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ABSTRACT   35 

 36 

A lingering question in developmental biology has centered on how PBX TALE transcription factors, 37 

viewed primarily as HOX co-factors, can confer functional specificity to spatially-restricted HOX proteins 38 

despite being ubiquitously distributed in vertebrate embryos. Here, using the murine hindlimb as a 39 

model, we investigate the elusive mechanisms whereby PBX homeoproteins themselves attain tissue-40 

specific developmental functions. We first demonstrate that mesenchymal-specific loss of PBX1/2 or 41 

the transcriptional regulator HAND2 generates similar limb phenotypes. By combining tissue-specific 42 

and temporally-controlled mutagenesis with multi-omics approaches, we then reconstruct a GRN at 43 

organismal-level resolution that is collaboratively directed by PBX1/2 and HAND2 within subsets of 44 

posterior-proximal hindlimb mesenchymal cells. Genome-wide profiling of PBX1 binding across multiple 45 

embryonic tissues further reveals that HAND2 selects a subset of PBX-bound regions to impart limb 46 

patterning functionality. Our research elucidates fundamental principles by which promiscuous 47 

transcription factors cooperate with select cofactors to instruct distinct developmental programs. 48 

 49 

 50 

 51 

 52 

 53 

  54 
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INTRODUCTION  55 

Through the years, the limb has provided an excellent model for understanding the genetic principles 56 

that control development, evolution, and congenital disease1,2. Numerous genetic studies in the mouse 57 

have led to significant insights into the genes and molecular pathways that direct limb bud patterning 58 

and morphogenesis. Our research has established that the gene family encoding PBX1/2/3 59 

homeodomain transcription factors of the TALE superclass are essential regulators of limb 60 

development3,4. PBX homeoproteins execute hierarchical, overlapping, and iterative functions during 61 

limb development; they are essential in determining limb bud positioning and formation, limb axes 62 

establishment, as well as patterning and morphogenesis of most skeletal elements of the limb and 63 

girdle4–7. In particular, PBX homeoproteins control effectors of limb and girdle development, including 64 

genes encoding the SHH morphogen in the limb posterior mesenchyme6 and transcriptional regulators 65 

such as ALX1 in pre-scapular domains8.  66 

 67 

PBX TALE transcription factors have long been regarded primarily as cofactors that promote the DNA-68 

binding specificity of HOX proteins, which are notoriously known to have very low binding specificity3. 69 

However, it remains challenging to envision how PBX transcription factors with widespread distribution 70 

in the vertebrate embryo can confer functional specificity to HOX proteins that display domain-restricted 71 

localization. We previously demonstrated that PBX homeoproteins do not act solely as cofactors for 72 

HOX proteins in limb buds3, but indeed execute upstream control of 5' HoxA/D gene expression6. In 73 

particular, homozygous loss of Pbx1 (Pbx1-/-) causes malformations of girdles and proximal stylopod 74 

skeletal structures9, while homozygous inactivation of Pbx2 or Pbx3 does not yield limb skeletal 75 

phenotypes10,11. In contrast, compound constitutive loss-of-function of Pbx1/2 results in multiple 76 

developmental abnormalities, including striking distal limb defects with loss of posterior digits6, and 77 

exacerbates the proximal limb phenotypes reported in Pbx1-/- embryos9. Given that the mouse hindlimb 78 

bud lacks detectable Pbx3 expression12 and that Pbx4, the last known member of the Pbx family, is not 79 

expressed during limb bud development13, compound loss of Pbx1/2 in the developing hindlimb 80 

achieves a PBX-null state. Accordingly, Pbx1/2 mutant hindlimbs exhibit more pronounced phenotypes 81 

than those observed in forelimbs, which express high levels of Pbx312. However, compound constitutive 82 

homozygous deletion of Pbx1 and Pbx2 results in embryonic lethality by gestational day (E)10.56 due to 83 

striking cardiovascular defects14, which prevents a mechanistic understanding of their key functions as 84 

transcriptional regulators of limb bud development.  85 

 86 

The establishment of cis-regulatory landscapes and gene regulatory networks (GRNs) that control limb 87 

patterning and outgrowth has provided an additional layer to our understanding of this archetypical 88 
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developmental process15. For example, dissection of the chromatin organization and regulation of the 89 

murine Hox gene clusters16,17 has contributed mechanistic insight into the critical roles of Hox genes in 90 

setting up regional identities along the body axis of bilaterians and during limb bud patterning18. 91 

Specifically, expression of all four Hox9 paralogs is required for anterior-posterior (AP) polarization of 92 

the limb bud and initiation of SHH signaling19. Of note, our studies have shown that establishment of 93 

Shh expression in the limb zone of polarizing activity (ZPA) requires PBX1/26 and the bHLH 94 

transcription factor HAND220. In particular, Hand2 is part of a GRN that antagonizes Gli3 expression to 95 

establish AP asymmetry and pentadactyly20,21. Establishment of the posterior domain of Hand2 96 

expression is not only dependent on its mutual antagonistic interaction with Gli3 and early-wave Hox 97 

genes, but also on HOX-interacting MEIS1/2 transcription factors that bind to a Hand2 limb enhancer22. 98 

Identification of HAND2 targets has uncovered a GRN of regulators that control compartmentalization 99 

of the limb bud mesenchyme, emphasizing an evolutionary conserved role of HAND2 in orchestrating 100 

early limb development upstream of SHH23. Lastly, the dissection of the Gremlin1 (Grem1) cis-101 

regulatory landscape, which directs the spatio-temporal expression of Grem1 in limb buds, has 102 

provided insight into the robustness and evolutionary plasticity of distal limb and digit development24.  103 

 104 

While it was established that both PBX1/2 and HAND2 independently activate posterior Shh expression 105 

by directly interacting with its distal limb enhancer (called ZRS)6,20,25, it is unknown whether their 106 

functions converge on regulating SHH signaling. If this is the case, potential genetic interactions 107 

between PBX1/2 and HAND2 and GRNs jointly controlled by these factors remain elusive. Here, we 108 

combined tissue-specific and temporally controlled gene inactivation in mouse embryonic hindlimb buds 109 

with a variety of transgenic and multi-omics approaches using dissected limb buds to reconstruct a 110 

multi-layered GRN of limb regulators that is collaboratively directed by PBX1/2 and HAND2. We further 111 

established that the genetic interaction of Pbx1 with Hand2 in limb mesenchyme is required for normal 112 

hindlimb bud development and that PBX1 acts also as an upstream regulator of Hand2 expression. 113 

Lastly, by comparing PBX genome-wide occupancy in vivo across multiple embryonic tissues, we 114 

uncovered that PBX transcription factors indiscriminately occupy a vast pool of common genomic loci 115 

during development. However, PBX binding gains restrained functionality via cooperative interactions 116 

with HAND2, a critical regulator of limb AP asymmetry and pentadactyly, thus promoting early limb 117 

patterning specificity. Together, these studies enabled the reconstruction of a spatio-temporally 118 

constrained GRN at superior organismal- and tissue-level resolution. Broadly, this research establishes 119 

how promiscuous transcription factors attain context-specific developmental functions via cooperative 120 

interactions with select cofactors that enable tissue specificity during vertebrate organogenesis.  121 
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RESULTS  122 

Requirement of PBX1 and PBX2 in limb bud mesenchyme during the onset of limb bud 123 

patterning and outgrowth  124 

Given the dominant role of PBX1 among PBX family members during hindlimb development6, we 125 

examined its spatio-temporal distribution from formation of the hindlimb bud (E9.0) to digit development 126 

(E12.0). Following its expression in the lateral plate mesoderm6 (E8.0), PBX1 was detected in most 127 

limb mesenchymal progenitors and in the apical ectodermal ridge (AER) during the onset of hindlimb 128 

bud development (E9.0-10.5, Fig.1A-C’), while it was restricted to the proximal-most mesenchyme by 129 

E11.0 until E12.0 (Fig. S1A-C). To circumvent early embryonic lethality of Pbx1/2 compound 130 

constitutive null embryos and to decipher tissue-specific Pbx functions during limb development, we 131 

conditionally inactivated Pbx126 on a Pbx2-deficient background10. This genetic approach enabled us to 132 

obtain a Pbx-null state in the hindlimb bud, where Pbx3 is not expressed at detectable levels12. AER-133 

specific deletion of Pbx1 using a Msx2Cre deleter line27,28 did not cause any limb skeletal abnormalities 134 

(Fig. S1D-G, Supplementary Table 1) and was verified by immunohistochemistry (Fig. S1H-I’). These 135 

genetic experiments demonstrate that PBX1 is dispensable for AER formation and maintenance.  136 

 137 

To investigate PBX functions during early limb bud development, the Hoxb6Cre deleter line expressing 138 

the Cre recombinase under the control of the Hoxb6 promoter29 was used for conditional gene 139 

inactivation in the lateral plate mesoderm, posterior forelimb and entire hindlimb bud mesenchyme from 140 

limb initiation onward. Mesenchyme-specific deletion of Pbx1 on a Pbx2-deficient background resulted 141 

in drastic limb defects (Fig. 1D-H) that phenocopy the limb skeletal abnormalities of constitutive 142 

compound Pbx1/2 mutants6. Although the phenotypes of Pbx1f/f;Pbx2+/-;Hoxb6Cre/+ (hereafter 143 

