
Citation: Gazzillo, A.; Volponi, C.;

Soldani, C.; Polidoro, M.A.;

Franceschini, B.; Lleo, A.; Bonavita,

E.; Donadon, M. Cellular Senescence

in Liver Cancer: How Dying Cells

Become “Zombie” Enemies.

Biomedicines 2024, 12, 26.

https://doi.org/10.3390/

biomedicines12010026

Academic Editor: Chun Ming Wong

Received: 6 December 2023

Revised: 15 December 2023

Accepted: 19 December 2023

Published: 21 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Review

Cellular Senescence in Liver Cancer: How Dying Cells Become
“Zombie” Enemies
Aurora Gazzillo 1,2, Camilla Volponi 1,2, Cristiana Soldani 3 , Michela Anna Polidoro 3 , Barbara Franceschini 3 ,
Ana Lleo 2,3,4 , Eduardo Bonavita 1,2 and Matteo Donadon 3,5,6,*

1 Cellular and Molecular Oncoimmunology Laboratory, IRCCS Humanitas Research Hospital,
20089 Rozzano, Italy; aurora.gazzillo@humanitasresearch.it (A.G.);
camilla.volponi@humanitasresearch.it (C.V.); eduardo.bonavita@hunimed.eu (E.B.)

2 Department of Biomedical Sciences, Humanitas University, 20072 Pieve Emanuele, Italy;
ana.lleo@humanitas.it

3 Hepatobiliary Immunopathology Laboratory, IRCCS Humanitas Research Hospital, 20089 Rozzano, Italy;
cristiana.soldani@humanitas.it (C.S.); michela_anna.polidoro@humanitasresearch.it (M.A.P.);
barbara.franceschini@humanitas.it (B.F.)

4 Division of Internal Medicine and Hepatology, Department of Gastroenterology, IRCCS Humanitas Research
Hospital, 20089 Rozzano, Italy

5 Department of Health Sciences, Università del Piemonte Orientale, 28100 Novara, Italy
6 Department of General Surgery, University Maggiore Hospital della Carità, 28100 Novara, Italy
* Correspondence: matteo.donadon@uniupo.it; Tel.: +39-0321-3733045

Abstract: Liver cancer represents the fourth leading cause of cancer-associated death worldwide.
The heterogeneity of its tumor microenvironment (TME) is a major contributing factor of metastasis,
relapse, and drug resistance. Regrettably, late diagnosis makes most liver cancer patients ineligible
for surgery, and the frequent failure of non-surgical therapeutic options orientates clinical research
to the investigation of new drugs. In this context, cellular senescence has been recently shown to
play a pivotal role in the progression of chronic inflammatory liver diseases, ultimately leading to
cancer. Moreover, the stem-like state triggered by senescence has been associated with the emergence
of drug-resistant, aggressive tumor clones. In recent years, an increasing number of studies have
emerged to investigate senescence-associated hepatocarcinogenesis and its derived therapies, leading
to promising results. In this review, we intend to provide an overview of the recent evidence that
unveils the role of cellular senescence in the most frequent forms of primary and metastatic liver
cancer, focusing on the involvement of this mechanism in therapy resistance.

Keywords: liver cancer; cellular senescence; senescence-associated secretory phenotype; hepatocellular
carcinoma (HCC); cholangiocarcinoma (CCA); colorectal liver mestastases (CLM); therapy resistance

1. Introduction

During their lifetime, cells are continuously challenged by various sources of endoge-
nous and exogenous stress [1]. Therefore, they are equipped with sophisticated repair
mechanisms that cooperate to reduce the deleterious consequences of damage [2]. One of
these defense mechanisms involves the induction of a permanent and irreversible state of
cell cycle arrest named cellular senescence. Hayflick and Moorhead, who first observed
this phenomenon in 1961, showed that cells undergo a limited number of divisions in re-
sponse to damage, a mechanism subsequently attributed to telomere shortening [3]. Indeed,
senescence prevents the proliferation of damaged cells and the accumulation of further ge-
nomic instability, through cell-cycle arrest in the G1 or possibly G2 phase [4,5]. Apart from
telomere shortening, other stimuli that trigger senescence are DNA or organelle damage,
oncogene activation, loss of tumor suppressor functions, nutrient depletion, and oxida-
tive and genotoxic stress, that may be induced by therapies or even pathogens, including
SARS-CoV-2 [6,7].
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The variegated types of stimuli that trigger senescence reflect their importance in dif-
ferent cellular conditions [8]. Senescence acts physiologically during embryogenesis, where
it occurs at different locations in the mammalian embryo, including the limbs, nervous
system, and gut endoderm [9]. Moreover, both pro-apoptotic and pro-growth functions of
senescent cells are known to contribute to the preservation or restoration of tissue home-
ostasis. Cellular senescence can act as a physiological reaction to tissue injury, leading
to inflammation, tissue reformation, and remodeling [10]. However, although initial cel-
lular senescence can take part in tissue repair, its prolonged activity can hamper wound
healing [11]. Indeed, senescence is typically transient in young healthy tissues, where it
contributes to the restoration of tissue homeostasis, while its prolonged accumulation is
suspected to be a key driver of pathology [12,13]. Excessive and aberrant accumulation
of senescent cells in aging tissues can negatively affect regenerative abilities and gener-
ate a proinflammatory environment that can promote the onset of various age-related
pathologies, including pulmonary fibrosis, diabetes, and biliary liver damage [14].

Senescence has been observed also in cancer, where it occurs in susceptible neoplastic
cells, exerting both antitumor and tumor-promoting features [15]. This mechanism acts
as a “double-edged sword” that can function in opposite directions. On one hand, it is
a potential mechanism to avoid cell malignant transformation [16]. On the other hand,
senescence can also promote cancer development by altering the cellular microenviron-
ment, thus fostering inflammation and tumor escape from therapies [17]. It is known that
cellular senescence contributes to the cancer process by taking part in extracellular matrix
remodeling, inflammation, invasiveness, angiogenesis, and metastasis development [18].
For this reason, the investigation of cell-intrinsic and cell-extrinsic factors that participate
in senescent cells’ switch towards a tumor-promoting role may provide a new horizon for
the development of novel therapeutic approaches for cancer treatment, as well as for the
understanding of the mechanisms underlying therapy resistance.

In this respect, cellular senescence is now considered an important driving force for the
development of chronic liver pathologies, including liver cancer. Indeed, senescence in hep-
atic cells can arrest cell-cycle progression, giving rise to various phenotype alterations [19].
Senescent cells can undergo a cell death program or start more active proliferation, thus
leading to transformation into cancer cells [20]. However, they can also secrete factors
which act as inhibitors of inflammation and fibrosis, slowing steatosis and, subsequently,
cirrhosis processes [21]. This dual function observed in liver cancer was recently the subject
of a study of the development of novel senescence-based therapies. In this review, we
provide an overview of the recent findings about senescent liver cells concerning their
potential contribution to tumor progression in the most frequent liver cancer forms, with a
particular focus on the ability of senescence to promote therapy resistance.

2. Cellular Senescence: Origin and Distinctive Features

A stable and irreversible cell cycle is not a characteristic that exclusively belongs to the
senescent state. Several other cell conditions, including quiescence, terminal differentiation,
and dormancy, display this feature [16]. Therefore, it is difficult to discriminate among these
related cellular states also because we lack “gold standard” markers of senescence [22]. One
of the main hallmarks of senescent cells is the overexpression of cell cycle inhibitors, such
as p16INK4A, p21WAF1, and their master regulator, p53 [23]. The canonical p53–p21 pathway
is frequently triggered by DNA damage, which is the principal cause of senescence stress.
When p53 is active, it drives the expression of p21, a cyclin-dependent kinase inhibitor
whose function is to inhibit cyclin-cyclin-dependent kinases (CDKs) and to promote the
formation of the DREAM complex, resulting in the repression of genes encoding for cycle
checkpoints at the G1–S phase transition [24,25]. The DREAM complex is formed by p21
and CDKs, which act by de-phosphorylating different members of retinoblastoma (Rb)
tumor suppressor proteins, promoting the generation of the RB/E2F complex and thus
inactivating the E2F transcription factor [26]. Upon suppression of CDK2–cyclin E activity,
p21 maintains Rb in its hypophosphorylated G1 form, and in complex with E2F, silencing
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E2F target genes and then blocking the cell into a lasting G1 phase arrest. Moreover,
activated p21 can also trigger reactive-oxygen species (ROS) production, one of the main
causes of cellular senescence-inducing stress [27]. In addition to the DNA damage response
(DDR)-associated senescence, the heterochromatinization of proliferative genes causes a
senescent state mainly via the p16–RB pathway [28]. p16 (known as cyclin-dependent
kinase inhibitor 2A) prevents the phosphorylation of Rb proteins, forming the RB–E2F
complex by inhibiting CDK4/6, which restricts cell proliferation by suppressing cell-cycle
gene expression [29,30]. However, p16 might not be a specific or sensitive marker for cellular
senescence, since it can also be expressed by non-senescent cells, such as macrophages [31].
Additionally, it has been demonstrated that certain senescent cells do not express p16 [32].
Therefore, upon p21 and p16 chronic activation, the Rb protein is always maintained in
a hypophosphorylated state by CDKs’ inhibition, leading to E2F transcription factors’
neutralization, thus locking the cell into an indefinite proliferative state. Interestingly, it has
been shown that p21 is mainly activated early during the evolution of senescence, whereas
p16 seems to maintain it [15].

The senescent cell state is mainly triggered by the chronic activation of the DNA dam-
age response, which is also associated with structural and/or functional defects in cellular
organelles [8]. The plasma membrane composition may change in a senescent state. Indeed,
upregulation of caveolin-1, an important component of cholesterol-enriched microdomains
referred to as caveolae, is one of the most striking structural changes in senescent cells [11].
Moreover, there is evidence of changes in the expression of other plasma membrane proteins
during the switch to senescent state, such as receptor-type tyrosine protein phosphatase
DEP-1, β2-macroglobulin, and vimentin [33]. Generally, senescent cells display different
morphologies compared to healthy cells. Indeed, they are also characterized by large nuclei,
multi-nuclei, and chromatin reorganization [8]. Dikovskaya et al. showed that senescent
human fibroblasts display multinucleation or enlarged nuclear size caused by incomplete
mitosis and failed cytokinesis in vitro [34]. These structural nuclear alterations are mainly
associated with the loss of lamin-B1, a protein of the nuclear lamina [35]. Besides, senescent
cells may show an enlarged cell body because of their inability to perform cell division,
associated with the enhanced formation of actin stress fibers, which can be due to the upreg-
ulation of cofilin 1 protein [36]. Moreover, the cytoplasm of senescent cells is characterized
by vacuolization, granularity, and intracellular debris, as well as by abnormal morpholog-
ical and functional changes in organelles. Mitochondria display a swollen morphology,
together with a decreased mitochondrial membrane potential, typically accompanied by
the increased production of oxygen free radicals [37,38]. Another organelle aberration
displayed by senescent state is the expansion of the endoplasmic reticulum, regulated by
the transcription factor, ATF6α [39]. Furthermore, the accumulation of lipid-containing
granules, known as lipofuscin, reflects senescent lysosomal and autophagic abnormali-
ties [40]. Finally, senescent cells are characterized by the increased secretion of lysosomal
enzyme, “senescence-associated β-galactosidase (SA-β-Gal)”, which is often exploited to
label senescent cells, both in vivo and in vitro [41].

