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Statins give bone
growth a boost

The development of stem-cell-based models of two diseases that cause dwarfism
reveals that statins — drugs that are used to treat high levels of blood cholesterol
— may also promote cartilage formation and bone growth.

BJORN R. OLSEN

any medical conditions can cause
short stature, but a faulty gene
encoding the protein FGFR3 is

responsible for two-thirds of all forms of
dwarfism in humans. FGFR3 normally con-
trols a brake signal in the molecular machinery
that regulates the growth of limb bones dur-
ing childhood and adolescence. In 1 in every
10,000-30,000 births, genetic mutations cause
FGFR3 to become overactive and so brake too
hard. Although our understanding of the cellu-
lar processes that go awry in dwarfism is good,
development of treatments has been hampered
by alack of efficient methods for screening and
testing potential drugs. In a paper published on
Nature’s website today, Yamashita ef al.' report
a major step forward in solving this problem,
establishing a human-disease-based system
for screening potential drugs to treat skeletal-
growth defects.

In humans, the most common FGFR3
mutation results in achondroplasia, a disor-
der that causes short extremities, increased
curvature of the spine and distortion of skull
growth, resulting in substantial health prob-
lems®. More-severe mutations in FGFR3 can

Skin celis iPS cells

Reprogramming
factors

Figure 1| A cell-based model of impaired bone growth. Yamashita et al.’
isolated skin cells from people with thanatophoric dysplasia and from people
with normal bone growth, and reprogrammed them to become induced
pluripotent stem cells (iPS cells), which can give rise to every cell type of

the body. They then added factors that caused the cells to differentiate into

cause thanatophoric dysplasia, in which a
small chest, and respiratory problems, may
cause death either at or shortly after birth®. In
both dysplasias, skeletal defects are caused by
decreased proliferation and impaired matura-
tion of cartilage-forming cells called chondro-
cytes within growing regions of bone”. It has
not previously been possible to obtain chon-
drocytes from patients, but Yamashita and
colleagues took advantage of improved cell-
reprogramming techniquesS to do just that.
The authors isolated skin cells from three
individuals with thanatophoric dysplasia and
converted the cells to induced pluripotent
stem cells, which can give rise to any cell type
in the body. Next, Yamashita and co-workers
stimulated the stem cells to become chondro-
cytes, which had the same genetic make-up as
the original patients. They then took advan-
tage of the chondrocytes’ ability to aggregate
into cartilage-forming particles® to generate
a system for analysing particles formed by
thanatophoric dysplasia chondrocytes and by
controls without the FGFR3 mutation. The
authors compared the particles’ similarities
and differences as the different cells grew and
matured over several weeks in culture (Fig. 1).
A major difference was that, compared to

Chondrocytes

Differentiation
factors

controls, thanatophoric dysplasia particles
exhibited impaired maturation associated
with degradation of cartilage. Remarkably,
reducing FGFR3 levels or adding antibodies
to block FGFR3 activity in dysplasia cultures
restored growth and maturation of the
cartilage-forming particles to normal levels.
Yamashita and co-workers used their culture
system to assay several molecules that affect
either the response of cells to FGFR3 signals or
the formation of chondrocytes from stem cells,
to determine which could promote cartilage
development in dysplastic cells. Molecules that
had positive effects included C-type natriuretic
peptide (CNP) and several statins, including
lovastatin and rosuvastatin.

CNP hasa positive effect on bone formation
and growth’, and its overexpression in chon-
drocytes counteracts dwarfism in a mouse
model of ac11011d1‘oplasia7. As a result, CNP
has been pursued as a potential achondroplasia
treatment, although it is not an ideal candidate.
A major obstacle is that the peptide, which
must be injected, is degraded within minutes
of being administered. A more stable version
is effective in mouse models of achondro-
plasia and is currently in clinical trials, but
still requires daily injections®. In addition,
the effects of CNP on the cardiovascular sys-
tem and the central nervous system raise the
possibility of undesirable side effects if the
drug is used long-term in children.

Statins — cholesterol-lowering drugs that
are available in tablet form — provide an
interesting alternative. Their safety has been
evaluated in children with inherited high cho-
lesterol’, and evidence' suggests that early
statin treatment improves the chances of chil-
dren with this condition reaching the age of
30 without having a heart attack. In addition
to their cholesterol-related properties, the
drugs stimulate production of chondrocyte

* Control

/ cartilage-forming

particles

e | / s
Lovastatin

Dysplasia-derived
cartilage-forming particles
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cartilage-forming cells called chondrocytes. Chondrocytes derived from
controls produced normal cartilage-forming particles, but the particles formed
from dysplasia-derived chondrocytes showed impaired growth and maturation.
However, normal particle formation was restored when the druglovastatin was
added to the culture dish, highlighting a possible treatment for this disease.
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molecules that make up the structure of
cartilage", and repress production of cartilage-
degrading enzymes™. In a series of compel-
ling experiments, Yamashita et al. demon-
strated that lovastatin stimulates production
of cartilage components in thanatophoric dys-
plasia chondrocytes, and promotes the forma-
tion of chondrocytes from stem cells. It also
restores cartilage formation by chondrocytes
derived from people with achondroplasia.
Finally, the authors showed that injecting
rosuvastatin into mice with an achondroplasia-
causing defect in FGFR3 partially restored
bone growth in the limbs and head.

What are the mechanisms underlying these
striking effects? Yamashita and colleagues’
study does not provide the full answer. How-
ever, the authors do find that high levels of
FGFR3 protein, but not messenger RNA, are
reduced to normal levels when lovastatin is
added to cultures of particles derived from
people with either form of dysplasia. This
suggests that statins stimulate degradation of
FGFR3. Cellular protein-degradation machines
called proteasomes might be involved, because
adding a proteasome inhibitor to lovastatin-
containing cultures increased levels of FGFR3.
The researchers speculate that this is related
to the ability of statins to lower cholesterol
in cells, and to destabilize cell membranes so

2 | NATURE |

that FGFR3 (which spans the membrane) is
more easily internalized and degraded, but this
remains to be determined.

If the ability of statins to restore cartilage-
particle growth is found to be independent of
their cholesterol-lowering properties, it may
be possible to modify the drugs such that these
two effects are separated. However, if the carti-
lage-promoting effect of statins is a direct con-
sequence of a decrease in cholesterol, extreme
care is needed before using the drugs to treat
children with achondroplasia. It will be cru-
cial to ensure that cholesterol levels in these
children are maintained at reasonable levels.