Pbx1cKOMes;Pbx2+/-) (Fig. 1E,F) and Pbx1f/f;Pbx2-/-;Hoxb6Cre/+ (hereafter Pbx1cKOMes;Pbx2-/-) hindlimbs 144 

(Fig. 1G,H) displayed variable penetrance, the pelvic girdle was dysmorphic and the proximal as well as 145 

distal elements were malformed, hypoplastic, or absent in all mutant embryos at E14.5 (Supplementary 146 

Table 1). As expected, phenotypes were more severe when both Pbx1 and Pbx2 were inactivated, 147 

varying from hypoplastic autopodia (Fig. 1G’) to complete autopod agenesis (Fig. 1H’). To assess the 148 

temporal requirement of Pbx1 during hindlimb bud development, we used an inducible Hoxb6Cre 149 

(Hoxb6CreERT) line30. Tamoxifen injections at E8.5, E9.5, E10.0 and E10.5, respectively, showed that 150 

Pbx1/2 are required in the mesenchyme for hindlimb patterning prior to E9.5 (Fig. 1I,J and Fig. S1J), as 151 

their inactivation at or before this time-point resulted in hindlimb abnormalities that mimicked those 152 

observed using the Hoxb6Cre allele. In contrast, hindlimbs developed normally when tamoxifen was 153 

administered at or after E10.0. Altogether, concomitant inactivation of Pbx1/2 with different Cre deleter 154 

lines (Fig. 1D-J, S1D-G and S1J) demonstrates that PBX1/2 are dispensable in the AER and are 155 
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required in the hindlimb mesenchyme at least until E9.5, i.e. during hindlimb bud initiation and early 156 

patterning. 157 

 158 

Early mesenchymal-specific deletion of Pbx1/Pbx2 or Hand2 results in similar skeletal, cellular, 159 

and molecular alterations  160 

The hindlimb skeletal phenotypes of E14.5 Pbx1cKOMes;Pbx2-/- mouse embryos are similar to those 161 

reported in embryos with mesenchymal loss of Hand2 (hereafter Hand2cKOMes)20,23 (Fig. 1K,L) and 162 

constitutive loss of Shh (Shh-/-)31. Given the striking similarities of the distal phenotypes in these mutant 163 

limbs, we sought to investigate the cellular and molecular alterations underlying the respective skeletal 164 

defects. Limb bud mesenchymal apoptosis32 was not increased in Pbx1cKOMes;Pbx2-/-  hindlimb buds in 165 

comparison to controls at early stages (34 somites, Fig. 1M). However, later in development, apoptosis 166 

of mesenchymal cells was significantly increased in the distal-anterior hindlimb bud mesenchyme of 167 

Pbx1cKOMes;Pbx2-/- embryos (43 and 49 somites, Fig. 1M). These findings were consistent with 168 

increased mesenchymal apoptosis in Shh- and Hand2-loss-of-function limb buds20,31,33. Interestingly, 169 

Pbx1/2-deficient hindlimb buds expressed negligible levels of Shh6. RNA in situ hybridization 170 

corroborated complete loss of Shh also in Pbx1cKOMes;Pbx2-/- hindlimbs (Fig. 1N,O), as was the case in 171 

Hand2cKOMes hindlimb buds20,23. These results demonstrate that the striking similarities observed in the 172 

distal limb skeletal phenotypes of Pbx1cKOMes;Pbx2-/- and Hand2cKOMes embryos are underpinned by 173 

similar cellular and molecular alterations.  174 

 175 

Given these similarities, we asked whether Pbx1/2 and Hand2 converge in orchestrating a shared GRN 176 

essential for limb bud patterning and morphogenesis beyond their independent requirements in Shh 177 

regulation. First, to assess a potential epistatic hierarchy, we examined the spatial expression of Hand2 178 

transcripts in Pbx1cKOMes;Pbx2-/- hindlimb buds. Compared to controls, Hand2 transcript levels were 179 

reduced in the proximal-most mesenchyme of Pbx1cKOMes;Pbx2-/- developing hindlimbs (Fig. 1P,Q), as 180 

reported for Pbx1/2 constitutive mutants6. In contrast, Pbx1 spatial expression was not altered in 181 

Hand2cKOMes hindlimb buds (Fig. 1R,S). Altogether, these findings corroborate previous reports that 182 

both PBX1/2 and HAND2 are essential to establish Shh expression in the posterior limb bud 183 

mesenchyme. They further suggest that Pbx1 contributes to the regulation of Hand2 expression, likely 184 

within a GRN that orchestrates the onset of limb bud patterning and outgrowth. 185 

 186 

Pbx1/2 and Hand2 are co-expressed in a subset of posterior-proximal hindlimb bud 187 

mesenchymal cells  188 

To investigate the genetic hierarchy, individual contributions, and convergence of PBX and HAND2 in 189 
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regulating downstream limb GRNs, we combined mouse genetics with genome-wide transcriptome and  190 

epigenome profiling of dissected hindlimb buds (Fig. 2A). We isolated hindlimb buds from wild-type 191 

mouse embryos at E10.5 (36-38 somites) and performed single cell (sc) RNAseq analysis34 to 192 

disentangle the cellular heterogeneity of early hindlimb development and assess potential co-193 

expression of Pbx1/2 and Hand2 transcripts at single-cell resolution (Fig. 2B-F and Fig. S2,S3). 194 

Unsupervised clustering and limb bud marker gene analysis led to the identification of six main cell 195 

populations within E10.5 hindlimbs, including mesenchymal cells (Prrx1+ and Meis2+); epithelial cells 196 

and AER (Epcam+ and Wnt6+); erythrocytes (Hba-a2+ and Klf1+); endothelial cells (Pecam1+ and 197 

Emcn+); phagocytic cells (Fcer1g+ and Spi1+); and pluripotent progenitor cells (Sox2+ and Pou5f1+) 198 

(Fig. 2B,C, Fig. S2A,B, and S3A-F)35,36. Pbx1 and Pbx2 were detected in both the mesenchymal and 199 

epithelial cell populations, although their expression was predominant in mesenchymal cells, with Pbx1 200 

being overall more abundant than Pbx2 (Fig. 2D and Fig. S2C). In contrast, Hand2 expression was 201 

restricted to a subset of posterior mesenchymal cells (Fig. 2E)20,23. Additional analyses confirmed that 202 

Hand2 is co-expressed with Pbx1 and Pbx2 in a fraction of mesenchymal cells (orange and red, 203 

Fig. 2F). These mesenchymal subpopulations were characterized by high levels of Tbx3 and Isl1 and 204 

low levels of Lhx9 and Lhx2 transcripts, which identify them as posterior-proximal hindlimb bud 205 

mesenchyme (Fig. S2B and S3G). In agreement, these subpopulations lacked anterior-proximal 206 

markers such as Irx3 and Irx5 (Fig. S3G). The expression of HoxA and HoxD genes further confirmed 207 

the spatial assignment of these cells to the posterior-proximal mesenchyme (Fig. S3G). In addition, 208 

immunofluorescence (IF) analysis of hindlimb bud sections revealed co-localization of PBX1 and 209 

HAND2 proteins in the posterior mesenchyme (Fig. 2G-J’’). PBX1 was present in most mesenchymal 210 

cell nuclei, although at lower levels in the distal hindlimb mesenchyme, while HAND2 was restricted to 211 

the posterior-proximal mesenchyme. These results show that nuclear PBX1 and HAND2 transcription 212 

factors co-localize in the same posterior-proximal mesenchymal cells in hindlimb buds. 213 

 214 

PBX and HAND2 regulate a GRN that controls early hindlimb bud development  215 

To identify unique and shared transcriptional targets of PBX and HAND2 and their epigenetic  216 

landscapes in mouse hindlimb buds, we used chromatin immunoprecipitation followed by sequencing  217 

(ChIPseq)37,38, in combination with ATACseq (genome-wide assay for transposase-accessible 218 

chromatin using sequencing)39 in E10.5 hindlimb buds (middle panel, Fig. 2A). From all datasets 219 

obtained, only the peaks detected reproducibly across two replicates were selected for further analysis 220 

(Supplementary Table 2; see Methods). Replicated peaks for PBX1 and HAND2 were merged into one 221 

set of 32,691 putative regulatory elements: 6,157 bound by both transcription factors; 4,536 bound only 222 

by HAND2; and 21,998 bound only by PBX1 (Figure 3A,B and S4A-C). The majority of HAND2 peaks 223 
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were located distal to the transcription start site (TSS)23 of annotated genes, while PBX1 peaks were 224 

distributed between promoters and TSS-distal regions (Fig. 3A,B). Regions co-bound by both PBX1 225 

and HAND2 predominantly associated with distal elements, including both intergenic and intragenic 226 

regions (Fig. 3A). Remarkably, sites co-bound by PBX1 and HAND2 were located in regions of higher 227 

chromatin accessibility (Fig. 3C; p-value < 2.2e-16, Kruskal-Wallis Test) and had greater enrichment 228 

values for transcription factor-binding (Fig. 3D,E; p-value < 2.2e-16, Mann-Whitney Tests) than sites 229 

bound by only one of the two factors. Genomic Regions Enrichment Annotation (GREAT)40 analysis 230 

revealed that the peaks bound by both PBX1 and HAND2 were mostly associated with genes known to 231 

regulate limb bud and/or skeletal development (Fig. 3F,G), while this was not the case for regions 232 

bound only by one transcription factor (Fig. S4D-G). 233 

 234 

De novo motif discovery (using HOMER)41 determined whether both PBX1 and HAND2, or only one of 235 

them, interacted directly with DNA or as part of transcriptional complexes (Fig. 3H). The HAND2 236 

