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SUMMARY

The transition from fins to limbs has been a rich source of discussion for more than a century. One
open and important issue is understanding how the mechanisms that pattern digits arose during
vertebrate evolution. In this context, the analysis of Hox gene expression and functions to infer
evolutionary scenarios has been a productive approach to explain the changes in organ formation,
particularly in limbs. In tetrapods, the transcription of Hoxd genes in developing digits depends on a
well-characterized set of enhancers forming a large regulatory landscape'. This control system has a
syntenic counterpart in zebrafish, even though they lack bona fide digits, suggestive of deep homology”
between distal fin and limb developmental mechanisms. We tested the global function of this landscape
to assess ancestry and source of limb and fin variation. In contrast to results in mice, we show here that
the deletion of the homologous control region in zebrafish has a limited effect on the transcription of
hoxd genes during fin development. However, it fully abrogates hoxd expression within the developing
cloaca, an ancestral structure related to the mammalian urogenital sinus. We show that similar to the
limb, Hoxd gene function in the urogenital sinus of the mouse also depends on enhancers located in this
same genomic domain. Thus, we conclude that the current regulation underlying Hoxd gene expression
in distal limbs was co-opted in tetrapods from a preexisting cloacal program. The orthologous chromatin

domain in fishes may illustrate a rudimentary or partial step in this evolutionary co-option.

INTRODUCTION

The organization of tetrapod limbs has been conserved since their origin, with a universal
pattern of ‘segments’ along the proximal to distal axis. The stylopod is a single bone (upper arm, leg)
attached at one end to the torso and at the other end to two zeugopod bones (lower arm, leg), then, most
distal are the mesopod (wrist, ankle) and the autopod (hand, foot). The formation of this generic pattern
began before the water-to-land transition as sarcopterygian fishes display structures clearly related to
proximal tetrapod limb structures®. However, when homologies are considered between fin structures
and the most distal parts of tetrapod appendages, the mesopod and the autopod, there remains debate if
fishes possess homologous skeletal rudiments. While mesopodial elements and extensive distal
segments are present in sarcopterygian fins, the presence of true digital homologues has remained

controversial™>®.

Because the HoxA and HoxD gene clusters were shown to be instrumental in making tetrapod
limbs”", their expression domains during fin development were used to infer the presence of an
autopod-related structure in fishes. In particular, Hoxal3 and Hoxd13 were studied due to their specific

autopodial expression in tetrapod limbs'® and because their combined inactivation in mice produce
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autopodial agenesis’. An analysis of hoxI3 genes in the distal teleost fin suggested that a ‘distal
program’ also exists in fishes, implying that this genetic regulatory network, or part thereof, would have
preceded digit formation in tetrapods'"'?. This core and potentially ancestral distal pattern is however
realized in formation of the dermal rays of fins, while the concurrent rudimentary endoskeleton, an
array of singular radials connected to the girdle, was hypothesized to be primarily proximal®. In such a
scenario, the autopods of tetrapods are proposed to form from the postaxial vestiges of an ancestral
sarcopterygian fin*'*. The partial retention of expression patterns that presage the emergence of digits
in ray-finned and chondrichthyan fishes is nevertheless suggestive of a common regulatory program
shared amongst vertebrates, the deployment of which in different species accompanied changes in

form™.

During tetrapod limb bud development, a series of enhancers within in a large regulatory
landscape positioned 3’ of the HoxD gene cluster (3DOM) control the transcription of Hoxd genes up
to Hoxd11 in a proximal expression domain. These expression domains encompass tissue of the future
stylopod (arm) and zeugopod (forearm) (Fig. Sla, green and schemes on the left)””. Posterior-distal
limb bud cells then switch off these enhancers and activate another large regulatory landscape (SDOM),
located 5’ to the gene cluster. This region is enriched with conserved enhancer elements that have been
found to control the formation of digits by activating Hoxd13 and its closest neighbors (Fig. S1a, blue).
While the deletion of 3DOM abrogated the expression of all Hoxd genes in the proximal limb domain’’,
deletion of SDOM removed all Hoxd mRNAs from the forming autopod”.

In the orthologous zebrafish hoxda cluster, genes are also expressed during early fin bud
development, with progressively nested expression domains comparable to the murine situation’>’®. At
a later stage, transcription of both hoxd9a and hoxdl0a persists in the ‘preaxial’ (anterior) part of the
fin bud only (Fig. S1b, magenta), while hoxdl1a, hoxdl2a and hoxdl3a transcripts are restricted to
‘postaxial’ (posterior) cells (Fig. S1b, orange), as is the case in the emerging fin bud’’. For the latter
genes, combined inactivation have revealed their function during distal fin skeletal development’”"’.
However, despite the analysis of distal enhancers orthologous to those of the mouse’?, the functionality
of the complete 3DOM and SDOM regulatory landscapes in zebrafish has not been addressed. Hence,
the existence of a comparable bimodal regulation of Hoxd genes has remained elusive, precluding any
conclusion on its evolutionary origin.

We asked if the zebrafish hoxda genes were regulated by a comparable enhancer hub located
at a distance from the gene cluster in a manner similar to mouse limbs’*’* (Fig. S1b, question marks).
By deleting the orthologous zebrafish hoxda regulatory landscapes, we find that while the proximal
appendage regulation by 3DOM is fully conserved between fish and mice, the core long-distance
regulation by SDOM underlying the distal expression is deficient in fins. The deletion of the zebrafish

5SDOM revealed however that it shared with mouse an ancestral function in patterning the cloacal area.


https://doi.org/10.1101/2024.03.24.586442
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.24.586442; this version posted March 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

98  Our findings suggest this core ancestral regulatory landscape arose first in the ancient cloaca and was

99  subsequently redeployed during the evolution and shaping of tetrapod digits and external genitals.
100

101  RESULTS

102  The zebrafish hoxda locus

103 The zebrafish hoxda locus shares a high degree of synteny with that of the HoxD locus in
104  mammals, reflecting broad conservation given the key patterning role of this complex in development
105  of many axial structures. The gene cluster is flanked by two gene deserts referred to as 3DOM (3°-
106  located domain) and SDOM (5’-located domain). As in mammals, the extents of both 3DOM and
107  5DOM correspond to topologically associating domains (TADs) and 3DOM is split into two sub-TADs
108  (Fig. S2). This remarkable similarity in 3D conformations, though with a 2.6-fold difference in size
109  between the mouse versus zebrafish locus, is further supported by the conserved position and orientation
110  of critical CTCF binding sites within the gene clusters and their enrichment at TAD and sub-TAD
111  borders (Fig. S2).

112 Interspecies genomic alignments reveal several conserved sequences within SDOM across
113  vertebrates, whereas little conservation was scored in 3DOM (Fig. S3a, b). Within the 5SDOM
114  comparison, we identified several of the previously annotated mouse enhancers in their zebrafish
115  counterpart’””’. Consistent with the apparent conservation of chromatin structure, we found the same
116  global organization of both coding and non-coding elements as in the mouse landscape. When compared
117  to the size of the Hox cluster, the relative sizes of both gene deserts are bigger in mouse than in fish,
118  and the zebrafish SDOM was found to be larger than 3DOM, opposite to the mouse situation (Fig. S2¢).
119  Since the overall genomic organization of both HoxD loci is well conserved between mammals and
120 fishes, we have concluded that these two flanking gene deserts and their topologically associating
121  domains are ancestral features predating the divergence between ray finned fishes and tetrapods, likely
122 conserved due to important regulatory functions. Whether these domains have, or retain Hox gene
123 regulation as initially defined at this locus in the mouse’?’ remained nevertheless unclear.

124

125  Regulatory potential of zebrafish hoxda flanking gene deserts

126 To address the potential function(s) of fish hoxd gene deserts, we explored chromatin
127  accessibility and histone modification profiles using ATAC-seq’’ and CUT&RUN? assays,
128  respectively, with posterior trunk as a source of cells, i.e., a domain where most #ox genes are active.
129  Asa control sample, we used corresponding dissected heads where hoxda genes are not expressed (Fig.
130  S4a, b). This analysis revealed enriched ATAC-seq signals not only within the hoxda cluster but also
131  in the two gene deserts, with stronger signals in the 3DOM region (Fig. S4c). This suggested that in

132 zebrafish, both gene deserts may indeed serve as regulatory landscapes, with long-range acting
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133 enhancers as is the case in tetrapods. Histone profiling supported this hypothesis with the same regions
134  enriched in H3K27ac marks, while showing a poor (if any) enrichment in the negative H3K27me3

135  marks, suggesting several chromatin segments engaged in active transcriptional regulation.

136 To assess the functional potential of both hoxda gene deserts, we generated zebrafish mutant
137  lines carrying full deletions either of SDOM (hoxda™P°" referred to as Del(SDOM) below), or of
138  3DOM (hoxda®™@P%™ or Del(3DOM) below), using CRISPR-Cas9 chromosome editing. We first
139  examined the impact of these large deletions on hoxd13a, hoxdl0a and hoxd4a expression using whole-
140  mount in situ hybridization (WISH), spanning from 30 hours post fertilization (hpf), i.e., from the onset
141 of hoxdl3a expression'® to 60 hpf and 72 hpf, stages when all hoxda gene expression decreases
142 significantly in fin buds. In Del(3DOM) mutant embryos, expression of both hoxd4a and hoxdl0a
143 completely disappeared from the pectoral fin buds (Fig. 1a, right and middle panels, arrowheads). The
144 same effect was observed at all stages analyzed (Fig. 1a). These data are consistent with similar analysis
145  in mice where the limb proximal expression domain was no longer visible upon deletion of the 3DOM
146  landscape'’. This demonstrates that, as in tetrapods, enhancers controlling the transcription of hoxd3a
147  to hoxdl0Oa during fin bud development are located in the adjacent 3’ landscape. The 3DOM thus has
148  an ancestral regulatory function in the development of proximal paired appendages. Expression of
149  hoxdl3a in post-axial cells, however, remained unchanged, with a global transcript distribution
150 indistinguishable from wild-type fin buds (Fig. 1a, left panels, arrowheads). These data indicate that the
151  control of hoxdi3a expression is distinct from that impacting soxd3a to hoxdl0a, as is also the case in

152  tetrapods® (Fig. Sla).

153 To determine whether hoxdl3a transcription was controlled by enhancers present within
154  5DOM, we similarly analyzed Del(SDOM) zebrafish embryos by WISH. Consistent with regional
155  control of Hox gene transcription, neither hoxd4a nor hoxdl0Oa expression were affected in mutant
156  Del(SDOM) fin buds (Fig. 1b, arrowheads). Unexpectedly, though, /hoxdl3a transcripts were
157  unaffected, with a pattern closely matching that of control fin buds (Fig. 1b, arrowheads; Fig. S5). This
158  was surprising as the entire regulation required for Hoxd13 expression in tetrapods is located within
159  thisregion, and previous transgenic results using components of the fish SDOM sequences in transgenic
160  mice showed sufficiency to drive expression'>'". At later stages of development, however, an effect of
161  the SDOM deletion on hoxdl3a expression is suggestive, though variable. Yet hoxdl3a expression
162  remains globally similar to wildtype (Fig. 1c, d; Fig. S5).

163 These two genomic regions also control expression in other axial systems in mice***. Thus,
164  we extended our analysis to assess shared components of regulation between these regulatory
165 landscapes. Mutant Del(3DOM) embryos did not reveal visible differences in expression from controls
166  in the trunk (hoxdI3a, hoxdalOa, hoxd4a), the pseudo-cloacal region (hoxd13a) or the branchial arches
167  and rhombomeres (hoxd4a) (Fig. S6a). Del(SDOM) embryos also showed comparable expression to

168  wildtype controls, except for the complete disappearance of hoxdl3a transcripts from the pseudo-
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169  cloacal region (Fig. 2). We noticed a temporary reduction of soxdl3a expression in the tailbud (Fig.
170  2a), yet this deficit was no longer detectable at 36hpf. These results reveal that in zebrafish, SDOM-
171  located enhancers regulate hoxdl3a genes in the cloacal area, from its onset of expression until at least
172 72hpf, whereas neither hoxd10a, nor hoxd4a are expressed there (Fig. S6). As previously reported for
173 both hoxdl3a and hoxal3b*?°, these transcripts were found in this region within of the nascent
174  pronephric duct and hindgut. These structures eventually converge towards a single pseudo-cloacal
175  complex that exits the body at adjacent openings without ever completely fusing. In 72hpf larvae,
176  hoxdl3a mRNAs also appeared in the posterior gut in both control and mutant samples, however still
177  absent in the mutant cloacal region (Fig. 2¢, black and red arrows, respectively), indicating that these

178  two expression specificities are regulated separately.

179 The cloaca evolved at the base of the craniate lineage as a single orifice for the digestive, urinary
180  and reproductive tracts, as found in birds or squamates. In mammals, a cloaca initially forms early on
181  during embryonic development, but as the embryo grows, it divides into different openings for the
182  urogenital and digestive systems. To evaluate whether the observed SDOM regulation of hoxdI3a in
183  the zebrafish pseudo-cloacal region is a derived or an ancestral condition, we looked at the developing

184  mouse urogenital sinus (UGS), a structure that derives from the mammalian embryonic cloacal area.

