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We have used reporter gene constructs to study the cis
regulation of the Hoxd-ll gene (previously Hox4.6) in
transgenic mice. We identified a 5 kb regulatory unit,
which was able to reproduce important aspects of the
initial activation of the gene along the major body axis.
The comparison of the nucleotide sequence of this DNA
fragment with the corresponding avian genomic region
revealed the presence of seven highly homologous
stretches of DNA outside the protein coding regions. In
particular, the 3' flanking region contained two such
domains that are required to mediate the embryonic
activation. A chimeric construct containing the two short
homologous regions from the chicken gene could replace
the complete murine fragment thus demonstrating that
the conserved domains carry the main regulatory
elements involved in this activation. The first half of this
bipartite regulatory region has enhancer activity when
tested with a heterologous promoter, while the second
half is required to restrict the enhancer activity to the
proper expression domain. These results suggest that
stage- and tissue-specific cooperation between regulatory
elements is required to control properly the activity of
the Hoxd-11 promoter.
Key words: colinearity/development/gene regulation in vivol
homeobox/HoxD complex

Introduction
The mammalian Class 1 homeobox (Hox) genes are members
of a family of 38 related genes which are clustered in four
complexes, HoxA, B, C and D, located on different
chromosomes (Scott, 1992). The regulation of Hox gene
expression during development strictly reflects the location
of individual genes in the complexes as their 3' to 5' order
determines their sequence of expression along the
anterior-posterior main body axis (structural colinearity:
Gaunt et al., 1988; Duboule and Dolle, 1989; Graham et al.,
1989). A possible reason for this anterior to posterior
sequence of Hox expression domains is the differential
temporal activation of these genes during morphogenesis
which progresses towards more posterior body regions
(temporal colinearity: Izpisu'a-Belmonte et al., 1991b). The
same features in the functional organization of Hox genes
have also been observed during pattern formation along other
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body axes such as the limb (Dolle et al., 1989; Izpisuia-
Belmonte et al., 1991a; Yokouchi et al., 1991) and genital
axes (Dolle et al., 1991a), suggesting that the Hox gene
family may play a similar role in all axial structures
(Duboule, 1992). Recent genetic manipulations involving
loss of function (Chisaka and Capecchi, 1991; Lufldn et al.,
1991; Chisaka et al., 1992; LeMouellic et al., 1992) and
gain of function (Kessel et al., 1990; Jegalian and De
Robertis, 1992; Lufldn et al., 1992; Morgan et al., 1992;
Pollock et al., 1992) experiments indicate that Hox gene
products are important for normal development as
perturbation of their expression leads to severe
morphological defects. Hence normal morphogenesis is
critically dependent upon the proper establishment of Hox
gene expression domains and it thus becomes important to
understand the molecular mechanisms that coordinate their
sequential activation in space and time.
Hox gene transcripts usually accumulate from a specific

body level towards the tail, from about the time at which
this anterior-most region forms. Some important aspects of
the control ofHox gene activation could be reproduced when
genomic fragments were placed outside of the Hox
complexes, in transgenic mice. For example, transgene
expression patterns obtained with the Hoxa-7 (Pischel et al.,
1991) and Hoxb-4 (Whiting et al., 1991) large genomic
fragments clearly resemble that of the endogenous genes and
thus validate the use of this approach to search for cis-acting
regulatory elements. However, precisely defined regulatory
elements that could control time-restricted initial activation
have not yet been characterized. As the specific sequence
of gene activation might be, in part, dependent upon
interactions in cis between different control elements, the
identification and analysis of such elements as well as their
interactions is an essential step in understanding the
functional organization of HOX complexes.
We used the posterior part of the HoxD complex as a

model system and were able to show that a DNA fragment,
including the entire Hoxd-9 gene, was sufficient to generate
a rather faithful, posteriorly restricted, expression pattern
in transgenic mouse embryos (Renucci et al., 1992). Hoxd-9
is one of the five neighboring genes which are located at
the 5' end of the complex and which are related to the
Drosophila Abd-B homeotic gene. Of these five consecutive
genes Hoxd-9 is the first to be activated in 8 day old mouse
embryos. It is followed by the four other genes, in a temporal
order that corresponds to their position so that the genes are
progressively activated, from Hoxd-9 to Hoxd-13, during
the formation of the most posterior parts of the body (Izpisuta-
Belmonte et al., 1991b). In order to compare the
mechanisms of activation among these highly coordinated
genes, we set out to analyze the cis-acting elements
controlling the expression of the Hoxd-11 gene.

In this report, we describe a complex regulatory unit in
the Hoxd-JJ region. This region was able to mimic, in both
space and time, the restricted activation of the endogenous
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Fig. 1. Characterization of regulatory regions of the Hoxd-11 gene in transgenic mouse embryos. Summary of the constructs and sites of expression.
(A) Scheme of the posterior part of the murine HoxD complex with the distances between the homeoboxes of the different genes (rectangles) and the
approximate positions of the Nsil (Ns) and EcoRI (E) restriction sites which delimit the genomic fragment analyzed in this study. (B) A partial
restriction map of the Hoxd-JJ gene is shown below the horizontal line which represents the Nsil-EcoRI genomic fragment. The rectangles
numbered I-IX above show the position of the regions of interspecies conservation (open or black boxes represent a minimum of 70% or 85%
nucleotide identity, respectively). The dotted line across the boxes indicates the sequenced region. A, ApaLI; B, BamHI; E, EcoRI; N, Nsil; No,
NotI; X, XhoI. The different variants of the transgene constructs are shown underneath with their designations on the left. The open box attached at
the end to the Ns-Xb fragment in the Mo/Ck construct represents the XbaI-ApaI 550 bp chicken Hoxd-J1 fragment. (C) Schematic representation of
the Hoxd-11 genomic sequences tested in the enhancer assay. The 330 bp PstI-HindII, 730 bp PstI-PstI and 400 bp HindI-PstI fragments were
placed in front of the mouse hsp68 promoter. The direction of transcription is from left to right, into the lacZ gene. The 5'-3' orientation of the
fragments was reversed in the P-H/hs and P-P/hs constructs with respect to the hsp68 promoter. (D) Results of transgene expression analysis. The
incidences of specific expression patterns are shown aligned with the respective constructs in B and C. The 'early' domains were established by
embryonic day 10 in synchrony with the appearance of the respective organ primordia. Expression in the 'late' domains was detected subsequently
(see Results for details). The last column lists the total number of ,B-gal positive individuals, including those with expression patterns not related to
the reproducible Hoxd-11 specific patterns, over the total number of lacZ positive independent integrants, as determined by Southern blotting analysis
of genomic DNA samples. The box highlights the lack of early activation in the absence of regions VIII and IX. aThe expression patterns observed
were more extensive than that of the original Ns-E construct, s25 and s16 in the cases of Ns-H and P-H/hs, respectively. bThe genomic DNA
isolated from the extra-embryonic membrane of an otherwise clearly (3-gal positive embryo was not lacZ positive in Southern analysis. nt, not tested.

