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SUMMARY
Cellular senescence is a cell fate triggered in response to stress and is characterized by stable cell-cycle ar-
rest and a hypersecretory state. It has diverse biological roles, ranging from tissue repair to chronic disease.
The development of new tools to study senescence in vivo has paved theway for uncovering its physiological
and pathological roles and testing senescent cells as a therapeutic target. However, the lack of specific and
broadly applicable markers makes it difficult to identify and characterize senescent cells in tissues and living
organisms. To address this, we provide practical guidelines called ‘‘minimum information for cellular senes-
cence experimentation in vivo’’ (MICSE). It presents an overview of senescence markers in rodent tissues,
transgenic models, non-mammalian systems, human tissues, and tumors and their use in the identification
and specification of senescent cells. These guidelines provide a uniform, state-of-the-art, and accessible
toolset to improve our understanding of cellular senescence in vivo.
INTRODUCTION

The first published description of cellular senescence by

Hayflick and Moorhead1 defined it as a limit to the proliferative

capacity of human fibroblasts in cell culture. Since

then, tremendous progress has been made in the discovery
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of inducers and the fundamental mechanistic properties

of cellular senescence in cell culture systems. Further

expansion of senescence characterization in animal models

and human samples has enabled the discovery of the pro-

found impact of cellular senescence on physiology and

pathology.
vier Inc.
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However, the identification and characterization of senescent

cells in vivo have several conceptual, methodological, and

practical challenges. An important limitation is that classical

markers of senescence, originally discovered and established

using cell culture models, have limited utility for experimenta-

tion in the natural tissue microenvironment or ‘‘in situ.’’ In

addition, the lack of a specific biomarker for cellular senes-

cence demands that multiple endpoints be measured, requiring

multiplexing and measuring nucleic acids, proteins, and enzy-

matic activity in the same or adjacent tissue sections. Microar-

ray and extracellular vesicle studies encounter similar chal-

lenges. The establishment of the so-called ‘‘minimum

information for experimentation’’ (for example, ‘‘minimum infor-

mation about a microarray experiment’’ [MIAME] or ‘‘minimal

information for studies of extracellular vesicles’’ [MISEV]) led

to an improvement in data reporting quality, harmonization,

and reproducibility.2,3

Inspired by these guidelines and by the possibility to foster

high quality and reproducibility in research on cellular senes-

cence in vivo, we present the ‘‘minimum information for cellular

senescence experimentation in vivo’’ (MICSE). These recom-

mendations aim to:
d secure high-quality reporting and content;

d be accessible and easily understandable;

d be adaptable to progress and updates in the field; and

d be used for research but not for clinical trials.

The collection of practical guidelines and recommendations

described here is primarily intended to facilitate the assessment

of cellular senescence markers in living animals (in vivo) and in

situ. Finally, this study focuses on cellular senescence research

and does not aim to provide information on overcoming the gen-

eral technological limitations of methodologies, such as auto-

fluorescence for immunohistofluorescence (IHF) or mixed cell

populations in tissue homogenates used for RT-qPCR or west-

ern blot (WB).

MICSE is a description of the status quo of the toolkit available

for senescence detection and analysis and should be used as a

guidebook for research on senescence in vivo and in situ.

FUNCTIONALITY, RELIABILITY, AND KNOW-HOW OF
CELLULAR SENESCENCE MARKERS IN SITU

No single biomarker is sufficient to detect cellular senescence

in vivo, and multiplexing remains a necessary requirement.
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Figure 1. Markers of cellular senescence in situ
(A) Cell cycle inhibitors arrest cells in various phases: G1/ S (in the case of p16Ink4a) and G1/ S, S/G2, and G2/M (for p21Cip1/Waf). Images show RNA in
situ hybridization (RNA-ISH) for p16 of an aged brain and IHF staining against p21 in the wounded epidermis.
(B) Detection of cell proliferation can be performed using antibodies against Ki67 and PCNA or by visualizing the incorporation of thymidine analogs into DNA. The
images show EdU incorporation over 6 h on the bottom right and PCNA staining on the top right, both wounded skin samples.
(C) Erosion of the nuclear envelope was visualized by detection of lamin B1 (LMNB1). The images show neurons in the dentate gyrus of an aged mouse. White
arrows show cells negative for LMNB1.
(D) Senescent cells release Hmgb1 from chromatin, which translocates to the cytoplasm and outside the cell. The image shows the cerebellum of the aged
mouse. The red arrow shows a Purkinje neuron negative for intranuclear HMGB1.

(legend continued on next page)
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However, there is still uncertainty regarding which markers are

suitable for in situ/in vivo experiments, how many markers are

sufficient to define a cell as senescent, which markers should

be prioritized to achieve the highest sensitivity and specificity,

andwhat themost robust and reliable combinations of endpoints

are to detect senescent cells across different tissues, disease

conditions, and organismal ages. Here, we discuss the func-

tional and practical aspects of senescence biomarkers in situ

(Figure 1), focusing primarily on the markers for which there is

the most evidence for their association with senescence in

mouse tissues, as well as those that are most accessible to the

global research community. Exemplary tissues/conditions that

could be used as positive controls to prove the presence or

absence of senescent cells and the recommended reagents

are listed in Table 1.

Induction of cell cycle inhibitors
Background/function

Stable cell-cycle arrest has been one of the core features of

cellular senescence,23 and the expression of proteins involved

in maintaining proliferative arrest can be used as the primary cri-

terion when assessing senescence in situ. Although there are

multiple cyclin-dependent kinase inhibitors (CDKIs), p21Cip1/Waf

(CDKN1A locus; encoding p21Cip1/Waf) and p16Ink4a (CDKN2A lo-

cus; encoding p16Ink4a) are the inhibitors most commonly ex-

pressed by senescent cells in vivo (Figure 1A). Additional

CDKIs, such as p15Ink4b, p19Ink4d, and p27Kip1, could be poten-

tially involved in the induction of cellular senescence,24 but there

is currently little evidence to support the use of their expression

as markers of senescence in situ or in vivo.

Methodology and limitations

Measurements of CDKN1A/p21Cip1/Waf transcripts and proteins

are well established, with several robust primers, probes, and

antibodies available. By contrast, reliable detection of p16Ink4a

poses challenges. One consideration for measuring p16Ink4a

mRNA is that theCDKN2A locus encodes another mRNA coding

for p19Arf (mouse)/p14ARF (human), which shares the second

exon of CDKN2A, generating a region of sequence similarity be-

tween these two transcripts.24 Thus, certain generic probes and

primers designed to detect transcripts from the CDKN2A locus

can simultaneously measure Arf and Ink4a mRNAs, making the

validation of detection strategies essential. Although p14/19Arf
(E) Double-strand breaks (DSBs) can occur at telomeres (TIF, telomere-induced f
Images show IHF staining against g-H2A.X and immunoFISH co-staining for g-H2A
and TelC signals, indicating TAF.
(F) Alteration of chromatin in senescent cells in situ can be visualized using FISH st
the hepatocytes in an aged liver. White arrows show senescence-associated sa
(G) Senescence-associated secretory phenotype (SASP) can be visualized in s
activation of pro-inflammatory pathways, for example, p-STAT3 (Y705) in wound
show cells positive for p-STAT3 (right image).
(H) One facet of metabolic disruption in senescent cells involves an increased a
perilipin 2 (Plin2) or with dyes against neutral lipids such as Nile red, oil red O, or BO
mouse brain. White arrows mark LDs.
(I) Increased production of reactive oxygen species (ROS) by senescent cells
4-hydroxynonenal (4-HNE). Exemplary images show Sudan Black B staining in
4-HNE-positive granules.
(J) Senescence-associated b-galactosidase (SA-b-gal) represents lysosomal acti
acidic pH using colorimetric, fluorescent, or TEM-detectable reagents. Images s
alized by TEM in a macrophage from an atherosclerotic plaque. Red arrows indi
Scale bars: 10 mm for (A)–(C), (F), (G, left), (H), and (I); 50 mm for (D) and (G, right)
and p16Ink4a have no overlapping amino acid sequences owing

to the different reading frames of the transcripts, the detection

of the p16Ink4a protein has proven difficult in mouse tissues.

Nonetheless, several recent publications have successfully

used anti-murine p16Ink4a antibodies in various applications.25–27

Thus, while the community is working intensely to validate robust

anti-mouse p16Ink4a antibodies, we highly recommend using a

series of positive and negative controls, the latter ideally derived

from p16-knockout (KO) mice. We also recommend the use of

verified probes and primers for p16Ink4a transcripts. In addition,

for both CDKIs, several transgenic reporter mouse models

have been developed to aid senescence detection in situ and

in vivo.

Finally, although the stability of cell-cycle arrest has been

canonically associatedwith cultured senescent cells, this feature

has not yet been verified as being associated with senescence in

situ or in vivo. The available methodology for in situ and in vivo

measurements offers only a snapshot of cell physiology and,

apart from transgenic ‘‘tracker’’ animals, it is not yet possible

to validate the persistence of p16Ink4a or p21Cip1/Waf expression

in situ or in vivo. Therefore, while we recommend testing several

time points to verify elevated levels of one or more cell cycle in-

hibitors, there are currently no easily accessible tools that allow

researchers to provide evidence of persistent cell-cycle arrest. In

summary, the cell cycle inhibitors p21Cip1/Waf and/or p16Ink4a are

integral to senescence, both in situ and in vivo, and we recom-

mend that every rodent study utilizes at least one of these.

