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MOLECULAR BIOLOGY & GENETICS

Single-cell transcriptomes and runx2b—'— mutants reveal
the genetic signatures of intermuscular bone formation
in zebrafish

Chun-Hong Nie' 2, Shi-Ming Wan'-23T, Yu-Long Chen'-2f, Ann Huysseune®,
Ya-Ming Wu'2, Jia-Jia Zhou'-2, Alexandre Wagner Silva Hilsdorf°,
Wei-Min Wang'-2, Paul Eckhard Witten®, Qiang Lin3* and Ze-Xia Gao'-%:6-*

ABSTRACT

Intermuscular bones (IBs) are mineralized spicules, present in the myosepta of many, but not all, teleost
species. IBs are often small and sharp, and they consequently limit how the fish can be processed; the IBs
may cause injury or trauma if lodged in consumers’ throats or mouths, and therefore affect the appeal of the
fish to many consumers. The development of IBs in teleosts is still not fully understood and the molecular
basis of IB development remains to be established. Here, the characteristics of IB tissue are evaluated based
on single-cell transcriptomics in wild-type zebrafish. The analysis defined 18 distinct cell types.
Differentiation trajectories showed that IBs are derived from tendons and that a core tendon-osteoblast cell
lineage is related to IB formation. In particular, the functions of 10 candidate genes were evaluated via
CRISPR-Cas9 mutants. Among those, runx2b™/~ mutants completely lost IBs, while swimming
performance, growth and bone mineral density were not significantly different from runx2bt/ zebrafish.
Comparative single-cell RNA sequencing (scRNA-seq) analysis in runx2b~/~ and runx2b™/* zebrafish
revealed the role of osteoblasts in IB formation. In addition, differentially expressed genes were enriched in
the transforming growth factor 8/bone morphogenetic protein (TGF-8/BMP) pathway after runx2b
deletion. This study provides evidence for the crucial role of runx2b regulation in IB formation. Genetic
breeding can target runx2b regulation and generate strains of commercial fish species without IBs, which
can improve the safe consumption and economic value of many farmed fish species.

Keywords: teleosts, zebrafish, intermuscular bones, scRNA-seq, tendon-osteoblast cell lineage, runx2b,
genetic breeding

INTRODUCTION

Fish products are part of the healthy diet of billions
of people and represent an important source of

species are carps or their relatives (Cyprinidae),
which possess IBs (Fig. S1B and C). Removing the
IBs from the musculature during processing has
animal protein for consumers worldwide. Today, proven to be very difficult. Therefo're, developing a
to protect marine fish stocks, fish products must in- novel strategy for aquaculture species by advanced
creasingly come from sustainable aquaculture [1-4].
From 1961 to 2018, the fraction of farmed finfish in
per capita human consumption steadily increased
(Fig. S1A and Table S1) [S] and the consumption
of finfish has become indispensable for consumers
worldwide. Yet an important drawback for human
consumption is the presence of numerous intermus-
cular bones (IBs), located in the dorsal and caudal

muscle tissue. Nearly half of the top 20 farmed fish

breeding technology, to remove their IBs, would
represent a major breakthrough, eradicating all risk
of injury to consumers’ throats and/or digestive or-
gans [6-8]. Species such as grass carp (Ctenopharyn-
godon idellus), common carp (Cyprinus carpio), rohu
carp (Labeo rohita), tambaqui (Colossoma macrop-
omum) and blunt snout bream (Megalobrama
amblycephala) are candidates for such a strategy. Its
feasibility was brought to light by the identification,
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in one breeding population of tambaqui, of some
healthy individuals that lacked IBs, whereas individ-
uals normally possess a significant number of IBs [9].
Generally, IBs are regarded as ossified myoseptal
tendons. Amongst extant vertebrates, they occur
only in teleosts [7,10]. Within teleosts, IBs evolved
from being few in number in primitive taxa (e.g.
Leptolepids) to being abundant in more advanced
teleosts (e.g. Clupeiformes), and finally, to being
scarce or not present at all in even more advanced,
recently evolved teleosts (e.g. Acanthomorpha)
[7,10]. Given that more advanced teleost species
have lost IBs, uncertainties remain about the func-
tion of IBs. On the other hand, studies on the num-
ber, morphology and ossification processes of teleost
fish IBs have revealed that their development occurs
relatively independently from, and lags behind that
of, other bone elements [7,10,11]. Biologists have
also used a variety of techniques to explore the tis-
sue origin and differentiation characteristics of IBs
[8,12,13]. It was noted that the origin of IBs lies in
the intramembranous ossification of the myoseptal
tendon [7,10]. In mammals, the osteogenic differen-
tiation capacity of tendon progenitor cells has been
identified, providing novel insights into the origin
of the cells involved in IB formation in teleosts [ 14].
Transcriptome analysis in M. amblycephala has re-
vealed some candidate KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathways and key regula-
tion genes for IB formation [12,13]. Considering
that Scx promotes tendon stem cell development in
mice, scxa™’~ zebrafish were constructed. These dis-
played alower number of IBs and the reduced differ-
entiation ability of tendon progenitor cells, corrob-
orating the view that IBs originate from tendon pro-
genitor cells [8]. However, not only IBs, but also ribs
showed developmental defects in scxa™/~ zebrafish
[8,15], indicating that the key regulation factors
of IBs need to be further explored. Moreover, the
differentiation pattern and molecular mechanisms
underlying IB differentiation in teleosts, from ten-
don progenitor cells to osteoblasts, remain unclear.
To understand IB formation, we have turned to
the zebrafish (Danio rerio), not only for its status as a
model organism, but mostly because the zebrafish is
amember of the carp family (Cyprinidae) and shares
the IB type (epineurals and epipleurals) of farmed
carp species. Here, we present a single-cell transcrip-
tomic analysis of the intermuscular tissue (where the
IBs develop) of 60 dpf wild-type zebrafish, i.e. in the
phase of rapid growth and mineralization of IBs. The
aims were to acquire characteristic features at the
single-cell level and to elucidate the differentiation
trajectory of cell clusters related to IB formation.
Some putative key genes were screened based on
the cell differentiation trajectory of IBs and tendons,
followed by validation of their function through
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clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein
9 (CRISPR-Cas9) technology. Our findings can
provide important information for revealing the
molecular mechanism behind IB formation, with
major implications in the future for breeding farmed
fish strains without IBs.