Between the ages of 25 and 35, mortality
related to heart disease is more than 10 times
higher in people with achondroplasia than in
the general population™. The reasons for this
are not understood, and limited data suggest
that serum cholesterol levels in children with
achondroplasia are in the high normal range®.
Whether statin treatment would help to reduce
this mortality is therefore unclear.

In summary, Yamashita et al. have
established a disease model of achondroplasia
and related dysplasias based on pluripotent
stem cells. The results of the study raise the
possibility that statins might be effective in
treating children with these disorders. Further-
more, the authors’ system allows screening of

© 2014 Macmillan Publishers Limited. All rights reserved

additional compounds in the search for even
safer drugs. m
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Statin treatment rescues FGFR3 skeletal
dysplasia phenotypes

Akihiro Yamashita!, Miho Morioka!, Hiromi Kishi!, Takeshi Kimura®?, Yasuhito Yahara!, Minoru Okada', Kaori Fujita’,

Hideaki Sawai®, Shiro Ikegawa* & Noriyuki Tsumaki'~

Gain- of—functlon mutatlons in the flbroblast growth factor receptor 3 gene (FGFR3) result in skeletal dysplasms such as
thanatophonc dysplaSIa and achondroplasxa (ACH). The lack of disease models using human cells ‘has hampered the
identification of a chmcally effective treatment for these diseases. Here we show that statin treatment can rescue patient -
specific induced pluripotent stem cell (1PSC) models and a mouse model of FGFR3 skeletal dysplasia. We converted
fibroblasts from thanatophorlc dysplasm typel (TDl) and ACH patlents into iPSCs. The chondrogemc differentiation of
TD1iPSCs and ACH iPSCs resulted in the formation of degraded cartilage. We found that statins could correct the degraded
cartilage in both chondrogemca]ly differentiated TD1 and ACH iPSCs. Treatment of ACH model mice with statin led to a
significant recovery of bone growth. These results suggest that statms could represent a medlcal treatment for mfants and

children with TDl and ACH

Achondroplasia (ACH) is the most common skeletal dysplasia, and the
condition leads to disproportionate short-limb dwarfism. Mutations in
the gene encoding fibroblast growth factor receptor 3 (FGFR3) were
identified in patients with ACH (refs 1, 2). FGFR3 mutations were sub-
sequently found in patients with thanatophoric dysplasia, of which there
are two types that can be distinguished by the radiographic findings and
the results of a molecular analysis: thanatophoric dysplasia type I (TD1)
and I1 (TD2). The phenotype of thanatophoric dysplasia is more severe

-than that of ACH, and the condition is lethal due to respiratory insuf-
ficiency, which is secondary to an abnormal chest wall skeleton. Owing
to recent progress in respiratory management, infants with thanatopho-
ric dysplasia can survive for several months to years. FGFR3 mutations
have also been found in some other conditions, which are collectively
called FGFR3 chondrodysplasias’®. Mice that are deficient for FGFR3
show skeletal overgrowth*. This mouse phenotype suggests that FGFR3
is a negative regulator of endochondral bone formation, confirming that
the mutations causing FGFR3 chondrodysplasias are gain-of-function
mutations.

FGFR3 functions as a transmembrane receptor tyrosine kinase. Thera-
peutic strategies aimed at decreasing excessive FGFR3 signals have been
investigated®. The application of c-type natriuretic peptide (CNP)®,a CNP
analogue’, parathyroid hormone®, a FGFR3-binding peptide® and sol-
uble FGFR3 (ref. 10) led to a recovery of bone growth in a genetically
manipulated mouse model of FGFR3 chondrodysplasia. CNP attenuates
the mitogen-activated protein kinase (MAPK) signals which are acti-
vated by FGFR3. The efficacy of all of these treatments remains to be
tested in appropriate human cell models, which have not been available
for FGFR3 chondrodysplasia. In addition, the safety of these treatments
needs to be confirmed through additional pre-clinical and clinical tests
before wide clinical use can be advocated. The mechanism(s) by which
FGFR3 mutations cause cartilage abnormalities have been investigated
by transducing cells with mutant FGFR3 in vitro, and generating a gen-
etically engineered mouse model in vivo®. The former approach provides
information on the impact of FGFR3 mutations on the receptors, such
as receptor stabilization and turnover'". The latter approach has revealed

the impact of FGFR3 mutations on the growing skeleton and indicated
that the endochondral bone formation process is disturbed'? In addi-
tion to these two approaches, recent progress in cell reprogramming tech-
nologies is beginning to offer a new disease model: induced pluripotent
stem cells (iPSCs). The iPSCs are generated from dermal fibroblasts or
blood cells from patients, followed by differentiation into cell types of
interest, such as chondrocytes in the case of FGFR3 chondrodysplasias.
This process may provide human cell types and tissues that can allow
investigation of the mechanism(s) underlying the onset and progres-
sion of disease, and drug screening.

Generation of TD1-specific iPSCs

Human dermal fibroblasts (HDFs) were obtained from three TD1 patients
(TD1-714, TD1-10749 and TD1-315H) (Extended Data Fig. 1a). A sequenc-
ing analysis of the genomic DNA extracted from the patients’ HDFs
revealed a heterozygous mutation (R248C) in the FGFR3 gene in all three
TD1 patients (Extended Data Fig. 1a). We established more than three
iPSC lines for each TD1 patient and analysed one TD1 iPSCline (TD1-
714-3,TD1-10749-1 and TD1-315H-2) derived from the HDFs of each
patient. Wild-type iPSC lines (409B2 (ref. 13), KF4009-1 and HDF-11)
derived from three control individuals were prepared. We confirmed
that all iPSC lines expressed SSEA4 and TRA1-60, and formed terato-
mas containing all three germ layers (Extended Data Fig. la~c).

