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            Abstract
Longitudinal bone growth in children is sustained by growth plates, narrow discs of cartilage that provide a continuous supply of chondrocytes for endochondral ossification1. However, it remains unknown how this supply is maintained throughout childhood growth. Chondroprogenitors in the resting zone are thought to be gradually consumed as they supply cells for longitudinal growth1,2, but this model has never been proved. Here, using clonal genetic tracing with multicolour reporters and functional perturbations, we demonstrate that longitudinal growth during the fetal and neonatal periods involves depletion of chondroprogenitors, whereas later in life, coinciding with the formation of the secondary ossification centre, chondroprogenitors acquire the capacity for self-renewal, resulting in the formation of large, stable monoclonal columns of chondrocytes. Simultaneously, chondroprogenitors begin to express stem cell markers and undergo symmetric cell division. Regulation of the pool of self-renewing progenitors involves the hedgehog and mammalian target of rapamycin complex 1 (mTORC1) signalling pathways. Our findings indicate that a stem cell niche develops postnatally in the epiphyseal growth plate, which provides a continuous supply of chondrocytes over a prolonged period.
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                    Fig. 1: A change in clonality occurs in the mouse growth plate at one month of age.[image: ]


Fig. 2: Indications that an altered microenvironment facilitates chondroprogenitor renewal.[image: ]


Fig. 3: Activation of the mTORC1 pathway promotes symmetric cell division in the growth plate.[image: ]
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                Data availability

              
              The LCM-seq dataset generated during the study has been deposited at the Gene Expression Omnibus with accession number GSE113982. Numerical source data for the figures are provided in the Supplementary Information and all original confocal scans are available upon request to the authors.
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Extended data figures and tables

Extended Data Fig. 1 Clonality and growth rate dynamics during maturation of the growth plate.
a–d, Clonal pattern in Col2-creERT:R26R-Confetti mice traced from P30 to P40 (a; the humerus is shown, all other images throughout the manuscript show tibial growth plates), from E14.5 to P4 (b), from P3 to P18 (c) and from P30 to P44 (d). Arrowheads in a and b show typical clones. e, Col2-creERT:R26R-Confetti mice received tamoxifen at either 3 or 30 days of age and were traced simultaneously for 4, 9 or 14 days. Clone size was quantified using Imaris. n = 3 mice per age per time point; mean ± s.e.m.; one-way ANOVA with Tukey multiple comparisons. f, Chondrocyte proliferation rate (single EdU injection, 24 h before analysis) was quantified at different ages. Data are mean ± s.e.m.; n = 3 mice per age. g, The rate of bone formation under the growth plate of proximal tibia or distal femur was assessed by xylenol pulse-chase bone labelling. n = 2–4 mice per time point; mean ± s.e.m. h, Representative histological images (haemotoxylin and eosin staining) of the proximal tibial growth plate before (P3, left), during (P10, middle) and after (P30, right) SOC formation. Blue dashed lines demarcate borders between the resting, proliferating and hypertrophic zones. The junction between SOC and the resting zone is magnified in inserts. i, Col2-creERT:R26R-Confetti mice traced from P30 to 6 months of age. Arrowheads indicate stable clones and the arrow indicates a labelled resting-zone cell, which did not form a column during the tracing period. j, Col2-creERT:R26R-Confetti mice traced from E14.5 to P70. The black or white dashed lines demarcate the growth plate from the surrounding tissues. Data in a–d and j represent two independent experiments or litters, data in e–h represent one experiment per time point (with the number of mice per data point indicated above), whereas data in i represent 3 independent experiments or litters.

