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SUMMARY

Chondrodysplasias are hereditary diseases caused by mutations in the components of growth cartilage. Although the unfolded protein
response (UPR) has been identified as a key disease mechanism in mouse models, no suitable in vitro system has been reported to analyze
the pathology in humans. Here, we developed a three-dimensional culture protocol to differentiate hypertrophic chondrocytes from induced
pluripotent stem cells (iPSCs) and examine the phenotype caused by MATN3 and COL10A1 mutations. Intracellular MATN3 or COL10 reten-
tion resulted in increased ER stress markers and ER size in most mutants, but activation of the UPR was dependent on the mutation. Tran-
scriptome analysis confirmed a UPR with wide-ranging changes in bone homeostasis, extracellular matrix composition, and lipid metabolism
in the MATN3 T120M mutant, which further showed altered cellular morphology in iPSC-derived growth-plate-like structures in vivo. We
then applied our in vitro model to drug testing, whereby trimethylamine N-oxide led to a reduction of ER stress and intracellular MATN3.

INTRODUCTION

Chondrodysplasias are hereditary cartilage disorders,
which often manifest by early childhood as mild to severe
skeletal abnormalities due to mutations in the components
of growth cartilage. In multiple epiphyseal dysplasia (MED;
OMIM #607078) and metaphyseal chondrodysplasia type
Schmid (MCDS; OMIM #156500), short-limbed dwarfism
and deformities of the hips or knees are commonly
observed (Czarny-Ratajczak et al.,, 2001; Maikitie et al.,
2005), but large variations in the skeletal phenotype and
disease severity between patients have made these diseases
difficult to research and treat. To overcome the obstacles
posed by this heterogeneity and deepen our understanding
of chondrodysplasias, it is imperative to obtain relevant pa-
tient samples and establish accurate disease models.
However, as it is ethically questionable to obtain samples
from patients’ growth plates, much of our understanding of
chondrodysplasia disease mechanisms has come from
studies of animal models. Mutations in the MATN3 vWFa
and COL10A1 NC1 domains, which respectively cause
MED and MCDS, have been reported to disrupt folding
and oligomerization in vitro (Cotterill et al., 2005; Wilson
et al., 2005), suggesting a gain-of-function effect that has
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been further supported by Matn3 or Coll10al knockout
mice having no significant skeletal dysplasia (Kwan et al.,
1997; van der Weyden et al., 2006). In contrast, model
mice with the p.V194D mutation in Matn3, known to cause
MED in humans, showed short-limbed dwarfism and struc-
tural disruption of the growth plate with decreased chondro-
cyte proliferation and increased apoptosis (Leighton et al.,
2007). Similarly, model mice with the MCDS-causing
p-N617K mutation in Col10al also showed short-limbed
dwarfism, but the growth plate had an extended hypertro-
phic zone without decrease in chondrocyte proliferation
(Rajpar et al., 2009). In both models, ER stress was detected
in growth plate chondrocytes as a result of intracellular accu-
mulation of MATN3 or COL10, indicating that the unfolded
protein response (UPR) is a key event in these diseases. How-
ever, these results were obtained using homozygous mice,
while most MED- and MCDS-causing mutations are hetero-
zygous with autosomal dominant inheritance in humans
(Mortier et al., 2019). Of the heterozygous mouse models,
only the COL10A1 Y632X heterozygotes demonstrated a
clear phenotype (Forouhan et al.,, 2018), but contrary to
this model, where the mutant Y632X mRNA was stable, hu-
man cartilage cells with an identical mutation showed no
mRNA transcripts from the mutant allele (Chan et al.,
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1998), suggesting that haploinsufficiency may be causative
in humans. Due to these species differences, models that
more closely reflect the pathology in humans are required.

Recently, disease-specific induced pluripotent stem cells
(iPSCs) have emerged as a powerful tool to further our un-
derstanding of human hereditary diseases and screen for
candidate drugs. For example, the clinical phenotype of
type II collagenopathies, a subgroup of chondrodysplasias,
has been recapitulated in vitro using patient-derived iPSCs
(Okada et al., 2015). Therefore, in this study, we aimed to
apply this approach to MED and MCDS. As these two chon-
drodysplasias mainly or partly affect hypertrophic chondro-
cytes, we first developed a three-dimensional (3D) culture
protocol to robustly derive such late-stage chondrocytes.
Then, using both patient-derived and artificially mutated
iPSC lines with heterozygous MATN3 or COL10A1 muta-
tions, we applied our protocol to the in vitro recapitulation
of MED and MCDS phenotypes. Comparison with isogenic
controls enabled us to demonstrate a phenotype in some
mutants that is similar to previous observations in model
mice, including ER stress and a UPR caused by the intracel-
lular accumulation of the affected protein, indicating the
usefulness of our model for the analysis of diseases affecting
the growth plate. However, evidence of ER stress and the
UPR was weaker in other mutants, suggesting that each mu-
tation, even in the same causative gene, may have a different
impact on the phenotype. Our system provides an initial
platform for further investigation and drug development
of growth plate diseases.

RESULTS

Differentiation of iPSCs into hypertrophic
chondrocytes through the sclerotome

To model chondrodysplasias in vitro, we first developed a
protocol of differentiating hypertrophic chondrocytes
from the wild-type 414C2 iPSC line (Okita et al., 2011) in

serum-free conditions. We combined previously reported
protocols of sclerotome induction (Matsuda et al., 2020)
and chondrogenic induction (Umeda et al., 2012) with
slight modifications. After sclerotome induction (SI), hy-
pertrophic chondrocyte induction (HI) was performed in
3D culture for up to 70 days, starting with a 14-day-period
of standard chondrogenic induction (Umeda et al., 2012)
before adding the thyroid hormone T3, which has been re-
ported to promote hypertrophic maturation (Mueller and
Tuan, 2008) (Figure 1A).

This protocol required no cell sorting, as fluorescence-
activated cell sorting (FACS) analysis at the presomitic
mesoderm (PSM) stage during SI showed that almost
100% of cells were positive for the PSM marker DLL1 (Fig-
ure 1B). The expression of chondrocyte markers was de-
tected from day 14 of HI, peaking on day 28 and declining
thereafter, while hypertrophic markers mostly appeared on
day 42, with an expression similar to or greater than the hu-
man distal femoral growth plate (Figure 1C). Transcriptome
and Ingenuity Pathway Analysis (IPA) of day-56 pellets
compared with day-28 pellets showed gene expression
changes in several chondrocyte hypertrophy-related path-
ways, including increases in bone morphogenetic protein
(BMP) and insulin-like growth factor-1 (IGF-1) signaling
(Karletal., 2014; Wanget al., 1999) and decreases in choles-
terol biosynthesis (Tsushima et al., 2018) (Figure 1D and Ta-
ble S1). Apart from these pathways, both chondrocyte and
osteoblast differentiation-related gene expression were
increased as the chondrocytes matured from sclerotome
until day 56.

The pellet dramatically increased in size from 1 mm on
day 14 to 4-5 mm on day 28, stabilizing thereafter (Fig-
ure 1E). The cartilage matrix stained with Safranin O by
day 14, COL2 by day 28, and COL1 by day 70. On day
28, cells resembled proliferating chondrocytes in the pellet
interior, with only a thin layer of cells with a hypertrophic
morphology in the periphery of the pellet, but by day 56 a
hypertrophic morphology was detected throughout the

Figure 1. Differentiation of hypertrophic chondrocytes from iPSCs
(A) Protocol of hypertrophic chondrocyte induction (HI) in 3D pellet culture from sclerotome (SCL) cells (DO).

(B) Representative result of DLL1-positive cells (compared with isotype control) on day 2 of sclerotome induction (SI), with the mean and
SEM (standard error of the mean) of n = 4 independent experiments displayed.

(C) mRNA expression of chondrocyte markers of different stages over time from SCL on day —1 to day 70 of HI by qPCR (top row, early
markers; middle row, proliferating to prehypertrophic markers; bottom row, hypertrophic markers). Values are shown as mean + SEM (n =4
independent experiments), relative to the mean of six pieces of a human distal femoral growth plate (GP).

(D) Heatmap of averaged normalized intensity values of gene expression in chondrocyte hypertrophy-related pathways from IPA in SCL,
day-28, and day-56 samples (n = 3 independent experiments).

(E) Safranin O staining (top and middle rows) and COL2 (green) with COL1 (red) immunostaining (bottom row) of pellets from days 14-70
of HI. Scale bars, 1 mm (top row), 200 um (middle row), 50 um (bottom row).

(Fand G) Safranin 0 and IHH or COL10 immunostaining on day 28 (F) and day 56 (G) of HI in the central or peripheral area of each pellet.
Scale bars, 50 pm.

All results shown are from experiments using the 414C2 wild-type iPSC line. For (E), (F), and (G), similar results were obtained inn =3
independent experiments. See also Figure S1 and Table S1.
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pellet. Prehypertrophic marker IHH and hypertrophic
marker COL10 were present at a higher level in the periph-
eral area than the central area on day 28, further increasing
in both areas by day 56 (Figures 1F and 1G). The expression
of chondrocyte markers and the change in chondrocyte
morphology during HI were similar in the 1231A3 iPSC
line (Nakagawa et al., 2014) (Figures S1A-S1E). Markers of
other tissues, such as adipose and ligament, were not ex-
pressed at high levels throughout the induction, but
markers of bone, including IBSP and SP7, increased as
chondrocytes moved toward hypertrophy (Figure S1F).
Together with COL1 staining on day 70, this suggests
some cells may also have differentiated into the osteopro-
genitor lineage in the later stages.