Abnormal cartilage formation from TD1 iPSCs

We differentiated TD1 and wild-type iPSCs towards chondrocytes. The
iPSCs were differentiated into chondrogenic cells in the presence of chon-
drogenic supplementation on dishes for 14 days, and then were trans-
ferred into suspension culture to form cartilaginous particles following
the previously described method™, with modifications. The wild-type
iPSCs formed particles composed of cells scattered in a cartilaginous extra-
cellular matrix, as indicated by positive Safranin O staining on day 42. TD1
iPSCs formed particles that did not appear to be stained with Safranin O,
indicating that the extracellular matrix contained little glycosaminogly-
can (Fig. 1aand Extended Data Fig. 2). The presence of glycosaminoglycan

ICell Induction and Regulation Field, Department of Cell Growth and Differentiation, Center for iPS Cell Research and Application, Kyoto University, Kyoto 606-8507, Japan. 2Department of Pediatrics,
Osaka University Graduate School of Medicine, Osaka 565-0871, Japan. *Department of Obstetrics and Gynecology, Hyogo College of Medicine, Hyogo 663-8501, Japan. *Laboratory of Bone and Joint
Diseases, Center for Integrated Medical Sciences, RIKEN, Tokyo 108-8639, Japan. %Japan Science and Technology Agency, CREST, Tokyo 102-0075, Japan.
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Figure 1| Chondrogenic differentiation of wild-type iPSCs and TD1 iPSCs.
a, Histology of iPSC-derived cartilaginous particles on day 42. The images are
representative of three independent experiments. HE, haematoxylin and eosin
staining. b, Results of a real-time RT-PCR expression analysis of FGFR3
mRNA in chondrogenically differentiated iPSC lines on day 28 (n =3
independent iPSClines). WT, wild type. ¢, Results of an immunoblot analysis of
the FGFR3 protein in chondrogenically differentiated iPSCs on day 28. The
images are representative of three independent experiments. d, Time course of
the changes in the expression of markers in iPSCs subjected to chondrogenic
differentiation, as determined by real-time RT-PCR (n = 3 technical
replicates). e, Phase microscopic images of chondrogenically differentiated
iPSCs in adhesion culture on day 14. The images are representative of three
independent experiments. f, iPSC-derived cartilaginous particles on day 28
were treated with BrdU. Left: histological sections were immunostained with
anti-BrdU antibodies. Right: the number of BrdU-positive cells were divided by
the total number of cells (n = 3 particles). The data are representative of two
independent experiments. The error bars denote the means * s.d. *P < 0.05 by
the #-test. Scale bars, 50 pm.

is important for the mechanical properties of cartilage. Messenger RNA
expression analysis showed that there were decreased expression levels
of chondrocyte markers and increased expression levels of type I col-
lagen genes in chondrogenically differentiated TD1 iPSCs on day 28
(Extended Data Fig. 3a). Immunohistochemical analysis showed that
the TD1-iPSC-derived particles expressed more type I collagen and less
type II collagen than the wild-type-iPSC-derived particles on day 42 (Ex-
tended Data Fig. 3b, ¢). Focal deposition of type II collagen in the TD1-
iPSC-derived particles (Extended Data Fig. 3¢, lower panels) suggests
that there was limited cartilage formation or remnant cartilage which
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was formed in earlier stages that was subsequently degraded. Markers
of pluripotency (SSEA4 and TRA1-60) were not detected in either
the chondrogenically differentiated wild-type or TD1 iPSCs on day 42
(Extended Data Fig. 3d). The expression level of FGFR3 mRNA in chon-
drogenically differentiated TD1 iPSCs was significantly lower than in
chondrogenically differentiated wild-type iPSCs (Fig. 1b), probably
because of the negative feedback transcriptional regulation due to the
gain-of-function mutation of FGFR3 in the TD1 cells. Immunoblot
analysis showed that the amount of FGFR3 protein in the chondrogeni-
cally differentiated TD1 iPSCs was higher than in the chondrogenically
differentiated wild-type iPSCs (Fig. 1c), supporting the notion that the
mutant FGFR3 receptor is resistant to degradation, leading to persistent
activation of the receptor’s signal transduction""*""".

To examine how the chondrogenic differentiation of TD1 iPSCs re-
sulted in the formation of abnormal particles, we analysed the time course
of the changes in expression of markers in wild-type iPSCs and TD1
iPSCs subjected to chondrogenic differentiation (Fig. 1d and Extended
Data Fig. 4a). Expression of OCT4 (also called POUS5F1I), a marker of plur-
ipotency, decreased rapidly on day 3, and expression of mesendodermal/
mesodermal markers T'and KDR was transiently increased around days
3-9 in both chondrogenically differentiated wild-type and TD1 iPSCs.
Expression of chondrogenic transcription factors SOX9, SOX5 and SOX6
was activated and increased gradually in both chondrogenically differ-
entiated wild-type and TD1 iPSCs until day 14. Expression levels of SOX9,
SOX5 and SOX6 continued to increase in the chondrogenically differ-
entiated wild-type iPSCs, whereas they decreased gradually after day 14
in the chondrogenically differentiated TD1 iPSCs.

The expression of these chondrogenic transcription factors was
followed by expression of their target genes encoding cartilage matrix
proteins. Expression of type II collagen gene (COL2A1) and aggrecan
gene (ACAN) was activated on day 14, and increased gradually in both
chondrogenically differentiated wild-type and TD1iPSCs until day 21.
The expression levels of COL2A1 and ACAN continued to increase until
day 28 in chondrogenically differentiated wild-type iPSCs, whereas they
were not changed or were decreased on day 28 in chondrogenically differ-
entiated TD1 iPSCs. These findings suggest that both wild-type iPSCs
and TD1 iPSCs were similarly differentiated into chondrocytes until
days 14-21. This interpretation was supported by phase microscopic
observation, which revealed that the wild-type iPSC and TD1 iPSC cul-
tures similarly produced cell nodules by day 14 (Fig. 1e), because the forma-
tion of cell nodules is a typical characteristic of cultured chondrocytes.

Reduced expression of cartilage matrix genes (COL2A1 and ACAN)

on day 28, however, indicated that chondrocyte maturation was disturbed
in the chondrogenically differentiated TD1 iPSCs after their differenti-
ation into chondrocytes. Previous studies have revealed that chondro-
cyte proliferation is disturbed in ACH model mice'? and in chondrocytic
cells transduced with FGFR3 carrying thanatophoric dysplasia and ACH
mutations'®, and that chondrocyte apoptosis is increased in thanatopho-
ric dysplasia patients and in chondrogenic cells transduced with FGFR3
carrying thanatophoric dysplasia and ACH mutations'*'**°. Labelling
cells with 5-bromodeoxyuridine (BrdU) revealed that the proliferation
rate of the chondrogenically differentiated TD1 iPSCs was decreased
compared with that of the chondrogenically differentiated wild-type
iPSCs on day 28 (Fig. 1£). The chondrogenically differentiated TD1iPSCs
showed increased numbers of TUNEL-positive cells (Extended Data
Figs 4 b, ¢) and increased immunoreactivity for cleaved-caspase 3 (Extended
Data Fig. 4d), suggesting that they had increased apoptosis compared
with chondrogenically differentiated wild-type iPSCs. Chondrogenically
differentiated TD1 iPSCs showed increased expression levels of p21
(Extended Data Fig. 4e). Together these results suggest that the chon-
drogenically differentiated TD1 iPSC model recapitulates the two prim-
ary abnormalities which are found in FGFR3-related disease patients
and models: decreased proliferation and increased apoptosis of chon-
drocytes. These two abnormalities might be responsible for the degraded
cartilage tissue found in TD1-iPSC-derived particles on day 42.
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bottom. Error bars denote the means = s.d. **P </ 0.01 by the Tukey-Kramer
post-hoc test.
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FGFR3 inactivation rescues TD1 iPSC cartilage
To confirm that TD1iPSCs cannot produce cartilaginous particles due
to the gain-of-function mutation of FGFR3, we knocked down FGFR3
in TD1iPSCs (TD1-714-3) using piggyBac short hairpin RNA (shRNA)
vectors (Fig. 2a). Expression of FGFR3 mRNA and protein was effec-
tively knocked down in the chondrogenically differentiated TD1 iPSCs
bearing each of three types of FGFR3 shRNA (Fig. 2b, ¢). The TD1
iPSCs transfected with FGFR3 shRNA formed cartilaginous particles
that were positively stained by Safranin O (Fig. 2d). Expression analysis
showed that chondrogenically differentiated TD1 iPSCs transduced with
FGFR3 shRNA had increased expression of chondrocyte marker genes
and decreased expression of fibroblast marker genes compared with chon-
drogenically differentiated TD1 iPSCs bearing control shRNA target-
ing the luciferase gene sequence (Extended Data Fig. 5a).

