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1 | INTRODUCTION

Dennis F. Lawler>*°

Abstract

Developmental osteogenesis and the pathologies associated with tissues that
normally are mineralized are active areas of research. All of the basic cell types
of skeletal tissue evolved in early aquatic vertebrates. Their characteristics,
transcription factors, and signaling pathways have been conserved, even as
they adapted to the challenge imposed by gravity in the transition to terrestrial
existence. The response to excess mechanical stress (among other factors) can
be expressed in the pathologic phenotype described as osteoarthritis (OA). OA
is mediated by epigenetic modification of the same conserved developmental
gene networks, rather than by gene mutations or new chemical signaling path-
ways. Thus, these responses have their evolutionary roots in morphogenesis.
Epigenetic channeling and heterochrony, orchestrated primarily by micro-
RNAs, maintain the sequence of these responses, while allowing variation in
their timing that depends at least partly on the life history of the individual.
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that complements mammalian models and human clinical
research (Apschner et al., 2011). When vertebrates began

The diathrodial joint appeared in the early ancestors of bony
fishes, first in the jaw articulation, followed by fin function
against the resistance of the water medium (Askari et al.,
2016). The basic cell types associated with skeletal tissues
(cartilage, bone, dentine, and enamel/enamaloid) also were
present, together with their associated transcription factors
and signaling pathways (Apschner, Schulte-Merker, &
Witten, 2011).

To illustrate the deep conservation of these earliest
innovations, a teleost, the zebrafish (Danio rerio), has
emerged as an important model for osteogenesis research

Abbreviations: AGE, advanced glycation end products; BMP, bone
morphogenetic protein; ECM, extracellular matrix; FGF-2, fibroblast
growth factor 2; miRNA, micro-RNA; NF-kB, nuclear factor kappa B;
OA, osteoarthritis; ROS, reactive oxygen species; SOX-9, Sry-related
high mobility group box 9; Wnt, wingless-type mouse mammary
integration rate.

to colonize the terrestrial environment, these aquatic life
adaptations were subjected to marked changes in mechan-
ical loading (related to gravity), for which some joints may
have been “designed” poorly (Hutton, 1989). This discus-
sion explores some of the important aspects of how these
ancient innovations play out in normal morphogenesis
and in the clinical disease osteoarthritis (OA). Figure 1
presents the overall scheme, to this end.

2 | SKELETAL ADAPTATIONS:
WHAT IS EVOLVING?

The evolutionary model for the vertebrate joint is a com-
plex system termed the osteochondral unit (Stender,
Carpenter, Regueiro, & Ferguson, 2016). Decker,
Kogama, and Pacifici (2014) described the morphogenesis
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FIGURE 1
the text

Flow diagram of the principle ideas presented in

of this unit as including the same mesenchymal stem
cells that give rise to chondrocytes in both the articular
cartilage and the growth plate chondrocytes. What
ensues is an ontogenic process of controlled differentia-
tion and phenotypic expression at specific developmen-
tal times in specific cell niches. During ontogeny, as
well as during adult life, all bony structures are subject
to mechanical stress. Their responses (microscopic and
gross) to the magnitude and direction of stress vectors
entrain an orderly adaptive process of remodeling to
maintain bone and joint function (Frost, 2004;
Goldring & Goldring, 2016).

From the evolutionary perspective, it is critical that
phenotypic variation exists among all living populations,
to permit the action of natural selection. No selection is
possible on genes that are not segregating in a popula-
tion. Clearly, however, variation will be confined within
certain limits to prevent collapse of vital and conserved
subcellular, cellular, tissue, organ, and organ system
functions. Variants that risk these functions risk the
organism, and if conserved, would in turn risk the popu-
lation and the species. In this report, we are concerned
with deeply conserved homologies arising from ancient
gene networks that transformed gill arches to jaws, and
fins to quadruped limbs (McCune & Schimenti, 2012).

