bioRxiv preprint doi: https://doi.org/10.1101/2024.07.20.604409; this version posted July 23, 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was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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-ND 4.0 International license.

CTCF-DEPENDENT INSULATION OF Hoxb13 AND THE
HETEROCHRONIC CONTROL OF TAIL LENGTH

ab~r,w N -

6 Lucille Lopez-Delisle™”, Jozsef Zakany®", Célia Bochaton®”, Pierre Osteil*”, Alexandre Mayran®,
7 Fabrice Darbellay'*, Bénédicte Mascrez?, Hocine Rekaik™** and Denis Duboule"***
8

9 'School of Life Sciences, Ecole Polytechnique Fédérale de Lausanne (EPFL), 1015

10  Lausanne, Switzerland

11  ?Department of Genetics and Evolution, University of Geneva, 30 quai Ernest Ansermet,
12 1211, Geneva, Switzerland

13 3Center for Interdisciplinary Research in Biology (CIRB), Collége de France, CNRS,
14 INSERM, Université PSL, Paris, France.

15

16  Present addresses: "Université Clermont Auvergne, CNRS, INSERM, GReD Institute,
17  Faculté de Meédecine, F-63000, Clermont- Ferrand, France; #Department of Medical
18  Genetics, Faculty of Medicine, University of Geneva, Rue Michel Servet 1, 1211, Geneva 4,
19  Switzerland.

20  "Co-first authors
21 &Correspondence to:

22  Denis.duboule@epfl.ch

23  Hocine.Rekaik@college-de-france.fr

24
25

26  Keywords: Axial elongation, CTCF, CRISPR/Cas9 rescue, temporal collinearity, Hox timer,
27
28


https://doi.org/10.1101/2024.07.20.604409
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.20.604409; this version posted July 23, 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was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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-ND 4.0 International license.

29
30 ABSTRACT

31 Inmammals, tail lengthis controlled by several genetic determinants, amongst which Hox13
32 genes located at the posterior extremities of Hox clusters, whose main function are to
33 terminate the extension of the body axis. In this view, the precise timing in the transcriptional
34  activation of these genes may impact upon body length. Unlike other Hox clusters, HoxB
35 lacks all posterior genes between Hoxb9 and Hoxb13, two genes separated by a ca. 70 kb
36 large DNA segment containing an unusually high number of CTCF sites, suggesting it
37 isolates Hoxb13 from the rest of the cluster, thereby delaying its negative impact on trunk
38 extension. We deleted the spacer DNA to induce a potential heterochronic gain of function of
39 Hoxbl3 at physiological concentration and observed a shortening of the tail as well as other
40 abnormal phenotypes, which were all rescued by inactivating Hoxbl3 in-cis with the
41  deletion. A comparable gain of function was observed in mutant ES cells grown as pseudo-
42  embryos in vitro, which allowed us to examine in details the importance of both the number
43  and the orientation of CTCF sites in the insulating activity of the DNA spacer. A short
44  cassette containing all the CTCF sites was sufficient to insulate Hoxb13 from the rest of
45 HoxB and additional modifications of this CTCF cassette showed that two CTCF sites in
46  convergent orientations are already capable of importantly delaying Hoxb13 activation in
47  these conditions. We discuss the relative importance of genomic distance versus number and
48  orientation of CTCF sites in preventing Hoxbl3 to be activated too early during trunk
49  extension and hence to modulate tail length.

50

51 INTRODUCTION

52
53  The body axis of most mammalian species including humans (1) terminates with a tail of a

54  defined and characteristic length. Since the isolation of the T/Brachyury gene (2), several
55  genetic determinants of tail variation have been described and progresses have been made in
56  exploring the mechanisms of length variability either during development (3), in wild mouse
57  populations (4) or during human evolution (5). In this context, several studies reported a role
58  for the most posterior Hox13 genes in setting up tail length (4, 6) and a genetic modification
59 in mice (7) produced tail overgrowth reminiscent of the targeted inactivation of Hoxb13 (8,
60 9). Conversely, forced expression of either Hoxb13 or of other group 13 genes induced

61 variable, often dramatic vertebral column truncations (10). As a consequence, it was
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62  proposed that Hox13 genes were collectively responsible for terminating the extension of the
63  main body axis during embryogenesis (10-12), thereby setting the length of the tail through a
64 dominant negative effect of their protein products (13). Recent results obtained using
65 unbiased approaches in natural populations of either deer mice (4), or Chinese long-tailed
66  sheep breeds (14) have further identified Hoxd13 and Hoxb13 as candidate genes to regulate
67 tail length.

68

69  Since HOX13 proteins participate to the termination of the major body axis, it is important
70  that these genes are kept silent until the time and the place when they need to be implemented
71  such as to avoid premature termination. This is at least partly controlled by a tight mechanism
72  that involves the separation of group 13 genes from the rest of the Hox clusters due to the
73 presence of a chromatin border between two topologically associating domains (TADs) (15,
74 16), which insulate Hox13 genes from regulatory influences emanating from the
75  neighbouring TAD (17, 18). Such TAD borders are often organized by the presence of
76  several CTCF binding sites with opposite orientations leading to separate tropisms for
77  chromatin loop extrusion (see (19)). This somewhat generic organisation is particularly
78  visible and conserved within the HoxA, HoxC and HoxD gene clusters (18, 20), which likely
79  reflects an ancestral chromatin architecture present before the occurrence of the full genomic
80  duplications that generated these multiple clusters.

81

82  The HoxB cluster, on the other hand, shows a somewhat distinct topology since it lacks the
83  Hoxbl0, Hoxbl1l and Hoxbl2 genes, i.e., a region that contains several such CTCF sites in
84  the other three clusters. However, Hoxb13 is not found at the usually close vicinity of its
85  nearest neighbour Hoxb9, but instead it lies ca. 70 kb far from it (8), which explains why it
86  was initially overlooked when cloning the HoxB clusters in human and mice (21, 22).
87  Furthermore, several CTCF binding sites (CBSs) are found regularly spaced within this DNA
88 segment (Fig. 1A, CBS5 to CBS10), as if Hox genes had been deleted after genome
89  duplications while leaving in place their associated CBSs (17, 18). This suggests that the
90 length of the spacer DNA segment and/or its content in CBSs participate in the insulation of
91 Hoxbl3 and thus delays its timing of activation. This hypothesis is supported by chromosome
92  conformation capture experiments showing that this DNA spacer acts as a chromatin

93  boundary between the Hoxbl to Hoxb9 region, on the one hand, and Hoxb13 on the other
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94  hand (23), as expected from the orientations of five out of six CTCF sites present in the DNA

95  spacer (18).

96

97  To verify the importance of this region in delaying Hoxb13 expression in the elongating

98  trunk, we shortened it from ca. 70 kb down to 6.6 kb such as to bring Hoxb13 near Hoxb9 by

99 removing at the same time all CBSs present in this ‘spacer’ DNA. We show that this
100  condensed HoxB cluster leads to mice with short tails assorted with additional thoracic and
101  lumbar vertebra losses. A secondary targeted inactivation of Hoxbl3 in-cis rescues all
102  vertebral column defects demonstrating that the gained HOXB13 protein is solely responsible
103  for the abnormal phenotypes, while transcriptome studies suggest that tail shortening is due to
104  the precocious activation of a Hoxbl3 functional program. To discriminate between the
105 importance of the length of the DNA spacer versus the presence of multiple CBSs in the
106  insulation of Hoxb13, we reproduced the same deletion in ES-cells derived pseudo-embryos.
107  Premature Hoxb13 activation was observed and a synthetic cassette containing all or some
108  CTCF sites was recombined between Hoxb9 and Hoxbl3 to see its impact upon keeping
109 Hoxbl3silent.
110

111 RESULTS

112
113 We induced a 67.5 kb large deletion of the mouse HoxB intergenic spacer region by using

114  CRISPR/Cas9 (the HoxB"#%* allele, Fig. 1A). At the breakpoint near the HoxB cluster, the
115  deletion included the GM53 LncRNA of unknown function, yet the Mir196a-1 was left in
116  place due to its potential importance in regulating some Hox RNAs stability ((24) and ref.
117  therein). A survey of 157 informative genome sequences revealed that this short distance
118  between Hoxb13 and Hoxb9 (9.3 kb) is two times smaller than that observed in some rare fish
119  genomes, while the shortest distances found in amniotes is four times this large in aves and at
120  least six times as large in placentalia (Fig. SLA). Also, while the length of this spacer is
121 globally maintained throughout mammals, the DNA sequence is poorly conserved (Fig. S1B),
122 even when mouse inbred strains are compared (Fig. S1C), suggesting that a minimal DNA
123 length between Hoxb9 and Hoxb13 had been selected. We also produced two control alleles
124 where we inactivated Hoxb13 function either in-cis with the spacer deletion (HoxB9(®"
125 ~ BHOOBNY “or in-trans (Hoxb13™, Fig. 1A). The related HoxDP9(** and Hoxd13™ alleles
126 (25, 26) were also investigated in this context to test for a potential synergy in phenotypes
127  (Fig. 1B).
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128

129  Heterochronic shift of Hoxb13 expression in the deletion mutant

130  Whole mount in situ hybridization (WISH) on HoxB°?®*® mutant embryos showed strong
131  Hoxb9 expression at E9 (Theiler stage 14, Fig. 1C), identical to the wt expression, whereas
132  Hoxbl3 transcripts were not yet detected (Fig. 1E, left). In contrast, expression of Hoxbl13

B”**™3 mutant embryos (Fig. 1D). The signal was

133  was detected as early as E9 in Hox
134  localized to the posterior trunk, with an anterior limit approximately at somite 20 (Fig. 1, red
135 arrowhead), which contributes to the formation of pre-vertebra 16 i.e., thoracic vertebra 9
136  (T9). Later, the anterior limit of Hoxb13 signal had shifted to ca. somite number 24 (Fig. 1E,
137  right). In formed epithelial somites, signal was weak, if any, compared to the posterior pole
138  of the embryo including the pre-somitic mesoderm (PSM). In late E10 embryos, a weak
139  ectopic Hoxb13 signal was still visible in the tail around the posterior neuropore (Fig. 1F,
140  right, arrowhead). All these Hoxb13 signals were clearly premature and ectopic. Indeed, the
141 wild type Hoxb13 signal was first detected at somite level 45 at E11, Theiler stage 18, which
142  corresponds to pre-vertebra 41 i.e., the eleventh caudal vertebra (CA11, not shown). These
143 results were confirmed by RNAseq analysis (see below).

144

145  Vertebral column malformationsin adult HoxB"9(**¥ mutant mice

146 A gross observation of HoxBP®®*® mutant specimen (or Del(i9-13)) revealed a tail shorter
147  than in wild type littermates and measuring the distance between the anus and the tail tip in
148 F2 adults quantified these distinct tail truncations, an observation controlled by measures
149  taken after skeletal preparations and uCT scans of the various alleles (Fig. 2A). To verify that
150 the ectopic gain of Hoxbl3 expression was indeed responsible for tail shortening, we
151  analysed the two separate alleles (HoxBP®(9-13:HOMILY gnq HoxpPe(9-13:HORI2) \yhare g
152  secondary mutation inactivated HOXB13 in cis with the HoxB*'®™¥ (Figs. 1A; 2A).
153  Siblings from both breeding stocks were analysed for their tail length past 8 weeks of age and
154  a clear rank of mean tail sizes emerged with HoxB"®(®*® homozygous tails shorter than
155  HoxBP9(%3 heterozygous, shorter than wild type, shorter than HoxBPd(913):Hoxb1shdl
156  heterozygous, shorter than HoxBPe(S13)HO®IAZ hetargzygous, shorter than HoxBPe(®-
157 MOl homozygous, shorter than HoxBPe(SHORI2 homazygous (Fig. 2B). As
158 HOXB13 inactivation rescued the tail shortening effect, we concluded that reduced tail length
159  directly resulted from the Hoxb13 gain of function. As expected, there was no difference in
160 tail length between the HoxBP® (913 Ho®13d g the Hoxb13™ alleles (Fig. 2B, Fig. S2). All
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161  mice carrying a homozygous loss of function of Hoxb13 had elongated tails, regardless of
162  their complete genotype and in agreement with the initial study (9).

163

164  We used skeletal preparations of adult specimen from the same breeding stock to evaluate to
165 what extent such variations in tail length were due to changes in the number of vertebral
166  types. Control specimen displayed between 28 and 30 complete caudal vertebrae (Fig. 3A). In
167  Del(i9-13) homozygous, this number was between 24 and 27, while heterozygous displayed
168  between 24 and 29 vertebrae (Fig. 3A). Skeletal alterations were also scored outside the tail,
169  for all Del(i9-13) homozygous and most heterozygous displayed a number of ribs bearing
170  thoracic vertebrae reduced by one (Fig. 3A, B), and a reduction in the number of lumbar
171  vertebrae to L4 was sporadically observed (Fig. 3A, right). Therefore, the most affected
172  individuals had a C7, T12, L4, S4, C25 vertebral formula, instead of the control C7, T13, L5,
173 S4, C29 formula, prevalent in this background (Fig. S3). The defects in homozygous were
174 more prevalent than in heterozygous and with higher expressivity, consistent with the gene
175  dosage effect already observed in the tail length phenotype.

