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Abstract

Outcomes for women with breast cancer have improved dramatically in recent decades. However, many
patients present with intrinsic drug resistance and others are initially sensitive to anti-cancer drugs but
acquire resistance during the course of their treatment, leading to recurrence and/or metastasis. Drug
therapy-induced senescence (TIS) is a form of drug resistance characterised by the induction of cell cycle
arrest and the emergence of a senescence-associated secretory phenotype (SASP) that can develop in
response to chemo- and targeted- therapies. A wide range of anticancer interventions can lead to cell cycle
arrest and SASP induction, by inducing genotoxic stress, hyperactivation of signalling pathways or oxidative
stress. TIS can be anti-tumorigenic in the short-term, but pro-tumorigenic in the long-term by creating a
pro-inflammatory and immunosuppressive microenvironment. Moreover, the SASP can promote
angiogenesis and epithelial-mesenchymal transition in neighbouring cells. In this review, we will describe
the characteristics of TIS in breast cancer and detail the changes in phenotype that accompany its induction.
We also discuss strategies for targeting senescent cancer cells in order to prevent or delay tumour
recurrence.
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Introduction

Breast cancer (BC) is the condition wherein some cells in the breast develop abnormally, leading to
uncontrolled cell division, and ultimately the formation of tumours. It can be a devastating condition for
millions of patients and their families worldwide [1]. Overall, BC is the most commonly occurring cancer
and the most frequently diagnosed cancer in women [2]. Despite advances in detection and improved
treatment strategies, about 30% of patients with early-stage BC have recurrent disease [3]. The cancer cells
in these women have already spread to distant sites by the time they are diagnosed. While overall cancer
survival rates have improved, the survival rates for patients with metastases have not [4]. A growing
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problem encountered in the clinic are tumours that have intrinsic or acquired resistance to targeted
therapies. It is thus essential to understand the mechanisms of drug resistance and identify therapies that
prevent or bypass resistance.

Drug resistance in BC

The development of drug resistance accounts for up to 90% of BC deaths [3]. There are two predominant
forms of resistance—intrinsic and acquired resistance, each accounting for 50% of patients with drug
resistance [5].

Intrinsic resistance describes resistance that the patient possesses prior to exposure to drugs. This can
be due to: (a) a pre-existing genetic mutation present in the tumour cells; (b) heterogeneity in tumours in
which insensitive subclones are selected by drug treatment; or (c) activation of intrinsic pathways as
defence mechanisms to certain drugs, such as drug efflux pumps, DNA damage repair (DDR) pathways and
epigenetic modification.

Acquired resistance refers to the gradually declining efficacy of drug treatment. This can occur by: (a)
activation of a second proto-oncogene that becomes the new driver gene; (b) mutation or altered
expression levels of a drug target, rendering it insensitive to the drug; or (c) alterations of the tumour
microenvironment (TME) [5].

Drug efflux

In some cases, chemotherapy resistance can be caused by decreased intracellular drug accumulation due to
dysregulated expression of ABC transporter genes. The ABC superfamily consists of 48 genes that can be
divided into 7 subfamilies (ABCA to ABCG), among which ABCB1, ABCCZ, and ABCGZ2 have been reported to
play a role in multi-drug resistance.

ABCB1 transporter contains two transmembrane domains that bind and hydrolyse ATP, following
which multiple sites on the transporter bind and pump substrates such as etoposide, doxorubicin,
paclitaxel, and vinblastine out of the cell [6-11]. Most tumour types, such as breast, liver, lung, kidney,
colon, and rectal cancer express high levels of ABCB1 [12-14]. Unlike ABCB1, which pumps out
amphipathic and lipid-soluble compounds, ABCC1 transporters exclusively pump organic anionic anti-
cancer agents, such as epipodophyllotoxins, camptothecins, and methotrexate [15-18]. Intrinsic ABCC1
overexpression has been observed in BC, as well as prostate and lung cancer [15, 19, 20].

ABCG?2 is largely expressed in BC but has also been reported in lung cancer and leukemia [21, 22]. It
transports positively- and negatively- charged substrates such as mitoxantrone, bisantrene, and
flavopiridols, as well as tyrosine kinase inhibitors (TKIs) such as gefitinib and imatinib [6, 21, 23].

Alteration of drug targets

Targeted therapies (e.g., lapatinib, gefitinib, and erlotinib) act on specific target proteins to inhibit tumour
development. Lapatinib is a dual epidermal growth factor receptor (EGFR)/HERZ2 inhibitor approved for
use in HER2+ BC, while erlotinib and gefitinib target EGFR and are used to treat lung cancer. Cells can
develop resistance to these TKIs through the alteration of drug targets; either via a secondary mutation, or
by varying expression levels of the target protein [5]. This has been observed in non-small cell lung cancer
(NSCLC) for EGFR targeting drugs, where 50% of patients treated with erlotinib and gefitinib develop a
threonine-to-methionine mutation (T790M) within one year. This enhances the receptor tyrosine kinases
(RTKs) binding affinity for ATP, and impairs drug binding [24-26]. Prolonged exposure to tamoxifen, a drug
commonly used to treat hormone receptor-positive BC, has been reported to induce downregulation of its
target estrogen receptor-alpha (ERa), resulting in resistance [27, 28].

Enhanced DNA damage repair

Drugs like cisplatin and 5-fluorouracil (5-FU) cause cell death through the induction of DNA damage.
However, genotoxic injury can upregulate DDR genes, such as FEN1, FANCG, and RAD23B leading to the
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initiation of senescence and development of insensitivity to chemotherapeutics [29, 30]. A suggested
strategy to overcome this form of resistance is through the deregulation of DDR, though this might cause
genomic instability and result in the initiation of another round of carcinogenesis [5].

Epigenetic alterations

Epigenetic modifications such as DNA methylation, histone modification, and IncRNA regulation have been
implicated in the induction of drug resistance. For example, tamoxifen and fulvestrant resistant MCF7 BC
cells have been found to express diverse profiles of DNA methylation [31]. Fulvestrant resistance was
characterised by ERa independent proliferation while tamoxifen resistance maintained ERa dependence
but resulted in altered receptor-mediated gene regulation. In both cases, hypomethylation was more
frequently observed than hypermethylation.

DNA methyltransferases (DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L) have been linked to
tumour resistance. Particularly, overexpression of DNMT3A and DNMT3B was observed in tamoxifen
resistant BC. It is suggested that radio- or chemo-sensitization of BC could be achieved through targeting
these methyltransferases [32].

Tumour heterogeneity and the microenvironment

Tumour heterogeneity can result in varying sensitivities to treatment and lead to the selection of cells with
high tolerance to the drug [33-36]. There are four levels of heterogeneity: genetic, cell-type, metabolic, and
temporal heterogeneity [37]. The presence of any form of heterogeneity makes it nearly impossible to kill
all cells within a tumour with a single line of therapeutics. Heterogeneity can be tackled by
combinatorial/cocktail therapies, such as FEC (5-FU, epirubicin and cyclophosphamide) for BC [5].

Another factor that can influence drug tolerance in cells is the TME. The TME includes extracellular
matrix (ECM), immune cells, blood vessels, fibroblasts, and various other signalling molecules, and creates a
permissive environment for cancer cells to survive and proliferate. Each TME factor can contribute to drug
resistance through a number of strategies.

One such strategy is the manipulation of pH levels. Tumour cells can establish a “reverse pH gradient”,
with increased intracellular pH and reduced extracellular pH level [38, 39]. Acidic intracellular pH has been
reported to induce resistance to chemotherapeutics, by impairing the distribution of weak base anticancer
drugs. This is known as “ion trapping”, and enables cancer cells to evade apoptosis [40, 41].

Epithelial-mesenchymal transition

The process of epithelial cells detaching from each other and acquiring mesenchymal properties is known
as epithelial-mesenchymal transition (EMT). It is essential for the initiation of metastasis [5]. The
phenotypic changes associated with EMT can lead to drug resistance [42]. Transforming growth factor 3
(TGF-p) is an important cytokine required for the induction of EMT, and inhibition of its activity has been
shown to reverse EMT, and increase sensitivity to drugs [43]. Multiple TGF-f inhibitors have been
developed, but results in clinical trials have been disappointing to date [44]. Wnt and Hedgehog signalling
pathways have also been reported to promote drug resistance through EMT. Wnt activates the Wnt/(3-
catenin pathway to promote an EMT-like phenotype upon treatment with trastuzumab (HER2-targeting
therapeutic monoclonal antibody), while the Hedgehog pathway mediates resistance by promoting EMT
upon treatment with anti-EGFR TKIs [45, 46].

Senescence escape

Prolonged periods of targeted and chemotherapeutic treatment have been found to induce phenotypes
resembling cellular senescence [47]. Cellular senescence is defined as a permanent or temporary cell cycle
arrest. Senescent cells possess a number of hallmarks, including enhanced beta-galactosidase activity,
senescence-associated secretory phenotype (SASP), cellular enlargement, and senescence associated
heterochromatin foci (SAHF) [48-50]. SASP is characterized by a widespread change in protein expression
in senescent cells, rendering it arrested in cell proliferation but still metabolically active.
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Coppé et al. [51] have extensively characterized the SASP in human epithelial cells, and human and
mouse fibroblasts. According to their work, the SASP can be classified into early events (alarm signals and
mediators of tissue repair), and late events (anti-apoptotic proteins and inflammatory signals), which both
negatively and positively regulate tumour progression, aging, and other pathologies. The wide impact of
SASP can result in inhibition of cell division via genetic instability, oncogene inactivation, and promotion of
immune clearance in cells [52].

Senescent cells also differ in shape and size to a normal cell. They show increased protein content, an
elevation in the amount of anti-apoptotic proteins, increased lysosomal hydrolase activity [presented
through senescence-associated B-galactosidase (SA-BGal)], DNA damage, and telomere associated foci
(TAFs) [53]. Some notable factors associated with SASP expression changes include pro-inflammatory
interleukins (ILs; IL-6, IL-7, IL-1«, IL-1, IL-13, IL-15), chemokines (GRO-a, GRO-3, MCP-1, MCP-2, eotaxin-
3), growth factors (EGF, bFGF, HGF, VEGF), proteases (MMP-1, MMP-3, MMP-10, MMP-12, MMP-13, MMP-
14, capthesin B), and ECM elements like fibronectin and altered collagen (Figure 1) [51, 53].
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Figure 1. Characterization of senescence, senescence markers and SASPs. Characteristics of senescent cells include
physiological and signalling markers such as growth factors, interleukins, chemokines, and proteases. Not all markers are
conserved in every type of senescence. SASPs: senescence-associated secretory phenotypes. Created with BioRender.com

Senescence is increasingly recognized as an important mechanism of therapeutic resistance. In the
following sections, we will provide an overview of the current understanding of the role of senescence in
BC.

Key senescence markers

In the previous section we discussed SASP, which is a crucial marker of senescence. However, the SASP is
not conserved in every senescent cell, and there are common and unique features associated with different
senescent phenotypes [54].

