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22Faithful expression of Hox genes in both time and space is essential for proper patterning of the primary body
23axis. Transgenic approaches in vertebrates have suggested that this collinear activation process is regulated in
24a largely gene cluster-autonomous manner. In contrast, more recently co-opted expression specificities,
25required in other embryonic structures, depend upon long-range enhancer sequences acting from outside the
26gene clusters. This regulatory dichotomy was recently questioned, since gene activation along the trunk
27seems to be partially regulated by signals located outside of the cluster. We investigated these alternative
28regulatory strategies by engineering a large inversion that precisely separates the murine HoxD complex from
29its centromeric neighborhood. Mutant animals displayed posterior transformations along with subtle
30deregulations of Hoxd genes, indicating an impact of the centromeric landscape on the fine-tuning of Hoxd
31gene expression. Proximal limbs were also affected, suggesting that this ‘landscape effect’ is generic and
32impacts upon regulatory mechanisms of various qualities and evolutionary origins.
33© 2010 Elsevier Inc. All rights reserved.
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38 Introduction

39 The patterning of animal body plans largely depends upon the
40 HOX family of transcription factors. These gene products help to
41 specify the various body segments, often through a combinatorial
42 input of different HOX proteins (Lewis, 1978; Krumlauf, 1994). In
43 many species, including all vertebrates, Hox genes are found clustered
44 at distinct loci in the genome, an organization that bears important
45 implications for their coordinated transcriptional regulation
46 (Duboule, 2007). Both the transcription onset and the rostral to
47 caudal extent of any genes’ expression domain are determined by the
48 relative position of each Hox gene within its respective genomic
49 cluster (‘temporal and spatial collinearities’, respectively; Kmita and
50 Duboule, 2003). Spontaneous and engineered regulatory mutations
51 leading to the mis-expression of Hox genes can have spectacular
52 effects uponmorphological specification and hence their transcription
53 during development needs to be tightly controlled.
54 In tetrapods, 39 Hox genes belonging to 13 groups of paralogy are
55 distributed into four gene clusters (HoxA to HoxD), generated by two
56 rounds of whole genome duplication (see Garcia-Fernandez, 2005).
57 The presence of up to four paralogous genes has allowed for a
58 substantial diversification in function, for example via the acquisition
59 of novel expression domains in a variety of embryonic structures
60 (Deschamps, 2007). However, the implementation of the collinear
61 regulation during trunk development, which is considered as themost
62 ancestral function for this gene family, is thought to be similar at all

63four genomic clusters. When located on a PAC clone, the human HoxD
64cluster rather faithfully reproduced the collinear distribution of its
65transcripts in the primary body axis of transgenic mouse embryos. In
66contrast, it failed to recapitulate expression domains, which were
67more recently co-opted during vertebrate evolution. Accordingly, it
68was proposed that the ancestral mechanism relies upon regulatory
69modalities intrinsic to the gene cluster, whereas more recently co-
70opted transcriptional controls are exerted from outside the locus itself
71(Spitz et al., 2001).
72In the case of the HoxD cluster, structures involving vertebrate-
73specific regulatory modalities include the external genitalia (Dolle
74et al., 1991), the caecum (Zakany and Duboule, 1999), the metaneph-
75ric kidneys (Di-Poi et al., 2007) and the proximal and the distal
76segments of paired appendages (Dolle et al., 1989; Nelson et al.,
771996). Interestingly, global gene regulations required for the
78development of either proximal or distal limb structures are located
79on opposite sides of the gene cluster, suggesting their distinct
80evolutionary histories (Spitz et al., 2005). The former regulation (in
81both the arm and forearm, excluding digits) was assessed in some
82detail, using series of internal deletions and duplication at the locus in
83vivo. In this way, it was proposed that the nested expression patterns
84observed in the developing proximal limb (Dolle et al., 1989; Nelson
85et al., 1996), while initiated from the telomeric neighborhood of the
86gene cluster, were negatively modulated via a repressive effect
87elicited from the centromeric side (Tarchini and Duboule, 2006;
88Zakany et al., 2004). The deleterious effects of ectopic Hoxd13
89expression on the developing forearm of Ulnaless mice illustrate this
90necessity to repress posterior Hoxd genes during early zeugopod
91development (Herault et al., 1997; Peichel et al., 1997).
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92 By using a set of chromosome rearrangements at the HoxD locus,
93 we recently assessed the early temporal activation of these genes
94 during extension of the primary body axis and suggested that a similar
95 negative regulatory influence, coming from flanking centromeric
96 sequences, could be involved in fine-tuning the onset of the incipient
97 expression domains (Tschopp et al., 2009). The hypothetical presence
98 of a remote negative effect exerted over Hoxd gene activation by the
99 centromeric landscape echoed an earlier observation derived from a
100 set of centromeric deletions extending into the HoxD cluster (Kondo
101 and Duboule, 1999). However, all engineered alleles used so far to
102 address this issue also compromised the integrity of the HoxD cluster
103 itself, making a clear distinction between internal and external
104 influences problematic.
105 Here, we clarify this issue by engineering a large inversion, which
106 flips away the centromeric neighborhood of the gene complex,
107 including an extended gene desert spanning approximately 500 Mb
108 up to Atp5g3, while leaving the HoxD cluster intact. In this way,
109 regulation(s) located centromeric to HoxD is expectedly abrogated.
110 Animals carrying this inversion displayed skeletal phenotypes in both
111 their trunk and proximal limbs, suggesting a gain of function for
112 posterior Hoxd genes. Expression studies confirmed an up-regulation
113 of these genes towards the end of their activation process. Altogether,
114 our observations reveal the existence of a negative effect of the
115 centromeric landscape on Hoxd gene expression. We discuss both the
116 potential impact of large genomic contexts on gene regulation, as well
117 as the possibility that co-opted regulatory modalities may have been
118 constrained by global mechanisms selected to fine-tune the ancestral
119 function of these genes in the building of the main body axis.

