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Ageing, death, and potential immortality lie at the heart of biology, but two
seemingly incompatible paradigms coexist in different research communities
and have done since the nineteenth century. The universal senescence para-
digm sees senescence as inevitable in all cells. Damage accumulates. The
potential immortality paradigm sees some cells as potentially immortal,
especially unicellular organisms, germ cells and cancerous cells. Recent
research with animal cells, yeasts and bacteria show that damaged cell con-
stituents do in fact build up, but can be diluted by growth and cell division,
especially by asymmetric cell division. By contrast, mammalian embryonic
stem cells and many cancerous and ‘immortalized’ cell lines divide symme-
trically, and yet replicate indefinitely. How do they acquire their potential
immortality? I suggest they are rejuvenated by excreting damaged cell con-
stituents in extracellular vesicles. If so, our understanding of cellular
senescence, rejuvenation and potential immortality could be brought
together in a new synthesis, which I call the cellular rejuvenation hypothesis:
damaged cell constituents build up in all cells, but cells can be rejuvenated
either by growth and cell division or, in ‘immortal’ cell lines, by excreting
damaged cell constituents. In electronic supplementary material, appendix,
I outline nine ways in which this hypothesis could be tested.
1. Introduction
Since the late nineteenth century, there have been two principal schools of
thought about cellular ageing. One sees senescence as universal. Wear and
tear are inevitable. The problem is to explain rejuvenation, without which all
cells would die out. The other paradigm assumes that some cells are potentially
immortal and immune to senescence, namely unicellular organisms, the germ
cells of multicellular organisms and ‘immortal’ cell lines grown in laboratories.
The problem is to explain senescence in the somatic cells of multicellular
organisms. If senescence is optional, why did it evolve?

This debate was epitomized in the conflicting views of Émile Maupas
(1842–1916) and August Weismann (1834–1914) and is still unresolved.
Maupas, a French zoologist, argued that senescence is inherent in all cells, and
that rejuvenation depends on sexual processes [1]. Weismann, a German pro-
fessor of biology, proposed that unicellular organisms and germ cells are
potentially immortal, but that somatic cells of multicellular organisms senesce.
He assumed that animal germ cells inherited their potential immortality fromuni-
cellular organisms, which, in his own words, ‘carry the potentiality of unending
life’. He continued, ‘The reproductive cells cannot lose that capacity for unlimited
reproduction… But the somatic cells have lost this power… they became
restricted to a fixed, though perhaps very large number of cell generations’ [2].

These two approaches, which I call the ‘universal senescence paradigm’
(USP) and the ‘potential immortality paradigm’ (PIP), are still widely influen-
tial, but in different areas of biology. Within the last 15 years, the study of
senescence and rejuvenation in bacteria and yeasts has led some researchers
to argue that senescence through the accumulation of damage is inevitable in
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all forms of life, including unicellular organisms [3,4]. The
origins of ageing and the origins of life itself may be inter-
twined [5].

By contrast, PIP is still taken for granted by many
researchers on germ cells, embryonic stem cells (ESC) and
cancer. This assumption is explicit in Kirkwood’s [6] influen-
tial ‘disposable soma hypothesis’, explicitly based on
Weismann’s ideas, which assumes that germ cells retain
their youthfulness by virtue of energetically costly repair sys-
tems. Multicellular animals have evolved to allocate fewer
resources to the repair and maintenance of somatic cells,
which eventually die anyway. Error regulation is a ‘luxury’
that somatic cells cannot afford [7,8].

Both USP and PIP agree that damaged cell constituents
(DCC) accumulate in somatic cells of multicellular animals.
They disagree in that USP assumes that damage accumulates
in all cells, whereas PIP assumes that some cells have almost
infallible repair systems that are downregulated in normal
somatic cells to save resources.

Here, I argue that recent advances in cell biology may
enable this longstanding debate to be resolved through an
expanded concept of rejuvenation.

I first look at cellular damage and repair systems at the
molecular level, and then explore senescence, rejuvenation
and potential immortality in all kingdoms of life, starting
with multicellular animals, followed by plants, then bacteria
and yeasts which, although they are unicellular organisms,
are not immune to senescence, as Weismann assumed. I
then discuss animal egg cells. Do they have near-perfect
repair systems, as PIP supposes?