Decline in cell proliferation
Background/function

Stable cell-cycle arrest is recognized as a core marker of cellular

senescence. In situ cell proliferation can be approximated by

measuring the levels of proteins involved in cell cycle progression,

such as PCNA and KI67, as well as by measuring the incorpora-

tion of thymidine analogs into DNA (Figure 1B). Specifically, the

levels of PCNA and KI67 provide an estimation of which cell cycle

phase a cell is in, with PCNA being at the highest level in the S

phase and KI67 in the M phase28,29 (Figure 1B). Thymidine ana-

logs, such as bromodeoxyuridine (BrdU), EdU, and IdU, are incor-

porated duringDNA replication and can thus be used to label cells

that have undergone DNA replication from the time the animal is

exposed to the respective analog. Other methods to assess
oci; or TAF, telomere-associated foci) or anywhere else on the chromosomes.
.X and TelC in thewounded skin. White arrows show colocalization of g-H2A.X

aining against sequences of peri-centromeric alpha satellites. The image shows
tellite decondensation of satellites (SADS).
itu by RNA-ISH (e.g., IL-1a in aged brain) or histologically by detecting the
ed skin. White outlines show cells positive for IL-1a (left image) and red arrows

ccumulation of lipid droplets (LDs) that can be visualized by staining against
DIPY. The image shows LDs in cells surrounding the lateral ventricle of an aged

can be detected by visualizing oxidative damage, such as lipofuscin and
aged livers and IHC for 4-HNE in aged livers. Red arrows indicate clusters of

vity and can be visualized in an enzymatic assay for b-galactosidase activity at
how the hippocampal CA3 region from an aged brain and X-gal crystals visu-
cate the X-gal crystals.
; 5 mm for (E); 2 mm for (J, right).
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Table 1. Positive control for in situ assessment of senescence in mouse tissues

Name/method Tissue (cells) Condition Exemplary articles Exemplary reagents

p16 (RT-qPCR, RNA-ISH) abdominal fat, liver aging, obesity Baker et al.4 and Ovadya et al.5 TaqMan probe: Thermo Fisher Mm.PT.58.42804808

p21 (IHC/IHF,

RNA-ISH and WB)

skin (keratinocytes),

liver (fibroblasts),

lung (epithelial cells)

acute wounds, fibrosis,

chronic inflammation

Ring et al.,6 Sagiv et al.,7 Levi et al.,8

and Krizhanovsky et al.9
p21, Ab: RRID:AB_10891759; RRID:AB_2734729;

RNA-ISH probe: Bio-Techne #408551

Ki67/PCNA (IHF/IHC),

EdU (Click-it)

skin (epidermis),

liver (hepatocytes)

acute wound, liver

chemical and

mechanical injury

Ring et al.,6 Krizhanovsky et al.,9

and Jurk et al.10
Ki67 Ab: RRID:AB_443209; PCNA Ab: RRID:AB_303394;

EdU detection kit: EdU Click-488 Thermo Fisher C10337

LMNB1 reduction (IHF) brain (neurons),

skin (keratinocytes)

aging Ogrodnik et al.11 and Dreesen et al.12 LMNB1 Ab: RRID:AB_443298

g-H2A.X/TAF (IHF) liver (hepatocytes),

lung (epithelial cells)

aging, obesity, chronic

inflammation

Sagiv e al.,7 Hewitt et al.,13

and Ogrodnik et al.14
g-H2A.X Ab: RRID:AB_2118009; TelC probe:

PNA Bio (F1002)

SADS (FISH) liver (hepatocytes),

bone (osteoclasts)

aging Ogrodnik et al.14 and Farr et al.15 CENPB probe: PNA Bio (F3002)

ALISE (colorimetric/IHF) brain (ependymal cells),

liver (hepatocytes)

aging, obesity Ogrodnik et al.14,16 Plin2 Ab: RRID:AB_2895086; BODIPY

dyes (ThermoFisher)

Lipofuscin (fluorescence;

colorimetric)

brain (neurons), heart

(cardiomyocytes)

aging Jurk et al.17 and Li et al.18 fluorescent microscopy; Sudan Black B; SenTraGor

4-HNE (IHC/IHF) brain (neurons), liver

(hepatocytes)

aging Jurk et al.17 and Nelson et al.19 4-HNE Ab: RRID:AB_1106813

SA-b-gal (colorimetric, TEM) abdominal fat, brain,

heart (macrophages),

lung (epithelial cells)

aging, obesity Baker et al.4 Sagiv et al.,7 Levi et al.,8

Ogrodnik et al.,16 and Childs et al.20
individual reagents or a detection kit:

Cell Signaling Staining Kit #9860

HMGB1 release lung (epithelial cells),

muscle

chronic inflammation, aging Sagiv et al.7 and Zhang et al.21 HMGB1 Ab: RRID:AB_444360

IL-1a (IHC) liver irradiation Dou et al.22 IL-1a Ab: RRID:AB_354473
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replication rates are available; however, to date, there has been

limited characterization in the context of senescence in vivo.

Methodology and limitations

The level of cell proliferation is very different between cell culture

and in vivo conditions. Senescence studies in culture are often

based on fibroblasts or epithelial cells, both of which are charac-

terized by active proliferation. In contrast, the majority of cells

divide in vivo once every few weeks or months, and many cells

are in a post-mitotic state. Thus, the lack of PCNA or KI67 stain-

ing or thymidine analog incorporation can be a strong indicator

for senescence induction in most cell culture experiments, but

the lack of proliferation in vivo is not sufficient to indicate stable

cell-cycle arrest and cellular senescence. Therefore, we recom-

mend using the reduction of cell proliferation markers as an

auxiliary marker to be coupled to the expression level of cell cy-

cle inhibitors.

Erosion of the nuclear envelope
Background/function

The nuclear envelope ensures structural integrity and chromatin

stability. The induction of cellular senescence has been shown to

cause a reduction in certain components of the nuclear enve-

lope, especially the structural protein lamin B130 (LMNB1;

Figure 1C). Although other lamins and components of the nu-

clear envelope could potentially be dysregulated during senes-

cence in particular tissues and cell subpopulations, downregula-

tion of LMNB1 expression is currently the most suitable

nuclear envelope marker for in situ measurement of cellular

senescence.

Methodology and limitations

A key advantage of measuring LMNB1 abundance in situ is the

availability of highly specific antibodies. Moreover, predominant

perinuclear localization facilitates the assessment of antibody

specificity. A limitation for the use of LMNB1 as a marker of

senescence is its variable baseline expression among different

cell types, which makes the definition of ‘‘positive’’ and ‘‘nega-

tive’’ rather arbitrary. Thus, quantitative comparisons of

LMNB1 in tissue homogenates must consider the potentially

different proportions of cell types within a tissue. In addition, it

is not clear how changes in the nuclear envelope develop in

situ and whether LMNB1 expression decreases across the enve-

lope or results in the appearance of ‘‘holes’’—local absence of

this protein.

Activation of alarmins
Background/function

Alarmins are endogenous proteins that are rapidly released from

cells upon tissue stress or damage.31 One of the most well-

recognized alarmins, the high-mobility group box 1 (HMGB1)

protein, acts as an architectural chromatin-binding factor that in-

teracts with histones and transcription factors. Upon stress,

HMGB1 is rapidly translocated to the cytoplasm and secreted

into the extracellular space, where it has a paracrine effect on

surrounding cells.31 The release of HMGB1 from the nucleus is

an early sign of senescence induction32 and can be detected

in situ (Figure 1D). The role of many additional proteins of the

HMG superfamily is yet to be characterized in the context of

cellular senescence in vivo.
Methodology and limitations

Akin to LMNB1, several highly specific antibodies against

HMGB1 are commercially available. Reliable and unbiased

quantification of this marker presents challenges similar to those

of LMNB1, where the basal protein level differs between cell

types and its nuclear localization in relation to senescence might

be less pronounced. In addition, HMGB1 loss/release is trig-

gered under various stress conditions, including necrosis and

apoptosis,6 making its use as a sole marker of senescence un-

feasible. Overall, HMGB1 is a useful auxiliary marker of cellular

senescence in situ, although the aforementioned limitations

should be considered when drawing conclusions from the pres-

ence or absence of intranuclear HMGB1.

Damage to DNA
Background/function

Although senescent cells accumulate many forms of macromo-

lecular damage,33 a common and established marker of senes-

cent cells, primarily in the context of pathology, is the presence

of unresolved DNA damage, mainly in the form of double-strand

breaks (DSBs). This leads to persistent activation of the DNA

damage response (DDR), which contributes to stable cell-cycle

arrest and transcriptional induction of pro-inflammatory senes-

cence-associated secretory phenotype (SASP) factors.34–36

DSBs can occur anywhere in chromosomes, but cellular senes-

cence is associated with their preferential accumulation at telo-

meres because of the limited repair of telomeric DNA (Figure 1E).

Telomeric DNA damage and attrition leads to DDR foci colocal-

izing with telomeric sequences known as telomere-associated

foci (TAF) or telomere-induced foci (TIF).13,37 A wide range of

proteins are associated with DSBs and DDR, and for several

components, highly specific tools are available for in situ exper-

imentation. Currently, themost robust DDRmarkers employed in

senescence studies are the phosphorylated forms of H2A his-

tone family member X (g-H2A.X) and p53-binding protein

1 (53BP1).

Methodology and limitations

The most apical components of the response to DSBs are pref-

erentially localized to the site of the insult, and many DDR

proteins appear as dots/foci upon immunodetection and high-

magnification microscopy. g-H2A.X is formed by post-transla-

tional modifications triggered by DSBs, while 53BP1 is

recruited to DSBs in response to damage undergoing RNA-

mediated condensation.38 Thus, during senescence, g-H2A.X

accumulates, making it a suitable marker for immunohistochem-

istry (IHC) and IHF but also for methods relying on tissue homog-

enates, such as WB. However, DSBs are not specific to senes-

cence, and it is currently unclear whether the number of DNA

lesions can be used as a discriminant of senescence in situ. Te-

lomeric DNA damage is more senescence specific and can be

quantified by combining fluorescence in situ hybridization

(FISH) for telomeric sequences and immunostaining (immuno-

FISH) for DSB-associated proteins.39 However, this remains a

technically demanding procedure, and the measurement of telo-

meric DNA damage is time consuming. Altogether, we recom-

mend using markers of DNA damage as auxiliary markers of

senescence. It is crucial to carefully consider other potential in-

ducers of DNA damage independent of senescence.
Cell 187, August 8, 2024 4155



ll
OPEN ACCESS Primer
Decondensation of centromeric satellites
Background/function

Profound changes in chromatin structure and accessibility are

associated with cellular senescence.40 Although several

methods are suitable for assessing epigenetic changes in senes-

cence in vitro, most of thesemethods are not yet available for the

assessment of cellular senescence in situ. One feature of senes-

cence-associated changes in chromatin with an established

methodology for in situ detection is senescence-associated de-

condensation of satellites41 (SADS; Figure 1F). This phenotype

measures changes occurring during senescence to constitutive

heterochromatin, specifically within regions proximal to the cen-

trosomes, the peri-centromeric satellites. This unfolding of chro-

matin is associated with changes in transcription and cell phys-

iology. Other methods for epigenetic changes specific to cellular

senescence in situ and in vivo are likely to be developed in the

future.

