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            Abstract
Skeletal stem cells regulate bone growth and homeostasis by generating diverse cell types, including chondrocytes, osteoblasts and marrow stromal cells. The emerging concept postulates that there exists a distinct type of skeletal stem cell that is closely associated with the growth plate1,2,3,4, which is a type of cartilaginous tissue that has critical roles in bone elongation5. The resting zone maintains the growth plate by expressing parathyroid hormone-related protein (PTHrP), which interacts with Indian hedgehog (Ihh) that is released from the hypertrophic zone6,7,8,9,10, and provides a source of other chondrocytes11. However, the identity of skeletal stem cells and how they are maintained in the growth plate are unknown. Here we show, in a mouse model, that skeletal stem cells are formed among PTHrP-positive chondrocytes within the resting zone of the postnatal growth plate. PTHrP-positive chondrocytes expressed a panel of markers for skeletal stem and progenitor cells, and uniquely possessed the properties of skeletal stem cells in cultured conditions. Cell-lineage analysis revealed that PTHrP-positive chondrocytes in the resting zone continued to form columnar chondrocytes in the long term; these chondrocytes underwent hypertrophy, and became osteoblasts and marrow stromal cells beneath the growth plate. Transit-amplifying chondrocytes in the proliferating zoneâ€”which was concertedly maintained by a forward signal from undifferentiated cells (PTHrP) and a reverse signal from hypertrophic cells (Ihh)â€”provided instructive cues to maintain the cell fates of PTHrP-positive chondrocytes in the resting zone. Our findings unravel a type of somatic stem cell that is initially unipotent and acquires multipotency at the post-mitotic stage, underscoring the malleable nature of the skeletal cell lineage. This system provides a model in which functionally dedicated stem cells and their niches are specified postnatally, and maintained throughout tissue growth by a tight feedback regulation system.
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                    Fig. 1: Formation of PTHrPâ€“mCherry+ chondrocytes in the resting zone of the growth plate.[image: ]


Fig. 2: Pthrp-creER+ resting chondrocytes are the source of columnar chondrocytes.[image: ]


Fig. 3: Pthrp-creER+ resting chondrocytes behave as skeletal stem cells in vivo.[image: ]


Fig. 4: Skeletal stem cell activities of Pthrp-creER+ resting chondrocytes ex vivo.[image: ]


Fig. 5: Reciprocal interactions between PTHrP-creER+ resting chondrocytes and their niche.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Generation and characterization of Pthrp-mCherry knock-in allele.
a, CRISPRâ€“Cas9 generation of Pthrp-mCherry knock-in allele. Structure of the genomic Pthrp locus, targeting vector and knock-in allele after homologous recombination. White boxes, untranslated region; black boxes, coding region; ex, exon. Blue bars, homology arms; red bars, guide RNAs (gRNAs) as part of CRISPRâ€“Cas9 reagents; red boxes, Kozak-mCherry-bGHpA cassette replacing the native start codon. Half arrows, primers; wild-type forward (289), wild-type reverse (290) and mutant reverse (291). Bottom, PCR genotyping using 289, 290 and 291 primer mix; wild-type (WT) allele, 185Â bp; knock-in (KI) allele, 385Â bp. At least nâ€‰=â€‰100 independent experiments with similar results. b, PthrpmCherry/+ fetal distal femurs with EdU administration shortly before analysis (3Â h). Bottom panels show magnified views of perichondrium. Dotted lines, borders of bone anlage. Grey, DAPI and DIC. Scale bars, 200Â Î¼m (top panels), 100Â Î¼m (bottom panels). nâ€‰=â€‰2 (E13.5, E15.5) mice, nâ€‰=â€‰1 (Î±-Sox9) mouse. c, PthrpmCherry/+ distal-femur growth plates with EdU administration shortly before analysis (3Â h). Bottom panels show magnified views of central growth plates. Arrowheads, mCherry+ cells. Grey, DAPI and DIC. Scale bars, 200Â Î¼m (top panels), 50Â Î¼m (bottom panels).