Oxidative stress related proteins have been proposed as potential markers of senescence, due to the
multiple paths through which oxidative damage is incurred by senescent cells [55]. Upregulation of reactive
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oxygen species (ROS) acts as an inflammatory mediator for nuclear-factor kappa-light chain-enhancer of
activated B cells (NF-kB) by upregulating the levels of inflammatory factor IL-1a, an upstream component
of SASP [56]. Another hallmark of senescence is increased mitochondrial dysfunction, which is unsurprising
as mitochondria are a major generator of ROS [57].

Alteration of lysosomal activity has been strongly linked to senescence, however, there are conflicting
reports on whether lysosomal activity increases or decreases. There have been studies that suggest that
senescence induces a decrease in lysosomal activity [58], while other studies report that pro-autophagic
activity associated with senescence elevates lysosomal mass [59].

Induction of senescence

Senescence can occur under a variety of circumstances. Cells naturally attain senescence after completing a
finite number of divisions, at which point they reach the end of their replicative lifespan, called the Hayflick
limit [60]. This is called replicative senescence and occurs due to the telomerase-induced reduction of
telomere length after each replication cycle. Due to its intrinsic nature, it is also sometimes referred to as
intrinsic senescence [61]. In contrast, extrinsic senescence is independent of telomerase activity, and can be
categorized as onco-induced, tumour-suppressor loss-induced, or therapy-induced [61]. Onco-induced
senescence (OIS) occurs upon oncogene activation, while tumour-suppressor loss-induced senescence
(TSLIS) results from the inactivation of tumour suppressors, such as phosphatase and tensin homolog
deletion on chromosome 10 (PTEN). Both OIS and TSLIS are reported to protect cells from neoplastic
growth, and further transformation into malignancy [61].

Therapy-induced senescence (TIS) occurs as a result of drug therapy or radiation therapy [60]. lonizing
radiation (IR) is commonly employed in cancer therapy and has been shown to induce cellular senescence
in doses ranging from 2 Gy to 10 Gy [62-64]. p21Waf1/Cipl
early senescence, and p16™*? was shown to maintain this phenotype [64, 65]. There is an upregulation in

plays a critical role in cell cycle inhibition during

these cell cycle regulators upon the induction of TIS. This type of senescence has been reported to be
telomere shortening independent, but ATM/Chk2, p38 MAPK, 5’-adenosine monophosphate-activated
protein kinase (AMPK), NF-kB, and miR-34a dependent [66-68]. Radiation immediately activates the DNA
damage response through the ATM/Chk2 pathway, followed by a series of slower events, including p38
MAPK activation, that contributes to SASP production [67]. The AMPK-NF-kB pathways become activated
upon exposure to radiation and contribute to the induction of senescence by upregulating the expression of
monocarboxylate transporter 1 (MCT1), which causes the export of lactic acid into the extracellular
environment [68]. The inhibition of the AMPK-NF-kB pathway counteracts the acidification of the
extracellular environment by reducing MCT1 levels.

There are other pathways and strategies that cells use to overcome IR-induced senescence. Expression
of the multi-functional protein securin in IR-irradiated cells pushes them towards apoptosis and away from
senescence [69]. Inhibition of glycolysis, or deficiency of PTEN also attenuates IR-induced senescence [68,
70].

A wide range of drugs (chemotherapies and targeted therapies) have been shown to induce senescence
in tumour cells. In vitro and in vivo studies have reported that various drugs that induce TIS utilize a
number of different pathways, including DNA damage, oxidative stress, post-translational modifications in
proteolytic processing and kinase signalling [71]. To identify these senescence inducing drugs, Ewald et al.
[72] screened a 4,160-compound library of known bioactive compounds and natural products and
discovered over 225 cytotoxic compounds, 51 of which were potentially senescence inducing. Another drug
screen identified inhibitors of the aurora kinase mitosis regulators as strong inducers of senescence [73].

In contrast to IR-induced senescence, drug TIS is reported to be independent of p53 status [74].
However, it was determined that each drug had its own unique mode of action. The most potent pro-
senescence response was from DNA damaging agents like doxorubicin and cisplatin, while the weakest was
from drugs targeting microtubules, such as taxol and vincristine [75].
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Dosage is an important aspect of drug TIS and determine whether a cell becomes senescent or
apoptotic; concentrations that are too low may not produce any effect while higher concentrations may
induce apoptosis-mediated cell death [72, 76]. It was also noted that senescent markers were usually
observed after a period of treatment ranging from 3 days to 7 days, and sometimes even longer [71].

A common feature of many senescence-inducing compounds is their ability to induce DNA damage via
double- or single-stranded breaks [62, 77]. Although TIS does not demonstrate any telomere dependency,
or telomeric shortening [78, 79], DNA damage in TIS usually occurs through an indirect alteration of DNA
structure; for example, by inhibiting DNA methyltransferase using 5-azacytidine, or modifying chromatin
structure using histone DNA acetyl inhibitors like sirtinol [80, 81].

Senescence can also be induced upon oxidative stress caused by chemotherapeutics such as pyrithione,
which damage mitochondrial function [71]. This dysfunction can affect glycolysis, glutaminolysis, and other
metabolic pathways that regulate double-strand break (DSB) repair and DNA damage checkpoints [82].

TIS and iron metabolism

Mitochondrial dysfunction correlates strongly with cellular senescence and is accompanied by
accumulation of intracellular iron (a nearly 30-fold increase in intracellular iron) [83, 84].

Recently, Li et al. [84] reported a direct correlation between increased intracellular iron levels,
mitochondrial dysfunction, and senescence. Intracellular iron assists in the generation of hydroxyl radicals
through Fenton’s reaction. Fenton’s reaction involves the oxidation of ferrous iron to ferric iron in the
presence of peroxide. It generates hydroxyl and hydroperoxyl radicals, which are unstable/reactive oxygen
pollutants. With the critical role that iron plays in the generation of hydroxyl radicals, it is unsurprising that
the induction of senescence impacts the expression levels of iron regulatory proteins like transferrin,
transferrin receptor (TfR), and ferritin (Figure 2).

TfR is an integral membrane protein responsible for the uptake of iron and its expression is tightly
controlled in normal cells. It transports iron-bound transferrin into the cell and is often overexpressed in
BC to accommodate the increased iron demand for catalysis and biogenesis [85]. Elevated TfR levels have
been observed in mouse embryonic fibroblasts induced to undergo IR-induced senescence [83, 86].

Neutrophil gelatinase-associated lipocalin (NGAL) is a secreted protein that can bind iron and plays a
role in intracellular iron trafficking in mammals. It is correlated with tumour progression and is
overexpressed in BCs with poor prognosis [87]. NGAL has been identified as a SASP factor in etoposide-
induced senescence BC and mouse models of spinal cord injury [88, 89]. Furthermore, NGAL is upregulated
in BC cells exposed to conditioned media from TIS and OIS cells [90].

Ferritin is a protein complex that captures intracellular ferrous iron (Fe?*) and converts it into ferric
iron (Fe3*) through intrinsic ferroxidase activity, in order to reduce intracellular damage caused by ROS
(Figure 2) [91]. FTH1 (ferritin-heavy chain) is the active component of this protein complex and directly
correlates with ferritin activity [92]. FTH1 levels are higher in senescent cells and protect against
ferroptosis, an iron-dependent cell death pathway [83].

Ferroportin is a transmembrane exporter responsible for the release of Fe?* from the cell. It is
downregulated in BC cells as a means to retain a larger amount of iron inside the tumour cells [86]. High
levels of ferroportin have been associated with impaired tumour progression [93], and senescent cells
display deregulated expression and altered subcellular localization [94]. Ferroportin seems to localise to
intracellular compartments away from the plasma membrane, likely preventing it from partaking in iron
efflux [83]. This impaired localization suggests an elevation in inactive transporters in senescent cells,
which is consistent with senescence associated lysosomal degradation.

Another protein involved in the regulation of oxidative stress and ferroptosis is the nuclear factor-E2-
related factor 2 (Nrf2). Nrf2 is a key transcription factor that regulates intracellular oxidative stress
damage, and in turn, ferroptosis. It is a basic Leucine Zipper (bZIP) transcription factor that regulates the
expression of proteins such as glutathione S-transferase, heme oxygenase 1, and NADPH quinone
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Figure 2. Iron metabolism in senescent cancer cells. Ferric iron is bound to transferrin and endocytosed with the help of TfR.
Conversion of ferric to ferrous iron is followed by the binding of ferrous iron by ferritin. NCOA4 supports the degradation of these
molecules via ferritinophagy. TfR is recycled to the plasma membrane and can also be utilized in the activation of the stress
response via Nrf2 activation. TfR: transferrin receptor; Nrf2: nuclear factor-E2-related factor 2. Created with BioRender.com

oxidoreductase [95]. Nrf2 activation is regulated by Kelch-like ECH-associate protein 1 (Keap1). Keap1l
binds to non-phosphorylated Nrf2 in the cytoplasm, promoting its ubiquitination and proteasomal
degradation [96]. NF-kB, when stimulated by inhibitor of NF-kB kinase (IKK), activates Nrf2 via
phosphorylation, leading to the dissociation of Keap1 and its translocation into the nucleus [94, 97]. This
protein complex then binds to apoptotic/electrophilic response elements, promoting transcription of
cytoprotective genes [96, 98-101]. TfR can activate IKK and thus play a role in NF-kB signaling and
activation of Nrf2 [102]. With senescent cells demonstrating a strong anti-apoptotic tendency despite the
expression of apoptotic proteins, the levels of pNrf2 are a prominent indicator of senescent activity.
Interestingly, silencing of Nrf2 has been associated with premature replicative senescence in human
embryonic fibroblasts [80, 98].

In conclusion, TIS impacts iron metabolism in BC cells and affects iron transporters such as NGAL and
TfR. It also affects the iron carriers such as ferroportin and ferritin, and the corresponding stress response
pathways [103].

Membrane trafficking pathways and senescence

A crucial element of membrane trafficking is the endosomal recycling pathway (ERP), which plays an
important role in regulating the composition of the plasma membrane. This involves the internalization of
cargo from the cell surface by a process called endocytosis. Endocytosed cargo is delivered to an
intracellular organelle called the early endosome, where its fate is decided. It can either be returned to the
cell surface via the ERP, or sent to lysosomes for degradation [104]. There are two main recycling
pathways, based on the rate at which the process is carried out. In the fast recycling pathway, cargo is
directly transported to the surface from the early endosome; in the slow recycling pathway the cargo is
transported back to the plasma membrane via a perinuclear localized endosomal recycling compartment
[105, 106].
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A number of studies report that disruption of endocytosis results in the induction of cellular
senescence [107-109]. For instance, the disruption of clathrin-mediated endocytosis (CME) caused by the
destabilization of lysosomal membranes, results in DNA damage and changes in mitogenic signaling,
leading to centrosome overduplication and induction of senescence [108].

There are a number of different mechanisms by which surface proteins can be internalized into the cell
including CME, and caveolin-mediated endocytosis. Clathrin is a molecular scaffold that mediates the
formation of vesicles at the plasma membrane [103], and caveolin is a cholesterol-binding protein that
assists in the formation of cave-like structures in the plasma membrane, called caveolae [110].