Methodology and limitations

A unique feature of SADS detection is that it requires only a

probe specific to the DNA sequence of peri-centromeric alpha

satellites, which can be used for FISH assays with relatively

low cost and high reliability. However, the quantification of

SADS is rather sophisticated, as it requires the use of acquired

three-dimensional (3D) projections andmeasurements of the fre-

quency of decondensation (Figure 1F). Moreover, while decon-

densation occurs in essentially all centromeric satellites

in vitro,41 only a fraction of centromeric satellites undergo un-

winding in vivo14,15 (Figure 1F). Thus, the average frequency of

SADS events per cell represents senescence more accurately

than the number of positive cells does. Finally, although the

causes and consequences of SADS in vivo have yet to be estab-

lished, SADS has been shown to be a marker of senescent cells

in situ. Therefore, we recommend it as a potential auxiliary

marker for assessing senescence.

Secretory phenotypes
Background/function

Increased production and secretion of cytokines, growth factors,

matrix-remodeling enzymes, lipids, extracellular vesicles, and

miRNAs, generally defined as the SASP,35,42 is a core feature

of cellular senescence and a major mediator of the pathophysi-

ological functions of senescent cells. SASP inducers are diverse;

however, in most cases, they rely on the involvement of nuclear

factor kB (NF-kB), CEBPb, and/or STAT signaling.43 Many SASP

factors have been described in cultures of senescent cells, and it

is currently being established which factors are senescence

associated in different contexts and conditions in vivo.

Methodology and limitations

The standard approach to approximateSASPutilizesRT-qPCR to

quantitate gene expression and enzyme-linked immunosorbent

assay or WB to measure protein levels, either individually or in

multiplex. However, these methods do not reveal the origin of

the factors and whether they are secreted by senescent cells or

byother cell types, including immunecells. TheoriginofSASP fac-

tors can be traced using histological methods; however, secreted

factors are normally small proteins poorly retained within cells,

which makes their detection using IHC/IHF highly challenging,

although there has been some success, for example, with IHC
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against interleukin (IL)-1a22 and IL-1b.44 Another major challenge

in establishing a single SASP factor as a reliable marker of senes-

cence in vivo is that the secretory phenotype has been demon-

strated to be highly variable, dynamic, and dependent on cell

type, tissue, and environmental context. Detection of transcripts

encoding SASP factors using methods such as RNA-ISH allows

for the assessment of senescence in individual cells in situ

(Figure 1G). However, as with all approaches of RNA measure-

ments, the extent to which the transcript level reflects the protein

level is notwell established; thus, caution is advisedwhendrawing

conclusions from these quantitative analyses. Alternatively, anti-

bodies can be used against post-translational modifications of

SASP drivers, such as NF-kB (phospho-p65), p38 kinases, or

STAT3, in assays suchas IHC/IHF (Figure1G). In-depthcharacter-

ization of the SASP in individual subtypes of senescent cells in situ

is ongoing. Although we recommend using hypersecretion as an

auxiliary marker of senescence, individual SASP factors remain

a valuable method for senescence specification.

Metabolic alterations
Background/function

Alteration of physiology in senescent cells leads tometabolic ad-

justments, which include an increase in the number and/or size

of lipid droplets (LDs; Figure 1H), a phenotype termed accumu-

lation of lipids in senescence (ALISE).16 These cytoplasmic ves-

icles primarily contain neutral lipids surrounded by a single-layer

lipid membrane enriched in proteins belonging to the family of

perilipins (Plin). Accumulation of LDs is physiological for some

cell types (such as adipocytes), but it is also exhibited by addi-

tional cell types when they enter a senescence state in vivo.

Methodology and limitations

Because LDs have a high content of neutral lipids, lipid-binding

dyes, such as oil ed O, Nile red, and a series of BODIPY dyes,

can be used to detect them in frozen tissue sections. In

paraffin-based histology, processing of samples using alcohols

removes most lipids, and the detection of LDs requires the mea-

surement of proteins associated with the LDmembrane, such as

Plin2, using commercially available antibodies. Histological

detection of LDs is straightforward, as they are sizable cellular

organelles that are recognizable by their round shape and cyto-

plasmic location (Figure 1H); however, unbiased measurement

methods are still being developed. Currently, senescence-asso-

ciated LDs can be quantified by measuring the total number of

positive signals (from dyes or an anti-Plin2 antibody) per cell or

by assessing the frequency and size of the LDs. As mentioned

previously, the presence of LDs is not specific to senescent cells.

The use of LDs for senescence identification should be limited to

tissueswhere LDs aremost likely to be of ectopic origin and used

only as an auxiliary marker for in situ assessments. Detection

methods for other metabolic dysregulations observed in senes-

cent cells in culture still lack reproducible, specific, and acces-

sible in situ detection methods.

Oxidative damage
Background/function

Organelle dysregulation occurring in senescent cells, especially

senescence-associated mitochondrial dysfunction (SAMD),45

leads to increased generation of reactive oxygen species (ROS),
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causing oxidative damage. Although many forms of oxidative

damage result in relatively unstable and reactive intermediates,

including lipid aldehydes like 4-hydroxynonenal (4-HNE), their re-

action products are stable and readily detectable in tissues. Typi-

cally, lipid aldehydes react with proteins via Michael addition or

Schiff base formation, causing the formation of long-lived lipid-

protein aggregates. Lipofuscin, comprising heavily oxidized pro-

teins/lipoproteins and metals, is resistant to hydrolysis by lyso-

somal enzymesand forms intra-lysosomal aggregates, eventually

generating dysfunctional lysosomes and impaired autophagic

flux.46 As for other features associated with SAMD, such as a

reduction in mitochondrial membrane potential, methods for

in vivo senescence detection are still in development.

Methodology and limitations

IHC/IHF staining techniques for downstream products of lipid

peroxidation reactions, including 4-HNE, enable robust semi-

quantitative assessments of oxidative damage in tissues at

cellular resolution (Figure 1I). However, as 4-HNE provides a

relatively small epitope, the specificity of the antibody should

be thoroughly established and verified using a series of suitable

controls (for example, see Table 1). Mass spectroscopy-based

imaging may provide a more quantitative approach for the

spatial assessment of oxidized molecules (e.g., lysophosphati-

dylcholines)47 without the need for antibody staining, although

this method is still in development for senescence assessment.

A variety of methods are applicable for the quantitative measure-

ment of lipofuscin content, ranging from the detection of auto-

fluorescent granules using light microscopy through lipophilic

dyes such as Sudan Black B to commercially available re-

agents.48,49 The main disadvantage of these oxidative damage

markers is that they cannot provide information about the source

of ROS. Moreover, it is possible that lipophilic dyes bind not only

to lipofuscin granules but also to other structures of concen-

trated lipids, such as LDs, in tissue samples where lipids are pre-

served (e.g., frozen sections). Finally, similar to other forms of

damage, oxidative damage is not specific to senescence and

is therefore recommended only as an auxiliary marker.

Lysosomal alterations
Background/function

One of the most recognizable and common markers of cellular

senescence is senescence-associated beta-galactosidase

(SA-b-gal),50 which reflects the activity of a lysosomal enzyme

that cleaves terminal b-d-galactose residues from b-D-galacto-

sides.51 In senescent cells, the accumulation of this enzyme

makes it possible to detect its activity at an otherwise subopti-

mal, less acidic pH by incubating samples with a substrate that

is an analog of galactose, X-gal, resulting in its effective conver-

sion into the deep blue 5,50-dibromo-4,40-dichloro-indigo-2
(Figure 1J). Although the causes and consequences of this

phenotype in vivo are not entirely clear, SA-b-gal is commonly

associated with alterations in autophagy flux and lysosomal

biogenesis and function in vitro.51,52 However, other assays

that measure lysosomal alterations remain less reproducible

and difficult to use in situ.

Methodology and limitations

SA-b-gal staining is feasible for any tissue material that pre-

serves enzyme activity; however, fresh or frozen materials are
arguably the most reliable. This staining is most commonly

used in histology but has also been established for the detection

of individual X-gal crystals using transmission electron micro-

scopy (TEM),4 nanoparticles,53 and for fluorescence- or colori-

metric-based detection in flow cytometry.54 As for any enzy-

matic activity, the amount of generated product depends on

the substrate provided, the temperature, and the duration of

the reaction among various parameters, meaning that a well-

standardized protocol including positive and negative controls

needs to be implemented. As an alternative to measuring SA-

b-gal using a colorimetric substrate, a fluorescent system to

detect the lysosomal b-galactosidase enzyme (GLB1) has

recently been developed.55 Similar to other senescence

markers, a major limitation of SA-b-gal is that it may reflect a

wide range of metabolic adaptations of lysosomes—not only

those occurring during senescence. Even in cell culture, SA-

b-gal staining results in false-positive staining of starved or

confluent cells, whereas for in vivo and in situ conditions, the

range of specificity of SA-b-gal is unknown. In addition, in vivo,

a number of cells, such as macrophages, might have an inher-

ently high b-galactosidase activity due to the high mass and/or

number of lysosomes.56 Therefore, readouts for lysosomal alter-

ations can function as useful auxiliaries but not as sole markers

of senescence.

To summarize, a wide range of markers can be used to iden-

tify and characterize senescent cells in situ, each with its own

advantages and limitations. Based on published evidence and

agreement of the research community working on this article,

we categorized these markers as primary and auxiliary. The

first is the presence of p21 and/or p16Ink4a, two markers that

have guided research on senescence in vivo in the last two de-

cades. Auxiliary markers pertain to the core features of senes-

cence, including erosion of the nuclear envelope, a decline in

proliferation markers, activation of alarmins, DNA damage,

chromatin abnormalities, pro-secretory phenotypes, metabolic

alterations, oxidative damage, and lysosomal alterations

(Figure 1).

In addition, there are several other promising markers of

cellular senescence, such as a wide range of epigenetic modifi-

cations, distortions in the shape and size of the cell soma and nu-

cleus, mitochondrial dysfunction, presence of cytoplasmic chro-

matin fragments, reactivation of dormant endogenous retroviral

sequences, and an anti-apoptotic phenotype. Methodologies

for the reliable and globally accessible detection of these fea-

tures in situ and/or in vivo are currently under development

and, pending validation in situ, could eventually join auxiliary

markers.