Patient analysis and establishment of COL10A1 and
MATN3 mutant iPSC lines

iPSC lines were established from one MED patient with a
previously reported heterozygous MATN3 ¢.359C>T
(p-T120M) mutation (Jackson et al., 2004), one MCDS pa-
tient with a novel heterozygous COLI0A1
c.1841_1841delT (p.L614Rfs*8) mutation, and one MCDS
patient with a previously reported heterozygous
COL10A1 ¢.53G>A (p.G18E) mutation (Ikegawa et al.,
1997). Karyotype analysis showed no chromosomal abnor-
malities in the two clones from each patient (Figures S2A,
S3A, and S4A). Each clone showed normal morphology,
the presence of pluripotency markers, and the ability to
differentiate into all three germ layers (Figures S2B-S2E,
S3B-S3E, and S4B-S4E).

Radiological findings in the MED patient included
bowing of the femora with genu varum, as well as mild pla-
tyspondyly and scoliosis (Figure S2F). The patient’s height
at age 9 years was 2.2 SD (standard deviations) below
normal. The MATN3 T120M mutation was corrected in
the rescued clone (Figure S2G). In addition to the MATN3
T120M mutation, the SNP MATN3 c.659T>C (p.V220A),
which has been reported in both MED patients and normal
controls (Kim et al., 2011), was also detected in the MED
patient’s healthy allele (Figure S2H). To further analyze
the pathology of MATN3 mutations, we created a heterozy-
gous MATN3 c.626G>C (p.R209P) mutation in 414C2
iPSCs (Figure S2I). This mutation has been previously re-
ported in MED, causing genu valgum but no dwarfism
(Kim et al., 2011).

MCDS patient #1, who had the COL10A1 L614Rfs*8 mu-
tation, showed a typical MCDS phenotype by age 2 years,
with radiological findings including metaphyseal flaring
and coxa vara (Figure S3F). The mutation was corrected in
the rescued clone (Figure S3G). Despite the early stop
codon resulting from the frameshift mutation, nonsense-
mediated decay (NMD) was not detected (Figure S3H).
MCDS patient #2, with the COL10A1 G18E mutation,

has been previously described with radiological findings
including widening of the physes, bowing of the femora,
and coxa vara (Ikegawa et al., 1997). The mutation was cor-
rected in the rescued clone (Figure S4F). Another heterozy-
gous COL10A1 mutant with the c.1798T>C (p.S600P) mu-
tation was created using 414C2 iPSCs (Figure S4G). This
mutation has been reported in an MCDS patient with
short-limbed dwarfism, coxa vara, and metaphyseal abnor-
malities (Gregory et al., 2000). Sequencing of cDNA reverse
transcribed from RNA showed that mutant RNA is present
in all mutants (Figures S2J, S2K, S31, S4H, and S4I).

COL10A1 and MATN3 mutants differentiate into
hypertrophic chondrocytes

We next assessed the ability of our mutant iPSC lines to
differentiate into hypertrophic chondrocytes. At the PSM
stage, mutants showed an equal or higher percentage of
DLL1-positive cells (Figure 2A). On day 56 of HI, the expres-
sion of chondrocyte markers from various stages was, with
some clonal variation, similar in mutants and isogenic con-
trols (Figure S5A). However, some mutants showed a lower
expression of IHH, which is part of the IHH-PTHrP feedback
loop that regulates chondrocyte differentiation in the
growth plate (Kobayashi et al., 2002), suggesting a possible
disruption in the signaling that regulates chondrocyte
maturation. MATN3 expression in MATN3 mutants was un-
changed, but COLIOAI expression decreased in the
COL10A1 S600P mutant (Figure 2B). Cartilage matrix pro-
duction was not disrupted in mutants, as Safranin O,
COL2, and COL1 staining, as well as the pellet size, were
similar to that in isogenic controls (Figures 2C-2G and
S5B). Despite the changes in IHH and COL10A1 expression,
the cell morphology was not different between mutants
and controls, with both showing a hypertrophic
morphology. The cell size showed no consistent changes
for COL10A1 or MATN3 mutants and, surprisingly, cell
death was unchanged or actually decreased in mutants
(Figures 2H and 2I).

COL10 or MATN3 is retained intracellularly in
mutants

Since MCDS and MED model mice accumulate the mutated
protein intracellularly, we examined whether this is also
the case in humans. Indeed, immunostaining of the pro-
tein on day 56 of HI revealed the presence of intracellular
aggregates in both COL10A1 and MATN3 mutants (Figures
3A, 3B, S5C, and S5D). These aggregates co-stained with the
ER marker PDI, showing that they are retained within the
ER. At the same time, extracellular COL10 or MATN3 was
decreased in mutants. All mutants showed a significant in-
crease of COL10 or MATN3 retention, which differed de-
pending on the mutation and was particularly elevated in
the MATN3 T120M mutant (Figures 3C and 3D).
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Figure 2. COL10A1 and MATN3 mutants show no disruption of chondrogenic differentiation

(A) Percentage of DLL1-positive cells on day 2 of SI.

(B) mRNA expression of the heterozygously mutated gene by qPCR, with values from a second clone also shown for each mutant and
isogenic control (number of independent experiments shown in Table S2). Values are relative to the mean of six pieces of the human distal
femoral growth plate. Statistical analysis by ANOVA and post hoc Tukey’s HSD.

(C-F) Safranin O staining (top panels) or COL2 (green) and COL1 (red) immunostaining (bottom panels) of mutants (left panels) and their
isogenic controls (right panels). Similar results were obtained in n = 4 independent experiments. Scale bars, 100 pm.

(G) Pellet size of each mutant and its isogenic control. Three technical replicates per independent experiment were measured.

(H) Cell size of each mutant relative to the isogenic control, quantified from the inverse image of COL2 fluorescence.

(I) TUNEL-positive cells per FOV (field of view) relative to the isogenic control of each mutant.

All results except (A) are from day 56 of HI. Values are expressed as mean + SEM. Dotted lines indicate the value = 1 of the isogenic controls
in (H) and (I). Except where stated otherwise, the results are from n = 4 independent experiments, and statistical analysis was performed
using unpaired two-sided t tests. (n.s., no significant difference; *p < 0.05, **p < 0.01). See also Figures S2-S5.
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(A and B) Immunostaining of COL10 (A) or MATN3 (B) and PDI on day 56 of HI. Arrowheads indicate intracellular aggregates in mutants.
Similar results were obtained in n = 4 independent experiments. Scale bars, 100 um.
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divided by total fluorescence intensity in n = 4 independent experiments on day 56 of HI. Values are expressed as mean + SEM. (n.s., no
significant difference; *p < 0.05, **p < 0.01, ****p < 0.0001 by unpaired two-sided t test).

See also Figure S5.

ER expansion, ER stress, and a UPR are detected in 4D). Quantification of the PDI-positive areas confirmed
some but not all mutants these results, with all but the MATN3 R209P mutant
To analyze the impact of intracellular COL10 or MATN3 showing a significant increase in ER size (Figure 4E). We
accumulation in human cartilage, we next used transmis- next examined ER stress and UPR markers at the mRNA
sion electron microscopy to assess the ER, which was found and protein level, revealing significant increases in one or
to be mildly to severely enlarged in mutants (Figures 4A— more markers in every mutant (Figures 4F-4H and SSE).
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The largest changes were seen in the MATN3 T120M
mutant, which showed high expression of the chaperones
HSPAS, HSP90B1, and PDI, as well as increased ATF6 cleav-
age and upregulation of downstream UPR genes CRELD?2,
DERL3, HERPUD1, and ERO1A. Activation of the ATF6
branch was also reported in MATN3 V194D model mice
(Pirog et al., 2019), but this was not observed in our
MATN3 R209P mutant, which had little to no increase in
ER stress and UPR markers. In the case of COL10A1 mu-
tants, COL10A1 GI8E showed an increase in spliced
XBP1 and phosphorylated EIF2A, as well as greater expres-
sion of CRELD2 and DERL3, suggesting the activation of
PERK and IRE1 branches. COL10A1 N617K model mice
have also shown IRE1 and PERK activation (Cameron
et al., 2011), but the activation of these branches was not
clear in our COL10A1 S600P and L614Rfs*8 mutants.

Zonal disorganization in growth-plate-like structures
Since cell morphology and chondrocyte maturation
markers in mutants showed little or no change in our
in vitro system, we next assessed whether an in vivo environ-
ment may allow the detection of further differences. iPSC-
derived sclerotome cells, which served as the chondropro-
genitors in our in vitro model, were transplanted into
immunodeficient mice to allow spontaneous development
into tissues including cartilage and self-organizing growth-
plate-like structures (previously described in Matsuda et al.,
2020 and Loh et al., 2016). Histological examination of the
tissues 56 days after transplantation revealed growth-plate-
like structures both in mutants and isogenic controls, with
similar Safranin O and von Kossa staining (Figures 5A and
5B).