gene along the main body axis, together with most of its
other activation characteristics. Although the transgene
expression pattern in developing limbs was not the same as
that of the endogenous Hoxd-11 gene, selective activation
in the posterior mesoderm of both forelimbs and hindlimb
buds was observed, in a way reminiscent of the expression
domain of the endogenous gene. We compared the nucleotide
sequence of the mouse locus with that of the corresponding
chicken genomic region (Izpisu'a-Belmonte et al., 1991a).
The regulatory potential of different combinations of the
highly conserved sequence domains was analyzed in vivo,
which led to the isolation of a short bipartite regulatory region
required for the embryonic activation of the Hoxd-11
3540

transgenes. The analysis of this region suggests that it is
involved in the control of the initial activation of the Hoxd-11
gene in the posterior body region as well as in limbs and
the genital bud.

Results
Developmental expression of a Hoxd-11 - lacZ
fusion gene
We first analyzed the expression pattern of a large construct
that contained approximately 3 and 2 kb of sequence
upstream and downstream of the Hoxd-1J transcription unit,
respectively (Ns-E; Figure 1A and B and Figure 2). The
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Activation of Hoxd- 11 during late gastrulation

Fig. 2. Nucleotide sequence of the mouse Hoxd-JJ locus. The nine conserved regions are numbered from I to IX. Open boxes (I, IH, VI and VII)
indicate 70% identity between mouse and chicken whereas shaded boxes (II, IV, V, VIII and IX) indicate a minimum of 85% identity. The arrow
shows a major transcription start site. The polyadenylation site as well as the restriction sites used to generate the constructs shown in Figure 1 are
underlined. A, ApaLI; Ac, AccI; B, BamHI; E, EcoRI; H, HindIII; No, NotI; P, PstI; Xh, XhoI; Xb, XbaI. Coding regions are shown in capital
letters (for the protein sequence, see Lzpisua-Belmonte et al., 1991b). This sequence is available from EMBL/GenBank/DDBJ under accession
number X71922.

production of transgenic families allowed us to analyze in
detail the establishment of the transgene expression pattern
during development. The time of activation along the main

body axis was on embryonic day 9 (E9). At this stage, the
four occipital somites were no longer discernible. In the
following description, we have therefore numbered only
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Fig. 3. Early activation and development of the Hoxd-1J transgene expression pattern mediated by the Ns-E construct. (A) Initial activation at the
posterior ends of three E9 embryos (Theiler stage 14-15) sired by a homozygous male of family #397. Activity is not seen in the top embryo
( 18 somites) but appears in the one in the middle panel ( -23 somites) and becomes broader in the bottom panel (-25 somites). (B) A 23 somite
stage embryo after eosin staining. The arrow points to the level of the last condensed somite. (C) Histological section taken from an equivalent stage
Xh-E embryo which shows the presence of histochemically detectable ,3-gal in and around the regressing primitive streak. (D) Enlargement of a

parallel section of the same embryo which shows the posterior end. fl-gal activity is detected in all cell types. At this stage, the Ns-E or Xh-E
fragment-mediated expression patterns are indistinguishable. (E) Expression pattern of an Ns-E transgene at ElO (Theiler stage 16-17). Note the
expression in the hindlimb bud, the posterior, proximal forelimb bud and the tail. Weak expression in the head mesoderm is specific for this family
and was not observed in the other families or embryos obtained with the Ns-E construct. (F) Histological section through the tail and tailbud of an

ElO embryo shows that derivatives of all three germ layers are fl-gal positive. (G) Histological section through the posterior hindlimb bud of an Ns-
E embryo at an equivalent stage. (H) A parallel section of the same embryo shows the strong signal in the metanephric anlage, and absence of fl-gal
activity in the ureteric bud. (I) Pattern of transgene expression of the Ns-E construct in an Eli (Theiler stage 19) embryo. (j) Whole mount
preparation of an E12.5 (Theiler stage 21) Ns-E embryo showing the posterior expression domains in the trunk, forelimbs, hindlimb, tail, genital bud
and abdominal wall. (K and L) Histological sections through the forelimb and hindlimb, respectively, of an Ns-E late E12 embryo (Theiler stage

20-21). The open arrows in panels E, I and L point to the fl-gal positive posterior-proximal mesoderm cells in the forelimbs. c, cloaca; en,

endoderm; fl, forelimb; flb, forelimb bud; fp, footplate; gt, genital tubercle; he, heart; hl, hindlimb; hlb, hindlimb bud; hp, handplate; me,

