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            Abstract
Gain-of-function mutations in the fibroblast growth factor receptor 3 gene (FGFR3) result in skeletal dysplasias, such as thanatophoric dysplasia and achondroplasia (ACH). The lack of disease models using human cells has hampered the identification of a clinically effective treatment for these diseases. Here we show that statin treatment can rescue patient-specific induced pluripotent stem cell (iPSC) models and a mouse model of FGFR3 skeletal dysplasia. We converted fibroblasts from thanatophoric dysplasia type I (TD1) and ACH patients into iPSCs. The chondrogenic differentiation of TD1 iPSCs and ACH iPSCs resulted in the formation of degraded cartilage. We found that statins could correct the degraded cartilage in both chondrogenically differentiated TD1 and ACH iPSCs. Treatment of ACH model mice with statin led to a significant recovery of bone growth. These results suggest that statins could represent a medical treatment for infants and children with TD1 and ACH.
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                    Figure 1: Chondrogenic differentiation of wild-type iPSCs and TD1 iPSCs.


Figure 2: Results of an analysis of FGFR3 knockdown in TD1 iPSCs (TD1-714-3) subjected to chondrogenic differentiation.


Figure 3: TD1 (TD1-714-3) iPSCs were chondrogenically differentiated to produce particles in the presence or absence of lovastatin (1 Î¼M).


Figure 4: Rescuing ACH model (Fgfr3Ach ) mice from reduced bone growth by intraperitoneal injection of rosuvastatin.
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Extended data figures and tables

Extended Data Figure 1 Characterization of the TD1 and ACH iPSCs.
a, Donor information and characterization of iPSCs. b, Left: a phase contrast image of TD1 iPSCs (TD1-714-3). Right: immunocytochemical staining of TD1 iPSCs (TD1-714-3) for SSEA4 and TRA1-60. The images are representative of two independent experiments. c, The histology of teratomas formed after implantation of TD1 iPSCs (TD1-10749-2) into SCID mice. The images are representative of experiments using three TD1 iPS clones established from three different patients. Scale bars, 50Â Î¼m.


Extended Data Figure 2 The results of a histological analysis of particles formed by chondrogenically differentiated wild-type and TD1 iPSCs on day 42.
The data were collected from three independent wild-type and three independent TD1 iPSC lines which were derived from three individuals, respectively. Top: three iPSC lines established from different control individuals all formed cartilaginous particles (top panels), whereas three iPSC lines established from different patients formed particles which lacked cartilaginous elements (bottom panels). Scale bars, 50 Î¼m. Bottom: the area of the Safranin-O-positive region was divided by the total area of the particle. The error bars denote the meansÂ Â±Â s.d. The number of particles examined is indicated at the bottom.


Extended Data Figure 3 Results of the expression analysis of chondrogenically differentiated wild-type iPSCs and TD1 iPSCs.
a, The results of a real-time RTâ€“PCR expression analysis of marker genes in chondrogenically differentiated iPSCs lines on day 28. The data were collected from three independent wild-type and three independent TD1 iPSC lines which were derived from three individuals, respectively. Chondrocytes, re-differentiated human fetal chondrocytes; fibroblasts, dermal fibroblasts. *PÂ <Â 0.05 and **PÂ <Â 0.01 (n = 3 technical replicates) by the Tukeyâ€“Kramer post-hoc test. The error bars denote the meansÂ Â±Â s.d. bâ€“d, Immunohistochemical detection of the expression of type I collagen (b), type II collagen (c), SSEA4 (d, upper panels) and TRA1-60 (d, lower panels) in the particles formed by chondrogenically differentiated wild-type iPSCs (409B2) and TD1 iPSCs (TD1-714-3) on day 42. b, c, The images are representative of three independent experiments. d, The images are representative of experiments using three TD1-iPS clones established from three different patients. Scale bars, 50Â Î¼m (b, d); 25Â Î¼m (c).


