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Abstract: In recent decades, many studies using the zebrafish model organism have been performed.
Zebrafish, providing genetic mutants and reporter transgenic lines, enable a great number of studies
aiming at the investigation of signaling pathways involved in the osteoarticular system and at the
identification of therapeutic tools for bone diseases. In this review, we will discuss studies which
demonstrate that many signaling pathways are highly conserved between mammals and teleost and
that genes involved in mammalian bone differentiation have orthologs in zebrafish. We will also
discuss as human diseases, such as osteogenesis imperfecta, osteoarthritis, osteoporosis and Gaucher
disease can be investigated in the zebrafish model.
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1. Introduction

A peculiar feature of vertebrates is bone, a rigid but dynamic tissue giving support to the organism
body structure from the inside. Vertebrate skeletons are remarkably similar. Centuries-old studies
of fossils and bone morphology have demonstrated that skull, vertebrae, and appendicular skeleton
originate from identical bones in fish, amphibians, reptiles, and mammals [1,2]. The predominant
types of skeletal tissues, bone and cartilage, and the main categories of skeletal cells (chondroblasts,
chondrocytes, osteoblasts, osteocytes, osteoclasts) are present in teleost as wells as in mammals [3].
Both humans and zebrafish develop endochondral and dermal bones as well as cartilage that persist
in the adult [4]. Bone is formed after condensation of mesenchymal stem cells (MSCs), which can
then undergo two main processes: dermal or intramembranous ossification, involving the direct
differentiation of condensed MSCs into osteoblasts, and endochondral ossification, involving MSC
differentiation into chondrocytes and formation of a cartilage template that will thereafter be replaced
or surrounded by bone [5]. Although zebrafish develop a simple pattern of early larval cartilages and
bones, this is just the early basic skeletal pattern that is highly conserved among all vertebrates [6].
However, we will report how similarities and differences are nano (molecules) - and macro (bone
structure)-scale dependent, and how they reflect either aquatic or terrestrial living environments.

In recent years, genetic studies in humans, mice, and zebrafish have revealed that such similarities
at the morphological and cellular level actually reflect homologies at the molecular level in the
underlying mechanisms of skeletal morphogenesis [7]. In fact, complete zebrafish genome sequencing
and analysis revealed that 71.4% of human genes have at least one ortholog in zebrafish [7], including
bone-related genes. Zebrafish have a very small size, and females may deliver up to 100 eggs per
week; 48 h after fertilization, all common vertebrate body features are visible. Bone formation steps
can be followed in a more complete way than by using an in vitro system (e.g., iPSCs). Thanks to the
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transparency of embryos which develop outside the mother’s body, zebrafish allow performing of
in vivo fluorescence imaging to monitor skeletogenesis and the crosstalk between bone cells, unlike
other animal models, such as mouse and rat. Genome editing is also feasible in a rapid and precise
manner, thus granting the production of models for various pathologies, including those related to
bone [8]. Moreover, large clutches allow high-throughput drug or biomolecule screening in an easier
manner compared to murine models: this possibility is very useful for studying pro-osteogenic or
osteotoxic molecules [9].

In this review, we will discuss studies which have demonstrated that the major signaling pathways
are highly conserved between mammals and teleost, and that the key regulators of skeletal development
in mammals have orthologs in zebrafish, sharing significant sequence similarities and overlapping
expression patterns [5,10,11]. Thus, zebrafish turns out to be an attractive and simple model to generate
genetic mutant and fluorescent reporter transgenic lines. Such models allow numerous studies
revealing genes and signaling pathways involved in cartilage/bone development and homeostasis as
well as genetic mutations associated with bone diseases in humans, such as osteoporosis, osteoarthritis,
osteogenesis imperfecta, and others.

2. Search Strategy

Studies related to cell signaling occurring in zebrafish bone formation were selected from public
databases. We identified 429 full articles by consulting the following databases: PubMed, Web of
Science, and Scopus. The search string used in all databases was zebrafish AND bone/OR mesenchymal
cells/or osteoblasts/or skeletal. We then eliminated sorted duplicates and screened article abstracts for
consistency with our review topic. A total of 62 articles related to the aim of the review were finally
cited and reported in the References section.

3. Skeletal Tissue and Bone Formation

The skeletal cells and ossification process in zebrafish are similar to those of higher vertebrates.
However, the zebrafish skeleton comprises a smaller number of cells.