Finally, I consider the puzzle posed for USP by ‘immortal’
mammalian cell lines, including ESC and cancerous cells,
such as the famous HeLa cells, initially isolated from
the cervical cancer of an African-American woman, Henrietta
Lacks, in 1951 [9] and still multiplying by symmetrical cell
division in laboratories around the world. How have they
acquired this immortality? Many cancers and ESC are now
known to excrete large numbers of extracellular vesicles. I
suggest that these cells rejuvenate themselves by excreting
DCC in extracellular vesicles, an ability that most other
animal cells lack. This hypothesis may provide a way of
reconciling USP and PIP and point toward a unified under-
standing of senescence and rejuvenation applicable to all
forms of life, which I call the cellular rejuvenation hypothesis.
In electronic supplementary material, appendix, I outline
nine ways in which this hypothess could be tested
experimentally.
2. The repair of cellular damage
Some of the principal causes of molecular damage in cells are
reactive oxygen species (ROS), highly reactive chemicals,
such as peroxides, produced as a result of oxidative phos-
phorylation in mitochondria and other oxidative processes.
ROS damage lipids by peroxidation, and proteins by carbo-
nylation, introducing ketone or aldehyde groups into
protein sidechains [10,11]. Lower levels of ROS generally
lead to less accumulation of age-related damage [12].
This seems to be the main reason why caloric restriction
in the diets of a wide variety of organisms, including
yeasts, nematode worms, fruit flies, rodents and primates,
prolongs lifespan and reduces the incidence of age-related
diseases [13].

In addition to oxidative damage, various kinds of stress,
including heat stress, lead to the unfolding of proteins, fol-
lowed by misfolding and aggregation, for example in ‘stress
granules’ made up of denatured ribonucleoproteins that
accumulate when protein synthesis stalls [14].

Oxidative and stress damage are often reversible. Most
carbonylated, misfolded and dysfunctional proteins are
degraded by the ubiquitin–proteasome system, which is
highly conserved in eukaryotic organisms. The first step is
the tagging of misfolded or damaged proteins by covalent
bonds to ubiquitin, a small protein found in almost all
eukaryotic cells. These tags identify the damaged proteins
as candidates for digestion by proteasomes, complex struc-
tures with tunnel-like internal cavities capable of degrading
hundreds of different proteins [15].

Some aggregates of denatured proteins can be dissolved;
their proteins are ubiquinated and degraded by protea-
somes [16]. However, some resist disassembly and like
other persistent aggregates can be dissolved only after
being incorporated into autophagosomal vesicles [17],
which have double membranes, and form around denatured
protein complexes, dysfunctional mitochondria and other
damaged structures, segregating the material from the rest of
the cytoplasm. These vesicles fuse with lysosomes, whose
hydrolytic enzymes digest most of the vesicular contents for
recycling [18].

Damage to membranes can be overcome by several differ-
ent repair systems [19]. Although protein, membrane and
other repair systems [20] are highly effective, they are not
infallible, at least in the somatic cells of animals. DCC
accumulate as time goes on, sooner or later resulting in cellu-
lar senescence [21–23]. DCC include indigestible protein
aggregates, defective mitochondria and lipofuscin granules,
also known as ‘age pigment granules’, which accumulate in
lysosomes as ‘residual bodies’ [24,25]. These are all hallmarks
of ageing, and increase with age in the cells of many mamma-
lian tissues with harmful effects [26,27]. The accumulation of
indigestible residues is exaggerated in pathological con-
ditions like Alzheimer’s disease, where denatured protein
aggregates accumulate within neurons and plaques of
denatured amyloid peptide build up between them [28].

Although some effects of ageing are reversible, the
accumulation of DCC is irreversible. If cells stop growing
and dividing, DCC continue to accumulate not only in mam-
malian cells, but in nematode worms, insects [29], plants [30],
and in many other kinds of organisms.

In summary, not all cellular damage can be repaired. Cells
can avoid senescence only if they get rid of DCC. How can
they do so? I look first at the strategies employed by somatic
cells in multicellular animals.
3. Cellular rejuvenation in multicellular animals
If somatic cells accumulate DCC as they grow older, how are
some cells, especially stem cells, rejuvenated?

