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SUMMARY

Transcriptional regulation of vertebrate Hox genes involves Hoxd complex, that is composed of at least two distinct
enhancer sequences located either inside or outside the DNA elements, one of which is conserved throughout
gene clusters. In the mouséloxd complex, for example, vertebrate species. However, deletion of this element on its
series of contiguous genes are coordinately controlled by own did not detectably affectHoxd gene expression, unless
regulatory sequences located at remote distances. However, another DNA fragment located nearby was removed igis.

in different cellular contexts, Hox genes may have to be These results suggest that insulation of this important gene
insulated from undesirable external regulatory influences cluster relies, at least in part, upon a sequence-specific
to prevent ectopic gene activation, a situation that would mechanism that displays some redundancy.

likely be detrimental to the developing embryo. We show

the presence of an insulator activity, at one extremity of the Key words: Insulator, Gene regulation, Hox complex, Mouse

INTRODUCTION genes (Sharpe et al., 1998), a situation favoured by the tight
clustered organisation of these genes (Bell et al., 2001).
During vertebrate development, proteins encoded by the Hdnhancer sharing processes, within Hox gene clusters, were
gene family are required to properly instruct cells about theinot only shown to involve proximal enhancers, which can
morphological fates, subsequently leading to the emergenaentrol the expression of neighbouring genes in the same
and organisation of different structures along the body axidissue, but also more global, distally located enhancers, which
Mammals have 39 Hox genes, clustered at four genomic locire able to impose a particular regulation to series of
which provide these organisational cues to a variety ofontiguous genes. Examples of such a large-scale regulation
embryonic axial structures and derivatives. Accordingly, thevas provided by the co-expression of sevétakd genes in
transcription of these genes must be precisely regulated in tineéther the intestinal hernia or the developing digits (Zakany and
and space, in order to ensure harmonious development. Thidsiboule, 1999; Kmita et al., 2000a; Spitz et al., 2001). In these
complex task appears to rely partially upon the genomitatter cases, co-ordinated expression of several genes at the
organisation of the genes, as a correspondence exists betwsame place was demonstrated to be necessary to properly build
gene order along the clusters and their spatial and temporgb the concerned structure (Zakany et al., 1997a).
sequences of transcriptional activation (reviewed by Krumlauf, However, this particular regulatory strategy implies that
1994). Although the molecular mechanisms that underlie thisther closely linked gene members of the cluster, the function
phenomenon are not yet fully understood, they may involvef which may not be relevant in a given structure, are protected
high order regulation, such as (for example) a transition iagainst such a global regulatory influence, such as to prevent
chromatin configuration (Deschamps et al., 1999; Kmita et altheir mis-expression. Indeed, ectopic transcription of Hox
2000b). genes was shown be a potential source of severe morphological
Beside this level of transcriptional regulation, masig=  and/or physiological alterations (Knezevic et al., 1997; McLain
acting control sequences have been characterised by theiral., 1992; Morgan et al., 1992; Rijli et al., 1994; Yokouchi
ability to impose particular expression patterns to nearbgt al., 1995). Accordingly, boundary or insulator elements must
located genes. Various enhancer sequences have thus begist to restrain the action of enhancers specifically to those
described, with distinct functional properties. For examplerelevant target genes, by isolating them from their neighbours
in several cases, gene-specific activation was shown to res¢@un and Elgin, 1999; Udvardy, 1999). We have previously
from proximal enhancers selectively interacting with a givershowed that a DNA segment located betwétixd12 and
promoter. Alternatively, enhancer sharing mechanisms werdoxd13could prevent both genes from responding to a distally
reported to account for the co-expression of neighbourintpcated intestinal hernia enhancer (Kmita et al., 2000a). In
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much the same way, Hox clusters must themselves be isolatstRTERIALS AND METHODS

from external regulatory influences to prevent enhancer

sequences that are necessary for closely located, non-Héargeted deletion of region XIl

genes, to interfere with the precise and particular regulation dargeted deletion of RXII was engineered by homologous

this gene family. This requirement for a context-dependerrecombination in ES cells. A 1.2 l&ril DNA fragment containing

insulation is best exemplified by the presence oEihegene  RXll was deleted from the 9.5 Kot fragment that covers the entire

in the immediate '5 neighbourhood of theHoxd cluster Evx2 to Hoxd13 intergenip region. .APGK-neomycinse.Iection

(D’Esposito et al., 1991; Bastian et al., 1992). casse_tte, flankt_ad bioxP ,S|tes, was inserted at tHedl site, as
Evx2indeed displays specific expression features that are n%gscrlbed previously (Hérault et al., 1996; van der Hoeven et al.,

96). The resulting targeting vector was electroporated into D3 ES
shared by anyHoxd genes, not even byloxd1l3 whose cells. Clones in which homologous recombination had occurred were

promoter lies close to that &vx2 This is best illustrated by sglected, amplified and injected into mouse embryos. After germline
discrete cell types of the developing central nervous system, jfinsmission, theloxdRX!-"€0line of mice were obtained and further
both spinal cord and more rostral parts of the brain, in variougossed with partners carrying t@MV-Cre transgene in order to
vertebrate species (Bastian et al., 1992; Brulfert et al., 1998roduce theHoxd®X!" line of mutant mice that lacked the PGK-
Dollé et al., 1994; Sordino et al., 1996). In the spinal cordpeomycinselection cassette.