                          Source data
                        


Extended Data Fig. 2 Contribution of slowly dividing resting-zone cells to the underlying growth-plate zones.
a, Mice were injected with EdU on P3 (two doses), CldU on P10 and IdU on P12, 4 h before tissue collection. Confocal images of stained sections are presented, with individual channels shown in the top row, and channels merged to the right. The merged image is labelled with arrowheads indicating double positive cells (E, EdU; I, IdU; C, CldU) and area in a′ expanded below to show a close-up image of double- and triple-positive cells (b′–d′). The second row in a shows domains containing each label and the overlapping areas. b, LRCs were identified in H2B-GFP mice (Tg(tetO-HIST1H2BJ/GFP)47Efu/J mice crossed with B6.Cg-Gt(ROSA)26Sortm1(rtTA∗M2)Jae/J), exposed to doxycycline from E14.5 to P2, and chased until P2, P9, P18 or P28. LRCs appear green, whereas nuclei were visualized with propidium iodide (red). Arrowheads indicate typical GFP-retaining cells in the resting zone. Laser power was enhanced for older mice in order to obtain comparable GFP intensity in confocal scans. c, d, H2B-GFP mice were crossed with Col2-creERT:R26R-Confetti mice and column-forming LRCs were visualized with doxycycline being administered from E17.5 ± 1 day until P3 ± 1 and tamoxifen on P5. Colocalization of GFP-retaining cells with Confetti clones (arrowheads) were quantified at P21 (c) and P28 (d). Dashed lines in b–d demarcate the border between cartilage and the surrounding tissues. The SOC, resting (R), proliferating (P), and hypertrophic (H) zones are labelled for orientation. Data in a represents two independent experiments, data in c and d represent one experiment per time point.

                          Source data
                        


Extended Data Fig. 3 Changes in the expression profile of the resting zone upon niche formation.
a, Sections of cartilage at P2 and P28 were imaged before and after cells were captured by LCM for subsequent RNA-seq analysis. b, c, Gene ontology categories enriched by genes significantly upregulated (b) or downregulated (c) in the resting zone at P28 compared to P2. Logarithmic P values of significance are indicated on the x axis. d, Expression heat map for the genes most significantly up- and downregulated between P2 and P28 time points in the resting zone (DESeq2 test with multiple testing correction, FDR < 0.005). e, Heat map of similarities in gene expression between individual samples from the resting and hypertrophic zones from P2 and P28 time points. For each sample, expression of non-redundant PAGODA aspects was calculated and similarity between samples was defined as correlation of aspect expressions (see Methods for details). f–h, Proximal tibial growth plates from P2, P9, P18 and P28 mice were immunostained for CD73 (f), Ki67 (g) or MEF2C (h) and counterstained with DAPI. For a–e, a total of 8 pools of cells from 7 mice were collected at P2 and 7 pools of cells from 7 mice were collected at P28. For f–h, staining was performed in a single experiment (minimum 3 mice) per time point.


Extended Data Fig. 4 Isolation and ex vivo differentiation of CD49e+CD73+ resting-zone stem cells.
a, Isolated growth-plate chondrocytes were analysed by FACS and the live cells were sorted for expression of both CD73 and CD49e. FMO control for CD49e (a′), FMO control for CD73 antibody (a′′) and gating strategy for both CD49e and CD73 (a′′′); percentage of single (CD49e+CD73−) and double (CD49e+CD73+) positive cells among all live cells. b, c, The CD49e+CD73+ cells were grown in chondrogenic conditions in pellets ex vivo, and thereafter stained either with safranin-O (b) or for type-II collagen by immunofluorescence (c). d–f, Alizarin red staining (d) indicated that CD49e+CD73+ cells cultured in osteoblastic-differentiation medium differentiated to osteoblasts similarly to mesenchymal stem cells (MSCs) (e), but not in the absence of differentiation medium (f). g–i, Oil red O staining indicated that CD49e+CD73+ cells cultured in adipogenic-differentiation medium differentiated to adipocytes (g), albeit to a lesser extent than MSCs (h), but not in the absence of differentiation medium (i). Data represents two independent experiments.

