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A Collagen10a1 mutation disrupts cell polarity
in a medaka model for metaphyseal
chondrodysplasia type Schmid

Wen Hui Tan,1 Martin Rücklin,2 Daria Larionova,3 Tran Bich Ngoc,1 Bertie Joan van Heuven,2 Federica Marone,4

Paul Matsudaira,1 and Christoph Winkler1,5,*
SUMMARY

Heterozygous mutations in COL10A1 lead to metaphyseal chondrodysplasia type Schmid (MCDS), a skel-
etal disorder characterized by epiphyseal abnormalities. Prior analysis revealed impaired trimerization
and intracellular retention of mutant collagen type X alpha 1 chains as cause for elevated endoplasmic re-
ticulum (ER) stress. However, howER stress translates into structural defects remained unclear.Wegener-
ated a medaka (Oryzias latipes) MCDS model harboring a 5 base pair deletion in col10a1, which led to a
frameshift and disruption of 11 amino acids in the conserved trimerization domain. col10a1D633a hetero-
zygotes recapitulated key features of MCDS and revealed early cell polarity defects as cause for dysregu-
lated matrix secretion and deformed skeletal structures. Carbamazepine, an ER stress-reducing drug,
rescued this polarity impairment and alleviated skeletal defects in col10a1D633a heterozygotes. Our
data imply cell polarity dysregulation as a potential contributor to MCDS and suggest the col10a1D633a

medaka mutant as an attractive MCDS animal model for drug screening.

INTRODUCTION

Metaphyseal chondrodysplasia type Schmid (MCDS; OMIM 156500) is a rare autosomal dominant skeletal disorder characterized by irregular

growth plates, bowed legs, hip deformities, and short stature.1,2 In MCDS, missense mutations or mutations resulting in a premature stop

codon occur in the trimerization domain of the COL10A1 gene, leading to the production of a mutant collagen type X protein with disrupted

trimer assembly and defective extracellular secretion.1,2 At present, no drug has been approved for the treatment of MCDS. However, car-

bamazepine (CBZ), an anti-epileptic drug, was shown to attenuateMCDS disease severity in mouse models3,4 and is currently tested in a clin-

ical trial for MCDS treatment (https://mcds-therapy.eu/). Collagen type X is a non-fibrillar short-chain collagen comprising homotrimers of a1

chains. In mammals, the COL10A1 gene is expressed in hypertrophic chondrocytes during endochondral ossification, a process of bone for-

mation involving a cartilage intermediate that is progressively replaced by calcified bone.5–8 Earlier in vitro studies showed that collagen type

X assembles into supramolecular hexagonal lattice structures in the extracellular matrix (ECM) and forms covalent cross-links with other ECM

components such as collagens type II and type IX.9,10 However, the precise role of collagen type X in endochondral ossification is not clear as

results in null mutant mice are conflicting.11,12

Studies using MCDS patient samples and transgenic and knockin mouse models, as well as in vitro models, showed that a dominant

mechanism contributes to the majority of MCDS pathologies. These studies indicated that in MCDS mutant collagen type X is intracellularly

retained due to defective trimer assembly.13–15 Intracellular accumulation of mutant protein subsequently leads to increased endoplasmic

reticulum (ER) stress, activating the unfolded protein response (UPR).15,16 Importantly, experimental induction of ER stress in hypertrophic

chondrocytes of mice expressing normal collagen type X was sufficient to cause growth plate abnormalities, demonstrating a key role of

ER stress in MCDS pathology.17 To assess molecular changes downstream of ER stress, transcriptome analyses of deformed growth plate

cartilage in homozygousMCDSmice were performed. These analyses revealed enrichment of dysregulated genes in pathways including pro-

tein folding and degradation, ECM-receptor interactions, and metabolism-related pathways.18,19 In addition, retained expression of prolif-

erative markers in the hypertrophic growth plate suggested developmental arrest of hypertrophic chondrocytes.18 How these changes

contribute to impaired growth plate modeling and skeletal deformities in MCDS, however, remained unclear. All previously identified

MCDS patients carry a heterozygous COL10A1 mutation, and a study conducted by Zhang et al.20 suggested that a homozygous

COL10A1 p.Asn617Lys mutation could be embryonic lethal.1,20 In striking contrast to the human situation, heterozygous mice carrying a
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p.Asn617Lys mutation in collagen type X in an SV129/C57BI6 mixed background showed only subtleMCDS phenotypes,17 while homozygos-

ity of the mutant allele resulted in a phenotype more similar to MCDS patients.17

To uncover how ER stress leads to skeletal deformities in MCDS, we took advantage of the teleost medaka (Oryzias latipes) that together

with zebrafish has been increasingly used as model to study human bone and cartilage disorders.21–23 Many important aspects of osteochon-

dral development and bonemineral composition, as well as ER stress pathways that have been implicated in several chondrodysplasias,24 are

conserved in teleost fish.25–27 Currently, there is no teleost model for MCDS, but two col10a1 orthologs, col10a1a (previously known as

col10a1; referred to as col10a1 in this study) and col10a1b, have been annotated in medaka and zebrafish genomes. In medaka, col10a1

is expressed in chondrocytes and osteoblast progenitors during early skeletal development.28,29

Here, we characterized the medaka col10a1D633a mutant, which harbors a mutation that corresponds to MCDSmutations identified in pa-

tients.20,30,31 We show that col10a1D633a heterozygotes exhibited key MCDS features such as impaired endochondral bone formation and

short stature. In addition, col10a1D633a mutant chondrocytes lost their organized stacking in cartilage suggesting a possible loss of cell po-

larity. Consistent with this, mutant col10a1 cells exhibited impaired localization of polarized microtubule-organizing centers (MTOCs) and

Golgi apparatus, a randomization of nuclear division axes, and dysregulation of cytoskeleton modeling factors, which are important regula-

tors of cell polarity. We found that extracellular secretion of mutant medaka collagen type X was disrupted, and ER stress markers were

elevated. Finally, we show that CBZ treatment alleviated ER stress in heterozygous col10a1D633amutants and rescued cell polarity and skeletal

defects. Together, our data implicate loss of cell polarity as a potential contributor toMCDS and validate the col10a1D633amedakamutant as a

suitable MCDS model for drug testing.

RESULTS

Heterozygous col10a1D633a medaka mutants have shortened ceratohyal bones and body stature

Two medaka col10a1 orthologs, col10a1a (previously known as and referred to in this study as col10a1) and col10a1b, are listed in Ensembl

(ENSORLG00000013436; ENSORLG00000027315). Both orthologs encode proteins with similar predicted sizes and domains and an overall

amino acid (aa) similarity of 78% (Figure 1A). Alignment of the trimerization domains of both medaka proteins to human collagen type X also

revealed a high level of aa similarity (Col10a1, 78%; Col10a1b, 79%; Figure 1A). In this study, we used CRISPR-Cas9 to mutate the region of

col10a1 that encodes the trimerization domain of collagen type X, generating a col10a1D633a medaka mutant that harbors a 5 base pair (bp)

deletion (Figures 1B–1D). This deletion is predicted to result in a frameshift at aa position 633, disrupting the last 11 aa and elongating the

protein by one aa (Figure 1D; underlined in yellow). This alteration affects a region where twoCOL10A1mutations were previously reported in

MCDS patients: a p.Ser671Pro missense mutation20,31 and a p.Val677TrpfsTer10 frameshift mutation30 (Figure 1D). Sequencing analysis

confirmed that the guide RNA (gRNA) used for generating col10a1D633a mutants did not target col10a1b (n = 3 heterozygous col10a1D633a

mutants sequenced; Figure S1).

