Hox/Pbx/

which are able to complex with Hox and Pbx proteins tdMeis-Prep transcriptional complexes.

facilitate the binding and the in vivo activity of Hox-responsive ) S

elements (Berthelsen et al., 1998a; Ferretti et al., 2000; JacoBgth HOX/PBC sites are required in vivo for the late

et al., 1999; Rieckhof et al., 1997; Ryoo et al., 1999). In lighPhase of enhancer activity

of the evidence suggesting that auto- and cross-regulatoNext we wanted to evaluate the relative in vivo roles of the

loops are important in hindbrain patterning (Ferretti et al. HOX/PBC and Prep/Meis motifs found in the conserved

2000; Gould et al., 1997; Jacobs et al., 1999; Maconochie stgulatory region. Our previous analysis (Manzanares et al.,

al., 1997; Popperl et al.,, 1995; Studer et al., 1998), w&999a) had suggested that tkeisler KrA site itself was

examined these motifs in more detalil. sufficient for r5/r6 activity; in this study, construct 3, which
The bipartite HOX/PBC sites A and B in thdoxa3 contains a wild-type KrA site and only one of the HOX/PBC

enhancer differ from the well characterizéabial/Hoxb1l/  sites, properly initiated r5/r6 expression in transgenic mice.

Hoxal or group 1 target sites previously identified. TheyFurthermore, electroporation in chick embryos suggests that
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= ™ L ~ ™ O -
HOX/PBC con [ TGA e BEEzEE ETEZE E::ZE
G c 35334: ﬂ-gng ﬂ-g:-«:
Sxx3%5 Ixx55 Ixx3%
Labial T §8888 §8g8s8s §8g8s
Hoxb1 1 A-—-GG--—- Tamalw Fl -
. N o 2 -===TG=-==T complex LA
Fig. 6. Consensus bipartite HOX/PBC sites in :3 e —GG—— e Skioaid e nl s b
the enhancer and their properties. (A) List of Hoxb2 A-=~TG--C~
characterized HOX/PBC sites and Meis/Prep EPRAZIAB <~ we—G M Wi
sites found in target genes aligned with those D Ge—AGem——m
detected iHoxa3 Mutated sequences used in rE S ¢ ¢ M—
binding and transgenic assays are indicated. .. p4 .
(B,C) Reporter expression in 10.0 dpc mouse pfd EAE1 S AR E PbxiaHoxb1  Prepi/Pbxia  Prep1/Pbx1a/Hoxb1
embryos carrying a construct with five copies Eiléﬁ A---TA--TA
[P ~===TA=-~TA o o o
of the HOX/PBC-A site linked ttacZ Note NAE2 PO gfgfs g8gf E o & Al E
strong expression in r5/r6; arrowhead marks g4, [250] Ae——TA--C-— & o 5 22 33%32 &3 g q=
posterior neural expression. Hoxbé con - S5 5 g g o S g s = 5% % g
(D,E) Electrophoretic mobility shift assays Hoxb7 con e T s 22822 82 § oS BERESE
where a labeled double-stranded Hoxa10 con e T A NPT
oligonucleotide containing thgoxb2  Hoxa3 siteA e TAT--A Dimers —» - ot ot e .,uﬂ---
HOX/PBC site and its associated Prep/Meis- siteB A---TT---A
binding site (B2-PP2; Ferretti et al., 2000) has mutations -CGGCCGG-~ Lvs—-w
been mixed with the combinations of Pbx1a, Meis/Pre
. P
Prepl and Hoxb1l proteins (noted above the  yEIS/PREP con: ETGTCA
panels) in the absence or presence of varying Hoxb1 TCTI = m e = — -
; , X F T T m @
amounts of cold competitor oligonucleotides  Hoxb2 GAGF--——- ok [l ok
. . o =2 o =2 ™ =2
spanning the HOX/PBC-A site (A3-PP2; E) or Hoxa3 TTT[ <= g <= g <= 9
the HOX/PBC-B site (A3-PHP1; D). MUTA Hoxa3 mutation CRCTGT- > X f > % f < X f
and MUTB are mutant forms of the S8 % 88 7% 88 %
competitors carrying the changes noted in A. ik b x5 @ % o
Arrows at the sides indicate shifted complexe Pbx1a
interacted with dimeric and trimeric Hoxa3
combinations. (F) Gel shift assay where a Hoxb3
labeled double-stranded oligonucleotide Hoxd3

containing theHoxa3HOX/PBC-B site (A3-
PH1; Fig. 3) has been mixed with the
combinations of Pbxla, Hoxb3, Hoxa3 or
Hoxd3 proteins (noted above the panels) in th

g Dimers i
absence or presence of a 100 times excess of
cold competitor oligonucleotides containing Mono B ” ol
the wild-type (A3-PH1) or mutated form of the
HOX/PBC-B site (MUTB). The addition of
anti-Pbxa antibodiesi¢Pbxa) inhibits complex

formation.