                          Source data
                        


Extended Data Fig. 5 Orientation of cell divisions in the epiphyseal niche.
a, Col2-creERT:R26R-Confetti mice were traced as indicated above each plot. The angle between cells in self-standing dyads within the resting zone was measured relative to the longitudinal axis of the bone (2–5 mice per tracing period, with a total of 559 dyads analysed). b, H2B-GFP mice were labelled with doxycycline from E14.5 to P2 and chased until P28 to visualize slow-dividing cells (green). Cilia were visualized by immunostaining for acetylated tubulin (arrowheads). c, Col2-creERT:R26R-Confetti mice were traced from P3 to P33 and immunostained for PAR3. Arrowhead indicates a PAR3-positive clonal dyad. d, Growth plates from 28-day-old mice were immunostained for PAR3. e, H2B-GFP mice chased as in b were immunostained for PKC-ζ. Arrowheads indicate positively stained cells in the resting zone. f, g, To block spindle degradation, mice were treated with Taxol (10 mg kg−1) for two days before tissue collection at P30 and subsequently immunostained for PAR3 (f) or PKC-ζ (g). Arrowheads in f highlight even (left panel) and uneven (right panel) distribution of PAR3. Even with Taxol treatment, staining for PKC-ζ in the resting zone was minimal (arrowheads indicate positive cells). h, Growth plates from 28-day-old H2B-GFP mice chased as in b were stained for phosphorylated histone H3 (p-H3). i, Blunted columns (arrowheads) in Col2-creERT:R26R-Confetti mice traced from P30 to P45. The dashed lines demarcate the growth plate from surrounding tissues. The resting (R), proliferating (P), hypertrophic (H) zones and SOC are indicated for orientation. Data in b, e–h each represent one experiment (minimum 3 mice per experiment); data in c, d and i represent two independent experiments.
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Extended Data Fig. 6 Indications that hedgehog signalling controls stem cell renewal in the epiphyseal niche.
a, Shh-GFP reporter mice revealed Shh expression within the SOC at P30 (blue staining, DAPI). b, In situ hybridization for Gli2 mRNA at P30 (arrowheads point towards typical labelling). c, Gli1-CreERT2:tdTomato mice traced from P29 to P33 to reveal Gli1 activity. d, Col2-creERT:R26R-Confetti mice were traced at P30–P35, and received six injections of either DMSO or the SMO antagonist vismodegib (Vism, 100 mg per kg(body weight) per injection) between P31 and P34. Blue dashed lines indicate the top 50 µm, where the clone size was quantified (d′′′, mean ± s.e.m., n = 123 clones from 8 mice (vismodegib); n = 49 from 4 mice (DMSO)). When vismodegib treatment was extended by two extra injections, the growth plate fused at P37 (d′′′′; haemotoxylin and eosin staining). e–h, Growth plates from mice treated as in d′ and d′′ were analysed for proliferation within the top 50 µm (demarcated by blue dashed line) by means of EdU incorporation (e; injected daily P32–P34; n = 4 for each treatment) and KI67 immunolabelling (f; n = 4 (DMSO) or 3 (Vism) mice) and for expression of differentiation marker MEF2C (g) and stem cell marker CD73 (h). Arrowheads in e–g indicate typical positively-stained cells. i, Mice received six doses of either DMSO or SMO agonist (SAG, 25 mg per kg(body weight) per injection) between P31 and P34 and proliferation was analysed by Ki67 immunolabelling at P35 and quantified in the top 50 µm (depicted by blue dashed lines, n = 4 (DMSO) or 3 (SAG) mice). j, Mice at 7 ± 1 weeks of age received a single intra-articular administration of either SAG or DMSO followed by intraperitoneal EdU injection 4 h later. EdU incorporation was quantified 20 h later in the top 50 µm of the growth plate (n = 6). k, CD73 was immunodetected in mice treated as in i. CD73+CD49e+ cells were sorted by FACS as in Extended Data Fig. 4a and colony size (l) and number (m) were assessed following 10 days of culture in the presence of vehicle (DMSO (or ethanol for GANT61)), recombinant mouse sonic hedgehog (rmShh, 1 µg ml−1), vismodegib (1 µM) or the Gli1 inhibitor GANT61 (5 µM). Data in l and m are mean ± s.e.m., n = 9 wells from 3 independent experiments for rmShh and Vism, and n = 3 wells from one experiment (GANT61). All white dashed lines demarcate the growth plate. The SOC, the resting (R), proliferating (P) and hypertrophic (H) zones are indicated for orientation. Data in a and j represent two independent experiments, data in b, c, d′′′′, e and k each derive from one experiment and those in d′–d′′′ are pooled from three independent experiments with the number of mice in each experiment indicated above. Plots represent mean ± s.e.m. and were analysed by unpaired two-tailed t-test, except the comparison between DMSO, rmShh and Vism groups (l and m), which was by one-way ANOVA with Tukey’s multiple comparisons.