120 Materials and methods

121 Mouse strains and crosses

122 The new inversion (Inv) allele was generated using the STRING
123 approach (see Fig. S1 and Spitz et al., 2005). As parental alleles, we
124 used a loxP site at the Itga6 locus (Gimond et al., 1998), 3 Mb away
125 from theHoxD cluster, and aHoxd11/lacZ-loxP transgene, targeted into
126 the Evx2 to Hoxd13 intergenic region (van der Hoeven et al., 1996).
127 After inversion, the Hoxd11/lacZ-loxP transgene is removed from the
128 cluster together with its immediate centromeric neighborhood. The
129 allele was maintained on a B6/CBA F1 hybrid background. For embryo
130 crosses, noon on the day of the vaginal plug was considered as E0.5.
131 Embryos were dissected in ice-cold PBS and fixed overnight in 4% PFA.

132 Genotyping

133 Genotyping was performed on isolated ear punch or yolk sac DNA
134 using a duplex PCR protocol (see Fig. S1B). Oligo sequences were as
135 follows:
136 Oligo 1: 5′-CCGTCCAATGTGCGTGTTTTCC-3′;
137 Oligo 2: 5′-GCAAGCCACTTGGAAACAACTGTTAATGG-3′
138 Oligo 3: 5′-GAGTTTCTCTTTGCTGTAATGAAGAGCTG-3′
139 Southern blot analysis was done following standard protocols. The
140 centromeric probe was PCR-subcloned into a pGEM-T easy vector
141 (Promega), using oligos 5′-CCTGGGTTCCTCCCGTTTAAGG-3′ and 5′-
142 AAGGAAAACACGCACATTGGACGG-3′. The telomeric probe was an
143 800 bp XbaI–BglII fragment, telomeric to the Nsi site used to target the
144 Hoxd11/lacZ transgene. Both fragments were released by restriction
145 digest, gel-purified and labeled using DIG-High prime (Roche).

146 In situ hybridization, X-Gal staining and skeletal preparation

147 Whole-mount in situ hybridization (WISH) was performed
148 according to standard protocols, with both mutant and control
149 embryos processed in the same well to maintain identical conditions
150 throughout the procedure. Probes were as described elsewhere:

151Hoxd10 and Hoxd11 (Gerard et al., 1996), Hoxd12 (Izpisua-Belmonte
152et al., 1991), Hoxd13 (Dolle et al., 1991). Mutant and control embryos
153were marked before performing WISH for subsequent identification.
154Embryos younger than E10 were re-genotyped after WISH, using
155standard DNA extraction procedures (Mathieu et al., 2004). Whole-
156mount detection of β-galactosidase reporter activity was carried out
157as described (Zakany et al., 1988). Embryos were dissected in PBS and
158fixed in 2% PFA for 20 min on ice, washed in PBS and incubated in
159staining solution overnight at 37 °C. For analyses of newborn
160skeletons, post-natal day 0 (P0) animals were sacrificed, eviscerated
161and stained for cartilage and bone using standard Alcian blue/Alizarin
162red protocols (Inouye, 1976). Unpaired Student's t-test with unequal
163variance was used to check for statistical significance, comparing the
164skeletal elements of wild-type and homozygous mutant specimen.

