
Review

Methodological Reviews discuss methods that are of broad interest to the community of cardiovascular investigators and
that enable a better understanding of cardiovascular biology, particularly recent technologies in which the methods are
still in flux and/or not widely known. It is hoped that these articles, written by recognized experts, will be useful to all
investigators, but especially to early-career investigators.

Assessing Cell and Organ Senescence Biomarkers
Bruno Bernardes de Jesus, Maria A. Blasco

Abstract: A major goal in cancer and aging research is to discriminate the biochemical modifications that happen
locally that could account for the healthiness or malignancy of tissues. Senescence is one general antiproliferative
cellular process that acts as a strong barrier for cancer progression, playing a crucial role in aging. Here, we focus
on the current methods to assess cellular senescence, discriminating the advantages and disadvantages of several
senescence biomarkers. (Circ Res. 2012;111:97-109.)
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Senescence, from the Latin word senex, meaning “growing
old,” is a process characterized by a flat and large cellular

morphology, an irreversible proliferative arrest, and a differ-
ential expression of genes, including upregulation of cell-
cycle–negative modulators. Replicative senescence was first
described by Hayflick and Moorhead in 1961.1 They ob-
served that human fibroblasts enter in an irreversible state
characterized by an exhaustion of replicative potential after a
determined number of in vitro duplications. Speculations
were made that this process could explain organismal aging.
Although the accurate speculations have been confirmed,
demonstrating that accumulation of senescent cells could
impact on organismal aging and contribute to the appearance
of age-related pathologies,2 cellular senescence is, currently,
also accepted as an important general antiproliferative cellu-
lar process that acts as a strong barrier for cancer progres-
sion.3 Telomere shortening is currently established as one of
the major mechanisms leading to senescence,4,5 although it
can be reached through several nontelomeric pathways in-
volving cytokines, oncogenes, persistent DNA damage acti-
vation, or in vitro cell culture shock6 (the so-called stress-
induced premature senescence7,8 or stress or aberrant
signaling-induced senescence9,10). Because of the dual role of
senescence either in tumor protection or in aging progression,
a clear method of identification is central for understanding
their role, in either normal or pathological conditions.

Telomere-dependent replicative senescence and stress-
induced premature senescence act through the modulation

of a convergent group of proteins including p53 and Rb11

(Figure 1). Telomere shortening, either through replication
cycles (the so-called end-replication problem)12 or attrib-
utable to telomere uncapping,13 leads to the recognition of
telomere ends as DNA breaks, resulting in DNA damage–
dependent phosphorylation and stabilization of p53,14,15

which activate a cascade response including the transcrip-
tional activation of the cyclin-dependent kinase inhibitor
p21CIP1.16 However, stress-induced senescence works
mainly through the activation of p16INK4a (p16), which
acts in a telomere length–independent way.17 Either p21
(through CyclinE/Cdk2 inhibition) or p16 (through Cy-
clinD/Cdk4,6 inhibition) leads to a common response
involving the inhibition of Rb, which results in the
inactivation of the E2F transcription factor and target
genes.11 The importance of the Rb or p53 factors in
senescence could be assessed from the condition in which
any of these two proteins is disrupted. It was demonstrated
in vitro and in vivo that interfering with these pathways
prevents senescence18 –21 (although the relative contribu-
tion of each factor depends on several variants such as
stress type and cell strain22–24) or, on the contrary, high
expression levels induce senescence in different cell
types.25

Telomere-Dependent Senescence and Aging
Telomeres are complex DNA repeats found at the chromo-
some ends that ensure genomic stability.14,26–33 In mamma-
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lian cells, they are constituted by TTAGGG repeats, which
could vary from few to tens of kb pairs between species.12

Telomeres are protected by a complex of six proteins, named
shelterin. Shelterin includes TRF1, TRF2, Pot1-TPP1 het-
erodimer, Rap1, and Tin234 (Figure 2). During each cell
replication cycle, telomeres shorten because of the end-
replication problem, a situation aggravated by the shortage of
telomerase in the majority of the cells constituting adult
tissues (Figure 3). Telomerase is constituted by a catalytic
unit with reverse-transcriptase activity (Tert) and RNA com-
ponent (Terc) that serves as template for telomere exten-
sion.35 Telomerase compensates the telomere attrition
through a concerted action of its two subunits. Telomerase is
the main cellular protein responsible for telomere mainte-
nance and elongation. Telomerase activity is, however, si-
lenced in most cells of adult tissues and is almost only present
in adult stem cell compartments.36,37 Nevertheless, this activ-
ity in the stem cell compartments is not enough to counteract
age-dependent telomere shortening. From studies in vitro, the
shortening rate was described to be between 30 bp and 120 bp
per cycle.38,39 The same tendency was observed in vivo, when

comparisons of tissues from old and young humans demon-
strated time-dependent telomere shortening.40 A similar cor-
relation was observed between telomere shortening and
pathological conditions. There are several hints linking the
progressive telomere shortening to the onset of the aging
phenotypes observed with lifetime progression (this topic will
be further detailed in the next section). Accelerated aging or,
at least, some of its characteristics at the tissue level can be
recapitulated by mutations in the core telomerase complex or
some of its binding proteins (for a comprehensive review see
Martinez et al34). Also, external factors that seemed to
negatively impact on healthy aging (such as obesity, lack of
exercise, or stress) were demonstrated to have a mirror impact
on telomere length.40,41

