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Abstract

Cell senescence was considered an attribute of normal dividing cells, which distinguishing
them from cancer cells that do not have a division limit. However, recent studies show that
senescence could also occur in cancer cells. Cancer cell senescence could occur as a result of
chemotherapy, radiation, inhibition of telomerase activity, induction of DNA damage, changes
in the tumor microenvironment, regulation of senescence-related proteins, oxidative stress,
inflammation, or epigenetic dysregulation. It seems that the induction of senescence in cancer
cells could significantly affect the inhibition of tumor progression, but in some types of cancer,
it can affect their invasive character. Furthermore, considering the therapeutic implications
of this process, it is essential to consider the positive and negative aspects of cancer cell
senescence. It is crucial to understand the molecular mechanisms that induce senescence
under specific conditions, considering the potential hazards. In the future, the senescence of
cancer cells may contribute to using this property in modern cancer treatment strategies.

© 2023 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Cellular senescence is a process during which cells lose their ability to divide. Senescent
cells stop dividing but remain metabolically active and secrete many different substances
into the environment. Characteristic markers of senescence are enlarged cell size and
increased granularity, increased activity of the -galactosidase enzyme (f-gal), increased
levels of cyclin-dependent kinase inhibitors (p16, p21), increased levels of the p53 protein,
inhibition of the cell cycle in phase G2/M, but also increased levels of critical epigenetic
markers H4K20me3, H3K4me3, and a decrease in the level of H3K9me3, H3K27me3. In
senescent cells, telomere shortening is also observed in successive rounds of replication,
associated with reduced telomerase activity [1, 2]. Initially, cell senescence was considered
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an attribute of normal dividing cells. Recent studies suggest that cancer cells with unlimited
dividing capacity may undergo a senescence process [3]. Researchers have shown that in
cancer cells, senescence can be induced by inhibition of telomerase activity, induction of
the DNA damage response [3], changes in the tumor microenvironment [4], regulation of
senescence-related-proteins [3], irradiation [5], and changes in epigenetic modification and
expression of epigenetic modulators [6]. The effect of cell senescence on tumor progression
and invasiveness is ambiguous. Some studies suggested that induction of cancer senescence
could inhibit cancer progression, but another indicated that induction of senescence
could promote cancer progression and invasiveness. It is assumed that the role of cancer
senescence in cancer progression and invasiveness is probably dependent on the molecular
context and the specificity of some types of cancers [3]. Studies suggest that the ambiguous
effect of senescence on cancer progression and invasiveness can result from mutations (e.g.,
PTEN) or protein status (e.g., p53) in some types of cancer [135].

Furthermore, components of the tumor microenvironment have been shown to influence
senescence and its impact on tumor progression, metastasis and invasiveness [120-121].
It turns out that some therapies and compounds used in cancer treatment (chemotherapy,
radiation therapy, CDK4/6 inhibitors, epigenetic modulators, immunotherapy, natural
compounds, hormonal therapy) could induce cancer cell senescence. In the future,
knowledge about molecular context of cancer cell senescence can play an essential role
in the development of new more effective anticancer strategies and avoid the undesirable
effects of the senescence process in cancer cells [7].

Senescence mechanisms in cancer cells

Telomerase activity inhibition

In contrasttonormal cells, cancer cells have unlimited replicative potential orimmortality.
Tumor cell immortality may be related to activation of telomerase activity. Some studies
have shown that hyperactivation of telomerase activity was observed in more than 85% of
malignant tumors [8, 9]. The results indicated that genetic or pharmacological inhibition of
telomerase activity in cancer cells could induce gradual shortening of telomeres and eventual
cell senescence or apoptosis [10-13]. Sezmiya et al. (2002) showed that treatment of human
monoblastoid leukemia U937 cells with a non-toxic dose of telomerase inhibitors (MST-312,
MST-295, and MST-199) caused progressive telomere shortening and eventual reduction in
growth rate and induction of (3-galactosidase activity. However, a similar effect was observed
after treatment of cellosaurus cell line cells with non-toxic doses of MST-312 [12]. In
Barrett’s adenocarcinoma SEG-1 cells, Shammas et al. (2005), after inhibition of telomerase
activity, a marked reduction in median telomere length and complete loss of detectable
telomeres in more than 50% of treated cells. Telomere loss caused senescence in 40% and
apoptosis in 86% of treated cells [14]. Studies indicated that inhibition of telomerase activity
and telomere shortening may lead to genome instability, a hallmark of cancer. Telomerase
reverse transcriptase (tert) mutant zebrafish (tert -/-) have premature short telomeres and
anticipate cancer incidence in younger ages. The zebrafish tert”~ mutant observed a high
level of cyclin-dependent kinase inhibitors (cdkn1a, cdkn2a/b) and the inflammation marker
TNF-a. However, in zebrafish, tert -/- embryos have shorter telomeres and display DNA
damage responses that stabilize; p53 leading to premature ageing and death. Melanoma-
derived cells in G2 tert —-/- zebrafish embryos lead to increased tumor development. The
melanoma developed in tert -/- recipients progress faster, reaching advanced stages faster
and becoming more invasive [15] [Fig. 1].

DNA damage response induction

The activation of DNA repair and cell cycle arrest is an immediate response to DNA
damage, and these responses are designed to protect a damaged cell and promote its
recovery. In the DNA damage response (DDR) mechanism, an important role is played by
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Figure 1. Senescence mechanism in cancer cell. Cancer cell senescence could occur as a result of
chemotherapy, radiation, inhibition of telomerase activity, induction of DNA damage, changes in the tumor
microenvironment, regulation of senescence-related proteins, oxidative stress, inflammation, or epigenetic
dysregulation. As a result of these factors, cell senescence occurs and can be observed through changes
in cell morphology (enlarged cellular shape, flattened shape, enlarged and damage mitochondria), growth
and cell proliferation, sphere formation, clonogenic ability, cell cycle arrested in G2/M phase, epigenetic
modification (H4ac, H3K4me3, H3K9me3), cell cycle regulators (p21, p15, p27, p16, p53, p38) and changes
in characteristic markers of senescence (laminin B1, SA-3-gal, SASP).

upstream DNA damage kinases (ATM, ATR), downstream protein kinases (CHK1 CHK2),
DDR protein 53BP1, the mediator of DNA damage checkpoint protein 1 (MDC1), and NBS1
[16-19]. DNA damage can induce the expression of some proteins (p53, p16, p21), which
prevent the growth of cells with severe DNA damage [20, 21]. Studies have shown that some
compounds could induce DDR and, as a result, lead to cancer cell senescence. One of the
DNA damaging agents is doxorubicin, which induces DDR through intercalation into DNA,
DNA binding and alkylation, interference with DNA unwinding or DNA strand separation,
DNA crosslinking, helicase activity and inhibition of topoisomerase Il and generation of free
radicals [22]. Recently, studies have shown that doxorubicin could induce DDR and promote
cancer cell senescence. After doxorubicin treatment, Rouibah et al. (2021) showed induction
of cell cycle arrest in the G2 / M cell cycle and senescence-associated secretory phenotype
(SASP). The exit and senescence are regulated by both the INK4A / Rb pathways activated
by p53-p21 and p38, probably due to their extensive crosstalk [23]. Hu et al. (2019) in
human cervical cancer HeLa cells also observed an increased proportion of senescent
cells, B-galactosidase activity, and SAPS after treatment with doxorubicin [24]. Induction
of senescence after doxorubicin treatment was also observed in MCF-7 breast cancer cells
[25] and hepatocellular carcinoma cells [26]. ROS have been shown to play a critical role
in mediating genotoxic stress-induced DNA damage. Studies showed that resveratrol can
induce premature senescence in lung cancer cells A549 and H460 through ROS-mediated
DNA damage. In A549 and H460 cells, after resveratrol treatment, observed increased
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expression of senescence markers such as p53 and p21 protein, decreased expression of the
EF1A protein, and positive 3-galactosidase staining [27]. Similarly, icaritin could induce DNA
damage by raising the ROS level and contribute to the senescence of HepG2 and Huh?7 cells
[28] [Fig. 1].

Tumor microenvironment

The tumor microenvironment (TME) is determined as non-cancerous cells present in
the tumor. In the tumor microenvironment, including fibroblasts, adipocytes, immune cells,
vascular and lymphatic endothelial cells, the extracellular matrix and proteins support the
growth of cancer cells, which are produced by all cells in the tumor. In TME, cancer cells can
frequently stimulate normal cells to produce some cytokines, chemokines, various growth
factors, or matrix-degrading enzymes that consequently improve the malignancy of cancer
cells [29]. Cancer-associated fibroblasts (CAFs) are the major component of the tumor
microenvironment. Some studies have shown that CAFs are considered senescent cells and
can contribute to the progression of various human cancers [4, 30-32]. Senescent fibroblasts,
through cytokine secretion, can actively communicate with their microenvironment. This
phenomenon was named the senescence-associated secretory phenotype. The cytokines
secreted by senescent fibroblasts stimulate the growth, migration, and invasion of
preneoplastic and malignant epithelial cells, but do not stimulate normal epithelial cells [33-
35].

Yang et al. (2006) showed that the chemokine growth-regulated oncogene 1 (Gro-1)
is a critical mediator of the stromal-epithelial interaction in tumor promotion through its
induction of senescence in stromal fibroblasts. In NOF150 and NOF151 ovarian stromal
fibroblast lines, Gro-1 treatment can lead to increased expression of the HP1 senescent
marker HP1f in granular foci and levels of p16™%* levels in the cytoplasm and increased
senescence-associated 3-galactosidase (SA-B-gal) activity. Furthermore, at least in part, Gro-
induced senescence in cancer-associated fibroblasts can promote their tumor-promoting
capacity [36].

Ren et al. (2013) observed that cancer-associated fibroblasts (CAF), but not normal
fibroblasts (NF), secrete a high level of IL-6 with activated STAT3 and appear senescent
in early passages in culture or cervical cancer tissues infected with high-risk HPV [31].
Some studies showed that oncogene-induced senescent cells through the SAPS phenotype
can promote autocrine-like senescence in macrophages and other immune system cells.
Senescent-associated macrophages can induce other immune system cells to evade tumor
cell surveillance and senescent cell clearance. Furthermore, the accumulation of senescent
cells promotes the release of SAPS, which contributes to tumor cell growth [37]. Marin et
al. (2022) demonstrated that senescent cancer cells trigger strong antitumor protection
mediated by antigen-presenting and CD8 T cells. This response is superior to the protection
elicited by cells that undergo immunogenic cell death. Furthermore, patient-derived
cancer cells exacerbate the activation of autologous tumor-reactive CD8 tumor-infiltrating
lymphocytes (TIL) after the induction of senescence in these cells [38] [Fig. 1].

