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Abstract

Background: Prostate cancer (PCa) is an age-related malignancy in men with a high incidence rate. PCa treatments
face many obstacles due to cancer cell resistance and many bypassing mechanisms to escape therapy. According to
the intricacy of PCa, many standard therapies are being used depending on PCa stages including radical prostatec-
tomy, radiation therapy, androgen receptor (AR) targeted therapy (androgen deprivation therapy, supraphysiological
androgen, and AR antagonists) and chemotherapy. Most of the aforementioned therapies have been implicated to
induce cellular senescence. Cellular senescence is defined as a stable cell cycle arrest in the G1 phase and is one of
the mechanisms that prevent cancer proliferation.

Results: In this review, we provide and analyze different mechanisms of therapy-induced senescence (TIS) in PCa
and their effects on the tumor. Interestingly, it seems that different molecular pathways are used by cancer cells for
TIS. Understanding the complexity and underlying mechanisms of cellular senescence is very critical due to its role

in tumorigenesis. The most prevalent analyzed pathways in PCa as TIS are the p53/p21"WATVEP the p15MNK4B/n16INKaA/
PRb/E2F/Cyclin D, the ROS/ERK, p27KP1/CDK/pRb, and the p27XP!/Skp2/C/EBP [ signaling. Despite growth inhibition,
senescent cells are highly metabolically active. In addition, their secretome, which is termed senescence-associated
secretory phenotype (SASP), affects within the tumor microenvironment neighboring non-tumor and tumor cells and
thereby may regulate the growth of tumors. Induction of cancer cell senescence is therefore a double-edged sword
that can lead to reduced or enhanced tumor growth.

Conclusion: Thus, dependent on the type of senescence inducer and the specific senescence-induced cellular path-
way, it is useful to develop pathway-specific senolytic compounds to specifically targeting senescent cells in order to
evict senescent cells and thereby to reduce SASP side effects.

Keywords: Cancer cell senescence, Androgen receptor, Chemotherapy, Radiotherapy, Prostate cancer, Senescence-
associated secretory phenotype, Exosome

Introduction

Prostate cancer (PCa) is one the most diagnosed can-
cer and the second leading cause of cancer-related
death in men in Western countries [1]. Localized PCa
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effects through the androgen receptor (AR). Hence,
PCa that recurred after local therapy and progressed
to the advanced stage, is usually treated with androgen
deprivation therapy (ADT) [3]. ADT reduces serum
testosterone concentrations by inhibiting the testoster-
one production along the hypothalamus-testis axis [4,
5]. This approach is achieved preferentially by medical
castration using LHRH agonists or antagonists such
as goserelin, leuoprolide, degarelix or relugolix that
reduce the body-own androgen production [6]. Most
patients initially respond with reduced tumor bur-
den and prostate-specific antigen (PSA) level [7]. One
possible tumor-suppressive mechanism of ADT is
the induction of cellular senescence in PCa tumors of
patients [8].

However, after a period of time, PCa becomes
resistant to the treatment and progresses despite
androgen ablation from an androgen-dependent,
castration-sensitive stage to castration-resistant PCa
(CRPC) but mostly remains dependent on AR.

The development of resistances against ADT relies on
adaptive changes and reactivation of the AR-signaling
including intratumoral androgen production within the
PCa tissue, AR gene amplification, point mutations in
AR and constitutively active AR splice variants [9-11].
Further, the activation of other signaling mechanisms
including kinases such as Src-AKT and the MAPK-
signaling pathways are involved in androgen-refractory
proliferation [9, 12, 13]. At this stage of PCa, ADT is
commonly combined with other treatments including
abiraterone acetate and AR antagonists (antiandro-
gens) to improve the outcome of the patients. Abira-
terone acetate interferes with the adrenal production
of testosterone precursors [14]. Several antiandrogens
have been approved for the PCa treatment including
first-generation antiandrogens such as bicalutamide,
flutamide as well as second-generation non-steroidal
AR antagonists like enzalutamide, darolutamide, and
apalutamide [15-17]. Second-generation AR antago-
nists have improved efficacy and potency compared to
first-generation antagonists and are effective in meta-
static CSPC, non-metastatic and metastatic CRPC
[18]. Further, clinical trials investigated the effects of
the combination of enzalutamide with chemotherapy
by docetaxel in men with metastatic CRPC showing
reduced PSA levels and improved outcomes compared
to enzalutamide alone [19, 20]. Recent studies indi-
cate that several PCa therapies that includes the AR
targeted therapies, radiotherapy, and chemotherapy
induce senescence in vitro and in vivo. In the follow-
ing paragraphs we discuss the different mechanisms of
senescence induction by PCa therapies and their effects
on the tumor.
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Cellular senescence