Caveolin-mediated endocytosis

Senescent cells have been reported to express high levels of caveolin-1 (Cav1), a major structural and
functional unit of Caveolae-mediated endocytosis (CavME) [111], and CavME involves the fission of vesicles
from the plasma membrane, followed by transport to endosomal compartments [112]. Cav1, which is the
most common isoform of caveolin, is associated with a large number of signaling proteins, including RTKs,
Src family kinase, and nitric oxide synthase 3 [113-115]. Deletion or overexpression of Cav1l results in
altered signaling activity [116].

Cav1 also plays a role in lipid metabolism. Impairment of caveolin function, either due to mutation of
the Cav1 gene or post-translational modifications of protein, leads to decreased levels of free cholesterol
and increased neutral lipid storage in lipid droplets [117]. It has also been reported that Cav1 inhibits Nrf2
and other oxidative stress regulators, actively contributing to increasing cellular ROS [80, 118].

By virtue of its involvement in multiple signaling and metabolic pathways, Cav1l appears to play a
central role in the development of senescence [119].

Clathrin mediated endocytosis

Parallelly, another mechanism of endocytosis is CME, in which a group of adapter proteins are recruited to
the plasma membrane to form clathrin-coated pits and mediate the invagination and fission of clathrin-
coated vesicles [120]. Amphiphysin-1, a key regulator of CME is downregulated in senescent cells [121].
Notably, this downregulation coincided with reduced endocytosis of TfR [121]. Restoration of
amphiphysin-1 restores the endocytic capacity of the cell. It is possible that downregulation of CME plays
an important role in the induction of senescence [120].

The coatomer complex-1 (COPI) vesicle system transports cargo to and from the Golgi apparatus. The
COPI transporters (encoded by COPB2, COPG1, and Arfl) regulate a number of membrane trafficking
events, by mediating transport in the early secretory pathway [122]. COPI vesicle formation is regulated by
the Arf family of GTPases. Beta PAK-interacting nucleotide exchange factor (BPIX), a GTPase activator, binds
to G protein-coupled receptor kinase interacting proteins (GIT) and acts as an adaptor protein with Arf GAP
activity (Arf GAP is a regulator of Arf family small GTPases, which are part of the COPI pathway) [123].
Studies have reported the BPIX-GIT complex plays a critical role in amphiphysin-1 cleavage [120]. PIX
levels reduce during the development of senescence, and silencing of BPIX or GIT both induce senescence
[124]. Reduced BPIX levels result in a corresponding decrease in GIT levels, leading to destabilization of the
paxillin-calpain complex, causing amphiphysin-1 cleavage and its deactivation [121]. Thus, senescence is
directly linked to reduced CME via the downregulation of amphiphysin activity.

Targeting TIS as an anticancer strategy

The differences in the morphology and functional properties of senescent cancer cells have led to many
efforts to identify vulnerabilities that might be exploited to treat drug resistant cancers. One of the reported
benefits of senescence in cancer is the restriction in tumour progression. It has also been reported that
senescent properties can spread from one cancer cell to another [62, 125].
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The detrimental effects of senescence induction via therapy include the promotion of EMT and
concomitant increase in invasiveness of pre-malignant epithelial cells through the IL-6 and CXCL8-
dependant pathways [126].

The SASP provides an opportunity for development of a “one-two punch” strategy in treatment of
cancers with the use of senotherapeutics, therapeutic agents that target cellular senescence. Senomorphics
(also known as senostatics) are a class of molecules that suppress some senescent properties and may even
reverse the senescent phenotype. The field of senotherapeutic research is a growing area of drug discovery
that encompasses targeted approaches, reverse-pharmacology, drug repurposing and other methodologies
[127].

Senolytics target and kill senescent cells [53, 127] (Figure 3). Senomorphics suppress SASP, and in

turn, decrease inflammation. The drawback of using senomorphics is that SASP is critical for wound healing
[53].
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Figure 3. First generation senolytics and their corresponding target SCAPs. Currently approved senolytics, their molecular
targets and their mode of action. The senolytics have been classified into their respective categories. SCAPs: senescent cell
anti-apoptotic pathways. Created with BioRender.com

It was first hypothesised that senescent cells upregulate anti-apoptotic and pro-survival pathways. This
was confirmed by the continued survival of these cells upon upregulation of pro-apoptotic pathways,
indicating the presence of factors that can counteract this cell death pathway. This led to the development
of senolytics, which specifically target these anti-apoptotic pathways in senescent cells [128, 129].
Senescent cell anti-apoptotic pathways (SCAPs) possess similar properties to the anti-apoptotic pathways
in B cell lymphoma and leukocytic leukaemia cells, as they release tissue destructive proapoptotic factors,
but avoid undergoing apoptosis themselves [130, 131]. Senolytic compounds were considered more potent
if they could target multiple SCAP nodes at the same time, as targeting single-node SCAPs like BCL2
pathway inhibitors [e.g., N(ABT-263), A1331852, A1155463] tended to affect a restricted range of
senescent cells, and also increase risk of toxicity through off-target effects such as thrombocytopenia and
neutropenia [130-132]. Targeting multiple SCAPs would allow them to attack a wider range of senescent
cell types [133, 134].
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Recent studies have identified the COPI pathway as a promising senolytic target in drug therapy-
induced senescent cells [135]. Disrupting COPB2, a component of the COPI complex, results in Golgi
dispersal and induction of apoptosis in senescent cells, indicating that this transport pathway may be a
vulnerability in senescent cells [135]. The guanine-nucleotide exchange factor GBF1 is required for the
activation of Arf GTPases. Conventional GBF1 inhibitors like brefeldin A selectively killed cells undergoing
OIS, however, they have poor pharmacological properties and are not clinically approved. N-myristoylation
inhibitors (NMTi), a clinically approved treatment for parasitic protozoan infections, were shown to
phenocopy COPI inhibitors and act as potent senolytics [135, 136]. These work by preventing the addition
of a myristoyl group to the amino terminus of Arf GTPases. Lack of this key lipid modification leads to
reduction in the levels of Arfs 1, 3, 5 and 6 and a corresponding downregulation of the COPI pathway.

Ideal senolytics should target several SCAPs, be administered orally, and be pre-approved by the
United States Food and Drug Administration (FDA) [137]. A wide-ranging list of senotherapeutics have
been identified to date, such as dasatinib, quercetin, fisetin, luteolin, curcumin and navitoclax, and are in
varying stages of clinical development [128, 133, 134, 138-140].

Conclusions

This review explores the various facets of therapy resistance, and drug TIS stands out as a major drug
resistance mechanism in BC. It involves the induction of irreversible cell cycle arrest and the development
of SASP in cancer cells in response to chemotherapeutic agents and targeted therapies.

One of the key advantages of TIS is its potential to restrict tumour progression by halting the
proliferation of cancer cells. However, in contrast to apoptosis, which results in cell death, senescent cells
remain metabolically active and can influence the TME through the SASP. With both tumour suppressive
and tumour promoting properties, senescence can be a double-edged sword in cancer treatment.

Challenges remain in effectively harnessing the therapeutic potential of TIS. Senescent cells can
develop resistance to apoptosis, allowing them to persist within TMEs, and potentially contribute to disease
relapse. Additionally, the SASP generated can have diverse impacts on tumour progression complicating
therapeutic strategies.

Substantial effort is currently focussed on developing senotherapeutics which selectively target
senescent cells, or modulate SASP. These include senolytics, which induce apoptosis in senescent cells, and
senomorphics which suppress SASP. These represent a promising approach towards eliminating therapy-
resistant cancer cells and enhancing treatment efficacy.

Several studies have explored the impact of senescence on iron metabolism, and the role that
endocytosis of iron and iron transporters plays in this. These pathways could provide new targets for
developing novel strategies to overcome drug TIS.

In conclusion, targeting drug TIS holds promise for overcoming drug resistance in BC. TIS has the
potential to restrict tumour progression and enhance treatment efficacy through the induction of cell cycle
arrest and modulating the TME. However, further research is required to better understand the impact of
senescence on tumour progression and to optimize TIS-based therapeutic strategies while mitigating any
potential adverse effects.

Abbreviations

AMPK: 5’-adenosine monophosphate-activated protein kinase
BC: breast cancer

Cav1l: caveolin-1

CME: clathrin-mediated endocytosis

COPI: coatomer complex-1

EGFR: epidermal growth factor receptor

Explor Target Antitumor Ther. 2024;5:902-20 | https://doi.org/10.37349/etat.2024.00254 Page 911



EMT: epithelial-mesenchymal transition

ERa: estrogen receptor-alpha

ILs: interleukins

IR: ionizing radiation

Keap1: Kelch-like ECH-associate protein 1

NF-xB: nuclear-factor kappa-light chain-enhancer of activated B cells
NGAL: neutrophil gelatinase-associated lipocalin
Nrf2: nuclear factor-E2-related factor 2

OIS: onco-induced senescence

ROS: reactive oxygen species

SASP: senescence-associated secretory phenotype
SCAPs: senescent cell anti-apoptotic pathways
TfR: transferrin receptor

TIS: therapy-induced senescence

TKIs: tyrosine kinase inhibitors

TME: tumour microenvironment

BPIX: beta PAK-interacting nucleotide exchange factor

Declarations

Acknowledgments

We would like to thank the members of the Membrane Trafficking & Disease Laboratory for their helpful

discussions.

Author contributions

SNC: Conceptualization, Writing—original draft, Writing—review & editing. AJL: Writing—original draft,

Writing—review & editing.

Ethical approval

The authors declare no conflicts of interest.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

This work was funded by a grant from the School of Biochemistry & Cell Biology, UCC [4100/NA]. The
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the

manuscript.

Explor Target Antitumor Ther. 2024;5:902-20 | https://doi.org/10.37349/etat.2024.00254



Copyright
© The Author(s) 2024.

References

1.

10.

11.

12.

13.

14.

15.

16.