165Results

166Separation of the HoxD cluster from its centromeric neighborhood

167To evaluate a potential influence of the genomic context on the
168transcriptional regulation of Hoxd genes, we engineered a novel allele
169where the adjacent centromeric neighborhood was inverted, without
170disturbing the integrity of the gene cluster. This inversion discon-
171nected Hoxd genes from a large gene desert, which contains a range of
172highly conserved non-coding DNA sequences (Lee et al., 2006). The
173inversion was generated in vivo, using the STRING approach (Fig. S1A;
174Spitz et al., 2005). As parental alleles, we used a loxP-containing
175modification of the Itga6 locus (Gimond et al., 1998), located 3 Mb
176centromeric to the HoxD cluster, and a Hoxd11/lacZ-loxP transgene,
177introduced into the Evx2 to Hoxd13 intergenic region, i.e. right next to
178the gene cluster (van der Hoeven et al., 1996). After breeding,
179recombined F2 offspring containing both loxP sites in ciswere further
180crossed into HprtCre mice (Tang et al., 2002). Once the inversion had
181occurred, the HprtCre allele was segregated out (Fig. S1B) and the
182integrity of both centromeric and telomeric breakpoints was verified
183by Southern blot analysis (Fig. S1C and D).

184Expression of the translocated Hoxd11/lacZ transgene

185As a result of the inversion, the Hoxd11/lacZ transgene present
186upstream Hoxd13 in the parental allele, was translocated 3 Mb far
187from the HoxD cluster, to the Itga6 locus, along with the gene desert.
188We looked at the expression of this transgene before and after
189inversion, to evaluate potential differences due to the two different
190genomic contexts (Fig. 1A). In 12.5 days old embryos (E12.5) carrying
191the non-inverted configuration, i.e. where the Hoxd11/LacZ transgene
192is near the HoxD cluster, β-gal activity was detected in a pattern
193resembling the endogenous Hoxd11 gene, with rather faithful anterior
194limits of expression in both the axial mesoderm and the spinal cord. In
195E12.5 embryos carrying the inversion, however, this Hox-like LacZ
196expression was lost in both mesoderm and neural tube, while still
197observed in the most caudal aspect of the embryo, the tail bud.
198In addition, the inversion induced the ectopic transcription of the
199transgene in the central nervous system (CNS), as anterior as into the
200midbrain (Fig. 1D), reminiscent of the expression of the neighboring
201Evx2 gene in V0 interneurons (Fig. 1H; asterisk; Dolle et al., 1994;
202Moran-Rivard et al., 2001). We concluded that in the non-inverted
203configuration, the HoxD cluster prevents the Hoxd11LacZ transgene
204from responding to this Evx2-associated regulation, likely as a side-
205effect of a general strategy to avoid the deleterious transcription ofHox
206genes into this particular type of neurons (see Kmita et al., 2002). After
207inversion, this negative effect was alleviated, due to the absence of the
208HoxD cluster, and the V0 regulation readily co-opted by the transgene.
209Expression in developing appendages was generally as expected
210(Fig. 1C). Developing forelimbs of Inv embryos completely lacked
211transgene expression in the most proximal domain (Fig. 1E and F,
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212 arrowhead). In contrast, expression in the distal part not only
213 persisted, but was even slightly expanded into presumptive digit 1
214 (Fig. 1E and F, arrow). This expansion of Hoxd11/lacZ expression was
215 likely due to a decrease in promoter competition for the centromeric-
216 located global digit enhancers, all activity now being re-routed
217 exclusively towards both the transgene and Evx2. Similar effects
218 have been reported for various alleles wherein the HoxD cluster was
219 modified (Montavon et al., 2008). A complete absence of transgene
220 expression was also scored in proximal hindlimbs (Fig. 1G and H,
221 arrowheads) along with the loss in somitic mesoderm (Fig. 1G and H,
222 arrows), supporting the proposal that activation ofHoxd genes in both
223 the primary body axis and the proximal limb domain depends in part
224 on regulatorymodalities located at (or influenced by-)more telomeric
225 positions (Tarchini and Duboule, 2006; Tschopp et al., 2009).