mesoderm; mn, metanephros; no, notochord; ne, neuroectoderm; nt, neural tube; o, otic vesicle; pm, pre-somitic mesoderm; ps, primitive streak;
s23, s31, somite number 23 and 31, respectively; sc, spinal cord; tb, tailbud; te, telencephalon; tg, tailgut; ub, ureteric bud; zp, zeugopod skeletal
blastema.
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Fig. 4. Differential expression of the Hoxd-11 Ns-E construct and derivatives in the posterior region of the body. (A) A Ns-E embryo at Eli
(Theiler stage 19) shows the combination of expression sites characteristic of this transgene (see also Figure 31). (B) An embryo transgenic for the
Ns-No construct at Ell (Theiler stage 19) showing expression in the dorsal root ganglia and spinal cord from the level of pv31 and in the extreme
posterior somites as well as in the tail bud. Note the absence of (3-gal activity in the trunk anterior to pv3 1. (C) An embryo at El (Theiler stage
19) positive for the Ns-B construct. Expression is detected in the posterior-proximal forelimb but is much reduced in the other domains. (D) An Xh-
E transgenic embryo at El (Theiler stage 18). Expression is seen in all the Ns-E embryonic expression domains, but appears much reduced in
intensity in the somitic derivatives, and in the spinal cord. (E) This mid-sagittal section of the embryo shown in panel A illustrates the expression in
the abdominal wall, genital tubercle, tail pre-vertebrae and spinal cord. Note the reduced level of (3-gal activity in pre-vertebrae 27-30. (F) A
comparable section of the embryo shown in panel B shows the expression in the spinal cord, the abdominal wall and genital tubercle. Note that
staining in the genital tubercle is complementary to that obtained with Ns-E (or Xh-E) transgenic embryos (e.g. panel E). (G) Dorsal view of the
posterior body region of an Ns-E embryo at ElI (Theiler stage 19). Note the sharp anterior limit of expression at the level of pv27 in the trunk. (H)
The same view of an Ns-H ElI (Theiler stage 19) embryo. Note the sharp anterior limit of expression in the trunk at the level of pv25. (I) An E9
(Theiler stage 15) Ns-H embryo with the sharp anterior limit of expression at the level of prospective somite 25 in the neural tube. (I) A P-H/hs
embryo at an equivalent stage (E9; Theiler stage 15). The arrow points to the level of prospective s25. (3-gal is detected in tissues more anterior than
this level, in both the neural tube and the mesoderm. (K) An embryo transgenic for the P-H/hs construct at EIO (Theiler stage 17). (L) A similar
embryo, but transgenic for the P-P/hs construct (EIO; Theiler stage 17-18). Note the reduced level of expression in the anterior (pv27-30) sector
of the Hoxd-JJ Ns-E embryonic expression domain. ab, abdominal wall; drg, dorsal root ganglia; fl, forelimb; gt, genital tubercle; hl, hindlimb; hlb,
hindlimb bud; pv25, 27 'and 31, pre-vertebrae 25, 27 and 31, respectively; sc, spinal cord; tb, tailbud; uv, umbilical vessels.

those somites which participate in the morphogenesis of the
vertebral column. A given prevertebra (pv) number thus
corresponds to the number of the somite (s) which
contributed to its anterior half.
Whole mount and histological analysis revealed that,

in the 23 somite stage embryo, the anterior body regions
and most of the pre-somitic mesoderm were negative
(Figure 3A -C). $-gal activity was first detected in the

posterior end, in and around the regressing primitive streak,
as well as in the pre-somitic region at the level of prospective
somite 27 (s27). In the tip, all cells showed (-gal activity
(Figure 3D) whereas in more anterior parts, the neural tube,
mesoderm and endoderm were positive but the epidermis
was negative.
At EIO, expression was detected in the somites and their

derivatives, and in the neural tube and neural crest, posterior

3543

gt

I

MI

'I

...n

..i

f.

pv3 I
i

H
hl

tb
I hi

pv25S^

L3-

vgfq.,

olI
I
I
I
I
I
I



M.G6rard, D.Duboule and J.Zhkhny

*

h

1N
nix

,I \1 It

flbIt Fib

hlb

Pl'i.
I \

I'I'

!N,-;tV,,
I
/

Ix

3544

a

us

. t
I.

i c

"I-b

I



Activation of Hoxd- 11 during late gastrulation

to s26 (Figure 3E-G). However, both the hindgut endoderm
and the ureteric bud which at this stage is in intimate contact
with the strongly positive metanephric anlage (Figure 3H),
were negative. In the tail, all tissues were positive, with a
stronger signal in the ventral parts of the tailgut, tail
mesoderm and neural tube. $-gal activity was also detected
in the posterior third of the hindlimb bud mesoderm, with
a higher intensity dorsally (Figure 3G). A posterior-ventral
expression domain was subsequently established in the
forelimb, which slightly extended into the ventro-lateral trunk
in older specimens (Figure 3E and I- L; open arrow).
By El 1.5, the pattern extended into the genital tubercle

and the umbilical as well as peri-umbilical abdominal
mesoderm (Figure 31 and J). A few hours later, expression
at the level of pre-vertebrae 27-30 (pv27 -30) faded
considerably in all cell types with the exception of the spinal
cord (Figure 4A and E). At this developmental stage, the
apparent anterior limit in the axial mesoderm was at pv3 1.
This expression pattern remained stable at least until E13.5.

Definition of a regulatory unit in the Hoxd- 1 1 locus
We tried to reproduce this rather faithful pattern of
embryonic activation (observed with the Ns-E construct) by
using shorter genomic fragments. A deletion analysis,
involving 3', 5' and intronic sequences, was therefore carried
out (see Figure 1 for the various constructs). A large 5'
deletion construct (Xh-E; Figure LB) still resulted in
expression patterns similar, at early stages, to that of the
original Ns-E transgene. The activation of expression was
reproduced at E9 (Figure 3B) and histological analysis
revealed a comparable distribution of $-gal positive cells.
Expression was observed in all cells posterior to s26 in the
unsegmented mesoderm, neural tube, and in the endoderm
(Figure 3C and D). In older embryos (Figure 4D) expression
was found in the tissues posterior to pv26, in the spinal cord,
pre-vertebrae, dorsal root ganglia, tail, tailbud and
metanephros. However, similarly to the Ns-E construct,
expression was detected neither in the ureteric bud nor in
the endodermal layer of the hindgut. In four independently
derived embryos, the anterior limit of expression was found
at pv27. In three embryos, expression in the posterior part

of the genital tubercle was also visible (Figure 4D). These
embryos were clearly old enough for one to expect to see
expression in the proximal-posterior forelimb domain as well
as in the umbilical and abdominal mesoderm. However,
expression in these structures was not detected.
These results suggested that the genomic sequences present

in the Xh-E construct are sufficient for a fairly normal
activation of the transgenes in the early domains of
expression along the main body axis, the hindlimb bud and
the genital tubercle. This combination of expression domains
defined an early embryonic pattern that resembled that of
the endogenous Hoxd-11 gene. We therefore focused on a
more detailed analysis of this 5 kb XhoI-EcoRI region.

Highly conserved DNA regions in vertebrate
Hoxd- 1 1 loci
The nucleotide sequence of the mouse X&oI-EcoRI fragment
was compared with that of the corresponding chicken
Hoxd-JJ genomic region. Figure 2 shows the nucleotide
sequence of the mouse locus with the regions that showed
significant sequence homology with the avian locus (see also
Figure 5A). Nine regions of particularly high sequence
similarity were found (I-IX) inside as well as outside the
Hoxd-11 coding region. Regions I and VII were found to
delimit the Hoxd-1J transcription unit. Thus, while region
1 (85 bp, 69% identity) contained a major transcription start
site (localized by RNase mapping, arrow at position 1317
in Figure 2), region VII (211 bp, 72%) contained the mRNA
polyadenylation signal, AATAAA (starting at position 391 1
in Figure 2). The Hoxd-11 mRNAs, identified by Northern
blot analysis, were -2 kb and 1.8 kb long for the mouse
(Izpisuia-Belmonte et al., 199 la) and chick (Rogina et al.,
1992) respectively. This agrees well with the distances
between regions I and VII, when the lengths of the introns
(870 bp and 830 bp for mouse and chicken, respectively)
were subtracted.

