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Figure 4. Comparative transcriptomic analysis highlights regional regulation of 

super-structure patterning. (A) Sagittal section through the forelimb of E13.5 Sox9-

CreERtdTomato;Scx-GFP transgenic reporter embryo following tamoxifen administration at 

E12.0. Sox9 and Scx co-expressing cells are indicated by white arrows. Dashed white 

rectangles indicate the proximal and distal regions of interest that were dissected for 

FACS and transcriptome analysis. (B) Schematic diagram of sample preparation. Labeled 

forelimbs were dissected (i), the proximal and distal segment cells were isolated (ii) and 

sorted independently (iii). (C) A table summarizing cell type distribution among 50,000 

collected and FACS-sorted cells. The number and percentage of Sox9-

tdTomato+/ScxGFP+ progenitors are indicated by a black arrow. (D) Illustrations of 

control and gating settings. (i) Live cells were controlled for by DAPI staining. (ii) Single 

cells were gated according to droplet area (FSC-A) vs. width (FSC-W). (iii) Gating 

settings for Sox9-tdTomato+/ScxGFP+ progenitors resulted in collection of between 7-9% 

of total living single-cell population (orange rectangle). (E) Heat map showing the 

clustering of 40 of the most differentially expressed genes between proximal and distal 

Sox9-tdTomato+/ScxGFP+ progenitors. (F) Using Ingenuity software, these genes were 

annotated and found to be biologically relevant to limb development and tissue 

morphology. (G) Sixteen of these genes have previously been implicated in regional 

regulation of superstructure patterning.  
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Figure 5. Distal and proximal superstructure patterning is regulated by HoxA11, 

HoxD11 and Pbx1. (A-F’) HoxA11 and HoxD11 regionally regulate patterning of the 

distal olecranon. (A,A’): Skeletal preparations of E17.5 forelimbs from compound 

HoxA11 and HoxD11 mutant and control embryos. Distal olecranon but not proximal DT 

developed abnormally in Hox11aadd mutant forelimbs (black arrows and enlarged 

rectangle). (B,B’):  Fluorescent in situ hybridization for Hoxd11 in forelimb sections 

shows that at E13.5, Hoxd11 is distally expressed in the elbow region (B, white arrows). 

Expression of HoxD11 was downregulated in Hox11aadd mutant forelimbs (B’). Long 

bones are demarcated by dotted lines. (C-F’): Sagittal sections through the elbow of 

E13.5 (C-E’) and E17.5 (F,F’) Hox11aadd compound mutant and control embryos that 

were stained against SOX9 and COL2A1. At E13.5, spatial organization of olecranon 

precursors is abnormal (C and C’; white arrowheads). By E17.5, the developing 

olecranon of mutant embryos has detached from the ulnar shaft (F,F’). (G-L’) Pbx1 

regionally regulates patterning of the proximal DT. (G,G’): Skeletal preparations of 

E15.0 forelimbs from Pbx1-null and control embryos. Proximal DT but not distal 
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olecranon developed abnormally in Pbx1 mutant forelimbs (black arrows). (H,H’): 

Staining against PBX1 and COL2A1 in forelimb sections shows that at E13.5, Pbx1 is 

proximally expressed at the shoulder region (H, white arrows). Expression of Pbx1 was 

downregulated in Pbx1null mutant forelimbs (H’). (I-K’): Sagittal sections through the 

proximal humeri of E13.5 Pbx1;ScxGFP transgenic embryos that were stained against 

SOX9. Although Sox9 and Scx co-expressing cells are observed in control and mutant 

embryos (K and K’), their spatial organization was abnormal in Pbx1null mutants (I and I’, 

white arrowheads). (L,L’): Sagittal sections through the proximal humeri of E15.5 Pbx1 

mutant and control embryos that were stained against SOX9 and COL2A1. At E15.5, the 

DT of mutant embryos is detached from the humeral shaft (L,L’). 