However, in the COL10A1 G18E mutant, chondrocyte
morphology changed little throughout the structure, and
no distinct zonal accumulation of hypertrophic chondro-
cytes could be observed ahead of the mineralized areas, re-
flecting the morphological changes in hypertrophic chon-
drocytes to a smaller, more proliferating chondrocyte-like
morphology observed in mouse models (Rajpar et al.,
2009). In the MATN3 T120M mutant, cells with a hypertro-
phic morphology were observed throughout the growth-
plate-like structure, which lacked columnar chondrocytes

similarly to mouse models (Leighton et al., 2007). In both
mutants, COL2 and COL1 production was unaffected, con-
firming the results of the in vitro observations, while COL10
expression was variable (Figures 5C and SD). Ki67 mostly
stained in areas where cells had a proliferating chondro-
cyte-like morphology, while TUNEL staining was mostly
observed in the hypertrophic-like areas, without a notable
increase. HSPAS stained weakly in both the COL10A1 G18E
mutant and isogenic control, but more intensely in the
MATN3 T120M mutant compared with the isogenic con-
trol, confirming the severe ER stress of the latter observed
in vitro.

To examine whether COL10A1 and MATN3 mutations
affect the amount of mineralization, we transplanted carti-
lage pellets created using our in vitro system into immuno-
deficient mice on day 28 of HI. Within 20 days, mineraliza-
tion was detected in all mutants and isogenic controls
(Figure SE), but the area of mineralization was not different
between the isogenic pairs (Figure SF).

Application of the in vitro model to transcriptomics
and drug testing

Due to the differences in ER stress levels and UPR activation
in each mutant, we next asked whether our in vitro model
could be used to further examine the effects of each
MATN3 and COL10A1 mutation on the transcriptome. Mi-
croarray analysis revealed large differences in the amount
of differentially expressed genes (DEGs) in each mutant.
The COL10A1 G18E, COL10A1 L614Rfs*8, and MATN3
R209P mutants showed only few DEGs with false discovery
rate (FDR)-adjusted p value of <0.05, suggesting that these
mutations are mostly tolerated in vitro (Figure 6A). Howev-
er, the COL10A1 S600P and MATN3 T120M mutations led
to wide-ranging changes in multiple signaling pathways
and cellular functions (Figures 6B, 6C, and S6A-S6D; Table
S1).

For both mutants, top terms in the IPA Tissue Develop-
ment category were related to bone size, thickness, and
morphology, exemplified by the common upregulation of
CXXCS5, GPNMB, and CHAD, known to be involved in
bone homeostasis and osteoblast differentiation (Figure 6B)
(Frara et al., 2016; Hessle et al., 2013; Kim et al., 2015).

Figure 4. Some, but not all, COL10A1 and MATN3 mutants show an increased ER size, ER stress, and a UPR
(A-D) Transmission electron microscopy of mutants (left panels) and their isogenic controls (right panels). Arrowheads indicate the ER.

Scale bars, 2 pm.

(E) ER size quantified from the area of PDI fluorescence from n = 4 independent experiments.
(Fand G) mRNA expression of ER stress markers (F) and UPR markers (G) by gPCR (number of independent experiments shown in Table S2).
(H) Protein expression of ER stress and UPR markers by Simple Western (HSPAS5, PDI, ERO1A) or western blotting (ATF6, EIF2A) from n = 4

independent experiments.

All results are from day 56 of HI and are expressed as mean + SEM, relative to the respective isogenic control (dotted lines). Statistical
analysis was performed by unpaired two-sided t test (n.s., no significant difference; *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001).

See also Figure S5.
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Figure 5. COL10A1 and MATN3 mutants show zonal disorganization without change in mineralization

(A and B) Histology of growth-plate-like structures from tissue collected on day 56 after transplantation into immunodeficient mice. (Top)
Safranin O staining; (bottom) von Kossa staining. Similar results were observed in two or more growth-plate-like structures for each clone.
Scale bars, 200 pm.

(Cand D) Immunofluorescence, immunohistochemistry, and TUNEL staining of the growth-plate-like structures in (A) and (B). Scale bars,
200 pm.

(E) von Kossa staining of mutant (top) orisogenic control (bottom) pellets transplanted on day 28 of HI and collected after 20 days in vivo.
Similar results were obtained in six pellets transplanted into three different mice (two pellets per mouse). Scale bars, 1 mm.

(F) Quantification of von Kossa-positive areas. Values are expressed as mean + SEM. Results are calculated as n = 3 from three different
mice with two pellets each. (n.s., no significant difference by unpaired two-sided t test).
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Figure 6. iPSC-derived hypertrophic chondrocytes allow drug testing and further exploration of chondrodysplasia pathology

(A) Number of differentially expressed genes by microarray analysis using FDR-adjusted or unadjusted p value of <0.05 by moderated t test
in each mutant compared with its isogenic control.
(B and C) Top five Tissue Development (B) and Cellular Movement (C) terms in IPA Diseases and Functions for the MATN3 T120M and
COL10A1 S600P mutants versus their isogenic controls by microarray analysis. Genes with adjusted p value of <0.05 by moderated t test

(legend continued on next page)
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However, while both mutants showed changes in the
Cellular Movement category, many were in the opposite di-
rection (Figure 6C). In the COL10A1 S600P mutant, the in-
tegrins ITGAS8, ITGA11, ITGB2, and ITGB3 were downregu-
lated, with ILK and integrin signaling among the most
significantly affected pathways (Figure S6B). The MATN3
T120M mutant had significant changes in several extracel-
lular matrix (ECM) proteins, with decreased TNC, LAMA4,
and POSTN, and increased COMP expression. Interestingly,
both mutants showed a negative change in angiogenesis-
related terms in the Organismal Development category,
with a common downregulation of VEGFC and an upregu-
lation of thrombospondins THBSZ or THBS3 in the
COL10A1 S600P and MATN3 T120M mutants, respectively
(Figure S6C). In the Small Molecule Biochemistry category,
MATN3 T120M led to upregulated sterol synthesis through
increases in INSIG1, SQLE, HMGCR, and SREBF2, while the
changes in the COL10A1 S600P mutant included amino
acid uptake and glucose metabolism (Figure S6D).

Together, these results indicate that these mutations
result in both common and unique changes in cell-matrix
interactions, metabolism, matrix composition, and bone
homeostasis that can be detected using our system. This
is despite the weaker ER stress and the unclear UPR activa-
tion in the COL10A1 S600P mutant, which had increases
in the ER stress response genes CREB3, SERP1, and CRYAB,
but in only few of the canonical UPR genes (Figure 6D, de-
tails in Table S1). In the MATN3 T120M mutant, however,
the UPR was one of the most significantly affected path-
ways, mostly through the activation of ATF6 target and
downstream genes that have been reported in the
MATN3 V194D model mice (Pirog et al., 2019) (Figures
S6A and 6D).

Therefore, we next utilized the MATN3 T120M mutant to
examine the possibility of our system to be used as a drug-
testing platform. As autophagy inducers and chemical

chaperones have been shown to improve the phenotype
in models of skeletal dysplasias (Forouhan et al., 2018; Ka-
wai et al., 2019; Okada et al., 2015; Posey et al., 2014), we
assessed their effect on this mutant on day 56 of HI after
28 days of treatment. Both HSPAS5 and HSP90B1 were signif-
icantly reduced using trimethylamine N-oxide (TMAO)
and rapamycin (RM), neither of which affected COL2A1
expression, but RM led to a significant reduction of pellet
size, indicating a possible disruption of ECM production
(Figures 6E-6G). TMAO was also successful in reducing
the ER size and intracellular MATN3 retention in this
mutant, demonstrating a marked alleviation of its pheno-
type in our system (Figures 6H-6]).

DISCUSSION

In this study, we developed a robust, serum-free protocol to
induce hypertrophic chondrocytes from iPSCs to model
chondrodysplasias in a 3D culture system. This protocol
mimics the process of chondrocyte differentiation in the
growth plate, with cells characteristic of hypertrophic
chondrocytes in their morphology as well as their gene
expression being obtained after 56 days in 3D culture.
Genes that are highly upregulated in the physis but not
articular cartilage, such as MATN3 and COL9A2 (Paradise
etal., 2018), were expressed in the course of induction, sup-
porting the validity of our model to research disorders of
the growth plate.

Using this system, we found that MATN3 and COL10A1
mutants had intracellular accumulation of the affected pro-
tein and an increased expression of ER stress markers, the
severity of which depended on the mutation. Strong activa-
tion of UPR genes was detected only in the MATN3 T120M
mutant, indicating heterogeneity in the phenotype even
when mutations are in the same disease-causing gene.

were used for IPA. Red bars, positive activation Z score; blue bars, negative activation Z score; gray bars, zero or unavailable activation Z

score.

(D) Heatmap of the log, fold change of UPR genes from different branches in the COL10A1 S600P and MATN3 T120M mutants by microarray

analysis.

(E and F) mRNA expression of ER stress markers (E) and chondrocyte marker COL2A1 (F) by gPCR in the MATN3 T120M mutant with and

without drug treatment.

(G) Pellet size of the MATN3 T120M mutant with and without treatment.
(H) ER size of the MATN3 T120M mutant with and without treatment, quantified from the area of PDI fluorescence.

(I) Intracellular retention of MATN3 in the MATN3 T120M mutant with and without treatment, quantified from fluorescence intensity of
MATN3 co-staining with PDI (intracellular) divided by total fluorescence intensity.

(J) Immunostaining of MATN3 and PDI in the MATN3 T120M mutant with and without treatment. Arrowheads indicate intracellular ag-
gregates. Similar results were obtained in n = 4 independent experiments. Scale bars, 100 pum.

