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ARTICLE INFO ABSTRACT

Keywords: The biological and clinical significance of aberrant clonal expansions in aged tissues is being intensely discussed.
Aging Evidence is accruing that these clones often result from the normal dynamics of cell turnover in our tissues. The
Clones aged tissue microenvironment is prone to favour the emergence of specific clones with higher fitness partly
Clonal expansions L I . . . .
because of an overall decline in cell intrinsic regenerative potential of surrounding counterparts. Thus, expanding
Growth pattern . . L. . . T
Cancer clones in aged tissues need not to be mechanistically associated with the development of cancer, albeit this is a
possibility. We suggest that growth pattern is a critical phenotypic attribute that impacts on the fate of such

clonal proliferations. The acquisition of a better proliferative fitness, coupled with a defect in tissue pattern

formation, could represent a dangerous mix setting the stage for their evolution towards neoplasia.

1. Foreword

A most intriguing advancement in our understanding of the biology
of aging relates to the finding of pervasive clonal expansions in tissues
with normal histological appearance. Initially described in hematopoi-
etic cell lineages, this phenomenon has now been reported in several
other tissues, including skin, oesophagus, liver, endometrium, brain,
cardiovascular endothelium, bronchus, urothelium, prostate, large in-
testine and placenta (Cooper et al., 2015; Enge et al., 2017; Evans and
Walsh, 2023; Florez et al., 2022; Lee-Six et al., 2019; Li et al., 2020;
Martincorena et al., 2018, 2015; Moore et al., 2020; Sano et al., 2020;
Yokoyama et al., 2019; Yoshida et al., 2020; Zhu et al., 2019).

The biological significance of these aberrant clonal expansions is
being intensely discussed (Risques and Kennedy, 2018). The most im-
mediate interpretation is that they help explaining the long-standing
association between aging and neoplastic disease, given the presence
of putative cancer-driver genetic alterations in at least some of these
expanding clones. However, there is increasing awareness that such an
appealing and straightforward view is too narrow and oversimplistic, in
that the roots of oligoclonal outgrowths and their impact on the phys-
iopathology of aging tissues go far beyond the origins of neoplastic
disease.

2. Clones of normal aging
2.1. Clonal mosaicism in aged tissues

One of the first accounts that aging is associated with changes in
tissue composition resulting from the slow prevalence of specific cell
clones was provided by studies on X-inactivation patterns in peripheral
white blood cells from normal human females of different age groups
(Busque et al., 1996). It was reported that the incidence of skewing in
X-chromosome (parental allele ratios > 3:1) was 8.6 % in neonates and
16.4 % in individuals between 28 and 32 years of age, rising to 37.9 % in
women aged > 60 years. With more stringent criteria (considering allele
ratios > 10:1), the incidence of skewing was 1.9 %, 4.5 % and 22.7 % in
the same 3 age groups, respectively. Over the past decade, the presence
of age-related clonal haematopoiesis has been firmly established by
several studies (Jaiswal and Ebert, 2019; Shlush, 2018). Clonal hae-
matopoiesis of indeterminate potential specifically refers to the presence
of clones harbouring a driver mutation at a variant allele frequency > 2
% (Steensma et al., 2015). Its prevalence has been estimated to be over
20 % in individuals aged 60-70 years (Shlush, 2018).

It soon became clear that such an intriguing biological scenario is not
unique to bone marrow-derived cell lineages but it is of common
occurrence in many other tissues (Fig. 1). In a pioneering report, the
eyelids of sun-exposed individuals were found to be disseminated with a
high burden of mutant clones, including some harbouring multiple
cancer-driver mutations, while maintaining the physiological functions
of epidermis and a seemingly normal histology (Martincorena et al.,
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Fig. 1. The aged tissue environment (right panels) supports the clonal expan-
sion of transplanted normal cells (top), transplanted pre-neoplastic cells (mid-
dle) and spontaneously emerging mutant cells (bottom).

2015). In the following years the presence of age-associated clonal ex-
pansions was described in the oesophagus, the liver, the brain, the
endometrium, the bronchus, the urothelium, the large intestine, the
vascular endothelium and the placenta. (Coorens et al., 2021; Evans and
Walsh, 2023; Kakiuchi and Ogawa, 2021; Sano et al., 2020).

2.2. The clonogenicity of the aged tissue environment

Relevant to the above, transplantation studies revealed that the
microenvironment of a normal aged tissue is supportive for the clonal
expansion of both normal and preneoplastic cells. When normal hepa-
tocytes isolated from a young donor rat were injected into the liver of
either young or aged (18 month old) syngeneic hosts, they formed larger
clusters in the latter compared to the former (Pasciu et al., 2006).
Similar findings were reported following transplantation of foetal liver
cells: they grew 4- to 5-fold more efficiently upon injection into old vs.
young recipients (Menthena et al., 2011). Furthermore, pre-neoplastic
hepatocytes isolated from liver nodules and transferred into rats of
different ages displayed a phenotypic behaviour that paralleled that of
normal counterparts: they formed large clusters and discrete nodules in
older hosts, while limited growth was seen in young recipients (Mar-
ongiu et al., 2016) (Fig. 1). These data provide important insights to-
wards elucidating the mechanistic bases of spontaneous clonal
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expansions associated with aging. It is noteworthy that caloric restric-
tion (CR), which is known to delay aging and age-related diseases
(Anderson and Weindruch, 2010), was able to decrease the clonogenic
potential of the aged liver microenvironment on the growth of trans-
planted preneoplastic hepatocytes (Cadoni et al., 2017). To our knowl-
edge, no studies have so far investigated the effect of CR on the
emergence of age-associated mutant clones. However, it was reported
that CR reduces the accumulation of spontaneous somatic cell mutation
in aging rats (Aidoo et al., 2003).

3. Clones of aging and the need to count (quantity control)

The finding that aged tissues are frequently composed of a patchwork
of evolving clones (Martincorena et al., 2015) is of utmost significance,
representing a breakthrough in our understanding of the biology of
aging and raising in turn several fundamental questions. A basic issue
pertains to the nature of these clones with reference to homoeostatic
mechanisms overlooking tissue mass and/or function. Albeit poorly
understood, such mechanisms are normally and continuously operating
to maintain defined reciprocal balances among cell/tissue types in our
bodies. As an example, following haemorrhage bone marrow increases
its activity and provides more differentiated cells to tip the transient
deficit at peripheral sites. Conversely, hypertrophy and/or hyperplasia
of any tissue give way to the removal of the excess mass/cells once the
inciting stimulus subsides (Sarraf et al., 1997). Such need to count is a
defining feature of complex multicellular organisms, ensuring that the
differentiated contributions of each cell/tissue type to the integrated
bodily functions are quantitatively appropriate. Are age-associated
clonal expansions included in this counting or are they growing above
and beyond the limits imposed by homoeostatic control mechanisms?
How one answers this question is crucial, in that it will inform the
biological interpretation of this phenomenon and it will orient research
directions into its aetiology, pathogenesis and possible therapeutic ap-
proaches, if any (Marongiu et al., 2018). No studies allow to draw
definitive conclusions on this issue, so far. A prevalent view is that the
large majority of clones in aged tissues expand within physiological
limits and are therefore to be considered as part of the normal cell
turnover in that tissue (Fabre et al., 2022). Consistent with this, tissue
histology is typically well preserved. On the other hand, the common
presence of cancer-associated mutations in such clones could be taken as
evidence to suggest that their growth may exceed tissue homoeostasis
and may in fact be an early manifestation of growth autonomy, on the
path to overt neoplastic disease.

4. Positive selection and clonal fitness (quality control)
4.1. Random drift vs. positive selection

Relevant to the issue discussed above, additional studies have pro-
vided important insights on the biological and molecular mechanisms
leading to the emergence of clonal expansions in aged tissues. Positive
selection, not drift, was found to be the major force shaping clonal
haematopoiesis in the aged bone marrow, implying that a relatively
higher fitness of the involved clones is sustaining the process (Watson
et al., 2020). Similar findings have been reported in solid tissues: for
example, strong positive selection of NOTCH1 and p53 mutant clones
was documented in the human oesophageal mucosa, involving up to
80% of the lining epithelium (Martincorena et al., 2018).

4.2. Context-dependent clonal fitness

Central to positive selection is the concept of cellular fitness, which
includes both cell-intrinsic and cell-extrinsic components (Watson et al.,
2020). A purely cell-intrinsic increase in fitness is difficult to conceive,
in that cell fitness is inevitably context-dependent (Watson et al., 2020).
Hypothetically, under a similar scenario aged tissues would be slowly
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repopulated by cellular clones displaying a higher-than-normal per-
forming phenotype, at least in terms of regenerative potential. However,
assessing (or even defining) fitness is not an easy task for any given
tissue and cells endowed with higher-than-normal proliferative profi-
ciency are not necessarily fitter in overall functional performance
(Marongiu et al., 2021). Moreover, aging involves a generalised
decrease, and not an increase, in the regenerative proficiency in several
tissues (Brazhnik et al., 2020; Harrison and Astle, 1982; Maeso-Diaz
et al., 2022), implying that even cells preserving a normal growth po-
tential may be positively selected in that context.

Most often, a positive or negative impact on fitness can result from
cell-extrinsic constraints that are imposed by the tissue microenviron-
ment, favouring or disfavouring the emergence of specific cellular
phenotypes (Laconi et al., 2020; Marongiu and DeGregori, 2022).
Selected cells are not intrinsically fitter than surrounding counterparts
by any absolute parameter, but they are better equipped to thrive under
defined and specific conditions (Florez et al., 2022). A notable example
to illustrate this situation is the selective expansion of Dnmt3a-mutant
haematopoietic stem cells driven by mycobacterial infection in chimeric
bone marrow model obtained via transplantation of Dnmt3a’/” and wild
type (WT) haematopoietic stem cells (Hormaechea-Agulla et al., 2021).
Remarkably, injection of recombinant IFNy alone was sufficient to
reproduce the selective effect of infection on Dnmt3a’/ clones. It was
also established that reduced differentiation of mutant vs. WT clones
was one of the biological mechanisms contributing to the selective
emergence of the former (Hormaechea-Agulla et al., 2021). More recent
studies have further supported the mechanistic association between
inflammatory environment, ageing and clonal haematopoiesis. When
WT or Dnmt3a-mutant haematopoietic stem cells were transplanted in
sub-lethally irradiated mice of different age, mutant clones exhibited a
growth advantage in aged recipients (Nino and Pietras, 2022). However,
the selective advantage was abrogated in mice defective in TNF-a re-
ceptor signalling, suggesting that the increased levels of this
pro-inflammatory cytokine in aged animals and individuals is fuelling,
at least in part, the emergence of Dnmt3a-mutant cells.