The regulation of craniofacial development is conserved, and craniofacial elements present in
zebrafish are similar to those of other vertebrates. It has been shown that craniofacial mesenchyme
originates from the neural crest and paraxial mesoderm [12]. This dual origin significantly helps tracking
in vivo tissues interactions as well as gene expression modulation in the formation of craniofacial
structures. For example, it has been observed that the cranial neural crest cells originate from the
neural ectoderm, in particular, from the dorsal and lateral region, and they are visible in embryos
at 12-hour post-fertilization (hpf) [12]. Proteins of the Wnt family control, at least in part, the fate of
neural crest cells during a pre-migration state [13].

Bone development in zebrafish reflects the mammalian process, since the same key regulator genes
take part in osteoblast differentiation in both kinds of organisms. First of all, the mammalian Runx2
gene is highly conserved and has two orthologs in zebrafish, runx2a and runx2b [10]. The presence of
these two isoforms in zebrafish is the consequence of a specific genome-wide duplication in teleost [7]
which show a pseudotetraploid genome. Duplicate genes have been retained through evolution when
having divergence either in function or in the expression pattern [14]. Interestingly, while information
is lacking on maternal Runx2 role in mammalian oocytes, the fundamental role of maternal zebrafish
runx2b is in ventral organizer formation during dorsoventral patterning of the embryo, and skeletal
development has been shown to precede the zygotic expression of runx2a and runx2b [10]. Runx2b is
under the negative control of twist1a and twist1b genes which are zebrafish orthologs of mammalian
Twist coding for regulatory bHLH proteins [15,16].

Most zebrafish bones, with the exception of parasphenoid, show the sequential transcriptional
hierarchy required for mammalian osteoblast differentiation. Three overlapping stages [11], each one
characterized by a distinctive marker, can be recognized: an early stage with preosteoblast marker
genes runx2a and runx2b expression; an intermediate stage with osterix gene expression; a mature
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stage with late differentiation marker expression: osteocalcin, osteonectin, collagens and other bone
matrix genes [11,17]. The sequential activation of these genes coincides with the downregulation
of early and intermediate markers and with the maintenance of downstream genes expression in
mature osteoblasts.

In more detail, the initial maternal expression of runx2b is followed by the expression of embryonic
runx2a [10]; both genes are expressed in cartilage and bone primordia. Thereafter, at 36 hpf osterix
(0sx) is expressed in the whole bony skeleton, together with runx2a and runx2b. osx is the zebrafish
ortholog of another well conserved “bone gene”, called Sp7 in mammals. Sp7/osterix is a zinc finger
transcription factor expressed specifically by osteoblasts: it plays an essential role in the differentiation
and maturation of osteoblasts and in osteocytes formation [18]. Finally, at the mature stage (by 120
hpf), expression of the two runx2 and osx genes declines, while their target genes, coding for bone
matrix proteins (among them collagens, osteonectin (0sn) and osteocalcin [11]) are switched on. In
the intermediate and late stages of osteoblasts differentiation, Tcf7, mediator of the WNT signaling
pathway in zebrafish, also shows increased expression in developing dermal bones as well as cvi2,
mediator of the BMP pathway, which is present also in all bone primordia [11]. Collagens are produced:
collagen type I and collagen type II are the principal components of cartilage, minor collagens such as
type X and XI help to stabilize the structure [19]. In zebrafish, col10ala is an ortholog of mammalian
Col10al encoding the alpha chain of type X collagen, a short collagen chain expressed in hypertrophic
chondrocytes during endochondral ossification; in zebrafish it is a direct downstream target of osx [20].

Hedgehog is another important signaling pathway involved in osteoblast differentiation and
mineralization. Hedgehog is upregulated by Gli2; it stimulates osteoblast development and
mineralization acting on autophagy. In fact, in zebrafish osteoblasts, the Hh signaling pathway
is an upstream inhibitor of atgb gene, while the autophagic pathway inhibits osteoblast-related
proteins Osterix, BMP2, and Col10al [21]. Furthermore, Shh (Sonic Hedgehog) stimulates osteoblastic
differentiation and bone formation, upregulating Sp7 [21] which, in turn, directly upregulates
col10al [20].