Studies showed that some combination of trametinib and palbociclib (T/P) could induce
senescence in pancreatic ductal adenocarcinoma cells. Induction of senescence in cancer
cells could stimulate tumor-reactive T cells, whose effect depended on SASP-mediated
vascular remodeling. Treatment of T/P PDAC-associated CD8+ T cells expressed higher levels
of the cell surface activation markers CD69 and CD44. Furthermore, CD8+ T cells isolated
from the trametinib and palbociclib treatment cohort showed higher expression levels of
the exhaustion markers PD-1, CTLA-4, 2B4, and LAG3. CD8+ T cells do not contribute to
an antitumor response despite the initial influx of activated T cells into PDAC undergoing
therapy-induced senescence [39] [Fig. 1].
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Regulation expression of proteins involved in cell proliferation, migration, drug resistance,

apoptosis, cell cycle and senescence induction

Recently, studies have shown that modifications in the expression of some proteins
involved in regulating cell proliferation, migration, drug resistance, apoptosis, and cell cycle
could induce cancer cell senescence. One of the proteins involved in these processes is the
serine/threonine p21-activated kinase 4 (PAK4). The expression of this protein is frequently
correlated with poor patient outcomes. Costa et al. (2019) in breast cancer cells, Hs578T and
BT-549, have shown that the PAK4 protein could induce senescence through morphological
changes, an increase in the SA-B-galactosidase activity, inhibit cell proliferation, and gene
expression changes consistent with a SAPS phenotype. Furthermore, PAK4 could interact and
phosphorylate RELB in serine 151, one of the NF-kB subunits. PAK4 interacting with RELB
could inhibit RELB DNA binding, consequential transcription, and beta CCAAT-enhancer-
binding protein beta (C/EBPf). After inhibition of PAK4 in senescent breast cancer cells, in
the most minor part, up-regulation of C/EBP{ [40, 41] [Table 1].

The Cbp / p300 interacting transactivator with carboxy-terminal domain 2 (CITEDZ2)
participates in the regulation of cellular cancer senescence. CITED plays an essential role in
the regulation of other cellular processes such as proliferation, apoptosis, differentiation,
migration, and autophagy [44]. Down-regulation of CITEDZ2 in the lung cancer cell line A549
increased SA-B-gal activity and p21¢** expression but also induced a senescence phenotype
that included flattened and enlarged morphology [45] [Table 1].

Another group of proteins involved in the regulation of cell cycle progression and cancer
cell senescence are cyclin-dependent kinases (CDKs). Dysregulation and mutation have been
implicated in prostate, breast, cervical, and lung cancers. Jia et al. (2021) in lung cancer A549
and H1299 cells after CDK16 knockdown showed in these cell series senescence-associated
phenotypes that included a decrease in cell proliferation rate, a blocked cell cycle in the G1
phase, and increased SA-B-gal activity [57]. Other kinases that play an important role in
cancer cell senescence are CDK2 and CDK4 /6. CDK2 siRNA and inhibition of CDK4/6 in MCF-
7 resulted in inhibition of overexpressed phospho- C-MYC and hTERT and higher expression
of SA-B-gal [58] [Table 1].

Table 1. Regulation expression of proteins involved in cell cycle regulation and senescence induction

UPREGULATION/

PROTEIN  TYPE OF CANCER DOWNREGULATION SENESCENCE MARKERS REFERENCES
morphological changes
breast cancer . T SA-B galactosidase
PAK4 Hs 578T, downregulation ! cell proliferation [40,41]
BT-549 SASP-phenotype
T SA-B galactosidase
CITED2 lung cancer downregulation Tp21 [44,45]
A549 SASP-phenotype (flattened, enlarged morphology)
SASP phenotype
lung cancer | cell proliferation rate
CDK16 A549 downregulation cell cycle arrested in G1 phase [57]
H1299 T SA-B galactosidase
CDK4/6 breast cancer 1 c-myc, hTERT [58]
MCEF-7 downregulation T SA-B galactosidase
hepatqcellular L cell growth
carcinoma { clone formation
NEK2 HepG2 downregulation cell cycle arrest at GO/G1 phase (591
| pAKT, pRB
cellosaurus cells Tpl6

SMMC-7721
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An essential role in the regulation of the cell cycle also plays NIMA-related kinase 2
(NEK2). Knockdown of NEK2 in a liver cell line, HepG2 cells, and the cellosaurus cell line,
SMMC-7721 cells induced a senescent phenotype by decreasing the levels of cell proliferation
and clone formation, increasing the percentage of cells in phase GO / G1, decreasing the level
of the phospho- AKT and phospho-Rb protein, and increasing the level of the p16 protein
[59] [Table 1].

The Raf/MEK/ERK, PI3K/PTEN/Akt/mTOR, and Jak/STAT pathways are often activated
in human cancers. Recent research has suggested that inhibiting of these pathways could
induce cancer cell senescence. In the breast cancer cell lines MDA-MB-468 and MDA-MB-231,
the synergistic action of Akt and ERK through specific inhibitors induced cell senescence.
Treatment of LY294002, U126, and NCTD breast cancer cell lines showed an increase in the
percentage of cells in the GO/G1 cell cycle phase, an increase in the percentage of SA-§-gal-
positive cells, and a lower expression of p21 expression [60]. Hayes et al. (2015) obtained
similar results in PDAC tumor cells after treatment with ERK inhibitor, which also observed
an increase in cells in GO/G1 and a decrease in cells in S and G2 /M, reduced levels of cyclin
D1, cyclin B1, p21 protein and hypophosphorylation and activation of RB [61]. Willobee et
al. (2021) showed a similar effect after inhibition of MEK and CDK4/6 in the PDAC cell lines
BxPC-3, Panc-1, and MiaPaCa-2, where a significant increase in phase arrest, inhibition of cell
proliferation, and increase in 3-galactosidase staining was observed [62]. In squamous cell
carcinoma (KYSE30), combined MEK and STAT3 inhibitors induced cell senescence through
cells arrested in phase G1, increased levels of SA-f3-gal-positive cells [63] [Table 2].

Phosphatases play an important role in the regulation of kinase activity. PTEN
phosphatase is the primary negative regulator of PI3K/AKT. Loss of PTEN induces cell
senescence as a failsafe mechanism for defending against tumorigenesis, which is called
PTEN-loss-induced cellular senescence (PICS). The loss of PTEN in MCF-7 caused an increase
in AKT phosphorylation in serine 473 (S473) and threonine 308 (T308) and activation of
mTOR1/2 complexes. These complexes phosphorylate the p53 protein in serine 15 (S15),
increasing p21 expression. As a result, PTEN-depleted MCF-7 cells showed prematurely
senescent phenotypes dependent on p53/p21 [64]. In the ovarian cell line, overexpression
of PTEN promoted ageing by promoting p21 expression. Ke et al. (2021) showed that PTEN
increased TRIM39 expression, which binds to p21 and inhibits p21 degradation [65]. In
human lung adenocarcinoma A549 cells, siPTEN accelerated bleomycin-induced premature
senescence by increasing the expression of the p16, p21 protein and increasing SA-§3-gal
activity. Furthermore, silencing of PTEN in A549 cells activated the PI3K/Akt/mTOR signaling
pathway through increased phosphorylation of Akt, FoxO3a, mTOR, and accelerated cellular
senescence [66] [Table 2].

Important roles in tumor initiation, growth, and metastasis play the (Wnt)/[B-catenin
pathway. Some studies indicated that Wnt inhibitory factor 1, one of the (Wnt)/B-catenin
pathway components, could induce cell senescence. In salivary gland tumors, WIF-
1 transfected cells (PA116, CaExPA79) observed a higher level of critical mediators of
senescence (p21, p53, B-gal). WIF-1 could suppress salivary gland tumor cell stemming
by reducing the number of stem cells, decreasing anchorage-independent growth, and
decreasing the expression of master regulators of stem cell renewal, pluripotency (0CT4,
c-MYC, WNT3A, TCF4, c-KIT, MYB) [68] [Table 2].

It was suggested that the depletion of the ZNF768 transcription factor could be related
to the induction of cancer cell senescence. Studies showed that ZNF768 regulated cell
senescence by modulating the expression of key cell cycle effectors and target genes. Loss
of ZNF768 induced cell senescence in breast, cervical, and colon cancer, as evidenced by
an enlarged, flattened shape and increased senescence-associated 3-galactosidase activity.
In glioma U87 cells, loss of ZNF768 induced high expression of genes that are part of the
senescence-associated secretory phenotype (SASP) [42] [Table 3].

Studies showed that an essential role in cellular senescence may play the role of c-myc, a
crucial regulator of various biological processes such as cell proliferation, growth, apoptosis,
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Table 2. Regulation expression of proteins involved in cell proliferation and senescence induction

UPREGULATION/ SENESCENCE

PROTEIN TYPE OF CANCER DOWNREGULATION MARKERS REFERENCES
breast cancer cell cycle arrest at GO/G1 phase
AKT, ERK MDA-MB-468 downregulation TSA-B glalazcitomdase [60]
MDA-MB-231 P
cell cycle arrest at GO/G1 phase
| percent of cells in S and G2/M phase
LRK ADEG el downregulation { cyclin D1, cyclin B1, p21 Ll
lhypophosphorylation an activation of Rb
P%‘:Sé_e:;ls cell cycle arrest at GO/G1 phase
MEK, CDK4/6 . 1 cell proliferation [62]
Panc-1 downregulation 1 SA-B galactosidase
MiaPaCa2 8

cell cycle arrest at GO/G1 phase

MEK, STAT3 esophageal squamous carcinoma ST T SA-B galactosidase [63]
KYSE30
breast cancer downregulation Tp21,p53
MCF-7
ovarian cancer upreeulation T pAKT, mTOR, p21, TRIM39
PTEN SKOV3 preg [64-66]
lung cancer ) accelerated bleomycin-
A549 downregulation induced premature senescence
Tpl6, p21

T SA- galactosidase
T pAKT, Fox03a, mTOR

salivary gland tumor cells T p21, p53, SA-B galactosidase
PA116 1 0CT4, c-MYC, WNT3A, TCF4, c-KIT, MYB [68]
CaExPA79 lanchorage-independent growth

WIF1 downregulation

metabolism, adhesion, protein synthesis, DNA replication, and angiogenesis. In primary
MYC-induced lymphoma and hepatocellular carcinoma, suppression of MYC induced SA-§-
gal activity. In osteosarcoma cell lines, inactivation of MYC expression exhibited induction
of p15™ p21¢" mRNA, and the protein p16™¥* protein and a global reduction in total
histone H4, reduction of trimethyl K4 histone H3 and increase of trimethyl K9 histone H3.
Inactivation of MYC in hepatocellular carcinoma exhibited only induction of p15™“ mRNA
expression, resulting in a global reduction in total histone H4 acetylation. These changes
suggested that c-myc plays an important role in osteosarcoma and hepatocellular carcinoma
senescence [43] [Table 3].