In an article in Nature entitled ‘The ageing, growth and
death of cells’ [31], I proposed the hypothesis that some
cells escape senescence because they dilute DCC by growing
and dividing. If they divide symmetrically, both daughters
inherit similar amounts of DCC. If they divide
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Figure 1. The distribution of damaged cell constituents (DCC) in symmetrical and asymmetrical cell division. DCC (small grey circles) build up in cells as time goes
on and are inherited by the next generation through cell division. In symmetrical division they are distributed more or less equally between sisters. In asymmetrical
division, the mother can be rejuvenated at the expense of the daughter, as in epithelial stem cells; or the daughter can be rejuvenated at the expense of the mother,
as in budding yeasts.
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asymmetrically and one daughter inherits most DCC,
the other is rejuvenated, in the sense that it is freed from
DCC (figure 1). Cell populations can grow quicker by sym-
metrical cell division, but DCC build up within them
unless they keep on dividing fast enough. Mathematical
models based on this hypothesis show a variety of outcomes
depending on the rates of accumulation of DCC, the rates
of cell division, the degree of asymmetrical partitioning
of DCC, and the degree to which damage accumulation
is autocatalytic. In symmetrically dividing cells, if DCC
accumulate faster than cell division dilutes them, cell lines
die out [32,33].

Since around 2005 much evidence has built up for the
asymmetrical partitioning of DCC in asymmetrical cell div-
ision (ACD) in animal stem cells [34], and also in bacteria
and yeasts, as discussed below.
(a) Stem cells
Stem cells usually divide asymmetrically and one of the
ensuing cells is rejuvenated at the expense of the other.
In adults, stem cells themselves are continually rejuve-
nated as they produce a succession of mortal daughters.
In embryos, some stem cells work the other way round:
their progeny are rejuvenated while the stem cells age, a
pattern also seen in bacteria and yeasts, as discussed
below (figure 1).

The stem cells in our own skin, bone marrow and intesti-
nal crypts are continually rejuvenated, while their progeny
differentiate and die [35,36]. In a study on people suffering
from a degenerative disease in which mutant proteins
accumulate in insoluble aggregates, the intestinal stem cells
were free of these inclusions, even in elderly patients, while
their short-lived progeny contained large amounts [37].

Stem cells are not entirely immune from ageing; some
senesce as a result of genetic mutations, epigenetic changes
and environmental damage [38]. When stem cells are killed
by damage, nearby stem cells divide symmetrically to replace
them [39], losing the rejuvenative advantage of ACD.
(b) The partitioning of damaged cell constituents
during asymmetric cell division

DCC aggregate in several ways. Denatured proteins accumu-
late in bodies near the nucleus, variously called aggresomes
or JUxta-Nuclear Quality (JUNQ) control compartments.
Meanwhile, Insoluble Protein Deposits (IPODs) [40] form in
the peripheral cytoplasm.

One way in which DCC are differentially partitioned
during ACD is through the linkage of aggresomes to one of
the centrosomes of a dividing cell, resulting in their asym-
metric distribution during cell division [41,42]. IPODs are
partitioned asymmetrically by a different cytoskeleton-
based system from aggresomes and JUNQs [34,43]. Damaged
mitochondria are also partitioned asymmetrically into the
daughter cells [44,45].

The result of these processes is that stem cells are
rejuvenated and their daughters inherit ‘cargoes’ of DCC.

(c) The ’Hayflick limit’ in symmetrically dividing cells
Weismann’s idea about somatic cells having a limited
capacity to divide was supported by the study of mammalian
cells in tissue culture, such as fibroblasts, which divide sym-
metrically and die out after a limited number of divisions,
sometimes called the ‘Hayflick limit’, which rarely exceeds
50–60 divisions [46,47]. At first sight, the senescence of
these cell lines, which divide slower as they approach the
limit of their lifespan, seems to support the idea of a build-
up of DCC. So does the fact that oxidative stress accelerates
their senescence [48]. However, DCC alone cannot explain
the senescence of these lines, which also depends on the
shortening of telomeres [49].