Extended Data Fig. 2 Skeletal stem and progenitor cell-marker expression in PTHrPâ€“mCherry+ resting chondrocytes.
a, Flow cytometry analysis of PthrpmCherry/+ growth-plate cells (top panels) and bone-marrow cells (bottom panels). nâ€‰=â€‰8 mice for PthrpmCherry/+ and nâ€‰=â€‰3 mice for Pthrp+/+, data are presented as meanâ€‰Â±â€‰s.d. b, Flow cytometry analysis of Col1a1(2.3kb)-GFP;PthrpmCherry/+ growth-plate cells. nâ€‰=â€‰5 mice per group, data are presented as meanâ€‰Â±â€‰s.d. c, Skeletal stem and progenitor cell-surface-marker analysis of PthrpmCherry/+ growth-plate cells. Unstained, Pthrp+/+ cells mice only stained for CD45, Ter119 and CD31; mCherryâˆ’, mCherryâˆ’ fraction of PthrpmCherry/+ cells; mCherry+, mCherry+ fraction of PthrpmCherry/+ cells. Magenta box, CD45âˆ’Ter119âˆ’CD31âˆ’CD51+CD90âˆ’mCherry+ fraction. nâ€‰=â€‰3 mice for PthrpmCherry/+, data are presented as meanâ€‰Â±â€‰s.d., nâ€‰=â€‰1 mouse for Pthrp+/+. d, Composition of CD45âˆ’Ter119âˆ’CD31âˆ’mCherry+ growth-plate cells. nâ€‰=â€‰3 mice per group, data are presented as meanâ€‰Â±â€‰s.d. e, Percentage of mCherry+ cells among mSSCs (left, CD105âˆ’CD200+), pre-BCSPs (centre, CD105âˆ’CD200âˆ’) and BCSPs (right, CD105+), gated under CD45âˆ’Ter119âˆ’CD31âˆ’CD51+CD90âˆ’ fraction. nâ€‰=â€‰3 mice per group, data are presented as meanâ€‰Â±â€‰s.d.

                          Source data
                        


Extended Data Fig. 3 Generation and characterization of Pthrp-creER bacterial artificial chromosome transgenic line.
a, Generation of Pthrp-creER bacterial artificial chromosome (BAC) transgenic mice. Structure of the Pthrp-creER-WPRE-rGHpA BAC construct. Kozak-Pthrp-creER-WPRE-rGHpA-frt-NeoR-frt cassette containing 62-bp homology arms was recombineered into a BAC clone RP23-27F7 containing 131-kb upstream and 82-kb downstream genomic sequences of the Pthrp gene. NeoR and backbone lox sites were removed before pronuclear injection. Half arrows, forward (62) and reverse (63) primers. Right, PCR genotyping using 62 and 63 primer mix; transgenic (Tg), 373Â bp. White boxes, exons; black boxes, introns. At least nâ€‰=â€‰100 independent experiments with similar results. b, Short-chase analysis of Pthrp-creER;R26RZsGreen;PthrpmCherry/+ distal-femur growth plates (pulsed on P6). Scale bars, 50Â Î¼m. nâ€‰=â€‰3 mice. câ€“e, Short-chase flow cytometry analysis of Pthrp-creER;R26RZsGreen;PthrpmCherry/+ growth-plate cells, with tamoxifen injection at 72Â h (c, e) or 22Â h (d) in advance. Red lines, ZsGreen+ cells; blue lines, control cells without PTHrPâ€“mCherry. nâ€‰=â€‰5 mice (72Â h) or nâ€‰=â€‰3 mice (22Â h) per group. e, Percentage of CD105+ cells within mCherry+ (red) and ZsGreen+ (green) cells. nâ€‰=â€‰5 mice per group, data are presented as meanâ€‰Â±â€‰s.d., *Pâ€‰=â€‰0.012, Mannâ€“Whitneyâ€™s U-test, two-tailed. f, Pthrp-creER;R26RtdTomato distal-femur growth plates (pulsed on P6) at P9. EdU (50Â Î¼g) was serially injected 9 times at 8-h intervals between P6 and P9. Grey, DIC. Scale bars: 50Â Î¼m. nâ€‰=â€‰3 mice. g, Scanning of Pthrp-creER;R26RtdTomato whole femur (pulsed on P6) at P12. Arrow, tdTomato+ cells localized within the resting zone of distal femur. Grey, DAPI and DIC. Scale bars, 1Â mm. nâ€‰=â€‰3 mice. h, High sensitivity in situ hybridization (RNAscope) analysis of Pthrp-creER;R26RtdTomato distal-femur growth plates (pulsed on P6) at P12. Top and bottom panels represent the identical section, before (bottom panels) and after (top panels) hybridization. Left panels, Col2a1 (positive control); centre panels, Grem1; right panels, negative control. Grey, DAPI and DIC. Scale bars, 200Â Î¼m. nâ€‰=â€‰3 independent experiments.