Phenotypic diversity eddies within the broad stream of
homologous networks and characterizes the adaptation
and remodeling of the osteochondral unit. Important fea-
tures of these processes, as summarized by Young and
Badyaev (2007), include: (a) ontogeny and remodeling that
are influenced by internal and external stressors;

(b) development and remodeling that entail orderly transi-
tions from stem cell proliferation to differentiation;
(c) phenotypic variation that results from changes in the
timing of developmental transitions, or heterochrony;
(d) adaptation that can arise quite rapidly; and (e) an “envi-
ronmental sensitivity” and adaptability of this complex sys-
tem that is mediated by epigenetic modification of gene
networks, rather than by gene mutations or constant evolu-
tion of entirely new signaling pathways over geological
time. This last point has been illustrated by various studies
(Fathollahi, Aslani, Jamshidi, & Mahmoudi, 2019; Reppe,
Datta, & Gautvik, 2017; Van Meurs, Boer, Lopez-Delgado, &
Riancho, 2019; Vrtacnik, Mare, & Ostanek, 2014).

3 | EPIGENETICS OF THE
OSTEOCHONDRAL UNIT: BIOLOGY
OF MICRORNAS

The three major epigenetic mechanisms (DNA methyla-
tion, histone modification, and noncoding RNA) have
roles in joint health and disease. For example, DNA
methylation of the gene dnmt3b results in catabolism and
terminal differentiation of chondrocytes that contribute
to inflammation and osteophyte formation (Shen et al.,
2017). Chromatin-related (histone) modification of the
EZH2 gene decreases the population of mesenchymal
cells and accelerates osteoblast differentiation, thereby
affecting skeletal patterning (Dudacovik et al., 2015).

It has become recognized that micro-RNA (miRNA),
a large family of noncoding RNA that is present in all
multicellular life, has profound structural, enzymatic,
and regulatory governance effects on the osteochondral
unit (Ambros, 2004). By binding to mRNA, miRNAs reg-
ulate posttranscription protein synthesis. Furthermore,
one miRNA can bind to more than one mRNA, and one
gene can be targeted by more than one miRNA. In the
context of bone tissue, this versatility maintains the
pluripotency of stem cells and regulates the commitment
and stability of stem cell derivatives to specific pheno-
types (Hassan, Tye, Stein, & Lian, 2015).

With respect to the joint, the biogenesis and activity
of miRNAs respond to mechanical load (Guo et al., 2015;
Le, Swinger, & Clark, 2013), aging of mesenchymal stem
cells (He, Eberhart, & Postlethwait, 2009), and hypoxia
(Nallamshetty, Chan, & Loscalzo, 2013). These properties
appear to facilitate the “micromanagement” of the verte-
brate skeleton in all species from fish to mammals
(Dong, Yang, Guo, & Kang, 2012; He et al., 2009). Periods
of rapid evolutionary change, such as at the origins of
vertebrates and placental mammals, are believed to
include significant proliferation and activity of miRNA
(Hertel et al, 2006). Once integrated into cellular
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chemistry, miRNAs and their functions rarely are lost
subsequently (Heimberg, Sempere, Moy, Donoghue, &
Peterson, 2008).

The acquisition of new families of miRNAs over time
reflects vertebrate complexity and plasticity, as well as
broader taxonomic hierarchy (Heimberg et al., 2008;
Sempere, Cole, McPeek, & Peterson, 2006). Moreover,
there is some evidence to support the hypothesis that
morphologic novelty is enabled, in part, by miRNA-
mediated epigenetic activity (He et al., 2009; Heimberg
et al., 2008; Sempere et al., 2006). For example, verte-
brates have nearly triple the number of cell types com-
pared to invertebrates, as well as having 41 additional
miRNA families. These changes occurredlargely at the
beginning of vertebrate radiation, with the new miRNAs
being acquired before the split from jawless fishes but
after the divergence from invertebrate chordates. Thus,
vertebrate complexity (including a mineralized endoskel-
eton and the diarthrodial joint) may well have been
enabled by a rapid and unprecedented rate of miRNA
acquisition (Heimberg et al., 2008; Sempere et al., 2006).