To examine mutant viability, col10a1D633a heterozygotes were incrossed and F1 progeny were genotyped at 12- and 18-day post fertiliza-

tion (dpf), as well as 1 and >3 months post fertilization (mpf) (Figure 1E). At 12 dpf, the expected 1:2:1 Mendelian ratio of wild-type (WT) and

mutant (m) alleles was observed (26.6% WT/WT, 48.9% WT/m, 24.5% m/m; n = 94 fish). At 18 dpf, however, the number of surviving homo-

zygous (m/m)mutantswas reduced (29.8%WT/WT, 63.2%WT/m, 7.0%m/m; n= 57 fish), and, at 1mpf or later, nomorem/mmutants could be

identified (n = 119 fish; Figure 1E). On the other hand, survival of heterozygous (WT/m) mutants was in line with the expectedMendelian ratio

up to 1 mpf but declined beyond 3 mpf (Figure 1E). At 3 mpf, WT/mmutants had a shorter body length (1.98G 0.0425 cm) compared toWT/

WT siblings (2.38 G 0.0488 cm; Figure 1F). Quantification of the number and length of vertebral bodies revealed similar numbers in WT/m

mutants andWT/WT siblings but shorter vertebral body (VB) length inmutants (Figure S2). This suggested normal vertebral segmentation but

impaired longitudinal bone growth in mutant vertebral bodies over time. Consistent with this, growth was also impaired in the ceratohyal, an

endochondral bone where col10a1 is expressed in hypertrophic chondrocytes of the growth plate (Figures 1F and S3). In WT/mmutants, the

ceratohyal was shorter (1.37G 0.0363 mm) when compared toWT/WT siblings (1.53G 0.0355 mm; Figure 1F). Hence, this suggests impaired

endochondral ossification in medaka col10a1D633a mutants, reminiscent of the phenotypes reported in human MCDS patients.

col10a1D633a medaka mutants have delayed, irregular, and ectopic bone formation

Endogenous col10a1 expression in medaka is first seen in the cranial skeleton at 4 dpf and in the vertebral column at 6 dpf.28 To test whether

the col10a1D633a mutation affects early osteogenesis, we examined osteoblast formation and bone development in col10a1D633a mutants by

RNA in situ hybridization using osteoblast differentiationmarkers runx2, col10a1, and osx (Figure S4). In the cranium at 4 dpf, expression of the

mesenchymal progenitor marker runx2 was similar in WT/WT controls, as well as WT/m and m/mmutants (Figures S4A–S4A00). At 6 dpf, how-
ever, expression of col10a1 (marking osteoblast progenitors;28 Figures S4B–S4B00) and osx (labeling premature osteoblasts;32 Figures S4C–

S4C00) was reduced inWT/m andm/mmutants, with a more severe reduction in m/mmutants (Figures S4B00 and S5C00). This suggested a mild

and severe disruption of osteoblast differentiation in col10a1D633a WT/m and m/m mutants, respectively. Consequently, this resulted in de-

layedmineralization and deformed cranial skeletal structures, as well as absence of mineralized vertebral arches in col10a1D633am/mmutants

at 12 and 18 dpf (Figure S5). InWT/mmutants, on the other hand, cranial skeletal structures weremineralized, however, to a lesser extent than

in WT/WT siblings (Figure S5). Cleithrum, operculum, and branchiostegal rays appeared irregular, and the edges of vertebral bodies were

hypermineralized in WT/m mutants but not in WT/WT siblings at 18 dpf (Figure S5B).

At adult stages, micro-computed tomography (micro-CT), synchrotron X-ray imaging, and alizarin red staining revealed enhanced and

ectopic bone formation in WT/m mutants along vertebral arches (Figures 2A, 2A0, 2B, 2B0, S6A, S6A0, S6B, and S6B0; yellow arrows) and in
2 iScience 27, 109405, April 19, 2024



Figure 1. Generation of col10a1D633a medaka mutants by CRISPR-Cas9

(A) Schematic comparison of human Collagen type X alpha 1 (ColX), mouse ColX, medaka Col10a1, andmedaka Col10a1b. Percentage identity (id.) and similarity

(si.) are in reference to human ColX and obtained fromClustal OmegaMultiple Sequence Alignment. aa, amino acid; SP, signal peptide; NC2, non-collagenous 2

domain.

(B) CRISPR/Cas9 guide RNA (gRNA) design for the generation of col10a1D633a medaka mutants. A gRNA targeting col10a1 at exon 3 (E3) was used to generate

mutants that harbor a 5 base pair (bp) deletion at the gRNA PAM sequence (CCA; highlighted in blue).

(C) Genotyping of col10a1D633a medaka mutants performed by PCR-RFLP using the primer pair annotated in B (FP, RP; red arrows) and BtsI for restriction digest.

Three DNA products of sizes 287 bp, 225 bp, and 84 bp were observed for wild-type siblings (WT/WT; yellow asterisks), two bands of 371 bp and 225 bp were

observed for homozygous (m/m; blue asterisks), and four bands of 371 bp, 287 bp, 225 bp, and 84 bp for heterozygous mutants (WT/m; white asterisks).

(D) Clustal Omega amino acid sequence alignment of the last 21 aa of human ColX, mouse ColX, medaka wild-type (WT) Col10a1 andmedaka Col10a1D633a. The

mutated region in Col10a1D633a (underlined in yellow) corresponds to p.Ser671Pro and p.Val677TrpfsTer10 mutations identified in MCDS patients.

Physicochemical properties of amino acid residues: red, hydrophobic; blue, acidic; green, basic/polar/sulfhydryl/G.

(E) Survival analysis of F1 progenies from incrosses of heterozygous col10a1D633a medaka mutants at four different time points (12 days post fertilization, dpf, 18

dpf, 1 month post fertilization, mpf and >3 mpf). N, number of independent clutches. n, number of fish.

(F) Body and ceratohyal length measurements of WT/WT siblings and col10a1D633a WT/m mutants at 3 mpf. Ceratohyals were stained using alizarin red. Yellow

arrows indicate the length measured. A, anterior; P, posterior. ****p < 0.0001, Student’s two-tailed t test. n = 5 fish. Confocal image at the bottom right shows a

20 mm cryosection of a col10a1w/w medaka ceratohyal growth plate (2 mpf). col10a1:nlGFP expression was detected in the hypertrophic zone (HZ). DAPI-stained

nuclei, yellow dotted lines demarcate resting zone (RZ), proliferative zone (PZ), and HZ of growth plate. Scale bars are indicated in the images.
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skeletal structures in the head region such as the parasphenoid (Figures 2A0 0 and 2B0 0; white arrowheads), pharyngeal jaw structures

(Figures 2A0 0 and 2B0 0; cyan arrowheads), and gill filaments (Figures 2A0 0, 2A%, 2B00, and 2B%; yellow arrowheads). In line with this, expression

of alkaline phosphatase (alpl), encoding an enzymewhich promotesmineralization,33 was upregulated in dissected head tissues including the

branchial arches, pharyngeal jaw, and gills of WT/m mutants at 5 mpf (Figure S6C). Furthermore, the regular mineralization pattern in scales

was lost (Figures 2A0 0 0 0, 2B0 0 0 0, S6A0 0 0, and S6B%). Previous studies have shown that col10a1 is also expressed in medaka teeth34 and bony fin

rays.35 Accordingly, structural irregularities were also observed in the mutant caudal fin, where the fin rays were crooked and had more frac-

tures compared toWT/WT siblings (Figures 2C and 2D; green arrows), and at the mutant oral region, where teeth appearedmore sparse and

less developed compared to WT/WT siblings (Figures 2E and 2F; white arrows). Together, this suggested that impaired differentiation and

function of col10a1 cells led to irregular bone mineralization in col10a1D633a heterozygotes.
iScience 27, 109405, April 19, 2024 3



Figure 2. Ectopic bone formation in col10a1D633a WT/m adults

(A–B%0) Micro-CT (A–A00, B–B00) and synchrotron X-ray (A%, A%0, B%, B%0 ) tomographic images of WT sibling (A–A%0) and heterozygous col10a1D633a medaka

mutant (B–B%0) at 3 mpf. Fish of approximately same body length were chosen for analysis (for distribution of wild-type and mutant body lengths, see

Figure 1F). Overview (A, B) as well as magnified views of the vertebral column (A0, B0 ), cranial region (A00, B00), gills (A%, B%) and scales (A%0, B%0). Images in

(A–A%) and (B–B%) are in greyscale while images in (A%0) and (B%0) are shown in a color with the color scale related to tissue density (red reflects high and

blue low density). Yellow arrows, vertebral arches. White arrowheads, parasphenoid. Yellow arrowheads, gill filaments. Cyan arrowheads, pharyngeal jaw.

(C and D) Alizarin red-stained caudal fin of a WT sibling (C) and heterozygous col10a1D633a medaka mutant (D) at 2.5 mpf. Green arrows indicate fin rays.

