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The evolution of regenerative capacity in multicellular animals represents one
of the most complex and intriguing problems in biology. How could such a
seemingly advantageous trait as self-repair become consistently attenuated by the
evolution? This review article examines the concept of the origin and nature of
regeneration, its connection with the processes of embryonic development and
asexual reproduction, as well as with the mechanisms of tissue homeostasis.
The article presents a variety of classical and modern hypotheses explaining
different trends in the evolution of regenerative capacity which is not always
beneficial for the individual and notably for the species. Mechanistically, these trends
are driven by the evolution of signaling pathways and progressive restriction of
differentiation plasticity with concomitant advances in adaptive immunity. Examples
of phylogenetically enhanced regenerative capacity are considered as well, with
appropriate evolutionary reasoning for the enhancement and discussion of its
molecular mechanisms.
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Nothing in biology makes sense except in the light of evolution
T.G. Dobzhansky

If there were no regeneration there could be no life
R.J. Goss

INTRODUCTION

Animal regeneration is a subject of continuous scientific interest. The first experimental studies
on regeneration were carried out in the 18th century (Reaumur, 1712; Tremblay, 1744). Despite the
remarkable progress in the field (Bely and Nyberg, 2010; Zattara et al., 2019), we have to face the fact
that regenerative capacity varies colossally among the animal taxa. Despite the enormous amount
of experimental data on regeneration, the mechanisms of its evolution remain largely uncertain.

The first attempts to understand the laws that drive the evolution of regenerative capacity
in animals date to the 19th century. Since then, the so-called first rule of regeneration (“the
regenerative capacity of animals decreases with an increase in anatomical complexity”) was
re-formulated by many authors independently (Vorontsova and Liosner, 1960). The first counter-
examples of phylogenetically enhanced regenerative capacity in animals date back to the 19th
century as well.
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August Weismann (1834–1914) was the first to propose
comprehensive evolutionary reasoning for the diverse
regeneration potential in animals. He postulated that regenerative
capacity is an adaptive trait that is subject to phylogenetic
alterations and therefore may vary considerably among the
taxa. According to Weismann, the regenerative capacity of
a particular organ depends on three factors: anatomical and
physiological complexity, the frequency of damage to the organ,
and its significance for survival (Weismann, 1893, 1899). In the
20th century, similar views were expressed by Arthur Edwin
Needham, who also emphasized the relevance of environmental
conditions (for instance, he believed that aquatic environments
are highly favorable for regeneration) (Needham, 1952).
Needham’s remarks on the adaptive value of high regenerative
capacity, particularly on its ambiguous evolutionary feasibility
and controversial impact on survival, represent an important
addition to Weismann’s concept. According to Needham, the
routes of adaptation to the damaging factors are multiple.
Even under conditions of frequent damage to an organ, its
regeneration would not necessarily be the unique or least
expensive adaptive mechanism; the compensations for the loss
may include the enhanced breeding capacity, as well as the
effective avoidance of the damage through enhanced mobility
(Needham, 1952).

Despite the long history of the subject, the evolution
of regenerative capacity in animals is far from being fully
understood (Bely and Nyberg, 2010). In a broad sense,
the problematics of contemporary experimental studies and
theoretical investigations in the field have been set up by
Weismann (1893, 1899) and Needham (1952). It includes the
questions like whether regeneration is a primitive or adaptive
trait, what is the role of damage frequency in the evolution
of regenerative capacity, what is the role of the environment,
what are the reasons for the dynamic evolutionary alterations in
regenerative capacity, is it appropriate to consider regeneration
as a direct correlate of asexual reproduction, etc. The answers to
these and other old questions in their contemporary perspective
are the subject of this review.

CONTRIBUTION OF RUSSIAN
SCIENTISTS TO THE THEORY OF
REGENERATION

The first comprehensive Russian studies in the field of
regeneration date back to the early 20th century. We should
mention the research by K. N. Davydov, performed on acorn
worms Ptychodera minuta and Ptychodera clavigera. Davydov
was one of the first to express the idea of the similarity between
regeneration and embryonic development; his conclusions were
based on the comparison of the process of anterior regeneration
in P. minuta and P. clavigera with embryonic development
(Davydov, 1903).

By the 1930s, several large scientific centers for the study
of regeneration were formed in Russia. One of those was
headed by academician A. A. Zavarzin. Scientific activities
of his team had a pronounced evolutionary dimension; their

principal findings include the archetypal similarity of skeletal
muscle regeneration (with the involvement of myoblasts) in
representatives of different taxa (Zavarzin, 1938).

Another famous team focused on studying regeneration in
invertebrates (predominantly Porifera) was headed by B. P.
Tokin (Tokin, 1969; Korotkova, 1988). B. P. Tokin reckoned
that the term «regeneration» was historically coined as a generic
notion encompassing multiple different phenomena. He believed
that restoration of lost parts (extremities or organs) proceeds
by a different scenario and obeys other laws than the so-
called «somatic embryogenesis»—formation of a whole organism
from a limited number of preserved cells or small tissue
fragments. In this regard, B. P. Tokin and colleagues proposed
a broader concept of «regulation» which was a unifying term for
regeneration per se and «somatic embryogenesis» (Tokin, 1969).
This idea was subsequently criticized by Liosner, who questioned
the criteria for the distinction between the regeneration of body
parts and «somatic embryogenesis». L. D. Liosner justly pointed
that in many cases the distinction is vague, e.g., the restoration
of body terminus in many invertebrates (cnidarians, planarians,
annelids, etc.) satisfies the definitions of both regeneration and
somatic embryogenesis (Liozner, 1975).

Another key term that B. P. Tokin was operating with was
«integration»—a universal measure of adaptive fitness showing a
tendency to a continuous increase in the course of phylogenesis.
B. P. Tokin believed that the ability to regenerate body parts
increases evolutionary along with “integration” (as indicated by
the high regeneration rates characteristic of the integument and
internal organs in vertebrates), while the capacity of asexual
reproduction and somatic embryogenesis decreases (Tokin,
1969). Tokin’s views on the origin of regenerative capacity should
be mentioned as well: he believed that physiological regeneration
arose very early based on the properties and metabolic needs of
primitive living systems, while reparative regeneration evolved
later, based on the principles of physiological regeneration
and subsequent evolution of metabolic pathways and defense
mechanisms of the body (Tokin, 1969).