 

Figure 6. Pbx1 and Pbx2 coordinately regulate the patterning of proximal 

superstructures. (A-C”) Sagittal sections through the proximal humeri of E13.5 (A-A”), 

E15.5 (B-B”), and E16.5 (C-C”) limbs from control (A-C), Prx1-Cre;Pbx1floxed (B-B”) or 

Prx1-Cre;Pbx1floxed;Pbx2het (C-C”) mutant embryos that were stained against SOX9 and 
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COL2A1. In panels A-B”, the right side of the panel is an enlargement of the humerus-

DT boundary region demarcated by a white rectangle on the left. At E13.5, spatial 

organization of DT precursors in both mutants was abnormal (A’and A”) as DT 

precursors were scattered laterally away from the humeral shaft. The gap between the 

humeral shaft and DT precursors was twice as large in Prx1-Cre;Pbx1floxed;Pbx2het 

mutants than in Prx1-Cre;Pbx1floxed mutants (A’ and A”; white bars). At E15.5, whereas 

cells at the humerus-DT boundary of Prx1-Cre;Pbx1floxed mutants began to express high 

levels of Sox9, such expression was not observed in Prx1-Cre;Pbx1floxed;Pbx2het mutants. 

Moreover, the difference in boundary region size remained consistent (B and B’; white 

bars). At E16.5, DT morphology ranged from attached but aplastic DT in Prx1-

Cre;Pbx1floxed mutants (C’) to a detached DT in Prx1-Cre;Pbx1floxed;Pbx2het mutants (C”). 

(D-D’’) Skeletal preparations of E16.5 forelimbs further validate these diverging 

morphologies.  
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Figure 7. Coordinated regulation by Pbx1 and Gli3 highlights interaction between 

global and regional genetic programs. (A-B”) Sagittal sections through the proximal 

humeri of E13.5 (A-A”) and E16.5 (B-B”) limbs from control (A and B), Prx1-

Cre;Pbx1floxed;Gli3fl/+ (A’ and B’) or Prx1-Cre;Pbx1floxed;Gli3floxed (A” and B”) mutant 

embryos that were stained against SOX9 and COL2A1. (C-C”) Skeletal preparations of 

E17.5 forelimbs from control (C), Prx1-Cre;Pbx1floxed;Gli3fl/+ (C’) or Prx1-

Cre;Pbx1floxed;Gli3floxed (C”) mutant embryos. In panels A-A” the right side of the panel is 

an enlargement of the humerus-DT boundary region demarcated by a white rectangle on 

the left. At E13.5, spatial organization of DT precursors in both mutants was abnormal 

(A’,A”) as DT precursors were scattered laterally away from the humeral shaft. The gap 

between the humeral shaft and DT precursors was twice as large in Prx1-
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Cre;Pbx1floxed;Gli3floxed mutants than in Prx1-Cre;Pbx1floxed;Gli3fl/+ mutants (A’,A”; white 

bars). At E16.5, whereas cells at the humerus-DT boundary of Prx1-Cre;Pbx1floxed;Gli3fl/+ 

mutants began to express high levels of Sox9, such expression was not observed in Prx1-

Cre;Pbx1floxed;Gli3floxed mutants. Moreover, the difference in boundary region size  

remained consistent (B’ and B”; white bars). At E17.5, DT morphology ranged from 

attached but aplastic DT in Prx1-Cre;Pbx1floxed;Gli3fl/+ mutants (C’) to a detached DT in 

Cre;Pbx1floxed;Gli3floxed mutants (C”). 

 

 

Figure 8. A modular model for long bone development and superstructure 

patterning. (A) Superstructure initiation is preceded by formation of the cartilaginous 

substructures derived from primary Sox9+ progenitors. (B) Subsequent to substructure 

differentiation, a secondary wave of de novo specification produces Sox9+/Scx+ 

superstructure progenitors. This second specification wave occurs at juxtaposition to the 

substructure at different time points during embryogenesis and is regulated by the TGFβ 

signaling pathway. The initial spatial patterning of superstructure progenitors is regulated 

by both global and regional molecular players, such as Gli3 or Pbx and Hox genes, 

respectively. (C) Following specification, patterning and condensation of the 

superstructures precursors, they differentiate and become integral to the substructure 
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anlagen, thus producing a complex three-dimensional cartilaginous template that is 

unique to each long bone. Differentiation of the superstructure is regulated by intrinsic 

BMP4 signaling and extrinsic mechanical stimuli. (D) Finally, ossification of the 

substructure and later of the superstructures will give rise to the morphology of the 

mature long bone. 
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