One of the most distinctive features of senescence is the secretion of several families of
soluble and insoluble factors, that can affect surrounding cells by activating various cell-
surface receptors and corresponding signal transduction pathways (Figure 1) [42]. These
factors can be enclosed within microparticles to allow their delivery to the extracellular en-
vironment. This senescence-associated secretory phenotype (SASP) can be triggered by the
activation of numerous cellular pathways, including cyclic GMP–AMP synthase, STING,
NF-κB, JAK-STAT, NOTCH, and mTOR signaling [16]. This SASP involves the secretion
of soluble signaling factors, which include pro-inflammatory cytokines, chemokines, and
growth factors, as well as secreted insoluble proteins/extracellular matrix (ECM) com-
ponents, such as matrix metalloproteinases (MMPs) [43]. The SASP is not static but can
also change over time, depending on the intracellular and extracellular environments that
shape its abundance and release. Moreover, the SASP may exert opposite effects in the
surrounding environment, providing a potent mechanism by which senescent cells can
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alter the nearby tissues. Indeed, SASP proteases can turn membrane-associated receptors
into soluble proteins, degrade and cleave signaling molecules, and/or alter the extracellular
matrix [44]. In some cases, the SASP releases pro-inflammatory, proapoptotic, and pro-
fibrotic factors, which can skew previously non-senescent cells to become senescent [45,46].
This proapoptotic condition leads to senescent cells’ accumulation and can have damaging
effects both locally and systemically [47]. Alternatively, the SASP can release growth and
other regenerative factors, limiting apoptosis and fibrosis, thus having positive effects on
the neighboring cells and tissues [48]. Finally, analysis via bulk RNA sequencing (RNA-
seq) of human and mice fibroblasts revealed differences in transcriptomic signature and
SASP based on the cell type, the stage of senescence, and the type of inducers, suggesting
that these conditions may lead to differences in function [49]. Interestingly, individual
senescent cells inside the same human fibroblast culture showed cell-to-cell transcriptional
differences [50]. Therefore, more research exploiting high-resolution methods, including
single-cell RNA sequencing, is required to elucidate the characteristics of senescent cells
under different conditions in vivo.
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Figure 1. General hallmarks of senescence. The senescent state is characterized by a wide variety
of morphological features, which include aberrations and changes in cellular morphology, plasma
membrane, nuclear composition and cytoplasm granularity and vacuolization. Senescence mecha-
nism affects the conditions of different organelles, including mitochondria, endoplasmatic reticulum,
and lysosomes. Lysosomal granules contain lipofuscin and β-galactosidase (SA-β-GaSenescence),
which represent the most important senescent marker. The senescent state is often triggered by DNA
damage, starting multiple pathways responsible for the inhibition of cell cycle and the escape from
cell death, thus conferring to senescent cells the ability to survive even if it does not replicate. This
feature explains the reason why senescent cells are often referred to as “zombies”.

Senescent cells can resist cell death via the upregulation of pro-survival and antiapop-
totic pathways. Apoptotic resistance is due to persistent activation of BCL-2 antiapoptotic
proteins, together with the inhibition of BAX pro-apoptotic proteins by epigenetic repres-
sion [51,52]. Moreover, senescent cells have been shown to upregulate several pro-survival
pathways, including PI3K–AKT signaling, SRC kinases, heat shock protein (HSP), serpines,
and mitochondrial pathways [53]. Hence, senescent cells do not replicate as they did
before, but at the same time they refuse to die, despite the cytotoxic environment that



Biomedicines 2024, 12, 26 5 of 25

they generate. This dual ability of senescent cells to simultaneously block replication and
escape death has inspired recent papers to start referring to them as “zombie cells” [54].
This new representation is also supported by their controversial behavior in aging, tissue
repair, and, especially diseases, such as cancer. Indeed, senescent cells can have beneficial
or detrimental roles that depend on the varying physiological and pathological contexts in
which they act [8].

3. A Controversial Behavior in Cancer: When Senescent Cells Become “Zombies”

Although cancer cells are the most proliferative cells in mammalian tissues, senescent
cells are frequently observed in tumors [55]. Cancer cells generate a harsh environment,
which is characterized by hypoxia and nutrient deficiency, a condition easily associated with
cellular damage [17]. Moreover, the high replication burden of cancer cells can generate
genomic instability, which may be the main driver of senescence [56]. Hence, among the
main insults that induce oncogenic senescence, there is DDR signaling, which leads to
oncogene activation and downregulation of tumor suppressors [16]. The activation of
oncogenes, such as HRASV12 or BRAF, triggers growth arrest, referred to as oncogenic-
induced senescence (OIS), which was first described in 1997 [56,57]. Likewise, loss of a
tumor suppressor gene, such as Pten, can induce cellular senescence, referred to as PTEN-
loss-induced cellular senescence (PICS) [58]. Moreover, senescence can be triggered by other
oncogenic pathways, including hyperactivated MYC and WNT–β-catenin signaling [59].
Furthermore, exposure to carcinogens triggers the production of ROS, which represents
one of the main causes of DNA damage, initiating p53–p21 signaling [60]. Finally, ROS can
induce senescence independently of the DDR by activating the p16–RB pathway [8].

Conventional anticancer therapeutics, such as chemotherapy or radiotherapy, have
been shown to induce senescence in cancer cells: this process is known as therapy-induced
senescence (TIS) [61]. On one hand, senescence can contribute to antitumor effects and
treatment outcomes; on the other, chronic accumulation of senescent cancer cells can stimu-
late relapse and metastasis [62]. Exposure to chemotherapy drugs or radiation has been
shown to increase the presence of senescent cells in malignant and non-malignant tissues
via the activation of p53-RB pathways [63,64]. The correlation between therapies and
senescence is likely due to the evidence that anticancer treatments can cause DNA damage,
although this phenomenon can particularly depend on drug dosage [65]. Indeed, low
doses of chemotherapy drugs have been observed to trigger a senescent cell state, while
higher doses usually induce apoptosis. Moreover, the thresholds to enter senescence seem
to strictly depend on the cell type and to vary between malignant and non-malignant
cells [66,67]. This evidence may explain why often only a small subset of tumor cells under-
goes senescence upon chemotherapy or radiotherapy treatments. Additionally, chemother-
apy is administered systemically; therefore, it may potentially induce senescence at multiple
locations, even in non-malignant tissues. Radiotherapy is exploited for the treatment of
multiple cancers as it can generate DNA damage via the p53–p21 pathway, inducing
apoptosis and senescence [68]. Contrarily to chemotherapy, it has the advantage of local
treatment delivery, and thus it is less deleterious for normal tissues surrounding the tumor,
although it does not act in a cancer-specific manner [69]. Finally, the presence of senescent
cells has also been observed in cancer patients treated with targeted therapies. CDK4/6
inhibitors, for example, act by mimicking the mechanism of action of p16, and thus cellular
senescence has been considered a possible outcome of the treatment [70]. Moreover, an-
tiangiogenic drugs have been shown to induce senescence in preclinical models of renal
and colorectal cancer, as well as to induce the SASP phenotype in cancer patients [71].
Interestingly, even treatment with monoclonal antibodies has shown to induce senescence.
Recent evidence demonstrated that the CD20-targeting monoclonal antibody, rituximab,
can promote senescence in lymphoma cells in vitro [72]. Taken together, these data show
that senescence is a frequent mechanism induced by multiple anticancer drugs, although
different aspects of this phenotype still need to be elucidated in cancer. Additional studies
are required to clarify the senescence induction of non-malignant cells as a side effect of
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anticancer therapies and to understand if senescent cells exert a beneficial or detrimental
role in tumor clearance and organ regeneration in patients with cancer.

Senescent cells can perform both a positive and negative role in tumors. They can
act as allies against cancer by preventing tumor initiation through the suppression of cell-
cycle in damaged cells [8]. This intrinsic mechanism allows the avoidance of the passing
of carcinogenic mutations to the next generation of cells, as well as the improvement of
the immune clearance of potential tumor cells. In OIS, mutated oncogenes drive various
aberrant signaling pathways and DNA replication that, if not immediately arrested, may
lead to tumor initiation and development [73]. In response, cells activate senescence, which
allows them to induce a firm proliferation arrest, highlighting the crucial protective role
of this mechanism against tumor growth [74]. Indeed, senescence may suppress cancer
through the extrinsic release of SASP factors, which may reinforce the senescent growth
arrest and/or promote immune surveillance. Senescent cells secrete the inflammatory
cytokine, IL-1α, which leads to the expression of IL-6 and IL-8 [75]. These inflammatory
cytokines increase ROS production and reinforce DDR, thus enhancing cellular senescence
in an autocrine fashion [76]. Additionally, IL-6 and IL-8 can spread senescence in the
surrounding cancer cells in a paracrine way, helping further tumor suppression [45]. Fur-
thermore, mounting evidence supports the crucial role of senescence in promoting cancer
immunosurveillance. SASP factors IL-6, IL-8, and CCL2 induce the recruitment of various
antitumor immune cells, such as natural killer (NK) cells, M1 macrophages, and T helper
1 cells, which can exert a tumor clearance function [77]. Finally, immune cells can trigger
cancer cell senescence via the secretion of inflammatory cytokines. For example, a study
performed on lymphoma cells highlighted that tumor-associated macrophages were able
to secrete inflammatory cytokines, promoting TGFβ, that was able to induce senescence in
malignant cells, enhancing tumor suppression [78].

