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Abstract Urodele amphibians have long served as key models for regenerative,
developmental and evolutionary biology research. Recent studies have uncovered
the induction of cellular senescence during limb regeneration. The dynamics of
senescence in this context reflects that observed in acute senescence, suggesting
that senescent cells may play positive roles in regeneration. Further, salamanders
possess a highly robust and efficient mechanism for senescent cell surveillance and
clearance. Given the causal role of chronic senescence in ageing and age-related
pathologies, it is of therapeutic interest to understand the mechanisms and regulation
underlying this clearance mechanism. Here, we discuss what is known about cellular
senescence in salamanders, what these organisms can offer towards understanding
the roles of cellular senescence in regeneration, and how they can serve as informative
models for senescence-based therapeutic approaches.

Keywords Cellular senescence + Axolotl - Newt - Regeneration + Development -
Senolytics

3.1 Introduction

3.1.1 Cellular Senescence

Senescence is a stress response to severe genotoxic or cellular insults, in which cells
enter a state of essentially irreversible growth arrest and acquire a set of characteristic
phenotypic alterations (Hayflick and Moorhead 1961; van Deursen 2014; Campisi
2013). A variety of cell intrinsic and extrinsic stresses can trigger the senescence

Q. Yu - M. H. Yun (X)

Technische Universitidt Dresden, CRTD-Center for Regenerative Therapies TU, Dresden,
Germany

e-mail: maximina.yun@tu-dresden.de

M. H. Yun
Max Planck Institute of Molecular Cell Biology and Genetics, Dresden, Germany

© Springer Nature Switzerland AG 2020 43
D. Mufioz-Espin and M. Demaria (eds.), Senolytics in Disease,

Ageing and Longevity, Healthy Ageing and Longevity 11,
https://doi.org/10.1007/978-3-030-44903-2_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-44903-2_3&domain=pdf
mailto:maximina.yun@tu-dresden.de
https://doi.org/10.1007/978-3-030-44903-2_3

44 Q. Yu and M. H. Yun

response, such as telomere attrition (Bodnar et al. 1998), DNA damage (Sedelnikova
et al. 2004; Di Micco et al. 2006), oxidative damage (von Zglinicki 2002), and
chronic mitogenic signalling (Moiseeva et al. 2006). These senescence-inducing
stimuli engage various cellular signalling networks, but ultimately implement the
characteristic growth arrest by inhibition of cyclin-Cdk complexes through the acti-
vation of the tumour suppressors p53, p16, or both (Ben-Porath and Weinberg 2005).
Both pathways converge at the level of Rb hypo-phosphorylation, resulting in the
continued repression of E2F-target genes required for cell-cycle progression (Stein
et al. 1990; Narita et al. 2003). In addition to the senescence-associated growth
arrest, senescent cells exhibit a range of distinctive phenotypic alterations, including
changes in cell morphology, chromatin remodelling (Shah et al. 2013; Narita et al.
2006; Zhang et al. 2007), metabolic reprogramming (Kaplon et al. 2013; Dorr et al.
2013), and an expansion of the lysosomal and mitochondrial networks. One of the
most prominent features exhibited by the majority of senescent cells is the upregula-
tion of genes that encode secreted proteins—an array of proinflammatory cytokines
and chemokines, together with various growth factors and proteases—collectively
referred to as the senescence-associated secretory phenotype [SASP] (Acosta et al.
2013; Coppe et al. 2010). This phenotype may vary depending on cell type, stressor
and context. The SASP is a key distinguishing feature of senescent cells from other
non-proliferating states, such as quiescence and terminal differentiation, and under-
lies many of the physiological and pathological functions of cellular senescence by
facilitating communication with the surrounding tissue microenvironment.

The irreversible cell-cycle arrest implemented during replicative senescence was
recognised early on as a powerful cell-autonomous mechanism to restrict the expan-
sion of damaged cells (Hayflick and Moorhead 1961; Bodnar et al. 1998). The sub-
sequent discovery of oncogene-induced senescence [OIS] reinforced the notion that
cellular senescence, like apoptosis, constitutes a safeguard against tumorigenesis
(Serrano et al. 1997; Michaloglou et al. 2005; Chen et al. 2005; Collado et al. 2005;
Braig et al. 2005). In contrast to apoptosis, however, senescent cells remain viable
and metabolically active and, as such, are able to influence tissue structure and
function. Methods to identify and perturb senescent cells in vivo have extended its
known roles beyond tumour suppression to a wide range of biological processes.
Research in the past decades has placed cellular senescence as an integral com-
ponent of embryonic development (Czarkwiani and Yun 2018; Munoz-Espin et al.
2013; Davaapil et al. 2017; Storer et al. 2013), wound healing (Jun and Lau 2010;
Demaria et al. 2014), and tissue repair (Krizhanovsky et al. 2008; Kim et al. 2013;
Meyer et al. 2016), highlighting positive roles for cellular senescence. The process
can, however, exert deleterious effects, as illustrated by its causal role in ageing,
age-related loss of regenerative capacity, and neoplastic progression (van Deursen
2014; Campisi 2013; Coppe et al. 2010; Krtolica et al. 2001; Laberge et al. 2012;
Munoz-Espin and Serrano 2014). The disparate physiological effects of senescence
are likely reflected by diversity on the cellular level, in terms of triggering stress, the
kinetics and mechanism of induction, tissue context, and a corresponding heterogene-
ity in SASP composition. Thus, a more nuanced understanding of the physiological
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Fig. 3.1 Urodele amphibians. a The commonly used d/d axolotl strain [left] and wild-type [right]
adult axolotls [A. mexicanum]. b Post-metamorphic Iberian ribbed newts [P, waltl]