Having a severe impact on cell division, telomeres and
telomerase are gatekeepers for cancer progression. Many of
the human cancers are positive for telomerase,42 although
they do not present telomere lengthening. It has been ob-
served that tumors present shorter telomeres compared with
healthy tissues.43–48 Senescence arises from short telomeres
acting as tumor suppressors, when genomic stability is
conserved.12,13,28,49–54 However, some exceptions were per-
ceived to contradict this observation, in the presence of a p53
knockout background or together with overexpression of
TRF2, a shelterin component; it was observed that short
telomeres could evolve to chromosomal aberrations, genomic
instability, and, ultimately, tumor formation.13,28,55–57

Further supporting the role of telomerase in aging and
cancer, telomerase-deficient mice models present an unusual
resistance to induction of tumors, concomitant with the
presence of premature aging signs, and a short lifespan that
could be worsened by subsequent crosses of mice with short
telomeres.37,49,53,58–61 Although laboratory mice (Mus muscu-
lus, C57Bl6) present much longer telomeres compared with
humans, it was observed that they can similarly recapitulate
age-dependent telomere shortening in vivo (36 and Vera E,
Bernardes de Jesus B, Foronda M; Blasco MA, unpublished

Non-standard Abbreviations and Acronyms

DAPI 4�,6-diamidino-2-phenylindole

DDR DNA damage response

HMGA high-mobility group A

OIS oncogene-induced senescence

PML promyelocytic leukemia

Pot1 protection of telomeres 1

Rap1 repressor-activator protein 1

SAHF senescence-associated heterochromatin foci

Terc telomerase RNA component

Tert telomerase reverse-transcriptase

Tin2 TRF1-interacting nuclear protein 2

TRF1 telomeric repeat binding factor 1

TRF2 telomeric repeat binding factor 2

Table. Senescence Biomarkers

Markers References

SA-�-Gal 83, 91, 92, 118, 212

p53/p21 91, 213, 214

DEC1/DEC2 92

p16 83, 92, 212, 215

ARF 91, 92, 215

p15 92, 216

SAHF Review 134

H1/macroH2A/H3.3/H3metLys9 132, 143, 217, 218

Asf1a/HIRA 143

HP1/HMGA 132, 142

SASP/SMS

IL-6/IL-8 159

Telomere-induced foci/DDR 29, 31, 178–180, 183

DDR indicates DNA damage response; IL, interleukin; SA-�-Gal,
senescence-associated �-Gal; SAHF, senescence-associated heterochromatin
foci; SASP, senescence-associated secretory phenotype; SMS, senescence-
messaging secretome.

Figure 1. Conditions leading to senescence in cells and tis-
sues. Telomere shortening–dependent senescence or stress-
induced senescence (in a telomere length–independent sce-
nario) is summarized, demonstrating how they share some of
the main senescence effectors, the axis p53/p21 and Rb.
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data, 2012). However, mice overexpressing telomerase were
shown to present an increased lifespan when protected from
tumors through overexpression of tumor suppressors.62 More-
over, recently it was demonstrated that reintroduction of
telomerase in a telomerase-deficient model of accelerated
aging could reverse some of the aging phenotypes, and that
telomerase stimulation in adult organisms could result in
beneficial metabolic improvements, without cancer.63,64

Because telomerase expression in adult tissues is confined
to the pool of stem cells, the role of telomerase in cancer and

aging could result from an imbalance in the stem cell pool.
Old organisms experiencing short telomeres in the pools of
stem cells could experience an inability to regenerate tissues.
The capacity to regenerate hair or skin, which is directly
dependent of the hair bulb and interfollicular pools of stem
cells, is compromised in telomerase-deficient mice.56 In this
situation, p53, through the CDK inhibitor p21CIP1, acts as the
major checkpoint controlling the destiny of these stem cells
with short telomeres. As previously noted, in the absence of
p53, stem cells with short telomeres are recognized as normal
cells and this could result in tumors formation. Although
there is well-established importance of telomerase in the pool
of stem cell, it also was observed that tissues with low-
turnover could likewise experience telomere shortening.65

This is believed to be related to cell division and accumula-
tion of damage in the genome through intrinsic or extrinsic
pathways. Moreover, there is recent evidence linking a
pivotal role for telomerase in low-turnover tissues, such as the
heart,66 through a concerted action in mitochondrial biogen-
esis. To further settle the association between short telomeres
and aging, the presence of senescent cells was confirmed in
the liver of telomerase null mice.67,68 The imbalance of the
pool of stem cells, together with the presence of senescent
cells in adult tissues, could contribute to the telomere-
dependent cancer and aging involvement. Whether the pool
of stem cells also experience senescence or apoptosis is still
unclear.