                          Source data
                        


Extended Data Fig. 7 Identification of Shh-positive cell populations within the bone marrow.
a, Representative FACS profile showing gating strategy for analysing expression of Shh–GFP+ cells in bone marrow. The cells were gated within propidium iodide-negative live cells. b, Distribution of GFP+ cells in central marrow and endosteal region. The cells from central marrow were obtained by gently crushing bones and the endosteal cells were obtained by enzyme dissociation of bone fragments. c, Percentages of CD41+ megakaryocytes and haematopoietic progenitor (KIT+) cells among CD45+GFP+ cells. d, Percentages of GFP+ cells within haematopoietic cells (CD45+), endothelial cells (CD31+), mesenchymal progenitor cells (MPC, CD45−CD31−SCA1−CD51+) and MSCs (CD45−CD31−SCA1+CD51+). e, Representative FACS profile showing GFP+ cells among total live cells. In b–d, each data point represents one mouse, and the mean is shown as a line. Two independent analysis were performed for b–e with at least 3 GFP+ mice for each experiment.
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Extended Data Fig. 8 Postnatal cartilage-specific Tsc1 ablation does not promote hypertrophic differentiation in the resting zone.
All Col2-creERT:R26R-Confetti:Tsc1 mice were injected with tamoxifen on P3 and analysed either on P28 (a, b, h) or P40 (c–g, i). The central sections of the tibial growth plates of Col2-creERT:R26R-Confetti:Tsc1fl/+ (Tsc1+/−, left) and Col2-creERT:R26R-Confetti:Tsc1fl/fl (Tsc1−/−, right) mice were imaged on P28 (a) and the clonal size of round cells above the columnar zone quantified with Imaris (b; mean ± s.e.m.; n = 3 (Tsc1−/+) and 6 (Tsc1−/−), unpaired two-tailed t-test). c, d, Haemotoxylin and eosin staining of the sections depicted in Fig. 3a, b. Arrowheads indicate typical clusters in the resting zone of Tsc1−/− mice. e–g, In situ hybridization for ColX (e) and Ihh (f), and immunostaining for Shh/Ihh (g). Insets in e and f show a magnified view of the outlined area in the resting zone, showing absence of staining. h, In situ hybridization for Gli2. i, Immunostaining for phosphorylated S6 (readout for mTORC1 activity). Typical positive cells in g–i are indicated by arrowheads. The dashed lines demarcate the growth plate. The SOC, the resting (R), proliferating (P), and hypertrophic (H) zones are labelled for orientation. Data in a, b and i derive from 2 independent experiments, whereas c–h represent one experiment with several mice stained at least twice.

                          Source data
                        


Extended Data Fig. 9 Postnatal cartilage-specific Tcs1 ablation does not elevate proliferation in the resting zone.
One (Tsc1+/–) or two (Tsc1−/−) copies of the Tsc1 gene were deleted in Col2-creERT:R26R-Confetti:Tsc1-floxed mice by tamoxifen injection on P3, and mice were analysed on P40. a–c, EdU was injected once daily for four days before tissue collection, and EdU-positive cells in the resting (c, left), proliferating (c, middle) and hypertrophic (c, right) zones were quantified (mean ± s.e.m.; n = 3 (Tsc1+/−) and 7 or 8 (Tsc1−/−)). d, e, Immunostaining for Ki67 (d) and phospho-histone H3 markers of proliferation (e). f, Mice were injected with a single dose of EdU 4 h before tissue collection, and the percentage of EdU-positive cells in the proliferating zone was calculated (mean ± s.e.m.; n = 3). g, Immunostaining for Sox9 (enlarged images on the right of each pair are shown without the DAPI channel, to improve visualization). h, Immunostaining for acetylated tubulin (the panels to the right are close up images of a single plane, to aid visualization of the cilia), with the mean angle of cilia in the top 100 µm indicated in the graph (mean ± s.e.m.; n = 3 (Tsc1+/−) and 4 (Tsc1−/−)). Counterstaining with DAPI (blue) and two-tailed unpaired t-test were used throughout experiments presented. The SOC, resting (R), proliferating (P) and hypertrophic (H) zones are labelled for orientation. The white dashed lines demarcate the growth plate. The blue dashed lines in h indicate the top 100 µm of the growth plate. Data from a–e and h each derive from 2 independent experiments, and f and g are from a single experiment each with n = 3 mice.