roles of cellular senescence has emerged: a current hypothesis holds that, in addi-
tion to acting as a cell-autonomous mechanism of tumour suppression, senescent
cells function primarily to restore tissue homeostasis in response to acute damage
and stress (Yun 2018). Subsets of cells within the damaged tissue enter the senescent
state, and, likely through various components of the SASP, coordinate responses in
the surrounding microenvironment [which may range from modulation of cellular
plasticity to pro-regenerative ECM remodelling and vascularisation] to restore tissue
and organ function. This response, referred to as ‘acute senescence’, culminates with
the recruitment of components of the immune system that mediate the elimination
of senescent cells. Among the critical findings contributing to this hypothesis are
those obtained using unconventional yet rapidly developing model organisms, the
salamanders [Urodele amphibians; Fig. 3.1] (Yun et al. 2015).

3.1.2 Salamanders as model organisms for senescence studies

Urodeles such as the Mexican axolotl [Ambystoma mexicanum] and Iberian ribbed
newt [Pleurodeles waltl] possess a remarkable capacity for regeneration. A sala-
mander can restore its limbs and tail, upper and lower jaws, ocular tissues such as
the lens and retina, the intestine and portions of the heart and brain (Brockes and
Kumar 2005; Brockes 1997). Following limb amputation, the amputation plane is
sealed by the wound epidermis, a transient epithelium formed by rapid migration of
epithelial cells from the wound circumference (Brockes and Kumar 2005; Brockes
1997). Regeneration then proceeds through the formation of a blastema, a transient
mass of progenitor cells that proliferate and differentiate to restore the missing struc-
ture with remarkable fidelity and morphogenic autonomy (Brockes and Kumar 2005;
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Fig. 3.2 The events and Kkinetics of senescent cells during salamander limb regeneration.
Senescent cells appear during the early to intermediate stages of regeneration and accumulate in
the blastema. They produce an array of secreted factors that can affect neighbouring cells, which
could directly or indirectly contribute to different aspects of the regenerative programme

Tanaka 2016; Nacu and Tanaka 2011). It was recently reported that limb regenera-
tion is accompanied by induction of a senescent population within the blastema, a
process which is specific to regeneration and absent in limb development, and occurs
recurrently with multiple rounds of regeneration (Yun et al. 2015). The events and
kinetics of cellular senescence in this context are highly reminiscent of those observed
during acute senescence, and proceeds with a timely induction and concludes with
macrophage-dependent elimination (Fig. 3.2). These observations raise the intrigu-
ing possibility that senescent cells may be functionally important for regeneration
of complex structures, such as—but not limited to—the salamander limb. Indeed,
various lines of research have placed cellular senescence as an integral component in
the response to injury, and highlighted its capacity for promoting tissue remodelling
and maintenance (Yun 2018). The mechanisms by which senescent cells exert these
effects may also be pertinent to urodele regeneration, and will be discussed in depth
below.

Beyond the role of senescence in regeneration, salamanders also offer a model of
relevance to senescence in ageing contexts. In contrast to the temporally-controlled
induction of senescence during processes such as wound healing and embryonic
development, the accumulation of senescent cells during organismal ageing appears
to be stochastic and unscheduled, and likely occurs due to a combination of differ-
ent stresses [chronic senescence] and a failure in immune-mediated clearance (van
Deursen 2014; Wang et al. 2011). The increased prevalence of senescent cells with



3 Interconnection Between Cellular Senescence, Regeneration ... 47

age represents a driving factor in tissue deterioration and age-related pathologies (van
Deursen 2014). Notably, salamanders do not appear to accumulate senescent cells
with age, possess long lifespans without any obvious signs of tissue deterioration,
and retain the capacity for repetitive rounds of regeneration throughout the entirety
of their lifespans (Yun 2015). Thus, these organisms offer an interesting tool for
comparative approaches towards understanding mechanisms that limit age-related
senescent cell accumulation. In this review, we examine the interplay between cellu-
lar senescence, regeneration, and organismal ageing in salamanders. We discuss how
insights from cellular senescence in other processes can inform us about the contri-
bution of senescence towards the remarkable features of salamanders, and highlight
what these organisms can offer as models to investigate the physiological roles of
senescence.

