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ABSTRACT

Some human families display severe shortening and bending of the radius and ulna, a condition
referred to as mesomelic dysplasia. Many of these families contain chromosomal
rearrangements at 2q31, where the human HOXD locus maps. In mice, the dominant X-ray-
induced Ulnaless inversion of the HoxD gene cluster produces a similar phenotype suggesting
that the same mechanism is responsible for this pathology in humans and mice. Amongst the
proposed explanations, the various alterations to the genomic structure of HOXD could expose
Hoxdl3 to proximal limb enhancers, leading to its deleterious gain-of-expression in the
embryonic forelimb. To assess this hypothesis, we used an engineered 1Mb large inversion
including the HoxD gene cluster, in order to position Hoxd13 within a chromatin domain rich
in proximal limb enhancers. We show that these enhancers contact and activate Hoxd13 in
proximal cells, concomitant to the formation of a mesomelic dysplasia phenotype. A secondary
mutation in the coding frame of the HOXD13 protein in-cis with the inversion completely
rescued the limb alterations, demonstrating that ectopic HOXD13 is indeed the unique cause
of this bone anomaly. Single cell expression analysis and evaluation of HOXD13 binding sites
in cells from this ectopic expression domain suggests that the phenotype arises primarily by
acting through genes normally controlled by HOXD13 in distal limb cells. Altogether, these
results provide a conceptual and mechanistic framework to understand and unify the molecular

origins of human mesomelic dysplasia associated with 2q31.
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INTRODUCTION

Several human families displaying shortened and bent forearm bones have been
reported with large chromosomal rearrangements in the q31 band of chromosome 2, a region
containing the HOXD gene cluster (Cho et al., 2010; Kantaputra et al., 2010; Le Caignec et al.,
2019; Peron et al., 2018). Although they are correlated, the potential involvement of HOX
genes in causing these limb dysmorphias (mesomelic dysplasias) has never been confirmed,
despite various studies in mice indicating that some Hox mutations can reproduce this
condition. For example, the loss-of-function of either Hoxd1 1 or Hoxal I individually produced
mild phenotypes in the forelimbs (Davis and Capecchi, 1994; Small and Potter, 1993), but
when these paralogous null alleles were combined, a severe mesomelic dysplasia of the radius
and ulna appeared, resembling human arms with 2q31 alterations (Boulet and Capecchi, 2004;
Davis et al., 1995; Wellik and Capecchi, 2003). However, none of the human families
evaluated by genomic analyses showed any mutations affecting HOX gene bodies, suggesting
that the limb malformations were likely to result from mutations interfering with the highly
coordinated regulation of HOXD gene transcription during early limb development (Andrey et

al., 2013; Tarchini and Duboule, 2006).

A strong mesomelic dysplasia (MD) was reported in mice carrying the X-ray-induced
mutation Ulnaless, an inversion mapping to the murine HoxD locus (Davisson and Cattanach,
1990; Spitz et al., 2003). Evaluation of Hox transcripts in the limbs of Ulnaless mutant embryos
revealed the ectopic presence of Hoxd13 transcripts in the presumptive cellular domain for the
radius and ulna, but also gave conflicting results on the down-regulation of both Hoxall or
Hoxdll (Hérault et al., 1997; Peichel and Vogt, 1997). Because Hoxdl3 is normally
transcribed only in the most distal cells of the developing limb buds, where digits are formed
(Dollé et al., 1991), the possibility that mesomelic dysplasias in both human and mice are
caused by a deleterious Hoxd13 gain-of-function in the proximal domain, where long bones of
the forearm normally develop, was put forward (Hérault et al., 1997). This hypothesis was
supported by the dominant nature of these malformations in both the human conditions
(Kantaputra et al., 1992) and the mouse Ulnaless mutant (Davisson and Cattanach, 1990), the
latter being mostly homozygous lethal (Hérault et al., 1997; Peichel and Vogt, 1997).

Extensive chromosome engineering at the murine HoxD locus has shed light on the
complex regulation of these genes during limb development. The gene cluster is flanked by
two ca. IMb regulatory landscapes. Centromeric to the cluster (on the side of Hoxd13), a range

of digit-specific enhancers regulate the transcription of Hoxd13 to HoxdI0 in the most distal
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76  cells of the growing limb bud (Montavon et al., 2011) (Figure 1a, C-DOM). On the other side
77  of the gene cluster, a series of proximal limb enhancers activate Hoxd9 to Hoxdll in
78  developing forearm cells (Andrey et al., 2013)(Figure 1a, T-DOM). This bimodal type of
79  regulation is organized by the presence of an insulation boundary localized between Hoxd!1
80 and Hoxdl2 which is established by several bound CTCF proteins (Rodriguez-Carballo et al.,
81  2017). Under normal conditions, this strong insulation boundary prevents the activation of
82  Hoxdl3 in forearm cells by proximal limb enhancers. In the Ulnaless allele, the HoxD cluster
83  isinverted (Spitz et al., 2003)(see Figure 1a) and as a consequence, Hoxd13 is brought into the
84  vicinity of known forearm enhancers, putatively explaining its ectopic activation in proximal
85  limb cells. Since the semi-dominant gain of Hoxdl3 expression coincides with a phenotype
86  that mimics the combined loss of both Hoxdll and Hoxall in the proximal limb, it was
87  proposed that the presence of the HOXDI13 protein would either directly repress the
88  transcription of HoxI1 genes (Peichel and Vogt, 1997), or inhibit the function of group 11
89  HOX proteins through a dominant negative mechanism referred to as ‘posterior prevalence’

90  (Duboule and Morata, 1994).

91 The need to prevent expression of Hoxdl3 in proximal limb bud cells was further
92  documented by forcing expression in the whole limb bud. Early and strong expression of the
93  transgene completely ablated limb formation proximal to the hands and feet (Goff and Tabin,
94 1997; Williams et al., 2006; Yokouchi et al., 1995). Another chromosomal rearrangement at
95  the HoxD locus showed that a late and weak gain of Hoxd 13 transcription in the proximal limb

96  was enough to shorten the length of the radius and ulna (Tschopp and Duboule, 2011).

97 While the evidence from these mouse models suggested the gain of HOXDI13 as
98  causative, several key questions remained to be answered to turn this hypothesis into an
99  explanation. For instance, how is Hoxd13 transcription gained in proximal limb cells? Is the
100  gained HOXD13 protein really the cause of the observed alterations and if yes, does ectopic
101  HOXD13 produce these alterations by directly down-regulating Hox/1 transcription or does
102  HOXD13 interfere with HOX11 protein activity in a dominant negative manner? To answer
103 these questions, we used a novel chromosomal inversion in mice similar to the Ulnaless
104  rearrangement, yet with slightly different breakpoints leading to a milder gain of Hoxdil3
105  expression and accompanying phenotype. This strategy allowed us to raise a hypomorph
106  mutant strain and produce homozygous mutant embryos and adults amenable to molecular
107  analyses. By inducing a secondary mutation in-cis with the inversion, we demonstrate that the

108  gain of expression of Hoxd13 is indeed the sole reason for the mesomelic dysplasia phenotype
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109  and that it is caused by the abnormal genomic proximity between this gene and native HoxD
110 cluster proximal limb enhancers. Furthermore, single cell RNA-seq and protein binding
111  analyses strongly suggest that the effect of ectopic HOXD13 protein is mediated by its binding
112 in proximal cells, to sites that are normally occupied by HOXD13 in distal cells and by HOX11
113 proteins in proximal cells, together with a partial reduction in the transcription of Hoxall, but
114 not Hoxdll. These results allow us to present an inclusive molecular explanation for the

115  reported human 2q31 mesomelic dysplasias.

116

117 RESULTS

118 A mouse model for limb mesomelic dysplasia

119 Human mesomelic dysplasias have been associated with the HOXD locus (Fujimoto et
120  al., 1998; Le Caignec et al., 2019; Peron et al., 2018; Spitz et al., 2002; Ventruto et al.,
121 1983)(Figure 1a), but the gene bodies were not affected. Instead, the physical relationship with
122 the flanking regulatory regions was modified, suggesting a potential impact of chromosomal
123 rearrangements upon the long-range regulation of these genes during early limb development
124 (Andrey et al., 2013; Kragesteen et al., 2018; Le Caignec et al., 2019). While the murine
125  Ulnaless X-ray-induced inversion is an excellent proxy for these conditions, the severity of its
126  effects and the early homozygous lethality, perhaps due to a breakpoint in the Lnpk gene
127  (Figure la, Ulnaless), made the use of these mice difficult for further analyses and genome
128  editing. We circumvented these problems by using a novel HoxD inversion (HoxD™? mm10
129 chr2:74477755-75441001), which was engineered with a 5° breakpoint within C-DOM, just
130  downstream of the Lnpk gene, whereas the 3’ breakpoint was positioned telomeric to the gene
131  cluster within the proximal limb regulatory domain (Figure 1a, inv2). As a consequence, the
132 Lnpk gene remained intact and most proximal limb enhancers were inverted along with the
133 gene cluster (Figure 1a, bottom panel). Since these latter enhancers were likely responsible for
134 the strong gain of Hoxdl3 expression in the Ulnaless inversion, this new inversion was
135  expected to produce a weaker phenotype and viable homozygous specimen, allowing us to

136  carry out the necessary analyses.

137 This inversion was produced by the STRING approach (Spitz et al., 2005) and mice
138  were born at a Mendelian ratio, without any detectable limb anomaly in the heterozygous

139  condition, unlike the Ulnaless allele. However, F2 mice homozygous for the HoxD™?
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140  (hereafter inv2) inversion displayed a clear abnormal morphology of their forelimbs, which
141  was accompanied by a detectable problem in walking. This abnormal phenotype, reminiscent
142 of a mild limb mesomelic dysplasia was fully penetrant. The analysis of skeletal preparations
143 revealed that the radius and ulna were ill-formed, shortened, bent towards the posterior aspect
144 and rotated approximately 90° along their length with respect to the position of the humerus.
145  These combined alterations led to the observed abnormal angle between the hands and the
146  forearm (Figure 1b). This phenotype, only observed in HoxD™?2 mice, was confirmed and
147  further assessed after micro-CT scans of several mutant and control skeletons (Figure 1b, right
148  panels). CT scans allowed for precise measurements of bone lengths and revealed a significant
149  shortening (ca. 20%, p < le-6) of both radius and ulna (Figure 1c). In addition, the digits of
150  inv2 mice were abnormal, showing a pattern reminiscent of a partial loss of function of Hoxd13
151  (Figure 1b, Supplementary Video 1). Therefore, the HoxD™? allele produced living

152  homozygous mice with a light yet fully penetrant and significant limb mesomelic dysplasia.