Telomeres as Indicators of Biological Aging
As previously described, telomere shortening or modifica-
tions in the telomere capping structure could lead to a DNA
damage response at the telomeres ends, end-to-end chromo-
some fusion, and cell-cycle arrest or apoptosis12 (Figure 2).
Short telomeres are commonly found in several pathological

Figure 2. Telomeres structure and senescence.
Telomeres form a protective structure (T-loop) that
is covered by a complex of different proteins
named shelterin (and other proteins not detailed
here12). Telomere shortening and uncapping are
believed to result in senescence.210 Although telo-
mere shortening involves uncapping, it was
observed that uncapping per se could result in a
senescent condition without modifications in the
telomere length.35,211 Short telomeres or telomeres
that lost the aptitude to form the T-loops could
lead to the activation of DNA damage response
(DDR) and trigger senescence.12,29
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Figure 3. Changes in telomere length. Somatic tissues (usually
telomerase negative), including stem cell compartments (which
are telomerase-positive), experience a consistent telomere
shortening with proliferative time (cell division or increasing age).
Telomere attrition has been proposed and is now believed to be
related to the onset of age-related pathologies. The stem cell
compartments experience an attenuation of telomere shortening
because of the fact that this group of cells is positive for telom-
erase. A certain telomere size (or uncapping) could result in a
senescent condition, although only if the barriers p53 and Rb
are fully functional. Mutations in any of these barriers result in
subsequent shortening and major genomic aberrations (“cri-
sis”58), which, concomitant with activation of telomerase, could
be the ignition of and fueling of cancer.
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conditions and are an indicator and probably a cause of the
disease onset and outcomes. As an example, the load of short
telomeres was shown to be linked with diseases from the
central nervous system. Although the brain barely experi-
ences a replicative-associated telomere shortening, at least at
the same rate as other proliferative tissues, recent evidence
has indicated that telomeres could play a crucial role in brain
biology.63 Telomeres are shortened in patients with neurode-
generative diseases such as dementia or Alzheimer dis-
ease.69,70 Telomerase overexpression in a telomerase-negative
background demonstrated rescue of brain pathologies associ-
ated with aging progression attributable to telomere shorten-
ing.63 Although postmitotic neurons are not candidates for
telomere elongation through replication, the recent associa-
tion between telomeres and mitochondria could unveil novel
roles for telomerase in avoidance of telomere shortening in
low-turnover tissues.66,71–73 Telomere shortening also had
great impact on cellular immunology; in particular, new
telomerase activators were shown to boost the immune
system of humans and mice.74–76 This could be related to the
capacity of telomerase to mobilize the pools of stem cells,
namely, in this particular situation, the hematopoietic stem
cell niches. According to this last point, it has been observed
that patients carrying rare human disorders characterized by
mutations in telomerase or shelterin components, such as
dyskeratosis congenital or aplastic anemia, present an unusual
increase in the percentage of short telomeres and, among
other particular phenotypes, have development of complete
bone marrow failure in the first or second decade of life,
which results in the major cause of death.12,77,78 Moreover, to
reinforce the role of telomerase in hematopoietic plasticity,
elderly humans presenting with anemia usually demonstrate
shorter systemic telomeres.79 Telomere shortening also cor-
relates with cardiovascular diseases. Despite the established
importance of telomere shortening and senescence in the
aging phenotypes, there are still methodological issues on
telomere lengthening measurements and short telomeres
thresholds. These issues are particularly delineated in the next
sections, particularly what new advances have been made in
telomere analysis focusing on new methodologies that permit
reliable telomere assessments either systemically or at the
tissue and/or cellular levels.

Oncogene-Induced Senescence
One particular form of nontelomeric stimulus that could lead
to senescence involves an unusual activation of onco-
genes.6,11 It was first observed in cultured human cells
subjected to overexpression of oncogenic Ras,80 a cytoplas-
mic mitogenic signal. After, several other proteins linked to
the Ras pathway or other cellular pathways involved in
proliferation were shown to lead to oncogene-induced senes-
cence (OIS) when overexpressed.81–83 Endogenous expres-
sion levels of oncogenes do not directly result in OIS.84,85

Oncogene loading and activity required for senescence are
still unknown and, hypothetically, a stochastic accumulation
of mutations could be needed for OIS formation.86 Being
activated after oncogenic signals, OIS was thought to have a
role in protecting tissues from uncontrolled proliferative
stimulus and is identified as a potent anticancer mechanism in

vivo. For example, B-RAF or N-RAS (kinases involved in the
mitogen-activated protein kinase pathway) are commonly
found in benign nevi,87–89 which concomitantly present mark-
ers of senescence such as high expression levels of p16.83,90

Other benign lesions resulting from tumor suppressor muta-
tions also are enriched in senescent cells.91 It is believed that
senescence is activated in intermediate state where the tumor
started but did not reach full malignancy, which usually
coincides with the normal function of the major barriers p53
and p16. High percentages of senescent cells have been found
in benign or premalignant tumors but not in fully malignant
neoplasias of both humans and mice.92