Furthermore, treatment of chondrogenically differentiated TD1 iPSCs
with FGFR3 neutralizing antibody resulted in partial recovery of cartil-
age formation (Extended Data Fig. 5b). Expression analysis showed that
addition of the FGFR3 neutralizing antibody increased the expression
of chondrocyte marker genes and decreased the expression of fibroblast
marker genes in the chondrogenically differentiated TD1 iPSCs (Extended
Data Fig. 5¢).

These results suggest that the formation of degraded cartilage by TD1
iPSCs is caused by the gain-of-function mutation of FGFR3.

Statins rescue TD1-iPSC-derived cartilage
To find effective drugs to treat FGFR3 chondrodysplasias, we screened
molecules for their ability to rescue chondrogenically differentiated TD1
iPSCs from the degraded cartilage phenotype. We selected molecules that
had previously been reported to affect FGFR3 signalling and/or chon-
drocyte differentiation. Chondrogenically differentiated TD1 iPSCs were
rescued by the addition of CNP but not by the addition of an FGFR
inhibitor or the G-protein antagonist NF449 (Extended Data Fig. 6).
We included statins in the candidate molecules because they have
been reported to have anabolic effects on chondrocytes®*. The statins
compose a drug class broadly characterized as lipid-lowering agents.
Statins inhibit mevalonic acid synthesis, and as a consequence lead to a
decrease in the amount of total cholesterol and decreased levels of low-
density lipoproteins. Statins have favourable effects on cardiovascular
disease, the nervous system, the immune system, the skeletal system and
tumour growth*?, and there is emerging interest in the pleiotropic
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effects of statins. We found that the addition of lovastatin recovered the
cartilage formation of chondrogenically differentiated TD1 iPSCs (Fig. 3a).
An expression analysis showed that the addition oflovastatin increased
the expression of a chondrogenic transcription factor (SOX9) and cartilage
extracellular components (COL2A1 and ACAN) in chondrogenically
differentiated TD1 iPSCs (Extended Data Fig. 7a). Labelling TD1-iPSC-
derived particles cultured in the presence or absence of lovastatin with
BrdU revealed that the addition of lovastatin increased the prolifera-
tion rates of chondrogenically differentiated TD1iPSCs in the particles
(Fig. 3b). Furthermore, we confirmed that addition of mevastatin, ator-
vastatin, pravastatin, rosuvastatin and fluvastatin also recovered the car-
tilage formation of chondrogenically differentiated TD1 iPSCs (Extended
Data Fig. 7b). These results suggest that various statins can rescue chon-
drogenically differentiated TD1 iPSCs.

To gain insight into the mechanism(s) by which statins rescue the
FGFR3 chondrodysplasia models, we examined the expression levels
of FGFR3 protein and mRNA. Immunoblot analysis revealed that applica-
tion of lovastatin rescued chondrogenically differentiated TD1 iPSCs
from the increased amount of FGFR3 protein (Fig. 3c). Accordingly,
application of lovastatin rescued chondrogenically differentiated TD1
iPSCs from an increased amount of phosphorylated MAPK, a down-
streamn target of FGFR3 signalling. The changes in the amount of FGFR3
protein were not regulated at the mRNA expression level, because the
FGFR3 mRNA expression levels were increased by lovastatin applica-
tion in chondrogenically differentiated TD1iPSCs (Fig. 3d), suggesting
that statin treatment may accelerate the degradation of FGFR3 protein
in chondrogenically differentiated TD1 iPSCs.

Statin exposure rescues ACH iPSC cartilage

We next investigated whether lovastatin could rescue another FGFR3
chondrodysplasia: ACH. We generated iPSCs from HDFs obtained from
two individuals with ACH and one individual who was homozygous
for an ACH mutation (ACHhomo). The chondrogenic differentiation
of ACH iPSCs and ACHhomo iPSCs resulted in the formation of particles
that lacked the cartilaginous element, as indicated by negative Safranin O
staining. Addition of lovastatin to the culture media recovered the car-
tilage formation of chondrogenically differentiated ACH iPSCs and
ACHhomo iPSCs (Extended Data Fig. 8).

Statins cause bone elongation in ACH mice

We examined whether statin treatment could rescue Fgfr3*%" transgenic
mice from the FGFR3 chondrodysplasia phenotype ir vivo. The Fgfr3*"
transgenic mice'> express Fgfr3 with an ACH mutation in chondrocytes
under the control of the Col2al promoter/enhancer sequences. Fgfr3*<"
transgenic mice show dwarfism, short limb bones and a short snout.
Daily intraperitoneal injections of rosuvastatin significantly increased
the anteroposterior lengths of the skulls and the lengths of the ulnas,
femurs and tibiae in the Fgfr3*“" mice when they were 15 days old (Fig. 4
and Extended Data Fig. 9). There were no significant differences in the
lengths of the ulnas and tibiae between Fgfr3*“" mice receiving rosu-
vastatin and wild-type mice receiving vehicle.

The lengths of primordial cartilage in Fgfr3*" mice increased more
in organ culture in the presence of lovastatin than in the absence of
lovastatin (Extended Data Fig. 10a), indicating that lovastatin acts on
the cartilage directly to induce its elongation. Labelling the primordial
cartilage with BrdU revealed that lovastatin increased the proliferation
rate of chondrocytes in the Fgfr3*“" primordial cartilage (Extended Data
Fig. 10b).