RESULTS

ScRNA-seq reveals the cellular
composition of the region where IBs
develop

To analyze the cell diversity of the tissue where IBs
develop, transcriptomes of 13 075 cells from the tail
muscle of 60 dpf wild-type zebrafish (containing
typical IB types—epineurals and epipleurals) were
obtained through scRNA-seq (Fig. 1A). After the
transcriptomes were pooled and clustered, 18
distinct cell clusters were generated and visualized
using the uniform manifold approximation and
projection (UMAP) approach (Fig. 1B). Next, cell
identities were assigned based on marker genes
that were significantly expressed in specific clusters
(Fig. 1B, Fig. S2 and Table S2). Based on the expres-
sion pattern of specific marker genes (dlxSa, nog3,
etc.), we defined osteoblasts as being closely related
to IB formation (Fig. 1C and D, and Table S2).
Considering the potential differentiation between
IBs and tendons, we identified three tendon-related
cell clusters based on the high expression of tendon
markers (tnmd and collala). We further defined the
tendon progenitors based on the specific expression
of scxa, which promotes early tendon development.
In contrast, mature tenocytes were defined based on
a high expression of mkxa, and the remaining cells,
called differentiating tenocytes, were in a transitional
state of differentiation from tendon progenitors
to mature tenocytes according to the expression
distribution of tnmd, collala and scxa [16] (Fig. 1C
and D). More cell markers were identified, such
as omd and aspn, specifically expressed by mature
tendons and osteoblasts, respectively (Table S2).
Other cell populations were also annotated with
epidermal, immune and skeletal muscle-specific
gene signatures (Fig. 1 and Table S2).

Delineating the osteoblast differentiation
lineage and screening key genes
regulating IB development

To understand the origin of IB-related osteoblasts,
we delineated the osteoblast differentiation lineage

during IB development using a trajectory model
(monocle2) [17]. The pseudo-timing graphs and
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Figure 2. Differentiation trajectory construction of tendons and intermuscular bones, and screening of key regulators for IB formation. (A) Diffusion
map visualization of the tendon and IB trajectories simulated by monocle2 across tendon progenitors, mature tenocytes, differentiating tenocytes and
osteoblasts on the left. The corresponding diffusion pseudo-time is indicated in the bottom-left frame. A diffusion map visualization of each cluster is
shown on the right. (B) Heatmap of the gene expression (smoothed over three adjacent cells) in subsets ordered by the pseudo-time of mature tenocytes
and osteoblasts, as in (A); some curated genes are shown.

diffusion maps allowed us to reconstruct the dif-
ferentiation trajectory of tendon progenitors into
mature tenocytes or osteoblasts (Fig. 2A). Next,
we performed functional annotation for the marker
genes of the four cell clusters to explore their bi-
ological functions. Gene ontology (GO) analysis
showed that osteoblast cluster genes were enriched
in the following two terms: regulating anatomi-
cal structure development and multicellular organ-
ism development (Fig. S3A). By comparing the
expression patterns of these genes, we identified
genes that play a potential regulatory role in spe-
cific cell types, such as col12alb and col27a1b, which
were highly expressed in osteoblasts (Fig. S3B). We
also revealed mineralization-related genes that were
highly expressed in osteoblasts (entpdSa, sox11, etc.;
Fig. S3C) [18,19], as well as osteogenesis and ten-
don development regulatory genes revealed by ear-
lier studies [8,13,18-22]. KEGG analysis showed
that osteoblast cluster genes (id2a, thbslb, nog3,
nog2, tgfb3) were enriched in TGF-8/BMP path-
way signaling (Fig. S4D and Table S2). To further
address the molecular mechanisms of IB develop-
ment, we used more strategies to screen key genes
for IB formation. Previous studies have screened
ccn4b in relation to IB formation in tambaqui by
comparing natural mutant individuals (without IBs)
and wild individuals (with IBs) [9]. Some genes in-
volved in bone development (runx2, bmp2, enptds,
etc.) and tendon development (tnmd, collal, col2al,
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etc.) were also selected as the key candidate genes
involved in IB formation. Through analyzing their
expression patterns in the differentiation trajectory
from tendon progenitors to mature tenocytes or
osteoblasts, we identified 10 key candidate regula-
tory genes (runx2a, runx2b, sost, bmp2a, scpp1, spp1,
entpdSa, entpdSb, sox11b and ccn4b) for IB forma-
tion because of their high expression in osteoblasts
(Fig. 2B).

