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Abstract: Jawed vertebrates (gnathostomes) have been the dominant lineage of deuterostomes for
nearly three hundred fifty million years. Only a few lineages of jawless vertebrates remain in com-
parison. Composed of lampreys and hagfishes (cyclostomes), these jawless survivors are important
systems for understanding the evolution of vertebrates. One focus of cyclostome research has
been head skeleton development, as its evolution has been a driver of vertebrate morphological
diversification. Recent work has identified hyaline-like cartilage in the oral cirri of the invertebrate
chordate amphioxus, making cyclostomes critical for understanding the stepwise acquisition of ver-
tebrate chondroid tissues. Our knowledge of cyclostome skeletogenesis, however, has lagged behind
gnathostomes due to the difficulty of manipulating lamprey and hagfish embryos. In this review,
we discuss and compare the regulation and histogenesis of cyclostome and gnathostome skeletal
tissues. We also survey differences in skeletal morphology that we see amongst cyclostomes, as few
elements can be confidently homologized between them. A recurring theme is the heterogeneity
of skeletal morphology amongst living vertebrates, despite conserved genetic regulation. Based
on these comparisons, we suggest a model through which these mesenchymal connective tissues
acquired distinct histologies and that histological flexibility in cartilage existed in the last common
ancestor of modern vertebrates.

Keywords: cartilage; vertebrates; evolution; cyclostomes; differentiation; comparative morphology

1. Introduction

The evolution of vertebrates involved substantial elaboration of the ancestral chordate
body plan. Many of these changes were made possible by the origin and deployment of
neural crest cells (NCCs), which migrate throughout body and differentiate into a variety
of tissues [1–5]. The major derivative of cranial NCCs is cartilage, the structural basis of the
developing head skeleton. While it has been demonstrated that cartilage was likely present
in the last common ancestor of chordates [6–8] and possibly metazoans [9], the vertebrate
lineage has considerably expanded its deployment, providing the initial scaffolding for
the head and limb skeletons. Even in bony vertebrates (Osteichthyes), cartilage persists in
areas of the skeleton, particularly in most joints, where it is known as articular cartilage.
On the molecular and histological levels, these cartilage cells (chondrocytes) contrast
with those of their non-chordate counterparts, as the cells are more compact, produce a
thicker extracellular matrix (ECM) of proteoglycans and collagens, and embed themselves
into said ECM [10]. The origin of the vertebrate lineage also coincides with genome
expansion, as they are thought to have collectively undergone at least one whole-genome
duplication and likely segmental duplications as well [11–15]. This suggests that the novel
composition of vertebrate cartilage and its deployment may have been partly driven by
the evolution of new vertebrate genes [16]. Learning how the ancestral chondrocyte gene
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regulatory network (GRN) has been modified over evolutionary time is thus important for
our understanding of cartilage development, deployment, and maintenance.

Unfortunately, the diversity of living vertebrates, which is dominated by gnathos-
tomes, cannot provide us a complete explanation for the stepwise acquisition and modifi-
cation of the cartilaginous skeleton. An important evolutionary event associated with the
skeleton was the origin of the jaw, a modification of the first pharyngeal arch. Changes in
the dorsoventral patterning of this arch is thought to have contributed to the formation of
a medial joint which helped facilitate respiration as well as the capture of prey [17–21]. Ad-
ditionally, it has been suggested that new skeletal cell types had evolved as well to support
the joint, composed of articular cartilage surrounded by the synovium [20]. The evolution
of the jaw thus provides one opportunity to understand the overall evolution of vertebrate
chondrocytes, and related cell types. Unfortunately, the vast majority of extant vertebrates
have jaws and therefore tell us little about this stepwise process. The few remaining jawless
vertebrate taxa are known as cyclostomes, and they are an important lineage for under-
standing the evolution of vertebrate chondrogenesis. This superclass consists of lampreys
and hagfishes of approximately 110 species, and great progress has been made in recent
decades to understand their development. The evolutionary relationship between lampreys
and hagfishes was contentious for decades, with classical morphological analyses placing
hagfishes as a sister clade to lampreys and gnathostomes [22,23]. However, both molecular
and morphological data in recent years confidently support lampreys and hagfishes as a
monophyletic group. [24–29]. These species are very distantly related nonetheless, with
modern estimates suggesting a divergence likely more than four hundred million years
ago [30]. Fossil cyclostomes like Priscomyzon riniensis [31,32] and Myxinikela siroka [33,34]
suggest that the adult morphology of lampreys and hagfishes has been largely conservative
for at least three hundred million years and that many these differences in form may have
arose not long after their divergence. In our understanding of the stepwise evolution of
the vertebrate skeleton, we are therefore presented with two challenges: (1) identifying
core conserved features of vertebrate skeletal tissue; (2) identifying features that are likely
evolutionary novelties in both jawed and extant jawless vertebrates.

To accomplish this, a comprehensive analysis of chondrogenesis in both cyclostomes
and gnathostomes chondrogenesis is needed. While data from jawed vertebrates are abun-
dant, we have considerably less information from lampreys and hagfishes. The objective of
this review is to summarize and detail these findings, from the initial morphological and
histological findings of the 19th century to more recent work with gene expression and
other genetic and molecular methods. The wealth of gnathostome data can be a framework
for comparing cartilage development in both lineages, providing insights not only into
chondrogenesis in general but also the development of related connective tissues. Between
the archetypal hyaline cartilage of gnathostomes as well as other cartilages and cartilage-
like tissues, we see many shared characteristics with the cyclostome skeleton. Overall, we
see an intrinsic malleability of the vertebrate chondrocyte GRN, with varying features of
non-skeletogenic connective tissues. These comparisons indicate that skeletal heterogeneity
was likely a feature in the last common ancestor of gnathostomes and cyclostomes, and
these cell types have inherent similarities with tissues like the perichondrium and tendons.

2. Overview of the Cartilaginous Skeleton of Lampreys and Hagfishes

There are vast differences between the head skeleton of cyclostomes and gnathos-
tomes, enough so that few elements of the differentiated head skeleton can be confidently
homologized between the two groups [35,36]. Even within cyclostomes, skeletal anatomy
differs considerably (Figure 1), but they are thought to be derived from similar develop-
mental precursors [35,36]. It has been proposed that the cyclostome skeleton is divided into
seven components of either neural crest or mesoderm origin: emanating from the neural
crest would be the anterior nasal cartilages, post-hypophyseal cartilages, mandibular, velar,
and branchial cartilages, while the mesoderm would give rise to the trabeculae and otic
capsules (Figure 1) [2–4,35–37].
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spond to distinctions in cartilage type. Solid color: hard cartilage. Color with black stripes: soft car-
tilage. White with colored spots: cartilage-like tissues. Cartilage distinctions for larval and adult 
lampreys are adapted from Parker (1888) and Johnel (1948) illustrations and descriptions. Cartilage 
distinctions for hagfishes are adapted from Cole (1905) illustrations and descriptions. Keywords: 
BA: branchial arches; Hy: hyoid; LA: lingual apparatus; NA: neural arches; NC: nasal cartilage(s); 
Otc: otic capsule; PHP: post-hypophyseal processes; Tr: trabecula; VB: velar bar. 

The anterior nasal cartilages and post-hypophyseal cartilages are of great interest in 
the evolution of jaws, as they originate from the pre-mandibular neural crest, a lineage of 
NCCs which is thought to have sparsely contributed to the ancestral vertebrate head skel-
eton [37]. While the anterior nasal cartilages of lampreys comprise a single nasal capsule, 
they are part of a more elaborate nasal skeleton in hagfish of several ring cartilages sur-
rounding a rostrally-projected nasal duct. The post-hypophyseal cartilages in both line-
ages, although similarly abundant, serve different functions. The post-hypophyseal skel-
eton of hagfishes largely supports the nasal duct and the sensory tentacles while the 
equivalent cartilages in lampreys support the feeding apparatus. Although the anterior 
nasal cartilages and post-hypophyseal cartilages are a potential synapomorphy of the cy-
clostome lineage or symplesiomorphic for all vertebrates, the differences between these 

Figure 1. Overview of cyclostome cartilaginous head skeletons. (A) Larval lamprey. (B) Adult lam-
prey. (C) Adult hagfish. Colors correspond to suggested tissue contributions. Red: Pre-mandibular
neural crest. Green: Mandibular/Post-mandibular neural crest. Blue: Mesoderm. Textures corre-
spond to distinctions in cartilage type. Solid color: hard cartilage. Color with black stripes: soft
cartilage. White with colored spots: cartilage-like tissues. Cartilage distinctions for larval and adult
lampreys are adapted from Parker (1888) and Johnel (1948) illustrations and descriptions. Cartilage
distinctions for hagfishes are adapted from Cole (1905) illustrations and descriptions. Keywords: BA:
branchial arches; Hy: hyoid; LA: lingual apparatus; NA: neural arches; NC: nasal cartilage(s); Otc:
otic capsule; PHP: post-hypophyseal processes; Tr: trabecula; VB: velar bar.