Cellular signaling includes a stunningly sophisticated
epigenetic network of chemical messengers that mediate
the communication within and between cells during
morphogenesis and remodeling (Allori, Sailon, & War-
ren, 2008). These recognized pathways are orchestrated
largely by miRNA activities (Zhao et al., 2013). At least
five of these pathways, important in bone and joint biol-
ogy, have been characterized in detail:

1. Bone morphogenetic proteins (BMPs) are highly con-
served in the animal kingdom, regulating bone and
cartilage formation, among a wide variety of other
processes (Chen, Zhao, & Mundy, 2004). In the joint,
BMPs can increase extracellular cartilage matrix
(ECM) and increase chondrocyte differentiation (Van
der Kraan, Davison, & van den Berg, 2010). Further-
more, some of the same BMPs that function in the
osteochondral unit also regulate endocrine function, a
coupling that can result in strong and rapid positive
natural selection (Ahmad, Ahmad, Adeel, Asif, & Du,
2018). In the mammalian female, BMPs are expressed
in granulosa cells, theca cells, and oocytes, where they
regulate folliculogenesis by increasing follicle stimu-
lating hormone, increasing estradiol, and decreasing
progesterone (Rossi et al., 2015). In the male, BMPs
maintain spermatogenesis, prevent epididymis degen-
eration, and regulate cell proliferation in the develop-
ing prostate (Lamm et al., 2001; Zhao, Liaw, &
Hogan, 1998).

2. Wingless-type mouse mammary integration rate (Wnt)
tightly regulates bone formation/regeneration and
embryonic joint development, but also is involved in

many nonskeletal processes (Lewiecki, 2014;
Monteagudo & Lories, 2017). Expression of Wnt path-
way proteins can elicit dramatically different functional
outcomes, depending on life stage (embryo or adult), or
location within the osteochondral unit (subchondral
bone or articular cartilage) (Sassi et al., 2014).

3. Sry-related high-mobility group box 9 (SOX-9) is
expressed by progenitor mesenchymal cells and is
essential to the survival of chondrocytes undergoing
chondrogenesis (Jo et al., 2014). By promoting the syn-
thesis of cartilage-specific matrix proteins, SOX-9 sup-
ports chondrocyte maintenance (Zhang, Thelena,
Lagrisse, & Weng, 2019). Positive selection also may
impact this pathway, owing to the role of SOX-9 in tes-
tis formation and sex determination (Jo et al., 2014).

4. Fibroblast growth factor 2 (FGF-2) plays an important
role in the formation of the joint cavity in the embryo
(Kavanaugh et al., 2006).

5. Reactive oxygen species (ROS), the free radicals that
are generated by many normal and abnormal cellular
processes, act as modifiers of miRNA structure (Jaksik
et al., 2014). Oxidized miRNA in turn can result in mis-
recognition of cell signals, thus leading to aberrant
gene expression. The biological consequence can be
defective protein synthesis and altered cell fate pro-
grams (Nunomura et al., 2012; Wang et al., 2015).

The microecological environment of the osteochondral
unit is influenced by many factors, including nutrition,
mechanical load, oxygen availability, temperature, hydra-
tion, and spontaneous gene mutation (Wu, Shen, & Tang,
2009). Given the ecological complexity, the stability of a
species phenotype in the face of a fluctuating microenvi-
ronment or macroenvironment is termed canalization
(Posadas & Carthew, 2014; Wu et al., 2009). Canalization
is yet another conserved attribute of all organisms.
MiRNAs perform this evolutionary function by incomplete
binding to their target mRNA, thus limiting translation to
some specific threshold (Ebert & Sharp, 2012). This is ter-
med a “weak buffer” of phenotype (Posadas & Carthew,
2014; Wu et al., 2009).