Loss of runx2b completely inhibits
IB formation

To further determine the key genes regulating IB for-
mation, we constructed zebrafish mutant lines for
10 candidate genes with the CRISPR-Cas9 method
(Table S3) to assess their function. Bone staining
showed that entpdSa="~ (40 dpf) and runx2b=/~
mutants totally lacked IBs, whereas the other eight
mutants had normal IB phenotypes at 90 dpf (Fig.
S4 and Table S4). Intriguingly, unlike entpdSa=/~
mutants, which died at ~40 dpf, the runx2b™/~ mu-
tants survived normally. Additionally, five-month-
old runx2 double mutants (runx2a™"~ /runx2b="")
not only completely lacked IBs, but their vertebrae
also showed severe curvature (Fig. SS). The phy-
logenetic and structural analysis of runx2 in dif-
ferent species showed that runx2b in fish with IBs
clustered independently from runx2 in fish without
IBs, while the AD, (Activating domain 2) showed
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obvious differences between fish with and without
IBs (Fig. $6). Gene structure analysis showed that
either a 21 bp deletion or a 5 bp insertion in the
3rd exon of runx2b resulted in significantly deviat-
ing runx2b protein and IB phenotypes compared to
that in the wild type (Fig. 3A and B). Micro com-
puted tomography (Micro-CT) and bone staining
showed that the IB was completely lost in mutants
(Fig. 3C-E, Figs S7 and S8). Alizarin red S and
Masson’s trichrome staining of transverse paraffin
sections also confirmed that calcified tissue was ab-
sent from the tendons of runx2b~/~ compared with
runx2b™/* zebrafish (Fig. 3F and G). The two mu-
tantlines (a21 bp deletionand a S bp insertionin the
3rd exon of runx2b) possessed the same phenotype
(completely lost IB), showing that the phenotypes
were indeed caused by loss of runx2b.

Next, we successfully used the CRISPR-Cas9
method to construct the Fy mutant of runx2b by
targeting three different sites in the farmed fish M.
amblycephala (Table S3). The mutation rate of each
target in 902 individuals was 21.95%, 25.94% and
18.07%, respectively (Table S4-2). We randomly se-
lected 54 Fy mutant fish at 70 dpf and Alizarin red
S staining showed obvious IB phenotype in the 6 Fy
mutants (11.1%) (Fig. 3H-I), with the IB number
being reduced by 5.6%-33.8% (Table S4-3). As it
takes two years for M. amblycephala to mature, an-
other four years will be needed to obtain homozy-
gous mutations of runx2b in this species. Neverthe-
less, the obvious IB phenotype in the Fy generation
strongly suggests that runx2b plays a key role in reg-
ulating the IB formation of fish.

Loss of runx2b produces no obvious
differences in development and growth
of other bones, swimming performance
or muscle nutrient content

Micro-CT analysis showed no differences in tissue
mineral density (TMD) between runx2b~/~ and
runx2b™/* zebrafish (Fig. 4A and B) for vertebrae,
ribs, haemal spines and neural spines (P > 0.05),
indicating that the loss of runx2b did not strongly
affect the mineralization of bones other than IBs.
Likewise, Alizarin red S staining and in vivo obser-
vations using green fluorescence showed that there
were no obvious differences in the skull between
runx2b=/~ and runx2b™/* zebrafish (Fig. S9A
and B). In addition, no significant differences in
the pattern and number of pharyngeal teeth could
be observed between runx2b~/~ and runx2b™/*
zebrafish (Fig. S9C and D).

Total muscle volume and body weight showed
no obvious differences between the runx2b™/~
and runx2b™/* zebrafish at 90 dpf (P > 0.05;
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Fig. 4C-E), whereas the body length of runx2b=/~
zebrafish was 5% greater than that of runx2b™/*
zebrafish (P < 0.05; Fig. 4F). The cross-sectional
area of the muscle fibers in mutant fish was larger
(P < 0.0S; Fig. 4G). The average swimming veloc-
ity in runx2b =/~ zebrafish at 30 dpfwas significantly
higher than that of runx2b™/* zebrafish, but without
significant differences at 60 dpfand 90 dpf (Fig. 4H).
Thus, our results showed that runx2b deletion has
no obvious adverse effects on zebrafish growth and
swimming performance.