Hepatocyte nuclear factor 4o (HNF4a, NR2A1) is a member of the nuclear receptor
superfamily highly conserved. HNF4« is a crucial transcriptional regulator of genes, widely
involved in xenobiotics, drug metabolism, and the development of gastrointestinal tract
cancers. It was suggested that overexpression of this nuclear receptor in prostate cancer
cells could induce cell cycle arrest and cellular senescence, resulting in their suppression of
growth. The PC3-HNF4a-infectants (PC3-HNF4a-I) increased cell population in the G2/M
phase without a significant presence of apoptotic cells as in the sub-G1 phase. However,
significant SA-B-gal-positive cell increases were observed in PC-3-HNF4a and LNCaP-HNF4«a
infectants compared to their corresponding vector infectants. In HNF4a-I (AR-positive:
LNCaP-HNF4a and VCaP-HNF4a; AR-negative: PC-3-HNF4a), mRNA and protein levels of the
cyclin-dependent kinase inhibitor p21WAf/¢P1 (p21) increased markedly and frequently. In
PC-3-HNF4a xenograft tumors, increased expression of the p21 protein was also observed.
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Furthermore, treatment with a senescence inducer in LNCaP and PC-3 cells could induce
increased mRNA expressions of both HNF4a and p21. Knockdown of p21 activity in PC-3-
HNF4a-1 could significantly suppress the SA-B-gal and restore to the same levels as empty
vector infectants. In HNF4a-1 and shHNF4a-I (expresses wild-type p53) and HNF4a-I with

Table 3. Regulation expression of transcription factors, oncogenes, receptors, growth factors and senescence

induction
TYPE OF UPREGULATION/ SENESCENCE
PN CANCER DOWNREGULATION MARKERS SR AN
breast cancer
HeLA enlarged flattened shape
T SA-B galactosidase
colon cancer )
downregulation [42]
ZNF768 HCT116
glioma SASP
ug7
T SA-B galactosidase
lymphoma T p15INkeb
| total histone H4
acetylation
hepatocellular carcinoma downregulation 43
1T p15INKeb, p21CIP [43]
c-myc T q
p16INKda
osteosarcoma | total histone H4
acetylation
| K4H3me3
T K9H3me3
prostate cancer
PC3 . T SA-B galactosidase
HNF4a LNCaP upregulation 7 p21 [47]
VcaP
NOREA1A
lung cancer . T SA-B galactosidase [48]
(RASSF5) A549 upregulation 7p21
RASSF1A breast cancer . T SA-B galactosidase
MCF-7 downregulation Tp21 [49]
¥ papillary T SA-B galactosidase
BREESNOUE thyroid cancer downregulation ! cell proliferation [50]
LKi67
CIP2A hepatqcellular upregulation FOX1M dephosphorylation through PP2A phosphatase
carcinoma Tp21 [51]
| CDK1, CDK2/4
. SASP phenotype
lrigeiim 2 elanca downregulation { proliferative and invasive activity [67]
SK/Mel/47 . o
resistance to anoikis of the cells
glioblastoma ] TSA-B galsttOSldase
us7 downregulation ! lamin B1
osteosarcoma | (EdU) incorporation T p16, p53 [53]
U208 1 cell proliferation [54]
| clonogenic ability
ovarian cancer | sphere formation
EGFR OVCAR3 downregulation T SA-B galactosidase
A2780
cell cycle arrest at GO/G1 phase
5 [55]
T SA-B galactosidase
gallbladder cancer d .
GBC-SD ownregulation Tp21,p53
NOZ 1 phosphorylated form of Raf (c-Raf and b-Raf), MEK, and ERK
T oxidative stress
hepatocellular
carcinoma 1 cell growth
flattened morphology
TNF@ HepG2, HepG3 ek T SA-B galactosidase [56]

HEP40

1T p15INKeb, p21CIP
! c-myc, p107

485



Ce”ular Phy5|ology Cell Physiol Biochem 2023;57:478-511

DOI: 10.33594/000000671 © 2023 The Author(s). Published by

and BiOChemiStry Published online: 6 December 2023 |Cell Physiol Biochem Press GmbH&Co. KG

Zaczek et al.: Mechanisms of Senescence in Cancer

HNF4 (expresses mutated p53), there were no significant changes in p53 protein levels,
suggesting induction of cell senescence in prostate cancer cells independent of p53 [46]
[Table 3].

Recent reports showed that some tumor suppressors or proto-oncogenes could
influence cancer cell senescence. One of the tumor suppressors that plays a role in regulating
cell senescence in cancer cells is NORE1A (RASSF5), a member of the RASSF family. Studies
showed that lung tumor cell A549 contains an activated Ras gene and is wild-type for p53
but does not express NORE1A. After transfection of A549 cells, NOREA1A observed an
increase in the activity of -galactosidase and p21, suggesting that NOREA1A could be a
potent inducer of senescence [47]. The tumor suppressor associated with cancer senescence
that belongs to the RASSF family of tumor suppressors is RASSF1A. In RASSF1A-MCF-7 after
doxycycline treatment, RASSF1A downregulates Era induced SA-f-gal activity and increases
the level of p21 ¢»1/Wafll characteristic of senescent cells [48] [Table 3].

The mutation of the BRAF-V600E proto-oncogene is a common occurrence in papillary
thyroid cancer. However, BRAF-V600E expression can trigger oncogene-induced senescence
(OIS) in normal and cancerous cells. This process causes BRAF-V600E cells to enter a cell
cycle arrest state, which is achieved by using a negative feedback signaling mechanism. An
increase in serum thyroid-stimulating hormone (TSH) due to hypothyroidism can cause
senescent tumor cells to overcome OIS and proceed to malignancy. This highlights the
importance of TSH/TSHR signaling in the development of papillary thyroid carcinomas
(PTCs). Anincrease in TSH/TSHR signaling can lead to an increase in the levels of manganese
superoxide dismutase (MnSOD) and dual-specific phosphatase 6 (DUSP6) enzymes, which in
turn increases the production of oncogenic proteins (c-myc) [49]. Zou et al. (2015) showed
that BRAFV%%E induced senescence in BVE-PTC transplants by up-regulation of Trp53. Up-
regulation of p53 was associated with solid activity of SA-f-gal, and the absence of cell
proliferation due to the absence of Ki-67. This dependence has not been observed in primary
BVE-PTC tumors [50] [Table 3].

CIP2A is an oncogene that inhibits protein phosphatase 2A (PP2A) and stabilizes c-Myc
in cancer. Yang et al. (2018) suggested that CIP2A in hepatocellular carcinoma cells (HCC)
promoted FOX1M dephosphorylation through PP2A phosphatase, which affects an increase
in p21 and decreases CDK1, CDK2/4. These results suggested that inhibition of CIP2A
inhibited cell cycle progression and promoted cell senescence by regulating transcriptional
activity in HCC cells [51] [Table 3].

Recent studies have suggested that growth factors and their receptors may be essential
in cancer cell senescence. Studies showed that progesterone receptors exhibit ligand-
dependent antiproliferative effects by inducing cellular senescence in ovarian cancer.
Treatment with PR-expressing progestin in ovarian cancer cells induced the expression of
the p21 protein and transcription factor. Progesterone receptors with FOXO1 cooperatively
upregulate p21 to promote cellular senescence by upregulating the expression of FOX01
and proteins that regulate the cell cycle (p21, p15, p16, p27) and an increased level of
[-galactosidase [52] [Table 3].

Some studies suggested that integrins could regulate cellular senescence. In human
melanoma, SK/Mel/147 cells, the depletion of the integrin a2f1 induces a senescence
phenotype through the RAS / PI3K / Akt / mTORC1 / p53 / p21 pathway and decreases
proliferation, invasive activity, and resistance to cell anoikis [67] [Table 3].

Xuetal.(2019) observed thatadministration reduced the level of epidermal growth factor
receptor (EGFR) and could induce senescence, U87 glioblastoma cells, and osteosarcoma
cells. Treatment with nutlin-3a of U87 and USOS cells influenced positive senescence-
associated [3-galactosidase staining, reduction of lamin B1, and reduced incorporation of
5-ethynyl-2'-deoxyuridine (EdU), p16. Furthermore, ectopic expression of EGFR in U87 or
U20S cells significantly attenuated senescence induced by p53 activation [53]. Interestingly,
in OVCAR3 and A2780 ovarian cancer cells, EGFR could promote escape from carboplatin-
induced senescence. Through SA-f3-galactosidase staining in an ovarian cancer cell line, Li et
al. showed that overexpression of EGFR inhibited the carboplatin-induced senescence-like
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phenotype. At the same time, EGFR knockdown may contribute to the carboplatin-induced
senescence-like phenotype [54]. EGFR knockdown also induced senescence in gallbladder
cancer cells GBC-SD and NOZ. siRNA-EGFR-induced cell cycle arrest in phase GO / G1,
increased SA-B-gal activity, up-regulation of p21 and p53 expression, reduction in the level
of the phosphorylated form of Raf (c-Raf and b-Raf), MEK and ERK, and increased oxidative
stress. Treatment with arctigenin, an EGFR inhibitor, induced the same effect as siRNA-EGFR
in GBC cells and in xenografts in vivo [55] [Table 3].

Transforming growth factor-f (TGF-f) could be a potential senescence inducer in
hepatocellular cell lines. TGF-f treatment of HepG2 and Hep3B cells could inhibit cell growth
associated with flattened cell morphology and increase SA-B-galactosidase activity. In HCC
cell lines TGF-P also causes the induction of p15™“" and p21©*! that is associated with c-myc
downregulation, pRb underphosphorylation, p107 decrease and p130 [56] [Table 3].