153  Ectopic Hoxdl13 transcription and phenotypic rescue through a secondary mutation

154 We determined whether the inv2 allele had expectedly induced an ectopic expression
155  of Hoxdl3 in developing forearm cells, as for the Ulnaless inversion, by performing time-
156  course analyses of Hoxdl3 mRNAs by whole-mount in situ hybridization (WISH)(Figure 1d).
157  During the earliest phase of Hoxd13 expression, we observed a weak staining when compared
158  with wild type limb buds. Shortly after, by E11.5 when the proximal and distal limb domains
159  begin to separate, a clear Hoxdl3 signal was apparent in the posterior-distal portion of the
160  nascent proximal limb domain of inv2 mutants and absent from control littermates (Figure 1d

161  black arrowhead).

162 From E12.5 to E14.5, the ectopic domain of Hoxdl3 mRNA continued to be detected
163 in the posterior-distal part of the proximal limb domain separated from the distal domain by a
164 thin strip of low-expressing cells, i.e. exactly matching the position of the future distal end of
165  the ulna (Figure 1d, arrow). While this ectopic domain was fully penetrant, it was clearly
166  weaker and smaller than in the Ulnaless mutant limb buds (Hérault et al., 1997; Peichel and
167  Vogt, 1997), probably due to the fact that the strong proximal limb enhancer CS65 (Andrey et
168  al.,2013) is not adjacent to Hoxd13 in the inv2 allele, unlike in Ulnaless, instead leaving only
169  a few putative enhancer sequences (Andrey et al., 2013) at their initial positions (see below).
170 By E13.5 the transcription of Hoxdl3 was diminished in the proximal and distal limbs of inv2
171  limbs.
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172 To demonstrate that this localized ectopic domain of Hoxdl3 mRNAs was indeed
173 causative of the limb mesomelic dysplasia phenotype, we used a CRISPR-Cas9 approach to
174 induce a secondary mutation in-cis with the inverted chromosome to functionally inactivate the
175  HOXD13 protein (Supplementary Figure 1a). We induced a 7bp deletion causing a frame shift
176  mutation N-terminal to the nuclear localization signal and homeodomain of HOXD13, the
177  latter domain being necessary for binding to the major groove of target DNA sites. At the same
178  time, the same 7bp deletion was also isolated on the wild type chromosome as a control allele
179  (Supplementary Figure 1b). Mutations disrupting formation of the HOXD13 homeodomain
180  were shown to induce a loss-of-function phenotype in the distal limbs and indeed mice
181  homozygous for this Hoxdl3" mutation alone displayed the well described Hoxd13 loss-of-
182  function phenotype in their digits (Dolle et al., 1993)(Figure 1b). While mice homozygous for
183  this Hoxdl3" mutation in-cis with the HoxD™?"? inversion (HoxD™?"2:Hoxd]l3"") also
184  displayed the expected loss-of-function phenotype in their digits, the mesomelic dysplasia was
185  completely rescued with full penetrance, leading to normal forelimbs as verified by both
186  skeletal staining and micro-CT analyses (Figure 1b and c, Supplementary Video 1). This result
187  demonstrated that the gain of Hoxdl3 function in proximal cells was indeed the unique and

188  proximal cause of limb mesomelic dysplasia.

189  Topological reconfiguration of enhancer-promoter interactions after inversion

190 Expression of Hoxd genes during limb development is controlled by two large
191  regulatory landscapes (Figure 1a, C-DOM and T-DOM) which also match two topologically
192 associating domains (TADs)(Dixon et al., 2012; Nora et al., 2012; Sexton et al., 2012) that
193  flank the gene cluster (Figure 2a). The insulation boundary between these two TADs
194  (Rodriguez-Carballo et al., 2017) relies upon the presence of multiple CTCEF sites that split the
195  gene cluster into two distinct parts, separating Hoxd 13 and Hoxd12 from the other genes of the
196  cluster (Bolt and Duboule, 2020). Hoxd13 is located centromeric to the TAD boundary (Figure
197  2a, purple pin) and responds exclusively to the various digit enhancers localized in C-DOM
198  (Figure 2a, red ovals), which are active only in distal limb cells. In contrast, enhancers within
199  T-DOM (Figure 2a, blue ovals) are active and promote Hoxd9, Hoxd10, Hoxdl 1, and Hoxd12
200  transcription in the proximal limb. In the inv2 allele, the breakpoints of the 963 kb inversion
201  lie on either side the HoxD cluster, positioned within each one of the two TADs (Figure 2a
202  dashed lines). In order to assess the regulatory reallocations induced by these topological

203  modifications, we collected cells from wild type and inv2 mutant proximal and distal forelimbs
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204  and measured DNA-DNA interaction frequencies by Capture Hi-C (CHi-C). The captured

205  sequences were aligned to a reconstructed inv2 mutant genome (Fig 2a, bottom profile).

206 In distal limb cells of E12.5 control embryos, the chromatin conformation displayed the
207  well-characterized topology of the HoxD locus containing two TADs separated by the CTCF-
208  dependent insulation boundary present within the gene cluster (Rodriguez-Carballo et al.,
209  2017). In the inv2 allele, a major redistribution of contacts was observed, which could be
210  explained by the reorganization of the various CTCF insulation boundaries present over the
211  entire locus. We defined insulation boundaries as a concentration of occupied CTCF sites
212 capable of producing a bidirectional boundary effect in normal limb cells. Five such boundaries
213 were identified, schematized as triangles and labelled from 1 to 5. The orientation of the sites
214  isreflected by the orientation and color of the triangles, where sizes indicate the strength of the

215  boundary effect (Figure 2a, middle panel).

216 On the inversion allele, the HoxD insulation boundary (Figure 2a, triangles 2 and 3)
217  was inverted and moved closer to the telomeric end of T-DOM. From this new position, one
218 boundary element (triangle 2) established contacts with the existing telomeric boundary
219  (triangle 5) to induce formation of a new TAD (T-DOMneo). This small and dense domain
220  contained Hoxdl3, a single digit enhancer (Prox)(Gonzalez et al., 2007), and a few putative
221  proximal limb enhancer elements that remain in place since they are located beyond the
222 telomeric inversion breakpoint (the blue portion of T-DOMneo). All other proximal limb
223 enhancers were relocated to the other side of the locus (Figure 2a, between boundary triangles
224 1 and 3) where they also formed a new TAD structure with the large portion of C-DOM that
225  had stayed at its initial position (Figure 2a, C-DOMneo between boundaries 1 and 3). Thus,
226  the novel C-DOMneo regulatory landscape contained the majority of functional proximal and

227  distal limb enhancers (Supplementary Figure 2b).

228 To determine if the reconfiguration of the regulatory landscapes had altered the
229  expression of other Hoxd genes, we evaluated their expression by WISH. In inv2 mutants we
230 found a minor increase in Hoxdll and Hoxdl2 expression in the proximal limb buds
231  (Supplementary Figure 2c) likely resulting from the same change in contacts affecting Hoxd13
232 expression. In contrast, we observed a reduction of Hoxd12, Hoxdl 1, and Hoxd10 in the distal
233  limb compartment, certainly resulting from the increased distance between these genes and
234 their distal limb enhancers within the C-DOMneo configuration. The fact that only the Prox
235  distal limb enhancer remained with Hoxdl3 after inversion explained the severely reduced

236  transcription of Hoxdl3 in distal limb cells and the associated phenotype.
8
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237 We then looked at T-DOMneo to determine if Hoxdl3 expression in proximal cells
238  after inversion could be linked to increased contacts with the portion of the proximal limb
239  regulatory landscape that had not been inverted (Figure 2b). In the inverted allele, Hoxd13
240  indeed established significant interactions with a region that was labelled by H3K27 acetylation
241  in proximal limb cells at this stage (Beccari et al., 2016), and which displayed several
242 accessible chromatin regions, as assayed by ATAC-seq (Figure 2b)(Buenrostro et al., 2013).
243  The presence of putative regulatory elements within the T-DOMneo suggested that these

244  elements may be responsible for the ectopic expression of Hoxd13 in the PL.

245 To confirm that this particular region carried some proximal regulatory activity, we
246  identified six regions showing H3K27ac signal in wild type proximal limbs, ATAC peaks in
247  the inv2 samples, and no apparent CTCF binding. These six putative enhancer elements, CS68
248  and Proximal Limb Enhancers PLEO1 to PLEOS (Figure 2b and Supplementary Table 1) were
249  generated as a concatenated element and positioned 5’ to a lacZ reporter construct. All
250 transgenic embryos showing [3-gal staining were positive in the proximal limb (7 out of 7),
251  however the size of the expression domain varied from a small discrete patch to several larger
252  regions extending towards the distal boundary of the proximal limb domain (Figure 2b and
253  Supplementary Figure 2e). While the domains were not always completely overlapping with
254  the ectopic Hoxdl3 domain, these results confirmed that DNA sequences at the vicinity of
255 Hoxdl3 in the inv2 configuration are active in proximal limb cells, where they also
256  significantly increased their contacts with Hoxdl3. Noteworthy, other sequences located
257  telomeric to TAD boundary #5 were shown to contribute to Hoxd gene expression in a posterior
258  patch of proximal cells (Yakushiji-Kaminatsui et al., 2018), which together with the sequences

259  reported here, may all contribute to the ectopic expression of HoxdI3 in the inverted allele.