initial activation does not require the Hoxa3 HOX/PBC sites(Fig. 7E,J). Together, these experiments indicate that both of
Therefore, we generated a series of variant constructs whettee HOX/PBC sites contribute to the late phase of segmental
each HOX/PBC or PREP/Meis motif was separately mutatedxpression in r5/r6 and suggest that after the initial activation
(constructs 8-11; Fig. 4), in order to assay for the roles of thedwy kreisler,the maintenance dfioxa3,as opposed tbloxb3,
elements in maintaining later patterns of segmental expressias.controlled by a conserved auto/cross-regulatory loop during
These mutations were made in the context of the 508vAp  hindbrain development.

fragment which spans the conserved block. These variants also

contained a mutated KrA site (construct 7, Fig. 4) to ensure

that only thekreislerindependent activity of the control region DISCUSSION

was being tested. In the version with the KrA mutation and the

two wild-type HOX/PBC sites (construct 7), expression wadn this study, we have shown that the segmental patterns of
not activated early in r5/r6, but came on later in r5 (Figs 5GHoxa3andHoxb3expression in r5 and r6 initially activated by
7AF; Table 1). Mutation of site A or site B dramatically kreisler are differentially regulated and maintained in later
reduced the levels of reporter expression in late stage embrystsges of mouse and chick hindbrain development. We found
(Fig. 7B,C,G,H) and the combined mutations of both siteshatHoxb3was downregulated in the anterior segments, while
completely abolished enhancer activity (Fig. 7D,l). ByHoxa3expression was maintained. Functional comparisons of
contrast, a mutation in the Prep/Meis site in the same conteghick and mouseis-elements in théloxa3locus have allowed

of a mutated KrA site had no effect on reporter expressions to identify a conserved enhancer that mediates the late phase
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Fig. 7. Transgenic assay indicates
HOX/PBC sites are necessary for
enhancer activity in the hindbrain.

(A,F) Dorsal (A) and lateral (F) views of
reporter expression in 10.0 dpc embryos
directed by a fragment that spans the
conserved block from the mousexa3
locus in which the KrA site has been
mutated (construct 7, Fig. 4). The activity
of this fragment is dependent upon the
late control elements. (B,C,G,H) When
the HOX/PBC-A (B,G) or the HOX/PBC-
B (C,H) sites are mutated (constructs 8
and 9, respectively), expression in r5/r6 is
reduced. (D,l) Reporter staining is
completely abolished when both
HOX/PBC sites (construct 10) are
mutated. (E,J) Mutations in the Prep/Meis
motif (construct 11) have no effect on
reporter activity. All embryos are at 10.0
dpc. The respective constructs and
mutated sites are noted at the bottom.

A common role for auto/cross-regulation

B

Maintenance Initiation

Domain/gene ROTES HeoRe RARE Initiation Maintenance
Hoxb1 % # Hoxa3
4 { MaluHin RARE
Hoxal ——m—mmm——= =.=
HoERS .yuwm RARE --0—0~
] KrA Hoxa3
Hoxb2 =.=[= #: PBC sites
rd RARE /
O —— =.= kreisler
HOXIPBC WeisiHth K Bis \
Hoxa3 =‘=H— = Kr1 Kr2
r5/r6 { Kr Krl;" Ets Krox
Hoxbd === == =
HOX/PEC HD RARE
o Hoxb3
Hoxb4 =‘;j‘.=. =.=
16/7 { . RARE . 7
Hoxdd . 8.0 dpc 8.25-9.0 dpc 9.0-11.5dpc