(annotated by similarity to HAND1::TCF3) and HOX-PBX (TGATTNTT; annotated to HOXC9) motifs 237 

were identified as the top two most-enriched motifs in shared peaks, whether they were centered on the 238 

PBX1 peak or the HAND2 peak (Fig. 3H; p-value < 0.05). Interestingly, the HOX-PBX motif was still the 239 

second most enriched sequence motif in peaks bound by HAND2 even in the absence of PBX1 240 

binding. In contrast, PBX1 bound on its own with other TALE factors (MEIS/PREP) at promoter regions 241 

and distal elements (Fig. 3H; p-value < 0.05). Of note, the majority of genes associated with PBX1-242 

specific peaks function in developmental processes other than limb morphogenesis (Fig. S4F). 243 

Moreover, motif analysis using a large set of published binding preferences41 revealed significant 244 

associations of the PBX1-only peaks with binding of other homeobox transcription factors (HOX, MEIS, 245 

PDX2, LHX2) at TSS-distal sites (Fig. S4H; p-value < 1e-5; HOMER). These results point to the 246 

convergence of PBX1 and HAND2 on cis-regulatory modules within a GRN in the posterior-proximal 247 

limb mesenchyme that orchestrates limb and digit patterning (asterisks, Fig. 3F,G).  248 

 249 

Next, we integrated our sets of PBX1 and HAND2 replicated peaks with the H3K27ac (associated with 250 

active enhancer marks) and H3K27me3 (associated with repressive enhancer marks) ChIPseqs42 and 251 

the ATACseq profiles (denoting open chromatin) that we generated from E10.5 hindlimb buds. In 252 

addition, we intersected these data sets with published CTCF binding profiles (Fig. 3I)43. Our analyses 253 

revealed that: 1) Intergenic, intragenic and promoter regions co-bound by PBX1 and HAND2 associate 254 

with accessible chromatin and H3K27ac enrichment (Fig. 3I’,I’’); 2) regions bound by PBX1 only are 255 

significantly more accessible and more enriched with H3K27ac than regions bound by HAND2 only 256 

(Fig. 3I and Fig. S5A-D); 3) no significant associations are present with genomic regions marked by 257 
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H3K27me3 repressive marks, with the exception of a fraction of promoter regions bound by PBX1 (red 258 

arrow, Fig. S5D), which points to potential bivalent promoters; and 4) as expected, CTCF binding is not 259 

associated with any of the groups analyzed. Together, these analyses indicate that PBX1 and HAND2 260 

interact with a common set of candidate cis-regulatory modules (CRMs) in accessible and active 261 

chromatin within genomic landscapes of genes that regulate limb development.  262 

 263 

PBX1 directly regulates Hand2 expression via specific CRMs active in the hindlimb bud 264 

mesenchyme 265 

In light of the genetic evidence indicating that Pbx1/2 regulate Hand2 expression in the proximal-266 

posterior limb bud mesenchyme (Fig. 1P,Q and Fig. 2D-F), we set out to identify the complement of 267 

limb enhancers critical for this process. To this end, we screened the Hand2 TAD44 by intersecting our 268 

PBX1, HAND2, H3K27ac ChIPseq and ATACseq datasets (Fig. 4A) (see Methods). This analysis 269 

uncovered 17 PBX1-bound putative CRMs with predicted limb enhancer activity, including 3 previously 270 

identified candidate limb enhancers (mm1687, mm1688, and mm1689) as validated by transgenic LacZ 271 

reporter assays at E11.545 (Fig. 4B,C,E, Supplementary Table 3). A similar strategy was used to 272 

analyze the remaining putative PBX1-bound limb enhancer elements (n=14) in mouse embryos at 273 

E10.5 or E11.5. These assays revealed the presence of 7 additional tissue-specific enhancers in the 274 

Hand2 TAD with activity in limb buds and/or other embryonic compartments (Fig. 4D,F,G and Fig. S6; 275 

Supplementary Table 3). Of these, 3 showed reproducible limb activities in Hand2 expressing domains, 276 

expanding the number of known bona fide embryonic limb enhancers in the Hand2 locus to 6 in total, 277 

all of which were active at E10.5 and E11.5 (Fig. 4B-G and Fig. S6). However, only 2 of these 278 

enhancers, located 337kb (mm1689) and 226kb (mm1828) upstream of the Hand2 TSS, respectively, 279 

displayed activity restricted to the posterior hindlimb bud mesenchyme at E10.5 (Fig. 4E,F; dashed 280 

rectangles) overlapping the endogenous Hand2 expression domain. Interestingly, it was recently 281 

reported that deletion of mm1689 in the mouse results in loss of Hand2 expression in limb buds22. To 282 

demonstrate that the activity of this CRM is regulated by PBX, we mutagenized all PBX and PBX-HOX 283 

binding sites within this element (Fig. 4H and Supplementary Methods), disrupting the conserved core 284 

of the binding motifs3,46. We then assayed the mutagenized (MUT) and wild-type (WT) versions of this 285 

enhancer using a CRISPR/Cas9-mediated site-specific transgenic mouse assay termed enSERT47. 286 

Activity of the mm1689 enhancer was completely lost with high reproducibility in its MUT version (n=9) 287 

compared to WT (n=2) (Fig 4H). Together, our results indicate that in early hindlimb buds the activity of 288 

CRMs in the Hand2 genomic landscape critically depends on intact PBX binding sites. 289 

 290 

PBX and HAND2 collaboratively control transcriptional regulators of limb patterning  291 
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To identify GRNs co-regulated by PBX1/2 and HAND2, we used Pbx1cKOMes;Pbx2-/- and Hand2cKOMes 292 

hindlimb buds at E10.5 for bulk RNAseq analysis in comparison to littermate controls (Fig. S7A,B). 293 

Statistical analyses identified 1,489 differentially expressed genes (DEGs) in Pbx1cKOMes;Pbx2-/- and 294 

375 DEGs in Hand2cKOMes mutant hindlimb buds. Intersection of both transcriptomic datasets, 295 

considering only genes that were robustly detected in both sets of experiments, identified 46 DEGs 296 

significantly upregulated in hindlimb buds from both mutant mouse lines, defining them as genes 297 

repressed by both PBX1/2 and HAND2 (Fig. 5A, left, Fig. S7B and Supplementary Table 4). GO 298 

analyses of the PBX1-HAND2 repressed transcriptional targets revealed a significant association with 299 

‘developmental processes’ and ‘transcription factors’ categories (Fig. S7C). In addition, 37 genes were 300 

significantly downregulated in both types of mutant hindlimb buds compared to littermate controls (Fig. 301 

5A, left, Fig. S7B,C, and Supplementary Table 4), identifying target genes positively regulated by both 302 

PBX1/2 and HAND2 transcription factors. Lastly, 31 DEGs were altered in a discordant manner in the 303 

two mutant mouse lines, i.e. one transcript was upregulated in Pbx1cKOMes;Pbx2-/- and downregulated 304 

in Hand2cKOMes mutant hindlimb buds, or vice versa (Fig. 5A, left, and Fig. S7B,C). Of note, the GO 305 

term ‘transcription factors’ was significantly enriched in all DEG groups, suggesting that PBX1/2 and 306 

HAND2 act as master regulators of a downstream GRN comprising transcription factors with critical 307 

roles in limb development (Fig. S7C). 308 

 309 

Upon signal transduction, many transcription factors translocate from the cytoplasm into the nucleus 310 

where they interact with other transcription factor complexes and/or bind directly to DNA42. Therefore, 311 

we investigated whether the PBX1/2-HAND2 target genes are co-expressed with Pbx1/2 and Hand2 in 312 

the same hindlimb bud cells by analyzing the mesenchymal clusters in our scRNAseq datasets (based 313 

on the statistical threshold ‘area under the curve’ >=0.55 to determine the extent to which each target 314 

gene was co-expressed with Pbx1/2 and/or Hand2; see Methods). Remarkably, seven transcription 315 

factors with critical functions in limb and/or skeletal development, namely Msx148, Alx349, Lhx950, 316 

Prrx151, Zfhx452, Ets253 and Snai154,55 were above this statistical threshold (right panel, red asterisks, 317 

Fig. 5A). Genes up-regulated in both Pbx1/2 and Hand2 mutants were highly expressed in subcluster 7 318 