Another influential Russian team working on fundamental
problems of regeneration was the laboratory headed by M. A.
Vorontsova and L. D. Liosner (the Laboratory of Growth and
Development at the Institute of Human Morphology Russian
Academy of Medical Sciences, Moscow). The scope of their
scientific interest within the field of animal regeneration was
extremely diverse. Initially, the model choice was confined to
limb regeneration in amphibians, with the main focus on the
balance of destruction and proliferation and the role of mitogenic
radiation in these processes; a series of such studies was published
in the Wilhelm Roux’ Archiv für Entwicklungsmechanik der
Organismen (Blacher et al., 1933; Liosner et al., 1936). Later
on, the focus of scientific interest eventually shifted toward the
regeneration of internal organs, notably parenchymal organs, in
amphibians and ultimately in mammals. The vast experimental
data on the regeneration of different organs (kidneys, liver, lungs,
testes, ovaries, etc.) allowed a number of important fundamental
generalizations (Vorontsova and Liosner, 1960; Liozner, 1974).
In particular, Vorontsova found out that all parenchymal
organs regenerate in a similar way; to describe this; the
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term «regenerative hypertrophy» was introduced. Regenerative
hypertrophy—compensation of the loss by, respectively, cell
proliferation or the increase in the size of individual cells without
restoration of the initial morphogenetic complexity (Vorontsova
and Liosner, 1960; Liozner, 1974). V. F. Sidorova showed that
cellular mechanisms of postnatal regeneration of parenchymal
organs correspond to postnatal growth rather than embryonic
development, as no additional structural units (lobules, acini, and
nephrons) are formed after the resection (Sidorova, 1964, 1978).
A. G. Babaeva demonstrated the key role of the immune system
in regeneration, notably the ability of lymphocytes to stimulate
or suppress the repair processes in mammals (Babaeva, 1989,
1990). In the works of G. B. Bolshakova and her co-workers
began a new research area—the study of the regeneration of
the internal organs of mammalian fetuses; it was shown that in
the prenatal period, myocardial injury in 16-day-old rat fetuses
causes an increase in the proliferation of cardiomyocytes away
from the injury zone, while the formation of connective tissue in
the damaged zone is slow, which turns out to be unfavorable on
the survival of such animals in the postnatal period (Bolshakova,
2008). A. V. Elchaninov showed that after resection of the liver
of rat fetuses, the proliferation of hepatocytes is also activated
and the liver mass is restored, while, in contrast to the postnatal
period, without an increase in the ploidy and size of hepatocytes
(Elchaninov and Bolshakova, 2011a,b, 2012).

Findings of other Russian research teams that worked
successfully on specific fundamental issues of animal
regeneration should be mentioned as well. These include the
influence of pigment epithelium of the retina in its regeneration
in tailed amphibians studied by Mitashov (1996) and the role of
polyploidy in liver regeneration/myocardium repair in mammals
demonstrated by Brodsky and Uryvaeva (1977).

THE ORIGINS OF REGENERATION

From the very beginning of regeneration studies, two opposing
opinions have been expressed about its origin. Some experts
qualified regeneration as a primary property of living systems (A.
E. Needham and T. H. Morgan adhered to this point) (Needham,
1952), while others believed that it had emerged as a trait in some
primitive organisms along with multicellularity (Weismann,
1893, 1899; Bely and Nyberg, 2010). The second opinion implies
the understanding of regeneration as an epiphenomenon—
inducible re-play of a program, which underlies a particular
morphogenetic process (asexual reproduction, growth, and
embryogenesis) and is used repeatedly in the case of damage
(Garza-Garcia et al., 2010; Tiozzo and Copley, 2015).

Except for the radically different interpretation of very early
events, these two theories are mutually consistent, as both
allow viewing regeneration in terms of fundamental homology
and account for the employment of recognizable, highly
conservative patterns (which can be loosely defined as intensive
physiological maintenance of the remnant complemented by
active reconstruction of the missing part). Repair processes
in different organisms have much in common, for example,
rapid re-epithelialization of the damaged site, activation of cell

proliferation, activation of matrix metalloproteinases, scavenging
and regulatory activities of macrophages and other cells of the
immune system (Elchaninov et al., 2018, 2019), the impact
of the nervous system, etc. Repair processes may involve
dedifferentiation and transdifferentiation of cells and, notably,
activation of a stereotype genetic program (Fumagalli et al., 2018;
Darnet et al., 2019; Mehta and Singh, 2019).

Moreover, the diversity of views on the origin of regeneration
is more of historical interest, as early studies considered
this process only at the level of tissues and organs while
understandably neglecting the corresponding phenomena at
subcellular levels. With the current state of knowledge, it is
difficult to ignore the events and processes of restoration and
maintenance of intracellular integrity, including the continuous
renewal of organelles, turnover of the membranes, duplication of
centrioles, division of mitochondria, disassembly and reassembly
of the nuclear envelope during mitosis, etc. A unicellular
organism devoid of any ability to regenerate would be
maladaptive if viable at all; therefore, the direct association of
regenerative capacity with multicellularity is hardly reasonable.

Vorontsova and Liosner (1960) distinguished several types
of regeneration which had evolved separately; this point has
been reflected in recent studies (Bely and Nyberg, 2010). For
example, the regeneration of various components of organs, the
regeneration of whole organs, and the regeneration of the entire
body from a fragment represent different types of regeneration.
Some of these types are continuously preserved by evolution,
while others become eliminated (for example, the regeneration
of the entire body from a fragment).

Despite the distinct common features, repair processes
in different animal taxa may take dramatically different
ways (Alvarado and Tsonis, 2006). These ways are most
commonly distinguished by the scale of damage-induced cell
proliferation and its contribution to the morphogenesis, with
the extremes called morphallaxis and epimorphosis (the terms
were introduced by T. H. Morgan) (Figures 1A–C). Morphallaxis
proceeds by a spatial reorganization of the remnant at the
initial stages of repair; for example, Hydra regenerates by
morphallaxis (Figure 1A) (Alvarado and Tsonis, 2006). The
opposite way, epimorphosis, proceeds through the formation
of regeneration blastema composed of low-differentiated cells
with high proliferative capacity (Figure 1C). Epimorphosis
is characteristic of limb regeneration in tailed amphibians
(Caudata) and to a certain extent also of planarian regeneration
(Figure 1B) (Gurley et al., 2008). Currently, most experts agree
that the clear distinction between epimorphosis and morphallaxis
hardly makes sense, as any real regeneration is usually a
combination of both (Agata et al., 2007; Bely and Nyberg, 2010).
For instance, the oral pole regeneration in Hydra is distinctly
epimorphic (Chera et al., 2009; Galliot and Ghila, 2010).