226 Phenotypes of Inv mutant animals

227 Homozygous Inv animals were born at the expected Mendelian
228 ratio. Their skeletons were prepared at P0 and analyzed in details. We
229 first compared the axial skeletons of both heterozygous and
230 homozygous Inv mutant versus wild-type control littermates. We
231 observed no difference between control and mutant skeletons, when
232 the most anterior body levels were considered, i.e. at the cervical level
233 and in the beginning of the thoracic region (data not shown).
234 However, a significant reduction in the average number of lumbar
235 vertebrae was scored for both heterozygous and homozygous mutant
236 animals, with some homozygous mutant animals displaying only four
237 lumbar vertebrae (Fig. 2A–C).

238In addition, several homozygous mutant skeletons showed a
239distinct reduction of the last pair of ribs (on the 13th thoracic
240vertebra; Fig. 2C; T13, arrows), up to a unilateral agenesis, in the
241most severe cases. Mutant animals also showed a slight, yet
242significant, reduction in the number of caudal vertebrae (Fig. 2D).
243Altogether, Inv mutant animals suffered from several partial and/or
244complete posterior transformations, at different levels along the
245primary body axis, thereby causing an overall reduction in the
246number of skeletal elements.

247Up-regulation of posterior Hoxd genes

248We looked for changes in endogenous Hoxd gene expression, as
249induced by the inversion, which could provide an explanation for the
250observed phenotypic effects. We first analyzed those genes located
251next to the inversion breakpoint, i.e. belonging to the posterior groups
252of paralogy. Whole-mount in situ hybridization for both late (E12.5)
253and early (E8.5) stages did not reveal any drastic change in gene
254expression (data not shown). However, careful investigations of
255intermediate stages of axial elongation revealed either premature
256activation, or up-regulation for several posterior Hoxd genes. In E10
257control embryos, Hoxd13 was already expressed around the procto-
258deum region, whereas transcripts were not yet detected in the
259presomitic mesoderm. Inv heterozygous embryos, in contrast, showed
260a clear up-regulation of Hoxd13 transcripts at their caudal ends
261(Fig. 3A). The ectopic activation was observed in presomitic
262mesoderm while the expression around the proctodeum remained
263largely unchanged (Fig. 3B and C).

Fig. 1. A centromeric inversion, which separates aHoxd11/lacZ transgene targeted right upstream of theHoxD cluster. (A) Floxed allele, with the Hoxd11/lacZ-loxP transgene targeted
into the Evx2 to Hoxd13 intergenic region and a second loxP site, in a reverse orientation, replacing exon 25 of the Itga6 gene (see Fig. S1 for details). (B) Exposure to the Cre
recombinase induces inversion of the floxed interval, thereby moving both Evx2 and the Hoxd11/lacZ transgene 3 Mb away from the HoxD complex. (C and D) E12.5 embryos stained
with X-Gal to assess the activity of the Hoxd11/lacZ transgene either before (C) or after (D) inversion. Transgene expression in the primary body axis changes from a Hox-like pattern
in the floxed allele (C) to an Evx2-like pattern in the Inv (D). (E and F) Forelimbs of the embryos depicted under (C) and (D). While the proximal domain is lost in Inv limbs (E and F,
arrowhead), the distal domain extends into presumptive digit I (E and F, arrow). (G and H) Dorsal view of embryos in (C) and (D). Expression in the mesoderm up to somite level 27
(G, arrowhead) and in the spinal cord up to somite level 25 are lost in Inv embryos (H). In contrast, Hoxd11/lacZ is transcribed in the spinal cord (H, asterisk), likely in V0
interneurons, up into the midbrain (D and H). Scale bar is 1 mm in C and D, and 500 μm in E–H.
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264 A similar gain of expression was scored for Hoxd12 in mutant
265 embryos about half a day younger (Fig. 3D–F). A general increase in
266 steady-state levels of both Hoxd11 and Hoxd10 mRNAs was also
267 observed at the posterior aspect of Inv mutant embryos at E9.0, yet
268 this gain was also only transient in nature (Fig. 3G and H). These data
269 suggested that the inversion had displaced a repressive influence
270 exerted by the centromeric landscape over posterior Hoxd genes,
271 which is normally used to fine-tune the late phase of an activation
272 process, progressing from the telomeric side (Fig. 3I and H, red and
273 green triangles, respectively).