Five additional domains of high interspecies sequence
similarity were uncovered in the Hoxd-11 transcription unit.
Region II (161 bp, 89%) was found in the 5'-untranslated
sequence, region III (71 %) matched with the protein coding
part of the first exon, whereas region IV (141 bp, 84%) was

Fig. 5. Identification of an early embryonic activating region located at the 3' end of the Hoxd-11 gene and conserved between birds and mammals.
(A) Alignment of the mouse Hoxd-11 3' nucleotide sequence (nucleotides 4622-5354 in Figure 2) with the corresponding chicken sequence. Shaded
boxes highlight conserved regions VHI and IX. Scattered shaded sequences show motifs which are conserved but whose relative positions have

changed. The arrows indicate motifs related to the consensus DNA binding sites for some nuclear receptor molecules. The restriction sites used for
transgenic analysis are indicated. A, ApaI; H, HindIII; P, PstI; Xb, XbaI. (B) Schematic representation of the Mo/Ck chimeric construct. The upper
line shows the mouse genomic region with the positions of the exons shown above. The black boxes represent the conserved regions I-IX. The
bottom line represents the same illustration but for the chicken counterpart (stippled). The dotted lines above and below the illustrations of the mouse

and chicken genes show the position of the DNA sequences shown in panel A. The chimeric construct is shown in between (Mo/Ck transgene). In

this construct, the mouse terminal part was exchanged against the corresponding chicken one. The symbols in this region represent the position of the
restriction sites, as indicated in panel A. (C) Three transgenic embryos are shown that express the Ns-Xb transgene (see Figure 1). The left panel is

an EIO embryo (Theiler stage 16-17) that shows staining in the anterior and posterior margins of the branchial arches, a double band of cells in the

myelencephalon, in the lung mesoderm, in the forelimb and in the thoracic intermediate plate mesoderm. The staining intensity is very weak. The
middle panel shows a El1 transgenic embryo (Theiler stage 18-19). Expression is restricted to the dorsal half of the central nervous system, at all
levels, including the optic stalk and the dorsal axial mesoderm all along the central nervous system. The embryo on the right is at El1.5 (Theiler
stage 19-20) and shows another abnormal set of expression domains in the maxillary processes, mesencephalon, anterior and proximal parts in both
the forelimbs an the hindlimbs, heart and neural tube floorplate in the tail region, and at the anterior and posterior margins of the genital tubercle.

(D) Three transgenic embryos that express the chimeric Mo/Ck transgene. The embryos are at E10.5 (Theiler stage 17-18; left panel), Ell (Theiler

stage 18-19; middle panel) and E12 (Theiler stage 20; right panel). All three embryos have a distribution of ,3-gal that corresponds to that observed
in Ns-E transgenic embryos of a comparable age. A slight ectopic expression is seen in the chain of cervical sympathetic ganglia in the embryo on

the right. The short chicken DNA fragment is able to rescue the highly irregular expression pattern produced by the Ns-Xb transgene. The open
arrows point to the anterior limit of transgene activation at the level of pre-vertebra 27. ab, abdominal wall; flb, forelimb bud; h, heart; hlb,
hindlimb bud; 1, lung; me, mesencephalon; mx, maxillary process; os, optic stalk; pg, pre-vertebral ganglia; te, telencephalon.
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found in the intervening sequences. Region V (86%)
corresponded to the homeobox region, and region VI (109
bp, 69%) was located in 3 '-untranslated sequences. Regions
VII (140 bp, 87%) and IX (120 bp, 89%) were mapped
3' to the termination of the Hoxd-JJ transcription unit, in
both species (see also Figure 5A). In order to assign
particular cis-acting regulatory functions to these various
regions, transgenes containing different combinations of
conserved regions were constructed and analyzed in transient
assays.

Mapping of an embryonic activation region
Deletion of the intronic sequences did not affect the early
activation of the Ns-E construct in the six f-gal positive
embryos obtained (A intron; Figure lB and D). In the two
embryos which were recovered at Ell, expression was
detected in the distal posterior hindlimb. Other late-
developing components of the pattern were not influenced
and, most importantly, no element of the pattern was lost.
We also analyzed the regulatory capacity of the short 0.7 kb
XhoI-ApaI fragment (Xh-A; Figure 1), which contains the
transcription initiation site of the mouse gene as well as some
upstream sequences. None of the four transgenic embryos
that expressed the Xh-A construct showed any of the
characteristic patterns associated with the Ns-E construct
(Figure ID). The proportion of $-gal positive embryos
among the total transgenic specimens (four out of seven)
suggested, however, that a basal promoter activity is located
in this fragment. In all four embryos, the $-gal positive
structures were located more anteriorly than the s27 limit
and were significantly less stained when compared with the
Ns-E construct.
The deletion of the 3'-located NotI-EcoRI fragment (Ns-

No, Figure 1B) strongly affected the transgene expression
in those structures which were positive in both the Ns-E and
the Xh-E constructs (see Figure 1D). This construct was
expressed in the trunk of one embryo from pv3 1 to a more
posterior position in the spinal cord and in dorsal root ganglia
as well as from s45 in the tail (Figure 4B). In another
embryo, the ventral surface of the tailbud was positive from
approximately s45. In the four f-gal positive embryos,
however, the pv27-30 domain was negative in all tissues
(Figure 4B and F and data not shown). In addition to this
abnormal posterior expression in the trunk, the three f-gal
positive embryos that were 11 days old or older showed
strong expression in the anterior two-thirds of the genital
tubercle (Figure 4F). The four specimens showed expression
in the limb buds, with proximal-posterior restriction, as well
as in the umbilical and peri-umbilical abdominal domains,
as observed with the Ns-E construct. The absence of proper
activation in the early domains suggested that the Ns-No
construct lacked regulatory elements required for such a
function. Such elements were thus expected to be found in
the 3' part of the locus. We therefore produced further
deletions within this region.
The Ns-B construct was not able to activate expression