A sharp increase in the expression of genes coding for bone matrix proteins such as Sparc, Bglap,
Spp1, and Colla2 is appreciable up to 7 dpf (day post fertilization), followed by a strong decrease:
this indicates that bone matrix is mostly formed at 7 dpf and that further ossification is mainly
due to mineral deposition. Accordingly, the strong decrease in osx expression suggests osteoblast
differentiation decreases [22].

The most important genes involved in bone formation are summarized in Table 1.

A well-known and highly appreciated feature of zebrafish is transparency at early stages. Along
with easy genetic manipulation, it has prompted the generation of transgenic reporter lines that
allow following the dynamics of cells and marker gene expression in vivo. In fact, for most of the
main genes involved in bone formation, a transgenic reporter line exists, e.g., coll0ala:Citrine and
Col2ala:mCherry [23], sp7:GFP and sp7:mCherry, and BMP:GFP, to cite just some of them [24].

Table 1. Genes involved in bone formation in zebrafish.

Gene/Protein Role Reference

Runx? Transcrlptlpn factor that triggers me.zsen.chymall stem cell [10,25]

commitment towards osteogenic differentiation
Twist Regulation of skeletal develqpment and dorsoventral [15,16]
patterning
Sp7/Osterix Transcription factor, Rt_mx? down_str.eam regulator of [18,20,26]
osteogenic differentiation
Bglap/Osteocalcin Bone mineralization-related gene [25]

Gli2 Gene involved in hedgehog (Hh) signaling regulating [21,27,28]

osteoblast differentiation
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Table 1. Cont.

Gene/Protein Role Reference
Sparc/Osteonectin Bone mineralization-related gene [11,29]
Collala, Collatly l;ﬂ,eCIollaZ/Collagen Bone ECM most abundant protein [30]
shox/SHOX
(short-stature Regulator of cell proliferation and bone differentiation [31,32]
homeobox-containing gene)
akt2 Promotes bone development [33]
BMPs (bone morphogenetic Group of growth factors promoting the formation of bone [34-37]
proteins) and cartilage :
Fgf8a [Fibroblast growth factor Regulates skeletal genes expression [38]
Entpdb/Ectonucleoside triphosphate . . N
diphosphohydrolase 5 Regulates phosphate homeostasis for skeletal mineralization [39]
g Coding for “unique cartilage matrix associated protein”
Grp-5/ UCMA required for skeletal development 401
Coding for Yes-associated protein (YAP) and transcriptional
YAP/TAZ genes coactivator with PDZ-binding motif (TAZ)- [41]

Hippo pathway transcriptional co-activators involved in
osteoblast differentiation

4. Genes Involved in Bone Formation and Zebrafish Models

Runx2 gene has been investigated using a mouse-zebrafish hybrid panel (runx2a) and a 1-month
old zebrafish cDNA library (runx2b) [10]. In wild type zebrafish embryos, it has been demonstrated
that Runx2 is the dorsoventral patterning maternal factor [25]. Four twist genes (namely twist 1a,
twist1b, twist2, twist3) have been detected by screening a 48 h embryonic expression library [15]. twist1a,
twist1b, twist2 are orthologs of the mammalian genes twist1 and twist2 [15] but not twist3. Importantly,
a morpholino-mediated twist gene knockout in zebrafish has shown that both twist 1a and twist 1b
but neither twist 2 nor twist 3 are crucial for correct skeletal development [16]. Niu et al. applied the
genome-editing tool TALEN to create a zebrafish sp7 mutant line, providing a useful tool to investigate
the SP7/Osterix gene [20]. The authors so demonstrated that sp7/osterix regulates col10ala expression
in zebrafish [20]. In addition, by applying the CRISPR/Cas9 genome-editing tool, two additional
knockout SP7 lines were obtained which contributed to demonstrate that SP7 regulates dlx2b and bglap
genes expression and, consequently, tooth development and mineralization [26]. Importantly, by using
transgenic line and chemical interference approaches, Felber et al. demonstrated that Osterix expression
is regulated by FGF and Wnt/B-Catenin signaling during the osteogenic differentiation [27]. Hedgehog
(Hh) signaling pathway is involved in osteogenic differentiation as well. It has been observed, by using
zebrafish larvae models and transgenic zebrafish line Tg (-2.2col10ala:GFP), that Hh signaling regulates
osteogenic differentiation by affecting the autophagic process [21]. Hh signaling is also involved in
the caudal fin endoskeletal primordium patterning, as demonstrated by using the 2.2shh:gfp:ABC#15
transgenic line [28] as well as in perichondral osteoblast differentiation as demonstrated by using the
patched mutants (ptc1™1%02 and ptc24222) [27]. As described above, the osteogenic differentiation
process in zebrafish larvae can be split in three stages on the basis of gene expression patterns [11].
The same pattern occurs in mammals. Intriguingly, by performing morpholino-based knockdown
with antisense oligonucleotides, Rotllant et al. demonstrated that sparc is expressed in a temporally
and spatially specific manner, and that this gene is strongly expressed during the development of the
inner ear and in pharynx cartilage [29]. As for collagen, the most abundant bone matrix protein in
mammals, three genes, collala, collalb, and colla2 coding for collagen type I «1, 3, and «2 chains,
respectively, are present in zebrafish [30]. It has been demonstrated that these three collagen type I
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genes are expressed in a similar spatiotemporal manner during zebrafish development, suggesting
their coregulation and interdependence [30].