Regardless of the many differences between OIS and other
senescence programmed pathways (telomere/DNA damage
response [DDR]-dependent or those induced through chro-
matin modifications), there are also common platforms link-
ing these processes. One of them comprises the inactivation
of the general transcription factor E2F, which is activated
downstream of several oncogenes and is involved in the
formation of specific outcomes of DDR activation.93 Also, it
is well-characterized that oncogene activation leads to abnor-
mal replication stress, which could be associated with
replication-dependent DNA damage.94,95 Moreover, disrup-
tion of the DNA damage response or absence of DNA
replication prevents OIS, suggesting that it could be a
consequence of DNA damage.94,96,97 Confirming OIS and
DDR association, premalignant tumors present an exacer-
bated activation of the DNA damage response.95

Senescence in Myocardial Aging
Cardiovascular disease is one of the leading causes of death
in developed countries. Understanding how age modulates
heart decline is crucial for preventive strategies. The aged
heart presents acute alterations in its constitution, particularly
a functional loss of cardiomyocytes and other supporting
cells, because of clearance of dysfunctional cells through
different mechanisms.98,99 This loss of cells is paralleled by a
reduction of the heart regenerative capacity with age progres-
sion.100 Similar to other tissues, aged heart presents an
increase of senescent cells (positive for p16, p21, p53, and
presenting short telomeres), which, together with the afore-
mentioned characteristics, results in the development of
cardiac failure.101,102 Senescence was shown to have adverse
effects in heart healing after fibrosis through reduction of the
postinfarction inflammatory response, which could account
for the high risk of infarction in elderly patients.103 It must be
noted, however, the scarceness of data supporting many of
the senescence methods described hereafter in in vivo condi-
tions and, in particular, in low-turnover tissues such as the
heart.104

Telomere size has long-been associated with cardiovascu-
lar disease. Animal models lacking Tert or Terc have devel-
opment of cardiovascular dysfunction.105 This involves p53
activation attributable to short telomeres and seems to com-
prise, among other things, mitochondrial dysfunction,28,66,106

something previously observed to be compromised in aged
hearts.107–109 However, Tert overexpression prolongs the
division capacity of cardiomyocytes.110 Several hints link
telomere biology with heart dysfunction, particularly the lack
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of regenerative capacity observed in aged cardiomyocytes
and heart stem cells and the association between short
telomeres and high risk of cardiovascular disease in healthy
humans.111,112 Short telomeres were found in patients with
several heart conditions, further characterized as valuable
predictors for upcoming heart problems. Furthermore, cardio-
vascular diseases have been causally linked to the inherent
percentage of short telomeres105,113 (a comprehensive review
demonstrating the importance of telomeres on cardiovascular
aging is provided elsewhere111). A review of the impact of
short telomeres on heart function including the novel roles for
telomerase in mitochondrial modulation is provide else-
where,112 confirming that telomere attrition, senescence, and
cell death associate with the development of cardiac problems
in humans.

Assessing short telomeres, p53, and senescence in heart are
valuable indicators for predicting heart functionality. Clear-
ance of senescent cells has been shown to delay dysfunction
of several tissues and to extend lifespan, and this possibly
could be extended to the heart.2 Also, new therapies based on
transplantation of multipotent stem cells and mobilization of
endogenous heart stem cells or, recently, in the “reprogram-
ming” of adult cardiac fibroblast into cardiomyocytes have been
recently described as potential therapeutic strategies.114–116

Modulation of telomerase activity in the aged wild-type heart
remains unknown, although telomerase expression strategies
increase the functionality of several organs,62,117 including the
heart of a model of premature aging caused by accelerated
telomere shortening attributable to telomerase deficiency.63

Novel strategies relying on the mobilization of stem cells and
in the assessment of dysfunctional or senescent cells in the
heart will be valuable approaches for healing the aged heart.

Assessing Cellular and Tissue Senescence:
Senescence Biomarkers

As previously detailed, the importance of senescence as a
“terminal” cellular condition has led to the identification of
several senescence biomarkers (Table). Senescent cells have
been present in different tissues from different organisms, so
the correct description and sensitivity for these markers are of
utmost importance in the study of cancer and aging. Senes-
cent cells are characterized by the incapacity of DNA
synthesis; however, the assays for these measurements, such
as BrdUrd (5-bromo-2-deoxyuridine) or 3H-thymidine incor-
poration,6 are nonspecific because they cannot distinguish
between quiescent and senescence cells. Still, and as de-
scribed in the next sections, when used together with senes-
cence specific markers they could be of notable importance.