260 We then evaluated if the structural changes observed in the CHi-C may have
261  contributed to the ectopic expression of Hoxd13 in proximal limb cells by altering the enhancer
262  status of the two regulatory landscapes. To do so, we used our ATAC-seq datasets to identify
263  any changes in chromatin accessibility in proximal and distal limbs of both genotypes and a
264  wild type forebrain as control (Fernandez-Guerrero et al., 2020). First, we selected the ATAC-
265  seq peaks corresponding to non-genic elements located throughout the locus outside of the
266  gene cluster. We then evaluated them visually using heatmaps and found a high correspondence
267  between the accessibility status and the tissue of origin (Figure 2c left). This was confirmed by
268  hierarchical clustering analysis of the non-genic elements (Supplementary Figure 2d left

269  panel). However, when we evaluated the accessible gene promoters in the HoxD cluster, there
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270  were only minor differences between the PFL samples, but noticeable differences between the
271  DFL samples, especially on Hoxdl3 and Hoxd11 (Figure 2c right). We repeated the clustering
272 analysis on these regions and observed that they no longer clustered by tissue of origin, rather
273  both inv2 samples clustered closely with the wild type PFL sample (Supplementary Figure 2d),
274  and the differences are most apparent in the genomic coverage map of the gene cluster
275  (Supplementary Figure 2a ATAC). These changes in promoter accessibility, in particular
276  Hoxdll and Hoxdl3 in the DFL, mirror the reduction in expression of these genes observed
277 by WISH, and support the conclusion that the inversion did not change the activity status of
278  the regulatory landscapes. Instead, the inversion altered the relationship between the genes and
279  their enhancers by forming a new three-dimensional structure that restricted 5 genes from their
280  normal C-DOM enhancers, and simultaneously introduced them to proximal limb enhancers,

281  which they are normally insulated from.

282  Excluding Hoxl11 transcriptional down-regulation as the secondary cause of mesomelic

283  dysplasia.

284 Having established the mechanism leading to the gain of expression of the Hoxd13 gene
285  in proximal limb cells and the fact that ectopic HOXD13 in these cells is the sole cause for the
286  limb deformities, we addressed the potential mechanisms through which the protein may
287  achieve its deleterious effect. The limb alterations produced by either the Ulnaless or the inv2
288 alleles are both similar to the limb phenotypes found in mice with significant reductions in
289  Hoxall and Hoxdll transcription (remaining expression <50% in Hoxall and <50% in
290  HoxdlI)(Davis et al., 1995). One proposed explanation is that ectopic HOXD13 may abrogate
291  transcription of Hoxall and Hoxdl 1l in proximal limb cells so that the mesomelic dysplasia
292  phenotype converges towards a combined Hox/I loss-of-function phenotype (Peichel and
293  Vogt, 1997). However, another study did not observe any substantial change in HoxI]

294  transcription in proximal Ulnaless limbs (Hérault et al., 1997).

295 We revisited these results by performing in situ hybridizations for Hoxal 1l and Hoxd1 1
296  but imaged the embryos in a time course through the linear phase of color development when
297  differences in staining are more apparent (Figure 3a and Supplementary Figure 3a). At E12.5,
298  we observed that Hoxall transcripts are slightly but clearly reduced in a small region of the
299  proximal limb of inv2 mutants corresponding to the ectopic Hoxdl3 domain (arrow in Figure
300  3a and arrowhead in Supplementary Figure 3a). Under the same conditions, we also observed

301  asimilarly small but consistent increase of Hoxd11 transcripts at the same position (arrowhead

10
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302 in Figure 3a and Supplementary Figure 3a). Even so, this partial reduction of Hoxall
303  transcripts by Hoxdl3 is not sufficient to explain the observed phenotype, especially without

304  an at least equivalent or greater reduction of Hoxd11 transcripts.

305 Because in situ hybridizations have a poor cellular resolution and are difficult to
306 quantify, we implemented single-cell RNA-seq to evaluate a potential correlation between
307  ectopic HOXD13 and a reduction in the amount of Hox// transcripts. We micro-dissected a
308  region including the ectopic patch of Hoxdl3 mRNAs in both inv2 and wild type limbs (Figure
309  3b, dashed quadrangle) and processed them for single cell RNA-seq using the 10X Chromium
310  platform with 3.1 chemistry. We sequenced 5006 cells from one wild type and two inv2
311  biological replicates producing 4535 and 4315 cells, with a mean number of reads per cell
312  between 60’000 and 80’000, and analyzed with the Seurat package (Butler et al., 2018).
313 Clustering analysis displayed in a 2-dimensional UMAP identified one main group consisting
314 of 11 clusters (Figure 3c). All clusters were identified in both genotypes, but three clusters (7,
315 8, 11) were present in greater proportions in the inv2 samples, suggesting no major changes to

316  clustering identities between the two genotypes.

317 To separate proximal from distal cell clusters, we identified the clusters where Hoxd13
318  was strongly expressed in wild type cells (clusters 3, 4, 5, 9), and did the same for Hoxall
319  (clusters 0,1,2,4,6,7,8,9,11), which was strongly associated with cells also expressing the
320  proximal limb marker Shox2 (Figure 3d, Supplementary Figure 3b). We then tried to visually
321  identify clusters which 1) had an increase of Hoxd3 in the inv2 configuration, 2) express
322  Hoxall in the wild type, and 3) express other proximal limb markers. We identified two
323  clusters meeting these criteria (clusters 1 and 6)(Figure 3e and Supplementary Figure 3b). In
324  the UMAP, these two clusters reside along the boundary between cells that are distinguished
325 by proximal and distal limb marker genes, yet more closely associate with cells displaying a

326  proximal limb identity (Figure 3c-d and Supplementary Figure 3b-c).

327 In single cell RNA seq experiments, the proportion of zeros is highly anti-correlated
328  with the mean expression value of the gene (Tung et al., 2017). Accordingly, we used the
329  proportion of zeros as a proxy for the mean expression values to evaluate if the ectopic
330  expression of Hoxdl3 in the proximal limb clusters produced a correlational effect on the
331  expression of Hoxall and Hoxdl 1. We predicted that the expression level of Hoxd13 is higher
332  incells where Hoxdl13 is detected, and vice-versa for cells where Hoxd 1 3 is not detected. When
333  we analyzed cells with detectable Hoxd13 we observed that the proportion of cells with Hoxal I

334  was always significantly decreased compared to those cells without HoxdI3 (Supplementary

11


https://doi.org/10.1101/2021.02.01.429171
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.01.429171; this version posted February 2, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

335  Figure 3d). The exception to this is cluster 6 in the wild type sample because there are very few
336  cells where Hoxdl3 is detected. Following the same reasoning, we found a strong positive

337  correlation between Hoxd11 and Hoxd13 in clusters 1 and 6 of the inv2 sample.

338 However, this method can be biased when the number of UMIs is different between
339  samples. In order to remove this bias, we used a new method based on a Markov chain Monte
340  Carlo, to evaluate the inferred true distribution of expression for each gene independently, by
341  cluster and by genotype (see Methods). This new method can be applied to any single gene,
342  determining the confidence interval on the distribution of expression, and a confidence interval
343  on the fold-change between two conditions (Supplementary Figure 3e). Using this approach,
344  we found a two-to-three-fold increase in Hoxd13 in clusters 1 and 6, and observed a 40 to 55%
345  decrease in Hoxall transcripts compared to wild type cells in the same clusters, and a decrease

346  of 15to 30% for Hoxdl 1.

347 This method can be extended to evaluate the distribution of expression for two genes
348  at the same time. First, we evaluated the distal limb control cluster 3 and found a clear anti-
349  correlational between Hoxdl3 and Hoxall (Figure 3f, bottom left panel), matching the
350  previous observation that Hoxdl3 represses the transcription of Hoxall in the distal limb
351  (Beccari et al., 2016; Kherdjemil et al., 2016). In the same cluster we found a positive
352  correlation between Hoxd13 and Hoxal3,which is also not surprising due to the high frequency
353  of these genes being expressed in the same distal limb cells (Fabre et al., 2018). Finally, we
354  evaluated the proximal limb cluster 6 and found a clear anti-correlation between Hoxd13 and
355  Hoxall. Together, these results support the conclusion that Hoxd13 reduces the transcription
356  of Hoxall when expressed ectopically in proximal limb cells, yet to an amount that cannot
357  account for the mesomelic dysplasia phenotype. The absence of a similar effect upon Hoxd11
358 in the inv2 was not unexpected since Hoxd13 and Hoxdl 1 transcripts are often present in the

359  same distal cells (Fabre et al., 2018).

360  Ectopic HOXD13 binding pattern in proximal limb cells

361 In proximal limb cells, inappropriate expression of HOXD13 alters the normal
362  expression of Hoxall so it could also influence the expression of other genes important to
363  normal limb formation. It may do this by binding to the same set of DNA sequences that the
364  protein normally binds in distal cells (Desanlis et al., 2020), thus implementing a ‘distal’
365  program in these proximal cells. Alternatively, HOXA11 and HOXD13 share very similar

366  binding motifs and binding positions, yet their expression is normally within discrete portions
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367  of the limb (Desanlis et al., 2020; Jerkovi€ et al., 2017). The co-expression of both factors in
368  the same cells may redirect ectopic HOXD13 binding towards positions already bound by
369 HOXAI1. To discriminate between these possibilities, we analyzed HOXD13 binding in inv2
370  mutant proximal limb cells by CUT&RUN (Skene et al., 2018). The posterior-proximal
371  forelimb (P-PFL) region containing the Hoxdl3 ectopic domain was micro-dissected in
372  duplicate (Figure 4a, dashed triangle). The remaining portion of the limbs were processed for
373  Hoxdl3 in situ hybridization as controls for the dissection (Supplementary Figure 4a). To
374  determine if HOXDI3 binding is altered in the P-PFL, we also generated HOXD13
375  CUT&RUN from wild type distal forelimb cells and compared these with a previously reported
376  HOXAI11 whole forelimb dataset (Desanlis et al., 2020).