Another somewhat more hypothetical pathway
involves both upregulation and repression via a chemical
mediator that is termed an “incoherent feed-forward
loop” (Posadas & Carthew, 2014). The overall effect of
this metabolic pathway that is relevant to ontogeny is the
regulation of miRNAs and their targets, to conserve irre-
versible mammalian cell differentiation (Tsang, Zhu, &
van Oudenaarden, 2007). It is stunning that miRNAs not
only regulate phenotype within a species, but also can
canalize along a lineage of descendent species (interspe-
cies canalization). This latter process also is a product of
strong conservation through natural selection. For
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example, studies have shown that the divergence of a
given phenotype is less for miRNA-targeted genes than
for nontarget genes; thus, miRNA buffers gene expression
in a phylogenetic lineage (Cui, Yu, Purisima, &
Wang, 2007).

Gould (2002) presented a detailed discussion of the
evolutionary theory behind this sort of historical con-
straint, termed “channeling.” Such constraint imposes
obvious negative structural limits on natural selection
(zebras can never sprout wings to elude lions, to cite
Gould's facetious example). However, there exist also the
positive consequences of constraint as “promoters,
suppliers, and causes of evolutionary direction and
change” (italics in the original Gould, 2002).

4 | OAAND THE
OSTEOCHONDRAL UNIT

OA is a multifactorial degenerative disease involving one
or more joints (Koszowska, Hawranek, & Nowak, 2014).
Some contributing factors are classified as unmodifiable,
examples including aging and genetics linked to specific
OA phenotypes (Fathollahi et al., 2019; Roberts et al.,
2016; Van der Kraan & van den Berg, 2008; Warner &
Valdes, 2016). Others are classified as modifiable, such as
obesity, repetitive mechanical stress with damage, inade-
quate muscle support, changes in bone alignment, and
nutritional metabolites such as advanced glycation end
products (AGEs) (Jackson, Wlecka, Teichtaui, Morris, &
Cicuttini, 2004; Koszowska et al., 2014; Saudek & Kay,
2003; Wang & He, 2018).

To understand the pathophysiology of OA, it is useful
to consider the osteochondral unit as being composed of
distinct yet interacting microenvironments, or niches
(Williams, Edwards, Cooper, & Oreffo, 2013). The articular
cartilage and its ECM constitute the chondrogenic niche.
Transmembrane mechanoreceptor proteins (integrins)
respond to overloading by initiating intracellular signaling
cascades leading to the production of catabolic and inflam-
matory cytokines (Ramage, Nuki, & Salter, 2009). The
induction of proinflammatory genes is mediated largely by
nuclear factor kappa B (NF-kB) (Agarwal et al., 2004), and
results in degradation of the ECM, thus shifting the
homeostatic anabolic/catabolic balance toward catabolism
(Roberts et al., 2016; Williams et al., 2013). By contrast,
moderate, intermittent loading is necessary for normal car-
tilage maintenance and homeostasis (Guilak, 2011).

The proinflammatory impact of the various risk factors
noted above is accompanied by excess generation of ROS
in pathways such as chondrocytes — mitochondrial dam-
age — activation of endoplasmic reticulum pathways — ini-
tiation of cell apoptosis (Feng, Chen, Pengcheng, Zhang, &

Wang, 2019; Wu et al., 2016). Apoptosis, or programmed
cell death, evolved early in eukaryotes and shares many
molecular pathways with innate immunity, suggesting a
process of coevolution (James & Green, 2002; Zmasek &
Godzik, 2013). Moreover, the mitochondrial apoptosis
pathway is present in all metazoans (Green & Fitzgerald,
2016). On the other hand, the normally low oxygen tension
in this niche has an anabolic effect that tends to
mitigate the impact of inflammatory cytokines (Pattappa,
Johnstone, Zellner, Docheva, & Angele, 2019), thus creat-
ing a mechanism for metabolic balance within necessary
limits.