All results are from day 56 of HI. The number of independent experiments is n=31in (A) to (D) and n=4in (E) to (I). In (E) to (I), values are
expressed as mean + SEM, relative to the isogenic control (dotted lines), and statistical analysis was performed by unpaired two-sided t
test of treated compared with untreated samples (n.s., no significant difference; *p <0.05, **p <0.01, ***p <0.001). As experiments were
performed at the same time, data of untreated mutants and isogenic controls in (E) to (J) are the same as in Figures 2G, 3D, 4E, 4F, and S5A.
(BZ, carbamazepine; TMAO, trimethylamine N-oxide; VPA, valproic acid; RM, rapamycin. See also Figure S6 and Table S1.
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The patient with the MATN3 T120M mutation had a short
stature (—2.2 SD) and a severe phenotype in the radiolog-
ical findings, with skeletal abnormalities reminiscent of
spondyloepimetaphyseal dysplasia, matrilin 3 type
(SEMD-MATN3; OMIM #608728), which is caused by ho-
mozygous MATN3 mutations (Borochowitz et al., 2004).
Since the SNP 15187943382, causing MATN3 V220A, was
found in the healthy allele of MATN3 in this patient, we
cannot exclude that it could exacerbate the pathology
caused by T120M, as both are within the von Willebrand
factor type A (vWFa) domain and may act in synergy to
worsen the misfolding. Because V220A has also been de-
tected in healthy controls (Kim et al., 2011), and the rescue
of the MATN3 T120M mutant showed no intracellular
accumulation of MATN3, we propose that this SNP may
only worsen existing MED pathology without causing it
on its own. In contrast to the MATN3 T120M mutant,
the MATN3 R209P mutant had only few transcriptomic
changes and little ER stress. The height of the R209P pa-
tient was in the S51st percentile (Kim et al., 2011), indi-
cating that this mutation may result in fewer structural
changesin MATN3 and a milder phenotype than other mu-
tations, which caused very short statures. These observa-
tions indicate that our system is capable of recapitulating
the differences in phenotype severity of MED patients
with mutations in MATN3.

However, the genotype-phenotype relationship in the
COL10A1 mutants was less clear. Despite the different types
and locations of the mutations in COL10A1, the MCDS pa-
tients all had a similar phenotype typical of this chondro-
dysplasia. One of the patients had a previously unreported
COL10A1 L614Rfs*8 frameshift mutation in the NC1
domain, which did not lead to NMD despite the early
stop codon. This suggests that unlike the Y632X mutation
(Chan etal., 1998), this mutation will not result in haploin-
sufficiency and likely acts in a gain-of-function manner
similar to that of substitution mutations in the same
domain. The COL10A1 G18E mutation, however, likely
leads to impaired signal peptide cleavage and failure to
release the COL10A1 chains into the ER lumen (Chan
et al., 2001). Our results also show an enlargement of the
ER and a mild increase of UPR markers in this mutant,
possibly causing a phenotype with similar molecular
mechanisms to mutations in the NC1 domain. Neverthe-
less, neither L614Rfs*8 nor G18E led to substantial changes
in the transcriptome, raising the possibility that their
phenotype was not completely recapitulated in our system
or may require environmental factors such as mechanical
stresses to fully manifest.

Indeed, in both MATN3 and COL10A1 mutants, changes
in chondrocyte maturation markers were small, and
changes in cell morphology required an in vivo environ-
ment to appear. Together with the expression of COL2A1

remaining high on day 56, this suggests that our in vitro sys-
tem may still lack some of the required regulatory network.
However, a distinct advantage of our in vitro model over the
in vivo sclerotome transplantation is the stability of results
across different iPSC lines, allowing for the quantification
and detection of mild changes as well as drug testing. In
contrast, the formation of in vivo growth-plate-like struc-
tures was rare and spontaneous, with the variability in their
size and orientation precluding the quantification of the
length of the proliferating and hypertrophic zones, the
latter of which has been reported to extend in Col10al
mutant mice (Rajpar et al.,, 2009). Therefore, improving
on the stability of the in vivo model or developing an
in vitro model that includes both proliferating and hyper-
trophic chondrocytes in separate zones, similarly to a
growth plate in vivo, may greatly expand the capabilities
of chondrodysplasia-specific iPSCs to precisely recapitulate
the disease phenotype.

Despite these limitations, the MATN3 T120M and
COL10A1 S600P mutants displayed wide-ranging tran-
scriptomic changes in our in vitro model. Since the
COL10A1 S600P mutant, contrary to mouse models of
MCDS (Wang et al., 2018), showed almost no signs of acti-
vation of any of the UPR branches, this raises the question
of whether the UPR is always a key disease mechanism of
MCDS in humans. COL10A1 N617K model mice had little
to no phenotype when heterozygous (Rajpar et al., 2009),
and while COL10A1 Y632X mutant mRNA was stable in
model mice (Forouhan et al., 2018), no Y632X mutant
mRNA transcripts were found in humans (Chan et al,,
1998), so that species differences may exist in the exact ef-
fects of each mutation. In our COL10A1 S600P mutant,
changes in genes involved in cell-matrix signaling and
bone homeostasis were detected, but the molecular mech-
anisms are unclear. As CREB3, CREB3L1, and the vesicular
trafficking genes ARF1, ARF4, and MIA3 were upregulated,
the mild ER stress in this mutant may result in altered pro-
tein secretion and ECM composition, which may be further
affected by the increase in the ECM modulators TIMP1 and
ADAM]1S. Interestingly, ADAM15 has been found to have
inhibitory effects on apoptosis in osteoarthritic chondro-
cytes (Bohm et al., 2010), but whether apoptosis is a disease
mechanism in MCDS is unclear (Cameron et al., 2015).
Since we did not observe an increase in TUNEL-positive
cells in vitro or in vivo, the ER stress in the human heterozy-
gous COL10A1 and MATN3 mutants is, at least at the tested
time point, not strong enough to induce the apoptotic
pathway and may instead trigger the adaptive response.

While there was little evidence of a canonical UPR
driving the pathology in the COL10A1 S600P mutant,
many of the most significantly upregulated genes from
the microarray analysis of the MATN3 T120M mutant
were related to ER stress and the UPR, including PDIA4,
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HSP90B1, MANF, HSPAS5, HYOU1, and CRELD?2. Upregula-
tion of MANF and CRELDZ2 has also been reported in
MATN3 V194D mouse and in vitro models due to inappro-
priate disulfide bond formation in mutant MATN3 (Hart-
ley et al., 2013), suggesting that the molecular mechanism
by which the T120M mutation disrupts folding may be
similar. In our model, the MATN3 T120M mutant mainly
activated ATF6 target and downstream genes, resulting in
expression changes related to functions such as bone ho-
meostasis and lipid metabolism, as well as ECM proteins.
As cholesterol production regulates hedgehog signaling in
differentiating chondrocytes (Tsushima et al., 2018), the
increase of genes related to cholesterol biosynthesis and
the decrease of IHH expression in MATN3 T120M is one
possible mechanism by which cartilage maturation may
be altered in this mutant, but whether these changes are
pathological or adaptive remains to be established. Since
the UPR is likely a key disease trigger, and treatment
with the chemical chaperone TMAO was able to decrease
intracellular MATN3 retention as well as ER stress markers,
chaperones provide a promising therapeutic avenue for
MED caused by this mutation.

Taken together, our results show that our system of hy-
pertrophic chondrocyte differentiation from iPSCs serves
as an initial platform for the study of human chondrodys-
plasias and drug development in vitro. Surprisingly mild
phenotypes in MATN3 R209P, COL10A1 GI18E, and
COL10A1 L614Rfs*8 compared with MATN3 T120M and
COL10A1 S600P mutants in our model indicate that the ef-
fects on cell behavior caused by mutations even in the same
gene are highly diverse. With further improvements of our
model to more completely recapitulate MED and MCDS
phenotypes in vitro, we expect it to become a valuable
tool to better assess rare patient mutations, shed light on
the genotype-phenotype relationships, and perform drug
screening for different chondrodysplasia mutations in the
future.

EXPERIMENTAL PROCEDURES

Establishment of iPSC lines and isogenic controls
Patient iPSC lines were established from skin fibroblasts (MCDS pa-
tient #1) or peripheral blood mononuclear cells (MCDS patient #2
and MED patient) as previously described (Okita et al., 2011).
Gene-corrected rescues were created using the CRISPR/Cas9 sys-
tem. Further details are available in Supplemental information,
including guide RNAs and repair templates in Table S3. All experi-
ments with human subjects were performed with written
informed consent and approved by the Ethics Committee of the
Department of Medicine and Graduate School of Medicine, Kyoto
University, the Ethics Committee of the Shiga Medical Center for
Children, and the Ethical Committee of RIKEN Yokohama
Institute.
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Sclerotome and hypertrophic chondrocyte induction
All iPSCs were maintained feeder-free on dishes coated with iMa-
trix-511 silk (Nippi) in StemFit AKO2N (Ajinomoto) with 50 U of
penicillin and 50 pg/mL streptomycin (Gibco). Cells were passaged
atadensity of 1.1 x 10% to 3.2 x 10? cells/cm? 5 days before induc-
tion. SI was performed for 6 days as previously described, after
which cells were detached and resuspended in CDMi base medium
containing 100 nM SAG (Calbio), 600 nM LDN193189 (Stemgent),
and 10 uM Y-27632 (Wako) (Matsuda et al., 2020). Cells were
seeded into low-attachment 96-well plates (SUMILON) at 2.5 x
10° cells/well and, on the next day, i.e., day O of HI, induced as pre-
viously described for the first 14 days (Umeda et al., 2012). In brief,
on day 0, the medium was changed to basal chondrogenic medium
supplemented with 40 ng/mL PDGF-BB (R&D) and 0.1 uM dexa-
methasone (Wako). From day 6, 10 ng/mL TGFB3 (R&D) was addi-
tionally supplemented. From day 10, PDGF-BB was removed and
50 ng/mL BMP4 (R&D) was added.