Despite all the beneficial roles exerted by senescence in tumors, its persistency at
the tumor site can be extremely detrimental: this is the moment when a senescent cell
becomes a dangerous “zombie” [46]. Excessive accumulation of senescent cells in tissues
can inhibit the regenerative capacities and create a proinflammatory milieu favorable for
tumor establishment (Figure 2) [79]. Indeed, a huge variety of SASP factors is associated
with pro-tumorigenic mechanisms [80]. The chemokine, CXCL1, has been shown to induce
tumorigenesis, while the cytokine, CCL5, has been reported to enhance tumor prolifera-
tion [81,82]. Senescent cells can have a role in metastatic growth and invasion, especially via
tissue remodeling activity exerted by SASP factors [16]. For example, the ECM degradation
induced by MMPs has been shown to promote growth factor release, which can lead to
tumor development and evasion [83]. Moreover, the SASP cytokines, IL-6 and IL-8, have
been shown to drive the transcription of both MMP genes and epithelial-to-mesenchymal
transition (EMT), thus enhancing tumor invasion [84]. Soluble E-cadherin secreted by
senescent melanoma cells has been shown to enforce their invasive activity, both in vivo
and in vitro [85]. SASP factors are also involved in pro-tumor angiogenesis. MMPs induce
tumor neo-vascularization by leading to the release of vascular endothelial growth factor
(VEGF) in the TME [86]. Similarly, CXCL5 has been demonstrated to increase blood vessel
density associated with metastasis development in CRC [87]. In addition to angiogenesis,
another pro-tumorigenic effect of SASP factors is the recruitment of immune suppressive
cells to the tumor microenvironment. IL-6-secreting senescent cells were shown to recruit
myeloid-derived suppressor (MDSCs) cells in the TME, which then can block immune
surveillance by inhibiting CD8+ T cells [88]. SASP factors, Il-1a and IL-8, allow MDSCs to
inhibit NK cells and M1 macrophage recruitment, taking part in tumor immune escape [16].
Surprisingly, some cancer therapies that induce senescence have highlighted a possible
role of senescent cells in driving tumor cell stemness. Indeed, Milanovic et al. reported
that senescent cells can acquire features of stemness, partly through the activation of Wnt
signaling [89]. This condition may lead to cancer stem cells, which may likely induce cancer
initiation and metastasis [90]. Similarly, senescent fibroblasts in colorectal cancer have been
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shown to release SASP factors, HGF, MIF, and CCL2, which through the activation of Wnt
signaling can increase the tumor cell stemness [91].
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Figure 2. The role of senescence in tumor development. When it occurs in cancer, senescence provides
a wide variety of SASP factors involved in tumor promotion. The release by senescent tumor cells
of HGF, MIF and CCL2 factors enforces tumor cells’ stemness, generating aggressive tumor clones
which may become therapy-resistant. Besides stemness, senescence is also involved in immune
escape, another feature that fosters resistance to anticancer treatments. Indeed, IL-6, IL-1a, and IL-8
SASP factors promote the recruitment of myeloid-derived suppressor cells, which support tumor-
growth by inhibiting CD8+ T cells and NK cells’ antitumor activities. Moreover, SASP factors are
involved in various tumor-promoting mechanisms, including epithelial-to-mesenchymal transition
(EMT), angiogenesis, proliferation, ECM remodeling, and migration. EMT: epithelia-to-mesenchymal
transition; ECM: extracellular matrix.

The stem-like state triggered by senescence may also be responsible for the emergence
of drug-resistant, aggressive tumor clones [92]. Indeed, senescent cancer cells are highly
resistant to chemotherapy due to their non-proliferative nature of being in a state of
permanent cell cycle arrest [93]. Moreover, therapy-induced senescent cells have been
shown to trigger a paracrine secretion of factors able to protect surrounding cells from being
killed by the same therapeutic agents [94]. Additionally, senescent cells play an important
role in extracellular matrix remodeling, where they promote therapy resistance via the
upregulation of ligands and ECM components; this process is known as cell adhesion-
mediated drug resistance [95]. In triple negative breast cancer, tumor cell senescence has
been correlated with resistance to chemotherapy [96]. Furthermore, it has been shown that
the efficacy of immune checkpoint inhibitor (ICI) strategies is impacted by therapy-induced
senescence. Accordingly, increased inflammatory cytokines, such as SASP factors, IL-6 and
IL-1β, have been associated with poor responses to ICI treatments [97]. Senescence can
alter immune cell function and abundance, other than the levels of inflammatory cytokines,
resulting in a dysfunctional immune response and an unbalanced inflammatory status,
thus leading to an impairment in ICI response. Interestingly, besides cancer cell senescence,
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therapy resistance has also been associated with a newly discovered attractive mechanism,
known as immunosenescence [98]. Indeed, the inflammatory environment generated by
tumor development may induce innate and adaptive immune dysfunction, limiting therapy,
especially the ICB response. Thus, the existing immunological techniques and experimental
progress must cooperate with research elucidating the senescence mechanism, to develop
therapies able to fully address the complexities of the TME.

Despite all the results already achieved, the mechanisms underlying the ability of
senescent cells to be pro- or anti- tumoral still need to be elucidated, together with the
identification of the stage at which senescent cells might become malignant. Therefore,
the clarification of the aspects that associate senescence with tumorigenesis will proba-
bly allow the development of more efficient therapies to improve patients’ management
and treatment.

4. The Role of Cellular Senescence in Liver Cancer

The liver is a central organ performing vital functions related to the metabolism of
nutrients, toxins, and drugs, as well as digestion and immunity. Because of its anatomy, the
portal circulation constantly exposes the liver to a significant number of foreign molecules
including pathogens [99]. The portal vein drains blood from the intestine, spleen, and
pancreas to the liver, carrying many foreign molecules derived from both food and the
intestinal microbiota. Consequently, the high workload and infectious risks make this organ
prone to injuries, which can trigger cell death programs, including senescence. Therefore,
the hepatic immune compartment is characterized by a delicate balance between tolerance
toward harmless antigens and activation against potential pathogens [100]. Despite the
liver’s ability of self-regeneration, inflammation and fibrosis can lead to its failure or
malignant progression (Figure 3) [101]. Interestingly, senescence does not act only as an
age-related biological process, but can have a pivotal role in chronic liver diseases. In liver
cancer, cellular senescence acts as a “double agent” whose mechanisms in tumors still need
to be completely understood, to be further exploited for the development of more efficient
anticancer therapies.

4.1. Senescence in Hepatocellular Carcinoma (HCC)

Hepatocellular carcinoma (HCC) is the most prevalent form of liver cancer and ranks
as the fourth leading cause of cancer-related mortality globally [102]. Regrettably, HCC
is often diagnosed at advanced stages, leaving approximately 70% of patients ineligible
for surgical or transplant-based treatments [103]. Indeed, the therapeutic strategies can be
limited by patients’ basal clinical conditions, such as cirrhosis [104]. The available therapy
options for HCC offer limited benefits, with a 5-year survival rate of less than 20% [105].
Besides surgery, which represents the ideal method for HCC eradication, loco-regional
treatments, including radiofrequency and trans-arterial chemoembolization (TACE), allow
good results to be obtained in terms of efficacy with limited damage for the most fragile
patients [104]. However, the frequent failure of these therapeutic options orientates clinical
research to the investigation of new drugs. In recent years, cancer immunotherapy has
shown promising results in providing new avenues for HCC treatment. However, immune
checkpoint blockade (ICB) therapy, while a breakthrough in HCC, still achieves scarce re-
sponse rates [106]. Additionally, ICB treatments have been associated with immune-related
hepatotoxicity and poorer outcomes in some HCC patients [107]. Indeed, the liver possesses
a complex immunological network that creates a delicate balance between tolerance toward
harmless antigens and activation against potential pathogens [99]. HCC usually develops
in the context of chronic inflammation and cirrhosis, a primary cause of immune exhaustion
that, in turn, enhances the liver’s immunosuppressive status. Liver tolerance is indeed
mediated by several non-parenchymal cells, which include specialized antigen-presenting
cells (APCs), such as dendritic cells (DCs), Kupffer cells (KCs), and other non-immune cells,
such as liver sinusoidal endothelial cells (LSECs) and hepatic stellate cells [108]. These cells
can induce a tolerogenic environment via the secretion of immunosuppressive functions,
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such as transforming growth factor (TGF)-β and interleukin (IL)-10, or via the expression
of surface inhibitory ligands, including programmed death (PD)-ligand-1 (PD-L1) [109].
Besides immunotherapy, HCC is also associated with chemotherapy, radiotherapy, and
targeted therapy based on the use of inhibitors of tyro-sine kinase (TKI) resistance [110].
The poor outcome of HCC patients is indeed mainly due to the high refractoriness of this
tumor. However, the mechanisms underlying resistance still remain poorly understood.
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Figure 3. Pro-tumor functions of senescence in liver cancer. Senescence mechanism has been
associated with tumor progression in most liver tumors. In cholangiocarcinoma, senescent cells have
been observed to induce vascular infiltration and cancer cell proliferation. In hepatocellular carcinoma,
the senescence phenotype induces an increased invasiveness due to angiogenesis, EMT, and cancer
cell proliferation. Increased colorectal liver metastases incidence has been associated with senescence,
which has been associated with stemness, EMT, angiogenesis, and inflammation. The ability of
senescence cells to foster tumor growth and invasiveness has been observed to induce resistance to
therapies, mainly due to the acquisition of stemness and immune escape. CCA: cholangiocarcinoma;
HCC: hepatocellular carcinoma; CLM: colorectal liver metastases; EMT: epithelial-to-mesenchymal
transition; TILs: tumor-infiltrating lymphocytes.

Seeking alternative or complementary strategies to tackle HCC, senescence has started
to be investigated. This mechanism has been explored as an inducible defense mechanism,
which can trigger a stable proliferation arrest in cancer cells and/or immunosurveillance to
eliminate senescent or non-senescent pre-malignant cells to obstruct HCC development.
Mudbhary et al. showed that p53 mutation causes the inhibition of senescence, which was
associated with tumor progression in both zebrafish and human HCC [111]. Indeed, restor-
ing p53 activity reactivates the senescence program, triggering the clearance of HCC cells
by the immune system [112]. In a mouse model of fibrotic HCC, senescent hepatic stellate
cells (HSCs) showed an anti-fibrotic effect by reducing the extracellular matrix composition,
stimulating matrix-degrading enzyme expression, and recruiting NK cells, that cleared
activated HSC responsible for fibrosis [113]. Moreover, the induction of a senescent state
in HSCs via adenoviral infection alleviated fibrosis in an alcohol-induced fibrosis mouse
model [114]. Furthermore, oncogene-induced senescence has been shown to suppress HCC
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tumor progression [115]. Indeed, senescent pre-malignant hepatocytes have been shown to
limit cancer development via the SASP-induced recruitment of immune cells, which is able
to eliminate senescent hepatocytes and prevent malignant transformation. In a HCC mouse
model, oncogene-induced senescence exerted a protective role against tumor growth [116].
Accordingly, recent evidence on a mouse model of chronic hepatitis B virus (HBV)-induced
HCC uncovered a new viral mechanism that enhances hepatocarcinogenesis by dereg-
ulating senescence mechanisms [117]. Finally, p53 reactivation in p53-deficient tumors
has been shown to lead to complete HCC regression by inducing a cellular senescence
program [112]. Interestingly, re-activation of senescent mechanisms induced differentiation
and upregulation of inflammatory cytokines, triggering an innate immune response that
targeted the HCC cells in vivo, thereby contributing to tumor clearance.