transcripts are localised in the ventrally located VO _ .
interneurones, as well as in a population of dorsaliecompined “nei” _ _ o
interneurones (Moran-Rivard et al., 2001). In the developingesides théioxdline, all mutant lines analysed in this work were
brain, Evx2 expression is detected in the rhombencephali roduced vidrans-allelic meiotic recombination (TAMERE) (Hérault

isth th ¢ hali halic t i t.al.,, 1998b; Kmita et al., 2002). Each allele was obtained in the
isthmus area (the metencephalic-mesencephalic transition) & r%geny of transloxer animals, i.e. males hemizygous for the

extends into the_ superficial Iayer of_ the entire m_|dbra|n. It i ycpl-Cretransgene andransheterozygous for differentioxd
also expressed in the developing hindbrain and in part of thgieles carrying oxP site at given positions within tHéoxd cluster
future cerebellum (Dollé et al., 1994). (indicated in Fig. 4) (Kmita et al., 2002). In particulbioxce!(13)
While the enhancer sequences driviegx2 expression in  animals were obtained by combiningHaxd allele carrying doxP
the CNS have not yet been precisely identified, experimentite betweerEvx2 and Hoxd13 (the EVDSES allele) (Hérault et al.,
involving targeted genomic rearrangements aroundethe 1996), with an allele carryinglaxP site betweetioxd13andHoxd12
locus have revealed some of their properties. First, targetddoxd™) (Hérault et al., 1998a)Hoxde(t312) and Hoxdfe!(13-11)
deletions have shown that these enhancer sequences are Iocﬁ%@?ﬁeﬁ’gﬁe‘:gt\?&;‘?&?ﬂ%iﬂg'2&:3\;\/?;}2%%“ M wﬁlzﬁ :gsgcases,
gtu% gﬁ@?tiggg;'tlogéggﬁg,emmsﬁ]xgvggénaﬁ;[égggg?aggd site had been inserted betwekloxd12 and Hoxd11 (Beckers et

- Duboule, 1998), or wittHoxdR'X, containing aloxP site between
transgene was able to respond to #ex2 CNS-specific  oyxd11 and Hoxd10 (Gérard et al., 1996)HoxdRX-del13) mice

enhancer sequences, whenever it was relocated upstream e obtained in the progeny ¢fansloxer, which weretrans
Hoxd complex, 3 to Evx2 (Kondo and Duboule, 1999). heterozygous foHoxdRX! and HoxcdRX!. Finally, HoxdRX|(del(13-12)
However, the same transgene was unable to respond similatigre produced trough trans-loxer anintesis-heterozygous for both
when placed within the complex, even when positioneddoxd®!" and Hoxd*X alleles. All these novel lines of mice were
immediately next to thEvx2promoter (van der Hoeven et al., selected by Southern blot analysis using tail DNA. The frequency of
1996). These results demonstrated that fex2 CNS T{-\I\/IIEITSQVE\;/S)S in the range of 5-10%, as reported previously (Hérault
g . . e a., .
Zgreaqgeriitré?gc? \Clv?t%k (S)ﬁ?:rmg:gmezgsle& I.gd(tjri]t?gﬂgf(;e L \/\5/hole-mount in situ hybridisation _(WISH) were carried out on
. .5- and 12.5-day-old foetuses, using a standard procedure and

promoters could respond o such regulatory C(_)ntrols_ prov'deigrleviously described probes (Hérault et al., 1996; Kondo et al., 1998).
they would be relocated in the proper genomic environment,
i.e. in 3 of the Evx2 transcription unit. These observations
raised the question of which mechanism could prektaxd
genes to respond to these CNS enhancers, in the wild-typ#ESULTS AND DISCUSSION
context. In other words, why a promoter able to respond to a ) )
given regulatory sequence, when placed outside the clustdigrgeted deletion of conserved region Xil
was unable to do so from within thlexdcomplex, even when The Evx2 gene, a mammalian gene orthologous to the
localised right next to thEvx2promoter. Drosophila even skippedene €ve, is localised about 8 kb