3.2 Physiological Roles of Cellular Senescence

3.2.1 Physiological Roles of Cellular Senescence

3.2.1.1 Senescence in Wound Healing and Tissue Repair

Research into the functional roles of cellular senescence in different physiological
contexts have illustrated that senescent cells hold tremendous potential in influencing
tissue organisation and architecture. Through paracrine signalling mediated by the
SASP, senescent cells can impact various biological processes, including cell prolif-
eration, differentiation, angiogenesis, cellular plasticity, inflammation, and immune-
modulation (Rajagopalan and Long 2012; Lujambio et al. 2013). The potential of
senescent cells to coordinate tissue remodelling in vivo has been appreciated in the
context of embryonic development, wound healing and tissue repair. In mammals,
the response to tissue and organ damage often proceeds through fibrosis instead
of regeneration. Excessive fibrosis can lead to scar formation and tissue dysfunc-
tion, and the failure to regenerate imposes a major clinical burden (Gurtner et al.
2008). Research over the past decade has revealed that cellular senescence is a cen-
tral component of the response to tissue injury and damage, and plays an important
role in limiting excessive fibrosis at injury sites through the production of SASP
factors that promote matrix degradation (Yun 2018). Senescence-mediated restric-
tion of fibrosis is observed in various systems, including the liver (Kim et al. 2013;
Borkham-Kamphorst et al. 2014), skin (Jun and Lau 2010; Demaria et al. 2014), and
heart (Meyer et al. 2016) and constitutes a conserved response during tissue repair
and wound healing.

The extracellular matrix protein CCN1 is upregulated at injury sites and coor-
dinates multiple aspects of wound healing (Kim et al. 2018). Through genetic and
biochemical analyses, CCN1 has been found to promote tissue repair in numerous
contexts, including skin injury and liver damage, by stimulating senescence in cells
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at sites of injury (Jun and Lau 2010; Kim et al. 2013). CCNI1 acts through inte-
grin a6B1 and HSPS-mediated activation of the RAC1-dependent NADPH1 oxidase,
resulting in sustained reactive oxygen species [ROS] accumulation and consequent
p53 and pl6 activation (Jun and Lau 2010). Recombinant CCN1 is able to induce
senescence in fibroblasts in vitro, and stimulate the expression of matrix degrading
enzymes [MMP1, MMP3], pro-inflammatory cytokines, and significantly downreg-
ulate type I collagen expression. Indeed, when the integrin interaction of wild-type
CCN1 is impaired in vivo, wound healing following skin injury proceeds with exac-
erbated fibrosis due to a failure of myofibroblasts to undergo senescence. Treatment
of wounds with recombinant CCN1 in this background was able to limit excessive
fibrosis and reduce collagen deposition. In the case of liver injury, CCN1 is produced
by damaged hepatocytes, and is required for senescence induction in activated HSCs.
Accordingly, mice with hepatocyte-specific deletions of CCN1 exhibit exacerbated
liver fibrosis in response to damage (Kim et al. 2013; Borkham-Kamphorst et al.
2014).

A more recent study from Campisi and co-workers further examined the role of
the secretome in the pro-regenerative effects of senescence during cutaneous wound-
ing. Using a mouse model that enables inducible elimination of senescent cells, the
authors showed that senescent cell depletion resulted in poor formation of gran-
ulation tissue at the wound site and reduced angiogenesis (Demaria et al. 2014).
Characterisation of the senescent population revealed that these cells largely com-
prise fibroblasts and endothelial cells, and show elevated expression of the SASP
components PDGF-A and VEGF. Senescent cell-depletion significantly delayed the
kinetics of wound closure, a process which depends on the induction of contractile
myofibroblasts. Histological analysis revealed a reduction in the number of myofi-
broblasts in the mid-region of wound sites, suggesting a potential decrease in myofi-
broblast differentiation. This idea was supported by the capacity of PDGF-AA to
stimulate the differentiation of fibroblasts to myofibroblasts in vitro. Indeed, topical
treatment of senescence-free wounds with recombinant PDGF-AA restored normal
kinetics of wound closure, with concomitant restoration of myofibroblast numbers
(Demaria et al. 2014). It should be noted that wound healing under these conditions
still concluded with excessive fibrosis, consistent with additional components of the
SASP being required for full wound resolution (Demaria et al. 2014).