                          Source data
                        


Extended Data Fig. 4 PTHrP+ resting chondrocytes are functionally dedicated to columnar chondrocyte formation.
a, In vivo clonal analysis of Col2a1-creER+ growth-plate chondrocytes. Col2a1-creER;R26RConfetti distal-femur growth plates (pulsed on P6, P7 and P8). Scale bars, 50Â Î¼m. nâ€‰=â€‰2 mice. bâ€“e, Col1a1(2.3kb)-GFP;Pthrp-creER;R26RtdTomato distal-femur growth plates, shown at P9 after being pulsed at various preceding time points. Yellow double-headed arrows, tdTomato+ domain within the resting zone. Grey, DAPI and DIC. Scale bars, 200Â Î¼m. nâ€‰=â€‰3 mice per group. f, g, Cxcl12-GFP;Pthrp-creER;R26RtdTomato distal-femur growth plates, shown at P36 after being pulsed on P0 (f) and P6 (g). Yellow double-headed arrows in f, g indicate the same width as those shown in d, e. Grey, DAPI and DIC. Scale bars, 200Â Î¼m. nâ€‰=â€‰3 mice per group.


Extended Data Fig. 5 Dlx5-creER+ proliferating chondrocytes are not the source of columnar chondrocytes.
aâ€“d, Cell-fate analysis of Dlx5-creER+ proliferating chondrocytes. Dlx5-creER;R26RtdTomato distal-femur growth plates (pulsed on P7). b, EdU (200Â Î¼g) was serially injected 6 times at 8-h intervals, between P7 and P9. Arrows, EdU+tdTomato+ cells; arrowheads, short columns (<10 cells). Grey, DAPI and DIC. Scale bars, 200Â Î¼m (left panels), 50Â Î¼m (right panel). nâ€‰=â€‰3 mice at each time point.


Extended Data Fig. 6 Pthrp-creER+ resting chondrocytes are precursors for bone marrow reticular stromal cells.
Cxcl12-GFP;Pthrp-creER;R26RtdTomato distal femurs (pulsed on P6). aâ€“d, Bottom panels show magnified views of the dotted areas beneath growth plates. Arrows, Cxcl12â€“GFP+tdTomato+ reticular stromal cells. e, Magnified view of the junction between hypertrophic layer and primary spongoisa. Arrow, Cxcl12â€“GFP+tdTomato+ reticular stromal cells immediately below the hypertrophic zone. 1Â°S: primary spongiosa. f, Magnified view of the metaphyseal bone marrow. Mice were fed with high-fat diet containing rosiglitazone between P56 and P97. Grey, DAPI and DIC. Scale bars, 500Â Î¼m (aâ€“d, f), 100Â Î¼m (e), 50Â Î¼m (bottom panels of aâ€“c), 20Â Î¼m (bottom panel of d, right panel of e). nâ€‰=â€‰3 mice for each group, except nâ€‰=â€‰2 mice for P365.


Extended Data Fig. 7 Pthrp-creER+ resting chondrocytes uniquely possess colony-forming capabilities ex vivo.
a, Diagram of colony-forming assay. Growth-plate cells were isolated from Pthrp-creER;R26RtdTomato (pulsed on P6) or Dlx5-creER;R26RtdTomato (pulsed on P7) mice at P9, and cultured at a clonal density (~1,000Â cells per cm2) for 10â€“14 days to initiate colony formation. BM, bone marrow. b, Colony-forming assay. Left top, Pthrp-creER;R26RtdTomato; right, Dlx5-creER;R26RtdTomato. Insets 1,2 and 3 show magnified views of the corresponding areas (labelled with 1, 2, 3). Bottom left, Sox9 staining of primary Pthrp-creER tdTomato+ colonies. Red, tdTomato. Scale bars, 5Â mm (top panels), 1Â mm (top panel insets), 200Â Î¼m (bottom panel). nâ€‰=â€‰88 mice for Pthrp-creER;R26RtdTomato, nâ€‰=â€‰5 for Dlx5-creER;R26RtdTomato. c, Quantification of tdTomato+ colonies (>50 cells) established from Pthrp-creER;R26RtdTomato (nâ€‰=â€‰88) and Dlx5-creER;R26RtdTomato (nâ€‰=â€‰5) mice. Data are presented as meanâ€‰Â±â€‰s.d. d, Diagram of colony-forming assay and subsequent analyses on self-renewal, trilineage differentiation and transplantation of individual colony-forming cells. e, Isolation of single PTHrPCEâ€“tdTomato+ colonies and subsequent subculture of isolated clones. A, exhausting clone; B, self-renewing clone establishing secondary colonies. Right, clone B did not proliferate at passage 2 upon bulk culture. Red, tdTomato. Scale bars, 5Â mm. nâ€‰=â€‰518 independent experiments. f, Subcutaneous transplantation of PTHrPCEâ€“tdTomato+ clones into immunodeficient mice. nâ€‰=â€‰8 mice.