Senescence-Associated �-Galactosidase
One of the best-characterized and simplified methods to
measure senescence in vitro and in vivo is the �-galactosidase
(�-Gal) assay, which measures �-Gal activity expressed by
senescent cells that can be detectable at pH 6.0 by immuno-
histochemistry.118,119 This marker was shown to be present in
senescent cells only, and not in presenescent or quiescent
fibroblasts or keratinocytes, and is a reliable marker for
senescent cell detection in several organisms and condi-
tions.92,120–125 Demonstrating the correlation between senes-

cence and aging, senescence-associated �-Gal (SA-�-Gal)
was shown to increase in an age-dependent manner in skin
samples of human donors.118 Despite being (together with
cellular morphology) one of the most common marks of
senescence, �-Gal activity has shown background reaction to
senescent-independent conditions such cell contact inhibition
or high cellular confluence.126

SA-�-Gal has not been associated with any major pathway
identified in senescent cells or has been a requisite to reach
the cellular senescent state. It is thought that it derives from
the increased lysosomal content of senescent cells.127 SA-�-
Gal protocol involves the staining (cells or tissues) with
X-Gal (5-Bromo-4-chloro-Indoly-�-D-Galactoside or other
fluorescent analog such as FDG),118,128 a chromogenic sub-
strate of �-Gal. X-Gal is cleaved by �-Gal, resulting in an
insoluble blue dye.

SA-�-Gal was confirmed as a senescent marker in a
replicative senescent protocol or through senescence-induced
methods involving DNA damage agents, oncogenic signals,
or overexpression of tumor suppressors such p16 and ARF.129

Senescence-Associated Heterochromatin Foci and
Promyelocytic Leukemia Protein Nuclear Bodies
A pivotal marker of senescence is senescence-associated
heterochromatin foci (SAHF). The concept of irreversibility
in senescence has been subjected to several suggestions. It
has been noticed in seminal studies that senescence cells
could not return to a cycling state, even after clearance of the
senescence-inducing factor,81,130 although exceptions have
been described.20,131 Only recent observations lead to a
mechanism that could somehow elucidate such a condition.
Senescent cells present a characteristic heterochromatin con-
densation structure involving the formation of heterochro-
matic foci.132 These foci can be visible under microscopy and
are characterized by condensed regions of DNA/chromatin,
which appear as DAPI clusters. SAHF are known to silence
and repress several E2F-regulated genes such as MCM3,
PCNA, or Cyclin A,132–134 and are known to be triggered by
several pathways involving p16 or p53 activation.134

SAHF regions do not present transcription starting sites
and are enriched in chromatin repression marks, namely
recruitment of different isoforms of HP1, macroH2A (a
repressive variant of histone H2A), and trimethylation of
lysine 9 in histone 3 (H3K9me3); moreover, SAHF present an
exclusion of permissive chromatin marks such as the acety-
lation of lysine 9 or methylation of lysine 4 in histone 3134 and
a resistance to nuclease digestion, indicating a highly com-
pacted chromatin structure. Recent results demonstrated that
SAHF induced by oncogenic stress restrains DDR-favoring
senescence despite apoptosis.135

SAHF formation involves the concerted action of several
protein complexes. It was initially characterized as a response
to oncogenic Ras signaling and telomere dysfunction, where
the active form of Rb was identified, has one of the SAHF
switches. Plasminogen activator inhibitor-1136 and the canon-
ical Wnt pathway (antagonist)137 were described as additional
modulators of senescence and SAHF formation in mouse and
human fibroblasts. Enforcing the relation between the antag-
onistic effects of Wnt in cell senescence, telomerase is
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usually downregulated in postmitotic tissues and it has been
shown to be a specific regulator of Wnt target genes,138

although there is still debate regarding such a direct correla-
tion.139 Several other complexes have been identified as being
involved in the SAHF formation. Among them are the histone
chaperones Asf1 and HIRA140,141 and the HMGA protein
complexes.142 Ectopically, expression of any of these factors
leads to SAHF formation and induces senescence; contrary,
specific knockdown of HMGA or Asf1 prevents SAHF
formation and results in an impairment of senescence.142,143

Although not all the different cellular models present
SAHF when senescent (a situation that seems to be dependent
on the pathway activated), in line with the previous informa-
tion SAHF are induced through several stress stimulus and
contribute to the accomplishment of a senescent condition.
Several proteins that accumulate at SAHF are then valuable
markers of senescence. HMGA, HIRA, HP1, or H3K9me3
have been positively colocalized at SAHF regions in human
fibroblasts, although only in an OIS background with RasV12

and with strict dependence on p16.134

SAHF not only is a hallmark of in vitro culture senescence
but can also be a valuable marker in vivo. Collado et al92

observed that activation of K-RasV12 transgenic mice have
development of a plethora of tumors in the lungs. These
tumors present an increased activation of p16 together with
HP1, which is a SAHF marker. Of note, such observations
were correlated with premalignant tumors and not malignant
neoplasias, further confirming the importance of senescence
in E2F repression and tumor stagnancy.