Besides its antitumor effects, senescence may also be an enhancer of HCC carcinogene-
sis. In a rat HCC model induced by the carcinogen, diethyl nitrosamine (DEN), injection,
the appearance of cellular senescence progressively increased during hepatocarcinogenesis.
Indeed, the authors observed an increased expression of p16, CDK4, and β-galactosidase,
inversely related to cyclin D1, p53, and p21 involvement, indicating that senescence is
activated via the p16 pathway during hepatocarcinogenesis induced by DEN [118]. In
NASH-related HCC, the accumulation of senescent cells was shown to favor the occurrence
of the disease [119]. Moreover, higher expression levels of four cellular senescence-related
genes, EZH2, G6PD, CBX8, and NDRG, have been associated with the increased migration
and invasion of HCC, as well as with a worse prognosis in patients [120]. Accordingly, mul-
tiple studies have demonstrated an association between senescence and HCC invasiveness
and migration. Galectin-3, a senescence-related multifunctional protein belonging to the
β-galactoside-binding protein family, showed a close correlation with vascular invasion
and poor survival in a large-scale study of HCC patients [121]. Mechanistically, Galectin-3
activates the β-catenin/TCF4 transcriptional complex via the PI3K-Akt-GSK-3β-β-catenin
signaling cascade. This transcriptional complex directly targets IGFBP3 and vimentin,
leading to the promotion of angiogenesis and EMT, therefore enhancing HCC invasiveness.
Moreover, Lv et al. proved that the deubiquitinase, (DUB) 26S proteasome non-ATPase
regulatory subunit 14 (PSMD14), an enzyme involved in the senescence mechanism, is
significantly upregulated in the tissues of HCC patients, and acts by enhancing vascular
infiltration, and tumor metastasis and recurrence [122]. In addition, PSMD14 can promote
phenotypic changes in HCC cells in vitro, fostering cell proliferation invasion and migra-
tion. Furthermore, it has also been demonstrated that senescence may promote stemness,
tumorigenesis, and therapy-resistance in the HuH-7 HCC cell line [123]. Interestingly,
the role of therapy resistance in HCC exerted by senescence can be associated with the
reprogramming of HCC immune cell composition. In HBV-associated HCC patients, it has
been recently demonstrated that the senescence mechanism reduces antitumor NKT cells’
infiltration, thereby affecting patients’ prognosis [124]. Huang et al. showed that hepatic
SASP can promote hepatocarcinogenesis through the bcl3-dependent activation of pro-
tumor macrophages, thus promoting HCC progression [125]. Similarly, Wu et al. revealed
that the overexpression of senescent gene, EZH2, was positively correlated with the critical
gene markers of TAMs, M2 macrophages, M1 macrophages, and monocytes, which exerted
a pro-HCC role [126]. G6PD, another senescence-associated gene, has been associated with
the development of a HCC-immune-suppressive microenvironment. Indeed, G6PD is not
only strongly correlated with immune markers of M2 macrophages but also promoted pro-
tumor M2 macrophage polarization through the WNT signaling pathway [127]. Starting
from the aforementioned evidence, in recent years, many studies have constructed HCC
prognostic models based on genes associated with different forms of cellular senescence.
Li et al. established a prognostic signature of senescence-associated genes to predict the
prognosis and therapeutic response of HCC patients [120]. The authors demonstrated that
the mRNA expression of EZH2, G6PD, LGALS3, and PSMD14 senescence-related genes
was elevated in cancer tissues from HCC patients compared with normal gastric cancer
parietal tissues, suggesting that these genes may act as potential biomolecular markers for
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the prognosis and stratification of HCC patients. Similarly, immune senescence profiles
have been shown to possibly predict HCC prognosis in liver transplant patients [128].
Overall, the realization of a prognostic model for cellular senescence risk score can not only
be exploited to predict HCC patients’ prognosis, but can also provide more strategies for
the clinical treatment of HCC patients. Accordingly, recent studies reveal that senescence-
related gene signatures can also be used to predict the immunotherapy response [129].
However, further experiments and clinical data are needed to validate the involvement of
the senescence mechanism in HCC progression and prognosis.

The administration of conventional therapies for HCC treatment may induce cellular
senescence. For instance, Qu et al. showed that the chemotherapeutic agent, cisplatin,
triggers senescence mechanisms in HCC cell lines. Cellular senescence induced by cisplatin
is dependent on p53 and p21 but not p16 activation [130]. Cisplatin-induced accelerated
senescence depends on intracellular ROS generation, which leads to slower tumor growth.
This functional link between intracellular ROS generation and cisplatin-induced accelerated
senescence may be used as a potential target of HCC. Moreover, cellular senescence is
considered as a complication of radiotherapy treatment following the activation of the
DDR [131]. Indeed, ionizing radiation induced the long-term expression of senescence
markers, p21 and p16INK4a, in mice, independently from p53 mutation and immune sta-
tus [132]. Similarly, a single dose of 25 Gy radiation induced hepatocyte senescence in
rats. Several markers of cell senescence were upregulated in hepatocytes after radiation,
including SA-β-gal, with an increase in cell size, upregulation of p16 and p21, and the
activation of SASPs, such as IL6 and IL1α [133]. Although TIS is a mechanism to control
cancer growth, blocking tumor cells’ proliferation, sometimes it can lead to prolonged
survival of a subgroup of cancer cells, which can re-enter the cell cycle, increasing stemness
gene expression and thus enforcing therapy resistance. Indeed, residual cells after TIS
with an increased cancer stem cell phenotype may have profound implications for tumor
aggressiveness and disease recurrence. Karabicici et al. showed that senescence induced by
the chemotherapy agent, doxorubicin, increased the tumorigenicity and stemness in a HCC
cell line, leading to a significant increase in the expression of reprogramming genes, SOX2,
KLF4, and c-MYC as well as liver stemness-related genes, EpCAM, CK19, and ANXA3,
and the multidrug resistance-related gene, ABCG2 [123]. Therefore, further studies are
essential to carefully dissect the balance between the beneficial and detrimental aspects of
TIS in HCC, in order to exploit it for the development of effective treatments.

4.2. Senescence in Cholangiocarcinoma (CCA)

Cholangiocarcinoma (CCA) is the second most common type of primary liver cancer
after HCC, accounting for 10-15% of all primary liver malignancies [134]. CCA includes a
cluster of highly lethal and heterogeneous malignant tumors, which can arise at various
points of the biliary tree [135]. Indeed, CCAs are divided into three subtypes depending on
their anatomical site of origin: intrahepatic (iCCA), perihilar (pCCA), and distal (dCCA)
CCA [136]. The high mortality of CCA is due to its silent presentation, together with its
aggressive nature and resistance to chemotherapy [137]. Moreover, patients with CCA
are frequently asymptomatic in the early stages of the tumor, and around 70% of them
are diagnosed at advanced phases when the malignancy is widespread [138]. Inefficient
diagnostic methods, together with the extremely heterogeneous genomic, epigenetic, and
molecular features of this tumor severely compromise patients’ management and the
efficacy of the available therapies [139]. Currently, only 30% of patients are treated with
surgical resection or liver transplantation, which represent the only potentially curative
options [140]. For unresectable cases, palliative treatments include chemotherapy and/or
immunotherapy, which provide a median overall survival of 12 months [138]. CCA is a
highly infiltrated tumor, in which cancer cells undergo a complex crosstalk with the stromal
compartment [141]. The CCA stroma comprises extracellular matrix proteins, endothelial
and mesenchymal cells, as well as cancer-associated fibroblasts (CAFs) [142]. Once recruited
and activated by CCA cells, the stromal compartment in turn releases a wide variety of
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paracrine signals, including chemokines, growth factors, and proteases, to shape the tumor
microenvironment [143]. Especially, CAFs have been shown to foster CCA proliferation and
drug resistance by releasing signaling molecules and ECM proteins, as well as by recruiting
myeloid-derived suppressor cells via IL-6 signaling [144,145]. Moreover, intrahepatic
iCCA displays a very limited infiltration of cancer-targeting immune cells and reduced
immune response [146]. Accordingly, scRNA-seq analysis showed the abundant infiltration
of hyperactivated CD4+ Tregs in iCCA tumors along with reduced CD8+ T-cell effector
functions [147]. Therefore, although CCA is mainly considered a low-infiltrated tumor,
immune players exert a key role in its pathogenesis [141]. However, most current 2D and
3D in vitro models of CCA fail to recapitulate its TME. Interestingly, a recent research effort
developed a 3D organ-on-chip CCA platform, able to integrate the major non-immune
components of the TME and the T cell infiltrate, thus reflecting the in vivo CCA niche
and tumor drug response [148]. Overall, the crosstalk between tumor and its stroma is
considered a key mechanism for cancer progression and metastasis, although the exact
mechanism by which CCA acts at the cellular level still needs to be elucidated to improve
CCA therapies and overcome drug resistance.

Recent evidence revealed that cellular senescence may be involved in the pathophys-
iology of cholangiocarcinoma [149]. Sasaki et al. reported that the aberrant expression
of polycomb group protein, EZH2, was associated with the development of cholangio-
carcinoma by inhibiting senescence in large bile ducts [150]. Specifically, the expression
of senescence-related protein, p16NK4a, was high in the first phases of cholangiocarcino-
genesis, while it decreased in the late stages of the invasive carcinoma. Contrarily, EZH2
expression showed a stepwise increase during tumor growth. These results were explained
showing that EZH2 was able to induce the hypermethylation of the p16INK4a promoter, thus
inhibiting cellular senescence. This evidence was confirmed via immunohistochemistry
of livers with iCCA, as well as by using in vitro assays performed exploiting two CCA
cell lines (HuCTT-1 and TFK-1) [149]. In cultured CCA lines, knockdown of EZH2 led
to decreased p16INK4a methylation and decreased binding of EZH2 to the p16INK4a gene
promoter, suggesting that direct binding of EZH2 is involved in the regulation of p16INK4a.
Therefore, overexpression of EZH2 seems to repress senescence-associated p16INK4a tran-
scription during cholangiocarcinogenesis. Similarly, EZH2 expression was associated with
vascular infiltration, the histological grades, and the cell proliferation activity in mixed
hepatocellular cholangiocarcinoma (HCC-CCA) [151].