Cellular senescence is a multifaceted stress response
involved in tumor suppression, tissue repair, aging, as
well as cancer therapy [21]. Senescent cells are arrested
in the G1 phase of the cell cycle. Senescence provides a
mechanism to inhibit cancer cell growth but might have
beneficial or adverse effects in a tumor [22]. In general,
cellular senescence is mediated through exogenous and
endogenous stimulants, causing changes in cell mor-
phology as well as gene expression. Importantly, cellular
senescence occurs naturally during vertebrate embryo-
genesis as a normal program and regulates patterning in
development [23, 24].

Naturally, senescent cells accumulate with age in all tis-
sues so far analyzed. Senescent cells remain metabolically
active and exhibit a special but diverse secretome termed
as senescence-associated secretory phenotype (SASP).
SASP contains chemokines and chemokines that may
influence the tissue microenvironment including tumor
microenvironment [25, 26]. In addition, SASP can induce
a systemic pro-inflammation to change and induce an
inflammatory process also in the microenvironment [27].
Of note, also the ageing prostate contains senescent cells
of which the SASP is associated with benign prostate
hyperplasia and PCa [28].

There are two basic types of senescence: an accelerated
and a chronic or replicative senescence. Extrinsic stress-
ors, chemical and physical agents such as oxidative stress,
chemotherapeutics such as doxorubicin treatment, and
X-ray irradiation, may induce accelerated cell senescence.
Whereas persistent cellular stress, such as extended pro-
liferation with associated DNA replication, reduced tel-
omere length and accumulation of genomic damages,
may trigger chronic senescence [29].

Some hallmarks are associated with senescence,
including morphological changes such as enlarged, flat-
tened shape and increased granularity, upregulation of
senescence-associated beta galactosidase activity (SA
B-gal), increased levels of cell cycle inhibitors, epigenetic
changes such as senescence-associated heterochromatin
foci (SAHF), nuclear envelope alterations, and expression
of the SASP [26, 30, 31]. Although senescent cells can no
longer divide, they are metabolically active and secrete
factors, which mediate paracrine effects on neighboring
non-senescent cells in the tissue microenvironment [32,
33].

For a long time, cell senescence has been considered as
an anti-cancer phenomenon, while new findings reveal
that senescent cells may have a dual activity by either
inhibiting or promoting cancer growth or at least be
ineffective in arresting tumor growth [34-36]. In gen-
eral, the p53/p21VAFVCIPL pathway [37, 38] and/or the
p16™¥4/pRb pathway are two main pathways for cellular
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senescence induction in cancerous tissues [39, 40]. How-
ever, it seems that in PCa additional pathways can be
activated by therapy.

Therapy-induced cellular senescence in PCa
Accumulating data indicate that the exposure of PCa
to different anticancer compounds, ionizing radiation,
and selected AR ligands induce a senescent phenotype,
which is referred to as therapy-induced cell senescence
(TIS). Importantly, recent studies suggest that the induc-
tion of cellular senescence as a cancer treatment may
have beneficial effects for the patient [41-43]. Since TIS,
in opposite to cell death, is mostly initiated at low dose
of anticancer treatments, it might reduce the toxicity-
related side effects and prolong patient survival [8, 44—
46). Further, it has been shown that the innate immune
response is activated during senescence through upregu-
lation of inflammatory cytokines which targets tumor
cells and therefore have beneficial effects [47-49]. Thus
the senescence program represents an alternative mecha-
nism to prevent tumor growth of cancer cells that bypass
many anti-proliferative pathways but are still sensitive to
activation of a senescence program [41, 44].