Telomeres are structures formed of repetitive DNA
sequences at the ends of chromosomes, linked to a protein
complex called shelterin [50]. In embryos, cells start with
long telomeres which are usually shortened through succes-
sive divisions. Through a pre-programmed ‘count-down’
process, cell division stops when telomeres are too short.
This system may have evolved in part to help prevent somatic
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cells proliferating cancerously [51]. Telomere-dependent
ageing can be reversed if the telomerase enzyme system is
activated and lengthens the telomeres, as occurs in ESC,
some adult stem cells and in many cancer cells, enabling
cell division to continue [52,53]. However, the effects of gen-
etic manipulation may involve not only a lengthening of
telomeres but also the activation of the c-Myc oncogene [54],
which is a ‘master regulator’ of genetic changes characteristic
of cancerous cells [55].

The reversibility of telomere-centred ageing seems to sup-
port PIP. So does another kind of epigenetic ageing, in which
DNA and associated histone proteins are methylated pro-
gressively, making the cells less prone to divide as time
goes on. The contrary process, demethylation, has a rejuve-
nating effect [56]. DNA and histones are demethylated in
many cancers [53,57].

I return to a discussion of immortalized cell lines and
cancer cells in §5.
Figure 2. The partitioning of DCC in bacterial cell division. (a) A Caulobacter cell
attached to a solid substratum by its stalk. When it divides DCC (grey circle)
remain within the stalked cell, while its rejuvenated daughter, a swarmer
cell, swims away, then settles down and becomes a stalked cell itself. Stalked
cells divide repeatedly, accumulate DCC, and eventually die. (b) E. coli appears to
divide symmetrically, but an aggregate of DCC located near the old pole of the
cell is asymmetrically partitioned into the cell that inherits the old pole, while
the other is rejuvenated.

289:20212434
4. How are cells rejuvenated in plants?
Whereas multicellular animals stop growing, senesce and die,
some plants grow indefinitely, and their growing tips do not
senesce. For example, trembling aspen trees propagate them-
selves vegetatively by root suckers forming clonal groves,
some of which are more than 10 000 years old [58]. Some
crops, like potatoes, are routinely propagated vegetatively.

All vascular plants, including ferns, conifers and flower-
ing plants, contain meristems in their shoot and root tips,
which are regions in which cells divide, and from which
the stems, leaves, flowers, fruits and roots are derived. In
the heart of these meristems are stem cells that divide by
ACD. Their daughters undergo further divisions within
young roots and shoots, then differentiate and sooner or
later die [59].

ACD has been studied in the model plant Arabidopsis
thaliana [60], but little is yet known about the partitioning
of DCC. However, in the light of research on animal stem
cells, bacteria and yeasts it seems likely that the stem cells
are rejuvenated by ACD, while their mortal daughters inherit
DCC. If so, plant stem cells would fit into a pattern of cellular
senescence and rejuvenation found in other realms of life.
This is a testable hypothesis, as discussed in electronic
supplementary material, appendix.

(a) Multiple fission
In many species of unicellular algae, including Chlorella, div-
ision takes place by multiple fission. A mother cell divides
repeatedly to form 4, 8, 16 and up to 128 daughter cells
[61,62] depending on the growth conditions [63], necessarily
diluting DCC.

Many algae and plants, including mosses and ferns,
reproduce vegetatively by spores, which are often produced
in vast numbers by multiple fission. For example, in the spor-
angia on the fronds of the fern Marattia, each archesporial
cell, itself produced by ACD, can give rise to 2656 spores
[64]. Many fungi and protozoa also produce spores by mul-
tiple fission.

The patterns of cell division in plants are consistent with
the idea that DCC build up in all cells over time, but some
cells can be rejuvenated by ACD or by the dilution of DCC
by multiple fission. Plants fit well within USP. Indeed,
Weismann’s PIP never applied to plants in the first place,
because germ cells are not separated off from somatic cells
at an early stage of embryology. Flowers develop from
meristems in shoots.
5. Rejuvenation in bacteria and yeasts
Over the last 15 years there has been a widespread recog-
nition that many bacteria senesce and undergo rejuvenation
through growth and cell division [4,65]. Rejuvenation gener-
ally depends on ACD, even in cells that appear to divide
symmetrically. The same is true of yeasts.