Senescence can contribute to combined HCC-CCA development also through IL-6 sig-
naling. In an inflammation-induced liver cancer mouse model, single-cell RNA sequencing
analysis (scRNA-seq) revealed that HCC-CCA may originate from hepatic progenitor cells,
whose transformation depends on IL-6 secreted by parenchymal and non-parenchymal liver
senescent cells via the IL-6-gp130 pathway [152]. gp130 is a common signal-transducing
component of the functional receptor complexes for the IL-6 family of cytokines, which can
be expressed on the membrane of hepatic progenitor cells [153]. Senescence-induced IL-6
firstly binds to its soluble receptor, gp80, so that it can gain the affinity to be trans-presented
to gp130 receptor. Once IL-6 trans-signaling occurs, it induces the expression of pSTAT3
and pERK activity in pre-malignant cells, probably leading to tumor development [154].
Indeed, pSTAT3 and pERK were reported to be highly expressed in combined HCC-CCA
tumors in both mice and humans [152]. Accordingly, the administration of anti-IL-6 an-
tibodies hampered the development of combined HCC-CCA tumors. Thus, combined
HCC-CCA originates from hepatic progenitor cells and, in the context of an inflammatory
microenvironment, senescent-associated IL-6 plays an important role in tumor progression
via IL-6 trans-signaling. Moreover, recent evidence showed that IL-6 secreted from cancer-
associated fibroblasts (CAFs) triggers epigenetic changes in cholangiocytes, stimulating
a malignant transformation towards iCCA [155]. Furthermore, the farnesoid X receptor
(FXR), that is usually downregulated in iCCA cell lines and human samples, has been
shown to act as a metastasis suppressor in this tumor by inhibiting IL-6-induced EMT [156].
Interestingly, IL-6 secreted by CAFs has been shown to induce chemotherapy resistance in
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CCA cells via IL-6/STAT3 activation, suggesting that senescence-derived IL-6 may exert a
similar role [157]. However, contrasting evidence recently reported a negative correlation
between IL-6 and iCCA [158]. Accordingly, it has been shown that the pharmacological
inhibition of IL-6 trans-signaling via the administration of recombinant sgp130Fc increased
tumor cell survival, proliferation, and migration, suggesting that IL-6 signaling can be
associated with a better CCA prognosis [159]. In a carcinoma of the gallbladder (GBC), a
CCA-related cancer, downregulation of the soluble receptor, gp80, positively correlated
with an improvement in overall survival [153]. Taken together, these data suggest a crucial
role of IL-6 in cholangiocarcinoma development, although it must be clarified whether it
mainly exerts pro-tumorigenic or anti-tumorigenic functions.

The administration of therapies can also induce senescence in CCA cells. Chemother-
apy, using gemcitabine and cisplatin (Gem+Cis), is the only approved treatment for ad-
vanced CCA, and is sometimes administered together with novel immunotherapy regi-
mens [160,161]. Cisplatin, a platinum-based compound, acts by leading to severe DNA
damage associated with DNA-crosslinking, which has been shown to result in senes-
cence induction [162]. Meanwhile, gemcitabine can induce genotoxic stress by inhibiting
DNA synthesis, thereby triggering cellular senescence [163]. The bile duct cancer drug,
PRIMA-1MET, inhibits CCA cell growth via senescence induction. PRIMA-1MET is a methy-
lated derivative and structural analog of PRIMA-1, a cancer drug which triggers p53
re-activation [164]. The authors showed that two CCA cell lines (KKU-100 and KKU-21)
treated with PRIMA-1MET exhibited a senescent phenotype as visualized under a light
microscope, including enlarged size, flattened cell shape, induced nuclear granularity, and
increased volume of cytoplasm, together with β-gal expression. Moreover, treated cells
showed a significant increase in p21 and p16INK4A expression compared to untreated cells.
Interestingly, these results were confirmed by immunohistochemical analysis of CCA tis-
sues from 160 patients with intrahepatic CCA. Being p21 and p16INK4A markers associated
with good prognosis in different cancers, such as adenocarcinoma and Hodgkin lymphoma,
these results suggest that patients with CCA who have a high expression of these mark-
ers might be predicted as belonging to a good prognostic group [165]. Further evidence
showed that CCA cell lines treated with five different compounds (5-aza-2′deoxycytidine,
bromodeoxyuridine, interferons IFNβ and IFNγ, as well as hydrogen peroxide) underwent
senescence [166]. Indeed, treatment with all five agents decreased cell proliferation and
induced cellular senescence, with different degrees of growth-inhibitory effects depending
on the cell type and origin, and displayed overexpression of p21 and interferon-related
genes. In addition, the genotoxic drug, bromodeoxyuridine, displayed a stronger induction
of senescence, suggesting that CCA cells’ senescent state is mainly controlled by DNA
damage response pathways relating to p53/p21 signaling. Finally, IFNβ and IFNγ treat-
ment triggered senescence, thus suggesting a possible involvement of IFN pathways in the
achievement of this cellular condition. Overall, these results indicate that theinduction of
cellular senescence can be a promising therapeutic strategy for inhibiting the growth of
CCA cells, allowing the development of novel therapeutic strategies for patients’ treatment.

4.3. Senescence in Colorectal Liver Metastases (CLM)

Colorectal cancer (CRC) is the third most commonly diagnosed malignancy and the
second leading cause of cancer-related deaths in the world [167]. Despite significant im-
provements in diagnosis and treatment, most deaths are caused by the development of
distant metastasis, highly resistant to therapies [168,169]. Indeed, about half of patients
affected by CRC already have colorectal liver metastasis (CLM) at the time of diagnosis, or
they will develop them after the resection of the primary tumor with an extremely poor
5-year survival rate [170]. The liver is the most common CRC metastatic site because it
receives and filters the blood from the intestine through the portal vein [171]. CLM develop-
ment is a multistep biological process, where CRC cells’ dissemination from the primary site
to the liver is possible due to various mechanisms, including EMT and angiogenesis [172].
Firstly, cancer cells migrate to the tissues around the primary CRC site and then they spread
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in venules, capillaries, and lymphatic vessels until they enter the systemic circulation that
will pave their way towards the liver [173]. The EMT mechanism allows tumor cells to ac-
quire a wide range of biological and molecular changes, which facilitate their dissemination
from the primary site to secondary metastatic site in distant organs [174]. CLMs’ spread is
also enhanced by the angiogenesis process, although CRC cancer cells can also metastasize
by hijacking pre-existing vessels of the host liver when the conditions are not favorable to
form new ones [175]. This non-angiogenic process is referred to as vessels’ co-option [176].
The metastatic process is fostered by an intricate crosstalk between CLM cells and the highly
heterogeneous and suppressive immune microenvironment [177]. A wealth of studies
showed that the heterogeneous population of tumor-associated macrophages (TAMs) may
provide a nurturing environment for the development of CLMs and play a pivotal role in the
efficacy of anticancer strategies [178]. Intercellular networking between macrophages and
fibroblasts has been shown to support CRC, enhancing the immunosuppressed metastatic
niche in the liver by leading to a dysfunctional state of CD8+ T lymphocytes [179]. Accord-
ingly, high densities of tumor-infiltrating lymphocytes (TILs) in CRC primary tumors are
associated with a good prognosis and responsiveness to chemotherapy [180]. Moreover,
scRNA-seq uncovered malignancy-associated exhausted and regulatory T cells, together
with a subset of dendritic cells (DC3), as players involved in CLM development [181].
Therefore, the host immune system represents one of the key factors in determining the
patient’s prognosis, and its involvement in the study of new effective immunotherapies
is rapidly evolving [182]. Nowadays, curative tumor resection and chemotherapy are the
standard methods of treatment in patients with CLMs [183]. However, surgery is only
possible in 10–20% of cases, depending on the site and size of the tumor, the presence of
extrahepatic diseases or patient comorbidities [184]. Despite the significant progress in the
development of new chemotherapeutic drugs for CLMs, patients who receive fluorouracil
and platinum chemotherapy may develop resistance [185]. Furthermore, even in patients
treated with immune checkpoint inhibitors, such as anti-PD-1/PD-L1 drugs, the presence
of liver metastases was associated with resistance compared to primary CRC [186]. The
main causes of therapy resistance in metastatic CRC have been associated with numerous
single-nucleotide polymorphisms (SNPs), which help to explain the genetics behind these
mechanisms of resistance and the heterogeneity of therapy response among patients. SNPs,
indeed, may confer resistance to chemotherapy and ICB inhibitors by inducing decreased
intracellular drug concentration, altered metabolism, or alterations to the targets of the
therapy [187]. However, resistance is more complex and does not involve mutation but
molecular pathway alteration, including crosstalk between associated pathways which
activate complementary cell survival and growth mechanisms [188]. For these reasons,
further elucidation of the mechanisms underlying therapy resistance in CLMs is required.
Discoveries will continue to translate into improved treatment options and important
clinical outcomes for patients.