However, on the other hand it has been reported that
senescent cells may also promote tumor growth. Impor-
tant to mention are the tumor-promoting properties of
SASP including chronic inflammation, angiogenesis,
stemness, migration and invasion [49, 50]. Therefore, TIS
is an important determinant of therapy response for the
clinical outcome for patients and rather under-investi-
gated. Understanding the exact mechanisms and effects
of TIS in PCa may help to prevent therapy resistances
and prolong the survival of patients.

Radiation-induced cellular senescence

One of the main used strategies for localized cancer
treatment is radiotherapy or radiation therapy (RT).
Nearly 50% of patients during their disease undergo radi-
ation therapy. For many cancers, radiation is the primary
treatment and can also be considered as neo-adjuvant or
adjuvant with other treatments like chemotherapy [51].
RT exists in two forms based on the radiation source,
internal treatment or radionuclide implants and external
treatment or Linear Energy Transfer [52]. RT is based on
high energy sources of radiation, like gamma and X-ray
irradiations, electrons or protons. It is broadly considered
as a treatment for PCa but around 30% of patients show
disease recurrence [52]. Tumor RT changes sensitivity,
viability and activity of cells and alters tumor microen-
vironment [53]. Another potential effect of RT in cancer
cells is induction of cellular senescence [51, 53]. Gamma
irradiation (2—-75 Gy) on primary prostate epithelial cells
from benign prostatic hyperplasia (BPH) or PCa showed
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diminution in colony-forming capability while, no more
than 20% effect on cell viability. In line with this, gamma
irradiation inhibits cell growth by inducing cellular
senescence rather than apoptosis (Table 1) [52].

One of the predominantly activated factor after RT is
the p53 tumor suppressor protein, which becomes acti-
vated in response to DNA double strand breaks (Fig. 1).
p53 activation leads to cell cycle arrest, and can mediate
either apoptosis or cellular senescence. The human PCa
cell lines DU145 and PC3 are resistant to irradiation and
have pairs of p53 inactivated alleles that cause p53 loss
of function. On the other hand, the human PCa cell lines
LNCaP and 22Rv1 with at least one wild type p53 allele
are sensitive to RT with a similar sensitivity [54, 55] sug-
gesting that TIS by radiation is mediated through p53.

In general, genetic alterations often are in line with
increase RT resistance. Because DU145 cells are radio-
resistant, few of them in response to irradiation go to
either apoptosis or cellular senescence. By using 4 Gy
of irradiation within 5 days only 5% of DU145 cells
(p53mut/mut) show SA [B-gal activity, while a similar
dose of irradiation leads to induction of SA p-gal activ-
ity around 75% or 50% in LNCaP (p53wt/wt) and 22Rv1
(p53wt/mut), respectively. A high dose of irradiation,
however, induces up to 30% cellular senescence in DU145
[56] indicating that the TIS pathway can also be activated
through an p53-independent mechanism [56]. Interest-
ingly, DU145 has a truncated, non-functional pocket
protein pRb and lacks functional p53, the expression of a
p53 transgene in this cell line is sufficient to express irra-
diation-induced senescence phenotype. Suggesting, some
other factors like pocket protein family p107/p130 act
downstream of p53-induced senescence [54, 57]. In addi-
tion, overexpression of dominant p53 mutant in LNCaP
blocks and in 22Rv1 reduces the cellular senescence phe-
notype induced by irradiation [54].