The apparent phylogenetic primacy of morphallaxis is
indirectly indicated by its broad representation in both bilaterians
and non-bilaterians, whereas epimorphosis is specific for
bilaterians (Bely and Nyberg, 2010). Considering their similarity,
it can be assumed that epimorphosis evolved on the basis
of morphallaxis (Agata et al., 2007; Ben Khadra et al., 2018;
Ferrario et al., 2018).
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FIGURE 1 | Animal regeneration models. (A) Regeneration of head and foot in transgenic Hydra vulgaris by morphallaxis. (B) Regeneration timing in planarian
Schmidtea mediterranea. (C) Epimorphic limb regeneration in axolotl Ambystoma mexicanum. Adapted from, respectively, Wittlieb et al. (2006); Adell et al. (2014),
and Monaghan et al. (2014), under CC-BY. The asterisk labels the pharynx.

It should be noted that the overall homology of regeneration
mechanisms in animals is not that obvious. The mechanisms of
regeneration in distant taxa can differ beyond recognition, as can
be illustrated by the diverse genesis of regeneration blastema in
invertebrates (Das, 2015; Bertemes et al., 2020) and vertebrates
(Seifert and Muneoka, 2018; Muneoka and Dawson, 2020).

In planarians, the formation of blastema results from the
proliferation of neoblasts in response to amputation (Bertemes
et al., 2020); in crustaceans and insects, wound blastema is formed
from the migrating epidermal cells that undergo dedifferentiation
(Mito et al., 2002; Das, 2015; Bando et al., 2018).

Phylogenetic plasticity of regeneration mechanisms in
Caudata, with optional stem cell involvement and varying
contributions of dedifferentiation and transdifferentiation,
should be noted (Seifert and Muneoka, 2018; Muneoka and
Dawson, 2020). For instance, in newts, myoblasts are formed by
fragmentation of muscle fibers, whereas in axolotls, they form
by differentiation of myosatellite cells found within the blastema
(Seifert and Muneoka, 2018; Muneoka and Dawson, 2020).

Based on these findings, K. Muneoka et al. reckon that
regenerative capacity in vertebrates evolved independently
in different taxa originating from a hypothetical common
tetrapod ancestor incapable of limb regeneration. The authors
use this concept to describe the evolution of epimorphic
limb regeneration in amphibians (Seifert and Muneoka,
2018; Muneoka and Dawson, 2020) and suggest a similar
scenario for the evolution of regenerative capacity in
mammals, with their ability to partially restore the terminal
phalanx of a finger by forming a blastema-like structure
through remodeling and growth of bone tissue, which is
different from the mechanisms of blastema formation in

amphibians (Seifert and Muneoka, 2018; Muneoka and Dawson,
2020).

It should also be noted that, in mammals, cellular sources
of the wound blastema of the terminal phalanx differ in
an age-dependent manner. In mouse embryos at advanced
developmental stages, wound blastema is a derivative of
chondrogenic cells of the terminal phalanx, which express
Msx1, Msx2, Dlx5, and Bmp4 markers. A similar amputation
performed in the neonatal period promotes the formation of the
wound blastema as a derivative of mesenchymal cells located
predominantly beneath the nail organ and expressing Msx1, while
the blastema cells express Bmp2 and Bmp7 (Seifert and Muneoka,
2018; Muneoka and Dawson, 2020).

The diversity of cellular mechanisms of blastema formation
has been emphasized by Brockes et al. whose theory of
regeneration origin and evolution is based on two assumptions:
(1) regeneration employs the highly conservative principal
mechanisms of growth, development, and maintenance of tissue
homeostasis universally found in animals, and ensuring the
capability of self-repair in certain species/taxa and (2) these
highly conservative cellular mechanisms are governed and
regulated by a relatively small number of taxon-specific genes
responsible for the pronounced regenerative capacity (Garza-
Garcia et al., 2010).

The first of these points is consistent with the evidence on the
molecular invariance of morphogenetic processes (i.e., various
types of morphogenesis involve similar regulatory cascades)
(Cary et al., 2019; Mehta and Singh, 2019). The second
point (existence of “principal regulator” genes) is less evident;
notable examples include fgf20 proposed as a primary regulator
of fin regeneration in Danio rerio (Whitehead et al., 2005;
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Poss, 2010). A taxon-specific protein Prod1 (Geng et al., 2015),
found in newts and salamanders but missing in D. rerio,
Xenopus, and mammals, participates in the neural control over
regeneration and patterning (Garza-Garcia et al., 2010; Geng
et al., 2015; Muneoka and Dawson, 2020). The presence of Prod1
orthologs in Ambystoma mexicanum and Ambystoma maculatum
places its origin before the divergence of Salamandridae and
Ambystomidae (Garza-Garcia et al., 2010). In a planarian
Schmidtea mediterranea, 15% of 1065 genes associated with
homeostasis and regeneration have no homologs in other
organisms and are considered taxon-specific (Reddien et al.,
2005). According to Brockes et al., this group of genes is likely
to comprise principal regulators that determine the ability to
regenerate (Garza-Garcia et al., 2010).

The concept of principal regulators has also been indirectly
supported by a comparative genomic study encompassing 132
species of multicellular animals with different regeneration
capacities. A group of 118 highly conservative genes, 96% of
which encoded Jumonji C (JmjC) domain-containing proteins,
have been found specific for the «highly regenerative» species.
The evolutionary loss of such genes has been associated with a
dramatic decrease in regenerative capacity (Cao et al., 2019).

The evolutionary relationship between morphallaxis and
epimorphosis is disputable. The assumption on their intrinsic
homology was expressed by Bely and Nyberg (2010). This
point of view is supported by the non-random incidence of
both regeneration modes among animal taxa, as well as the
fundamental similarity of the cellular processes underlying
them. However, the depth of this similarity varies, and the
mechanisms can be fundamentally different. Moreover, the terms
«morphallaxis» and «epimorphosis», in the sense that Morgan
(who coined them) put into them, do not take into account
the overall mechanistic diversity of regenerative processes in the
animal kingdom; as a result, phenomena of different nature are
combined under one term. In this regard, some authors propose
to abandon the use of terms «morphallaxis» and «epimorphosis».
For instance, K. Agata suggested new terms «distalization»
and «intercalation» (Agata et al., 2007; Tiozzo and Copley,
2015). Recent findings indicate striking diversity of regulation
and implementation of regenerative processes at molecular and
cellular levels; even within a taxonomic group, the mechanisms
of regenerative response may vary significantly. In this regard,
the concept of homology as related to regeneration becomes a
distinct complex problem (Tiozzo and Copley, 2015).