The anterior nasal cartilages and post-hypophyseal cartilages are of great interest in
the evolution of jaws, as they originate from the pre-mandibular neural crest, a lineage
of NCCs which is thought to have sparsely contributed to the ancestral vertebrate head
skeleton [37]. While the anterior nasal cartilages of lampreys comprise a single nasal
capsule, they are part of a more elaborate nasal skeleton in hagfish of several ring cartilages
surrounding a rostrally-projected nasal duct. The post-hypophyseal cartilages in both
lineages, although similarly abundant, serve different functions. The post-hypophyseal
skeleton of hagfishes largely supports the nasal duct and the sensory tentacles while the
equivalent cartilages in lampreys support the feeding apparatus. Although the anterior
nasal cartilages and post-hypophyseal cartilages are a potential synapomorphy of the
cyclostome lineage or symplesiomorphic for all vertebrates, the differences between these
tissues in lampreys and hagfishes leave us unable to determine the ancestral distribution
for these cartilages.

Another intriguing feature that is shared in cyclostomes is the lingual apparatus, a set
of cartilages which use a pulley-like motion for feeding. A paired set of keratinous teeth
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rests on top of the anterior end of the lingual apparatus. Lampreys have additional medial
teeth which are dorsal to those. Although hagfish developmental studies support that the
lingual apparatus is derived from the mandibular arch [35,36], it remains unclear from
which exact pre-metamorphic ammocoete structures the adult lamprey lingual cartilages
are derived. The presence of a tooth-covered “tongue” skeleton for feeding in both lineages,
regardless, strongly supports that it existed in the last common ancestor of cyclostomes
and was an independent innovation since their split from jawed vertebrates [28].

The presence or absence of vertebral elements in lampreys and hagfishes is another
important reminder that both lineages have independently deviated from gnathostomes
and the ancestral vertebrate body plan. Dorsal vertebrae are well documented in adult
lamprey, but the development of these tissues remains largely unknown. Conversely,
rudiments of ventral vertebral elements in the post-anal tail have been identified in the
inshore hagfish E. burgeri but not in the Atlantic hagfish M. glutinosa [38–40], supporting
variation not only between lampreys and hagfishes but also within these lineages. In
contrast to gnathostomes, the vertebra rudiments in both lampreys and hagfishes do not
envelop the notochord, a trait present in the vertebral column of all jawed vertebrates.
Taken together, these data support both dorsal and ventral elements in the vertebral
skeleton in the last common ancestor of cyclostomes and gnathostomes, with each lineage
losing part of this vertebral skeleton [38,39].

There are considerable differences in the morphology of lampreys and hagfishes, and
their life histories contrast as well. Whereas hagfish have direct development, modern
lampreys have a larval stage lasting several years during which their morphology is
noticeably different from their adult form. During this larval (ammocoete) period, lampreys
are burrowing filter feeders that use their velar skeleton to pump and siphon detritus and
algae [41–43]. Much of the pre-mandibular skeleton at this point still supports the feeding
apparatus, but the branchial basket is more rudimentary. During metamorphosis, the
head skeleton de-differentiates and is remodeled [44]. Whether an extended filter feeding
larval stage is a vertebrate symplesiomorphy or a lamprey-specific innovation remains
controversial, as ammocoetes have not been found for stem lampreys [32]. Regardless, the
early development of lampreys remains an important area of research for vertebrate skeletal
evolution, as their embryos are more accessible than those of hagfishes, and comparisons
can be made between this larval form and the more direct-developing hagfishes despite
these differences in life history.

The paucity of extant jawless vertebrates means that we must take a more nuanced
approach in understanding the cyclostome skeleton, one that considers both their shared
and divergent characteristics between each other as well as with gnathostomes. Lampreys
and hagfishes have considerable differences in their ecology, and their morphologies reflect
this. Despite these differences, a molecular and cellular approach can help reconcile what
anatomy cannot. We will review the ways in which past and present work has elucidated
the evolutionary significance of the cyclostome skeleton, from broader histological and
histochemical observations to more precise gene expression and functional studies.

2.1. History of Cyclostome Cartilage Research

Research on the general morphology and composition of cyclostome skeletons began
in the early 19th century, Johannes Müller making perhaps the first comprehensive analysis
of both lamprey and hagfish skeletons [45]. Once evolutionary theory was mainstream
among biologists, morphologists tried to homologize parts of the cyclostome skeleton
with their gnathostome counterparts. Though many of these homology arguments were
controversial at the time, and most have since been largely rejected, early morphologists
arrived at similar conclusions regarding the histology of the cyclostome skeleton, dividing
its contents into “hard” and “soft” cartilages with different features [45–48] [Figure 1].
These cartilage types in a particular cyclostome were contrasted with gnathostome cartilage.
This contrast between skeletal types, however, often lacked thorough criteria, meaning
that certain parts of the lamprey and hagfish skeletons were debated as to whether they
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were “hard” or “soft” cartilages, even across different species of the same group [48]. Our
understanding of the cyclostome skeleton was further elaborated by the identification of
soft and hard “pseudo-cartilages” throughout the hagfish head, whose characteristics were
thought to resemble less a bona fide cartilage but rather sesamoids, bones that develop
within tendons or muscles [48,49]. Cartilage-like tissues were also identified throughout the
anterior portion of the larval lamprey skeleton, a cell type which would become known as
“mucocartilage” [50,51]. For these early histologists, the cartilage-like tissues of cyclostomes
lacked any single unifying feature, but rather had various combinations of features which
they shared with cartilage-like tissues. The nature of these tissues will be further discussed
here, but for now, it is important to understand that, even before the advent of modern
genetic and molecular methods, 19th- and early 20th-century morphologists recognized
skeletal heterogeneity in cyclostomes and were interested in its evolutionary significance.

As molecular and histological methods improved, so did our understanding of hagfish
and lamprey anatomy. Alongside ribosomal RNA evidence which supported cyclostome
monophyly [24,26,27], more recent work identified sclerotome-derived rudiments of skele-
ton in the post-anal tail of the inshore hagfish E. burgeri [38–40], and fossil evidence further
supports cyclostome monophyly and modern hagfish morphology as degenerate rather
than primitive for vertebrates [29]. Together, these highlight the importance of genetics,
development, and fossil evidence to corroborate morphological data, providing a more
robust framework for exploring the evolution of the cyclostome skeleton.

2.2. The “Hard” and “Soft” Cartilages of Cyclostomes

Despite the variety of cartilage and cartilage-like tissues found in both lampreys
and hagfishes, the consensus for early authors was that these categories of “soft” and
“hard” cartilages were homologous between cyclostomes and that the “hard” category of
tissue in both groups was likely homologous to the hyaline cartilage found in gnathos-
tomes [46,48,50,51] [Figure 2C–F]. The main defining criteria for this classification were
based on a combination of ground substance and particular staining affinities [48,50].
While there were some descriptions of individual cell morphology for hard and soft car-
tilages [48,51], these have been met with skepticism by modern researchers due to the
prevalence of fixation and other artefacts in classical studies [52]. These classical studies
lacked the cellular and molecular resolution of modern analyses, but more recent his-
tology allows us to compare the features and distribution of these skeletal subtypes in
cyclostomes, nonetheless.