377 We first determined whether the HOXD13 consensus binding motif was the same
378  between the control DFL and the inv2 P-PFL samples. De novo motif finding identified the
379  previously reported motif (Heinz et al., 2010; Jerkovic et al., 2017; Sheth et al., 2016) in both
380  control and inv2 samples. In both samples, the HOXD13 motif was the only HOX motif
381 identified among the top five high-scoring results, indicating that proximal forelimb chromatin
382  environment did not alter its preferred binding sequence (Figure 4b). We then performed a
383  hierarchical clustering analysis of HOXD13 binding profiles found in the P-PFL sample to
384  determine if they better match the HOXA11 or the HOXD13 profiles. We found that these
385  samples cluster more closely with the wild type DFL binding profiles than with the HOXA11
386  PFL samples (Figure 4c). This was confirmed by differential binding analyses (Ross-Innes et
387 al.,2012), where we determined all of the peaks bound preferentially by HOXD13 in control
388  distal cells or by HOXAI11 in proximal cells, or not bound preferentially at all, and compared
389  with this the inv2 P-PFL HOXD13 peaks. We observed a pattern of HOXD13 in P-PFL samples
390 that most closely matched the control DFL HOXD13 binding profile although with a much
391  lower signal (Figure 4d). Therefore, it appears that the set of HOXD13 binding sites identified
392  in proximal cells expressing Hoxdl3, was closely related to the set of binding sites normally
393  occupied by HOXDI3 in distal cells, suggesting that the proximal limb cells may have

394 undergone a partial transition to a distal limb identity.

395 Next, we looked at the percentage of those sites bound by HOXD13 either in control
396  distal or in P-PFL cells, which would also be occupied by HOXA11 in proximal cells (Desanlis
397 etal.,2020). We compared the 24’141 HOXD13 peaks identified in the wild type DFL to the
398 16’740 HOXAI11 binding sites identified in control proximal limbs and found that 6’182 peaks
399 (25% of HOXD13, 37% of HOXAT11 peaks) overlapped between the two (Figure 4e). We then

13


https://doi.org/10.1101/2021.02.01.429171
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.01.429171; this version posted February 2, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

400  evaluated the overlap between the HOXD13 binding sites in proximal cells and the distal
401  forelimb. We found 1'955 sites in common, but the proportion of those that overlap with
402 HOXAI11 had increased from 25% to 70% (1°359). This change in proportion suggests that
403  most of the sites uniquely bound by HOXD13 in the distal limb cannot be bound in the proximal
404  limb, either because of the absence of essential co-factors, or because the small pool of
405 HOXD13 factors was preoccupied at sites where HOXA11 is normally bound. Even though
406  the scarcity of starting material may have introduced a technical bias, as illustrated by the total
407  amount of detected peaks, this shift in proportions indicates a change in the binding repertoire
408  towards a condition intermediate to interfering with HOXA11 binding sites and deployment of
409  a distal limb program in the proximal limb cells. This is corroborated by the scRNA-seq
410  experiment where the cells of proximal limb did not show a complete transition to distal limb

411  cell identity.

412

413  DISCUSSION

414  Hoxdl3 as the cause of mesomelic dysplasia in mice

415 In this study, we overcame the difficulty to use the mouse Ulnaless allele as a model
416  system to understand the molecular etiology of mesomelic dysplasia (MD), by analyzing a
417  similar yet less drastic condition where slightly different inversion breakpoints generated an
418  ectopic gain of expression of Hoxdl3 in proximal cells, which was weaker and spatially more
419  restricted than in the Ulnaless inversion. This weaker expression was due to the removal of
420  most proximal limb enhancers (Figure 5) leaving in place only a few weak proximal limb
421  regulatory sequences. This group of proximal cells expressing Hoxd13 was nevertheless large
422 enough to induce a fully penetrant MD phenotype in homozygous mice, which otherwise could
423  breed and were thus available for analysis. We took advantage of this to generate a secondary
424  mutation in-cis with the inversion, whereby a full loss-of-function of Hoxd13 was induced. In
425  these mice, the shortening and bending of bones associated with the primary mutation was fully
426  rescued, unequivocally demonstrating the central role of the gained Hoxd13 in disrupting limb

427  development.

428 Because the loss of function of both Hoxall and Hoxdl!l induced severe mesomelic
429  dysplasia in mice, it was argued using both murine and human conditions, that various

430  breakpoints around the HOXD cluster would lead to the down regulation of the latter two genes
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431  thus inducing bone anomalies (Peichel and Vogt, 1997; Peron et al., 2018). Alternatively, it
432 was proposed that while these two genes would remain transcribed, the ectopic presence of
433  HOXD13 protein would functionally interfere with HOXD11 and HOXA11 proteins through
434 a dominant negative effect referred to as ‘posterior prevalence’ (Duboule and Morata, 1994;
435  Hérault et al., 1997). While our datasets produced from both single-cell RNA sequencing and
436  DNA binding analyses of various HOX proteins do not allow us to completely discriminate
437  between these two possibilities, it is clear that the former explanation alone cannot account for
438  the observed MD phenotypes. Indeed, studies involving combined Hoxal 1/Hoxd1 I mutations
439  in mice observed mesomelic dysplasia phenotypes when at least half the total dose was
440  removed (Davis et al., 1995). In our single cell RNA-seq experiment we observe in our inv2
441  mice a 40 to 55 % reduction of Hoxall and a modest 15 to 30% reduction of Hoxdl 1, which
442 together are not sufficient to elicit the described phenotype. In addition, the weak reduction in

443  Hoxdl I transcript was not scored in WISH where, if anything, a slight gain was observed.

444 Therefore, the partial reduction of Hoxal Il transcription must be potentiated by another
445  effect of ectopic HOXDI13. Our differential binding analysis revealed that ectopic HOXD13
446  was bound to a set of sites that most closely matched those bound by HOXD13 in control distal
447  cells, with more than 25% of the binding sites identified in the proximal limb being sites
448  normally restricted to the distal limb. This suggests that proximal cells may have acquired a
449  more distal identity leading to a reduction in bone length. The recent observation that HOX13
450  proteins have a pioneer effect (Améandio et al., 2020; Bulaji€ et al., 2020; Desanlis et al., 2020)
451 provides a potential mechanism for this to occur. On the other hand, in proximal cells
452  ectopically expressing HOXD13, 70% of those sites are normally bound by HOXA11, which
453  suggests that a large part of the change in proximal cells may result from interactions between
454 HOXDI13 and HOXI11 proteins at these binding sites, potentially through the dominant
455  negative effect of posterior prevalence. This may also apply to other circumstances where the
456  gain of HOXD13 protein led to alterations identical to HoxI1 genes loss of function, for
457  example during the development of metanephric kidneys (Darbellay et al., 2019; Davis et al.,
458 1995; Hoeven et al., 1996).

459  An inclusive model for human mesomelic dysplasias at 2q31

460 Thus far, none of the human mesomelic dysplasias mapping to 2q31 could be directly
461  associated with mutations in HOXD genes, but breakpoints were identified and located in the

462  vicinity of the HOXD cluster. As a consequence, the various reported deletions, inversions or
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463  duplications were generally interpreted as inducing a regulatory loss-of-function of HOXD
464  genes, in particular of HOXDI1 (Kantaputra et al., 2010; Peron et al., 2018). Because the
465  regulation of Hoxd genes during limb development has been shown to be evolutionarily
466  conserved in amniotes, we can revise previous explanations and propose an inclusive model to
467  account for various mesomelic dysplasia mapped at 2q31, solely based on the abnormal gain

468  of HOXDI3 transcription in proximal limb cells (Supplementary Figure 5).

469 For instance, the duplication of the HOXD cluster reported in Kantaputra et al. (2010)
470  includes the ELCR?2 proximal limb enhancer (Rodriguez-Carballo et al., 2020). In the mutant
471  chromosome, a copy of HOXDI3 is in close proximity with this enhancer, regardless of the
472  orientation of the duplicated DNA sequence and will thus receive proximal regulatory inputs
473  (Supplementary Figure 5b, blue arrows), a fortiori since one of the duplicated copies of
474  HOXDI3 is now located far from its digits-specific enhancers (red arrows), a situation which
475  was shown in mice to de-sequester Hoxd13 and re-allocate it towards proximal enhancers on
476  the other side of the cluster (Tschopp and Duboule, 2011). In the case where the duplicated
477  segment would also be inverted, HOXD13 would even be in closer contact with multiple
478  proximal limb enhancers (Supplementary Figure 5b, top). A similar reasoning applies for the
479  two families described in Le Caignec et al. (2019). In family 1, the duplicated and inverted
480  copy of HOXD13 is now in close contact with proximal enhancers (Supplementary Figure Sc,
481  top). Likewise, the large inverted duplication mapped in family 2 brings HOXD13 even closer

482  to proximal limb enhancers (Supplementary Figure 5b, bottom).

483 Cho et al. (2010) reported a family carrying a duplication extending across the HOXD
484  cluster and the proximal limb regulatory landscape, without determining the orientation of the
485  duplicated DNA segment (Supplementary Figure 5d). In both orientations, however, the result
486  1is that the duplicated copy of HOXD13 is de-sequestered from the distal regulatory landscape
487  (red arrows) and is now licensed to interact with proximal enhancers (blue arrows). The same
488  mechanism likely underlies the case reported by Peron et al. (2018), which involves two
489  deletions either in cis or in trans. If in trans, the deletion of all distal limb enhancers
490  (Supplementary Figure Se, deletion 1) would again allow HOXD13 to interact with proximal
491  limb enhancers (Supplementary Figure 5, top). An almost identical configuration to this had
492 been previously shown in mice where the distal limb enhancers were removed through a large
493  inversion (Supplementary Figure Se, bottom)(Tschopp and Duboule, 2011). If both deletions
494 had occurred in cis, it is possible that the HOXD cluster, located in between, was inverted as

495  well (Supplementary Figure 5, middle, see Kragesteen et al., 2018). In this case, HOXDI3
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496  would be positioned in the vicinity of proximal limb enhancers, leading to a strong gain of

497  expression.