To assess the nutrient content of the runx2b™/~
and runx2b*/T zebrafish, the amino acid (AA) and
fatty acid (FA) contents between runx2b™/~ and
runx2bt/* zebrafish were compared at 90 dpf, re-
spectively. Runx2b~/~ mutants had more abun-
dant monounsaturated FAs (MUFAs) and polyun-
saturated FAs (PUFAs), such as eicosapentaenoic
acid (EPA) (20:5n3) and oleic acid (18:1n9), than
runx2b™/T zebrafish (Fig. 41). For most of the iden-
tified AA content, the results showed no significant
differences between runx2b™/~ and runx2b™/*

brafish (Fig. 4]).

ze-

Osteoblasts are nearly absent in
runx2b—/~ mutants and the TGF-8/BMP
signaling pathway plays an important
role in IB formation

The absence of IBs caused by the decreased tran-
scription and translation levels of runx2b (Fig. SA
and Fig. S10A) is evidently accompanied by changes
in the expression of interacting regulatory factors.
To identify the gene expression profile after the loss
of runx2b, a bulk RNA sequencing analysis of the
tissue normally containing the IBs of runx2b*/*
and runx2b=/~
identified 655 differentially expressed genes, in-

zebrafish was conducted. We

cluding 395 downregulated and 260 upregulated
genes (Fig. S10B). Functional annotation further
revealed the key genes that were significantly
enriched in osteogenic differentiation pathways
(TGEF-B/BMP pathway, mitogen-activated protein
kinase (MAPK) signaling pathway, etc.; Table SS).
Through quantitative real-time PCR (qRT-PCR)
analysis, we verified the changes in expression of
these genes in relation to tendon development,
osteoblast differentiation and mineralization, such
as osterix, alpl, entpdSa and bglap, after runx2b
deletion (Fig. S11). In this way, we collected basic
molecular information to clarify the regulatory
mechanism of IB development.

To further investigate the effect of the absence of
runx2b on IB-related cell differentiation and prolif-
eration, we performed scRNA-seq on the tissue of
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D. rerio runx2b(-21bp).
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Figure 3. Gene structure and phenotypic characteristics of runx2b™+ and runx2b~/~ fish. (A) runx2b gene structure and RUNT
domain characteristics. CRISPR-Cas9 target sequences are marked as blue letters in the DNA sequences. Deleted nucleotides
are shown by - and inserted sequences are marked as " in runx2b~/~ zebrafish. (B) The runx2b protein structure. The 8-
sheet domain changed in runx2b~/~ zebrafish. The red area indicates the missing or changed amino acids in runx2b~~
zebrafish compared with those in runx2b*/* zebrafish. The a-helix is indicated in green; B-sheet is indicated in yellow;
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Figure 3. (Continued.) random coil is indicated in blue. (C) Micro-CT scan with a resolution under 6 em showing overall
skeletal structures. Regions of vertebrae 9-14 and 19-23 were scanned with micro-CT under 4 um resolution to show
details of the IBs. (D and E) Alizarin red S staining of the abdominal and caudal region. IBs (arrowheads) are lost in runx2b~~
zebrafish. (F) Masson’s trichrome staining of transverse paraffin sections. The general tissue organization is maintained in
runx2b~/~ zebrafish compared to that in runx2b*/+ zebrafish. (G) Transverse paraffin sections of the area normally containing
IBs (arrowheads) stained with Alizarin red S, indicated the loss of mineralized IBs in runx2b~/~ zebrafish. (H and 1) IBs
phenotype of runx2b Fy generation mutants in blunt snout bream. The IBs are partially lost in the tail and back parts of the
runx2b Fq generation mutants. The black arrowhead indicates mineralized IBs, while yellow arrowhead indicates incomplete

mineralized IBs.
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Figure 4. Comparison of characteristics of other bones, swimming performance and muscle nutrient content between runx2b*/* and runx2b=/~ ze-
brafish. (A and B) Tissue mineral density (TMD) value of six distinctive bone elements. (C and D) Quantification of muscle and fat volumes. (E and F) Body
weight and body length. (G) Muscle fiber area of tail muscles, calculated based on hematoxylin and eosin (HE)-stained sections. (H) Average swimming
velocity. (1) Fatty acid contents in the muscle tissue of zebrafish at 90 dpf. (J) Amino acid contents in the muscle tissue of zebrafish at 90 dpf. ns,
P> 0.05; *, P < 0.05.

origin of IBs in 60 dpf runx2b~/~ and runx2b™/*

zebrafish (Fig. S12). In the mutants, osteoblasts
had almost disappeared, and the percentages of
tenocyte subpopulations compared to the total cell
number also showed varying degrees of decline in
runx2b~/~ fish (Fig. 5B). Moreover, by compar-

b/t and

ing gene expression between the runx2
runx2b™/~ corresponding cell clusters (Table S6),
we found that apoptosis-associated genes (fsta, fos,
jun, fosab), a cell growth inhibitor (cgrefl) and
inflammation-related genes (fstl1b, il4r.1) were up-
regulated, whereas genes related to bone mineraliza-