185  Hoxd gene expression and regulation in the urogenital sinus

186 The UGS, positioned below the urinary bladder, is derived from a cloacal rudiment originating
187  from hindgut and ectodermal tissue*’**. During mid-gestation, as the nephric and Miillerian ducts grow
188  towards the posterior end of the embryo, they meet and fuse with the invaginating cloaca. We performed
189  WISH on dissected urogenital systems from control murine male and female embryos at E18.5 (Fig.
190  3a, b). All genes tested but Hoxdl3 were detected in the anterior portions of the urogenital system
191  including the kidneys, uterus, and deferens ducts®° (Fig. S7a, b). In contrast, Hoxd3 expression was
192  restricted to the UGS in both male and female embryos, along with HoxdI2, Hoxd11 and, to a weaker
193  extent, Hoxd10 (Figs. 3 and S7), i.e., the same four genes responding to both the digit and external
194  genitals long-range regulations exerted by SDOM?', thus suggesting a transcriptional control coming

195 from this same 5’-located domain.

196 We verified this by using an engineered inversion that keeps the HoxD cluster linked with
197  5SDOM, but takes them far away from 3DOM (Fig. 3c, HoxD"™"*6-41P)\32 In this allele, Hoxdl3
198  transcription in UGS was unaffected (Fig. 3d). We then tested a comparable inversion, yet with a
199  breakpoint immediately 5’ the HoxD cluster thus disconnecting SDOM from all Hoxd genes (Fig. 3c,
200  HoxD'(gabnsidlllacy3s e gcored a virtually complete loss of Hoxdl3 transcription (Fig. 3d),
201  suggesting that most, if not all, UGS-specific enhancers are located within SDOM. We confirmed this
202 by using a large BAC transgene covering the entire HoxD cluster (Fig. S7c, d)* introduced into mice
203  lacking both copies of the HoxD locus* (Fig. S7c). In this mutant allele, Hoxd13 transcription was not
204  detected (Fig. S7c, arrows). Finally, we looked at beta-gal staining of a LacZ reporter integrated into
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205  the BAC transgene. While the reporter was strongly active in fetal kidneys as expected®®, the UGS was
206  not stained (Fig. S7d). In contrast, a LacZ reporter transgene integrated within the inversion separating
207  SDOM from the HoxD cluster (Fig. S7d, HoxD™ @a6-nsddlllac)y robystly stained E18.5 UGS, supporting
208  again the presence of UGS enhancers within SDOM (Fig. S7d).

209 We quantified the reduction in Hoxd gene expression in the HoxD" (gat-nsvdlllac) qilele using
210 RNA-Seq on E18.5 UGS of males and females. In both cases, Hoxdl3, Hoxdl2 and Hoxdl0
211  transcription levels dropped abruptly when compared to wildtype samples, while the transcription level
212 of other Hoxd genes was not affected (Fig. S8a). Altogether, this allelic series demonstrated that the
213  mammalian SDOM contains the UGS enhancers, similar to the zebrafish SDOM containing cloacal
214 enhancers. It also showed that Hoxd genes responsive to this regulation (Hoxd13-Hoxd10) are the same

215  sub-group that responds to both digit and external genitals enhancers.
216  Identification of UGS enhancers

217 To identify UGS enhancers within the mouse SDOM, we used three scanning deletion alleles
218  covering SDOM? (Fig. 4a, red) and measured the change in expression by RTqPCR (Fig. S8b). In the
219  HoxDP<“iSB) g]lele, the most distal portion of SDOM was removed with no impact on Hoxd gene
220  expression levels. However, when either the central (HoxDP<®8-R) or the most proximal
221 (HoxDP“®eRely portions of SDOM were removed, transcription of Hoxd13, Hoxd12 and Hoxd1(0 were
222 significantly reduced indicating that these two SDOM intervals contain UGS enhancers (Fig. S8b).

223 We then measured chromatin accessibility by ATAC-seq and profiled H3K27ac and
224 H3K27me3 histone marks associated with either active or inactive chromatin, respectively, by ChIP-
225  seq on micro-dissected male UGSs (Fig. 4a). We identified a cluster of several conspicuous ATAC-seq
226  and H3K27ac signals located approximately 200 kb upstream Hoxd13, in a region encompassing the
227  Rel5 breakpoint, i.e., between the Del(SB1-Rel5) and the Del(Rel5-Rell) deletions (Fig. 4a, dashed
228  box). Within this 67 kb-large region, the ATAC and H3K27ac signals matched three elements
229  previously characterized as enhancer sequences, yet with distinct tissue specificities; The GT2 and
230 Island E sequences had been identified as a pan- and a proximal-dorsal genital tubercle specific

231  enhancers, respectively”>°

, whereas the CsB element was reported as a distal limb and fin enhancer
232 element"'?. The ATAC peaks were positioned at regions that are relatively depleted for the H3K27ac

233 mark (Fig. S9), which is a hallmark of active enhancer elements®'.

234 For the GT2 and CsB elements, portions of the region were highly conserved across bony fish
235  hoxda loci. In contrast, Island E contained a small portion of sequence only conserved amongst
236  mammals (Fig. S9). We tested these three putative enhancers in an enhancer-reporter assay and all three
237  sequences were able to drive robust /acZ expression in the UGS, closely matching the expression of
238  posterior Hoxd genes in this area in both male and female specimens (Fig. 4b), indicating that in

239  mammals, SDOM contains a set of enhancer elements that control the transcriptional activation of Hoxd
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240  genes in the UGS. These three enhancers had been previously identified as specific for either distal
241  limbs or external genitals, i.e., two structures that depend upon the SDOM regulatory landscape as the
242  only source of enhancers for their development. In zebrafish, while the orthologous SDOM landscape
243  isindeed necessary to activate posterior hoxda genes in the cloacal region, expression of these genes in

244 the developing fin is not dramatically altered.
245  An ancestral regulatory landscape for an ancient function

246 In mammals, the combined mutation of both Hoxal3 and Hoxdl3 has a drastic effect on the

247  development of the posterior part of the digestive and urogenital systems*’>’

, causing an absence of any
248  detectable UGS™. Previous studies revealed the expression of most #ox/3 genes in the developing
249  zebrafish intestinal and cloacal regions (Fig. S10) that is suggestive of functional conservation®®.
250  Supporting this, 5’ hoxa genes were differentially regulated in the normal patterning of the goby cloacal
251  region®. Therefore, we wondered whether cloacal patterning would be a core ancestral function of
252  HoxI3 terminal genes regulation. We thus asked what if 4ox13 gene function had specific roles in cloaca

253 formation in zebrafish.

254 Wild-type zebrafish exhibit a pseudo-cloacal configuration in which the hindgut and pronephric
255  duct exit the trunk through separate but adjacent openings. The outlet of the hindgut is anterior to that
256  of the pronephric duct, and a septum resides in between (Fig. 5a, ¢). Homozygous single mutants of
257  hoxal3a, hoxal3b, and hoxdl3a are indistinguishable from the wild-type arrangement (Fig. 5b, f), as
258  are animals triply heterozygous for these genes (Fig. S11). However, combined hoxal3a;hoxal3b
259  double homozygous mutants exhibit connection of the hindgut with the pronephric duct before exiting
260  the body through a single opening (Fig. 5c, g). The loss of Hoxal3 paralogs was also found to affect
261  pronephric duct and hindgut length at the level of the median fin fold (Fig. S11). A more severe
262  phenotype is observed in hoxal 3a;hoxal 3b;hoxdl 3a triple mutants, in which the septum is dysmorphic
263  and the hindgut and pronephric duct are fused, resulting in a large shared lumen and outlet (Fig. 5d, h).
264  These results reveal a conserved requirement of Hox13 function for the normal patterning of the termini

265  of digestive and urogenital systems across vertebrates.

266

267 DISCUSSION

268  Hox regulatory landscapes and the fin to limb transition

269 The expression and function of Hoxd and Hoxa genes have been central to hypotheses

270  attempting to explain the evolutionary change from fins to limbs (e.g.>'""'*!*

). By making comparisons
271  of their complex transcription patterns across actinopterygian, chondrichthyan, and sarcopterygian
272  fishes, various efforts have sought relate the two types of paired appendages. These analyses have led

273  to the conclusion that, despite being composed of different types of skeletons, the development of


https://doi.org/10.1101/2024.03.24.586442
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.24.586442; this version posted March 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

274  actinopterygian fin rays and digits have a common regulatory architecture''*’. Here, by deleting the
275  two TADs flanking the fish hoxda cluster, we show that the essential digit regulatory landscape
276  characterized in tetrapods indeed has a structural counterpart in teleosts (Fig. S1)'®*!. However, we
277  report that, unlike in limbs, only a small part of the regulation controlling hoxda gene expression in
278  distal fin buds is located within this landscape. Indeed, while some enhancer(s) controlling hoxdl3a
279  transcription in developing zebrafish fins are located within SDOM'%, most of the regulatory control
280  likely resides within the gene cluster itself, probably at the vicinity of the hoxdl3a, hoxdl2a and

281  hoxdlla genes, i.e., the three genes sharing the same expression in post-axial cells'®.

282 This observation is consistent with the absence, in the zebrafish SDOM, of sequences related
283  to several strong mouse digit enhancers'?, but also confirms results obtained when assaying fish SDOM
284  conserved sequences as transgenes, either in zebrafish or in mice'*"?. It also explains why the zebrafish
285  Inpa gene, which is embedded into SDOM, is not expressed in the emerging pectoral fin buds'®, whereas
286  the mouse counterpart has a strong distal expression due to enhancer hi-jacking'. The presence of such
287  a partial distal landscape in teleosts may illustrate an intermediate step in the full co-option of this
288  regulation, as achieved in tetrapods (see below). Alternatively, it may reflect a secondary loss of several
289  distal enhancers associated with teleost whole genome duplication. These questions may be solved with
290 acomparable deletion and epigenetic characterization of SDOM in more basal fish species such as gar,
291  sturgeon, or even sharks. In contrast, the deletion of the opposite 3DOM landscape, which is responsible
292  for all proximal Hoxd expression in tetrapods limb buds*?, abolished hoxda gene expression in fin buds,
293  demonstrating the genuine ancestral character of this regulation, which must have been implemented as

294  soon as paired appendages evolved.
295  An ancestral cloacal regulation

296 Zebrafish hoxal3a and hoxdl3a, as well as other hox13 paralogs®, are strongly expressed in
297  and around the developing cloacal region”>?®. This is an area where the extremities of both the gastro-
298 intestinal tract and the reproductive and urinary systems come together, even though their openings
299  remain separated, unlike in some chondrichthyan fishes or other vertebrates where the tubes coalesce
300 into a single opening (e.g., in sharks or birds). Here we report that this pseudo-cloacal structure is
301  disrupted in zebrafish carrying sox13 mutant alleles, with an abnormal fusion between the intestinal
302 and the pronephric opening thus giving rise to a single yet abnormal, cloacal opening. Likewise, the
303  developing murine UGS expresses Hoxd13* and double mouse HoxdI3-Hoxal3 mutant animals had
304 severely malformed posterior regions’™’, with no distinguishable UGS, illustrating that the

305 evolutionary conservation of this regulatory landscape is accompanied by shared functional effects.

306 We also document that, as for zebrafish, the control of murine posterior Hoxd genes in the
307 cloaca is achieved by enhancers located within the 5’ located regulatory landscape, i.e., in the same

308  genomic region that regulates expression in both digits and external genitals. In mouse, several SDOM
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309 enhancers are somewhat versatile such as the GT2 sequence, which is both UGS and genitalia-specific*,
310  whereas CsB is UGS and digit-specific'. Other enhancer sequences, however, seem to have kept a
311  unique specificity such as ‘island 2’, the strongest Hox digit enhancer identified thus far*’, which is
312  located in a different area of SDOM? and absent in zebrafish'>. These observations illustrate a
313  ‘functional adaptation’ of enhancers, which could be facilitated by a spatial proximity within the same
314  large chromatin domain thus triggering the sharing of upstream factors (see*®). Finally, all the regulatory
315  specificities encoded in this SDOM landscape control the same subset of posterior Hoxd genes in
316  tetrapods (from Hoxdl3 to Hoxd10), suggesting that while groups of enhancers can be reutilized for

317  new tissue types, there is a constraint on which genes they can target.
318  Successive co-options of a regulatory landscape

319 In vertebrates, Hox13 genes are located within a topologically associated domain (TAD)
320  distinct from that including more anterior Hox genes and their regulations'>*’. This condition prevents
321  HoxI3 to be activated too early and hence too anteriorly in the body axis, a situation detrimental for the
322  embryo due to the potent posteriorizing function of these proteins*®. As a result, Hoxd3 was likely the
323  main target gene that triggered and stabilized the various evolutionary co-options of SDOM regulations
324  due to its location within the SDOM TAD and through its function to organize posterior or distal body
325  parts together with its Hoxal3 paralog’>**". Our results indicate that the initial functional specificity of
326  this regulatory landscape was to organize a cloacal region, which is the posterior part of the intestinal

327  and urogenital systems. This conclusion is supported by the documented expression of Hox13 paralogs

h38,49 k49,50

328 in the cloacal regions of paddlefis , catshar and lampreys®', suggesting this patten was a

329 characteristic of the common ancestor of craniate vertebrates.