Senescent cancer cells accumulate in CRC, favoring tumor dissemination. Although
studies on CRC metastatic patients are still rare, senescence has been identified to play a
crucial role in CLMs. Haugstetter et al. described cellular senescence as a positive prog-
nostic factor in CLM patients’ treatment and survival [189]. Contrarily, senescent cancer
cells have been found to support tumor spread in CRC [190]. Exploiting both human
and mouse samples, Braumüller et al. showed that SASP factors may lead to enhanced
immuno-senescence in the TME of CRC, thus explaining its resistance to known chemo- and
immunotherapeutic approaches [191]. Indeed, the authors showed that senescent cancer
cells acquired a stem cell-like phenotype in both murine and human samples, possibly
leading to deleterious consequences, like chemotherapy resistance. SASP factors released
by senescent tumor cells in the murine model induced infiltrating T-cells to upregulate
checkpoint inhibitor molecules as well as senescence-associated molecules, indicating that
T-cells were not exhausted but senescent. In human counterparts, tumor-infiltrating im-
mune cells showed upregulation of SA-β-gal activity, while non-immune cells showed
no senescence induction. This phenomenon of immune senescence can lead to therapeu-
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tic difficulties as senescent immune cells are unaffected by checkpoint inhibitor therapy.
Moreover, various SASP factors, including interleukins 1, 6 and 8, as well as chemokines
CXCL8 and CCL2 have been associated with accelerated tumor proliferation and invasion
in CRC [95]. Furthermore, age-related senescence of human peritoneal mesothelial cells
has been shown to create a more permissive environment for the metastatic colonization
of the peritoneum in CRC, enhancing circulating tumor cells’ adhesion, especially via
ICAM-1 (intercellular adhesion molecule 1) [192]. Accordingly, co-injection of CRC cells
together with senescent peritoneal mesothelial cells led to the upregulation of EMT, angio-
genesis, and tumor progression mediated by an increased secretion of proinflammatory
molecules from peritoneal mesothelial senescent cells, which can perform a crucial role in
the metastatic process [193]. Taken together, these findings underline the conflicting role
of cellular senescence in cancer dissemination from the primary organ to the metastatic
site. Interestingly, these contrasting results have been recently clarified by Garbarino et al.,
who discovered two distinct senescent metastatic cancer cell (SMCC) subtypes in CLMs,
transcriptionally located at the opposite pole of EMT [194]. Epithelial and mesenchymal
subtypes are characterized by different biological behaviors and secretome, responses to
chemotherapy, and prognoses. The epithelial senescent CLM state has been shown to be
triggered by nucleolar stress. Indeed, the hyperactivation of c-Myc, an oncogene involved
in ribosome biogenesis, can induce the accumulation of ribosomal protein, RPL11, and
the DDR. Spatial transcriptomics analysis performed on CLM sections belonging to post-
chemotherapy patients, showed that the accumulation of RPL11 may inhibit the interaction
between p53 and its E3 ubiquitin-protein ligase, HDM2, leading to senescence activation in
epithelial senescent CLM cells. Similar results have been achieved by inducing senescence
in HCT-116 cells treated with Doxorubicin, a chemotherapy agent also known to induce
potent ribosomal stress. After its administration, the authors highlighted the activation
of a p53-dependent senescence phenotype in HCT-116-treated cells and showed that the
transcriptional signature of these cells overlapped with both epithelial and mesenchymal
senescent CLM cells, supporting the hypothesis that the type of stressor rather than the cell
type of origin is determinant of the senescent phenotype. Contrarily, the TGFβ paracrine
activation of NADPH oxidase 4 (NOX4)-p15 effectors has been shown to drive the mes-
enchymal senescent CLM signature. Mechanistically, TGFβ may inhibit proliferation by
inducing G1-phasecell-cycle arrest through the activation of NOX4 and accumulation of
reactive oxygen species. These conditions lead to c-MYC downregulation, which in turn
enhance the expression of CDK inhibitory genes, p15Ink4b and p21Cip1. Furthermore, NOX4
activation as a downstream effector of TGFβ1 is associated with other known metastasis-
promoting pathways, including EMT, angiogenesis, and tissue remodeling. Accordingly,
patients displaying a higher expression of epithelial senescence CLM markers displayed
better prognoses rather than mesenchymal ones, suggesting a crucial role of senescence in
CLM development, prognosis, and therapy response.

As it happens for HCC and CCA, anticancer therapies can enhance the senescence
process in CLM. Chemotherapy has been shown to accelerate immune-senescence and func-
tional impairments of Vδ2pos T cells, a specific human γδ T lymphocyte subset involved in
cancer immune-surveillance with promising perspectives in cancer immunotherapy [195].
Specifically, the analysis of the peripheral blood of CLM patients who had undergone
chemotherapy showed a decreased amount of Vδ2pos T cells, while terminally differen-
tiated CD27neg/CD45RApos effector memory T cells (TEMRA) increased. This latter
population expresses senescent marker, CD57, together with functional impairment in
cytotoxicity and the production of TNF-α and IFN-γ, thus suggesting the acquisition of an
immune-senescent profile in CLM patients after chemotherapy treatment. Similar results
were achieved via the analysis of tumor-infiltrating Vδ2pos T cells purified from CLM
specimens of patients who had undergone chemotherapy. Overall, this evidence shows
that chemotherapy treatment can induce the accumulation of highly dysfunctional Vδ2pos

T cells, impairing their antitumor activity. Moreover, other recent evidence showed that
senescent rectal cancer cells can secrete SASP which may trigger EMT both in vitro and in
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clinical samples from patients with rectal cancer who had undergone neoadjuvant chemora-
diotherapy [196]. Indeed, cultured colon cancer cells (HCT 116) induced into senescence
via exposure to 5-fluorouracil 5-FU can lead to EMT in colon and rectal cancer cell lines
and increase cell invasion in vitro. Similar observations were obtained by analyzing rectal
cancer samples from patients treated with neoadjuvant chemotherapy, in which tumor
cell niches were enriched for senescent cells characterized by increased mRNA expression
levels of EMT-related proteins (Slug, Snail, vimentin) compared with non-senescent niches.
Finally, these results suggest that senescent cancer cells can influence the TME by promoting
immune evasion and EMT thereby enhancing metastatic spread in CLMs.

5. Conclusions and Future Challenges: How Senescence Can Be Exploited for Liver
Cancer Treatments

Cancer therapies causing high levels of DNA damage are still the primary treatment
options for many tumors, but they can lead to senescence induction and SASP factors’ secre-
tion, whose persistence after treatment may be detrimental and enhance tumor growth [17].
Therefore, a strategy in which therapy-induced senescent cells are eliminated is needed
for minimizing the risk of tumor progression and avoiding adverse effects. Senother-
apy represents a new therapeutic approach, which involves the selective elimination of
senescent cells using drugs called senolytics or to the limitation of SASP factors’ produc-
tion and secretion by exploiting agents termed senomorphics [16]. The combination of
senescence-inducing chemotherapies followed by senolytics has been shown to increase
tumor cell killing and/or elimination of the remaining disease [197,198]. Indeed, senolytic
drugs mainly target antiapoptotic pathways that senescent tumor cells exploit to survive
despite the increased stress signaling [18]. Among promising senolytics drugs for liver
cancer treatment, recently, the bromodomain and extra-terminal domain family protein
degrader (BETd) has been identified, whose administration has been shown to induce
the elimination of senescent hepatic stellate cells in obese mouse livers, which led to a
reduction in liver cancer development and an increase in chemotherapy response [199].
The Bcl2 family antagonist, ABT-263 (Navitoclax), has been shown to limit tumor devel-
opment by selectively inducing the apoptosis of senescent hepatic stellate cells, known
to contribute to HCC growth [200]. The administration of the combined senolytic drugs,
dasatinib and quercetin (D+Q), reduced inflammation and HCC in the liver of an aging
mouse model [201]. However, a D+Q senolytic cocktail has been shown to be ineffective
in enhancing the efficacy of senescence-inducing chemotherapy and appeared to have
acute pro-tumorigenic effects in non-alcoholic fatty acid liver disease (NAFLD) mice [202].
Besides senolytics, also senomorphics have shown promising anticancer results in liver
cancers. The mTOR pathway is an essential SASP regulator, and mTOR inhibitors have
shown good effects in reducing senescent liver cancer cells. In a mouse model of liver
cancer, the mTOR inhibitor, AZD8055, showed effective senolytic potential against senes-
cent liver cancer cells [198]. Additionally, CFI-402257, an inhibitor which targets cell-cycle
checkpoints, induced the release of specific SASPs that further attracted various subsets
of immune cells (NK cells, CD4+ T cells, and CD8+ T cells) to control HCC [203]. Even in
combined HCC-CCA tumors, treatment with senolytic agents resulted in the inhibition of
both IL-6 SASP and related tumor growth [152]. These results reveal the vulnerability of
senescent cells and show possibilities for their control.

Despite promising results in HCC clinical trials, there are toxicities associated with
these compounds, thereby limiting their clinical applications [203]. Furthermore, the
lack of specific senescence markers and the difficulty in understanding the dynamic role
of senescence in different disease stages, contexts, and cell types challenges the use of
senescence as a weapon to target HCC. Finally, the role of these drugs in other liver cancers,
including CCA and CLM, as well as in precancerous and early stages of HCC, still needs to
be investigated. The elucidation of the role of cellular senescence as a therapeutic target for
cancer treatment will enable the translation of senolytics into the clinic in the near future,
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ameliorating patients’ management and providing more effective treatments against the
different types of liver cancer.

Author Contributions: A.G., C.V., C.S., M.A.P. and B.F. researched and compiled the data from the
literature and drafted a first draft of the manuscript. A.L., E.B. and M.D. revised the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by “Bando Ricerca Finalizzata 2018 of the Italian Ministry
of Health” (ID = RF-2018-12367150; Principal Investigator: Matteo Donadon). The Cellular and
Molecular Oncoimmunology Lab is funded by the Italian Association for Cancer Research—AIRC
(AIRC start-up grant 25828 to E.B.). The funding agency had no role in the design of the study or
collection and analysis of data.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Jackson, S.P.; Bartek, J. The DNA-damage response in human biology and disease. Nature 2009, 461, 1071–1078. [CrossRef]

[PubMed]
2. Huang, R.; Zhou, P.K. DNA damage repair: Historical perspectives, mechanistic pathways and clinical translation for targeted

cancer therapy. Signal Transduct. Target. Ther. 2021, 6, 254. [CrossRef] [PubMed]
3. Hayflick, L.; Moorhead, P.S. The serial cultivation of human diploid cell strains. Exp. Cell Res. 1961, 25, 585–621. [CrossRef]

[PubMed]
4. Leonardo, A.D.; Linke, S.P.; Clarkin, K.; Wahl, G.M. DNA damage triggers a prolonged p53- dependent G1 arrest ana long-term

induction of Cipl in normal human fibroblasts. Genes Dev. 1994, 8, 2540–2551. [CrossRef] [PubMed]
5. Gire, V.; Dulić, V. Senescence from G2 arrest, revisited. Cell Cycle 2015, 14, 297–304. [CrossRef]
6. Gasek, N.S.; Kuchel, G.A.; Kirkland, J.L.; Xu, M. Strategies for targeting senescent cells in human disease. Nat. Aging 2021, 1,

870–879. [CrossRef]
7. Schmitt, C.A.; Tchkonia, T.; Niedernhofer, L.J.; Robbins, P.D.; Kirkland, J.L.; Lee, S. COVID-19 and cellular senescence. Nat. Rev.

Immunol. 2023, 23, 251–263. [CrossRef]
8. Huang, W.; Hickson, L.J.; Eirin, A.; Kirkland, J.L.; Lerman, L.O. Cellular senescence: The good, the bad and the unknown. Nat.

Rev. Nephrol. 2022, 18, 611–627. [CrossRef]
9. Storer, M.; Mas, A.; Robert-Moreno, À.; Pecoraro, M.; Ortells, M.C.; Di Giacomo, V.; Yosef, R.; Pilpel, N.; Krizhanovsky, V.;

Sharpe, J.; et al. Senescence Is a Developmental Mechanism that Contributes to Embryonic Growth and Patterning. Cell 2013, 155,
1119–1130. [CrossRef]

10. Guo, S.; DiPietro, L.A. Factors Affecting Wound Healing. J. Dent. Res. 2010, 89, 219–229. [CrossRef]
11. Goutas, A.; Outskouni, Z.; Papathanasiou, I.; Satra, M.; Koliakos, G.; Trachana, V. Dysregulation of Caveolin-1 Phosphorylation

and Nuclear Translocation Is Associated with Senescence Onset. Cells 2021, 10, 2939. [CrossRef] [PubMed]
12. Schafer, M.J.; White, T.A.; Iijima, K.; Haak, A.J.; Ligresti, G.; Atkinson, E.J.; Oberg, A.L.; Birch, J.; Salmonowicz, H.; Zhu, Y.; et al.