Moreover, the chronic pro-inflammatory microenvironment of MDS,
including elevated levels of cytokines and chemokines, leads to
decreased self-renewal of normal bone marrow stem cells, while mutant
clones with activated TLR-TRAF6 signalling and non-canonical NFxB
pathway can better withstand this effect and selectively emerge (IMuto
et al.,, 2020). Notably, cell-intrinsic TLR-TRAF6 activation impaired
hematopoietic stem cell function in mouse models (Fang et al., 2017),
suggesting that the mutation per se does not confer any growth advan-
tage over the WT phenotype under normal conditions. Such
context-dependent selection of mutant phenotypes has been reported in
several other systems. Thus, p53-mutant cells of the mouse oesophageal
mucosa show a better fitness than their normal counterparts during
exposure to oxidative stress induced by low dose ionising radiation
(LDIR); however, such growth advantage is lost when LDIR is coupled
with antioxidant treatment (Fernandez-Antoran et al., 2019). Similarly,
high fat diet-induced inflammation selects for RasV12-mutant cells in
the intestinal epithelium, while simultaneous treatment with aspirin
attenuates this effect (Sasaki et al., 2018). Furthermore, it was reported
that a population of bronchial epithelial cells that remain mitotically
quiescent during exposure to smoking, thereby incurring a low muta-
genic burden, resume proliferation and replenish large segments of
mucosa upon smoking cessation (Yoshida et al., 2020). This suggested
that cells with a near normal genotype display a better fitness compared
to more damaged counterparts when exposure to smoking subsides.

5. Clones of aging and tissue turnover

Overall, the picture that takes shape putting together the tiles of this
mosaic is consistent with the notion that clonal dominance associated
with age is a direct consequence of normal dynamics steering cell
turnover in our tissues, whereby the expansion of specific clones is
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largely dictated by (micro)-environmental cues selecting for the fitter
phenotype (Zhu et al., 2019). Recent findings on the clonal dynamics of
haematopoiesis across the human lifespan are supportive of this inter-
pretation. While in individuals younger than 65 years the generation of
blood cells is evenly contributed by 20,000-200,000 stem/progenitor
cells, in those older than 75 years clonal diversity was profoundly
decreased, with 30-60 % of blood cell output accounted for by very few
(12-18) independent clones (Mitchell et al., 2022). Possible driver
mutations were only identified in 22 % of these clones, implying that in
over 3 out of 4 clones the genotype associated with better fitness was
unknown (Mitchell et al.,, 2022). The conclusion is that a drastic
decrease in clonal diversity should not be considered as a mere acci-
dental, however frequent, phenomenon (Jaiswal et al., 2014), but
should be taken as a normal, universal feature of haematopoiesis in aged
humans; furthermore, it is sustained by the continuous positive selection
of cellular clones whose genotype is yet to be identified (Jaiswal et al.,
2014) and needs not be necessarily related to neoplastic disease.

6. Clones of aging and tissue function
6.1. Clones of haematopoietic tissue

A fundamental question emerging from the above findings pertains
to biological and clinical consequences of age-associated clonal expan-
sions, if any. The most intuitive association one is led to make in this
regard is with neoplastic disease. In fact, clonal haematopoiesis was
soon identified as a possible pre-neoplastic stage on the path to malig-
nant transformation, fitting with the concept of carcinogenesis as a
multistep process (Jaiswal et al., 2014) (more on this topic in the
following paragraph). However, it was quite unsettling to discover that
the presence mutant clones in peripheral blood cells also carried an
increased risk of developing other chronic, age-associated diseases,
whose list has been continuously expanding (see Florez et al., 2022 for a
recent update). For example, the risk of atherosclerotic cardiovascular
disease was found to double in people with clonal haematopoiesis
(Jaiswal et al., 2014), although subsequent studies have reported higher
(Dorsheimer et al., 2019) or lower (Kar et al., 2022) risk levels. Simi-
larly, clonal haematopoiesis increased the frequency of adverse out-
comes in chronic kidney disease (Dawoud et al., 2022) and imposed a
higher risk of chronic obstructive pulmonary disease (Buscarlet et al.,
2017). Importantly, the presence of mutant clones in peripheral-blood
cells also increased all-cause mortality risk by a factor of 1.4 (Jaiswal
et al., 2014). Furthermore, mouse models of hematopoietic-specific
mutations in Dnmt3a, the most commonly mutated gene in human
clonal haematopoiesis, display increased osteoporosis and increased
osteoclastic activity; this was attributed to pro-inflammatory cytokines
secreted by Dnmt3a-mutant macrophages (Kim et al., 2021). In addition,
mice with a mutant Tet2, another frequent alteration of human clonal
haematopoiesis, have increased expression of inflammatory genes in
innate immune cells, accelerated atherosclerosis and enhanced devel-
opment of pulmonary emphysema following lung inflammation
(Dawoud et al., 2022; Dorsheimer et al., 2019; Jaiswal and Libby, 2020;
Miller et al., 2022). This suggests that the presence of a
pro-inflammatory environment fuelled by mutant clones could mediate,
at least in part, the effects on mortality referred to above, including
all-cause mortality (Jaiswal and Libby, 2020). On the other hand, it was
reported that an inflammatory environment favours the emergence of
Tet2-mutant haematopoietic clones (Abegunde et al., 2018), envisaging
a possible feeding-forward loop in which mutant clones contribute to
inflammation and the latter in turn selects for those mutants.

6.2. Clones of solid tissues
Compared with clonal haematopoiesis, relatively little information is

available so far on functional consequences of the presence of mutant
clonal expansions in solid tissues, apart from an increased risk of
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neoplastic disease (discussed in the next section). At least two possibil-
ities can be envisioned. Mutant clones, depending on their size, may
impact cell/tissue function via qualitative/quantitative changes
affecting the synthesis of biomolecules directly or indirectly related to
the underlying genetic alteration. A prototype of this scenario is
paroxysmal nocturnal haemoglobinuria associated with emergence of
hematopoietic clones lacking phosphatidylinositol glycan class A gene,
which is required to produce glycolphosphatidyl inositol anchors
(Babushok, 2021).

Alternately, the presence of few dominant clones, which leads to a
reduction in the number and diversity of cell lineages contributing to
tissue composition, could in turn reduce tissue plasticity and adaptive
capacity to environmental challenges, alterations that are typical attri-
butes of advancing age. Along these lines, very recent intriguing findings
have indicated that sleep, which protects against age-associated car-
diovascular, neoplastic and neurodegenerative diseases (Besedovsky
et al., 2019; Irwin, 2019) is able to programme the epigenome of he-
matopoietic progenitor cells and preserves clonal diversity and adapt-
ability (McAlpine et al., 2022).

An intriguing case in point is endometriosis, consisting in the pres-
ence of endometrial epithelium and stroma at ectopic sites. While it is
considered clinically benign, with virtually no risk of neoplastic trans-
formation, it was nevertheless found to harbour frequent mutant clones,
particularly in deep infiltrating lesions (Anglesio et al., 2017). Mutant
cells, including clones with cancer driver mutations, are also common in
histologically normal endometrium (Suda et al., 2018); however, they
appear to undergo positive selection in the inflammatory microenvi-
ronment of endometriotic tissue (Anglesio et al., 2017; Suda et al.,
2018).

7. Clones of aging and neoplastic disease
7.1. Mutant clones as cancer precursors

As mentioned above, it is almost axiomatic that the finding of mutant
clonal expansions in healthy aged tissues is primarily suggestive of a link
with neoplastic disease. When it was first reported in hematopoietic
tissue, it was taken as a fundamental step towards a better under-
standing of the complex connection between aging and cancer (Jaiswal
et al, 2014). Individuals harbouring age-associated, bone
marrow-derived mutant clones were found to run an increased risk for
the development of hematopoietic malignancies. Additionally, genetic
alterations that are of common occurrence in such mutant clones are
also frequently found in leukaemic cell populations, supporting a
precursor-to-product relationship between the former and the latter
(Jaiswal et al., 2014). Mechanistically, recent studies point to inflam-
mation, fuelled by aberrant, pro-inflammatory monocytic cell clones, as
a possible driver for the subsequent selection and emergence of blood
cell neoplasms (Hormaechea-Agulla et al., 2021; Nino and Pietras, 2022;
Yeaton et al., 2022). A similar paradigm might also apply to solid or-
gans. Clones of p53 mutant epithelial cells are frequent in aging human
oesophageal mucosa, and biallelic disruption of p53 encoding gene is
commonly found in cancer of the oesophagus (Murai et al., 2022).

7.2. Mutant clones and cancer suppression

However, it is becoming increasingly clear that the attribution of a
putative pre-neoplastic nature to the age-associated clonal expansions is
far from capturing the full spectrum of their biological significance.
Once again, studies conducted on bone marrow-derived cell population
have provided crucial insights in this direction. As mentioned previ-
ously, analysis of clonal dynamics of haematopoiesis across the human
lifespan has revealed that a drastic reduction of clonal diversity is a
normal and constant finding in aged humans, resulting from the positive
selection of several genetic variants, a large proportion of which is yet to
be identified (Fabre et al., 2022; Mitchell et al., 2022). This reiterates the
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concept that clonal haematopoiesis associated with aging represents the
result of normal cell turnover dynamics in this tissue, whereby a limited
number of clones emerge through mechanisms of intrinsic and/or
extrinsic cell competition. Within this framework, it is still uncertain
whether and to what extent these emerging clones have any bearing on
neoplastic disease.

The complexity of the issue is well illustrated by findings reporting
the elimination of emerging tumours by outcompeting, mutant neigh-
bouring clones in the oesophagus of mice (Colom et al., 2021). It was
suggested that survival of early neoplasms was critically dependent on
the competitive fitness of mutant and histologically normal surrounding
epithelium, in that phenotypically normal cell clones, albeit harbouring
genetic alterations, could act as a barrier against early tumorigenesis
(Colom et al., 2021). Such scenario is in line with the concept of “decoy
fitness peaks” proposed a few years ago, whereby the presence of fitter
clones with a (near-)normal phenotype can halt or delay the selective
emergence of other clones with (pre-)neoplastic potential (Higa and
DeGregori, 2019). Similarly, mutations in PKD1, PKDHI1, and
PPARGCIB genes are common in clonal nodules of cirrhotic livers, while
they are rarely found in hepatocellular carcinoma (Miiller et al., 2019).
It was proposed that the mutational landscape associated with chronic
liver disease favours pathways that are related to pro-
liferative/regenerative fitness and may limit the risk for the emergence
of (potentially) malignant clones (Miiller et al., 2019).