in the trunk (Figures lB and D, and 4C) and thus was not
expressed in any of the domains positive for both the Ns-E
and Xh-E constructs. In three of the four positive embryos,
expression was found in both the umbilical and abdominal
mesoderm. Moreover, in two embryos, the proximal-
posterior hindlimb domain was observed. The intensity of
staining in the abdominal and hindlimb mesoderm appeared

weaker than usual. The late and posterior activation in the
spinal cord, dorsal root ganglia and tail mesoderm was absent
and no expression was seen in the genital eminence. These
unexpected differences between the expression patterns of
the Ns-B and Ns-No (shorter) constructs suggested that a
negative regulatory element is present between the NotI and
BamHI sites (see Figure 1B).
We then further deleted the terminal XbaI-EcoRI

fragment to produce the Ns-Xb construct which lacked most
of region VIII and region IX (Figures 1B and D, and 5C).
None of the four f-gal positive embryos obtained showed
either the late or the early patterns as defined by the Ns-E
construct (Figure 5C). The absence of the late pattern was
even more complete than in the case of the Ns-B construct
as a weak expression was found in the forelimb in a single
case only. In the other cases the expression patterns were
unrelated to any of the Ns-E domains. The region deleted
in the Ns-Xb construct contains two clusters of conserved
sequences, regions VII and IX. This result raised the
possibility that an important activating function would be
achieved by one or both of these regions. An additional
deletion was consequently generated which separated the two
potential regulatory elements (Ns-H, Figure 1B and D). This
construct was equivalent to the Ns-E construct, but lacked
region IX, the last conserved DNA domain.
Ten f-gal positive embryos were obtained with the Ns-H

construct (Figure lB and D) and all expressed the transgene
in the Hoxd-JJ embryonic domain. Seven specimens showed
spatially restricted expression in the trunk. In the six cases
where the fetuses were at EIO or older, the anterior limit
of expression was found at the level of s25 in axial
mesoderm and in the central and peripheral nervous
systems (Figure 4H). At E9, an even more anterior limit
was found in the trunk mesoderm (Figure 41), while the limit
in the neural tube was still at s25. Even though in this
embryo, the s22 -23 anterior limit in the trunk was clearly
above the hindlimb field, the expression in limb buds of five
older fetuses was similar to that seen with the Ns-E
transgenic families (Figure 4G and H). In four of these
fetuses, the proper pattern was recovered in the genital bud
as well. Expression in the fetal limbs and abdominal domains
was also detected in the three embryos which were at EIO
or older. Consequently, it appeared that the 280 bpXbaI-HindIm fragment was able to restore the expression
in the entire embryonic domain, indicating that it contains
a major activating function. This same short fragment was
also able to rescue expression in the fetal domain.
Interestingly, however, the trunk expression domain of the
transgene had shifted towards a more anterior position in
comparison with the full Ns-E construct, suggesting that partof the regulatory elements that define the precise anterior
limit of transgene activation had been lost. As two domains
of high interspecies sequence homology were found in the
0.9 kb XbaI -EcoRI 3' region (regions VmI and IX, see
Figures 1 and 5), one of which was located 3' of the HindHI
restriction site, we analyzed their potential to act together
as a regulatory unit.

Interspecies conservation of the control of Hoxd- 11
early activation
Figure SA shows the alignment of mouse and chick DNA
sequences in regions VmI (140 bp) and IX (120 bp). Only
very short stretches of homology were found outside these
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two domains. The distance between the two domains,
however, was strikingly conserved (170 bp for mouse and
169 bp for chick). We used the fact that the XbaI restriction
site, which is located at the beginning of region VIII, is
conserved in both species, to complement the deleted
(inactive) mouse Ns-Xb transgene with the 550 bp chicken
XbaI -ApaI genomic fragment. This chimeric mouse -chick
transgene gave five (-gal positive fetuses (Mo/Ck, Figure 1B
and D). Four out of five showed completely restored patterns
in the early and late domains of expression (Figure SC).
Histological examination revealed that distribution of (-gal
was exactly the same as that seen for the Ns-E transgene
in both the tail and the trunk, including the sharp
discrimination between the ureteric bud and metanephric
anlage, as well as in the hindgut endoderm and mesoderm
(not shown). The chicken 550 bp XbaI-ApaI Hoxd-11
fragment could thus substitute for the mouse 3' flanking
fragment to control an early activation function correctly.
This demonstrated that regions VII and IX are indeed solely
responsible for this activation, being presumably parts of a
composite regulatory unit.

Isolation of a Hoxd- 11 embryonic enhancer
To investigate further the regulatory potentials of the 3'
regulatory regions VIII and IX, three additional reporter
genes were constructed using a heterologous promoter. The
330 bp PstI-HindHI fragment, which contains region VII,
was introduced in reverse orientation in front of the
hsp(3)11acZ(A) enhancer detector gene construct (P-H/hs,
Figure IC and D). Six fetuses showed expression in the
posterior trunk region. (-gal positive cells were observed
as anteriorly as s16. The intensity of staining increased
gradually towards more posterior regions (Figure 4J),
reaching a peak level in the regressing primitive streak, the
tail bud and the non-segmented mesoderm region. In the
three cases where the hindlimb buds were already present,
expression was seen in the entire bud and followed the
gradual increase in staining, in parallel with that seen in the
trunk of these embryos (Figure 4K). In older embryos, low
levels of expression was seen in the anterior parts of the
Hoxd-JJ early trunk expression domain but nothing in
hindlimb buds (not shown), suggesting that the detected (-
gal activity in the hindlimbs simply reflected the earlier
activation in the trunk rather than the proper mode of
Hoxd-JJ Ns-E transgene activation. In the P-P/hs construct
(Figure 1C and D), the 400 bp HindJI-PstI fragment
containing region IX was added to the P-H/hs construct. The
entire 730 bp PstI fragment which contained both regions
VIII and IX was thus present. In this case, the gene was
expressed in the tail bud and the trunk, posterior to pv27,
but expression was detected neither in more anterior domains
nor in the limbs (Figure 4L).
The HindlI -PstI fragment (P-P/hs) therefore seemed to

exert a negative regulatory influence over the activating
regulatory region VIEI. Moreover, it did not show any
embryonic activating capacity when tested alone (H-P/hs).
Five transgenic embryos were obtained with the H-P/hs
construct (Figure IC and D), two of which expressed (3-gal
in the ventral neural tube, in a pattern often observed with
the hsp(3)11acZ(A) enhancer detector construction alone
(J.Zakany, unpublished). One embryo also expressed the
transgene in the lung primordia but none of the five expressed
the transgene in the domain of the Hoxd-JJ gene.