Extended Data Figure 4 Expression levels of markers and apoptosis in chondrogenically differentiated wild-type and TD1 iPSCs.
a, Time course of the changes in the expression of markers in iPSCs subjected to chondrogenic differentiation, as determined by real-time RTâ€“PCR (n = 3 technical replicates). b, The results of the TUNEL assay of particles formed by chondrogenically differentiated iPSCs (409B2 and TD1-714-3) on day 21. Scale bars, 50Â Î¼m. The images are representative of two independent experiments. c, The ratio of the numbers of TUNEL-positive cells per the total cell number during the chondrogenic differentiation of wild-type iPSCs (409B2) and TD1 iPSCs (TD1-714-3). **PÂ <Â 0.01 for TD1-iPSC-derived cells compared to wild-type iPSC-derived cells on each day after chondrogenic differentiation (n = 3 particles), t-test. d, Immunohistochemical findings of the expression of cleaved-caspase 3 in the particles formed by chondrogenically differentiated wild-type iPSCs (409B2) and TD1 iPSCs (TD1-714-3) on day 28. Scale bars: 25Â Î¼m. The images are representative of two independent experiments. e, The results of a real-time RTâ€“PCR expression analysis of p21 in chondrogenically differentiated TD1 iPSCs on days 0, 14 and 28 (n = 3 technical replicates). The data were collected from three independent wild-type and three independent TD1 iPSC lines which were respectively derived from three individuals. The error bars denote the meansÂ Â±Â s.d.


Extended Data Figure 5 Rescuing the chondrogenically differentiated TD1 iPSCs (TD1-714-3) by FGFR3 knockdown and treatment with a FGFR3 neutralizing antibody.
a, Results of a real-time RTâ€“PCR expression analysis of marker genes on day 28. iPSC, undifferentiated TD1 iPSCs; WT, chondrogenically differentiated wild-type iPSCs (409B2) on day 28. *PÂ <Â 0.05; **PÂ <Â 0.01, Tukeyâ€“Kramer post-hoc test (n = 3 technical replicates). The data were collected from three independent clones respectively bearing three different FGFR3 shRNAs. b, A FGFR3 neutralizing antibody was added to the medium during the chondrogenic differentiation of TD1 iPSCs to induce the formation of cartilaginous particles. IgG was added as a control. The results of a histological analysis of the particles. Left: histological sections of particles were stained with haematoxylin and eosin or Safranin O. Scale bars, 50 Î¼m. Right: the area of the Safranin-O-positive region was divided by the total area of the particle. The number of particles examined is indicated at the bottom. c, The results of a real-time RTâ€“PCR expression analysis of marker genes in chondrogenically differentiated TD1 iPSCs treated with the FGFR3 neutralizing antibody on day 28. *PÂ <Â 0.05; **PÂ <Â 0.01 by the t-test (n = 3 technical replicates). Error bars denote the meansÂ Â±Â s.d.


Extended Data Figure 6 Screening for molecules that rescue chondrogenically differentiated TD1 iPSCs (TD1-714-3).
a, Candidate molecules or vehicle were added to the medium during the chondrogenic differentiation of TD1 iPSCs. The histology of the particles was examined on day 42. Left: histological sections of particles were stained with haematoxylin and eosin or Safranin O. The addition of a FGFR inhibitor and a G-protein antagonist, NF449, failed to recover the cartilage formation of chondrogenically differentiated TD1 iPSCs under the conditions examined. The FGFR inhibitor used in this experiment inhibits not only FGFR3 but also FGFR1 and FGFR2, which might have adversely affected the cartilage formation. The addition of CNP led to the partial recovery of cartilage formation. Scale bars, 50Â Î¼m. Right: the area of the Safranin O-positive region was divided by the total area of the particle. The number of particles examined is indicated at the bottom. The data are representative of two independent experiments. b, The results of a real-time RTâ€“PCR expression analysis of marker genes in chondrogenically differentiated TD1 iPSCs treated with various factors on day 28. The addition of CNP increased the expression of chondrocyte marker genes and decreased the expression of fibroblast marker genes in the chondrogenically differentiated TD1 iPSCs. iPSC, undifferentiated TD1 iPSCs; WT, chondrogenically differentiated wild-type iPSCs (409B2) on day 28. The final concentrations of each molecule were: FGF inhibitor, 1Â Î¼M; NF449, 25Â Î¼M; and CNP, 100Â nM (n = 3 technical replicates). Error bars denote the meansÂ Â±Â s.d.


Extended Data Figure 7 Effects of statins on chondrogenically differentiated TD1 iPSCs.
a, The results of a real-time RTâ€“PCR expression analysis of marker genes on day 28. TD1 (TD1-714-3) and wild-type (409B2) iPSCs were chondrogenically differentiated in the presence or absence of lovastatin (1Â Î¼M). TD1, chondrogenically differentiated TD1 iPSCs; iPSC, undifferentiated TD1 iPSCs; WT, chondrogenically differentiated wild-type iPSCs (n = 3 technical replicates). The data are representative of two independent experiments. b, Rescue of chondrogenically differentiated TD1 iPSCs by statin treatment. Mevastatin, atorvastatin, pravastatin, rosuvastatin or fluvastatin (each 1Â Î¼M) was added to the medium during the chondrogenic differentiation of TD1 iPSCs. On day 42, the particles were subjected to a histological analysis. Top: histological sections of particles were stained with haematoxylin and eosin or Safranin O. Scale bars, 50Â Î¼m. Bottom: the area of the Safranin-O-positive region was divided by the total area of the particle. The number of particles examined is indicated at the bottom. The data are representative of three independent experiments. The error bars denote the meansÂ Â±Â s.d. *PÂ <Â 0.05; **PÂ <Â 0.01 by the Tukeyâ€“Kramer post-hoc test.