Then, from day 14, dexamethasone and TGFf3 were removed,
and 10 nM triiodothyronine (T3) (Sigma) was added. From day
28, 10 mM B-glycerophosphate (Sigma) was added. For the drug-
treated groups, 20 uM carbamazepine (CBZ) (Sigma), 50 mM trime-
thylamine N-oxide (TMAO) (Sigma), 200 uM valproic acid (VPA)
(Sigma), or 10 nM rapamycin (RM) (MedChem Express) was added
from days 28 to 56 of HI. The CDMi and basal chondrogenic me-
dium compositions and other information about induction are
detailed in Supplemental information, including key reagents in
Table S6. All independent experiments in this study refer to pellets
from separate differentiations.

Animal experiments

For observation of growth-plate-like structures, cells were de-
tached on day 6 of SI and resuspended in CDMi containing
100 nM SAG, 600 nM LDN193189, and 10 pM Y-27632 at a con-
centration of up to 1 x 10® cells/mL. This cell suspension was
mixed 1:1 with Matrigel (BD) and 100 pL was injected subcutane-
ously into a minimum of six male immunodeficient NOD/ShiJic-
scid Jcl (NOD-SCID) mice (CLEA Japan) as previously described
(Matsuda et al., 2020). The transplanted tissue was collected after
56 days. For quantification of mineralization of cartilage, pellets
were transplanted subcutaneously into three male NOD-SCID
mice on day 28 of HI. Pellets were collected after 20 days. All an-
imal experiments were approved by the UCSF Institutional Ani-
mal Care and Use Committee and performed in accordance
with the Regulations on Animal Experimentation at Kyoto
University.

Expression analysis and flow cytometry

After RNA extraction using the RNeasy Micro or Mini Kit (-
QIAGEN), quantitative PCR (qPCR) was performed with the Thun-
derbird SYBR qPCR Mix (Toyobo). Microarray analysis was per-
formed with the Human Gene 1.0ST Array (Affymetrix). Protein
expression was analyzed by western blotting and Simple Western
(ProteinSimple). Flow cytometry was performed using FACS Aria
II (BD) as previously described (Matsuda et al., 2020) with minor
modifications. More details are provided in Supplemental informa-
tion, including primer information in Table S5.



Histological analysis

Invitro pellets and in vivo tissue were fixed in 4% paraformaldehyde
for 2 days before paraffin embedding. Staining protocols are
detailed in Supplemental information.

Data and code availability
The microarray data are available in the GEO database under the
accession numbers GEO: GSE148728 and GEO: GSE157955.
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Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2021.01.014.
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Figure S1. Differentiation of hypertrophic chondrocytes from 1231A3 iPSCs. Related to Figure
1

(A) Representative result of DLL1-positive cells (compared to isotype control) on day 2 of sclerotome
induction (Sl) with the mean and SEM (standard error of the mean) of n=4 independent
experiments displayed.

(B) mRNA expression of chondrocyte markers over time from SCL on day -1 to day 70 of HI by gPCR.
Values are shown as mean £ SEM (n=3 independent experiments), relative to the mean of 6
pieces of a human distal femoral growth plate (GP).

(C, D) Safranin O and IHH or COL10 immunostaining on day 28 (C) and day 56 (D) of HI in the central
or peripheral area of each pellet. Scale bars, 50 um.

(E) Safranin O staining (left, middle columns) and COL2 (green) with COL1 (red) immunostaining
(right column) of pellets from day 28 and 56 of HI. Scale bars, (left column) 1 mm, (middle column)
200 pm, (right column) 50 pm.

(F) Ct values of markers of different tissue types from qPCR. Values are the mean from n=4 (414C2)
or n=3 (1231A3) independent experiments or 6 pieces of the human distal femoral growth plate. For
values indicated in red, the signal was undetected in at least one replicate. u.d., undetected in all

replicates. For (C), (D), (E), similar results were obtained in n=4 independent experiments.
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Figure S2. Multiple epiphyseal dysplasia (MED) patient phenotype, validation of iPSC clones
and sequence of an additional MATN3 mutant clone. Related to Figure 2

(A) Karyotype analysis of MED patient-derived clones #1 and #2, showing a normal karyotype of
46,XX.

(B) Phase-contrast image of iPSC clones (on-feeder culture at the time of validation). Scale bars, 100
um.

(C) Brightfield image (left) and immunostaining (right) of each clone. Pluripotent markers are shown
in green with the nuclear counterstain DAPI in blue. Scale bars, 100 pm.

(D) HE staining of tissue formed from teratomas of each clone, showing differentiation into ectoderm,
mesoderm and endoderm. Scale bars, 200 um.

(E) Immunostaining of ectoderm marker OTX2 (red), mesoderm marker TBXT (red), and endoderm
marker GATA4 (green) with DAPI (blue) in teratoma tissue. Scale bars, 200 um.

(F) Patient x-ray image of the lower limbs (left), spine (middle), right femur (upper right) and left femur
(lower right).

(G) Sequence of the patient showing the heterozygous MATN3 ¢.359C>T (p.T120M) mutation (top)
and the gene-corrected rescue (bottom).

(H) Single allele sequence of the mutant allele (top) and healthy allele (bottom), showing the healthy
allele containing the SNP rs187943382, MATN3 ¢.659T>C (p.V220A).

(I) Sequence of the wild type iPSC line 414C2 (top), showing the SNP in MATN3 used for allele-
specific targeting, and the mutant 414C2 with the heterozygous MATN3 ¢.626G>C (p.R209P)
mutation (bottom).

(J, K) Sequence of cDNA reverse-transcribed from RNA on day 56 of HI of the mutant clones showing

that the mutant RNA is expressed.
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Figure S3. Metaphyseal chondrodysplasia type Schmid (MCDS) patient #1 phenotype and
validation of iPSC clones. Related to Figure 2

(A) Karyotype analysis of clones #1 and #2, showing a normal karyotype of 46,XY.

(B) Phase-contrast image of iPSC clones (on-feeder culture at the time of validation). Scale bars, 100
um.

(C) Brightfield image (left) and immunostaining (right) of each clone. Pluripotent markers are shown
in green with the nuclear counterstain DAPI in blue. Scale bars, 100 pm.

(D) HE staining of tissue formed from teratomas of each clone, showing differentiation into ectoderm,
mesoderm and endoderm. Scale bars, 200 um.

(E) Immunostaining of ectoderm marker OTX2 (red), mesoderm marker TBXT (red), and endoderm
marker GATA4 (green) with DAPI (blue) in teratoma tissue. Scale bars, 200 um.

(F) Patient x-ray image of the lower limbs.

(G) Sequence of the patient showing the heterozygous COL10A1 ¢.1841_1841delT (p.L614Rfs*8)
mutation (top) and the gene-corrected rescue (bottom).

(H) Electrophoresis after reverse transcribing RNA, amplifying the COL10A1 region containing the
mutation by PCR, and processing the amplicons by restriction enzyme Stul (recognizing only the wild
type allele) or BceAl (recognizing only the mutant allele). The mutant allele is clearly visible and not
changed by NMD (nonsense-mediated decay) inhibitor CHX (cycloheximide), showing that the early
stop codon in L614Rfs*8 does not lead to NMD. The nRT (no reverse transcriptase) negative control
shows no band, indicating that no DNA contamination is present. RNA was taken from samples on
day 56 of HI. Similar results were obtained in three biologically independent experiments.

(I) Sequence of cDNA reverse-transcribed from RNA on day 56 of HI of the mutant clone showing

that the mutant RNA is expressed.
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Figure S4. Validation of iPSC clones from MCDS patient #2 and sequence of an additional
COL10A1 mutant clone. Related to Figure 2

(A) Karyotype analysis of clones #1 and #2, showing a normal karyotype of 46,XY.

(B) Phase-contrast image of iPSC clones (feeder-free culture at the time of validation). Scale bars,
100 pm.

(C) Brightfield image (left) and immunostaining (right) of each clone. Pluripotent markers are shown
in green with the nuclear counterstain DAPI in blue. Scale bars, 100 pm.

(D) HE staining of tissue formed from teratomas of each clone, showing differentiation into ectoderm,
mesoderm and endoderm. Scale bars, 200 um.

(E) Immunostaining of ectoderm marker OTX2 (red), mesoderm marker TBXT (red), and endoderm
marker GATA4 (green) with DAPI (blue) in teratoma tissue. Scale bars, 200 um.

(F) Sequence of the patient showing the heterozygous COL710A1 ¢.53G>A (p.G18E) mutation (top)
and the gene-corrected rescue (bottom).

(G) Sequence of the wild type iPSC line 414C2 (top), showing the SNP in COL70A1 used for allele-
specific targeting, and the mutant 414C2 with the heterozygous COL10A1 ¢.1798T>C (p.S600P)
mutation (bottom).

(H, 1) Sequence of cDNA reverse-transcribed from RNA on day 56 of HI of the mutant clones showing

that the mutant RNA is expressed.
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Figure S5. Additional mutant clones also show intracellular retention and ER stress without
disruption of chondrogenic differentiation. Related to Figures 2, 3, and 4

(A) mRNA expression of chondrocyte markers of various stages by qPCR. Values are relative to the
mean of 6 pieces of the human distal femoral growth plate (number of independent experiments
shown in Table S2). Statistical analysis by ANOVA with post-hoc Tukey HSD.