330 While this ancestral function has been maintained throughout vertebrates, it is more difficult to
331  infer the temporal sequence of co-options of this regulatory landscape along with the evolution of digits
332  and external genitals (Fig. 6). However, as genitalia are late amniote specializations, it is conceivable
333  that elaboration of digital character arose initially, suggesting a first regulatory co-option of this
334  landscape (or part thereof) from a cloacal to a digital specificity. In support of this proposal, digits
335  appeared in aquatic sarcopterygian fishes. These fishes do not have apparent reproductive structures to
336 facilitate internal fertilization, and many tetrapod species also do not have external genitals. A second
337  co-option of this now multi-functional regulatory landscape then might have occurred along with the
338 emergence of external genitals. This latter step would have been facilitated both by the developmental
339  proximity between external genitals and the embryonic cloacal region where posterior Hox genes are
340 initially expressed”, and by the tight developmental relationships between amniotes limbs and
341  genitals®% Altogether, our results indicate that the repeated redeployment of an ancient regulatory
342  landscape, first arising along with the formation of the cloaca, serve as a foundation for the evolution

343 and elaboration of innovations in vertebrates.
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344

345 LEGENDS TO FIGURES

346  Figure 1. Regulation of hoxda genes in pectoral fins lacking the 3DOM and 5SDOM regulatory
347  landscapes. hoxdl3a, hoxdl0a and hoxd4a expression by WISH at 36 hpf, 48 hpf, 60 hpf and 72 hpf
348  inzebrafish embryos with either the 3DOM (a) or the SDOM regulatory landscapes deleted (b-d). Wild-
349  type and homozygous mutant embryos derived from the same cross and are shown side by side. Scale
350  bars =50 um. a. Expression of both hoxd10a and hoxd4a is completely lost in mutant fin buds lacking
351  3DOM (arrows), whereas expression of hoxdI3a is identical to that of wild-type embryos (arrows). b.
352 In fin buds lacking SDOM, expression of all three hoxdl3a, hoxdl0a and hoxd4a are identical to
353  matched wild-type embryos up to 48 hpf (arrows). However, at 60 hpf (¢) and 72 hpf (d), a clear
354  decrease in intensity is observed throughout, yet particularly marked in the distal aspect of the fin bud
355  (arrows). The two examples shown here are amongst the fin buds with the greatest reduction in
356  expression (see Fig. S5).

357

358  Figure 2. Effects of deleting SDOM on hoxdl3a regulation in the pseudo-cloacal region. a-c.
359  Expression of hoxdl3a is completely lost in the cloaca of 16 hpf (a), 36 hpf (b) and 72 hpf (¢) embryos
360 lacking SDOM (red arrowheads), while it is identical to controls in embryos lacking 3DOM (red
361  arrowheads), indicating that the SDOM is required for hoxdI3a activity in the pseudo-cloacal region.
362 At 16 hpf, a temporary decrease of hoxdl3a expression in the tailbuds lacking SDOM (black
363  arrowheads), but this effect was no longer observed at later stages. b. Enlargements of the cloacal region
364  showing hoxdl3a transcripts mostly lining the very end of the intestinal canal, converging towards the
365  cloacal region. ¢. At 72 hpf, hoxd13a expression is detected in the posterior epithelial part of the gut in
366  both control and mutant larvae (black arrow), indicating that expression in the cloacal region (red arrow)
367  responds to a separate regulatory control. Scale bars: 200 um for whole embryos, 50 um for zoomed-
368  inviews.

369

370  Figure 3. Hoxd gene expression in the mouse urogenital system. a. Schematic representations of
371  male and female urogenital systems. K: Kidney, B: Bladder, O: Ovary, T: Testis. The urogenital sinus
372  (UGS) is indicated with a red circle. b. WISH of Hoxd13 in representative female and male urogenital
373  systems. Hoxdl3 is selectively expressed in the UGS. ¢. Schematic representation of the two HoxD
374  inversion alleles. The locations of the inversion breakpoints are depicted with red arrows. Hox genes
375  shown in shades of purple. d. Hoxd3 expression in urogenital systems of mice carrying the inversions
376  (WISH, left panel; RT-qPCR, right panel). Expression of Hoxdl3 in the UGS is abolished when the
377  target genes are disconnected from SDOM. Scale bars: 1 mm.

378
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379  Figure 4. Urogenital sinus enhancers located in the 5SDOM. a. Chromatin accessibility (ATAC-seq,
380  blue track) and H3K27ac (green track) and H3K27me3 (red track) ChIP-seq profiles from micro-
381  dissected male UGS at E18.5. The red lines on top delineate the three deletions within SDOM with the
382  percent of Hoxd13 expression left in the UGS after each deletion (see also Fig. S8). Hoxd genes are in
383  purple. Blue rectangles indicate previously described SDOM enhancers. The dashed box highlights a
384  H3K27ac-positive cluster of ATAC-seq peaks lacking H3K27me3 and containing three enhancer
385  sequences; GT2, island E and CsB. Scale bar; 100 kb. b. Regulatory potential of the GT2, island E and
386  CsB elements when cloned into a /acZ reporter cassette. GT2 induces robust lacZ expression in the
387 UGS of both male and female embryos, while island E shows weaker expression. The CsB transgene
388  induces robust expression in males (no data available for females). Scale bar: 1 mm.

389

390 Figure 5. Loss of hox13 paralogs in the zebrafish results in defects of the cloacal region. Confocal
391  microscopy of phalloidin-labeled cloacal regions of wild-type and sox13 mutant zebrafish at 6 days
392  post-fertilization shown in a single channel (a-d) and with pseudo coloring (e-h). Pseudo coloring
393  indicates hindgut (blue), pronephric duct (yellow), or fused ducts (green). e. Wild-type fish have
394  adjacent but distinct openings for the hindgut (blue line) and pronephric duct (yellow line) (n= 2), as do
395  hoxdl3a mutants (n=2) (f). g. hoxal3a;hoxal3b double mutants exhibit fusion of the hindgut and
396  pronephric duct and a single opening (green line) (n=2). h. hoxal3a;hoxal3b;hoxdl3a triple mutants
397  show connection of the hindgut and pronephric duct to form a large shared lumen (green) with a single
398  opening (green line) (n=4). Scale bar: 30 um.

399

400  Figure 6. Evolutionary co-option of the HoxD 5DOM regulatory landscape. Schematic
401  representation of posterior Hoxd gene regulation by the SDOM regulatory landscape (top left) and the
402  (at least) three developmental contexts where this landscape is functional (top right). On the left are
403  shown the phylogenetic relationships between taxa where distal fins, distal limbs and external genitals
404  emerged, while on the right, the corresponding SDOM regulatory contributions to these structures are
405  indicated. “0” denotes the absence of any given structure. In this view, the SDOM cloacal regulation is
406  an ancestral feature. In actinopterygian fishes, SDOM lightly contributes to hoxda gene regulation in
407  postaxial and distal territories of paired fin buds. The regulatory importance of the SDOM in distal fin
408 territories increases in sarcopterygian fishes. In amniotes, the SDOM contribution expands to take over
409  the entire regulation of posterior Hoxd genes in digits, as suggested by many enhancers with mixed
410  specificities. Similarly, a distinct yet overlapping set of SDOM-located enhancers entirely control Hoxd
411  gene expression in the genital tubercle.

412
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413 LEGENDS TO SUPPLEMENTARY FIGURES

414  Figure S1. Comparison of HoxD regulatory landscapes in mammals and fishes. a. Hoxd gene
415  expression and regulation in mouse limb buds at E12.5. The HoxD cluster is flanked by two gene
416  deserts, named according to their relative position (3’ or 5”) with respect to Hoxd gene orientation. The
417  3DOM regulatory landscape activates Hoxd4 to Hoxdll in the proximal limb territory (green). The
418  5DOM activates Hoxd10 to Hoxdl3 in the distal limb territory (blue). Schemes are based on ref.'">. b.
419  Gene expression in fin buds at 40-60 hpf in the cognate zebrafish soxda cluster. The fish cluster is also
420  flanked by two gene deserts but their regulatory potentials are unknown (question marks). Fish hoxd9a
421  to hoxdlla are expressed in the preaxial fin territory (purple) whereas hoxdlla to hoxdl3a are
14,53,54

422  expressed in a postaxial domain (orange). Schemes and WISH are inspired from

423

424  Figure S2. 3D chromatin conformation at the mouse and fish HoxD loci. Contact frequency
425  heatmaps at the mouse HoxD (E18.5 male UGS, one representative replicate out of two) and fish hoxda
426 (24 hpf and 48 hpf total embryos*'*®) loci (top and bottom, respectively). The similarities in the
427  constitutive structural organization of the mouse and the fish loci are underlined either by the position
428  and relative extents of TADs (thick black lines), the presence of a sub-TAD boundary within 3DOM
429  (asterisk), as well as by the positions and orientation of CTCF binding sites (red and blue arrowheads).
430  Hox genes are in purple-scale rectangles and other genes are grey rectangles. Bin size is 10 kb. The
431  scales on the x axes were adjusted to comparable sizes for ease of comparison, yet the fish locus is more
432  compact. Scale bars in both cases; 100 kb.

433

434  Figure S3. The HoxD locus is part of a large syntenic interval. a. The mouse HoxD locus (mm39)
435  is on top and the zebrafish hoxda locus (danRerl1) is shown below. Hox genes are in purple-scale
436  rectangles and annotated mouse enhancers are shown as either blue (SDOM) or green (3DOM)
437  rectangles. Conserved sequences between the two gene deserts are shown as vertical black bars. Those
438  conserved sequences overlapping with known murine enhancers were used to annotate the
439  corresponding elements in zebrafish (blue rectangles). b. Synteny plot representing sequences
440  conserved between the mouse and the zebrafish HoxD loci. On the x axis is the mouse locus (mm10,
441  chr2: 73605690-75662521) and on the y axis is the zebrafish locus (danRer11, chr9: 1639965-2393397,
442  inverted y axis). Despite a mouse locus that is in average 2.6 times larger than its zebrafish counterpart,
443  the order of most conserved sequences is maintained, showing the absence of substantial genomic
444  rearrangement at these gene deserts. ¢. Size comparisons between different regions of the zebrafish
445  hoxda and the mouse HoxD loci. The left panel shows that the Hox clusters have maintained a similar
446  size over time, while gene deserts have expanded in mouse and/or contracted in zebrafish. The right

447  panel shows that the ratio between the sizes of SDOM versus 3DOM is inverted in the two species.
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448

449  Figure S4. Chromatin profiles in zebrafish embryos. a. Expression of hoxd13a, hoxdl0a and hoxd4a
450  in control zebrafish embryos by WISH. Stages are indicated on top of the panels. Scale bars; 200 um.
451  b. Dissection plan used for panel (¢). PT, posterior trunk. ¢. ATAC-seq profile and both H3K27ac and
452  H3K27me3 CUT&RUN profiles over the zebrafish soxda locus in 16 hpf dissected heads (grey, one
453  representative condition out of three) and 16 hpf posterior trunk cells (PT, blue, one representative
454  replicate out of three). Both the hoxda cluster and 3DOM show specific open sites in posterior trunk,
455  where hoxda genes are expressed, when compared to forebrain. The CUT&RUN profiles in posterior
456  trunk cells show enrichment for H3K27ac (green coverage) on the central and anterior parts of the
457  hoxda cluster, while H3K27me3 (red coverage) is enriched on the posterior part and on evx2. Scale bar;
458 100 kb.

459

460  Figure S5. Hoxdl3a expression in control, heterozygous and homozygous mutant fin buds at 60
461  and 72 hpf. a. Schematic of the deletion and spatial orientation of the fin buds. b. Various samples are
462  shown to illustrate the variability observed. While a clear tendency is observed in the loss of the distal
463  most expression in homozygous mutants, expression is still observed in some samples as well as in
464  post-axial cells, unlike the situation in developing limb buds where expression is entirely absent in the
465  comparable deletion. Scale bar: 50 pm.