“Hard” cartilages in cyclostomes can be distinguished by scattered chondrocytes
with abundant ECM (Figure 2C,D), whereas “soft” cartilages comprise dense cells with
sparse ECM (Figure 2E,F). The most common pattern for “hard” and “soft” distributions is
along the antero-posterior axis of lampreys and hagfishes. In both lineages, the branchial
skeleton is composed of “soft” cartilages whereas the anterior pre-mandibular skeleton
comprises “hard” cartilage [46,48,50,51]. There are some exceptions to this pattern, as the
nasal skeleton of both lineages is primarily made of “soft” cartilage, although hagfishes
contain some of both types [46,48,50,51]. An interesting skeletal topology can be observed
in the lingual apparatus in both groups wherein the primary lingual elements are “hard”
but are linked by “soft” cartilages or cartilage-like tissues [46,48,50,51]. There can also exist
heterogeneity within a single skeletal element, as the lamprey hyoid bar and trabecular
processes contain “hard” cartilage in its rostral end and “soft” cartilage along the caudal
portion [46].



Diversity 2021, 13, 435 6 of 28Diversity 2021, 13, x FOR PEER REVIEW 6 of 28 
 

 

 
Figure 2. Variants of cartilage in cyclostomes. (A) Lamprey ammocoete (top) and adult lamprey 
(bottom). (B) Adult hagfish. Letters correspond with their respective panels. (C) Hard cartilage from 
adult lamprey annular cartilage. (D) Hard cartilage from adult hagfish medial basal plate. Both hard 
cartilages are surrounded by abundant ECM. (E) Soft cartilage from lamprey ammocoete branchial 
arch. (F) Soft cartilage from adult hagfish lateral tentacular cartilages. Both soft cartilages are com-
pact and have sparse ECM. (G) Mucocartilage from lamprey ammocoete ventral pharynx. (H) 
Pseudo-cartilage from adult hagfish posterior basal plate. Both cartilage-like tissues have fibroblast-
like morphology with cartilage features. Panels D, F, and H were reproduced via Miyashita (2012) 
with permission from Tetsuto Miyashita. 

“Hard” cartilages in cyclostomes can be distinguished by scattered chondrocytes 
with abundant ECM (Figure 2C,D), whereas “soft” cartilages comprise dense cells with 
sparse ECM (Figure 2E,F). The most common pattern for “hard” and “soft” distributions 
is along the antero-posterior axis of lampreys and hagfishes. In both lineages, the bran-
chial skeleton is composed of “soft” cartilages whereas the anterior pre-mandibular skel-
eton comprises “hard” cartilage [46,48,50,51]. There are some exceptions to this pattern, 
as the nasal skeleton of both lineages is primarily made of “soft” cartilage, although hag-
fishes contain some of both types [46,48,50,51]. An interesting skeletal topology can be 
observed in the lingual apparatus in both groups wherein the primary lingual elements 
are “hard” but are linked by “soft” cartilages or cartilage-like tissues [46,48,50,51]. There 
can also exist heterogeneity within a single skeletal element, as the lamprey hyoid bar and 
trabecular processes contain “hard” cartilage in its rostral end and “soft” cartilage along 
the caudal portion [46]. 

Figure 2. Variants of cartilage in cyclostomes. (A) Lamprey ammocoete (top) and adult lamprey
(bottom). (B) Adult hagfish. Letters correspond with their respective panels. (C) Hard cartilage from
adult lamprey annular cartilage. (D) Hard cartilage from adult hagfish medial basal plate. Both hard
cartilages are surrounded by abundant ECM. (E) Soft cartilage from lamprey ammocoete branchial
arch. (F) Soft cartilage from adult hagfish lateral tentacular cartilages. Both soft cartilages are compact
and have sparse ECM. (G) Mucocartilage from lamprey ammocoete ventral pharynx. (H) Pseudo-
cartilage from adult hagfish posterior basal plate. Both cartilage-like tissues have fibroblast-like
morphology with cartilage features. Panels D, F, and H were reproduced via Miyashita (2012) with
permission from Tetsuto Miyashita.

The differences in lamprey and hagfish skeletal morphology can be somewhat rec-
onciled by these observations of “hard” and “soft” cartilages. It is likely that the last
common ancestor of cyclostomes possessed a branchial skeleton which was made of “soft”
cartilage and a pre-mandibular and lingual skeleton made mostly of “hard” cartilages. It is
interesting to note that most of the cyclostome pre-mandibular skeleton is “hard” cartilage
likely homologous to gnathostome hyaline cartilage yet is derived from pre-mandibular
NCCs [35,36]. The modified nasal skeleton of hagfishes complicates our classification of
these cartilages, as the derived tube-like cartilaginous rings are “soft” like the lamprey nasal
capsule, but the hagfish nasal capsule itself is “hard”, although there are more modern
histological analyses which suggest that it may in fact be “soft”. We therefore posit that
the last common ancestor of cyclostomes had a nasal skeleton composed mostly of “soft”
cartilage, but we cannot be certain whether “hard” elements were also present. The het-
erogeneity seen in the lamprey trabecular processes and hyoid bar are another conflicting
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finding, and we cannot ascertain whether this sort of multitype cartilaginous structure was
present in the ancestor of lampreys and hagfishes. Nonetheless, these classic histological
studies provide a basis for our understanding of skeletal heterogeneity in cyclostomes
by dividing the skeleton into smaller components of shared traits which can be analyzed
piecemeal with more robust modern methods.

2.3. Cyclostome Cartilage-Like Tissues: Hagfish Pseudo-Cartilage and Lamprey Mucocartilage

Early morphologists recognized that several types of cyclostome connective tissues
had characteristics which did not correspond perfectly to one gnathostome cell type or an-
other, and they were understood to have some relevance for the evolution of the vertebrate
skeleton. Many of these findings are inadequate from a modern developmental perspective,
as they often try to tie these tissues into ideas of directional evolution and are cited as
“transitional tissues” [48,49]. The original word coined for these vertebrate cartilage-like
tissues, “vorknorpel” (German: pre-cartilage) is thus also used to refer to connective tissues
in invertebrate mollusks and vertebrate structures like the sesamoid nodule in the Achilles
tendon [49,50]. Even still, these early findings regarding “vorknorpel” in cyclostomes may
still be of relevance to us, as we can apply modern understandings of development to
their descriptions. These cartilage-like tissues have a cell morphology similar to that of
fibroblasts (Figure 2G,H) yet stain in similar ways to more traditional vertebrate cartilages.
Like the “hard” and “soft” cartilages, we can use these early descriptions to group cell
types based on histology, using future work to test these relationships.

The “vorknorpel” of hagfishes, later coined “pseudo-cartilages”, comprises two dis-
tinct types of tissues in the head skeleton (Figure 2H). Together, they are a minority of the
skeletal tissue, located mostly in the lingual apparatus as well as parts of the branchial
skeleton. Like the more traditional cartilages, these pseudo-cartilages have a “hard” and
“soft” subtype, and both are considered structurally more similar to the “soft” cartilages
in the branchial and fin skeletons [48]. Both pseudo-cartilages are enclosed in a thick
perichondrium, contain branching fibers throughout, and are often multinucleated with
granular nuclei. The main histological difference between these pseudo-cartilages is that
the “hard” subtype is denser, and its fibers are more regularly arranged and ordered than
its “soft” counterpart. The connection between the pseudo-cartilages and sesamoids is
interesting, as one of the main locations for “soft” pseudo-cartilage in the hagfish skeleton
is embedded in the protractor and retractor tendons of the lingual apparatus.

The “vorknorpel” of lampreys is also known as “mucocartilage”, as the intercellular
substance of these cells is rich with basophilic mucous-like substance (Figure 2G) [50,51,53].
Unlike hagfishes, this cartilage-like tissue is only present in the larval ammocoete life stage
of lampreys. During metamorphosis, the mucocartilage is thought to dedifferentiate into a
loose mesenchyme which then re-differentiates into an adult hyaline cartilage type [44]. The
mucocartilage has a mesenchymal morphology, is surrounded by a thick perichondrium,
and contains multiple types of irregular fibers interspersed across the cell [51]. There are
some exceptions to this, as the mucocartilage of the ventrolateral skeleton contains regular
parallel fibers. The development of the mucocartilage cell and its surrounding fibrous
network appear to occur in distinct phases. These fibers appear largely unique to lamprey,
as some of them have elastin-like properties but are not considered true elastin [54].