                          Source data
                        


Extended Data Fig. 10 mTORC1 signalling controls symmetric versus asymmetric division of resting zone cells.
a, Immunostaining for PAR3 combined with confocal visualization of Confetti clones in the resting zone of Col2-creERT:R26R-Confetti:Tsc1fl/+ (Tsc1+/−) or Col2-creERT:R26R-Confetti:Tsc1fl/fl (Tsc1−/−) mice injected with tamoxifen at P3 was performed at P40. Representative images for asymmetric and symmetric distribution of PAR3 within clones are shown (arrowheads) and distribution within the resting zone clones was quantified (mean ± s.e.m., n = 4 mice; unpaired two-tailed t-test). Dashed lines demarcate PAR3–Confetti double-positive dyads. b, Tsc1 was ablated by tamoxifen injection on P3, and from P40, mice were given either vehicle (DMSO) or the SMO antagonist vismodegib (8 doses, twice daily) before analysis at P45. All mice were injected daily with axitinib to prevent growth plate fusion. The growth plates were imaged for Confetti proteins (b′), or immunostained for CD73 (b′′′, arrowheads indicate CD73-positive cells within the proliferative zone) and Ki67 (b′′′′, arrowheads indicate typical Ki67-positive cells). b′′, The width of Confetti-labelled clones at 100 µm from the SOC surface was quantified (mean ± s.e.m.; Tsc1+/− with DMSO (n = 3 mice), Tsc1−/− with DMSO (n = 4 mice), Tsc1−/− with Vism (n = 4 mice); one-way ANOVA with Tukey’s multiple comparisons). The data derives from 1 (Tsc1+/− group) or 3 (Tsc1−/− groups) independent experiments. c, Col2-creERT:R26R-Confetti:Raptorfl/+ (Raptor+/−) or Col2-creERT:R26R-Confetti:Raptorfl/fl (Raptor−/−) mice received tamoxifen on P3 and were analysed on P40. The clonal pattern revealed blunted columns (arrowheads) and a decreased number of labelled clones within the growth plate of Raptor−/− mice as counted at the horizontal midline (c′′′; mean ± s.e.m., n = 3 mice from 1 (Raptor+/−) or 2 (Raptor−/−) independent litters; unpaired two-tailed t-test). The dashed lines in b and c demarcate growth plates. The SOC, the resting (R), proliferating (P), and hypertrophic (H) zones are labelled for orientation.
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Reporting Summary

Video 1: Clonal tracing of chondrocytes prior SOC maturation revealed small clones.
Col2CreERt:R26-Confetti mice were labelled at embryonic day 14.5 and then traced for 10 days until P4. The video represents 2 independent experiments.


Video 2: Clonal tracing of chondrocytes after SOC maturation revealed large clones.
Col2CreERt:R26-Confetti mice were labelled at P30 and then traced for 10 days until P40. The video represents 2 independent experiments.


Video 3: Clonal clusters of chondro-progenitors appear in the resting zone upon Tsc1 ablation.
Col2CreERt:R26-Confetti:Tsc1-fl/fl mice received tamoxifen on P3 and from P40 were given vehicle (DMSO, 8 doses, twice each day) prior to analysis at P45. Mice received daily axitinib to prevent fusion of the growth plate. The video represents 3 independent experiments.


Video 4: Clonal clusters of chondro-progenitors in Tsc1 cKO mice form columns upon hedgehog inhibition.
Col2CreERt:R26-Confetti:Tsc1-fl/fl mice received tamoxifen on P3 and from P40 were given SMO antagonist (vismodegib, 8 doses, twice each day) prior to analysis at P45. Mice received daily axitinib to prevent fusion of the growth plate. The video represents 3 independent experiments.
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