176

177  This dosage effect was further assessed by adding to Del(i9-13) animals a Hoxd13 gain of
178  function produced by the deletion of Hoxd10 to Hoxd12 included, i.e., a HoxD allele identical
179  to the Del(i9-13) allele on the HoxB cluster, bringing Hoxd13 next to Hoxd9. In this case, a

gDel(io-1 pPel(1012) compound

180 transient gain of Hoxd13 expression was observed (25). Hox ):Hox
181  mutants showed a further decrease in the number of caudal vertebra when compared to
182  HoxB¥(®® (Fig. S2B). This decrease was minor yet statistically significant. We concluded
183  that group 13 genes might share a function in limiting posterior growth zone elongation
184  during generation of tail somites. However, the contribution of Hoxb13 in this task was
185  clearly more prominent than that of Hoxd13.

186

187  Transcriptome analyses

188  We looked at the impact of Hoxb13 gain of function on the embryonic transcriptomes at E9
189 and E10. RNA was extracted from ‘posterior embryos’, i.e., dissected from below the
190 forelimb buds, and three samples of each genotype were used. Hoxb13 transcript levels were
191  dramatically increased up to 17 FPKM in E9 Del(i9-13) samples (adjusted p-value of 1e-66),
192 as well as to ca. 4 FPKM in both E9.5 and E10.5 HoxBP9(%™ and HoxgPd(%13)Hobisnd
193  (adjusted p-value of 0.02 and 0.004 respectively; Fig. S4A). Principal component analysis

6
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194  confirmed that most of the variance was likely due to the developmental stage (Fig. S4B).
195  The second principal component spread the samples according to genotypes. The relative
196  position of the HoxB”?®*¥ transcriptome was concordant between both stages and the
197  HoxBPH(913Ho01d o mples were expectedly more similar to control. Expression levels of
198  all Hox genes confirmed that the assigned developmental stages were indeed correct and that
199  no major change was scored beside Hoxb13 RNAs (Fig. S4C).

200

201  We looked for RNAs which were modulated between wild-type and HoxBP®(**® embryos at

202  both stages, and inversely regulated in the HoxBP® (%13 Hoxb13nd

allele. We identified only two
203  genes significantly up-regulated with Hoxb13 gain of function (Chll, Baiap2l1, Fig. S5A),
204  whereas a single gene was down-regulated (Rbpj, Fig. S5B). The decrease in Rbpj mRNAs is
205 noteworthy, for Rbpj loss of function mutants show a developmental arrest during early
206  somitogenesis (27).

207

208 EScells-derived gastruloids as proxies to study Hoxb13 insulation

209  To study the importance of the DNA spacer length versus the presence and number of CBSs,
210 in the necessary insulation of Hoxbl3, we turned to gastruloids, i.e., mES cells-derived
211  pseudo-embryos (28, 29), which are excellent proxies to study the extending posterior part of
212  mammalian embryos (30, 31). Gastruloids can be produced in large amount and are thus
213  amenable to high throughput analyses (18). We reproduced in ES cells the same Del(i9-13)
214  deficiency and produced heterozygous gastruloids. We examined the expression of both
215 Hoxb9 and Hoxbl3 by WISH in control and mutant gastruloids and found no salient
216  difference in the expression of Hoxb9 at 120 hours after aggregation (AA) (Fig. 4A). In both
217  cases, the entire extending (posterior) part was positive with a clearly delimited spatial
218 boundary at a more ‘anterior’ level. At this stage, as well as at 144h AA, control gastruloids
219  did not show any trace of Hoxb1l3 mRNAs, yet a strong signal was detected in Del(i9-13)
220 mutant specimen, with a full penetrance (Fig. 4A, B). The position of the expression
221  boundary was slightly more posterior than that of Hoxd9 (Fig. 4C) in agreement with the
222  colinear distribution of Hox transcripts observed in gastruloids (18, 30).

223

224  Samecellular population in both control and Hoxb13 gastruloids

225  To look at which cells precisely expressed the gained Hoxb13 mRNAs, as well as to evaluate

226  any potential effects of this gain of function either upon gene expression, or on the

7
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227  distribution of cell types in these mutant gastruloids, we carried our single cell RNA analysis
228  using 144h gastruloids, a stage where Hoxb13 expression was well established in mutant
229  specimens. The analysis of this SSRNAseq dataset revealed that the distribution of cellular
230  clusters remained virtually unchanged between control and mutant gastruloids (Fig. S6A). It
231  also showed that gained Hoxbl3 mRNAs were mostly found within neuro-mesodermal
232 progenitors (NMP) cells, as well as within the ‘Neural Tube 1’ cluster, likely composed of
233  early differentiating neuronal cells, adjacent to the NMP cluster (Fig. S6B). Gene clustering
234  Dbased on all Hox gene expression throughout cell fates revealed that Hoxb13, which normally
235  clusters with its paralogous Hoxal3 gene, would now cluster with group 9-10 Hox genes in
236  the mutant gastruloids, i.e., Hoxb13 would be expressed in cells with a general context related
237  to the latter genes (Fig. S6C, arrowheads).

238

239  Using baredSC (32), the exact co-expression of genes was assessed and, while no positive
240  correlation was found with the expression of either Hoxa9, Hoxc9 and Hoxd9, a strong
241  positive correlation was observed with the expression of Hoxb9, i.e., the new immediate
242  neighbour of Hoxb13 after deletion of the spacer DNA. Indeed, 54 percent (+/- 14%) of cells
243  positive for Hoxb9 were also positive for the ectopic Hoxbl3 mRNAs (Fig. S6D, E),
244 illustrating that the relocated Hoxb13 gene was transcribed at the time and in the cells where
245  an elusive Hoxb10 gene would be transcribed, should it still be present in the amniote HoxB
246  cluster, as is the case for some anamniotes species like zebrafishes. This illustrates once more
247  the decisive role played by the relative position of Hox genes in their respective cluster, rather
248  than by their promoters, in the precision of their transcriptional regulation (refs in (33).

249

250  Altogether, the gain of Hoxbl3 expression did not drastically modify the transcription
251 landscape of gastruloids at 120h, when the analysis was carried out using control and mutant
252  specimens from the same batch. This observation is coherent with the comparable analysis in
253  mouse embryos (see above) and further confirmed that the effect of this gain of function is
254  mostly quantitative, i.e., involving differences in transcription timing, rather than purely
255 qualitative such as starting a distinct transcription program, in agreement with the homeotic
256  phenotypes observed in mice.

257

258 Insulation of Hoxb13 from the HoxB cluster
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259  Next, we carried out a series of analyses in 132h gastruloids to better document the role of
260  this spacer DNA in the isolation of Hoxb13 from earlier and more ‘anterior’ regulations. At
261  this stage, the H3K27 acetylation (H3K27ac) not only covered the entire Hoxbl to Hoxb9
262  region, but also included the nearby located Mir196a-1 locus and the GM53 LncRNA, i.e., a
263  region including both CBS5 and CBS6 (Fig. 5A), indicating that this immediate
264  neighbourhood was also actively transcribed. The ChIP profile of NIPBL, a factor that helps
265 loading the cohesin complex, revealed an enrichment throughout this H3K27ac positive
266  region, which matched with the distribution of RAD21, a sub-unit of the cohesin complex
267  that was enriched all over this region, with a strong accumulation at CBS7 and CBS8 (Fig.
268  5A). From this we concluded that, as in the case of the HoxD cluster (18), cohesin deposition
269 and loop extrusion occurred in an asymmetric manner. In this case, cohesin was already
270  detected passed the Hoxb9 position and hence the main blockage to looping up to Hoxb13
271  was likely achieved by either CBS7 or CBS8, or both, despite their opposite orientations.

272

273  To verify this directionality in regulation, we analysed a H3K27ac HiChIP dataset, which
274  revealed that this entire transcribed region strongly interacted with sequences located
275  exclusively in 3, i.e., within the same TAD, confirming that the early activation of Hox
276  genes mostly involves regulatory inputs coming from this TAD (18, 34), whereas the
277  ‘posterior’ TAD, including Hoxb13, was tightly insulated from these regulations with no
278  signal involving Hoxb13 itself (Fig. 5B).

279

280  To further assess the mechanism of Hoxb13 insulation, in particular to discriminate between
281 the effect of the linear genomic distance versus the number and orientation of CTCF sites, we
282  produced an ES cell clone deficient for one copy of the entire HoxB locus, i.e., carrying a
283  targeted deletion including from Hoxbl to Hoxb13 (HoxB°; Fig. 6A). A deletion of the
284  DNA spacer was then induced on the other chromosome, thus leading to the HoxBP#/P#(%13)
285  configuration (Fig. 6). Similar to the HoxBP(*™®™* heterozygous gastruloids, their
286  HoxBPP4(%%3) mytant counterparts expressed Hoxb13 prematurely and at an ectopic anterior
287  position in 120h gastruloids (Fig. 6C), whereas Hoxb9 expression remained unchanged (Fig.
288  S7). Noteworthy, HoxBP®P4(%13) mutant gastruloids displayed some variability (up to three
289  folds) in the strength of Hoxb13 activation between different replicates (Fig. S7).

290
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291  We used the HoxBP®/P4(%13) ES cells as hosts to reintroduce the complete series of deleted
292  CBSs, yet without the large DNA spacing in between. We used a synthetic DNA cassette
293  containing the six CBSs initially identified in the spacer DNA (CBS 5 to CBS 10, Figs. 1, 6),
294  Dbut separated from one another by ca. 500 bp. The overall size of this cassette was thus of ca.
295 3 kb, instead of the 70 kb length that normally separates Hoxb9 from Hoxb13. Homology
296  arms were introduced and the cassette was recombined between Hoxb9 and Hoxb13, on top
297 of the HoxB"®(®*¥ chromosome to produce the HoxBP#/Pe(13)1INS(CBE-10) gjjele, The cassette
298 contained all six CBSs in their native orientations and hence the number, orientation and
299 relative sequence of CBSs were as in the wild type chromosome, except that the genomic
300 distance was reduced to a size generally found between any neighbouring Hox genes (Fig.
301  6A, bottom).

302

303  ChlIPmentation (ChIPM-seq) was carried out using 96h mutant gastruloids to check for the
304 presence of both bound CTCF and the cohesin complex through its RAD21 subunit.
305  Sequence reads were aligned onto an in silico reconstructed Del(i9-13):Ins(CBS5-10) mutant
306 genome. The CTCF profile observed was comparable to the control situation in terms of
307 relative intensities, with CBS5, 7 and 8 being prominent whereas CBS6 was barely scored
308 (Fig. 6B, compare first and third profiles). Likewise, RAD21 mostly accumulated at CBS7
309 and CBS8, as in the control situation (Fig. 6B; second and fourth profiles), even though the
310 global accumulation was weaker, in part due to the hemizygosity of the locus. The
311  recombination of this CBS cassette between Hoxb9 and Hoxb13 in ES cells had no detectable
312  effect upon the mRNA levels of either Hoxbl or Hoxb9 in gastruloids derived thereof (Fig.
313 6C, top). In contrast, gastruloids produced out of HoxBP®/Pe(9-13:InsCBS-10) Eg calls had no
314  detectable expression of Hoxb13 by WISH and mRNA levels were poorly significant, either
315 in 120h gastruloids, or later at 144h (Fig. 6C, bottom; Fig. S7).

316

317  To further verify that the insertion of the cassette in this HoxBP#/Pe(S13:INSCES10) gjjale had
318 not structurally affected the Hoxbl3 transcription unit in any way, the mutant locus was
319 entirely DNA-sequenced by nCATS (35) and no obvious off-target modifications were
320 scored (Fig. S8A, B). Furthermore, we deleted back the cassette after its insertion (the
321  HoxBPH/Pe(9-13):Ins(CBS-10:Dd(CBS-10) 5nq RNA-seq experiments comparing the HoxBP9(%1?)
322 mutant gastruloids at 120h with the HoxBP/PH(9-13:nSCBE10) gy the HoxBPH/Pe (913 I(CBS-

323  10DE(CBH0) yersions (with and without the CTCF cassette inserted) were carried out. Deletion
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324  of the cassette led to an upregulation of Hoxb13 transcription close -if not equal (65%)- to
325  that observed before its recombination (Fig. S8C). From this, we concluded that this synthetic
326  cassette was capable to achieve most of Hoxb13 insulation in gastruloids, despite the short
327  distance between Hoxb9 and Hoxb13 in the HoxBP#/Pe(9-13:ICBS-10) i tant allele.