274 Effect on limb morphology

275 Both HoxD and HoxA cluster genes were co-opted to pattern the
276 emerging paired appendages, in the course of tetrapod evolution
277 (reviewed in Woltering and Duboule, 2010). Functional approaches
278 have shown their critical role, not only in patterning these structures,
279 but also for their growth (Davis et al., 1995; Fromental-Ramain et al.,
280 1996; Kmita et al., 2005). Inv mutant specimen displayed macro-
281 scopically close to normal limbs, with correctly patterned skeletal
282 elements in both fore- and hindlimbs. However, both limbs showed

283weak mesomelia, i.e. a shortening in the length of zeugopodial
284elements (forearm and foreleg; Fig. 4A and B). Morphometric analyses
285were carried out on both Inv and wild-type animals, using for
286normalization the scapula and pelvic girdle, as these two elements
287were not affected in the double-inactivation of the HoxA and HoxD
288clusters (Kmita et al., 2005).
289While the humerus did not show any significant variation in
290length, both the radius and ulna of Inv mutant animals were clearly
291mesomelic, with a decrease in length of about 15% with respect to
292wild-type. A similar, although slightly weaker, reduction was scored
293for the tibia in the hindlimb (Fig. 4C). Expectedly, the inversion of the
294centromeric landscape also separatedHoxd genes from the global digit
295enhancers (Gonzalez et al., 2007) necessary for their transcription in
296the developing autopods (hands and feet). This led to a reduction of
297autopodal skeletal elements (Fig. 4A and B and Fig. S2A and B),
298resembling the phenotypes observed in the combined deletions in cis
299of the three posterior-most Hoxd genes (Zakany and Duboule, 1996).

300Regulatory re-allocations in developing limbs

301Two fundamentally different regulatory processes organize the
302expression of Hoxd genes in developing limbs. In early budding
303appendages, a balance between a centromeric-located repression
304and a telomeric-located activation governs the nested patterns
305observed in the proximal part of both the developing fore- and
306hindlimbs (Fig. 5B; Tarchini and Duboule, 2006). Subsequently, a
307group of centromeric enhancers activate the most posterior genes in
308the presumptive autopods (Fig. 5A; Gonzalez et al., 2007). At E10,
309Inv heterozygous embryos showed a severe reduction in the
310autopodial expression for both Hoxd13 and Hoxd12 transcripts, as
311one dose of these enhancers was relocated to remote centromeric
312positions (Fig. 5C and E). Homozygous embryos displayed an
313almost-complete absence of Hoxd transcripts from the autopodial
314domain in mid-gestation embryos, as shown in both fore- and
315hindlimbs (Fig. S2C–H). The inversion-induced relocation of these
316digit enhancers thereby led to a de facto loss of function of Hoxd
317genes in the autopodial domain (Fig. 5G).
318In contrast, more proximal regions seemed unaffected at early
319stages. However distinct changes in gene expression profiles in the
320proximal domain became apparent in slightly older embryos. In
321particular, ectopic Hoxd13 transcripts were scored in the posterior
322part of the putative forearm domain (Fig. 5D, arrowhead), whereas
323the proximal domain of Hoxd12 transcription was expanded towards
324the anterior margin in Inv mutant embryos (Fig. 5F). Hoxd11 and
325Hoxd10 profiles remained spatially unchanged, yet steady-state
326transcript levels for both genes appeared clearly elevated in the
327proximal domain (data not shown). Therefore, the inversion of the
328centromeric landscape led to the alleviation of a repressive influence,
329which in turn allowed for an anterior expansion of the expression
330domains in the presumptive forearm (Fig. 5H).

331Discussion

332A landscape effect modulates Hox gene expression

333Previous work had suggested that several transgenes containing
334single Hox transcription units could be transcribed rather faithfully
335when introduced randomly in the genome. This led to a viewwhereby
336the regulation(s) necessary for the correct expression of a given
337individual Hox transcription unit along the developing AP axis would
338lie in close genomic proximity (e.g. Sharpe et al., 1998). Using a PAC
339containing the human HoxD gene complex, this observation was
340further extended to the level of the gene cluster itself, as mouse
341embryos harboring this large transgenic DNA showed spatial collinear
342expression of the human genes (Spitz et al., 2001). However,
343expression of these genes in structures that are more recent,

