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Cellular senescence is a state of stable cell cycle arrest that can be triggered in response to various insults and is
characterized by distinct morphological hallmarks, gene expression profiles, and the senescence-associated secretory
phenotype (SASP). Importantly, cellular senescence is a key component of normal physiology with tumor suppressive
functions.

Keywords: cancer ; cellular senescence ; SASP ; therapy-induced senescence ; senostatic ; senolytic

| 1. Introduction

Almost 60 years ago, Hayflick and Moorhead challenged Carrel’s original proposition that normal cells have an infinite
replication capacity. On that account, Hayflick performed a series of experiments with diploid primary cells derived from
various human embryonic tissues. These studies unveiled the fact that normal cells propagated in culture can replicate for
a limited and probably predetermined number of generations, after which they undergo an irreversible arrest of cell
growth, thus disproving Carrel's theory of cellular immortality 2. This phenomenon is now known as the Hayflick limit or,
as it will be called herein, replicative senescence BIZIBIE Over the course of six decades, cellular senescence has been
established as an adaptive stress response mechanism in physiological and pathological processes with both beneficial
and detrimental consequences for human health [ZEI=1119]

Depending on the cell type and conditions, different subtypes of cellular senescence such as DNA-damage-induced
senescence, stress-induced senescence (SIS), and oncogene-induced senescence (OIS) have been defined LLR21L3]
Earlier studies have shown that cellular senescence program is a key component of embryonic development and tissue
remodeling and may potentially function as a tumor suppressor mechanism against carcinogenesis Q141151 work in
recent decades have debated the longstanding fundamental paradigm of senescence irreversibility. In striking contrast to
the traditional definition, these research efforts have provided mounting evidence that this complex phenotype is not a
static, permanent, and docile state, but rather entails a constantly evolving multi-step process with cell-autonomous and
non-cell-autonomous implications and often deleterious effects on tissue homeostasis. In the context of cancer therapy,
this capacity is primarily due to the fact that senescent cells remain viable and bioactive for long periods of time and
eventually resume proliferation while emitting heterotypic signals to their microenvironment 26117][18][19]

The century-old classic novel “The Strange Case of Dr. Jekyll and Mr. Hyde” by Robert Louis Stevenson explores the
duality of human nature—specifically, the natural existence of a dual personality, good and evil, in the same individual.
Arguably, the balance between good and evil is what makes us human. In some sense, this theme is analogous to the
dual nature of cellular senescence, where it can be both beneficial (Jekyll) and detrimental (Hyde). Our objective in this
review is to synthesize the recent scientific advances pertaining to the duality of cellular senescence, with a heightened
interest in cancer, and to present scientific advances and challenges in exploiting this phenotype in cancer therapies. With
this motivation, we first revisit the hallmarks of cellular senescence primarily by stressing the morphological and molecular
biomarkers, as well as the regulation and functions of the senescence-associated secretory phenotype (SASP). The key
effector mechanisms and different subtypes of cellular senescence are then briefly summarized. Next, we discuss the
biological significance of cellular senescence in normal physiology and shift the focus to cancer, referencing the good and
evil natures of this phenomenon.

| 2. The Hallmarks and Molecular Mechanisms of Cellular Senescence
2.1. Morphological and Molecular Biomarkers of Senescent Cells

Typically characterized by the inability to replicate their DNA and cellular growth arrest, cultured senescent cells exhibit a
series of distinct morphological and chemical hallmarks which distinguish them from proliferating cells. Perhaps the most
notable molecular markers are multiple or enlarged nuclei and flattened cytoplasm, an increased number of lysosomes