498 This explanatory framework can thus be applied to all reported cases of human
499  mesomelic dysplasia associated with 2q31, so far without any exception. The various positions
500 of HOXD13 with respect to the proximal limb enhancers as observed in the different causative
501  chromosomal rearrangements, likely explains the variability in the strength of the alterations

502  scored in the human forearms.
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537 LEGENDS TO FIGURES

538  Figure 1. Inversion of the Hoxd gene cluster induces limb mesomelic dysplasia. (a)
539  The top panel shows a map of the human HOXD locus with the positions of mapped
540  chromosomal rearrangements (black bars) leading to mesomelic dysplasia. The numbers inside
541  the black bars refer to the original references: 1 (Kantaputra et al., 2010), 2 (Peron et al., 2018),
542 3 (Choetal.,2010), 4 (Le Caignec et al., 2019). The panels below (grey box) depict the wild
543  type mouse locus (top) and the structure of the Hoxd™? inverted allele. In both murine and
544 human loci, the proximal (blue ovals) and distal (red ovals) limb enhancers are indicated,
545  located on either side of the cluster, within the T-DOM and C-DOM landscapes, respectively.
546  Hoxd genes are indicated in shades of magenta, with a purple pin to indicate the position of
547  Hoxdl3. The location of the mouse inversion allele Ulnaless is indicated below the inv2 allele.
548  (b) Newborns skeletal stains (left, scale is 1mm) and adults micro-CT scans (right, scale is
549  2.5mm) showing mesomelic dysplasia associated with the inv2 allele. Inactivation of Hoxd13
550  in-cis (inv2:13hd) completely rescues the alteration. With the exception of the wild types, the
551  inv2, 13hd, and inv2:13hd mutants all show digit alterations due to significant reduction of
552 Hoxdl3 transcripts in the distal limb (see also Supplementary Figure 1 and Supplemental Video
553  1).(c) Quantification of bone length based on CT scans showing that inv2 radius and ulna are
554  significantly shorter than wild type control bones. The bones of /3hd control mice do not show
555  proximal limb defects. inv2:13hd radius and ulna bones are identical in length to control. Box
556  plots are interquartile range, and P-values were determined by Welch’s unequal variances #-
557  test,(wtn=06,inv2n=06,13hdn=4,inv2:13hd n = 4), n.s. is not significant. (d) Time course
558  In situ hybridizations for Hoxdl3 mRNAs showing both the decrease of transcripts in distal
559  cells and the ectopic proximal expression domain (arrow), most visible at E11.5 and E12.5.

560 Scale bars are 0.5mm.
561

562  Figure 2. HoxdI3 establishes new contacts with proximal limb enhancers in the
563  inv2 allele. (a) Capture Hi-C using E12.5 wild type distal (top) and proximal (center) limb
564  cells, as well as mutant HoxD™?%i»? proximal limb cells (bottom). Bin size is 5kb, color scale
565 s log transformed. Wild type samples are mapped to wild type chr2 and inv2 is mapped on a
566  reconstructed mutant chromosome 2 (mm10). Below each heatmap are CTCF CUT&RUN
567  tracks produced from the indicated tissues and the black and white triangles indicate the

568 orientations of large (big triangles) or reduced (small triangles) groups of CTCF sites. The grey
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569  dashed lines between the wildtype PFL and inv2 PFL indicate the breakpoints of the inversion.
570  In the inv2 allele, the observed changes in chromatin contacts matches the expectations based
571  on groups of CTCF sites with convergent orientations. The groups are labelled from 1 to 5 to
572 facilitate the reading of the profile after inversion. Hoxd genes are colored in shades of magenta
573  and the position of Hoxdl3 is indicated with a purple pin. (b) The top panel shows the
574  subtraction between the CHi-C contacts established by Hoxd13 and proximal limb enhancers
575  in wild type and in HoxD™?™? proximal limb cells (each bin is 5kb). Blue bins represent
576  contacts more commonly observed in the inv2 allele and are concentrated in the T-DOMneo
577  domain, starting right after the position of the breakpoint (vertical line). The mapping is shown
578  on the wildtype chromosome for clarity. The tracks below show CTCF CUT&RUN, H3K27Ac
579  ChIP (Rodriguez-Carballo et al., 2017) and ATAC using E12.5 wild type or inv2 proximal
580  forelimb cells, mapped onto wildtype mml0O. Previously characterized proximal limb
581  enhancers are indicated by blue ovals below the heatmap. Putative proximal limb enhancers
582  that gain contact with Hoxd13 in the inv2 allele are indicated by blue ovals with a black border.
583  These elements (CS68 and PLEO1 to 05) were identified through the H3K27Ac and ATAC
584  profiles in wild type and inv2 proximal forelimbs and were cloned into a single lacZ reporter
585  transgenic construct. Representative staining patterns in forelimb buds are shown below (see
586  Supplementary Figure 2e). All embryos that stained (7 of 7) produced a variation of the
587  proximal limb staining. (c) Comparison of ATAC-seq datasets between the profiles in control
588  and inv2 proximal forelimbs. The heatmaps on the left are peaks from ATAC samples mapped
589  onto non-genic elements at the HoxD locus, illustrating the high similarity between samples of
590 the same tissue, regardless of genotype. The regions corresponding to the gene bodies of Lnpk,
591  Mix2 and the region from Evx2 to Hoxdl have been removed. The heatmaps on the right are
592  the ATAC profiles over accessible gene promoters in the HoxD cluster. The PFL samples are
593  generally similar while the DFL samples show more difference, in particular on Hoxdl3 and

594  Hoxdll promoters.

595

596 Figure 3. Single cell RNA-seq analysis of the inv2 limb ectopic Hoxdl3 domain. (a)
597  In situ hybridizations comparing the ectopic gain of Hoxd13 in the proximal forelimb to the
598  expression of Hoxall and Hoxdl 1. A small decrease in Hoxall transcripts was scored in the
599  posterior portion of proximal limb domain (arrow), whereas Hoxdl1 staining is slightly
600 increased in the posterior and distal portion of the proximal forelimb (arrowhead) when

601  compared with wild type limb buds. Scale bar is 0.5mm (see also Supplementary Figure 3a).
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602  (b) Scheme of an E12.5 limb with the regions of gene expression for wild type (Hoxall in
603  blue, Hoxdl3 in purple and Hoxal3 in black and white stripes, as well as the approximate
604  location of Hoxdl3 mRNAs in the inv2 allele (grey). The region outlined by the black dashed
605 quadrangle was dissected for single cell RNA-seq analysis. (c) UMAP representation of the
606  primary cellular clusters as determined by Seurat. All clusters were found in both genotypes,
607  butclusters 7,8, and 11 were present in greater proportion in the inv2 samples than in the wild
608  type. (d) The top panel is the UMAP representation for the main cluster with cells expressing
609  Hoxdl3 indicated in shades of purple according to the level of expression, and Hoxall in
610  shades of green. In the wild type sample, Hoxd 13 expression was primarily limited to the distal
611 limb clusters (3, 4, 5, and 9). With the inv2 sample, however, the expression was reduced in
612  distal limb clusters while it increased in the proximal limb clusters 1 and 6. (e) Clusters 1 and
613 6 were the only ones that expressed both Hoxall and Hoxdl 1, along with a gain of HoxdI3 in
614  the inv2 configuration. The violin plots represent the detected transcript expression for each
615  cell in that cluster. (f) Heatmaps representing the fitted distribution of cells for the different
616 levels of expression of Hoxdl3 on the y-axis and Hoxall, Hoxdll or Hoxal3 on the x-axis.
617  The color scale is log transformed in order to see a greater range of frequency. Bins with black
618  represent a high proportion of cells whereas bins with white indicate an absence of cells. In the
619  right corners are indicated the confidence interval of the correlation as well as an estimation of

620  the one-sided p-value (probability that the correlation has the opposite sign).
621

622  Figure 4. Ectopic HOXD13 binds only to positions bound by HOXD13 in the distal
623  limb. (a) Scheme as in Figure 3, illustrating the dissection for this dataset. (b) HOXD13
624  consensus binding motif found in E12.5 wild type distal forelimbs (DFL) and inv2 posterior
625  proximal forelimbs (P-PFL) demonstrates that the protein binds to the same sequences in
626  ectopic domain as it does in the normal distal limb domain, although in the inv2 samples the
627  motif was extended by one nucleotide on both sides. (c) Pearson correlation clustering on
628  coverage from all replicates used for binding analysis demonstrating that the inv2 P-PFL
629 HOXDI13 coverage most closely cluster with the wild type DFL HOXD13 dataset rather than
630  the coverage of HOXA11 in the PFL. (d) Heatmaps of genomic regions differentially bound
631 by HOXAI1 (Desanlis et al., 2020) at E11.5 in the proximal forelimb and HOXD13 at E12.5
632  in the distal forelimb of wild type embryos. Many of sites preferentially bound by HOXA11
633  are also bound by HOXD13 in the distal limb, but HOXD13 can also bind to many sites that
634 HOXAT11 does not bind to, as previously reported. The HOXD13 binding regions identified in

21


https://doi.org/10.1101/2021.02.01.429171
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.01.429171; this version posted February 2, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

635  the P-PFL tissue of inv2 limbs were mapped onto these differentially bound regions. HOXD13
636  in the P-PFL binds to a portion of sites bound in the wild type distal limb. (¢) Euler diagram of
637  binding sites identified as significant peaks in both replicates of each experiment. The majority

638  of HOX13 binding sites in the P-PFL overlap with HOXA11 sites.
639

640  Figure 5. Schematic illustrations of the regulations at work in the various mouse
641  alleles and their effect on Hoxd13 expression. On top is the control landscape, with distal
642  limb enhancers (red) activating HoxdI3 (purple pin) in distal cells. On the other side of the
643  cluster, proximal limb enhancers (blue) regulate more telomeric Hoxd genes in proximal limb
644  cells. As a result, Hoxdl3 is expressed in distal cells only (right), leading to the wild type
645  phenotype. In the Ulnaless inversion, Hoxdl3 is positioned close to both a strong proximal
646  enhancer (CS65) and a series of weaker enhancers (PLE). As a result, it becomes strongly
647  expressed in proximal limb cells, while reduced in distal cells since it is separated from all
648  distal limb enhancers except one (Prox), leading to a light phenotype in digits and strong
649  mesomelic dysplasia. In the inv2 inversion, Hoxd13 is not adjacent to CS65 as in Ulnaless, but
650 is now under the control of the weaker enhancer series (PLE). The gain of expression in
651  proximal limb cells is weaker and accordingly, the mesomelic dysplasia is not as severe as in
652  Ulnaless mice, while the digit phenotype is expectedly comparable. In inv2:13hd limb cells
653  (bottom), the transcription of Hoxdl3" is the same as in inv2, yet the mesomelic dysplasia
654  phenotype is completely rescued and the forearms are like wild type. However, because
655  Hoxdl3 is now fully inactivated in distal cells, the digit phenotype is stronger and equivalent
656  to a full HoxdlI3 knock-out (Dollé 1993).
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657 LEGENDS TO SUPPLEMENTARY FIGURES