Fig. 2. Reduced number of skeletal elements in Inv mutant animals. (A) Lumbar
regions of wild-type, heterozygous and homozygous Inv specimens. A reduction in the
number of lumbar vertebrae is observed for both heterozygous and homozygous
animals. (B and C). Magnification of a wild-type (B) and homozygote (C) specimen at
P0, showing thoracic (T#), lumbar (L#) and sacral (S#) segments. A L6 into L4
transformation is apparent in the mutant spine, as well as a partial reduction of the
last pair of ribs on T13 (C, arrows). (D) Number of caudal vertebrae in wild-type,
heterozygous and homozygous specimens. As for lumbar vertebrae, a reduction in the
number of skeletal elements is scored in the caudal region of mutant animals. Scale
bar is 500 μm in B and C.
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344 evolutionary speaking (for example the limbs), were not scored in this
345 context, suggesting that such co-opted modes of regulation are
346 implemented from outside the gene cluster, rather than being
347 interspersed between Hox genes.
348 Our centromeric inversion at the HoxD locus shows that this
349 regulatory dichotomy should be considered with more caution, as
350 gene expression in the developing major body axis is also fine-tuned
351 by sequences located outside of the gene complex. It is not surprising
352 that transgenic experiments overlooked the importance of the cluster

353neighborhoods for proper regulation, since their readout was mostly
354at the transcriptional, rather than functional level. Our inversion
355allele, however, clearly shows that the centromeric vicinity of the
356gene cluster exerts a negative effect upon the expression of several
357posteriorHoxd genes.While this inversion-induced de-repression had
358only a subtle impact upon the expression levels, the effect was strong
359enough to lead to phenotypic consequences reflecting ectopic actions
360of several posterior Hox genes (Carapuco et al., 2005; Wellik and
361Capecchi, 2003; Young et al., 2009).

Fig. 3. Up-regulation of posterior Hoxd gene expression in the presomitic mesoderm of Invmutant embryos. Expression of Hoxd13 (A–C), Hoxd12 (D–F) Hoxd11 (G) and Hoxd10 (H)
in E9 to E10 control and Inv heterozygous embryos. Mutant embryos are on the right, next to a representative wild-type control. (A–F) Hoxd13 and Hoxd12 are activated prematurely
in Inv presomitic mesoderm, whereas transcription around the proctodeal region remains unchanged. (B, C, E, and F) Caudal ends of embryos shown in A and D. (G and H) Transcript
levels of Hoxd11 (G) and Hoxd10 (H) are elevated in the caudal end of Inv embryos. (I and J) Perturbation of the regulatory balance in Inv embryos. (I) In wild-type, the sequential
activation of Hoxd genes in the primary body axis depends on a balance between a repression (red) established from the centromeric side, and an activation (green) from the
opposite side. (J) After inversion, posterior Hoxd genes escape the repressive influence to become up-regulated in the presomitic mesoderm. Scale bar is 500 μm in A, D, G, and H, and
250 μm in B, C, E, and F.
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362 This negative effect could be caused either by a single, sequence-
363 specific element mediating the activity of repressor molecules or,
364 instead, by a global repressive influence elicited by the entire
365 centromeric DNA interval containing multiple entities to modulate
366 transcriptional efficiency in the cluster. The centromeric neighbor-
367 hood of HoxD, a region of extended synteny amongst vertebrates (Lee
368 et al., 2006), contains range of conserved, non-coding sequences. A
369 scanning deletion approach had previously suggested a candidate
370 region wherefrom such a negative effect could originate (between the
371 Rel3 and Rel2 breakpoints in Kondo and Duboule, 1999). However,
372 since a set of nested deletions extending into the HoxD complex were
373 used, we could not ascertain whether the proposed negative effect
374 was implemented by a single sequence located between these two
375 breakpoints or, alternatively, whether the largest deletion removed a
376 combination of sequences capable to negatively influence transcrip-
377 tion over the HoxD cluster in a synergistic manner.While these results
378 now confirm the presence of a negative influence outside the HoxD
379 cluster, our strategy does not allow us to map it precisely within this
380 large DNA interval.
381 A similar situation was reported to prevent the same posterior
382 Hoxd genes from being mis-expressed in CNS derivatives, by blocking
383 the action of enhancers controlling the transcription of Evx2 in V0
384 interneurons throughout the AP axis. In this context, a combination of
385 DNA segments was found necessary to implement this insulation, as
386 shown by progressively larger deletions into the gene complex (Kmita
387 et al., 2002). A large part of this insulating activity was subsequently