and Golgi apparatus, elevated pH-dependent senescence-associated b-galactosidase activity (SA-b-gal), and resistance
to apoptosis 18201211 Senescent cells are also frequently characterized by impaired nuclear integrity; the formation of
persistent nuclear DNA damage foci and DNA-damage response (DDR); deregulated metabolism; protein and lipid
damage; global epigenetic changes in their chromatin landscape; the formation of senescence-associated
heterochromatin foci (SAHF); and, of course telomere attrition, the hallmark of replicative senescence [12I13][22][23]24]
(Figure 1).
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Figure 1. The hallmarks and molecular mechanisms of cellular senescence. The figure summarizes 3 major attributes of
cellular senescence. (i) Intrinsic and extrinsic insults causing senescence: The extrinsic factors causing senescence-
related cell cycle arrest comprise of radiation and chemotherapy, whereas intrinsic factors harbor increased reactive
oxygen species (ROS) accumulation, aberrant oncogene activation, and replicative exhaustion. (ii) Molecular hallmarks of
senescent cells and pathways regulating senescence-associated secretory phenotype (SASP) production and immune
cell infiltration (recruitment of immune cells to the SASP-rich milieu): SASP expression is predominantly controlled by the
p38-MAPK and mTOR pathways and C/EBP[, GATA4, NF-kB transcription factors. Senescent cells enriched for SASPs
disseminate a wide assortment of senescence cues (proinflammatory interleukins, chemokines, growth factors,
extracellular remodelers, damage-associated molecular patterns/DAMPS) to the surrounding cells (paracrine effect). At
the same time, these cues influence on the senescent cell itself (autocrine effect). Clearance of senescent cells is
actualized via immune surveillance mechanisms, and (iii) molecular mechanisms modulating cell cycle arrest: DNA-
damage dependent and DNA-damage independent mechanisms regulate the key effector mechanisms p53/p21°P! and
pRb/p16'k42 g initiate and maintain cellular senescence.

2.2. The Senescence-Associated Secretory Phenotype (SASP) of Senescent Cells

A striking feature of virtually all senescent cells is the widespread changes in protein expression that involve a specific
signature for secreted molecules, collectively known as the SASP. The SASP consists of a myriad of biologically active
soluble and insoluble factors which can be grouped into the following major categories: proinflammatory interleukins and
chemokines; growth factors; extracellular matrix proteins and remodeling enzymes; damage-associated molecular
patterns; and extracellular vehicles greatly enriched for enzymes, miRNAs, and DNA fragments [23l1261[271[28][29][30]
Recently, Basisty et al. developed a comprehensive and quantitative proteomic atlas that can potentially serve as a
reference and guide for the identification of novel soluble (SSASP) and exosome/extracellular vesicle SASP (eSASP)
factors. The atlas is currently limited to two distinct cell lines induced to senesce by various stress factors. However, the
authors expect the resource to be continuously updated by depositing new SASP profiles derived from different cell types
and senescence-inducing conditions B9, In essence, the abundance and heterogeneous composition of the SASP is
context-dependent, partly explaining how the SASP can exert profoundly diverse and sometimes contradictory functions

in numerous biological processes such as tissue remodeling, inflammation, and age-related pathologies including cancer
[31]

The SASP regulation in senescent cells has been the subject of numerous studies. The findings collected in these studies
substantiate the notion that the SASP production is coordinated by a complex network of signaling cascades that involve
to a large extent transcriptional but also post-transcriptional mechanisms (Figure 1). Stress-inducible kinase p38 mitogen-



activated protein kinase (p38-MAPK), mammalian target of rapamycin (mTOR), cytosolic DNA-sensing cyclic GMP-AMP
synthase (cGAS)-stimulator of interferon genes (STING), the Ataxia telangiectasia mutated (ATM)/ATM- and RAD-3
related (ATR)-activated IkB kinase (IKK)/NEMO complex, and the GATA binding protein 4 (GATA4) axis constitute the
most prominent upstream regulators of the pro-inflammatory senescence phenotype [BUI[32133134135][36] ypon stimulation
by stress conditions, these interactive signaling pathways converge towards the activation of a transcriptional program
managed by the nuclear factor kappa B (NF-kB) and the CCAAT-enhancer binding protein b (C/EBPDb), the core effectors
that initiate and maintain SASP gene expression BHBEBE A number of studies suggest that the Janus kinase—signal
transducer and activator of transcription (JAK/STAT) and NOTCH pathways also play a crucial role in the transcriptional
regulation of SASP components through C/EBPb [E1201141]

The DDR signaling pathway is a critical mediator of the SASP. Available research indicates that the direct activation of
ATM/ATR protein kinases in response to persistent DNA damage inhibits the autophagic degradation of GATA4, which, in
turn, activates NF-kB to initiate and maintain the SASP network #2431 Differently, several reports describe the DNA
damage-independent control of the SASP induction, which, in general, involves the p38-MAPK-mediated activation of NF-
kB [B2144][45]1146)47]  |ntriguingly, mitochondrial dysfunction-associated senescence (MIDAS) is a distinct form of DDR-
independent cellular senescence wherein the cells undergoing MiDAS display a unique SASP profile dictated by AMP-
activated protein kinase (AMPK)-mediated p53 activation 44,