Irradiation

Irradiation therapy is one of the approaches in cancer treatment. The central role of
irradiation is to use high-energy radiation from X-rays, gamma rays, neutrons, protons, and
nuclear energy to kill cancer cells and shrink tumors. Radiation therapy in cancer treatment
induces DNA damage, inhibits tumor growth, and promotes necrosis and apoptosis [69].
Some tumor cells could escape cell death and undergo permanent cell cycle arrest-induced
cancer cell senescence. Studies showed that irradiation could induce senescence in normal
and cancer cells, but metabolic changes and secretory pathways are poorly known. Naginen
et al. showed that after ionizing radiation from human colon cancer, HCT-116 cells exhibited
typical senescence with enlarged cell size, intracellular granules, and positive staining
for SA- (-gal, increased levels of p53 and p21. Furthermore, in senescent HCT-116 cells
observed increased level of proinflammatory cytokines (IL-1q, IL-6, IL-8, IL-27, IL-15, IL-
18), increased secretion of chemokines and chemo-attractants from inflammatory cells
(CCL-5, CLXCL-10, CLXCL-1, CXCL-8, CCL-22, CCL-2), higher expression of extracellular
matrix proteins (TIMP1/2/3; MMP-1), decrease in secretion of angiogenic agents VEGF-A
and increase in the growth factors secretion (PLGF, HB-EGF, GM-CSF, M-CSF, PDGF-AA, PDGF-
AA/AB, TGF-a/1). Senescent HCT-116 cells observed changes in redox system metabolites,
aerobic glycolysis, citric acid cycle metabolites, pentose phosphate pathway metabolites,
amino acids levels, and polyamine metabolites. These observations showed that irradiation-
induced senescence in cancer cells could influence metabolic and secretory pathways [5].

Essential roles in senescent induction play irradiation doses. In non-small cell lung
cancer A549 cells, doses of 2 Gy were observed ~ 20% of SA-B-gal-positive cells, but 10 Gy
doses generated ~ 80% of SA-[3-gal-positive cells [70]. A similar dose of 10 Gy was sufficient to
induce cancer senescence in wild-type p53 breast cancer MCF-7 cells [71]. Studies suggested
that the status of p53 could be important for the induction of senescence in cancer cells by
irradiation. Cellular stress by ionizing radiation could stabilize the p53 protein, leading to the
accumulation of this protein in the nucleus and the activation of some transcription factors.
Translocation of the p53 protein to the nucleus in normal human cells causes a delay in cell
cycle progression and activation of DNA repair. It could also induce premature senescence
or cell death by apoptosis. Mirzayans et al. (2005) showed that in some types of cancer cell
lines that express wild-type TP53, radiation can enhance nuclear TP53 levels, induction of
transcription, and increase the CDKN1A protein level [72].

Furthermore, radiation exposure A172 (malignant glioma), HCT116 (colon carcinoma),
SKNSH (neuroblastoma), and wild-type 53 cancer cells resulted in accelerated senescence.
Accelerated senescence in these cell lines evaluated by -gal expression and DNA, delayed
cell cycle progression, acquisition of flattened and enlarged morphology, and sustained
growth inhibition [72]. In MDA-MB-231 breast cancer cells, attenuated p53 irradiation did
not induce senescence but cell death by apoptosis [71].

Another factor that could be important in the induction of cancer cell senescence by
irritation is the status of securin. Seucurin is a protein involved in DNA replication, repair,
and tumorigenesis. It has been found that irradiation of wild-type colon cancer cells induced
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apoptosis but induced senescence and enhanced radiosensitivity in securin-null cells.
Radiation in securin-null HCT116 cells increased the level of g-H2AX, phospho-Chk2 (Thr-
68), p53, p21, and decreased the level of Rb [73].

Tumor radioresistance is one of the problems in cancer treatment because it leads
to cancer recurrence, metastasis, and poor survival in cancer patients. CDC6 has been
identified as a potential prognostic biomarker of radioresistance. In radioresistant CNE2-R
cells, acute exposure to IR elevated CDC6 levels by preventing the ubiquitin-proteasome
degradation pathway protein. CDC6 depletion enhanced IR-induced senescence, showing
typical senescence morphology such as cell size, cell enlargement, positive $-galactosidase
staining, and elevated p16 and p21 levels. An in vivo study validated that CDC6 depletion
resensitized radioresistant cell xenografts to IR treatment [74].

Schoetz et al. (2021) showed induction of senescence in the panel of HNSCC cell lines
after radiation at 0-8 Gy for 8 days. Most radioresistant cell lines (UPCISCC 040, Cal 27, and
Cal 33 cells) showed an early and strong induction of senescence (2 days after irradiation).
Then, they declined by the disintegration of senescent cells and the repopulation of viable
cells. More sensitive radiation cell lines (UDSCC 2, UPCISCC 099, UPCISCC 154, UPCISCC
131) exhibited a weaker senescence response. However, it was shown that senescent cells
could support the proliferation of neighboring cells via released SASP factors in the tumor
microenvironment. The conditioned medium of irradiated, senescent UPCISCC 040 cells
significantly increased the clonogenic survival of Cal 27 cells compared to the conditioned
medium of viable, non-senescent UPCISCC 040 cells [75] [Fig. 1].

Epigenetic changes

Some studies have suggested that epigenetic changes in senescent cells were crucial
for the induction, progression, and maintenance of senescent cells. Recent data showed that
epigenetic modification could also induce cancer cell senescence, but its role is not fully
understood.

One of the epigenetic modifications is DNA methylation, which promotes transcriptional
silencing. The enzyme responsible for DNA methylation is DNA methyltransferase (DNMT).
Its decreased expression was observed in some senescent cells. DNMT2/TRDMT1 is
a DNA methyltransferase that can potentiate its role in cancer cell senescence and be
associated with chemotherapy-induced senescence. In glioblastoma cells with DNMT2/
TRDMT1 knockdown, doxorubicin and etoposide mediated senescence with decreased
SA-B-gal-positive cells and nuclear p21 pools [6]. Recent studies indicate that a class of
methylcytosine dioxygenases, termed ten-eleven translocation (TET) family proteins, can
erase existing DNA methylation. One of the epigenetic changes is the aberrant activity of
the Polycomb Repressive Complex 2 (PRC 2) and the deregulated expression of the target
genes. In the PRCZ complex, an important role in gene silencing through H3K27me3 plays
an EZH2 protein. In human melanoma UCD-Mel-N, SK-Mel-173, and SK-Mel-119 cells,
EZH2 silencing induced senescence features (flattened and enlarged morphology, SA-B-gal-
positive cells, SAHFs, H3K9me3, increased cells in G1 phase and p21 upregulation) [76]. In
triple-negative breast cancer (TNBC), EZH2 decreased TET1 expression by regulation of
H3K27me3. Experimentally, targeting EZH2 in TNBC could induce cancer cell senescence
by cell cycle arrest, increasing TET1 expression and activation of the p53 pathway. In the
TNBC cells, after using a small-molecule inhibitor with EZH2 specificity, GSK343 cells
observed changes reminiscent of cellular senescence, such as enlarged and flattened cell
shape SA-B-gal positive cells [77]. Filipczak et al. (2019) observed a similar effect in lung
cancer cells (H1299, H1975, H226) after TET1 knockdown. The knockdown of TET1 in lung
cancer cell lines TET1 acquired a senescent phenotype defined by a change in morphology
and p21/B-galactosidase upregulation as well as the percentage of micronucleated cells.
Interestingly, depletion of WT-p53 expression or function sensitizes lung cancer cells to TET1
knockdown-induced cellular senescence [78]. PRC2 complex induced multiple features
of cellular senescence in sensitive tumors. MAK683, a potent PRC2 inhibitor, in multiple
sensitive cells (G401, G402, A2780, RD) induced a significant arrest cell cycle in G /G,
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increased p16 protein and SASP phenotype. In G401 xenograf, MAK683 treatment reduced
Ki-67, increased SA-B-gal activity, and higher p16 levels. However, in xenografs observed
increased expression of typical SASPs (GATA4, CCL2, IL-6, and IL-1B) [79]. Studies identified
that BMI-1 protein, a component of the Polycomb Repressive Complex 1 (PRC1), is a critical
factor for Diffuse Intrinsic Pontine Gliomas (DIPG), and its depletion significantly inhibited
cancer cell proliferation and retarded tumor xenograft growth. In SF8628 cells, inhibition
of BMI-1 through shBMI-1 or two inhibitors of BMI-1 (PTC-028, PTC-209) increased the
level of SA-3-gal. However, in DIPG cells, suppression of BMI-1 increased the expression
of some senescence markers (p19, p21, GLP-1) and secreted SAPS factors (11-6, 11-8, VEGF,
CXCLS, CTGF). The data strongly suggested that BMI-1 could directly regulate SAPS factors
by binding directly to promoters [80].

SEDT1A is a methyltransferase that, through promoter H3K4 methylation, regulates
several genes that orchestrate mitosis and DNA damage responses. [t was observed that SKP2
is a significant target of SETD1A and regulates the turnover of two cell cycle regulators (p21,
p27). The elimination of SETD1A knockdown in breast cancer cells expressed characteristic
SA-B-gal activity, increased cytokine and chemokine activity consistent with the SAPS
phenotype, and the cell cycle arrest by reducing the expression of p27 and p21 [81].

Another H3K4 methyltransferase is JARID1B. Ohta et al. (2013) showed that JARID1B
could be a molecular target for therapy-resistant cancer cells by inducing cellular senescence.
In colorectal cancer Colo201 cells, shJARID1B induced cellular senescence through increased
SA--gal activity and phosphorylation of Jnk/Sapk, as well as higher intracellular ROS levels
[82].

Other enzymes involved in epigenetic modifications are sirtuins, essential factors that
delay cellular senescence and extend the organismal lifespan. Three mammalian sirtuins
are located within the mitochondria (SIRT3, SIRT4, and SIRT5), while the other sirtuins
exert their functions within the cytosol (SIRT2), in the cell nucleus (SIRT1 and SIRT6) or
within the nucleoli (SIRT7) [83]. Recently, studies have shown that sirtuins are involved
in cancer cell senescence. SIRT1 is a nicotinamide adenine dinucleotide (NAD)-dependent
histone deacetylase that plays an important role in cancer development, progression, and
therapeutic resistance, making it a viable therapeutic target. Knockdown of SIRT1 (SIRT1-
KD) in prostate cancer cells decreased the expression of negative regulators of senescence,
including CENPA, EX01, E2F1, increased expression of p21 (CDKN1A) under androgen
deprivation conditions, and increased activity and levels of SA-B-galactosidase. However, it
was suggested that SIRT1 silencing prevents prostate tumor growth, possibly by inducing
senescence. The silencing of SIRT1 combined with 0.5 Gy radiation effectively eliminated the
colony formation of prostate adenocarcinoma cells, highlighting the potential for inhibition
of SIRT1 in radio-sensitization [84].