In this set of experiments, we looked for potential sequenceapstream of the most posterior gene member ofHbrd
located betweeBvx2and theHoxd cluster, that would be able complex;Hoxd13(Fig. 1) (Bastian et al., 1992). Because its
to isolate this latter cluster from the surrounding regulatoryranscriptional orientation is opposite to that otHidkdgenes,
influences. We show that an evolutionary conserved DNAts promoter lies close to théoxd13promoter (Fig. 1; arrows).
stretch participates in the insulation of the cluster, as revealdglven though this homeobox-containing gene does not in the
by novel genomic rearrangements in this locus. However, evestrictest sense belong to the Hox gene family, it shares some
though this sequence was sufficient to ensure proper insulati@mportant regulatory features with thddexdgenes located at
of the cluster, additional sequences, located nearby, were alg® ‘posterior’ end of the cluster, suchHmxd13 During limb
found to be involved in this process. The requirement for development, the timing dEvx2 expression follows that of
combined deletion igis of these sequences in order to bypasdioxd genes and it is eventually co-expressed witlo&ated
the insulation of the cluster, raised the possibility that someloxd genes in developing digits (Fig. 1A). This shared
functional redundancy exists between these regulatomegulatory feature is dependent upon the action of a remote
sequences. enhancer sequence located imBthe Hoxd complex (Spitz et
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Fig. 1.(A) Insulating activity within theHoxd13to Evx2intergenic Ho oINS LT = !

region. The posterior extremity of thxdcomplex is shown, as (4
well as the position of thEvx2gene. The expression patterns of both . o y " «
Evx2andHoxd13are depicted above to illustrate enhancer sharing ir ~ #o0®™' s miss h\/' ' :
developing digits (right), whereas expression in the central nervous
system (CNS) and spinal cord is detected onlfEfo2(left). The Ko
transcriptional orientation of this latter gene is opposite to that of all e

T

Hoxdgenes (arrows). Enhancer sequences driZngin various
domains of the developing CNS are located downstream the gene
i.e. B to theHoxdcluster; hence, an insulating property is expected
to lie between the two promoters (red bar). This was further
supported by the relocation oHoxd9/lacZtransgene at different
positions upstream the cluster (B). When relocatd betiggfand
Hox_d13(r|ght panel) the transgene was expressed in distal limbs b“Eequences with respect to b&x2andHoxd13is schematised
not in CNS. By contrast, when relocated downstreame(left below for the mouse (m), chicken (ck) and zebrafish (zf).
panel), the transgene was expressed in both distal limbs and CNS, ) Sequence alignment of region XII from mouse (m), chicken (ck)
away much rel_ated to tiievx2pattern, demonstratlng thielox and zebrafish (zf) DNA. A high sequence similarity was observed
promoters can indeed respond to these controls, if placed atan  peqyeen rodents and avian. The sequence conservation with the
appropriate position. zebra fish DNA is less obvious, though significant whenever the
respective positions of the two stretches are considered. (C) Strategy
al., 2001; van der Hoeven et al., 1996). Unlikexd genes, to delete region XII through targeted mutagenesis. A targeting vector

however Evx2was shown to be transcribed in subset of celldVas engineered lacking region XII and was recombined in ES cells to
' generate theloxd?X!I'"eomice. The selection cassette was further

within the central nervous system (Fig. 1A) (Dollé et al., 1994)%g

' Fig. 2. ldentification and targeted deletion of region XII (RXII).

(A) Interspecies conservation withitvx2-Hoxd13ntergenic region.
Sequence analyses revealed two stretches of significant conservation,
referred to as region XII (RXII), which were found to be located

within the insulating area (red bar). The position of these two

h eleted after crossing these mice with a Cre deleter strain, to produce
in response to regulatory sequences that are also locatgd oy Rxll mice. In addition to the deletion of RXII, these mice

upstream the cluster, as revealed by engineered targetgds carried 4oxPsite at the exact integration site of the transgene
deletions (Kondo and Duboule, 1999). shown under A. ThikxP site was used for subsequent meiotic