466

467  Figure S6. WISH of hoxd13a, hoxdl0a or hoxd4a in zebrafish embryos lacking either 3DOM (a),
468  or SDOM (b). The genotypes (in red, top) and genes analyzed (left) are shown as well as the stages (up
469  left). a. Deletion of 3DOM. Black arrowheads (empty for no expression and full for expression) indicate
470  differential gene expression in the cloacal region, whereas red arrowheads (empty for no expression
471  and full for expression) point to the pectoral fin buds. Control and homozygote mutant embryos are
472  shown side by side for each condition, except for soxd4a where a heterozygous (Het) mutant is shown.
473  Wild-type and homozygous embryos originate from the same clutch of eggs and were processed
474  together. In Del(3DOM) mutant embryos (a), Hoxdl0a and hoxd4a transcription is lost in fin buds,
475  whereas hoxdl3a transcripts in the cloaca are not affected. B, branchial arches; R, rhombomeres; Scale
476  bars; 200 pm. b. In contrast, soxd13a mRNAs are lost from the cloacal region in Del(SDOM) mutant
477  animals at 36 hpf (red arrowheads), while still clearly detected in the fin buds, indicating that the SDOM
478  is necessary for hoxdl3a transcription in the pseudo-cloacal region.

479

480  Figure S7. Hoxd gene expression in the mouse urogenital system. a. Schematic representations of
481  male and female urogenital systems. K: Kidney, B: Bladder, O: Ovary, T: Testis. The urogenital sinus
482  (UGS) is indicated with a red circle. b. WISH of Hoxd genes in representative female and male
483  urogenital systems. All Hoxd genes are expressed in anterior portions of the UGS including kidneys,

484  the uterus, deferens ducts and the bladder, except Hoxdl3 transcripts, which are restricted to the UGS
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485  (see Fig. 3b). c-d. Schematic representation of two HoxD genomic configurations, The first one is a
486  deletion of the entire HoxD cluster (c), whereas the second one is a random integration of a transgene
487  carrying the same HoxD transgene plus some flanking sequences in 5’ (d, thick red bar). Hox genes as
488  in shades of purple and the deletion breakpoints are shown as vertical dashed red lines. Scale bar; 100
489  kb. c¢. WISH of Hoxdl3 in UGS from a transgenic HoxD cluster (TgBAC), while lacking both
490  endogenous copies of the HoxD cluster. Expression is not detected from the transgenic cluster. d.
491  Likewise, B-gal staining of UGS transgenic for the HoxD cluster containing a LacZ reporter displays no
492  activity in the UGS. By contrast, LacZ staining of mutant Inv(nsi-Itga6)di1lac embryos, which also
493  includes a lacZ reporter confirms that SDOM is necessary and sufficient to drive expression in the UGS.
494  Scale bar: 1 mm.

495

496  Figure S8. Regulatory potential of sub-regions within SDOM. a. RNA-seq FPKM values for various
497  mouse Hoxd genes in E18.5 UGS obtained from either wild-type or Inv(nsi-ltga6)dlllac mutant
498  embryos (see schematic in Fig. 3¢). Data are shown separately for females (n=3, dots) and males (n=3,
499  triangles). Drastic decreases are observed for Hoxdl0, Hoxdl2 and Hoxdl3 when 5DOM is
500 disconnected from the HoxD cluster. Hoxd11 could not be assessed due to the presence of a transgenic
501  copy of this gene in the LacZ reporter cassette. b. On top is a scheme of the SDOM regulatory landscape
502  on mm39 with Hox genes in purple. Blue rectangles indicate previously described SDOM enhancers.
503  The red arrowheads delimit the serial deletion breakpoints. The three consecutive deletions are depicted
504 by red dashed lines. Below are RT-qPCR quantifications of expression levels relative to wild-type (n=4)
505 in three mutant lines carrying serial deletions of SDOM (n=3). The horizontal red line represents the
506  value of 1 for reference. Severe reductions are observed for both the Del(Rel5-SB1) and Del(Rell-Rel5)
507  conditions, unlike in the Del(SB1-Atf2) deletion. Scale bar; 100 kb.

508

509 Figure S9. Sequence conservation in vertebrates of the GT2, islE and CsB UGS enhancers. All
510 three sequences are comprised in the box highlighted in Fig. 4a. The ATAC-seq and H3K27ac ChIP-
511  seq profiles are shown with, below, their sequence conservation from fishes and mammals. The thick
512 blue lines below the H3k27ac profiles indicate the extent of the transgenes assayed in Fig. 4. Scale bars;
513  1kb.

514

515  Figure S10. hox13 gene expression in the Daniocell atlas. a. UMAP of endoderm cells using matrices
516  extracted from ref.*®, colored by tissue. The black rectangle indicates the UMAP region which contains
517  cellular clusters from the cloacal region. All other panels in the figure correspond to this rectangle. b.
518 UMAP of endodermal cells and identities of their clusters. The colors indicate the identities of cells
519  from both the cloacal region (red arrow) and the posterior intestine (dark green, arrow). ¢. UMAP of
520  selected endoderm, clustered by developmental stages (color code below). d. UMAP as in panel b, with

521  the expression in red of the various /soxI3 paralogous genes. All cells with a normalized expression
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522 level above 2 are displayed in red. In panels ¢ and d, arrowheads indicate hox13 expressing cells in the
523  cloacal region either at early (red) or late (black) timepoints. The black arrows point to #ox13 expression
524  in intestinal cells.

525

526  Figure S11. Cloacal region phenotypes in 2ox13 mutant zebrafish. a-f. Confocal micrographs of
527  mutant cloacal regions at 6 dpf shown in single channel (a-¢) and pseudo color (d-f). d. Triple
528  hoxal3a;hoxal3b;hoxdl3a heterozygotes (n=6) exhibit wild-type patterning with separate openings for
529  the hindgut (blue) and pronephric duct (yellow). e. Homozygous hoxal3a single mutants show wild-
530 type patterning (n=4). f. Homozygous hoxal3b single mutants have wild-type patterning (n=4). g-h.
531  Length and width of the hindgut and pronephric duct in wild-type and #oxa 3 mutant zebrafish embryos
532 at 3 dpf. g. The length (red dotted lines) and width (white dotted lines) of the hindgut and pronephric
533  complex at the median fin fold level were quantified in wild-type (n=4, left) and hoxal3a;hoxal3b
534  double mutant embryos (n=5, right). h. The length difference of the hindgut and pronephric complex
535  Dbetween wild-type and /#oxal3 double mutant embryos is statistically significant (*p = 0.0101, two-
536  sided Welch’s t-test). The error bars indicate the standard error of the mean. Scale bar length is 30 pm
537 ina-fand 100 pmin g.

538

539  Table S1. Extent of the mouse and zebrafish domains. Sizes are indicated in base pairs and were
540  determined based on the transcription start sites of genes.

541  Table S2. Accession numbers for re-analyzed data. SRA accession numbers and reference of
542  publications for the re-analyzed data when previously published data was used.

543  Table S3. RT-qPCR primers. Lists of primers used in RT-qPCR experiments.

544  File S1. Sequences of the zebrafish probes used for WISH

545  File S2. Sequences of the mouse probes used for WISH

546  File S3. Sequences of the zebrafish hoxda”'*P°" and hoxda”*P°™ founder alleles

547

548 MATERIALS AND METHODS

549  Animal husbandry and ethics

550  All experiments using mice were approved and performed in compliance with the Swiss Law on Animal
551  Protection (LPA) under license numbers GE45/20 and GE81/14. All animals were kept as a continuous
552 backcross with C57BL6 x CBA F1 hybrids. Mice were housed at the University of Geneva Sciences
553  III animal colony with light cycles between 07:00 and 19:00 in the summer and 06:00 and 18:00 in
554  winter, with ambient temperatures maintained between 22 and 23 °C and 45 and 55% humidity, the air
555  was renewed 17 times per hour. Zebrafish (Danio rerio) were maintained according to standard
556  conditions’ under a 14/10 hours on/off light cycle at 26°C, with a set point of 7.5 and 600uS for pH

557  and conductivity respectively. All zebrafish husbandry procedures have been approved and accredited
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558 Dby the federal food safety and veterinary office of the canton of Vaud (VD-H23). AB, Tu and TL were
559  used as wild-type strains and were obtained from the European zebrafish resource center (EZRC).
560  hoxda”'CPo" and hoxdaP*'°P°" mutants were generated for this study. Zebrafish embryos were
561  derived from freely mating adults. Wild-type siblings, hoxda”?P°™ and hoxda”*'*"°* homozygous
562  embryos were obtained from crossing the corresponding heterozygous mutant. Embryos were collected
563  within 30 minutes after spawning and incubated at 28.5°C in fish water, shifted at 20°C after reaching
564  80% epiboly and grown at 28.5°C to the proper developmental stage according to®. Pigmentation was
565  prevented by treating the embryos with 0.002% N-phenylthiourea from 1 dpf onwards.

566  Generation of the hoxda®*?°™ and hoxda®?*?°™ deletions in zebrafish

567  The hoxda®'*P%" and hoxdaP*'°P°" mutant alleles were generated using the CRISPR/Cas9 system
568  described in®. The sequences of the crRNAs used are listed in Table S3. Loci were identified with the
569  GRCzl1 zebrafish genome assembly available on Ensembl. The corresponding genomic regions were
570 amplified and sequenced from fin clips. Adults carrying verified target sequences were isolated and

571  then selected for breeding to generate eggs for genome editing experiments. The gRNAs target sites

572 were determined using the open-source software CHOPCHOP (http://chopchop.cbu.uib.no/index.php)
573  and chemically synthesized A/t-R® crRNAs and AI+-R™ tracrRNAs as well as the A/t-R® Cas9 protein
574  were obtained from Integrated DNA Technologies (IDT). To test the efficiency of these gRNAs in
575  generating the expected mutant alleles, we injected boluses ranging from 100 um to 150 um and
576  containing 5uM of the duplex crRNAs, tractRNA and Cas9 RNP complex into the cytoplasm of one-
577  cell stage embryos. Injecting the RNP complex solution in a 100 um bolus gave less than 5% mortality.
578  With this condition, 30% of the embryos carried the SDOM deletion and 15% carried the 3DOM
579  deletion. For each condition we extracted the genomic DNA of 20 individual larvae at 24hpf for
580  genotyping®. Identification of hoxda”'*P°™ and hoxda”'P°” mutants were performed by PCR.
581  Amplification of evx2 was used as a control to confirm the presence or absence of the SDOM. The PCR
582  mix was prepared for using the Phusion® High-Fidelity DNA Polymerase (NEB) and primer sequences
583  are listed in Table S3. In parallel, a hundred and twenty larvae per allele were raised to adulthood. To
584  identify founders, FO adults were outcrossed with wild-type and 25 embryos were genotyped. Three
585 and four independent founders were obtained for the hoxda®CP°™ allele and hoxda”'CPoM,
586  respectively. Two founders of each deletion were verified by Sanger sequencing (File S3) and used for
587  further experiments.

588

589  Zebrafish hox13 mutant lines, phalloidin labeling and genotyping

590  Frameshift loss-of-function alleles hoxal3a™", hoxal3b% and hoxdl3a’™ ™ were previously
591  generated’. Zebrafish lines were propagated and maintained following®'. To generate compound /ox13
592  mutants, animals triple heterozygous for hoxal3a, hoxal3b and hoxdl3a were inter-crossed. Resulting

593  larvae were fixed at 6 dpf in 4% paraformaldehyde in phosphate buffered saline (PBS) for 2 hours at

17


https://doi.org/10.1101/2024.03.24.586442
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.24.586442; this version posted March 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

594  room temperature with rocking agitation. After fixation, larvae were rinsed twice for 5 minutes each in
595  PBS with added 1% Triton (PBSX). To visualize cloacal anatomy by labeling filamentous actin, larvae
596  were then incubated in PBSX with fluorophore-conjugated phalloidin (Sigma-Aldrich P1951,
597  phalloidin-Tetramethylrhodamine B isothiocyanate) added to a final concentration of 5U/mL overnight
598  at 4°C with rocking agitation. Larvae were then rinsed twice for one hour each with PBSX.

599  For genotyping, phalloidin-labeled larvae were cut in half, separating the head, yolk, and pectoral fins
600 from the cloaca and tail. The head half was used for genotyping and the tail half was saved at 4°C for
601 later analysis. DNA was extracted from the head half by digesting tissue in proteinase K diluted to 1
602  mg/mL in 20 pl 1x PCR buffer (10 mM Tris-HCI, 50 mM KCl, 1.5 mM MgCl,) for 1 hour at 55°C
603  followed by heat inactivation at 80°C for 20 minutes. The digested tissue was then subjected to brief
604  vortexing and then 1 ul was used directly as template for genotyping PCR, with primers listed in Table
605  S3. For thermocycling, after an initial step at 94°C for 2 minutes, reactions were cycled 40x though (15
606 sat94°C, 15 s at 58 °C, 20 s at 72 °C) and finished with 5 minutes at 72 °C. PCR products were then
607  heteroduplexed on a thermocycler by heating to 95°C for 10 minutes and then gradually cooled by 1°C
608  every 10 seconds until a final temperature of 4°C was reached. Heteroduplexed PCR amplicons were
609 then run on a high percentage agarose gel to determine genotype by product size.

610 To analyze cloacal morphology, fixed phalloidin-labeled tails were imaged on a Zeiss LSM 800
611  confocal microscope. After acquiring a full confocal stack through the cloacal region, a midline frame
612  that demonstrated hindgut and pronephric duct morphology was selected.