7.3. Clones of aging and neoplastic disease: phenotype matters

It is apparent that selective expansion of mutant clones per se is not
necessarily geared towards cancer and may in fact exert a countering
effect on the growth of early (pre-neoplastic) lesions). Thus, a relevant
question to ask pertains to which critical phenotypic property/ies of
expanding clones is/are associated with an increased risk of progression
to overt cancer, i.e. the acquisition of growth autonomy, invasive and
metastatic capacity. In a follow up study on the longitudinal dynamics
and natural history of clonal haematopoiesis it was reported that mu-
tations driving faster clonal growth carry a higher risk of malignant
progression (Fabre et al., 2022). While this is an important insight for
haematological malignancies, it is difficult to predict how applicable it
might be to solid tissue neoplasms, given the more stringent constraints
these cell populations need to overcome towards the acquisition of
invasiveness and metastatic potential (Oppenheimer, 2006). In both the
oesophagus and the epidermis, a common theme in the selective emer-
gence of mutant clones lies in a bias in cell fate, so that mutant cell di-
visions produce an excess of progenitors over differentiated cells (Murai
et al., 2018), a principle that appears to apply to bone marrow clonal
dynamics as well (Hormaechea-Agulla et al., 2021). However, such bias
favouring mutant cells decreases and reverts towards balance as
expanding clones are surrounded by similar counterparts, allowing the
tissue to retain its integrity (Murai et al., 2018).

8. Clones of aging and growth pattern
8.1. Clonal growth vs. focal growth

In the context of the above discussion, an often-neglected aspect of
preneoplastic lesions in solid tissues pertains to their altered growth
pattern, as indicated by the focal nature of such clonal expansions
(Marongiu et al., 2012). Studies conducted by our research group on
transplantation of isolated hepatocytes in a pre-conditioned tissue
environment, (whereby the cell cycle of resident parenchymal cells was
persistently blocked following chemical exposure), revealed a striking
difference of normal vs. preneoplastic cells in their pattern of interaction
with the host liver tissue. Clusters of expanding normal hepatocytes
were macroscopically and histologically indistinguishable from the
recipient parenchyma and were spatially oriented according to
apical-basal domains of resident cells, with hybrid bile canaliculi
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forming between transplanted and host hepatocytes (Laconi et al.,
1998). By contrast, clones of preneoplastic hepatocytes did not integrate
in the recipient liver, formed discrete focal/nodular lesions distinct from
surrounding tissue and displayed altered cell polarity (Laconi et al.,
2001).

8.2. Growth pattern in the pathogenesis of neoplastic disease

The hypothesis that alterations in tissue patterning can contribute to
the pathogenesis of neoplastic disease is supported by several lines of
evidence (Martin-Belmonte and Perez-Moreno, 2012; McCaffrey and
Macara, 2011). Early observations in Drosophila indicated that mutants
in scribble (scrib) gene, whose product is involved in cell polarity
determination in the eye disc, cooperate with oncogenic Ras or Notch
towards neoplastic development (Brumby, 2003). An additional finding
was that proteins involved in the establishment of cell polarity were
common targets of viruses associated with human carcinogenesis (Jav-
ier, 2008). Later, liver-specific KO mice for the Rho small GTPase Cdc42,
which plays a critical role in cell polarity, were found to be prone to
hepatic neoplasia (van Hengel et al., 2008). Furthermore, loss of the
Par3 polarity protein was reported to promote breast tumorigenesis in
mice (McCaffrey et al., 2012). Along the same vein, it was proposed that
H. pylori-induced disruption of cell polarity, through chronic dysfunc-
tion of the small GTPases Cdc42/IQGAP1-signalling pathway, may
contribute to the origin of gastric carcinoma in humans (Osman et al.,
2013). Dysregulation of Cdc42 was also suggested as relevant to the
development of human colorectal cancer (Leve and Morgado-Diaz,
2012) and basal cell carcinoma (Tucci et al., 2013). Later, lack of Cdc42
expression in mouse bronchial epithelium has been associated with loss
of contact inhibition, disruption of cell polarity and increased tumour
formation (Zheng et al., 2017). Interestingly, molecules associated with
the Cdc42 signalling pathways were differentially phosphorylated upon
chronic exposure in vitro to cigarette smoke (Solanki et al., 2017). Most
recently, apical-basal polarity has also been implicated in determining
stem cell number in the intestine of Drosophila (Wu et al., 2023).

The evidence above suggests that altered cell polarity, and the
ensuing distortion in tissue pattern formation, are not mere bystanders
of overt neoplastic disease, but they are often early events of possible
pathogenetic significance (Stephens et al., 2018). We propose that an
altered growth pattern represents one of the critical phenotypic features
of age-associated clonal expansion which can confer upon them an
increased risk for the evolution towards neoplasia (Fig. 2).

8.3. Linking growth pattern and neoplastic process

How could an altered tissue architecture contribute towards the
emergence of an invasive and metastatic phenotype? Years ago, we
called attention on a fundamental distinction that should be made be-
tween the tissue environment where early preneoplastic lesions develop
and the tumour microenvironment inside focal lesions, such as polyps,
nodules, adenomas (Laconi et al., 2008). While the former is the
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outcome of orderly developmental processes resulting in a functional
cellular community with solid infrastructure (including stroma and
blood vessels), the latter is often at risk of shortage in the supply of
oxygen and metabolic substrates, as a consequence of defective wiring of
the expanding lesion (Folkman, 1972). Numerous studies have in fact
documented the presence of hypoxic conditions and/or decreased blood
supply during carcinogenesis, starting from early stages (Bos et al.,
2001; de Koster et al., 2022; Jiang, 2003; Kadonosono et al., 2011; Solt
and Hay, 1977; Thomlinson and Gray, 1955). This type of evidence lead
Judah Folkman and his associates to propose that the “angiogenic
switch”, i.e. the ability to generate new blood vessels, represented a
mandatory biological step in neoplastic progression that could be
amenable to therapeutic targeting (Folkman, 2003; Gimbrone et al.,
1972; Sherwood et al., 1971). However, hypoxia is also well known as a
potent driver of tumour progression (Fang et al., 2008; Regan Anderson
et al., 2013; Semenza, 2000; Shao et al., 2022), including the ability to
induce cell migration, invasive and metastatic phenotypes (Graham
et al., 1999; Sullivan and Graham, 2007). Thus, altered tissue archi-
tecture, which is basic to the morphological diagnosis of (pre-)neoplastic
lesions and is axiomatically associated with the entire carcinogenic
sequence in solid tissues, is also likely to play an active role in the
pathogenesis of neoplasia through the induction of a specific microen-
vironment fuelling the process.

Based on these considerations, the fate of age-associated clonal ex-
pansions could critically depend on their growth pattern more than on
their growth rate per se. As pointed out above, clones resulting from a
bias in cell fate, with mutants producing an excess of progenitors over
differentiated cells, revert to a balanced growth once they are sur-
rounded by counterparts with a similar phenotype (Murai et al., 2018).
Importantly these clones maintain normal morphology, normal turnover
dynamics and normal overall tissue homoeostasis (Marongiu et al.,
2021; Murai et al., 2018).

It is noteworthy that normal tissues have the ability to sense and
eliminate cells displaying an aberrant growth pattern and/or altered cell
polarity, in a process requiring the active presence of functional wild-
type neighbours (Brown et al., 2017; Yamamoto et al., 2017). This in-
dicates that such cells are perceived as disruptive for tissue structure and
function, lending support to the hypothesis that they also represent a
risk factor for the emergence of neoplastic disease. On the other hand,
aging may reduce the efficiency of such surveillance mechanism,
thereby unleashing the expansion of morphologically altered clones.

9. Conclusions

In summary, evidence is accruing that age-associated clonal expan-
sions often result from the normal dynamics of cell turnover in our tis-
sues. The aged tissue microenvironment is more prone to favour the
emergence of specific clones with higher fitness partly because of an
overall decline in cell intrinsic proliferative/regenerative potential of
the surrounding counterparts (Bogeska et al., 2022; Jasper, 2020;
Maeso-Diaz et al., 2022; Matsumura et al., 2016; Pentinmikko and

NON-INTEGRATED MUTANT
CLONAL EXPANSIONS

Fig. 2. Integrated vs. non-integrated clonal expansions: clones displaying a non-integrated growth pattern are more susceptible to neoplastic progression (see text

for discussion).
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Katajisto, 2020; Serra et al., 2015; Tao et al., 2020; Timchenko, 2009;
Wang and Dreesen, 2018). For example, donor age is inversely related to
the rate of regeneration following liver transplantation in humans (Ono
et al., 2011). More to the point, hepatocytes with a normal phenotype
form larger clusters upon infusion in the liver of aged compared to
young syngeneic recipients (Menthena et al., 2011; Pasciu et al., 2006).
This implies that expanding clones in aged tissues need not to be asso-
ciated a priori with the development of cancer, albeit this is a possibility.
On the other hand, the association of clonal haematopoiesis with other
chronic ailments typical of old age, each with specific pathogenetic
pathways, questions the almost axiomatic link that one is tempted to
establish between clonal expansions per se and neoplastic disease
(Marongiu and DeGregori, 2022). We suggest that growth pattern is a
critical phenotypic attribute that impacts on the fate of such clonal
proliferations. The acquisition of a better proliferative fitness, coupled
with a defect in tissue pattern formation, could represent a dangerous
mix setting the stage for their evolution towards neoplasia.

CRediT authorship contribution statement

All authors conceived and discussed the content of the manuscript.
EL wrote the initial draft, FM and SC draw the figures and all authors
were involved in the final editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data Availability

No data was used for the research described in the article.

Acknowledgements

This work was funded in part by Fondazione di Sardegna (FM and EL,
CUP F74119001020007).

References

Abegunde, S.O., Buckstein, R., Wells, R.A., Rauh, M.J., 2018. An inflammatory
environment containing TNFa favors Tet2-mutant clonal hematopoiesis. Exp.
Hematol. 59, 60-65. https://doi.org/10.1016/j.exphem.2017.11.002.

Aidoo, A., Mittelstaedt, R.A., Bishop, M.E., Lyn-Cook, L.E., Chen, Y.-J., Duffy, P.,
Heflich, R.H., 2003. Effect of caloric restriction on Hprt lymphocyte mutation in
aging rats. Mutat. Res. 527, 57-66. https://doi.org/10.1016/50027-5107(03)00072-
1.