The pellets of Fgfr3*“" primary chondrocytes cultured in the pres-
ence of lovastatin showed more intense Safranin O staining than did
the pellets of Fgfr3*” primary chondrocytes in the absence of lovasta-
tin (Extended Data Fig. 10c). Fgfr3*“" pellets cultured in the presence of
lovastatin showed increased expression levels of Sox9, Col2al and Acan
at 2 weeks after the start of pellet culture, as well as increased expression
levels of Runx2 and Coll0al at 4 weeks after the start of pellet culture,
compared with those cultured in the absence of lovastatin (Extended
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Figure 4 | Rescuing ACH model (Fgfr3*?") mice from reduced bone growth
by intraperitoneal injection of rosuvastatin. a, Top: X-ray images of heads.
Lateral views. Middle: X-ray images of bodies. Anterior—posterior view.
Bottom: X-ray images of the hindlimb skeletons. Scale bars, 2 mm.

b, Measurements of the anteroposterior (A-P) length of the heads and the
length of the ulnas, femurs and tibiae in X-ray images and weights. The
numbers of mice for each group were: Fgfr3*“ mice treated with vehicle,

n = 42; Fgfr3**" mice treated with statin, n = 38; wild-type mice treated with
vehicle, n = 38; wild-type mice treated with statin, n = 51. The error bars
denote the means * s.d. t-test P values are indicated.

Data Fig. 10d). These results suggest that statin treatment stimulated both
chondrocytic differentiation and maturation towards hypertrophy by
increasing the expression of Sox9 and Runx2, respectively.

Immunoblot analysis of primary chondrocytes showed that a larger
amount of FGFR3 was detected in the Fgfr3*” chondrocytes than in
the wild-type chondrocytes (Extended Data Fig. 10e), probably due to
overexpression of the Fgfr3“" transgene and inhibited degradation of
the mutant FGFR3. Addition of lovastatin to the culture decreased the
amount of FGFR3 in the Fgfr3*”" chondrocytes, and addition of MG132
increased the amount of FGFR3 in Fgfr3*?" chondrocytes which were
cultured in the presence of lovastatin. The expression of FGFR3 was
slightly increased in Fgfr3*“" chondrocytes by the addition of bafilomy-
cin Al in the presence of lovastatin in the cultures. These results suggest
that statin treatment induced the degradation of mutant FGFR3, mainly
through a proteasomal pathway.
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Discussion

The degree of abnormality in the histology of the resultant TD1-iPSC-
and ACH-iPSC-derived cartilaginous particles on day 42 appeared to
be more severe than that observed in the cartilage of patients with TD1
and ACH, respectively. One of the reasons for this discrepancy may be
that the in vitro culture environment lacks any compensatory machinery
to adapt skeletal tissues to the malfunction of chondrocytes caused by
FGFR3 mutations. The exaggeration of phenotypes has been recog-
nized in iPSC models of other diseases, including Alzheimer’s disease™.
This exaggeration of the phenotype exhibited by TD1-iPSC-derived
chondrocytes may be advantageous for screening drugs, because it may
decrease the occurrence of false-negative events.

We injected ACH model mice with 1.0 mgkg ™' rosuvastatin, which
isequivalent to 70 mg per day ina 70 kg human. A dose of 80 mg per day
of rosuvastatin was studied in a clinical trial and found to be associated
with an increased risk of muscle toxicity and renal toxicity compared
with a dose of 40 mg per day”. However, a dose of 1.0 mg per kg rosu-
vastatin is not always intolerable. It is important to note that when rosu-
vastatin was administered at this dose it was able to elongate the skeletal
elements of the ACH model mice, because a considerable proportion of
the statin administered was removed by the liver. It remains to be deter-
mined which statin is the most effective and what dose is needed. The
precise mechanism(s) by which statin treatment can rescue the chon-
drocyte abnormalities associated with FGFR3 diseases remain to be elu-
cidated, although we have obtained some insights into the statin-induced
promotion of FGFR3 degradation, which is inhibited in cases with mutant
FGFR3 (see Supplementary Discussion for further information).

Because statins have been administered to large numbers of human
patients for many years, there is abundant information available on their
safety, although their effects on infants and juvenile patients are still largely
unknown. The fact that the treatment rescued both human iPSC disease
models and mouse disease models suggests that statins might be effec-
tive and applicable for patients with TD1 and ACH.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Ethics statement. All experiments were approved by the institutional review board,
institutional animal committee (as appropriate) and the institutional biosafety
committee of Kyoto University.

Generation of patient-specific iPSCs. HDFs derived from six patients (Extended
Data Fig. 1a) were obtained from the cell banks of the Coriell Institute and Saitama
Children’s Medical Center. Control HDFs from two different neonates were pur-
chased from KURABO (strain 01491 and 01439). HDFs were cultured in DMEM
(Sigma) with 10% FBS (Invitrogen), 50 U ml ™" penicillin and 50 pg ml ™ streptomy-
cin. To generate iPSCs, episomal plasmid vectors (Mixture Y4: OCT4, SOX2, KLF4,
L-MYC, LIN28 and p53 shRNA) were electroporated into HDFs with the Neon
transfection system (Invitrogen)'®. One week after transduction, 1 X 10° cells were
re-seeded into 100 mm dishes with feeder cells. The cells were subsequently cultured
in hiPSC medium. The 409B2 cells used as the control iPSCs were a gift from K. Okita
and S. Yamanaka (Center for iPS Cell Research and Application (CiRA), Kyoto
University, Kyoto, Japan)?. All cells were negative for mycoplasma contamination.
Chondrogenic differentiation of hiPSCs. The hiPSCs were transferred and then
maintained in a feeder-free medium, Essential 8 (Invitrogen) with 50 units ml™!
penicillin and 50 mgml ™" streptomycin, in 3.5-cm Matrigel-coated dishes. The hiPSCs
formed high-density cell colonies which consisted of 1-2 X 10° cells 10-15 days
after the start of maintenance under the feeder-free culture conditions. Subsequently,
the chondrogenic differentiation of iPSCs was performed following the previously
described method™, with modifications. The hiPSCs were initially differentiated
into mesendodermal cells in DMEM/F12 (Sigma) with 10 ngmi ™" of Wnt3A (R&D),
10ng ml™" of Activin A (R&D), 1% ITS (Invitrogen), 1% FBS and 50 units and
50 mgml ™" of penicillin and streptomycin, respectively (Invitrogen) for 3 days. On
day 3, the medium was changed to the basal medium (DMEM (Sigma) with 1% ITS,
1% FBS, 2mM L-glutamine (Invitrogen), I X 10™*M non-essential amino acids
(Invitrogen), 1 mM Na pyruvate (Invitrogen), 50 units of penicillin and 50 mg ml ™"
of streptomycin) supplemented with 50 pg ml ™" of ascorbic acid (Nacalai), 10 ng mi ™
of BMP2 (Peprotech), 10ngml™ ! of TGFB1 (Peprotech) and 10 ngml ™! of GDF5
(PTT), which was intended to commit the cells to the chondrocytic lineage. A total
of 10 ng ml ™! of bFGF (WAKO) was added to the chondrogenic medium from day
3 to day 14 to increase the cell proliferation. Chondrogenic cells form multilayered
nodules by day 14. The nodules were physically separated from the bottom of the
dishes to form particles, which were then transferred to a suspension culture in 3.5-cm
Petri dishes on day 14. The cells in the particles produce cartilaginous extracellular
matrix, resulting in the particles becoming cartilaginous tissue in suspension cul-
ture. Particles were harvested on days 28 and 42 for the analyses. The culture medium
was changed every 2-7 days.