Feng Y, Spezia M, Huang S, Yuan C, Zeng Z, Zhang L, et al. Breast cancer development and
progression: Risk factors, cancer stem cells, signaling pathways, genomics, and molecular
pathogenesis. Genes Dis. 2018;5:77-106. [DOI] [PubMed] [PMC]

Worldwide cancer data [Internet]. World Cancer Research Fund International; [cited 2024 Apr 1].
Available from: https://www.wcrf.org/cancer-trends/worldwide-cancer-data/

Lukasiewicz S, Czeczelewski M, Forma A, Baj ], Sitarz R, Stanistawek A. Breast Cancer-Epidemiology,
Risk Factors, Classification, Prognostic Markers, and Current Treatment Strategies-An Updated
Review. Cancers (Basel). 2021;13:4287. [DOI] [PubMed] [PMC(]

Wang R, Zhu Y, Liu X, Liao X, He ], Niu L. The Clinicopathological features and survival outcomes of
patients with different metastatic sites in stage IV breast cancer. BMC Cancer. 2019;19:1091. [DOI]
[PubMed] [PMC]

Wang X, Zhang H, Chen X. Drug resistance and combating drug resistance in cancer. Cancer Drug
Resist. 2019;2:141-60. [DOI] [PubMed] [PMC]

Sharom FJ. ABC multidrug transporters: structure, function and role in chemoresistance.
Pharmacogenomics. 2008;9:105-27. [DOI] [PubMed]

Sauna ZE, Kim IW, Ambudkar SV. Genomics and the mechanism of P-glycoprotein (ABCB1). ]
Bioenerg Biomembr. 2007;39:481-7. [DOI] [PubMed]

Lagas JS, Fan L, Wagenaar E, Vlaming ML, van Tellingen O, Beijnen JH, et al. P-glycoprotein (P-gp/
Abcb1), Abcc2, and Abcc3 determine the pharmacokinetics of etoposide. Clin Cancer Res. 2010;16:
130-40. [DOI] [PubMed]

Lal S, Wong ZW, Sandanaraj E, Xiang X, Ang PC, Lee EJ, et al. Influence of ABCB1 and ABCG2
polymorphisms on doxorubicin disposition in Asian breast cancer patients. Cancer Sci. 2008;99:
816-23. [DOI] [PubMed] [PMC(]

Vaidyanathan A, Sawers L, Gannon AL, Chakravarty P, Scott AL, Bray SE, et al. ABCB1 (MDR1)
induction defines a common resistance mechanism in paclitaxel- and olaparib-resistant ovarian
cancer cells. Br ] Cancer. 2016;115:431-41. [DOI] [PubMed] [PMC]

Satake K, Tsukamoto M, Mitani Y, Regasini LO, da Silva Bolzani V, Efferth T, et al. Human ABCB1
confers cells resistance to cytotoxic guanidine alkaloids from Pterogyne nitens. Biomed Mater Eng.
2015;25:249-56. [DOI] [PubMed]

Shaffer BC, Gillet JP, Patel C, Baer MR, Bates SE, Gottesman MM. Drug resistance: still a daunting
challenge to the successful treatment of AML. Drug Resist Updat. 2012;15:62-9. [DOI] [PubMed]
[PMC]

Baudis M, Prima V, Tung YH, Hunger SP. ABCB1 over-expression and drug-efflux in acute
lymphoblastic leukemia cell lines with t(17;19) and E2A-HLF expression. Pediatr Blood Cancer.
2006;47:757-64. [DOI] [PubMed]

Peng XX, Tiwari AK, Wu HC, Chen ZS. Overexpression of P-glycoprotein induces acquired resistance
to imatinib in chronic myelogenous leukemia cells. Chin ] Cancer. 2012;31:110-8. [DOI] [PubMed]
[PMC]

Yin J, Zhang ]J. Multidrug resistance-associated protein 1 (MRP1/ABCC1) polymorphism: from
discovery to clinical application. Zhong Nan Da Xue Xue Bao Yi Xue Ban. 2011;36:927-38. [DOI]
[PubMed] [PMC]

Cole SP, Deeley RG. Transport of glutathione and glutathione conjugates by MRP1. Trends Pharmacol
Sci. 2006;27:438-46. [DOI] [PubMed]

Explor Target Antitumor Ther. 2024;5:902-20 | https://doi.org/10.37349/etat.2024.00254 Page 913


https://dx.doi.org/10.1016/j.gendis.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/30258937
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6147049
https://www.wcrf.org/cancer-trends/worldwide-cancer-data/
https://dx.doi.org/10.3390/cancers13174287
http://www.ncbi.nlm.nih.gov/pubmed/34503097
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8428369
https://dx.doi.org/10.1186/s12885-019-6311-z
http://www.ncbi.nlm.nih.gov/pubmed/31718602
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6852913
https://dx.doi.org/10.20517/cdr.2019.10
http://www.ncbi.nlm.nih.gov/pubmed/34322663
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8315569
https://dx.doi.org/10.2217/14622416.9.1.105
http://www.ncbi.nlm.nih.gov/pubmed/18154452
https://dx.doi.org/10.1007/s10863-007-9115-9
http://www.ncbi.nlm.nih.gov/pubmed/18058211
https://dx.doi.org/10.1158/1078-0432.CCR-09-1321
http://www.ncbi.nlm.nih.gov/pubmed/20028753
https://dx.doi.org/10.1111/j.1349-7006.2008.00744.x
http://www.ncbi.nlm.nih.gov/pubmed/18377430
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11158672
https://dx.doi.org/10.1038/bjc.2016.203
http://www.ncbi.nlm.nih.gov/pubmed/27415012
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4985349
https://dx.doi.org/10.3233/BME-151282
http://www.ncbi.nlm.nih.gov/pubmed/26407111
https://dx.doi.org/10.1016/j.drup.2012.02.001
http://www.ncbi.nlm.nih.gov/pubmed/22409994
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3348380
https://dx.doi.org/10.1002/pbc.20635
http://www.ncbi.nlm.nih.gov/pubmed/16206189
https://dx.doi.org/10.5732/cjc.011.10327
http://www.ncbi.nlm.nih.gov/pubmed/22098951
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3777469
https://dx.doi.org/10.3969/j.issn.1672-7347.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22086004
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4297474
https://dx.doi.org/10.1016/j.tips.2006.06.008
http://www.ncbi.nlm.nih.gov/pubmed/16820223

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Cole SP. Multidrug resistance protein 1 (MRP1, ABCC1), a “multitasking” ATP-binding cassette (ABC)
transporter. | Biol Chem. 2014;289:30880-8. [DOI] [PubMed] [PMC]

Miiller M, Meijer C, Zaman GJ, Borst P, Scheper R], Mulder NH, et al. Overexpression of the gene
encoding the multidrug resistance-associated protein results in increased ATP-dependent
glutathione S-conjugate transport. Proc Natl Acad Sci U S A. 1994;91:13033-7. [DOI] [PubMed]
[PMC]

Cho S, Lu M, He X, Ee PL, Bhat U, Schneider E, et al. Notch1 regulates the expression of the multidrug
resistance gene ABCC1/MRP1 in cultured cancer cells. Proc Natl Acad Sci U S A. 2011;108:20778-83.
[DOI] [PubMed] [PMC(]

Munoz M, Henderson M, Haber M, Norris M. Role of the MRP1/ABCC1 multidrug transporter protein
in cancer. [UBMB Life. 2007;59:752-7. [DOI] [PubMed]

Mao Q, Unadkat JD. Role of the breast cancer resistance protein (BCRP/ABCG2) in drug transport--an
update. AAPS ]. 2015;17:65-82. [DOI] [PubMed] [PMC(]

Horsey AJ], Cox MH, Sarwat S, Kerr ID. The multidrug transporter ABCG2: still more questions than
answers. Biochem Soc Trans. 2016;44:824-30. [DOI] [PubMed] [PMC(]

Stacy AE, Jansson P], Richardson DR. Molecular pharmacology of ABCG2 and its role in
chemoresistance. Mol Pharmacol. 2013;84:655-69. [DOI] [PubMed]

Wang S, Tsui ST, Liu C, Song Y, Liu D. EGFR C797S mutation mediates resistance to third-generation
inhibitors in T790M-positive non-small cell lung cancer. ] Hematol Oncol. 2016;9:59. [DOI] [PubMed]
[PMC]

Ma C, Wei S, Song Y. T790M and acquired resistance of EGFR TKI: a literature review of clinical
reports. ] Thorac Dis. 2011;3:10-8. [DOI] [PubMed] [PMC]

Chan BA, Hughes BG. Targeted therapy for non-small cell lung cancer: current standards and the
promise of the future. Transl Lung Cancer Res. 2015;4:36-54. [DOI] [PubMed] [PMC]

MacGregor Schafer |, Liu H, Bentrem D], Zapf JW, Jordan VC. Allosteric silencing of activating function
1 in the 4-hydroxytamoxifen estrogen receptor complex is induced by substituting glycine for
aspartate at amino acid 351. Cancer Res. 2000;60:5097-105. [PubMed]

Likhite VS, Stossi F, Kim K, Katzenellenbogen BS, Katzenellenbogen JA. Kinase-specific
phosphorylation of the estrogen receptor changes receptor interactions with ligand,
deoxyribonucleic acid, and coregulators associated with alterations in estrogen and tamoxifen
activity. Mol Endocrinol. 2006;20:3120-32. [DOI] [PubMed]

Helleday T, Petermann E, Lundin C, Hodgson B, Sharma RA. DNA repair pathways as targets for
cancer therapy. Nat Rev Cancer. 2008;8:193-204. [DOI] [PubMed]

de Angelis PM, Fjell B, Kravik KL, Haug T, Tunheim SH, Reichelt W, et al. Molecular characterizations
of derivatives of HCT116 colorectal cancer cells that are resistant to the chemotherapeutic agent 5-
fluorouracil. Int ] Oncol. 2004;24:1279-88. [PubMed]

Fan M, Yan PS, Hartman-Frey C, Chen L, Paik H, Oyer SL, et al. Diverse gene expression and DNA
methylation profiles correlate with differential adaptation of breast cancer cells to the antiestrogens
tamoxifen and fulvestrant. Cancer Res. 2006;66:11954-66. [DOI] [PubMed]

Jahangiri R, Mosaffa F, Emami Razavi A, Teimoori-Toolabi L, Jamialahmadi K. Altered DNA
methyltransferases promoter methylation and mRNA expression are associated with tamoxifen
response in breast tumors. ] Cell Physiol. 2018;233:7305-19. [DOI] [PubMed]

Kreso A, Dick JE. Evolution of the cancer stem cell model. Cell Stem Cell. 2014;14:275-91. [DOI]
[PubMed]

Turner NC, Reis-Filho JS. Genetic heterogeneity and cancer drug resistance. Lancet Oncol. 2012;13:
e178-85. [DOI] [PubMed]

Gerlinger M, Rowan AJ, Horswell S, Math M, Larkin ], Endesfelder D, et al. Intratumor heterogeneity
and branched evolution revealed by multiregion sequencing. N Engl ] Med. 2012;366:883-92.
Erratum in: N Engl ] Med. 2012;367:976. [DOI] [PubMed] [PMC(]