(e.g. Col1a2), or in subclusters 1 and 5 (e.g. Prrx1, Msx1). In contrast, Ets2, Polr3d, and Snai1, which 319 

were downregulated in both mutants, were expressed at higher levels in subclusters 1 and 5. In 320 

addition, we used our bulk and sc RNAseq datasets, together with an available computational 321 

compendium (Dorothea56; see Methods) to evaluate whether PBX1/2-HAND2 target genes are co-322 

expressed with Pbx1/2 and Hand2 in the same cell subpopulations. This analysis detected the largest 323 

number of PBX1/2 and HAND2 target genes in cells co-expressing Pbx1, Pbx2 and Hand2 within the 324 

mesenchymal sub-clusters 7 and 12 (Fig. 5B,C and Fig. S7D). Both promoter and intergenic regions of 325 
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these target genes interacted with both PBX1 and HAND2 in accessible and active chromatin regions 326 

(Fig. 5D). Together, these analyses establish that the co-regulated PBX1/2-HAND2 transcriptional 327 

targets required for limb development are: 1) significantly dysregulated in hindlimb buds with 328 

mesenchymal-specific loss of Pbx1/2 and Hand2; 2) bound by both PBX1 and HAND2; 3) associated 329 

with open and active chromatin; and 4) co-expressed in posterior hindlimb mesenchymal cells at E10.5.  330 

 331 

We then examined whether previously defined topological associating domains (TADs)44,57 comprising 332 

the identified DEGs exhibited a higher number of putative regulatory elements bound by PBX1 and/or 333 

HAND2 than TADs comprising genes whose expression was not altered in Pbx1cKOMes;Pbx2-/-  or 334 

Hand2cKOMes mutant hindlimbs (Fig. S8). This analysis indicated that distal elements within TADs of 335 

DEGs identified in either of the two mutants showed a trend toward higher regulatory scores (based on 336 

both the total number and individual strength of the sites contacted by PBX1 and/or HAND2 within the 337 

TAD; see Methods) than genes whose expression was not altered in Pbx1cKOMes;Pbx2-/-  and/or 338 

Hand2cKOMes hindlimb buds. Moreover, the genes within TADs with the highest number and strength of 339 

distal regions bound by PBX1 and/or HAND2 were generally upregulated or regulated in a discordant 340 

manner in both mutant hindlimb buds (red arrows, Fig. S8). These results indicate that: 1) TADs 341 

containing higher numbers of DEGs comprise higher numbers of genomic regions bound by PBX1 342 

and/or HAND2; and 2) genes that are repressed by these two transcriptional regulators are embedded 343 

within complex cis-regulatory landscapes.  344 

 345 

Genetic interaction between Pbx1 and Hand2 is essential for proximo-distal hindlimb and digit  346 

patterning 347 

To validate the developmental impact of the novel PBX1/2-HAND2-dependent GRN reconstructed by 348 

multi-omics approaches, we assessed its functional importance for normal mouse hindlimb bud 349 

patterning and skeletal development by a classical genetic interaction experiment. We generated 350 

compound mutant embryos lacking Pbx1 and one allele of Hand2 in the hindlimb bud mesenchyme 351 

using the Hoxb6Cre deleter line (Fig. 6A-G). The hindlimb skeletal morphology was normal in both 352 

heterozygous Pbx1 and Hand2 embryos (Pbx1f/+;Hoxb6Cre/+ and Hand2+/-;Hoxb6Cre) compared to WT 353 

controls. In contrast, pelvic malformations and a shorter femur (n=4/4) were detected in 354 

Pbx1f/f;Hoxb6Cre/+ single homozygous mutant embryos. Compound Pbx1f/f;Hand2+/-;Hoxb6Cre/+ embryos 355 

lacking both copies of Pbx1 and one copy of Hand2 in the hindlimb bud mesenchyme revealed a 356 

striking genetic interaction in hindlimb skeletal and digit patterning. In particular, Pbx1f/f;Hand2+/-
357 

;Hoxb6Cre/+ hindlimb skeletons exhibited a conspicuously dysmorphic pelvis and shorter femur and 358 

severe fibular defects, including agenesis, in combination with variable reduction or loss of posterior 359 
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digits (Fig. 6D-F’). Despite the different penetrance of the autopod phenotype in compound 360 

Pbx1f/f;Hand2+/-;Hoxb6Cre/+ mutants (Fig. 6D’-F’), no autopod defects were observed in either 361 

Pbx1f/f;Hoxb6Cre/+ or Hand2+/-;Hoxb6Cre/+ hindlimbs. These results establish that genetic interaction of 362 

Pbx1 and Hand2 is required for normal hindlimb bud patterning. 363 

 364 

HAND2 “selects” a subset of PBX-bound CRMs to confer limb bud patterning specificity  365 

As Pbx genes are broadly expressed during embryogenesis and fulfill essential pleiotropic roles during 366 

organogenesis46, we next asked whether context-specific PBX functions are achieved by tissue-specific 367 

PBX binding or by cooperativity with different transcription factors that confer tissue-specificity. To this 368 

end, we compared PBX genome-wide binding profiles across multiple tissues of the developing 369 

embryo. Given the essential roles of PBX proteins in upper lip/primary palate morphogenesis that we 370 

reported58,59, we generated additional PBX1 ChIPseq datasets from the murine midface (MF) at E10.5 371 

and E11.5. In addition, as PBX drives a second branchial arch (BA2)-specific transcriptional program 372 

together with MEIS and HOXA237, the available PBX1 ChIPseq dataset from E11.5 BA2 was also 373 

included in this study. Intersection of the three datasets (PBX1 genome-wide occupancy in the hindlimb 374 

bud, MF, and BA2), using only peaks present in both ChIPseq replicates (overlap of at least 1 nt), 375 

identified more than 10,000 PBX1-bound genomic regions in each of the tissues analyzed, a large 376 

fraction of which was shared across all three embryonic tissues analyzed (Fig. 7A; see Supplementary 377 

Table 5 for precise numbers and percentages). The fraction of peaks shared across these datasets is 378 

very similar in size to the binding overlap expected across biological replicates of the same genome-379 

wide binding experiment (>50%)60. This points to highly promiscuous PBX binding in different 380 

embryonic tissues. GREAT analysis of the PBX binding profiles in hindlimb bud and BA2 revealed 381 

significant associations with diverse developmental processes. GO terms associated with limb 382 

development (Fig. 7B,C) were included, but they were not the top enriched categories in the hindlimb 383 

(or in BA2) dataset. Next, we intersected PBX-bound peaks with HAND2 or HOXA2 binding61, and we 384 

observed that HAND2 and HOXA2 each occupied only a small subset of PBX peaks. Focusing on the 385 

shared HAND2-PBX1 ChIPseq peaks in hindlimb buds revealed that “limb development” and “limb 386 

morphogenesis” were among the top three developmental processes (Fig 7D,E). Moreover, HAND2 387 

showed preferential binding to PBX1-bound peaks in the hindlimb bud (48%) compared to BA2 (13%) 388 

or MF (18%) tissues (Fig 7D; Supplementary Table 5). In contrast, HOXA2 showed preferential binding 389 

to PBX1-bound peaks within BA2 (70%) compared to hindlimb buds (43%) (Fig 7F; Supplementary 390 

Table 5). Comparative analysis of HOXA2 binding between BA2 and MF tissues was not conducted, as 391 

the MF is a so-called “Hox-less” domain62. Notably, HAND2- and HOXA2-bound peaks showed only a 392 

minimal overlap (12%) and are exclusive (Fig. 7G; Supplementary Table 5). For example, PBX1 binds 393 
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to similar CRMs in the genomic landscape of Snail1 and Zfp503 target genes in hindlimb bud and BA2. 394 

However, PBX1 binds the majority of co-bound peaks at both loci with distinct co-factors, HAND2 or 395 

HOXA2, in the hindlimb and BA2, respectively (Fig. 7H,I). These data indicate that HAND2 and HOXA2 396 

select for distinct PBX binding events in their domain of expression (hindlimb and BA2, respectively), 397 

conferring tissue-specificity to PBX function.  398 

 399 

Lastly, comparing the hindlimb bud to BA2 tissue, we quantified PBX1 binding enrichment of peaks that 400 

also overlap with HAND2 or HOXA2 binding. We found that PBX1-HAND2 co-bound peaks in the 401 

hindlimb bud are significantly more enriched relative to PBX1 peaks not overlapping HAND2 or HOXA2 402 

binding (p < 2.2e-16) (Fig. 7J). Similarly, co-binding with HOXA2 significantly increased PBX1 binding 403 

in BA2 (p < 2.2e-16) (Fig. 7J). In summary, these results demonstrate that promiscuous PBX 404 

transcription factors occupy a vast pool of shared genomic regions during embryonic development, but  405 

acquire restrained tissue specificity via cooperation with distinct transcriptional regulators, such as  406 

HAND2 in the developing hindlimb.  407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