                          Source data
                        


Extended Data Fig. 8 Pthrp-creER+ resting chondrocytes form columnar chondrocytes in a Hedgehog-responsive, niche-dependent manner.
aâ€“i, Pharmacological manipulation of Hedgehog signalling. Pthrp-creER;R26RtdTomato distal-femur growth plates (pulsed on P6). Left panels, vehicle control; centre panels, SAG (Hh agonist)-treated samples; right panels, LDE225 (Hh antagonist)-treated samples. Grey, DAPI and DIC. Scale bars, 200Â Î¼m. j, k, Quantification of tdTomato+ columns in Pthrp-creER;R26RtdTomato distal-femur growth plates (pulsed on P6). P17, nâ€‰=â€‰5 (control), nâ€‰=â€‰5 (SAG), nâ€‰=â€‰4 (LDE225) mice per group. P28, nâ€‰=â€‰4 (control), nâ€‰=â€‰3 (LDE225) mice per group. Data are presented as meanâ€‰Â±â€‰s.d. P28, nâ€‰=â€‰2 (SAG). ***Pâ€‰<â€‰0.001; P17 control versus SAG, mean differenceâ€‰=â€‰67.8, 95% confidence interval (37.5, 98.1); P17 control versus LDE225, mean differenceâ€‰=â€‰66.0, 95% confidence interval (33.9, 98.0); P17 SAG versus LDE225, mean differenceâ€‰=â€‰âˆ’1.85, 95% confidence interval (âˆ’33.9, 30.2); P28 control versus LDE225, mean differenceâ€‰=â€‰134.5, 95% confidence interval (108.7, 160.3). One-way ANOVA followed by Tukeyâ€™s multiple comparison test. l, m, Micro-perforation injury of growth plates. Col1a1(2.3kb)-GFP;Pthrp-creER;R26RtdTomato distal femurs (pulsed on P6) at P28. Micro-perforation surgery was performed at P21. l, Left femur growth plate (control). m, Right femur growth plate (micro-perforated). Dotted line, micro-perforated area. Grey, DAPI and DIC. Scale bars, 100Â Î¼m. nâ€‰=â€‰3 mice.

                          Source data
                        


Extended Data Fig. 9 Resting zone of the growth plate contains a unique class of skeletal stem cells.
a, Formation of PTHrP+ skeletal stem cells within the growth plate. A small subset of PTHrP+ chondrocytes in the resting zone acquire properties as long-term skeletal stem cells in conjunction with the formation of the highly vascularized secondary ossification centre. b, PTHrP+ skeletal stem cells are heterogeneously composed of long-term, short-term and transient populations, and undergo asymmetric divisions and maintain themselves within the resting zone. These cells may be supplemented by PTHrPâˆ’ cells. PTHrP+ cells perform two different functions: (1) these cells differentiate into proliferating chondrocytes, hypertrophic chondrocytes and eventually become osteoblasts and bone marrow stromal cells at the post-mitotic stage. (2) These cells send a forward signal (PTHrP) to control chondrocyte proliferation and differentiation. Indian hedgehog (Ihh) secreted by hypertrophic chondrocytes maintains the proliferation of chondrocytes and formation of columnar chondrocytes.


Extended Data Fig. 10 Absence of tamoxifen-independent recombination in Pthrp-creER line.
a, No tamoxifen controls of Pthrp-creER;R26RtdTomato mice at 6 months (left) and 1 year (right) of age. Red, tdTomato; blue, DAPI; grey, DIC. Scale bars, 500Â Î¼m. nâ€‰=â€‰3 mice per group. b, No tamoxifen controls of primary colonies (passage 0) isolated from Pthrp-creER;R26RtdTomato mice at P12 without tamoxifen injection. Left, methylene blue (MB) staining; right, red tdTomato (TOM). Scale bar, 5Â mm. nâ€‰=â€‰3 mice. c, Doseâ€“response curve of recombination based on Pthrp-creER. Quantification of tdTomato+ cells in resting zone at P9 in Pthrp-creER;R26RtdTomato mice upon a single dose of tamoxifen at P6. x axis, dose of tamoxifen (Î¼g); y axis, the number of tdTomato+ cells per 1-mm thickness. nâ€‰=â€‰3 (0, 31.3 and 62.5Â Î¼g), nâ€‰=â€‰4 (15.6, 125, 250 and 500Â Î¼g) mice per group, data are presented as meanâ€‰Â±â€‰s.d. d, Tamoxifen-induced recombination in growth plates pulsed on P9. Pthrp-creER;R26RtdTomato distal-femur growth plates at P12 (left) and Col1a1(2.3kb)-GFP;Pthrp-creER;R26RtdTomato mice at P21 (right). Tamoxifen (500Â Î¼g) was injected at P9. Green, Col1a1(2.3kb)â€“GFP; red, tdTomato; grey, DAPI and DIC. Scale bars, 200Â Î¼m. nâ€‰=â€‰3 mice.
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