Explor Target Antitumor Ther. 2024;5:902-20 | https://doi.org/10.37349/etat.2024.00254 Page 914


https://dx.doi.org/10.1074/jbc.R114.609248
http://www.ncbi.nlm.nih.gov/pubmed/25281745
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4223294
https://dx.doi.org/10.1073/pnas.91.26.13033
http://www.ncbi.nlm.nih.gov/pubmed/7809167
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC45575
https://dx.doi.org/10.1073/pnas.1019452108
http://www.ncbi.nlm.nih.gov/pubmed/22143792
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3251103
https://dx.doi.org/10.1080/15216540701736285
http://www.ncbi.nlm.nih.gov/pubmed/18085475
https://dx.doi.org/10.1208/s12248-014-9668-6
http://www.ncbi.nlm.nih.gov/pubmed/25236865
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4287283
https://dx.doi.org/10.1042/BST20160014
http://www.ncbi.nlm.nih.gov/pubmed/27284047
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4900755
https://dx.doi.org/10.1124/mol.113.088609
http://www.ncbi.nlm.nih.gov/pubmed/24021215
https://dx.doi.org/10.1186/s13045-016-0290-1
http://www.ncbi.nlm.nih.gov/pubmed/27448564
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4957905
https://dx.doi.org/10.3978/j.issn.2072-1439.2010.12.02
http://www.ncbi.nlm.nih.gov/pubmed/22263058
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3256494
https://dx.doi.org/10.3978/j.issn.2218-6751.2014.05.01
http://www.ncbi.nlm.nih.gov/pubmed/25806345
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4367711
http://www.ncbi.nlm.nih.gov/pubmed/11016635
https://dx.doi.org/10.1210/me.2006-0068
http://www.ncbi.nlm.nih.gov/pubmed/16945990
https://dx.doi.org/10.1038/nrc2342
http://www.ncbi.nlm.nih.gov/pubmed/18256616
http://www.ncbi.nlm.nih.gov/pubmed/15067352
https://dx.doi.org/10.1158/0008-5472.CAN-06-1666
http://www.ncbi.nlm.nih.gov/pubmed/17178894
https://dx.doi.org/10.1002/jcp.26562
http://www.ncbi.nlm.nih.gov/pubmed/29574992
https://dx.doi.org/10.1016/j.stem.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/24607403
https://dx.doi.org/10.1016/S1470-2045(11)70335-7
http://www.ncbi.nlm.nih.gov/pubmed/22469128
https://dx.doi.org/10.1056/NEJMoa1113205
http://www.ncbi.nlm.nih.gov/pubmed/22397650
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4878653

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

Burrell RA, Swanton C. Tumour heterogeneity and the evolution of polyclonal drug resistance. Mol
Oncol. 2014;8:1095-111. [DOI] [PubMed] [PMC(]

Chen X, Qian Y, Wu S. The Warburg effect: evolving interpretations of an established concept. Free
Radic Biol Med. 2015;79:253-63. [DOI] [PubMed] [PMC(]

Sharma M, Astekar M, Soi S, Manjunatha BS, Shetty DC, Radhakrishnan R. pH Gradient Reversal: An
Emerging Hallmark of Cancers. Recent Pat Anticancer Drug Discov. 2015;10:244-58. [DOI] [PubMed]
Swietach P, Vaughan-Jones RD, Harris AL, Hulikova A. The chemistry, physiology and pathology of
pH in cancer. Philos Trans R Soc Lond B Biol Sci. 2014;369:20130099. [DOI] [PubMed] [PMC(]
Wojtkowiak JW, Verduzco D, Schramm K], Gillies R]. Drug resistance and cellular adaptation to
tumor acidic pH microenvironment. Mol Pharm. 2011;8:2032-8. [DOI] [PubMed] [PMC(]

Webb BA, Chimenti M, Jacobson MP, Barber DL. Dysregulated pH: a perfect storm for cancer
progression. Nat Rev Cancer. 2011;11:671-7. [DOI] [PubMed]

Fischer KR, Durrans A, Lee S, Sheng ], Li F, Wong ST, et al. Epithelial-to-mesenchymal transition is
not required for lung metastasis but contributes to chemoresistance. Nature. 2015;527:472-6. [DOI]
[PubMed] [PMC]

Bhola NE, Balko JM, Dugger TC, Kuba MG, Sanchez V, Sanders M, et al. TGF-§8 inhibition enhances
chemotherapy action against triple-negative breast cancer. ] Clin Invest. 2013;123:1348-58. [DOI]
[PubMed] [PMC]

Zhang M, Zhang YY, Chen Y, Wang ], Wang Q, Lu H. TGF- Signaling and Resistance to Cancer
Therapy. Front Cell Dev Biol. 2021;9:786728. [DOI] [PubMed] [PMC(]

Wu Y, Ginther C, Kim ], Mosher N, Chung S, Slamon D, et al. Expression of Wnt3 activates Wnt/f3-
catenin pathway and promotes EMT-like phenotype in trastuzumab-resistant HER2-overexpressing
breast cancer cells. Mol Cancer Res. 2012;10:1597-606. [DOI] [PubMed] [PMC]

Della Corte CM, Bellevicine C, Vicidomini G, Vitagliano D, Malapelle U, Accardo M, et al. SMO Gene
Amplification and Activation of the Hedgehog Pathway as Novel Mechanisms of Resistance to Anti-
Epidermal Growth Factor Receptor Drugs in Human Lung Cancer. Clin Cancer Res. 2015;21:
4686-97. [DOI] [PubMed]

Goel S, DeCristo M], McAllister SS, Zhao JJ. CDK4/6 Inhibition in Cancer: Beyond Cell Cycle Arrest.
Trends Cell Biol. 2018;28:911-25. [DOI] [PubMed] [PMC]

Choi Y], Li X, Hydbring P, Sanda T, Stefano ], Christie AL, et al. The requirement for cyclin D function
in tumor maintenance. Cancer Cell. 2012;22:438-51. [DOI] [PubMed] [PMC(]

Yoshida A, Lee EK, Diehl JA. Induction of Therapeutic Senescence in Vemurafenib-Resistant
Melanoma by Extended Inhibition of CDK4/6. Cancer Res. 2016;76:2990-3002. [DOI] [PubMed]
[PMC]

Goel S, DeCristo MJ, Watt AC, BrinJones H, Sceneay ], Li BB, et al. CDK4/6 inhibition triggers anti-
tumour immunity. Nature. 2017;548:471-5. [DOI] [PubMed] [PMC]

Coppé JP, Desprez PY, Krtolica A, Campisi ]. The senescence-associated secretory phenotype: the
dark side of tumor suppression. Annu Rev Pathol. 2010;5:99-118. [DOI] [PubMed] [PMC]

Ruscetti M, Morris JP 4th, Mezzadra R, Russell ], Leibold ], Romesser PB, et al. Senescence-Induced
Vascular Remodeling Creates Therapeutic Vulnerabilities in Pancreas Cancer. Cell. 2020;181:
424-41.e21. Erratum in: Cell. 2021;184:4838-9. [DOI] [PubMed] [PMC]

Robbins PD, Jurk D, Khosla S, Kirkland JL, LeBrasseur NK, Miller ]JD, et al. Senolytic Drugs: Reducing
Senescent Cell Viability to Extend Health Span. Annu Rev Pharmacol Toxicol. 2021;61:779-803.
[DOI] [PubMed] [PMC(]

Oguma Y, Alessio N, Aprile D, Dezawa M, Peluso G, Di Bernardo G, et al. Meta-analysis of senescent
cell secretomes to identify common and specific features of the different senescent phenotypes: a
tool for developing new senotherapeutics. Cell Commun Signal. 2023;21:262. [DOI] [PubMed] [PMC(]
Chandrasekaran A, Idelchik MDPS, Melendez JA. Redox control of senescence and age-related
disease. Redox Biol. 2017;11:91-102. [DOI] [PubMed] [PMC(]

Explor Target Antitumor Ther. 2024;5:902-20 | https://doi.org/10.37349/etat.2024.00254 Page 915


https://dx.doi.org/10.1016/j.molonc.2014.06.005
http://www.ncbi.nlm.nih.gov/pubmed/25087573
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5528620
https://dx.doi.org/10.1016/j.freeradbiomed.2014.08.027
http://www.ncbi.nlm.nih.gov/pubmed/25277420
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4356994
https://dx.doi.org/10.2174/1574892810666150708110608
http://www.ncbi.nlm.nih.gov/pubmed/26152150
https://dx.doi.org/10.1098/rstb.2013.0099
http://www.ncbi.nlm.nih.gov/pubmed/24493747
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3917353
https://dx.doi.org/10.1021/mp200292c
http://www.ncbi.nlm.nih.gov/pubmed/21981633
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3230683
https://dx.doi.org/10.1038/nrc3110
http://www.ncbi.nlm.nih.gov/pubmed/21833026
https://dx.doi.org/10.1038/nature15748
http://www.ncbi.nlm.nih.gov/pubmed/26560033
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4662610
https://dx.doi.org/10.1172/JCI65416
http://www.ncbi.nlm.nih.gov/pubmed/23391723
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3582135
https://dx.doi.org/10.3389/fcell.2021.786728
http://www.ncbi.nlm.nih.gov/pubmed/34917620
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8669610
https://dx.doi.org/10.1158/1541-7786.MCR-12-0155-T
http://www.ncbi.nlm.nih.gov/pubmed/23071104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3732195
https://dx.doi.org/10.1158/1078-0432.CCR-14-3319
http://www.ncbi.nlm.nih.gov/pubmed/26124204
https://dx.doi.org/10.1016/j.tcb.2018.07.002
http://www.ncbi.nlm.nih.gov/pubmed/30061045
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6689321
https://dx.doi.org/10.1016/j.ccr.2012.09.015
http://www.ncbi.nlm.nih.gov/pubmed/23079655
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3487466
https://dx.doi.org/10.1158/0008-5472.CAN-15-2931
http://www.ncbi.nlm.nih.gov/pubmed/26988987
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4873417
https://dx.doi.org/10.1038/nature23465
http://www.ncbi.nlm.nih.gov/pubmed/28813415
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5570667
https://dx.doi.org/10.1146/annurev-pathol-121808-102144
http://www.ncbi.nlm.nih.gov/pubmed/20078217
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4166495
https://dx.doi.org/10.1016/j.cell.2020.03.008
http://www.ncbi.nlm.nih.gov/pubmed/32234521
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7278897
https://dx.doi.org/10.1146/annurev-pharmtox-050120-105018
http://www.ncbi.nlm.nih.gov/pubmed/32997601
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7790861
https://dx.doi.org/10.1186/s12964-023-01280-4
http://www.ncbi.nlm.nih.gov/pubmed/37770897
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10537976
https://dx.doi.org/10.1016/j.redox.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/27889642
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5126126

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

McCarthy DA, Clark RR, Bartling TR, Trebak M, Melendez JA. Redox control of the senescence
regulator interleukin-1a and the secretory phenotype. ] Biol Chem. 2013;288:32149-59. [DOI]
[PubMed] [PMC]

Kudlova N, De Sanctis JB, Hajduch M. Cellular Senescence: Molecular Targets, Biomarkers, and
Senolytic Drugs. Int ] Mol Sci. 2022;23:4168. [DOI] [PubMed] [PMC]

Kuk MU, Lee H, Song ES, Lee YH, Park ]Y, Jeong S, et al. Functional restoration of lysosomes and
mitochondria through modulation of AKT activity ameliorates senescence. Exp Gerontol. 2023;173:
112091. [DOI] [PubMed]

Rovira M, Sereda R, Pladevall-Morera D, Ramponi V, Marin I, Maus M, et al. The lysosomal proteome
of senescent cells contributes to the senescence secretome. Aging Cell. 2022;21:e13707. [DOI]
[PubMed] [PMC]

Kuilman T, Michaloglou C, Mooi W], Peeper DS. The essence of senescence. Genes Dev. 2010;24:
2463-79. [DOI] [PubMed] [PMC]