HETEROGENEITY OF CELLULAR SENESCENCE
ACROSS ORGANS AND CELL POPULATIONS

An important layer of complexity in senescence assessment in

situ/in vivo is the sheer heterogeneity of senescence phenotypes

across different organs and cell types. Figure 2 provides a

glimpse of the diversity of markers associated with senescence

in situ. When assessing senescence markers in a given tissue/

condition, the following conceptual guidelines should be

considered.
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Figure 2. Heterogeneity of senescence markers in cell types and organs in situ
Senescent cells found in different organs show heterogeneous phenotypes, and many have been reported to express only some markers of cellular senescence
that are attributed to senescent cells in vitro. Similarities and differences between phenotypes associated with cellular senescence can be observed across
mouse tissues, including the (A) brain, (B) skin, (C) lungs, (D) bone, (E) liver, (F) adipose tissue, and (G) muscle.
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d The senescent phenotype is heterogeneous, and no single

marker is sufficient to confirm the state of senescence.

d Different cell types may be intrinsically resistant or suscep-

tible to senescence (depending on the stimuli).

d Different cell types may exhibit different senescence phe-

notypes (expressing different senescence-associated

markers).

Below, we provide examples of the heterogeneity and charac-

teristics of cellular senescence in the selected murine tissues.
Brain
Both proliferation-competent glial cells (which constitute

approximately 50% of brain cells) and post-mitotic neurons

can be positive for markers of cellular senescence in aging,

obesity, traumatic injury, and neurodegeneration,11,16,17,57–59

among other conditions. An important point to consider when

assessing senescence in the brain is that cells and the content

of cell types differ, not only between their types (Figure 2A) but

also between regions (e.g., neurons in the hippocampus, cor-

tex, or cerebellum). However, it is not yet clear whether senes-

cence markers reflect these differences. Moreover, while the

presence of senescence markers has been proven even in

post-mitotic cells, it is currently unclear how many of the prop-

erties of senescent cells known for fibroblasts in vitro can be

extrapolated to these cells. Finally, certain senescence

markers, such as SA-b-gal, despite being more intense in

senescence-high conditions, such as aging, are also detectable
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in the neurons of young and healthy mice,17,60 raising questions

about the suitability of this marker for the assessment of senes-

cence in the brain. However, under such conditions, it is also

possible that these markers indicate that senescent cells are

associated with murine growth and development.

Skin
The outer layer of the animal body is readily accessible for sam-

ple collection and is suitable as an index organ for aging and

age-related pathologies of internal organs, such as the cardio-

vascular system, bones, and brain,61–63 among others. Histori-

cally, being one of the first andmost researched organs for its as-

sociation with senescence in animal and human samples,

assessment of senescence in skin remains challenging due to

the highly histogenetically distinct populations of cell types.

Numerous markers of senescence (including p21, p16Ink4a,

g-H2A.X, and TAF/TIF) have been identified in skin cell types,

such as keratinocytes and fibroblasts (Figure 2B), in conditions

such as injury, aging, and accelerated aging.6,64–67 Keratino-

cytes and fibroblasts can be further divided into different sub-

types. Keratinocytes display different properties across different

strata of the epidermis, and fibroblasts present not only papillary

and reticular phenotypes but also heterogeneous populations if

studied at the single-cell level.68,69 Therefore, we expect differ-

ences in the signature and role of the senescent phenotype

across different subpopulations of skin cells. In contrast to

in vitro conditions, skin fibroblasts in situ are much smaller and

only a fraction of their volume can be visualized by histology.
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Moreover, the detection of transcripts and proteins in situ can

sometimes be hindered by the presence of autofluorescent

extracellular matrix components in the dermal compartment

and chemically cross-linked macromolecules that form during

the terminal differentiation of keratinocytes. In this context, it is

worth mentioning that when detecting proteins with low expres-

sion in skin sections, autofluorescent signals should be reduced

(e.g., Troy et al.70 and Mansfield et al.71) or signals should be de-

tected using far-red or near-infrared detection, as demonstrated

in a number of studies (e.g., Ring et al.,6 Keyes et al.,72 and Ge

et al.73). Finally, because keratinocytes and fibroblasts differ

dramatically in replication dynamics, capacity, and lifespan

in vivo, molecules that serve as valid markers of cellular senes-

cence in the skin need to be clarified. Overall, there are a number

of challenges and exciting perspectives on the horizon for

cellular senescence in skin research.

Lungs
Like many other tissues, there are numerous distinct cell types

within the lung required for creating functional substructures;

thus, there isalsoheterogeneityof senescencephenotypesacross

lungcell types7,8,74–78 (Figure2C). The lungcanbedriven intopath-

ological conditionsbya variety of external stimuli, including smoke

exposure74 and viral infections.75,79 In animalmodels of idiopathic

pulmonary fibrosis (IPF), bleomycin-induced injury76 and telomere

deficiency80 drive fibroblasts and epithelial cells toward increased

levels of senescence, a feature also observed in the lung tissue of

patientswith IPF. In the context of KRAS-induced lung tumorigen-

esis, both resident77 and monocyte-derived78 macrophages

exhibit senescence-related alterations. In bronchial epithelial cells

exposed to chronic inflammation, senescence is detected by

increasedSA-b-gal activity, p21, andg-H2A.X levels.7,8 Therefore,

identifying the cell types that become senescent with age is of

great interest for future studies.

Bone
There is considerable evidence that senescent cells accumulate

with aging and skeletal injury in the bone microenviron-

ment.15,81–84 With aging, there was a marked increase in

CDKN2A mRNA levels in the osteocyte-enriched bone samples

(Figure 2D), with a modest increase in CDKN1A mRNA levels.81

In aged vs. young mouse bones, there is an increase in p16+,

KI67�, BCL2+, and SASP+ cells (and an analogous increase in

the p21+ population) in late osteoblast/osteocytic and bone

mesenchymal cells.25 This heterogeneity in senescencemarkers

might reflect how different subpopulations of senescent cells

impact the physiology and pathology of bone. For example,

following skeletal injury using radiation, clearance of p21+ senes-

cent cells, but not p16+ senescent cells, prevents radiation-

induced bone loss,85 indicating that, in contrast to aging, p21+

senescent cells may be more important following skeletal injury.

Bone is an especially hard tissue that requires special process-

ing and presents several methodological challenges for the

detection of senescence markers, particularly those that rely

on histology. In addition, bone has a very specific resorption-

deposition cycle and extensive endocrine regulation. The impact

of cellular senescence on these processes is currently being

investigated.
Liver
Numerous liver cell types, including hepatocytes, endothelial

cells, hepatic stellate cells, and cholangiocytes, display markers

associated with senescence during aging, injury and regenera-

tion, obesity, and age-related diseases, with different cell types

displaying different senescence markers (Figure 2E). Age-related

changes inmurine liver cells include increasedSA-b-gal activity,86

DNA damage, TAFs,13,37,86 karyomegaly, SADS,14 ALISE,14

LINE-1 elements,87 and SASP factors,4 some of them specified

to occur in hepatocytes.13,14 In variousmurine liver injurymodels,

stellate cells can acquire senescence markers, including p21,

p16, andSA-b-gal, andexpresscertainSASP factors.9,88–90Given

the diversity of cell types displaying different signatures of cellular

senescence, it is unclear how distinct senescent cell types

contribute to age-related changes in the liver or to the crosstalk

between different liver cell types induced by senescence.

Adipose tissue
Mature adipose tissue is composed of >50%–90% terminally

differentiated post-mitotic adipocytes, �10% preadipocytes,

and �10% immune cells, including macrophages and lympho-

cytes. AlthoughSA-b-gal staining is a commonmethod for detect-

ing senescent cells in adipose tissue, numerousother senescence

markers, such as p21, p16, SASP factors, and DNA damage,

are found across populations of adipose tissue cells16,26,91–94

(Figure 2F). There is evidence that various pathologiesmay induce

different subtypes of senescent cells in the fat. For example, p16+

cells may predominate in aged adipose tissue, whereas p21 pre-

dominates in obesity.91,92 Surprisingly,most p21+ senescent cells

are not p16+ in either context.26 Elimination of p16+ cells in the ad-

ipose tissue of transgenic mice reduces overall tissue senes-

cence,93,94 making it necessary to clarify the distinct roles of

p16+ and p21+ cells. Moreover, adipose tissue differs greatly in

cellular composition based on anatomical location, sex, and de-

greeof obesity,whichundoubtedly contributes to the heterogene-

ity of cellular senescence. Therefore, comprehensive analysis of

senescent cells using various markers is required.

Skeletal muscle
Muscle is a complex tissue composed of post-mitotic multinu-

cleated cells, referred to as myofibers, and a heterogeneous

population of mononuclear cells, encompassing satellite cells,

fibroadipogenic progenitors (FAPs), endothelial cells, and mac-

rophages (Figure 2G). A recent study investigated senescence-

associated markers at the single-cell level in aged murine skel-

etal muscle using single-cell RNA sequencing (scRNA-seq) as

well as spatially resolved methods such as RNAScope,

Immuno-FISH, and IHF.21 A distinct subset of FAPs is the pre-

dominant source of CDKN2A mRNA in aged muscle. However,

FAPs also exhibit pro-inflammatory SASP, TAFs, and SADS.

Interestingly, p21 increased with age in a subset of terminally

differentiated myofibers, which also displayed other senes-

cence-associated markers such as TAF, SADS, nuclear loss of

LMNB1, HMGB1, and a unique SASP.21,95 An independent study

also showed increased senescence-associated markers in myo-

fibers in aged mice.96 Overall, the characteristics and role of

cellular senescence in muscle cells are only beginning to be

discovered, and exciting results are expected in the near future.
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Immune system
With aging, the immune system loses its ability to mount an

effective immune response against invading pathogens and can-

cer cells, a phenomenon termed immunosenescence.97 These

age-related changes are characterized by altered ratios of naive

and memory T cells, lymphoid to myeloid cells, CD4+ to CD8+

cells, and thymic atrophy. In addition, many immune cell types

and subtypes develop a senescence-like state, with increased

expression of p16, p21, and SASP factors.98,99 These changes

limit the ability of the immune system to respond to pathogens

or vaccinations.100 However, given that the functions of certain

aged immune cells can be stimulated under specific conditions,

it is still unclear whether immune cell subsets are truly senescent

or show signs of exhaustion, especially CD8+ T cells. Interest-

ingly, adaptive immune function can be improved by short-

term treatment with rapamycin,101 which reduces the markers

of senescence and SASP in peripheral blood mononuclear cells

(PBMCs).99 To detect the senescence-like state in immune cell

populations, an assay based on analysis of CDKN2A mRNA in

PBMCs or selected subsets such as CD3+ T cells was developed

and shown to correlate with biological age and exposure to

stress such as smoking or diet.102 In addition, fluorescent

SPiDER-ß-Gal has been used to identify senescent-like subsets

of immune cells by flow cytometry with high sensitivity. It is

important to note that activated macrophages, including tis-

sue-infiltrating macrophages, express higher levels of p16 and

stain positive for SA-b-gal, even though they may not be se-

nescent.56

TRANSGENIC MOUSE MODELS FOR STUDYING
CELLULAR SENESCENCE

Measurements of cellular senescence in animals and assessment

of the impact of senescent cells on physiology and pathology can

be aided by a wide range of transgenic mouse models. Here,

although not exhaustive, we highlight transgenic models that

drive or report senescent cells through the manipulation of genes

involved in cell-cycle arrest, telomere biology, or DNA repair. It is

also possible to drive senescence in vivo by using a variety of

drugs that promote cellular, organelle, or macromolecular stress.