It has been demonstrated in morpholino-mediated knockdown of zebrafish that the expression of
shox gene can inhibit early osteogenic differentiation in order to maintain embryonic osteoprogenitor
cells [31]. Sawada et al. demonstrated that shox expression is also involved in the calcification process
during late osteogenic differentiation [32]. Another gene involved in zebrafish bone development is
akt2, which plays an important role in the regulation of different processes in mammals. By using
CRISPR/Cas9 technology, Zhang and coworkers generated akt2-KO zebrafish and demonstrated that
akt2 is necessary for fin ray development, but not for cartilage maturation [33]. Interestingly, the authors
suggested akt2 to play divergent roles in mice and zebrafish, respectively, despite its evolutionary
conservation [33].

To investigate the role of BMPs (bone morphogenetic proteins), different studies have been
performed in the zebrafish model. By extracting total RNA from zebrafish embryos and larvae, it has
been demonstrated that bmp3 is involved in the arch skeletal system development [34]. Studies of fin
sections obtained after 48 to 72 h amputation of zebrafish treated with BMPR (BMP receptor) inhibitor
led to the conclusion that BMP regulates negatively the Wnt/3-catenin pathway in regenerating
osteoblasts [35]. The role of brmpla in osteoblast differentiation has been demonstrated in zebrafish
frilly fins mutant, which is characterized by an impaired ossification [33]. On the other hand,
morpholino-based knockdown of bmp2, bmp4, and bmp7 caused mild dorsalization [37]. Moreover,
BMPs together with fibroblast growth factors (FGFs) and WNT as well as Hh proteins regulate head
bone and cartilage formation in mammals [38]. In humans, FGFs act as autocrine, paracrine, or
endocrine factors. Among them, FGF8 plays an important role in the pharyngeal arches and palate
formation [38]. Gebuijs and coworkers found a size reduction in eight of the nine craniofacial cartilage
structures in zebrafish mutant line fgf821282; they also observed that nine mineralized structures
were totally o partially absent in homozygous or heterozygous larvae [38]. A double-mutant nob/dgf
embryo, generated by the no bone (n0b) mutant, characterized by the absence of mineralization, and
the dragonfish (dgf) mutant, characterized by craniofacial and axial skeleton ectopic mineralization,
encoding a loss-of-function allele of the ectonucleotide pyrophosphatase phosphodiesterase 1 (enpp1),
clarified that Entpd5 plays an important role in mineralization and in phosphate homeostasis in
zebrafish [39]. Among cartilage proteins, UCMA (or GRP), a y-carboxyglutamate (Gla) protein, has
been investigated in zebrafish by using morpholino-based knockdown [40]. The structure of the ucma
gene is highly conserved in mammals and zebrafish: the latter have two genes, ucmaa and ucmab, both
expressed in the skeletal tissue [40]. However, ucmaa knockdown impairs skeletal development and
leads to a reduction of aggrecan and collagen II content in cartilage [40].

Fin amputation in zebrafish has allowed for in depth examination of the different mechanisms
and cellular pathways. The study of Hippo pathway activators YAP and TAZ in fin during osteogenic
regeneration demonstrated that YAP induces osteoblast differentiation through the modulation of Bmp
signaling [41].

