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a  b  s  t  r  a  c  t

Understanding  how  some  animals  are immortal  and avoid  the  ageing  process  is important.  We  currently
know  very  little  about  how  they  achieve  this. Research  with  genetic  model  systems  has  revealed  the
existence  of  conserved  genetic  pathways  and  molecular  processes  that affect  longevity.  Most  of  these
established  model  organisms  have  relatively  short  lifespans.  Here  we  consider  the use  of planarians,
with  an  immortal  life-history  that is  able  to entirely  avoid  the  ageing  process.  These  animals  are  capable
of profound  feats  of  regeneration  fueled  by  a population  of adult  stem  cells  called  neoblasts.  These  cells
are  capable  of indefinite  self-renewal  that  has  underpinned  the  evolution  of  animals  that  reproduce
only  by  fission,  having  disposed  of  the  germline,  and  must  therefore  be  somatically  immortal  and  avoid
the  ageing  process.  How  they  do this  is only  now  starting  to be  understood.  Here  we  suggest  that  the
evidence  so  far  supports  the  hypothesis  that the  lack  of  ageing  is  an  emergent  property  of both  being
highly  regenerative  and  the evolution  of  highly  effective  mechanisms  for  ensuring  genome  stability  in
the  neoblast  stem  cell  population.  The  details  of these  mechanisms  could  prove  to be  very  informative
in  understanding  how  the causes  of  ageing  can  be avoided,  slowed  or even  reversed.
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1. Introduction

Obtaining as complete an understanding of the biological ageing
process as possible is important. A census of the Animal Kingdom
will reveal that while the ageing process is assumed to be a char-
acteristic of most taxa, it is not a pre-requisite of being a metazoan
[1]. Some seem to avoid the physiological decline that characterises
ageing altogether and, like Hydra [2,3] and planarians [4–8], are also
capable of profound regenerative feats. Some of these regenerating
animals can even be referred to as somatically immortal, based on
the observation of a species life cycle that does not involve either
sexual reproduction (and meiosis) or development from a zygote,
but instead uses only regeneration for reproduction.

Animals traditionally used to study the mechanisms of age-
ing have relatively short life cycles and age rapidly, making the
study of the ageing process convenient. These studies have led to
an understanding of some of the genetic regulation underpinning
ageing and the realisation that some aspects of the ageing process
are conserved [9,10]. In contrast to this, the study of long-lived or
immortal animals has lagged far behind, as these organisms were
not amenable to classical genetic approaches, and therefore study-
ing the underlying mechanisms as to why ageing is apparently
absent was clearly problematic. However, advances in molecular
genetics have now made these animals experimentally tractable
[11].

Understanding how some animals have evolved to avoid the
ageing process may  provide novel ideas about how we can
eventually alleviate the problems associated with ageing human
populations, and the many age associated diseases, like cancer and
dementia, that accompany this [12]. Here we focus on discussing
planarian flatworms [7,8]. They have been formally studied as a
research system for well over a century and early on were recog-
nised as potentially immortal [13,14]. These animals are famous
for their powers of regeneration, capable of regenerating all organs
and tissues of the body from small starting fragments. This abil-
ity is fuelled by a population of pluripotent adult stem cells called
neoblasts (NBs) capable of making all body tissues and undergoing
indefinite self-renewal [15,16]. While current evidence supports
the hypothesis that highly proliferative adult stem cells are a
synapomorphy of the phylum Platyhelminthes [17,18], the extent
of regenerative ability varies greatly across flatworms [19] and even
within the Triclad planarians where head regeneration can be reac-
tivated by genetic manipulation [20,21]. Planarians can reproduce
sexually and in many cases, such as the major laboratory model
species Schmidtea mediteranea, an asexual species that reproduces
by exploiting regeneration has also evolved from the sexual state
(Fig. 1A and B) [22]. In these scenarios reproduction has become
entirely a collective function of the of the NB population, which
as well as powering regeneration effectively take on the role of
the germline [15,23]. For these asexual species to persist as a con-
tinuous adult population these somatic NBs must be collectively
immortal and underpin ever-ongoing homeostatic maintenance of
healthy adult tissues. Thus, both the endogenous and exogenous
causes of ageing in most animals must be dealt with by this cell
population. Given we now know many potential causes of ageing
in animals we can ask: what are the cellular and molecular mech-
anisms behind the planarian life history traits that avoid ageing?

In this discussion we  begin by briefly introducing planarian stem
cell biology and homeostatic tissue maintenance processes that

underpin the planarian immortal life history. We  then consider
some of the fundamental causes and consequences of ageing in
mammals and humans that are relevant to the planarian life his-
tory and what is known about how planarians might avoid them.
One major conclusion from this is that a combination of emer-
gent features from being able to regenerate, NBs having properties
normally associated with the immortal germline of animals and
the increased activity of processes that promote genome stability,
together underpin the immortal planarian life history.

2. An overview of planarian stem cells, tissue homeostasis
and regeneration

2.1. The experimental accessibility of planarians and their NBs

While there is rich body of planarian research throughout the
late nineteenth and twentieth century [14,16,24–26] it was the dis-
covery of RNAi that catalysed a major rejuvenation in planarian
research [27–30]. Over the last twenty years the ability to study
gene function in planarians has allowed a growing research com-
munity to make in-roads into understanding the biology of these
exciting animals [7,8,16]. Improvements in sequencing technology
have also benefited planarian research leading to the sequencing
of the S. mediterranea genome [31], many transcriptome studies
[32–36], single cell expression profiling [37] and RNA sequencing
[38–40] and genome-wide epigenetic studies [41–43]. The ability
to accurately FACS sort NBs at different stages of the cell cycle
and undifferentiated NB progeny from differentiated cells, based
on nuclear to cytoplasmic ratios, has provided essential access to
these cells to apply genome wide approaches [44,45]. These ‘omic
approaches, combined with an ever-growing list of cell and tis-
sue markers and improved protocols of visualising gene expression
in whole animals, provides a powerful set of tools for planarian
researchers [46–49]. One notable absence is an approach for mis-
expressing genes or exploiting genome editing tools, and this deficit
needs urgent attention to improve the depth of mechanistic insight
that can be achieved in this model system.

Due to these developments and some elegant experimental
designs, we now understand some fundamental aspects of regener-
ation. One emerging theme so far being that well-known signalling
pathways conserved in embryogenesis have conserved roles and
interactions during regeneration [50–57]. Additionally, many sim-
ilarities between NBs and mammalian embryonic and germline
stem cells have been discovered [22,35,58]. This, along with other
studies across the Animal Kingdom [59–61], has contributed to an
appreciation of surprising levels of molecular conservation across
animal stem cells and the mechanisms that underpin “stemness”.
One prominent view of ageing in mammals is that it can be viewed
as a gradual accumulation of adult stem cell dysfunction [62–64],
so this conservation of stem cell biology suggests that many dis-
coveries made in planarians and other highly regenerative animals
with stem cells will be directly relevant to our own  ageing biology.

2.2. Planarian NBs are the driving force behind regeneration

Planarians are somewhat unusual in having adult stem cells that
are collectively, and in at least some cases individually, pluripotent.
Currently the consensus that NBs are those cells still within the cell
cycle and that express transcripts considered to be pan-NB mark-
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