(E and F) Synchrotron X-ray tomographic images of a WT sibling (E) and heterozygous col10a1D633a medaka mutant (F) at 3 mpf showing sparse and less

developed teeth in the mutant. Scale bars: (A, B, C, D) 1000 mm, (A0, A00, A%0, B0, B00, B%0, E, F) 200 mm, (A%, B%) 100 mm.
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Nondirectional bone matrix secretion and aberrant Golgi localization in mutant col10a1 osteoblast progenitors

In medaka, other than in mammals, vertebral bodies form by intramembranous ossification, i.e., in the absence of a cartilage scaffold.27 Os-

teoblasts at the vertebral bodies are always positioned on top of directionally secreted bone matrix but do not get embedded in matrix to

become osteocytes, in contrast to, e.g., osteocytic zebrafish.36,37 To examine the cellular basis of irregular bone formation in col10a1D633a

WT/m mutants, the behavior of osteoblast progenitors was assessed in col10a1:nlGFP transgenic larvae28 stained with alizarin complexone

(ALC; Figures 3A–3B%). In WT/WT siblings at 18 dpf, most col10a1:nlGFP osteoblast progenitor cells lined the edges of vertebral centra and

were positioned outside themineralizedmatrix (Figures 3A–3A%; yellow asterisks). In contrast, the edges of vertebral bodies inWT/mmutants

were hypermineralized (Figure 3B0; yellow arrows; Figure S5B; orange arrowheads), with a significant overlap of col10a1 cells with the
4 iScience 27, 109405, April 19, 2024



Figure 3. col10a1:nlGFP-expressing osteoblast progenitors are trapped within irregular bone matrix in WT/m col10a1D633a medaka mutants

(A–B%) Confocal 3D images showing lateral views of col10a1:nlGFP-expressing osteoblast progenitors and alizarin complexone (ALC)-stained mineralized

matrix in the vertebral column of WT/WT controls (A–A%) and col10a1D633a WT/m mutants (B–B%). Boxes in (A00)and (B00) indicate magnified views as shown in

(A%)and (B%), respectively. Compared to WT/WT siblings, edges of vertebral bodies in WT/m mutants were hypermineralized (A0, B0 , arrows) and had

increased overlap with col10a1:nlGFP-expressing cells (A0–A%, B0–B%, asterisks).
(C) Quantification of total numbers of col10a1:nlGFP-expressing cells per vertebral body segment (VB seg.) and those that overlap with the VBmineralized matrix

(VB m. m.) as shown in A–B%. n = 5 fish, 4 vertebral bodies per fish. Error bars indicate meanG s.d., ****p < 0.0001, ns, not significant, Student’s two-tailed t test.

(D–G00) Confocal 2D images showing transverse views of col10a1:nlGFP-expressing osteoblast progenitors and ALC-stained mineralized matrix in the vertebral

column of WT/WT controls (D–E00) and WT/mmutants (F–G00). Boxes in (D) and (F) indicate magnified views as shown in (E)–(E00) and (G)–(G00), respectively. Yellow
arrows in (D)–(E00) indicate col10a1:nlGFP-expressing cells that line the surface of mineralized matrix in WT/WT controls. Yellow arrows in (F)–(G00) indicate
col10a1:nlGFP-expressing cells trapped within the irregularly formed matrix in WT/m mutants.

(H–I0) Confocal 3D images showing transverse sections of the vertebral column in a col10a1:nlGFP-expressingWT/WT sibling (H, H0) andWT/mmutant (I, I0) at 18
dpf. Cryosections were stained with GM130 andDAPI for visualization of Golgi apparatus and nuclei, respectively. Yellow arrows indicate GM130-stained Golgi in

col10a1:nlGFP-expressing cells. Dotted lines indicate mineralized matrix of the vertebral column. Scale bars: (A–B%) 25 mm, (D–G00) 10 mm, (H–I0) 5 mm.
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mineralized matrix (Figure 3B–3B%; yellow asterisks). Quantification showed no difference in total numbers of col10a1:nlGFP cells per VB

segment (vb seg.; indicated in Figure 3A) inWT/WT andWT/m siblings (Figure 3C; n= 20 VBs, 5 fish). However, the number of cells embedded

within mineralized matrix (VB m.m.; indicated in Figure 3A0) was higher in WT/m than in WT/WT siblings (Figure 3C; n = 20 VBs, 5 fish).

Transverse cryosections of the vertebral column at the edge of a VB (yellow arrows in Figures 3A0 and 3B0) showed that, while all co-

l10a1:nlGFP-expressing cells were located on top of the ALC-stained mineralized matrix in WT/WT controls as expected (Figures 3D–3E0 0;
yellow arrows; n = 5 fish), several col10a1:nlGFP-expressing cells were trapped within the mineralized matrix in WT/m mutants

(Figures 3F–3G0 0; yellow arrows; n = 5 fish). Importantly, compared to the uniformly mineralized bone surface in WT/WT controls

(Figures 3D and 3E0), the bone surface in WT/mmutants was unevenly mineralized (Figures 3F and 3G0). In addition, GM130 immunostaining

on transverse cryosections of the vertebral column showed that in WT/WT col10a1:nlGFP osteoblast progenitors, the Golgi apparatus was

consistently positioned along one side of cells proximal to the notochord (Figures 3H and 3H0; yellow arrows indicate Golgi apparatus, white

dotted lines indicate notochord edge). In contrast, this regular positioning was lost in WT/m progenitors, where GM130-stained Golgi were

randomly distributed both distal and proximal to the notochord (Figures 3I and 3I0; yellow arrows indicate Golgi, dotted linesmark notochord

edge). Together, these observations strongly suggest that in WT/WT siblings, col10a1:nlGFP-expressing cells secrete bone matrix in a
iScience 27, 109405, April 19, 2024 5



Figure 4. Impaired col10a1 chondrocyte polarity and disorganization of cartilage structures in col10a1D633a WT/m mutants

(A–B00) Alcian blue staining of head region in a WT/WT sibling (A–A’’) and col10a1D633a WT/m mutant (B–B00) at 12 dpf. Yellow boxes in (A) and (B) indicate

magnified views as shown in A0 and B0, respectively. Yellow arrows indicate chondrocytes in the ceratobranchials. A00 and B00 are magnified views showing

chondrocyte stacking in one ceratobranchial of WT/WT sibling and WT/m mutant, respectively. pq, palatoquadrate; ch, ceratohyal; c1-c3, ceratobranchials 1-3.

(C–D0) Ceratobranchial chondrocytes inWT/WT sibling (C, C0) and col10a1D633aWT/mmutant (D, D0) at 16 dpf, showing col10a1:nlGFP expression and g-tubulin-

stained microtubule-organizing centers (MTOCs; magenta). (C0) and (D0) show schematic illustrations of g-tubulin-stained MTOCs in (C) and (D), respectively. A,

anterior; P, posterior.

(E) Graphical representation of the location of g-tubulin-stainedMTOCs in chondrocytes as shown in (C)–(D0). nwt/wt = 82 cells, 5 fish; nwt/m = 115 cells, 5 fish. Scale

bars: (A, B) 100 mm, (A0, B0) 25 mm, (A00, B00, C, D) 5 mm.
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unidirectional manner and become positioned on top of themineralizedmatrix. In contrast, inWT/mmutants, non-polarizedmatrix secretion

leads to irregular mineralization and trapping of col10a1:nlGFP cells within the mineralized matrix.
Impaired chondrocyte polarity and deformed cartilage in heterozygous col10a1D633a medaka mutants

Besides osteoblast progenitors, medaka col10a1 is also expressed in chondrocytes of developing cartilaginous structures such as ceratobran-

chials and palatoquadrate.29 We thus examined cartilage formation in col10a1D633a WT/m medaka mutants. At 12 dpf, Alcian blue staining

showed overall normal formation of cartilaginous structures in WT/m mutants when compared to WT/WT except in the ceratobranchials,

where WT/m mutants exhibited impaired stacking of chondrocytes as opposed to the regular columnar arrangement in WT/WT siblings

(Figures 4A–4B0 0; yellow arrows; n = 5 fish). In zebrafish, cell polarity plays an important role in proper chondrocyte stacking.38 To test if aber-

rant chondrocyte stacking in col10a1D633a WT/m medaka mutants was due to a loss of cell polarity, the position of g-tubulin-positive micro-

tubule-organizing centers (MTOCs) was determined in ceratobranchials at 16 dpf (Figures 4C–4E). Compared toWT/WT chondrocytes, where

a majority of MTOCs was found within a 330�–30� cell domain (n = 64/82 cells, 78%, 5 fish; Figures 4C, 4C0, and 4E), MTOCs in WT/m chon-

drocytes were often positioned at opposing ends of cells in the 150�–210� domain (n = 60/115, 52%, n = 5 fish), in addition to the 330�–30� cell
domain (n = 42/115, 37%, 5 fish; Figures 4D, 4D0, and 4E) indicating impaired cell polarity. Consistent with this, confocal imaging of co-

l10a1:nlGFP chondrocytes in the ceratohyal growth plate also revealed rounder nuclear morphology and atypical longitudinal nuclear

axes in mutant cells, suggesting disrupted cell polarity (Figure S7; n = 3 fish). Furthermore, X-ray microtomography and Alcian blue staining

of adult WT/m mutants also showed that cartilaginous gill filaments, which extend from ceratobranchials, were strongly distorted