Due to the growing interest in zebrafish as a model for bone formation and homeostasis,
the number of available transgenic lines and reporters has been increasing in recent times. In
addition to the models reported above, other tools are currently used to investigate the role
of bone related genes in zebrafish [24]. To name but a few examples, the transgenic lines
Tg(5xBMPRE-Xla.Id3:GFP) for studying BMP responsive elements, TgBAC(col1l0ala:Citrine) for
studying collagenl0ala, Tg(Col2alaBAC:mCherry) for studying collagen2ala, TgBAC(ctsk:Citrine) for
studying cathepsin k, an enzyme involved in osteoclast activation, Tg(rankl:HSE:CFP) for studying
rankl, a cytokine involved in osteoblast-osteoclast crosstalk.

5. Techniques for the Study of Bone Formation and Homeostasis in Zebrafish

Specific technical approaches have been developed to investigate osteogenesis in the zebrafish
model. Larvae are very useful for studying bone formation. As zebrafish larvae are transparent and
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develop very quickly, they can be dynamically observed in vivo by using fluorescent transgenic lines
to investigate early steps of skeletal formation.

Osteoblasts and osteoclasts must be monitored in order to evaluate bone homeostasis. Both these
cell types can be labeled and observed in vivo by using osteoblast reporters (i.e., sp7) and osteoclast
reporters (i.e., ctsk). Furthermore, simple staining techniques, e.g., Alizarin Red (AR) or Calcein staining
which mark calcification areas, or Alcian blue that stains cartilage, represent additional investigative
tools [24]. Fin regeneration assays, performed by using excised fins, associated with in vivo staining
methods, such as AR (red fluorescence) and Calcein staining (green fluorescence), are very useful to
study either dedifferentiation or differentiation processes as well as to assay bioactive molecules [24].
If, on the one hand, studies related to bone cells differentiation can be easily performed in zebrafish
larvae by using transgenic reporters lines, then investigations of skeletal disorders associated to human
adult phenotypes, on the other hand, need to be performed on the adult zebrafish skeleton. Therefore,
histological staining, which allows visualization of osteoblasts, osteoclasts, and osteocytes, is often
used. Frequently used techniques are in situ hybridization to detect osteoblast marker mRNAs (e.g.,
osterix, bglap mRNAs), or osteoclast markers (e.g., ctsk mRNA) as well as assays for the detection of
alkaline phosphatase (ALP) activity in osteoblasts or of tartrate-resistant acid phosphatase (TRAP)
activity in osteoclasts [42,43]. Osteocytes can be observed in hematoxylin—eosin-stained sections of
mineralized bone matrix [44].

X-ray imaging techniques, such as radiographs, micro-computed tomography (uCT) or synchrotron
equipped pCT technologies (SR-uCT) can be used to nondestructively investigate the fish. Moreover,
X-ray imaging preserves samples for additional investigations (e.g., histology).

6. Bone Remodeling

Bone remodeling is a delicate and complex process for tissue homeostasis maintenance. Osteoblasts
(bone forming cells) and osteoclasts (bone reabsorbing cells) are guided by mechanosensitive osteocytes
embedded in the mineralized matrix [45].

For a long time, mice and rats have been the elective animal models for studying bone remodeling.
In the last years, teleost ray-finned fish species have been used as well, thanks to the highly conserved
skeleton [46]. Zebrafish skeleton shows similarities and differences when compared to the mammalian.
Differences can be drawn on the basis of functional requirements, since terrestrial mammals are
characterized by quadru- and bipedalism features. In addition, gravitational forces exerted on
mammals and on fish are quite different, consequently affecting the remodeling processes in different
ways. In fact, the zebrafish skeleton, being in an aquatic environment, is subjected to a lower mechanical
load, although swimming can affect skeletogenesis in larvae [47] and bone remodeling in adults [45].
The adaptation to mechanical loading consequent to bi-quadrupedalism of terrestrial mammals is
reflected by a different mineral density [48].

Skeleton hierarchical structure is the same in zebrafish and mammals. Therefore, the similarities
and differences between zebrafish and mammalian skeleton are nano (molecules) - and macro (bone
structure)-scale dependent [8]. At nanoscale levels, bone is constituted by a mineralized organic matrix
which is primarily composed of collagen type I, while in humans, collagen type I is a heterotrimeric
molecule [x1(I); «2(I)], in zebrafish, collagen type I is composed of three different « chains, x1(I), x2(I),
and «3(I) [30]. At macroscale levels, it is important to report that endochondral bones prevail in human
skeleton, while in zebrafish, cartilaginous bones are limited to the craniofacial skeleton. In addition,
cortical bone is not present in zebrafish and hematopoietic bone marrow is not bone-encapsulated in
zebrafish [8].