A unique response by the chondrogenic niche is forma-
tion of osteophytes, “a fibrocartilage-capped bony out-
growth” (Van der Kraan & van den Berg, 2007). Mechanical
stress, growth factors, and cytokines stimulate proliferation
of periosteal mesenchymal stem cells at the joint margin,
where cartilage meets bone (Junker et al., 2016). These stim-
ulated stem cells differentiate into osteophytic chondrocytes,
leading to endochondral ossification, a process induced and
supported by BMPs (Gelse et al., 2012). Steinberg et al.
(2018) compared the gene expression pattern in osteophytic
chondrocytes (transient phenotype) to that of articular cho-
ndrocytes (a permanent phenotype), and found differential
expression of 56 genes. Thus, osteophytic chondrocytes reca-
pitulate the conserved pathway of endochondral ossifica-
tion, which in the instance of OA may represent an attempt
to heal the joint (Steinberg et al., 2018).

The subchondral bone represents the osteogenic niche,
consisting of a subchondral bone plate with underlying tra-
becular bone. The plate layer is sufficiently porous, espe-
cially in high stress areas, to allow vascular communication
with the overlying articular cartilage (Li et al., 2013). Coinci-
dent with the degradation of ECM collagen network,
mechanosensors in osteoblasts respond to excessive stress
by upregulating a variety of genes expressing alkaline phos-
phatase, collagen protein, growth factors, and inflammatory
cytokines via NF-«kB (Sharma, Jagga, Lee, & Nam, 2013;
Williams et al., 2013). The homeostatic balance between
resorption and deposition is shifted, resulting in increased
bone turnover, development of subchondral sclerosis,
increased calcification of cartilage, and decreased diameter
of trabeculae (Aho, 2017). The increased vascularity and the
presence of microcracks increases the interaction with the
overlying articular cartilage via signaling molecules
(Sharma et al., 2013).

The synovial membrane and the synovial fluid consti-
tute the synovial niche (Scanzello & Goldring, 2012). The
semipermeable membrane regulates the balance of syno-
vial fluid at a number of molecular levels, including high
molecular weight molecules (lubricin, hyaluronic acid)
and low-molecular-weight molecules (growth factors,
cytokines, electrolytes, osmolytes). Normal synovial fluid
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in turn regulates the physiological homeostasis of the
articular cartilage (Scanzello & Goldring, 2012). Dys-
regulation of various aspects of the synovial fluid molecu-
lar balance is an important component of OA onset. For
example, the activation of the Wnt signaling pathway in
inflamed synoviocytes contributes to an increase in
matrix metalloproteinases that take part in cartilage
destruction (Lambert et al., 2014).

Synovial fibroblast response to mechanical stress is
critical during the initial stages of OA (Schroder et al.,
2019; Van den Bosch, 2019). In addition, the accumula-
tion of AGEs over time and the low oxygen tension that
occurs early in the inflammatory process promote the
generation of ROS and oxidative stress (Franke et al.,
2009; Ng et al., 2010). As the synovial fluid is the source
of nutrients to chondrocytes, the resulting inflammatory
changes in the synovial niche in turn promote degenera-
tion of cartilage (Franke et al., 2009).

5 | EPIGENETICS OF OA

Epigenetic changes in gene expression are the focus of sev-
eral recent reviews of the pathophysiology of OA (Fathollahi

Role in osteoarthritis

Repair of damaged cartilage.
Stimulation of chondrocyte

et al., 2019; Van Meurs et al., 2019; Zhang et al., 2019). It is
remarkable that the five signaling pathways described for
morphogenesis and remodeling also are central players in
OA development, and that these pathways are regulated in
part or in whole by miRNAs: BMPs (Deng, Li, Gao, Lei, &
Huard, 2018), Wnt (Xu, Gao, Zhang, Piao, & Dong, 2019),
SOX-9 (Martinez-Sanchez, Dudek, & Murphy, 2012), FGF-2
(Boehme & Rolauffs, 2018), and ROS (Portal-Nunez, Esbrit,
Alcaraz, & Longo, 2016). Furthermore, owing to the pres-
ence of damage-associated molecular patterns such as ECM
secondary breakdown products and accumulated AGEs,
inflammatory signaling pathways will become engaged early
in cartilage degeneration and OA, via cytokines and NF-kB
(Chang et al., 2019; van den Bosch 2019).