Promyelocytic leukemia protein (PML) is a tumor suppres-
sor gene that was first identified in 1991 as a translocation
partner of retinoic acid in promyelocytic leukemia.144,145 It
was observed that PML expression results in a senescent
state146,147 and is involved in the cellular senescence response
to oncogenic stimulus, such as Ras.146,148,149 Inactivation of
PML in mouse cells results in a cancer-prone phenotype.150

Being a strong growth suppressor, disruption of PML in vivo
confirmed an increase of tumors in models of induced
carcinogenesis.150,151 PML is expressed ubiquitously and is
usually accumulated at PML nuclear bodies, which are
structures found at somatic cells that increase in size with
several cellular stresses and the senescent state. PML involve-
ment in senescence acts through the Rb and p53 pathways,
two proteins known to interact with PML and to accumulate
in PML nuclear bodies. The stabilization of p53 and Rb
seems to be supported through independent pathways.152–154

Cellular senescence is characterized by high expression levels
of PML,146,155 which regulate the activity of E2F transcription
factors. After oncogenic-induced senescence through Ras
activation, in an Rb-dependent process, E2F transcription
factors accumulate at PML nuclear bodies. Moreover, it was
observed that PML levels in senescent cells are dependent on
the DNA damage signal and accumulate near unrepaired
DNA damage regions, which could indicate that senescence
is linked to the incapacity of the cells to deal with unrepaired
lesions in the genome.156 Further linking senescence to
premalignancies, PML bodies were found frequently in be-
nign prostate tumors but not in prostate cancers153; moreover,
PML nuclear bodies are absent in cancer cells.157,158

Secretory Phenotype
Senescent cells experience huge modifications not only at the
morphological level but also at the gene regulation and
transcriptome levels. One of the most well-characterized
changes is the so-called senescence-associated secretory phe-
notype (SASP)159,160 or senescence-messaging secretome
(SMS),161 which is characterized by the secretion of inflam-
matory signals resembling a local immune response. These
changes assign a strong capacity to senescent cells to interact
with the environment through the gene expression and secre-
tion of several proteins involved in the inflammation process.
Among the �40 intercellular signaling factors identified are
the soluble inflammatory cytokines, chemokines, and pro-
teases (a comprehensive review is provided elsewhere162).
Secreted factors include proteins involved in major cellular
pathways, such the Wnt, transforming growth factor-�, or
IGF1.161 SASP not only is a hallmark of senescence cells but
also can support the senescence condition. Such is the case of
the secreted inflammatory cytokines (interleukin-6) or
chemokines (interleukin-8)163,164; however, reduction of the
DDR components ATM, CHK2, and NBS1 averts the release
of some SASP components.160 SASP formation involves the
concerted action of senescence-activated transcription factors
(such as NF-�B or C/EBP�), DDR signaling, and differential
regulation of microRNA expression.162 As described, proin-
flammatory cytokines could support senescence and, oddly,
could favor cancer progression and tissue degeneration,
seemingly against the anticancer role of senescence cells.

The modification of the surrounding space through the
expression of several secreted proteins has led to the obser-
vation that despite the well-characterized role of senescence
in tumor suppression, senescence could play a role in assist-
ing tumor biogenesis. Inflammation per se has been linked to
cancer predisposition,165 and the proinflammatory response
resulting from senescence could produce similar conse-
quences. Senescent cells via SASP were shown to promote
malignant phenotypes in vivo.159,166 Senescent cells were also
demonstrated to trigger epithelial to mesenchymal transition
and invasiveness,167 or to promote tumorigenesis of epithelial
cells.168 The inflammatory response carried by SASP seems
to be dependent on a functional p53 in a condition in which
its absence favors and amplifies SASP.159 The tumorigenic
capacity of p53-deficient cells could be favored by increased
SASP activation. SASP could be similarly mediating the
age-related pathologies associated with increased senes-
cence.3,169,170 Some of the secreted proteins could act in a
cell-nonautonomous way to strengthen the cell-cycle arrest.
Inflammation not only is involved in cancer susceptibility but
also plays major roles in aging-related diseases. Inflammation
has been documented in patients with Alzheimer disease who
present an increased expression of interleukin-1 and
interleukin-6.169,171,172 Atherosclerosis also has been demon-
strated to be dependent on an inflammatory response, which
is the basis of disease onset.173 Moreover, a well-
characterized association has been established between in-
flammation and metabolic syndrome, such as insulin resis-
tance and type 2 diabetes.169 Adipose tissues of obese
subjects were shown to have high levels of cytokines, a
situation possibly linked to the accumulation of senescent
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cells. In mice, obesity in the context of type 2 diabetes has
been shown to increase oxidative damage and senescence-
like phenotype.174 Finding and characterizing new SASP
factors and elucidating which factors and how these factors
affect tumorigenesis or aging will allow a better understand-
ing of this specific marker of senescence.

Telomere Shortening and DDR
As previously noted, telomere shortening is one of the
best-described causes of senescence. From in vitro studies it
was observed that senescence was reached when telomeres
reach half of their original size,38,175 a length that permits a
stable cellular physiology. Shorter telomeres can be poten-
tially reached when the barriers p53 and Rb are bypassed. In
this situation, the genomic stability is no longer conserved
and the cell experiences major chromosomal aberrations, a
situation termed “crisis,”58 which could result in cancer
(Figure 3). Telomere size is not the only factor believed to
play a role in senescence; telomere uncapping has been
shown to guide the same ending. Short telomeres could be
recognized as DNA double-strand breaks, which are a form of
cellular damage. Nevertheless, DNA strand breaks that could
arise from other nontelomeric regions could also induce
senescence.176 Telomeres not only could be recognized as
double-strand breaks but also are believed to be cellular
sensors of several forms of DNA damage. Telomere shorten-
ing could be accelerated with oxidative damage, a type of
DNA damage that increases with aging.177 Moreover, oxida-
tive damage was shown to be similarly capable of activating
cellular checkpoints and to lead to apoptosis or senescence in
a telomere-independent way.7 DNA repair proteins accumu-
late at aberrant telomeres and trigger senescence through
p21CIP1, ATM, and p53-dependent pathways.178 Telomere-
induced foci are then characteristic marks of this cellular state
and colocalize with H2AX in senescence and/or aging
conditions.179