During the transparent early life stages, the zebrafish allow for analysis of the developing osseous
structures. In addition, teeth replacement throughout life and the regeneration of skeletal structures,
such as scales and fin rays occurring in zebrafish, make it a precious model for evaluating the remodeling
process [45]. A major player in this process is RANKL, which is produced by osteoblasts, and induces
osteoclast maturation and activation by binding their surface receptor RANK [49]. Osteoblasts produce
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also osteoprotegerin, OPG, which in turn can act as a RANKL decoy receptor and, competing with
RANIK, prevent bone resorption [50]. OPG protective action is exerted either by blocking osteoclasts’
maturation or by reducing their survival [50]. Interestingly, by studying the remodeling process in
zebrafish, it has been demonstrated that osteoclasts control bone metabolism through the expression of
semaphorin 4D, another player involved in this complex cellular crosstalk, which is induced by static
acceleration [51]. Osteoclastic semaphorin 4D suppresses bone formation in humans too [52].

Zebrafish may represent a useful model to study mechanical properties of bone cells and skeletal
and cartilage tissues. As reported above zebrafish, compared to mammals, are exposed to a lower
mechanical loading but a higher mechanical stimulation, since they grow and live in the presence of a
constant water flow. It is possible to mimic exercise and mechanical stimulation by modulating the
water flow in proper machineries in order to monitor bone adaptation in response to musculoskeletal
exercise, i.e., higher bone formation rate and higher bone mineralization [45]. Furthermore, zebrafish
allow also to study microgravity effects on bone physiology by means of clinorotation experiments,
which simulate the weightlessness condition experienced by astronauts in the space, but also the
effects of prolonged bed immobilization. These experiments demonstrate a quite fast and significant
decrease in bone formation in zebrafish larvae affecting FOS-JUN transcription factor complex and
cAMP-responsive CREB1/CREM pathway [22].

7. Bone Regeneration

In mammals, the capacity to repair bone defects is limited because of restricted osteoblast
potentiality, particularly reduced in the elderly and in pathological conditions [53-55] is and completely
absent in case of large bone lesions or appendage amputation. By contrast, zebrafish is able to regenerate
a variety of tissues, including bone, and whole body parts such as fins—following amputation—by
completely and repeatedly restoring size, shape, and tissue patterning [56]. After fin amputation, mature
osteoblasts dedifferentiate into preosteoblasts by losing the mature osteoblast marker bglap/osteocalcin
and then migrate toward the amputation/regeneration site, where they re-differentiate, maintaining
their commitment to the osteoblast fate. The transcriptional pattern hierarchy seen before is conserved,
with the expression of runx2 strongly activated after 2 days, osterix at day 3, and subsequent induction
of osteocalcin/bglap at days 5-6 followed by the downregulation of early and intermediate markers [17].
Dedifferentiation of osteoblasts is inhibited by NF-kB signaling. In differentiated bglap-expressing
osteoblasts NF-kB is active, but it is inhibited following fin amputation, along with bglap expression;
thereafter, dedifferentiated osteoblasts start to express preosteoblast markers [57].

At the fin amputation injury site, however, zebrafish present also regenerative growth with de
novo osteoblasts differentiation from osteoblast progenitor cells (OPC). OPCs derive from embryonic
somites and express matrix metalloproteinase 9 (mmp?9); they are located in bone-forming tissue niches
and migrate to the regeneration site, starting to express differentiation markers such as osx/Sp7. [58].

While the molecular mechanisms underlying fin regeneration (either from mature osteoblasts
differentiation or from de novo osteoblasts production) mainly reflect those of development, substantial
differences are to be found in adult zebrafish jaw regeneration. Zebrafish jaw is normally formed
by intramembranous ossification; however, following resection, it is rebuilt through a cartilage
intermediate. The periosteum, which produces osteoblasts under adult homeostasis conditions,
starts producing chondrocytes, which express high levels of osteoblast-associated genes in contrast to
what happens during development. Furthermore, Indian hedgehog a (Ihha), which is dispensable
during customary chondrogenic development, turns out to be essential for inducing chondrogenic
differentiation in the periosteum after injury [59].