613

614  Mutant mouse stocks

615  All mouse lines used in this study were previously reported: Inv(ltga6-nsi)dl1llac®, Inv(Itga6-attP) and
616  tgBAC(HoxD)**, Del(HoxD)** and Del(Atf2-SB1), Del(SB1-Rel5) and Del(Rel5-Rell)*.

617

618  Whole-mount in situ hybridization (WISH)

619  The zebrafish and mouse antisense probes used in this study are listed in File S1 and File S2,
620  respectively. For zebrafish, WISH were performed as described in®, at 58°C for all riboprobes
621  (hybridization temperature and SSC washes). Wholemount embryos were photographed using a
622  compound microscope (SZX10, Olympus) equipped with a Normarski optics and a digital camera
623  (DP22, Olympus). Genotyping of individual embryos was performed after photographic documentation
624  as in® with primers listed in Table S3. Wild-type and mutant embryos originated from the same clutch
625  of eggs produced by heterozygote crosses and underwent WISH procedure in the same well. Murine
626  urogenital systems were isolated from E18.5 embryos and processed following a previously reported
627  WISH procedure®, with some specific adjustments. For the Proteinase K treatment, urogenital systems
628  were incubated 20 minutes in proteinase K diluted to 20 ug/ml in PBST. For the refixation step, a
629  solution of 4% PFA containing 0.2% glutaraldehyde was used. Hybridization temperature was 69°C
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630  and temperature of post-hybridization washes was 65°C. Staining was developed in BM-Purple (Roche
631  #11442074001) for approximately 4 hours at room temperature.

632  Mouse genotyping.

633  Forextemporaneous genotyping, yolk sacs were collected and placed into 1.5 ml tubes containing Rapid
634  Digestion Buffer (10 mM EDTA pHS8.0 and 0.1 mM NaOH), then placed in a thermomixer at 95 °C for
635 10 min with shaking at 900 rpm. While the yolk sacs were incubating, the PCR master mix was prepared
636  using Z-Taq (Takara R006B) and primers (Table S1) and aliquoted into PCR tubes. The tubes
637  containing lysed yolk sacs were then placed on ice to cool briefly and quickly centrifuged at high speed.
638  The lysate (1ul) was placed into the reaction tubes and cycled 32x (2 s at 98 °C, 2 s at 55 °C, 15 s at 72
639  °C). Twenty microliters of the PCR reaction were loaded onto a 1.5% agarose gel and electrophoresis
640  was run at 120 V for 10 min. When samples could be kept for some time, a conventional genotyping
641  protocol was applied with a Tail Digestion Buffer (10 mM Tris pH8.0, 25 mM EDTA pHS.0, 100 mM
642  NaCl, 0.5% SDS) added to each yolk sac or tail clipping at 250ul along with 4ul Proteinase K at 20
643  mg/ml (EuroBio GEXPRKO1-15) and incubated overnight at 55 °C. The samples were then incubated
644  at 95 °C for 15 min to inactivate the Proteinase K and stored at —20 °C until ready for genotyping.
645  Genotyping primers (Supplementary Data 1) were combined with Taq polymerase (Prospec ENZ-308)
646  in 25ul reactions and cycled 2x with Ta = 64 °C and then cycled 32x with Ta =62 °C.

647  Mouse RT-qPCR

648  Urogenital sinuses (UGS) were collected from E18.5 male embryos separately and placed into 1x
649  DEPC-PBS onice. A little piece of the remaining embryo was collected for genotyping. The UGS were
650 transferred into fresh 1x DEPC-PBS and then placed into RNALater (ThermoFisher AM7020) for
651  storage at —80 °C until processing. Batches of samples were processed in parallel to collect RNA with
652  Qiagen RNeasy extraction kits (Qiagen 74034). After isolating total RNA, first strand cDNA was
653  produced with SuperScript III VILO (ThermoFischer 11754-050) using approximately 500 ng of total
654  RNA input. cDNA was amplified with Promega GoTaq 2x SYBR Mix and quantified on a BioRad
655  CFX96 Real Time System. Expression levels were determined by dCt (GOI-Tbp) and normalized to
656  one for each condition by subtracting each dCT by the mean dCT for each wild-type set. Finally,
657  expression was evaluated by two power this normalized dCT. Table S1 contains the primer sequences
658  used for quantification. RT-qPCR measurements were taken from distinct embryos. Box plots for
659  expression changes and two-tailed unequal variance t tests were produced in DataGraph 4.6.1. The
660  boxes represent the interquartile range (IQR), with the lower and upper hinges denoting the first and
661  third quartiles (25" and 75™ percentiles). Whiskers extend from the hinges to the furthest data points
662  within 1.5 times the IQR. The upper whisker reaches the largest value within this range, while the lower
663  whisker extends to the smallest value within 1.5 times the IQR from the hinge.

664
665 Mouse RNA-Seq
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666  E18.5 male and female UGS were collected with a dissection separating the bladder from the urogenital
667  sinus but including the proximal urethra (and vagina in females). Tissues were stored in RNALater
668  (ThermFisher AM7020) and processed in parallel with Qiagen RNeasy extraction kits (Qiagen 74034).
669  RNA quality was assessed on an Agilent Bioanalyzer 2100, with RIN scores > 9.5. RNA sequencing
670  libraries were prepared at the University of Geneva genomics platform using Illumina TruSeq stranded
671  total RNA with Ribo-Zero TM Gold Ribo-deleted RNA kits to produce strand-specific 100bp single-
672  end reads on an Illumina HiSeq 2000. Raw RNA-seq reads were processed with CutAdapt version 4.1
673 (-a GATCGGAAGAGCACACGTCTGAACTCCAGTCAC -q 30 -m 15)* to remove TruSeq adapters
674  and bad quality bases. Filtered reads were mapped on the mouse genome mm39 with STAR version
675  2.7.10a% with ENCODE parameters with a custom gtf file®® based on Ensembl version 108. This custom
676  gtf file was obtained by removing readthrough transcripts and all noncoding transcripts from a protein-

1678 with options --max-bundle-

677  coding gene. FPKM values were evaluated by Cufflinks version 2.2.
678  length 10000000 --multiread-correct --library-type “fr-firststrand” -b mm10.fa --no-effective-length-
679  correction -M MTmouse.gtf -G. Boxplots depicting expression levels in distinct embryos were
680  generated using the same methodology as for RT-qPCR.

681 ATAC-Seq

682  Mouse and fish tissues were isolated and placed into 1x PBS containing 10% FCS on ice. Collagenase
683  (Sigma-Aldrich C9697) was added to 50ug/ml and incubated at 37° for 20 minutes with shaking at
684  900rpm. Cells were washed 3x in 1x PBS. The number of cells was counted and viability confirmed to
685  be greater than 90%. An input of 50000 cells was then processed according to previous description®’.
686  Sequencing was performed at EPFL GECF on an I[llumina NextSeq 500. Analysis was performed
687  similarly to®. Raw ATAC-seq paired-end reads were processed with CutAdapt version 4.1 (-a
688 CTGTCTCTTATACACATCTCCGAGCCCACGAGAC -A
689 CTGTCTCTTATACACATCTGACGCTGCCGACGA -q 30 -m 15)* to remove Nextera adapters and
690  bad quality bases. Filtered reads were mapped on mm39 for mouse samples and danRerl1 where
691  alternative contigs were removed for fish samples with bowtie2 version 2.4.5"° with the following
692  parameters: --very-sensitive --no-unal --no-mixed --no-discordant --dovetail -X 1000. Only pairs
693  mapping concordantly outside of mitochondria were kept (Samtools v1.16.1)”". PCR duplicates were
694  removed by Picard version 3.0.0 (http://broadinstitute.github.io/picard/index.html). BAM files were
695  converted to BED with bedtools version 2.30.07%. Peaks were called and coverage was generated by
696  MACS?2 version 2.2.7.1 with --nomodel --keep-dup all --shift -100 --extsize 200 --call-summits -B.
697  Coverages were normalized to million mapped reads.

698  Mouse ChIP-Seq

699  Male UGS were isolated and placed into 1x PBS containing 10% FCS on ice. ChIP-seq experiments
700  were then performed as previously described in®. Briefly, they were fixed for 10 mn in 1%

701  formaldehyde at room temperature and the crosslinking reaction was quenched with glycine.
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702  Subsequently, nuclei were extracted and chromatin was sheared using a water-bath sonicator (Covaris
703  E220 evolution ultra-sonicator). Immunoprecipitation was done using the following anti- H3K27ac
704  (Abcam, ab4729) or anti-H3K27me3 (Merck Millipore, 07—449). Libraries were prepared using the
705  TruSeq protocol, and sequenced on the Illumina HiSeq 4000 (100 bp single-end reads) according to
706  manufactures instructions. CTCF re-analysis from®"™. Accession numbers are listed in TableS2. Raw
707  ChIP-seq single-reads or paired-end reads were processed with CutAdapt version 4.1 (-a
708 GATCGGAAGAGCACACGTCTGAACTCCAGTCAC for single-reads and -a
709 CTGTCTCTTATACACATCTCCGAGCCCACGAGAC -A
710 CTGTCTCTTATACACATCTGACGCTGCCGACGA -q 30 -m 15)* to remove Truseq or Nextera
711  adapters and bad quality bases. Filtered reads were mapped on mm39 for mouse samples and danRer11
712 where alternative contigs were removed for reanalysis of fish samples with bowtie2 version 2.4.5" with
713  the default parameters. Only alignments with a mapping quality above 30 were kept (Samtools
714  v1.16.1)”. Peaks were called and coverage was generated by MACS2 version 2.2.7.1 with with --call-
715  summits -B (and --nomodel --extsize 200 for single-read). Coverages were normalized to million

716  mapped reads/pairs.
717  Mouse enhancer-reporter assay

718  Transgenic embryos were generated as described in®>. Primers were designed to amplify genomic DNA
719  from the region around the observed ATAC and H3K27Ac peaks (Table S3). These primers included
720  extra restriction sites for either Xhol or Sall at the 5° ends. The PCR fragments were cleaned with
721  Qiagen Gel Extraction Kit (#28704). The PCR fragment and the pSKlacZ reporter construct (GenBank
722 X52326.1)" were digested with Xhol or Sall and ligated together with Promega 2x Rapid Ligation kit
723  (#C6711). Sanger sequencing confirmed the correct sequences were inserted upstream of the promoter.
724  Maxipreps of the plasmid were prepared and eluted in 1x IDTE (#11-05-01-13). Pro-nuclear injections
725  were performed and embryos were collected at approximately E18.5 and stained for lacZ. UGS were
726  collected from E18.5 embryos in ice-cold 1x PBS in a 12-well plate. All steps were done with gentle
727  shaking on a rocker plate at room temperature. Tissues were fixed for 5 min at room temperature in
728  freshly prepared 4% PFA. After fixing, they were washed three times in 2 mM MgCI2, 0.01% Sodium
729  Deoxycholate, 0.02% Nonidet P40, and 1x PBS, for 20 min at RT. The wash solution was replaced by
730  X-gal staining solution (5 mM Potassium Ferricynide, 5 mM Potassium Ferrocynide, 2 mM MgCI2
731  hexahydrate, 0.01% Sodium Deoxycholate, 0.02% Nonidet P40, 1 mg/ ml X-Gal, and 1x PBS) for
732 overnight incubation with the plate wrapped in aluminum foil to protect from light. Tissues were then
733 washed three times in 1x PBS and fixed in 4% PFA for long-term storage. Images of embryos were
734 collected with an Olympus DP74 camera mounted on an Olympus MVX10 microscope using the
735  Olympus cellSens Standard 2.1 software.

736  Mouse Capture HiC-seq
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737 E18.5 male UGS were collected and collagenase-treated samples were cross-linked with 1%
738  formaldehyde (Thermo Fisher 28908) for 10 min at RT and stored at —80° until further processing as
739  previously described’®. The SureSelectXT RNA probe design used for capturing DNA was done using
740  the SureDesign online tool by Agilent. Probes cover the region chr2: 72240000-76840000 (mm?9)
741  producing 2X coverage, with moderately stringent masking and balanced boosting. DNA fragments
742  were sequenced on the Illumina HiSeq 4000 and processed with HICUP version 0.9.2 on mm39 with -
743  -rel "GATC"’, bowtie2 version 2.4.5"° and samtools version 1.16.17°. The output BAM was converted
744  to pre-juicer medium format with hic2juicer from HiCUP. The pairs with both mates on
745  chr2:72233000-76832000 were selected, sorted and loaded into a 10kb bins matrix with cooler version
746 0.8.117%. The final matrix was balanced with the option --cis-only. The TADs were computed with
747  HiCExplorer hicFindTADs version 3.7.27% with --correctForMultipleTesting fdr --minDepth 120000
748  --maxDepth 240000 --step 240000 --minBoundaryDistance 250000. Data was plotted on mm39
749  (chr2:73600000-75550000).