  415 
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DISCUSSION  416 

Disturbance of the gene expression programs that specify cell fates and control tissue patterning, as 417 

well as organ morphogenesis, causes congenital malformations. As transcription factors rarely work in 418 

isolation, the regulation of gene expression is often mediated by collaborative interactions of 419 

transcription factor within complexes63. Despite decades of research, it remains unclear how spatio-420 

temporal interactions among transcription factors and select cofactors achieve functional 421 

developmental specificity and how transcription factor complexes regulate their target genes through 422 

multiple CRMs such as enhancers and repressors. Our previous studies reported that, despite broad 423 

expression of Pbx genes during embryonic development, their encoded transcription factors control 424 

distinct target and effector genes in different tissues and organs, including the limb bud4,14,46,64–68. Our 425 

research highlighted the essential roles of Pbx1/2 during limb development4,46, but did not identify the 426 

cell type(s) that require PBX function or the time window during which limb bud development depends 427 

on PBX. Beyond the phenotypic characterization and identification of target genes, our previous studies 428 

did not provide insight into how PBX factors attain functional specificity during development despite 429 

their widespread distribution in the embryo. Here, the tissue-specific mutagenesis, genome-wide and 430 

single-cell experimental strategies employed in the mouse allowed us to address these critical issues 431 

and provided new insight into broader questions related to transcription factor promiscuity and 432 

specificity during vertebrate development.  433 

 434 

We previously reported that inactivation of both Pbx1 and Pbx2 results in more severe phenotypes in 435 

mouse hindlimbs than forelimbs5,6, as a consequence of functional redundancy among Pbx family 436 

members, as Pbx3 is not expressed in hindlimbs. Thus, in this study we chose the mouse hindlimb bud 437 

to gain a mechanistic understanding of how TALE PBX homeoproteins control specific transcriptional 438 

programs in vivo in a context-dependent manner. The combination of tissue and temporally-controlled 439 

gene inactivation in the mouse with multi-omics approaches using dissected hindlimb buds established 440 

that Pbx1/2 are dispensable for AER formation and function, but essential in the mesenchyme for 441 

normal hindlimb bud initiation and early patterning. Thereafter, PBX1/2 become dispensable in the 442 

hindlimb mesenchyme, pointing to their crucial roles in mesodermal progenitors during the onset of limb 443 

bud development. Consistent with essential PBX1/2 functions in mesoderm patterning, we reported that 444 

they are required to control Polycomb and Hox gene expression in the paraxial mesoderm, which gives 445 

rise to the axial skeleton5. Of note, a recent study showed that induction of the paraxial mesoderm 446 

relies on a BRACHYURY-TALE-HOX gene code69. In this context, TALE-HOX transcription factors 447 

establish a chromatin landscape permissive for recruitment of the WNT-effector LEF1, which in turn 448 
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unlocks WNT-mediated transcriptional programs that drive paraxial mesodermal fates. Together, these 449 

studies establish that PBX1/2 homeoproteins, in cooperation with tissue-specific cofactors, execute  450 

essential roles in the specification and patterning of both axial and limb bud mesodermal lineages. 451 

 452 

Limb bud mesenchyme-specific deletion of either Pbx1/2 or Hand2 causes similar limb skeletal defects 453 

and comparable cellular and molecular alterations. In addition, the phenotypes of mouse embryos 454 

lacking either Pbx1/2 or Hand2 in the limb mesenchyme phenocopy the morphological and molecular 455 

defects of embryos lacking Shh31 or its limb ZRS enhancer25 resulting in loss of posterior digits. We and 456 

others reported that activation of Shh localized expression in the posterior limb bud mesoderm is 457 

regulated by interactions of transcriptional regulators, including HOX, PBX, HAND2, and ETS with the 458 

ZRS, whereas TWIST1, ETV, and GATA factors prevent anterior ectopic activation of Shh 459 

expression6,20,53,70–73. Here, we demonstrate that Pbx1/2 and Hand2 cooperate to regulate a GRN that 460 

controls the initiation of hindlimb bud patterning. Lastly, we establish that PBX1 regulates Hand2 461 

expression via the control of select CRMs active within the posterior hindlimb mesenchyme. Indeed, 462 

mutations of all PBX and PBX-HOX binding sites for the mm1689 CRM demonstrated that PBX is 463 

essential for its activity. Of note, it was recently reported that deletion of this enhancer, which comprises 464 

also MEIS and HOXD13 binding sites, results in loss of Hand2 expression in murine limb buds22, 465 

strongly arguing that PBX is part of the transcriptional complex that is required for Hand2 activation. 466 

Together, these findings provide the first mechanistic evidence that explains how the loss of Pbx1/2 or 467 

Hand2 results in similar skeletal, cellular, and molecular alterations during limb bud development. 468 

 469 

Transcription factors that act within the same GRN must be co-expressed within the same cells, as they  470 

translocate into the nucleus to regulate common downstream target gene expression42. A recent study 471 

based on synthetic GRN modelling reported that widespread co-expression emerges in regulatory 472 

networks and is a direct indicator of active co-regulation within a given cellular context74. Combination 473 

of scRNASeq and immunofluorescence on hindlimb buds provides compelling evidence that both 474 

Pbx1/2 and Hand2 transcripts are co-expressed within restricted mesenchymal subpopulations in the 475 

posterior-proximal hindlimb bud, where PBX1 and HAND2 proteins also co-localize in nuclei. The 476 

spatio-temporally constrained PBX1/2-HAND2-dependent GRN comprises target genes that encode 477 

critical limb developmental regulators, within well-defined epigenetic landscapes, and achieves superior 478 

organismal- and tissue-level resolution within a confined hindlimb bud domain (Fig. 8). 479 

 480 

It was recently reported that Meis1/2 genes, which are broadly expressed in the mouse embryo and 481 

encode TALE homeodomain proteins that can dimerize with PBX3,46, have also essential roles during 482 
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early limb bud development. Their genetic inactivation in the mouse results in distal abnormalities 483 

including loss of posterior digits22,75, similar to Pbx1/2-deficient mice. Furthermore, it was shown that 484 

MEIS and TBX transcription factors control a limb-specific GRN by co-regulating enhancers associated 485 

with genes essential for limb bud initiation such as Fgf1022. While this study showed that expression of 486 

Hand2 and Shh is altered in Meis1/2-deficient hindlimbs, it remains to be determined whether MEIS 487 

proteins are part of the same PBX1/2-HAND2-directed GRN, or of a larger shared GRN. Our de novo 488 

motif analysis provides evidence that PBX1 can bind DNA without HAND2, but likely together with other 489 

TALE factors such as MEIS1/PREP1 in hindlimb buds (see Fig. 3H, third column), in agreement with 490 

ChIPseq experiments conducted on whole embryos76. Therefore, we envisage a scenario whereby, 491 

together with PBX1/2 and HAND2, MEIS proteins are part of the same transcriptional complex with 492 

other homeodomain transcription factors (see Fig. S4H) that participate in the regulation of shared 493 

target genes with essential functions in hindlimb bud patterning. Supporting this view, it was reported 494 

that MEIS and PBX largely occupy the same genomic regions in the branchial arches37,61. Of note, 495 

transcription factor cooperativity does not only rely on direct protein-protein interaction but can also be 496 

indirect. In this case, the transcription factors do not interact but stabilize each other by binding to the 497 

same genomic regions, thus competing with nucleosomes63,77,78.  498 

 499 

Several studies have attributed ‘pioneer factor’ functions to PBX proteins79–82. For example, it was 500 

proposed that during early development PBX may penetrate repressive chromatin to mark specific 501 

genes for transcriptional activation as part of multimeric complexes83,84. Furthermore, it was shown that 502 

during early zebrafish embryogenesis TALE regulators access promoters, thereby facilitating chromatin 503 

accessibility of transcriptionally inactive genes, and subsequently HOX proteins are required to initiate 504 

transcription79. In the mouse, it was reported that during neural differentiation PBX1 binds the 505 

promoter/proximal enhancer of doublecortin (Dcx) in undifferentiated neural progenitors, when 506 

chromatin is still compacted by histone H1 and long before Dcx is expressed81. Our study generates 507 

new genome-wide evidence in support of the putative pioneer factor functions of PBX proteins: 1) PBX1 508 

without HAND2 binds to regions that are significantly more accessible and more enriched with 509 

H3K27ac than regions bound by HAND2 without PBX1 (see Fig. 3I); 2) there is a significant association 510 

between repressed promoter elements marked by H3K27me3 and PBX1 binding without HAND2 (see 511 

Fig. S5D); and 3) in different embryonic tissues, including hindlimb bud, MF, and BA2, DNA regions 512 

bound by PBX1 are largely overlapping (see Fig. 7). Nonetheless, in order to unequivocally assign 513 

pioneer factor roles to PBX proteins it will be critical to establish that PBX-marked genes are not 514 

already primed for transcriptional activation by pre-existing histone modifications85,86 prior to PBX 515 

binding. As PBX1/2 are required in the limb mesenchyme during hindlimb bud initiation, our study 516 
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supports the notion that these TALE regulators have critical functions in multipotent progenitor cell 517 

populations69. Of note, while in the mouse embryo the onset of Hox gene expression occurs only during 518 

gastrulation87, Pbx genes are expressed earlier, namely in the blastocyst and morula onward88. 519 