These differences in regulation betwderx2and Hoxd13  recombination approaches, as described in Fig. 4B,C.
could hardly be accounted for by the specificity of enhancer/
promoter interactions, becauseHaxd9/lacZtransgene was
able to respond to these neural enhancers when plad¢ed 3 expression may have been conserved between these different
Evx2(Fig. 1B; Relll). This transgene, however, behaved as genomes.
properHox gene when placed betwe&wx2 and Hoxd13 a Comparison betweerEvx2 to Hoxd13 intergenic DNA
position at which it failed to show expression in rostral partsequences, obtained from either the murine, the chick or the
of the brain and in spinal cord (Fig. 1B). These results indicatezebra fish loci, revealed only two stretches of high sequence
that the capacity of a Hox promoter to respon&¥®2 CNS  similarity localised betweeBvx2and the RelO position (Fig.
enhancers was abrogated when this promoter was position24,B; red bar). In the mouse genome, these two motives are
within the cluster, suggesting that a potential insulatindocated within a 1.2 kb large fragment, starting about 1 kb
element was present between the Rel0 insertion sit&ax®#l  upstream from the first exon B¥’x2 This region of significant
(Fig. 1; red bar). Because in birds, fish and mam@Eaik2lies  sequence conservation was referred to as region Xl (RXII),
at the same relative position with respecHtixd13(Sordino  following previously characterised conserved regions within
et al., 1996), we anticipated that a DNA sequences that wouttle Hoxd cluster (Renucci et al., 1992; Beckers and Duboule,
prevent theEvx2 neural enhancers from affecting Hox genel998; Gérard et al., 1996; Hérault et al.,, 1998a). While
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sequence conservation was high between murine and avié@érard et al.,, 1996; Zakany et al.,, 1997b; Beckers and
DNAs for both motives (67% identity over 206 nucleotides), itDuboule, 1998; Hérault et al., 1998a). Although slight
was less conspicuous when compared with the fish DNA, ariations irHoxdgene expression were occasionally observed
only short stretches of sequence identity were scored for bothllowing these targeted modifications, none of them indicated
motives. In this latter case, however, the core of the secoradpotential role for these regions, by themselves, to restrict the
motif was clearly identified in the zebra fish locus and foundccessibility ofHoxd promoters to theEvx2 cis-regulatory
at the same relative position (Fig. 2A,B). This unambiguouslgequences. In order to look for their possible cooperation in the
demonstrated the existence, in the zebra fish locus, of at leasiplementation of an insulating process, we used the targeted
one of these two blocks of homologies. meiotic recombination (TAMERE) strategy (Hérault et al.,
In order to assess the function of these two conservetP98b) to generate novel genomic configurations in vivo
sequences, we deleted them from their native genomic conteirough Cre-mediated meiotic recombination betwémd
by homologous recombination in ES cells. We constructed sites carried intrans by homologous chromosomes. In this
targeting vector containing thEvx2 to Hoxd13 intergenic ~ way, we produced a set of progressive deletions of 'tead
region, but in which the 1.2 kb fragment had been deleted (Figf theHoxd complex, involving one, two or three gene loci, as
2C). After electroporation in ES cells, clones carrying awell as RXI, RX and RIX/RVIII, respectively (see Kmita et al.,
targeted deletion of RXIl were selected and further injecte@002).
into mouse blastocysts. After germline transmission, the First, we generated mice containing 8¥CP-Crdransgene
HoxdRXII:neojine of mice was established. In order to preventVidal et al., 1998), along with Hoxd complex carrying, on
regulatory interferences caused by the presence of the PGBre chromosome, laxP site positioned in the middle of the
neomycine selection cassetteHoxdRX!I'"e0 animals were Evx2to Hoxd13intergenic region. The other chromosome had
crossed with transgenic mice producing the Cre recombinaseloxP site recombined either upstreakroxdl? between
(CMV-Cre mice) (Dupe et al., 1997) to delete the selectiorHoxd12 and Hoxd1] or upstreanHoxd1Q During meiotic
cassette. Therefore, the final genomic configuration of theggophase, in some male germ cells, recombination occurred
Hoxd®X!I mice was a single deletion of the 1.2 kb fragmenbetween theseloxP sites in trans, leading to unequal
containing RXII (Fig. 2C), along with the presence dbxP  chromosomal exchanges, thereby producing sperms carrying a
site. We subsequently obtainetbxd®X!' homozygous mice, deletion of the DNA fragment located in between. In this way,
which were fully viable and fertile. mice were produced which carried different deletions; a 12 kb
The expression of sever&loxd genes was examined at large DNA fragment covering thdoxd13locus Hoxde!(3)in
various developmental stages, in animals homozygous for tiieég. 3); a 18 kb large fragment covering bdfloxd13 and
deletion of RXII, but no detectable difference was scored wheHoxd12 loci (Hoxd?€!(13-12) " and a 23 kb large fragment
compared with their wild type or heterozygous littermates. Irencompassing all threeloxd13, Hoxd1l2and Hoxd11 loci
particular, ectopic expression Hbxdgenes showing aBvx2  (Hoxd©!(13-1Djn Fig. 3). The same' Break point was used to
related CNS pattern was not observed. This result suggestedgineer all three deletions, such that increasingly large
that the deleted 1.2Kb DNA fragment was not able, on its owrgeletions concomitantly removed either one (RXI), two (RXI
to function as a boundary-like or insulator element, to isolatand RX) or four (RXI, RX, RIX and RVIIl) conserved
the Hoxd cluster from the upstream locatdevx2 CNS  sequences, respectively (Fig. 3) (Kmita et al.,, 2002).
enhancers. Alternatively, the apparent lack of effect of thiflomozygous embryos were collected for each configuration
deletion may illustrate some redundancy in this regulatorand the expression patterns of the remainingldxd genes

process. were examined by whole-mount in situ hybridisation. Again,
o Evx2like expression in the CNS was not detected in any of
Nested deficiencies of the 5 ' Hoxd cluster these configurations (data not shown). This suggested that

Within the 3 part of theHoxd cluster, several regions of high sequences responsible, either alone or in combination, for the
interspecies conservation were previously identified (Fig. 3)nsulation of theHoxd cluster were not exclusively located
(RVIIl to RXI). Each individual region was assayed for within these 23 kb large DNA fragment containing lthexd13
potential regulatory function through targeted deletion/mutatioto Hoxd11loci, if at all present in this fragment.