The question of the origin of reparative regeneration is
closely related to the problem of how physiological regeneration
(i.e., the non-injury-induced restorative processes) and reparative
regeneration relate to each other. In general, physiological
regeneration is defined as the restoration of organs, tissues,
cells, and subcellular structures lost during their normal
life cycle or when performing their functions (Vorontsova
and Liosner, 1960). In modern understanding, physiological
regeneration is inherent in all tissues and cells; however, it
proceeds in different forms. The phenomena of physiological
regeneration include desquamation of epidermal cells, renewal
of the intestinal epithelium, restoration of the uterine mucosa
during the menstrual cycle, etc. (Carlson, 2007). B. P. Tokin

viewed physiological regeneration as a mechanistic basis
and direct evolutionary precursor to reparative processes.
In an extreme interpretation (currently only of historical
interest), reparative regeneration is an enhanced version
of physiological regeneration. This simplification is due to
the fact that cell proliferation, observed in some tissues
under normal conditions and activated after injury, was
the only measurable sign of regeneration. Currently, it is
obvious that reparative regeneration differs in mechanisms from
physiological regeneration and according to some views evolves
as epiphenomenon which partially employs both the principles
of physiological regeneration and the highly conserved molecular
and cellular mechanisms of embryonic development and growth
(Goss, 1992; Tiozzo and Copley, 2015).

Anyway, there is no doubt that regeneration as a process
arose very early in the evolution and therefore involves highly
conserved cellular mechanisms of morphogenesis. The intrinsic
similarity of regeneration processes with asexual reproduction
(Vorontsova and Liosner, 1960; Martinez et al., 2005; Kawamura
et al., 2008; Burton and Finnerty, 2009; Zattara and Bely, 2016),
growth (Bely and Wray, 2001; Gurley et al., 2008), and embryonic
development (Martin and Parkhurst, 2004; Ghosh et al., 2008;
Vogg et al., 2019) has been repeatedly noted.

REGENERATION AND ASEXUAL
REPRODUCTION

Indeed, it is quite difficult not to link regeneration with asexual
reproduction (Vorontsova and Liosner, 1960; Martinez et al.,
2005; Brockes and Kumar, 2008; Kawamura et al., 2008; Burton
and Finnerty, 2009; Zattara and Bely, 2016). In many organisms,
regeneration can be morphologically indistinguishable from
asexual reproduction by budding or fission. The mechanisms of
asexual reproduction could be “easily” adapted for regeneration;
the key difference is the stimuli that trigger these processes. Such
concept has been supported by molecular studies of regeneration
and asexual reproduction in hydras, planarians, annelids, and
other invertebrates (Martinez et al., 2005; Mehta and Singh, 2019;
Reddy et al., 2019a,b) revealing specific involvement of stem
cells and generically similar roles of Wnt-signaling in these two
processes (Mehta and Singh, 2019).

Ultimately, the phenomenon of restoration of the entire body
from a fragment can be considered as asexual reproduction
(Tokin, 1969). B. P. Tokin viewed the decreasing capacity for
asexual reproduction as a direct correlate (and reflection) of the
loss in regenerative capacity.

The resemblance of asexual reproduction with regeneration
in invertebrates is remarkable. However, despite the rich recent
history of comparative studies on the histological level, only
a limited number of specific molecular findings support the
intrinsic similarity of the two processes. The positive examples
include similar expression of Pl-en in the nervous system, as
well as Pl-Otx1 and Pl-Otx2 in the anterior body wall, foregut,
and nervous system, of the annelid worm Pristina leidyi during
regeneration and asexual reproduction (Bely and Wray, 2001).
Also, Hydra shows a similar expression of HyBMP5-8b, a
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BMP5-8 ortholog involved in axial patterning and formation of
tentacles, in budding and regeneration (Reinhardt et al., 2004).
However, despite the outward similarity of asexual reproduction
with regeneration, these two processes evolved separately. For
instance, the closest common ancestor of Annelida was probably
capable of regenerating the anterior and posterior ends of the
body but was devoid of the ability to reproduce itself asexually
(Zattara and Bely, 2011, 2016). In Nematostella vectensis,
molecular markers expressed during asexual reproduction and
regeneration significantly overlap; however, no expression of
regeneration markers Nv-otxC and anthox1 is observed during
asexual reproduction (Burton and Finnerty, 2009).

REGENERATION AND EMBRYOGENESIS

K. N. Davydov was one of the first to express the idea of the
similarity between regeneration and embryonic development;
his conclusions were based on the comparison of the process
of anterior regeneration in P. minuta and P. clavigera with
embryonic development (Davydov, 1903). The relationship
between regeneration and embryogenesis is of particular
importance for evolutionary biology, as it allows experimental
investigation of the emergence of new structures. Sánchez
Alvarado and coauthors developed an original view of this
problem (Sánchez Alvarado, 2000; Elliott and Sánchez Alvarado,
2013). According to his opinion, the limb development in
arthropods and vertebrates is governed by similar molecular
cascades. However, the closest common ancestors of arthropods
and vertebrates had no limbs at all. What factors, then,
predetermined the homology? (Sánchez Alvarado, 2000;
Elliott and Sánchez Alvarado, 2013).

The answer to this question can be obtained by studying
regeneration. The similarity of embryonic limb buds with
regeneration blastema is evident both histologically and at
the level of molecular signaling cascades (Galis et al., 2003).
In planarians, the blastema contains key components of
molecular pathways regulating the establishment of anterior–
posterior (Wnt-signaling), dorsal–ventral (BMP-pathway), and
medial–lateral polarities (Sánchez Alvarado, 2000; Elliott and
Sánchez Alvarado, 2013; Karami et al., 2015). According
to Sánchez Alvarado and coauthors opinion, «the molecular
processes underlying blastema formation and regeneration
have been co-opted by sexually reproducing animals for the
production of new structures such as limbs during the evolution
of their developmental processes» (Sánchez Alvarado, 2000;
Elliott and Sánchez Alvarado, 2013).

In molecular terms, embryonic development and regeneration
are very different. N. vectensis shows no asymmetric expression
of Hox-like genes (characteristic of embryogenesis) during
asexual reproduction or regeneration (Burton and Finnerty,
2009). In zebrafish, the epimorphic regeneration of fins requires
fgf20a expression, which is not required for fin development
(Whitehead et al., 2005). In Xenopus, three Abdominal B-type
Hox genes XHoxc10, XHoxa13, and XHoxd13 show different
expression patterns in regenerating and developing limbs
(Christen et al., 2003). The similarities and differences of

embryonic development, asexual reproduction, and regeneration
are consistent with the idea that the capacities of asexual
reproduction and regeneration evolved on the basis of signaling
pathways of growth and development; however, the “borrowing”
was selective and proceeded in a variety of ways.

Apparently, signaling pathways governing regeneration
and asexual reproduction in primitive animals were
eventually redirected for the performance of other
tasks, e.g., limb development (Sánchez Alvarado, 2000;
Elliott and Sánchez Alvarado, 2013).

EVOLUTIONARY MAINTENANCE OF
REGENERATIVE CAPACITY

Regardless of the character of regeneration origins at the most
ancient stages of evolution (whether it was a primary or
secondary property of animals), this property was propagated in
diverse forms throughout the animal kingdom.