tion (bmp2a, bmp2b, scppl, sppl, colla2, etc.) were
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downregulated in mutants (Fig. SC). This could
explain the significant decrease in the number of
osteoblasts in runx2b~/~ fish [23-25]. Moreover,
the functional annotation results showed that the
differentially expressed genes between runx2b™/*
and runx2b~/~ osteoblast clusters were significantly
enriched in the TGF-8/BMP pathway (Fig. S13),
including the upregulated genes idl, id3, pitx2 and
bmpS and the downregulated genes nog2, id2a and
thbs1b (Table S6), again revealing the key role of
the TGF-8/BMP pathway in IB development. In
addition, we conducted RNA interference and ex-
pression induction based on runx2b at the cellular
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Figure 5. Comparative transcriptome analysis of runx2b*/* and runx2b~'~ zebrafish, and overexpression and knockdown analysis of runx2b. (A) In situ
hybridization of runx2b in the tissue of origin of IBs (IBs, shown with arrowheads). The expression of runx2b was significantly reduced in runx2b="~
zebrafish. (B) UMAP visualization of tendon progenitors, mature tenocytes, differentiating tenocytes and osteoblasts in runx2bt/+ and runx2b=/~
zebrafish. The ratios of osteoblasts to the total number of cells in runx2b™/+ and runx2b=/~ zebrafish were 2.44% (340 cells) and 0.31% (34 cells),
respectively. (C) Violin plots showing expression of differentially expressed genes in each cluster related to IB formation between runx2b*/* and
runx2b~/~ zebrafish. (D, E) Overexpression and knockdown analysis of runx2b in B cells of M. amblycephala. The expression levels of genes related
to osteoblasts were detected by qRT-PCR. ANOVA (analysis of variance) was used to test the differences in expression. ns, P > 0.05; %, P < 0.05;
sx, P< 0.01; %%, P < 0.001.

level and found that the expression of tendon and
osteoblast marker genes was consistent with the ex-
pression changes of runx2b. For example, expres-
sion of the osteoblast transcription marker alpl was
significantly downregulated upon runx2b RNA in-
terference and upregulated in the SP (neuropeptide
substance P) induction experiment at the cellular
level (Fig. SD and E and Fig. S14 and 15). This clari-
fied the promoting effect of runx2b on osteoblast dif-
ferentiation and IB formation.

DISCUSSION

IBs, which are present in the muscle tissue of many
important farmed fish species, can be dangerous
for consumers as they can injure the oropharynx
[6-8]. Previously, a strategy has been devised to
mitigate the problem by breeding normal IB-free
individuals with advanced breeding technology.
This strategy became more promising with the
accidental discovery of individuals in a tambaqui
breeding population that had no IBs [9]. For a
controlled breeding of cyprinid fish species without
IBs, significant progress could be made by under-
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standing the mechanism of IB formation [8,13,26]
and by identifying the key genes that regulate
the process. Recent studies have demonstrated
the involvement of tendons and osteoblasts in IB
formation [8,27]. Here, we specifically identified
four cell clusters related to tendons and IBs (tendon
progenitor cells, mature tenocytes, differentiating
tenocytes and osteoblasts). We constructed the
pseudo-differentiated trajectory, showing that IBs
originate from the root state (tendon progenitors)
to the differentiating tenocyte, and finally differenti-
ate into osteoblasts, forming IB. This differentiated
trajectory not only provided indirect evidence for
the hypothesis that the IBs derive from tendons, but
also provided the theoretical basis for the study of
the molecular mechanism of IB differentiation.
According to our scRNA-seq analysis, we iden-
tified tendon progenitors, differentiating tenocytes,
mature tenocytes and osteoblasts related to IB
formation based on marker gene expression. scx is
a basic helix-loop-helix transcription factor that is
predominantly expressed in the tendon/ligament
cell lineage. scx is the earliest known marker for
tendon progenitor cells and positively regulates the
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expression of tnmd and colla in tenocytes [28,29].
entpdS serves as a marker for osteoblasts; it is
expressed in osterix-expressing cells and tissues
associated with skeletal mineralization [18]. TNC
(Tenascin C) is an extracellular matrix glycoprotein
involved in osteogenesis and bone mineralization.
Inhibiting tnc expression can decrease early marker
gene expression for osteoblast differentiation
(collal and alp) [30]. Here, we provide evidence
that entpdSa and tnc have a higher expression in
osteoblasts, further supporting that the osteoblasts
are involved in IB formation. Subsequently, a
pseudo-time atlas of the four cell groups revealed
the differentiation trajectory of tendon progenitors
into mature tenocytes or osteoblasts (Fig. 2).
Intriguingly, we found that a mesenchymal stem
cell (MSC) group with osteogenic potential did not
exist in the tissue containing IBs, indicating that IBs
might not derive from MSCs but from a tendon-
related cell subgroup. This result suggests that IBs
originate from tendon cells that differentiate into
osteoblasts.

Identification of the core cell differentiation
trajectory of IB formation provided us with
important information to further screen specific
regulatory genes. Mutants of 10 candidate genes
were constructed with the CRISPR-Cas9 gene edit-
ing method in zebrafish. We successfully obtained
runx2b~/~ mutant zebrafish strains without IBs and
with stable inheritance. runx2 is a well-known tran-
scription factor and has a crucial role in osteoblast
differentiation. It can bind osterix, alpl and collal
promoter sites as well as regulate the expression of
bone matrix genes (bglapl, sppl) [21,22,31]. As a
result of genome duplication in teleosts, zebrafish
have two orthologs of the mammalian runx2 gene,
runx2a and runx2b (19% difference at the amino
acid level), with similar but not identical expression
patterns during development [32]. The present
study showed the differences in IB phenotype
between runx2a (with IBs) and runx2b (without
IBs) zebrafish stable mutants. Unlike Runx2 mutant
mice, which are dead at the embryonic stage [33],
both runx2a and runx2b zebrafish mutants are
viable, fertile and display normal mineralization in
their skeleton, except for the IB defect in runx2b="~
zebrafish. This strongly suggests that runx2b is more
significant for IB formation or mineralization than
runx2a. Our expression analysis showed that alpl,
osterix, bglapl and sppl were significantly down-
regulated in runx2b~/~ zebrafish, indicating that
loss of runx2b in zebrafish can inhibit the normal
expression of osteogenic genes, thereby limiting the
formation and mineralization of IBs.