However, we focus on former models that indicate when and

where senescence is induced by aging and when protective

mechanisms are genetically perturbed. Animal models that inter-

rogate the (patho)physiological consequences of senescent cells

by targeting specific SASP factors or regulators are of great inter-

est. In this section, we review the applications, strengths, and lim-

itations of available transgenic mouse models developed for

senescence research. Despite these recent efforts, it is imperative

to develop additional animal models to advance our understand-

ing of senescent cell biology in vivo.

Modelsmodulating crucial regulators of the senescence
program
Background

Historically, some of the first transgenic animals used for

senescence research were KO models of the major cell cycle

inhibitors, p16-KO and p21-KO mice.103,104 These models

were primarily used to show how the absence of a single
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regulator of the senescence program affects physiology and

pathology. Although the majority of currently available models

are constitutive (active from conception), models of inducible

KO or overexpression of senescence modulators are in

development.

Limitations

Although working with these models, it is important to be aware

that they affect only a single component of the senescence ma-

chinery and thus might not reflect the whole biology of cellular

senescence. Moreover, p21, p16, TP53 (p53), and other senes-

cence-associated proteins are involved in physiology that is

distinct from cellular senescence. Therefore, at least some of

the observed phenotypes of transgenic models with overex-

pression or KO of these factors might be unrelated to cellular

senescence. Finally, in constitutive models, it is likely that the

phenotype of adult mice is affected by alterations during

embryogenesis and development (dependent or independent

of cellular senescence). For this, we recommend, when avail-

able, the use of models where senescence regulators are

affected in an inducible manner and ideally specific to one

cell type by using specific Cre transgenes and a floxed allele

of the senescence regulator.

Models of premature accumulation of cellular
senescence
Background

In accordance with research on fibroblasts in vitro, senescence

can be induced efficiently by accelerated telomere shortening,

disruption of the cell division machinery, and increased DNA

damage levels in vivo. Mouse models of rapid telomere short-

ening, dysfunctional mitosis, or impaired DNA repair (Terc,

BubR1, and Ercc1mutant mice, respectively), display high levels

of cellular senescence and accelerated aging.93,105,106 These

and other models, for which it has been shown that accelerated

aging depends, at least partly, on cellular senescence, are valu-

able for studying the impact of senescence on health and life-

span or for testing approaches to eliminate senescent cells, as

their accumulation occurs on average 5–6 times faster than in

wild-type mice.107 When crossed with models deprived of key

senescence regulators, these mice can be used to verify the

extent to which their age-related pathology is due to cellular

senescence.

Limitations

Genes that induce accelerated senescence upon genetic deple-

tion play pleiotropic roles in normal physiology. Thus, at least

some of their accelerated aging pathologies can be ascribed

to mechanisms distinct from senescence. For example, while

the elimination of senescent cells alleviates age-related pathol-

ogies in BubR1 and Ercc1 mutant mice, it does not restore their

lifespan to that of wild-type animals.93,108 Moreover, because

these mutations increase the burden of senescent cells in vivo,

this does not mean that they are the physiological source of

senescence under normal conditions. Hence, it is unclear

whether subsets of senescent cells in these transgenic models

are identical to those found in wild-type animals. Nonetheless,

we recommend these models as reasonable first-approach

models for linking cellular senescence to pathologies—senopa-

thies109—and testing senotherapeutics.



Table 2. Exemplary transgenic mouse models to visualize senescent cells in vivo and/or in situ

Name Reporter system Promoter Exemplary publications

p21-luc firefly luciferase 2.5-kb segment of the human p21 promoter

containing two p53 binding sites (transgenic)

Yoshimoto et al.90 and Ohtani et al.110

p16-luc firefly luciferase 195-kb segment of the human chromosome

containing p16Ink4a gene locus (transgenic)

Kawamoto et al.27 and Yamakoshi et al.111

p16-ATTAC EGFP 2,617-bp segment of the murine p16Ink4a (transgenic) Baker et al.4,93

p16-luciferase luciferase native murine p16Ink4a promoter (knockin) Burd et al.112

p16-3MR mRFP, renela

luciferase

50-kb segment of the murine p16Ink4a (transgenic) Demaria et al.65

p21-ATTAC EGFP 3.2-kb segment of the mouse p21Cip1/Waf (transgenic) Chandra et al.85

p16-tdTomato tdTomato native murine p16Ink4a (knockin) Liu et al.113

INKBRITE three copies of GFP 50-kb segment of the murine p16Ink4a (transgenic) Reyes et al.116
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Models for detection of senescent cells in situ and
in vivo

Background

Several transgenicmousemodels have been developed in which

core modulators of senescence, such as p21 and p16, are

tagged with a reporter, enabling the visualization and quantifica-

tion of senescent cells in situ and in vivo (for example, see Ta-

ble 2). Traditionally, these models contain luminescent or fluo-

rescent reporter systems yielding increased signal, dependent

upon the expression level of p21 or p16.27,90,110–113 Reporters

using EGFP or tdTomato fluorescence enable the detection of

p21+ or p16+ cells in situ, whereas models with luciferase enable

the approximation of senescent cells in live animals by

measuring the amount of light emitted after the administration

of an enzymatic substrate for the luciferase reporter. Models

that enable the long-term tracking of senescent cell fate are

also available.114,115

Limitations

Although these models are suitable for estimating the quantity of

a particular type of senescent cell, the results must be validated

with additional senescence markers because single molecular

endpoints are not specific for senescence. By definition, the

models underestimate the senescent cell burden in vivo because

they only look at a single senescent cell type (e.g., p16 express-

ing) and many senescence markers exhibit low expression

levels, leading to low signal-to-noise ratios. In such cases, the

signal may be amplified by immunodetection of reporter pro-

teins. Whether selection cassettes were deleted should be

clearly reported and considered when comparing data from

different reporter mouse models. Luminescence signals are

strongly influenced by tissue density and light penetration, which

may bias the measurement of the senescent cell burden.

In addition to the caveats of various reporter genes, reporter

construct design also influences the reporter signal. For

example, the inclusion of selection cassettes, necessary in the

process of generating recombinant mouse embryonic stem

cells, can potentially interfere with the expression of the reporter

transgene of interest, as observed for p16,115,117 possibly

because of unintended promoter activity. Therefore, it is impor-

tant to report whether the selection cassettes were deleted when

comparing data from different reporter mouse models. Addition-
ally, the location of the transgene should be described in as

much detail as possible.

Furthermore, many models for senescence reporting utilize

transgenes driven by different parts of the native promoter of

the senescence regulatory gene (Table 2), making it challenging

to compare the results between models.

CDKN2A mRNA levels are regulated by transcription and

mRNA stability.113,118 Therefore, the use of native promoters in

reporter mice may not always accurately reflect endogenous

CDKN2A mRNA levels, and combining reporter detection with

other methods for detecting endogenous CDKN2A mRNA

expression is highly recommended. In summary, senescence re-

porter mice are recommended for detecting senescent cells

in vivo and for studying the dynamics of senescence over time

or in disease models. However, reporter data should be comple-

mented by direct biochemical and histological assessments of

endogenous senescence biomarkers.

Models for pharmacogenetic elimination of senescent
cells
Background

Over the past decade, several transgenic models have been

developed that, unlike KO models, do not prevent senescence

from occurring but rather allow the selective and timely removal

of existing senescent cells. In these mice, an inactive form of an

apoptosis-inducing gene is expressed from the promoter of a

key senescence regulator, such as p21 or p16, and administra-

tion of a drug to the mice drives the elimination of p21+ or p16+

cells. These models are typically designed to not only enable

drug-inducible elimination of senescent cells but also to report

the level of cellular senescence in situ and/or in vivo. Some of

the most commonly used models are INK-ATTAC, p16-3MR,

and p21-ATTAC,65,85,93 but others have been and are being

generated (Table 2).

Limitations

When assessing the impact of elimination of senescent cells us-

ing these models, especially for a pathology specific to a given

tissue, it should be acknowledged that the transgene is ex-

pressed throughout the body. Therefore, it is possible that the

elimination of senescence in other tissues contributed to the

observed phenotype. To address this limitation, transgenic
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mice with cell-type-specific elimination of senescent cells were

recently developed: p16-LOX-ATTAC mice.83 Similar to other

transgenic models used in senescence research, the activity of

the transgene is dependent on a single gene, which is inade-

quate for fully defining the senescent cell burden in vivo. More-

over, as mentioned above, the promoter activity of p16 is gener-

ally weak and, if the neomycin cassette is not removed, its strong

promoter may affect the p16 promoter, which could account for

the differences observed between studies.115,117 Finally, the

threshold for the quantity of pro-apoptotic transgenic protein

needed to drive the death of senescent cells is still unclear. In

other words, it is unknown what happens if a cell expresses

some quantity of the pro-apoptotic transgenic protein, but it is

not enough to induce apoptosis. Despite their limitations, these

models are currently state-of-the-art for the specific and selec-

tive elimination of subtypes of senescent cells, and we recom-

mend their utilization.

In summary, several transgenic mousemodels are available to

induce, reduce, and visualize cellular senescence. Although this

is a relatively large set of models that should be readily available

to most researchers via collaborations and animal suppliers, the

use of alternative models and other means to modulate cellular

senescence in vivo includes, but is not limited to, pharmacolog-

ical, dietary, wounding, transplantation, tissue explants, and

psychosocial stress models.