The problem of maintaining regenerative capacity during
evolution is one of the key ones. However, there are very
few specific experimental studies. Initially, the very idea of
maintaining the ability to regenerate, the role of the frequency of
damage in this process was developed by Weismann (1893, 1899),
and further tested in the works of Morgan T.H. (1901). Further
insight into the role of injury and the value of regeneration in the
fitness of a species was developed by Needham (1952) and Goss
(1969).

According to the classical reasoning, frequent damage to an
organ is favorable for the maintenance of its regenerative capacity
(Weismann, 1893, 1899), given that its loss will significantly
reduce the individual’s fitness and the overall costs are not
detrimental for the species (Needham, 1952; Goss, 1969).

At the initial stages of evolution, aggressive environmental
conditions apparently played a principal role in maintaining the
regenerative capacity (Wulff, 2006). Indeed, a high frequency
of damage is typical for some groups of highly regenerative
organisms in natural environments, to the extent that the
majority of individuals in wild populations show distinct signs
of damage and repair (Clark et al., 2007; Bely and Nyberg, 2010).
However, the high regenerative capacity may be preserved even at
low frequencies of damage. T. H. Morgan, in his classical studies
on hermit crabs, showed that the rudimentary hind limbs, hidden
in the shell and rarely damaged unless the shell is broken (in
which case the animal would likely perish), regenerate in the same
way as front limbs (exposed to the environment and frequently
damaged or autotomized) (Morgan T., 1901; Morgan T.H.,
1901; Sunderland, 2010). Noteworthy, hydras, and planarians,
with their remarkable regenerative capacities, show no signs of
active repair in the wild (Bely and Nyberg, 2010). As emphasized
by Needham, regeneration would never be the only adaptive
response to frequent damage. Instead, the species may enhance
its reproductive potential; the animals may also develop mobility,
protective coloration, exoskeleton, etc. (Needham, 1952).

Theoretically, as already noted, the severity of damage
must be balanced by the cost of the regenerative process.
Excessive severity of damage will kill the animal, whereas its
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insignificance for the normal functioning (due to dispensability
or redundancy of the damaged structure) will eliminate the need
for regeneration. However, in practice, it is rather difficult to
determine the cost of damage, as well as the cost of regeneration
for a particular organism (Tiozzo and Copley, 2015). Several
studies indicate that regeneration is indeed associated with
significant energy expenditures (Naya et al., 2007) and functional
opportunity costs that affect the survival and reproductive
capacity of the organism (Bernardo and Agosta, 2005; Maginnis,
2006; Suzuki et al., 2019). Complex adaptive reactions (e.g.,
autotomy, which helps to minimize the loss of biological fluids
and tissues when attacked by predators) can reduce the cost of
damage thus increasing the feasibility of regeneration (Maginnis,
2006; Mcgaw, 2006; Bateman et al., 2008). In the general case,
the regeneration is feasible when its benefits and rates override
the possible negative effects from the existence of functionally
immature and burdensome intermediate structures (Ramos et al.,
2004; Dupont and Thorndyke, 2006; Barr et al., 2019) or
incomplete/deviant recovery in cases of atypical regeneration
(Lailvaux et al., 2009; Bely and Nyberg, 2010).

Due to the difficulties and contradictions of adaptationism
(when applied on its own), alternative hypotheses were proposed
to explain the evolutionary maintenance of regenerative
capacity. In this regard, pleiotropic effects and phylogenetic
inertia represent particularly important factors that should be
discussed separately.

In an evolutionary context, the term «pleiotropy» refers to
the maintenance of regenerative capacity of an organ in close
association with some other important morphogenetic process,
for example, asexual reproduction, growth, embryogenesis, or
regeneration of another organ (possibly regulated by the same
genetic frameworks). Pleiotropy implies default activation of
related morphogenetic processes; for instance, in cnidarians and
flatworms, the mechanisms of regeneration and normal growth
are intrinsically similar (Alvarado and Tsonis, 2006; Bosch, 2007).

The concept of phylogenetic inertia refers to cases when
regenerative capacity confers no distinct selective advantages
to the species, nor shows distinct associations with any other
morphogenetic process. In such cases, regeneration is preserved
for the reason of insufficient selection pressure (or time) for its
elimination. This concept provides a valuable description for the
evolution of regenerative capacity in annelids, some of which
retained the capacity while others lost it (Bely and Wray, 2001;
Bely, 2006).

EVOLUTIONARY ENHANCEMENT OF
REGENERATIVE CAPACITY

It should be noted that evolutionary enhancement of regenerative
capacity is rare. Nevertheless, the distinct minor trends can be
illustrated by the enhanced regenerative capacity of muscle liver
tissues and in mammals and birds compared with amphibians
(Liozner, 1974; Carlson, 2005) and the enhanced regeneration
of extremities in arthropods compared with other ecdysozoans
(Maruzzo and Bortolin, 2013). Another famous example is the
regeneration of the tail in lizards (Garza-Garcia et al., 2010)

and high skin regeneration in the spiny mouse, Acomys
(Brant et al., 2016). Despite these impressive examples of the
enhanced regenerative capacity, their mutual relationship is
too distant to allow comprehensive investigation of common
evolutionary patterns.

One of the most productive strategies in tracing the
evolutionary dynamics of regenerative capacity is to compare
closely related species with different regenerative capacities (Bely
and Sikes, 2010; Zattara et al., 2019). Phylum Nemertea is one of
the most promising in this aspect, as all of its studied species are
capable of regenerating the posterior portion of the body, while
only some of them can regenerate the anterior terminus (Bely
et al., 2014; Zattara and Bely, 2016). The findings indicate that
the common ancestor of Nemertea was capable of regenerating
the posterior portion, but not the anterior terminus. In the
evolution of Nemertea, this capacity was reinforced in at least
four instances, as revealed by facile regeneration of the anterior
terminus in corresponding species (one among Palaeonemertea
and three among Pilidiophora; Zattara et al., 2019). The
repeated events of enhancement were apparently promoted by
repeated emergence of certain traits which allowed the transition
(probably, the long-term survival of decapitated individuals)
(Zattara et al., 2019). Mechanistically, the enhancement may
result from the activation of some embryonic developmental
programs in adults. Such assumption is consistent with the
experiments on the embryos of Nemertopsis bivittata, which, after
being cut into two parts, develop into two individuals (whereas
the adults of this species are non-regenerative) (Martindale and
Henry, 1995). Such mechanisms can be highly conserved; cf.
the organizing roles of Wnt/β-catenin signaling during apical
regeneration in Hydra and early development in vertebrates
(Guder et al., 2006; Reddy et al., 2019a; Vogg et al., 2019).