Anderson, R.M., Weindruch, R., 2010. Metabolic reprogramming, caloric restriction and
aging. Trends Endocrinol. Metab. TEM 21, 134-141. https://doi.org/10.1016/j.
tem.2009.11.005.

Anglesio, M.S., Papadopoulos, N., Ayhan, A., Nazeran, T.M., Noé, M., Horlings, H.M.,
Lum, A., Jones, S., Senz, J., Seckin, T., Ho, J., Wu, R.-C., Lac, V., Ogawa, H., Tessier-
Cloutier, B., Alhassan, R., Wang, A., Wang, Y., Cohen, J.D., Wong, F., Hasanovic, A.,
Orr, N., Zhang, M., Popoli, M., McMahon, W., Wood, L.D., Mattox, A., Allaire, C.,
Segars, J., Williams, C., Tomasetti, C., Boyd, N., Kinzler, K.W., Gilks, C.B., Diaz, L.,
Wang, T.-L., Vogelstein, B., Yong, P.J., Huntsman, D.G., Shih, I.-M., 2017. Cancer-
associated mutations in endometriosis without cancer. N. Engl. J. Med. 376,
1835-1848. https://doi.org/10.1056/NEJMoal614814.

Babushok, D.V., 2021. When does a PNH clone have clinical significance. Hematology
2021, 143-152. https://doi.org/10.1182/hematology.2021000245.

Besedovsky, L., Lange, T., Haack, M., 2019. The sleep-immune crosstalk in health and
disease. Physiol. Rev. 99, 1325-1380. https://doi.org/10.1152/
physrev.00010.2018.

Bogeska, R., Mikecin, A.-M., Kaschutnig, P., Fawaz, M., Biichler-Schaff, M., Le, D.,
Ganuza, M., Vollmer, A., Paffenholz, S.V., Asada, N., Rodriguez-Correa, E.,
Frauhammer, F., Buettner, F., Ball, M., Knoch, J., Frauhammer, S., Walter, D.,
Petri, A., Carreno-Gonzalez, M.J., Wagner, V., Brors, B., Haas, S., Lipka, D.B.,
Essers, M.A.G., Weru, V., Holland-Letz, T., Mallm, J.-P., Rippe, K., Kramer, S.,
Schlesner, M., McKinney Freeman, S., Florian, M.C., King, K.Y., Frenette, P.S.,
Rieger, M.A., Milsom, M.D., 2022. Inflammatory exposure drives long-lived
impairment of hematopoietic stem cell self-renewal activity and accelerated aging.
Cell Stem Cell 29, 1273-1284. https://doi.org/10.1016/].stem.2022.06.012 (.e8).

European Journal of Cell Biology 102 (2023) 151340

Bos, R., Zhong, H., Hanrahan, C.F., Mommers, E.C.M., Semenza, G.L., Pinedo, H.M.,
Abeloff, M.D., Simons, J.W., van Diest, P.J., van der Wall, E., 2001. Levels of
hypoxia-inducible factor-1 during breast carcinogenesis. JNCI J. Natl. Cancer Inst.
93, 309-314. https://doi.org/10.1093/jnci/93.4.309.

Brazhnik, K., Sun, S., Alani, O., Kinkhabwala, M., Wolkoff, A.W., Maslov, A.Y., Dong, X.,
Vijg, J., 2020. Single-cell analysis reveals different age-related somatic mutation
profiles between stem and differentiated cells in human liver. Sci. Adv. 6, eaax2659
https://doi.org/10.1126/sciadv.aax2659.

Brown, S., Pineda, C.M., Xin, T., Boucher, J., Suozzi, K.C., Park, S., Matte-Martone, C.,
Gonzalez, D.G., Rytlewski, J., Beronja, S., Greco, V., 2017. Correction of aberrant
growth preserves tissue homeostasis. Nature 548, 334-337. https://doi.org/
10.1038/nature23304.

Brumby, A.M., 2003. scribble mutants cooperate with oncogenic Ras or notch to cause
neoplastic overgrowth in Drosophila. EMBO J. 22, 5769-5779. https://doi.org/
10.1093/emboj/cdg548.

Buscarlet, M., Provost, S., Zada, Y.F., Barhdadi, A., Bourgoin, V., Lépine, G., Mollica, L.,
Szuber, N., Dubé, M.-P., Busque, L., 2017. DNMT3A and TET2 dominate clonal
hematopoiesis and demonstrate benign phenotypes and different genetic
predispositions. Blood 130, 753-762. https://doi.org/10.1182/blood-2017-04-
777029.

Busque, L., Mio, R., Mattioli, J., Brais, E., Blais, N., Lalonde, Y., Maragh, M., Gilliland, D.
G., 1996. Nonrandom X-inactivation patterns in normal females: lyonization ratios
vary with age. Blood 88, 59-65.

Cadoni, E., Marongiu, F., Fanti, M., Serra, M., Laconi, E., 2017. Caloric restriction delays
early phases of carcinogenesis via effects on the tissue microenvironment.
Oncotarget 8, 36020-36032. https://doi.org/10.18632/oncotarget.16421.

Colom, B., Herms, A., Hall, M.W.J., Dentro, S.C., King, C., Sood, R.K., Alcolea, M.P.,
Piedrafita, G., Fernandez-Antoran, D., Ong, S.H., Fowler, J.C., Mahbubani, K.T.,
Saeb-Parsy, K., Gerstung, M., Hall, B.A., Jones, P.H., 2021. Mutant clones in normal
epithelium outcompete and eliminate emerging tumours. Nature 598, 510-514.
https://doi.org/10.1038/s41586-021-03965-7.

Cooper, C.S., Eeles, R., Wedge, D.C., Van Loo, P., Gundem, G., Alexandrov, L.B.,
Kremeyer, B., Butler, A., Lynch, A.G., Camacho, N., Massie, C.E., Kay, J., Luxton, H.
J., Edwards, S., Kote-Jarai, Zs., Dennis, N., Merson, S., Leongamornlert, D.,
Zamora, J., Corbishley, C., Thomas, S., Nik-Zainal, S., O’Meara, S., Matthews, L.,
Clark, J., Hurst, R., Mithen, R., Bristow, R.G., Boutros, P.C., Fraser, M., Cooke, S.,
Raine, K., Jones, D., Menzies, A., Stebbings, L., Hinton, J., Teague, J., McLaren, S.,
Mudie, L., Hardy, C., Anderson, E., Joseph, O., Goody, V., Robinson, B.,
Maddison, M., Gamble, S., Greenman, C., Berney, D., Hazell, S., Livni, N., Prostate
Group, I.C.G.C,, Fisher, C., Ogden, C., Kumar, P., Thompson, A., Woodhouse, C.,
Nicol, D., Mayer, E., Dudderidge, T., Shah, N.C., Gnanapragasam, V., Voet, T.,
Campbell, P., Futreal, A., Easton, D., Warren, A.Y., Foster, C.S., Stratton, M.R.,
Whitaker, H.C., McDermott, U., Brewer, D.S., Neal, D.E., 2015. Analysis of the
genetic phylogeny of multifocal prostate cancer identifies multiple independent
clonal expansions in neoplastic and morphologically normal prostate tissue. Nat.
Genet. 47, 367-372. https://doi.org/10.1038/ng.3221.

Coorens, T.H.H., Oliver, T.R.W., Sanghvi, R., Sovio, U., Cook, E., Vento-Tormo, R.,
Haniffa, M., Young, M.D., Rahbari, R., Sebire, N., Campbell, P.J., Charnock-Jones, D.
S., Smith, G.C.S., Behjati, S., 2021. Inherent mosaicism and extensive mutation of
human placentas. Nature 592, 80-85. https://doi.org/10.1038/541586-021-03345-
1.

Dawoud, A.A.Z., Gilbert, R.D., Tapper, W.J., Cross, N.C.P., 2022. Clonal myelopoiesis
promotes adverse outcomes in chronic kidney disease. Leukemia 36, 507-515.
https://doi.org/10.1038/541375-021-01382-3.

de Koster, E.J., van Engen-van Grunsven, A.C.H., Bussink, J., Frielink, C., de Geus-Oei, L.-
F., Kusters, B., Peters, H., Oyen, W.J.G., Vriens, D., On behalf of the EFFECTS trial
study group, Netea-Maier, R.T., Smit, J.W.A., de Wilt, JH.W., Booij, J., Fliers, E.,
Klooker, T.K., van Dam, E.W.C.M., Dreijerink, K.M.A., Raijmakers, P.G.H.M., Kam, B.
L.R., Peeters, R.P., Verzijlbergen, J.F., van Aken, M.O., Jager, P.L., Mijnhout, G.S.,
van den Hout, W.B., Arias, A.M.P., Morreau, J., Snel, M., Dijkhorst-Oei, L.-T., de
Klerk, J.M.H., Havekes, B., Mitea, D.C., V00, S., Brouwer, C.B., van Dam, P.S.,
Sivro, F., te Beek, E.T., Jebbink, M.C.W., Bleumink, G.S., Schelfhout, V.J.R.,
Keijsers, R.G.M., Wakelkamp, .M.M.J., Brouwers, A.H., Links, T.P., de Keizer, B.,
van Leeuwaarde, R.S., Bonenkamp, J.J., Donders, A.R.T., Fiitterer, J.J., 2022. [18F]
FDG uptake and expression of immunohistochemical markers related to glycolysis,
hypoxia, and proliferation in indeterminate thyroid nodules. Mol. Imaging Biol.
https://doi.org/10.1007/5s11307-022-01776-4.

Dorsheimer, L., Assmus, B., Rasper, T., Ortmann, C.A., Ecke, A., Abou-El-Ardat, K.,
Schmid, T., Briine, B., Wagner, S., Serve, H., Hoffmann, J., Seeger, F., Dimmeler, S.,
Zeiher, A.M., Rieger, M.A., 2019. Association of mutations contributing to clonal
hematopoiesis with prognosis in chronic ischemic heart failure. JAMA Cardiol. 4, 25.
https://doi.org/10.1001/jamacardio.2018.3965.

Enge, M., Arda, H.E., Mignardi, M., Beausang, J., Bottino, R., Kim, S.K., Quake, S.R.,
2017. Single-cell analysis of human pancreas reveals transcriptional signatures of
aging and somatic mutation patterns. Cell 171, 321-330. https://doi.org/10.1016/].
cell.2017.09.004 (.e14).

Evans, M.A., Walsh, K., 2023. Clonal hematopoiesis, somatic mosaicism, and age-
associated disease. Physiol. Rev. 103, 649-716. https://doi.org/10.1152/
physrev.00004.2022.