(Figures 2A0 0 0, 2B%, yellow arrowheads; Figures S8A–S8B0; n = 5 fish). Confocal imaging of col10a1:nlGFP expression in gill filaments at 3

mpf confirmed impaired chondrocyte stacking (Figures S8C–S8F0). Finally, correlative light-electron microscopy (CLEM) analysis indicated

that chondrocytes in gill filaments that are known to continue to divide for self-renewal at post-embryonic stages39 also had altered nuclear

division axes in WT/mmutants when compared to WT/WT (Figures S8G–S8I). At 3 mpf, a majority of WT/WT control chondrocytes had a nu-

clear division angle between 60� and 90� with respect to the longitudinal cell axis (n = 18/30 cells, 60%, 3 fish; Figures S8H and S8I). In contrast,

most mutant chondrocytes had a division angle between 20� and 50� (n = 12/19 cells, 63%, 3 fish; Figures S8H and S8I). This reduction in

perpendicularity may account for the irregular columnar stacking of chondrocytes observed in col10a1 mutant cartilage structures.
Mutantmedaka collagen typeXprotein is retained intracellularly and heterozygous col10a1D633amutants have elevated ER

stress

In MCDS, mutations in the trimerization domain of collagen type X disrupt its post-translational processing, resulting in intracellular retention

of mutant protein.15,17 To test if the 5 bp deletion in col10a1D633amutants also leads to defective protein secretion, mRNAs encodingmedaka

WT Col10a1 or mutant Col10a1D633a, both N-terminally tagged with a Myc-epitope, were injected into a single cell of four-cell stage medaka
6 iScience 27, 109405, April 19, 2024



Figure 5. Mutant Col10a1D633a protein is intracellularly retained and mutant col10a1D633a cells have fragmented endoplasmic reticulum

(A–F) Overexpression and immunohistochemistry (IHC) of Myc-tagged medaka wild-type Col10a1 (WT) and mutant Col10a1D633a (Mut) in medaka embryos.

Expression constructs and experimental timeline are shown in A and B, respectively. SP, signal peptide. Myc-tagged WT or mutant col10a1 RNA was co-

injected with pmt-GFP RNA into a single cell of four-cell stage medaka embryos at 2 h post fertilization (hpf). At 8 hpf, injected embryos were fixed for Myc

IHC. Nuclei were stained with DAPI. Overview (C–C00, E–E00) and magnified (D, F; as indicated by yellow boxes in C–C00, E–E00, respectively) confocal images of

stained 8 hpf medaka embryos. Images in (C)–(C00) and (E)–(E00) show 2D slices while (D) and (F) show 2.3 mm z stacks. Pmt-GFP signal marked cell boundaries

(white arrows in D, F). Myc-tagged WT Col10a1 was detected intracellularly (white arrowheads, D), at cell-cell boundaries (yellow arrowheads, D), and in

regions where Pmt-GFP signal was absent (yellow arrows, C–D). Myc-tagged mutant Col10a1 was detected only in intracellular regions (white arrowheads, F)

in cells co-expressing Pmt-GFP (E–F). n = 10 embryos.

(G–J) TEM images showing the intracellular region of a chondrocyte in the pharyngeal cartilage in aWT/WT sibling (G) andWT/mmutant (H), as well as notochord

transversal sections of a WT/WT sibling (I) and WT/m mutant (J) at 16 dpf. Yellow arrows mark ribosome-like structures on the endoplasmic reticulum (ER)

cisternae. Compared to WT/WT, WT/m have swollen and fragmented RER. In addition, disorganized and reduced collagen fibers were observed in the WT/

m mutant (I, cyan asterisks) compared to WT/WT sibling (J, cyan asterisks). Scale bars: (C–C00, E–E00) 50 mm, (D, F) 10 mm, (G, H) 1 mm, (I, J) 500 nm.
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embryos (at 2 h post fertilization; hpf; Figures 5A and 5B). A pmt-GFP RNAwas co-injected to visualize cell membranes.40 Confocal imaging at

8 hpf revealed Pmt-GFP localization to cell membranes in approximately one-quarter of cells as expected (Figures 5C and 5E; n = 20 embryos).

Control embryos injected withMyc-taggedWT col10a1mRNA hadMyc signal in the intracellular space (Figure 5D; white arrowheads), at cell-

cell boundaries (Figure 5D; yellow arrowheads), and extracellularly in regions where Pmt-GFP was not expressed indicating diffusion of

Col10a1 in extracellular spaces (Figures 5C and 5D; yellow arrows; n = 10 out of 10 embryos analyzed). In contrast, all embryos injected

with Myc-tagged mutant col10a1D633a mRNA had Myc signal exclusively localized intracellularly (Figure 5F; white arrowheads; n = 10 out

of 10 embryos analyzed) and only in cells that co-expressed Pmt-GFP (Figures 5E and 5F; n = 10 out of 10 embryos analyzed). This suggests

that any molecules with one or more Myc-tagged mutant col10a1D633a chains are unable to be secreted. In addition, these findings suggest

that, in medaka embryos, mutant Col10a1D633a protein fails to be secreted and is retained intracellularly, similar to the situation in MCDS

mouse and cell culture models.15,17

Next, to further validate col10a1D633a medaka as a suitable MCDS model, ER stress levels were assessed in col10a1-expressing cells. Pre-

vious studies had reported dilated ER cisternae and increased numbers of intracellular vesicles under ER-stress conditions.41,42 Here, we used
iScience 27, 109405, April 19, 2024 7
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CLEMof gill filament cartilage to assess ERmorphology. This revealed a significant increase in the number of intracellular vesicles with a diam-

eter ranging from 100 to 500 nm in WT/m chondrocytes (47.3G 16.1 intracellular vesicles, n = 201 cells, 3 fish) compared to WT/WT controls

(19.3G 9.0 intracellular vesicles, n = 225 cells, 3 fish; Figure S9). Transmission electron microscopy (TEM) analysis of chondrocytes in pharyn-

geal cartilage (Figures 5G and 5H) as well as osteoblasts along the notochord (Figures 5I and 5J) at 16 dpf also showed increased numbers of

intracellular vesicles in WT/m mutants. Closer examination of these vesicles in WT/m mutants showed ribosome-like structures, which were

similar to ribosomes attached to the rough ER in WT/WT controls (yellow arrows in Figures 5G–5J). This suggests that the vesicles in WT/m

mutants represent the rough ER, which was dilated and fragmented, in contrast to the rough ER in WT/WT controls, which appeared as long

flattened sacs (Figures 5G–5J). In addition, we also noticed an irregular arrangement of collagen fibers in the osteoid around the notochord of

WT/mmutants, compared to the tightly packed and regularly aligned fibers inWT/WT samples (cyan asterisks in Figures 5I and 5J). Together,

TEM analysis provided morphological evidence for increased ER stress and impaired ECM organization in col10a1 WT/m mutants.

Next, to examine transcriptomic changes that preceded structural irregularities in mutants, we isolated col10a1:nlGFP-expressing chon-

drocytes and osteoblast progenitors from WT/WT siblings and WT/m col10a1D633a medaka at 10 dpf by fluorescence-activated cell sorting

(FACS) and performed RNA sequencing (RNA-seq). Compared to WT/WT siblings, 777 transcripts were found to be upregulated and 332

transcripts were found to be downregulated in WT/m mutants (Figure S10A). Also, while col10a1 expression was lower in WT/m mutants

compared toWT/WT siblings, there was no significant difference in expression levels of col10a1b in WT/mmutants andWT/WT siblings (Fig-

ure S10B). This suggested that col10a1b did not compensate for phenotypes observed in WT/m mutants. Gene ontology (GO) term and

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses revealed that a majority of genes significantly upregulated in mutants

function in the ER and are involved in protein processing (Figure S11). Upregulation of three well-characterized ER stress markers, activating

transcription factor 3 (atf3),43 cysteine-rich with EGF-like domains 2 (creld2),44 and derlin-2 (derl2),45 was validated by quantitative RT-PCR (RT-

qPCR) using RNA extracted fromwhole 10 dpf WT/WT andWT/m embryos (Figure 6A; Table S1). In addition, RT-qPCR analysis at juvenile (18

dpf) and adult (5 mpf) stages showed upregulation in WT/mmutants of bip, encoding an ER chaperone that binds misfolded proteins,46 and

chop, encoding a pro-apoptotic transcription factor expressed in response to uncontrolled ER stress,47 respectively (Figure S12). This sug-

gests an accumulation of ER stress in WT/m mutants over time. RNA-seq and RT-qPCR also revealed downregulation of four secreted

ECM components hyaluronan and proteoglycan link protein 1b (hapln1b), collagen9a1a (col9a1a), cartilage intermediate layer protein

(cilp), and periostin (postn; Figure 6A; Table S1).