The aforementioned studies support the idea that transient induction of senescent
cells can promote certain types of wound healing. However, further research suggest
that the timely elimination of those cells is equally important for the outcome of
the process. Particularly, studies of the senescence response during liver damage
have emphasised the importance of senescent cell clearance in tissue repair contexts
(Krizhanovsky et al. 2008). Gene expression analysis of senescent HSCs revealed
up-regulation of pathways involved in immune surveillance, including stimulating
receptors for natural killer cell function such as MICA, ULBP2 and PVR2. Upon
abrogation of NK cell-mediated clearance, senescent cells accumulated and treated
livers displayed significantly more fibrosis as compared with controls (Krizhanovsky
et al. 2008). Clearly, cellular senescence has an important role in fibrosis restriction
in response to injury, and may also represent an important factor in the response to
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amputation through regeneration rather than fibrotic scarring in salamanders (Yun
2018).

3.2.1.2 Developmental Senescence

Surveys for senescent markers in axolotl, Xenopus, mice, chick and quail embryos
has revealed that senescence induction occurs consistently in discrete time windows
in numerous structures during development (Munoz-Espin et al. 2013; Davaapil et al.
2017; Storer et al. 2013; Villiard et al. 2017). The major function of cellular senes-
cence during development is to promote the regression of transient embryonic struc-
tures, through the recruitment of immune components. For example, senescence is
induced in the tubules of the amphibian pronephros and the mammalian mesonephros
[precursor embryonic kidney forms], spreads throughout the structure, culminating
in monocyte/macrophage recruitment and subsequent senescent cell clearance and
associated structural degeneration (Munoz-Espin et al. 2013; Davaapil et al. 2017). In
addition, senescent cells are thought to modulate tissue patterning and morphogen-
esis, as exemplified by patterning defects in the cement gland and the oral and nasal
cavities when TGF-B signalling is perturbed in Xenopus embryos. In the murine
apical epidermal ridge [AER], a key signalling centre during limb development,
SASP-derived FGF8 and FGF4 serve as key proliferation-inducing signals to the
adjacent mesenchyme, and loss of cellular senescence in p21 null embryos results in
reduced proliferation in the underlying stroma and disrupts the normal expression of
key patterning genes (Storer et al. 2013). Further, cellular senescence has been pro-
posed to modulate the differential arrest and expansion of different cell populations.
In the endolymphatic sac epithelium of the inner ear, senescence induction occurs
in a subset of epithelial cells, and coincides with a robust expansion of a minor,
pendrin-positive population beginning at E14.5 (Kim and Wangemann 2011). Dur-
ing murine development, the loss of p21-dependent senescence results in abnormal
expansion of pendrin-negative cells, and the robust in pendrin-positive population
is notably reduced, resulting in aberrant infoldings of the epithelium into the lumen
(Munoz-Espin et al. 2013). In many cases analysed, developmental abnormalities are
corrected at later stages through compensatory mechanisms such as apoptosis and
late macrophage infiltration. In contrast to damage-induced senescence, growth arrest
during development appears to be implemented mainly through p21, and occurs in
the absence of DNA damage, although p15 is detected in the mouse mesonephros
and endolymphatic sac, and p53 in the axolotl pronephros. The signalling networks
underlying developmental senescence induction, however, appear to be less con-
served. For example, TGFB plays a key role in senescence induction in the mouse
mesonephros, salamander pronephros and the Xenopus cement gland (Davaapil et al.
2017). However, whilst ERK signalling is required for senescence induction in the
mouse AER, ERK inhibition has no discernible effects on amphibian senescence
(Davaapil et al. 2017).

These observations have opened several important questions. First, they demon-
strate that cellular senescence is an intrinsic component of vertebrate development,
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and can occur in a programmed manner in response to developmental cues outside
of pathology. They also raise the question as to whether senescence initially evolved
to orchestrate tissue remodeling and morphogenesis during embryonic development,
perhaps predating other forms of senescence, and was co-opted for its roles in adult
life later in evolution. Further, the species-to-species variation between developmen-
tal senescence [such as its presence and absence during mouse and amphibian limb
development, respectively] and its involvement in clade-specific structures [such as
the mammalian Wolffian duct and the amphibian cement gland] suggest that devel-
opmental senescence arose multiple times independently during vertebrate evolution
(Czarkwiani and Yun 2018). The contributions of cellular senescence to tissue pat-
terning and remodeling in these developmental contexts could also be of relevance to
regeneration in salamanders, a process which requires careful control of patterning
and coordination of multiple cell types in order to reconstitute a functional structure
(Yun 2018).