328

329 CTCF and Hoxb13 insulation

330  While the CTCF ChIPM-seq profiles of both the control and the HoxBP®/Pe(%-13)Ins(CB%-10)
331 mutant allele indicated that all CBS can be bound (Fig. 6B), it did not reveal whether all (or
332 several) sites must be bound simultaneously to achieve full insulation or, alternatively, if
333  CTCF binding to only few sites is sufficient. We thus deleted either three or four consecutive
334  CBSs from the cassette (Fig. 7) and look at the effect upon Hoxbl13 transcription both by
335 WISH and RNA-seq. ES cells carrying these deletions were verified for the presence of
336  bound CTCF on the remaining sites either by ChlPmentation or by CUT&RUN approaches
337  (Fig. 7A). While the deletion of CBS8 to 10 (Fig. 7A; Del(CBS8-10)) did not elicit any
338 detectable up-regulation of Hoxb13 (Fig. 7B), a slight though significant increase was scored
339  when the four CBS7 to 10 were deleted (Fig. 7A, B; Del(CBS7-10)). The latter increase was
340 nevertheless detectable by WISH as a weak but clear signal in most posterior gastruloid cells

341 (Fig. 7C, arrowhead). However, as was the case for the HoxBP®/P9(913)

gastruloids, the
342  response to this partial CBS deletion was somehow variable amongst replicates and data in
343  Fig. 7C show gastruloids with the highest amount of Hoxb13 mRNAs. These results indicated
344 that, while only 2 CBSs with opposite orientations could not achieve full isolation, they were
345  still capable to importantly delay ectopic Hoxb13 activation.

346

347  Finally, we looked at the insulating capacity of the native CBSs re-introduced into the
348 HoxBP¥P4(°13 chromosome though with inverted orientations. The inversion of the full re-
349 inserted cassette (HoxBP#/PA(S13):IN(CES-10IMvV(CEBS-10)) haq an insulating capacity close to -if
350 not identical with- the insertion of the cassette carrying the CBSs in their native orientation,
351  suggesting that the orientation of the CTCF sites was not the main determinant of the
352 insulation, at least in this particular topology (Fig. S9). We also produced a HoxBP®/Pd(e-
353  1INSCBSHAODACESTIO0) g)jele where the remaining CBS5 and CBS6 had an inverted
354  configuration. Indeed, these two sites displayed different binding behaviours, with CBS5
355  strongly bound by CTCF and accumulating RAD21, whereas its close neighbour CBS6
356  poorly binding CTCF. While gastruloids produced from this HoxBP/P8(9-13)INS(CBS-10):Inv(CBSS-
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357  10PE(CESTION configuration showed a gain of Hoxb13 expression (Fig. S9A, B), the leakage
358 in insulation was in the same range than that observed before the inversion of these two
359 CBSs.

360

361 DISCUSSION

362

363  Past experimental approaches have suggested that Hox genes belonging to the paralogy group

364 13 control the end of axial extension during vertebrate development. Accordingly, their
365  functional modulation could be determinant in species-specific body lengths (9-11). In
366  addition, adaptive variations in tail lengths under natural conditions were associated with few
367  QTLs in deer mice, amongst which one affecting Hoxd13. In this case, a lower amount of
368 Hoxd13 was associated with a larger presomitic mesoderm (PSM), from where somites
369 derive, due to increased number of NMP cells (4). Furthermore, Hoxb13 was recently
370 identified as the main candidate gene for tail length in Chinese long-tailed sheep breeds (14).
371  Here we demonstrate that a physiological gain of function of Hoxb13 leads to both a drastic
372  variation in tail length and other homeotic transformations at more rostral body levels. Such
373  phenotypes associated with the ectopic expression of Hox13 genes could explain the
374  evolution of a TAD boundary always located between the latter genes and the rest of the gene
375 clusters thereby insulating this terminal function and delaying its implementation until the
376  appropriate time has come (20). Despite its particular structure lacking most other posterior
377  Hox genes, a strong and constitutive TAD boundary was maintained in HoxB (23) coinciding
378  with both a large DNA spacer and the preservation of a number of CTCF sites, as in the three
379  other Hox gene clusters (18).

380

381 A physiological gain of function causing a heter ochronic phenotype

382 Removal of the DNA region between Hoxb9 and Hoxbl3 induced premature anterior
383  expression of Hoxb13, leading to vertebral column shortening, including vertebra loss from
384  the lower thoracic, lumbar and caudal regions. These defects were all rescued when the
385 ectopic gained HOXB13 protein was inactivated in cis, demonstrating causality. These
386  phenotypes were much weaker than those produced by using ‘transgenic’ gain of function
387  where neither the amount of ectopic protein, nor its precise timing of delivery can be
388  precisely controlled (10, 36). In contrast, the extent of the morphological anomalies reported
389  here is both dose dependent and in the range of what was previously reported using on-site

390 genomic modifications for Hox13 genes (e.g., (9, 37)). Therefore, the dramatic
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391 developmental patterning defects observed upon ectopic expression of Hox13 genes (6, 7,
392  36), while illustrating a genuine effect should be considered as an extreme outcome of
393  overloading the system with HOX13 proteins, rather than as a genuine physiological response
394  toaslight variation in Hox13 transcripts as it may naturally occur.

395
396  The deletion of the DNA spacer re-positioned Hoxb13 near Hoxh9, at the relative place of an

397  elusive Hoxb10, absent from the amniote HoxB cluster, though still present in teleost fishes.
398 As a consequence (38, 39), Hoxb13 transcription was activated prematurely and its gain of
399  expression was scored as early as E9 in the posterior growth zone. By late E10, signal
400 intensity dropped significantly, resulting in a short window of Hoxb1l3 exposure during
401  somitogenesis. This was nevertheless enough to impact the morphology of the vertebral
402  column at a level far more rostral than expected for Hoxb13, up to the ninth thoracic vertebra,
403 reflecting an ectopic transitory expression in progenitors of somite 20 and more posterior.
404  This thoracic 9™ rostral limit of the HoxB°®®*® phenotypes is of interest since in the absence
405  of the Hoxbl-Hoxb9 part of the cluster (HoxB°*®%) which left the HoxB(i9-13) spacer
406  region untouched and thus likely preserved the insulation of Hoxb13 from the influence of
407  anterior enhancers, malformations were limited to thoracic vertebra 8 or more anterior (40).
408 We conclude that the presence of the spacer region protects the lower thoracic, lumbar and
409  sacral midsegment of the main body axis from a growth arrest by preventing premature
410  Hoxbl3 expression in the posterior growth zone.

411

412  The phenotypes observed in the lumbar and the tail regions are notable, for L4 or L3 types of
413  lumbar vertebral formulae had previously been reported only in very few stocks of laboratory
414 mice, either in animals carrying the Dominant hemimelia (Dh) mutation (41), or in mice with
415  premature expression of posterior Hox transgenes (42). Regarding tail length, the gain of
416  function, rescue and loss of function effects indicate that Hoxb13 alone could account for at
417  least one third of length variation of the adult tail in laboratory mice. Premature presence of
418 HOXB13 made tails shorter and the absence of Hoxb13 homeobox made tails longer, both in
419  a gene dose dependent manner. Combined gain of function mutations between Hoxb13 and
420 Hoxd13 showed only a subtle increase in tail shortening despite recent results in deer mice
421  where Hoxd13 seems to be prominent (4).

422

423  Tail bud NMP cells display progenitor activity partly relying on Hox13, Gdf1l and [in28

424 genes (6) and forced expression of Lin28b increased tail vertebra count by as much as five
13
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425  (7), a hypermorphosis that corresponds to the effect of Hoxb13 inactivation. Conversely, both
426  the hereby described Hoxb13 gain of function and the Lin28a and Lin28b double knockouts
427  reduced vertebra count by approximately four, suggesting a window of ca. 10 vertebrae
428  where this system can operate. We did not detect any significant change in Lin28a or Lin28b
429  transcript levels at E10 in our Hoxbl3 loss- or gain-of-function, which is consistent with
430 Hoxbl3 being downstream a Lin28/let-7 driven genetic regulatory circuit.

431
432  Transcriptomes analyses and | nsulation by CTCF sites

433
434  The gain of Hoxb13 function had a moderate effect on global gene transcription, with only a

435 handful of genes up- or down regulated. This was not unexpected when dealing with a
436  heterochronic shift in an otherwise normal process, i.e., the termination of tail extension, a
437  fortiori under physiological conditions. However, the down-regulation of Rbpj is of interest,
438  for transcripts accumulation in the tail of this effector of the Notch pathway is reminiscent of
439  Hoxbl3 (Fig. S3A, B, C). Homozygous Rbpj loss of function mutants have severe arrest of
440  early somitogenesis (27), which makes it possible that Rbpj mediates the effect of HOXB13
441  during vertebral column development, in both normal and ectopic contexts. Such potential
442  interactions between Hox genes and the Notch pathway had been previously proposed (43).
443

444 Using gastruloids, we show that cells expressing ectopic Hoxb13 mRNAs are a subset of
445  those expressing Hoxb9 within the NMP population, further supporting the claim that Hox
446  genes are expressed in time and space along the AP axis mostly in response to their relative
447  position within the clusters rather than based on specific regulatory sequences (44). We also
448  show that a small CTCF cassette re-established most of the Hoxb13 insulation, at least until
449  the end of our gastruloid cultures (168h) and hence that these sites are necessary and even
450  sufficient in these conditions for tight insulation to occur. When the cassette was reduced to
451  three or two CTCF sites, a leakage occurred suggesting that the reiteration of CBS in this
452  spacer region was important. Recent work has shown that during gastruloid development,
453  loop extrusion initially occurs asymmetrically upstream the Hox clusters (on the side of
454  Hox1), as suggested by an enriched deposition of both RAD21 and NIPBL (18). In this view,
455  these CBSs may represent as many potential blocks to loop extrusion, inducing transcription
456  delays in an additive manner before reaching Hoxb13.

457
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458  Two transcription units were nevertheless found right in 5* of Hoxb9 (GM53 and Mir196a-1),
459  which were also enriched in both cohesin and NIPBL thus adding 19 kb of chromatin
460 potentially active in loop extrusion upstream Hoxb9 and including both CBS5 and CBS6.
461  Therefore, loop extrusion initiated from this part of the ‘spacer’ DNA would be blocked or
462  delayed mostly by CBS7 and CBS8. The orientation of these CBSs did not seem to be critical
463 in their insulation capacity, either when the full cassette was inverted, or when only two
464  occupied sites were left in either orientation, in agreement with previous work ((19) and ref.
465  therein).

466

467  If the insulation of Hoxb13 mostly depend upon the presence of CBSs, then one may wonder
468  why this large DNA spacer still exists in all vertebrates HoxB clusters examined thus far. The
469  probability of reducing the length by spontaneous internal deletions not involving any CTCF
470  site may be low, despite an enrichment in repeats (SINE, LINE, LTR) when compared to the
471  rest of the cluster, which as all Hox clusters are generally depleted of such sequences (45).
472  Another possibility is that other DNA sequences present in this spacer may play a role during
473  development or adulthood related or unrelated to the ‘classical’ function of Hox genes, which
474  evolutionarily constrained this DNA interval. The presence of some DNA sequences
475  conserved within all mammals may support this hypothesis, even though two of them
476  precisely correspond to CBS7 and CBSS8.

477
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492  Animals. All experiments involving mice were approved and performed in compliance with
493  the Swiss Law on Animal Protection (LPA) under license numbers GE 81/14 and VD2306.2
494  (to D.D.). All animals were kept in a continuous back cross with C57BL6 x CBA F1 hybrids.
495  Mice were housed at the University of Geneva Sciences Il animal colony with light cycles
496  between 07:00 and 19:00 in the summer and 06:00 and 18:00 in winter, with ambient
497  temperatures maintained between 22 and 23 °C and 45 and 55% humidity, the air was
498  renewed 17 times per hour.

499  Generation of alleles. We generated the HoxB"®®*?) allele by pronuclear injection of a
500 mixture of two plasmids each containing the coding region for the Cas9 enzyme and a
501 selected template for single guide RNA (Table S1). The deficiency included 67403 bp
502  (chrl1:96,197,567-96,264,470 mm10) in the HoxB cluster. Zygotes fertilized by Del(i9-13)
503 homozygous mutant males and wild-type females were injected with a mix of two plasmids
504  expressing specific guide RNAs corresponding to two nearby sequences flanking two thirds
505 of the homeodomain of Hoxbl3 (chrl1:96,196,015 and chr11:96,196,172) (Table S1).
506  Animals were genotyped by PCR (Table S2). In this way, we produced four different alleles

507  where the Hoxb13hd mutant was isolated either in cis with HoxBP*(®*® (the HoxB ¢!

508 13):Hoxb13hd1 BDeI (19-13):Hoxb13hd2

and Hox alleles), or in trans, i.e., on the wild type chromosome
509 (the Hoxb13"and Hoxb13"* alleles). The sequences of both the various breakpoints and the
510 mutated Hoxb13 homeodomains are in Tables S3 and S4, respectively. All four founders
511  were crossed with wild type breeders in three consecutive generations to segregate away
512  potential CRISPRcas9 off-target events.