The Hippo pathway is involved both in bone formation and repair by acting on commitment
and differentiation of the osteoblast lineage [60]. It has been suggested that the Hippo pathway
transcriptional co-activators YAP and TAZ maintain progenitor cells pluripotency and prevent
osteoblast maturation [61]. On the contrary, other studies have suggested that the Hippo pathway
stimulates osteoprogenitor cells differentiation and bone formation both in vitro and in animal
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models [62,63]. However, the different cell signaling effects promoted by Hippo pathway might
vary in a context-dependent manner [64]. In this regard, a zebrafish regeneration model has been
used to clarify Hippo pathway’s role in the differentiation and maturation of osteoblast lineage [41].
The authors, by using the zebrafish caudal fin regeneration model, addressed a new mechanism
promoted by Hippo-Yap pathway, suggesting Yap involvement in the signaling cascade regulating
osteoprogenitor maintenance and subsequent cell differentiation. In particular, they demonstrated that
osteoprogenitors rack up, and their differentiation is prevented when Yap is inhibited. On the contrary,
Yap expression induces Bmp?2a production in mesenchymal cells located in proximal regions, thus
enabling BMP signaling activation in adjacent osteoblasts, promoting their maturation [41].

8. Zebrafish and Human Bone Diseases

Zebrafish can be studied in the adult stage: this is an additional and interesting advantage since
most skeletal disorders in humans appear in adults rather than in embryos. Furthermore, the zebrafish
model often allows the study of homozygous mutants for genes, the mammalian orthologs of which
are lethal: in this way, it is possible to investigate gene functions that cannot be addressed otherwise.

This is the case of sp7 —/— zebrafish mutants which have the deletion of all three zinc-finger
domains of Sp7 and are a model of a severe recessive form of human osteogenesis imperfecta (type XII,
OMIM# 613849) which, instead, is characterized by the deletion of only the last zinc-finger domain.
Zebrafish sp7 —/~ mutant can survive up to one year (adulthood) with severe bone and cartilage defects,
while the corresponding murine model dies within 15 minutes from birth as a result of respiratory
failure due to the lack of thoracic bones. The zebrafish model also allowed for the discovery that in
adults, Sp7 directly regulates col10al expression by binding to the two Sp1 sites in its promoter region.
Sp7 regulation of COL10A1 gene had never been observed in mammals [20].

Another recessive form of OI (OI type XIII OMIM#614856) 1 is due to mutations in BMP1 gene,
coding for a protease which is essential for the formation of mature collagen.

A zebrafish model for this condition is the frilly fins mutant [36] which shows delayed ossification
and abnormalities of the vertebrae, revealing that BMP1 is required to produce mature osteoid [46].

Zebrafish Chihuahua (chi/+) is a popular model for dominant OL. It carries a heterozygous glycine
substitution in collal, orthologous to the human COL1A1 gene, encoding the «1(I) chain. Glycine
substitutions in either COL1A1 or COL1A2 genes are involved in the majority of dominant OI cases in
humans [65]. Phenotypic and molecular analysis, radiological screening of bone abnormalities [65]
and micro-computed tomography (micro-CT) of skeletal morphology and bone microstructures [66]
have demonstrated the suitability of zebrafish chihuahua as an animal model for human dominant OI.

Interestingly, a syndromic form of OI (Cole-Carpenter syndrome 2, OMIM#616294) characterized
by disturbed ossification and craniofacial malformations, has been ascribed, upon whole exome
sequencing, to compound heterozygous mutations in SEC24D gene [67]. SEC24D encodes a member
of the COPII machinery, which is involved in procollagen I export from the endoplasmic reticulum.
Once again, the corresponding zebrafish Sec24d mutant (bulldog) has been very useful since its cellular
and morphological features mimic the human phenotype.