Discussion

The Hoxd- 11 pattem in transgenic mice
In an attempt to characterize the molecular mechanisms that
control the spatially and temporally specific activation ofHox
genes, we have studied the regulation of the Hoxd-1J gene
in transgenic mice. The largest (8 kb Ns-E) fragment used
in this study was capable of reproducing some important
characteristics of Hoxd-11 mRNA distribution. The activa-
tion of the transgene took place in the posterior end of the
22-23 somite stage embryo, approximately at the level of
the future s27. Neuro-ectoderm, pre-somitic and ventral
mesoderm, as well as tailgut endoderm, expressed the
transgene. This expression pattern was most likely due to
an activation of the transgene within the regressing primitive
streak. At this stage of delayed gastrulation (in the E9 mouse
embryo), the primitive streak is known to contribute to all
three germ layers of the posterior body region (Tam and
Beddington, 1987). The Hoxd-11 transgene was thus able
to respond to the early activation phase during gastrulation
in the primitive streak, a phase during which activation of
most Hox genes takes place (Gaunt, 1991). The time at which
the expression of the transgene was activated corresponds
to the occurrence of somitogenesis at the most anterior level
at which the expression of the endogenous Hoxd-11 gene
was observed in axial mesoderm (Izpisuia-Belmonte et al.,
1991b). In the neural tube, the anterior limit of expression
of the transgene was at the same level. This is in contrast
to the pattern ofHoxd-11 specific RNA accumulation whose
anterior limit had been previously found at pv25 (Dolle
et al., 1991a).

In limb buds, activation of the transgene was seen in the
mesoderm. This activation, however, occurred too late. In
early hindlimb buds, the (-gal expression was reminiscent
of the endogenous Hoxd-11 specific RNA accumulation. At
El 1, the pattern started to diverge, with the transgene
product being absent from the most distal part, a region that
strongly expresses Hoxd-JJ (Dolle et al., 1989). In marked
contrast to the normal situation, no expression was seen in
the forelimb buds at an early stage. A few hours later,
however, a weak activity was reproducibly detected in the
posterior-proximal part of the limb. Even though this
forelimb pattern was not directly comparable with that of
Hoxd-11, it was clearly reminiscent of the general posterior
specificity of HoxD gene expression in the limbs (Izpisu'a-
Belmonte and Duboule, 1992). Altogether, these results
showed that a regulatory region exists around the Hoxd-1J
gene which is capable of activating gene expression in the
newly developing posterior body region. The expression of
the transgene was observed in all structures which normally
express Hoxd-11, though with slightly delayed activation
when compared with the endogenous gene. However, the
pattern of expression in the axial mesoderm was essentially
correct.
Genomic fragments that could mimic Hox gene activation

in the primitive streak at earlier stages were reported from
the Hoxa-7(Puschel et al., 1991), Hoxb-1 (Marshall et al.,
1992), Hoxb-4 (Whiting et al., 1991) and Hoxc-8 (Bieberich
et al., 1990) genes previously. As the Hoxd-11 specific early
activation in the primitive streak and hindlimb buds was
rather faithfully reproduced with the 5 kb Xh-E construct,
we set out to localize the responsible cis-acting element. We
used interspecific DNA sequence comparison to identify
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conserved genomic regions (Renucci et al., 1992) that could
be functionally assayed by additional deletions, choosing two
distantly related species.

Definition of an early activating region
Seven domains of high interspecies sequence homology were
found in non-protein-coding regions of the Hoxd-JJ locus.
Five of these overlapped with, or were included in, the
mRNA, whereas two were found in 3' flanking sequences.
The analysis of various constructs which contained different
combinations of these domains allowed us to evaluate their
regulatory potentials. The presence or absence of intronic
sequences did not appreciably modify the early expression
pattern, suggesting that region IV is not required for the early
activation. Similarly, the presence of the conserved regions
I and II in the short Xh-A construct, which contained the
Hoxd-1J start site and upstream region, was not sufficient
to recapitulate any specific character of the endogenous
expression pattern. The variable expression patterns obtained
with this short fragment were most likely due to regulatory
influences conferred by the different integration sites.

In addition to regions I and II, regions HI-V and HIl-VII
were present in the Ns-B and Ns-Xb constructs, respectively.
None of the above combinations, however, was able to
mimic the early activation pattern. It thus appears that the
early activation of the transgene is dependent upon the
presence of the 3' terminal 0.9 kb fragment. This fragment
contains regions VmI and IX and was referred to as the early
activation region. Some transgenes could nevertheless exhibit
significant activities in the Hoxd-11 late expression domains
without this early activating region. This suggests the
presence of additional positively as well as negatively acting
regulatory elements.

Late-acting positive and negative regulatory regions
The 3' deletions have established the existence of a second,
late-acting, positive regulatory region. The Ns-No construct
contained the Hoxd-1J transcription initiation site (regions
I and II and part of region IH). This construct was activated
in the late pattern, in contrast to the Xh-E construct. This
suggests that the activation in the late domains relies on the
presence of the 5'-located NsiI-XhoI fragment. The
Hoxd-JJ transgene expression could thus be initially
controlled by the 3' regulatory region, in the primitive streak,
pre-somitic mesoderm and somites even in the absence of
the 5' regulatory region. Later, the presence of the 5' and
3' regulatory sequences may be required simultaneously to
guarantee a correct expression in the structures which derive
from these domains, e.g. in the pre-vertebrae. The activity
of the Hoxd-JJ promoter, at later stages, may therefore result
from a cooperative interaction between two distantly located
activation regions.
The expression patterns produced by the Ns-No, Ns-B and

Ns-Xb constructs revealed the existence of several negatively
acting regions. In the genital eminence, for example,
expression was observed with the Ns-No construct whereas
the longer Ns-B test gene was negative. Furthermore, most
of the other Ns-No-associated expression domains were
significantly reduced, either in the Ns-B expressing embryos
or, even more, with the Ns-Xb construct. This suggested
that a rather large negatively acting regulatory region is
present in the NotI-XbaI fragment, i.e. within the transcrip-
tional unit, around regions IV-VII. The importance of

negative regulatory regions in specifying the anterior limit
of transgene expression in late fetal tissues has been
previously reported for the murine Hoxa-7 (Piuschel et al.,
1990) and Hoxc-8 (Bieberich et al., 1990) genes.