Up-regulation of another sirtuin- SIRT2 is a specific feature associated with stress-
induced premature senescence but not quiescence or cell death. Doxorubicin treatment of
the osteosarcoma U20S cell line influenced induction senescence by positive for senescence-
associated [3-galactosidase activity, enlarged and flattened morphology, increased expression
levels of growth markers (p53, p21) and marker of the secretory phenotype (PAI-1), loss of
nuclear membrane protein lamin B1. Doxorubicin in U20S cells also caused an arrest that
was accompanied by the G2 specific marker- cyclin B1. However, an increase in the protein
level of both SIRT2 and SIRT4 was observed in doxorubicin-induced senescence cells
compared to non-senescent control cells. An increase in SIRT2 levels could also be observed
in doxorubicin-induced senescent cells such as A375 (a human melanoma cell line) and A549
cells (NSCLC cell line). An increase in SIRT2 levels during senescence is also accompanied
by changes in the acetylation status of its downstream targets through the deacetylation of
a-tubulin at lysine 40, histone H4 at lysine 16 (H4K16) and p65 at lysine 310. Pretreatment
with N-acetyl cysteine (NAC) could effectively rescue U20S cells from doxorubicin- induced
senescence [85].
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Furthermore, NAC treatment also attenuated SIRT2 accumulation due to stress-
induced premature senescence. The p53-p21 axis plays an important role in the initiation of
premature senescence. Suppression of p53 largely prevented the expression of doxorubicin-
induced SIRT2 in U20S cells. Treatment of U20S cells with nutlin stabilized not only p53
levels but also induced premature senescence, which was accompanied by increased levels of
SIRT2. Furthermore, combined treatment with doxorubicin and nutlin not only accelerated
senescence but also showed higher levels of SIRT2 compared to treatment with nutlin or
doxorubicin alone. These results showed that the increase in SIRT2 expression in senescent
cells depends on p53 status [85].

Mitochondrial sirtuin SIRT3 is significantly overexpressed in multiple human
melanoma cells. In melanoma cell lines (SK-MEL2, G361, SK-MEL-29), SIRT3 knockdown
induces senescence-like phenotype. SIRT3 knockdown altered cell morphology, showing a
somewhat irregular, enlarged, flat, and multinucleated phenotype. After SIRT3 knockdown,
changes in molecular markers of senescence were also observed, such as increase in SA-f3-
gal activity and SAHF formation, up-regulation of levels of p16™** and p21%, enhanced
accumulation of cells in phase GO / G1, decreases in expression of cyclins (D1, E1) and Cdks
(2,4, 6)[86].

Mitochondrial sirtuin SIRT4 has been shown to play a tumor-suppressive role in
many cancers, including hepatocellular carcinoma (HCC). In hepatitis B virus-related
hepatocellular carcinoma, (HepG2-HBx, HepG2.2.15 cells), SIRT4 overexpression showed
that they became large, flat, granular, and the majority of cells, an increased percentage of
[-galactosidase positive cells, an increase in p16 and p21 expression, decreased expression
of cyclin-dependent kinase (cyclin B1, cdc2, cdc25c) and survivin [87].

SIRT6, one of the sirtuins, regulates DNA repair, cell metabolism, and transcription
by targeting various substrates for deacetylation or ADP-ribosylation. Studies showed
that silencing of SIRT6 could induce hepatocellular carcinoma cell senescence. The SIRT6-
silenced Hep3B and Huh-7 cells were the characteristic morphology of cellular senescence
cells. In SIRT6-depleted HCC cells positively stained with SA-f3-gal and mRNA level of ILS,
CXCL1, CXCL2 and CXCL3 were increased. However, induction of cellular senescence in HCC
cells by SIRT6 depletion in p16 / Rb and p53/p21- independent manners. SIRT6 silencing
increased cyclin B1 and downregulated cyclin E expression as well as elevated levels of
phosphorylation of CDC2 on Tyr15. Furthermore, the fraction of BrdU-positive cells that
proliferated decreased among SIRT6-depleted cells, indicating that SIRT6-depleted HCC
cells were arrested in the G2/M phase [88].

miRNAs are evolutionary conserved short noncoding RNA molecules that down-regulate
the expression of their mRNA targets. These small molecules could regulate a host of cellular
processes. Dysregulation in miRNA expression has been shown to modulate the pathological
pathways involved in the development of various diseases, such as diabetes, cancer, and
CVS. miRNA could be used as molecular markers in a normal physiological and disease state
[89]. Recent reports have indicated that miRNAs act as key modulators of cancer cellular
senescence by targeting critical regulators of senescence pathways [90].

miR-449aislocated on chromosome 5 and shares seed sequences with miR-34a, a known
tumor suppressor. Increasing evidence has shown that miR-449a is often underexpressed
in several types of malignant tumors, including the prostate, gastric, and bladder. In these
types of cancer, miR-449a induces cell cycle arrest, apoptosis, and senescence by regulation
of critical cell cycle motors or apoptosis inhibitors, including histone deacetylase-1 (HDAC-
1), CDK6, CDC25A, or sirtuin 1 (SIRT1). In lung cancer A549 and 95D cells, miR-449a mimics
caused significant GO/G1 arrest, positive staining for senescence-associated [3-galactosidase,
and changes in cell morphology such as increased size and a broad, flattened shape. These
results suggest that miR-449a suppresses cell proliferation and induces cell senescence [91].

Epstein-Barr virus-associated gastric cancer (EBVaGC) is approximately for about
10% of all gastric cancer cases and has unique pathological and molecular characteristics.
EBV encodes many microRNAs that actively participate in the development of EBV-related
tumors. It was reported that EBV-miR-BART3-3p (BART3-3p) promotes the growth of
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gastric cancer cells in vitro and in vivo. The BART3-3p encoded by EBV regulates the cellular
senescence pathway in gastric cancer. BART3-3p plays a negative role in regulating p53/
p21 in EBVaGC. It inhibits the expression of the PTEN protein, as well as some cytokines
(IL-1A, IL-1B, IL-6 and IL-8), thus preventing the senescence of GC cells and promoting the
progression of EBVaGC [92].

miR-21 has been reported as an oncogene in PCa, and its expression level was associated
with chemotherapy-resistant CRPC. Additionally, elevation of miR-21 has been detected
in several human cancers, including breast, gastric, colon, lung, pancreatic, and ovarian
cancers with a poor prognosis. miR-21 deficiency suppresses prostate tumorigenesis by
downregulating the IRS1/SREBP-1 signaling pathway and inducing cellular senescence. In
prostate tumorigenesis of Pten/Trp53 mutant mice, miR-21 deficiency decreased levels of
IRS1, SREBP-1, FASN, ACC, pAKT, Ki67, 3-galactosidase and decreased nuclear SREBP-1 [93].

miR-137 levels are significantly reduced in human pancreatic tumors, consistent with
previous studies revealing a defective senescence response in this type of cancer. Restoration
of miR-137 expression in pancreatic tumor PANC-1 cells can trigger cellular senescence.
In these cells, miR-137 significantly decreased growth rate and increased -galactosidase
activity. Comparable results were obtained with siRNA-mediated knockdown of KDM4A in
PANC-1 cells, suggesting the possible contribution of KDM4A depletion to trigger senescence
in PANC-1 cells. Studies showed that miR-137-induced senescence can be restored in PANC-
1, thus blocking its proliferation [94].

High expression of miR-433 is significantly associated with poor progression-free
survival (PFS) in patients with HGSOC and demonstrated that down-regulation of the mitotic
arrest deficiency protein MAD2 by miR-433 induced cell chemoresistance to paclitaxel.
Stable expression of miR-433 in ovarian cancer cells induced cellular senescence through
decreased p-Rb, CDK6 and increased -gal activity and the level of 11-6 and I1-8 cytokines
[95].

The role of miR-494-3p in carcinogenesis appears to depend on the type of cancer. The
tumor suppression effect of miR-494-3p has been reported in pancreatic cancer, cervical
cancer, small cell lung cancer, and OSCC. The overexpression of miR-494-3p could induce
cellular senescence in SAS cells by increasing p16™%4, p21, p53, and (3-gal. Studies showed that
BMI-1 is a potential target for miR-494-3p. In SAS cells transduced with sh-Bmil, lentivirus-
transduced SAS cells activated the cellular senescence pathway. The radiosensitivity of SAS
cells was increased at the radiation dose of 8 Gy. The overexpression of Bmil with a pcDNA3-
Bmil vector in SAS cells showed a partial recovery of the radiosensitization effect of the miR-
494-3p mimic. Studies suggested that miR-494-3p could improve radiosensivity in SAS cells
by inducing cell senescence caused by downregulation of Bmil [96].

miR-22 is up-regulated in human senescent fibroblasts and epithelial cells but down-
regulated in various cancer cell lines. Overexpression of miR-22 induces suppression of
growth and acquisition of a senescent phenotype in normal and cancer cells. miR-22 caused
notable and characteristic morphological alterations, including enlarged cellular size and
flattened shape, and significantly increased SA-[3-gal activity, cell arrest in the G1 phase, and
inhibited the growth of in the breast cancer cell line. SIRT1 and CDK6 are genes involved in
cell senescence, possibly through the pRb pathway. The overexpression of miR-22 markedly
decreased SIRT1, SP1, and CDK6 in SiHa and MDA-D3 cells by binding to their 3'-UTR
promoter regions [97].

miR-485-5p is located at a fragile site on chromosome 14q32 and abnormal expression
of miR-485-5p was observed in many types of malignant tumors such as ovarian cancer, non-
small cell lung cancer, hepatocellular carcinoma, gastric cancer, ependymoma, glioma, oral
tongue squamous cell carcinoma and melanoma [98]. The binding of miR-485 5p to CDK16’s
3’-UTR promotes senescence. In lung cancer cells, miR-485-5p overexpression resulted in
senescence-associated phenotypes, including a reduced cell proliferation rate, an increased
percentage of positive SA-3-gal-staining cells, and cells arrested in the G1 cell cycle phase
[57].

