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Differentiation of Hypertrophic Chondrocytes from Human iPSCs for the
In Vitro Modeling of Chondrodysplasias
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Chondrodysplasias are hereditary cartilage disorders causing skeletal abnormalities
as a result of mutations in genes expressed in the growth plate, but due to large
variations in patient phenotypes, the effects and precise mechanisms of individual
disease-causing mutations are only poorly understood. This study aims to establish an
in vitro model of chondrodysplasias using human iPSCs to analyze the roles of
different mutations in the phenotype variations between patients.

For this purpose, iPSC lines bearing mutations in the extracellular matrix
components COLI0AI and MATN3were established using the CRISPR/Cas9 system.
Specifically, COL10A1 G18E and COL10A1 L614Rfs*8 iPSC lines were established
from MCDS (metaphyseal chondrodysplasia type Schmid) patients, and MATN3
T120M iPSC lines were established from an MED (multiple epiphyseal dysplasia)
patient, together with isogenic controls. Additionally, MCDS-causing COL10A1 S600P
and MED-causing MATN3 R209P mutations were introduced into wild type 1PSCs.

To analyze the effect of these mutations on disease phenotypes, a hypertrophic
chondrocyte induction protocol was established. It was found that after sclerotome
induction, chondrocytes could be further differentiated and matured into hypertrophic
chondrocytes in 3D pellet culture by adding the thyroid hormone T3. During the
differentiation process, the cell morphology, the expression of chondrocyte genes, and
the amount of dead cells were mostly similar between mutants and controls. However,
in COL10AI and MATNS3 mutants, COL10 and MATNS3 proteins were respectively
detected in the ER, whose size was significantly increased, strongly suggesting that
these mutated proteins are abnormally retained within the ER. This resulted in a
mild to severe increase of ER stress markers and, in some mutants, an activation of
different UPR (unfolded protein response) branches, indicating that the severity of the
UPR may depend on the mutation.

Upon 1n vivo transplantation, sclerotome induced from mutant iPSCs developed into
growth plate-like structures that showed zonal disorganization without changes in
proliferation, cell death, or mineralization. In the MATN3 T120M mutant, cells with a
hypertrophic morphology were observed throughout the growth plate-like structure,
whereas the COL10A1 G18E mutant lacked a distinct hypertrophic zone, implying
that MATNS3 mutations result in an acceleration of hypertrophy, while COL10A1
mutations lead to a suppression of hypertrophy in vivo.

Transcriptomic changes in mutants were also strongly dependent on the mutation,
and only the MATN3 T120M and COL10A1 S600P mutants showed a large number
of changes apart from the UPR. In both mutants, angiogenesis- and bone
homeostasis-related gene expression levels were affected, indicating that the skeletal
abnormalities resulting from MATN3 and COLI10AI mutations stem from altered
bone development. However, the way in which these alterations occur likely differ
depending on the mutation, as the MATN3 T120M mutant had many changes in
extracellular matrix and sterol synthesis gene expression, whereas in the COL10A1
S600P mutant, the integrin signaling pathways were affected.

Finally, this in vitro model was tested for its applicability to drug testing. Importantly,
after treatment with the chemical chaperone TMAO, known to aid in restoring the
normal configuration of misfolded proteins, the MATN3 T120M mutant showed
greatly decreased ER stress and intracellular MATN3 accumulation. This result
strongly suggests that this in vitro system is usable for screening compounds that
ameliorate the effects caused by mutations.

Taken together, these results show that chondrodysplasia phenotypes can be
recapitulated and analyzed in vitrousing iPSCs. This study demonstrates that despite
the common detection of ER stress in chondrodysplasia mutants, the severity of the
phenotype varies depending on the mutation, and the effects of each mutation on cell
behavior are highly diverse. This system will serve as a platform to examine rare
chondrodysplasia mutations, better understand genotype-phenotype relationships,
and perform drug screening in the future.




G CHEEORROEF)

B E BT R IR S HEL T Dk 4 TR A ORI L0 BRI H £ & 7ol B
FETHY | WREITHD TEHETH D, AT, & I iPS Hifas & EREK B HfE~
DFEREML L, =2 Xy MUYESImEKE RIEANE (MCDS) & L3 B um s ERIE

(MED) ORI Cdr D COLI0AT 3 KON MATN3 75 5% iPS Atk a2 V€, K480
& B & DR AT LTz, T ORR, Milash~ R v 7 X% R 7 B TéH % COLIO
& MATN3 2VIVifA (ER) TERLTER A FLANRAETHZ & ER & b LA
DR & FEE VDRI L > T D Z E B LMNI /25T, hTV AT VT h—L20D
LB ERITKAELTEY . FEZ ER R b L AOIRVEEECIE, BABRCMmAA A1
BEhEd~ 2 W - DR LS BTz, iPS MR SR ~ 7 AT 5 & |
COLI10A1 Z=55K ClIRRARGR I 72 IERHR B 80370 < . MATN3 2555k CI3EIC
B TIE R AR B SN2 2 0D | BERNREE ORGSR 2 b2 07 2
EWVREE ST, FTz, invitro TR v~ 2 TMAO ZiNIT % & MATN3 /)M
RN~OFEFEL ER A N LA S22 &5, ABFFE CReT U7-ah A 05 i
TERIEDTRFIEOTERICO A TH D Z LRSIz,

LI EORFZEIE, B BIURIE OFSREMEIICE R L. AR OIGRERDBSICE 5%
LZANEN,

Lizdo T, AL ( ERSY ) %l LCBESH 2 b0 LiRb 5,
I, AR HEEE L. B4 4 11 A 17 BERORSINS & EUBhE LA
22T, BRRERDOONTHDTHS,

HEABAATRER - & H H o LU