Fabre, M.A., de Almeida, J.G., Fiorillo, E., Mitchell, E., Damaskou, A., Rak, J., Orrl, V.,
Marongiu, M., Chapman, M.S., Vijayabaskar, M.S., Baxter, J., Hardy, C., Abascal, F.,
Williams, N., Nangalia, J., Martincorena, 1., Campbell, P.J., McKinney, E.F.,
Cucca, F., Gerstung, M., Vassiliou, G.S., 2022. The longitudinal dynamics and natural
history of clonal haematopoiesis. Nature 606, 335-342. https://doi.org/10.1038/
s41586-022-04785-z.


https://doi.org/10.1016/j.exphem.2017.11.002
https://doi.org/10.1016/s0027-5107(03)00072-1
https://doi.org/10.1016/s0027-5107(03)00072-1
https://doi.org/10.1016/j.tem.2009.11.005
https://doi.org/10.1016/j.tem.2009.11.005
https://doi.org/10.1056/NEJMoa1614814
https://doi.org/10.1182/hematology.2021000245
https://doi.org/10.1152/physrev.00010.2018
https://doi.org/10.1152/physrev.00010.2018
https://doi.org/10.1016/j.stem.2022.06.012
https://doi.org/10.1093/jnci/93.4.309
https://doi.org/10.1126/sciadv.aax2659
https://doi.org/10.1038/nature23304
https://doi.org/10.1038/nature23304
https://doi.org/10.1093/emboj/cdg548
https://doi.org/10.1093/emboj/cdg548
https://doi.org/10.1182/blood-2017-04-777029
https://doi.org/10.1182/blood-2017-04-777029
http://refhub.elsevier.com/S0171-9335(23)00055-9/sbref13
http://refhub.elsevier.com/S0171-9335(23)00055-9/sbref13
http://refhub.elsevier.com/S0171-9335(23)00055-9/sbref13
https://doi.org/10.18632/oncotarget.16421
https://doi.org/10.1038/s41586-021-03965-7
https://doi.org/10.1038/ng.3221
https://doi.org/10.1038/s41586-021-03345-1
https://doi.org/10.1038/s41586-021-03345-1
https://doi.org/10.1038/s41375-021-01382-3
https://doi.org/10.1007/s11307-022-01776-4
https://doi.org/10.1001/jamacardio.2018.3965
https://doi.org/10.1016/j.cell.2017.09.004
https://doi.org/10.1016/j.cell.2017.09.004
https://doi.org/10.1152/physrev.00004.2022
https://doi.org/10.1152/physrev.00004.2022
https://doi.org/10.1038/s41586-022-04785-z
https://doi.org/10.1038/s41586-022-04785-z

F. Marongiu et al.

Fang, J., Bolanos, L.C., Choi, K., Liu, X., Christie, S., Akunuru, S., Kumar, R., Wang, D.,
Chen, X., Greis, K.D., Stoilov, P., Filippi, M.-D., Maciejewski, J.P., Garcia-Manero, G.,
Weirauch, M.T., Salomonis, N., Geiger, H., Zheng, Y., Starczynowski, D.T., 2017.
Ubiquitination of hnRNPA1 by TRAF6 links chronic innate immune signaling with
myelodysplasia. Nat. Immunol. 18, 236-245. https://doi.org/10.1038/ni.3654.

Fang, J.S., Gillies, R.D., Gatenby, R.A., 2008. Adaptation to hypoxia and acidosis in
carcinogenesis and tumor progression. Semin. Cancer Biol. 18, 330-337. https://doi.
org/10.1016/j.semcancer.2008.03.011.

Fernandez-Antoran, D., Piedrafita, G., Murai, K., Ong, S.H., Herms, A., Frezza, C.,
Jones, P.H., 2019. Outcompeting p53-mutant cells in the normal esophagus by redox
manipulation. Cell Stem Cell 25 (329-341), e6. https://doi.org/10.1016/j.
stem.2019.06.011.

Florez, M.A., Tran, B.T., Wathan, T.K., DeGregori, J., Pietras, E.M., King, K.Y., 2022.
Clonal hematopoiesis: mutation-specific adaptation to environmental change. Cell
Stem Cell 29, 882-904. https://doi.org/10.1016/].stem.2022.05.006.

Folkman, J., 1972. Anti-angiogenesis: new concept for therapy of solid tumors. Ann.
Surg. 175, 409-416. https://doi.org/10.1097,/00000658-197203000-00014.

Folkman, J., 2003. Fundamental concepts of the angiogenic process. Curr. Mol. Med. 3,
643-651. https://doi.org/10.2174/1566524033479465.

Gimbrone, M.A., Leapman, S.B., Cotran, R.S., Folkman, J., 1972. Tumor dormancy in
vivo by prevention of neovascularization. J. Exp. Med. 136, 261-276. https://doi.
org/10.1084/jem.136.2.261.

Graham, C.H., Forsdike, J., Fitzgerald, C.J., Macdonald-Goodfellow, S., 1999. Hypoxia-
mediated stimulation of carcinoma cell invasivenessvia upregulation of urokinase
receptor expression. Int. J. Cancer 80, 617-623. https://doi.org/10.1002/(SICI)
1097-0215(19990209)80:4<617::AID-1JC22>3.0.CO;2-C.

Harrison, D.E., Astle, C.M., 1982. Loss of stem cell repopulating ability upon
transplantation. Effects of donor age, cell number, and transplantation procedure.
J. Exp. Med. 156, 1767-1779. https://doi.org/10.1084/jem.156.6.1767.

Higa, K.C., DeGregori, J., 2019. Decoy fitness peaks, tumor suppression, and aging. Aging
Cell 18, €12938. https://doi.org/10.1111/acel.12938.

Hormaechea-Agulla, D., Matatall, K.A,, Le, D.T., Kain, B., Long, X., Kus, P., Jaksik, R.,
Challen, G.A., Kimmel, M., King, K.Y., 2021. Chronic infection drives Dnmt3a-loss-
of-function clonal hematopoiesis via IFNy signaling. Cell Stem Cell 28, 1428-1442.
https://doi.org/10.1016/j.stem.2021.03.002 (.e6).

Irwin, M.R., 2019. Sleep and inflammation: partners in sickness and in health. Nat. Rev.
Immunol. 19, 702-715. https://doi.org/10.1038/541577-019-0190-z.

Jaiswal, S., Ebert, B.L., 2019. Clonal hematopoiesis in human aging and disease. Science
366, eaan4673. https://doi.org/10.1126/science.aan4673.

Jaiswal, S., Libby, P., 2020. Clonal haematopoiesis: connecting ageing and inflammation
in cardiovascular disease. Nat. Rev. Cardiol. 17, 137-144. https://doi.org/10.1038/
s41569-019-0247-5.

Jaiswal, S., Fontanillas, P., Flannick, J., Manning, A., Grauman, P.V., Mar, B.G.,
Lindsley, R.C., Mermel, C.H., Burtt, N., Chavez, A., Higgins, J.M., Moltchanov, V.,
Kuo, F.C., Kluk, M.J., Henderson, B., Kinnunen, L., Koistinen, H.A., Ladenvall, C.,
Getz, G., Correa, A., Banahan, B.F., Gabriel, S., Kathiresan, S., Stringham, H.M.,
McCarthy, M.I., Boehnke, M., Tuomilehto, J., Haiman, C., Groop, L., Atzmon, G.,
Wilson, J.G., Neuberg, D., Altshuler, D., Ebert, B.L., 2014. Age-related clonal
hematopoiesis associated with adverse outcomes. N. Engl. J. Med. 371, 2488-2498.
https://doi.org/10.1056/NEJMoal408617.

Jasper, H., 2020. Intestinal stem cell aging: origins and interventions. Annu. Rev.
Physiol. 82, 203-226. https://doi.org/10.1146/annurev-physiol-021119-034359.

Javier, R.T., 2008. Cell polarity proteins: common targets for tumorigenic human
viruses. Oncogene 27, 7031-7046. https://doi.org/10.1038/0nc.2008.352.

Jiang, Y.-A., 2003. Expression and significance of PTEN, hypoxia-inducible factor-1
alpha in colorectal adenoma and adenocarcinoma. World J. Gastroenterol. 9, 491.
https://doi.org/10.3748/wjg.v9.i3.491.

Kadonosono, T., Kuchimaru, T., Yamada, S., Takahashi, Y., Murakami, A., Tani, T.,
Watanabe, H., Tanaka, T., Hirota, K., Inoue, M., Tsukamoto, T., Toyoda, T.,
Urano, K., Machida, K., Eto, T., Ogura, T., Tsutsumi, H., Ito, M., Hiraoka, M.,
Kondoh, G., Kizaka-Kondoh, S., 2011. Detection of the onset of ischemia and
carcinogenesis by hypoxia-inducible transcription factor-based in vivo
bioluminescence imaging. PLoS One 6, e26640. https://doi.org/10.1371/journal.
pone.0026640.

Kakiuchi, N., Ogawa, S., 2021. Clonal expansion in non-cancer tissues. Nat. Rev. Cancer
21, 239-256. https://doi.org/10.1038/541568-021-00335-3.

Kar, S.P., Quiros, P.M., Gu, M., Jiang, T., Mitchell, J., Langdon, R., Iyer, V., Barcena, C.,
Vijayabaskar, M.S., Fabre, M.A., Carter, P., Petrovski, S., Burgess, S., Vassiliou, G.S.,
2022. Genome-wide analyses of 200,453 individuals yield new insights into the
causes and consequences of clonal hematopoiesis. Nat. Genet. 54, 1155-1166.
https://doi.org/10.1038/541588-022-01121-z.

Kim, P.G., Niroula, A., Shkolnik, V., McConkey, M., Lin, A.E., Stabicki, M., Kemp, J.P.,
Bick, A., Gibson, C.J., Griffin, G., Sekar, A., Brooks, D.J., Wong, W.J., Cohen, D.N.,
Uddin, M.M., Shin, W.J., Pirruccello, J., Tsai, J.M., Agrawal, M., Kiel, D.P.,
Bouxsein, M.L., Richards, J.B., Evans, D.M., Wein, M.N., Charles, J.F., Jaiswal, S.,
Natarajan, P., Ebert, B.L., 2021. Dnmt3a -mutated clonal hematopoiesis promotes
osteoporosis. J. Exp. Med. 218, €20211872 https://doi.org/10.1084/jem.20211872.

Laconi, E., Oren, R., Mukhopadhyay, D.K., Hurston, E., Laconi, S., Pani, P., Dabeva, M.D.,
Shafritz, D.A., 1998. Long-term, near-total liver replacement by transplantation of
isolated hepatocytes in rats treated with retrorsine. Am. J. Pathol. 153, 319-329.
https://doi.org/10.1016/50002-9440(10)65574-5.