DNA damage response involves the concerted action of
several protein complexes that take place at the DNA lesion.
These complexes include �-H2AX, ATM, ATR, 53BP1,
MRN, and CHK1/2 and eventually lead to the activation of
p53 and apoptosis or senescence. In line with the idea that
DDR is concomitant with senescence and could lead to
irreversible cell-cycle blockage, some proteins involved in
the DNA repair machinery were shown to colocalize with
other “traditional” senescence markers, such as �-Gal.180,181

However, H2AX foci were shown to increase in senescent
cells in culture and in the skin of old primates or aged human
lymphocytes, demonstrating the relation between senescence,
DDR, and aging.179,182

H2AX foci could present two distinct typologies, a tran-
sient staining characteristic of repaired lesions and a more
constant type characteristic of persistent, nonrepaired lesions.
This last situation is characteristic of DDR-depended senes-
cence and is referred to as DNA segments with chromatin
alterations reinforcing senescence.183 DNA segments with
chromatin alterations reinforcing senescence enclose several
proteins activated in DDR,29,160,178 as well as telomere-
induced foci,29,178 which distinguish them from “normal”
H2AX foci.183 The detection of these structures could be

assessed by immunohistochemistry against the phosphorylat-
ed form of H2AX and 53BP1 (p53-binding protein 1, a tumor
suppressor and checkpoint activator that acts downstream of
H2AX).184–186 Several other proteins that accumulate at DDR
foci also could be markers of senescence; nevertheless, these
markers are not fully competent senescence markers per se.
Telomere-induced foci, for instance, identify senescent cells
in vivo, but they also could mark presenescent cells.187,188

Although DDR foci proteins are not senescence-specific
markers, when used in combination with other methods they
could be a valuable tool to characterize senescence in aging
and cancer.

To unveil the role of telomeres in senescence, meticulous
tools are needed to assess telomere length, structure, and
integrity (Figure 4). Several methods have been described in
the past decades; however, only recent advances permitted
using telomere measuring in an accurate and consistent way.
Here, we discuss only two methodologies for telomere
measurement that permit assessment of telomere dynamics in
vivo and in tissue at the cellular level, and all are based on
quantitative fluorescence in situ hybridization technique.189

Quantitative fluorescence in situ hybridization technique is
based on the use of a fluorescent-labeled peptide nucleic acid
(CCCTAA)3) probe with a high affinity for the denatured
telomere repeat sequence (TTAGGG). Telomere signals are
detected through quantification of the fluorescent signal,
relative to standards of known telomere length. Quantifica-
tion is processed through automated software, turning the
quantification into a consistent and unbiased process. A
strong signal is strictly correlated with longer telomeres.
Quantitative fluorescence in situ hybridization permits ob-
taining reliable data at the cellular level and is a strong
technique for massive data acquisitions or for tissue partition-
ing that, together with secondary immunostaining, permits
studying the telomere length in specific cell compartments.36

New variants of the quantitative fluorescence in situ hybrid-
ization have been recently developed, particularly the high-
throughput quantitative fluorescence in situ hybridiza-
tion,40,190 which allow the rapid acquisition of the telomere
size from many samples, usually starting from total blood.
High-throughput quantitative fluorescence in situ hybridiza-
tion technique permits studying telomere dynamics in vivo,
because a small blood sample is enough to establish periph-
eral blood mononucleocytes, which will serve as the basis for
telomere measurements. Apart from the aforementioned ad-
vantages, both techniques permit measuring the percentage of
critically short telomeres, which are believed to be the major
cause of cellular dysfunction,60,191,192 something that is miss-
ing from other quantitative measurement techniques of telo-
mere length. Making telomere measurements fast and reli-
able, this technique permits to establish correlations between
habits and telomere size, allowing the identification of the
so-called biological age compared with the chronological age.
A consistent telomere shortening and increase in the percent-
age of short telomeres were confirmed in mice and in humans
over time, demonstrating the importance of telomeres in
aging progression36,193 (Vera E, Bernardes de Jesus B, Fo-
ronda M, Blasco MA, unpublished data, 2012). In addition,
lifestyle factors such as diet, smoking, or lack of activity also
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could be involved in telomere shortening and in an increased
rate of age-associated pathologies.194,195 Assessing telomere
dynamics in vivo could be used as an indicator of how aging
is progressing, and therapies that impact on telomeres are
believed to impact on health64 and, ultimately, lifespan.62,63