In addition, cytoskeleton modeling factors were found to be dysregulated in mutants (Figure 6A; Table S1). Phosphatidylinositol-4,5-bi-

sphospate 3-kinase catalytic subunit b (pik3cb), encoding the catalytic subunit of phosphoinositide 3-kinases (PI3Ks), which are implicated

in cytoskeleton modeling and cell polarity,48 was upregulated in WT/m mutants. On the other hand, refilin-A (rflna), which facilitates actin

bundling and branching,49 KN motif and ankyrin repeat domains 2 (kank2), which regulates actin polymerization50 and links microtubules

to integrins,51 as well as frizzled-10 (fzd10), which encodes a non-canonical Wnt/PCP receptor,52 were downregulated in mutants (Figure 6A;

Table S1).

Together, these expression changes suggest an elevation of ER stress inWT/m col10a1 cells, which adapt by enhancingprotein processing

in the ER and reducing transcription of membrane and secreted proteins, possibly to lessen protein load in the ER and to restore ER homeo-

stasis. In addition, transcriptional dysregulation of cytoskeleton modeling factors results in a disorganized cytoskeleton and disruption of cell

polarity, leading to malformation of bone and cartilage structures.
ER stress and cell polarity defects in col10a1D633a WT/m mutants are rescued by CBZ

CBZ is a drug that promotes autophagy and proteosomal degradation pathways.4,53 In HeLa cells transfected with mutant collagen type X

constructs and ColX p.Asn617Lys mutant mice of an SV129/C57BI6 mixed background, CBZ reduced ER stress caused by intracellular

accumulation of mutant collagen type X and enhanced its intracellular degradation.4 To test if CBZ can alleviate ER stress also in col10a1D633a

WT/m medaka mutants, embryos were treated with 10 mg/L CBZ for 72 h from 6 to 9 dpf. At 10 dpf, RNA from CBZ-treated larvae was ex-

tracted and RT-qPCR was performed. In contrast to DMSO-treated larvae, no significant difference in gene expression was observed for ER

stress markers atf3, creld2, and derl2whenCBZ-treatedWT/mmutants were compared to CBZ-treatedWT/WT siblings (Figure 6A; Table S1).

In addition, in contrast to DMSO-treated WT/m mutants where secreted ECM components such as hapln1b, col9a1a, cilp, and postn were

downregulated as compared to DMSO-treated WT/WT siblings (Figure 6A; Table S1), there was no significant difference in gene expression

of hapln1b, col9a1a, cilp, and postn in CBZ-treated WT/m mutants and CBZ-treated WT/WT siblings (Figure 6A; Table S1). This suggests

undisrupted transcription of secreted proteins in CBZ-treated WT/m mutants. Furthermore, this indicates that accumulation of ER stress in

WT/m mutants is suppressed upon CBZ treatment, similar to MCDS mouse and cell culture studies.3,4

Next, we examined whether early CBZ treatment was also able to rescue transcriptional dysregulation of cell polarity regulators rflna,

pik3cb, kank2, and fzd10 via RT-qPCR at 10 dpf (Figure 6A). In contrast to DMSO-treated WT/m mutants, in which rflna, pik3cb, kank2,

and fzd10were significantly dysregulated as described earlier, expression of these genes in CBZ-treatedWT/mmutants was rescued to levels

seen in WT/WT siblings (Figure 6A; Table S1). This showed that early CBZ treatment prevented transcriptional dysregulation of cell polarity

regulators in WT/m mutants. Finally, to test if CBZ treatment was also able to alleviate the structural distortions observed in WT/m mutants,

larvae were subjected to three different CBZ doses (1, 10, or 20 mg/L) from 9 to 12 dpf and fixed at 13 dpf for Alcian blue staining. Structural

distortion of ceratobranchials was quantified by tortuosity measurements (Figure 6B). For DMSO (control) and 1 mg/L CBZ treatments, WT/m

ceratobranchials had a tortuosity that was significantly higher than that of WT/WT ceratobranchials (Figure 6C). In contrast, treatment with

10 mg/L and 20 mg/L CBZ significantly reduced structural tortuosity in WT/m mutants when compared to DMSO controls (Figures 6C and
8 iScience 27, 109405, April 19, 2024



Figure 6. Carbamazepine alleviates cell polarity defects in col10a1D633a WT/m medaka mutants

(A) Expression analysis of ER stress markers derl2, creld2, and atf3, extracellular matrix (ECM) components hapln1b, col9a1a, cilp, and postn, as well as

cytoskeleton regulators rflna, pik3cb, kank2, and fzd10 in 10 dpf WT/WT siblings and WT/m mutants treated with DMSO (control; con) or carbamazepine

(CBZ; 10 mg/L, from 6 dpf to 9 dpf). cDNA was purified from whole larvae. Error bars indicate mean G s.d., *p < 0.05, **p < 0.01, ns, not significant,

Student’s two-tailed t test.

(B) Equation for measurement of tortuosity of ceratobranchials. Image shows an example of length and distance measurements of a 13 dpf mutant

ceratobranchial.

(C) Comparison of ceratobranchial tortuosity in 13 dpf WtT/WT siblings and col10a1D633 WT/m mutants treated with 1, 10, and 20 mg/L carbamazepine (CBZ)

from 9 to 12 dpf. DMSO was used as control. Each data point indicates average tortuosity of eight ceratobranchials (R1-R4 and L1-L4 as shown in D) in one larva.

n = 10 larvae. Error bars indicate mean G s.d., *p < 0.05, ****p < 0.0001, ns, not significant, one-way ANOVA with Tukey’s multiple comparisons test.

(D) Grayscale images of Alcian blue-stained ceratobranchials in WT/WT siblings and col10a1D633a WT/m mutants at 13 dpf. Larvae were treated with DMSO

(control) or CBZ from 9 to 12 dpf. Yellow lines were manually drawn for measurement of tortuosity as shown in C. L1-L4, left ceratobranchials 1–4. R1-R4,

right ceratobranchials 1–4. Scale bars: 100 mm.
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6D). With 20 mg/L CBZ, no significant difference was observed in tortuosity of WT/WT and WT/m ceratobranchials (Figure 6C). Together,

these findings implicate cell polarity defects as an immediate downstream effect of elevated ER stress in heterozygous col10a1D633a medaka

mutants, highlighting a key role for cell polarity dysregulation in MCDS pathogenesis.
DISCUSSION

MCDS is a skeletal disorder caused by dominantmutations in the collagen type X trimerization domain.1,2 Here, we showed that heterozygous

col10a1D633a medaka carriers recapitulate typical features of human MCDS and identified impaired cell polarity as a potential cause for the

observed skeletal defects. Importantly, both cell polarity impairments and skeletal defects were rescued by CBZ treatment. Thus, our findings

establish the col10a1D633 medaka mutant as a new animal model for MCDS that is suitable for MCDS drug screening.
iScience 27, 109405, April 19, 2024 9
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Heterozygous col10a1D633a medaka mutants recapitulate MCDS

AllCOL10A1mutations associatedwith humanMCDS are heterozygous.20,54 In contrast to this, heterozygousCol10a1mutantmice displayed

mild MCDS phenotypes, and only their homozygous siblings exhibited a disease severity that was similar to that in MCDS patients.3,17 Here,

we found that heterozygous col10a1D633a medaka recapitulated aspects of MCDS. On the other hand, survival of homozygous col10a1D633a

medakamutants declined drastically after approximately twoweeks of age and no homozygousmutant survived beyond onemonth. Delayed

osteoblast differentiation and disrupted bone formation may account for early lethality of m/m medaka mutants, but whether this is due to

excessive ER stress or absence of functional collagen type X protein in the ECM remains to be determined.