In line with the RT-induced cell senescence, treat-
ment with Nutlin-3, a small molecule compound that
acts by disrupting the p53-MDM2 interaction and thus
p53 stabilization to enhance tumor suppression, at con-
centrations of 5-10 pM efficiently sensitize PCa cells to
clinically-relevant 2 Gy dose of irradiation by induction
p53-dependent mediated cellular senescence [54, 58]. In
22Rv1 cell line 24 h after irradiation, p53 protein level
still remained elevated. p21¥AFV/CIPL brotein response to
p53 was delayed but was elevated for at least 5 days. In
addition, it has been suggested that the protein kinase
ATM, as a DNA damage response, could phosphoryl-
ate p53 and leads to the stabilization of p53 expressed
by 22Rv1 cells and subsequently transactivates its target
gene p21WAFL/CIPL [54] - Although the genomic integrity
and clonogenic survival of 22Rv1 cells may be affected
by the delayed transactivation of p21WAFV/CIPL: harental
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Table 1 Treatments that induce cellular senescence in PCa with indicated mechanisms
Therapy/treatment Dose Model system Mechanism References
Chemotherapy
Docetaxel 5nM LNCaP Anti-microtubule agent [116]
Doxorubicin 25nM DU145/LNCaP Anthracyclines, DNA damage [11€]
Mitoxantrone BPH-1, RWPE-1, and PC3 Anthracyclines, DNA damage, p16N¢*e, [32]
p2 1 WAFI/CPI
5-azacytidine 0.375 uM/75 uM - DU145/LNCaP Antimetabolite, inhibition of DNA methyl- [116]
transferase
Diaziquone 10 pM DU145, LNCaP, PC3 DNA alkylation, p27X®" [115,125]
Bithionol 10 uM DU145, LNCaP unknown [115]
Dichlorophene 10 uM DU145, LNCaP unknown [115]
Pyrithione 10 uM DU145, LNCaP Zn’* ionophore, oxidative stress, ERK [115]
Radiotherapy
Gamma radiation 2-10Gy Primary prostate epithelial cells DNA damage response [52]
Gamma radiation 4and 10 Gy DU145, LNCaP. 22Rv1 DNA damage response [56, 58]
X radiation 2,4and 8 Gy PC3 P53, p21 WAFI/CPT 11 glNK4a 157 5INKaD [55]
AR targeted therapy
ADT LNCaP, LAPC-4, LuCaP xenograft, PCa p27¢P1 C/EBP B, [8,67,68]
patient samples oxidative stress, p16Na
AR agonist
Dihydrotestosterone 10 M PC3, LNCaP, C4-2 p16MNK48 21 WARVEPT Cyclin D1, pRb, [86, 184]
PCa patient samples
Methyltrienolone 1nM PC3, LNCaP, C4-2 p16MNK4a T WARI/CIPT n57KPT Cyclin D1, E2F1,  [86, 90
PCa patient samples pRb, Src, AKT
AR antagonists
Bicalutamide 0.5-100 uM LNCaP, CWR22PC p16Nkaa po7KiP! (68, 92]
Enzalutamide 10 uM LNCaP, C4-2, LNCaP and C4-2 xenograft p16N<e (88, 94, 185]
Darolutamide 10 pM LNCaP, C4-2 p1ehiia [94]
Atraric acid 1-30 uM LNCaP, C4-2 xenograft p16™4 pRb, Src, AKT [91,101]
PCa patient samples
20-aminosteroid 10 uM LNCaP Unknown [95]
(C18)
Anthranilic acid ester (C28) 30 uM LNCaP Unknown [102]

22Rv1 cells did not significantly differ in radio sensitiv-
ity. Thus, taken together, it emerged that p53 activa-
tion mediates induction of cellular senescence in PCa in
response to RT (Table 1) [54].

Interestingly, the compound resveratrol sensitizes
p53-negative PCa cells to RT. Resveratrol (trans-3, 4,
5-trihydroxystilbene) is a polyphenolic compound that
is naturally found in grapes. Multiple studies have shown
different functions of resveratrol including neuroprotec-
tive, immunomodulatory, anti-inflammatory, antioxidant,
and antitumor [59-61]. Resveratrol potentially synergizes
with RT to inhibit PC3 cell proliferation and cell survival
[55]. The percentage of PC3 colonies were decreased in
a Gy-dependent manner. Treatment with resveratrol
alone, decreases also percentage of PC3 colonies in a
dose-dependent manner (2-50 pM) as well. Interest-
ingly, after combined treatment with both RT and res-
veratrol (50 uM), cell proliferation and PC3 colonies were

decreased synergistically. Thus, it suggests resveratrol
strongly sensitizes PC3 cells to RT. In line with this, PC3
cells treated with 50 uM resveratrol and 8 Gy showed
high mRNA level of p15™%%, 3 senescence marker, and
decreased Cyclin B and Cdk2. Although mRNA level
encoding Cyclin D was increased in individually treated
cells. The combined treatment resulted in reduced Cyc-
lin D expression. Further, p-H2A.X as another marker of
cellular senescence was significantly higher in the double
treatment. These data suggest that cellular senescence
may be the underlying mechanism for inhibition of both
growth and clonogeneity resulting in synergic effect of
resveratrol treatment with RT [21, 55].