658  Supplementary Figure 1. Generation and validation of the Hoxd13"¢ CRISPR-
659 induced mutation. (a) Map of the Hoxd13 spliced mRNA (top panel, blue and green) with
660 the protein coding sequence below (grey), with the three alpha-helices of the homeodomain
661  (dark grey). The bottom panel indicates the position of the CRISPR guide that is shown with a
662 red X, N-terminal to the nuclear localization domain (NLS). (b) Two alleles were generated
663  using the same CRISPR guide. The first one had a 7bp deletion in exon 2, in cis with the
664  HoxD™? allele (HoxD™?:Hoxd13"). The second allele had the same 7bp deletion, yet on the
665  wild type chromosome (Hoxdl3"¥). In both cases, a frame-shift had occurred starting N-
666  terminal to the NLS, which produced a non-functional homeodomain. (¢) /n situ hybridizations
667  for Hoxdl3 on E12.5 HoxD™?:Hoxdl3"" embryos, showing that the secondary mutation did
668  not alter location or the quantity of mRNA when compared to the initial HoxD™? allele (see

669  Figure Ic).
670

671  Supplementary Figure 2. Supplementary panels for experiments in Figure 2. (a)
672  Control and mutant conditions for Capture Hi-C for the region around the Hoxd gene cluster
673  (chr2:74277600-75147000). Bin size is 5kb, color scale is log transformed. CHi-C is mapped
674  onto wild type mm10 in the inv2 samples. The centromeric breakpoint position is indicated by
675  a grey dashed line. The telomeric breakpoint is not visible at this scale. The red and blue lines
676  below the CHi-C heatmaps are TAD-separation scores. The two ATAC-Seq tracks for the
677  corresponding tissues (only DFL and PFL) are shown along with CTCF CUT&RUN for wt
678  DFL. (b) Subtraction of contact frequencies in CHi-C in inv2 distal limb (DL) samples from
679  wild type DL. These contacts are mapped on the wild type mm10 genome comparing two
680 regions (x-axis chr2:73900700-74703000 against y-axis chr2:74638000-74783000)
681  demonstrates the changes in contacts between the Hoxd gene cluster and the C-DOM created
682 by the inv2 allele. Red indicates greater contact frequency in the wild type distal limb and blue
683  is greater contact in the inv2 distal limb. The inversion creates novel regulatory environment
684  that merges several proximal limb and distal limb enhancers. A lacZ sensor at the position of
685  the inversion breakpoint responds to both types of enhancers and so the lacZ is detected in
686  proximal and distal limb domains (bottom panel). (c) WISH on E12.5 forelimbs for Hoxd genes
687  show very minor changes in gene expression in the limbs for these genes. Hoxdl2, Hoxdl 1,

688 and HoxdlO are reduced in the distal limb. In the proximal limb Hoxd10 and Hoxdll are
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689  slightly reduced in the central region. On the posterior region of the proximal limb Hoxd! 1 and
690 HoxdI2 show a very slight increase. (d) Pearson correlation hierarchical clustering on the
691  ATAC datasets in Figure 2. The color of each bin represents the average read density in that
692  region. In the left panel, this analysis evaluates the ATAC profiles on the non-genic portions
693  of the HoxD locus. Each sample clustered most closely based on tissue of origin. The right
694  panel uses the same clustering analysis but only evaluating the ATAC profiles on accessible
695  Hoxd gene promoters. The promoters of Hoxd genes in the two inv2 samples cluster closely
696  with the wild type PFL sample indicating changes in the accessibility of their promoters in the
697  inversion configuration. (e¢) All embryos collected from the PLE:lacZ transgenic experiment

698  (Figure 2b).
699

700  Supplementary Figure 3. Supplementary panels for experiments in Figure 3. (a) In
701  situ hybridizations for Hoxall and Hoxdll at E12.5 through a staining time-course. In
702 triplicate, wild type and inv2 embryos were stained with Hoxall or Hoxdl1 probes. During
703 the development of the stain, the embryos were photographed at 30 minutes, 75 minutes, and
704 120 minutes (Hoxall only) in order to identify any region in the proximal limb that develops
705  less or more slowly than the wild type limbs. In the Hoxall samples a small region of the
706  posterior portion of the limb bud stained very slowly (arrowhead). Hoxdll showed a weak
707  increase in staining in the same position as the loss of Hoxal I, which is likely to arise due to
708  a cis-effect from the inversion, not due to a trans-effect of the ectopic HOXD13 protein. (b)
709  Violin plots of the detected expression for the main clusters to determine which clusters have
710  gained Hoxdl3 in the inv2 samples but also express Hoxall and Hoxdll in the wild type.
711  Hoxal3 was used to approximate distal limb clusters and Shox2 for the proximal limb. (c)
712 Expression of the genes used to determine the relevant proximal limb clusters displayed on
713  UMAP. (d) Proportion of cells with detected UMI for Hoxall, Hoxdl 1, and Hoxal3 for each
714 cluster and each genotype, in cells where Hoxdl3 is detected (Hoxdl3) or not detected
715  (NoHoxdl3). Numbers indicate the p-value for the Fisher’s exact test. (e) Distribution of
716  inferred true expression of Hoxd13, Hoxall, Hoxdl 1 and Hoxal3, for cluster 1 and cluster 6
717  ineach genotype. The solid line indicates the mean distribution while the shaded area indicates
718  the 68% confidence interval. In the right corners are indicated an estimation and the 68%

719  confidence interval of the fold-change of mean expression.

720
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721  Supplementary Figure 4. Embryos used for the CUT&RUN experiment with
722 HOXD13. Limbs were kept after micro-dissection of the posterior proximal forelimb. They
723 were then processed for WISH with a Hoxd13 probe to estimate in retrospect how much distal
724 limb contamination was present in the inv2 replicates. The sample shaker failed during probe

725  incubation leading to the variation in staining.
726

727  Supplementary Figure 5. An inclusive mechanistic model for all human mesomelic

728  dysplasia associated with 2¢q31. (a) Recapitulated scheme of the human regulatory C-DOM
729  and T-DOM landscapes flanking the HOXD cluster, with the distal (red) and proximal (blue)
730  regulations. The black rectangles below indicate the positions of the various chromosomal
731  rearrangement that are detailed under panels (b-e). (b) Kantaputra et al. (2010) reported a
732 duplication of unknown orientation (either top or bottom). In both cases, the duplicated copy
733 of HOXD13 (purple pin) is moved away of the distal enhancers, which continue to activate the
734 native HOXDI3 copy, and positioned at the vicinity of the proximal enhancers, certainly
735  leading to its ectopic expression in proximal limbs and concurrent mesomelic dysplasia. (c) In
736  the two families reported by Le Caignec et al. (2019), the same explanatory framework can be
737  used. In the first family (top), a double duplication with one inversion brings HOXD13 right
738  next to the proximal limb enhancers, while distal enhancers are still involved in the regulation
739  of the native HOXDI3 in distal cells. In family 2 (bottom), a simpler inverted duplication has
740  the exact same effect. (d) The condition reported by Cho et al. (2010) is slightly more
741  complicated as a duplication of unknown orientation includes both the gene cluster and most
742 of T-DOM i.e. the proximal regulatory landscape. In both cases, however, it is clear that
743 HOXD13 must fall under the control of proximal enhancers, either from both sides (top, non-
744 inverted duplication), or from one side only (bottom, inverted duplication), leading again to a
745  proximal gain of expression and concurrent mesomelic dysplasia. (e). The case reported by
746 Peron et al. (2018) involves two separate deletions, either in cis or in frans (undetermined).
747  The larger deletion (deletion 1) removes all of the C-DOM containing the distal enhancers,
748  whereas a shorter deletion (del 2) removes a piece of the T-DOM. Should the deletions be in
749  cis, the orientation of the cluster located in between could be either way, as a result of the two
750  deletions (Kragesteen et al., 2018), thus leading to two potential configurations (top and
751  middle). The first configuration (top) is very similar to an engineered allele produced in mice
752 (bottom) whereby all distal enhancers were separated from the HoxD cluster through a large

753 inversion (Tschopp and Duboule, 2011). Constitutive contacts between Hoxd13 and some of
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these enhancers were released, thus allowing Hoxd13 to interact with proximal enhancers and
to be expressed in proximal cells leading to a weak mesomelic dysplasia (Montavon et al.,
2012; Tschopp and Duboule, 2011). The exact same phenomenon would likely occur in
configuration 1 of Peron et al. (2018). Should the deletions be in cis and the cluster inverted
(middle), the latter effect would be strengthened by an increased proximity between HOXD13

and proximal enhancers.

Supplementary Table 1S. The supplementary table contains: the genotyping primer
sequences for the HoxD™? and Hoxd13" alleles, the CRISPR guide sequence used to generate
the Hoxd13" allele, the genomic coordinates for the enhancer sequences used in the PLE:lacZ

transgene assay, and the DNA sequence for the PLE:lacZ enhancer-reporter construct.
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765 METHODS

766  Animal work

767  All experiments were performed in agreement with the Swiss Law on Animal Protection (LPA)

768  under license numbers GE 81/14 and VD2306.2 (to D. Duboule).

769  Generation of the HoxD™? allele

770  The HoxD™? allele was generated by STRING (Spitz et al., 2005) using a cross between mice
771  carrying the del65 allele (Andrey et al., 2013) and mice carrying a loxP site inserted at
772 chr2:74477755 (mm10) by a Sleeping Beauty transposon system (Ruf et al., 2011). FO mice
773  carrying these two loxP sites in-cis were then crossed with the Hprt-Cre (Tang et al., 2002) and
774  F1 animals from this cross were screened for the presence of the inversion between the
775  coordinates chr2:74477755-75438813 (mml0) with genotyping primers included in
776  Supplementary Table 1. The regions of the inversion breakpoints were confirmed by Sanger

777  sequencing.