Previous studies had shown that in MCDS defects in COL10A1-expressing hypertrophic chondrocytes led to impaired endochondral ossi-

fication, resulting in irregularly formed growth plates and short stature.14,54 Although Col10a1 expression differs considerably in mammals

and teleost fish, with specific expression in hypertrophic chondrocytes in mammals but both chondrocytes and osteoblast progenitors in

medaka and zebrafish,6,28,29,55 the collagen type X trimerization domain is highly conserved.20,56 Hence, we speculated that mutations in

this domain in medaka may lead to similar cellular defects but different structural phenotypes when compared to MCDS. Other than in

MCDS, where structural deformities occur in endochondral bones, we expected deformities in both bone and cartilage in col10a1D633a

medaka mutants. In line with this, we showed that the ceratohyal bone, which in teleost fish develops via endochondral ossification,57 was

shorter in WT/m col10a1D633a medaka mutants. In addition, cartilaginous structures such as the ceratobranchials and gill filaments were

severely deformed in the medaka mutants. In addition, WT/m col10a1D633a medaka mutants overall were also significantly shorter than their

WT siblings. We observed aberrant and nondirectional bone matrix secretion from col10a1-expressing osteoblast progenitors positioned at

the edges of vertebral centra. Thus, similar toMCDS inmammals, we found that the reduced body length inmedakamutants was likely due to

shortened and hypermineralized vertebral bodies.

A key feature of MCDS is elevated ER stress in COL10A1-expressing cells.16–18 In our study, we showed that, similar to MCDS mice,18,19

genes involved in ER protein processing were significantly upregulated in WT/m col10a1D633a medaka mutants. In addition, genes encoding

membrane and secreted proteins such as ECM structural proteins that are processed in the rough ER were downregulated. These changes in

gene expression are characteristic for cells that are responding to elevated ER stress, i.e., to increase protein folding capacity and reduce

protein load in the ER to alleviate stress,58,59 and in line with transcriptome analyses in mice.18,19 Consistently, closer examination of

col10a1-expressing cells inWT/mmutants by electronmicroscopy revealed increased accumulation of intracellular vesicles as well as swollen

and fragmented rough ER, another indicator of ER stress.41 Together, this showed that WT/m col10a1D633a medaka mutants recapitulated

important traits of MCDS.
Dysregulation of cell polarity results in MCDS-like skeletal deformities in medaka

MCDS is commonly characterized by deformities in cartilaginous growth plates.18 Earlier studies had shown that the integrated stress

response pathway contributes to chondrocyte differentiation defects in MCDS. This involves the protein kinase RNA-like ER kinase (PERK)

signaling pathway, which activates ATF4 synthesis and subsequent ATF4-transactivation of Sox9, a transcription factor highly expressed in

immature chondrocytes.60 Other than this, however, it remains unclear how ER stress and chondrocyte differentiation defects lead to skeletal

irregularities in MCDS. We observed an irregular arrangement of mutant col10a1-expressing chondrocytes in ceratobranchials and gill

filaments in the medaka MCDS model, instead of the highly organized cell stacking seen in controls. Previous studies had shown that the

regulation of chondrocyte polarity is important for columnar organization of chondrocytes in mice, chick, and zebrafish.38,61–63 Hence, one

possibility for the disorganized chondrocyte stacking observed in mutants was a disrupted cell polarity in col10a1-expressing chondrocytes.

We confirmed this by g-tubulin staining of MTOCs, which are indicators of chondrocyte polarity38,64 and were positioned at opposing ends in

col10a1D633amutant chondrocytes. Also, nuclear division axes, which reflect the orientation of cell division and polarity,62,65 displayed a reduc-

tion in division angle in col10a1D633a mutant chondrocytes, indicating impaired cell polarity.

Medaka is an acellular teleost; i.e., no osteoblasts or osteocytes get entrapped in bone matrix.37,66,67 Instead, osteoblasts line the bone

surface, are highly polarized, and deposit matrix with restricted directionality, preventing their entrapping within matrix.68 In line with this,

col10a1-expressing osteoblast progenitors in WT/WT controls were always positioned at the surface of mineralized bone and never

embedded within matrix. In contrast, we observed that col10a1D633a mutant osteoblast progenitors were surrounded by mineralized matrix

in the vertebral column. In addition, the Golgi apparatus was aberrantly positioned in mutant cells. This suggested an impairment of cell po-

larity also in mutant osteoblast progenitors, resulting in dysregulation of polarized matrix secretion and consequently irregular bone matrix

formation.

Cell polarity is established andmaintained by asymmetric distribution of intracellular proteins, organelles, or subcellular processes. It high-

ly depends on the actin and microtubule cytoskeleton that facilitates organized organelle positioning, directs vesicular transport, and deter-

mines the orientation of cell division axes.69,70 Hence, proteins controlling cytoskeletal modeling and remodeling are critical regulators of cell

polarity. On the other hand, cell polarity is also influenced by extracellular cues from adjacent cells or the ECM, via activation of cell surface

receptors that trigger intracellular signaling cascades.71–73 Analysis of mutant col10a1:nlGFPmedaka cells that were isolated by FACS at pre-

symptomatic stages revealed a dysregulation of genes encoding cytoskeletal modulators and ECM components. Therefore, we concluded

that cell polarity in col10a1D633a mutant osteoblast progenitors and chondrocytes was impaired both cell-autonomously by dysregulation of

cytoskeletal regulators leading to a disorganized cytoskeletal network and non-cell-autonomously through disruption of the surrounding

ECM.Whether these defects occur simultaneously or successively remains to be investigated. Consequently, however, mutant cells exhibited

misaligned cell division axes and a loss of directional matrix secretion, which contributed to the deformation of skeletal structures.
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Our findings are in line with earlier reports that elevated ER stress levels and the UPR influence cell polarity either directly via transcriptional

modulation of cell polarity regulators or indirectly via modulation of factors influencing the cellular microenvironment. One example for a cell

polarity regulator is MIST1, which is activated by the XBP1-dependent UPR pathway.74 Likewise, ER stress has been reported to cause a reduc-

tion in the production of collagens,75 which has been shown to disrupt cell polarity.76,77 Taken together, our findings implicate the dysregu-

lation of cell polarity because of increased ER stress and as an underlying mechanism contributing to MCDS pathogenesis.
Early CBZ treatment alleviates ER stress and rescues cell polarity defects in col10a1D633a medaka mutants

Currently, no drug has been approved for therapeutic use to treat MCDS. However, CBZ, approved for the treatment of epilepsy and nerve

pain, is presently being repurposed and tested in a clinical trial for MCDS therapy. In MCDS mouse models and human cell cultures, CBZ

relieved ER stress by stimulating intracellular proteolysis.3,4 In addition, skeletal deformities in MCDSmice were rescued by CBZ treatment.3,4

Here, we show that CBZ treatment in heterozygous col10a1D633a medaka mutants recapitulated these responses, including reduction of ER

stress and rescuing skeletal deformities. Most importantly, however, we showed that early CBZ treatment also alleviated the dysregulation of

cell polarity modulators in heterozygous col10a1D633amutants. Previous studies had shown that CBZ functions as a sodium channel blocker78

as well as enhances autophagy and proteolysis, thereby reducing ER stress.3,4,53,79 However, so far, there are no reports on the influence of

CBZ on cell polarity. Hence, we hypothesize that, in CBZ-treated col10a1D633a medaka mutants, dysregulation of cell polarity was attenuated

via reduction of ER stress. Together, our data suggest that col10a1D633a medaka mutants are a suitable alternative platform for future MCDS

drug screens in vivo in a model that offers short generation time, high fecundity, and the possibility to perform live imaging of bone cell

behavior.
Limitations of the study

In this study, we used a medaka fish model to gain insights into molecular mechanisms underlying MCDS. Our finding that dysregulated po-

larity of col10a1-expressing cells coincides with skeletal irregularities in col10a1D633amedaka mutants opens the possibility that growth plate

irregularities in MCDS patients are also caused by polarity loss in hypertrophic chondrocytes. However, evidently, there are marked differ-

ences in endochondral ossification in mammals and teleost fish.80,81 Additional analysis is therefore warranted to uncover consequences

of impaired cell polarity in mouse models and human patients. This will likely also reveal novel targets for future MCDS therapies.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-c-Myc DSHB Cat# 9E10; RRID: AB_2266850