While the descriptions of lamprey mucocartilage and hagfish pseudo-cartilage appear
similar, these descriptions could also be used to describe most fibroblasts. This overlap of
characteristics with non-cartilaginous tissues is a theme which will be persistent throughout
this review. Although pseudo-cartilage and mucocartilage may not be chondrocytes sensu
stricto, they possess multiple features common to one connective tissue or another. As we
will see with gnathostome cartilage, these cell types are not monolithic in properties either,
and some gnathostome cartilages will share features with these cyclostome “cartilage-like”
tissues. The presence of fibril networks throughout mucocartilage and pseudo-cartilage
is reminiscent of fibrocartilage which can be found in the intervertebral discs and tendon
insertion sites of gnathostomes [55]. While it seems too speculative to assume the homology
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between these connective tissues based on histology alone, it shows us the extent to which
we can assess vertebrate cartilages.

2.4. Looking Forward: A Synthesis of Classic Cyclostome Histology

From the “hard” cartilage of lampreys and hagfishes to pseudo-cartilage and muco-
cartilage, we can see a spectrum on which the various cyclostome chondrogenic tissues
have different levels of similarity to archetypal gnathostome cartilage. While classic mor-
phologists were often keen on directional evolution and deducing “steps” along the course
of vertebrate evolution, we can still use their basic histological framework to understand
the evolution of the vertebrate skeleton. Hagfishes and lampreys are a sister group to
gnathostomes and are a valuable reference point for understanding the stepwise acqui-
sition of the cartilaginous skeleton, but we must be careful if the traits we observe are
homologous to something in gnathostomes, symplesiomorphic for all vertebrates, or are
a derived state unique to cyclostomes. A similar conundrum in vertebrates regards the
evolution of hard tissues like bone, enamel, and dentine, where early vertebrates may have
evolved several different types of these tissues before canalizing a select few later on [56].
While evolutionary origins of cartilage diversity are still unclear, these classic histological
studies provide us a basis for comparing features between gnathostome and cyclostome
cartilages to determine which, or if any, of these cell types are homologous.

3. Overview of Gnathostome Cartilage Development

A proper comparison of vertebrate cartilages requires both loose and strict parame-
ters for understanding chondrocytes and their histogenesis, as we need to define a more
universal chondrocyte GRN which all vertebrate cartilages utilize. Although there have
been several genomic and morphological changes in both jawed and jawless lineages,
comparative gene expression and function studies can partially reconcile these differences.
Gnathostome chondrogenesis is well-studied and it provides a starting reference for un-
derstanding the more intricate parts of vertebrate cartilage development. It is from these
studies in humans, zebrafish, chickens, and other gnathostomes that we can determine
which chondrogenic genes should have priority in future cyclostome studies.

Most recent work on vertebrate skeletal evolution has focused on understanding the
evolution of skeletal element morphology. While this is certainly important, it does not
directly address the evolution of chondrogenesis and chondroid cell types. We focus here
primarily on the genetic basis of mesenchymal condensation, chondrogenesis, cartilage
proliferation, as well as chondrocyte maturation.

3.1. All Gnathostome Cartilages Develop Using a Conserved Gene Regulatory Network

The core components of the gnathostome cartilage GRN are thought to be the tran-
scription factor sox9 and the extracellular matrix genes col2a1 and acan. Multiple studies
have found putative sox9 target sites in the cis-regulatory regions of col2a1, col9a1, acan, and
the transcription factors sox5 and sox6 [57–61]. Some of these enhancers are even thought
to be chondrocyte specific as well [60,61]. Before sox9 activity, initial cartilage development
is largely dependent on TGFβ signaling like bmp2, bmp4, and gdf5, as they regulate the
initial mesenchyme condensation and also the pace and location of chondrocyte matura-
tion (Figure 3) [62–69]. The receptors involved in the expansive TGFβ pathway, including
TGFβRs and BMPs, overlap and compete during chondrogenesis. TGFβ signaling and
BMP signaling collaborate to prevent differentiation. Simultaneously, TGFβ signaling also
antagonizes BMP signaling to prevent the cartilage from entering hypertrophy [62,66].
FGF signaling occurs in conjunction with hedgehog signaling to maintain chondrocytes
between proliferation and differentiation, and the downstream targets trps1, gli1, gli2,
and gli3 all have variable roles in regulating sox9 expression [70–73]. Conversely, Wnt
signaling is thought to negatively regulate chondrogenesis primarily through β-catenin,
which has been demonstrated to inhibit differentiation in non-articular cartilage largely
through modulating cyclin D1 [74–76]. While col2a1 and acan are the main structural basis
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of gnathostome cartilage once it differentiates, ECM proteins like type IX and type XI colla-
gen also have important roles in stabilizing the cartilage matrix and its various proteins and
macromolecules [77]. Taken together, gnathostome cartilage has a core cassette of genes
which have been largely conserved, from the transcription factors and signaling ligands
that regulate each step of its development to the collagens and proteoglycans involved in
cartilage homeostasis.
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Figure 3. Differentiation of cartilage along the joint interface in osteichthyans. BMP signaling and
FGF signaling contribute to initial mesenchymal condensation while genetic factors proportionally
contribute to either articular and hypertrophic cartilage development. Increased TGFβ and hedgehog
(HH)signaling along with grem, gdf5, and sox9 activity drive prechondrogenic mesenchyme towards
the articular cartilage fate (blue), with increased expression of archetypal cartilage extracellular
matrix (ECM) genes like acan and col2a1. Conversely, increased WNT and BMP signaling drive these
cells towards hypertrophy (red) and expression of bone-related ECM genes like vcan, col1a1, col1a2.

Articular cartilage is the main cartilaginous tissue in adult Osteichthyes, and is main-
tained in distinct zones to separate permanent cartilages from those that are transient in the
developing bony skeleton, otherwise known as hypertrophic cartilage (Figure 2). Articular
cartilage comprises four specialized zones—the superficial zone, the middle zone, the
deep zone, and the calcified zone—and these layers differentially regulate chondrogenic
genes [78]. There are several transcription factors and signaling ligands involved in delin-
eating the articular cartilage and its various zones from the more transient hypertrophic
cartilages. TGFβ signaling and gdf5 have been implicated in establishing the area of future
articular cartilage from mesenchyme and maintaining this area, otherwise known as the
interzone [79–82]. Wnt signaling is thought to direct the pre-cartilaginous anlage away
from the interzone and towards hypertrophy [74–76], and BMP signaling likewise has a
similar role in this differentiation after mesenchymal condensation and initial chondro-
genesis [62,67,83]. Because of this connection with genes like bmp2 and bmp4, the BMP
antagonist gremlin is thought to be involved in maintaining articular cartilage [84,85]. The
middle and deep zones, although largely similar to one another, have histological differ-
ences which can further distinguish them. While articular cartilages maintain expression
of more archetypal cartilage ECM proteins like aggrecan and type II collagen [86], it also
uses specialized proteins like lubricin for the function of articulating joints by reducing the
friction between elements [87–90]. Hypertrophic cartilage, conversely, shares expression
of genes more attributed to bone like vcan, col1a1, and col1a2 [84]. Because of this, hyper-
trophic cartilage complicates our understanding of cartilage types in gnathostomes, as
they are associated with osteogenesis and mineralization, and it has been shown that some
of these hypertrophic cells directly transdifferentiate into osteoblasts [91–94]. Whether
hypertrophy necessarily ends with osteogenesis, however, is still not clear, as hypertrophic
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cartilages have been observed in both lampreys and hagfishes [95,96]. This histology has
not been observed in chondrichthyan chondrocytes, even in mineralizing tissues that have
type X collagen, a diagnostic marker for mature/hypertrophic cartilage [97,98]. Because of
these discrepancies in hypertrophic cartilage across vertebrates, it is unclear if this cartilagi-
nous tissue is a distinct skeletal type or a convergent cell phenotype. It remains possible
that cyclostome and osteichthyan hypertrophic chondrocytes are homologous, but a more
thorough understanding of these cells in lampreys and hagfishes is necessary before this
could be supported. There are certainly distinct differences between gnathostome articular
and hypertrophic cartilages, but it remains a challenge to uncouple features of osteogenesis
from the maturation of these tissues.