Fig. 8. Model for regulation oHoxa3andHoxb3and common role for auto/cross-regulatory mechanisms in maintaining of Hox gene
expression in the developing hindbrain. (A) Hox genes are grouped in paralogous relationships and listed under the colurfgefizamai
The specific rhombomeric domain(s) of expression for each set of Hox genes is listed on the left. Under the column ‘isigatami,the
types of factors or sites that are involved in triggering the initiation of segmental expression of the respective Hoxhgenes/ous
system. The ovals indicate binding sites for retinoic acid receptor elements (RARE, black); kreisler (Kr, orange); Etgelimt)rand
Krox20 (Krox, brown). Under ‘Maintenance’ is illustrated the distribution of bipartite Hox/Pbx (HOX/PBC, blue ovals) and &kt
(Meis/Hth, green box) -binding motifs that form the Hox auto or cross-regulatory elements. The purpleldoabfbndicates a
homeodomain (HD) binding site necessary for auto-regulatory activity in which the factor binding has not been identifieat, Notite,
only one paralog from each group hada auto/cross-regulatory response element, while they often share common types of initiation
elements. For references on the identification and roles of the sites see Materials and Methods. (B) Model comparing ithe regulato
interactions leading to similar, yet distinct patterns in the initiation and maintenance of the segmental expressioraligbespaxa3and
Hoxb3genes. Early expression kieisler(red) at 8.0-8.25 dpc triggers segmental expressiéioré3(blue) andHoxb3(purple) from 8.25-
9.0 dpc, via the presence of kreisler-binding sites (KrA, Krl and Krl) in the genes. Unlike the r5/r6 ddrdmia3®Hoxb3expression is
restricted to r5, by cooperation of kreisler with Krox20 and Ets proteins. In later stages (9.0-11.5 dpkjeisteeis downregulated,
segmental expression Bibxa3is maintained in r5 and r6 by Hox and Pbx factors through two HOX/PBC sites that are not prsabBin
control regionsHoxbh3is expressed more posteriorly in r7 of the hindbrain via the action of a shared enhancer, with Hoxb4 itself also
dependent upon Hox /Pbx interactions.
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of Hoxa3expression. This control region contains two bipartitedomains outside the hindbrain, consistent with the idea they
HOX/PBC-binding motifs that will inhibit ternary complex could be under the control of mored posterior Hox genes.
formation by Hox, Pbx and Prep/Meis proteins on other well- In the initiation phase, a variety of different factors and
characterized HOX/PBC sites (Popperl et al., 1995; Ferreti gtathways (RA signalind<rox20, kreisler, Etg) are involved in

al.,, 2000) and themselves bind heterodimeric complexesiggering expression of anterior Hox genes (groups 1-4;
containing Pbxla and Hoxb3, Hoxa3 or Hoxd3. Both of théGavalas and Krumlauf, 2000; Maconochie et al., 1996;
Hoxa3 HOX/PBC sites contribute to and are necessary for fuManzanares et al., 1999a; Trainor et al., 2000). By contrast, the
in vivo activity of the conserved enhancer in the hindbrainidentification of HOX/PBC sites in the lakdoxa3 segmental
These sites are positioned near consekveidlerbinding sites  enhancer, in combination with those found in rhombomere-
involved in activating early expression in r5 and r6, but theirestricted enhancers from tHexbl, Hoxb2andHoxb4genes,
activity is independent okreisler and they form part of a suggest that auto- and cross-regulation of Hox genes during
conserved auto/cross-regulatory loop for feeding back on thendbrain segmentation is a common theme required for
regulation ofHoxa3at later stages. These results demonstratemaintenance or diversity of expression in later stages (Fig. 8A).
that separate elements are involved in initiating andhe organization and interplay between thigelements in
maintainingHoxa3expression during hindbrain segmentation,these Hox maintenance control regions can exhibit
and raise a number of interesting issues with respect tmnsiderable variation. HOX/PBC sites are presented in all of

regulation ofHox genes and hindbrain patterning. these regulatory elements associated with maintenance, but the
) ) number of sites varies from one to three (Fig. 8A). We also