Interestingly, synergistic induction of cellular senes-
cence pathway have also been revealed for the combi-
nation treatment using radiation and Poly (ADP-ribose)
polymerase (PARP) inhibitors [62]. PARP inhibitors
have been approved for the treatment of PCa [63, 64].
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Fig. 1 Molecular pathways of senescence-inducing therapies of PCa. Several applied therapies including radiotherapy, chemotherapy and
androgen receptor (AR) targeted therapy (androgen deprivation therapy, ADT; supraphysiological androgen level, SAL; AR antagonists).
Radiotherapy and chemotherapy lead to persistent DNA damage which triggers ATM or ATR signaling and finally p53 and p21
inhibits CDKs and mediates senescence through hypophosphorylation of pRb. In addition, chemotherapy induces senescence through
ROS-ERK-ETS-p16™4? and the p27XP"-pRb pathway. SAL mediates senescence by the p15™N“0-p16N“_pRb-E2F1 pathway. AR antagonists induce
senescence through p15™“4P-p16MN4a Senescent cells secrete many cytokines, growth factors and exosomes, known as senescence-associated
secretory phenotype (SASP). These factors exert different autocrine/paracrine effects on the surrounding tumor microenvironment thereby

WAFI/CIPT activation.

Furthermore, it has been shown that the PARP inhibi-
tor rucaparib increased radio-sensitization of PCa cell
lines [62]. Following the combination treatment, PC3
and DU145 cell lines displayed abundant senescent cells
[65, 66] indicating that RT sensitization and cellular
senescence are enhanced by PARP inhibition in PC3 and
DU145 cells.

Androgen-deprivation induced cellular senescence

ADT can arrest cell proliferation and induce apopto-
sis in only a subpopulation of androgen-dependent PCa
cells [67]. Tumor cells that fail to endure cell death may
develop a senescence-like growth arrest both in vitro and
in vivo [68, 69]. While apoptosis reaches a maximum
within 72 h after androgen deprivation (AD), tumor cell
senescence requires 3—6 days to acquire [41, 70]. In line
with these findings, in vitro studies demonstrated that
different PCa cell lines including LNCaP and LAPC-4
undergo senescence in response to culture in charcoal-
stripped serum (CSS), which depletes for androgens and
other steroids, thyroid and vitamin D3 hormones [67].

Under these conditions, more than 50% of the cell popu-
lation showed senescent features after 7 days, while the
percentage increased to more than 80% after 10 days
culture in CSS. In contrast, the AR-negative and andro-
gen-independent PCa cell line PC3 did not undergo
senescence under AD. Consistently, PCa cells require AR
signaling for the transition from G1 to S phase, based on
this it is suggested that AD leads to proliferation arrest
[71, 72].

The molecular markers of AD-induced senescence are a
G1/S block, hypophosphorylated pRb, positive SA B-Gal
activity staining, development of SAHF, nuclear expres-
sion of HP1y, which alters the chromatin structure and
therefore regulates gene expression in senescent cancer
cells [67]. Further an increased expression of SASP that
may contain insulin-like growth factor-binding protein 3
(IGFBP3) [73] and cathepsin B has been reported [67].

Mechanistically, ADT-induced senescence is par-
tially mediated by the cyclin-dependent kinase inhibi-
tor p27X"P1, which might depend on Skp2 (Table 1) [74].
Moreover, the transcription factor CCAAT/enhancer
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binding protein (C/EBP P) is upregulated in androgen-
dependent PCa cells upon AD and is required for the
development of a senescent phenotype [75]. C/EBP f
stimulates the transcription of the senescence- asso-
ciated factors IL-6/IL-8, decreases the expression of
several E2F target genes and is a part of the pRb-E2F-
dependent senescence [76, 77]. In addition, Burton
et al. suggested the induction of senescence through
AD by ROS-induced DNA damage and the p16™K*
pathway in cell culture and human tumor-derived
prostate tissue [68]. In this study the levels of p53 and
p21WAFL/CIPL yyere even decreased upon prolonged CSS
culture suggesting that the AD-induced senescence is
not mediated through the p53-p21WAFVCIPL pathway
rather by ROS-induced DNA damage response and
increase of p16™X* or the Skp2-p27XIP1-pRb pathway
(Fig. 1).