Evx2 Hoxd13 Hoxd12 Hoxd11 Hoxd10
I R |
Fig. 3.Nested deficiencies of the posteritoxd RXI RXI RX RVIIRIX

complex, as produced by targeted meiotic

recombination (TAMERE). At the top, the positions

of the four regions (RIX to RXII) of high

interspecies sequence conservation are show. The HoxD /@9 W—@—E A -0—“ -----
three deletions considered in this work are

schematised beloviHoxd'e!(13) a deletion of the

Hoxd13locus including RXIHoxdel(13-12) 5

deletion of bottHoxd13andHoxd12loci, including ~ HoxD del@312 W—O_E Vo "—“ """
RXI and RX; ancHoxdel(13-11) 3 deletion of all ’

threeHoxd13to Hoxd11loci, including all

conserved sequences but RXII. In each cakeR

site (red triangle) is left upstream RXII, at the HoxD del(d13-11) W—@—E ——ap-

position of the 5breakpoint of the deletions.
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Combining deletions in cis A

This set of data demonstrated that none of the engineer o roxals roxa12 roxais
deletions that removed unique evolutionary conserve: . : : ' : } —m }
sequences had an effect on the insulation oHined cluster. RX| RXI RX

It also showed that larger deletions, i.e. those that remove
more than one such sequence from the cluster, were equa
ineffective in altering this particular mechanism. One
remaining possibility that could account for the insulation B

effect was the presence of an element located betweenthe R~ HoxD®

site andEvx2 (Fig. 2; red bar), but outside the 1.2 kb large Wv_ﬂ—‘ e

fragment that contains region XII, as deletion of this fragmen

had no effect. An alternative explanation is that the combine ~ #oxP~', ‘ - -
effect of region Xll and other regions included in the series o W v s Vﬂﬂf n
deletions described above are responsible. We did not favo ¢
the first possibility, assuming that such a tight mechanisny ~ HoxDRkelt9
present in many vertebrate species, may likely rely upon son Hoxdll
sequence specificity. Therefore, we challenged the secol W_\/_B u
possibility by producing multiple deletions ais.

We usedHoxcRX!l as a parental allele in targeted meiotic
recombination, to engineer novel genetic configurations il
which the RXIl deletion was combined itis with larger C
deletions (Fig. 3). This was made possible by the strategy th 1, pru
was used to delete region XllI, which involved the positioning . —E ' ! [ L g
of a selection cassette flanked lbxP sites, within the RelO W ''''''''''''''''' ". - -
insertion site, i.e. in the middle of tB&x2to Hoxd13intergenic HoxD™ [ —

region (Fig. 2C). Consequently, mice carrying the deletion o BAM—— - HV_'_RF—

RXII had aloxP site at this position (Fig. 2Gioxd?X"), as a

left over of the Cre-mediated deletion of the Rf@Kselection HoxDRXI-del(13-12)
cassette. We first produced males carrying eitheHthaRX!!
and HoxdRX! alleles (Fig. 4B), or thédoxd®!' and HoxdRX W'\/_E WLHGRMFJ;
alleles (Fig. 4C), along with th@re. In the progeny of these
transloxer males, we isolated bothioxd?XIl-del(13) and
HoxcRXII-del(13-12) gnimals, respectively (Fig. 4). Although a Fig. 4 Combined deletions icis. (A) Scheme of the posteribioxd
strain ofHoxd?X!-4el(13homozygous mice could be established,complex, with the location of conserved regions X to XIl. (B) The

HoxcRXII-del(13-12)animals died at birth. Homozygous embryosf'ritoﬁ?k;?:;rt‘iﬁﬂ ‘gZ'tifieoé‘ni?mfaig{g‘:]‘éﬁ:ngxﬂ“ae”igg
of both genotypes could nevertheless be collected to look at té?%combination (broken line) between the taxP sites present in

expression pf the remaining Boxd genes. We first analysed these alleles generated tHexd?X-9el13)allele (boxed), which
ghlelgxpre_sspn dfioxd12 Hoxd1landHoxd10in theHoxd®- - fies a delegt]ion of RXII as well as of ﬂHexd(13Iocug containing
el3)strain, i.e. mice that lack both region XIl and #exd13  Rrx|. (C) The second combined deletiorciswas produced by
locus. In these animals, ectopic activatiorHoikd genes was meiotic recombination between thiexdRX!' andHoxdRX alleles.
not detected within the rostral brain or in the spinal cord (noRecombination (broken line) between theP sites present in these
shown), as one would have anticipated from an alteration of tredleles generated th¢oxd?X!-del(13-12)lele (boxed), which carries a
insulating process. deletion of RXII, as well as of botHoxd13andHoxd12loci, which