Mouse anti-GM130 BD Biosciences Cat# 610822; RRID: AB_398141

Rabbit anti-gamma-tubulin GeneTex Cat# GTX113286; RRID: AB_10725043

Goat anti-mouse Alexa Fluor 568 Abcam Cat# ab175473; RRID: AB_2895153

Goat anti-mouse Alexa Fluor 633 Invitrogen Cat# A-21052; RRID: AB_2535719

Goat anti-rabbit Alexa Fluor 633 Invitrogen Cat# A-21070; RRID: AB_2535731

Biological samples

Medaka embryonic, larval and adult tissue samples This paper N/A

Chemicals, peptides, and recombinant proteins

Carbamazepine Sigma Cat# C4024

Trypsin HyClone Cat# SH30042.01

Collagenase Sigma Cat# C2674

Calcein Sigma Cat# C0875

Alizarin Complexone Sigma Cat# A3882

Cas9 nuclease Integrated DNA Technologies Cat# 1081059

Critical commercial assays

Direct-zol RNA MicroPrep kit Zymo Research Cat# R2060

RevertAid First Strand cDNA Synthesis Kit ThermoFisher Scientific Cat# K1621

mMESSAGE mMACHINE SP6 kit Invitrogen Cat# AM1340

Deposited data

Raw and analyzed RNAseq data from purified

col10a1 cells of col10a1D633a medaka

mutants and wildtype siblings

This paper GEO: GSE233581

Experimental models: Organisms/strains

Medaka: Tg(col10a1:nlGFP) Renn et al., 2013 N/A

Medaka: Tg(osx:mCherry) Renn & Winkler, 2009 N/A

Medaka: col10a1D633a mutant This paper N/A

Oligonucleotides

CRISPR/Cas9 guide RNA for generating col10a1D633a

mutant: 5’-CCACTGCACTTTCTCTGGGTTCC-3’

This paper N/A

Forward primer for genotyping col10a1D633a mutant:

5’-GGCAGCCCCATTAAGTTCGACC-3’

This paper N/A

Reverse primer for genotyping col10a1D633a mutant:

5’-TGTCTCCGTTACAAAAGGTCACCG-3’

This paper N/A

RT-qPCR primers Table S1, this paper N/A

Primers for generating pCS2-myc-col10wt and

pCS2-myc-col10mut expression constructs

Table S1, this paper N/A

Recombinant DNA

Plasmid: pCS2-myc-col10wt This paper N/A

Plasmid: pCS2-myc-col10mut This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Fiji ImageJ Stemmer et al.82 https://fiji.sc/

Prism 7 GraphPad https://www.graphpad.com/

ExPASy Swiss Institute

of Bioinformatics

https://www.expasy.org/resources/translate

Clustal Omega Multiple Sequence Alignment European Molecular

Biology Laboratory

https://www.ebi.ac.uk/Tools/msa/clustalo/

#:�:text=Clustal%20Omega%20is%20a%20new,our

%20pairwise%20sequence%20alignment%20tools.

g:Profiler Buettner et al.83 https://biit.cs.ut.ee/gprofiler/gost

Bio-Rad CFX Maestro Bio-Rad https://www.bio-rad.com/de-de/sku/12013758-cfx-

maestro-software-2-3-for-windows-pc?ID=12013758

Imaris Oxford Instruments https://imaris.oxinst.com/

Adobe Photoshop CC Adobe https://www.adobe.com/products/photoshop.html
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, ChristophWinkler

(dbswcw@nus.edu.sg).

Material availability

Plasmids and medaka lines generated in this study are available upon request to the lead contact, Christoph Winkler (dbswcw@nus.edu.sg).

Data and code availability

� The RNAseq data have been deposited in the NCBI GEO database and is publicly available under the accession number GEO:

GSE233581. Microscopy data reported in this study will be shared by the lead contact upon request.
� No original code was used in this study.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fish lines and maintenance

All medaka lines were maintained and handled according to protocols approved by the Institutional Animal Care and Use Committee

(IACUC) of the National University of Singapore (NUS; protocol numbers: R18-0562, BR19-0120). 2 hpf, 8 hpf, 10 dpf, 12 dpf, 16 dpf, 18

dpf, 28 dpf, 3 mpf and 5 mpf medaka were used for experiments. Sex of medaka was not considered as a variable in this study. Transgenic

col10a1:nlGFP and osx:mCherry lines were previously described.28,32 The nlGFP in col10a1:nlGFP is leaky and hence, GFP is detected in both

nucleus and cytoplasm. For generation of the col10a1D633a medaka mutant, a CRISPR/Cas9 guide RNA (gRNA; 5’-CCACTGCACTTTCT

CTGGGTTCC-3’) was designed using CCTop82 and generated by Integrated DNA Technologies (IDT; Singapore) as crRNA. 36 ng/ml of

crRNA was co-injected with tracrRNA (67 ng/ml, IDT #1072533) and Cas9 nuclease (0.25 mg/ml, IDT #1081059) into the cytoplasm of one-

cell stage medaka embryos. Injected fish were genotyped by Polymerase Chain Reaction-Restriction Fragment Length Polymorphism

(PCR-RFLP) using the primer pair 5’-GGCAGCCCCATTAAGTTCGACC-3’ and 5’-TGTCTCCGTTACAAAAGGTCACCG-3’, and the restriction

enzyme BtsI (NEB #R0667). Amino acid sequence prediction and alignment were performed using ExPASy (Swiss Institute of Bioinformatics;

SIB) and Clustal Omega Multiple Sequence Alignment (European Molecular Biology Laboratory; EMBL), respectively.

METHOD DETAILS

Fluorescence-activated cell sorting and RNA sequencing

To isolate col10a1:nlGFP cells, fluorescence-activated cell sorting (FACS) was performed as described previously83 with slight modifications.

Briefly, thirty 10 dpf col10a1:nlGFP-expressing larvae were chosen by random selection and dissociated in 0.23 % trypsin (HyClone

SH30042.01) and 1.8 mg/ml collagenase (Sigma C2674), followed by FACS using a BD FACSAria II cytometer (BD Biosciences). RNAs from

FACS-isolated cells were purified using the Direct-zol RNA MicroPrep kit (Zymo Research R2060) following manufacturer’s instructions.

RNA sequencing and bioinformatics analysis were performed by Novogene (Singapore) and as described previously.84 GO term and

KEGG pathway analyses were performed on differentially expressed genes identified with a threshold of p<0.05, using g:Profiler (version
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e109_eg56_p17_1d3191d) with g:SCS multiple testing correction method applying a significance threshold of 0.05.85 Blinding was not per-

formed. RNA sequencing data are available in theNCBIGene ExpressionOmnibus (GEO) database under the accession numberGSE233581.

Quantitative PCR

For expression analysis by quantitative PCR, the Bio-Rad CFX96 Touch Real-Time PCR Detection System and PowerUp SYBR Green Master

Mix (Applied Biosystems A25742) were used. RNA from whole larvae at 10 dpf (20 larvae per biological replicate; larvae chosen by random

selection) and 18 dpf (7 larvae per biological replicate; larvae chosen by random selection), as well as gills dissected at 5 mpf (one gill per

biological replicate; fish chosen by random selection), were extracted using TRIzol (Invitrogen 15596-018) and reverse-transcribed using a

RevertAid First Strand cDNA Synthesis Kit (ThermoFisher Scientific K1621). b-actin was used for normalization. Primers used are listed in

Table S2. All experiments were performed with at least three biological replicates and three technical replicates per biological replicate.

Data analysis was performed using the Bio-Rad CFX Maestro software version 4.1.2434.232. Blinding was not performed. An unpaired Stu-

dent’s t-test was used for determination of statistical significance.

Generation of expression constructs and RNA injections

To generate pCS2-myc-col10wt and pCS2-myc-col10mut expression constructs, WT andmutant col10a1 coding sequences were PCR ampli-

fied from cDNA isolated fromWTmedaka and the col10a1D633a medaka mutant, respectively. By overlap extension PCR (86; primers listed in

Table S3), a Myc tag (sequence in Table S3; generated as a gBlock by IDT) was inserted in-frame and downstream of the signal peptide

sequence in both WT and mutant col10a1 coding sequences. Myc-tagged col10a1 sequences were then ligated to a pCS2+ vector down-

stream of an SP6 promoter via EcoRI (NEB R0101S) and XbaI (NEB R0145S) restriction sites. To generate capped mRNAs, expression con-

structs were linearized by XbaI and in vitro transcribed using the mMESSAGE mMACHINE SP6 kit (Invitrogen AM1340). 200 ng/ml of WT

or mutant col10a1 RNA was co-injected with 20 ng/ml of pmt-gfp RNA (kindly provided by Thorsten Wohland, National University of

Singapore;40) into a single cell of four-cell stage medaka embryos at 2 hpf. Injected embryos were fixed at 8 hpf for immunohistochemistry.