3.2.1.3 The Interplay Between Cellular Senescence and Plasticity

Recently, an interesting interplay between senescence and the control of cellular plas-
ticity has come to light. The ectopic expression of the transcription factors OCT4,
SOX2, KLF4, and cMYC [OSKM factors] in vivo leads to reprogramming of adult
cells into induced pluripotent stem cells [iPSCs] and the formation of teratomas
[tumours derived from iPSCs] (Abad et al. 2013). Using a murine model for in vivo
reprogramming, Serrano and colleagues uncovered a strong correlation between
pluripotency induction and cellular senescence (Abad et al. 2013; Mosteiro et al.
2016). OSKM expression led to reprogramming in a subset of cells, and senescence
in many others in close proximity. Using genetic and pharmaceutical analysis, it
was found that abrogation of senescence through deletion of p16 or the senolytic
agent navitoclax [ABT-263] severely compromised the efficiency of reprogramming
in vivo. In contrast, under conditions whereby senescence is elevated, such as upon
damage, in tissues of progeroid mice, or even in naturally-aged mice, reprogramming
and teratoma formation increased. This effect is dependent on the SASP and, in par-
ticular, IL-6 was identified as a critical factor in mediating the interplay between
cellular senescence and reprogramming (Mosteiro et al. 2016). In support of this,
using a transplant model, Keyes and colleagues showed that exposure of primary ker-
atinocytes to OIS-derived SASP enhanced the expression of stem-cell markers and
increased their proliferative capacity after grafting (Ritschka et al. 2017). However,
prolonged exposure to OIS-derived medium led to the acquisition of senescent traits
and a loss of proliferative capacity, reemphasising the importance of the transient
nature of senescence to its beneficial effects (Ritschka et al. 2017).

Although these studies have illustrated the potential for cellular senescence to
impact cellular plasticity, whether the same mechanism applies to normal in vivo con-
texts is not yet clear. However, salamander models may shed light into this important
question. Post-metamorphic salamanders such as Notophthalmus viridescens rely
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on the tightly-controlled dedifferentiation of adult tissues to form regenerative pro-
genitors (Brockes and Kumar 2005). Two informative systems have been used to
analyse reversal of the differentiated state in urodeles: lens and limb regeneration
in adult newts. Early work from Eguchi and co-workers showed that following lens
removal, pigmented epithelial cells [PECs] of the dorsal iris re-enter the cell cycle,
lose their pigmentation, and transdifferentiate into lens cells (Eguchi and Shingai
1971; Eguchi et al. 1974; Del and Tsonis 2003). In the case of muscle, regener-
ation proceeds through dedifferentiation of muscle fibres to generate proliferative
mononucleate progenitors (Echeverri et al. 2001; Kumar et al. 2000; Kumar et al.
2004; Lo et al. 1993). The implantation of purified myofibres from culture or of iris
tissue fragments into a blastema leads to the generation of mononucleate cells or
lens, respectively (Lo et al. 1993; Reyer et al. 1973). The blastema thus provides
an environment capable of destabilising the differentiated state without fully erasing
cell identity and of promoting return to the cell cycle (Brockes 1998); whether this
property is a function of cellular senescence is currently unknown. However, the
advent of pharmaceutical and genetic approaches to perturb the blastemal senescent
population (Box 3.1) in vivo positions salamander regeneration as a model to assess
the interplay between naturally-occurring cellular senescence and plasticity. Indeed,
the induction of senescent cells in the limb blastema coincides with the period of pro-
genitor generation and expansion (Yun et al. 2015) and is consistent with a potential
role in modulating cellular plasticity.

The enhancement of cellular plasticity through dedifferentiation and increased
‘stemness’ in the blastema raises the issue of tumorigenesis in urodeles. The early
stages of regeneration share many parallels with tumorigenesis; yet, experimental
evidence has shown that salamanders possess not an increased susceptibility, but
rather aremarkable resistance to cancer formation, particularly in regenerative tissues
(Brockes 1998). The local administration of chemical carcinogens during regenera-
tion in these animals results in markedly low tumour incidence (Tsonis 1983; Tsonis
and Eguchi 1981), and in particular, tumours of mesenchymal origin never arise
(Tsonis and Eguchi 1981; Tsonis and Eguchi 1982; Zilakos et al. 1992). In cases
when abnormal regeneration does occur, carcinogen treatment manifests instead in
supernumerary regenerates (Eguchi and Watanabe 1973), such as supernumerary
appendages or lens formation from the ventral iris, a process never observed during
normal lens regeneration. On the basis of these observations, it has been proposed that
cells harbouring tumorigenic mutations are tightly constrained within the framework
imposed by epimorphic regeneration (Brockes 1998). In addition, cellular senescence
could conceivably serve to spatiotemporally restrict enhanced cellular plasticity to
within the blastema, and prevent its occurrence outside of regenerative contexts. As
such, their elimination by the immune system would represent an important mecha-
nism to constrain tumourigenesis within the highly plastic environment required for
regeneration.
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3.2.14 What About Senescence in Salamander Regeneration?