778  Generation of the secondary Hoxdl3" mutation

779  We used a single CRISPR guide sequence that was used previously for the mutation of Hoxd13
780  (Supplementary Table 1)(Darbellay et al., 2019). The guide sequence was transcribed in vitro
781  with NEB HiScribe T7 (NEB E2040S). The guide and TrueCut Cas9 v2 protein (ThermoFisher
782  A36497) were electroporated with a NEPA21 (NEPA GENE Co. Ltd., Chiba, Japan) into
783  fertilized mouse embryos carrying the HoxD™? allele as previously reported (Kaneko et al.,
784  2014). Founders were screened by PCR for the presence of the inv2 allele and mutation to the
785  Hoxdl3 second exon. Each founder was crossed with an allele containing a deletion of the
786  Hoxd gene cluster to determine which founders contain the inv2 and Hoxd 13" mutations in-cis
787 and we also screened for alleles containing the Hoxdl3"’ mutation on the wild type
788  chromosome to use as controls. A founder stock was identified for both alleles containing the
789  same DNA mutation. Micro-CT scans were performed on littermates at five weeks after birth
790  at the University of Geneva CMU and analyzed with Horos 3.3.6. Box plots for length

791  measurements and t-test were produced in DataGraph 4.6.1.
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792  Histology, In situ hybridizations, and lacZ stains

793  Embryos were collected at the indicated stages and processed as previously reported
794 (Woltering et al., 2009). Embryos were treated with Proteinase K (EuroBio GEXPRKO1-15):
795 E10.5and E11.5 at 1:2000 for 7 min, E12.5 at 1:1000 for 10 min, E13.5 at 1:1000 for 14 min,
796  E14.5 at 1:1000 for 40 min. For P3 skeletons, animals were collected at post-natal day 3. Alcian
797  Blue and Alizarin Red stains were performed as previously reported (Rigueur and Lyons,

798  2014). lacZ stains were performed as previously reported (Yakushiji-Kaminatsui et al., 2018).

799 ATAC-Seq

800  Embryos were collected at E12.5 and placed in PBS on ice. Yolk sacs were collected, digested
801  in buffer (10mM EDTA pH8.0 and 0.ImM NaOH) at 95° for 10 min with shaking at 900rpm.
802  DNA from these samples was screened by genotyping with Z-Taq (Takara RO06B). Embryos
803 identified as homozygous for wild type or HoxD™? alleles were processed individually for
804  ATAC-Seq. The proximal forelimbs of embryos were dissected (see Figure 3) and placed into
805  PBS with 10% FCS and 8ul collagenase at 50mg/ml (Sigma C9697) at 37° for approximately
806  Smin. Cells were counted and 50,000 cells were isolated for processing with the Nextera Tn5
807  enzyme (Illumina FC-131-1096) as previously described (Buenrostro et al., 2013). Tn5 treated
808  DNA was amplified with Nextera Library primers using NEBNext library amplification master
809 mix (NEB MO0541) and sequenced on an Illumina NextSeq. Sequenced DNA fragments were
810  processed as previously reported (Amandio et al., 2020) with a minor modification: the BAM
811  file was converted to BED prior to peak calling with bedtools version 2.27 (Quinlan 2010).
812  Peak calling was done using MACS2 (v2.1.1.20160309) callpeak (--no-model --shift -100 --
813  extsize 200 --call-summits --keep-dup all). For hierarchical clustering and heatmap analysis,
814  two sets of bed files were generated. First, the peak regions were collected from the three wild-
815  type ATAC datasets, then merged with bedtools (version 2.27.1, citation) to remove redundant
816  elements. The merged peaks in the region chr2:73950000-75655000 excluding the Lnpk and
817  Mix2 gene bodies as well as the region from Evx2 to Hoxdl constitute the first set composed
818  of non-genic elements. The second one contains the promoters (-1kb, +100bp from TSS) that
819  overlapped with at least one peak in a wild-type ATAC dataset in the region from Evx2 to
820  Hoxdl. Heatmaps were generated with plotHeatmap from deepTools version 3.5 (Ramirez et
821 al., 2016). Clustering was performed with R (www.r-project.org) on matrices generated by

822  multiBigWigSummary (deepTools version 3.5).
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823 CUT&RUN

824  Posterior proximal forelimb cells were isolated and genotyped in the same manner as samples
825  for the ATAC-Seq (above). Pools of cells from individual embryos (see Figure 4S) were
826  processed according to the CUT&RUN protocol (Skene et al., 2018) using a final concentration
827  0of 0.02% digitonin (Apollo APOBID3301). Cells were incubated with 0.5ug of anti-HOXD13
828  antibody (Abcam ab19866), or anti-CTCF (Active Motif 61311) at 4°C. The pA-MNase was
829  kindly provided by the Henikoff lab (Batch #6) and added at 0.5ul/100ul Digitonin Wash
830  Buffer. Cells were digested in Low Calcium Buffer and released for 30 minutes at 37°C.
831  Sequencing libraries were prepared with KAPA HyperPrep reagents (07962347001) with 2.5ul
832  of adaptors at 0.3uM and ligated for 1 hour at 20°C. The DNA was amplified for fourteen
833  cycles. Post-amplified DNA was cleaned and size selected using 1:1 ratio of DNA:Ampure
834  SPRI beads (A63881) followed by an additional 1:1 wash and size selection with HXB. HXB
835 s equal parts 40% PEG8000 (Fisher FIBBP233) and 5M NaCl. Sequenced DNA fragments
836  were processed as previously reported (Amandio et al., 2020) with slight modifications: PCR
837  duplicates were removed with picard before the BAM to BED conversion and in MACS?2 using
838  the option --keep-dup all instead of --keep-dup 1. Motif enrichment was performed on
839  individual samples with HOMER version 4.10 (Heinz et al., 2010) using default conditions on
840  peaks identified as significant from MACS2 in the second replicate. All samples were mapped
841  to wild type mm10. The E11.5 whole forelimb HOXA11 ChIP-Seq datasets (Desanlis et al.,
842  2020)(SRR8290670 and SRR8290672) were down-sampled to 25mio reads with seqtk version
843 1.3 (https://github.com/lh3/seqtk/) using a RNG seed of 4 and then processed following a
844  previously reported workflow (Beccari et al., 2020). Differential binding analysis was
845  performed with DiffBind 2.14.0 (Ross-Innes et al., 2012) on replicate sample peak sets
846  identified by MACS2 for HOXD13 in wild type distal forelimb and HOXA11 in wild type
847  forelimb, with default conditions using DESeq2 1.24.0. Hierarchical clustering analysis was
848  performed with deepTools plotCorrelation, and the heatmap was generated with deepTools

849  plotHeatmap.

850  Capture Hi-C

851  Samples used in the Capture Hi-C were identified by PCR screening embryos at E12.5 as
852  described above. Collagenase treated samples were cross-linked with 1% formaldehyde
853  (ThermoFisher 28908) for 10 minutes at room temperature and stored at -80° until further

854  processing as previously described (Yakushiji-Kaminatsui et al., 2018). The SureSelectXT
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855  RNA probe design used for capturing DNA was done using the SureDesign online tool by
856  Agilent. Probes cover the region chr2:72240000-76840000 (mm?9) producing 2x coverage,
857  with moderately stringent masking and balanced boosting. Sequenced DNA fragments were
858  processed as previously reported (Yakushiji-Kaminatsui et al. 2018) but the mapping was

859  performed on mm10 and the reads in chr2:72402000-7700000 were selected. The mutant

860  inv2 genome was characterized from Sanger sequencing data around the inversion

861  breakpoints. A custom R (www .r-project.org) script based on the SeqinR package (Charif and
862  Lobry, 2007) allowed the construction of a FASTA file for the inverted chromosome 2 from
863  the wild-type sequence and the exact position and sequence of breakpoints. The sequence of
864  the mutant chromosome 2 (available at 10.5281/zenodo.4456654) was then compiled with
865  other wild-type chromosomes to form the mutant inv2 genome. For samples that were

866  mapped to the inv2 mutant genome, the same workflow as described above was used.

867  Heatmaps in Figure 2 were plotted with pyGenomeTracks 3.3 (Lopez-Delisle et al., 2020;
868  Ramirez et al., 2018) and subtraction heatmaps in Figure 2 and 2S were plotted with a custom
869  tool available at https://github.com/lldelisle/scriptsForBoltEtA12021. The TAD separation
870  scores in Figure 2S were computed with HiCExplorer hicFindTADs version 3.5.1.

871  Enhancer transgenesis assay

872  The enhancer regions used in the transgenesis assay (Figure 2) were identified based on the
873  presence of H3K27Ac histone modification and ATAC peaks in wild type proximal forelimbs,
874  and also on the absence of CTCF. DNA sequences from these regions (Supplementary Table
875 1) were collected and assembled in silico to produce the PLE TgN sequence with Kpnl and
876  Apal restriction sites flanking the enhancer sequences. This 3.5 kb DNA sequence was
877  synthesized by TWIST Bioscience (San Francisco, CA). The PLE sequence was restriction
878  digested and ligated into the pSK-lacZ reporter construct. The 7.1 kb fragment containing the
879  PLE:lacZ construction was excised from the vector backbone with the Kpnl and Sacll
880  restriction enzymes, purified by agarose gel and column purification (Qiagen 28704). Pro-
881  nuclear injections were performed by the University of Geneva CMU. Embryos were collected

882  at approximately E12.5 and stained for lacZ.