miR-7, which acts as a tumor suppressor in various types of cancer, including pancreatic
cancer, can down-regulate poly (ADP-ribose) polymerase 1 (PARP1), which functions as a
regulator of various biological processes, including DNA repair and chromatin remodelling in

491



Ce”ular Phy5|ology Cell Physiol Biochem 2023;57:478-511

DOI: 10.33594/000000671 © 2023 The Author(s). Published by

and BiOChemiStry Published online: 6 December 2023 |Cell Physiol Biochem Press GmbH&Co. KG

Zaczek et al.: Mechanisms of Senescence in Cancer

the senescence programme. It is well known that gemcitabine is a first-line chemotherapeutic
agent in pancreatic cancer. Gemcitabine induced senescence in PANC-1 cells, measured by
decreased cell proliferation, increased SA-B-gal activity, elevated senescence-associated
signaling, and increased expression levels of several SASP factors, mainly dose-dependent.
miR-7 may be involved in resistance to gemcitabine through the regulation of senescence.
miR-7 regulate the PARP1/NF-kB signaling and negatively regulated H3K9me3 formation.
miR-7 overexpression resulted in a marked decrease in cellular PARP1 and subsequent NF-xB
inactivation, further repressing the senescence-associated phenotype. The overexpression
of miR-7 in gemcitabine-resistant PANC-1 cells markedly decreased cellular senescence,
including decreased SASP SA-(3-gal activity, decreased expression levels, and down-regulation
of SASP and downregulation of PARP1/NF-kB senescent signaling [99].

miR-34a, which can function as a tumor suppressor, is deregulated in many human
cancers, including NSCLC. Recent studies have demonstrated that miR-34a modulates IR-
induced senescence in NSCLC. miR-34a overexpression enhances IR-induced senescence in
NSCLC cells by targeting c-Myc. miR-34a matches precisely the 3’-untanslated region (3’-
UTR) sequence of the MYC oncogene [70]. miR-34a was highly up-regulated in a human colon
cancer cell line, HCT 116. The introduction of miR-34a into HCT 116 cells caused senescence-
like phenotypes with positive staining for senescence-associated [3-galactosidase (SA-§-gal),
through downregulation of E2F and up-regulation of p53 / p21, increased cell size and
decreased cell proliferation [100].

miR-130b~301b cluster shows tumor suppressor functions in vitro, influencing cell
cycle, cell viability, apoptosis, and invasion. Transfection of miR-130b or miR-301b was
associated with significant up-regulation of the tumor suppressor genes CDKN2A (p16)
and, more dramatically, CDKN2B (p15), along with downregulation of LMNB1, increased
[-galactosidase (GLB1) mRNA levels, decrease in H3K9me3 and MMP1, MMP10 and CCL20
expression, along with overexpression of IL-14, IL-1B and IL-6. The overexpression of miR-
130b or miR-301b resulted in the arrest of cells in phase S, and the overexpression of miR-
130Db arrested cells in G2 / M [101].

The up-regulated miR-203 level was related to unsatisfactory clinical outcomes and
a high probability of carcinogenesis and recurrence in human malignancies, including
hepatocellular cancer, glioma, melanoma, gastric cancer, breast cancer, and CRC. Studies also
demonstrate that miR-203 acts as a tumor suppressor in tumor progression [102]. Ectopic
expression of miR-203, which functions as an anti-oncomir and its downregulation, inhibits
cell growth in canine oral malignant melanoma tissue specimens, as well as in canine and
human malignant melanoma cells. Studies showed thatmiR-203 could also induce senescence
in human melanoma cells. Cells transfected with miR-203 have shown a decrease in the
number of cells positive for SA-B-gal activity, SIRT1. Furthermore, the ectopic expression of
miR-203 in Mewo cells significantly and dose-dependently decreased the expression levels
of the E2F3a, E2F3b, and ZBP-89 proteins, resulting in cell cycle arrest [103] [Fig. 1, Table 4].

Two faces of cancer cell senescence. Positive and negative aspects of senescence on
cancer progression

Senescence is generally regarded as a tumor-suppressive process by preventing cancer
cell proliferation and suppressing malignant progression from pre-malignant to malignant
disease. It is suggested that senescence is one of the obstacles to oncogenesis because
cell cycle arrest and inhibition of cell proliferation were observed [104]. Cell progression
regulation depends on cyclin-dependent kinases (CDKs) and their regulatory cyclin subunits.
The molecular mechanisms of cells arrested in phase involve CDK inhibitors such as p21, p15,
pl6, and p27, whose expression is upregulated in senescent cells. Cancer cells divide more
rapidly than normal cells. This is manifested by altered expression and/or activity of cell
cycle-related proteins, growth factors, and changes in signal transduction pathways that also
stimulate cell growth. EGFR is one of the receptor tyrosine kinases important in controlling
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cell proliferation. In some types of cancers, we observed an increased level of this protein
and, as a result, higher cell proliferation. In gallbladder cancer cells, down-regulation of
EGFR induced cancer senescence and inhibited cell proliferation by up-regulation of p21 and
induction cell cycle arrested [55]. However, in lung cancer cells, the knockdown of the cyclin-
dependent kinase CDK16 could induce senescence and decrease the proliferation rate of
cancer cells. Thus, induction of senescence through down-regulation and expression of some
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Table 4. Role of miRNA in the induction of cancer cell senescence

miRNA

Characteristic markers

upregulation T Type of cancer of senescence References
downregulation!
-Go/G1 arrested
TSA-B-gal
- changes in morphology
- lung cancer (increased size and a broad,
miR-449a 1 (A549,95D) flattened shape) o1
gastric cancer Vit
miR-BART 3-3p T 1p53 [92]
SIECEID LN | MMP1, IL-6, CDK4, IL-8
miR-211 mouse model of TSREBP/IRS-1 signaling (93]
prostate cancer TSA-B-gal
pancreatic cancer Ugrasidn ez
miR-137 1 PANC-1 TSA-B-gal [94]
TSA-B-gal
. ovarian cancer | CDK4, pRB
miR-433 1 A2780 Tl-6, 11-8 [95]
TSA-B-gal
. oral squamous cell carcinoma Tp16,INK4a, Rb1,p53, p21
miR-494-3p T SAS cells 1 Bmi-1 [96]
TSA-B-gal
breast cancer -enlarged cellular shape, flattened shape
miR-22 T MCF-7 -Go/G1 arrested [97]
MDA-D3 Ipercent of cells in S phase
lung cancer lcell proliferation rate
miR-485-5p T A549 TSA-B-gal [98,57]
H1299 lCDK16
pancreatic cancer leé;\B};ial
miR-7 1 PANC-1 [99]
(gemcitabine resistant) {PARP1/NF-1B
TSA-B-gal
IR-induced senescence
lung cancer 1 c-myc [70]
H460
. A549 TSA-B-gal
i - enlarged cellular size
colon cancer ! cell proliferation [100]
HCT116 T E2F
{p21,p53
1 cell viability
TCDKN1A (p16), CDKN1B (p15)
| LMNB1
Cluster prostate cancer TSA-B-gal [101]
miR-130b ~301b ! PC3 | H3K9me
1 SAPS (II-1A, II-1b, 11-6)
| SAPS (MMP1, MPP10, CCL20)
melanoma TSA-B-gal
miR-2037 Mewo | SIRT1, E2F3a, E2F3b, ZBP-89 [103]
A2058 cell cycle arrested
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proteinsinvolved in the regulation of the cell cycle in cancer cells may play an importantrole in
cancer cell proliferation and progression [57]. Recently, data showed that some types of cells
in the tumor microenvironment, through the secretion of various factors, influenced cancer
cell senescence. Cells in the tumor microenvironment produce a bioactive secretome, termed
the senescence-associated secretory phenotype (SASP). One of the components of the tumor
microenvironment is cancer-associated fibroblasts, macrophages, or other autoimmune
cells that secrete a variety of soluble signaling factors, such as chemokines and cytokines.
Some SASP factors reportedly play an essential role in the onset of stable cell-cycle arrest
in senescent cells, presumably contributing to the tumor suppressing function of cellular
senescence. SAPS-induced or enhanced senescent-associated growth arrest in autocrine
and paracrine manners through production through a pro-inflammatory environment,
recruitment of immune cells, and inhibition of cancer progression. The role of paracrine and
autocrine senescence in cancer is poorly investigated [3]. Inflammasome-mediated IL-1 is a
crucial regulator of senescence and controls the activation of the SAPS programme. In mouse
models of pancreatic cancer, genetic inactivation of IL-1a could recapitulate delayed cancer
progression. These studies suggested that I1-1, as an inflammatory component of SAPS in
an autocrine manner, influences tumor suppression [105]. Some components of SAPS (1I-8,
I1-6, PAI-1, IGHBP7) reinforce senescence growth arrest in vitro [106, 107]. It was observed
that SASP could contribute to an antitumor microenvironment by skewing macrophage
polarization to a tumor-inhibiting M1 state in a fibrosis-associated liver cancer model [108].

Moreover, cells co-cultured with senescent cells showed a phenotype similar to
senescent cells. Furthermore, senescent cells induce paracrine senescence in neighbouring
cells through SASP, which acts as a barrier against tumor growth [109]. SASP can also
activate immune surveillance by p53 and up-regulation of some cytokines. The immune
system plays an important role in tumor surveillance. In malignant hepatocytes, induction of
senescence by p53 contributed to tumor clearance through SAPS-mediated differentiation
and up-regulation of inflammatory cytokines. These processes lead to cell cycle arrest in
vitro, but in vivo they trigger an innate immune response against tumor cells [110].

Paradoxically, senescent cells are frequently observed in cancer tissue but have a critical
anti-tumor barrier. Through autocrine secretion of chemicals and cytokines, pre-malignant
senescent hepatocytes gave a signal from liver-infiltrating immune cells to tumor clearance.
In this senescence surveillance, antigen-specific CD4 (+) T cells are involved, natural killers
that could eliminate senescent tumor cells and consequently suppress tumorigenesis [108,
111, 112].