The TGF-f/BMP signaling pathway plays an im-
portant role in the regulation of osteoblast lineage-
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specific differentiation and later bone formation
[13,34], and interacts with various factors and path-
ways, including transcription factor runx2 [34]. Pre-
vious studies have demonstrated that scx and osterix
are mutually regulated by the activation of BMP sig-
naling [29]. Scxa mRNA was detected in various
skeletal elements of zebrafish, such as the intermus-
cular tendons at the vertical myosepta, the fin radi-
als and the joints in the fin rays [15]. Our previous
study showed that a loss of scxa in zebrafish results
in a defect of IBs and ribs and negatively regulates
genes of BMP signaling (bmp2a, bmp2b, etc.) [8].
Comparative transcriptome analysis at the tissue
and single-cell levels in this study showed that
many differentially expressed genes were signifi-
cantly enriched in the TGF-8/BMP pathway, in-
cluding bmpS$, id1, id2a, id3 and nog2, showing that
TGEF-B/BMP signaling might be involved in IB for-
mation. However, this work represents only a pre-
liminary attempt to reveal the significance of TGEF-
B/BMP signaling for IB formation based on scRNA-
seq. The actual regulatory relationships may be more
complex and thus, further validation assays will be
needed for revealing how TGF-B/BMP signaling
regulates IB formation.

Although the decisive role of runx2b in IB for-
mation was only confirmed in the model zebrafish
in this study, the similarity of development of IBs
in zebrafish compared to other aquaculture species,
especially carps, suggests the practical feasibility of
breeding IB-free aquaculture species through knock-
ing out runx2b. Zebrafish and carp species have the
same IB types, epineurals and epipleurals, which are
all ossified from anterior to posterior from ~20 dph
(days post-hatching) to 40 dph [35]. Moreover,
the complete absence of IBs has been identified in
tambaqui individuals from one breeding population
in Brazil, as well as in one gynogenetic grass carp (C.
idella) in China [36]. This suggests that the IB phe-
notype may be genetically controlled by one reces-
sive mutant allele due to homozygosity engendered
by gynogenesis, or by other, possibly environmental,
factors. Our attempts at generating IB-free indi-
viduals of the economically important aquaculture
species M. amblycephala have not reached the F,
generation with runx2b~/~ homozygous individuals.
Yet, the Fy population resulting from runx2b gene
editing already showed a significant decrease in IB
number. These results confirm the key role of runx2b
in IB formation. Nevertheless, the complexity of
regulatory mechanisms in different teleost fish taxa
may lead to limitations in the application of our
results. The skeletal development, growth, swim-
ming performance and muscle nutrient content in
the aquaculture species also need to be thoroughly
evaluated once IB-free strains are obtained.
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CONCLUSION

This study reveals that teleost IBs originate from
tendons in the skeletal muscle and that the differ-
entiation trajectory from tendon progenitors to
osteoblast lineage is key for IB formation. Large-
scale gene function analysis using CRISPR-Cas9
identified the crucial role of runx2b in IB formation.
Loss of runx2b significantly reduced osteoblast dif-
ferentiation and inhibited IB formation, potentially
providing a basis for breeding strains of farmed fish
without IBs. This would improve their safe consump-
tion. Our results also provide data and directions for
further studies. In particular, clarifying the specific
regulatory mechanism of TGF-8/BMP signaling
on IB formation could possibly provide additional
tools for a targeted prevention of IB development.

MATERIALS AND METHODS

A detailed description of the materials and methods
is available in the supplementary data.

DATA AVAILABILITY

The raw sequencing data of the scRNA-seq and bulk-
seq were submitted to National Center for Biotech-
nology Information (NCBI) under the accession
number PRJNA733247. All other supporting data
are available in the supplementary data.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.

ACKNOWLEDGEMENTS

We thank J.F. Gui, L. Zhou and J.G. Tong from the Institute
of Hydrobiology, Chinese Academy of Sciences, for advice, and
members of the Key Lab of Freshwater Animal Breeding of
Huazhong Agricultural University for their support.

FUNDING

This work was supported by the earmarked fund for China
Agriculture Research System (CARS-45-01), Hubei Hongshan
Laboratory (2021hszd001), National Natural Science Founda-
tion of China (31872559, 41825013 and U21A20263), Na-
tional Key Research and Development Program of China
(2018YFD0900102), Laboratory for Lingnan Modern Agricul-
ture (NZ2021011), Special Project of Science and Technology
Innovation of the Ministry of Education (2021ZL08), Wuhan
Applied Foundational Frontier Project (2020020601012253)
and Key Research Program of Frontier Sciences of CAS (ZDBS-
LY-DQC004).