AN EVOLUTIONARY DECLINE IN
REGENERATIVE CAPACITY

The decline in regenerative capacity is a very strong phylogenetic
trend, the examples of which can be found in any phylum
(Bely and Nyberg, 2010; Lai and Aboobaker, 2018). However, its
accurate comparative assessment in different groups of animals is
complicated (Bely, 2010; Bely and Sikes, 2010).

Meanwhile, mechanistic reasons for the decline, though much
discussed, remain understudied. In the view of adaptationists,
regenerative capacity may be alleviated as a direct consequence
of low damage frequency (Baumiller and Gahn, 2004). However,
this view has not been supported by experimental findings,
efficient regeneration of rudimentary limbs in hermit crabs
reported by T. Morgan. The same applies to the regeneration
of internal organs, which, according to A. Weismann, should
regenerate poorly (Weismann, 1893, 1899). In the 20th
century, this concept was criticized by M. A. Vorontsova,
L. D. Liosner, and their followers (Vorontsova and Liosner,
1960; Liozner, 1974).

In addition, a decline in regenerative capacity may occur as a
result of a significant change in the adaptive value of the organ.
In case of dramatic gain in adaptive value, damage to the organ
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may kill the individual without giving regeneration a chance.
However, a decrease in the adaptive value of an organ may also
promote a decline in its regenerative capacity, as it happens
with a multiplication of identical or similar structures, e.g., the
alleviated capacity of limb regeneration in certain arachnids
(Brautigam and Persons, 2003).

Regenerative capacity may also decrease in a pleiotropic
manner. Galis et al. (2003) suggest that the regenerative
capacity of vertebrate limbs evolves in connection with their
embryonic development. In the case of the early onset of limb
development, its formation coincides with basic morphogenetic
events involving complex interactions of multiple embryonic
structures. As a consequence, the limb develops under powerful
inducing effects of somites, lateral plate mesoderm, etc., but not as
a self-organizing structure. Accordingly, the regenerative capacity
of the definitive limb is reduced (Galis et al., 2003).

When the onset of limb development is delayed until the
completion of fundamental inductive interactions between the
primary germ layer derivatives (somites, neural tube, etc.),
the autonomously developing limbs will be regenerative. This
concept can be illustrated by the delayed limb development in
Caudata (whose capacity for limb regeneration is renowned).
Opposite examples include the fins of sharks and lungfish, as
well as the limbs of birds and mammals, which develop from
early anlagen and regenerate poorly. At the same time, the
concept does not account for the poor limb regeneration in
Anura, whose limbs develop fairly late, but regenerate well
in larvae only (Galis et al., 2003). However, adult Anura are
not completely devoid of the ability to regenerate limbs: in
Rana temporaria and Rana clamitans, limb regeneration can
be obtained after additional damaging effects on the wound
surface (Polezhaev, 1946), while in Xenopus laevis, the same
effect can be achieved by blocking proton channels and limiting
the duration of local immune responses (Adams et al., 2007;
Fukazawa et al., 2009).

Close to the concept under consideration is the concept of
modules, a network of genes that control the behavior of cells
taken from evo-devo. Defining the concept of modularity is not a
trivial task. In developmental biology, the hypothesis of modules
assumes the division of a developing organism into functional
or organizational subunits that have pronounced morphological
isolation, for example, somites, or correspond to a certain part
of the body of an adult, such as a limb kidney (Bolker, 2000).
Raff (1996) listed the following module characteristics: it should
have a discrete genetic specification, hierarchical organization,
interactions with other modules, a particular physical location
within a developing organism, and the ability to undergo
transformations on both developmental and evolutionary time
scales (Raff, 1996).

In connection with the problem of the evolution of
regeneration, this concept implies the idea of developmental
constraint, i.e., restraints on phenotype production due to limited
interaction among modules. For example, an increase in the
complexity of the structure at the histological level can prevent
the propagation of gradients of morphogens or bioelectric signals,
which can lead to a decrease in the regenerative capacity
(Tiozzo and Copley, 2015).

The interplay of regeneration and immunity represents a
special issue (Mescher et al., 2017). The advent of adaptive
immunity apparently collided with the pronounced regenerative
capacity. In the highly regenerative Caudata, many components
of adaptive immunity are underdeveloped; for example,
compared with tailless amphibians, they lack antiviral immunity
(Cotter et al., 2008; Murawala et al., 2012). Significant upgrade of
the adaptive immune system during metamorphosis in Anura is
consistent with the observed decline in the regenerative capacity
of the adult individuals compared with the larvae (Robert
and Ohta, 2009; Godwin and Rosenthal, 2014). In Anura, the
immune system undergoes significant developmental changes.
Prior to metamorphosis, it is functionally immature, as indicated
by larval repertoires of T cell and B cell receptors, low expression
of MHC I, low levels of B cell-mediated responses and antibody
production, the negligible activity of natural killer cells, and low
activity of helper and killer T cells. Metamorphosis is associated
with a significant upgrade of these indicators; in addition, it
brings the capacity of MHC II-dependent activation of helper T
cells (Robert and Ohta, 2009). The increase in activity of natural
killer cells and T cells in tailless amphibians leads to enhanced
antitumor and antiviral immunity, which apparently costs them
their regenerative potential.

Similar patterns are observed in mammals, with the
pronounced regenerative capacity (manifested in scarless wound
healing and myocardial regeneration) confined to certain stages
of fetal development (Porrello et al., 2011; Vivien et al., 2016). The
pronounced regenerative capacity of fetal skin and myocardium
can be associated with certain functional properties of the
developing immune system. It has been demonstrated that during
this period the body more readily develops a Th2-mediated anti-
inflammatory response than pro-inflammatory reactions (Sattler
and Rosenthal, 2016). The shifted balance apparently favors a full-
value compensation of the defect in line with its immediate tissue
environment rather than its replacement with fibrous tissue.
Apart from the plausible role of T cell-mediated responses, the
influence of innate immunity should be considered as well. The
development of organs is accompanied by their colonization
with macrophages of bone marrow origin as opposed to primary
populations of embryonic macrophages, which may also affect
the regenerative capacity (Epelman et al., 2014; Elchaninov et al.,
2019, 2020). Apparently similar reasons explain the high skin
regeneration in the spiny mouse, Acomys. So they have an
almost complete absence of macrophages and a low level of pro-
inflammatory cytokines in their skin wounds (Brant et al., 2016).

Thus, it can be noted that evolutionary maturation of the
immune system leads to a decrease in the regenerative potential,
as illustrated by the inability of frogs to regenerate limbs after
metamorphosis, as well as the extinction of scarless healing of
skin wounds in mammals.