Studies confirm that senescence can be a barrier to tumor development, but there is
growing evidence that senescent cell accumulation cooperates in cancer progression. Some
studies showed that senescent fibroblasts in the microenvironment could promote epithelial
cell growth and tumorigenesis. Krtolica et al. (2001) observed that senescent fibroblast
co-cultured with preneoplastic epithelial cells (HaCAT, S1, SCp2) and neoplastic epithelial
cells (MDA-MB-231, HT1080, SOAS-2) stimulated the growth of these cells. The ability of
senescent fibroblast to promote cancer progression confirmed a study showing that co-
cultured senescent fibroblast with premalignant breast epithelial cells irreversibly lose
differentiation characteristics, gain invasiveness, and undergo malignant transformation
of premalignant breast epithelial cells [113]. Senescent fibroblasts also strongly accelerate
tumorigenesis in in vivo mice models [33]. It was observed that senescent fibroblasts could
stimulate epithelial cell proliferation, migration, and invasion by secreting MMP-3 [113], 11-8
overexpression [114], VEGF secretion, and increase little HIF-1 o [115].

Another component that promotes tumor progression is SAPS. Some studies confirmed
that SAPS suppresses tumor formation, but there is evidence that these components could
promote cancer development. SAPS created an immunosuppressive environment and
contributed to tumor progression and relapse. II-6 and I1-8 are components of SAPS, which
could play a role in stimulating inflammation, epithelial-to-mesenchymal transition (EMT),
and invasion [113].Ina mouse model that mimics the aged skin microenvironment, senescent
stromal cells contributed to tumor promotion through the secretion of IL-6, increasing the
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number of myeloid-derived suppressor cells (MDSCs) and increasing the ability of MDSCs
to inhibit anti-tumor T-cell responses [116]. Another study suggested that senescent
mesenchymal stem cell xenograft mice, activating the IL-6 / STAT-3 signalling pathway,
stimulate the proliferation and migration of breast cancer cells in vitro and promote tumor
progression [117-119]. Studies showed that IL-6 could cooperate with HER-2 and promote
tumor development. It has been shown that in HER-2-positive breast cancer, approximately
5% of tumor cells constitute senescent cells. Blocking IL-6 inhibited tumor growth, indicating
that IL-6 was secreted through senescent cells, promoting cancer progression [120-121]. In
the in vitro dormancy model of MCF-7 breast cancer cells, bone marrow stroma secretory
senescence released the IL-6, IL-8, and TGFB1 components reactivated dormant MCF-7 cells,
promoting their mesenchymal appearance and, as a result, increasing cellular proliferation
and migration [122]. The next cytokine secreted by both cancer and noncancer cells, which
creates a pro-inflammatory, microenvironmentis II-1. This cytokine has been shown to induce
cells into “pseudo-senescence.” Under chronic IL-1, cancer cells could be drug-resistant in
this state, acquire stem-like properties and consequently drive cancer recurrence [123].

Another factor secreted by senescent cells is MCP-1 chemokine. MCP-1 recruited immune
cells expressing the CCR2-receptor [106, 107]. In hepatocellular carcinoma, CCR2-positive
myeloid cells recruited by senescence improved growth and were correlated with patients
with a worse prognosis with hepatocellular carcinoma through inhibition of NK cells [124].

Studies showed that cisplatin could induce senescence in melanoma cells and xenograft
mice [122]. Cisplatin in melanoma cells induced the release of IL-8 and IL-1a, which activated
the ERK1 / 2-RSK1 pathway and promote the growth of non-senescent cells. Acceleration
of tumor growth was observed after transplantation of non-senescent and senescent
melanoma cells compared to transplantation of non-senescent cells only in mice. However,
only senescent cells do not produce tumors [122].

Recently, studies showed that treatment with the same dose of chemotherapy
lymphomas resulted in a higher tumor-initiating potential of previous senescent cells than
never senescent cells. Furthermore, senescent cells previously retained the ability to re-enter
therapy-induced senescence (TIS) after re-exposing to chemotherapy [125]. These results
have been shown to depend on Wnt signaling, which was activated in TIS. Wnt signaling is
essential for stem cell renewal and enhanced tumor initiation capacity [125-127]. Tumor
induces senescence by inducing cancer stem cells contributed by chemo-resistance [128].
Cell senescence could affect the promotion of cell-autonomous reprogramming of non-stem
cancer cells into cancer stem cells [129, 125]. The important mediators of senescence-
induced cell reprogramming are the transcription factors Oct4, Sox2, Klf4, c-Myc (OSKM),
and IL-6, while expression could depend on the absence of loci INK4a and p53 [65, 129-131].

The important role in senescent cells is playing the role of signaling molecules called
tumor suppressors (p53, c-myc, PTEN). These molecules could induce tumor invasiveness
[132, 125, 133]. Recent studies have shown that the c-myc factor could affect cell senescence
and the cancer mechanism of sustained tumor regression of haematopoietic tumors,
osteosarcomas, and hepatocellular carcinomas. After the inactivation of c-myc, several
molecular characteristics of cellular senescence were observed, such as elevated (3-gal
activity, increased expression of cell cycle inhibitors p15™“ and p16™¥4:, the formation of
heterochromatin, and methylation of H3K9. However, in studies, some tumor suppressors
(p53, Rb, and p16™%4) play an essential role in regulating c-myc and inducing cell senescence
through these transcription factors. Lymphoma cell lines expressing endogenous or restored
p53 exhibited SA-f-gal activity after inactivation of MYC [43].

Furthermore, p53 expression was required for complete tumor regression after
MYC inactivation when transplanted into syngeneic hosts. In osteosarcoma cells, after
suppression of Rb, p16™%*2, or p53, the loss of SA-f3-gal staining was observed after MYC
inactivation and continued cellular proliferation. In osteosarcoma, inactivation of c-myc and
shRNA against p16™&* or Rb exhibited sustained regression [43]. Recently, studies have
shown that senescence plays a key tumor suppressor role in Pten-deficient prostates. In the
mouse model, complete loss of PTEN, a strong p53-dependent senescence response, could
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oppose tumor progression. Total loss of PTEN induction of senescence and inhibiting tumor
progression as well as leading to metastasis. Recent studies showed that inactivated mutation
of some genes (SMAD4, CyclinD1, SPP1, p53, Nkx3.1), as well as those overexpressing
Erg, HER receptors in the null mouse model, overcame senescence, leading to aggressive
metastatic CaP [134]. However, therapies based on PICS induction can lead to replication
stress and, consequently, to additional mutations, allowing escape from senescence, cancer
progression, and induction of the secretion of cytokines and chemokines contributed to
tumor development. Interestingly, in PTEN-deficient prostatic epithelial cells, ablation of
p53 allowed avoidance of the senescence barrier to promote development and invasiveness
[135].

Treatment modalities used in cancer and their connection with cell senescence

Therefore, senescence could promote tissue dysfunction and the early onset of various
age-related symptoms in treated cancer patients. Studies indicate that the presence of
numerous therapies or compounds used in cancer treatment could related to senescence.
It turns out that cancer cell senescence could be related to chemotherapy, radiotherapy,
CDK4/6 inhibitors, epigenetic modulators, immunotherapy, natural compounds, and
hormonal therapy using [7, 136] [Fig. 2]

Chemotherapy

In chemotherapy, commonly used topoisomerase inhibitors (doxorubicin, etoposide,
camptothecin), alkylating agents (cisplatin, temozolomide), microtubule inhibitors
(paclitaxel), cytotoxic antibiotics (bleomycin) could be related in cancer cell senescence
[109].

Topoisomerase inhibitors are compounds that block topoisomerase enzymes and
prevent the replication process. The most common topoisomerase inhibitor used in
chemotherapy of various cancers, including lung, breast, lymphoma, and lymphocytic
leukaemia, is doxorubicin [137]. Studies showed that doxorubicin induces senescence
in some types of cancers, including fibrosarcoma (HT1080), breast cancer (MCF-7, MDA-
MB231), colon cancer (HCT116), prostate cancer (PC3, LNCaP), ovarian cancer (A2780),
glioma (U251), leukaemia (K562), melanoma (SK-MEL-103) in low doses of doxorubicin
in the range of 20-100 nM and within 2-4 days. Another topoisomerase inhibitor-induced
cancer cell senescence is etoposide. The etoposide-induced senescence fibrosarcoma cell
line HTC1080 is characterised by elevated (-gal activity, arrest cells of the G1 phase, and
increased micronuclei formation. Simultaneous effects were observed after camptothecin
treatment for colon cancer (HCT116) and lung cancer (H1299) [138, 139].

Alkylating drugs can lead to the formation of cross-links in the DNA molecule. The
formation of cross-links inhibits or prevents transcription, DNA synthesis, and blocks cell
division. The typical alkylating agents that can induce cancer cell senescence are cisplatin
and temozolomide. Cisplatin could induce senescence in nasopharyngeal carcinoma (CNE1)
and fibrosarcoma (CNE1) [139, 140], while temozolomide caused senescence in glioma
[141-144], melanoma [145], colorectal cancer [146].

Paclitaxel is a microtubule inhibitor, which compromises the metaphase-anaphase
transition, thus arresting the cell at mitosis. These inhibitors are commonly used in treating
ovarian, breast, brain, and non-small cell lung cancer. In MCF-7 breast cancer cells, paclitaxel-
induced senescence through reduction of cell proliferation, increasing DDR, and elevated SA-
[-galactosidase activities [147-148].

Bleomycin is a drug commonly used in Hodgkin lymphoma and testicular germ therapy.
This compound oxidizes DNA nucleotides induced single- and double-strand breaks of DNA
[149]. Studies showed that in A549 lung cancer cells bleomycin induced senescence by
upregulation of p16, p21 expression, and SA-f-galactosidase activities [150-152] [Fig 2].
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Radiotherapy

Radiotherapy is one of the methods used in treating many cancers, including carcinomas
(skin, head and neck, lung, breast, bladder and prostate, lymphoma, soft tissue sarcoma,
and nervous system [69]. Studies suggested that radiotherapy could induce cancer cell
senescence, and induction of senescence depends on p53 status and mutations affecting
survival pathways. However, induction of senescence in cancer cells depends on the dose
and time of exhibition of irradiation. Irradiation in 2 Gy to 10 Gy could induce senescence in
breast cancer (MCF-7, MDA-MB-231) and glioblastoma cell lines (HT1080) [139, 153-155]

[Fig. 2]

CDK4/6 inhibitors

One of the anticancer strategy is the critical inhibition factors for the cell cycle transition
from G1 to S phase, CDK4, and CDK6 [156]. Three CDK4/6 inhibitors are used in cancer
therapy - palbociclib, ribociclib, and abemaciclib. Recently, studies have shown that CDK4/6
can also induce senescence in cancer cells [157-159]. Palbociclib induces the cancer
senescence in the case of breast cancer (MCF-7, T48) [148-160], melanoma (Mel10, 1205Lu,
SK-MEL-103) [161-164], liposarcoma (LS8817, LS141, L.S0082, U20S, LS8107) [165-167],
gastric cancer (AGS, MKN-45) [168], hepatocellular carcinoma (Huh7, skHep1) [169]. In
turn, ribocicline initiates senescence in Edwig’s sarcoma cells (SKNEP1) and neuroblastoma
cells [157-170], and abemaciclib in various types of breast cancer cells (MDA-MB-453,
BT474, MCF-7). CDK4/6 inhibitors in cancer cells induced senescence by elevated SA-
[-galactosidase activities, reduced cell proliferation, up-regulation of cyclins D1 and D3,
pl6, p21, and down-regulation of p-Rb, G1 growth arrest, SAPS induction, reduced BrdU
incorporation [171-175] [Fig 2].