(a) Bacteria
The aquatic bacterium Caulobacter crescentus has two kinds of
cells: stalked cells rooted to a solid substratum through a
tube-like stalk, and flagella-bearing swarmer cells (figure 2).
Only stalked cells divide; at first, they give rise to swarmers
in rapid succession, then produce them slower and slower,
until they finally stop dividing and die. Through ACD, the
stalked cells retain DCC and undergo a form of replicative
ageing while the swarmer cells are rejuvenated [66].

Although most bacteria appear to divide symmetrically,
this appearance is deceptive. The bacterium Escherischia coli
divides into equal-sized daughters, but one inherits an old
cell wall while the other receives a new one (figure 2). Daugh-
ters that inherit the old poles grow slower, produce fewer
offspring and are more likely to die [67]. Aggregates of
denatured proteins usually accumulate near the old pole.
Sometimes new-pole cells inherit these inclusion bodies
instead, and then they too divide slower [68]. In most cells
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that divide rapidly, there are no visible denatured protein
aggregates, but cells with the old pole still seem to inherit
DCC and divide slower than their sisters [69,70]. Thus in
E. coli as in Caulobacter, one daughter cell is rejuvenated at
the expense of the other.

(b) Yeasts
Budding yeasts divide asymmetrically by budding off small
daughter cells,which thengrowandbecomemothercells them-
selves. In a classic study of the budding yeast Saccharomyces
cerevisiae, used in brewing and baking for millennia, Mortimer
& Johnston [71] found that mother cells gave rise to an average
of 24 daughter cells; the rate of division slowed toward the last
generation, and then the mother cells died.

Recent research on budding yeasts has revealed more
details about the retention of denatured protein aggregates
[72] and ageing mitochondria [73,74] by the mother cells
while the daughters are freed from them. The cytoskeleton
plays an essential role [75], as does the endoplasmic
reticulum [76].

Unlike budding yeasts, fission yeasts, like Saccharomyce
pombe, appear to divide symmetrically. However, as in
E. coli, DCC in the form of protein aggregates are retained
by one daughter cell while the other is freed from them
and subsequently divides faster [33]. Under favourable
growth conditions, in which cells grew and divided rapidly,
few protein aggregates accumulated; many of the cells
showed no signs of ageing, but a minority inherited
denatured protein aggregates and died [77].

Yeasts are now among the most important model organ-
isms for studies of senescence and rejuvenation at the cellular
level [4,78]. Weismann’s assumption that unicellular organ-
isms are immune to senescence is not true, at least in the
case of the most-studied yeasts and bacteria.
6. Are animal germ cells immune to senescence?
In PIP, there is no need to explain the rejuvenation of animal
germ cells. They are immune to senescence ex hypothesi. By
contrast, USP suggests that DCC are likely to accumulate in
germ cells as they do in other cells. If so, how are germ
cells rejuvenated?

Male gametes do not need to be rejuvenated. They are
usually short-lived, and their cytoplasm plays little or no
role in the new organism. In both animals and plants, they
are formed by symmetrical cell divisions. In humans and
other mammals, primary spermatocytes divide by meiosis
to produce four viable sperm cells [79]. In flowers, the
pollen mother cells divide by meiosis and give rise to four
viable pollen grains [80].

By contrast, eggs are formed by ACD in both animals and
plants [31]. They are surrounded by dying sisters. For
example, in the fruit fly Drosophila, a cell called the oogonium
goes through four cycles of cell division to produce 16 cells,
of which only one, the oocyte, gives rise to the egg; the
others, called nurse cells, nourish and sustain it and die
[81]. The oocyte then undergoes meiosis, producing the egg
and short-lived polar bodies [82].

In plants, the sisters of maturing egg cells die, just as they
do in animals. For example, in the flowers of Arabidopsis, the
megasporocyte, the cell from which the egg is ultimately
derived, produces four cells by meiosis, three of which die [83].
To my knowledge, the partitioning of DCC in the pro-
duction of egg cells in animals and plants has not yet been
studied, nor has their partitioning between the oospheres
and periplasm of fungi (see in electronic supplementary
material, appendix).
7. How do ‘immortal’ cell lines and cancer cells
avoid senescence?