Page 10 of 11

AUTHOR CONTRIBUTIONS

7.X.G. and Q.L. designed and supervised the project. C.N.,, S.W.,
Y.C,AH,].Z.and YW. performed the experiments. C.N., S.W.
and Y.C. analyzed the data. C.N,, SW,, Y.C,, WW. and Z.X.G.
wrote the manuscript. Q.L., AH.,, PEW.,, AW.S.H. and ZX.G.

reviewed and edited the manuscript.

Conflict of interest statement. None declared.

REFERENCES

1. Golden CD, Koehn JZ and Shepon A et al. Aquatic foods to nour-
ish nations. Nature 2021; 598: 315-20.

2. Harness the world’s ‘blue’ food systems to help end hunger.
Nature 2021; 597 303.

3. Lynch AJ, Elliott V and Sui CP et al. Inland fish and fisheries
integral to achieving the sustainable development Goals. Nat
Sustain 2020; 3: 579-87.

4. Yue GH and Wang L. Current status of genome sequencing and
its applications in aquaculture. Aquaculture 2017; 468: 337-47.

5. FAQ. Fishery and Aquaculture Statistics. Rome: Food and Agri-
culture Organization of the United Nations, 2020.

6. Stokstad E. Tomorrow’s catch. Science 2020; 370: 902-5.

7. Patterson C and Johnson GD. The intermuscular bones and lig-
aments of teleostean fishes. Zoology 1995; 559: 1-85.

8. Nie CH, Wan SM and Chen YL et al. Loss of scleraxis leads
to distinct reduction of mineralized intermuscular bone in ze-
brafish. Aquacult Fish 2021; 6: 169-77.

9. Perazza CA, Menezes de Bezerra JT and Sterman Ferraz JB
et al. Lack of intermuscular bones in specimens of Colossoma
macropomun. an unusual phenotype to be incorporated into ge-
netic improvement programs. Aquaculture 2017; 472: 57-60.

10. Danos N and Ward AB. The homology and origins of intermus-
cular bones in fishes: phylogenetic or biomechanical determi-
nants? Bio J Linn Soc 2012; 3: 607-22.

11. Lv YP, Bao BL and Jiang Y et al. Comparative analysis of inter-
muscular bones in lower teleosts. J Fisheries China 2007; 31:
661-8.

12. Nie CH, Wan SM and Liu YL et al. Understanding the develop-
ment of intermuscular bones in teleost: status and future direc-
tions for aquaculture. Rev Aquacult 2020; 12: 759-72.

13. Wan SM, Yi SK and Zhong J et al. Dynamic mRNA and miRNA
expression analysis in response to intermuscular bone develop-
ment of blunt snout bream (Megalobrama amblycephala). Sci
Rep 2016; 6: 31050.

14. Tan Q, Lui PPY and Rui YF et al. Comparison of potentials of stem
cellsisolated from tendon and bone marrow for musculoskeletal
tissue engineering. Tissue Eng Part A2012; 18: 840-51.

15. Kague E, Hughes SM and Lawrence EA et al. Scleraxis genes
are required for normal musculoskeletal development and for
rib growth and mineralization in zebrafish. FASEB J 2019; 33:
9116-30.

16. Huang AH, Lu HH and Schweitzer R. Molecular regulation of
tendon cell fate during development. J Orthop Res 2015; 33:
800-12.


https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwac152#supplementary-data
http://dx.doi.org/10.1038/s41586-021-03917-1
http://dx.doi.org/10.1038/d41586-021-02476-9
http://dx.doi.org/10.1038/s41893-020-0517-6
http://dx.doi.org/10.1038/s41893-020-0517-6
http://dx.doi.org/10.1016/j.aquaculture.2016.10.036
http://dx.doi.org/10.1126/science.370.6519.902
http://dx.doi.org/10.1016/j.aaf.2020.04.006
http://dx.doi.org/10.1016/j.aquaculture.2016.05.014
http://dx.doi.org/10.1111/j.1095-8312.2012.01893.x
http://dx.doi.org/10.1111/raq.12348
http://dx.doi.org/10.1038/srep31050
http://dx.doi.org/10.1038/srep31050
http://dx.doi.org/10.1089/ten.tea.2011.0362
http://dx.doi.org/10.1096/fj.201802654RR
http://dx.doi.org/10.1002/jor.22834

20.

21.

22.

23.

24,

25.

26.

Natl Sci Rev, 2022, Vol

.Yu K, Hu Y and Wu F et al. Surveying brain tumor heterogeneity by

single-cell RNA-sequencing of multi-sector biopsies. Nat/ Sci Rev 2020; 8:
1306-18.

. Huitema LF, Apschner A and Logister | et al. Entpdb is essential for skeletal min-

eralization and regulates phosphate homeostasis in zebrafish. Proc Nat/ Acad
Sei USA 2012;109: 21372-7.

. YuF, WuFand Li F et al. Wnt7b-induced Sox11 functions enhance self-renewal

and osteogenic commitment of bone marrow mesenchymal stem cells. Stem
Cells 2020; 38: 1020-33.