Evidence suggest that AD treatment of cell lines selects
for CRPC [78]. Importantly, cells cultured under AD for
3 days were able to resume proliferation in androgen-
repleted media, while no proliferation was detected when
cells were changed back to FBS media after 14 days in
CSS media.

Moreover, a small population of cells (~0.1%) are
capable to form colonies in CSS media after 3—4 weeks
culture. Supporting these results, some weeks of cyclic/
repeated exposure to androgen deprivation conditions
facilitate the outgrowth of senescence-resistant androgen
refractory LNCaP and LAPC-4 variants [68]. These sub-
populations exhibit characteristics of clinical castration
resistance including enhanced survivin and AR levels as
well as TAp63, a prostatic basal stem cell marker [79, 80].
Hence, these data suggest that AD-induced senescence
is associated with tumor progression and may promote
CRPC development and chemoresistance through escape
of cells from senescence. This occurs by cell autonomous-
reprogramming and by the formation of a pro-tumori-
genic SASP [68, 81].

Further evidence was provided by in vivo studies using
LuCaP xenograft tumors in castrated nude mice revealing
that AD increased SA B-Gal activity, increased expres-
sion of both p27X'P! and HP1y and decreased expression
of the proliferation marker Ki-67 with minimal apoptosis.
Similar results of increased senescence were observed in
prostate tumors from patients that received AD therapy
before radical prostatectomy [67].

In addition, senescent cells accumulate in PCa tissues
over a prolonged time in patients following neoadjuvant
ADT [8]. Notably lysosomal f-Galactosidase (GLB1) pro-
tein levels, the protein encoded by the galactosidase beta
1 gene, increase in PCa patient samples during 6 months
after ADT initiation [8]. Importantly, increased GLBI
mRNA has been reported as a marker for improved
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outcomes in PCa [82], which suggests that PCa senes-
cence is beneficial.

Thus, the overall consequence of senescent PCa cells
remains inconclusive. PCa senescent cells through SASP
may mediate within the tumor microenvironment resist-
ance mechanisms that can lead to development of cas-
tration-resistant and drug-resistant tumors [26, 83] but
AD-induced TIS seems to be beneficial for patients.

AR signaling or AR ligand induced senescence

AR agonist induced cellular senescence

The bipolar androgen therapy (BAT) is a novel and at
the first view a paradox approach used in clinical trials,
treating patients with metastatic CRPC [84]. BAT con-
sists of periodical oscillation between castration levels
and supraphysiological levels of testosterone. High doses
of androgens were observed in cell lines and in mouse
xenograft model system to inhibit in an AR-dependent
manner the growth of PCa [85]. This is in line with the
biphasic androgen response of proliferation of PCa cells.
While low androgen levels increase supraphysiologi-
cal androgen level (SAL) decrease PCa cell proliferation
[86]. BAT was also considered as an option to prevent the
adaptation of PCa cells to a low-androgen level [87]. AR
agonists, including dihydrotestosterone or the synthetic
methyltrienolone at SAL, induce cellular senescence
[86, 88, 89]. Interestingly, SAL treatment induces cellu-
lar senescence in various PCa model systems including
CSPC, CRPC cell lines, 3D-PCa spheroids, as well as in
native patient-derived PCa tissues (tumoroids) [86, 89].

SAL induced cellular senescence is AR-dependent
and leads to upregulation of p16™¥% and p15™NK* and
accordingly to hypophosphorylation of pRb. Reducing
pRb phosphorylation targets E2F protein to downregu-
late E2F target genes such as CCNDI encoding Cyclin D1
[86]. Hypophosphorylated pRb will inhibit E2F1-medi-
ated transcriptional activity and thus progression to
S-phase. siRNA -mediated knockdown of either p16™K4
or p15™K% reduces the level of senescent cells, sug-
gesting that, the p15™¥*._p16™NK*_pRb-E2F1 pathway
(Table 1) regulates androgen-mediated cellular senes-
cence in PCa cells [86, 90].

