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Supplementary Figure 1. Adolescent cartilage closely resembles adult cartilage. 
(a) Principal Component Analysis (PCA) of 4 stages of human cartilage development. 
(b) Hierarchical clustering of 15,000 genes expressed across all 4 stages of human 
ontogeny. (c) WGCNA: Each column represents a different stage of human 
chondrogenesis and each row represents a unique gene module with relative gene 
expression levels portrayed by color scale. (d) Differentially expressed genes between 
fetal and adolescent stages and adolescent and adult stages. (e) Comparative 
analysis of differentially expressed genes between adolescent, adult and fetal stages 
identifies a highly significant overlap between those genes upregulated in both 
adolescent and adult stages compared to fetal. (f) GO analysis of genes differentially 
expressed between adolescent and adult cartilage. N = 3-4. 



  

Supplementary Figure 2. Transcriptional comparison of human and mouse 
chondrocytes. (a) PCA plot demonstrating strong transcriptional differences driven by 
species. (b) Differentially expressed genes across all human and mouse samples with 
GO analysis. N = 3-4. 
 
 



  

Supplementary Figure 3. Maturation of PSC-derived cartilage. (a) Principal 
Component Analysis (PCA) of 4 stages of human cartilage ontogeny and 2 stages of 
in vitro differentiated cartilage from human PSCs. (b) Heat map (log2 expression) of 
selected chondrogenic genes shown for all human in vivo and in vitro samples. N = 3-
4. 



 

  
Supplementary Figure 4. Expression of ITGA4 in human chondrocytes. 
(a-c) Week 5-6 limb bud. (a-b) ITGA4 is strongly expressed and localized in 
mesenchymal condensations (dotted lines). (c) Isotype control. (d-f) Week 9-
10. (d-e) ITGA4 is still widely expressed throughout mesenchyme. (f) Isotype 
control. (g-i) Week 17 fetal cartilage. (g-h) ITGA4 expression is barely 
detectable and restricted to a small percentage of superficial chondrocytes 
(arrows). (i) Isotoype control. (j-n) Adult articular cartilage. (j-l) ITGA4 
expression is still restricted to a small number of superficial chondrocytes. (l) 
Isotype control. (m-n) BMPR1B is expressed into the transitional layer of 
articular chondrocytes, extending deeper than ITGA4. N = 3; scale bars = 50 
um. 



 

 

 

 

  



   

Supplementary Figure 5. ITGA4 and BMPR1B delineate articular cartilage 

subpopulations in pig. (a-b) Confocal images of the superficial layer of articular 
cartilage demonstrating expression of BMPR1B (red) and ITGA4 (green) in pig (a) 
and mouse (b). The dotted line indicates articular surface, and the dashed line 

demarcates meniscal tissue. Arrows indicate BMPR1B
+
ITGA4

+
 cells; arrowheads 

identify BMPR1B
+
ITGA4

-
 cells. (c-d) All-against-all comparison of genes significantly 

enriched in each pig articular chondrocyte population vs. CD146
+
 synovial pericytes 

(c) or in pericytes vs. the four populations (d).  (e) Overlap of genes enriched in the 

cartilage module with genes differentially expressed between BMPR1B
+
ITGA4

+
 pig 

chondrocytes and CD146
+
 pig synovial pericytes. For comparison, the overlap 

between the cartilage module and the 238 genes enriched in BMPR1B
+
ITGA4

+
 vs. 

BMPR1B
+
ITGA4

-
 chondrocytes is shown.  (f) Quantitative PCR for PRG4 expression 

across four pig chondrocyte populations. Data are represented as mean ± SD. 
Pooled data in panel f resulted from 3 biological replicates; significance was 
calculated using one-way ANOVA followed by Holm-Sidak’s multiple comparison 
test. Error bars represent standard deviation. B1B = BMPR1B;

 
A4 = ITGA4. N = 3; 

scale bars = 50 um.  



 

 

 

Supplementary Figure 6. Osteochondral potential of articular 
chondrocytes is defined by ITGA4 and BMPR1B. (a) Brightfield 
images of pig chondrocytes after one passage. Note the different 

morphologies of ITGA4
+
 vs. ITGA4

-
 cells. (b) Alizarin Red staining of 

cells treated with osteogenic media for 2 weeks. (c) Alcian Blue 
staining of sections from chondrogenic pellets cultured in 
chondrogenic media for two weeks. All images in A-D are 
representative of 3 independent replicates. (d) Quantification of osteo- 
and chondrogenic potential for each population. Error bars represent 
standard deviation. Pooled data in panel e resulted from 3 biological 
replicates; significance was calculated using one-way ANOVA followed 
by Holm-Sidak’s multiple comparison test. N = 3; scale bars = 25 um. 



 
Supplementary Figure 7. Chromatin states across chondrocyte populations and 
gene overlaps with WGCNA gene modules. Chromatin states defined in Fig. 
6. (a) Enrichments of chromatin states from Adult, H1 derived Day 14 and H1 derived 
Day 60 chondrocytes alongside H1 human embryonic stem cell in TSS proximal 
regions (defined as TSS +-2kb) of genes from different gene expression modules 
identified by WGCNA. The first column shows the baseline percentage occupied by 
each chromatin state in all annotated TSS +-2kb regions on the scale from 0 (white) to 
100 (green). Subsequent columns show the enrichments for each state in each 
expression module based on the fraction occupied by that state in the TSS proximal 
regions of all genes. Each column is colored from 0 (white) to its maximum value (blue). 
The bottom row shows the baseline fraction of each module out of all genes. Promoters 
of cartilage and ligament genes are enriched for active promoter states, whereas bone, 
muscle and tendon genes are enriching for Polycomb-repressed, poised and low signal 
states. (b-d) Overlap of genes expressed in fetal chondrocytes that fall into Active 
Promoter, Promoter Proximal and Polycomb Repressed chromatin states (TSS +- 2kb) 
and WGCNA defined gene modules. (b) Overlap of Active Promoter genes with the 
chondrocyte and ligamentocyte modules. (c) Overlap of Promoter Proximal genes with 
chondrocyte and ligamentocyte modules. (d) Overlap of Polycomb Repressed genes 
with osteoblast and myoblast modules. N = 3-4. 



  

 

 

 

 

 

 

 

 

 

Supplementary Figure 8. Expanded analysis of human d60 PSC-derived 
cells before and after injection into rat articular cartilage. (a) Overlap of genes 
enriched in embryonic 5-6 WPC and d60 PSC-derived cartilage cells. (b) Overlap 
of genes enriched in fetal 17 WPC and d14 PSC-derived cartilage. Compare to 
Figure 7b. (c) Flow cytometric analysis of d60 chondrocytes for ITGA4 and 
BMPR1B. (d-h) GFP-labeled d60 chondrocytes implanted into a defect in rat knee 
articular cartilage. (d) Collagen 2 expression. (e) GFP protein. (f-h) Arrow denotes 
border of implanted d60 cells (above arrow) and endogenous rate cartilage (below 
arrow).  Localization of BMPR1B (f), ITGA4 (g) and PRG4 (h) in superficial cells 
filling the defect. Lower magnification images of those in Figure 7i-k. N = 3; scale 
bars = 50 µm. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 9. Uncropped examples of Western blots. 