Milczarek M. The Premature Senescence in Breast Cancer Treatment Strategy. Cancers (Basel). 2020;
12:1815. [DOI] [PubMed] [PMC]

Mikuta-Pietrasik ], Niklas A, Uruski P, Tykarski A, Ksigzek K. Mechanisms and significance of therapy-
induced and spontaneous senescence of cancer cells. Cell Mol Life Sci. 2020;77:213-29. [DOI]
[PubMed] [PMC]

He X, Yang A, McDonald DG, Riemer EC, Vanek KN, Schulte BA, et al. MiR-34a modulates ionizing
radiation-induced senescence in lung cancer cells. Oncotarget. 2017;8:69797-807. [DOI] [PubMed]
[PMC]

Jones KR, Elmore LW, Jackson-Cook C, Demasters G, Povirk LF, Holt SE, et al. p53-Dependent
accelerated senescence induced by ionizing radiation in breast tumour cells. Int ] Radiat Biol. 2005;
81:445-58. [DOI] [PubMed]

Mirzayans R, Scott A, Cameron M, Murray D. Induction of accelerated senescence by gamma
radiation in human solid tumor-derived cell lines expressing wild-type TP53. Radiat Res. 2005;163:
53-62. [DOI] [PubMed]

Suzuki K, Mori I, Nakayama Y, Miyakoda M, Kodama S, Watanabe M. Radiation-induced senescence-
like growth arrest requires TP53 function but not telomere shortening. Radiat Res. 2001;155:
248-53. [DOI] [PubMed]

Yu YC, Yang PM, Chuah QY, Huang YH, Peng CW, Lee Y], et al. Radiation-induced senescence in
securin-deficient cancer cells promotes cell invasion involving the IL-6/STAT3 and PDGF-BB/PDGFR
pathways. Sci Rep. 2013;3:1675. [DOI] [PubMed] [PMC]

Liao EC, Hsu YT, Chuah QY, Lee Y], Hu ]JY, Huang TC, et al. Radiation induces senescence and a
bystander effect through metabolic alterations. Cell Death Dis. 2014;5:e1255. [DOI] [PubMed] [PMC(]
Chen WS, Yu YC, Lee Y], Chen JH, Hsu HY, Chiu S]. Depletion of securin induces senescence after
irradiation and enhances radiosensitivity in human cancer cells regardless of functional p53
expression. Int ] Radiat Oncol Biol Phys. 2010;77:566-74. [DOI] [PubMed]

Lee J], Kim BC, Park M], Lee YS, Kim YN, Lee BL, et al. PTEN status switches cell fate between
premature senescence and apoptosis in glioma exposed to ionizing radiation. Cell Death Differ. 2011;
18:666-77.[DOI] [PubMed] [PMC]

Ewald JA, Desotelle JA, Wilding G, Jarrard DF. Therapy-induced senescence in cancer. ] Natl Cancer
Inst. 2010;102:1536-46. [DOI] [PubMed] [PMC]

Ewald JA, Peters N, Desotelle JA, Hoffmann FM, Jarrard DF. A high-throughput method to identify
novel senescence-inducing compounds. ] Biomol Screen. 2009;14:853-8. [DOI] [PubMed] [PMC]
Wang L, Leite de Oliveira R, Wang C, Fernandes Neto JM, Mainardi S, Evers B, et al. High-Throughput
Functional Genetic and Compound Screens Identify Targets for Senescence Induction in Cancer. Cell
Rep. 2017;21:773-83. [DOI] [PubMed]

Explor Target Antitumor Ther. 2024;5:902-20 | https://doi.org/10.37349/etat.2024.00254 Page 916


https://dx.doi.org/10.1074/jbc.M113.493841
http://www.ncbi.nlm.nih.gov/pubmed/24062309
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3820855
https://dx.doi.org/10.3390/ijms23084168
http://www.ncbi.nlm.nih.gov/pubmed/35456986
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9028163
https://dx.doi.org/10.1016/j.exger.2023.112091
http://www.ncbi.nlm.nih.gov/pubmed/36657533
https://dx.doi.org/10.1111/acel.13707
http://www.ncbi.nlm.nih.gov/pubmed/36087066
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9577959
https://dx.doi.org/10.1101/gad.1971610
http://www.ncbi.nlm.nih.gov/pubmed/21078816
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2975923
https://dx.doi.org/10.3390/cancers12071815
http://www.ncbi.nlm.nih.gov/pubmed/32640718
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7408867
https://dx.doi.org/10.1007/s00018-019-03261-8
http://www.ncbi.nlm.nih.gov/pubmed/31414165
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6970957
https://dx.doi.org/10.18632/oncotarget.19267
http://www.ncbi.nlm.nih.gov/pubmed/29050242
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5642517
https://dx.doi.org/10.1080/09553000500168549
http://www.ncbi.nlm.nih.gov/pubmed/16308915
https://dx.doi.org/10.1667/rr3280
http://www.ncbi.nlm.nih.gov/pubmed/15606307
https://dx.doi.org/10.1667/0033-7587(2001)155[0248:rislga]2.0.co;2
http://www.ncbi.nlm.nih.gov/pubmed/11121242
https://dx.doi.org/10.1038/srep01675
http://www.ncbi.nlm.nih.gov/pubmed/23591770
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3628221
https://dx.doi.org/10.1038/cddis.2014.220
http://www.ncbi.nlm.nih.gov/pubmed/24853433
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4047910
https://dx.doi.org/10.1016/j.ijrobp.2009.12.013
http://www.ncbi.nlm.nih.gov/pubmed/20457353
https://dx.doi.org/10.1038/cdd.2010.139
http://www.ncbi.nlm.nih.gov/pubmed/21072054
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3131905
https://dx.doi.org/10.1093/jnci/djq364
http://www.ncbi.nlm.nih.gov/pubmed/20858887
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2957429
https://dx.doi.org/10.1177/1087057109340314
http://www.ncbi.nlm.nih.gov/pubmed/19641224
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2913693
https://dx.doi.org/10.1016/j.celrep.2017.09.085
http://www.ncbi.nlm.nih.gov/pubmed/29045843

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Chang BD, Broude EV, Dokmanovic M, Zhu H, Ruth A, Xuan Y, et al. A senescence-like phenotype
distinguishes tumor cells that undergo terminal proliferation arrest after exposure to anticancer
agents. Cancer Res. 1999;59:3761-7. [PubMed]

Vergel M, Marin J], Estevez P, Carnero A. Cellular senescence as a target in cancer control. ] Aging
Res. 2010;2011:725365. [DOI] [PubMed] [PMC]

Schwarze SR, Fu VX, Desotelle JA, Kenowski ML, Jarrard DF. The identification of senescence-specific
genes during the induction of senescence in prostate cancer cells. Neoplasia. 2005;7:816-23. [DOI]
[PubMed] [PMC(]

Cheung-Ong K, Giaever G, Nislow C. DNA-damaging agents in cancer chemotherapy: serendipity and
chemical biology. Chem Biol. 2013;20:648-59. [DOI] [PubMed]

Elmore LW, Rehder CW, Di X, McChesney PA, Jackson-Cook CK, Gewirtz DA, et al. Adriamycin-
induced senescence in breast tumor cells involves functional p53 and telomere dysfunction. ] Biol
Chem. 2002;277:35509-15. [DOI] [PubMed]

Dabrowska M, Skoneczny M, Uram L, Rode W. Methotrexate-induced senescence of human colon
cancer cells depends on p53 acetylation, but not genomic aberrations. Anticancer Drugs. 2019;30:
374-82. [DOI] [PubMed]

Volonte D, Liu Z, Musille PM, Stoppani E, Wakabayashi N, Di YP, et al. Inhibition of nuclear factor-
erythroid 2-related factor (Nrf2) by caveolin-1 promotes stress-induced premature senescence. Mol
Biol Cell. 2013;24:1852-62. [DOI] [PubMed] [PMC(]

Kedarinath K, Shiffer EM, Parks GD. DNA methyltransferase inhibitor 5-azacytidine enhances
neuroblastoma cell lysis by an oncolytic parainfluenza virus. Anticancer Drugs. 2023;34:916-28.
[DOI] [PubMed] [PMC(]

Prasanna PG, Citrin DE, Hildesheim ], Ahmed MM, Venkatachalam S, Riscuta G, et al. Therapy-
Induced Senescence: Opportunities to Improve Anticancer Therapy. ] Natl Cancer Inst. 2021;113:
1285-98. Erratum in: ] Natl Cancer Inst. 2023;115:235. [DOI] [PubMed] [PMC]

Masaldan S, Clatworthy SAS, Gamell C, Meggyesy PM, Rigopoulos AT, Haupt S, et al. Iron
accumulation in senescent cells is coupled with impaired ferritinophagy and inhibition of
ferroptosis. Redox Biol. 2018;14:100-15. [DOI] [PubMed] [PMC(]

Li HY, Wei TT, Zhuang M, Tan CY, Xie TH, Cai ], et al. Iron derived from NCOA4-mediated
ferritinophagy causes cellular senescence via the cGAS-STING pathway. Cell Death Discov. 2023;9:
419. [DOI] [PubMed] [PMC(]

Faulk WP, Hsi BL, Stevens PJ. Transferrin and transferrin receptors in carcinoma of the breast.
Lancet. 1980;2:390-2. [DOI] [PubMed]

Pan X, Lu Y, Cheng X, Wang ]. Hepcidin and ferroportin expression in breast cancer tissue and serum
and their relationship with anemia. Curr Oncol. 2016;23:e24-6. [DOI] [PubMed] [PMC(]

Bauer M, Eickhoff ]JC, Gould MN, Mundhenke C, Maass N, Friedl A. Neutrophil gelatinase-associated
lipocalin (NGAL) is a predictor of poor prognosis in human primary breast cancer. Breast Cancer Res
Treat. 2008;108:389-97. [DOI] [PubMed]

Paramos-de-Carvalho D, Martins I, Cristévao AM, Dias AF, Neves-Silva D, Pereira T, et al. Targeting
senescent cells improves functional recovery after spinal cord injury. Cell Rep. 2021;36:109334.
[DOI] [PubMed]

Crescenzi E, Leonardi A, Pacifico F. NGAL as a Potential Target in Tumor Microenvironment. Int ] Mol
Sci. 2021;22:12333. [DOI] [PubMed] [PMC]

Morales-Valencia ], Lau L, Marti-Nin T, Ozerdem U, David G. Therapy-induced senescence promotes
breast cancer cells plasticity by inducing Lipocalin-2 expression. Oncogene. 2022;41:4361-70. [DOI]
[PubMed] [PMC]

Knovich MA, Storey JA, Coffman LG, Torti SV, Torti FM. Ferritin for the clinician. Blood Rev. 2009;23:
95-104. [DOI] [PubMed] [PMC(]