513  Other mutant mice. The mutant strains HoxD"*%*? and Hoxd13™ were previously

514  published (25, 26).

515  WISH. Whole mount in situ of mouse embryos were performed as described in (46), using
516  probes in Table S5. Image acquisition was as in (43).

517  Skeletal preparations. Skeletal preparations were carried according to conventional methods
518  (47). After Alizarin redS staining, the specimens were dehydrated into concentrated glycerol
519 and photographed with a Nikon D810 camera, equipped with AF-S Micro NIKKOR 60mm
520 /2.8G ED objective and Nikon SB-910 SPEEDLIGHT.

521  Micron-scale computed tomography (UCT). Measurements of the vertebrae were carried
522 out in the OsiriX MD v.10.0.1 software, in the 2D orthogonal MPR views of 3D
523  reconstructions using WL/WW CT-Bone mode, displayed at 0.1 mm thick slab setting. Each

524  measurement was taken when the object was approximately zoomed to five centimeters on
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525  the screen in one of the three windows, and the measure was manually defined using the
526  length tool over the bone section. In all three windows, the longest head to tail length of all
527  vertebrae were scrolled to, recorded and the longest of the three values were used. Jpg images
528  and movies were exported at preset modes.

529 Tail length measurements. For the tail length growth trajectories (Fig. S2A), data were
530 pooled from five litters of two separate stocks born from heterozygous parents. Eleven and
531 nine homozygous individuals carrying either the Hoxbl3™ or the Hoxb13"* alleles,
532  respectively, and a total of fifteen wild type littermates were documented two to three times
533  weekly, by taking direct measures of the length between the anus and the tip of the tail on a
534  millimeter scale. The same measurement method was used than in Fig. 2B, but in Fig. 2B,
535  each dot represents a different animal while in Fig. S2B each dot is a measurement.

536

537  Production of gastruloids. Mouse embryonic stem (mES) cells were routinely cultured in
538 gelatinized tissue-culture dishes with 2i (48). LIF DMEM medium composed of DMEM +
539 GlutaMAX supplemented with 10% ES certified FBS, non-essential amino acids, sodium
540  pyruvate, beta-mercaptoethanol, penicillin/streptomycin, 100 ng/ml of mouse LIF, 3 uM of
541  GSK-3 inhibitor (CHIR99021) and 1 pM of MEKZ1/2 inhibitor (PD0325901). Cells were
542  passaged every 3 days and maintained in a humidified incubator (5% CO2, 37 °C). The
543  differentiation protocol for gastruloids was previously described (30). ES cells were collected
544  after accutase treatment, washed and resuspended in prewarmed N2B27 medium (50%
545 DMEM/F12 and 50% Neurobasal supplemented with 0.5x N2 and 0.5x B27, and with non-
546  essential amino acids, sodium pyruvate, beta-mercaptoethanol, penicillin/streptomycin). 300
547  cells were seeded in 40 pl of N2B27 medium in each well of a low-attachment, rounded-
548  bottom 96-well plate. 48h after aggregation, 150 pl of N2B27 medium supplemented with 3
549  uM of GSK-3 inhibitor was added to each well. 150 pl of medium was then replaced every
550  24h.

551

552  Generation of mutant ES cells. Wild-type mES cells (EmbryoMax 129/SVEV) were used to
553 generate different mutant lines following the CRISPR/Cas9 genome editing protocol
554  described in (49). sgRNA targeting guides (Table S1) were cloned into a Cas9-T2A-
555  Puromycin expressing plasmid containing the U6-gRNA scaffold (gift of A. Németh;
556  Addgene plasmid, 101039). ES cells were transfected with 8 pg of plasmid using the
557  Promega FUGENE 6 transfection kit and dissociated 48 h later for puromycin selection (1.5
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558 pg ml™). Clone picking was conducted 5-6 days later, and positive ES cell clones were
559  assessed by PCR screen using the MyTag PCR mix kit (Meridian Bioscience) and specific
560  primers surrounding the targeted region (Table S2). Mutations were verified by Sanger
561 sequencing (Table S3). For the HoxBPe($13nSCBEI0) the jnserted CTCF cassette was
562  synthesized (GeneArt, ThermoFisher). The sequence of the cassette was defined by selecting
563  500bp around each of the six distinct CBS located in between Hoxb9 and Hoxb13. In order to
564 increase CRISPR guide efficiency, one base pair was added 10bp after and before CBS9.

565 WISH of Gastruloids. Gastruloids were collected at the indicated stage and processed
566  following a previously reported WISH procedure (30). They were fixed overnight in 4% PFA
567 at 4°C and stored in methanol at —20°C until ready for processing. Each sample was
568 rehydrated and prepared with Proteinase K (EuroBio) at 2.500ug/ml for 2[(Imin. They were
569 then incubated in a blocking solution at 68°C for 4Lh before incubation overnight with
570  specific digoxigenin-labeled probes (Table S5) at a final concentration of 100-200(_ng/ml.
571  The next day, samples were washed and incubated with an anti-DIG antibody coupled to
572  alkaline phosphatase (Roche, 1:3,000). Staining was performed with BM-Purple (Roche).

573  Generation of in silico mutant files. A fasta file containing the sequence of the chromosome
574 11 including HoxBDel(i9-13):Ins(CBS5-10) and one with the sequence of the chromosome
575 11 including HoxB™® (renamed chr1l_delB) were generated using the R package seqinr (50)
576  with the sequence of chromosome 11 from mm10 from UCSC as a template. Both mutant

577 chromosome 11 sequences available at https://doi.org/10.5281/zenodo.12723266 were

578  concatenated with the sequences of all other autosomes, chr X, chr Y and mitochondrial DNA
579  from mm10 (UCSC).

580 CTCF and RAD21 ChlPmentation. ChlPmentation of CTCF and RAD21 was performed
581 as described in (18). Fastgs of the RAD21 ChIPmentation of 120h wild-type gastruloids from
582  (18) were retrieved from SRA (SRR19601466) and processed with datasets generated in this
583  study. For data analysis, adapter and bad quality bases were removed from fastq files using
584  cutadapt version 4.1 (51) (-a CTGTCTCTTATACACATCTCCGAGCCCACGAGAC -A
585 CTGTCTCTTATACACATCTGACGCTGCCGACGA -g 30 -m 15). Filtered reads were
586 aligned on the in silico mutant genome using bowtie2 version 2.4.5 with default parameters
587 (51). No filtering for mutlimap reads was performed, for sequences that are duplicated
588  between both alleles of chromosome 11. Coverage was computed with macs2 version 2.2.7.1
589  (52) (--call-summits --format BAMPE -B) removing PCR duplicates and then normalized to

590 the million fragments after filtering used by macs2.
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591 CUT&RUN. Each ESC per genotype were washed into fresh PBS before dissociation. The
592  dissociation was performed in 0.5mL StemPro Accutase (Gibco A1110501), 5min at 37°C.
593  Cells were resuspended into 2mL of ESC media and span at 300g for 2min. Then, 0.5x10°
594  cells were processed according to the CUT&RUN protocol (53). First, cells were resuspended
595 into 1ImL of Wash Buffer (WB: 20mM HEPES-KOH pH7.5, 150 mM NaCl, 0.5mM
596  Spermidin (Sigma S2626)) and bound to Concanavalin A-coated beads (BioMagPlus 86057)
597 into Digitonin Wash Buffer (DWB) using a final concentration of 0.02% digitonin (Apollo
598 APOBID3301) into WB. Second, cells were incubated with 0.5pug/100ul of anti-CTCF
599 antibody (Active Motif 61311) in DWB at 4°C for 2hr. The pA-MNase was produce by the
600  Protein Production and Structure Core Facility at EPFL and added at 0.5ul/100ul in Digitonin
601  Wash Buffer for 1hr at 4°C. Third, cells were digested in Low Calcium Buffer (100mM
602 CaCl2 into DWB). Reaction was stopped using cold 2X STOP Buffer (340mM NaCl, 4mM
603 EGTA, 20mM EDTA, 0.02% Digitonin, 50ug RNase A (10mg/mL), 50uG Glycogen
604  (5mg/mL)) for 5min. Finally, targeted chromatin was released for 30 min at 37 °C, then
605 precipitated into 70% EtOH and stored at -20°C until sequencing libraries generation.
606  Sequencing libraries were prepared with KAPA HyperPrep reagents (07962347001) with
607  2.5ul of adapters at 0.3uM and ligated for 1 h at 20 °C. Then, DNA was cleaned and size
608 selected using 1:1 ratio of DNA:Ampure SPRI beads (A63881) followed by an additional 1:1
609  wash and size selection with HXB. The DNA was amplified for 16 cycles. Post-amplified
610 DNA was cleaned and size selected using 1:1 ratio followed by an additional 1:1 wash and
611  size selection with HXB. HXB is equal parts 40% PEG8000 (Fisher FIBBP233) and 5 M
612 NaCl. Libraries were sequenced on NextSeq 500 or NovaSeq 6000. For data analysis, adapter
613 and bad quality bases were removed from fastq files using cutadapt version 4.1 (51) (-a
614 GATCGGAAGAGCACACGTCTGAACTCCAGTCAC -A
615 GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT-q 30 -m 15). Filtered reads were
616 aligned on the in silico mutant genome using bowtie2 version 2.4.5 (54) with adapted
617  parameters (--very-sensitive --no-unal --no-mixed --no-discordant --dovetail -X 1000). No
618 filtering for mutlimap reads was performed as sequences are duplicated between both alleles
619  of chromosome 11. PCR duplicates were removed with Picard MarkDuplicates version 2.27.4
620  (55). Filtered BAM file was converted to BED with BEDTools version 2.30.0 (56). Coverage
621 was computed with macs2 version 2.2.7.1 (52) (--nomodel --keep-dup all --shift -100 --
622  extsize 200 --call-summits -B) and then normalized to the million reads in peaks.

623  HiChlP: The dataset was produced and extracted from (18), GSM6226299.
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624  RNA-seq. Murine E9.5 and E10.5 mutant or wild-type littermate embryos were dissected to
625 remove the head. RNA was extracted using RNeasy plus micro kit (Qiagen) following the
626  manufacturer recommendation. The E9.5 samples libraries are poly(A)-enriched and E10.5
627 are ribo-depleted. Both were prepared with stranded RNA TruSeq kits (lllumina) and
628  sequenced 100bp single-read on a HiSeq 4000. 120h and 144h AA gastruloids were collected
629 and RNA was extracted as in (30). Libraries were prepared with ISML kit from Illumina,
630  except for two replicates of HoxBP®/PH(913)/INS(CBE10IMCBE10) ¢1one 1 at 120h, which were
631  prepared with the TruSeq Stranded mRNA kit from Illumina. Libraries were sequenced on a
632  NextSeq 500 or NovaSeq 6000 or HiSeq 4000, paired-end 2 times 75bp. Fastgs of the two
633  replicates of 120h and 144h wild-type gastruloids from (18) were retrieved from SRA
634 (SRR19600485 and SRR19600486, SRR19600479 and SRR19600480) and processed with
635 datasets generated in this study. For data analysis, adapter and bad quality bases were
636  removed from fastq files using cutadapt version 1.18 (51) (-q 30 -m 15 and sequences for -a
637 and -A were adapted to the library). Filtered reads were aligned on mm10 using STAR
638 version 2.7.10a (57) with the ENCODE parameters and a custom gtf
639  (https://doi.org/10.5281/zenodo.7510406). FPKM were computed with cufflinks wversion
640 2.2.1 (58, 59) using --max-bundle-length 10000000 --multi-read-correct --library-type "fr-
641  firststrand” -b mm10.fa --no-effective-length-correction -M mm210_chrM.gtf. Counts from
642 STAR and FPKM values were subsetted for protein coding genes and genes on chrM were
643  excluded. For the embryo datasets, genes on chromosomes X and Y were also excluded.
644  Differential expression analysis was performed with DESeq2 version 1.38.0 (60) on R
645  version 4.2.2. PCA was computed using log2(1 + FPKM) using the 500 most variant genes.