Rb and p53
Rb/p16 and p53/ARF are major cellular pathways involved in
cellular arrest and oncogene-induced senescence. Mutations
in any of these two tumor suppressors result in the bypass of
the senescent signaling and lead to an uncontrolled growth
pulse, usually a hallmark of cancer.86 Virtually all cancers
that reach malignancy have mutations in p53 and/or p16
pathways, demonstrating the significance of these tumor
suppressors in cancer protection. Nevertheless, some tumors
could undergo senescence in vivo and have a response to
chemotherapy agents or restoration of the tumor suppressor
barriers.196 It was observed that restoring p53 results in the
relapse of most of the tumors associated to p53 ablation or
oncogenic induced (lymphomas, sarcomas and carcinomas),
some of them through a senescent response involving the
immunity system.197,198 Drugs inducing p53 are obviously
promising for cancer treatment.199 The importance of these
pathways explains the intense focus they gained and deserved
in the past years as markers for tumor progression and/or
relapse and senescence. Increased levels of p16, p15, ARF,
p53, or p21 are commonly induced in senescent cells and
have been identified as consistent OIS markers in vivo, both
in humans and mice. The p53-mediated senescence is acti-
vated through DDR-dependent signals. It is regulated and
regulates several proteins involved in the senescence re-
sponse, creating in some situations a feedback loop. One of
the most important targets of p53 is p21, a protein crucial for
p53-dependent senescence response. Similar to reduction of
p53, ablation of p21 prevents senescence131,200,201 and favors
an unrestrained proliferation of cells. This could result in a

faster telomere shortening and subsequent chromosomal in-
stability. p53 and the DDR are primary barriers for cancer
progression, preventing the proliferation of genetically unsta-
ble cells.202,203 On the contrary, a cancer-prone phenotype
results from the ablation of p53 in a background with short
telomeres or TRF1 deletion.28,55–57,204 p16/Rb also could be
activated by DDR, although secondarily to p53. Nevertheless,
p16 pathway could represent the major switch to senescence
in some situations. The major response to oncogenic Ras
involves the activation of p16, although the mechanism is not
fully known but involves the polycomb group proteins BMI1,
CBX7, and CBX8, which are capable of regulating the p16
locus and delay senescence.205–208 The involvement of these
two pathways in cancer progression and senescence, together
with the presence of functional detection methodologies,
made targets of these two pathways common markers for in
vivo and in vitro assessments.

Other Senescence Biomarkers
Collado et al92 have described new OIS markers through
DNA microarray screening of genetic changes that took place
in HRAS-induced or KRAS-induced OIS but not with inhi-
bition of senescence. A short list of these markers (for
instance, p15INK4b, DCR2, and DEC1) were further con-
firmed to colocalize with the “traditional” senescence mark-
ers SA-�-Gal and SAHF.129 These markers also present an
increased pattern in premalignant lesions demonstrating the
same patterns of senescent cells.

Other markers have been described in the past years;
however, their validity still needs to be confirmed in vivo. For
example, there are hints associating autophagy with OIS,
although the precise involvement remains unclear. Previously
it was observed that autophagy increases OIS and contributes
to cell-cycle arrest.209

Figure 4. Assessing mean and short
telomeres. Work flow of the quantitative
fluorescence in situ hybridization technique
in a tissue sample (sample from heart). Cells
from formalin-fixed slides are hybridized to
a fluorescent peptide nucleic acid probe
against telomeric repeats. Telomere fluores-
cence is captured through a confocal
microscope (usually a laser scanning micro-
scope using a 40� or 63� oil immersion
objectives). The maximal projections of
z-stacks generated through advanced fluo-
rescence software (LAS) are used for data
calculations. Images are analyzed with spe-
cialized software, such as the Definiens XD
software package (Definiens Developer Cell
software version XD 1.2; Definiens AG).
Several fields are analyzed in an automated
way in which the DAPI (blue) signal is used
to define the nuclear area and the fluores-
cent peptide nucleic acid telomeric probe
(Cy3-red) screen is used to detect single
telomeric signal inside of each nuclei. Rep-
resentative quantification example of quanti-
tative fluorescence in situ hybridization is
represented (graph) where the percentage
of short telomeres (telomeres �50% of
mean intensity) is highlighted.
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Conclusions
The identification of senescence in vitro and in vivo further
deepened our knowledge of two important research areas,
cancer and aging. Although enormous progress has been
made in the past years in senescence markers, understanding
how senescence could affect the organism in pathological and
nonpathological conditions is only possible if we could
unveil, control, and predict the cellular basis of senescence.
Although many markers have been identified in the past
decades, alone none of these is truly a senescence indicator
per se. Many of them are identified in specific conditions, and
whether they can be reliably used in a widespread context
including different tissues and models is unknown. Senes-
cence biomarkers should be applicable for use in vivo
because of the role of increased senescence in age-related
diseases or the diminished cell-cycle blockage in the passage
of a premalignant-to-malignant transformation. Senescence
markers ultimately are cancer and aging markers and are
valuable tools for the study of degenerative diseases and
cancer.
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