The 3' activating region is a bipartite element
The expression of the inactive Ns-Xb construct could be
rescued by the addition of the adjacent 270 bp XbaI-HindmI
fragment (Ns-H), which thus identified region VIII as the
early activating element. While the expression was restored
in the entire early domain as well as in much of the late
domain, the spatial restriction of transgene expression during
the early phase of activation was shifted anteriorly relative
to the full Ns-E construct (Figure 6). This suggested that
the correct spatial activation involves another regulatory
function, located further 3', that would cooperate with region
VIII to define the proper anterior limit during the early
activation. This region was further studied by the production
of a chimeric transgene which replaced the 3'-located murine
XbaI-EcoRI fragment with a corresponding fragment of the
chicken Hoxd-JJ gene. The nucleotide sequence of this
chicken fragment shows high levels of homology with its
mouse counterpart only in regions VII (140 bp, 87%
identity) and IX (120 bp, 89% identity). Interestingly, the
distance between these two regions is strikingly conserved
(186 bp in mouse and 185 bp in chick). The chimeric
construct reproduced an original activation pattern similar

Fig. 6. Cooperations between the enhancer (region VIII) and the
negative element (region IX) in the establishment of the Hoxd-JJ
expression specificity. A schematic representation of the posterior body
region of an EIO embryo is shown, with the somites and the
corresponding levels of the spinal cord. Shading of these structures
indicates fl-gal activity observed with either the Ns-H (from s25, on
the left-hand side) or the Ns-E (from s27, on the right-hand side)
constructs. The expression domains extend posteriorly (arrows). The
Ns-H construct contains the enhancer (Tg I -VilH while the Ns-E
construct contains, in addition, the negative element (Tg I-IX). The
spinal cord on the left and the somites on the right are shown in black
to indicate that these domains of expression correspond to those of the
endogenous Hoxd-J1 gene. The somites on the left and the spinal cord
on the right are stippled to show that these expression domaIns are
abnormal in their extent. These deviations from the activity of the
endogenous Hoxd-11 gene may reflect the capacity of the negative
element to prevent enhancer-mediated expression in the somites
anterior to s27 as well as a requirement for the functional isolation of
these two cooperating elements to reach the correct level in the spinal
cord. This functional isolation cannot be reproduced in transgenic mice
suggesting that it depends on a cis-acting control from a HoxD region
that is not present in the Nsil-EcoRI fragment.
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to that observed with the mouse Ns-E construct. This
functional equivalence, in the transgenic mouse assay, of
the mouse and chicken fragments, added to the modifications
of regulatory specificity following the removal of region IX
(the Ns-H construct), strongly suggests that regions Vmand
IX represent major Hoxd-JJ regulatory elements. It also
indicates that the two elements cooperate in setting up the
proper early activation of the Hoxd-1J expression.
When assayed upstream of the hsp68 promoter, region

VmI showed some features of transcriptional enhancers.
Interestingly, it caused selective activation in the tail bud
but the expression domain extended abnormally far towards
the anterior, even more so than with the Ns-H construct.
In contrast, the hsp68 promoter construct that contained the
original combination (regions VII and IX) was not expressed
anterior to the level of pv27 in the trunk. These observations
confirm the presence of a negative regulatory function
mediated by region IX. This negative control region was
capable of preventing the activation of the transgene in
ectopic anterior expression domains, probably by negatively
controlling a premature activity of the enhancer element VII.
Heat-shock promoter experiments also showed that, although
the enhancer was sufficient for activation in the trunk, it
could not direct specific activation in the hindlimbs. This
is in contrast with the observed ability of the same element
to rescue limb bud expression in its original context.
Regions VIII and IX contain eight conserved sequence

motifs somehow related to the consensus binding site for
nuclear hormone receptors. Some of these motifs are found
in arrangements that have previously been shown to bind
thyroid hormone receptor and RAR (Umesono et al., 1988),
or RAR-RXR heterodimers (Yu et al., 1991; Durand et al.,
1992), and regressing primitive streak expresses high levels
of some members of the nuclear receptor family (Ruberte
etal., 1991).

Two modes of activation
The cooperation of regions VHI and IX may play a crucial
role in restricting Hoxd-1J promoter activity along the
verebral column. When region IX is removed from the
Ns-E construct (giving Ns-H), the anterior limit of
expression in the column is shifted from the sacral region
(s27 in Ns-E) towards the lower lumbar region (s25). In
absence of the negative element IX, the enhancer, together
with other negatively acting element(s) located upstream,
may thus activate with a proper anterior limit (s25) in the
primitive streak and the neural tube. However, expression
in the presomitic mesoderm was too anterior, suggesting that
region IX is required to properly set the posterior expression
level in somites.
These results suggest that two distinct mechanisms may

operate in the control of Hoxd-JJ activation by regions VIII
and IX. In the mesoderm, proper regulation may rely on
a close functional association of the two halves of this
bipartite regulatory region (inactive in s25 -27). In contrast,
proper expression in both the primitive streak and neural
tube apparently requires the functional isolation of region
IX from region VIII (active in s25 -27). Simultaneous
requirements for functional isolation and association of
regulatory sequences may provide an explanation to the
almost complete conservation of the distance between these
two regulatory elements in both the avian and mammalian
HoxD complexes.

Materials and methods

Recombinant DNA techniques
For the pGemE/E subclone, the 8 kb EcoRI fragment containing the Hoxd-11
gene was isolated from cosB (Izpisua-Belmonte et al., 1991b) and cloned

into the EcoRI site of pGem-7Zf (Promega). For the Ns-E construct, the

lacZ gene (PstI fragment from PMC1871, Pharmacia) was inserted into

pPolyIII-D (Lathe et al., 1987), excised with NotI and introduced into the

NotIsite of the Hoxd-11 first exon in the pGemE/E plasmid. A short DNA

fragment made of two partially complementary oligonucleotides
(5'-CGTTCCGATACCGA-3' and 5'-GTATCGGAACGTCG-3') was then

inserted into the SfiI site (from the pPolyHI-D linker) to adjust the reading
frames of the lacZ and Hoxd-I lcoding sequences. For injection the 5.5/lacZ

fragment was excised with Nsil. For the Ns-E construct containing lacZ

and SV40 poly(A) sequence, the lacZ gene (BamHI fragment from

pMC1871) was inserted into the BgII site of pSG5 (Green et al., 1988)

and excised from this plasmid as a BamHI-SalI fragment containing the

140 bp SV40poly(A) signal. This fragment was ligated with linkers 1 and

2 and inserted in-frame into the NotI site of the Hoxd-11 first exon in

pGemE/E. Linker 1 was made of two partially complementary oligo-
nucleotides, 5'-GGCCAGTCGACGCATGCTT-3' and 5'-GATCAAGC-

ATGCGTCGACT-3', and linker 2 of 3'-TCGAACTAGTACTGC-5' and

3'-GGCCGCAGTACTAGT-5'. This gave the pGemE/ElacZpA construct.