The reverse correlation between adaptive immunity and
regenerative capacity (Godwin et al., 2017) may reflect the
important role of under-, trans-, or dedifferentiated cells in
regeneration (considered in the next section). It has been
suggested that the advanced adaptive immunity (characteristic
of Anura, birds, and mammals) is poorly compatible with
the presence of non-differentiated cells, which are considered
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compromised and become eliminated along with foreign cells.
The constant immune pressure on the populations of cells with
high differentiation potential negatively affects the regenerative
capacity (Godwin et al., 2017).

Another reason for the decline in regenerative capacity
may be the high energy cost of this process. In animals
with a short lifespan, individuals invest more resources in
reproduction, which leads to a decrease in regenerative potential;
this apparently has happened to certain species of lizards (Fox
and McCoy, 2000; Bernardo and Agosta, 2005). A similar
relationship between reproduction and regeneration can be
observed in species with asexual reproduction, e.g., annelids who
have lost the capacity of anterior regeneration (Bely and Wray,
2001; Bely, 2010; Zattara and Bely, 2013). Regeneration may
affect the development; for instance, it significantly delays the
metamorphosis in fruit flies, cockroaches, butterflies, and crabs,
which can also adversely affect survival (Suzuki et al., 2019).
Another possible cause for the decline in regenerative capacity
is warm-bloodedness (Goss, 1969), which is closely related to the
evolution of adaptive immunity, hard skeleton (Wulff, 2006), and
finite growth (Bely and Wray, 2001; Bely, 2010).

Elucidation of mechanisms that determine the decline of
regenerative capacity is challenging, especially given the varying
degree of such effects in the evolution. It was noted that in certain
groups of animals, e.g., annelids, regeneration is reduced to
wound healing, amphibians and fish tend to exhibit hypomorphic
regeneration, whereas reptiles may show either decreased rates of
recovery or confinement of repair to certain stages of ontogeny
(Vorontsova and Liosner, 1960; Han et al., 2003, 2008; Seifert
and Muneoka, 2018). In planarian Dendrocoelum lacteum, cross-
cut at a certain level, tail fragments are incapable of regenerating
the head. It has been found that the restriction is due to the
uninhibited Wnt/b-catenin signaling in such fragments and that
ectopic suppression of Wnt/b-catenin signaling makes them
capable of anterior regeneration (Liu et al., 2013; Maden, 2018).
Similarly, the lack of anterior regeneration observed in certain
annelids has been associated with low expression of nanos
(Bely and Sikes, 2010).

DIFFERENTIATION STATUS AS A
CORRELATE OF REGENERATIVE
CAPACITY

According to Weismann’s theory, the regenerative capacity
decreases as the structural and functional organization becomes
more complex. In other words, Weismann believed that complex
structural patterns are poorly compatible with regeneration,
which requires pronounced tissue plasticity and a sufficient
degree of freedom for the reconstruction.

Despite the vagueness and controversy of the
term “organization complexity” as applied to animals,
differentiation plasticity of cells is certainly connected with
regeneration capacity.

The terms «transdifferentiation», «dedifferentiation», and
«redifferentiation» have a rich history of scientific usage. The
issue of their exact meanings and, in general, whether their

use makes sense, is still open. Despite the long controversy,
the definitions vary. Literally, dedifferentiation is the loss
of structural and functional specialization; accordingly,
redifferentiation may be understood as reacquisition of its
previous differentiated phenotype by a particular cell (Odelberg,
2004, 2005; Grigoryan, 2016). «Transdifferentiation» is a
particularly controversial term. Some experts use it loosely, even
to describe a transition between derivatives of the same germ
layer, for example, the transition between cholangiocyte and
hepatocyte (Michalopoulos, 2011). Others use it in a narrower
sense, to describe a transition between germ layers; the examples
include the transition of the coelomic epithelium into gut
epithelium during gut regeneration in holothurians (Dolmatov
et al., 2019) and the transition of pigment cells of the iris into
epithelial cells of the lens (Grigoryan, 2016). «Dedifferentiation»
implies explicit transition to a low-differentiated state with high
proliferative activity. A classic example of dedifferentiation is
observed during regeneration of the retina from the pigment
epithelium in newts, during which the epithelial cells lose
melanin granules, enter proliferation, and differentiate into
neurons (Mitashov, 1996); the whole sequence, however, can be
justly classified as redifferentiation or even transdifferentiation.
Formation of the wound blastema during regeneration of
newt limbs also involves dedifferentiation, with muscle fibers
losing their striation and undergoing fragmentation to become
myoblasts (Odelberg, 2005).

Differentiation plasticity of cells at the site of injury (or
directed to it) is closely related to the extent of remodeling
in response to damage, with the extremes termed morphallaxis
(«blastema-less» regeneration) and epimorphosis (which involves
the formation of blastema). For instance, the diploblastic Hydra
can be considered as an organism that is constantly in a state
of regeneration (Sánchez Alvarado, 2000; Martínez and Bridge,
2012). In Hydra, non-differentiated pluripotent cells of the gastric
column are constantly proliferating and changing their location
within the body (Sánchez Alvarado, 2000; Bosch, 2007; Vogg
et al., 2019). According to some expert opinions, these cells may
be considered as a hidden permanent analog of the blastema. The
constant «circulation» of such cells in Hydra’s body provides a
reasonable alternative to their emergency accumulation at the site
of damage (which would be an epimorphic feature). Moreover,
the constant presence of non-differentiated progenitors enables
the triggering of determination and differentiation processes
immediately after damage, which is typical for morphallaxis
(Sánchez Alvarado, 2000).

In triploblastic animals, the evolution of an expanded system
of cell differentiation checkpoints posed critical restrictions on
the pluripotency. In planarians (considered as the most primitive
triploblastic animals), the only pluripotent cells are neoblasts.
In the case of damage to the planarian body, neoblasts actively
proliferate and form blastema. It is believed that the cells involved
in the restoration of the entire body from a fragment have
similar properties in different groups of animals (endowed with
such capacity). These cells are marked with RNA/protein-rich
structures referred to as nuage, germ plasm, or chromatoid bodies
(nuGPCB) which typically contain the expression products of
germline-associated genes of Vasa, Nanos, Piwi, Tudor, Pumilio,
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and Bruno families. In invertebrates, non-differentiated cells are
also typically marked by high expression of PIWI/piRNA genes,
which ensures genome stability (Tiozzo and Copley, 2015; Lai and
Aboobaker, 2018).