As for other connective tissue disorders, it is worth mentioning col11a2 —/— zebrafish mutants,
which are vital until adulthood (contrarily to KO mice). They may represent a model for Stickler
syndrome (OMIM#604841) and early onset osteoarthritis. This zebrafish model also allows to investigate
the ancillary role of collagen type XI: the reciprocal interaction is important in order to maintain the
diameter and spacing of type II collagen fibrils. In fact, even though type II collagen expression is
not affected by Col11a2 knockdown, its organization is largely impaired within 7dpf. The mutant
phenotype shows alterations of jaw and joint morphology during development, leading to premature
onset of OA in the adult, with abnormal collagen organization, degeneration of joint cartilage, and loss
of joint space [19].
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Studies have revealed that genes such as Mcf2l, Pthrp, Col2al, and Col9a2, associated with
osteoarthritis, are dynamically expressed during zebrafish development. The expression pattern of
Mcf2l, a guanine nucleotide exchange factor, has been identified for the first time in zebrafish [23].

Other rare diseases inducing osteosclerosis have been studied using a zebrafish model. Gaucher
disease, for example, has been studied with a transient Gbal knockout embryo. The aim was to clarify
the molecular basis of the disease, considering that an impairment of osteoblastic activity associated to
enhanced macrophage-dependent bone resorption might be a possible pathogenetic mechanism [68,69].

Among human skeletal disorders with the highest impact on life quality of affected people
and healthcare costs, osteoporosis (OP) holds a prominent place. This degenerative bone disease is
characterized by reduced bone mineral density (BMD) and bone mass (BM) with brittle bones prone to
fracture; zebrafish turns out to be a very useful model for studying this [24]. A study on zebrafish
helped to unravel the role of Smad9 as a downstream inhibitor of the BMP signaling pathway and
reducer of osteoblast activity, providing evidence that Smad9 can be used as anabolic target for the
treatment of osteoporosis. A loss-of-function SMAD9 mutation reduces BMP inhibition which, in turn,
allows enhanced bone formation through the positive regulation of RUNX2 by BMP2 [70]. OP-like
symptoms can also be induced in wild type or bone transgenic zebrafish using the glucocorticoid
dexamethasone; this model has been extensively used in recent years to test potential pharmacological
treatments, which in zebrafish, can be easily performed on a large scale. Resveratrol [71], flavonoids [72],
alendronate, and several kinase inhibitors acting on bone mineralization [73] have been tested among
other potential treatments.

A degenerative skeletal disease such as osteoarthritis has been investigated using for example
Mcf21, Gdf5, Col9a2, col11a2 zebrafish mutants [74]. On the other hand, ptk7 mutants have been studied
as models for idiopathic scoliosis [75], confirming the utility of zebrafish models in functional studies
of genes involved in skeletal diseases.

9. Conclusions

In conclusion, zebrafish is an excellent model organism for the study of the osteoarticular system
(Figure 1), both at the embryonic and at the adult state, for distinct and complementary reasons that
we have discussed in this review.

1. BONE FORMATION 5. PHARMACOLOGICAL TREATMENTS
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Figure 1. Zebrafish is a suitable tool for the study of cell signaling in bone, starting from the bone
formation mechanism which recapitulates mammals molecular pattern involving orthologous genes
runx2a/runx2b, osterix (osx) and downstream genes coding for bone matrix proteins (e.g., osteonectin



Cells 2020, 9, 1911 10 of 14

(osn), osteopontin and collagens), (1). Mammalian bone homeostasis and remodeling processes are
recapitulated in zebrafish, since they involve the same molecular pathway: high levels of RANKL
produced by osteoblast (ob) bind to RANK receptor on preosteoclasts inducing osteoclast (oc) maturation
and consequent bone reabsorption. Osteoprotegerin (OPG) inhibits RANKL-RANK binding by acting
as decoy receptor allowing osteocyte maturation and thus bone formation (2). Notably, a very peculiar
characteristic in zebrafish is the ability to regenerate entirely functional appendages after injury, such as
the caudal fin after cut (3). Regeneration is accomplished by dedifferentiating mature osteoblasts into
precursors and resetting the bone formation signaling pattern made of sequential activation of runx2,
osx, and genes coding for bone matrix proteins. Zebrafish also grants feasible genetic manipulation
and investigations in the adult stage at bearable costs. This is a valuable advantage since some human
degenerative skeletal disorders are phenotypically evident in adults. Zebrafish mutants for human
bone disorders can be generated at ease and furthermore studied also in the homozygous condition,
which may result lethal in the mammalian orthologs (4). In this way, it is possible to investigate gene
functions that cannot be addressed otherwise and also to test possible pharmacological treatments both
in the adult and larval stages in a high number of individuals (5). Created with BioRender.com.
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