Laconi, E., Doratiotto, S., Vineis, P., 2008. The microenvironments of multistage
carcinogenesis. Semin. Cancer Biol. 18, 322-329. https://doi.org/10.1016/j.
semcancer.2008.03.019.

European Journal of Cell Biology 102 (2023) 151340

Laconi, E., Marongiu, F., DeGregori, J., 2020. Cancer as a disease of old age: changing
mutational and microenvironmental landscapes. Br. J. Cancer 122, 943-952.
https://doi.org/10.1038/s41416-019-0721-1.

Laconi, S., Pani, P., Pillai, S., Pasciu, D., Sarma, D.S.R., Laconi, E., 2001. A growth-
constrained environment drives tumor progression in vivo. Proc. Natl. Acad. Sci. 98,
7806-7811. https://doi.org/10.1073/pnas.131210498.

Lee-Six, H., Olafsson, S., Ellis, P., Osborne, R.J., Sanders, M.A., Moore, L.,
Georgakopoulos, N., Torrente, F., Noorani, A., Goddard, M., Robinson, P.,
Coorens, T.H.H., O'Neill, L., Alder, C., Wang, J., Fitzgerald, R.C., Zilbauer, M.,
Coleman, N., Saeb-Parsy, K., Martincorena, I., Campbell, P.J., Stratton, M.R., 2019.
The landscape of somatic mutation in normal colorectal epithelial cells. Nature 574,
532-537. https://doi.org/10.1038/s41586-019-1672-7.

Leve, F., Morgado-Diaz, J.A., 2012. Rho GTPase signaling in the development of
colorectal cancer. J. Cell. Biochem. 113, 2549-2559. https://doi.org/10.1002/
jcb.24153.

Li, R., Du, Y., Chen, Z., Xu, D., Lin, T., Jin, S., Wang, G., Liu, Z., Lu, M., Chen, X., Xu, T.,
Bai, F., 2020. Macroscopic somatic clonal expansion in morphologically normal
human urothelium. Science 370, 82-89. https://doi.org/10.1126/science.aba7300.

Maeso-Diaz, R., Dalton, G.D., Oh, S., Du, K., Tang, L., Chen, T., Dutta, R.K., Hartman, J.
H., Meyer, J.N., Diehl, A.M., 2022. Aging reduces liver resiliency by dysregulating
Hedgehog signaling. Aging Cell 21. https://doi.org/10.1111/acel.13530.

Marongiu, F., DeGregori, J., 2022. The sculpting of somatic mutational landscapes by
evolutionary forces and their impacts on aging-related disease. Mol. Oncol. 16,
3238-3258. https://doi.org/10.1002/1878-0261.13275.

Marongiu, F., Doratiotto, S., Sini, M., Serra, M.P., Laconi, E., 2012. Cancer as a disease of
tissue pattern formation. Prog. Histochem. Cytochem. 47, 175-207. https://doi.org/
10.1016/j.proghi.2012.08.001.

Marongiu, F., Serra, M.P., Doratiotto, S., Sini, M., Fanti, M., Cadoni, E., Serra, M.,
Laconi, E., 2016. Aging promotes neoplastic disease through effects on the tissue
microenvironment. Aging 8, 3390-3399. https://doi.org/10.18632/aging.101128.

Marongiu, F., Serra, M., Laconi, E., 2018. Development versus evolution in cancer
biology. Trends Cancer 4, 342-348. https://doi.org/10.1016/j.trecan.2018.03.007.

Marongiu, F., Cheri, S., Laconi, E., 2021. Cell competition, cooperation, and cancer.
Neoplasia 23, 1029-1036. https://doi.org/10.1016/j.ne0.2021.08.001.

Martin-Belmonte, F., Perez-Moreno, M., 2012. Epithelial cell polarity, stem cells and
cancer. Nat. Rev. Cancer 12, 23-38. https://doi.org/10.1038/nrc3169.

Martincorena, I., Roshan, A., Gerstung, M., Ellis, P., Van Loo, P., McLaren, S., Wedge, D.
C., Fullam, A., Alexandrov, L.B., Tubio, J.M., Stebbings, L., Menzies, A., Widaa, S.,
Stratton, M.R., Jones, P.H., Campbell, P.J., 2015. High burden and pervasive positive
selection of somatic mutations in normal human skin. Science 348, 880-886.
https://doi.org/10.1126/science.aaa6806.

Martincorena, L., Fowler, J.C., Wabik, A., Lawson, A.R.J., Abascal, F., Hall, M.W.J.,
Cagan, A., Murai, K., Mahbubani, K., Stratton, M.R., Fitzgerald, R.C., Handford, P.A.,
Campbell, P.J., Saeb-Parsy, K., Jones, P.H., 2018. Somatic mutant clones colonize
the human esophagus with age. Science 362, 911-917. https://doi.org/10.1126/
science.aau3879.

Matsumura, H., Mohri, Y., Binh, N.T., Morinaga, H., Fukuda, M., Ito, M., Kurata, S.,
Hoeijmakers, J., Nishimura, E.K., 2016. Hair follicle aging is driven by
transepidermal elimination of stem cells via COL17A1 proteolysis. Science 351,
aad4395. https://doi.org/10.1126/science.aad4395.

McAlpine, C.S., Kiss, M.G., Zuraikat, F.M., Cheek, D., Schiroli, G., Amatullah, H.,
Huynh, P., Bhatti, M.Z., Wong, L.-P., Yates, A.G., Poller, W.C., Mindur, J.E., Chan, C.
T., Janssen, H., Downey, J., Singh, S., Sadreyev, R.1., Nahrendorf, M., Jeffrey, K.L.,
Scadden, D.T., Naxerova, K., St-Onge, M.-P., Swirski, F.K., 2022. Sleep exerts lasting
effects on hematopoietic stem cell function and diversity. J. Exp. Med. 219,
€20220081 https://doi.org/10.1084/jem.20220081.

McCaffrey, L.M., Macara, 1.G., 2011. Epithelial organization, cell polarity and
tumorigenesis. Trends Cell Biol. 21, 727-735. https://doi.org/10.1016/j.
tcb.2011.06.005.

McCaffrey, L.M., Montalbano, J., Mihai, C., Macara, I.G., 2012. Loss of the Par3 polarity
protein promotes breast tumorigenesis and metastasis. Cancer Cell 22, 601-614.
https://doi.org/10.1016/j.ccr.2012.10.003.

Menthena, A., Koehler, C.I., Sandhu, J.S., Yovchev, M.I., Hurston, E., Shafritz, D.A.,
Oertel, M., 2011. Activin A, p15INK4b signaling, and cell competition promote
stem/progenitor cell repopulation of livers in aging rats. Gastroenterology 140
(1009-1020), e8. https://doi.org/10.1053/j.gastro.2010.12.003.

Miller, P.G., Qiao, D., Rojas-Quintero, J., Honigberg, M.C., Sperling, A.S., Gibson, C.J.,
Bick, A.G., Niroula, A., McConkey, M.E., Sandoval, B., Miller, B.C., Shi, W.,
Viswanathan, K., Leventhal, M., Werner, L., Moll, M., Cade, B.E., Barr, R.G.,
Correa, A., Cupples, L.A., Gharib, S.A., Jain, D., Gogarten, S.M., Lange, L.A.,
London, S.J., Manichaikul, A., O’Connor, G.T., Oelsner, E.C., Redline, S., Rich, S.S.,
Rotter, J.I., Ramachandran, V., Yu, B., Sholl, L., Neuberg, D., Jaiswal, S., Levy, B.D.,
Owen, C.A., Natarajan, P., Silverman, E.K., van Galen, P., Tesfaigzi, Y., Cho, M.H.,
Ebert, B.L., for the COPDGene Study Investigators, National Heart, Lung, and Blood
Institute Trans-Omics for Precision Medicine Consortium, 2022. Association of
clonal hematopoiesis with chronic obstructive pulmonary disease. Blood 139,
357-368. https://doi.org/10.1182/blood.2021013531.

Mitchell, E., Spencer Chapman, M., Williams, N., Dawson, K.J., Mende, N.,
Calderbank, E.F., Jung, H., Mitchell, T., Coorens, T.H.H., Spencer, D.H.,

Machado, H., Lee-Six, H., Davies, M., Hayler, D., Fabre, M.A., Mahbubani, K.,
Abascal, F., Cagan, A., Vassiliou, G.S., Baxter, J., Martincorena, I., Stratton, M.R.,
Kent, D.G., Chatterjee, K., Parsy, K.S., Green, A.R., Nangalia, J., Laurenti, E.,
Campbell, P.J., 2022. Clonal dynamics of haematopoiesis across the human lifespan.
Nature 606, 343-350. https://doi.org/10.1038/541586-022-04786-y.

Moore, L., Leongamornlert, D., Coorens, T.H.H., Sanders, M.A., Ellis, P., Dentro, S.C.,
Dawson, K.J., Butler, T., Rahbari, R., Mitchell, T.J., Maura, F., Nangalia, J.,