646 scRNA-seq. scRNA-seq of gastruloids at 144h were performed as in (61), with 10x
647  Chemistry v3 as well as the analysis up to matrix generation. Then, analysis was performed
648  using Seurat v4.3 (62) with R version 4.3.0. We first filtered out barcodes with less than 200
649 identified gene and genes identified in less than three cells. Low quality cells and potential
650 doublets were removed by computing the mean UMI content and the percentage of
651  mitochondrial genes and filtering out barcodes with less than 0.4 times the mean UMI or
652 more than 2.5 times the mean UMI. Only barcodes between 0.05 and 8 percent of
653  mitochondrial UMI were kept. Matrices were normalized and the cell cycle score (using the
654 2019 updated gene list from Seurat) from these filtered libraries were computed. Then we
655 merged the different samples using the merge command by Seurat. The combined Seurat

656  object was normalized, 2000 variable features were identified and the data was scaled and
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657  regressed by cell cycle score and percentage of mitochondrial reads. Principal components
658  were then computed using variable genes falling within the 5th and 80th percentile of
659  expression to limit batch effect as performed in (63). UMAP and k-nearest neighbors were
660  computed using 30 principal components. Clustering was performed with a resolution 0.4 and
661 cluster annotation was performed manually. The average expression of a gene in a cluster
662  was computed as the sum of the raw counts from all cells divided by the sum of the total
663  counts of all cells. This value was log transformed like with a pseudo count of 1 and a scale
664  of 10*. The inferred expression distribution of Hoxb13 in mutant neuronal cells was obtained
665  with baredSC version 1.1.2 (32) (--xmax 3 --minNeff 200 --minScale 0.1 for 1 to 4 gaussians
666 combined), for the joint inferred expression distribution of Hoxb13 with Hoxa9, Hoxb9,
667 Hoxc9 or Hoxd genes, similar parameters were used (--xmax 3 --ymax 3 --minNeff 200 --
668  minScalex 0.1 --minScaley 0.1 for 1 to 4 gaussians combined). Convergence of each MCMC
669  was manually inspected using corner plots and ACF.

670  minl ON sequencing. nCATS was performed as in (64) with a pool of 4 guides and a pool of
671 8 guides (Table S1). Base calling was computed with Guppy version 5.0.16+b9fcd7b from
672  Oxford Nanopore (--flowcell FLO-MIN106 --kit SQK-LSK109 --fast5_out). Mapping was
673  performed on mm10 or on the in silico mutant genome using minimap?2 version 2.28 (65) (-ax
674  splice). Non primary alignments were removed with samtools version 1.16.1 (66) and
675  coverage was generated by BEDTools version 2.30.0 (56).

676  Genedistance analysis. Gene distances were extracted from Ensembl Release 111. For each
677  species of the database, genes with external gene names matching Hoxb1, Hoxb9, Hoxb13 or
678  derivatives were extracted, as well as all genes registered as homologous to the three mouse
679  genes. Only couple of genes which were on the same chromosome were considered and the
680  difference between the coordinate of the 3' end of the first exon was used.

681  Sequence conservation. Sequence conservation between the mouse and other vertebrate
682 HoxB loci was visualized using the Vertebrate Multiz Alignment & Conservation maf file
683  provided by UCSC for mm10. The Repeat Mask was also provided by UCSC. The sequence
684  conservation between mus musculus and other strains was visualized using the 21-way
685  Enredo-Pecan-Ortheus (EPO) multiple alignments provided by Ensembl. This sequence
686  conservation was computed on mm39. To evaluate distance conservation between the various
687  mouse strains, gene annotations were downloaded from Ensembl version 102 (mm10) and
688  centered on Hoxb9.
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689 Data analysis. All NGS analyses were computed using the facilities of the Scientific IT and
690  Application Support Center of EPFL. The genomic tracks were displayed using
691  pyGenomeTracks version 3.9 (67, 68). The quantifications were plotted with R version 4.4.0
692  (https://www.R-project.org/) and ggpubr version 0.6.0 (69).

693

694 Code availability. All scripts are available at
695  https://github.com/lldelisle/scriptsForLopezDelisleZakanyBochatonEtAl2024.

696 Data availability. All raw and processed datasets are available in the Gene Expression
697  Omnibus (GEO) repository under accession number GSE272483.
698

699 LEGENDSTO FIGURES
700
701  Figure 1. Deletion of the Hoxb9 to Hoxbl3 spacer DNA in the HoxB cluster. (A)

702  Schematic representation of the HoxB alleles used in this work. On top, the CTCF binding
703  sites (CBS) are numbered 1 to 10 from Hoxb1 to Hoxb13 and the coloured arrowheads below
704  indicate orientations. Below, the wild type HoxB locus is shown. An approximately 70 kb
705 large region separates Hoxb9 from Hoxbl3, without any protein coding genes, whereas a
706  LncRNA (Gmb3) and the microRNA Mirl96a-1 (‘Mir’) are found within the 19 kb
707  immediately flanking Hoxb9. The size of this spacer DNA is well conserved in all
708 investigated species (see Fig. S1). As in all amniotes, Hoxb10, 11 and 12 are absent. The
709  extent of the induced HoxB(i9-13) deletion is shown below, as well as the loss of function
710  Hoxb13™ allele generated either in-cis with the HoxB(i9-13) deletion, or in-trans (red
711  crosses). (B) Schematic representation of the HoxD alleles used in this work (same scale as
712 HoxB). On top the wild type HoxD locus is shown. The extent of the Del(10-12) deletion
713 Dbringing Hoxd13 in close proximity to Hoxd9 (25) is shown below, as well as the loss of
714 function Hoxd13"™ allele (red cross) (26). (C) WISH using a Hoxb9 probe at E9. Hoxb9
715  expression pattern was indistinguishable between wild type and homozygous HoxB°#(%*?)
716  mutant specimens. (D) Hoxb3 transcript accumulation at E9 in a homozygous HoxB”#(%*?)
717  mutant specimen. At this stage Hoxb13 signal was undetectable in wild type littermates. The
718  red arrowhead highlights the position of somite 20. (E) Hoxb13 transcript accumulation in a
719 E9.5 homozygous HoxBP®(**) mutant specimen (right), compared with a control littermate
720  (left) still negative for Hoxb13 mRNAs. The red arrowhead highlights the position of somite

Pe(913) mutant specimen at E10 (right)

721 24. (F) Hoxbl3 expression in a homozygous HoxB
722  compared to a control littermate (left). The expression of Hoxb13 is highlighted by the black
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723  arrowhead. All specimens were treated in the same experiment in parallel, using the same
724  stocks of reagents, incubations and washes. The arrowhead shows expression in the mutant
725  specimen only.

726  Figure 2: Effects of Hoxb13 gain and loss of function upon tail length. (A) Lateral views
727  of puCT 3D reconstructions of skeletons of representative phenotypes of adult animals
728  carrying the various HoxB alleles shown in Fig. 1A. On top is a control animal with a tail
729  length of 91 mm. Below is a HoxB"®(**¥ homozygous specimen with a tail reduced to 75

730  mm (minus 18%). The inactivation of Hoxd13 in-cis with this deletion (below, HoxB°®(®

731 1301 gishlayed a longer tail (103 mm, plus 13%), equivalent in length to those of mice
732 lacking Hoxbl13 function (bottom). (B) Quantifications of tail lengths. While both
733 homozygote HoxB#%*¥ (strong green) and HoxBP9(913Ho013d (pe|(j9-13):hd1, strong
734 grey) and Del(i9-13):hd2 (strong blue) specimen displayed statistically significant deviations
735  from controls (wt, red), their heterozygous versions (weak green and weak grey and blue,
736  respectively) were much closer to wild type counterparts. hdl and hd2 correspond to two

737  independent lines. All wild-type littermates of all mutant lines were pooled together. Significance is
738  assessed by the two-sided Welsh's t-test (ns: p > 0.05, *: p <= 0.05, **: p <= 0.01, ***: p <= 0.001, ****:
739  p<=0.0001). Number of animals for each line (heterozygous and homozygous): Del(i9-13): 22
740  and 5, wt: 60, Del(i9-13):hd1: 17 and 14, Del(i9-13):hd2: 28 and 13, Hoxb13™: 20 and 9,
741  Hoxb13"™2 22 and 11. The lower and upper hinges correspond to the first and third quartiles.
742  The upper whisker extends from the hinge to the largest value no further than 1.5 * IQR from
743  the hinge.

744

745  Figure 3: Hoxb13 gain of function-dependent vertebral anomalies. (A) Alizarin-stained
746  skeletal preparations showing the reproducible vertebral formulae in both wild type (left) and
747 HoxB”?*™ mutants (middle and right). The wild type skeletal pattern was composed of 7
748  cervical (C7), 13 thoracic (T13), 5 -rarely 6- lumbar (L5), 4 sacral (S4) and 29 -rarely 30-
749  caudal (C29) vertebrae. The patterns most frequently observed in HoxBP®(**¥ homozygous
750  mutants are shown in the middle and right. (B) Magnification of the thoracic regions of a wt
751  (left) and HoxBP¥(** mutant (right). In several heterozygous and all homozygous mutants,
752  T9 carried a neural spine typical of wt T10 (the so-called anticlinal vertebra). In such
753  specimens, only 12 thoracic rib bearing vertebrae were scored and hence the T9-T10
754  exchange may be considered as a loss of normal T9 followed by a serial transformation. In

755  the majority of hets and all homs, the caudal series was composed of less than 29 complete

23


https://doi.org/10.1101/2024.07.20.604409
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.20.604409; this version posted July 23, 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-ND 4.0 International license.

756  vertebrae. In the depicted mutant specimens, the number was 26, instead of 29. The
757  corresponding quantifications are in Fig. S2B.

758

759  Figure 4: Hoxb9 and Hoxb13 expression in control and mutant gastruloids. (A) Whole-
760  mount in situ hybridisation for Hoxb9 top and Hoxb13 bottom on either wild-type (left) or
761  HoxB 4913 (right) 120h gastruloids showing the clear and penetrant gain of Hoxb13 in the
762  mutant condition. (B) WISH of Hoxb13 on wild-type (top) and HoxBP9(¢*3"™* (bottom) 144h
763  gastruloids. (C) Comparison of the pattern of expression of Hoxb9 in wild-type and Hoxb13
764 in HoxBP(®™ gastruloids at 120h, showing colinearity in the anterior-posterior (AP)
765  expression border (arrowheads).

766

767  Figure5: Chromatin structure of the HoxB locusin late gastruloids. (A) Profiles of either
768  H3K27ac (light green), NIPBL (dark green) and RAD21 (magenta) in 132h gastruloids, or
769  CTCF at 168h over the HoxB locus (data extracted from (18), GSE205779). CTCF binding
770  sites (CBS) are numbered 1 to 10 from Hoxbl to Hoxb13 and the coloured arrowheads below
771  indicate orientations. Hoxb genes are shown as black rectangles below. The HoxB cluster is
772  active until the Mir196a-1 gene, while Hoxb13 is tightly isolated (B) HiChIP of H3K27ac
773  over a Mb of DNA containing the HoxB cluster (indicated below), with the matching profile
774  of H3K27ac ChIP-seq of 120h gastruloids below (green) (data extracted from (18),
775  GSM6226299 and GSM6226246). Black rectangles below represent protein coding genes.
776  Gmb3 and Mirl196a-1 are in grey. The vast majority of contact between “active’ regions, i.e.,
777  involving H3K27ac, are towards the TAD located 3’ of the cluster, whereas Hoxb13 is not at
778  all involved.

779

780 Figure6: Insertion of a CTCF cassetteinto the deleted spacer DNA. (A) Schematic of the
781  various HoxB alleles with on top the wild type HoxB locus along with the 74 kb large DNA
782  spacer indicated as a black line. Below is shown the large deletion of the entire HoxB locus
783  used to balance the other alleles. The third track shows the deletion of the (9-13) intergenic
784  region, leading to the ‘consolidated” HoxB cluster shown in the fourth track. In this latter
785  configuration, the distance between Hoxb9 and Hoxbl3 is now 6.6 kb without any CTCF
786  binding sites. The fifth track shows the allele after insertion of a cassette containing the 6
787  native CBS separated from one another by ca. 0.5 kb. The distance between Hoxb9 and

788  Hoxbl3 is now of 9.5 kb. This new intergenic region is magnified below, with each coloured
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789  block containing a CBS corresponding to those of the wild-type allele, in the right order (see
790  first track). (B) ChlP-seq profiles of CTCF (orange) and RAD21 (magenta) using the
791  HoxBP/Pe(913)1InCBS10) o) 1efe (the insertion of the cassette) on top and wt on bottom on 96h
792  gastruloids aligned on the in silico reconstructed Del(i9-13):Ins(CBS5-10) mutant genome.
793  (C) Whole mount in situ hybridisation with Hoxb9 (top) and Hoxb13 (bottom) probes on

++ gDe/+
1

794  120h gastruloids with the following genotypes from left to right: HoxB
795  HoxBP¥Pe(913) and HoxBP/PH(13INCBL10) - The insertion of the CTCF cassette fully

796  suppresses the Hoxb13 gain of function, even with a much shorter distance between Hoxb9

, Hox

797  and Hoxb13. For quantifications, see Fig. S7.