Auto/cross-regulation and maintenance of group 3 detected a possible binding site for the Prep/Meis family of

expression Hox/Pbx co-factors in theloxa3enhancer, indicating that they

The data in this study and our previous studies suggest a modeé frequently found in close association with the HOX/PBC
for initiation and maintenance dioxa3 and Hoxb3 during  sites.
hindbrain segmentation (Fig. 8B). The early transient All of individual HOX/PBC sites have been shown to be
expression ofkreislerin the future r5 and r6 territories activates important and contribute to enhancer activity in each respective
these Hox genes by binding to conserkeslsler/Krmllsites gene (Fig. 7; (Chan et al., 1997; Gould et al., 1997;
in their upstream enhancers. Rgisler expression decreases, Maconochie et al., 1997; Popperl et al., 1995). However, the
Hoxa3is maintained in later stages through input from otherelative contribution made by the different Prep/Meis sites
Hox genes via an auto/cross-regulatory loop involving thessociated with these HOX/PBC motifs is more variable. In the
conserved HOX/PBC sites (Fig. 8B). By contrast, expressionase ofHoxb2,the Prep/Meis motif is essential for enhancer
of Hoxb3is downregulated in r5 and r6 as it lacks similaractivity (Ferretti et al., 2000; Jacobs et al., 1999), btitdrb1
HOX/PBC sites associated with theeislerresponse elements. and Hoxa3 this site is not absolutely required for (Fig. 7;
However,Hoxb3expression is not lost in other regions of theFerretti et al., 2000). Furthermore, in tBeosophila labial
hindbrain as a new anterior boundary is formed at the level gfene, an HTH/Meis site has been shown to be essential for the
ré/r7 (Fig. 1A,E). This domain of expression coincides withactivity of alabial response element in a minimal enhancer,
that ofHoxb4(Wilkinson et al., 1989b) and is generated by arbut not if additional flanking regions are added (Ryoo et al.,
enhancer (region A) shared betwétsxb3andHoxb4,whose  1999). One reason for such variation might be that multiple
late activity is also controlled by #&ox/Pbxdependent HOX/PBC sites inHoxa3 and Hoxbl that contribute to
mechanism (Fig. 8B; Gould et al., 1997; Sham et al., 1992Zxpression compensate for loss of the Meis/Prep motif, while
Whiting et al., 1991). Therefore, while the anterior boundariethe single HOX/PBC site irHoxb2 cannot overcome this
of Hoxb3 and Hoxa3 are different from each other in later change.
stages, both could be dependent uptmx auto- and cross- Another important difference relates to the distinct
regulatory loops. regulatory abilities of the HOX/PBC sites present in the
The HOX/PBC site from thédoxb4 gene is capable of maintenance enhancers. Multimers of Hexa3HOX/PBC A
mediating a Hox response from members of multiplesite direct reporter expression in r5 and r6, mimicking part of
paralogous groups (Gould et al., 1997) and the same may tlee endogenous expression pattern. This pattern is different
true for theHoxa3HOX/PBC sites. In addition to the group 3 from those seen when multimerizing HOX/PBC sites from
members, théloxa2andHoxb2genes are also expressed in r5Hoxb1 (r4), Hoxb2 (r4) or Hoxb4 (r6/r7; Chan et al., 1997,
at the relevant stages of hindbrain development when th8ould et al., 1997; Maconochie et al., 1997; Popperl et al.,
enhancer is active. In this regard it is interesting to note thdi995). Hence, despite the apparent similarity in these bipartite
we found that thédoxa3HOX/PBC sites are only capable of Hox/Pbx-binding motifs, this demonstrates that small
directing high levels of expression in r5, compared with r6 irnvariations in sequence can have dramatic effects on their in
later stages. This might be a consequence of the combingo activities (Fig. 6). This is in agreement with experiments
action of multiple inputs from the group 3 and group 2 genethat show changes in the central core can swap the specificity
in r5 on the HOX/PBC sites. Furthermore, when the wild-typef these sites (Chan et al., 1997; Ryoo and Mann, 1999). While
Hoxa3enhancer carrying both the early and late elements wakese sites and enhancers functiorl@sresponsive elements,
tested in &reisler mutant background, r5/r6 expression wasthe mechanisms whereby their activity is restricted in a spatial
lost, but ectopic activity of the reporter was detected in r&nd tissue-specific manner is unknown. Recent experiments
(Manzanares et al., 1999b). This could reflect a cryptibave show that adjacent sequence motifs can also control the
response to group 2 Hox products in a situation where th&pecificity of HOX/PBC response elements (Li et al., 1999).
normal kreisler input is lost. In addition, multimers of the However, in the case of the multimerized motifs, the in vivo
HOX/PBC-A site direct reporter expression in posterior neuratlistribution of the Hox, Pbx and Meis protein is the same, so
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their differential activities may reflect selectivity in the bindingensuring that the proper patterns of Hox expression are
of different members of these co-factor families and/omaintained through out development.
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