For injection, this Ns-E construct was excised with Nsil. The Xh-E construct

was excised with XhoI and Nsil, the Ns-No construct with Nsil and Nod,
the Ns-B construct with Nsil and BamHI, and the Ns-Xb construct with

Nsil and XbaI. For the intron deletion construct, the genomic Notl-AccI
1130 bp fragment from pGemE/ElacZpA was exchanged with the NotI-AccI

Hoxd-11 cDNA (Izpisua-Belmonte et al., 1991b) fragment (390 bp). This

generated a transgene with its intronic sequences deleted. pGemE/ElacZpA
was digested with XbaI and NotI, and the fragments XbaI-NotI (7.5 kb),

NotI-XbaI (2.5 kb) and XbaI (3.9 kb, containing pGem7) were purified.
The AccI-XbaI 1.5 kb fragment from NotI-XbaI (2.5 kb) was ligated with

the 290 bp NotI-AccI Hoxd-J I cDNA fragment. The resulting Notd-XbaI
(1.8 kb) fragment was subcloned for amplification and further ligated with

the XbaI-NotI 7.5 kb fragment. The resulting 9.3 kb XbaI fragment was

cloned into the XbaI 3.9 kb fragment. Clones were selected for proper
orientation. For injection, the fragment was excised with Nsil. For the

XhA construct, the 1.1 kb XhoI-ApaLI fragment from Hoxd-JJ 5' region
was half-filled with Klenow at the ApaI site and fused with lacZ into the

phsp(3)lacZpA plasmid (kindly provided by J.Rossant), linearized with SailI
and NcoI (half-filled with Klenow at the NcoI site). The Xh-A fragment
was excised for injection with HindIml and XmnI. For the Ns-H construct,

the 280 bp XbaI-Hind1II fragment containing region VIm was cloned in

pGem7 (pGem280XbaI/HindHI). The 10 kb XbaI-XbaI fragment from

pGemE/ElacZpA was cloned into the XbaI site of pGem28OXbaI/HindM,
and clones were selected for proper orientation. The Ns-H construct was

excised for injection with Nsil. For the chimeric Mo/Ck construct, the

chicken Hoxd-11 gene was isolated from CoslI (Izpisua-Belmonte et al.

1991a) as a 9.5 kb BamHI fragment, which was cloned in pBluescriptII
KS (giving pKS9.5). Hoxd-1J regions VIII and IX are located in the

NotI-BamHI 1.25 kb fragment of pKS9.5, which was cloned into the

NotIIBamHI sites of pBluescriptIIKS (pKS1.25). The chicken XbaI-ApaI
550 bp genomic fragment was excised from pKS1.25 and cloned into the

XYbaI/ApaI sites of pBluescriptIlKS, then excised as a XbaI-IKpnl fragment

and cloned into the XbaIl/KpnI sites of pGem7, resulting in the pGem550
XbaIIApaI construct. The 10 kb XbaI-XbaI fragment from pGemE/ElacZpA
was cloned into the XbaI site of the pGem550 XbaI/ApaI construct. Clones

were selected for proper orientation and the Mo/Ck fragment was excised

with Nsil. For the P-H/hs, H-P/hs and P-P/hs constructs, the 730 bp

PstI -PstI fragment containing regions VIII and IX was cloned into the PstI

site of pSP72 (Promega). Both orientations were selected and fragments

(orientations 1 and 2) were excised with SalI and SphI and further cloned

into the SphI and Sall sites of phsp(3)lacZpA. P-H/hs and P-P/hs fragments

were excised with Hindm and XmnI or SphI and XmnI respectively, while

the H-P/hs fragment was excised with Hindmi and XmnnI. All fragments

were purified from agarose gels by phenol/chloroform extraction or using

Geneclean.

Production of transgenic mice, X-gal staining and histology

Transgenic mice were produced according to standard procedures (Hogan

et al., 1986) using B6D2F2 eggs. Transgenic families carrying 5.5/lacZ

Ns-E transgenes were established by crossing the founder animals B6D2F1
mates and inter-crossing transgenic (Fl) progeny. Families #370, 387, 389,

histological
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(Zakany et al., 1988). Histological sections in Figure 3C, D, F, G, H, K
and L and Figure 4E and F were counterstained with eosin.

In the case of the Ns-E 8 kb construct, the cumulative results in Figure 1D
are pooled from seven independent insertion events with the 5.SlacZ
construct, (transgenic families 397, 389 and 387, plus one transgenic mouse
embryo produced in transient assay, all exhibiting the characteristic elements
of the pattern; two families, and one transient assay derived embryo, that
do not express the transgene in the posterior regions) and eight independent
insertion events with the Ns-E construct, isolated from pGemE/ElacZpA.
In these last cases, four of them expressed in at least one of the characteristic
expression domains. All were observed in transient assays. The cumulative
results with the Xh-E transgene are pooled from six independent integration
events produced with the 5.5/lacZ Xh-E construct, three of which expressed
the transgene in the characteristic expression domains, and five independent
integration events obtained with the Xh-E construct isolated from the
pGemE/ElacZpA, four of which expressed the transgene in the characteristic
domain.
The time course was established in detail with family 397 and verified

at some stages with families 389 and 387. Besides the recurrent elements
of the pattern, a number of expression sites were observed that were specific
for individual transgenic families or particular embryos in transient assays.
Expression in the head mesoderm of late EIO (Theiler stage 17) or in older
embryos of the Ns-E family # 397 is one example (see Figure 3E). Such
patterns, however, do not show comprehensible linkage to the Hoxd-JJ
transgene fragment and some appeared as superimpositions over the otherwise
correct Hoxd-11 specific pattern. Four such additional expression domains
out of the 12 cases where proper expression was obtained in the posterior
body regions, suggests that the NslI-EcoRI fragment does not contain
sufficient regulatory information to prevent anterior expression completely
when present at certain integration sites.
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