883  Single cell RNA-seq

884  Embryos were collected and stored in 1X PBS treated with DEPC and held on ice while

885  genotyping was performed. Embryos with the desired genotype were selected and the posterior
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886  portion of each of the forelimbs was isolated for each replicate. The cells were digested in
887  collagenase and stored in 1X PBS containing 10% FCS and 0.2mM EDTA to prevent cellular
888  aggregation. The cells samples were transferred to the EPFL. Gene Expression Core Facility
889  for preparation into 10X GEMs and reverse transcription according to the 10X Chromium 3.1
890  protocol. Sequencing reads were processed with Cell Ranger 3.1.0 for demultiplexing, barcode
891  processing, and 3' gene counting using a modified gene annotation file
892  (10.5281/zenodo.4456702). Clustering analysis was performed with Seurat 3.2.3 with R 3.6.3.
893  All commands used are available (https://github.com/lldelisle/scriptsForBoltEtA12021). In
894  order to evaluate the inferred true distribution of expression, not the distribution of detected
895  expression, we used a new method based on Monte-Carlo Markov Chain (Lopez-Delisle and
896  Delisle manuscript in preparation). Briefly, this method assumes that the original distribution
897  of expression (probability density function: pdf) can be approximated by a number of
898  Gaussians provided by the user. We evaluate the likelihood of the Gaussian parameters by
899  using the raw expression and the total number of UMI observed for each cell assuming they
900 follow a Poisson distribution. Then, we do a Markov chain Monte Carlo (MCMC) to obtain an
901 interval confidence for the pdf. In order to compare models obtained with different number of
902  Gaussians, we use the model with the highest value of evidence. From these pdf, we can also
903  get mean expression for each sample of the MCMC and thus evaluate a confidence interval of
904  the fold-change between two conditions. This has been used in Supplementary Figure 3e where
905  median and 68% confidence interval is given. This method also extends for 2 genes. Instead of
906  having a pdf in 1 dimension for 1 gene, the pdf is now in 2 dimensions (2d) corresponding to
907  the two genes. The pdf is approximated by a given number of 2d Gaussians. In addition to an
908  estimation of the pdf in 2d, we also get a confidence interval of the correlation value and we
909  can evaluate a confidence interval on the one-sided p-value. In this analysis, we used MCMC
910  of 1 million samples, the axis (x or y) was divided in 100 bins for Supplementary Figure 3e
911  and 50 bins for Figure 3f, all combinations of numbers of Gaussian between 1 and 4 (1 and 5
912  for Supplementary Figure 3e) were tested and only the best model was kept. The results were

913  processed in R and plotted with ggplot2 (Wickham, 2016).
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Supplementary Table 1:
List of genotyping primers, CRISPR guide sequences, and enhancer elements.

Genotyping Primers

Allele Forward Reverse
wild type GCTGCCCTATGCACCAGT TGACAGCTCGTTTTGTGCTC
HoxDinv2 CCCTGTCTTAGGTCAGTTAGGATCAC GGGTTGACAGACCCAGTCTTATGC
wild type CCGGACATGTGCGACGGG
Hoxd13" TGTCTGTGGCCAACCTGGCC

CRISPR Guide Name CRISPR Guide Sequence

Hoxd13_5"_gRNA10 CGGACATGTGCGTCTACCGA

Proximal Limb Enhancers (PLE) Coordinates (mm10)

CS68 chr2:75462086-75462878
PLEO1 chr2:75470294-75470725
PLEO2 chr2:75492186-75492863
PLEO3 chr2:75496305-75496647
PLEO4 chr2:75496731-75497336
PLEOS chr2:75557240-75557866

Constructed Sequence

>PLE_TgN
22tacc AAGTATATCGAGGTAGATTGAAAACTCAAAGGACAAAGCTCTCATCTCAGGCAACTTTTCCTGCTACCTAACTCCACACAGCTATGACAG
CTGTGTGAGGAGAGCTTCTGTCCCCAGGTGACAGAAGCCACTGCTGGAGCTCTGGAACACTGCCCAGGCTTGCTCAGATCCACCCCAGGGCTTT
CCTTCCTCTGCCTCAGCTCCTCTCAGCCCCTCACTCATCCTTTTAAACCACACACTAGGGTCACTTGCTGAAATCCACCTGCCATGCCGCCATGCC
CTCTGCCTAGAATCACAGAGGCACTCTGAGCTTGTACACCTGCCCCATACCCTTAGACAGCTTACGAATTAGCTATCAGGAACTACGATCAATTT
TAGGAGCCCCCTGGGAGAAAGAACTCATTCAATATTGGCTGCATTTGTTTGACTCAACCTTAGGTAAGCTTTTCCATATGTCCAAGCTAAGGCCC
ATGCAAACTTACATTTGGCATCTTTCAAACAGATGCTCTTTAAATACTGGTTTTTATTTGTCCGGTGGAATCAATAAAACAgatgcatgectgtaatcccagea
cttgggaggctgaggtaggaacatctcaagtttgagactatcttgggctatagaatgagactctgtagaaaagaataagaGGAGTGAAAATGGGGGTgggggtggaaaggtctccaggttgagaacatttgetgeectteca
gaagacatgaattctgttcetgttgttctcagaacccagttcaggtggttgcaaactgectgtatgecagetccggg CAGTTAGCCATTTTTCTTGAACAAGAACCTGGAAAATCTGTCATTCTA
TAGCTCACAAAGACACCCGTAATCTGCTATCAGCATACAGTTTGATAAAAGAGCCATTTCCCCTTTCTCACAATCTTCTACTGGCAGGAACAAG
AGCCCAGTGCGATCCAACGCCGAGCACATGGCATTTCTGGCTGTGATACAAAGGACTCCAACATCCTTCTGCATATTTGATGACCCTGGGGACC
CTGCAGTGTAGCGCTGCTGTGGGAACATCTGAGGCCGCCAGCGGGCACAGCTGTCTTTGTCTTCCCACGCTGCTCAGAGCTGTGGTTGTGGGGA
GCTGCAGAAACGGAAACGGGGTGCTGGTTGAGAAAAATCATAAGGCTCACCAGGCCCACATTCCCCCACGAAATCAGTCTATCTGGTTCTGAGT
TGCTGATacacaATGCCACCTAAATAAGCCTATTAAAAAGGACTCCAGTGGAGACACTGATTTGCCATAAACTGCAAAATGCTTCGGAGCTCAGCA
GAGACTGGCTCCTGTCACACACAGCCTGGCAGTGGCCCAGCTCCACACCAGTGCACACTTTTCCAATTACAAGCTGAAGATTCCTACGGGGACT
CAGGACTCTTGTTTCAGTCTTCCAGTGCAGGAGAAATTCTTCATGGAAGAAAGTGCCCATGGCTCAAGTTCTTCAAGCTCTGTAAAAGAGAGAC
CTACAGTTCCCACAACAGGGAAGATTCTCTTCTGTTTTCCTGGTTTTTTATTTTTTTCACATCTTAAATTCTGCAAATTCTTGAAGCAATGGAATG
AAAGTTGAATCCCCTAATGATGTGATAGGCACTCCTTATTTATTGACTGTTTGGAACAGCAAAGTCTAAACATTTGAGGCCAGGCGAAGTGTTC
ACATTCTGTTCTTTCCACAGCTTAGGGGTGAATACATAAAACCGCTGAAGGCAATTGAAGAACTTTAAAGGAAACCGGCCACAGGTGGGGGTG
CTCTTGATTAAAGACAGACAAAGTCATGTATTAAAAGTGGCTAGCTCAGGCTGAgtgcacctaccagtaatcgcagaactcaggggATAATATCTCACTTTGATTA
AAATAAGTGTCAAATATTCACCCGATAGTCCTATCCTTGTAGAGCGTATGTCTCAAACCACAAAGTGCTTATTCAtggttccagtatgaaacacctcatgcatgetee
tgtgtttgagtgcttgettcacaggtggagetgcetgtitggaaattctgacgaacttttatgaggagatgacagactgggagaagtaggactctggggttgggectegtgttatagecttecctacttccagtcgaggetetctggacagecaata
tgatataagcaactgtcttatgtccecacctactgtgecttcccagecatgagagactggtaattaataCAGACTGTCCCTTCTGTGACCTCAAGCTGCTTGTAGGACTGTAAGGAGGCCTG
CATGCAAACCAGAAAGTCATTTCAGTGCCAAAAGCTGTTTATCTTGAGGGGCCAAGAATGATATTTCACAATGTGGGACTCCTTCGGGTCGTAC
ATTGCATCTGTAAGAATCATGGACCTAGTTATAGTTTCTTTTTAATTCAGGGCTGAGGCGGTATAATGAAAGCTTTCTTCTTGCTGGGCTCAATTT
CTTCTCAGGAAAAACAAACATGCCAAGGTGGCTGGCAACAAACCAAGTCAGAGCTGATTAGCATTAAACTTGTCCTGGAAGCAGGTAGCCCCA
CAGTGGGAACAGCACATGACTGTGGCCTGGCTCCCACAAGACCTCTGAGCATGGTCCTGGACCCTGGTAACGCCTTCTGAATCCAAAGCCAGTA
ATCTCTTCTACTGATGTAAAACCAAAAGCAATCTGACCATCGAGTCTGTGTGAGTCCATCACTAACCCTTCTGCCCAACTTGAGCTGTTCTGGAA
CATATAGCTTCAGAACCTTACCCATCTGCATCCTGCCATAAAGGCCCAGGAGCACCGGGGGCCTCCAAGCAGGCTTCTGCCTTGCCTTCCTCACC
AGCTAGGTCTGGGAGTAAGAGGAGTAGAGAGAGCCACTTTAGCACATTCTAGTTCAAATCACTAAAAGAAAATGTCTTTTGATGAGGTAGCCA
AGTTTCTGGCAATGAAGTGTGCTAGTTTTCAGGACCAGCTCCCTCCCTCTCCGAGGCATGGACTAAAATTCCTGAATAAAATATAAAAATACCA
CCGTAACTGCATCCACGTGAGACCTCAGTGGTAAGAAAGGCCCCTCTGACAGCAACAGCACACTGGCAGGACTCGGCGAACTTGAGCATGGTT
TGCACGCTCTGGAGACAGAAGACAAAGCACAGGGACCACCCGGGTTGGTGTGTCCCACATTACGACCTTCATAAAACTGAAGCCCACAGCACA
CCCTCCTCGAAGGCAGGAACTAACATAAACCCTCCTCTTCTCCCCTAGAAGCAACACGGAAAACCAACATCTCAAAACCTAGCAGTCAAGAGA
ACAGGCAGAACCAAGCCTGGGAATTTATGGCCAAAAGCTAAGCCTCGCACACATTTGCACACAAATTCATGTTTAAAGCTTCTTTAAAAAATAA
AAAATTAACCTGAAGGCAATGCTATGAGATTGGTCCTGGAGTAgggcce
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Supplementary Video 1:

Micro-CT scans of adult left forearm skeletons. All skeletons are homozygous for the
indicated genotype.

https://drive.switch.ch/index.php/s/UJpBrsRbI1KY6qo
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