Cellular senescence mediates fibrotic pulmonary disease. Nat. Commun. 2017, 8, 14532. [CrossRef] [PubMed]
13. Bussian, T.J.; Aziz, A.; Meyer, C.F.; Swenson, B.L.; Van Deursen, J.M.; Baker, D.J. Clearance of senescent glial cells prevents

tau-dependent pathology and cognitive decline. Nature 2018, 562, 578–582. [CrossRef] [PubMed]
14. Mylonas, A.; O’Loghlen, A. Cellular Senescence and Ageing: Mechanisms and Interventions. Front. Aging 2022, 3, 866718.

[CrossRef] [PubMed]
15. Schmitt, C.A.; Wang, B.; Demaria, M. Senescence and cancer—Role and therapeutic opportunities. Nat. Rev. Clin. Oncol. 2022, 19,

619–636. [CrossRef] [PubMed]
16. Wang, L.; Lankhorst, L.; Bernards, R. Exploiting senescence for the treatment of cancer. Nat. Rev. Cancer 2022, 22, 340–355.

[CrossRef]
17. Park, S.S.; Choi, Y.W.; Kim, J.H.; Kim, H.S.; Park, T.J. Senescent tumor cells: An overlooked adversary in the battle against cancer.

Exp. Mol. Med. 2021, 53, 1834–1841. [CrossRef]
18. Wang, B.; Kohli, J.; Demaria, M. Senescent Cells in Cancer Therapy: Friends or Foes? Trends Cancer 2020, 6, 838–857. [CrossRef]
19. Liu, P.; Tang, Q.; Chen, M.; Chen, W.; Lu, Y.; Liu, Z.; He, Z. Hepatocellular Senescence: Immunosurveillance and Future

Senescence-Induced Therapy in Hepatocellular Carcinoma. Front. Oncol. 2020, 10, 589908. [CrossRef]
20. Ozturk, M.; Arslan-Ergul, A.; Bagislar, S.; Senturk, S.; Yuzugullu, H. Senescence and immortality in hepatocellular carcinoma.

Cancer Lett. 2009, 286, 103–113. [CrossRef]
21. Spinelli, R.; Baboota, R.K.; Gogg, S.; Beguinot, F.; Blüher, M.; Nerstedt, A.; Smith, U. Increased cell senescence in human metabolic

disorders. J. Clin. Investig. 2023, 133, e169922. [CrossRef] [PubMed]
22. Cohn, R.L.; Gasek, N.S.; Kuchel, G.A.; Xu, M. The heterogeneity of cellular senescence: Insights at the single-cell level. Trends Cell

Biol. 2023, 33, 9–17. [CrossRef]

https://doi.org/10.1038/nature08467
https://www.ncbi.nlm.nih.gov/pubmed/19847258
https://doi.org/10.1038/s41392-021-00648-7
https://www.ncbi.nlm.nih.gov/pubmed/34238917
https://doi.org/10.1016/0014-4827(61)90192-6
https://www.ncbi.nlm.nih.gov/pubmed/13905658
https://doi.org/10.1101/gad.8.21.2540
https://www.ncbi.nlm.nih.gov/pubmed/7958916
https://doi.org/10.1080/15384101.2014.1000134
https://doi.org/10.1038/s43587-021-00121-8
https://doi.org/10.1038/s41577-022-00785-2
https://doi.org/10.1038/s41581-022-00601-z
https://doi.org/10.1016/j.cell.2013.10.041
https://doi.org/10.1177/0022034509359125
https://doi.org/10.3390/cells10112939
https://www.ncbi.nlm.nih.gov/pubmed/34831162
https://doi.org/10.1038/ncomms14532
https://www.ncbi.nlm.nih.gov/pubmed/28230051
https://doi.org/10.1038/s41586-018-0543-y
https://www.ncbi.nlm.nih.gov/pubmed/30232451
https://doi.org/10.3389/fragi.2022.866718
https://www.ncbi.nlm.nih.gov/pubmed/35821824
https://doi.org/10.1038/s41571-022-00668-4
https://www.ncbi.nlm.nih.gov/pubmed/36045302
https://doi.org/10.1038/s41568-022-00450-9
https://doi.org/10.1038/s12276-021-00717-5
https://doi.org/10.1016/j.trecan.2020.05.004
https://doi.org/10.3389/fonc.2020.589908
https://doi.org/10.1016/j.canlet.2008.10.048
https://doi.org/10.1172/JCI169922
https://www.ncbi.nlm.nih.gov/pubmed/37317964
https://doi.org/10.1016/j.tcb.2022.04.011


Biomedicines 2024, 12, 26 18 of 25

23. Rossiello, F.; Herbig, U.; Longhese, M.P.; Fumagalli, M.; d’Adda Di Fagagna, F. Irreparable telomeric DNA damage and persistent
DDR signalling as a shared causative mechanism of cellular senescence and ageing. Curr. Opin. Genet. Dev. 2014, 26, 89–95.
[CrossRef] [PubMed]

24. Kumari, R.; Jat, P. Mechanisms of Cellular Senescence: Cell Cycle Arrest and Senescence Associated Secretory Phenotype. Front.
Cell Dev. Biol. 2021, 9, 645593. [CrossRef] [PubMed]

25. Sadasivam, S.; DeCaprio, J.A. The DREAM complex: Master coordinator of cell cycle-dependent gene expression. Nat. Rev.
Cancer 2013, 13, 585–595. [CrossRef] [PubMed]

26. Engeland, K. Cell cycle regulation: p53-p21-RB signaling. Cell Death Differ. 2022, 29, 946–960. [CrossRef] [PubMed]
27. Masgras, I.; Carrera, S.; de Verdier, P.J.; Brennan, P.; Majid, A.; Makhtar, W.; Tulchinsky, E.; Jones, G.D.D.; Roninson, I.B.; Macip, S.

Reactive Oxygen Species and Mitochondrial Sensitivity to Oxidative Stress Determine Induction of Cancer Cell Death by p21. J.
Biol. Chem. 2012, 287, 9845–9854. [CrossRef] [PubMed]

28. Baker, D.J.; Childs, B.G.; Durik, M.; Wijers, M.E.; Sieben, C.J.; Zhong, J.; Saltness, R.A.; Jeganathan, K.B.; Verzosa, G.C.; Pezeshki,
A.; et al. Naturally occurring p16Ink4a-positive cells shorten healthy lifespan. Nature 2016, 530, 184–189. [CrossRef]

29. Grosse, L.; Wagner, N.; Emelyanov, A.; Molina, C.; Lacas-Gervais, S.; Wagner, K.-D.; Bulavin, D.V. Defined p16High Senescent
Cell Types Are Indispensable for Mouse Healthspan. Cell Metab. 2020, 32, 87–99.e6. [CrossRef]

30. Omori, S.; Wang, T.-W.; Johmura, Y.; Kanai, T.; Nakano, Y.; Kido, T.; Susaki, E.A.; Nakajima, T.; Shichino, S.; Ueha, S.; et al.
Generation of a p16 Reporter Mouse and Its Use to Characterize and Target p16high Cells In Vivo. Cell Metab. 2020, 32, 814–828.e6.
[CrossRef]

31. Hall, B.M.; Balan, V.; Gleiberman, A.S.; Strom, E.; Krasnov, P.; Virtuoso, L.P.; Rydkina, E.; Vujcic, S.; Balan, K.; Gitlin, I.I.;
et al. p16(Ink4a) and senescence-associated β-galactosidase can be induced in macrophages as part of a reversible response to
physiological stimuli. Aging 2017, 9, 1867–1884. [CrossRef] [PubMed]

32. Yosef, R.; Pilpel, N.; Papismadov, N.; Gal, H.; Ovadya, Y.; Vadai, E.; Miller, S.; Porat, Z.; Ben-Dor, S.; Krizhanovsky, V. p21
maintains senescent cell viability under persistent DNA damage response by restraining JNK and caspase signaling. EMBO J.
2017, 36, 2280–2295. [CrossRef] [PubMed]

33. Althubiti, M.; Lezina, L.; Carrera, S.; Jukes-Jones, R.; Giblett, S.M.; Antonov, A.; Barlev, N.; Saldanha, G.S.; Pritchard, C.A.; Cain,
K.; et al. Characterization of novel markers of senescence and their prognostic potential in cancer. Cell Death Dis. 2014, 5, e1528.
[CrossRef] [PubMed]

34. Dikovskaya, D.; Cole, J.J.; Mason, S.M.; Nixon, C.; Karim, S.A.; McGarry, L.; Clark, W.; Hewitt, R.N.; Sammons, M.A.; Zhu, J.; et al.
Mitotic Stress Is an Integral Part of the Oncogene-Induced Senescence Program that Promotes Multinucleation and Cell Cycle
Arrest. Cell Rep. 2015, 12, 1483–1496. [CrossRef] [PubMed]

35. Freund, A.; Laberge, R.M.; Demaria, M.; Campisi, J. Lamin B1 loss is a senescence-associated biomarker. Mol. Biol. Cell 2012, 23,
2066–2075. [CrossRef] [PubMed]

36. Tsai, C.; Chang, C.; Lin, B.; Wu, Y.; Wu, M.; Lin, L.; Huang, W.; Holz, J.D.; Sheu, T.; Lee, J.; et al. Up-regulation of cofilin-1 in cell
senescence associates with morphological change and p27kip1-mediated growth delay. Aging Cell 2021, 20, e13288. [CrossRef]
[PubMed]

37. Miwa, S.; Kashyap, S.; Chini, E.; Von Zglinicki, T. Mitochondrial dysfunction in cell senescence and aging. J. Clin. Investig. 2022,
132, e158447. [CrossRef]

38. Liu, J.; Cai, S.-Z.; Zhou, Y.; Zhang, X.-P.; Liu, D.-F.; Jiang, R.; Wang, Y.-P. Senescence as A Consequence of Ginsenoside Rg1
Response on K562 Human Leukemia Cell Line. Asian Pac. J. Cancer Prev. 2012, 13, 6191–6196. [CrossRef]

39. Druelle, C.; Drullion, C.; Deslé, J.; Martin, N.; Saas, L.; Cormenier, J.; Malaquin, N.; Huot, L.; Slomianny, C.; Bouali, F.; et al. ATF6α
regulates morphological changes associated with senescence in human fibroblasts. Oncotarget 2016, 7, 67699–67715. [CrossRef]