388associated to a small DNA fragment located between Evx2 and the
389breakpoint we used in the present study to introduce our Hoxd11/lacZ
390reporter transgene (Yamagishi et al., 2007). Here, we show that after
391inversion, this insulation is lost and the transgene becomes expressed
392ectopically in the CNS, even though it is inverted along with the
393proposed enhancer-blocking sequence. A position effect of the
394‘landing site’ in this de-repression is unlikely, as insulation in V0
395interneurons is maintained when a larger piece of DNA is inverted,
396while using the same centromeric breakpoint (Tschopp et al., 2009).
397We conclude that the short ‘insulator’ sequence (Yamagishi et al.,
3982007) may not be sufficient and likely works in combination with
399several other DNA fragments to act either as an insulator, or as a
400repressor (Kmita et al., 2002).
401Repressive mechanisms at work in CNS cells may not be
402comparable to those implemented during trunk extension. Never-
403theless, in the latter case too, some global properties of the HoxD
404centromeric neighborhood, rather than a specific DNA sequence,
405may elicit the observed negative influence. This could be due, for
406instance, to the synergistic effect of several DNA fragments and/or to
407a global 3D configuration of this extended genomic landscape,
408imposing some constraints over a fully efficient transcriptional
409activity of the gene cluster itself. Upon inversion of the centromeric
410fragment, this regulatory balance may tip and thus release some of
411these negative effects. The impact of DNA flanking sequences over
412the behavior of transgenes randomly inserted into various genomic
413sites is usually qualified as a ‘position effect’. We propose to use the

Fig. 4. Zeugopodal elements are shortened in Inv animals. (A and B) Skeletal preparations of P0 forelimbs (A) and hindlimbs (B), for both control (top) and Inv homozygous littermate
(bottom). Inv skeletons show a reduction in length of both radius and ulna in the forelimb, as well as of the tibia in the hindlimb. (C) Quantification of bone lengths in wild-type,
heterozygous and homozygous Inv animals. The length of stylopod and zeugopod elements was normalized using the scapula or pelvic girdle for fore- and hindlimbs, respectively.
Significant reductions for both the radius and ulna, as well as of the tibia were scored. hu, humerus; ra, radius; ul, ulna; fe, femur; ti, tibia. Scale bar is 1 mm in A and B.
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414 term ‘landscape effect’ whenever a large DNA segment likely impacts
415 over the general transcriptional status of several genes via its mere
416 intrinsic organization.

417 The evolution of landscape effects

418 It is questionable as to whether or not such a landscape effect may
419 have represented an adaptive value in all the different tissues or
420 structures where it is observable. This question also applies to those
421 contexts where it induces phenotypic consequences when inverted.
422 Indeed, it is possible that this particular negative effect was critical in
423 one particular cell type and was subsequently implemented, via a by-
424 stander effect, in other contexts. For instance, the apparent necessity
425 not to have posteriorHox genes expressed in anterior V0 interneurons
426 may have consolidated this repressive modality, thereby enabling it to
427 impact upon other domains (e.g. in paraxial mesoderm), without any
428 major evolutionary constraint attached to these latter contexts.

429The functional diversification of the murine Hox clusters, which
430accompanied the two-genome duplications at the basis of the
431vertebrate radiation, is illustrated by the many cluster-specific
432functions scored during development. In several instances, the
433evolution of the required regulatory modules (sequences, enhancers)
434occurred outside the gene clusters themselves, presumably to prevent
435interferences with the ancestral, cluster-internal collinear mecha-
436nisms at work during trunk extension. This phenomenon can likely be
437associated with the presence of gene deserts, generally present on
438either sides of Hox clusters and containing series of non-coding
439conserved DNA elements with potential regulatory capacities (Lee
440et al., 2006). The evolution of new regulations in this set-up may not
441have happened completely de novo, but may rather have build upon
442generic elements and locus conformations already at work during
443primary axis elongation (‘regulatory priming’ in Gonzalez et al., 2007).
444While this could have facilitated the emergence of novel regulatory
445specificities, itmay also have imposed important constraints regarding