https://doi.org/10.1038/ni.3654
https://doi.org/10.1016/j.semcancer.2008.03.011
https://doi.org/10.1016/j.semcancer.2008.03.011
https://doi.org/10.1016/j.stem.2019.06.011
https://doi.org/10.1016/j.stem.2019.06.011
https://doi.org/10.1016/j.stem.2022.05.006
https://doi.org/10.1097/00000658-197203000-00014
https://doi.org/10.2174/1566524033479465
https://doi.org/10.1084/jem.136.2.261
https://doi.org/10.1084/jem.136.2.261
https://doi.org/10.1002/(SICI)1097-0215(19990209)80:4<617::AID-IJC22>3.0.CO;2-C
https://doi.org/10.1002/(SICI)1097-0215(19990209)80:4<617::AID-IJC22>3.0.CO;2-C
https://doi.org/10.1084/jem.156.6.1767
https://doi.org/10.1111/acel.12938
https://doi.org/10.1016/j.stem.2021.03.002
https://doi.org/10.1038/s41577-019-0190-z
https://doi.org/10.1126/science.aan4673
https://doi.org/10.1038/s41569-019-0247-5
https://doi.org/10.1038/s41569-019-0247-5
https://doi.org/10.1056/NEJMoa1408617
https://doi.org/10.1146/annurev-physiol-021119-034359
https://doi.org/10.1038/onc.2008.352
https://doi.org/10.3748/wjg.v9.i3.491
https://doi.org/10.1371/journal.pone.0026640
https://doi.org/10.1371/journal.pone.0026640
https://doi.org/10.1038/s41568-021-00335-3
https://doi.org/10.1038/s41588-022-01121-z
https://doi.org/10.1084/jem.20211872
https://doi.org/10.1016/S0002-9440(10)65574-5
https://doi.org/10.1016/j.semcancer.2008.03.019
https://doi.org/10.1016/j.semcancer.2008.03.019
https://doi.org/10.1038/s41416-019-0721-1
https://doi.org/10.1073/pnas.131210498
https://doi.org/10.1038/s41586-019-1672-7
https://doi.org/10.1002/jcb.24153
https://doi.org/10.1002/jcb.24153
https://doi.org/10.1126/science.aba7300
https://doi.org/10.1111/acel.13530
https://doi.org/10.1002/1878-0261.13275
https://doi.org/10.1016/j.proghi.2012.08.001
https://doi.org/10.1016/j.proghi.2012.08.001
https://doi.org/10.18632/aging.101128
https://doi.org/10.1016/j.trecan.2018.03.007
https://doi.org/10.1016/j.neo.2021.08.001
https://doi.org/10.1038/nrc3169
https://doi.org/10.1126/science.aaa6806
https://doi.org/10.1126/science.aau3879
https://doi.org/10.1126/science.aau3879
https://doi.org/10.1126/science.aad4395
https://doi.org/10.1084/jem.20220081
https://doi.org/10.1016/j.tcb.2011.06.005
https://doi.org/10.1016/j.tcb.2011.06.005
https://doi.org/10.1016/j.ccr.2012.10.003
https://doi.org/10.1053/j.gastro.2010.12.003
https://doi.org/10.1182/blood.2021013531
https://doi.org/10.1038/s41586-022-04786-y

F. Marongiu et al.

Tarpey, P.S., Brunner, S.F., Lee-Six, H., Hooks, Y., Moody, S., Mahbubani, K.T.,
Jimenez-Linan, M., Brosens, J.J., lacobuzio-Donahue, C.A., Martincorena, I., Saeb-
Parsy, K., Campbell, P.J., Stratton, M.R., 2020. The mutational landscape of normal
human endometrial epithelium. Nature 580, 640-646. https://doi.org/10.1038/
s41586-020-2214-z.

Miiller, M., Forbes, S.J., Bird, T.G., 2019. Beneficial noncancerous mutations in liver
disease. Trends Genet. 35, 475-477. https://doi.org/10.1016/j.tig.2019.05.002.

Murai, K., Skrupskelyte, G., Piedrafita, G., Hall, M., Kostiou, V., Ong, S.H., Nagy, T.,
Cagan, A., Goulding, D., Klein, A.M., Hall, B.A., Jones, P.H., 2018. Epidermal tissue
adapts to restrain progenitors carrying clonal p53 mutations. Cell Stem Cell 23,
687-699. https://doi.org/10.1016/j.stem.2018.08.017 (.e8).

Murai, K., Dentro, S., Ong, S.H., Sood, R., Fernandez-Antoran, D., Herms, A., Kostiou, V.,
Abnizova, 1., Hall, B.A., Gerstung, M., Jones, P.H., 2022. p53 mutation in normal
esophagus promotes multiple stages of carcinogenesis but is constrained by clonal
competition. Nat. Commun. 13, 6206. https://doi.org/10.1038/541467-022-33945-

y.

Muto, T., Walker, C.S., Choi, K., Hueneman, K., Smith, M.A., Gul, Z., Garcia-Manero, G.,
Ma, A., Zheng, Y., Starczynowski, D.T., 2020. Adaptive response to inflammation
contributes to sustained myelopoiesis and confers a competitive advantage in
myelodysplastic syndrome HSCs. Nat. Immunol. 21, 535-545. https://doi.org/
10.1038/541590-020-0663-z.

Nino, K.E., Pietras, E.M., 2022. TNF receptors choose HSC fate in supporting dnmt3a-
mutant clonal hematopoiesis. Cancer Discov. 12, 2724-2726. https://doi.org/
10.1158/2159-8290.CD-22-1022.

Ono, Y., Kawachi, S., Hayashida, T., Wakui, M., Tanabe, M., Itano, O., Obara, H.,
Shinoda, M., Hibi, T., Oshima, G., Tani, N., Mihara, K., Kitagawa, Y., 2011. The
influence of donor age on liver regeneration and hepatic progenitor cell populations.
Surgery 150, 154-161. https://doi.org/10.1016/j.surg.2011.05.004.

Oppenheimer, S.B., 2006. Cellular basis of cancer metastasis: a review of fundamentals
and new advances. Acta Histochem. 108, 327-334. https://doi.org/10.1016/j.
acthis.2006.03.008.

Osman, M.A., Bloom, G.S., Tagoe, E.A., 2013. Helicobacter pylori-induced alteration of
epithelial cell signaling and polarity: a possible mechanism of gastric carcinoma
etiology and disparity: dysregulation of IQGAP1-signal as a driver of gastric
carcinoma. Cytoskeleton 70, 349-359. https://doi.org/10.1002/cm.21114.

Pasciu, D., Montisci, S., Greco, M., Doratiotto, S., Pitzalis, S., Pani, P., Laconi, S.,
Laconi, E., 2006. Aging is associated with increased clonogenic potential in rat liver
in vivo. Aging Cell 5, 373-377. https://doi.org/10.1111/j.1474-9726.2006.00230.x.

Pentinmikko, N., Katajisto, P., 2020. The role of stem cell niche in intestinal aging. Mech.
Ageing Dev. 191, 111330 https://doi.org/10.1016/j.mad.2020.111330.

Regan Anderson, T.M., Peacock, D.L., Daniel, A.R., Hubbard, G.K., Lofgren, K.A.,
Girard, B.J., Schorg, A., Hoogewijs, D., Wenger, R.H., Seagroves, T.N., Lange, C.A.,
2013. Breast tumor kinase (Brk/PTK6) is a mediator of hypoxia-associated breast
cancer progression. Cancer Res. 73, 5810-5820. https://doi.org/10.1158/0008-
5472.CAN-13-0523.

Risques, R.A., Kennedy, S.R., 2018. Aging and the rise of somatic cancer-associated
mutations in normal tissues. PLoS Genet. 14, e1007108 https://doi.org/10.1371/
journal.pgen.1007108.

Sano, S., Wang, Y., Walsh, K., 2020. Somatic mosaicism: implications for the
cardiovascular system. Eur. Heart J. 41, 2904-2907. https://doi.org/10.1093/
eurheartj/ehz907.

Sarraf, C.E., Horgan, M., Edwards, R.J., Alison, M.R., 1997. Reversal of phenobarbital-
induced hyperplasia and hypertrophy in the livers of lpr mice. Int. J. Exp. Pathol. 78,
49-56. https://doi.org/10.1046/j.1365-2613.1997.d01-238.x.

Sasaki, A., Nagatake, T., Egami, R., Gu, G., Takigawa, 1., Ikeda, W., Nakatani, T.,
Kunisawa, J., Fujita, Y., 2018. Obesity suppresses cell-competition-mediated apical
elimination of RasV12-transformed cells from epithelial tissues. Cell Rep. 23,
974-982. https://doi.org/10.1016/j.celrep.2018.03.104.

Semenza, G.L., 2000. Hypoxia, clonal selection, and the role of HIF-1 in tumor
progression. Crit. Rev. Biochem. Mol. Biol. 35, 71-103. https://doi.org/10.1080/
10409230091169186.

Serra, M.P., Marongiu, F., Marongiu, M., Contini, A., Laconi, E., 2015. Cell-autonomous
decrease in proliferative competitiveness of the aged hepatocyte. J. Hepatol. 62,
1341-1348. https://doi.org/10.1016/j.jhep.2015.01.015.

Shao, X., Hua, S., Feng, T., Ocansey, D.K.W., Yin, L., 2022. Hypoxia-regulated tumor-
derived exosomes and tumor progression: a focus on immune evasion. Int. J. Mol.
Sci. 23, 11789. https://doi.org/10.3390/ijms231911789.

Sherwood, L.M., Parris, E.E., Folkman, J., 1971. Tumor angiogenesis: therapeutic
implications. N. Engl. J. Med. 285, 1182-1186. https://doi.org/10.1056/
NEJM197111182852108.

Shlush, L.I., 2018. Age-related clonal hematopoiesis. Blood 131, 496-504. https://doi.
org/10.1182/blood-2017-07-746453.

Solt, D.B., Hay, J.B., 1977. Comparison of the Blood Supply to Diethylnitrosamine-
induced Hyperplastic Nodules and Hepatomas and to the Surrounding Liver.

Solanki, H.S., Advani, J., Khan, A.A., Radhakrishnan, A., Sahasrabuddhe, N.A., Pinto, S.
M., Chang, X., Prasad, T.S.K., Mathur, P.P., Sidransky, D., Gowda, H., Chatterjee, A.,
2017. Chronic cigarette smoke mediated global changes in lung mucoepidermoid

European Journal of Cell Biology 102 (2023) 151340

cells: a phosphoproteomic analysis. OMICS J. Integr. Biol. 21, 474-487. https://doi.
org/10.1089/0mi.2017.0090.

Steensma, D.P., Bejar, R., Jaiswal, S., Lindsley, R.C., Sekeres, M.A., Hasserjian, R.P.,
Ebert, B.L., 2015. Clonal hematopoiesis of indeterminate potential and its distinction
from myelodysplastic syndromes. Blood 126, 9-16. https://doi.org/10.1182/blood-
2015-03-631747.

Stephens, R., Lim, K., Portela, M., Kvansakul, M., Humbert, P.O., Richardson, H.E., 2018.
The scribble cell polarity module in the regulation of cell signaling in tissue
development and tumorigenesis. J. Mol. Biol. 430, 3585-3612. https://doi.org/
10.1016/j.jmb.2018.01.011.

Suda, K., Nakaoka, H., Yoshihara, K., Ishiguro, T., Tamura, R., Mori, Y., Yamawaki, K.,
Adachi, S., Takahashi, T., Kase, H., Tanaka, K., Yamamoto, T., Motoyama, T.,
Inoue, I., Enomoto, T., 2018. Clonal expansion and diversification of cancer-
associated mutations in endometriosis and normal endometrium. Cell Rep. 24,
1777-1789. https://doi.org/10.1016/j.celrep.2018.07.037.

Sullivan, R., Graham, C.H., 2007. Hypoxia-driven selection of the metastatic phenotype.
Cancer Metastasis Rev. 26, 319-331. https://doi.org/10.1007/s10555-007-9062-2.