Explor Target Antitumor Ther. 2024;5:902-20 | https://doi.org/10.37349/etat.2024.00254 Page 917


http://www.ncbi.nlm.nih.gov/pubmed/10446993
https://dx.doi.org/10.4061/2011/725365
http://www.ncbi.nlm.nih.gov/pubmed/21234095
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3018654
https://dx.doi.org/10.1593/neo.05250
http://www.ncbi.nlm.nih.gov/pubmed/16229804
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1501939
https://dx.doi.org/10.1016/j.chembiol.2013.04.007
http://www.ncbi.nlm.nih.gov/pubmed/23706631
https://dx.doi.org/10.1074/jbc.M205477200
http://www.ncbi.nlm.nih.gov/pubmed/12101184
https://dx.doi.org/10.1097/CAD.0000000000000731
http://www.ncbi.nlm.nih.gov/pubmed/30531292
https://dx.doi.org/10.1091/mbc.E12-09-0666
http://www.ncbi.nlm.nih.gov/pubmed/23637463
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3681691
https://dx.doi.org/10.1097/CAD.0000000000001525
http://www.ncbi.nlm.nih.gov/pubmed/37227036
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10414160
https://dx.doi.org/10.1093/jnci/djab064
http://www.ncbi.nlm.nih.gov/pubmed/33792717
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8486333
https://dx.doi.org/10.1016/j.redox.2017.08.015
http://www.ncbi.nlm.nih.gov/pubmed/28888202
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5596264
https://dx.doi.org/10.1038/s41420-023-01712-7
http://www.ncbi.nlm.nih.gov/pubmed/37980349
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10657394
https://dx.doi.org/10.1016/s0140-6736(80)90440-7
http://www.ncbi.nlm.nih.gov/pubmed/6105517
https://dx.doi.org/10.3747/co.23.2840
http://www.ncbi.nlm.nih.gov/pubmed/26966409
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4754065
https://dx.doi.org/10.1007/s10549-007-9619-3
http://www.ncbi.nlm.nih.gov/pubmed/17554627
https://dx.doi.org/10.1016/j.celrep.2021.109334
http://www.ncbi.nlm.nih.gov/pubmed/34233184
https://dx.doi.org/10.3390/ijms222212333
http://www.ncbi.nlm.nih.gov/pubmed/34830212
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8623964
https://dx.doi.org/10.1038/s41388-022-02433-4
http://www.ncbi.nlm.nih.gov/pubmed/35953598
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9482949
https://dx.doi.org/10.1016/j.blre.2008.08.001
http://www.ncbi.nlm.nih.gov/pubmed/18835072
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2717717

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Liu NQ, De Marchi T, Timmermans AM, Beekhof R, Trapman-Jansen AM, Foekens R, et al. Ferritin
heavy chain in triple negative breast cancer: a favorable prognostic marker that relates to a cluster
of differentiation 8 positive (CD8+) effector T-cell response. Mol Cell Proteomics. 2014;13:1814-27.
[DOI] [PubMed] [PMC(]

Guo W, Zhang S, Chen Y, Zhang D, Yuan L, Cong H, et al. An important role of the hepcidin-ferroportin
signaling in affecting tumor growth and metastasis. Acta Biochim Biophys Sin (Shanghai). 2015;47:
703-15. [DOI] [PubMed]

Crescenzi E, Leonardi A, Pacifico F. Iron Metabolism in Cancer and Senescence: A Cellular
Perspective. Biology (Basel). 2023;12:989. [DOI] [PubMed] [PMC(C]

Nguyen T, Yang CS, Pickett CB. The pathways and molecular mechanisms regulating Nrf2 activation
in response to chemical stress. Free Radic Biol Med. 2004;37:433-41. [DOI] [PubMed]

Furukawa M, Xiong Y. BTB protein Keap1l targets antioxidant transcription factor Nrf2 for
ubiquitination by the Cullin 3-Roc1 ligase. Mol Cell Biol. 2005;25:162-71. [DOI] [PubMed] [PMC]
Yuan H, Xu Y, Luo Y, Wang NX, Xiao JH. Role of Nrf2 in cell senescence regulation. Mol Cell Biochem.
2021;476:247-59. [DOI] [PubMed]

Kapeta S, Chondrogianni N, Gonos ES. Nuclear erythroid factor 2-mediated proteasome activation
delays senescence in human fibroblasts. ] Biol Chem. 2010;285:8171-84. [DOI] [PubMed] [PMC(]
Surh Y], Kundu JK, Na HK. Nrf2 as a master redox switch in turning on the cellular signaling involved
in the induction of cytoprotective genes by some chemopreventive phytochemicals. Planta Med.
2008;74:1526-39. [DOI] [PubMed]

[toh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, et al. An Nrf2/small Maf heterodimer
mediates the induction of phase II detoxifying enzyme genes through antioxidant response elements.
Biochem Biophys Res Commun. 1997;236:313-22. [DOI] [PubMed]

Venugopal R, Jaiswal AK. Nrf2 and Nrfl in association with Jun proteins regulate antioxidant
response element-mediated expression and coordinated induction of genes encoding detoxifying
enzymes. Oncogene. 1998;17:3145-56. [DOI] [PubMed]

Kenneth NS, Mudie S, Naron S, Rocha S. TfR1 interacts with the IKK complex and is involved in IKK-
NF-xB signalling. Biochem ]. 2013;449:275-84. [DOI] [PubMed] [PMC(]

Kirchhausen T, Owen D, Harrison SC. Molecular structure, function, and dynamics of clathrin-
mediated membrane traffic. Cold Spring Harb Perspect Biol. 2014;6:a016725. [DOI] [PubMed] [PMC]
0’Sullivan M], Lindsay A]. The Endosomal Recycling Pathway-At the Crossroads of the Cell. Int ] Mol
Sci. 2020;21:6074. [DOI] [PubMed] [PMC(]

Hopkins CR, Trowbridge IS. Internalization and processing of transferrin and the transferrin
receptor in human carcinoma A431 cells. ] Cell Biol. 1983;97:508-21. [DOI] [PubMed] [PMC]

Taguchi T. Emerging roles of recycling endosomes. ] Biochem. 2013;153:505-10. [DOI] [PubMed]
Kang D, Jung SH, Lee GH, Lee S, Park HJ, Ko YG, et al. Sulfated syndecan 1 is critical to preventing
cellular senescence by modulating fibroblast growth factor receptor endocytosis. FASEB J. 2020;34:
10316-28. [DOI] [PubMed]

Olszewski MB, Chandris P, Park BC, Eisenberg E, Greene LE. Disruption of clathrin-mediated
trafficking causes centrosome overduplication and senescence. Traffic. 2014;15:60-77. [DOI]
[PubMed] [PMC]

Rajarajacholan UK, Thalappilly S, Riabowol K. The ING1a Tumor Suppressor Regulates Endocytosis
to Induce Cellular Senescence Via the Rb-E2F Pathway. PLoS Biol. 2013;11:e1001502. [DOI]
[PubMed] [PMC]

Pike LJ. Chapter 52 - Role of Lipid Domains in EGF Receptor Signaling. In: Bradshaw RA, Dennis EA,
editors. Handbook of Cell Signaling (Second Edition). Academic Press; 2010. pp. 359-64. [DOI]
Rothberg KG, Heuser JE, Donzell WC, Ying YS, Glenney JR, Anderson RG. Caveolin, a protein
component of caveolae membrane coats. Cell. 1992;68:673-82. [DOI] [PubMed]

Explor Target Antitumor Ther. 2024;5:902-20 | https://doi.org/10.37349/etat.2024.00254 Page 918


https://dx.doi.org/10.1074/mcp.M113.037176
http://www.ncbi.nlm.nih.gov/pubmed/24742827
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4083117
https://dx.doi.org/10.1093/abbs/gmv063
http://www.ncbi.nlm.nih.gov/pubmed/26201356
https://dx.doi.org/10.3390/biology12070989
http://www.ncbi.nlm.nih.gov/pubmed/37508419
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10376531
https://dx.doi.org/10.1016/j.freeradbiomed.2004.04.033
http://www.ncbi.nlm.nih.gov/pubmed/15256215
https://dx.doi.org/10.1128/MCB.25.1.162-171.2005
http://www.ncbi.nlm.nih.gov/pubmed/15601839
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC538799
https://dx.doi.org/10.1007/s11010-020-03901-9
http://www.ncbi.nlm.nih.gov/pubmed/32918185
https://dx.doi.org/10.1074/jbc.M109.031575
http://www.ncbi.nlm.nih.gov/pubmed/20068043
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2832969
https://dx.doi.org/10.1055/s-0028-1088302
http://www.ncbi.nlm.nih.gov/pubmed/18937164
https://dx.doi.org/10.1006/bbrc.1997.6943
http://www.ncbi.nlm.nih.gov/pubmed/9240432
https://dx.doi.org/10.1038/sj.onc.1202237
http://www.ncbi.nlm.nih.gov/pubmed/9872330
https://dx.doi.org/10.1042/BJ20120625
http://www.ncbi.nlm.nih.gov/pubmed/23016877
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3537175
https://dx.doi.org/10.1101/cshperspect.a016725
http://www.ncbi.nlm.nih.gov/pubmed/24789820
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3996469
https://dx.doi.org/10.3390/ijms21176074
http://www.ncbi.nlm.nih.gov/pubmed/32842549
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7503921
https://dx.doi.org/10.1083/jcb.97.2.508
http://www.ncbi.nlm.nih.gov/pubmed/6309862
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2112524
https://dx.doi.org/10.1093/jb/mvt034
http://www.ncbi.nlm.nih.gov/pubmed/23625997
https://dx.doi.org/10.1096/fj.201902714R
http://www.ncbi.nlm.nih.gov/pubmed/32530114
https://dx.doi.org/10.1111/tra.12132
http://www.ncbi.nlm.nih.gov/pubmed/24138026
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3868896
https://dx.doi.org/10.1371/journal.pbio.1001502
http://www.ncbi.nlm.nih.gov/pubmed/23472054
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3589274
https://dx.doi.org/10.1016/B978-0-12-374145-5.00052-8
https://dx.doi.org/10.1016/0092-8674(92)90143-z
http://www.ncbi.nlm.nih.gov/pubmed/1739974

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Oh P, McIntosh DP, Schnitzer JE. Dynamin at the neck of caveolae mediates their budding to form
transport vesicles by GTP-driven fission from the plasma membrane of endothelium. J Cell Biol.
1998;141:101-14. [DOI] [PubMed] [PMC]

Couet |, Sargiacomo M, Lisanti MP. Interaction of a receptor tyrosine kinase, EGF-R, with caveolins.
Caveolin binding negatively regulates tyrosine and serine/threonine kinase activities. ] Biol Chem.
1997;272:30429-38. [DOI] [PubMed]

Li S, Seitz R, Lisanti MP. Phosphorylation of caveolin by src tyrosine kinases. The alpha-isoform of
caveolin is selectively phosphorylated by v-Src in vivo. ] Biol Chem. 1996;271:3863-8. [PubMed]
Shaul PW, Smart EJ, Robinson L], German Z, Yuhanna IS, Ying Y, et al. Acylation targets emdothelial
nitric-oxide synthase to plasmalemmal caveolae. | Biol Chem. 1996;271:6518-22. [DOI] [PubMed]