Furthermore, Pbx gene transcripts are already detected in both mouse and human embryonic stem 520 

cells89,90, consistent with putative pioneer factor functions. 521 

 522 

PBX homeodomain proteins of the TALE superclass3 are characterized by the insertion of a three-523 

amino-acid loop in the homeodomain, a highly conserved DNA binding moiety shared by hundreds of 524 

transcription factors91,92, which typically is not sufficient to direct transcription factors to their functional 525 

targets. Our study shows that PBX proteins bind indiscriminately to a vast number of CRMs shared 526 

across diverse embryonic tissues. Thus, binding of PBX TALE proteins alone seems insufficient for 527 

context-dependent functional activity, whereas PBX1 binding acquires tissue-specific functions via 528 

combinatorial interactions with different transcription factors, such as HAND2, which confers limb bud 529 

specificity (see Fig. 8). A similar model defining how TALE factors can activate target genes in different 530 

contexts was proposed for MEIS37,61. Based on our findings (see Fig. 3 and Fig. 7), one can envisage a 531 

scenario whereby increased accessibility reflects higher DNA binding affinity of PBX in the presence of 532 

HAND2, and ultimately longer residence time on chromatin. Of note, the duration of transcription factor 533 

binding to DNA -or dwell time- positively correlates with downstream transcriptional output93,94.  534 

 535 

PBX transcription factors have long been considered to serve primarily as cofactors for HOX proteins, 536 

and their heterodimerization with PBX has been classically proposed as a mechanism by which HOX 537 

proteins acquire DNA-binding selectivity and specificity95–99. However, it always remained difficult to 538 

envisage how transcription factors such as PBX homeoproteins, encoded by genes with widespread 539 

expression in the vertebrate embryo, can confer functional specificity to HOX proteins, that display 540 

domain-restricted localization46. Challenging this widely accepted model, we reported that PBX 541 

transcriptional regulators can hierarchically control Hox gene expression in limb buds6 and also function 542 

in “Hox-less” embryonic domains, such as the developing head58,59,68. Using the limb bud as a model 543 

system, this study provides novel evidence that interaction with select cofactors, such as HAND2 in 544 

hindlimbs, restrains PBX proteins directing them to execute specific developmental functions in distinct 545 

embryonic tissues. These findings have important implications for our understanding of how 546 

promiscuous transcription factors achieve developmental specificity, shedding new light on previously 547 

unknown mechanisms underlying vertebrate tissue patterning and organogenesis. 548 

 549 

 550 
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MATERIALS AND METHODS 551 

 552 

Mice 553 

Mutant alleles used in this study were previously described and the conditions for genotyping were 554 

reported: conditional Pbx126, Pbx210, Hand23xFLAG allele23, constitutive and conditional Hand220, 555 

Hoxb6Cre29, Hoxb6CRE-ERT30, Msx2Cre27,28. Experiments on Pbx1/Pbx2 mice were performed 556 

following Weill Cornell Medical College and UCSF IACUC guidelines and experimental procedures 557 

concerning housing, husbandry, and welfare. Animal studies conducted in Switzerland involving Hand2 558 

and Pbx/Hand2 compound mutant mice and embryos were approved by the Regional Commission on 559 

Animal Experimentation and the Cantonal Veterinary Office of the city of Basel. Animal work at 560 

Lawrence Berkeley National Laboratory (LBNL) was reviewed and approved by the LBNL Animal 561 

Welfare Committee. Stages of all embryos analyzed are indicated in all figures and figure legends. 562 

Wild-type (Swiss Webster) mice were purchased from Charles River Laboratories and were time-mated 563 

to obtain embryos for microdissections. Mouse embryos were collected from pregnant females via 564 

cesarean section at the described timepoint following observation of a vaginal plug. Noon the day of the 565 

plug was considered E0.5.  566 

 567 

Skeletal preparations 568 

Skeletal preparations were performed as previously described6,8,20. 569 

  570 

Whole-mount ISH 571 

Whole-mount in situ hybridization was performed on E11.5 embryos as previously described5,6,20. At 572 

least three embryos for each genotype were analyzed by whole-mount in situ hybridization. 573 

 574 

Immunofluorescence 575 

Embryos were harvested at specified stages, fixed overnight at 4°C in 4% PFA in PBS, rinsed twice in 576 

PBS, and cryoprotected in 30% sucrose overnight at 4°C. Subsequently, they were embedded in OCT 577 

compound and cryosectioned at 12μm per section. Slides were blocked for 1h with 10% fetal bovine 578 

serum (FBS)/PBS and incubated overnight in 0.1% bovine serum albumin (BSA) with primary 579 

antibodies (Ab). Primary Abs used for immunofluorescence were: PBX1 (Cell Signalling, #4342, 1:200), 580 

FLAG M2 (Sigma, F1804, 1:500). Primary Ab binding was detected by AlexaFluor-conjugated 581 

secondary Abs (Invitrogen, 1:400-1:1000). Nuclei were stained with DAPI (Sigma). Fluorescence 582 

imaging was performed using a Leica SP5 confocal microscope.  583 

 584 
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scRNAseq 585 

Microdissected hindlimb tissues were collected from 10 embryos at E10.5 (37-40 somites) in cold PBS. 586 

Tissues were dissociated to single cells using an enzymatic cocktail of Liberase and DNase I for 10 587 

minutes at 37 degrees. Cells were passed through a 45 µm strainer to remove clumps and ensure a 588 

single cell suspension. Dead cells were eliminated with a ‘Dead Cell Removal Kit’ with magnetic beads 589 

(MACS, Milteny Biotech). A single cell suspension of pooled live hindlimb cells were loaded into one 590 

well for single-cell capture using the Chromium Single Cell 3’ Reagent Kit V2 (10X Genomics). Library 591 

preparation for each sample was also performed using the Chromium Single Cell 3’ Reagent Kit V2, 592 

and each sample was given a unique i7 index. Libraries were pooled and subjected to sequencing in an 593 

Illumina NovaSeq sequencer. Additional details in Suppl. Methods. 594 

 595 

Bulk RNAseq 596 

Hindlimb buds from mutant and littermate controls were dissected individually at the indicated 597 

gestational days and snap frozen in dry ice or liquid nitrogen. After genotyping, each biological replicate 598 

consisted of hindlimb buds from one individual mutant or littermate embryo, with a total of 3 biological 599 

replicates per genotype. RNA was extracted using the RNeasy Plus Micro kit (Qiagen, #74034) and 600 

RNA quantification performed using the Qubit RNA HS Assay Kit (Invitrogen, #Q32852). Quality control 601 

of input RNA was performed using the RNA 6000 Pico kit (Agilent, #5067–1513) on a 2100 Bioanalyzer 602 

(Agilent) or the Fragment Analyzer (Advanced Analytical) High Sensitivity RNA kit. All RNA samples for 603 

library preparation had RIN>9. RNA sequencing libraries were prepared from 100 ng of input RNA 604 

using the non-directional kit NEBNext Ultra™ II RNA Library Prep Kit for Illumina (NEB, #E7775) with 605 

the NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB, #E7490) to capture polyA RNAs. Library 606 

size and quality was checked using an Agilent 2100 Bioanalyzer with the High Sensitivity DNA kit 607 

(Agilent, #5067–4626) or the Fragment Analyzer CRISPR discovery kit. Concentration of the libraries 608 

was determined with the QuBit dsDNA HS Assay kit (Invitrogen, #Q32854). Pbx1/2 libraries were 609 

sequenced in an Illumina HiSeq 4000 to generate 50 base pair single-end reads. Hand2 libraries were 610 

sequenced using NextSeq500 to generate 75 single-end reads. Additional details in Suppl. Methods. 611 

 612 

ChIPseq 613 

Embryonic hindlimb buds and embryonic midfaces (the latter dissected as described59) were isolated 614 

from wild-type Swiss Webster E10.5 and E11.5 mouse embryos, and immediately crosslinked for 10 615 

min in 1% formaldehyde (Electron Microscopy Sciences, #15710). ChIP assays were performed as 616 

reported37,38,59. The crosslinked material was sonicated to 200-500 bp DNA fragments with a Diagenode 617 

Bioruptor or Covaris S220 sonicator. Each ChIPseq assay was performed from pooling 60-80 618 
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embryonic hindlimbs, by O/N incubation with specific antibodies (5 µg) at 4°C followed by 30 min 619 

incubation with Dynabeads protein A (PBX1, H3K27ac and H3K27me3 ChIPseq) or 60 min incubation 620 

with Dynabeads protein G (HAND23XF ChIPseq). IP and input DNA were purified using the MicroChIP 621 

DiaPure kit (Diagenode, #C03040001). Antibodies used were: PBX1 (Cell Signaling, #4243S), FLAG 622 

for HAND2 (Sigma, F1804), H3K27ac (Abcam, ab4729) and H3K27me3 (Millipore, #07-449). Each 623 

chromatin immunoprecipitation assay was conducted in two independent biological replicates. 624 

Following ChIP, DNA libraries were constructed using the MicroPlex Library Preparation Kit v2 625 

(Diagenode, C05010012). Libraries were sequenced in an Illumina HiSeq 4000 to generate 50 base 626 

pair single-end reads. Additional details in Suppl. Methods. 627 

 628 

ATACseq 629 

We used the Assay for Transposase Accessible Chromatin (ATACseq) protocol, as originally 630 

described39 with minor modifications. About 75 000 single cells from a pair of mouse hindlimb buds 631 

were used and n=3 biological replicates were analyzed. ATACseq reads were processed as described 632 

for ChIPseq. Peak calling was also performed with MACS v1.4, using the following parameters: --633 

gsize=mm --bw=150 --nomodel --nolambda --shiftsize=75. Evidence from the three replicates was 634 

combined using the same approach described for ChIPseq. ATACseq reads were processed as 635 

described for ChIPseq. Peak calling was also performed with MACS v1.4, using the following 636 

parameters: --gsize=mm --bw=150 --nomodel --nolambda --shiftsize=75. Evidence from the three 637 

replicates was combined using the approach described for ChIPseq. 638 

 639 

Hand2 candidate enhancer identification and selection for analysis of LacZ activity  640 