Histological analysis. The particles in the suspension culture, metatarsals in the
organ culture and pellets in the pellet culture were collected, fixed with 4% para-
formaldehyde, processed and embedded in paraffin. For some experiments (the results
of which are shown in Figs 1fand 3b), the particles were immediately embedded in
SCEM compound (SECTION-LAB) and subjected to frozen sectioning according
to the method described by Kawamoto®. Semi-serial sections were prepared and
stained with haematoxylin and eosin (HE) or Safranin-O-fast green-iron haematox-
ylin (Safranin O) or were immunostained with specific antibodies.

The area of the Safranin-O-positive region and the total area of the particle were
measured. The measurements of these areas were performed in a blinded manner.
The area of the Safranin-O-positive region was divided by the total area of the particle.

For the anti-type I collagen antibody (Southern Biotech, 1320-01), immune com-
plexes were detected by using N-Histofine Simple Stain MAX PO (GO) (Nichirei
Biosciences, 414351) and DAB (DAKO, K3468) as a chromogen. For the anti-SSEA4
antibodies (Santa Cruz, sc-5279), anti-TRA1-60 antibodies (Abcam, ab16287), anti-
type Il collagen (Thermo MS-235) and cleaved caspase 3 (Cell signalling, Asp175),
immune complexes were detected using secondary antibodies conjugated to Alexa
Fluor 488 or 546.

For the TUNEL assay, an in situ cell death detection kit (TMR red; Roche) was
used according to the manufacturer’s instructions.

For BrdU labelling, samples were treated with BrdU overnight before collec-
tion. The incorporated BrdU was detected using a BrdU staining kit (Invitrogen).
The numbers of BrdU-positive cells and total cells were counted in a blinded man-
ner. The number of BrdU-positive cells was divided by the total number of cells.
RNA isolation and quantitative real-time RT-PCR. Total RNA was isolated
from whole-cell lysates using the RNeasy Mini kit (Qiagen) according to the man-
ufacturer’s instructions with on-column DNase I digestion. The total RNAs prepared
from the re-differentiated human fetal chondrocytes were purchased from Cell
Applications, Inc. (402RD-R10f). A total of 500 ng of total RN A was used as a template
for cDNA synthesis using the ReverTra Ace system (TOYOBO). The amplified
products were used to derive standard curves for quantitative real-time PCR. Real-
time PCR was performed in a Step One system (ABI) using a KAPA SYBR FAST
qPCR kit Master Mix and the ABI prism (KAPA BIOSYSTEMS). The expression

levels were normalized to the level of B-actin for human expression studies and
Gapdh for the mouse mRNA expression levels. The primer sequences are shown in
Supplementary Tables 1 and 2.

Immunoblot analysis. Cell lysates were subjected to SDS-PAGE. The separated
proteins were then electroblotted and immunostained with the anti-FGFR3 antibody
(Cell Signaling, 4574), anti-phosphorylated MAPK antibody (Cell Signaling, 9109)
and anti B-actin antibody (Cell Signaling, 49776). FGFR3 migrates on SDS-PAGE
as several bands due to the different levels of post-translational modification'!.
FGFR3 shRNA. Three short hairpin RNAs (shRNA) targeting different sites of FGFR3
(shFGFR3-1, -3 and -5) were cloned into piggyBac vectors (Fig. 2a). A shRNA target-
ing the luciferase sequence was used as a control. The target sequences are shown in
Supplementary Table 3. The FGFR3 shRNA piggyBac vector and transposase express-
ion vector (PBasell, P16-25)—a gift from A. Hotta (Center for iPS Cell Research
and Application (CiRA), Kyoto University, Kyoto, Japan)—were introduced into
the TD1-iPSCs (TD1-714-3) using nucleofection technology according to the man-
ufacturer’s instructions (Amaxa). TD1 iPSC lines bearing the FGFR3 shRNA
sequence were established.

FGFR3 neutralizing antibody. The FGFR3 neutralizing antibody was purchased
from Santa Cruz (sc-13121). A total of 1 pl of the antibody solution was added to
1 mlof cell culture medium (200 ng ml™") during the chondrogenic differentiation
of TD1 iPSCs. As a control, we used IgG (Cell Signaling, #27295), and 1 pl of the
IgG solution was added to 1 ml of medium.