The discovery of cellular senescence in the blastema represents the first evidence
of senescence in bona fide regeneration (Yun et al. 2015). Although currently a
phenomenological description, the transient induction of cellular senescence in this
context shares many features with acute senescence, and as such, raises the possibil-
ity that it may be functionally important for regeneration. Senescent cells are able to
exert a strong influence on the surrounding microenvironment of the blastema through
paracrine signalling via the SASP. Indeed, a strong SASP signature is detected within
the blastema coinciding with the peak of senescent cell induction (Yun et al. 2015).
Drawing from the known understanding of how cellular senescence is able to impact
numerous biological processes, it is possible to formulate a number of hypotheses for
how cellular senescence could contribute towards epimorphic regeneration (Fig. 3.3)
(Yun 2018). Firstly, senescent cells could directly modulate the behaviour of pro-
genitors, such as mobilising stem cell reserves or enhancing their generation through
increased dedifferentiation and proliferation. The fact that senescence induction coin-
cides with the period of generation and expansion of regenerative progenitors is con-
sistent with such a hypothesis, and it will be interesting to assess whether the interplay
between cellular senescence and plasticity extends to the context of natural repro-
gramming. Alternatively, senescent cells could contribute indirectly by establishing
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Fig. 3.3 Regenerative effects of senescent cells. Senescent cells are able to impact a variety of
biological processes. In the context of epimorphic regeneration, senescence could modulate tissue
patterning and morphogenesis, population balancing, contribute to generation of regenerative pro-
genitors, increase in cell proliferation, and angiogenesis. Acute and chronic SASP factors comprise
molecules of different nature, or similar factors whose effect may differ due to the strength or
kinetics of their expression, or the biological context
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amicroenvironment conducive for regeneration, such as through matrix remodelling,
by stimulating angiogenesis, or through recruiting components of the immune sys-
tem that in turn exert pro-regenerative functions. Specifically, macrophages are an
essential cell type required for salamander regeneration (Godwin et al. 2013) and
are found in close proximity to senescent cells in the blastema (Yun et al. 2015).
In line with this, it is possible that senescent cells elicit changes in macrophage
polarisation and functionality during regeneration, as observed in the context of hep-
atocellular carcinogenesis (Lujambio et al. 2013). Lastly, senescence could serve as
a population balancing mechanism, either in a cell-autonomous manner by restrict-
ing the expansion of particular populations, or by acting on neighbouring cells, as
observed in the context of developmental senescence in the murine endolymphatic sac
(Munoz-Espin et al. 2013). Such balancing would be important for proper patterning,
in which cells of multiple lineages must proliferate and differentiate co-ordinately
to couple growth and patterning to reconstitute a functional limb.

An expansion in the available experimental tools for both salamander and senes-
cence research (Box 3.1) means it is now possible to directly address these hypotheses
experimentally, and thereby delineate the relationship between cellular senescence
and regeneration on the molecular and cellular levels. In order to do so, it is necessary
to deplete the blastemal senescent population and assess the impact on the outcome of
regeneration. The development of pharmacological (Childs et al. 2017) and genetic
(Demaria et al. 2014; Baker et al. 2011; Baker et al. 2016) approaches to specifically
target senescent cells in vivo enables ablation of the senescent population, making it
possible to assess how regeneration occurs in the absence of senescent cells through
conventional methods such as histology and live imaging. The same methods can
be employed for isolation and detailed characterisation of the blastemal senescent
cell population. Such studies will provide important insights into their nature, and
address key questions such as their ontogeny, the signalling networks underlying
induction of the senescent state, and how they evolve throughout different stages of
regeneration. Transcriptional profiling will further provide a platform for functional
studies, and identify candidate pro-regenerative SASP factors for functional analysis
and senescent-derived signals that mediate immune recruitment and their associ-
ated clearance. Moreover, the recent sequencing of the axolotl and newt genomes
(Nowoshilow et al. 2018; Elewa et al. 2017) will enable in-depth comparative analysis
of senescent-related genes, as well as allowing their genetic manipulation to gen-
erate knock-out or knock-in organisms. A better understanding of these processes
on the molecular and cellular level is of interest not only to elucidating the mecha-
nism of epimorphic regeneration, but also for therapeutic approaches for regenerative
medicine and senescence-based interventions.
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3.3 Senescence in Ageing

3.3.1 A Causal Link Between Senescence and Organismal
Ageing

An important aspect of the beneficial effects of acute senescence is its transient
nature. However, cellular senescence can also have deleterious effects, especially if
allowed to persist. It has long been postulated that cellular senescence drives age-
ing phenotypes, an idea supported by observations of senescent cell accumulation
in rodent, primate and human tissues with age (Dimri et al. 1995; Lawless et al.
2010; Wang et al. 2009; Jeyapalan et al. 2007; Herbig et al. 2006). A causal role for
senescence in ageing and age-related decline was provided by seminal studies by
van Deursen and colleagues. Through the use of a transgene termed INK-ATTAC,
which specifically induces apoptosis in pl6-expressing cells upon administration of
the synthetic compound AP20187, it was shown that selective elimination of senes-
cent cells in BubR1 progeroid mice delayed the onset of several age-related diseases
(Baker et al. 2011). Subsequently, the beneficial effects of senescent cell clearance
were extended to natural ageing: elimination of p16-positive cells in naturally-aged
mice extended median lifespan and attenuated the functional decline of heart, kid-
ney and fat (Baker et al. 2016). Furthermore, treatment delayed cancer progression
and resulted in higher spontaneous activity and exploratory behaviour (Baker et al.
2016). Other studies have further reinforced the contribution of cellular senescence
to a wide range of age-related diseases, including astherosclerosis, sarcopenia, neu-
rodegeneration and osteoarthritis among others (Jeon et al. 2017; Childs et al. 2016;
Sousa-Victor et al. 2014; Bussian et al. 2018).