Carbamazepine treatment

Carbamazepine (Sigma C4024) was dissolved in 100 % DMSO to obtain stock concentrations of 1 mg/ml, 10 mg/ml and 20 mg/ml. Stock so-

lutions were stored at 4�C in the dark. To obtain working solutions with carbamazepine concentrations at 1 mg/l, 10 mg/l and 20 mg/l, the

1 mg/ml, 10 mg/ml and 20 mg/ml stock solutions were diluted 1000x using fish medium, respectively. For drug treatment, larvae were

immersed in carbamazepine working solution and kept in a 28�C incubator. Treatment with 0.1 % DMSO in fish medium was performed

as control.

In situ hybridization and immunohistochemistry

Whole-mount RNA in situ hybridization was performed as described.32 runx2,87 col10a1,88 and osx32 riboprobes were generated as described

previously. Immunohistochemistry was carried out on whole embryos and cryosections according to89 and,35 respectively. For immunohisto-

chemistry on whole embryos, specimens were first fixed in 4% paraformaldehyde (PFA)/1x PBS at 4�C overnight. Next, specimens were

washed with 1x PBST thrice (5 mins per wash at RT) and dechorionated manually using forceps. For immunohistochemistry on cryosections,

glass slides containing cryosections stored at -20�C were thawed at RT for an hour, followed by rehydration of cryosections with 1x PBST for

5 mins in a glass coplin jar. For blocking, both whole embryos and cryosections were incubated in 1x PBDT (0.5 % Triton X-100, 0.5 % Tween-

20, 2.5 % sheep serum, 1 % bovine serum albumin, 1 % DMSO, 1x PBS) for two hours at RT. After blocking, whole embryos and cryosections

were incubated in primary antibody solution at 4�C overnight. Primary antibodies used are as follows: mouse anti-c-Myc (1:100, DSHB 9E10),

mouse anti-GM130 (1:150, BD Biosciences 610822), rabbit anti-g-Tubulin (1:200, GeneTex GTX113286). Next, whole embryos and cryosec-

tions were washed with 1x PBST 5 times (5 mins per wash) and incubated in secondary antibody solution for two hours at RT. Secondary an-

tibodies used are as follows: goat anti-mouse Alexa Fluor 568 (1:500, Abcam ab175473), goat anti-mouse Alexa Fluor 633 (1:500, Invitrogen

A-21052) and goat anti-rabbit Alexa Fluor 633 (1:500, Invitrogen A-21070). Finally, stained specimens were washed with 1x PBST 5 times

(5 mins per wash), counterstained with DAPI (0.25 mg/ml; incubation for 10 mins at RT) andmounted in Mowiol 4-88 (Calbiochem) for imaging.

Bone and cartilage staining

In vivo staining of mineralized bonematrix in medaka larvae was performed as described in.90 Medaka larvae were incubated in the dark at RT

for two hours with either Calcein solution (0.01 % in fish medium; Sigma C0875) or Alizarin Complexone solution (ALC; 0.1 % in fish medium;

SigmaA3882). Stained larvaewere thenwashedwith fishmedium thrice at RT (15mins per wash) andmounted in 1.2% lowmelting agarose on

a glass bottom petri fish for fluorescence imaging. Staining of bone and cartilage in fixed medaka specimens was carried out according to.91

Specimens were first fixed in 4 % PFA/1x PBS for at least 2 hours at RT or overnight at 4�C. Fixed specimens were then washed with 1x PBST

thrice (10 mins per wash) on a rotator at RT. For fixed larvae bone staining, larvae were incubated in a staining solution containing 0.5 % KOH

and 0.05 % Alizarin Red S (Sigma A5533) for 2 hours in the dark at RT. For fixed larvae cartilage staining, larvae were incubated in a staining

solution containing 70% ethanol, 0.1MMgCl2 and 0.02%Alcian Blue (SigmaA3157) overnight in the dark at RT. For fixed adult bone staining,

adult medaka specimens were incubated in a staining solution containing 1%KOHand 1mg/ml Alizarin Red S overnight in the dark at RT. For

fixed adult cartilage staining, adult medaka specimens were incubated in a staining solution containing 20 % acetic acid, 80 % ethanol and
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0.15 mg/ml Alcian Blue overnight in the dark at RT. Stained specimens were washed in a series of 1 % KOH solutions with increasing glycerol

concentrations (25 %, 50 % and 75 %; 1 hour per solution) and incubated in 100 % glycerol for imaging.

Confocal and stereo-microscope imaging

For live imaging, larvae were anaesthetizedwith 0.016% Tricaine (SigmaMS-222) andmounted in 1.2% lowmelting agarose on a glass bottom

petri dish. Imaging was performed using the Olympus FluoView FV3000 confocal microscope, Zeiss LSM800 confocal microscope and Nikon

SMZ18 stereomicroscope equippedwith theNIS-Elements BR 3.0 software. Imageswere processed using ImageJ, Bitplane Imaris andAdobe

Photoshop CC 2018.

Correlative light-electron microscopy

For analysis of intracellular features in col10a1-expressing cells, gills of 3mpfmedakawere dissected and cryo-fixed byHigh Pressure Freezing

(HPF) Compact 01 system as described previously,92 with modifications. Briefly, dissected gills were mounted in 1.2% low melting agarose,

then placed on hexacidine-coated aluminum carriers and frozen by HPF. Cryo-fixed samples were next freeze-substituted using Leica EM

AFS2, and embedded in Lowricryl HM20 resin as described in.93 Briefly, freeze substitution was performed at –90�C for 48 to 58 hours using

0.1 % uranyl acetate in glass distilled acetone. Samples were then washed with acetone thrice at –45�C and incubated in increasing

concentrations of Lowricryl HM20 (10 %, 25 %, 50 %, 75 %; 4 hours per incubation) in acetone while temperature was raised to –25�C. UV
polymerization was then performed for 48 hours. Next, samples were sectioned at 70 nm thickness or otherwise stated with a Leica EM

UC6 ultramicrotome. Sections were first examined using an Olympus FluoView FV3000 confocal microscope for identification of co-

l10a1:nlGFP-expressing cells, and then imaged by a FEI Tecnai 120 keV transmission electron microscope (TEM) equipped with a 4k x 4k

CCD Ultrascan camera (Gatan). Confocal images were processed by Bitplane Imaris while TEM images were collected with Gatan

DigitalMicrograph.

Microtomography

For microfocus- and synchrotron-based X-ray tomographic microscopy, medaka specimens were fixed in 4% paraformaldehyde (Sigma), 1%

glutaraldehyde (Sigma), 0.02 M sodium dihydrogen phosphate monohydrate (NaH2PO4.H2O; Merck) and 0.08 M sodium phosphate dibasic

heptahydrate (Na2HPO4.7H2O; Merck) at room temperature overnight. Fixed specimens were stored in 70% ethanol and whole specimens

were imaged using the Zeiss Xradia 520 Versa 3D X-ray microscope at Naturalis Biodiversity Center, Leiden, The Netherlands. Specimens

were mounted in agarose and scanned at 40kV over 180� with 801 to 1601 projections. Exposure times ranging from 8 to 13 s resulted in

a voxel size of 4.82 to 48.18 mm. Synchrotron radiation X-ray tomographic microscopy (SRXTM) was used for regions of interest of critical point

dried specimens at the TOMCATbeamline, Swiss Light Source (SLS), Paul Scherrer Institut (PSI), Villigen, Switzerland. Acquisition of scans with

1501 projections over 180� using a 10x objective resulted in a voxel size of 0.65 mm. Energy settings ranging from 12 to 15 keV with exposure

timings of 220 to 350 ms were used. Volume renderings and images of tomographic slides were processed using the Avizo 9.5.0 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of biological replicates and description of statistical tests performed are available in the associated figure legend of the exper-

iment as well as in themain text of the paper. For RNA sequencing, three biological replicates were used forWT and two biological replicates

were used for mutants. For all RT-qPCR experiments, three biological replicates were used for both WT and mutants. For analysis of cerato-

branchial tortuosity, 10 biological replicates were used for both WT and mutants. Statistical analysis was performed using either GraphPad

Prism 7.0a or Bio-Rad CFX Maestro version 4.1.2434.232. For comparison between two groups, an unpaired Student’s t-test was used. For

comparison of three groups or more, the one-way ANOVA with Tukey’s multiple comparisons test was used. Significance levels are as indi-

cated: * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. All data are presented as mean G s.d.
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