We next looked at the deletion of both RXII and the 18 kigontain both RXI and RX.
large fragment containing théoxd13andHoxd12loci (Fig.
5). In marked contrast to the previous configuration, a robust
ectopic expression of bottioxd11landHoxd10in the anterior From these results, we concluded that the insulation of the
CNS was detected in embryos carrying these two deletions Hoxd complex from theEvx2regulatory influence, in a large
cis. Ectopic expression dioxdllandHoxd10was scored in  subset of CNS cells, was achieved as a result of the presence
anterior neural tube, in a subset of cells located dorsallgf two DNA fragments, one of them being RXII, the other(s)
(arrow), as well as in the developing hindbrain, an expressidging around theHoxd12locus.
pattern clearly reminiscent of that seen fwx2 (Fig. 5). The fact that the deletion of boHoxd13andHoxd12loci
Hoxd11 and Hoxd10 transcripts were also detected in thedid not induce expression dfloxd1ll in the Evx2 CNS
isthmus and in specific domains within the mesencephalodlomains, indicated that RXIl, which is located in the
whereEvx2is also normally detected. Although the completeimmediate neighbourhood of titevx2 start site, was able by
Evx2 neural pattern was not entirely recapitulated by eitheitself to mediate such an insulation. Interestingly, in
Hoxd1ll or HoxdlQ the observed gain of expression Drosophila a GAGA-dependent enhancer blocking activity
encompassed several domains that were previously definedwas identified within the promoter region of the orthologous
specific forEvx2 Ectopic expression was also observed ingeneeven-skippe@eve, and this activity was shown to prevent
heterozygous embryos with a weaker staining intensity, &8 located genes to respond tol@ated enhancers (Ohtsuki
expected if only one copy of each gene has been activateahd Levine, 1998). Thus, in both organisms, an enhancer
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Specificity of the insulation

The presence, at one extremity of a Hox gene cluster, of
sequences with insulating potential suggests a general
requirement for isolating these chromosomal loci from their
surrounding genomic contexts. Interestingly, various gene
complexes seem to implement different mechanisms to protect
themselves from regulatory interferences (Bell et al., 2001).
For example, th@-globin gene complex, which shows some
analogies with Hox clusters in its functional organisation, is
flanked by sequences carrying properties of insulators (Bell et
al., 1999; Saitoh et al., 2000). These latter sequences were
proposed to prevent crosstalk betw@eglobin regulation, on

the one hand, and unrelated regulatory influences emanating
from closely located genes, such as those encoding odorant
receptors, on the other (Bulger et al., 1999; Prioleau et al.,
1999). This insulating potential was tightly associated with the
5" HS4 and the '3HS DNAse | hypersensitive sites (Bell et

Hoxd11 Hoxd10 al., 1999; Saitoh et al., 2000). These sites were identified in
all cell types and tissues examined, suggesting that insulation
Fig. 5. Expression oHoxd11landHoxd10in Hoxd?Xll-del(13-12) of this gene complex is a rather generic mechanism with little

animals. (A,B) Lateral and dorsal views, respectively, of an 11.5 dpccell specificity. By contrast, the insulating activity described
foetus analysed fdEvx2transcripts. A strong expression is detected in this paper, which prevents Hox genes from responding to
in the developing digits, in a domain that is identical to the distal  ypstream located CNS enhancers, was ineffective in a
expression domain ¢1oxd11(D). Evx2transcripts are also observed (ifferent cellular context. Indeed, the same series of genes was
in columns of cells with the developing spinal cord, up to the able to respond to another remote enhancer sequence, also

posterior hindbrain (black arrowhead), as well as in a region ted tream th luster. which ntrélexd n
encompassing the cerebellar anlage (black arrow) up to the isthmug.ocae _upstrea e cluster, ch co eXd gene
More rostrally, transcripts are found in the mesencephalon, (white €XPression in developing digits (Spitz et al., 2001). This
arrow) (Dollé et al., 1994). (C) Control embryo of the same age  indicates that insulation of theoxd cluster is tissue-specific;