We intersected our ChIPseq and ATACseq datasets from E10.5 hindlimb buds to identify all regulatory 641 

elements within the Hand2 TAD44 . We selected all PBX1-bound replicated peaks showing at least a 642 

15-fold-enrichment, excluding promoter regions. To identify the complement of transcriptional 643 

enhancers controlling Hand2 expression in the limb mesenchyme, we intersected evolutionarily 644 

conserved elements with PBX1-interacting regions enriched for H3K27ac marks and ATACseq peaks.  645 

 646 

Transgenic mouse reporter assays 647 

Transgenic mouse assays at LBNL were performed in Mus musculus FVB strain mice. Animals of both  648 

sexes were used in these analyses. Sample size selection and randomization strategies were 649 

conducted as follows: sample sizes were selected empirically based on previous experience in 650 

transgenic mouse assays for >3,000 total putative enhancers (VISTA Enhancer Browser: 651 

https://enhancer.lbl.gov/). Mouse embryos were excluded from further analysis if they did not encode 652 
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the reporter transgene or if the developmental stage was not correct. All transgenic mice were treated 653 

with identical experimental conditions. Randomization and experimenter blinding were unnecessary 654 

and not performed. For validation of in vivo limb enhancer activities conventional transgenic mouse 655 

LacZ reporter assays involving an hsp68 minimal promoter (Hsp68-LacZ) were performed as previously 656 

described100,101. For comparison of wildtype and mutagenized enhancer versions (mm1689) enSERT 657 

was used for site-directed insertion of transgenic constructs at the H11 safe-harbor locus47. Hereby, 658 

Cas9 and sgRNAs were co-injected into the pronucleus of FVB single cell-stage mouse embryos (E0.5) 659 

with the targeting vector encoding a candidate enhancer element upstream of the Shh-promoter-LacZ 660 

reporter cassette (Shh-LacZ)47. Related genomic enhancer coordinates are listed in Supplementary 661 

Table 3. Predicted enhancer elements were PCR-amplified from mouse genomic DNA (Clontech) and 662 

cloned into the respective LacZ expression vector101. Embryos were excluded from further analysis if 663 

they did not contain a reporter transgene in tandem. CD-1 females served as pseudo-pregnant 664 

recipients for embryo transfer to produce transgenic embryos which were collected at E10.5 or E11.5 665 

and stained with X-gal using standard techniques101.  666 

 667 

Data availability 668 

ChIPseq, ATACseq, scRNAseq and RNAseq datasets have been deposited in the NCBI GEO database 669 

under the identifier GSE197859 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE197859; 670 

Token: edqfkysonzitpif). Additional data supporting the findings of this study are available from the 671 

corresponding author upon request. 672 
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 914 

Figure 1. PBX1/2 are required in the mesenchyme for hindlimb patterning before E9.5 915 

(A-C’) IF showing PBX1 protein (red) localization in developing murine hindlimbs from E9.0 to E10.5. 916 

DAPI labels nuclei (blue); C’ shows plane of section through hindlimb bud in E10.5 mouse embryo. (D-917 

E9.0

E10.0

E10.5

P
B
X
1
D
A
P
I

A

B

C

D

D’

Pbx1f/f;Pbx2-/-;Hoxb6CreERT/+Control

I JT
M

 I
n

je
c
ti

o
n

 
a
t 

E
9
.5

S
h
h

Control

N O

Pbx1f/f;Pbx2-/-;

Hoxb6Cre/+

38so

Control Pbx1f/f;Pbx2-/-;

Hoxb6Cre/+

P 37so

H
a
n
d
2

C
o
n
tr
o
l

P
b
x
1
f/
f ;
P
b
x
2
-/
- ;

H
o
x
b
6
C
re
/+

M

34so 43so 49so

34so 43so 49so

HG

H’G’

Pbx1f/f;Pbx2-/-;Hoxb6Cre/+

E F

E’ F’

Figure 1

Control Hand2f/-;

Hoxb6Cre/+

R 37so

P
b
x
1

SQ

Control Pbx1f/f;Pbx2+/-;Hoxb6Cre/+

K L

Control Hand2f/-;Hoxb6Cre/+

1

2

3

4

5

1

2

3

4

5

1

2

3

4

1

2

3

1*

C’



 28 

H) E14.5 skeletal preparations of mutant hindlimbs with tissue-specific deletion of Pbx1 on a Pbx2-918 

deficient background using a Hoxb6Cre deleter line (referred in text as Pbx1cKOMes;Pbx2+/- and 919 

Pbx1cKOMes;Pbx2-/-); cartilage and bone visualized by Alcian Blue and Alizarin Red staining, 920 

respectively. Digits shown from anterior (digit 1) to posterior (digit 5). (I,J) Representative images of 921 

Pbx1f/f;Pbx2-/-;Hoxb6CreERT/+ hindlimb skeletal phenotype compared to Pbx1f/f;Pbx2-/- Control. Ratio of 922 

tibia/femur length in mutant embryos versus controls quantified in Suppl. Figure 1 (Panel J). (K,L) E14.5 923 

skeletal preparations of mutant hindlimbs with tissue-specific deletion of Hand2 using the Hoxb6Cre 924 

deleter (Hand2f/-;Hoxb6Cre/+). (M) Detection of apoptotic cells by LysoTracker Red. Pbx1f/f;Pbx2-/-
925 

;HoxB6Cre/+ hindlimb buds and respective controls at E10.25 (34 somites), E11.0 (43 somites), and 926 

E11.5 (48 somites). (N-S) Whole mount in situ hybridization (WISH) of Shh (N,O) and Hand2 (P,Q) in 927 

E10.75 Pbx1cKOMes;Pbx2-/- hindlimbs versus controls. (R,S) WISH of Pbx1 in E10.75 Hand2cKOMes 928 

hindlimb versus controls. In all panels, hindlimb buds oriented with anterior to the top and posterior to 929 

the bottom.  930 
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Figure 2. Identification of hindlimb bud mesenchymal subpopulations co-expressing Pbx1/2-932 

Hand2. 933 

(A) Workflow of the genome-wide approaches performed in parallel in this study. (B) Uniform manifold 934 

approximation and projection (UMAP) representation of high-quality 9,859 hindlimb cells at E10.5-935 

10.75, defined by scRNAseq. (C) Dot plot of top differentially expressed markers for each embryonic 936 

hindlimb population. Size of each dot represents proportion of cells within a given population that 937 

expresses the gene; intensity of color indicates average level of gene expression in indicated 938 

population. (D,E) UMAPs (upper) and violin plots (lower) showing normalized expression patterns for 939 

Pbx1 and Hand2. Y axes in violin plots are at saturation and differ in scale. (F) UMAP highlighting co-940 

expression of Pbx1-Pbx2-Hand2. (G-J’) IF of PBX1 (green) and HAND2 (red) proteins in posterior-941 

proximal hindlimb mesenchyme. Higher magnification shows co-localization (orange) in H’, I’ J’ and J’’ 942 

insets (orange arrows; double positive cells). DAPI (blue) labels nuclei.  943 
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 944 

 945 

Figure 3. PBX1 and HAND2 control a shared gene regulatory network that drives early  946 

hindlimb development.  947 
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(A) Distribution of the proportion of PBX1-only, HAND2-only or PBX1-HAND2 co-bound peaks relative 948 

to gene intergenic, promoter, or intragenic regions. (B) Similar to (A); showing proportion of intergenic, 949 

promoter, or intragenic regions relative to PBX1-only, HAND2-only, or PBX1-HAND2 co-bound peaks. 950 

(C) Assessment of chromatin accessibility for PBX1-only and HAND2-only bound peaks versus PBX1-951 

HAND2 co-bound peaks. X axis shows -log10(p-value) of ATACseq enrichment, on logarithmic scale. 952 

(D-E) Assessment of enrichment values for PBX1-only and HAND2-only bound peaks versus PBX1-953 

HAND2 co-bound peaks. X axis shows the -log10(p-value) of ChIPseq enrichment, on logarithmic 954 

scale. (F,G) Top over-represented biological processes (F) and mouse phenotypes (G) associated with 955 

PBX1-HAND2 co-bound peaks. X axes show -log10 of binomial (uncorrected) p-values. Limb-related 956 

categories highlighted by asterisk*. (H) Top two most significantly enriched motifs identified by de novo 957 

motif enrichment analysis of peaks co-bound by PBX1-HAND2, PBX1-only, or HAND2-only (q-value <= 958 

0.05). Identity of the most similar annotated motif indicated below each logo. (I) Heatmap summarizing 959 

enrichment (as odds ratio of observed versus expected fraction of peaks) of indicated chromatin 960 

features (columns) at peaks co-bound by PBX1-HAND2 (both), PBX1-only, or HAND2-only (rows). 961 