798

799 Figure 7: Deletion of CTCF binding sites from the inserted CTCF cassette. (A)
800  ChlIPmentation on 96h gastruloids (top two profiles) and CUT&RUN on ES cells (two
801 profiles on bottom) of CTCF from the HoxgP®/Pe(13)In(CBS-10xDe(CBSI10) (155 De](CBST-
802  10)) and HoxBP#/Pe(o-13):Ins(CBS-10:DE(CBS-10) (hottom  Del(CBSS8-10). (B) Quantification of
803 Hoxbl3 mRNAs in the two deletions shown in A. While in Del(CBS8-10) Hoxb13 is still
804  tightly isolated, some transcripts start to appear in the Del(CBS7-10). The significance was
805  assessed by the Wald test on counts with DESeq?2 in comparison to the full cassette condition.
806  The p-values were not corrected for multiple tests: ns: p > 0.05, *: p <= 0.05, **: p <= 0.01, ***: p
807  <=0.001. (C) WISH of Hoxb13 transcripts in the two deletions shown under A. A weak signal
808  appears at the right position in the Del(CBS7-10) gastruloids (black arrowhead), not detected
809 in the Del(CBS8-10) counterparts.

810

811 LEGENDSTO SUPPLEMENTARY FIGURES
812
813 Figure Sl1. Conservation of the large DNA interval between Hoxb9 and Hoxb13. (A)

814  Boxplot showing the distance between either Hoxbl to Hoxb9 (light grey) or Hoxb9 to
815 Hoxbl3 (black) for different species of Hominidae i.e., Bonobo, Chimpanzee, Gorilla,
816 Human, Sumatran orangutan; ‘Other primates’ are Black snub-nosed monkey, Bolivian
817  squirrel monkey, Bushbaby, Coquerel's sifaka, Crab-eating macaque, Drill, Golden snub-
818  nosed monkey, Greater bamboo lemur, Ma's night monkey, Macaque, Mouse Lemur, Olive
819  baboon, Panamanian white-faced capuchin, Pig-tailed macaque, Sooty mangabey, Vervet-
820 AGM, White-tufted-ear marmoset; Muridae are Algerian mouse, Mouse, Rat, Ryukyu mouse,
821  Shrew mouse, Steppe mouse ; Other Placentalia are American bison, American mink,
822  Arabian camel, Arctic ground squirrel, Beluga whale, Blue whale, Cat, Chacoan peccary,
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823  Chinese hamster CHOK1GS, Cow, Degu, Dingo, Dog, Domestic yak, Donkey, Elephant,
824  Eurasian red squirrel, Ferret, Giant panda, Goat, Golden Hamster, Greater horseshoe bat,
825  Guinea Pig, Horse, Hybrid - Bos Indicus, Kangaroo rat, Leopard, Lesser Egyptian jerboa,
826  Lion, Long-tailed chinchilla, Microbat, Naked mole-rat female, Narwhal, Northern American
827  deer mouse, Pig, Pig - Bamei, Pig - Jinhua, Pig - Landrace, Pig - Pietrain, Pig - Tibetan, Pig
828 USMARC, Prairie vole, Rabbit, Red fox, Sheep, Siberian musk deer, Sperm whale, Squirrel,
829  Upper Galilee mountains blind mole rat, Vaquita, Wild yak, Yarkand deer; Marsupialia:
830 Common wombat, Koala, Opossum, Tasmanian devil; Aves are: Chicken, Duck, Golden
831 eagle, Japanese quail, Kakapo, Pink-footed goose; Reptilia are: Abingdon island giant
832  tortoise, Argentine black and white tegu, Australian saltwater crocodile, Chinese softshell
833 turtle, Eastern brown snake, Goodes thornscrub tortoise, Indian cobra, Mainland tiger snake,
834  Painted turtle, Three-toed box turtle; Coelacanth; Actinopterygii are: Asian bonytongue,
835  Atlantic cod, Atlantic herring, Barramundi perch, Bicolor damselfish, Brown trout, Burton's
836  mouthbrooder, Channel bull blenny, Channel catfish, Chinese medaka, Chinook salmon,
837  Climbing perch, Clown anemonefish, Coho salmon, Common carp, Denticle herring, Eastern
838  happy, Electric eel, Fugu, Gilthead seabream, Goldfish, Greater amberjack, Guppy, Huchen,
839 Indian medaka, Japanese medaka HdrR, Javanese ricefish, Large yellow croaker, Lumpfish,
840  Luyretail cichlid, Mangrove rivulus, Mexican tetra, Midas cichlid, Nile tilapia, Northern pike,
841  Orange clownfish, Paramormyrops kingsleyae, Pike-perch, Pinecone soldierfish, Platyfish,
842  Rainbow trout, Red-bellied piranha, Reedfish, Sheepshead minnow, Siamese fighting fish,
843  Spiny chromis, Spotted gar, Tetraodon, Tiger tail seahorse, Turbot, Yellowtail amberjack,
844  Zebra mbuna, Zebrafish, Zig-zag eel; Other Vertebrata are: Elephant shark, Platypus. The
845  horizontal black dashed line represents the Hoxb9 to Hoxb13 distance in the HoxBP®(¢™?)
846 allele for comparison. (B) Extent of sequence conservation between the mouse genome
847 (mm10) and selected representative species: Rat (rn5), Human (hg19), Bushbaby (otoGar3),
848 Cat (felCatb), Tasmanian devil (sarHarl), Chicken (galGal4), Painted turtle (chrPicl),
849  Coelancanth (latChal), Zebrafish (danRer7) and Platypus (ornAnal). Last track shows the
850 repeat mask from UCSC showing interspersed repeats and low complexity DNA sequences.
851 (C) Sequence conservation between the mouse reference genome (mm39) and 15 Mus
852  musculus strains and Algerian mouse (Mus spretus), Ryukyu mouse (Mus caroli) and Shrew
853 mouse (Mus pahari). The different genomes were ordered by decreasing Hoxb13-Hoxb9
854  distance (see D). (D) Comparison of the Hoxb13-Hoxb9 distances among the same strains

855  and species as in C. All gene annotations were centred on Hoxb9 for an easier comparison.
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856

857  Figure S2. Quantifications of the variations in tail lengths amongst various alleles. (A)
858  Tail growth trajectories of two different stocks of Hoxb13™ homozygous specimen (in blue,
859  grouped together) and wild type siblings (in red, grouped together), during the second to
860  fourth month of age. Linear regression equations were calculated on three equally-sized
861  period of age, which are displayed above and below the regression lines. While the tail
862  growth of wild-type animals stops at the end of the first period (linear coefficient below 0.1),
863 the tail growth of mutant animals continues, leading to an increased difference of tail length

864 along with the age. 175 measures of 15 wt animals, 138 measures of 9 Hoxb13"!

865 homozygous animals and 132 measures of 11 Hoxb13"*

homozygous animals were recorded.
866 (B) Boxplots of caudal vertebra counts of ten genotypes (left) using either skeletal
867  preparations (red) or uCT (blue). The numbers of caudal vertebrae are on the x axis. Brackets
868 on the right indicate p-values obtained by pair-wise comparisons by Welch’s t-tests, (non-
869 )significant differences are indicated by **** <0.0001, ***<0.001, **<0.01,*<0.05 or
870 ns>0.05. In four cases both alizarin preparations and uCT analyses were available and the
871  tightly similar distribution of counts between the different techniques validated the reliability
872  of the observations where only the uCT data were obtained. Number of animals per genotype
873  for Alizarin redS and pCT: HoxBP®(®%): HoxDP¥*12: 0 and 4; HoxB"(**¥ homozygous:
874 17 and 5; HoxB"?®*3 heterozygous: 14 and 0; wt: 28 and 12; Hoxd13™ homozygous: 0 and
875  4; Hoxb13™ heterozygous: 4 and 0; HoxBP4(913:Ho013d heterozygous: 14 and 0; Hoxb13™
876 homozygous: 3 and 8; HoxBPH(SIIHOOLN  homazvgous: 11 and 6; HoxBP4(®
g77  Ho0LNG Lavd13™ homozygous: 0 and 4. (C) Boxplot displaying the distribution of
878 vertebrae length for each genotype at each position along the caudal region for animals
879 analysed by UCT. When the caudal vertebrae did not exist, the size was set to 0. Six
880 genotypes are plotted HoxBPe(%13:HOIN. Layq13nd  HoxgPe(S19:HOOId gy 3hd.
881  Hoxd13™, wt, HoxB"?(**®) and HoxBP®(%*3): HoxDP4 (1012,

882

883  Figure S3. Quantification of vertebral anomalies. (A). Barplot showing the number of
884  animals carrying either a classical ‘thoracic 10 (T10) vertebral formula, or a T9 with an
885 anticlinal morphology, which is usually typical of T10 (T9 > T10) for each of the 10
886  genotypes shown below. (B) Barplot showing the number of animals with the different
887  numbers of lumbar vertebrae. The specimens are those reported in Figure S2B.

888
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889  Figure $4. Quantification of Hoxb13 transcripts. (A). Quantification of Hoxb13 expression
890 by RNA-seq in E9.5 and E10.5 headless embryos of the following genotypes (n=3): HoxB"*
891  (wt), HoxB”?®*¥ homozygous (Del(i9-13)), HoxBP(1HIN homazygous (Del(i9-
892  13):hd) and Hoxb13"™ homozygous (Hoxb13"™). The significance was assessed by the Wald
893  test on counts with DESeq2, adjusted p-values: ns: p > 0.05, *: p <= 0.05, **: p <= 0.01, ***: p <=
894  0.001. (B) Projection on the two first principal components of all mouse samples analyzed by
895 RNA-seq (same genotype as in A), at the same two time points. (C) Heatmap showing the
896  expression of all Hox genes in the same samples as in A and B at the same two time points
897  (below) (expressed in log2(1 + FPKM)).

898

899 Figure S5: Global transcriptional changes associated with Hoxb13 gain of function. (A,
900 B) Euler diagrams highlighting the number of protein coding genes significantly upregulated
901 (A) or downregulated (B) in gastruloids showing Hoxb13 gain of function. The different
902 datasets used form comparisons are: E9.5, wt versus Del(i9-13); E10.5, wt versus Del(i9-13);
903 E10.5 Del(i9-13)hd versus Del(i9-13). Only two genes were significantly upregulated with
904 Hoxbl13 gain of function (Chl1, Baiap2l1). A single gene is significantly downregulated with
905 Hoxbl3 gain of function: Rbpj. No gene was found overlapping between the two Euler
906 diagrams. Genes were considered significantly expressed when adjusted p-value for two-
907  sided Wald test < 0.05 and fold-change above 1.5 or below 0.67.

908

909 Figure S6. scRNA-seq analysis of gastruloidswith deletion of the HoxB DNA spacer. (A)
910 UMAP projections of single cells of wild-type (left) and HoxB°?!®™®* (right) 144h
911  gastruloids. Cells are coloured by clusters associated to cell types. (B) UMAP projection of
912  single cells of wild-type (left) and HoxB#®*¥™ (right) 144h gastruloids. Cells are coloured
913 according to their levels of expression of Hoxbl3. (C) Heatmap reporting the average
914  expression of posterior Hox genes (group 9 to 13) on each cellular cluster either on wild-type
915  (left) or in HoxBP®¥™ (right) specimens. Hierarchical clustering was performed by using
916 these related genes to highlight the strong similarity between all genotypes, except for
917 Hoxbl3 (black arrowheads). (D) Heatmaps representing the inferred distribution of cells of
918  the NMP cluster in HoxBP®(**"* gastruloids for the different levels of expression of either
919 Hoxbl3 on the y-axis, or for Hoxa9, Hoxb9, Hoxc9 and Hoxd9 on the x-axis. The colour
920 scale is log transformed in order to see a greater range of frequencies. Black bins represent a

921  high proportion of cells whereas white bins indicate an absence of cells. (E) Inferred
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922  distribution of Hoxb13 expression using a two-Gaussian model in the same cells as in (D).
923  The average inferred distribution is in black and the 68 percentile confidence interval is in
924  grey. In dashed blue lines are plotted the truncated Gaussians with the median characteristics
925  (average and scale). The percentage indicates the proportion of cells in the Gaussian with the
926  highest expression.

927

928 Figure S7: Quantification of Hoxb genes expression in gastruloids. Quantification of
929  expression of Hoxbl (left), Hoxb9 (middle) and Hoxb13 (right) in gastruloids at 120h and
930  144h, in HoxB'™" (wt from (18)), HoxB"®P4913) (Del/Del(i9-13)) and HoxB#PH-
931  IMCBEI0) (Del/Del(i9-13):Ins(CBS5-10)). The significance was assessed by the Wald test
932  on counts with DESeq2 at 120h only. The p-values were not corrected for multiple tests (ns: p
933  >0.05, *:p<=0.05, **: p <=0.01, ***: p <= 0.001).