hybridised with a probe specific foloxd11RNA. None of this CNS it is effective in CNS cells, but not in limb mesenchymal cells
domain is observed. (D-F) Ectopic expressiorlokd11(D,E) and (Kmita et al., 2002).
Hoxd10(F) in the CNS. In addition to the expected expression In the Drosophila Bithoraxcomplex BX-C), the gene
patterns in limbs and developing trunk (D), these latter genes show orthologous to mammalian ' 5SHoxd genes AbdB is
Clear_ectopic activation in domains Vlrtually ident_ica_l to .those where Controned, in defined parasegmentsi by a series of regu'atory
Evx2is expressed (D-F, compare with A and B), indicating that they elements (Boulet et al., 1991; Celniker et al., 1990; Sanchez-
now are under the control Bx2neural enhancers. Herrero, 1991). Such sequences (lab genes) are often flanked
by frontabdominal elements (Fab genes), which display
blocking activity was found associated with tege/Evx2 insulating or boundary properties. Fab sequences are essential
locus. Whether or not this observation has a phylogenetior proper parasegmental identity as they prevent crosstalk
meaning, rather than being a mere coincidence, remains to between distinct lab (Barges et al., 2000; Mihaly et al., 1997;
established. In any case, the underlying molecular mechanisrdbou et al., 1999). Instead, in the vertebitdtexd complex,
are likely to be distinct, as RXIl does not seem to contain anghe insulating activity may rather reflect a general, complex-
GAGA-binding site. wide protection against anterior CNS regulation, rather than
The morphological effect of expressiktpxd genes in the a way to implement properly a regulatory circuitry in space
developing anterior CNS, and hence the biological relevancend time, as is the case f@rosophila. Therefore, it is
of this insulation, was difficult to assess kexd®XI:del(13-12)  ynlikely that the mechanisms involved in these two processes
homozygous specimens died at birth. However, this lethalitgerve identical purposes. It is nonetheless possible that RXII,
may not be directly associated to the abrogation of insulatioms do Fab8 and the promoter targeting sequences (PTS)
as neonatal death was also observed HKmoxdel(13-12)  jdentified adjacent to it (Zhou and Levine, 1999), contains
homozygous animals, i.e. animals that carried a wild-type RXIboth insulating and ‘enhancer positioning’ activities. Indeed,
and, consequently, did not expréksxdgenes in anterior CNS. the bipartite RXIl element was also shown to be involved
In this latter configuration, the deletion of bd#oxd13and in the mechanism that triggers preferential interaction
Hoxd12induced the mis-expression of otltéoxd genes in a  between the digit enhancer and the mostdxdgene (Kmita
variety of embryonic structures, which may have causedt al., 2002a). Therefore, the digit enhancer may have a
lethality (data not shown). Consequently, it is as yet uncledpositioning activity’, which might help to bypass the RXII
whether such an insulator activity is required to prevent onblocking activity in limbs, in a way related to the PTS element
particular gene to be expressed in developing CNS, awhich was shown to allow distal enhancers to overcome the
alternatively, if all posterioHoxd genes would be equally Fab8 insulation activity (Zhou and Levine, 1999). This
detrimental when expressed there. To precisely assess tbapacity of the digit enhancer to overcome the effect of
biological relevance of this insulation mechanism, specific gaiRXIl may not be shared by neural enhancers which, as a
of expression of 'BHoxd genes, using conventional transgenicconsequence, would not be capable of bypassing RXII in
approaches, will be necessary. CNS cells.
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Regulatory redundancy assistance, as well as Takashi Kondo for sharing data, and colleagues

We show that only a combined deletion of both region XII androm the. Duboyle laboratory for discussions and comments on the
an 18 kb piece of the cluster would lead to ectopic transcriptio Z‘ngg”%eTh,\'fC"c‘:’gk‘":"git%”rgp?r:tege%t‘;‘égfiSt:]fmsc\';gscﬁl';tt?gngle
of bothHoxdllandHoxlem CNS. This obs_ervatlon SUGGEStS oo search Fund, the Claraz, Latsis, Cloetta and Louis-Jeantet
that the DNA fragment that is able, along with RXIl, to insulate, ;,qations.

the Hoxd complex lies around thédoxd12 transcription

unit. Two DNA fragments were shown to display significant

interspecies sequence conservation within this interval; regiofSEFERENCES

Xl and X (Beckers and Duboule, 1998; Hérault et al., 1998a).

A role for RXI in insulation is unlikely as: (1) it has no Barges, S., Mihaly, J., Galloni, M., Hagstrom, K., Muller, M., Shanower,
counterpart in the fish genome (Hérault et al., 1998a); and (2)G., Schedl, P., Gyurkovics, H. and Karch, F2000). The Fab-8 boundary

its deletion together with RXI i oxdRX1:del(13) gnimals had defines the distal limit of the bithorax complex iab- 7 domain and insulates

no apparent effect. Therefore, region X appears as the besﬁte)\'/;;g’;n“e;]Tg?t';’?g?;%rgems and a PRE in the adjacent iab-8 domain.
Cand"jate_el?men_t to me_dla_te this activity aﬂ-ﬂb&dlZloqus. Bastian, H., Gruss, P., Duboule, D. and Izpisua-Belmonte, J. (1992). The
However, its inactivation in vivo, through targeted deletion, had murine even-skipped-like gene Evx-2 is closely linked to the Hox-4
no detectable effect upori Hoxd gene regulation, similar to complex, but is transcribed in the opposite directdamm. Genom8,

; ; ; 241-243.
the case of RXII. This unexpected observation was tentatlvelé!eckers, J. and Duboule, D(1998). Genetic analysis of a conserved sequence

explained by the existence of redundant regulatory processes; ie Hoxb complex: regulatory redundancy or limitations of the transgenic
(Beckers and Duboule, 1998). approachDev. Dyn 213 1-11.