Fig. 5. Expansion of zeugopodal expression domains of posterior Hoxd genes at later stages of limb development. (A) Expression in future digits (yellow) is controlled by global
enhancers (yellow arrow) lying at the centromeric side of the complex, which can activate several Hoxd genes at a distance. (B) In contrast, Hoxd gene activation in the proximal
(zeugopod) domain (green) depends on the interplay between a centromeric repression (red) and a telomeric activation (green). This strategy generates two separated domains
(blue) in developing limbs. (C) In Inv heterozygous embryos, a reduction of the distal domain is scored at E10, whereas no ectopic activation of Hoxd13 is seen in the proximal
domain. (D) At E12, Hoxd13 transcripts are absent from the digit domain in Inv homozygous embryos and an ectopic patch of Hoxd13 expression is visible in presumptive mutant
zeugopods (white arrowhead). (E and F) The same is observed for Hoxd12 expression, with a clear anterior expansion in Inv E11 zeugopods. (G and H) Summary of the regulatory
alterations observed in Inv mutant limbs. (G) Removing the centromeric digit enhancers causes an almost complete absence of Hoxd expression in the presumptive digit area. The
inversion also leads to a loss of centromeric repression (H), inducing an expansion of the zeugopodal domain (green). Anterior is to the left for all panels, scale bar is 250 μm in C–F.
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446 their modes of operation. In the case described here, the negative
447 influence of the centromeric landscape may have contributed to the
448 delay of activation of the most posterior genes Hoxd13 and Hoxd12
449 during the extension of the trunk, thus allowing the caudal region of
450 the embryonic axis to grow further (Young et al., 2009). As a
451 consequence of this regulatory strategy, the activation of the same
452 genes is delayed during proximal limb development, which contri-
453 butes to the elongation of zeugopod elements.
454 Because such landscape effects may inherently rely on extended
455 genomic neighborhoods, preferably in gene-poor regions, the possi-
456 bility exists for a considerable evolutionary flexibility in the modula-
457 tion of any such regulation. In the case of posterior Hox genes, such a
458 repressive mechanism could be of different magnitude in various
459 species and hence may contribute to the increased diversity that is
460 found in terminal body structures when compared to more anterior
461 regions (e.g. Goodrich, 1913). From a phylogenetic viewpoint, it could
462 thus be of interest to investigate whether other evolutionary
463 innovations patterned by secondary (co-opted) sites ofHox expression
464 are also modulated in concert with more ancestral morphological
465 features dependent upon Hox gene activity. For example, in structures
466 like limbs, changes in patterning across different vertebrate taxa may
467 be associated with distinct modifications in axial skeletons.

468 Human ‘landscape syndromes’

469 The shortening of forearms we describe upon inversion of the
470 centromeric landscape is reminiscent of human mesomelia, a variety
471 of genetic syndromes that negatively impacts upon the length of
472 proximal limb elements. Interestingly, several such conditions were
473 associated with genomic rearrangements at or around the human
474 HoxD cluster, including deletions, inversions and duplications
475 (Dlugaszewska et al., 2006; Kantaputra et al., 2010; Mitter et al.,
476 2010). Accordingly, the molecular aetiology of these syndromes was
477 tentatively explained by the impact of these large rearrangements
478 upon previously described elements controlling Hoxd genes during
479 limb development (e.g. Kantaputra et al., 2010). In support of this
480 view, copy number variations (CNVs) are arguably the cause of
481 several human diseases, potentially through their interferences with
482 regulatory mechanisms (Henrichsen et al., 2009). In addition, ectopic
483 expression of Hoxd13 in the developing proximal limb induces
484 mesomelic dysplasia in Ulnaless mice carrying a large inversion of the
485 HoxD cluster (Spitz et al., 2003).
486 Here, we demonstrate that a destabilization of a regulatory
487 landscape can lead to imbalances in gene regulation, even if the
488 rearrangement neither deletes any target genes, nor the major
489 regulatory sequences responsible for the expression of these genes in
490 the developing forearms. In this context, rearrangements of all kinds
491 could slightly modify the global outcome of such long-range regula-
492 tions, leading to transcriptional variations, even over large distances.
493 The search for such ‘landscape effects’ as causes of particular syndromes
494 or pathologies will call for careful consideration of the nuclear
495 organization of large DNA intervals, for example by using technologies
496 to visualize spatial chromosome conformations (van Steensel and
497 Dekker, 2010). In addition, this may not be readily reproducible using
498 model systems, as such chromosomal architectures may rely upon
499 intrinsic, species-specific features thatmay vary even in regions of high
500 synteny, as well as displaying cell type specific behaviors.
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