Our understanding of vertebrate chondrogenesis is complicated by vast differences in
morphology between taxa, but there is a cartilage developmental program that is conserved
across all, nonetheless. As a cell type, there are a number of transcription factors, signaling
ligands, and extracellular matrix proteins that are active in the developing cartilages
of all species examined. From this reference, it is possible to compare gene regulation
in homologous tissues across species, and different cartilages within the same species
or group.

3.2. Gnathostomes Have a Diversity of Cartilage Types

A spectrum of cartilaginous cell types has been previously suggested in gnathos-
tomes [10,99], but there are differences in this diversity amongst jawed vertebrates. It
is commonly accepted that there are three cartilage types in tetrapods (hyaline, elastic,
and fibrocartilage), but there have been as many as five to ten different types proposed
in teleost fishes [10,99]. The extent to which these teleost cartilage types are distinct from
one another, however, is unclear, as many of these types are restricted to a small subset
of species or structures. For the purpose of this review, we will avoid the distinction
between matrix-rich and cell-rich cartilages in gnathostomes. Although there is some
evidence that this may be due in part to differences in the expression of catabolic enzymes
like aggrecanases and collagenases [100–104], these distinctions between matrix-rich and
cell-rich cartilages are largely subjective and only further complicate efforts to group these
skeletal tissues. Additionally, we will avoid calcified cartilages in our analysis, as it be-
comes difficult to separate cartilage and bone development in osteichthyans, or they are
associated with lineage-specific synapomorphies as is the case with the calcified tesserae of
chondrichthyans [105]. With these considerations in mind, we can group non-mineralizing
extant gnathostome cartilages based on the presence and absence of certain ECM proteins.

The most common vertebrate cartilage is hyaline (Figure 4A), which has the archetypal
features of cartilage like an ECM containing type II collagen, aggrecan, chondroitin sulfate,
and hyaluronan. The cells have a discoidal morphology and are embedded in clusters in
the ECM known as lacunae, and they are surrounded by a fibrous perichondrium where
immature chondroblasts differentiate and emerge into the lacunae. Mature hyaline cartilage
is avascular and is not connected to adjacent cells through cell processes. As the most
studied cartilaginous tissue, hyaline provides us a baseline to compare with other tissues.
The differences between these cartilages and hyaline would therefore be indicative that
they are distinct cell types.

Another cartilage shared by teleosts and tetrapods is elastic cartilage (Figure 4B). The
histology of hyaline and elastic cartilages is very similar, with the main distinction being
the prevalence of elastin fibers in the latter [106–108]. It is found in the laryngeal/tracheal
cartilages of mammals as well as the ears, while it can be found in the barbels of some
teleosts [10,99]. Although the genetic factors involved in both of these skeletal tissues
are similar, comparative expression shows that elastic cartilage downregulates important
chondrogenic genes like alx1 and col2a1 [109]. Elastic cartilage as a skeletal type is poorly
characterized outside of mammalian clades, so its unique mechanical properties as a
cartilage and its resistance to resorption warrant closer inspection.
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Figure 4. Common variants of cartilage in tetrapods. (A) Alcian stain of hyaline cartilage from human
trachea. Chondrocytes are embedded in a deep extracellular matrix rich in acidic proteoglycans.
(B) Orcein stain of elastic cartilage from human epiglottis. Chondrocytes are similar to hyaline, but
elastic fibers are more prevalent. Arrows indicate elastic fibers. (C) H&E stain of fibrocartilage from
human intervertebral disc. Chondrocytes are more interspersed, and collagenous fibers, indicated
by arrows, run mostly parallel to one another. All three photographs depict tissue sections from the
histological collection of the Department of Zoology, Comenius University in Bratislava.

Both tetrapods and teleosts have a chondrogenic cell type which has larger amounts
of collagens and fibrous proteins, categorized as “fibrocartilage” (Figure 4C). It is most
frequently found along articulating surfaces like menisci, intervertebral discs, tendons,
and the temporomandibular joint of mammals. The fibers of fibrocartilage are distinct
from those in hyaline in that they are readily visible in histological sectioning and staining.
The histogenesis of fibrocartilage is unique compared to other cartilaginous tissues in
that it originates from either chondroprogenitors or dense fibrous connective tissues like
tendons [55,110–112] Fibrocartilage and hyaline share expression of normal ECM proteins
like type II collagen and aggrecan in lesser amounts, but fibrocartilage also has high levels
of non-cartilaginous proteins like type I and type III collagen [55]. This cartilage is unique
compared to other gnathostome skeletal tissues, and its features partially resemble those
seen in the cyclostome cartilage-like tissues like hagfish pseudo-cartilage.

The diversity of cartilage types has been thoroughly explored in teleosts [10,99], and
there are several connective tissue types in this group which share characteristics with
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cartilage. One of these groups of tissues is known as muco-chondroid, and its morphology
is largely like that of lamprey mucocartilage. These mucous connective tissues have a
variety of morphologies ranging from fibroblast-like cells to hyaline-like tissue and are
embedded in a pale matrix [99,113,114]. Muco-chondroid is primarily found in the cranial
region surrounding sensory organs like the olfactory and stato-acoustic structures as
well as connective tissues beneath the skin. While muco-chondroid tissue has also been
identified in the gills of a freshwater stingray [115], suggesting that this skeletal type is
not necessarily a teleost-specific innovation. Furthermore, fibroblast-like muco-chondroid
shares similarities with myxoid, an avascular connective tissue observed in mammals like
cats and horses with a chondrocyte-like ECM that lies in close proximity to elastic cartilage
and fibrocartilage [116]. Muco-chondroid and myxoid may not be homologous cell types,
but they nonetheless represent variations of cartilage-like connective tissues which should
be considered in our analysis of gnathostome cartilages.

Although the majority of the gnathostome cartilaginous skeleton is composed of
hyaline, there are other cartilage tissues which should be considered in the broader context
of vertebrate skeletal evolution. These cartilages deviate in their morphology and the
extracellular matrix composition, likely due to differences in their core GRN. Several
groups have posited that gnathostome cartilages should be considered a complex spectrum
rather than a discrete set of cell types [10,99], and the differences and similarities between
hyaline and elastic cartilage as well as fibrocartilage and other similar connective tissues
prompt a closer look at this spectrum. When comparing cartilaginous tissues between
gnathostomes and cyclostomes, we should look at the entirety of these tissues present in
both groups to compare features.

4. Current Understanding of Cyclostome Cartilage Development

While there has been more considerable work on the patterning of the head skeleton
in both lampreys and hagfishes, the GRN which directs condensed mesenchyme into chon-
drocytes is less understood. Modern molecular methods allow us to further understand
the genetic mechanisms associated with cartilage development, but the vast difference
in knowledge between gnathostomes and cyclostomes limits our insights into the latter.
While the ideal scenario would be to characterize the expression of every gene known
to be involved in gnathostome chondrogenesis for lampreys and test their function, we
must prioritize the genes which have more conserved roles in the process. It is in this
aspect, therefore, that we have explored parts of the GRN of chondrogenesis in cyclostomes,
particularly in lampreys, but there is much more to be done.

4.1. Identification of Unique Proteins in Cyclostome Skeletons

Early biochemical studies in lampreys and hagfishes were often inconclusive in deter-
mining the composition of cyclostome cartilages, the best cases of which being the debate
as to whether lamprey cartilage contained true elastin or collagen [54,96,117]. The use
of cyanogen bromide for protein cleavage [54] helped resolve this issue by degrading
methionine-rich proteins like collagens and isolating novel proteins in the cartilage of hag-
fishes and lampreys. These studies suggested that the cyclostome cartilaginous ECM does
not contain significant amounts of collagen, a finding which changes our understanding of
the ancestral vertebrate chondrocyte and its ECM. However, the discovery of these novel
cyclostome-unique proteins also shows the extent that lampreys and hagfishes have an
independently evolved skeleton.