(I’,I’’) Distribution of H3K27ac/H3K27me3 or ATACseq peaks relative to distance to nearest peak bound 962 

by both PBX1-HAND2 in intergenic sites (I’) or promoters (I’’).   963 
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Figure 4. PBX1 directly regulates the enhancer activities of specific CRMs in the Hand2 TAD. (A) 965 

Overview of the genomic signatures of identified candidate limb enhancer elements (grey lines) within 966 

the Hand2 TAD. Hand2 transcriptional start site (TSS) marked by black arrow (top right). Enhancers 967 

listed based on their relative distance to Hand2 TSS (bottom). (B-G) Analysis of transcriptional 968 

enhancer activity in E10.5 and E11.5 forelimb (top panels) and hindlimb (bottom panels) buds using 969 

mouse LacZ transgenic reporter assays. Left panels: Enhancer activity domains in embryonic forelimbs 970 

and hindlimb visualized by LacZ staining (blue). Weaker or more restricted domains highlighted by 971 

black arrowheads. Numbers at the top right of each panel indicate reproducibility in LacZ reporter assay 972 

(independent biological replicates with similar results). Right panels: UCSC genome browser tracks 973 

depicting replicated PBX1 (red) and HAND2 (green) ChIPseq peaks in E10.5 hindlimb buds for each 974 

element tested (blue). ATACseq peak calls (azure) and placental conservation (Cons, dark purple). The 975 

6 enhancers display bona fide hindlimb-specific activity in at least one of the two time-points analyzed. 976 

Corresponding Vista enhancer IDs (mm: mus musculus) indicated. (H) Analysis of site-directed 977 

transcriptional enhancer activity of wild-type (WT) and mutant (MUT) mm1689 enhancer variants in 978 

E11.5 hindlimb buds using enSERT. Left Panel: mutagenesis strategy for enhancer mm1689, in which 979 

all PBX and PBX-HOX binding sites (WT motif) have been mutagenized (MUT motif). Right Panel: 980 

Activity of mm1689 is lost in MUT version. Numbers of embryos with reproducible LacZ staining (or lack 981 

thereof) in posterior limb bud mesenchyme (arrowheads) over total number of transgenic embryos 982 

analyzed (top right). Only transgenic embryos that carried at least two copies of the reporter transgene 983 

at the H11 locus were included in our analysis47 (see also Methods).  984 
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Figure 5. Target genes co-regulated by PBX1/2 and HAND2 are essential for patterning the 986 

hindlimb bud.  987 

(A) Bulk RNAseq integration of datasets from E10.5 hindlimb buds of Pbx1cKOMes;Pbx2-/- and 988 

Hand2cKOMes mutants versus respective controls. (Left) Pie chart indicating proportion of DEGs in both 989 

Pbx1/2 and Hand2 mutant hindlimb buds (Both) versus littermate controls, or in hindlimb buds from only 990 

one of the mutant genotypes (Pbx1/2-only and Hand2-only) versus littermate controls. Number of gene 991 

transcripts in each category indicated in brackets. (Right) Intersection of bulk RNAseq with scRNAseq. 992 

(Upper Panel) Within boxes, DEGs from both Pbx1/2-deficient and Hand2-deficient hindlimb buds and 993 

also co-expressed in the same cells as Pbx1/2 and Hand2 (AUC > 0.55). Transcription factors with 994 

known essential roles in limb patterning/morphogenesis highlighted by red asterisk. (Lower Panel) Dot 995 

plot of identified target genes showing their expression in the mesenchymal clusters identified by 996 

scRNAseq. Dot size represents proportion of cells within a given population that expresses the gene; 997 

color intensity indicates average expression level. (B) UMAP in which each cell is color-coded 998 

according to the expression of Pbx1/2 and Hand2 target genes inferred based on RNAseq datasets 999 

from Pbx1/2- and Hand2-mutant hindlimbs. (C) Heatmap showing relative (z-score) median expression 1000 

of different subsets of Pbx1/2 and Hand2 target genes in scRNAseq mesenchymal subclusters. (D) 1001 

UCSC genome browser tracks encompassing Prrx1 and Msx1 loci. Tracks: PBX1 and HAND2 1002 

ChIPseq, red and green, respectively; ATACseq, aqua; H3K27ac and H3K27me3, brown and blue, 1003 

respectively; placental conservation, dark purple. Grey rectangles highlight predicted CRMs bound by 1004 

PBX1 and HAND2.  1005 



 37 

 1006 

 1007 

Figure 6. In vivo genetic interaction of Pbx1 and Hand2 directs patterning of posterior hindlimb 1008 

skeletal elements.  1009 

(A-F’) Hindlimb skeletons at E14.5 (blue: cartilage; red: bone). Digits shown from anterior (digit 1) to  1010 

posterior (digit 5). (A, A’) Representative example of control embryo (Wild-type, WT) (n=8). (B, B’) 1011 

Hand2+/-;Hoxb6Cre/+ hindlimbs with normal morphology. (C, C’) Pbx1f/f; Hoxb6Cre/+ hindlimbs with pelvic 1012 

malformations and shorter femur (n=4/4). (D-F,D’-F’) Pbx1f/f;Hand2+/-;Hoxb6Cre/+ hindlimbs with 1013 

malformed pelvis, shorter or truncated femur, defects or loss of fibula, hypoplastic or absent tarsals and 1014 

metatarsal, and variable loss of posterior digits (n=6/7). Autopod distal-most abnormalities (in tarsal, 1015 

metatarsal, and phalanges) not observed in either Pbx1f/f;Hoxb6Cre/+ or Hand2+/-;Hoxb6Cre/+ mutants. 1016 

Scale bar: 500µm. (G) Table listing total number of embryos analyzed and number of embryos with 1017 

hindlimb skeletal defects shown in panels A-F.   1018 

Figure 6 

G

GENOTYPE SAMPLE 
NUMBER

DIGIT NUMBER TIBIA/FIBULA 
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 1019 
Figure 7. HAND2 selects different subsets of PBX1 peaks to confer early limb patterning 1020 

functions to PBX1.  1021 

(A-C) Analysis of genome-wide PBX1 (PBX) binding in E10.5 hindlimb (HL), E11.5 second branchial 1022 

arch (BA2) and E11.5 midface (MF). Overlap of PBX-bound peaks in hindlimb, BA2 and MF shown in 1023 

(A). Venn diagram highlighting large overlap between PBX-bound regions across different embryonic 1024 

tissues (see percentages, Supplementary Table 5). Bar plots showing enriched GO terms associated 1025 

with genes involved in developmental processes (GREAT) of PBX-bound regions in HL (B) and BA2 1026 

(C). Limb development and morphogenesis GO categories (*). Size of bars corresponds to binomial 1027 

raw (uncorrected) p-values (X axis values). (D) Venn diagram of PBX-bound regions in HL and BA2, 1028 

with HAND2-bound regions in BA2. (E) Venn diagram of PBX-bound regions in HL and BA2, with 1029 

HAND2-bound regions in BA2. (F) Overlap of PBX-bound regions in HL and BA2, with HOXA2-bound 1030 

regions in BA2. (G) Venn diagram of regions bound by HOXA2 in BA2 with those bound by HAND2 in 1031 

HL. (H,I) UCSC genome browser tracks (mm10) showing the generated ChIPseq datasets from PBX1 1032 

BA2 (brown); PBX1 HL (red); HOXA2 BA2 (yellow); and HAND2 HL (green) at the Snai1 (H) and 1033 

Zfp503 (I) loci. Shared peaks highlighted by grey rectangles. (J) Boxplots of ratio (log2Fold Change; 1034 
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logFC) of normalized PBX1 ChIPseq signals between HL and BA2 at indicated subsets of PBX-bound 1035 

regions.   1036 
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 1037 
Figure 8. Promiscuous genome-wide PBX binding acquires tissue-specific developmental 1038 

functions via interactions with distinct cofactors.  1039 

Model depicting how PBX homeoproteins must rely on DNA binding partnerships with different 1040 

cofactors to execute context-dependent developmental functions. In the midface (MF), a “Hox-less” 1041 

domain, PBX1/2 together with PREP/MEIS bind regulatory elements of Wnt3 and Wnt9b (pink-shaded 1042 

area) to direct their expression during upper lip/primary palate fusion58. In the second branchial arch 1043 

(BA2), PBX1/2 activate a BA2-specific transcriptional program by binding the Zfp503 and Zfp703 loci 1044 

with HOXA2 and MEIS37 (ochre-shaded area). In restricted subset of posterior hindlimb bud 1045 

mesenchymal cells (orange shading reflects co-expression of Pbx1/2, red, and Hand2, green), a 1046 

PBX1/2-directed GRN acquires early limb patterning functions via interaction with HAND2. This spatio-1047 

temporally constrained GRN (orange-shaded area) activates known limb transcriptional regulators, 1048 

such as Prrx1 and Hand2 itself, and represses other limb transcription factors, such as Snai1 and Ets2. 1049 

In contrast, PBX1/2 and HAND2 regulate other target genes (Alx3, Msx1, Lhx9) in a discordant manner. 1050 

Figure 8 
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