Among the approximately 30 miRNAs that are
expressed differentially in OA (Asahara, 2016; Zhang,
Lygrisse, & Wang, 2017), miRNA-140 has the highest
expression, regulating cartilage homeostasis, inhibiting
inflammatory pathways, and modulating SOX-9
(Karlson, deSouza, Odegaard, Eugebretsen, & Brin-
chmann, 2016; Yu, Chen, & Wang, 2011; Zhang, Ma, &
Yao, 2013). It is considered to be cartilage-specific (articu-
lar and growth plate) and highly conserved among all
vertebrates (Zhang et al., 2013).

References

Van der Kraan et al. (2010)

TABLE 1 Key signaling pathways

Signaling

pathway Role in morphogenesis

BMPs All phases of chondrogenesis and
endochondral ossification.

Wnt Senses mechanical stress to control
joint patterning and chondrocyte
maturation.

SOX-9 Stem cell proliferation and
differentiation in cartilage.

FGF-2 Formation of joint cavity (cavitation)

ROS Regulates chondrogenesis and

Abbreviations: BMPs, bone morphogenetic protein; FGF-2, fibroblast growth factor 2; ROS, reactive oxygen species; SOX-9, Sry-related high mobility group box

differentiation. Regulates
endochondral ossification

9; Wnt, wingless-type mouse mammary integration rate.

degeneration.

Regulates cartilage degradation and
osteophyte formation. Activated by
inflammatory cytokines. Crosstalk
with BMPs.

Downregulated in adult but
expressed in new progenitor cells
in late-stage OA

Activated by injury: Increases
chondrocyte proliferation, induces
catabolism. Increases gene
expression of inflammatory
mediators and SOX-9

Excess ROS induced by injury and
aging. Diffuses into all niches.
Oxidative stress causes
cytotoxicity, apoptosis,
inflammation.

Papathanasiou, Malizos, and Tsezou
(2012), Sassi et al. (2014), Brunt,
Begg, Kague, Cross, and
Hammomd (2017), and Zhou,
Wang, Hamilton, and Chen (2017)
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Steifer, and Osieka-Iwan (2013),
Kim, Park, and Im (2013), and
Koelling et al. (2009)

Kavanaugh et al. (2006), Chong et al.
(2013), Shi, Wang, Acton, Eckert,
and Trippel (2015), and Boehme
and Rolauffs (2018)

Ziskoven et al. (2010), Bai, Gong,
Dom, Cao, and Dong (2019), and
Lepetsos, Papavassiliou, and
Papavassiliou (2019)
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6 |
PATHOBIOLOGY

EVOLUTION OF OA

While OA is a prominent subject in mammalian clinical
medicine and research, like osteogenesis itself, this condi-
tion has its counterpart in reptiles (Philbey, Lawrie,
Alleson, & Taylor, 2006; Wolfe, Stringer, Krauss, & Trout,
2015) and birds (Degernes, Lynch, & Shivaprasad, 2011;
Rothschild & Panza, 2007). Additionally, as demonstrated
in the zebrafish model, the changes in morphology and
gene expression in mammalian OA are present in fish at
different developmental stages from larva to old age
(Hayes et al., 2013; Mitchell et al., 2013). Furthermore,
the five selected epigenetic pathways have been described
in the zebrafish model: BMP (Meinecke et al., 2018), Wnt
(Martin & Kimmelman, 2012), SOX-9 (Plavicki et al.,
2014), FGF (Row et al., 2018), and ROS (Zancan
et al., 2015).