PIP seems to be confirmed by ‘immortal’ mammalian and
human cell lines that are not subject to the Hayflick limit,
such as HeLa cells. Hundreds of immortal cell lines are com-
mercially available and routinely used in research. Most show
one or more of the hallmarks of cancer, including the acti-
vation of telomerase, enhanced energy production by
glycolysis [84], and genetic changes, including increased
mutation rates and chromosomal instability [85].

In cancers, not only do the cells escape from the controls
that stop normal cells from dividing excessively, but they also
need to avoid senescence, or else they would die out. One
way in which they are protected from the build up of DCC
is by a shift in energy production toward glycolysis, a feature
of cancerous cells noted more than 80 years ago by the bio-
chemist Otto Warburg and known as the Warburg effect
[85]. Glycolysis produces fewer ROS than oxidative
phosphorylation and hence less oxidative damage.

In some cancers, cells are rejuvenated by ACD in a similar
way to normal stem cells; indeedmany cancers arise from stem
cells in the first place, and also contain stem cells that divide
by ACD [86,87]. However, some cancerous cells grown
in vitro divide symmetrically, like HeLa cells, without the
kind of cryptic asymmetry that occurs in the divisions of
E. coli and fission yeast cells ([88], their electronic supplementary
material, figure S1).

This is where the paradigms come into head-on collision.
For PIP, immortal cell lines pose no problem; they have near-
perfect repair systems ex hypothesi. By contrast, these cell lines
are problematic for USP. How can cancer cell lines that divide
symmetrically and are not rejuvenated by ACD escape from
senescence? The only possible answer seems to be that they
have another way of getting rid of DCC, namely by excreting
them in vesicles [31].

Many types of animal cell are now known to bud off
membrane-bound vesicles into the extracellular space
(figure 3). Some of these vesicles play an important role in
intercellular communication, transferring DNA, RNA, pro-
teins, lipids and virus particles from cell to cell [93].
Extracellular vesicles can be taken up by other cells either
by fusing with their membranes, thus transferring their con-
tents to the cytoplasm of the receptor cell, or by being
engulfed by phagocytotic cells [94].

Some extracellular vesicles are known to contain DCC,
including damaged DNA [95] and damaged proteins [89],
including misfolded amyloid peptide aggregates produced in
neurons affected by Alzheimer’s disease [96,97]. Differentiat-
ing erythrocytes shed unwanted proteins in exosomes [98].

Many types of cancer cell release extracellular vesicles
[93], and some amoeboid cancer cells shed unusually large
ones, called oncosomes [99]. Extracellular vesicles carried in
the blood are now used as diagnostic biomarkers for a
wide range of cancers [100]. The infection of cells with
cancer viruses changes the types of extracellular vesicles
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Figure 3. Some of the different kinds of membrane-bound extracellular ves-
icles secreted from mammalian cells. Exosomes are first budded off into
intracellular vacuoles, called multivesicular bodies, before being released
into the extracellular fluid when the multivesicular bodies fuse with the
plasma membrane. Microvesicles of various types, also called ectosomes,
are budded off the plasma membrane directly into the extracellular fluid
[89,90]. Vesicles containing viruses, such as human immunodeficiency virus
(HIV), are released within an envelope derived from the cell membrane
[91]. Some glandular cells secrete vesicles, like the membrane-bound lipid
globules produced by mammary glands as constituents of milk [92]. In
addition, when dying cells break up they release membrane-bound ‘apoptotic
bodies’ of varying sizes [90].
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they produce [101], and the transformation from normal cells
to immortalized cancer cells leads to a striking increase in the
secretion of extracellular vesicles [102]. Vesicles from HeLa
cells contain unfolded proteins, among other molecules [103].

A comparable process occurs in bacteria.Many species pro-
duce ‘minicells’ that lack chromosomes, cannot proliferate, and
die. In E. coli, minicells are budded off from cell poles and con-
tain aggregates of damaged proteins. Bacteria are rejuvenated
by this ‘damage disposal mechanism’ and their daughters
divide faster as a result [4,104]. This is a very underexplored
area if research, and in electronic supplementary material,
appendix, I suggest several new lines of enquiry.
8. How do embryonic stem cells escape
senescence?