(B) Safranin O staining. Similar results were obtained in n=3 independent experiments. Scale
bars, 100 um.

(C, D) Immunostaining of COL10 (C) or MATNS (D). Similar results were obtained in n=3
independent experiments. Arrowheads indicate intracellular aggregates. Scale bars, 100 um.

(E) mRNA expression of ER stress and UPR markers by gPCR. Values are relative to the respective
isogenic control (number of independent experiments shown in Table S2). Dotted lines indicate the
value=1 of the isogenic controls. Statistical analysis by unpaired two-sided t-test.

All results are from day 56 of HI and expressed as the mean + SEM. (n.s. no significant difference,
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure S6. Different pathways and functions are affected in the MATN3 T120M and COL10A1
S600P mutants. Related to Figure 6

(A, B) Top 20 IPA Canonical Pathways in the MATN3 T120M and COL10A1 S600P mutants vs their
isogenic controls by microarray analysis (n=3 independent experiments).

(C, D) Top 5 Organismal Development (C) and Small Molecule Biochemistry (D) terms in IPA
Diseases and Functions for the MATN3 T120M (top) and COL10A1 S600P (bottom) mutants vs their
isogenic controls by microarray analysis (n=3 independent experiments).

All results are from day 56 of HI. Genes with adjusted p value < 0.05 by moderated t-test were used
for IPA. Red bars, positive activation z-score; blue bars, negative activation z-score; gray bars, zero

or unavailable activation z-score.



Supplemental Tables

Table S1. Transcriptome analysis details. Related to Figures 1 and 6
(see Table S1.xlsx)

Table S2. Number of independent experiments for mRNA expression in Figures 2B, 4F,
4G, and Supplemental Figures S5A, S5E

. ) Number of independent
Sample name Mutant or isogenic control )
experiments

mutant (#1) 12

COL10A1 G18E mutant #2 4
isogenic control (#1) 8
mutant (#1) 12

COL10A1 S600P mutant #2 4
isogenic control (#1) 12

mutant (#1) 8

mutant #2 4

COL10A1 L614Rfs*8

isogenic control (#1) 4

isogenic control #2 4

mutant (#1) 4

mutant #2 4

MATN3 T120M

isogenic control (#1) 4

isogenic control #2 4

mutant (#1) 8

MATN3 R209P mutant #2 4
isogenic control (#1) 12

aUnless stated otherwise, all mutants and isogenic controls in the main and supplemental figures refer

to mutants #1 and isogenic controls #1.



Table S3. Guide RNAs and repair templates used for gene editing. Related to Experimental

TGAAGATCGAGTTCCAA

Procedures
Guide RNA Single-stranded oligonucleotide repair Restriction
Gene editing
(protospacer) template (100 nt) enzyme
_ CCCAAGGACTGGAATCTTTACTTGTCAG
Creation of CGTGCATGTGAA | ATACCAGGAATATACTATTTTCCATATCAC Pcil
COLTOAT AGGGACTC GTACATGTGAAAGGGACTCATGTTTGGG | (ACATGT)
56007 TAGGCCTGTATAAG
ATCATTGTTACAGATGGGAGGCCCCAGG
Creation of AGGTGAATGAAG | ACCAGGTGAATGAAGTGGCCGCTCCGG BsrBI
MATN3 R209P TGGCGGCT CCCAAGCATCTGGTATTGAGCTCTATGC | (CCGCTQ)
TGTGGGCGTGGACCGGG
AGAATATGCTGCCACAAATACCCTTTTTG
Rescue of TGAACTTGGTTCA | CTGCTAGTATCATTGAACCTGGTCCATG Ncol
COLTOAT TGAAGTG GAGTGTTTTACGCTGAACGATACCAAAT | (CCATGG)
G188 GCCCACAGGCATAAA
TTCATACCACGTGCATGTGAAAGGGACT
Rescue of TTGGGTAGGCCG | CATGTTTGGGTAGGCCTITATAAGAATG Psil
Ii?:l::‘; TATAAGAA GCACCCCTGTAATGTACACCTATGATGA (TTATAA)
ATACACCAAAGGCTAC
AACTTTTGTCTCCCGGATAATCGACACT
Rescue of ACATGCGGGTGG | CTGGACATTGGGCCAGCTGACACGCGG Pvull
MATN3 T120M CAGTGGTG GTGGCAGTGGTGAACTATGCTAGCACTG | (CAGCTG)

aUnderlined nucleotides in the repair template indicate the recognition sites of the restriction enzymes.




Table S4. Primers for sequencing. Related to Experimental Procedures

Amplified domain Direction Sequence

forward CAGCAGGAGCAAAGGGAATG
forward GCTGGCATAGCAACTAAGG

COL10A1 NC1 domain forward CCACCAGGTCAAGCAGTCATG
reverse TTGAATGGGAGGCACAAGG
reverse GGGAAGGTTTGTTGGTCTG
reverse TGTACTCACATTGGAGCCACTAG
forward TCAGTCTGTGGATGATAGTC
forward CACTTGATTACCTGAGTATAGC
forward CAAGGCACCATCTCCAGGAAC

COL10A1 NC2 domain forward CATCTCCAGGAACTCCCAGC
reverse AGTTTCATTTGCCTGCTTG
reverse CAGAAGTTGGAAAGTAACACC
reverse TATGGTCCTCTCTCTCCTGG
reverse CCTTGCTCTCCTCTTACTGC
forward GCAGAGGGATGAGGTTCTAAG
forward GCAGGCAGTGGTGATGTTGG
forward AGATAAGCAGTCCCTGAAGC

MATN3 vWFa domain forward GACTCCTCCTGCTGCTCTGG
reverse GTTGGAAGCAAAGACTGACC

reverse

GGCTTCGTCCATTGCTGTCTG

reverse

TCACAGTGGTGCTTGCCTTC




Table S5. Primers for gPCR. Related to Experimental Procedures

Amplified gene Direction Sequence
ACTB forward CACCATTGGCAATGAGCGGTTC
reverse AGGTCTTTGCGGATGTCCACGT
COL10A1 forward CCCAGCACGCAGAATCCATC
reverse AGTGGGCCTTTTATGCCTGT
COL2A1 forward CGAGGCAACGATGGTCAGCC
reverse TGGGGCCTTGTTCACCTTTGA
MATNS forward GTTCAGTCCGTGACAAGTGTG
reverse AGTCTTCGTGCTTCCTCAGTG
SOX9 forward GACTTCCGCGACGTGGAC
reverse GTTGGGCGGCAGGTACTG
MMP13 forward CATGAGTTCGGCCACTCCTT
reverse CCTGGACCATAGAGAGACTGGA
IHH forward CGGTGGACATCACCACATCA
reverse CGTGGGCCTTTGACTCGTAA
ALPL forward GGAAGACACTCTGACCGTGG
reverse GGGGGCCAGACCAAAGATAG
Sp7 forward ATCCAGCCCCCTTTACAAGC
reverse TAGCATAGCCTGAGGTGGGT
ACAN forward TCGAGGACAGCGAGGCC
reverse TCGAGGGTGTAGCGTGTAGAGA
RUNX2 forward TTACTTACACCCCGCCAGTC
reverse TATGGAGTGCTGCTGGTCTG
COL9A2 forward GCGCTATCGGTGCCACTGGG
reverse GGGGGCCCGTTGCTCCTTTC
HSPAS forward GTTTGCTGAGGAAGACAAAAAGCTC
reverse | CACTTCCATAGAGTTTGCTGATAATTG
CRELD? forward CCAAGTACGAGTCCAGCGAG
reverse TGCTCCTCCTGCGCCTCTAG
HSP90BA forward ATGGAGCAGCAAGACTGAAAC
reverse TCTTCTTCTTCTTCCTCTACTGC
XBP1 spliced forward TGCTGAGTCCGCAGCAGGTG
reverse GCTGGCAGGCTCTGGGGAAG
EDEM3 forward GATGGAGAAGGATGAGCTATGAC
reverse GAACGTGGTTGTTCATCACC
DERL3 forward CCTCGTGGACCTGCTGG

reverse

GGTCTGCAGGAGCCTCTTG




HERPUD1 forward CGTTGTTATGTACCTGCATC
reverse TCAGGAGGAGGACCATCATTT
COLAA1 forward GGACACAGAGGTTTCAGTGGT
reverse GCACCATCATTTCCACGAGC
IBSP forward AAGGACAAGGCTACGATGGC
reverse CGGATGCAAAGCCAGAATGG
CEBPA forward CGGTGGACAAGAACAGCAAC
reverse CGGAATCTCCTAGTCCTGGC
FABPA4 forward ACCAGGAAAGTGGCTGGCAT
reverse CAGGTCAACGTCCCTTGGCT
PPARG forward GCTGTTATGGGTGAAAACTCTG
reverse ATAAGGTGGAGATGCAGGCTC
MKX forward CGCACAGACACTCTGGAAAA
reverse AGCGGCACTTTGACAGTCTT
SCX forward CCCAAACAGATCTGCACCTTC
reverse GCGAATCGCTGTCTTTCTGTC
TNMD forward CCATGCTGGATGAGAGAGGT
reverse CTCGTCCTCCTTGGTAGCAG
PAX9 forward ACAGTGCTGCTCCTTCTGGT
reverse ATGTGAGACCTGGGAATTGG
NKX3-2 forward CAGAAATTCTCCCAAAGATGC
reverse TCTCCCTACAGTTTCGCCG
MYOD1 forward GTGTCGAGCCTAGACTGCCT
reverse CTCAGAAGGCACGTCCGC
SOX1 forward TACAGCCCCATCTCCAACTC
reverse GCTCCGACTTCACCAGAGAG
SOX17 forward | CGCTTTCATGGTGTGGGCTAAGGACG