Questions to be answered
The use of transgenic animals might provide the most mecha-

nistic approach to investigate cellular senescence in vivo and

generate preclinical data to support translation. Thus, the com-

munity is working extensively to improve and expand available

models. One example is the generation of transgenic animals

that enable the detection and/or manipulation of cells expressing

more than one senescence marker, such as p21 and p16. Sec-

ond, the community would benefit frommodels to study the tem-

poral dynamics of senescent cells, for example, improved

models of senescence lineage-tracing and isolation. Moreover,

while transgenic mice with accelerated aging are suitable for

studying some aspects of senescence, research could be

improved if we had access to models for studying spontaneous

senescence, which is likely to reflect the physiological process of

aging. Finally, human physiology and many aspects of aging are

better modeled in rats than in mice,119 and with the recent avail-

ability of genome editing in rats,120 transgenic reporter rats are

being developed for senescence research.

STUDYING CELLULAR SENESCENCE IN NON-
MAMMALIAN MODELS

Cellular senescence is not a mammalian-specific phenomenon

but is widespread across the animal kingdom, including verte-

brate and invertebrate organisms. Markers of senescence have

been detected in birds (e.g., quail121), amphibians (e.g., axo-

lotls,122 xenopus,123 and newts124), fish (e.g., zebrafish125 and

killifish126), and invertebrates (e.g., hydra127 and Drosophila128).

Senescence in non-mammals impacts on many aspects of

organismal physiology, from development123,129 to regeneration

(e.g., salamander limbs,124 zebrafish fins,125 and whole hydra
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polyps127) and aging.126,130,131 Understanding the full extent of

senescent cell involvement in animal physiology is central to

evolutionary theories of senescence. Knowledge of how senes-

cent cells influence processes that are not conserved in humans,

such as appendage or organ regeneration, is necessary to deter-

mine the features and functional scope of beneficial forms of cell

senescence. However, our understanding of senescence in non-

mammals is limited by the shortage of reagents for molecular

analysis in many of these organisms.

Specifics of senescence research in non-mammalian
animals
Although cells from non-mammals are capable of undergoing

cell-cycle arrest that resembles cellular senescence, it might

be driven by alternative mechanisms. For example, several

vertebrate groups, including fish and amphibians, lack

p16.129,132 In contrast, p21 is elevated in salamander cells in re-

generating limbs133 and in the regenerating fins of zebrafish.125

Other markers of cellular senescence, such as SA-b-gal, appear

to function similarly across different animals, and their use has

been instrumental in determining the presence of senescence

in vivo across organisms. The availability of SA-b-gal as a senes-

cence marker outside mammalian systems has also enabled the

use of galacto-nanoparticles134 to label, isolate, or eliminate SA-

b-gal cells in vivo when delivered systemically.133 Nevertheless,

it is unknown how specific SA-b-gal is for cellular senescence as

a whole; therefore, its staining should be supported by auxiliary

markers. Some biochemical markers of senescence, including

lack of incorporation of thymidine analogs as a reporter of

reduced proliferation or increased ROS abundance and macro-

molecular oxidative damage, are established for several spe-

cies.126,127,131 Therefore, it is possible to use a combination of

at least two markers to assess senescence more reliably.

Another tool that can aid in the identification of senescent cells

in non-mammalian species is senolytic treatment to eliminate se-

nescent cells. This has been successfully applied in fish125 and

salamanders,124,133 enabling both the functional assessment

and validation of senescence through targeted reduction.

The community is currently testing antibodies and biochemical

assays to further refine the detection of senescence in non-

mammalian species. The development of new transgenic

models will be particularly helpful, such as the recent generation

of the p21-GFP transgenic reporter zebrafish.135 Furthermore, at

least for species whose genomes have already been sequenced,

research will be accelerated by leveraging omics approaches,

including at the single-cell level.133

The impact of senescent cells on the biology of non-mamma-

lian species has beenmainly investigated in the context of devel-

opment, tissue remodeling, and regeneration, while conditions

such as disease and aging still need to be further explored. To

aid with these endeavors, the research community has pro-

moted the development of tools and transgenic models for the

detection, visualization, induction, and reduction of senescent

cells. Finally, further progress is expected on how these models

respond to senolytics and which markers most accurately report

senolytic activity.

In summary, research on cellular senescence should be

further expanded to animals other than mice, as each species



Figure 3. Approaches, limitations, and per-

spectives for research on cellular senes-

cence in human samples
(A) Examples of human materials available for
senescence research include cancer samples,
post-mortem organ pieces, biopsies, and medical
fluids.
(B) Limitations that challenge experimental ap-
proaches to work with human senescence. Se-
nescent cells present a high level of heteroge-
neity across different types of cancer and across
various tissue types. An additional layer of het-
erogeneity arises from the methodology used to
obtain or process the samples prior to the
detection of senescence markers. Finally, med-
ical fluids can provide indirect information on
senescence in organs; however, the methodol-
ogy for making accurate predictions is still under
development.
(C) Perspectives for exploration of the properties
and roles of senescent cells in human health and
disease. With the recent advancements in sin-
gle-cell and spatial omics, it is anticipated that
these methods will provide accurate data on the
characterization and prevalence of senescent
cells in situ. Information derived from samples
collected in a non-invasive manner (e.g., medi-
cal fluids) can be used as a biomarker to indi-
rectly measure the quantity of senescent cells in
peripheral organs.
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can teach us about the evolution and functional scope of cellular

senescence. Research on senescence in non-mammalian ani-

mals is a highly promising emerging area. Therefore, additional

proof of senescence markers, beyond classical SA-b-gal stain-

ing, is required. Due to species specificity, we do not provide

any specific recommendations for research on non-mammalian

animals at this point in time and strongly recommend the use of

multiple senescence markers for the same biospecimen.

THE CURRENT STATE OF BIOINFORMATICS FOR
ASSESSMENT OF CELLULAR SENESCENCE IN ANIMAL
SAMPLES

The omics revolution enables in-depth characterization of the

macromolecular composition of biological samples. Senescent fi-

broblasts produced in vitro have been thoroughly characterized

using epigenomic, transcriptomic, proteomic, lipidomic, metabo-

lomic, and phenomic approaches. Single-cell transcriptomics

have revealed immense heterogeneity among senescent cells,

even under relatively homogeneous conditions of two-dimen-

sional (2D) cell culture.136Applyingomics to assess themacromo-

lecular composition of tissues, in principle, permits the

unambiguous identification of senescent cells and their detailed

characterization. Furthermore, spatial omics platforms allow for

the correlation of an omics dataset (currently eitherwhole genome

transcriptomics or targeted transcriptomics or proteomics) with

spatial location within a tissue and have the potential to revolu-

tionize in vivo senescence research. Both bulk and single-cell

omics have been applied to in vivo senescence research; how-

ever, the analysis and interpretation of results pose challenges.
Challenges and limitations
Based primarily on the frequency of p16+ cells in situ, most con-

ditions driving senescence, including age, yield a relatively small

number of senescent cells, often estimated to be <10%.137 This

makes it practically difficult to reliably study senescence using

standard, bulk omics methods because the detection of rare

cells requires technically more challenging and expensive sin-

gle-cell or spatial omics approaches. It is currently limited to un-

biased transcriptomics and targeted proteomics on commercial

platforms, although other omics modalities are in development

(e.g., single-cell proteomics138). Spatial transcriptomics is less

sensitive than scRNA-seq and can introduce bias based on

methods of either detection of the 30 end of poly(A) tail or nucleic

acid ISH probes, which do not always distinguish between splice

variants of CDKI genes such as CDKN2A. Single-cell transcrip-

tomics requires a large number of intact cells. Furthermore, mul-

tiple sources of bias can be introduced through tissue dissocia-

tion (loss of fragile cells), microfluidics (loss of large cells), data

analysis, and statistics. Therefore, a clear and complete report-

ing of these methodological steps is a prerequisite for reproduc-

ibility. Spatial omics has not yet been used extensively for senes-

cence research but is in development.139–143

In the bioinformatics analysis of single-cell and spatial omics

datasets, one goal is to define a ‘‘cellular senescence signature’’

(Figure 3). These signatures are often compared using gene set

enrichment analysis (GSEA), although other statistical methods

are available or are in development. Notably, senescent cell

identification by scRNA-seq has been successful in multiple

in vivo studies, providing valuable insights into proper study

design.78,136,144,145 A senescence transcriptional signature
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could enable rapid detection of senescent cells, and multiple

such gene sets have been described.139–143,146 However,

caution is warranted as these signatures are not applicable to

all tissues, cell types, and inducers of senescence. Significant

correlations may be detected for large gene lists based on the

differential expression of only a small fraction of genes. Under-

standing the methods by which a signature is developed is

also critical for identifying potential biases or limitations; for

example, a SASP-heavy signature may not be accurate for

some subsets of immune cells. Finally, there is no evidence

that cellular senescence is regulated at a transcriptional level.

Hence, although the transcriptional profile of cells or tissue re-

gions of interest can be used to approximate the burden of

senescence, the conclusions are not definitive in the absence

of orthogonal validation, ideally measuring non-mRNA end-

points. Therefore, our current recommendations are to use

omics as a supplemental tool (or discovery tool) to investigate

senescent cell identity and phenotypes, and to always use in

situ and/or in vivo validation to complement in silico findings.

Perspectives for senescence omics
Much research has been conducted on cellular senescence

in vivo using omics and bioinformatics. First, the community is

working to define cellular senescence signature(s) that most

accurately represent senescent cells of various types in vivo

(Figure 3). This will inevitably be an iterative process, as we do

not yet have a state of the ground truth in vivo. Conceptual ad-

vancements are being made to support this aim by expanding

the breadth of omics approaches, such as non-coding RNAs,

epigenomics, proteomics, and lipidomics. Researchers are

also working to refine bioinformatic approaches to integrate

omics datasets (e.g., single-cell transcriptomics with proteomics

data) with the aim of detecting complex cell phenotypes such as

senescence.