Regulatory redundancy is a difficult concept toBell, A. C., West, A. G. and Felsenfeld, G(1999). The protein CTCF is
accommodate with our current views of gene regulation. required for the enhancer blocking activity of vertebrate insula@mis98,

; ; : . 387-396.
However, if we assume that both regions have Insulatlr]geII,A. C., West, A. G. and Felsenfeld, G2001). Insulators and boundaries:

potentials, we may understand redundancy as a propertyyersatile regulatory elements in the eukaryotic gend@oince291, 447-
associated with one particular cellular context. For example, in 450.
order to be functional in a given cell type, RXIl may requireBoulet, A. M., Lloyd, A. and Sakonju, S(1991). Molecular definition of the

; i ; ; morphogenetic and regulatory functions and the cis-regulatory elements of
factors partially specific for this cell type, to properly insulate the Drosophila Abd-B homeotic gerevelopment.11, 393-405.

the cluster. Likewise, in ,anOther cell type, RX may _recrun aBruh‘ert, A., Monnot, M. J. and Geraudie, J. (1998). Expression of two
different set of factors to insulate the cluster from the influence even-skipped genes evel and evx2 during zebrafish fin morphogenesis and
of a different enhancer. In the case where both sets of factorgheir regulation by retinoic acidnt. J. Dev. Biol 42, 1117-1124.

would be present in CNS cells, both insulation processes wouﬁi‘égeenfae’\r"-vl\xa”ADoggl‘égﬂ?elj- F('; S:)'(tglhr RN" (Tai')“u”dgih eA"MFar;i”d S&n
operate,_ hence Only.mUItlple deletIO!’lSCIH would rgyeal thl$ Doornirllck, J. H'. (1999). Coﬁser\}ation 6f se’quence anci structure flanking
mechanism. Accordingly, the evolution and stability of either the mouse and human beta-globin loci: the beta-globin genes are embedded
one of these two regions might have been driven separately, inwithin an array of odorant receptor geneeoc. Natl. Acad. Sci. US86,
different contexts, to become redundant in CNS cells. In this 5129-5134. _

scheme, the question nevertheless remains as to why singi@niker S. E., Sharma, S., Keelan, D. J. and Lewis, E. §1990). The

. .. . . molecular genetics of the bithorax complex of Drosophila: cis- regulation
deletions have no visible effect, at least in the original context i, e Abdominal-B domairEMBO J 9, 4277-4286.

wherein a given element is specifically required? Such tissu@®schamps, J., van den Akker, E., Forlani, S., de Graaff, W., Oosterveen,
or organs might simply have been overlooked; they may, for T., Roelen, B. and Roelfsema, J1999). Initiation, establishment and
example, involve vertebrate specific functions (rather recent maintenance of Hox gene expression patterns in the matisg.Dev. Biol.

: : : 43, 635-650.
eVOIUtlonary features)’ the alteration of which may have as yg‘Esposito, M., Morelli, F., Acampora, D., Migliaccio, E., Simeone, A. and

escaped our attention. Boncinelli, E. (1991). EVX2, a human homeobox gene homologous to the
The Hoxdcluster has been thoroughly investigated, in vivo, even-skipped segmentation gene, is localized at'teedsof HOX4 locus

for the functional relevance of evolutionary conserved DNA on chromosome Zsenomicsl0, 43-50. ,

sequences. In its most posterior part, i.e. betitmm10and Dollé, P., Fraulob, V. and Duboule, D(1994). Developmental expression of

E fi tretch f di f dthe mouse Evx-2 gene: relationship with the evolution of the HOM/Hox
vx2 five stretches of non-coding sequences were found ;ompiex Developmensuppl., 143-153.

significantly conserved amongst vertebrates. Using target@sliboule, D. (1998). Vertebrate hox gene regulation: clustering and/or
approaches in ES cells, all five sequences were either deletedsolinearity?Curr. Opin. Genet. De\8, 514-518. o
mutagenised and/or exchanged for an orthologous sequerl®, & Paceiite ol ot o PO o tional analysis o the
(Gerard et al". 1996; Beckers ‘f"”d Duboule, 1.998; Heérault etHoxa—l3r'eti'noic acici r’esioon'se eIerﬁen‘RARE).Developmenlym 399-

al., 1998a) (this work). Interestingly, although in some cases, 419

slight variations in the expression of the neighbouring geneserard, M., Chen, J. Y., Gronemeyer, H., Chambon, P., Duboule, D. and
were scored, none of these drastic genetic modifications led toZakany, J. (1996). In vivo targeted mutagenesis of a regulatory element

; ; ; i ; required for positioning the Hoxd-11 and Hoxd-10 expression boundaries.
major regulatory alteratlons, a counter intuitive observation Genes Devl0, 2326-2334.

that is at odd with current speculations regarding S€qUeNGRrayit, v., Hraba-Renevey, S., van der Hoeven, F. and Duboule, D.
conservation outside coding sequences. The results presented9oe). Function of the Evx-2 gene in the morphogenesis of vertebrate

in this paper may shed some lights on this puzzling issue, agimbs.EMBO J 15, 6727-6738.

they suggest that such sequences might relate to high ord&Zi - PEiGes T e v o eiement reveals lobal verats ocal
regulatory processes, rather than to gene-spetisiacting modes of controls in the HoxD compléXevelopmeni25 1669-1677.
controls. Hérault, Y., Rassoulzadegan, M., Cuzin, F. and Duboule, D(1998b).

Engineering chromosomes in mice through targeted meiotic recombination
We thank Nadine Fraudeau and Marianne Friedli for technical (TAMERE). Nat. Genet20, 381-384.
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