Boscher C, Nabi IR. Caveolin-1: role in cell signaling. Adv Exp Med Biol. 2012;729:29-50. [DOI]
[PubMed]

Parton RG, del Pozo MA. Caveolae as plasma membrane sensors, protectors and organizers. Nat Rev
Mol Cell Biol. 2013;14:98-112. [DOI] [PubMed]

Volonte D, Galbiati F. Inhibition of thioredoxin reductase 1 by caveolin 1 promotes stress-induced
premature senescence. EMBO Rep. 2009;10:1334-40. [DOI] [PubMed] [PMC(]

Volonte D, Galbiati F. Caveolin-1, a master regulator of cellular senescence. Cancer Metastasis Rev.
2020;39:397-414. [DOI] [PubMed] [PMC(]

Shin EY, Soung NK, Schwartz MA, Kim EG. Altered endocytosis in cellular senescence. Ageing Res
Rev. 2021;68:101332. [DOI] [PubMed] [PMC(]

Park JS, Park WY, Cho KA, Kim DI, Jhun BH, Kim SR, et al. Down-regulation of amphiphysin-1 is
responsible for reduced receptor-mediated endocytosis in the senescent cells. FASEB J. 2001;15:
1625-7. [DOI] [PubMed]

Beck R, Adolf F, Weimer C, Bruegger B, Wieland FT. ArfGAP1 activity and COPI vesicle biogenesis.
Traffic. 2009;10:307-15. [DOI] [PubMed]

Premont RT, Claing A, Vitale N, Freeman ]L, Pitcher JA, Patton WA, et al. 3,-Adrenergic receptor
regulation by GIT1, a G protein-coupled receptor kinase-associated ADP ribosylation factor GTPase-
activating protein. Proc Natl Acad Sci U S A. 1998;95:14082-7. [DOI] [PubMed] [PMC]

Shin EY, Park JH, You ST, Lee CS, Won SY, Park J], et al. Integrin-mediated adhesions in regulation of
cellular senescence. Sci Adv. 2020;6:eaay3909. [DOI] [PubMed] [PMC]

Di X, Bright AT, Bellott R, Gaskins E, Robert ], Holt S, et al. A chemotherapy-associated senescence
bystander effect in breast cancer cells. Cancer Biol Ther. 2008;7:864-72. [DOI] [PubMed]

Coppé JP, Patil CK, Rodier F, Sun Y, Muioz DP, Goldstein ], et al. Senescence-associated secretory
phenotypes reveal cell-nonautonomous functions of oncogenic RAS and the p53 tumor suppressor.
PLoS Biol. 2008;6:2853-68. [DOI] [PubMed] [PMC(]

Myrianthopoulos V, Evangelou K, Vasileiou PVS, Cooks T, Vassilakopoulos TP, Pangalis GA, et al.
Senescence and senotherapeutics: a new field in cancer therapy. Pharmacol Ther. 2019;193:31-49.
[DOI] [PubMed]

Zhu Y, Tchkonia T, Pirtskhalava T, Gower AC, Ding H, Giorgadze N, et al. The Achilles’ heel of
senescent cells: from transcriptome to senolytic drugs. Aging Cell. 2015;14:644-58. [DOI] [PubMed]
[PMC]

Wang E. Senescent human fibroblasts resist programmed cell death, and failure to suppress bcl2 is
involved. Cancer Res. 1995;55:2284-92. [PubMed]

Chen LS, Balakrishnan K, Gandhi V. Inflammation and survival pathways: chronic lymphocytic
leukemia as a model system. Biochem Pharmacol. 2010;80:1936-45. [DOI] [PubMed] [PMC]

Bessler H, Bergman M, Salman H, Cohen AM, Fenig E, Djaldetti M. Factor(s) released from irradiated

B-CLL cells induce apoptosis in leukemic lymphocytes. Cancer Lett. 2002;179:103-8. [DOI]
[PubMed]

Explor Target Antitumor Ther. 2024;5:902-20 | https://doi.org/10.37349/etat.2024.00254 Page 919


https://dx.doi.org/10.1083/jcb.141.1.101
http://www.ncbi.nlm.nih.gov/pubmed/9531551
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2132716
https://dx.doi.org/10.1074/jbc.272.48.30429
http://www.ncbi.nlm.nih.gov/pubmed/9374534
http://www.ncbi.nlm.nih.gov/pubmed/8632005
https://dx.doi.org/10.1074/jbc.271.11.6518
http://www.ncbi.nlm.nih.gov/pubmed/8626455
https://dx.doi.org/10.1007/978-1-4614-1222-9_3
http://www.ncbi.nlm.nih.gov/pubmed/22411312
https://dx.doi.org/10.1038/nrm3512
http://www.ncbi.nlm.nih.gov/pubmed/23340574
https://dx.doi.org/10.1038/embor.2009.215
http://www.ncbi.nlm.nih.gov/pubmed/19820694
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2799211
https://dx.doi.org/10.1007/s10555-020-09875-w
http://www.ncbi.nlm.nih.gov/pubmed/32279119
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7890422
https://dx.doi.org/10.1016/j.arr.2021.101332
http://www.ncbi.nlm.nih.gov/pubmed/33753287
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8131247
https://dx.doi.org/10.1096/fj.00-0723fje
http://www.ncbi.nlm.nih.gov/pubmed/11427507
https://dx.doi.org/10.1111/j.1600-0854.2008.00865.x
http://www.ncbi.nlm.nih.gov/pubmed/19055691
https://dx.doi.org/10.1073/pnas.95.24.14082
http://www.ncbi.nlm.nih.gov/pubmed/9826657
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC24330
https://dx.doi.org/10.1126/sciadv.aay3909
http://www.ncbi.nlm.nih.gov/pubmed/32494696
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7202880
https://dx.doi.org/10.4161/cbt.7.6.5861
http://www.ncbi.nlm.nih.gov/pubmed/18340112
https://dx.doi.org/10.1371/journal.pbio.0060301
http://www.ncbi.nlm.nih.gov/pubmed/19053174
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2592359
https://dx.doi.org/10.1016/j.pharmthera.2018.08.006
http://www.ncbi.nlm.nih.gov/pubmed/30121319
https://dx.doi.org/10.1111/acel.12344
http://www.ncbi.nlm.nih.gov/pubmed/25754370
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4531078
http://www.ncbi.nlm.nih.gov/pubmed/7757977
https://dx.doi.org/10.1016/j.bcp.2010.07.039
http://www.ncbi.nlm.nih.gov/pubmed/20696142
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3749885
https://dx.doi.org/10.1016/s0304-3835(01)00868-0
http://www.ncbi.nlm.nih.gov/pubmed/11880188

132.

133.

134.

135.

136.

137.

138.

139.

140.

Josefsson EC, Vainchenker W, James C. Regulation of Platelet Production and Life Span: Role of Bcl-xL
and Potential Implications for Human Platelet Diseases. Int ] Mol Sci. 2020;21:7591. [DOI] [PubMed]
[PMC]

Zhu Y, Doornebal EJ, Pirtskhalava T, Giorgadze N, Wentworth M, Fuhrmann-Stroissnigg H, et al. New
agents that target senescent cells: the flavone, fisetin, and the BCL-X; inhibitors, A1331852 and
A1155463. Aging (Albany NY). 2017;9:955-63. [DOI] [PubMed] [PMC(]

Zhu 'Y, Tchkonia T, Fuhrmann-Stroissnigg H, Dai HM, Ling YY, Stout MB, et al. Identification of a novel
senolytic agent, navitoclax, targeting the Bcl-2 family of anti-apoptotic factors. Aging Cell. 2016;15:
428-35. [DOI] [PubMed] [PMC]

McHugh D, Sun B, Gutierrez-Mufioz C, Herndndez-Gonzalez F, Mellone M, Guiho R, et al. COPI vesicle
formation and N-myristoylation are targetable vulnerabilities of senescent cells. Nat Cell Biol. 2023;
25:1804-20. [DOI] [PubMed] [PMC]

Spassov DS, Atanasova M, Doytchinova I. Novel Hits for N-Myristoyltransferase Inhibition
Discovered by Docking-Based Screening. Molecules. 2022;27:5478. [DOI] [PubMed] [PMC]

Chaib S, Tchkonia T, Kirkland JL. Cellular senescence and senolytics: the path to the clinic. Nat Med.
2022;28:1556-68. [DOI] [PubMed] [PMC(]

Yousefzadeh M], Zhu Y, McGowan SJ, Angelini L, Fuhrmann-Stroissnigg H, Xu M, et al. Fisetin is a
senotherapeutic that extends health and lifespan. EBioMedicine. 2018;36:18-28. [DOI] [PubMed]
[PMC]

Li W, He Y, Zhang R, Zheng G, Zhou D. The curcumin analog EF24 is a novel senolytic agent. Aging
(Albany NY). 2019;11:771-82. [DOI] [PubMed] [PMC]

Chang ], Wang Y, Shao L, Laberge RM, Demaria M, Campisi ], et al. Clearance of senescent cells by
ABT263 rejuvenates aged hematopoietic stem cells in mice. Nat Med. 2016;22:78-83. [DOI]
[PubMed] [PMC]

Explor Target Antitumor Ther. 2024;5:902-20 | https://doi.org/10.37349/etat.2024.00254 Page 920


https://dx.doi.org/10.3390/ijms21207591
http://www.ncbi.nlm.nih.gov/pubmed/33066573
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7589436
https://dx.doi.org/10.18632/aging.101202
http://www.ncbi.nlm.nih.gov/pubmed/28273655
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5391241
https://dx.doi.org/10.1111/acel.12445
http://www.ncbi.nlm.nih.gov/pubmed/26711051
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4854923
https://dx.doi.org/10.1038/s41556-023-01287-6
http://www.ncbi.nlm.nih.gov/pubmed/38012402
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10709147
https://dx.doi.org/10.3390/molecules27175478
http://www.ncbi.nlm.nih.gov/pubmed/36080246
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9457982
https://dx.doi.org/10.1038/s41591-022-01923-y
http://www.ncbi.nlm.nih.gov/pubmed/35953721
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9599677
https://dx.doi.org/10.1016/j.ebiom.2018.09.015
http://www.ncbi.nlm.nih.gov/pubmed/30279143
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197652
https://dx.doi.org/10.18632/aging.101787
http://www.ncbi.nlm.nih.gov/pubmed/30694217
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6366974
https://dx.doi.org/10.1038/nm.4010
http://www.ncbi.nlm.nih.gov/pubmed/26657143
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4762215

	Abstract
	Keywords
	Introduction
	Drug resistance in BC
	Drug efflux
	Alteration of drug targets
	Enhanced DNA damage repair
	Epigenetic alterations
	Tumour heterogeneity and the microenvironment
	Epithelial-mesenchymal transition

	Senescence escape
	Key senescence markers
	Induction of senescence

	TIS and iron metabolism
	Membrane trafficking pathways and senescence
	Caveolin-mediated endocytosis
	Clathrin mediated endocytosis

	Targeting TIS as an anticancer strategy
	Conclusions
	Abbreviations
	Declarations
	Acknowledgments
	Author contributions
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	References