Recent technological advances are expected to further sup-

port the aim of improving the detection and omics-based char-

acterization of senescent cells. The development of reporter

transgenic models has enabled researchers to use fluores-

cence-activated cell sorting (FACS) to enrich p16high and

p21high cells and combine this with downstream omics analysis

and single-cell omics transcriptomics (for example, Omori

et al.115). A deeper understanding of the surface markers of se-

nescent cells in vivo is being actively pursued. This knowledge

will enable the more sophisticated isolation or enrichment of

intact, viable senescent cells using flow cytometry. This

approach will facilitate the assessment of senescent cell hetero-

geneity, either through the multiplexing of a panel of surface

markers or through the isolation of subpopulations expressing

different sets of ‘‘surfaceome markers.’’ It will also enable the

incorporation of cell-type-specific surfacemarkers and have util-

ity in non-transgenic models (e.g., human samples), further sup-

porting insights from the full breadth of omics-based ap-

proaches, including epigenetics, scRNA-seq, and proteomics.

In principle, this strategy could then be coupled with either

bulk approaches (increasing throughput and reducing costs) or

single-cell omics approaches.

Spatial omics provides exciting insights into senescent cell

heterogeneity in situ. Certain platforms now enable bespoke
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design of isoform-specific probe sets. Emerging technologies

also aim to enable the integration of biomics, such as transcrip-

tomics andmultiplex proteomics, within the same tissue section.

These developments have the potential to address some of the

limitations highlighted above.

Changes in nuclear and cellular morphology are largely

conserved across senescent cells, both in vitro and in vivo.

Advances in high-throughput imaging, computational tools,

and machine learning have fostered the use of multiparameter

morphological analysis as a robust, unbiased, and quantifi-

able marker of senescence. These new senescence classifiers

can detect senescence in vivo in aging, fibrosis, preclinical

models of cancer,147,148 and a range of clinical sam-

ples.148,149 As this is a microscopy-based approach, it could,

in principle, be combined with other omics-based approaches

such as spatial or multiplex microscopy for deeper insights.

While still in its infancy, the use of phenomics to define senes-

cence-imaging-based predictors offers a new direction for

future research.

Finally, advanced analysis tools, such as high-content image

analysis, approaches to integrate multi-omics datasets, statisti-

cal learning tools, and machine learning are being developed to

facilitate the identification and quantification of senescent cells.

These tools are being applied to tissues or 3D organoid samples,

for example, from mice after senolytic interventions, to refine the

senescence signature, but also to identify off-target effects of

such interventions. The current expansion of the spectrum and

depth of omics-based datasets, together with their integration,

aims to illuminate senescent cell heterogeneity in an unbiased

manner through careful cataloging of the breadth of senescent

phenotypes in different cell types in vivo. This offers the potential

to provide novel routes for senescent cell detection and, thus,

assessment of senescent cell burden, potentially in a cell-type-

specific manner, in a range of contexts and disease settings.

Consequently, the functionality and potential applications of

omics technologies are diverse. Given the relatively low abun-

dance of senescent cells, single-cell approaches are likely

required for senescent cell detection. For example, this could

take the formof probe-based panels based on refined epigenetic

clocks. Alternatively, a gene set derived through scRNA-seq ap-

proaches, ideally deployed as a validated multiplex protein

readout, could be utilized.

Thus, although bioinformatic approaches are powerful tools to

support research on cellular senescence in vivo, they have not

yet been adequately developed to replace standard methods

for detecting senescence in situ or in vivo. We consider omics

analysis to be an indispensable component of current discovery

research in cellular senescence, and we hope that, in the near

future, omics will be advanced enough to become integral to

future MICSE iterations. Accordingly, the current version of the

MICSE guidelines does not provide any specific recommenda-

tions for the bioinformatic assessment of cellular senescence

profiling or quantification. However, we encourage researchers

to generate and share new omics datasets while also developing

new analytical methodologies, reporting methodologies in

exquisite detail, and collaborating with others to discover and

overcome the difficulties in defining senescence signatures

that work in vivo.
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ASSESSMENT OF SENESCENCE IN CANCER SAMPLES

Senescence in cancer tissues
Cellular senescence is closely associated with the biology of

cancer. Induction of senescence is a tumor suppressor mecha-

nism150–152 and a side effect of several chemotherapeutic drugs

that induce a phenotype that might be considered an acquired

premature progeroid syndrome in both normal and cancer

cells.153 More recently, it has become clear that targeting senes-

cent cells may be a promising strategy to reduce the growth and

metastatic potential of tumors by altering the senescent tumor

microenvironment.154 Although it remains unclear whether can-

cer cell senescence is irreversible, primary cancer therapeutics

that trigger a senescence-like phenotype in cancer cells allow

further targeting of these cells using a one-two-punch approach

(senescence-senolysis) to eliminate surviving cancer cells.155,156

Thus, in general, senescent cells in tumors present the same

challenges as those in normal tissues: they need to be properly

identified, and the impact of their modulation or elimination

must be functionally evaluated in tumor tissues. In addition to

cancer cells, tumors are composed of an array of non-malignant

cells that support cancer tissue growth, and the presence of

such senescent cells in tumors presents new research avenues.

Unlike the cancer cells discussed below, senescence bio-

markers in these non-malignant cells residing within tumors

can be assessed using the same approach as for non-malignant

tissues, including cell identity markers to localize them spatially.

Senescence markers in cancer cells
Samples from mouse models of oncogenic activation, as well as

samples of benign tumors, such as prostate intraepithelial

neoplasia or melanocytic nevi, are often enriched in non-prolifer-

ative senescent cells expressing all the expected senescent

markers and SASP factors.154 Senescent cancer cells express

numerous markers of cellular senescence, including cell cycle

inhibitors, SASP factors, and SA-b-gal.154 However, the detec-

tion of these markers in human cancers can be challenging

because of the universal limitations of human sample analysis.

During the early phases of cancer progression, mutated cells

display a genuine senescent phenotype, as a consequence of

oncogene-induced senescence.157 However, as cancer pro-

gresses, features of senescence are lost or mutated in cancer

cells, including the expression levels of the tumor suppressor

p53 and CDKN2A/CDKN2B loci gene products, p16Ink4a, p14/

p19ARF, and p15INK4b. Indeed, p16Ink4a is often used as a prog-

nostic marker in some cancers, such as breast, colon, or head

and neck cancer; however, in cancers, p16 rarely induces cell-

cycle arrest.158 For example, p16 overexpression serves as a

marker for highly proliferative HPV-16-positive cervical cancer

cells, driven by RB1 (pRB) inhibition of the viral protein E7.158

Other senescence markers have been shown to be overex-

pressed or activated in cancer.159 Thus, unlike primary cells,

which acquire senescence markers as part of their senescence

stress response program, cancer cells may adopt senescence

markers in a manner unrelated to their function during senes-

cence. However, these phenotypes are also associated with

cancer survival. Except in some mouse models of senescence

reactivation, such as through p53 restoration,160 cells within a
tumor are heterogeneous, with only a fraction becoming positive

for cellular senescence markers. Although the impact of tumor

cell senescence on tumor progression is currently not well

defined, it is clearly context dependent. Although we currently

do not have the tools to clearly define a cancer cell as senescent,

we recommend using a combination of senescence markers

for the detection and quantification of senescence in cancer.

It is unknown whether targeting senescent tumor cells using in-

terventions established for non-malignant pathologies will be

beneficial.

Availability and diversity of samples
Although post-mortem tumor biospecimens are abundantly

available, it would be ideal to have paired samples from one sub-

ject collected before and after cancer therapy to better define the

role of senescent cell induction in cancer treatment responses.

The sheer diversity of cancer types (Figure 3) and the lack of mul-

tiple established senescence markers related to cell cycle con-

trol to define cancer cell senescence in these diverse tumor

types remain challenging. Features such as reduced prolifera-

tion, pro-inflammatory and angiogenic factors, and resistance

to apoptosis provide promising markers of senescence in can-

cer, but will remain context dependent for each cancer, or

even for each patient within a cohort, as very few cancers pre-

sent with a homogeneous mutational background. Among po-

tential biomarkers, the relevance of pro-survival proteins is that

they enable cancer cells to avoid cell death upon acute stress

(e.g., during chemotherapy or radiotherapy) and are targetable

for cancer senolysis.155,156 Methods for detecting anti-apoptotic

proteins in situ or in vivo are not yet well established but would

provide targetable senescence biomarkers in the context of

cancer.

In summary, the next steps in research on senescence in can-

cer are to identify markers that specifically detect senescent

cells in different types of cancer and to reconcile the impact of

these senescence biomarkers on cancer cell function relative

to non-malignant cells expressing the same biomarkers

(Figure 3). Because of the very high heterogeneity between dis-

eases of the same pathological subtype, we cannot offer univer-

sal recommendations for detecting senescent cancer cells,

apart from using multiple biomarkers and referring to senescent

cancer cells as having senescence-like phenotypes. This should

include markers of cell-cycle arrest other than p21 and p16, un-

less it is validated that the cancer tissue under study possesses a

functional version of these genes and their downstreammolecu-

lar targets, which is rarely the case.

ASSESSMENT OF SENESCENCE IN HUMAN SAMPLES

Senescent cells are enriched in a wide range of human diseases

and disease-associated conditions.161,162 Human samples pro-

vide the best source of information about how cellular senes-

cence contributes to human physiology and pathology, relative

to inbred and specified pathogen-freemice. These include tissue

biopsies, post-mortem tissue collection, and biological fluids.

Each has its own set of limitations, affecting which markers

and features of senescence can be investigated and quantified

(Figure 3).
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Senescence markers in human samples
In principle, well-preserved human samples can be analyzed

using the same set of senescence markers developed for

mice. Some markers of senescence, such as p16, are easier

to detect in humans than in murine samples (because of the

availability of a reliable antibody against human p16Ink4a devel-

oped as a clinical prognostic tool for cancer). Elevated expres-

sion of p16 in melanocytes163 and epidermal and dermal

cells164,165 is associated with human aging. However, given

the ethical concerns associated with human tissues and the

fact that they are often not collected in the research laboratory,

it is challenging to collect, properly preserve, and stabilize hu-

man tissues in a standardized manner, leading to increased

variability in the post hoc analyses of macromolecules and me-

tabolites. It is likely that certain senescence markers, such as

those based on post-translational modifications, enzymatic ac-

tivity, or protein translocations, are more sensitive to tissue

collection times and fixation methods.166,167 Similarly, metabol-

ically active and lipid-rich tissues are more vulnerable to rapid

ex vivo degradation. Therefore, when properly fixed tissue sam-

ples are not available, we recommend initiating the assessment

of senescence in human samples by measuring the total

amount of protein (e.g., p16Ink4a, p21, LMNB1) or larger cyto-

plasmic inclusions (e.g., lipofuscin or LDs), which should be

stable for a prolonged period of time. Finally, as clinical trials

on the targeted elimination of senescent cells were initiated

only relatively recently162 and the molecular targets of many se-

nolytics are either unknown or pleiotropic, it is still unclear

which markers of senescence are most informative about the

burden of senescence in humans. In the long term, the devel-

opment of senescence biomarkers compatible with minimally

invasive methodologies, such as blood or urine samples, would

greatly enhance access to healthy human populations.