Figure 2. Treatment modalities used in cancer and their connection with cell senescence. Cancer cell
senescence could be related in chemotherapy (topisomerase inhibitors, alkylating agents, microtubule
inhibitors, cytotoxics antibiotics), radiotherapy, CDK4/6 inhibitors (palbocicilib, ribococicilib, ademacicilib),
epigenetic modulators (5-aza, SAHA), immunotherapy (rituximab), natural compounds (ginger, balcalein,
triptolide, papaverine, harmine, tianshengyan-1) and hormonal therapy (17-B-estradiol, progesterone,
testosterone, progestin, megestrol acetate
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Epigenetic Modulators

Studies showed that some epigenetic modulators 5-Aza-2'deoxycytidine (5-aza) and
suberoylanilide hydroxamic acid/ vorinostat (SAHA) induced cancer cell senescence. In
osteosarcoma cells (U20S), 5-aza upregulation of p16 and arrest of growth. Elevated SA-
[-galactosidase activity and increased DDR after 5-aza treatment were observed in lung
mesothelioma cells (H28). 5-aza induced senescence in U20S and MCF-7 by activating
the p53-p21 pathway [176-180]. Another epigenetic modulator that induces cancer cell
senescence is SAHA. These compounds are histone deacetylase (HDAC) inhibitors and
have been approved for treating cutaneous T-cell lymphoma. After SAHA treatment, some
marKkers of senescence in leukaemia cells (MOLM-7, HL-60, and JURL-MK1), colon cancer
cells (HCT116), and urothelial carcinoma cells [181-182] [Fig 2].

Immunotherapeutic drugs

In cancer therapy, some immunotherapeutic drugs could cause apoptosis of immune-
mediated cancer cells. One of these compounds is rituximab, a CD20-targeting antibody:.
Rituximab is used to treat leukaemia and lymphoma. Recently, studies showed that treatment
of human lymphoma cells (EHEB, RC-K8, SD1) could induce senescence through elevated SA-
[-galactosidase activities, DDR and SAPS induction, as well as upregulation of p53 and p21
[183] [Fig 2].

Natural Compounds

Studies indicated that natural compounds belonging to phenolics (ginger, pterostilbene),
flavonoids (baicalein), terpenoids (triptolide), alkaloids (papaverine, harmine), TCM extracts
(tianshengyuan-1) induce senescence in cancer cells [136].

Ginger exerts antimicrobial, antitumor, anti-inflammatory activity, and resistance to
diabetes. In A549 lung cancer cells, ginger suppressing hTERT expression and telomerase
activity caused telomere shortening and triggering cell senescence [184-186].

Pterostilbene, similar to ginger, in lung cancer cells could induce cancer senescence by
suppressing telomerase activity, induction of DDR, activation of ATM/ATR/p53/p21, and
blocking S phase [187-189].

Baicalein, a phenolic flavonoid compound, exerts powerful anticancer effects in various
cancers. It has been shown that baicalein could significantly inhibit tumorigenesis in vitro
and in vivo. However, recent studies indicated that baicalein, down-regulation of hTERT, and
regulation of the MAPK / ERK / p38 pathway could regulate colon cancer cell senescence
[190-191].

Triptolide (TPL) is a diterpenoid that indicates anti-fertility, anti-tumor and anti-
cytogenesis effects. TLP could increase the expression of p53 and p21%*! and block the cell
cycle. In liver cancer, TLP, by inhibiting cyclin, activating AKT signaling, suppressing hTERT
expression and telomerase activity, contributed to the acceleration of liver cancer senescence
and inhibition of tumor growth [192-193].

Papaverine (PPV), as an alkaloid, has a wide bioactivity for clinical use. The PPV is
used as a muscle relaxant. Studies showed that PPV inhibited telomerase by reducing the
transcription level of hTERT induction of senescence in hepatocellular carcinoma HepG2
cells. However, low PPV treatment doses accelerate senescence and elevated levels of SA-3-
galactosidase [194-195].

Harmine is a [-carboline alkaloid with an antimutagenic, antidepressant, and
antiplatelet effect. In breast cancer cells MCF-7, harmine induced cellular senescence and
arrested cell proliferation. In these cells, some senescence markers, such as elevated levels
of SA-B-galactosidase, decreased telomerase activity, and overexpression of the p53 / p21
pathway [196-197].

Tianshengyuan-1 (TSY-1) is an agent used in bone marrow deficiency and stimulates
telomerase activity. Interestingly, TSY-1 had an inhibitory effect on telomerase activity
in leukaemia cells with inherently high telomerase activities and an activation effect on
normal blood mononuclear and stem cells with low telomerase activities. Studies showed
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that TSY-1 in acute myeloid leukaemia suppressed telomerase activity, but in peripheral
blood mononuclear cells (PBMC) and Hematopoietic stem cells (HSCs), TSY-1 increased
telomerase activity. The regulation of TERT genes through TSY-1 is probably dependent on
the methylation of this gene. Tianshengyuan-1 could inhibit telomerase activity, promote
cell senescence, and consequently block tumor growth [198-200] [Fig 2].

Hormonal therapy

Evidence supports that sex hormones are essential in cancer progression toward
invasiveness and metastatic spread [201]. The latest research indicates that natural or
synthetic sex hormones may play an essential role in the development of senescence in
cancer cells.

17B-estradiol (E2) is a sex hormone that induces tumorigenesis and increases the
risk of breast and ovarian cancers. However, recent data indicated the role of E2 in breast
cancer senescence. Studies by Bajbouj et al. (2020) showed that E2 treatment of MCF-7 and
MDA-MB-231 breast cancer cells reduced expression of p53, increased expression of p21
and LC3, presence of senescence-associated heterochromatin foci and higher levels of SA-f3-
galactosidase activity [202].

Progesterone is a hormone that has an anti-tumor effect in some types of cancer.
Treatment with a high dose of progesterone could reduce the growth of glioblastomas and
prolong survival in malignant glioma xenografts. Atif et al. (2019) measured the accumulation
of SA-B-gal in U87MG-luc cells after 3 days of repeated exposure to progesterone at doses
0, 20, 40, and 80 pM. They observed the highest accumulation of $-gal in mice treated with
80 uM of progesterone compared to control mice. These results suggested that high doses of
progesterone could induce premature senescence in glioblastoma cells [203]. Progesterone
in the Hec50 endometrial cancer cell line caused time-dependent inhibition of the cell cycle
by up-regulation of cyclin-dependent kinase inhibitors (p21, p27). Progesterone in Hec50
cellsinduced a secretory phenotype in the presence of progesterone A (PRA) and, to a greater
degree, in the presence of progesterone B (PRB) receptor. However, progesterone-induced
replicative senescence through -gal activity, particularly PRA presence, but to a much lesser
extent by PRB [204].

Bajalovic et al. (2022) observed the opposite effect after treating breast cancer MCF-7
cells in the synthetic form of progesterone- progestin (R5020). These synthetic hormones
induced replicative senescence in MCF-7, expressing high levels of PRB. R5020 in MCF-7
caused areduction in CDK2 and CDK4 and decreased in S phase cells. Progestin in MCF-7PRB
cells activated the NF-kB pathway by phosphorylating IkBa and p65 pathways, leading to
increased expression of SASP, such as IL-1a, IL-1b, and IL-8 [205]. Another synthetic form
of progesterone is megestrol acetate. Use of this compound in the treatment of endometrial
cancer Ishikawa and HHUA cells induced senescence by reducing cell growth, accumulation
of B-gal, and increased expression of p16, p21. The effect of megestrol acetate on endometrial
cancer senescence probably depends on the FOXO1 pathway and PRB expression [206].

Testosterone is the primary male sex hormone, but testosterone levels are a risk
factor or predictor of a cancer prognosis that remains unclear. Some studies have shown
that low serum testosterone can increase the risk of prostate cancer. In postmenopausal
women, a high level of circulating free testosterone is associated with a reduced risk of lung
cancer. However, elevated serum testosterone levels increased the risk of breast cancer in
premenopausal women [207]. Recently, data showed that testosterone could affect cancer
cell senescence. In prostate cancer cell lines LnCaP and Cw22rvl, induction of pulsed
testosterone treatment GO / G1 arrested, elevated level of 3-gal activity, increased expression
of p27, p16, and decreased expression of Spk2, cyclin D1, CDK4, c-myc, pRb [208] [Fig 2].
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Conclusion

Senescence in cancer cells can be induced in various ways and depends on many
molecular aspects. Studies showed that some mechanisms related to the regulation of
telomerase activity, some senescence-related proteins, DNA damage response, tumor
microenvironment, and epigenetic changes can promote cancer cell senescence [3-6]. It
turns out that many molecular factors can be significantly related to cancer cell senescence,
which suggests the complexity of the entire process.

The role of cancer cell senescence in cancer progression is ambiguous because induction
of senescence could inhibit or induce tumor progression. This phenomenon can be molecular-
dependent and mainly depends on the mutation or status of some proteins in cancer cells and
the tumor microenvironment [120, 121, 135]. Currently, research is underway to determine
potential mechanisms and the role of senescence in cancer cells and its impact on cancer
progression, metastasis, and invasiveness in different types of cancers. Based on recent
research, it can be suggested that senescence does not necessarily inhibit the progression
of cancer. Analysis of the molecular basis of the senescence in various types of cancer may
contribute to understanding the diverse role of senescence in cancer progression.

Studies showed that some compounds and therapies used in cancer treatment can
be related to cancer cell senescence. Elucidating mechanisms underlying senescence have
important implications for understanding its role in cancer cells. However, this process needs
to be better understood, but very interesting in terms of the possibility of its application.
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