750  Zebrafish HiC-seq

751  The HiC profiles derived from a reanalysis of data from>*. Accession numbers are listed in Table S2.
752  Reads were mapped on danRerl11 where alternative contigs were removed and no selection of reads
753  were performed. Valid pairs were loaded into a 10kb bins matrix. TAD calling parameters were adapted
754  to the smaller size of the genome: --chromosomes "chr9" --correctForMultipleTesting fdr --minDepth
755 35000 --maxDepth 70000 --step 70000 --minBoundaryDistance 50000. Data was plotted on danRer1 1
756  (chr9:1650000-2400000) and on an inverted x axis.

757 CUT&RUN

758  Zebrafish samples were processed according to (10.1038/nprot.2018.015), using a final concentration
759  of 0.02% digitonin (Apollo APOBID3301). Approximately 0.5¢6 cells were incubated with
760  0.1pg/100ul of anti-H3K27ac antibody (Abcam Ab4729), or 0.5 ug/100 pl of anti-H3K27me3 (Merck
761  Millipore 07-449) in Digitonin Wash Buffer at 4 °C. The pA-MNase was kindly provided by the
762  Henikoff lab (Batch #6) and added at 0.5 ul/100 ul in Digitonin Wash Buffer. Cells were digested in
763  Low Calcium Buffer and released for 30 min at 37 °C. Sequencing libraries were prepared with KAPA
764  HyperPrep reagents (07962347001) with 2.5ul of adapters at 0.3uM and ligated for 1 h at 20 °C. The
765  DNA was amplified for 14 cycles. Post-amplified DNA was cleaned and size selected using 1:1 ratio
766  of DNA:Ampure SPRI beads (A63881) followed by an additional 1:1 wash and size selection with
767  HXB. HXB is equal parts 40% PEG8000 (Fisher FIBBP233) and 5 M NaCl. Sequencing was performed
768  at EPFL GECF on an Illumina HiSeq 4000. Raw CUT&RUN paired-end reads were processed with
769  CutAdapt version 4.1 (-a GATCGGAAGAGCACACGTCTGAACTCCAGTCAC -A
770 GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT -q 30 -m 15) to remove TruSeq adapters and
771  bad quality bases*. Filtered reads were mapped on danRer11 where alternative contigs were removed

772 with bowtie2 version 2.4.57° with the following parameters: --very-sensitive --no-unal --no-mixed --no-
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773  discordant --dovetail -X 1000. Only alignments with mapping quality above 30 were kept (Samtools
774  vl.16.1)". PCR duplicates were removed by Picard version 3.0.0
775  (http://broadinstitute.github.io/picard/index.html). BAM files were converted to BED with bedtools
776  version 2.30.07%. Peaks were called and coverage was generated by MACS2 version 2.2.7.1 with --
777  nomodel --keep-dup all --shift -100 --extsize 200 --call-summits -B. Coverages were normalized to
778  million mapped reads.

779  Analyses of conserved sequences

780  Annotation of orthologous domains was performed using transcription start sites of orthologous genes,
781  as reported in Table S1. To identify conserved sequences between mouse and zebrafish, a pairwise
782  alignment was done between the mouse genomic region chr2:73600000-75550000 (mm39) and the
783  zebrafish orthologous region chr9:1650000-2400000 (danRer11) using discontinuous mega blast. To

784  reduce false positives, only reciprocal hits were considered. To display multispecies conservation
785  levels, MAF files were generated between the chromosome 2 of the mouse genome (mm39) and
786  contig chrUn_DS181389v1 of the Platypus genome (ornAna2), chromosome 7 of the chicken
787  genome (galGal6), contig chrUn_GL343356 of Lizard genome (anoCar2), chromosome 9 of the frog
788  genome (xenTrol0), contig JH127184 of the Coelacanth genome (latChal), chromosome 9 of the
789  zebrafish genome (danRerl1), chromosome 1 of the Fugu genome (fr3) and the whole lamprey
790 genome (petMar3). Details for the maf generation are available on the github repository
791  https://github.com/AurelieHintermann/HintermannBoltEtA12024. To help the visualization, a
792  horizontal line was plotted for each species on each region.

793

794  scRNA-seq

795  The matrix of the scRNA-seq atlas was downloaded from GEO (GSE223922)°° as well as the table with
796  metadata. The matrix was loaded into a Seurat object with Seurat version 4.3.0%' with R version 4.3.0.
797  Cells attributed to the 'tissue.name' ‘endoderm’ were selected. Normalization and PCA was done as in
798  ref’® and UMAP was performed on the top 70 PCA and 50 nearest neighbors. UMAP coordinates and

799  hoxi3 normalized expression of endoderm cells were exported to file and plotted with ggplot2 version

800 344.
801 Software

802  The phylogenic tree was generated with http:/timetree.org using the following species: Mus musculus,

803 Protopterus, Danio rerio, Carcharhinus leucas, Petromyzon marinus, Branchiostoma lanceolatum and
804  subsequently edited with seaview 4.7. Genomic tracks from Next-Generation Sequencing were plotted

805  with pyGenomeTracks 3.8, using custom gene annotations available at
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https://zenodo.org/records/7510797 (mm39) and https://zenodo.org/records/10283274 (danRer1 1). RT-

gPCR, RNA-seq and domain size quantifications were plotted with R using the ggplot package.
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Sequences for zebrafish ISH probes

>hoxD4a_probe_danRer
GAGTGTGTGCGCGATCTCGATGCGACGCCGTCTTGTTAGATACCTGTTAAAATGAAACTCCTTCTCTAGTTCGAGAACCTGCTGTC
TTGTGTAGGCTGTCCGAGAACGTTTGGGTTCAGGTCCTGTGTAATCCGGGTTCACCGTAGTAACGTGCACTTTCTTCATCCACGG
GTAAACTACAGCAGGCTGCTTCGTTGGTATCCCGTTCTGGGTCTTTGTGTTTTGTTGTTGTCCACCAGTCCTCGATCCGGAAATCT
GGACCGCGGGACACTGCTCTGTCTGTGCAGGGAAAGGGCTAGGGGTGCTGGCTTGATCCTGCACATGACCCCGCGGCTGCACC
GACGAGCCCTGGACAGTGCTACAACTGTAAGGCTGTTCAGAGTAGTTTGACCGTGAATAGATTCCGGGATGCTGGAAATCAGTG
TCCTGCGACGGACTGTAGTAGCCTGGGCTCTGTTCAGGTATATAGCTGTTCTGAGAATATTCCTCGCAAGGAGGAAATTTGGGATC
CACATACTTGGAGTTCACCATGTACGAACTCATGGCCATTAATTTCTGAAGGTAGGAAATACTAATTTTTCTCGAGTTGTCTTTTTTT
CCTCCCTCCATAAAGCCCTCC

>hoxD10a_probe_danRer
CAGAACATGATTCGGGAATCAGGCTGGAGTACGCGGGTATCTCAGACGAACTGACCTTTGCTCTCTTGTCGGAGTACATACAACA
GTTAGTCTCTTCTTTTATGCTTTGTGAAAATGTGCAGGTGGACATCTGGTTGAGCGGTTGCTCTAATCGGCAGGACCTGCTCGGAT
CTGCCCAGGTATCAGTTTGAGGTATGTACGAGTGGACGGTCATGTCCATGTTTTGGTGGTTTACTTCCCCCCGTTTGCCAAGAGCC
GGCAGGAGTCCACAGGTTTGCATTCCATAGGTTCCCATTTCTGCAGTGGCTGCTGGCATGTACATGTTACTGCTGGAATAAAAATC
TGTTCTGCACGCCCCAATCAAGGAATCTACCAAAAAAGTGTTTGCTGCAGGAGAGCTGTTGGGAAAGGACATTTTGGATTTTTTT
TTGTTTTCTTTTTTTGTTTTAAGAAGCAGAGAAGTGTCCTCTGTAAGCTGACATATCTAGCAAAACAATCCCTGTATAACCCAGCGA
GTCTCTCTGCAACCACATGACACTCTCACCAATGAAATTTGAAAATGGCCTTGAGACGCAGG

>hoxD13a_probe_danRer
TGCAGACGTCAGGTCTCTTCTTATCCTTGACCCGTCGGTTTTGAAACCATATAGTTACTTGTCTCTCAGACAGGTTGGTAGAAGAA
GCGATCCGCCGTCTGTTCTCCTTTGTAATGAACTTAGTGGTGTTGTATTCACGCTCGAGCTCTTTCAGCTGAAATTTTGTGTAAGGA
ACCCGCTTCTTTCTCCCGCGCTGACAGAATGAAGCCGCTGCTGCTTCCTCTGTTAATGATGGTTTCCAGATATGCGGGCTCCGCGT
CTGGTCTTGAAAGCAATAAAGTTGACTGCTGCAATTGTTTGACCAGTCCCAATGTTGGTGGCCTTCCATTGTCAAACAAGTCTCAT
GTCTAAGATCTCCCATCATTGCTCTCTGAACCACAGGTAGATCAATGAAGGCAGGGATTCTCGGATAGGAGCGCGCGCAGCCTTG
ATAAAAGGCGAACTCTTTAAGCCAGCTGGAGGCTTCACCGTGGTCCACGGGTTTATTGGCGAACTGTCCGTTTTGCTTCGCAACA
CCAGGCGGGAACACGGCGTTCTGTGGAACTTTGTAACTGTTTTCCAAATGGCATCCAAACGTGAAGGAGCCAGAGCCGATATTG
GATGGAAAAGAAAAGTAAGGACTGATAGACTCATTGCATACAGAAGTCGGTCGATCAACAGCGGAGAGCACCGGCGCTCCTGAT
GTACACCGGCTTGAGTGAGTCC
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Sequences for mouse ISH probes

>Hoxd4 probe mouse
TAAGACTATTCACCATCTTAAGGTTTTTGGCACGCAGGTGTCGGTTATTTTCTGCAGTCCATTCCCCGA
ACAAATAAATATTTAAGCAAATATAAACTAAACATAAAATAACCCGTTTCCTTCTTGGATTTATTTCTT
TGGGCATGGGCCACTGGAAGCAAACAATTTCTTTCTTTCTTTTTTTTTTTTTTTTAAATCACAGAAGAAA
TTCTATAGATAATCCAGAAAGTTCTGGGATTCTGGCTCAGCCTCTCCTGCTTGCACTGAAAGCACCTAG
CACTGGCTGGCCTTCTGCCTCAACTCCCCCACAGTTACTAAGCCACACAGCTCCCTGAAGGGGGTGGT
GTGGAGGAGACCATCCCGGTTCCCACTGGGGTAAAGCCTCCAACCTTCATTTGCAAATTCAATCCACC
AGCAGAGATTTTCAGGAGTTTAATGACTCGCCAAGGGTTTATGTTCTCAGTAGCTCCTGCCATATGATA
ATCTACTTAAAGAAGCCCGCCCACCCTCCCACCCTTCCCCACTTTAGGGAGGGGGCTGCCCTCGGGCA
GGAAGGTAACCTAGTCCGAGGGCGGCCTGCAGGTCCCAGGTCCACCCCCACAGTACCTTAGAGCCCAG
TGAGGTGACAGCAGGCCCCGCCTGCACCCGCAGCTTCGCCTCAACCTGGAGTGCAAGAAGGGATAGG
CCCAGGGTCCCCACTTCTATAAGGTCGTCAGGTCCGTATGGTGGTCCTTGGCCATTGGCTGCAAATGCT
GGCCCGGGGCAGCTGAAGAGGAGCAGGAAGATGAGGAAGAAGACCTGCCCTTGGTGTTGGGCAGTTT
GTGGTCTTTTTTCCACTTCATCCTCCGGTTCTGGAACCAGATCCCCGGGCGAGCTCGAATTC

>Hoxd8 probe mouse
TGCAGGCATAATTTTTAAAAACATTATTAATAAACTTCTTTTAATTTACTCACCATAAAGATTTAAAAT
GTTCAAGTGCACTTGTTTGATTAATAAAGCATTTTATATTCAATCATCTAGCGCTGATCATTAGGAAGT
TTATGTTGTTGAGGCAAACCACCAGCTCAGACGTTAAAAATTACCATTATAAAAATATAGCCACAAGG
TCCGTATCAAATTACCCTTCTATAGGACAGCTCAAGGACTGCTTCTATGCGATACTACAAACTATTCTC
TTTAAAAACACAGAAATCCCTTTCAAAGCGCAGAAACCTCAAGAGCAGTGACATTAAGGTAGCTTGAA
ACACAGGTAAAGTCCGTTTCCAAAACACAAGAGGGAGGACCGGTGGTGTCCACCAGTATATACTTATA
CTGATCATCAGTCTTAATAGTCTGTGGTAGAAGTGTAAAGGTAGAGTTTAATTTGTGGGGCAGCCTTCA
GCTCCGTCTTCTTCCAGCCCCGAGACTTCCTTTTTGGGGTCTCCATCCTTTGCCTCCGGCCGGGACGCA
GGAAACTTGTCTTTGTTGTTCTCCTTTTTCCATTTCATTCTCCTGTTCTGGAACCAGATTTTTACCTGTCT
CTCCGTGAGGGCCAGAGTATGGGAGACCTCGATTCTCCTCTTCCTGGTCAGATAAGGGTTAAAAAGGA
ATTC