reverse

TAGTTGGGGTGGTCCTGCATGTGCTG




Table S6. Key reagents used in this study. Related to Experimental Procedures

Induction reagents and drugs Source Identifier
AKO2N Ajinomoto AJ100
iMatrix-511 silk Nippi 892021
Matrigel BD 354230
PenStrep Gibco 15140-163
bFGF Wako 068-04544
CHIR99021 Axon Axon1386
Activin A R&D 338-AC01-M
SB431542 Selleck Chemicals S1067
LDN193189 Stemgent 04-0074
PD173074 Tocris 3044
XAV939 Tocris 3748/10
SAG Calbio 566660
Y-27632 Wako 034-24024
Ham’s F12 Gibco 11765-054
BSA Sigma A8806-5G
IMDM Sigma 13390
CD Lipid Life Tech 11905-031
Apo-transferrin Sigma T1147-500MG
Monothioglycerol Sigma M6145-25ML
Insulin Wako 097-06474
Dexamethasone Wako 047-18863
PDGF-BB R&D 520-BB
TGFB3 R&D 243-B3
BMP4 R&D 314-BP
T3 Sigma T-074-1ML
B-glycerophosphate Sigma G6501-100G
ITS premix Corning 354352
L-ascorbic acid 2-phosphate Sigma A8960
Proline Sigma P-5607
Glucose Sigma G8769
Sodium pyruvate Sigma S8636




Glutamax Life Tech 35050-061
DMEM/F12 Gibco 11320-033
Carbamazepine Sigma C4024-1G
Trimethylamine N-oxide Sigma 317594-5G
Valproic acid Sigma P4543-10G
Rapamycin MedChemExpress HY10219
Antibodies Host Clonality Source Identifier
COL1 Rabbit Polyclonal Novus NB600-408-0.1mg
Biologicals
CoL2 Mouse Monoclonal Thermo MS235P0
COL10 Mouse Monoclonal Thermo 14-9771-82
MATNS3 Rabbit Polyclonal abcam ab106388
PDI Mouse Monoclonal Thermo MAS3-019-A647
IHH Rabbit Polyclonal abcam ab39634
COL1 Goat Polyclonal SBA 1310-01
coL2 Goat Polyclonal SBA 1320-01
Kie7 Rabbit Monoclonal Nichirei 718071
DLLA Mouse Monoclonal R&D FAB1818A
APC-conjugated mouse 1gG2B Mouse Monoclonal R&D IC0041A
SSEA4 Mouse Monoclonal Chemicon MAB4304
TRA1-60 Mouse Monoclonal Chemicon MAB4360
TRA1-81 Mouse Monoclonal Chemicon MAB4381
OTX2, TBXT, GATA4 Goat Polyclonal R&D SC022
ATF6 Mouse Monoclonal abcam ab122897
ACTB, peroxidase conjugate Mouse Monoclonal Sigma A3854-200UL
Phospho-EIF2A Rabbit Monoclonal CST 3398T
EIF2A Rabbit Monoclonal CST 5324T
ACTB Rabbit Monoclonal CST 4970S
HSPA5 Rabbit Monoclonal CST 3177T
PDI Rabbit Monoclonal CST 3501T
ERO1A Rabbit Polyclonal CST 3264T




Supplemental Experimental Procedures

Establishment of isogenic iPSC lines using CRISPR/Cas9

In order to create gene-corrected rescues, the 20 nt protospacer sequence for the guide RNA
targeting the mutated site was inserted into the vector pSpCas9(BB)-2A-Puro (PX459) V2.0
(Addgene). Cloning was performed as previously described! using DH5a cells (Toyobo). The vector
was isolated using the Midi Prep Kit (Macherey-Nagel) and electroporated into iPSCs (1x108 cells)
using the NEPA 21 (Nepa Gene), together with a repair template consisting of 100 nt including the
gene correction, a recognition site for restriction enzymes to confirm the insertion, and silent
mutations for PAM or guide RNA blocking. Cells were cultured in six well plates with 10 pM Y-27632
overnight, after which they were treated with 0.5-0.7 pug/ml puromycin for 24 hours to select for cells
incorporating the vector. One week after sparsely re-seeding the cells, 48-96 single colonies were
randomly picked and expanded. Genomic DNA was extracted using the DNeasy Blood and Tissue
Kit (QIAGEN) with proteinase K treatment, upon which the relevant regions were amplified with PCR
using KOD Plus Neo (Toyobo). Amplicons were digested by the restriction enzymes to confirm
insertion of the repair template. Samples for which insertion was confirmed were then purified using
the FastGene Gel/PCR Extraction kit (Nippon Genetics) and sequenced using the BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems) with the 3500xL Genetic Analyzer (Applied
Biosystems).

Mutants were established from the wild type iPSC line 414C2 similarly to the gene-corrected
rescues. Here, the guide RNA was designed to target a SNP near the intended site of mutagenesis.
The 100 nt repair template included the new mutation, a recognition site for restriction enzymes, and
silent mutations for PAM or guide RNA blocking. All primers, guide RNAs, repair templates, and

restriction enzymes used in this gene editing are listed in Tables S3 and S4.

iPSC culture and validation

All patient-derived iPSC lines were established on SNL feeder cells in primate embryonic stem cell
medium (ReproCELL) supplemented with 4 ng/ml bFGF (Wako), 50 U penicillin and 50 ug/ml
streptomycin (Gibco). After several passages as whole colonies on feeder cells, iPSCs were moved
to feeder-free culture on dishes coated with laminin (Nippi) in StemFit AKO2N (Ajinomoto) and
passaged as single cells once a week at a density of 1.1x103 to 3.2x103 cells/cm?.

Newly established iPSC clones were validated for pluripotency by immunostaining either before
switching to feeder-free culture (MATN3 T120M and COL10A1 L614Rfs*8) or after the switch
(COL10A1 G18E). After fixation in 4% paraformaldehyde, cells were PBS washed and incubated for



1 hour at 4°C in a blocking solution of PBS with 0.2% TritonX-100 (Sigma) and 5% Blocking One
Histo (Nacalai Tesque). Pluripotency markers SSEA4, TRA1-60, and TRA1-81 (all Chemicon) were
diluted in the blocking solution at 1:400, 1:1000, and 1:1000, respectively, and used to stain the cells
overnight at 4°C. On the next day, cells were further incubated for 1 hour at 4°C in blocking solution
containing Alexa 488-conjugated goat anti-mouse IgG antibody (Thermo) at 1:500. The nucleus was
counterstained using DAPI.

All iPSC clones were further validated for their ability to differentiate into all three germ layers
through teratoma formation. 1x108 cells were injected into each testis of at least three NOD-SCID
mice, which were sacrificed after 8 to 12 weeks to excise the tissue. After fixation in 4%
paraformaldehyde, the tissue was embedded in paraffin, sectioned, and stained with H&E. Markers
for the three germ layers were stained using the Human Three Germ Layer 3-Color

Immunocytochemistry Kit (R&D) according to the manufacturer’s instructions.

Sclerotome induction (Sl) and hypertrophic chondrocyte induction (HI)

For SI, CDMi (chemically defined medium with insulin) was used as base medium.? This medium
consists of a 1:1 mixture of Iscove’s modified Dulbecco’s medium (IMDM) (Sigma) and Ham’s F12
(Gibco), 5 mg/ml BSA (Sigma), 1x CD Lipid (Life Tech), 15 pg/ml apo-transferrin (Sigma), 450 uM
monothioglycerol (Sigma), 50 U penicillin, 50 pg/ml streptomycin, and 7 ug/ml insulin (Wako). Sl was
performed as previously described.® In brief, on day 0 of induction, primitive streak cells were induced
with 20 ng/ml bFGF, 10 uM CHIR99021 (Axon), and 50 ng/ml Activin A (R&D) for 24 hours. Then,
presomitic mesoderm cells were induced with 10 uM SB431542 (Selleck Chemicals), 3 puM
CHIR99021, 250 nM LDN193189 (Stemgent), and 20 ng/ml bFGF for 24 hours. Following this, somitic
mesoderm cells were induced with 100 nM PD173074 (Tocris) and 1 uM XAV939 (Tocris) for 24 hours.
Finally, sclerotome cells were induced with 100 nM SAG (Calbio) and 600 nM LDN193189 for 72
hours.