The first unique cyclostome cartilage protein identified was lamprin, a hydrophobic
protein with tandem repeats similar to those seen in elastin and invertebrate silk pro-
teins [54,117,118]. Despite lamprin’s reactivity to elastin antibodies, its sequence is unlike
anything else seen in gnathostomes. It is distributed throughout the entirety of the adult
lamprey skeleton and is even located in the notochord sheath [119]. Another lamprin-like
protein was identified using similar methods, its distribution mostly in the notochord
sheath and the fin skeleton, but its exact molecular structure is unknown [54]. More
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recently, an additional lamprin-like protein was identified in the transcriptome of the
Arctic lamprey L. camtschaticum, a single exon gene known as pharymprin with distinctive
repeat domains from lamprin and is expressed primarily in the ammocoete branchial carti-
lages [120]. Cyanogen bromide studies in hagfish likewise revealed a similar protein to
lamprin, which was subsequently called myxinin [95,121]. The composition and general
properties of lamprin and myxinin are thought to be like one another, but their relationship
remains unclear, as transcripts for myxinin have never been found. Interestingly, the distri-
bution of myxinin is more heterogeneous than lamprin, as certain cartilage types contain
large proportions of the protein while other cartilages contain none.

The nature of these cyclostome cartilaginous proteins complicates early vertebrate
skeletal evolution. Despite the general absence of collagens in the cartilage ECM of lam-
preys and hagfishes, collagens have been identified in the cartilages of horseshoe crabs,
cephalopods, and invertebrate chordates like amphioxus [6,7,9]. While it is possible that
the last common ancestor of vertebrates had a skeleton of non-collagenous cartilage, it
also remains plausible that cyclostomes have an independently modified skeleton which
no longer requires it, but the larger implications of this will be discussed later. The ex-
istence of lamprin, myxinin, pharymprin, and a third potential lamprey protein are likely
not symplesiomorphic for vertebrates but rather a cyclostome-unique change to cartilage.
These proteins all contain similar repeating motifs, but it is not known whether these genes
are rapidly evolving paralogs of an ancestral gene or are all independently-evolved ECM
proteins. Despite the potentially independent origins of these genes, they are very useful to
our understanding of cyclostome cartilage evolution, as they can help us further demarcate
lamprey and hagfish cartilage types from one another.

4.2. Aspects of the Skeletal GRN of Hagfish Appear Similar to That in Gnathostomes

Our understanding of hagfish cartilage gene regulation and cartilage evolution has
been lacking in part to the paucity of embryos which can be found for appropriate stages.
Other developmental and evolutionary questions regarding cyclostomes further divide
what few embryos are obtained. Despite these obstacles, progress has been made in
the previous decade in understanding the development of the hagfish head skeleton
and vertebrae.

The identification of vertebra-like elements in the ventral portion of the inshore hagfish
E. burgeri in the post-anal tail was an important discovery and contribution to the idea
that hagfish morphology was largely degenerate from the ancestral vertebrate condition
rather than a primitive trait [38–40]. These vertebral elements share some characteristics
with gnathostome vertebrae. They are derived from twist and pax1/9-positive sclerotome
which migrates ventrally to encompass the aorta, and they also express transcripts for the
cartilage ECM proteins decorin and biglycan [40].

As previously mentioned, type II collagen does not comprise a major portion of the
hagfish cartilaginous skeleton. in situ hybridizations and immunohistochemical analyses
provide conflicting evidence for this observation. Type II collagen antibodies showed
reactivity throughout the “soft” cartilages of the head as well as the fin [122], but transcripts
for col2a1 could only be identified in portions of this soft cartilage like the dental plate
and interior lateral bar [123]. There are multiple explanations that could account for these
differences, but the most likely is that the mammalian antibodies used did not target type
II collagen specifically but rather another type of fibrillar collagen.

Even though a more thorough understanding of hagfish chondrogenesis and its gene
regulation is necessary, we can make some inferences about hagfish cartilage. Perhaps the
most important is that there is a molecular basis for the skeletal heterogeneity which had
been observed. Paired with histological analyses, we can confidently say that the “hard”
and “soft” cartilages as well as the pseudo-cartilages of hagfishes are distinct cell types
with different ECM compositions, at least with respect to type II collagen. Although the
extent to which these cell types are different remains unknown, we can expect to find a
core cassette of ECM proteins and transcription factors involved in differentiation and
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maintenance. The limiting factor in our understanding of these processes is the lack of
available embryos for analysis, but this is likely to change as our techniques for hagfish
husbandry improve.

4.3. The Core Skeletal GRN of Lamprey Is Similar to That in Gnathostomes

In contrast to hagfish, lamprey embryos have been readily available for centuries,
and it is from these species that much of our understanding of cyclostome biology and
evolution has come. The similarities between lamprey branchial cartilage and that seen in
gnathostomes provides a more direct comparison of chondrogenesis between the groups,
while mucocartilage and the adult cranial cartilages allow us to explore ways in which
the cyclostome skeleton has diverged and created new features. As discussed in the
previous chapter, the main driving components of the gnathostome cartilage GRN are
transcription factors from the soxE family and ligands from the BMP/GDF/FGF families
while its principal ECM proteins are fibrillar collagens and proteoglycans. There have been
several studies to characterize the expression and function of these conserved genes, but
this GRN has not been further elaborated.

Lampreys have three duplicates of the soxE gene, and they are all expressed in the
developing branchial chondrocytes [124]. Interestingly, soxE3 is the only gene which is
expressed in mucocartilage. Loss-of-function experiments with soxE1 and soxE2 show
greatly reduced chondrogenesis in the branchial arches while soxE3 morpholinos only
caused differences in branchial chondrocyte morphology [125]. soxE expression has also
been identified in the sclerotome [126], supporting its role in cartilage development outside
of the neural crest-derived head skeleton. These findings together support the connection
between soxE activity and chondrogenesis as a core feature to vertebrate cartilage.

The relationship between BMP/FGF signaling and lamprey chondrogenesis, however,
is less clear. Lampreys have three duplicates of a BMP2/4 proortholog, and they have
considerable differences in expression across time, with BMP2/4a being the only gene
present in the early skeleton [127]. Later in development, however, all three genes can be
found expressed in tissues adjacent to but not directly in branchial and annular cartilages.
Considering that these genes are ligands, it is probable that they are still influencing chon-
drogenesis, but analysis of BMPr genes would be necessary to confirm this. Lampreys also
have multiple duplicates of a GDF5/6/7 proortholog, but there are considerable differences
in their expression. Of concern to us is GDF5/6/7b, which has been identified in the ventral
pharynx and anterior head, both prominent locations and sources of mucocartilage [20].
Lastly, among the well-established ligands involved in chondrogenesis that have been
studied in lampreys are the FGFs. These genes have both direct and indirect roles in the
development of lamprey cartilage. Both FGF3 and FGF8 ligands as well as FGFRa are
expressed in the nascent pharyngeal pouches adjacent to future cartilage, and inhibition of
this signaling leads to the loss of branchial cartilage [128]. Additionally, FGFRa is expressed
in the anterior mucocartilage while FGF8 can be identified in the adjacent pharyngeal
ectoderm. Whereas inhibition of FGF signaling results in a dramatic loss of branchial
chondrocytes, its effects on mucocartilage is much less pronounced, suggesting that FGFs
are not necessary for mucocartilage differentiation but rather have an important role later
in development. Taken together, BMP2/4, GDF5/6/7, and FGF3/8 homologs are important to
chondrogenesis in both gnathostomes and lamprey, but the mechanisms and downstream
targets are largely unknown in the latter group. Furthermore, the differences in signal-
ing between lamprey branchial cartilage and mucocartilage are unclear and need to be
elaborated more.