934

935 Figure S8: Controls for the Del(i9-13):1ns(CBS5-10) allele. (A-B) Control of the Del(i9-
936  13):Ins(CBS5-10) allele by nCATS. First track shows the coverage obtained by nCATS when
937  mapped on mm10 (A) or on the reconstructed mutant genome (B). Second track shows the
938 CRISPR guides which were used in the nCATS experiment. Most reads are between two
939  guides. Third track shows the mapping of individual reads selected because they cover the
940 cassette or the Hoxb9 gene or support the deletion of the HoxB cluster on the other allele (last
941 two reads in A). Each coloured block containing a CBS corresponds to the flanking region in
942  the wild-type allele (see A). (C) Quantification of Hoxb13 RNAs in gastruloids at 120h in
943  HoxBPP4(%1) (Del/Del(i9-13), n = 3), HoxBP#/Pe(S-13:In(CBS-10) e/ Dg| (19-13): Ins(CBS5-
944  10), n = 3) and HoxBP#/P4(S-13)INSCBE-10:DA(CBS-10) (e |/Del(i9-13): Ins(CBS5-10): Del(CBS5-
945 10), n = 2). The significance was assessed by the Wald test on counts with DESeq2. The p-
946  values were not corrected for multiple tests (ns: p > 0.05, *: p <= 0.05, **: p <= 0.01, ***: p <=
947  0.001). The level of Hoxb13 expression is restored when the CBS are deleted.

948

949 Figure S9: Inversion of CTCF sites in the inserted cassette. (A) CTCF profiles by
950 CUT&RUN using ES cells on the in silico reconstructed genome of the following genotypes:
951  HoxBPHPA(-13:InsCBE10) (fy)| cassette inserted, top track), HoxBP#/De(9-13):Ins(CBS-10):IM(CBSE-
952 19 (full cassette inserted and then inverted) and HoxBP®/Pe(19-13)Ins(CBS-10):Inv(CBSS-10):Del (CBST-10)
953  (full cassette inserted, then inverted, then deleted for CBS7-10). The arrows indicate the

954  inversion sites, yet the CBS are shown in their ‘native’ (pre-inversion) orientations. The
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955  positions of Hoxb9 and Hoxbl13 is shown below (black rectangles). (B) Quantification of
956  Hoxbl13 expression in log2(1 + FPKM) in gastruloids at 120h (left) and 144h (right) with the

957  CTCEF cassette inserted either in the native orientation (red) or in the inverted orientation

958  (blue). Genotypes are from left to right: HoxBP#/Pe(S13)IsCBEI0LDACESII0) (= 9y,

959  HoxBPe/De (9-13):Ins(CBS5-10):Inv(CBS5-10): Del (CBST-10) (n = 1), HoxBP¢/Del(i9-13):Ins(CBS5-10) (h = 3),
960  HoxBPe/De (9-13):Ins(CBS5-10):Inv(CBS-10) (clone 1, n = 4), HoxBP¢/Del(19-13):Ins(CBS5-10):Inv(CBS5-10)

961 (C|One 2 n= 2) HOXBDd/Dd(i9-l3)Z|nS(CB$-lO) (n — 1) HOXBDeI/DeI(i913):Ins(CBSE;—lO):Inv(CBSS—lO) (n - 2)
962  The significance at 120h for the inversion was assessed by the Wald test on counts with

963 DESeq?2. The p-values were not corrected for multiple tests (ns: p > 0.05). (C) Whole mount in

964  situ hybridisation with a Hoxb13 antisense probe of 120h gastruloids of HoxBP#P4(%

965 1B (Jeft) and two different clones of HoxBPe/PH (S 13 I(CBHA0IMEBSE0) (1 le and

966  right).

967
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sgRNA name | sequence PAM usage mm10 position
Hoxb9 &' GCCCTGGCCGGGCTTAGACCTGG | HoxBPe!(®13) chr11:496264970
Hoxb13_3' CAGTGGGTCCAAGTACAGTCAGG | generation chr11:-96197567
Hoxb13_hd_ | GACGGCTGTGCCTTCCGCCGAGG | Hoxb13™ chr11:496196015
5' generation
Hoxb13_hd_ | CCATCTGGTTTCAGAACCGCCGG chr11:496196172
3!
HoxB_5' AATGAGAACTGTAGGCGTCAGGG | HoxBP® chr11:-96193823
HoxB_3' AGTGGACTACTGGGTATCTGGGG | generation chr11:-96368388
InsCBS_1 GCCAGGCTGATTTAGATTCGGGG Insertion of chr11:+96266356
InsCBS_2 accccGAATCTAAATCAGCCTGG CBS5-10 chr11:-96266347
CBS5 CCAGGGCGCCGCCTAGAGGTCGG | Deletion of chr11:+96261762
CBS5-10
CBS7.1 ACACTTCCATCTTCTGGAGCCGG Deletion of chr11:496256179
CBS7-10in
both
orientation
CBS7.2 ATGGAAGTGTTCCTTTGCTGGGG Deletion of chr11:-96256156
CBS7-10 only
in native
orientation
CBS8 TGACCCCTGCCGGCCGCGAGAGG | Deletion of chr11:496235121
CBS8-10
CBS10.1 GGCAAATGTCTACCGGAAGGGGG | Deletion of chr11:-96198772
CBS5-10,
CBS7-10 and
CBS8-10
CBS10.2 AATGGCAAATGTCTACCGGAAGG Deletion of chr11:-96198775
CBS7-10 and
CBS8-10
Cassette_5' GATGGGACTCGTCCCCACTTAGG Inversion of Specific to
CBS5-10 HOXBDe/(i9—13):Ins(CBSE—
10)
Cassette_3'.1 | TCCTTGTGGCACCGACTAGGTGG Inversion of chr11:+96261986
CBS5-10
Cassette_3'.2 | TCCACCTAGTCGGTGCCACAAGG Inversion of chr11:-96261977
CBS5-10
minlON_1 CAGACCCCCTTCCCAGACATTGG nCATs pool 1 | chr11:+96193556
minlON_2 CTGTAATACTAAATGTGTCGGGG nCATs pool 1 | chr11:-96267908
and pool 2
minlON_3 GAGATTGAAATGGGAGTACAAGG nCATs pool 1 | chr11:-96268129
and pool 2
minlON_4 TTGGAACTTGGGTACCCACCAGG nCATs pool 1 | chr11:-96276767
and pool 2
minlON_5 CCTCCCGCAGAAATTGCAGGGGG | nCATs pool 2 | chr11:-96194206
minlON_6 TGAAGGAACCTCTCTCCTCGAGG NCATs pool 2 | chr11:496197252
minlON_7 GTGGCCATTTTAGCTCACGGGGG | nCATs pool 2 | chr11:496265123
minlON_8 TTCCCTCAAGAAGAAACCTGGGG nCATs pool 2 | chr11:+96265390
minlON_9 TTACAGTTTCCAGGGCAATGGGG nCATs pool 2 | chr11:-96368580
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Table S2: Genotyping primers

Allele Primer 1 Primer 2

HoxBPe!(1%-13) TACCGAACTCCCCCAGCTAA TAGAACCCTTGGCTGCAGTG
GCACCCTATCCTTGGGCTTTTG

Hoxb13™ TGATCTTGCGCTAGAGAGGGGAC | AGTCCAGAACTCAGAAGCCTGC

HoxBP® GGATATCTACAATGAGCTACGGT | TGACTCTCTGATTAAGAATGGGG

HoxBPe!(®- TGTGCCCAGGAAAGAAGTTCTT TTGAACCTGCTTTGCATCCATG

13):Ins(CBS5-
10):Del(CBS5-10)

Hox BDel(iQ—
13):Ins(CBS5-

10):Del(CBS7-10)

AATGAACAGAGGGCCCAAGTAG

TAGAAAGACTGCTCTGCACTGG

Hox. BDel(iQ—
13):Ins(CBS5-

10):Del(CBS8-10)

TGTGCCCAGGAAAGAAGTTCTT

AAGATAAGGACAGAGGCAAGGG

Hox. BDel(iQ—
13):Ins(CBS5-

10):Inv(CBS5-10)

GCCCAGGCCTCTCTCTACTT

TAGAAAGACTGCTCTGCACTGG

TCTTCTTTCAGATGCCACCTCC

TGTGCCCAGGAAAGAAGTTCTT

Hox. BDel(iQ—
13):Ins(CBS5-

10):Inv(CBS5-
10):Del(CSB7-10)

TAGAAAGACTGCTCTGCACTGG

TGTGCCCAGGAAAGAAGTTCTT
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Table S3: Sequences of various breakpoints

HOXBDe/(i9—13)
allele in mice

GGAGAATGGCTATTGCAGAAGTGGCAGCAGGAGATAGACTTGAGGGT
CTCATTCCCTGACT|ACCTGGGCCTTGGTCAGGATTCTTGAAGTCAGTT
CTGGATTTCTGGGTCCAGTACTTCAAATTCCTGGTTAAC

13):Ins(CBS5-10)

HoxBPe!(®-13) GGAGAATGGCTATTGCAGAAGTGGCAGCAGGAGATAGACTTGAGGGT

allele in CTCATTCCCTGAC|CTGGGCCTTGGTCAGGATTCTTGAAGTCAGTTCTG

HoxBPe!i%-13//+ GATTTCTGGGTCCAGTACTTCAAATTCCTGGTTAAC

gastruloid

HoxBPe!(®-13) GGAGAATGGCTATTGCAGAAGTGGCAGCAGGAGATAGACTTGAGGGT

allele in CTCATTCC|CTGGGCCTTGGTCAGGATTCTTGAAGTCAGTTCTGGATTT

HoxBPe/Peli®-13) | CTGGGTCCAGTACTTCAAATTCCTGGTTAAC

gastruloid

HoxBP® GGATATCTACAATGAGCTACGGTGGCTAGTACCCAGCCTCCAAGCACA
GAGCTCCCTG|AGTAGTCCACTGGTCTTTCCAGAGAACCCA

All alleles CAATGAGCTACGGTGGCTAGTACCCAGCCTCCAAGCACA|TCCCCTCAT

balanced by CCCCAGGAGATGGACACTTTATT...GGTTGGAAAGGCTGAGATAATGAG

HoxBP® carry TGTTGTTCGGGTCCCAGCTAAGGCAGAAGAGGATCC|CCAGTAGTCCA

these two CTGGTCTTTCCAGAGAACCCAGAAACACATGATAGAAGATGGGGGAAT

small deletions | CAGAAAGTTC

HoxBPe'™®- The full sequence is available at https://doi.org/10.5281/zenodo.12723266.

AGAGGCCCTGACCGGATGGGACTCG|TCCCCACTTAGGCAAGAAGCCA
CAAGATGCACTGTGCCATCTCAATGAACAGAGGGCCCAAGTAGAGAGA
GGCCTGGGCAGGTGAAAGTTCTGGACACCCAGGCTCTACATTTACCAG
TCTACTCTAAAGGGCTTAAAATTCTATGGTTCCTCTACTTTTCGTTGGTA
CTAATTTCAGAACAGACAAAAAGATTTGGGGGGTCTTAGAGATTTATTC
TGCCACCAACATTTTGAACTATTAAGAAGACAAGCGCTCCCCCTTCCG
GTAGACATTTGCCATTTCAGGAAACCAGCCCGCCGCCCAAGGCTTGCA
TCCATTACTTCCACCCCCCCACCCCCCCCACCCCCCCCCCAGCTTCGA
GCTTGCTGCAGCCTGGGACCTCCTGGCCTTCAGGTTCCGAGGGTTCT
GGGAATATGAAAGCTCCAGGACTCGAAGGCGCCAGGAATTCCAGCAG
ATGTATCAGTCTAGCCTCGGATAAGCCCCGGAGGAGGGCAGGAAGGG
CTGGAGATCAAGGCCTCAIAATATCCTTCGTGAATATAGTCTCAAAAATC
CTTAGAAAATAGTAGCAAAAATAAATAAATAAATAAAATGAACAAAAAAC
AACAACAAAAAAACAAACAAACAAAAAAATAGTAGCAAATAGAATTTAGT
AATACAGATCTGCAGAGAAGGCTCAGCAGGTAAGAATGCCTGCCTGCT
GGTCTTCTGGAGAACCTGGGATTTGTTCCCAGAACCACAGTGAGCTAT
AGTAATTCCAGCGTCCAGTAAAAATGGCGCCCTCTTCTGGCCTCTGTG
GGCAGCTACACAATCATGCACACAGATACATAAAGAAAAAAAAAGAAAG
ATTTTAGCAATATTTTAAAAGAATTATACACCATAACTAAGTGGGATTGA
TTCATGGATGCAAAGCAGGTTCAATATTCAAAACTCACCAATTTAATTCA
CCATATTAACAAAATCCGCATGATTATAACTGATATACAAAACACGTGTA
AAATCTAATGCCCCTTTAATGCATCTTTAAAAACCTTTTAGAACATAG|AT
CTACCAATTCCACTTCATGTTCTTGGTCCAGTTTCCCACCACAGCCTAG
CATGAGACCCAAGAGTAATTACTTGTAATTACAGAAAAGTGTGCTCCCA
AAAGGATGCAGGCACCTTAACCTTTCGAGGATAGCCTGACAGGATCAG
GAAAAGTGTGGCATCTTGGGAGGTGAGGTCCCCGGTAAGAAAGACTC
AGTAAAAGCAACCCGATGCAGCATCTGGCTACTAACAGGTTCACCCGC
GGCCACACAGTGACCCCTGCCGGCCGCGAGAGGAAAAGCGGCTCCC
AGCCTGGAACCACCGTGACCACATCCACAGCATCCACAGCAGCCACA
GCATCCACAGCAGCCACAGCAGCCACAGCAGCCACAGCAGCCACAGC
ATCCACAGTTACTCTTCTGAAGATCTGAAGACCTCGGTTCCCGCTGGG
CACCAGAAGAAGGCCAGAGCTGAGAGCTCTTCGCCATGGTCCTCACC