For HI, we used the same basal chondrogenic medium as previously described,* except for the
lack of dexamethasone. This medium consists of 1% (v/v) ITS premix (Corning), 0.17 mM L-ascorbic
acid 2-phosphate (Sigma), 0.35 mM proline (Sigma), 0.15% (v/v) glucose (Sigma), 1 mM sodium
pyruvate (Sigma), 2 mM Glutamax (Life Tech), 100 U penicillin, and 100 pg/ml streptomycin in
DMEM/F12 (Gibco). To this medium, the factors described in the Experimental Procedures were

sequentially added, and the medium was changed every 2-3 days.

mRNA expression analysis

For RNA extraction, cartilage pellets were first powderized using the Multi-beads shocker (Yasui



Kikai). Total RNA was extracted using the RNeasy Micro or Mini Kit (QIAGEN) with DNase treatment
and reverse transcribed using ReverTra Ace (Toyobo) in a total volume of 20 pL with up to 300 ng of
RNA. cDNA was diluted 1:10 and quantitative PCR (qPCR) was performed with 1 ul cDNA in duplicate
reactions using the Thunderbird SYBR qPCR Mix (Toyobo) and QuantStudio 12K Flex Real-Time
PCR System (Thermo). Primers are listed in Table S5. All results were normalized by the B-actin
expression in each sample. For statistical analysis, unpaired two-sided t-tests were performed for
comparisons between two groups. For comparisons between more than two groups, ANOVA with
post-hoc Tukey HSD was used. Normal human growth plate tissue was obtained from the distal
femoral physis of an 11-year-old female patient with a malignant bone tumor after total femoral

replacement and used as control for differentiation markers.

Nonsense-mediated decay (NMD) detection

Genomic DNA was extracted from iPSCs and RNA was extracted on day 56 of HI of the COL10A1
L614Rfs*8 mutant and isogenic control. For the cycloheximide (CHX)-treated group, cartilage pellets
were treated with 100 ug/ml CHX (Sigma) for 6 hours before RNA extraction. RNA was reverse
transcribed with a negative control (no reverse transcriptase), and the cDNA was amplified for the
NC1 domain with PCR. The amplicons were digested by the restriction enzyme Stul (NEB), which
only recognizes the wild type sequence, and BceAl (NEB), which only recognizes the mutant

sequence.

Protein expression analysis

On day 56 of HI, cartilage pellets were collected, PBS washed, and stored at -80°C. After adding
100 ul SDS sample buffer with 1% (v/v) protease inhibitor cocktail (Nacalai Tesque), the pellets were
homogenized using homogenizer pestles (Kenis) and sonicated until complete dissolution. The
samples were centrifuged and the supernatant was collected. Protein concentration was measured
using the Pierce BCA Protein Assay Kit (Thermo). HSPA5, PDI, and ERO1A protein expression was
detected with Simple Western (Wes) using the 12-230 kDa Separation Module (ProteinSimple)
according to the manufacturer’s instructions. For each lane, 5 pg of protein was used at a
concentration of 1 ug/ul and antibodies were used at 1:50 for HSPA5, PDI, or ERO1A and at 1:100
for B-actin (all CST). All results were normalized by the B-actin values of each sample. ATF6, EIF2A,
and phospho-EIF2A protein expression was detected using Western blotting. 12 ug of protein was
used per lane of 10% polyacrylamide gel at a concentration of 2 ug/ul. After SDS-PAGE and transfer
to PVDF membranes, blocking was performed for 1 hour using 5% skim milk (Nacalai) or 3%

polyvinylpyrrolidone (Sigma). Primary antibodies were used at 1:1000 in 5% skim milk or Can Get



Signal 1 (Toyobo) for overnight staining with shaking at 4°C. The secondary antibodies, HRP-
conjugated goat anti-rabbit or horse anti-mouse IgG (both CST), were used at 1:5000 in 5% skim milk
or Can Get Signal 2 (Toyobo) for 1 hour at room temperature while shaking. The ECL Prime Western
Blotting Detection Reagent (GE Healthcare) and the BIO-RAD Chemidoc XRS+ were used to detect
the signal. After detection, membranes were stripped of the antibodies using WB Stripping Solution
(Nacalai), stained with peroxidase-conjugated B-actin antibody (Sigma), and visualized as above. The
signal intensities were quantified using Imaged. For statistical analysis, unpaired two-sided t-tests

were performed.

Microarray analysis

After RNA extraction, RNA quality was confirmed using the RNA 6000 Nano Kit (Agilent
Technologies). The RNA was reverse transcribed into cDNA and amplified with the Ambion WT
Expression Kit, fragmented and labeled with the GeneChip WT Terminal Labeling and Controls kit,
and hybridized to Human Gene 1.0ST Arrays using the GeneChip Hybridization Wash and Stain Kit
according to the manufacturer’s protocol (Affymetrix). The arrays were scanned and the raw data
were imported into GeneSpring GX 14.9 for analysis. The data were normalized using the RMA-16
algorithm and the baseline was adjusted to the median of all samples. A moderated t-test
was performed on all samples (n=3 independent experiments) to stabilize the variance estimate
in the low number of replicates.® The Benjamini-Hochberg correction was used to account for
multiple testing. For Figure 1, all genes with adjusted p value < 0.05 and fold change > 1.5 in day 56
vs day 28 pellets were used for Ingenuity Pathway Analysis (IPA). In IPA, Canonical Pathways
and Diseases & Functions were analyzed. Heatmaps were generated in Genespring using the
averaged normalized intensity values for each sample. For Figure 6, all genes with adjusted p value
< 0.05 were used for IPA. Heatmaps were generated in Microsoft Excel using each mutant’s log2

fold change of UPR genes.

Flow cytometry analysis

To determine the induction efficiency of presomitic mesoderm, cells were analyzed by flow
cytometry on day 2 of Sl. Cells were detached and washed with FACS buffer containing 0.1% (w/v)
BSA in PBS. Approximately 5x10° cells were stained with either APC-conjugated DLL1 antibody
(R&D) or APC-conjugated mouse 1gG2B (R&D) as isotype at a 1:200 dilution in FACS buffer for 30
minutes at 4°C. Following another wash with FACS buffer, the cells were stained with 1 ug/ml DAPI
(R&D) to label dead cells. Analysis was performed using the FACS Aria Il and the FACSDiva software

(BD). Graphs were created using the FlowJo software. For statistical analysis, unpaired two-sided t-



tests were performed.

Histological analysis

Paraffin-embedded tissue sections were deparaffinized and stained with H&E, von Kossa, and
Safranin O. TUNEL staining was performed using the ApopTag Peroxidase In Situ Apoptosis
Detection kit (Millipore) with proteinase K treatment according to the manufacturer’s instructions. For
immunofluorescence staining, antigen retrieval was performed by 40 minutes incubation at 37°C in
10 mg/ml hyaluronidase (Sigma) and 15 minutes incubation at 80°C in 1 mM EDTA (Wako). After
blocking in 10% FBS (Nichirei) for 1 hour, the tissue was stained at 4°C overnight using antibodies
against COL1 (Novus Biologicals) at 1:600, COL2 (Thermo) at 1:1000, COL10 (Thermo) at 1:300,
IHH (abcam) at 1:800, and MATN3 (abcam) at 1:500 in Can Get Signal Immunostain Solution B
(Toyobo). On the next day, the samples were incubated at room temperature for 1 hour in the same
solution with Alexa 488-conjugated goat anti-mouse IgG antibody (Thermo) at 1:1000, Alexa 555-
conjugated goat anti-rabbit IgG antibody (Thermo) at 1:1000, Alexa 647-conjugated donkey anti-
mouse IgG antibody (Thermo) at 1:1000, and Alexa 647-conjugated PDI antibody (Thermo) at 1:500.
DAPI was used as a nuclear counterstain at 10 pg/ml and the samples were observed with the BZ-
X810 (Keyence). For immunohistochemistry, antigen retrieval was performed by 40 minutes
incubation in EDTA at 98°C or 5 minutes incubation in proteinase K at room temperature, and blocking
was performed using 3% BSA. Samples were incubated for 30 minutes at room temperature with
antibodies against Ki67 (Nichirei), or overnight at 4°C with antibodies against COL1 (SBA) at 1:500,
COL2 (SBA) at 1:600, or HSPA5 (CST) at 1:1600. Simple Stain MAX PO (R) or (G) (Nichirei) was

used to detect the signal.

Image analysis and quantification

All samples were quantified using the BZ-X800 Analyzer software and statistical analysis was
performed using unpaired two-sided t-tests. Pellet size was quantified using images taken of live
pellets from 3 technical replicates each of 4 independent experiments on day 56 of HI with the BZ-
X810 (Keyence). The size was calculated by taking the average of the major axis of each pellet.

For quantification of the COL2 and TUNEL stainings, 4 images each were taken of 4
independent experiments at x20 magnification, with the images being taken at the top, bottom, left,
and right sides of the pellet, at a depth of approximately 500-1000 um from the surface to avoid both
the necrotic center and the disintegrating periphery. Dead cells of each sample were quantified by
counting the number of TUNEL-positive cells per field of view (FOV). Cell size was quantified by

selecting the inverse of COL2 staining and measuring the average area of the selection.



For the quantification of COL10, MATNG, and PDI stainings, 4 images each were taken of 4
independent experiments at x40 magnification randomly throughout the pellet at a depth of
approximately 500-1000 um from the surface to avoid both the necrotic center and the
disintegrating periphery. Intracellular retention of COL10 and MATNS was calculated by dividing the
total green fluorescence intensity of the area co-staining with PDI (red) by the total green
fluorescence intensity of the whole image. The ER size was quantified from the average area of PDI

fluorescence.

Transmission electron microscopy (TEM)

On day 56 of HI, pellets were PBS washed and fixed in 2.5% glutaraldehyde for 8 hours at 4°C.
After PBS washing and post-fixation in 2% osmium tetroxide for 2 hours, the pellets were dehydrated
and embedded in Quetol 812 resin. 1 um sections were taken and stained with toluidine blue. Ultra-
thin sections (120 nm) were taken and stained on grids with uranyl acetate and lead citrate. Images
were taken using the H-7500 transmission electron microscope (Hitachi) with the NanoSprint500
(AMT).
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