Epigenetic mechanisms are also pronounced in the modulation of cellular senescence and SASP constituents. For
example, the histone variants macroH2A1l and H2AJ accumulate in human primary lung fibroblasts during OIS and play
an important role in the positive and negative regulation of SASP production 849 Similarly, epigenetic modifiers
including lysine methyltransferase 2A (KMT2A, also known as MLL1), high-mobility group B protein 1 and 2 (HMGB1 and
HMGB2), and bromodomain-containing protein 4 (BRD4) modulate the senescence secretome by orchestrating the
chromatin landscape around the SASP gene loci BABLEAGS] Moreover, the downregulation of sirtuin 1 (SIRT1) gene and
the enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2) gene in senescent cells positively regulate SASP
factors, which are mediated by transcriptomic changes through the post-translational modifications of histones 8154l |n
addition to transcriptional mechanisms, the expression of SASP genes is regulated at the post-transcriptional level. In
particular, MAPK-activated protein kinase 2 (MK2), a downstream effector of the p38-MAPK and mTOR pathways,
modulates the mRNA stability of a subset of SASP components by means of ARE-mediated decay 521156],

2.3. Molecular Mechanisms Underlying Cellular Senescence

The complex network of molecular events that execute cellular senescence has been extensively reviewed elsewhere 4%
571581 Nonetheless, for the sake of the completeness and consistency of this review, we will mention the critical effector
pathways. Many lines of research convincingly attest that the onset and maintenance of permanent senescence arrest is
controlled by the p53/p21°P1 and the retinoblastoma protein (pRb)/p16'™42 tumor suppressor pathways (Figure 1). In
principle, the activation of either one or both of these crucial pathways can readily induce cellular senescence. Notably,
genetic mutations or epigenetic silencing of these pathways obliterates the senescence response in most cell types,
occasionally paving the way for cancer initiation and progression 29,

Mechanistically, in its active hypophosphorylated form the pRb binds to and sequesters E2F family of transcription factors
and induces growth arrest in the G1 phase of the cell cycle. To achieve this, pRb suppresses the transcription of several
E2F target genes encoding a repertoire of essential proteins indispensable for DNA replication and cell cycle, thus
blocking the subsequent entry into and progression through the S phase. The regulation of cellular senescence by E2F is
often correlated with context-dependent local or global structural epigenetic modifications such as chromatin remodeling
and SAHF formation. Consistent with this, the promoters of E2F target genes are enriched for repressive histone
modifications (mainly H3K9me3 and H3K27me3) which result in gene expression changes that eventually contribute to
the regulation of cellular senescence. Upon phosphorylation by Cyclin D and Cyclin-dependent kinase 4 and 6 (CDK4 and
CDK®), a complex that is negatively regulated by the p16™*42 tumor suppressor protein, pRb switches to an inactive state
and releases E2F, thus stimulating cell cycle progression [EE162](63]

The p53 transcription factor, the guardian of the genome integrity, plays a pivotal role in the induction and maintenance of
cellular senescence. Following exposure to genotoxic or non-genotoxic stress, p53 gets activated and promotes cell cycle
arrest via DDR-dependent and DDR-independent mechanisms. The specific activity of p53 is tightly controlled by virtue of
positive and negative regulators and post-translational modifications. In response to stress stimuli, p53 is phosphorylated
and stabilized by ATM/ATR and Checkpoint kinase 1 and 2 (Chk1/2) protein kinases, releasing it from MDM2, an E3
ubiquitin ligase that negatively regulates p53 via ubiquitination and proteasomal degradation. Once activated, p53
selectively increases the transcription of various target genes, in particular p21°P1 (CDKN1A), a potent CDK inhibitor
which executes the p53-mediated control of cellular senescence. The p21°P! protein binds to and inhibits the activity of



Cyclin E/CDK2 and Cyclin D/CDK4 complexes, thus activating pRb and blocking cell cycle progression LZBAI6S]66]
Finally, yet importantly, depending on the cellular identity and stress factors, antitumor mechanisms coordinated by the

p53 and pRb pathways may engage different subtypes of cellular senescence.
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