Mammalian ESC are capable of developing into any type of
cell in the body. When cultured in vitro they divide symmetri-
cally and are potentially immortal; not subject to the Hayflick
limit [105]. They are the only normal cells that divide symme-
trically and share potential immortality with immortalized
and cancerous cell lines.

Under natural conditions, ESC are a short-lived phase at
the beginning of embryology.

They are difficult to maintain in vitro under standard
atmospheric conditions because they tend to differentiate
spontaneously. They are best grown at oxygen levels of 2–
5%, way below the usual 21% in the atmosphere [106,107].
These conditions resemble their hypoxic environment
within pre-implantation embryos [108], which may protect
them from the build-up of DCC by reducing damage from
ROS. ESC also derive much of their energy from glycolysis,
further reducing oxidative damage.

ESC prolifically produce extracellular vesicles, and ves-
icles derived from cultured ESC are now being tested for
their therapeutic potential as a new version of stem cell
therapy [109,110].

Four major marker genes are highly expressed in ESC,
including c-Myc, each of which then activates gene complexes
or modules. In many types of cancer, at least one of these ESC
marker genes is activated, especially in the most aggressive
tumours [111,112]. Although genes such as c-Myc are usually
called oncogenes, as if they are specific to cancer, this is mis-
leading. Cancer cells seem to reactivate key features of
quintessentially youthful ESC. When cancer cells are grown
under hypoxic conditions, like those under which ESC have
evolved, further ESC genes are often activated and the cells
become more prone to form aggressive tumours [113,114].

I suggest that one of the abilities that may be present in ESC
and regained by cancerous cell lines may be the ability to
excrete DCC in extracellular vesicles. In normal development,
this ability is suppressed as cells differentiate. If somatic cells
excreted DCC, intercellular spaces would become like open
sewers, overwhelming the ability of phagocytes to clean up
the debris. However, this excretory ability may be reactivated
in immortalized cell lines and some cancers.

Thus many of the features of immortal cell lines and
cancer cells may arise as a result of re-activating ESC gene
modules. This similarity may include a rejuvenative system
that enables the cells to get rid of DCC in vesicles.
9. Conclusion
Both USP and PIP are compatible with the dilution of DCC by
growth and cell division, especially by ACD, in animals, yeasts
and bacteria. Both paradigms predict similar processes in
plants. Both paradigms are consistent with the dilution of DCC
by multiple fission in plants, algae, fungi, protozoa and bacteria.

However, the paradigms conflict in relation to ESC and
symmetrically dividing immortalized cell lines. USP assumes
that DCC inevitably accumulates and that cells must some-
how get rid of them. I propose that they do so by excreting
DCC in extracellular vesicles.

PIP assumes near-perfect cellular repair systems that
enable these cells to avoid the build-up of DCC. But can
any repair system be perfect? If some DCC cannot be dis-
solved and recycled and hence accumulate, how could a
repair system get rid of them? Almost the only possible
answer is by expelling DCC from the cells by exocytosis.

Thus the two paradigms would converge if DCC are in
fact expelled from ESC and cancerous cell lines in extracellu-
lar vesicles. For USP the expulsion of DCC would be seen as
an excretory system, and for PIP a repair system. The effect
would be the same.

After more than 130 years, it may soon be possible to
resolve the debate between Maupas and Weismann. Maupas
was right in thinking that senescence is inherent in all cells,
and Weismann was right in thinking that some cell types in
animals were special, able to avoid senescence in a way that
is suppressed in most somatic cells. If this special repair
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system depends on the exocytosis of DCC, then we may soon
arrive at a new synthesis that applies to all the kingdoms of
life. I call this the cellular rejuvenation hypothesis: DCC build
up in all cells as they age, but can be diluted either by
growth and cell division, especially ACD and multiple fission
or by the excretion of DCC in extracellular vesicles.

This cellular rejuvenation hypothesis is experimentally
testable and in electronic supplementary material, appendix,
I suggest nine new lines of empirical enquiry.
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