Preparation of test molecules. The stock CNP (Sigma, N8768), NF449 (Abcam,
ab120415) and FGFR inhibitor (PD 173047, Cayman) solutions were prepared at
a concentration of 100 uM, 50 mM and 1 mM, respectively. The final concentrations
of CNP, NF449 and the FGFR inhibitor were 100 nM, 25 pM and 1 pM, respectively.
The stock lovastatin (TCI, L0214), mevastatin (Cayman, 10010340), atorvastatin
(LKT A7658), pravastatin (Cayman, 10010343), rosuvastatin (BioVision, 1995-5)
and fluvastatin (Cayman, 10010337) solutions were prepared by dissolving them
in DMSO at a concentration of 10 mM. The final concentrations of all statin solu-
tions were 1 pM. Aliquots of stock solutions were added to the culture medium. As
a control, an equal amount of water or DMSO was added to the medium (vehicle).
Fgtr3*“" mice. The Fgf3"” transgenic mice' were a gift from D. Ornitz (Washington
University School of Medicine). We produced a large number of mice by in vitro
fertilization®!. Spermatozoa were collected from male heterozygous Fgfr3*" mice (FVB
strain). Oocytes were collected from superovulated wild-type female mice (C57BL/6
mice). The spermatozoa were added to the oocytes. Fertilized oocytes were trans-
ferred into pseudopregnant mice (ICR). A total of 172 pups from a total of 13 litters
were obtained on the same day. The pups were F; hybrid mice, and were genetically
uniform. All 172 pups were included in the study. Rosuvastatin was dissolved in
phosphate-buffered saline (PBS). A total of seven and six litters, with a total of 90
and 82 pups, were treated with rosuvastatin (1.0 mg kg™ ') or vehicle (PBS), respect-
ively. We injected the solution (statin or PBS) into the peritoneal space of pups six
times per week from 3 days after birth (day 3) until day 14. One mouse receiving
rosuvastatin was found dead on day 14. Mice receiving PBS were found dead on
days 3 and day 4 (one mouse each day). The dead mice were thought to have been
lost due to having been eaten, and were not able to be subjected to any of the analyses,
including genotyping. The remaining 169 mice were killed on day 15, and then
were subjected to X-ray imaging (Faxitron DX-50). Measurements of the lengths
of skeletal components on X-ray images were performed in a blinded manner.
Genomic DNA was extracted from the toes of each mouse and subjected to a geno-
type analysis, as reported previously’”. The post-hoc power analysis comparing the
Fgfr3**" mice treated with vehicle and the Fgfr3*%" mice treated with statin was
performed using the G¥*Power 3.1 software program™. The effect size, d, was 0.64,
as a function of the two-tailed t-test, with power (1 - ) = 0.8, & = 0.05, n; = 38
and n, = 42,

Organ culture of the metatarsal primordial cartilage from Fgfr3*“" mice. To
examine whether the statin affected the cartilage directly or indirectly, we per-
formed organ culture of metatarsal primordial cartilage prepared from Fgfr34"
transgenic mice in the presence or absence of lovastatin for 7 days. Metatarsals
were collected from 15.5 d.p.c. mouse embryos with a mixed FVB X C57BL/6 genetic
background, and were subjected to organ culture as described previously®. After
the genotypes of the pups were determined, the metatarsals from Fgfr3"“" embryos
were treated with 1 uM lovastatin or vehicle. The measurements of the lengths of
the metatarsals were performed in a blinded manner.

Preparation of primary chondrocytes from Fgfr3*“" mice. The primary chon-
drocytes were prepared from newborn mice with a mixed FVB X C57BL/6 genetic
background as described previously™. After the genotypes of pups were deter-
mined, the primary chondrocytes from Fgfr3*" animals or those from wild-type
animals were trypsinized and mixed, respectively. The cells were subsequently used
for pellet culture to analyse the effects of statin treatment on the differentiation and
maturation of Fgfr3*™ chondrocytes or were subjected to monolayer culture to
analyse the degradation of FGFR3 in Fgfr3*“" chondrocytes.
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Pellet culture of primary chondrocytes from Fgfr3*“" mice. To analyse how the

statin affected the differentiation of chondrocytes, we performed pellet culture of
the chondrocytes prepared from Fgfr3™" transgenic mice. Chondrocytes norm-
ally undergo differentiation and maturation towards hypertrophy in pellet cul-
ture. A total of 5 % 10° primary chondrocytes prepared from Fyfr3*™" mice were
transferred into a 15-ml tube (Falcon) and centrifuged at 200g for 10 min®. The
resulting cell pellet was incubated for 2 or 4 weeks in the presence or absence of
1 uM lovastatin.

Monolayer culture of primary chondrocytes from Fgfr3*" mice in the pres-
ence of MG132 or bafilomycin Al. To examine how the statin treatment affected
the degradation of the FGFR3 protein, we analysed the effects of a proteasome
inhibitor, MG132, and a lysosome inhibitor, bafilomycin A1, on the amounts of
FGFR3 protein. We prepared primary chondrocyte cultures from wild-type and
Fgfr3*" mice. A total of 2.5 X 10° primary chondrocytes were plated in each well
of a six-well plate, and were cultured in the presence or absence of 1 M lovastatin
for 2 days. Next, the culture was supplemented with 10 mM MG132 (Sigma, M7449),
100 nM bafilomycin A1 (Sigma, B1793) or vehicle. Two hours later, the culture was
further supplemented with 50 ng ml ™! FGF9 (Peprotech) and incubated at 4 °C for
2h. Then cells were collected and subjected to an immunoblot analysis using an
anti-FGFR3 antibody.

Statistical analysis. The data are shown as averages and standard deviations. We
used ANOVA followed by the Tukey-Kramer post-hoc test. In Figs 1b, f, 3a, b, d
and 4b and in Extended Data Figs 4c, 5¢, 10a, b, d, homogenous variances were
assumed by the F test and the Student’s t-test (two-sided) was used. P values <0.05
were considered to be statistically significant.

30. Kawamoto, T. Use of a new adhesive film for the preparation of multi-purpose
fresh-frozen sections from hard tissues, whole-animals, insects and plants.
Arch. Histol. Cytol. 66, 123-143 (2003).

31. Takeo, T.etal Birth of mice from vitrified/warmed 2-cell embryos transported at
a cold temperature. Cryobiology 58, 196-202 (2009).

32.  Faul, F, Erdfelder, E, Lang, A. G. & Buchner, A. G*Power 3: a flexible statistical
power analysis program for the social, behavioral, and biomedical sciences.
Behav. Res. Methods 39, 175-191 (2007).

33.  lkegami, D. et al. Identification of small molecular compounds and fabrication of
its aqueous solution by laser-ablation, expanding primordial cartilage. Osteoarth.
Cartil. 19, 233-241 (2011).

34, Gosset, M., Berenbaum, F., Thirion, S. & Jacques, C. Primary culture and
phenotyping of murine chondrocytes. Nature Protocols 3, 1253-1260 (2008).

35.  Hiramatsu, K. et al. Generation of hyaline cartilaginous tissue from mouse
adult dermal fibroblast culture by defined factors. J. Clin. Invest. 121, 640-657
(2011).