In more complex triploblastic animals, e.g., tailed amphibians,
the pluripotency is restricted even further. These animals lack a
reserve of pluripotent cells, which emerge during regeneration as
a result of dedifferentiation and transdifferentiation of the pre-
existing differentiated cells (Alvarado and Tsonis, 2006; Brockes
and Kumar, 2008; Li et al., 2015). In tailless amphibians and
salamanders, the potency of accumulating non-differentiated
cells in response to injury is dramatically reduced or restricted to
the larval stages (Agata and Inoue, 2012). Relative contributions
of dedifferentiation and transdifferentiation to regeneration
remain disputable, partly due to the pluralism of definitions
for these processes in different settings (Galliot and Ghila,
2010). The majority of experts agree that dedifferentiation and
transdifferentiation characteristically occur during regeneration
in Hydra, as well as during Wolffian regeneration of the lens
in Caudata (Galliot and Ghila, 2010; Henry and Hamilton,
2018). Transdifferentiation of coelomic epithelial cells into
enterocytes can be observed during regeneration in sea
cucumbers (Dolmatov et al., 2019; Boyko et al., 2020). At the
same time, the cells of regenerating limbs in tailed amphibians
have been shown to retain their key differentiation determinants
(Kragl et al., 2009; Slack, 2017).

According to a number of authors, the ability of cells to
return to the cell cycle is closely related to the concept of cell
plasticity (Galliot and Ghila, 2010). In the course of evolution
in some animals, the regulation of the cell cycle became more
complicated, the appearance of additional checkpoints, which in
turn could cause a decrease in the regenerative capacity.

In the course of a comparative study of the mechanisms of
regulation of the cell cycle, it was found that 23 cyclins are
encoded in the Saccharomyces cerevisiae genome, which regulates
six proline-directed serine/threonine protein kinases. Cdc28 is
required for driving the cell cycle. The multifunctional kinase
Pho85 regulates G1 progression and other intracellular processes.
In humans, 13 members of the CDK-family (cyclin-dependent
kinase) have been found to interact with 29 cyclins and cyclin-
related proteins (Malumbres and Barbacid, 2005). A family of
five proteins (known as Ringo or Speedy) has been found in
vertebrates but not in S. cerevisiae, Caenorhabditis elegans, or
Drosophila melanogaster (Nebreda, 2006).

It has been found that CDK7, CDK8, and CDK9 are not
very different from their yeast orthologs. CDK4 and CDK6
first appeared in multicellular organisms. The increased number
of cyclins in the mammalian genome has resulted in a large
variety of CDK–cyclin complexes. However, only 10 cyclins
(three D-type, two E-type, two A-type, and three B-type cyclins)
are known to be directly involved in driving the mammalian cell
cycle (Malumbres and Barbacid, 2009).

The control of the mitotic cycle in the nuclei of muscle
fibers in Anamnia and mammals is carried out with the
involvement of different amounts of regulatory proteins. It was
found that in non-amniotic vertebrates, one INK4 gene functions,
which is responsible for the synthesis of cyclin-dependent

kinase inhibitor 2 (p16Ink4). At the same time, mammals
have two Ink4 genes (Ink4a which produces p16INK4a, and
ARF, and Ink4b which produces p15INK4b). p16INK4a and
p15INK4b block cyclin-dependent kinases 4 and 6 (CDK4,6)
activity under normal conditions. In mammals, there is an
additional mechanism of inhibition of the cell cycle re-entry
by alternate open reading frame (ARF) through tumor protein
p53. Under normal conditions, maintenance of chromosomes
2 (MCM2) ubiquitinates p53 and targets it for destruction
(Seifert et al., 2012).

Despite the limitations in proliferative potential and
phenotypic plasticity, mammalian tissues present with certain
examples of dedifferentiation. However, these examples are
most often associated with pathological processes, to leave alone
tumorigenesis. For example, under conditions of severe viral or
toxic liver damage, cholangiocytes are prone to dedifferentiation,
with subsequent redifferentiation to cholangiocytes or
transdifferentiation to hepatocytes (Michalopoulos, 2011).
Another effect of viral or toxic liver damage on cell differentiation
status is the loss of lipid droplets by Ito cells and their transition
to myofibroblasts (Unanue, 2007).

CONCLUSION

In the course of the evolution of certain animal taxa, more
and more checkpoints were added to the regulation of the cell
cycle and exit from it. These checkpoints are maintained by the
expanded system of cyclins and cyclin-dependent kinases with
associated gene-and-protein networks and circuits (Malumbres
and Barbacid, 2009; Seifert et al., 2012). The establishment of
complex multilevel control of the mitotic cycle was inevitably
coupled to enhanced control of the differentiation status;
this association represents a major cause for the decline in
regenerative capacity in vertebrates. An eventual increase in the
activity of metabolic processes in warm-blooded animals allowed
neither the preservation of non-differentiated cells in sufficiently
high numbers nor the massive waves of dedifferentiation
fraught with tumorigenesis (Sánchez Alvarado, 2000; Li et al.,
2015).

Regeneration is a complex and diversified process inherent
to the life at different levels of its organization. For obvious
reasons, morphologically advanced cases of regeneration (such as
restoration of the entire body from a fragment or regeneration
of amputated limbs) draw more attention than others. As a
consequence, a limited number of regeneration model organisms
are used for research: zebrafish, newts, hydra, and planaria. In this
case, the same type of damage is very often used—amputation,
which narrows our understanding of regeneration and its
evolution. Almost nothing is known about the mechanisms
of regeneration in such animals after toxic damage, viral or
bacterial. This is often considered in the relevant sections of
microbiology, toxicology, and is not taken into account by
regeneration researchers.

The evolution of regeneration can be studied by various
approaches (Vorontsova and Liosner, 1960; Bely and Nyberg,
2010). The methodology involves a reduction of the phenomenon
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to particular events assigned to different levels of the organization
and classified accordingly, with appropriate accounting for their
relative contributions in a single model. Moreover, it is obvious
that the evolution of regeneration is not a unidirectional process.
Despite a major trend of the decline in regenerative capacity
with the increasing organizational complexity, the phenomenon
is modified in a variety of ways and never completely eliminated.
For instance, mammals, who have suffered a pronounced
phylogenetic decline in regenerative capacity, are capable of
restoring neither amputated limbs nor other external appendages
(the repair is limited to wound healing). At the same time,
regeneration of certain organs and structures in mammals is
morphologically consistent and results in complete functional
recovery; characteristic examples include the restoration of the
auricle tissue after a perforating wound (Williams-Boyce and
Daniel, 1986) and restoration of the liver mass after massive
resections (Bangru and Kalsotra, 2020).

Evolutionary studies on regeneration involve overcoming
certain biases. Regrettably, the studies on regenerative capacity

are still linked to a limited number of animal models and
species. Importantly, in natural habitats, the organs may be
damaged by disease rather than mechanically, which dramatically
affects the course of regeneration. Regeneration of pathologically
altered organs has been experimentally studied in mammals;
for other animal taxa, the corresponding data are fragmentary
or missing.
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