CGAGCACCCCCCAGACCTCCCCTTGCCTCTGTCCTTATCTTG|-
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|GAGAATCAGGGCCGCCGCCTCG
GCAGGCTTCCTCGGTTTTTACCGAATGAGCATCCTCTGGGCGAGTCTC
TGTATCCCTGAGCTGAGGAATATTTCTCCACCTTTGGGAACAATTTGCT
TGCTTCCTCCGAGCCACAACTCCACTGCACCCGCCCCGTTTCCCAGCT
CTGGGGTTCTTCTTTCAGATGCCACCTCCCTTGCCACCATTAACAGACA
CCTGCAAAACCCTACTAGGTCCCCAGCAAAGGAACACTTCCATCTTCT
GGAGCCGGCCAATTAATTAAAGAACATTAAGAAGCCGGAGGAGCTGTA
ATGGGGCTGTTTGGAACGTGGGGGCGCTGATGAGGTCATTAACCTCG
GAGTAAAGATTGGAACTGCAGACGCGCCTCTGGGCCCTTCTCAGCATC
CGGGTTTTGATCACTCCACCTGTCCATAGTGTTCAATCTTTCTCCTCTT
GTCCAGCGATGCGTTTTCCCCTTTATTTTCTCTTTCTCTGACGGCCCTT
GGGGAAGGTTTTATT

|CAGAAAGCACAGAGAGACCCACTCC

Hox BDel(iQ—
13):Ins(CBS5-

10):Del(CBS5-10)

AAAGATTTGGGGGGTCTTAGAGATTTATTCTGCCACCAACATTTTGAAC
TATTAAGAAGACAAGCGC|TCCTCGGTCTCGCTCACCGACCACAGAGCT
GCTTGTCCAAGCCACAGTGTCAG

HO X, B( Del/Del(i9-
13):Ins(CBS5-

10):Del(CBS7-10)

GGGGGTCTTAGAGATTTATTCTGCCACCAACATTTTGAACTATTAAGAA
GACAAGC|GCTGTTTGGAACGTGGGGGCGCTGATGAGGTCATTAACCT
CGGAGTAAAGATTGGAACTG

Hox B( Del/Del(i9-
13):Ins(CBS5-

10):Del(CBS8-10)

TTGGTACTAATTTCAGAACAGACAAAAAGATTTGGGGGGTCTTAGAGAT
TTATTCTGCCACCAACATTTTGAACTATTAA|GAAAAGCGGCTCCCAGCC
TGGAACCACCGTGACCACATCCACAGCATCCACAGCAGCCACAGCATC
CACAGCAGCCAC

Hox BDel(iQ—
13):Ins(CBS5-

10):Inv(CBS5-10)

GCTTGAGGCAGAGGAAATGTGCAAGGGGCCCATGAAAGAGGCCCTGA

CCGGATGGGACTCGTCCCCA||AGTCGGTGCCACAAGGACAAATATTTC

TTTGAGATCCCTGGTCCCTCTCTCTTCCTGGGGTTCGTTATGAAGCAG..
.CTGCCCAGGCCTCTCTCTACTTGGGCCCTCTGTTCATTGAGATGGCAC
AGTGCATCTTGTGGCTTCTTGCCTAAG|AGGTGGAAGAAAAGTCTCAAC
ATGTCAGTTTCCAGAAAGCACAGAGAGACCCACTCCCAGTGCA

Clone 1

Hox BDel(iQ—
13):Ins(CBS5-

10):Inv(CBS5-10)
Clone 2

TGAGGCAGAGGAAATGTGCAAGGGGCCCATGAAAGAGGCCCTGACCG
GATGGGACTCGTCCCCA||CACAAGGACAAATATTTCTTTGAGATCCCTG
GTCCCTCTCTCTTCCTGGGGTTC...CTCTACTTGGGCCCTCTGTTCATT
GAGATGGCACAGTGCATCTTGTGGCTTCTTGCCTAAG||GGCACCGACT
AGGTGGAAGAAAAGTCTCAACATGTCAGTTTCCAGAAAGCACAGAGAG
ACCCACTCCCAGTGCA

Hox BDel(iQ—
13):Ins(CBS5-

GTTCCAAACAGCCCCATTACAGCTCCTCCGGCTTCTTAATGTTCTTTAA
TTAATTGGCCGGCT|AT|GGAGCGCTTGTCTTCTTAATAGTTCAAAATGTT
GGTGGCAGAATAAATCTCTAAGA



https://doi.org/10.1101/2024.07.20.604409
http://creativecommons.org/licenses/by-nc-nd/4.0/

110 —this versior uly 23,2024 The DY IS preprint(w
is the au der, who has granted bioRxiv a license to display th It is made
available under aCC-BY-NC-ND 4.0 International license.

eer review
R e

ot certified bg
10):Del(CBS7-
(Derived from
Clone 1)



https://doi.org/10.1101/2024.07.20.604409
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.20.604409; this version posted July 23, 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-ND 4.0 International license.

Table S4: Homeobox/domain sequences of the two Hoxb13"™ null alleles

Allele name

DNA sequence

AA sequence

wild-type

CCCAGTGTCCAGCACCCTCCTCCCGACGGCTG
TGCCTTCCGCCGAGGCCGCAAAAAACGCATTC
CCTATAGCAAGGGGCAGTTGCGGGAGTTGGAG
CGGGAGTATGCAGCCAACAAGTTTATCACTAA
GGACAAGAGGCGCAAGATCTCGGCAGCCACC
AGCCTCTCTGAACGCCAGATTACCATCTGGTTT
CAGAACCGCCGGGTCAAGGAGAAGAAGGTTCT
TGCCAAGGTCAAGACCAGCACTACCCCGTGA

PSVQHPPPDGC
AFRRGRKKRIPY
SKGQLRELERE
YAANKFITKDKR
RKISAATSLSER
QITIWFQNRRVK
EKKVLAKVKTST
TP-

Hoxb13""

CCCAGTGTCCAGCACCCTCCTCCCGACGGCTG
TGCCTTCCG|AGGCCGCAAAAAACGCATTCCCT
ATAGCAAGGGGCAGTTGCGGGAGTTGGAGCG
GGAGTATGCAGCCAACAAGTTTATCACTAAGGA
CAAGAGGCGCAAGATCTCGGCAGCCACCAGC
CTCTCTGAA|GGGTCAAGGAGAAGAAGGTTCTT
GCCAAGGTCAAGACCAGCACTACCCCGTGA

PSVQHPPPDGC
AFR<1aa>GRKK
RIPYSKGQLREL
EREYAANKFITK
DKRRKISAATSL
SE

Hoxb 13"

CCCAGTGTCCAGCACCCTCCTCCCGACGGCT]|
GCAAAAAACGCATTCCCTATAGCAAGGGGCAG
TTGCGGGAGTTGGAGCGGGAGTATGCAGCCAA
CAAGTTTATCACTAAGGACAAGAGGCGCAAGA
TCTCGGCAGCCACCAGCCTCTCTGAACGCCAG
|IGTTTCAGAACCGCCGGGTCAAGGAGAAGAAG
GTTCTTGCCAAGGTCAAGACCAGCACTACCCC
GTGA

PSVQHPPPDGC
<6aa>KKRIPYSK
GQLRELEREYA
ANKFITKDKRRKI
SAATSLSERQ

HOXBDe/(iQ— 13):Hoxb13hd1

CCCAGTGTCCAGCACCCTCCTCCCGACGGCI|A
AAAAACGCATTCCCTATAGCAAGGGGCAGTTG
CGGGAGTTGGAGCGGGAGTATGCAGCCAACA
AGTTTATCACTAAGGACAAGAGGCGCAAGATCT
CGGCAGCCACCAGCCTCTCTGAA|CGCCGGGT
CAAGGAGAAGAAGGTTCTTGCCAAGGTCAAGA
CCAGCACTACCCCGTGA

PSVQHPPPDG<
7aa>KKRIPYSKG
QLRELEREYAA
NKFITKDKRRKIS
AATSLSE<9aa>
RRVKEKKVLAKY
KTSTTP-

HOXBDe/(iQ— 13):Hoxb13hd2

CCCAGTGTCCAGCACCCTCCTCCCGACGGCTG
TIGCAAAAAACGCATTCCCTATAGCAAGGGGCA
GTTGCGGGAGTTGGAGCGGGAGTATGCAGCC
AACAAGTTTATCACTAAGGACAAGAGGCGCAA
GATCTCGGCAGCCACCAGCCTCTCTGAACGCC
AGATTACCAT|TACCAGAATCCGCCGGGTCAAG
GAGAAGAAGGTTCTTGCCAAGGTCAAGACCAG
CACTACCCCGTGA

PSVQHPPPDGC
A
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Table S5: Probes for WISH

Probe Sequence

Hoxb9 antisense GCCAAGCTATTTAGGTGACACTATAGAATACTCAAGCTATGCATCC
AACGCGTTGGGAGCTCTCCCATATGGTCGACCTGCAGGCGGCCG
CGAATTCACTAGTGATTCTTTGTCCTCGCTTCCTTCGCAAATTTTAT
TGTCCCCGTAGCCAGCTCTTTGATTAGACAGGACAGCCTCCCTGC
CCGCCGAAGTTTCCAAACTGTACTCGGGCGTGCCCTGTTTGAGCA
GCTCCCCCGGCGCACCCAGCAGCGGCTCCGCCTTCACGGCCGCC
TGGCCCTGCCCCGGGGCGGCCTCGGCGCGCGGCGCCGGCTCTA
GCCAGGTGCGGAGGTACCTGCTCTCGGCCGCCGGCGCGCCCTG
GGGCTGCAGGTAGGGGTGGTAGACAGACGGCAGGCTCCCCGAG
GCGTGCGGGCTCAGCGGCGCCCAGGAGGCGCCGAACACCGGCG
CTTTGGGCTGGAAGCTGCACGAGGGGAAGTCCAGGTGCTCGGCG
TGGCCCGGCTGCCGCGGGTTCGCGTACTGGCCCGAAGGAAACTT
GGCTGGAGGCGCGTCCTCGCTCTCGTGACTTATGATCGAGTCGAC
ATAATAGCTGCTAAGCGTCCCAGAAATGGACATTCTCAGACATTAT
CCGCGCGCTCGCAGGGGGAAGGGAAGCGCTCGLCGLCGLGGLGe
CCAAGCAGGGAAAAGGTGGCACACGGACCCGGTGCAGAGGGCTT
TCGGACGCGACCCCCCCAGACCCCCACCCTCCCAC cceecAcceee
CTGCTCAACTTCTCAGCCAACAAAGTACAGTGGAGCAATCGAATTC
CCGCGGCCGCCATG

Hoxb13 antisense | GTGAATTGTAATACGACTCACTATAGGGCGAATTGGGCCCGACGT
CGCATGCTCCCGGCCGCCATGGCGGCCGCGGGAATTCGATTCAC
CTTGGCAACACATCTGGCTGTTCCAGCCACCGGCCAGGGCCCAG
GGCTGGTAACTGTCCACGGGAAGCAGAGAATCGTGGCGAGGCTC
TCCGGGGGCTCCCAGGGTCTGCACCACAGACACATCCAGGTAACT
GGCCATAGGCTGGTATGGTCCCGGGTAGCCCGGATAGAAGGCAA
ACTCGGTGGGACGGCTGGGATACTCCTCCCCAGGTGCAGGAGTT
TCCGAAGGGTAGGTAGCCAGGGCGGCCGTCTGGGCACAGGGTTT
CAGGGAGCTCCTGGATACTCGGCAAGAGTAGTACCCGCCTCCAAA
GTAGCCATAAGGCACAGGAGCTGGAGATGCCCCCTGAGGCACCC
CAGGACAAGGGTGGCACTGCTTTGGTGGCTCTGCAGAGCCTGGC
AGATCCAGGGGGGCATAGTTGACAGTTGGCATCAGCGTTGGAGC
CGCGGGATGGCTAGCCAGTGGGGAGGAGTGGGAGACTAGATTCC
GACCCCCTCCAGCTCCCAGCAAGCCTTCGATATCCTTGGCCCCGT
CCAAGGTGGCATAATTGAATCA
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