The osteochondral unit, especially the chondrogenic
niche, is well-adapted for fitness during the reproductive
life stage (Van der Kraan & van den Berg, 2008). Any sig-
nificant loss of function would compromise reproductive
success. Population effects would include (a) lower posi-
tion within a dominance hierarchy and reduced repro-
ductive capacity (natural selection), and/or (b) adverse
effect on competition for mate choice (sexual selection)
(Prum, 2017). These consequences could be considered to
be a sort of genomic programming, because the elements
of the osteochondral unit appear to have become firmly
established in cell and tissue lines during mammalian
evolution (Ahmad et al., 2018). For example, BMPs 2, 6,
and 7 participate in signaling in the ovary and pituitary
gland as well as in bone/cartilage regeneration (Deng
et al., 2018; Lochab & Extavour, 2017; Shimisaki, Moore,
Otsuka, & Erikson, 2004).

Any effect of joint responses would tend to manifest
during later life stages of the individual. Postreproductive
negative selection then could “appear” to be silent to the
differential reproductive success that drives Darwinian
evolution. The actual effect may have been creation of an
increasingly complex biological spectrum that, at least at
times, seems to act independently of clinically evident
outcomes.

Tissue repair also recapitulates tissue morphogenesis.
Repair and regeneration revive “old tools” that enabled
embryonic morphogenesis of that same tissue (Ferguson,
Miclau, Hu, Alpera, & Helms, 2006; Martin & Pankhurst,
2004; Sen & Ghatak, 2015). Table 1 summarizes key sig-
naling pathways as they appear in morphogenesis or tis-
sue repair. One important difference involves induction
of inflammatory pathways (cytokine signaling) during
injury response. As stated by Houard, Goldring, and Ber-
enbaum (2013), recapitulating the morphogenetic

program causes a shift in chondrocyte phenotype, “lead-
ing to matrix remodeling, inappropriate hypertrophy-like
maturation, and cartilage calcification.” Thus, miRNAs
(especially miRNA-140) exert dual control of both fetal
development and the pathogenesis of OA (Miyaki et al.,
2010; Sen & Ghatak, 2015; Tuddenham et al., 2006).

Channeling is a third function that constrains and
directs the path of particular evolutionary patterns
(Gould, 2002). MiRNAs are crucial agents of this con-
straint in the conserved body plan. Peterson, Dietrich,
and McPeek (2009) made two evolutionary observations:
(a) miRNAs have been added to the metazoan genome
continuously over geological time, resulting in less vari-
ability of traits as a clade evolves; (b) the earlier-
established miRNAs acquire more robust activity over
time. Furthermore, heterochrony is coupled to epigenetic
channeling. In this context, heterochrony represents
changes in the timing of maturation and differentiation
of stem cells in bone and articular cartilage (Decker
et al., 2014; Smith, 2001). One important gene example,
Lin-28, is conserved broadly in spatiotemporal terms
(heterochronic) and is expressed in mouse and chick limb
buds (Yokoyama et al., 2008). Lin-28 regulates develop-
mental timing and articular cartilage thickness. MiRNAs
in the let-7 family are associated with the expression of
this gene (Kobayashi & Kozlova, 2018).

7 | CONCLUSIONS

Osteoarthritic pathology is conserved across taxa. Within
a clade, the observed homologous responses to injury and
age are programmed for the osteochondral unit (and its
niches). We know that these responses have their evolu-
tionary roots in morphogenesis. Epigenetic channeling
and heterochrony, orchestrated primarily by miRNAs,
maintain the sequence of these responses, while allowing
variation in their timing that depends at least partly on
the life history of the individual.

At the basis of all this ferment lies nature's
irreducible complexity. Organisms are not
billiard balls, propelled by simple and mea-
surable external forces to predictable new
positions on life's pool table. Sufficiently
complex systems have greater richness.
Organisms have a history that constrains

their future in myriad, subtle ways.
(Gould, 1980)
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