Variability of samples
Assessing and interpreting senescence in human samples is

challenging for multiple reasons beyond biospecimen handling.

Genetic heterogeneity between individuals in the human popula-

tion will likely influence the distribution of senescence bio-

markers from person to person. Aging also drives incredible het-

erogeneity among individuals, which has not been observed in

young individuals. Furthermore, unlike laboratory models, there

is little control over variables in humans that affect senescent

cell burden, such as occult disease, body mass index, environ-

mental factors, genetic factors impacting genome instability

and telomere length, and levels of psychosocial stress. Often,

human samples, especially those collected from live subjects,

are small and low in number, and this, combined with the high

interindividual variability, poses problems in reaching statistical

significance. Although surrogate biomarkers of senescence

burden from liquid biopsies, preferably from minimally invasive

sampling such as blood, saliva, wound pus, urine, synovial, or

cerebrospinal fluid, would provide a necessary and more acces-

sible alternative, there is currently limited knowledge about

SASP factors in these liquid biopsies. Thus, it is unclear whether

and how single biomarkers or signatures of biomarkers in these

fluids would correlate with senescent cell burden in organs and

tissues. The community is working on establishing biomarkers
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of senescence, which are factors associated with the presence

of senescent cells in readily accessible tissues that can be

sampled easily and repeatedly and act as a surrogate for internal

organ senescence, predict frailty, or disease susceptibility.

Given that the genetics and environment of humans are more

variable than those of mice, we recommend cautious power an-

alyses and using a sufficiently large number of samples to draw

conclusions about the presence and effect of senescent cells in

human samples.

In summary, research on cellular senescence in human

samples provides direct insight into the impact of senescent

cells on human health and disease and is essential for es-

tablishing safe and efficacious therapeutic interventions.

However, our knowledge of the functional impact of the

burden of senescent cells in human samples is significantly

less well established than that in mice. As of 2024, the sci-

entific community does not have definitive recommendations

for assessing cellular senescence in human tissues, except

for the suggestion of using a large sample size and investi-

gating several markers, with a preference for those that are

highly stable.
MICSE

Over the last few decades, technological and methodological

advancements have tremendously improved our ability to

detect senescent cells in living organisms and our understand-

ing of the biological functions of these cells in physiology and

pathology. To continue this trend of excellent science and

progress in senescence research in vivo, we believe that there

is a need to standardize how to report and describe cellular

senescence in animals, complex models, and human tissues.

The aim of this effort is to enhance comparability and contex-

tualization of results—a necessity when targeting senescent

cells to improve health is being translated to humans. There-

fore, we summarized the current recommendations for the

minimum information for cellular senescence experimentation

in vivo.

(1) Recommendations for senescence markers to support

statements regarding the presence/absence of senes-

cent cells:

Evidence of the expression of at least three senescence

markers representing different properties of cellular senes-

cence in a given tissue strongly supports the notion that the

observed phenomena are indeed related to cellular senes-

cence.

At least one of these markers needs to be evidence of stable

cell cycle inhibition in the form of increased p21 or p16

expression. This does not apply to non-mammalian animals,

where a reduction of proliferation with other markers should

be shown, and to cancer cells, where p16 and p21 do not

always correlate with proliferative arrest; however, a reduc-

tion in proliferation with other markers should also be

shown.

There should be at least one experiment showing two

markers co-detected in the same sample and at the same

time, ideally colocalized in single cells.



Figure 4. Sequential approach to study senescence in vivo
To accurately assess the relevance of cellular senescence to a specific phenotype, we suggest beginning with a general evaluation of the coremarkers for cellular
senescence: p21 and/or p16 (step 1). Next, it is advisable to assess auxiliary markers of cellular senescence, including DNA damage, LMNB1, ALISE, oxidative
damage, SASP, and SA-b-gal (step 2). The use of at least two auxiliary markers is recommended. Although these initial steps are adequate for determining the
presence or absence of senescence in a particular tissue or condition, to ascertain whether senescent cells impact a physiological process or pathology, we
recommend reducing the quantity and/or activity of senescent cells using available transgenic models and/or drugs (step 3). Finally, to provide conclusive
evidence that senescent cells influence a phenotype, we suggest confirming that a chosen drug/model has decreased the frequency of targeted senescent cells
and that this intervention has led to the expected alteration in the studied phenotype (step 4).
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Assessment of senescence markers in a given tissue can be

supplemented by co-identification of the cell-type identity

and senescence markers that are more cell-type-specific

(e.g., individual SASP factors).

(2) Providing information on the impact of senescence on a

given condition:

Using means to reduce senescent cell abundance or their

phenotype in tissues, ideally using two independent ap-

proaches (e.g., genetic and pharmacological).

Providing evidence that the intervention reduced senescent

cell abundance or activity and coincided with a change in

the (patho)physiological phenotype.

(3) Providing information to increase reproducibility and reli-

ability of senescence research:

Reporting negative results and those that showed outcomes

opposite to the hypothesis.

For results supporting a hypothesis, reporting on how many

cohorts in which the results were observed andwhether there

were situations when the experiment did not work (and the

possible reasons for this).
Reporting ‘‘failed’’ generation of transgenic animals, where

outcomes were opposite/different from the expected.
THESEQUENTIALAPPROACHTODEMONSTRATETHAT
SENESCENT CELLS CONTRIBUTE TO IN VIVO

PHENOTYPES

Based on these MICSE recommendations, we provide an easy-

to-follow set of guidelines for identifying senescent cells in vivo

and demonstrate their roles in organismal phenotypes. In the

current version, these are designed for investigations in mouse

models, but the same recommendations are applicable to hu-

mans and other models. We propose a sequential approach

for cellular senescence studies (Figure 4).

Step 1: Detection of the cell-cycle arrest proteins p21
and p16
Cell-cycle arrest machinery is widely considered necessary for

the induction of senescence. Although it is possible that there
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are some senescent cells expressing cell cycle inhibitors other

than p21 and p16, or even no proteins from this family; there is

currently no strong in vivo evidence to support this. With a

wide range of methods available for the detection of p21 and

p16 in situ (Figure 1), strong evidence of the presence and rele-

vance of these proteins in murine tissues (Figure 2), and

numerous transgenic mouse models developed to study these

proteins and cells expressing them (Table 2), we recommend

starting each senescence-research-dedicated mouse study for

the detection and quantification of p21 and/or p16 at the

mRNA or protein level.

Step 2: Verification of the presence of senescent cells
Although high levels of p21 and p16 provide the strongest ev-

idence for the presence or absence of cellular senescence in

mammals, these markers are not sufficiently specific. There-

fore, for the second step, we recommend providing an in-depth

characterization of at least two auxiliary markers of cellular

senescence, LMNB1, HMGB1, SASP factors, SADS, ALISE,

DNA damage, and SA-b-gal (see Figure 1), using histology,

biochemical methods, FACS, or other methods. We also sug-

gest that the quantities of senescent cells measured by

different markers be compared with one another to make the

most accurate predictions of the relative abundance of senes-

cent cells. Finally, as senescence markers differ between cell

types, quantification of the number of senescent cells is most

reliable if performed on a single cell type obtained either by

sorting or co-staining a senescence marker and a cell line-

age/identity marker.

Step 3: Targeted senescence reduction
The first two steps provide strong evidence that senescent cells

are present in a tissue/condition, but to claim causality of cellular

senescence for a given pathological or physiological process, it

is important to perform experiments on the targeted reduction of

senescence. The phenotypes of existing senescent cells can be

attenuated by using senomorphic or senostatic compounds. Se-

nescent cells can be eliminated genetically (transgenic/KO

mouse models) or pharmacogenetically using senolytic drugs.

One noteworthy point is that different approaches to clear se-

nescent cells yield different outcomes for numerous reasons,

such as transgenic construct and drug pharmacokinetic proper-

ties. Finally, each of these approaches to reducing senescent

cells has both known and unknown side effects or conse-

quences, which may be unrelated to senescent cell ablation.

Therefore, we recommend using at least two independent ap-

proaches to reduce the activity or levels of senescent cells.

Step 4: Verification of reduction in senescence and the
consequent effect on phenotype
The final step for demonstrating the impact of cellular senes-

cence on a given biological phenotype is to establish the rela-

tionship between the reduction in quantity/activity of senescent

cells and an effect on the phenotype. To verify that an interven-

tion aimed at reducing senescence in vivo actually did so, we

recommend at least partially repeating the experiments from

steps 1 and 2 post-intervention, including reporting more than

one senescence endpoint. Ideally, the severity of the phenotype
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should be correlated with the number of senescent cells per an-

imal. Establishing that an intervention reduces cellular senes-

cence and modulates a given pathological feature provides reli-

able evidence supporting the causal contribution of cellular

senescence to that pathology.
CONCLUDING REMARKS

The number of publications on cellular senescence in vivo has

grown exponentially over the last two decades, illustrating the

important role of senescent cells in numerous aspects of physi-

ology, pathology, and aging. However, the science of cellular

senescence is complex and challenging to approach experimen-

tally. Thus, underneath this rapid progress lies the danger of pub-

lishing incomplete, overemphasized, or irreproducible results.

Using MICSE, we aim to improve the quality of reporting

ground-breaking findings regarding the features and functions

of cellular senescence in vivo. Here, we assembled a brief

description of the state-of-the-art for senescence research,

accompanied by descriptions of the methods, sample types,

and models. The essence of these is summarized in the MICSE

list and accompanied by step-by-step guidelines to research se-

nescent cells in living organisms. Importantly, the majority of our

specific recommendations are applicable to mouse models, as

studies in human samples, non-mammalian animals, and tumors

require further research before we feel confident in providing

clear recommendations without being too restrictive for research

progress. Finally, the present version of MICSE is based on cur-

rent knowledge and will need to be updated as our understand-

ing of senescence in vivo increases. We aim to revise the MICSE

guidelines every 5 years (starting 2029), incorporating the contri-

butions from an expanded number of experts on cellular senes-

cence in vivo, and peer review and publish the updated version of

the MICSE.
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