While some aspects of the lamprey cartilaginous extracellular matrix have been stud-
ied, most components remain unclear. Whether type II collagen is present in lamprey
cartilage has been an area of great interest. Similar to hagfish, various studies have demon-
strated that this protein does not comprise a major portion of the cartilaginous ECM [54,96].
Both in situ hybridization and antibody analyses confirm type II collagen throughout the
skeleton later in development [126,129], but its presence in early ammocoetes is debated.
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While some results have suggested its presence [126], multiple studies were unable to
find type II collagen before 32dpf in both the sea lamprey Petromyzon marinus and the
Arctic lamprey Lethenteron camtschaticum [129,130]. The timing of this change is relevant
for our understanding of cartilage evolution, as it shows that early chondrocytes in lam-
prey may not require type II collagen. Additional work has explored the deployment of
lectican proteins in the cartilaginous extracellular matrix. While gnathostome cartilage
primarily has the lectican protein aggrecan and occasionally versican, lamprey utilize an
independently-duplicated set of four different lectican genes that are spatially scattered
throughout its skeleton [16]. Overall, comparisons of cartilaginous ECM proteins between
cyclostomes and gnathostomes, even if not comprehensive at this point, are valuable for
our understanding of the ancestral cartilage GRN, as it lets us determine what features of
cartilage morphology and histology are conserved or divergent in both lineages. lectican
proteins were likely present in the cartilage of the last common ancestor of vertebrates, and
it remains unclear whether type II collagen comprised part of the ancestral cartilaginous
ECM, a finding which would change our understanding of vertebrate cartilage if true.

4.4. Larval Lampreys Have a Diversity of Cartilage Types

Gene expression studies in previous decades have further elucidated the development
of the lamprey larval head skeleton, dividing it into various subpopulations (Figure 5).
Paired with differences in cellular morphology, it provides the strongest evidence for
these cartilages being distinct cell types. This diversity of cartilages shows us that, at the
developmental level, these mesenchymal populations are receiving distinct signaling and
are modifying the base chondrocyte gene regulatory network. Essential to this base GRN
is the presence of soxE paralogs, which have been identified in all cartilages types in the
lamprey head skeleton [124]. Furthermore, all of these cell types will stain for alcian blue
and contain type II collagen later in development [19,124,129].
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Non-mucocartilage skeletal tissue can be found in the branchial bars as well as the
dorsal and ventral bars which run perpendicular to them and connect them, all containing
discoidal or polygonal chondrocytes (Figure 6E,G) [129]. Interestingly, these gnathostome-
like cartilages also express homologs of soxD. Conversely, there are two main subpopula-
tions of mucocartilage based on cellular morphology alone. The dominant mucocartilage
is composed of mesenchymal-like cells, and are distributed throughout the velum, upper
and lower lip, and well as the lateral bars (Figure 6D,F). The minor mucocartilage has a
much looser composition and can be found in the ventral pharynx and in the oral hood
(Figure 6D,E). Taken together, larval lamprey likely have five morphologically distinct
cartilage types, three being variants of a gnathostome-like chondrocyte and two being
mucocartilage based.
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lamprey. Scale bar approximately 100 µm. (B,D,F) Toluidine blue staining of T30 sagittal sections of
the anterior head skeleton. (C,E,G) Toluidine blue staining of T30 sagittal sections of the posterior
pharyngeal skeleton. Lamprey cartilages can be divided between mucocartilage (pale purple matrix)
and hyaline-like tissues (discoidal morphology, thin blue matrix), but there are further differences in
morphology and histology within these groups. Keywords: BA: branchial arches; EB: epibranchial
bar; HB: hypobranchial bar; LB: lateral bar; LL: lower lip; OH: oral hood; Tr: trabeculae; VMLB:
ventromedial longitudinal bar; VP: ventral pharynx mucocartilage.

5. Future Areas of Interest in Cyclostome Cartilage Research

While modern research has made great efforts in the previous decades to elucidate
the cartilage gene regulatory network in cyclostomes, there is considerably more work
to be done. There is a large disparity in our understanding of these processes between
lampreys and hagfishes which must be reconciled. It is largely accepted that cyclostome
morphology has diverged significantly since the lamprey and hagfish lineages diverged,
and cyclostomes split from the lineage leading to gnathostomes, meaning that our under-
standing of vertebrate skeletal evolution would be incomplete without data from both
lampreys and hagfishes. Furthermore, any comprehensive understanding of the chondro-
cyte gene regulatory network will need more information about the downstream targets
of those core genes like soxE as well as BMP/GDF/FGF signaling. We have made great
progress in elaborating more on the skeletal heterogeneity that has been observed in cy-
clostomes, but continued work on cartilaginous ECM proteins will make this much easier,
providing a more robust way to characterize cell morphology and histology beyond vi-
sual comparisons. Lastly, comparisons of cartilage populations across different life stages
will be valuable, particularly with lamprey. The low fecundity of hagfishes means that,
even if methods improve to acquire more embryos, they will almost certainly still be
eclipsed by the total number of lamprey embryos, placing heavy emphasis on ammocoete
development. If we could homologize regions of the larval lamprey head skeleton with
a metamorphosed adult, we can further understand cyclostome and vertebrate skeletal
evolution by connecting lamprey larval and adult cartilage and subsequently lamprey and
hagfish adult cartilages.

Molecular evidence suggests that lampreys and hagfishes may have diverged as early
as 400 million years ago [30], meaning that we cannot assume the gene expression in one
group reflects all cyclostomes. Furthermore, the dramatic change in lamprey ammocoete
morphology during metamorphosis means that we cannot assume the homology of pre-
metamorphic cartilage elements. It will therefore be important to compare early hagfish
and lamprey development to determine whether lamprey pre-metamorphic chondrogene-
sis resembles that of hagfish. While some recent fossil evidence suggests that the lamprey
ammocoete is a derived form [32], both the pre-metamorphic and adult lamprey skeleton
remain important for larger evolutionary inferences with a non-metamorphic cyclostome.
Advances in single cell RNA sequencing (scRNA-seq) can help elucidate what gross histol-
ogy alone cannot, as we can create entire gene expression atlases of certain cell populations
using a smaller number of specimens [132,133], which will be useful for cyclostomes whose
embryos are hard to obtain like hagfishes. Furthermore, loss-of-function experiments
like CRISPR/cas9 have been effectively developed in lampreys [1,134], meaning we can
more thoroughly test the interaction of genes involved in the cyclostome cartilage GRN.
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Further work on both hagfish and lamprey embryos is still necessary to reconcile their
differences for our understanding of vertebrate cartilage evolution, but new genomic and
transcriptomic resources as well as genetic tools are making this increasingly feasible.

While there are a suite of specific transcription factors and signaling ligands which
have been studied in jawed vertebrates, we should emphasize those genes which have been
characterized across multiple taxonomic classes, as it is more likely that they are conserved
rather than divergent elements of cartilage development. Among these likely conserved
genes are those involved in hedgehog signaling as well as TGFβ signaling, as their roles in
cartilage differentiation and proliferation have been well-documented [135–139]. While
previous work has demonstrated the role of hedgehog signaling in lampreys during brain
and somite patterning and development [140–142], its role in chondrogenesis is uncertain.
TGFβ signaling is even less understood in lamprey, despite its important role in cartilage
development. A thorough understanding of these signaling pathways in cyclostomes
will provide insights into the conserved pathway of chondrogenesis and how these mor-
phogenetic signals contribute to it. Our knowledge of transcription factors involved in
cartilage development across gnathostomes is relatively narrow, with most work focusing
on soxE/D homologs as well as genes involved in skeletal patterning. Of potential interest
in cyclostomes are members of the Iroquois (irx) gene family, which are thought to be
involved in both the patterning and differentiation of cartilage [143–145]. Additionally, the
zinc finger transcription factor trps1 and homeobox barx1 should be of interest, as their roles
in delineating and maintaining articular cartilage by balancing proliferation and differenti-
ation are well known in gnathostomes [70,72,146–149]. Lastly, although previous work has
already demonstrated the spatiotemporal expression of soxE/D homologs in lamprey, their
piecemeal contribution to the head skeleton should be of interest, as it may provide insights
into a base modularity of chondrogenesis in vertebrates by explaining cyclostome-specific
modifications amongst these genes. If large-scale comparisons of cartilage development
are to be ever taken between cyclostomes and gnathostomes, a deeper understanding of
the genes involved and their respective functions will be necessary.