Mechanistically, cellular senescence is thought to drive ageing through two mech-
anisms. Firstly, replicative arrest of stem-cell and progenitor pools has been proposed
to prevent their participation in tissue regeneration (van Deursen 2014), an idea sup-
ported by the observation that progenitor cells of skeletal muscle and fat tissue of
BbuR1 progeroid mice are more prone to undergo senescence (Baker et al. 2013)
and the demonstration that geriatric muscle stem cells lose their reversible quiescent
state during ageing through the induction of senescence (Sousa-Victor et al. 2014;
Garcia-Prat et al. 2016). The induction of senescence in muscle satellite cells is cou-
pled with a decline in autophagy during ageing, and consequent loss of proteostasis,
mitochondrial dysfunction and the generation of ROS. Specific silencing of p16 in
geriatric satellite cells and re-establishment of autophagy enabled cell-cycle re-entry
and restored their regenerative functions (Garcia-Prat et al. 2016). Secondly, cellular
senescence is able to drive organismal ageing through adverse effects of the SASP.
Chronic secretion of cytokines and chemokines can drive sterile inflammation, a
hallmark of ageing (Lopez-Otin et al. 2013). SASP-derived proteases are able to
cleave membrane-bound receptors, ligands, extracellular matrix proteins or other
components in the tissue. In addition, senescence induction can spread across tis-
sues through a mechanism known as paracrine senescence, which is dependent on
cytokines such as IL-18, TGF and chemokines (Acosta et al. 2013; Nelson et al.
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2012). Together, these processes could disrupt local stem cell niches and overall tis-
sue architecture with age, driving ageing-associated deterioration. Another important
consideration is that senescent cells can remain viable in culture for months and con-
tinually evolve following the initial cell-cycle arrest, and enter a state termed ‘deep’ or
‘late’ senescence (De Cecco et al. 2013). Senescence progression is accompanied by
extrusion of chromatin into the cytoplasm to form cytoplasmic chromatin fragments
[CCFs] (Ivanov et al. 2013). Lysosome-mediated proteolysis drives histone loss,
and is thought to contribute to epigenomic remodelling and SASP diversification in
chronic senescent cells. In addition, chronic senescent cells are characterised by a dra-
matic increase in the transcription of retrotransposable elements [RTEs] (De Cecco
et al. 2013). Recent evidence has functionally linked RTE activation with adverse
effects of the late SASP (De Cecco et al. 2019). Transcriptional de-repression of L1
RTEs and reduced exonuclease activity results in the accumulation of L1 cytosolic
cDNA, which activates the type-I IFN response through the cGAS-STING pathway
(De Cecco et al. 2019). Treatment with the nucleoside reverse transcriptase inhibitor
lamivudine resulted in dampening of the late SASP response [e.g. expression of
CCL2, IL-6 and MMP3] and alleviate several ageing phenotypes in vivo, without
impacting cell-cycle arrest or the early SASP response (De Cecco et al. 2019).