>Hoxd9 probe mouse
CTGAGTTGGATTTTAGTTGGGAGAGCAGGGTGGGGGTGTCCACACTCTGTCTTCCTTCAGATTCTCGGA
ATTAGATCGTTGGCCCTGTTTGGGAGGCTGGATAGGGTGAGACTAAACTACAGCACTTTTCAGAAACA
TGAGGGACATTTACATAGAATAGGGCTCCATCAAGCCTGCGTGCACTCACAAAATATAGCATTTCCTA
AGGAATCAGGGGAGCAGGGAAGGGAGGGAGTGGGACAGGACAAGACTCCAAAGCCACTTGGTTTCTC
CAATACATATGCGAGCAAATACAGTGTCCCCCAGATAACTCACAGAGACCAACCACACAGTCACTTCT
ACCTAAAAAAAGAAGAAAGTCCGAGTCGCTGCAGAGTTTCTGAATCAAGCACCCACAAAGAAAACAA
ACAACAACAAAAAACAAAAAACAAAACAAACAAACAAACAAACAAAAAAACCCGCTGCCTTTTGAG
TGCTGCAGGCCAGACCCGCACTGGGTCAGTCTCCTTTAGGGCACTTCTCCTTGCTCATCTTTTTCATTTT
CATCCTACGGTTCTGGAACCAGATTTTGACTTGTCTCTCTGTAAGGTTCAGAATCCTGGCCACCTCGTA
GCGCCGGTCCCGGGTGAGGTACATGTTGAAGAGGAATTCCTTCTCCAGCTCTAGCGTCTGGTATTTGGT
GTAGGGACAGCGCTTTTTCCGGGTGGAGCGAGCGTGGATC

>Hoxd10 probe mouse
GGTTTTCTTAATCTTTTGAAATATATATAGATATAGGTTGTTTGTTTTTTTAAATACTGGATGTTTTCAA
AATGCCATGAGTTCATGGGCTAACCACACACAGAGAACTTTTATGTTAGGAAAAACATGGAAAAGTCA
CATTGCTGGCGGGATAGATGGGTGGGATGCGATGGATACGTTTAGATAGATGTTCTACAGTTCCAATA
AGTTAAGACCCAAATGAAAATGCGCAGTAATAGTTACCCTGCATTACGATGAAAAAAAATAAATTAC
ACGTGCTAAGTTTTTTTAATATATATATATATGTATACTCATAGGGATTACAGATCACTTGCAGCACGA
ACAGAATGACCCCAAAGTCACATTCTAGCAGGAAAACAGAACAGAACAGAACAAAACAAAACAAAA
AAACCAAAGAGCAATGAAGGGTTTGTTTCCGCCTTGCCAGTCCTCCAGCACTCAGGCCTGGAACTCGG
TGCCCCCTCTCGGATCCTGGCCTCACATGGGCCTCAGACCTAAGAAAAGGTGAGGTTGGCGGTCAGTT
CTCGGATTCGATTCTCTCGGCTCATCTTCTTGAGTTTCATTCGGCGGTTTTGAAACCAAATCTTGACCTG
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CCTGTCGGTGAGGTTAACGCTCTTACTGATCTCTAGGCGGCGCTCGCGGGTGAGGTACATATTGAACA
AGAACTCTTTTTCCAATTCCAGCGTTTGGTGCTTGGTGTAAGGGCACCTCTTCTTTCTGCCACTCTTTGC
AGTGAGCCAATTGCTGGTTGGAGTATCAGACTTGATTTCCTCTTTGCTTTCCTTCTCCTGCACTTCGGGA
CTGGACACGGAAACCTCAGCCAGGCAGCTCCTGTCTTCTGGAAGGCCGCCTTTGGCCTCGGGGCTCTC
CACTTGGGAGACTTTAGTGGGCTCCTGGCCGCTCGCGCTTTCGTTCATCTTCTTTTCCATCTGCAGCTGG
GCAGCCGAGAGCTGCGGCTTGGCCGCGCCACGAGGGTTGAGCTGGAGCATGACAGTGGAGCTGCCTT
CGGGGCTGTTATTGCACTCTTGGGTTTCCCGGTGGCGTAGGTCTGACTCAGTCTAAA

>Hoxd11 probe mouse
TTTTGCTAGAAAACATTTATTCACACACAAAAAGACAGTGACTCATGCCCAAAGGTACATTTCCCAGA
GTTTAAATAATCTGTGTTCACTGAAGGGAAAGAAAGGGATTTCTTAAACTCAAAACAAAACACTGGCT
CCTTCTAGCCCCATGGCCTAACTTCCTACAGATCTCGCCGCGTTGAGGACTCAGAGAGGGAGGAGAGG
AACAACAGCGCATTGGCGGTAAAATTGGAAAGGGATGTTTACATTTACCATGTTCCCCTTATTAGGAT
CCGCACAGCCAAGTTCCGGGCCTCTTCCTCAGGCTGTAGTGGTCGCTGGGAGGTCCCGAGTTGAAGGC
GAGAAGAAATCGTGAAGTTCCACAGAGAAGAGGCGTCATTGAACCCAAGGACATTGGGCCTGCTGAG
AGCAGGCTGGTGGGGAGGAGGGTGGGTGAGTGGGGCTCTGGGGAGGGGGTACATCCTGGAGTTCTCA
AAATAAGGGGTTTCCAGTGAAATATTGCAGACGGTCCCTGTTCAGTTTCTTTTCTTTCATCCTGCGATT
CTGGAACCAGATTTTGACTTGCCGGTCAGTGAGGTTGAGCATCCGAGAGAGTTGGAGTCTTTTCTCTTT
GTTTATGTATACATTAAAGAAAAACTCGCGTTCCAGTTCGCGGATCTGGTACTTGGTGTAGGGACAGC
GCTTTTTCCGGGACCTCTGGGGGGCCACTGTGCCGCCGCTCTTTTCGGCCCCCGCCTCCCCCGGGGGGC
CCTCGCCTTCACCGCCACCGCCTTCC

>Hoxd12 probe mouse
TGGACAGATTCTATAACAGGCGTAGAGCAACTTCATTCACAATTCAGAAAACCTAGGTTTCTCAAGGT
AAACCTGGCAGGGCTTGGGGCCTTAAAAGCTTTACAAGAGCTGACCACCAGTCTCTGAGAAGAGACA
CCCTAGCTAAGTTCTGATGGAGTTGGTGGGTGGTGGAGAGGATGGGGAAGAAGTGCTGGTTTTCTGTC
CTTCAAGAGCAGCAACTACAGTCTGAGAATCTGAGAGGTTTCTTCTCCCACCCTTCAGACTCCTCAAGG
AGGCATTTTTTTTGGGGGGGGGGTCTCTTCCTGTGGTGATACATTAAGGAAATTCAAGAAAGACAGAC
ATATGGATAACTTCATTCATTCAAGAGGAGAGTCGTGGTTACAGAGTGCAGATCCTCCTCCGCCTCGCT
TACTCTTCTTTCTTCCCTGTGCAGCCAAGCCTCAAAACAGGCCAGCAGCTCCCCTCACCCATAGCTCAG
TTCTGGGGATCTAGTTACAGAGTGCTTGGCCTTGGCTCAGGGATAGGTGAGGCTGGAGCAGGGGAATT
ATGACAGTCTAGAGACCATACTTTGTTTTGGAGTCCCAGTTTCTCTCCCTGTCTCTGAGAAGGAGATCT
TCCAGCCTGTTTTACTCAGCAGGAGAACCTTTGAAGCGCTGAGGTTCCAGGGTATCCTTTCCTCCCCCC
CCCCCCACAAGTCTGAAGGTCTAGGGTAGCTTTTGTCCTCCCAAATCATTCAGGGCAGATGGGGGTTG
TGGAATCAGGCCCTTTCCTTCCTGCAGAGTGGAGAGCCCAGCTTTGTCACAAAGGGCTTCTGCTGCGA
AGGGGCTAGAGTTATCCCCAGCCCCTTGCACTGCAGCGGGGTCTCAGGGCCTTTCTACCTGCACTTATA
CCCGGAGCTCTAGCTAGGCTCCTGTTTCATGCAGAAAGAGCTGGATAGAGAAAGAAAAAGAAAAAGA
ACACGTTGAAAACCGGAAAAAACAAACCCTCATACAGTGTTTCAATAGTGAGCCCCGGATGTAAACAT
CATAGACAAGGACAGGTGACCCCCAGACACCATGCTGAATGTTTAAAGCCAGTGTTAGATTGCAATTC
CCAAACACCTCTCAGGAGGGTCCCAAAGAGAGCTGAAAGCGAAGGGGGCTCCACTGGCCTCATC

>Hoxd13 probe mouse
TCTAGAGGCAGCACAAGCTTGAAAAACACAAATGGATGAAGACTCAGTGGAGACAAGAGAGTTCTTT
TTATTTATATCTCCCTAGGAGTAAAATGTGATTTTTAAATGCTCGAAGCACTGCTCACACACACTGTAT
CTACAAAAATAATCTTTCAGTCCCATAAATACGCAACATTTTTGAAAGTAGTTCATCACTTTCAGAAGT
TTCTTTTTCCCTCTTGGTCCTTAGAGCTCCATATTTAAAAAATGTGTTAGATATTTTAAAGCTCTGAGAG
GCCCATGCATTCAGACAATTAACTTCTTCACTGAGCTCTGGACAGAAGTTCCCACCCATGGCCACATTG
GCTGAGTCTCTTTCCAAGGATTGAGGAGATGGCCTTAGCTCCATTCCCACAGACCCAAGGAACGGGAT
GAATTTATACTATCTCCAGTCACTCTGCCAAGTGTAAGTATTTTAATAGCTGCATGTAGAGTTGGAGAA
ATAAAGGCATCCACTAGGAATGCTGTTTTCAGGTTCAAAAATCACAGCTACAAGACATGTTAAAACCA
CACAAAACAGCAAAGGAGACTGCCAAAGATAAGGGTGATTGTCTTAATTTCAATATTAATAAGGTAGC
TGCTTTTAAAGTCATCACGTGCCTTCAACCTCCAAGTTTCAGACTCTCCCAGCGGTCCTAAATCACCTA
ATGCCTAAGAGCTGTTTCCACTTGCCTTGGGGAAACTTCTGAGAGCTAATGATTCAATTACACAATCAC
AGGGTATGAAAGGCTAAAAAAAACGATTCTGGCCTAATGGATTATAAGCATAATCAGTGCTGGAAAC
ACATATAAAATCCTGTTAAAAAAATAAACCCCTAAATACAAGGGCACTTCTGAAATTCATTTGGGGGG
ATTATTGAAAAAAATACTTCAAGTTTTTTTTTCCTCATACTGGCCTGGAGG
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Sanger sequences of the zebrafish founders for hoxda?¢*°°M) and hoxdaP!*°oM)

>del3DOM_founderl
NNNNNNNNNNNNGNNNANTNNNCTCNTGACGACTACAAAGTTATTTAATCTACAAACCAAGTTGATTTTATATACTCCATTG
GGGTTTTGTAGCGTATTATTGACGTCTTGAATCCTTTTAGAGCGTGTGTGGTAATGTGTAGCCTCTTTACAGACTAATAAATGCT
ACAGGCCTCTCACATGATATGATTAATAACTGTAAAAGAAAACGTTGCGCCACCAGAAGTGTCTAAAAATGATAATCTAGTCTC
CCTATTGGAGGCCATAATGTAATGTGATGATGTATGGAGACCTGCTAACATTAACACAAGCCACACTACTCCTTTCACGTGCTA
CACTAAAAAGAGAGAAATTGGTGGAAGGGCATTGCTCTTCAACTAAACATCACAAATGTGCCGTTTCAGCAGTGTTACAGCAA
NTNC

>del3DOM_founder2
NNNNNNNNNNNNNNNNNTNNNCTCATGACGACTACNAAGTTATTTAATCTACAAACCAAGTTGATTTTATATACTCCATTGG
GGTTTTGTAGCGTATTATTGACGTCTTGAATCCTTTTAGAGCGAGTGTGGTAATGTGTAGCCTCTTTACAGACTAATAAATGCTA
CAGGCCTCTCACATGATATGATTAATAACTGTAAAAGAAAACGTTGCGCCACCAGAAGTGTCTAAAAATGATAATCTAGTCATT
ATGGCCATGGAGGCCATAATGTAATGTGATGATGTATGGAGACCTGCTAACATTAACACAAGCCACACTACTCCTTTCACGTGC
TACACTAAAAAGAGAGAAATTGGTGGAAGGGCATTGCTCTTCAACTAAACATCACAAATGTGCCGTTTCAGCAGTGTTACAGC
AAANTNCCGGGAGA