While aspects of the cartilaginous ECM have been elaborated in cyclostomes, they are
but a portion of the total proteins involved. The extracellular matrix of cartilage contains
other structures beyond collagens and lecticans like fibronectin, laminin, elastin, and other
non-fibrillar collagens [88,106,107,150–154]. Additionally, the possible absence of type
II collagen in cyclostome cartilage during early development is intriguing as well for
our understanding of cartilage development and homeostasis. To further expand on the
shared vertebrate cartilaginous ECM, exploration into these other components is necessary.
These proteins may be able to explain more of the cellular heterogeneity in cyclostomes
than transcription factors or signaling ligands and receptors. While the differences in
chondrogenesis between lamprey mucocartilage populations remain largely unclear, the
spatial differences in lectican homolog expression help support distinct subpopulations of
cartilage [16]. If additional extracellular matrix genes could be studied in this detail, we
could build a more comprehensive portrait of cyclostome skeletal heterogeneity from the
bottom up. This heterogeneity at the cellular level is essential for our understanding of the
vertebrate chondrocyte as a diverse cell type.

The diversity of cartilage types in lampreys and hagfishes is of great interest not only
to our understanding of chondrogenesis but of connective tissue development entirely.
Even if these cartilages are cyclostome-specific cell types, this developmental flexibility
may have been present in the last common ancestor of vertebrates. The presence of multiple
cartilage types in gnathostomes supports this intrinsic malleability of the chondrocyte
as well as their similarities with other non-cartilaginous tissues. Mesenchyme forms not
only skeletal cells but also adipocytes, myocytes, tenocytes, and various other connective
tissues, so all of these cell types share a myriad of genes by default that are involved in
differentiation [73,155–161]. The common ancestry of these cell types makes it possible
that skeletal tissues are further influenced by signaling pathways which are associated
with non-skeletogenic connective tissues. A more thorough review of the similarities
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between the development of cartilage and non-skeletogenic tissues is necessary if we are to
understand the evolution of vertebrate connective tissues and its distinct lineages.

From a common mesenchymal progenitor, tendons and cartilage share many simi-
larities during development compared to these other tissues, as several key regulatory
genes are involved in the differentiation of both. Chondrogenic master genes like sox9
and gdf5 are important in the development of most tendons [162–166] while tenogenic
master genes like scx and egr1 are also thought to play a role in the early development of
chondroprogenitors [69,167]. The cell lineages are close enough that “fate-splitting” has
been observed during early differentiation in the sclerotome. These ventral and dorsal
components, destined as cartilage and tendons, respectively, share expression of both sox9
and scx are earlier stages but are selectively repressed by SHH and FGF signaling pathways
which directs the sclerotome to one fate or the other [168]. The balance between these cell
types is critical during early development, and heterotopic issues like tendon ossification
are a common pathological condition which further shows the closeness of these cell types.
Although the role of tenogenic genes like scx in this process is largely unknown, recent
studies have shown a connection between tendon ossification and deficiency of mkx [169],
a recently-discovered transcription factor heavily involved in tenogenesis [170,171]. Even
normal tenocytes are capable of transdifferentiation into cartilage and bone, as the cells
are highly responsive to mechanical stimuli and changes in mechanical force on tendons
can also induce differences in gene expression similar to those seen during ectopic ossi-
fication [172–177]. This interplay between tendon and skeletal tissues is critical for the
development of regular fibrocartilage and sesamoid bones. These bones protect tendon
tissues by absorbing potentially damaging mechanical force and stabilizing the rotation and
flexing of the tendon that it is associated with, depending on the type of sesamoid. Cells of
the sesamoid tissue come from the same lineage that gives rise to bone superstructures,
which form the zone where tendons attach to the bone [178]. These sesamoid bones have
distinct gene expression during early development, with scx activity segregating early sox9-
positive cells of the cartilaginous anlage towards future sesamoid tissues [178,179]. These
sesamoids are still largely dependent on other genes involved in skeletal differentiation,
and TGFβ and BMP signaling are maintained for this process. The differences between
chondrogenic and tenogenic signals become more pronounced later in development, as the
morphology and histology of these cells begin to differ more. Tendons are arranged in a
linear fashion and have an elongated morphology, with type I collagen as its predominant
ECM protein [180]. Archetypal cartilage, in contrast, has a variety of orientations and
morphologies, and type II collagen is the most common ECM protein. There are several
ECM genes that are uniquely shared by connective tissues, however, specifically the small
leucine-rich proteoglycan (SLRP) gene family, and the similarities in expression of genes
like biglycan, decorin, lumican, and fibromodulin in both tendons and cartilage have been
observed [180,181]. These features together suggest that, although tendons and traditional
cartilage have many differences later in development, they use several of the same genes
involved in early differentiation and ECM composition. Cell types like gnathostome fibro-
cartilage and cyclostome “vorknorpel” have tendon-like features which distinguish them
from more archetypal cartilages, and these similarities may be partially explained by the
similarities in cartilage and tendon gene expression.

The diversity of cartilage types in both cyclostomes and gnathostomes supports the
idea that cartilages exist on a spectrum with continuous features, and the applications of
these extend beyond this to the cells that they are distantly related to. Gene expression data
in cyclostomes still lag behind that of jawed vertebrates, but we have begun to compare
genes that are relevant to that core chondrogenic GRN as well as its resting extracellular
matrix. Understanding this gene regulatory network has important implications not only
for homologizing cartilage types between vertebrates but also connective tissues as a
whole, as they descend from common cell types and thus share gene expression during
early development.
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6. Conclusions

The evolution of the vertebrate lineage coincides with several innovations to the
chordate skeletal system. Because most jawless vertebrates have been extinct since the Late
Devonian, it has been difficult to determine the stepwise acquisition and development of
this cartilaginous skeleton. Cyclostomes are therefore an important model for addressing
this question, as they are the most distantly related extant vertebrate taxa from all jawed
species. Lampreys and hagfishes have diverged considerably in their respective morpholo-
gies, but they retain shared characteristics that, when compared with their gnathostome
counterparts, provide insights into the evolution of vertebrate cartilage. Modern molecular
analyses allow us to further explore this process and expand upon what 19th-century
morphologists noticed in initial comparative studies of lampreys and hagfishes, but our
understanding of cyclostome biology continues to lag behind that of jawed vertebrates.

Despite these shortcomings, we have begun to discern the genetic factors involved
in cyclostome cartilage development. The “hard” and “soft” cartilages of cyclostomes
have unique characteristics that set them apart on the molecular level and confirm that
they are distinct tissue types, even if the differences between them are still not fully
understood. Likewise, the cartilage-like tissues like the pseudo-cartilages of hagfishes and
the mucocartilage of lampreys have chondrocyte characteristics but a morphology partially
resembling fibroblasts, akin to but more dramatic than the fibrocartilage of gnathostomes.
Comparisons of the chondrogenic GRN between cyclostomes and jawed vertebrates are
limited mostly by the paucity of data in the former, but these findings so far greatly
help our understanding of vertebrate chondrogenesis by finding conserved factors like
soxEs, GDF5, and BMP2/4 among others. There are multiple ECM proteins that are likely
unique to lampreys and hagfishes, but their origins and importance for cartilage remain
unknown. The unique morphology of pseudo-cartilage and mucocartilage also prompts
an investigation into whether or how these cell types are influenced by non-chondrogenic
signaling like fibroblasts or tenocytes. From a common mesenchymal progenitor, it stands
to reason that there are many differentiation signals that are shared by these cell types. We
posit, therefore, that the diversities of cartilages we see across vertebrates, even if not strictly
homologous to one another, exist along a spectrum of signaling pathways wherein distinct
cell morphologies arise (Figure 7). This spectrum is also shared by non-chondrogenic cells
and may exist as a larger continuum. By treating these connective tissues as non-binary
cell types with subtle differences, these differences can be further elaborated and made as
useful markers in the diagnostic and treatment of musculoskeletal disorders in general. A
key issue in comparative studies between cyclostomes and gnathostomes is the accessibility
of embryos for the former, but new sequencing methods and functional studies now allow
us to further understand and manipulate lampreys and hagfishes in spite of this. The
evolution of vertebrate cartilages has an important intersection with other connective
tissues, and cyclostomes have a role in understanding the ways in which these cell types
have diverged in feature but also the ways in which they have conserved the ancestral
connective tissue layout.
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