Tao, S., Wang, Y., Wu, J., Zeng, T., Cui, H., Tao, Z., Lei, L., Yu, L., Liu, A., Wang, H.,
Zhang, L., Tang, D., 2020. Long-term mid-onset dietary restriction rejuvenates
hematopoietic stem cells and improves regeneration capacity of total bone marrow
from aged mice. Aging Cell 19. https://doi.org/10.1111/acel.13241.

Thomlinson, R.H., Gray, L.H., 1955. The histological structure of some human lung
cancers and the possible implications for radiotherapy. Br. J. Cancer 9, 539-549.
https://doi.org/10.1038/bjc.1955.55.

Timchenko, N.A., 2009. Aging and liver regeneration. Trends Endocrinol. Metab. 20,
171-176. https://doi.org/10.1016/j.tem.2009.01.005.

Tucci, M.G., Lucarini, G., Zizzi, A., Rocchetti, R., Brancorsini, D., Primio, R.D., Ricotti, F.,
Ricotti, G., 2013. Cdc42 is involved in basal cell carcinoma carcinogenesis. Arch.
Dermatol. Res. 305, 835-840. https://doi.org/10.1007/500403-013-1351-8.

van Hengel, J., D’Hooge, P., Hooghe, B., Wu, X., Libbrecht, L., De Vos, R.,
Quondamatteo, F., Klempt, M., Brakebusch, C., van Roy, F., 2008. Continuous cell
injury promotes hepatic tumorigenesis in Cdc42-deficient mouse liver.
Gastroenterology 134, 781-792. https://doi.org/10.1053/j.gastro.2008.01.002.

Wang, A.S., Dreesen, O., 2018. Biomarkers of cellular senescence and skin aging. Front.
Genet. 9, 247. https://doi.org/10.3389/fgene.2018.00247.

Watson, C.J., Papula, A.L., Poon, G.Y.P., Wong, W.H., Young, A.L., Druley, T.E.,
Fisher, D.S., Blundell, J.R., 2020. The evolutionary dynamics and fitness landscape
of clonal hematopoiesis. Science 367, 1449-1454. https://doi.org/10.1126/science.
aay9333.

Wu, S., Yang, Y., Tang, R., Zhang, S., Qin, P., Lin, R., Rafel, N., Lucchetta, E.M.,
Ohlstein, B., Guo, Z., 2023. Apical-basal polarity precisely determines intestinal stem
cell number by regulating Prospero threshold. Cell Rep. 42, 112093 https://doi.org/
10.1016/j.celrep.2023.112093.

Yamamoto, M., Ohsawa, S., Kunimasa, K., Igaki, T., 2017. The ligand Sas and its receptor
PTP10D drive tumour-suppressive cell competition. Nature 542, 246-250. https://
doi.org/10.1038/nature21033.

Yeaton, A., Cayanan, G., Loghavi, S., Dolgalev, 1., Leddin, E.M., Loo, C.E., Torabifard, H.,
Nicolet, D., Wang, J., Corrigan, K., Paraskevopoulou, V., Starczynowski, D.T.,
Wang, E., Abdel-Wahab, O., Viny, A.D., Stone, R.M., Byrd, J.C., Guryanova, O.A.,
Kohli, R.M., Cisneros, G.A., Tsirigos, A., Eisfeld, A.-K., Aifantis, I., Guillamot, M.,
2022. The impact of inflammation-induced tumor plasticity during myeloid
transformation. Cancer Discov. 12, 2392-2413. https://doi.org/10.1158/2159-
8290.CD-21-1146.

Yokoyama, A., Kakiuchi, N., Yoshizato, T., Nannya, Y., Suzuki, H., Takeuchi, Y.,
Shiozawa, Y., Sato, Yusuke, Aoki, K., Kim, S.K., Fujii, Y., Yoshida, K., Kataoka, K.,
Nakagawa, M.M., Inoue, Y., Hirano, T., Shiraishi, Y., Chiba, K., Tanaka, H.,
Sanada, M., Nishikawa, Y., Amanuma, Y., Ohashi, S., Aoyama, 1., Horimatsu, T.,
Miyamoto, S., Tsunoda, S., Sakai, Y., Narahara, M., Brown, J.B., Sato, Yoshitaka,
Sawada, G., Mimori, K., Minamiguchi, S., Haga, H., Seno, H., Miyano, S.,
Makishima, H., Muto, M., Ogawa, S., 2019. Age-related remodelling of oesophageal
epithelia by mutated cancer drivers. Nature 565, 312-317. https://doi.org/10.1038/
$41586-018-0811-x.

Yoshida, K., Gowers, K.H.C., Lee-Six, H., Chandrasekharan, D.P., Coorens, T.,
Maughan, E.F., Beal, K., Menzies, A., Millar, F.R., Anderson, E., Clarke, S.E.,
Pennycuick, A., Thakrar, R.M., Butler, C.R., Kakiuchi, N., Hirano, T., Hynds, R.E.,
Stratton, M.R., Martincorena, 1., Janes, S.M., Campbell, P.J., 2020. Tobacco smoking
and somatic mutations in human bronchial epithelium. Nature 578, 266-272.
https://doi.org/10.1038/541586-020-1961-1.

Zheng, C., Wang, Y., Yang, L., Zhou, S., Gao, Y., Li, F., Feng, Y., Wang, Z., Zhan, L.,
Yan, Q., Zhu, X., Wong, K.-K., Chen, Z., Ji, H., 2017. Cell division cycle 42 plays a
cell type-specific role in lung tumorigenesis. Sci. Rep. 7, 10407. https://doi.org/
10.1038/541598-017-10891-0.

Zhu, M., Ly, T., Jia, Y., Luo, X., Gopal, P., Li, L., Odewole, M., Renteria, V., Singal, A.G.,
Jang, Y., Ge, K., Wang, S.C., Sorouri, M., Parekh, J.R., MacConmara, M.P., Yopp, A.
C., Wang, T., Zhu, H., 2019. Somatic mutations increase hepatic clonal fitness and
regeneration in chronic liver disease. Cell 177, 608-621. https://doi.org/10.1016/j.
cell.2019.03.026 (.e12).


https://doi.org/10.1038/s41586-020-2214-z
https://doi.org/10.1038/s41586-020-2214-z
https://doi.org/10.1016/j.tig.2019.05.002
https://doi.org/10.1016/j.stem.2018.08.017
https://doi.org/10.1038/s41467-022-33945-y
https://doi.org/10.1038/s41467-022-33945-y
https://doi.org/10.1038/s41590-020-0663-z
https://doi.org/10.1038/s41590-020-0663-z
https://doi.org/10.1158/2159-8290.CD-22-1022
https://doi.org/10.1158/2159-8290.CD-22-1022
https://doi.org/10.1016/j.surg.2011.05.004
https://doi.org/10.1016/j.acthis.2006.03.008
https://doi.org/10.1016/j.acthis.2006.03.008
https://doi.org/10.1002/cm.21114
https://doi.org/10.1111/j.1474-9726.2006.00230.x
https://doi.org/10.1016/j.mad.2020.111330
https://doi.org/10.1158/0008-5472.CAN-13-0523
https://doi.org/10.1158/0008-5472.CAN-13-0523
https://doi.org/10.1371/journal.pgen.1007108
https://doi.org/10.1371/journal.pgen.1007108
https://doi.org/10.1093/eurheartj/ehz907
https://doi.org/10.1093/eurheartj/ehz907
https://doi.org/10.1046/j.1365-2613.1997.d01-238.x
https://doi.org/10.1016/j.celrep.2018.03.104
https://doi.org/10.1080/10409230091169186
https://doi.org/10.1080/10409230091169186
https://doi.org/10.1016/j.jhep.2015.01.015
https://doi.org/10.3390/ijms231911789
https://doi.org/10.1056/NEJM197111182852108
https://doi.org/10.1056/NEJM197111182852108
https://doi.org/10.1182/blood-2017-07-746453
https://doi.org/10.1182/blood-2017-07-746453
https://doi.org/10.1089/omi.2017.0090
https://doi.org/10.1089/omi.2017.0090
https://doi.org/10.1182/blood-2015-03-631747
https://doi.org/10.1182/blood-2015-03-631747
https://doi.org/10.1016/j.jmb.2018.01.011
https://doi.org/10.1016/j.jmb.2018.01.011
https://doi.org/10.1016/j.celrep.2018.07.037
https://doi.org/10.1007/s10555-007-9062-2
https://doi.org/10.1111/acel.13241
https://doi.org/10.1038/bjc.1955.55
https://doi.org/10.1016/j.tem.2009.01.005
https://doi.org/10.1007/s00403-013-1351-8
https://doi.org/10.1053/j.gastro.2008.01.002
https://doi.org/10.3389/fgene.2018.00247
https://doi.org/10.1126/science.aay9333
https://doi.org/10.1126/science.aay9333
https://doi.org/10.1016/j.celrep.2023.112093
https://doi.org/10.1016/j.celrep.2023.112093
https://doi.org/10.1038/nature21033
https://doi.org/10.1038/nature21033
https://doi.org/10.1158/2159-8290.CD-21-1146
https://doi.org/10.1158/2159-8290.CD-21-1146
https://doi.org/10.1038/s41586-018-0811-x
https://doi.org/10.1038/s41586-018-0811-x
https://doi.org/10.1038/s41586-020-1961-1
https://doi.org/10.1038/s41598-017-10891-0
https://doi.org/10.1038/s41598-017-10891-0
https://doi.org/10.1016/j.cell.2019.03.026
https://doi.org/10.1016/j.cell.2019.03.026

	Clones of aging: When better fitness can be dangerous
	1 Foreword
	2 Clones of normal aging
	2.1 Clonal mosaicism in aged tissues
	2.2 The clonogenicity of the aged tissue environment

	3 Clones of aging and the need to count (quantity control)
	4 Positive selection and clonal fitness (quality control)
	4.1 Random drift vs. positive selection
	4.2 Context-dependent clonal fitness

	5 Clones of aging and tissue turnover
	6 Clones of aging and tissue function
	6.1 Clones of haematopoietic tissue
	6.2 Clones of solid tissues

	7 Clones of aging and neoplastic disease
	7.1 Mutant clones as cancer precursors
	7.2 Mutant clones and cancer suppression
	7.3 Clones of aging and neoplastic disease: phenotype matters

	8 Clones of aging and growth pattern
	8.1 Clonal growth vs. focal growth
	8.2 Growth pattern in the pathogenesis of neoplastic disease
	8.3 Linking growth pattern and neoplastic process

	9 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	References