>del5DOM_founderl
GGNNNNNNNNNNNNNNNNNNGGANTTCCNTGCATGCCNGAACATTTATGCTTCCTTTTCCCAAATGCCTGTAAAGCACAGA
CATTTTTCCTCCTTAATTACTTCCCGAATTTACCCTACTTCTGTCCCAATTTTTTTAAACTTACTTCAAATATTTGAAGTGTGATTTT
TGTGGCTGTCCTGAAGCGTTCAATCCATCTATAGCACAATCGCGTGTGCGTTTTATTTGAGTTTTGGGGATTTTCTGAGAGGAT
CCCATTGCGAGGTCATGTGTCTTCCATTATCTGGGTGTTTTCTAATCAGCCTGCAGTGGCTGANATTAAACAGGGAAGAATTCT
CCCATCAAACCGGACTGTCGTAAATCCAGCTCACCTTGGAGAGCAGAAGGGAAGTGCAGATCTGTAAACCCATCATCGCTCCG
CTCCCCCACACACACTTATGCTCCACAANAGGACNNNNN

>del5DOM_founder2
NNNNNNNNNNNNNNNNNNNANNNNNNGCATGCCAGAACATTTATGCTTCCTTTTCCCAAATGCCTGTAAAGCACAGACAT
TTTTCCTCCTTAATTACTTCCCGAATTTACCCTACTTCTGTCCCAATTTTTTAAAACTTACTTCAAATATTTGAAGTGTGATTTTTGT
GGCTGTCCTGAAGCGTTCAGTCCATCTATAGCACAATCGCGTGTGCGTTTTATTTGAGTTTTGGGGATTTTCTGAGAGGATCCC
ATTGCGAAGGTCATGTGTCTTCCATTATCTGGGTGTTTTCTAATCAGCCTGCAGTGGCTGANATTAAACAGGGAAGAATTCTCC
CATCAAACCGGGCTGTCGTAAATCCAGCTCACCTTGGAGAGCAGAAGGGAAGTGCAGATCTGTAAACCCATCATCGCTCCAAC
TCCCCCACACACACTTATGCTCCACAANAGGACCNNNN
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Hintermann¥*, Bolt* et al.
Table S1: Sizes of mouse and zebrafish domains

mm39_short_na

mm39_RefSeq_ID

mm39_transcript

danRer11_short

danRer11_RefSeq_

danRer11_transcript

me _start _chr2 _hame ID _start_chr9

Hoxd4 NM_010469.2 74552322) hoxd4a NM_001126445.2 1951004
Hoxd13 NM_008275.4 74498569 hoxd13a NM_131169.3 1990311
Nfe2l2 NM_010902.5 75534860] nfe2l2a NM_182889.1 1654399
Atp5g3 NM_001301721.1 73741670) atp5mc3a NM_201176.1 2333895

Domain Domain_name mm39 danRer11 mm39/danRer11
Atp5g3-Hoxd13 |5DOM 756899 343584 2.2
Hoxd4-Nfe2I2 3DOM 982538 296605 3.3
Hoxd13-Hoxd4 |cluster 53753 39307 1.4
whole genome assembly=Gb 2.7 1.4 1.9

Ratios mm39 danRer11l
5DOM/cluster 14.1 8.7
3DOM/cluster 18.3 7.5
5DOM/3DOM 0.8 1.2

Name Assembly Ratio
5DOM/cluster |mm39 14.1
3DOM/cluster |mm39 18.3
5DOM/3DOM  |mm39 0.8
5DOM/cluster |danRerll 8.7
3DOM/cluster |danRerll 7.5
5DOM/3DOM |danRerll 1.2
5DOM mm39/danRerll 2.2
3DOM mm39/danRerll 3.3
cluster mm39/danRerll 1.4
assembly mm39/danRerll 1.9
Assembly Annotation source Release
danRerll NCBI RefSeq genes, | Annotation Release NCBI Danio rerio Annotation Release

curated subset 106 (2019-10-28)
NCBI RefSeq genes,

mm3s curated subset Annotation Release NCBI RefSeq GCF_000001635.27-

(NM_*, NR_*, NP_*
orYP_¥*)

RS_2023_04 (2023-04-11)
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Table S2: Accession numbers for re-analysed data

Name SRA number Publication DOI
CTCF_ChIP_E105_PT_repl SRR17750150 |(Hintermann et al. 2022) | https://doi.org/10.1242/dev.200594
Franke_CTCF_ChIP_24hpf_repl |SRR12435909 ((Franke et al. 2021) 10.1038/s41467-021-25604-5
Franke_CTCF_ChIP_24hpf _rep2 [SRR14670351 ((Franke et al. 2021) 10.1038/s41467-021-25604-5
Franke_CTCF_ChIP_48hpf_repl |SRR14670354 |(Franke et al. 2021) 10.1038/s41467-021-25604-5
Franke_CTCF_ChIP_48hpf_rep2 [SRR14670355 |(Franke et al. 2021) 10.1038/541467-021-25604-5
Franke_48hpf_wt_repl SRR12435867 |(Franke et al. 2021) 10.1038/s41467-021-25604-5
Franke_48hpf_wt_rep2 SRR12435868 |(Franke et al. 2021) 10.1038/s41467-021-25604-5
Franke_24hpf_wt_repl SRR14670388 |(Franke et al. 2021) 10.1038/s41467-021-25604-5
Franke_24hpf_wt_rep2 SRR14670389 |(Franke et al. 2021) 10.1038/s41467-021-25604-5
Wike_24hpf_seql SRR12044304 |(Wike etal. 2021) 10.1101/gr.269860.120
Wike_24hpf_seq2 SRR12044305 |(Wike etal. 2021) 10.1101/gr.269860.120
Wike_24hpf_seq3 SRR12044306 |(Wike etal. 2021) 10.1101/gr.269860.120
Wike_24hpf_seq4 SRR12044307 |(Wike etal. 2021) 10.1101/gr.269860.120
Wike_24hpf_seq5 SRR12044308 |(Wike etal. 2021) 10.1101/gr.269860.120

SRR12044309 |(Wike etal. 2021) 10.1101/gr.269860.120

Wike_24hpf_seqb
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Table S3: Sequences for primers and guides

ZEBRAFISH

Genotyping primers

Name Sequence (5'to 3')
5DOM_WT_f GAAAATGGCTGGGCAGGACA
SDOM_WT_r GACGGTGTGTTCAATCGGGT
5DOM_Del_f AATGGCTGGGCAGGACATAC
S5DOM_Del_r GTGGTCCTGTTGTGGAGCAT
3DOM_WT_f GACACACAATGACCCACAATTC
3DOM_WT_r ACGGCACATTTGTGATGTTTAG
3DOM_Del_f CCTTCAAAACTCAAGGCCCATC
3DOM_Del_r CTCCCGGATTTGCTGTAACAC
evx2_f CGCACTGGCATTCCTCTGTTTT
evx2_r GGAAGTGTTGTCGTTGTGGTGG
zf CsA_f CAGCCCGCAAAGCCTCATTTTA
zf CsA_r GTGTCAACGAGAGGAGAAGGCT
zf CsB_f ACCAGGAGAAACACCACACACA
zf CsB r TGACCAACTGATAACCCCACCC
zf_islandVv_f CTCATTTGCGCCGCTGTCTTTA
zf_islandV_r GGTTAGATGTGGGGTTTGGGGA
zf_islandll_f AGCAAAGCCCGGCTAATAGACA
zf_islandll_r TGACGCGTGGGCTTAAAATCAC
hoxal3a_8_del_f GCCAAGGAGTTTGCCTTGTA
hoxal3a_8 del r TGACGACTTCCACACGTTTC
hoxal3b_14 ins_f GATTGACCCGGTGATGTTTC
hoxal3b_14 ins_r TACACTGGTTCGCAGCAAAA
hoxd13a_f AAGCCGGTGTACATCAGGAG
hoxd13a_r GTGGCCTTCCATTGTCAAAC
crRNA

Name Sequence

hoxd13a_crRNA

CTGAGAGGATCCCATTGCGAAACACCTGGG

atp5g3a_crRNA

AACCATATCCACTCTTCAGGAGGTCATGTG

hoxd3a_crRNA

TGATGCTGCACCCTAAATGG

hnrnpa3_crRNA

ATAATCTAGTCATAGCTGGA
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MOUSE

Genotyping primers

primer name

Sequence

Reference

Inv(Itga6-nsi)d11lac

Inv(ltga6-nsi)dlllac_WT_f

GCAAGCCACTTGGAAACAACTGTTAATGG

Inv(ltga6-nsi)dillac WT r

CCGTCCAATGTGCGTGTTTTCC

Inv(ltga6-nsi)dlllac_Inv_f

GAGTTTCTCTTTGCTGTAATGAAGAGCTG

Inv(ltga6-nsi)dillac_Inv_r

CCGTCCAATGTGCGTGTTTTCC

(Tschopp and Duboule 2011)

Inv(Itga6-attP)

Inv(nsi-itga6)dlllac_ WT _f

GCAAGCCACTTGGAAACAACTGTTAATGG

Inv(nsi-itga6)d1lllac_WT_r

CCGTCCAATGTGCGTGTTTTCC

Inv(nsi-itga6)dlllac_Inv_f

GAGTTTCTCTTTGCTGTAATGAAGAGCTG

Inv(nsi-itga6)d1llac_Inv_r

CCGTCCAATGTGCGTGTTTTCC

(Schep et al. 2016)

Del(HoxD)

Del(HoxD) _WT_f

GAGCCCGACGCATCGAGATAGC

Del(HoxD) WT _r

CAAGGTCCTCAGCCTTAAGAGTGG

Del(HoxD)_Del_f

AGGGATCCGGAGCATACCACTG

Del(HoxD)_Del_r

CTCTCTCTACGAGGGAATGTGGAG

(Spitz et al. 2001)

tgBAC(HoxD), tg(GT2), tg(islandE), tg(CsB)

tglacZ_PCRb_f

CCTGCTGATGAAGCAGAACA

tglacZ_PCRb_r

CAGCGACCAGATGATCACAC

tgBAC(HoxD) in (Schep et al.
2016)

Del(Atf2-5B1)

Del(Atf2-SB1) WT_f

GACAATCGTATGCATGGCATACTCGG

Del(Atf2-SB1) WT _r

GATAGGAGTGACATTCAGACACGGC

Del(Atf2-SB1) Del_f

GTTTTCCCAGTCACGACGTTG

Del(Atf2-SB1)_Del_r

GCCACTGGCCGAATATTACCTATTTTGTG

(Montavon et al. 2011)

Del(SB1-Rel5)

Del(SB1-Rel5) WT_f

GACAATCGTATGCATGGCATACTCGG

Del(SB1-Rel5) WT r

GATAGGAGTGACATTCAGACACGGC

Del(SB1-Rel5) Del_f

CAGACTAGGCTTGCCTTACGG

Del(SB1-Rel5)_Del_r

CCTGCTGCAGGGGTTGGAG

(Montavon et al. 2011)

Del(Rel5-Rell)

Del(Rel5-Rell) WT_f

CTAGAGAGTACAGCAATGACTTTTGGGC

Del(Rel5-Rel1) WT_r CAGACTAGGCTTGCCTTACGG
Del(Rel5-Rel1)_Del_f ACGTGGAGTGGAGTGATGGTTG
Del(Rel5-Rel1) Del_r GGCTGCTTTGGACAATGCTGG

(Montavon et al. 2011)
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RT-gPCR primers

Name Sequence

Hoxd13_F AAGGATCAGCCACAGGGGTCCC
Hoxd13_R GTAGACGCACATGTCCGGCTGG
Hoxd12_F CTATGTGGGCTCGCTTCTGAA
Hoxd12_R GGCTCTCAGGTTGGAAAAGTAG
Hoxd11l_F AAAAGACTCCAACTCTCTCGGA
Hoxd11_R AGACGGTCCCTGTTCAGTTTC
Hoxd10_F GCTGGTCCCCGAGTCTTGTCCT
Hoxd10_R CCGGTGGCGTAGGTCTGACTCA
Hoxd9_F CTCCACCCGGAAAAAGCGCTGT
Hoxd9_R CGGTCCCGGGTGAGGTACATGT
Hoxd8_F_ TTCCCTGGATGAGACCACAAG
Hoxd8_R_ CTAGGGTTTGGAAGCGACTGT
Tbp_F CCTTGTACCCTTCACCAATGAC
pr=R ACAGCCAAGATTCACGGTAGA

Primers to clone transgenes

Name Sequence
GT2_F tccggtcgacTGTCACCACCATCGACAAGT
GT2_R tccggtcgacATGCATTTCACCGTCTTTC
IsE_F1 cccccectcgagCTCAAGCCAGACAGGGATGATTA
IsE_R1 cgataccgtcgacGTGGGCTGTTTACTGGCAA
CsB_F1 cccccectcgagAACTGCAGGGCTTAAACCGAT
CsB_R1 cgataccgtcgacTGGGCCCAAGTGCCTTAATC
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