Zhou N, Li Q and Lin X et al. BMP2 induces chondrogenic differentiation, os-
teogenic differentiation and endochondral ossification in stem cells. Cell Tissue
fles 2016; 366: 101-11.

Zhu M. Bone gain and loss: insights from genomes and fossils. Nat/ Sci Rev
2014; 4: 490-2.

Kramerova |, Kumagai-Cresse C and Ermolova N et al. Spp1 (osteopontin) pro-
motes TGFB processing in fibroblasts of dystrophin-deficient muscles through
matrix metalloproteinases. Hum Mol Genet 2019; 28: 3431-42.

Deng W, Wang L and Xiong Y et al. The novel secretory protein CGREF1 in-
hibits the activation of AP-1 transcriptional activity and cell proliferation. /nt J
Biochem Cell Biol 2015; 65: 32-9.

Xu C, Jiang T and Ni S et al. FSTL1 promotes nitric oxide-induced chondro-
cyte apoptosis via activating the SAPK/JNK/caspase3 signaling pathway. Gene
2020; 732: 144339.

Nelms K, Keegan AD and Zamorano J et al. The IL-4 receptor: signaling mech-
anisms and biologic functions. Annu Rev Immunol 1999; 17: 701-38.

Nunes JRS, Pértille F and Andrade SCS et al. Genome-wide associa-
tion study reveals genes associated with the absence of intermuscu-
lar bones in tambaqui (Colossoma macropomum). Anim Genet 2020; 51:
899-909.

27.

28.

29.

30.

31.

32.

33.

34.

36.

.9, nwac152

Chen J, Chen Xand Huang X et al. Genome-wide analysis of intermuscular bone
development reveals changes of key genes expression and signaling pathways
in blunt snout bream (Megalobrama amblycephala). Genomics 2021; 113: 654—
63.

Murchison ND, Price BA and Conner DA et al. Regulation of tendon differ-
entiation by scleraxis distinguishes force-transmitting tendons from muscle-
anchoring tendons. Development 2007; 134: 2697—708.

Takimoto A, Kawatsu M and Yoshimoto Y et al. Scleraxis and osterix antagonis-
tically regulate tensile force-responsive remodeling of the periodontal ligament
and alveolar bone. Development 2015; 142: 787-96.

Umezu-Goto M, Kishi Y and Taira A et al. Autotaxin has lysophospholipase
D activity leading to tumor cell growth and motility by lysophosphatidic acid
production. J Cell Biol 2002; 158: 227-33.

Chen Z, Song Z and Yang J et al. Sp7/osterix positively regulates dix2b and
bglap to affect tooth development and bone mineralization in zebrafish larvae.
J Biosci 2019; 44: 127.

Meulen TVD, Kranenbang S and Schipper H et al. Identification and characteri-
sation of two runxZhomologues in zebrafish with different expression patterns.
Biochim Biophys Acta 2005; 1729: 105-17.

Komori TH, Yagi H and Nomura ST et al. Targeted disruption of Cbfa1 results in
a complete lack of bone formation owing to maturational arrest of osteoblasts.
Cell1997; 89: 755-64.

Chen G, Deng C and Li Y et al. TGF-B and BMP signaling in osteoblast differ-
entiation and bone formation. /nt J Biol Sci2012; 8: 272—-88.

. Nie CH, Chen ZX and Dai CJ et al. Ossification patterns of intermuscular bones

in different fish species. Acta Hydrob Sin2018; 42: 131-7.

Xu XF, Zheng JB and Qian YQ et al. Normally grown and developed intermus-
cular bone-deficient mutant in grass carp, Ctenopharyngodon idellus. Chin Sci
Bull 2015; 60: 52—7.

Page 11 of 11


http://dx.doi.org/10.1093/nsr/nwaa099
http://dx.doi.org/10.1073/pnas.1214231110
http://dx.doi.org/10.1073/pnas.1214231110
http://dx.doi.org/10.1002/stem.3192
http://dx.doi.org/10.1002/stem.3192
http://dx.doi.org/10.1007/s00441-016-2403-0
http://dx.doi.org/10.1007/s00441-016-2403-0
http://dx.doi.org/10.1093/nsr/nwu062
http://dx.doi.org/10.1093/hmg/ddz181
http://dx.doi.org/10.1016/j.biocel.2015.05.019
http://dx.doi.org/10.1016/j.biocel.2015.05.019
http://dx.doi.org/10.1016/j.gene.2020.144339
http://dx.doi.org/10.1146/annurev.immunol.17.1.701
http://dx.doi.org/10.1111/age.13001
http://dx.doi.org/10.1016/j.ygeno.2020.09.062
http://dx.doi.org/10.1242/dev.001933
http://dx.doi.org/10.1242/dev.116228
http://dx.doi.org/10.1083/jcb.200204026
http://dx.doi.org/10.1007/s12038-019-9948-5
http://dx.doi.org/10.1016/j.bbaexp.2005.03.008
http://dx.doi.org/10.1016/S0092-8674(00)80258-5
http://dx.doi.org/10.7150/ijbs.2929
http://dx.doi.org/