3.3.2 Senescence and Ageing in Salamanders

In contrast to mammals, a survey of adult salamander tissues showed a remarkable
absence of senescent cells (Yun et al. 2015). Notably, salamanders possess very long
lifespans, lack obvious signs of ageing, and are able to sustain indefinite rounds of
regeneration throughout their lifetime (Eguchi et al. 2011). Key questions are how
salamanders maintain such low systemic levels of senescent cells during ageing, and
whether this underlies their lack of age-related deterioration and sustained regen-
erative capacity. The paucity of senescent cells in salamanders can be conceivably
attributed to (Hayflick and Moorhead 1961) active mechanisms to restrict the induc-
tion of cellular senescence and/or (van Deursen 2014) efficient clearance mechanisms
relative to mammals that persist throughout their lifespan (Fig. 3.3). Clearance refers
to the mechanisms by which components of the immune system detect senescent cells
and mediate their elimination. Experimental data suggest that both mechanisms con-
tribute towards the low basal levels of senescent cells observed in salamanders (Yun
et al. 2015; Ferretti and Brockes 1988). For example, salamander blastemal cells do
not undergo crisis or replicative senescence, and can be maintained for more than 200
generations in culture (Ferretti and Brockes 1988), indicating the presence of active
mechanisms to circumvent senescence. This property of urodele cells is thought to
underlie their capacity to sustain an indefinite number of regeneration cycles.
Studies of cellular senescence in salamanders uncovered a highly robust mech-
anism for senescent cell surveillance and clearance (Yun et al. 2015). It has been
proposed the increase in senescent cell accumulation in mammals with age is driven
by an increased decline in immune function (van Deursen 2014). This notion is
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supported by studies data from mice with impaired immune-mediated cytotoxicity;
perforin-knockout mice display premature accumulation of senescent cells and accel-
erated ageing phenotypes (Ovadya et al. 2018). In salamanders, implanted senescent
cells are efficiently detected and eliminated from adult tissues (Yun et al. 2015). This
mechanism is dependent on the innate immune system, as evidenced by the persis-
tence of implanted cells following macrophage depletion with chlodrosome treatment
(Yun et al. 2015). Owing to their amenability to live imaging and transplantations,
together with the use of transgenic reporter lines or pharmaceutic approaches to label
senescent cells and components of the immune system, the salamanders constitute
an experimental system to investigate the mechanisms by which the immune sys-
tem efficiently detects and disposes of senescent cells in vivo (Box 3.1). Molecular
characterisation of the senescent population may reveal senescent-derived signals
that mediate immune recruitment. A better understanding of the pathways governing
this process will lead to the identification of molecular targets for experimental per-
turbation. By experimentally preventing immune-surveillance of senescent cells, it
will be possible to evaluate the contribution of immune-mediated clearance towards
maintaining the low levels of senescent cells in the salamander during homeosta-
sis. Furthermore, given the low base-line level of endogenous senescent cells in
these organisms, it will be interesting to assess whether experimental accumula-
tion of senescent cells would mirror the age-related deterioration caused by chronic
senescence observed in mammals or restrict regenerative capacity.

3.4 Conclusions

Taken together, recent studies addressing the roles of cellular senescence under physi-
ological contexts have underscored the capacity of senescent cells to modulate tissue
structure and function. Although not yet established experimentally, we speculate
that cellular senescence may be functionally important for regeneration. The dynam-
ics of senescence induction and clearance in the blastema are consistent with that
observed during development, wound healing and tissue repair; as such, the blastemal
senescent population may influence regeneration through similar mechanisms. It will
be of both biological and translational interest to delineate the interactions between
the senescent population and other cells in the blastema. Furthermore, the causal
link between chronic senescence and age-related decline has galvanized efforts to
develop novel therapies against senescent cells. One potential strategy is to enhance
the immune response against senescent cells. As salamanders possess a remarkably
efficient mechanism for immune-mediated surveillance and disposal of senescent
cells, they offer an experimental system for mechanistic investigations into the inter-
action between such cells and the immune system. We expect that a better understand-
ing of the molecular and cellular mechanisms underlying this process will inform
rational interventions for senescence-cell removal. Lastly, research in salamanders
will provide deeper insights into the evolutionary origins of cellular senescence, and
allow for comparisons across the animal kingdom.
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Box 3.1 Molecular toolbox for salamander research

e Germline transgenesis. Tools for germline transgenesis in both axolotl
(Khattak et al. 2013) and Iberian ribbed newts (Hayashi et al. 2013), based
on the I-Scel meganuclease and the Tol2 transposon system, have been
essential for obtaining a mechanistic understanding of limb regeneration.
Owing to the ease with which salamanders can be bred in the laboratory,
it is possible to obtain a substantial number of F individuals harbouring
transgenes for experimental investigation.

e Genome sequence and assembly and CRISPR-mediated gene edit-
ing. The recent sequencing and assembly of the 32-Gb axolotl genome
(Nowoshilow et al. 2018) and the 20-Gb P. walfl genome (Elewa et al.
2017) provides a rich platform for investigations into the molecular basis of
regeneration. Together with CRISPR-mediated gene editing (Elewa et al.
2017; Fei et al. 2018), it is possible to assess candidate genes for functional
analysis.

¢ Somatic gene delivery methods. Several different technologies exist for
gene delivery in salamander cells and tissues, including electroporation (Yun
et al. 2013; Echeverri and Tanaka 2003), and different viral transfection
methods (Khattak et al. 2013; Whited et al. 2013; Oliveira et al. 2018).

e Transplantation. Salamanders are highly receptive to transplantations
without graft rejection. The use of surgical manipulation to transplant cells
or tissues combined with several molecular and transgenic technologies
have been informative towards understanding key aspects of regeneration,
including the identity of cell types in the blastema (Kragl et al. 2009).
In addition, such methods can be used to implant exogenously-induced
senescent cells into salamanders, as described in Yun et al. 2015.

e Live imaging. Many salamander tissues are optically transparent, and
highly amenable to live imaging (Currie et al. 2016). Through these
approaches, it is possible to follow interactions between senescent cells
[endogenously induced or implanted] and the immune system.

e Chemical screening. Pre-feeding salamander larvae can be reared in
microtitre plates to perform moderate-throughput screening for pharma-
ceutical compounds (Ponomareva et al. 2015) such as senolytics.
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