©2014 Macmillan Publishers Limited. All rights reserved



ARTICLE

a ID (cell iPSCs
) . Age at . FGFR3
iPSC line  |Sex . Race |bank)/lot| origin . hESC
sampling mutations Teratomas
(company) markers
. GMO00714 | 742C>T
TDI-714-3 | M 1d Caucasian| Fibroblast Yes Yes
(Corell) [Arg248Cys]
. GM10749 . 742C=T
TD1-10749-2] M 1d Caucasian Fibroblast Yes Yes
(Coriell) [Arg248Cys]
21 weeks
S2012 742C>T
TD1-315H-2 | F |and 4 days| Japanese R .. | Fibroblast Yes Yes
. (Saitama’) [Arg248Cys]
gestation
. GMO08857 . 1138G>A
ACH-8857-1| M 34y Caucasian . Fibroblast Yes Yes
(Coriell) [Glv380Arg]
) GMO08858 1138G>A
ACH-8858-6| F 30v Caucasian . Fibroblast Yes Yes
(Coriell) [Gly380Arg]
1138G>A
ACHhomo ) GMO08859 .
F Im Caucasian . Fibroblast | [Gly380Arg] | Yes Yes
-8859-3 (Coriell)
homozygous
40982 F 36y Caucasian | HDF1388 | Fibroblast No Yes Yes
Asian/ 01491 )
KF4009-1 | M | Newborn ) Fibroblast No Yes Yes
Caucasian | (Kurabo)
01439 .
HDF-11 M | Newborn | Asian Fibroblast No Yes Yes
(Kurabo)

1Saitama, Saitama Children's Medical Center, Japan. 2CiRA, Center for iPS Cell

Research and Application.

C ectoderm mesoderm endoderm
neural crest bone gut

muscle adipose ~ cartilage

Extended Data Figure 1 | Characterization of the TD1 and ACH iPSCs. representative of two independent experiments. ¢, The histology of teratomas
" a, Donor information and characterization of iPSCs. b, Left: a phase contrast ~ formed after implantation of TD1 iPSCs (TD1-10749-2) into SCID mice. The

image of TD1 iPSCs (TD1-714-3). Right: immunocytochemical staining of images are representative of experiments using three TD1 iPS clones

TD1 iPSCs (TD1-714-3) for SSEA4 and TRA1-60. The images are established from three different patients. Scale bars, 50 pm.
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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 m. Bottom: the area of
the Safranin-O-positive region was divided by the total area of the particle. The
error bars denote the means * s.d. The number of particles examined is
indicated at the bottom.
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Extended Data Figure 3 | Results of the expression analysis of Tukey-Kramer post-hoc test. The error bars denote the means * s.d.
chondrogenically differentiated wild-type iPSCs and TD1 iPSCs. a, The b-d, Immunohistochemical detection of the expression of type I collagen
results of a real-time RT-PCR expression analysis of marker genes in (b), type I collagen (c), SSEA4 (d, upper panels) and TRA1-60 (d, lower panels)
chondrogenically differentiated iPSCs lines on day 28. The data were collected  in the particles formed by chondrogenically differentiated wild-type iPSCs
from three independent wild-type and three independent TD1 iPSC lines (409B2) and TD1 iPSCs (TD1-714-3) on day 42. b, ¢, The images are
which were derived from three individuals, respectively. Chondrocytes, representative of three independent experiments. d, The images are
re-differentiated human fetal chondrocytes; fibroblasts, dermal fibroblasts. representative of experiments using three TD1-iPS clones established from
*P < 0.05 and **P < 0.01 (n = 3 technical replicates) by the three different patients. Scale bars, 50 pm (b, d); 25 um (c).
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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 RT-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, 50 pm. The images are representative of two independent experiments.
¢, 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). ¥*P < 0.01 for TD1-iPSC-derived cells compared to
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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:
25 pm. The images are representative of two independent experiments. e, The
results of a real-time RT-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 means * s.d.
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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 RT-PCR expression analysis of
marker genes on day 28. iPSC, undifferentiated TD1 iPSCs; WT,
chondrogenically differentiated wild-type iPSCs (409B2) on day 28. *P < 0.05;
**P < 0.01, Tukey—-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 pm. 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
results of a real-time RT-PCR expression analysis of marker genes in
chondrogenically differentiated TD1 iPSCs treated with the FGFR3
neutralizing antibody on day 28. *P < 0.05; **P < 0.01 by the t-test (n =3
technical replicates). Error bars denote the means = s.d.
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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, 50 pm. Right:
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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 RT-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, 1 uM; NF449, 25 uM; and CNP, 100 nM
(n = 3 technical replicates). Error bars denote the means = s.d.
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Extended Data Figure 7 | Effects of statins on chondrogenically fluvastatin (each 1 pM) was added to the medium during the chondrogenic

differentiated TD1 iPSCs. a, The results of a real-time RT-PCR expression  differentiation of TD1 iPSCs. On day 42, the particles were subjected to a
analysis of marker genes on day 28. TD1 (TD1-714-3) and wild-type (409B2)  histological analysis. Top: histological sections of particles were stained with

iPSCs were chondrogenically differentiated in the presence or absence of haematoxylin and eosin or Safranin O. Scale bars, 50 pm. Bottom: the area of
lovastatin (1 pM). TD1, chondrogenically differentiated TD1 iPSCs; iPSC, the Safranin-O-positive region was divided by the total area of the particle. The
undifferentiated TD1 iPSCs; WT, chondrogenically differentiated wild-type number of particles examined is indicated at the bottom. The data are

iPSCs (1 = 3 technical replicates). The data are representative of two representative of three independent experiments. The error bars denote the

independent experiments. b, Rescue of chondrogenically differentiated TD1 means * s.d. *P < 0.05; ¥*P < 0.01 by the Tukey-Kramer post-hoc test.
iPSCs by statin treatment. Mevastatin, atorvastatin, pravastatin, rosuvastatin or
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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 iPSClines for each patient and analysed one iPSCline (ACH-8857-1,
ACH-8858-6 and ACHhomo-8859-3) derived from each patient’s HDFs.
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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,
50 um. 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 means = s.d.
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Extended Data Figure 9 | X-ray images of Fgfr3*<" and wild-type mice highest weights in each group are shown. The weight (g) of each mouse is

treated with rosuvastatin or vehicle. The images of the mice with lowestand  indicated at the bottom of each panel. Scale bars, 10 mm.
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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 Fgfr3*“" 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). ¢, Histological sections of
pellets cultured for 14 days. The images are representative of three pellets.

d, The results of the real-time RT-PCR expression analysis of pellets cultured
for 14 days (Sox9, Col2al and Acan) and 28 days (Runx2 and Col10al)

(n = 3 technical replicates). The data are representative of two independent
experiments. e, Primary chondrocytes from wild-type and Fgfr3*“" mice were
cultured in the presence or absence of lovastatin, MG132 or bafilomycin Al,
and were subjected to an immunoblot analysis using an anti-FGFR3 antibody.
The images are representative of two independent experiments. Error bars
denote the means * s.d. *P << 0.5; **¥P < 0.01 by the f-test. Scale bars, 50 pm.
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