Extended Data Figure 8 Rescue of chondrogenically differentiated ACH iPSCs by statin treatment.
HDFs were obtained from two ACH patients (ACH-8857 and ACH-8858) bearing a heterozygous G380R mutation in the FGFR3 gene (Extended Data Fig. 1a). HDFs were also obtained from an individual (ACHhomo-8859) whose parents both had ACH, who showed a more severe phenotype of chondrodysplasia than typical ACH, and who was homozygous for the G380R mutation in the FGFR3 gene. We generated more than three iPSC lines for each patient and analysed one iPSC line (ACH-8857-1, ACH-8858-6 and ACHhomo-8859-3) derived from each patientâ€™s HDFs. We confirmed that all iPSC lines expressed SSEA4 and TRA1-60, and formed teratomas containing all three germ layers in mice. Lovastatin and CNP were added to the medium during the chondrogenic differentiation of ACH iPSCs. The histology of particles was examined on day 42. a, Histological sections of particles were stained with haematoxylin and eosin or Safranin O. Scale bars, 50Â Î¼m. b, The area of the Safranin-O-positive region was divided by the total area of the particle. The number of particles examined is indicated at the bottom. The error bars denote the meansÂ Â±Â s.d.


Extended Data Figure 9 X-ray images of Fgfr3Ach and wild-type mice treated with rosuvastatin or vehicle.
The images of the mice with lowest and highest weights in each group are shown. The weight (g) of each mouse is indicated at the bottom of each panel. Scale bars, 10Â mm.


Extended Data Figure 10 Organ culture of metatarsal primordial cartilage (a, b), pellet culture of primary chondrocytes (c, d) and culture of primary chondrocytes (e) from Fgfr3Ach mice in the presence or absence of lovastatin.
a, Left: images of cartilage on day 7. Right: mean lengths of the cartilage on day 1 and day 7 (n = 8 cartilage samples). b, Cartilage on day 7 was treated with BrdU. Left: histological sections were stained with Safranin O and immunostained with BrdU. Right; number of BrdU-positive cells were divided by the total number of cells (n = 7 cartilage samples). c, Histological sections of pellets cultured for 14Â days. The images are representative of three pellets. d, The results of the real-time RTâ€“PCR expression analysis of pellets cultured for 14Â days (Sox9, Col2a1 and Acan) and 28Â days (Runx2 and Col10a1) (n = 3 technical replicates). The data are representative of two independent experiments. e, Primary chondrocytes from wild-type and Fgfr3Ach mice were cultured in the presence or absence of lovastatin, MG132 or bafilomycin A1, and were subjected to an immunoblot analysis using an anti-FGFR3 antibody. The images are representative of two independent experiments. Error bars denote the meansÂ Â±Â s.d. *PÂ <Â 0.5; **PÂ <Â 0.01 by the t-test. Scale bars, 50Â Î¼m.
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        Editorial Summary
Restorative effect of statins on bone growth
Some of the most common causes of dwarfism or skeletal dysplasia in humans are the result of gain-of-function mutations in the fibroblast growth factor receptor 3 gene (FGFR3). Noriyuki Tsumaki and colleagues have reprogrammed fibroblasts from patients with two such conditions â€” thanatophoric dysplasia type 1 (TD1) and achondroplasia (ACH) â€” to produce induced pluripotent stem cells (iPSCs). Chondrogenic differentiation of TD1 iPSCs resulted in the formation of degraded cartilage. A screen for molecules with the ability to rescue chondrogenically differentiated TD1 iPSCs from the degraded cartilage phenotype identified statins â€” drugs normally used to reduce blood cholesterol levels â€” as the most effective. Statins were included as candidate molecules because they have been reported to have anabolic effects on chondrocytes. In addition, statin treatment led to significant recovery of bone growth in a mouse model of ACH. These findings suggest that statins may have potential as a medical treatment for infants and children with TD1 and ACH.
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