40. Lloyd, A.C. The Regulation of Cell Size. Cell 2013, 154, 1194–1205. [CrossRef]
41. Dimri, G.P.; Lee, X.; Basile, G.; Acosta, M.; Scott, G.; Roskelley, C.; Medrano, E.E.; Linskens, M.; Rubelj, I.; Pereira-Smith, O.;

et al. A biomarker that identifies senescent human cells in culture and in aging skin in vivo. Proc. Natl. Acad. Sci. USA 1995, 92,
9363–9367. [CrossRef] [PubMed]

42. Coppé, J.-P.; Patil, C.K.; Rodier, F.; Sun, Y.; Muñoz, D.P.; Goldstein, J.; Nelson, P.S.; Desprez, P.-Y.; Campisi, J. Senescence-
Associated Secretory Phenotypes Reveal Cell-Nonautonomous Functions of Oncogenic RAS and the p53 Tumor Suppressor. PLoS
Biol. 2008, 6, e301. [CrossRef] [PubMed]

43. Basisty, N.; Kale, A.; Jeon, O.H.; Kuehnemann, C.; Payne, T.; Rao, C.; Holtz, A.; Shah, S.; Sharma, V.; Ferrucci, L.; et al. A proteomic
atlas of senescence-associated secretomes for aging biomarker development. PLoS Biol. 2020, 18, e3000599. [CrossRef] [PubMed]

44. Coppé, J.P.; Desprez, P.Y.; Krtolica, A.; Campisi, J. The Senescence-Associated Secretory Phenotype: The Dark Side of Tumor
Suppression. Annu. Rev. Pathol. Mech. Dis. 2010, 5, 99–118. [CrossRef] [PubMed]

45. Acosta, J.C.; Banito, A.; Wuestefeld, T.; Georgilis, A.; Janich, P.; Morton, J.P.; Athineos, D.; Kang, T.-W.; Lasitschka, F.; Andrulis,
M.; et al. A complex secretory program orchestrated by the inflammasome controls paracrine senescence. Nat. Cell Biol. 2013, 15,
978–990. [CrossRef]

46. Tsuji, S.; Minami, S.; Hashimoto, R.; Konishi, Y.; Suzuki, T.; Kondo, T.; Sasai, M.; Torii, S.; Ono, C.; Shichinohe, S.; et al. SARS-CoV-2
infection triggers paracrine senescence and leads to a sustained senescence-associated inflammatory response. Nat. Aging 2022, 2,
115–124. [CrossRef]

https://doi.org/10.1016/j.gde.2014.06.009
https://www.ncbi.nlm.nih.gov/pubmed/25104620
https://doi.org/10.3389/fcell.2021.645593
https://www.ncbi.nlm.nih.gov/pubmed/33855023
https://doi.org/10.1038/nrc3556
https://www.ncbi.nlm.nih.gov/pubmed/23842645
https://doi.org/10.1038/s41418-022-00988-z
https://www.ncbi.nlm.nih.gov/pubmed/35361964
https://doi.org/10.1074/jbc.M111.250357
https://www.ncbi.nlm.nih.gov/pubmed/22311974
https://doi.org/10.1038/nature16932
https://doi.org/10.1016/j.cmet.2020.05.002
https://doi.org/10.1016/j.cmet.2020.09.006
https://doi.org/10.18632/aging.101268
https://www.ncbi.nlm.nih.gov/pubmed/28768895
https://doi.org/10.15252/embj.201695553
https://www.ncbi.nlm.nih.gov/pubmed/28607003
https://doi.org/10.1038/cddis.2014.489
https://www.ncbi.nlm.nih.gov/pubmed/25412306
https://doi.org/10.1016/j.celrep.2015.07.055
https://www.ncbi.nlm.nih.gov/pubmed/26299965
https://doi.org/10.1091/mbc.e11-10-0884
https://www.ncbi.nlm.nih.gov/pubmed/22496421
https://doi.org/10.1111/acel.13288
https://www.ncbi.nlm.nih.gov/pubmed/33336885
https://doi.org/10.1172/JCI158447
https://doi.org/10.7314/APJCP.2012.13.12.6191
https://doi.org/10.18632/oncotarget.11505
https://doi.org/10.1016/j.cell.2013.08.053
https://doi.org/10.1073/pnas.92.20.9363
https://www.ncbi.nlm.nih.gov/pubmed/7568133
https://doi.org/10.1371/journal.pbio.0060301
https://www.ncbi.nlm.nih.gov/pubmed/19053174
https://doi.org/10.1371/journal.pbio.3000599
https://www.ncbi.nlm.nih.gov/pubmed/31945054
https://doi.org/10.1146/annurev-pathol-121808-102144
https://www.ncbi.nlm.nih.gov/pubmed/20078217
https://doi.org/10.1038/ncb2784
https://doi.org/10.1038/s43587-022-00170-7


Biomedicines 2024, 12, 26 19 of 25

47. Xu, M.; Pirtskhalava, T.; Farr, J.N.; Weigand, B.M.; Palmer, A.K.; Weivoda, M.M.; Inman, C.L.; Ogrodnik, M.B.; Hachfeld, C.M.;
Fraser, D.G.; et al. Senolytics improve physical function and increase lifespan in old age. Nat. Med. 2018, 24, 1246–1256. [CrossRef]

48. Tripathi, U.; Misra, A.; Tchkonia, T.; Kirkland, J.L. Impact of Senescent Cell Subtypes on Tissue Dysfunction and Repair:
Importance and Research Questions. Mech. Ageing Dev. 2021, 198, 111548. [CrossRef]

49. Hernandez-Segura, A.; De Jong, T.V.; Melov, S.; Guryev, V.; Campisi, J.; Demaria, M. Unmasking Transcriptional Heterogeneity in
Senescent Cells. Curr. Biol. 2017, 27, 2652–2660.e4. [CrossRef]

50. Wiley, C.D.; Flynn, J.M.; Morrissey, C.; Lebofsky, R.; Shuga, J.; Dong, X.; Unger, M.A.; Vijg, J.; Melov, S.; Campisi, J. Analysis
of individual cells identifies cell-to-cell variability following induction of cellular senescence. Aging Cell 2017, 16, 1043–1050.
[CrossRef]

51. Ryu, S.J.; Oh, Y.S.; Park, S.C. Failure of stress-induced downregulation of Bcl-2 contributes to apoptosis resistance in senescent
human diploid fibroblasts. Cell Death Differ. 2007, 14, 1020–1028. [CrossRef] [PubMed]

52. Sanders, Y.Y.; Liu, H.; Zhang, X.; Hecker, L.; Bernard, K.; Desai, L.; Liu, G.; Thannickal, V.J. Histone Modifications in Senescence-
Associated Resistance to Apoptosis by Oxidative Stress. Redox Biol. 2013, 1, 8–16. [CrossRef] [PubMed]

53. Chaib, S.; Tchkonia, T.; Kirkland, J.L. Cellular senescence and senolytics: The path to the clinic. Nat. Med. 2022, 28, 1556–1568.
[CrossRef] [PubMed]

54. Scudellari, M. To stay young, kill zombie cells. Nature 2017, 550, 448–450. [CrossRef] [PubMed]
55. Kim, Y.H.; Park, T.J. Cellular senescence in cancer. BMB Rep. 2019, 52, 42–46. [CrossRef]
56. Macheret, M.; Halazonetis, T.D. DNA Replication Stress as a Hallmark of Cancer. Annu. Rev. Pathol. Mech. Dis. 2015, 10, 425–448.

[CrossRef]
57. Serrano, M.; Lin, A.W.; McCurrach, M.E.; Beach, D.; Lowe, S.W. Oncogenic ras Provokes Premature Cell Senescence Associated

with Accumulation of p53 and p16INK4a. Cell 1997, 88, 593–602. [CrossRef]
58. Chen, Z.; Trotman, L.C.; Shaffer, D.; Lin, H.-K.; Dotan, Z.A.; Niki, M.; Koutcher, J.A.; Scher, H.I.; Ludwig, T.; Gerald, W.; et al.

Crucial role of p53-dependent cellular senescence in suppression of Pten-deficient tumorigenesis. Nature 2005, 436, 725–730.
[CrossRef]

59. Zhang, D.Y.; Wang, H.J.; Tan, Y.Z. Wnt/β-Catenin Signaling Induces the Aging of Mesenchymal Stem Cells through the DNA
Damage Response and the p53/p21 Pathway. PLoS ONE 2011, 6, e21397. [CrossRef]

60. Osanai, M.; Murata, M.; Nishikiori, N.; Chiba, H.; Kojima, T.; Sawada, N. Occludin-mediated premature senescence is a fail-safe
mechanism against tumorigenesis in breast carcinoma cells. Cancer Sci. 2007, 98, 1027–1034. [CrossRef]

61. Schmitt, C.A.; Fridman, J.S.; Yang, M.; Lee, S.; Baranov, E.; Hoffman, R.M.; Lowe, S.W. A Senescence Program Controlled by p53
and p16INK4a Contributes to the Outcome of Cancer Therapy. Cell 2002, 109, 335–346. [CrossRef]

62. Prasanna, P.G.; Citrin, D.E.; Hildesheim, J.; Ahmed, M.M.; Venkatachalam, S.; Riscuta, G.; Xi, D.; Zheng, G.; van Deursen, J.;
Goronzy, J.; et al. Therapy-Induced Senescence: Opportunities to Improve Anticancer Therapy. JNCI J. Natl. Cancer Inst. 2021, 113,
1285–1298. [CrossRef] [PubMed]

63. Lakin, N.D.; Jackson, S.P. Regulation of p53 in response to DNA damage. Oncogene 1999, 18, 7644–7655. [CrossRef] [PubMed]
64. Marechal, A.; Zou, L. DNA Damage Sensing by the ATM and ATR Kinases. Cold Spring Harb. Perspect. Biol. 2013, 5, a012716.

[CrossRef] [PubMed]
65. Lee, M.; Lee, J.S. Exploiting tumor cell senescence in anticancer therapy. BMB Rep. 2014, 47, 51–59. [CrossRef] [PubMed]
66. Petrova, N.V.; Velichko, A.K.; Razin, S.V.; Kantidze, O.L. Small molecule compounds that induce cellular senescence. Aging Cell

2016, 15, 999–1017. [CrossRef] [PubMed]
67. Roninson, I.B. Tumor Cell Senescence in Cancer Treatment. Cancer Res. 2003, 63, 2705–2715.
68. Sabin, R.J.; Anderson, R.M. Cellular Senescence—Its role in cancer and the response to ionizing radiation. Genome Integr. 2011, 2,

7. [CrossRef]
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