Interestingly, SAL enhances phospho-AKT (p-AKT)
and phospho-S6 (p-S6) levels at a non-genomic level.
Latter is a downstream target of AKT [88, 90]. Notably,
the AKT inhibitor, AKTi, inhibits SAL-mediated cell
senescence in PCa cell lines [91], suggesting that the
non-genomic AR-AKT signaling mediates androgen-
induced cellular senescence [90]. Since the knockdown of
p15™NK% reduces SAL-mediated cellular senescence but
did not repress SAL-induced phosphorylation of AKT,
revealing that the AR-AKT interaction is upstream of
p15™NK% in the SAL-induced senescence pathway (Fig. 1)
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[90]. RNA-seq data suggest a gene set that is associated
and may control the SAL-mediated cellular senescence.
Interestingly, one long non-coding RNA (LncRNA) was
identified, the IncRNASAT1I that is potently upregulated
by SAL in both PCa cell lines and in SAL-treated native
patient tumoroids [90]. Surprisingly, the knockdown of
IncRNASATI1 suppressed phosphorylation of AKT at
S473 upon SAL treatment and reduced SAL-mediated
cellular senescence, suggesting that the [mcRNASATI
signaling is upstream of AKT [90]. Thus, AR-/lncRNA-
SATI-AKT-p15™K% s a novel axis to mediate SAL-
induced cellular senescence [90].

AR antagonists induced cellular senescence

It is noteworthy that cellular senescence in PCa cells can
also be induced by treatment with the non-steroidal AR
antagonists, Bicalutamide, atraric acid, enzalutamide,
and darolutamide (Table 1) [92-94].

Also, amino-steroidal AR antagonists induce cellular
senescence suggesting that in addition to SAL treatment
inhibiting AR-mediated transactivation by AR antagonist
induce cellular senescence in an AR-dependent manner.
The data suggest that AR antagonist are not inactivating
all AR signaling pathways rather antagonists induce the
cellular senescence program [95].

Bicalutamide is one of the first-generation antagonists.
This antagonist binds to the ligand binding domain of AR
and ameliorates progression-free survival. Bicalutamide,
by increasing the level of CDK inhibitors p16™*** and
p275PL, induces cellular senescence [92, 93].

Enzalutamide, as a member of second-generation AR
antagonist, blocks AR-androgen interaction and inhibits
translocation of AR to the nucleus, thus reducing inter-
action between AR and DNA. Enzalutamide binds to AR
with a 5—eightfold higher affinity compared to bicaluta-
mide [93, 96, 97]. Enzalutamide arrests cell proliferation
and induces cellular senescence in PCa [88]. Induction of
cellular senescence by enzalutamide is accompanied by
p16™K4 induction. Enzalutamide treatment in combina-
tion with RT highly induces cellular senescence detected
by SA B-gal staining in androgen dependent PCa cells
(LNCaP and PC3-AR-T877A) compared to single treat-
ments, while this induction is not significant in wild type
AR-negative PCa cells (PC3 and PC3-AR-V7). Thus,
enzalutamide radio-sensitizes PCa cells by induction of
irradiation-dependent cellular senescence in AR express-
ing cells [98, 99].

Darolutamide is a second generation of AR antagonists.
Similar to enzalutamide, darolutamide also upregulates
p16™% in both LNCaP and C4-2 cells, causing cellular
senescence [15, 94, 100].

Atraric acid, a natural AR antagonist, inhibits prolif-
eration and induces cellular senescence in cell culture,
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in both androgen dependent (LNCaP) and castration
resistant (C4-2) PCa cells, as well as ex vivo in human
PCa tumoroids derived from prostatectomies [91, 101].
Interestingly, atraric acid inhibits both wild-type and of
those AR mutants that mediate resistance to AR antag-
onists such as bicalutamide and enzalutamide [101].
Atraric acid inhibits AR transactivation and increases
cytosolic localized AR. Treatment of LNCaP cells with
the combination of PP2, as a Src inhibitor, and atraric
acid reduces cellular senescence in a dose-dependent
manner. In addition, co-treatment of LNCaP cells with
atraric acid and an AKT inhibitor reduces level of cel-
lular senescence as well. Suggesting, that atraric acid
induces cellular senescence by the AR-Src and AR-AKT
interaction. The p53-p21Y¥AFV/CIPL gionaling pathway
after using atraric acid antagonist mostly remained with-
out changes while, induction of p16™¥* expression and
down-regulation of pRb, E2F, Cyclin D1 were detected.
In addition, after treatment of prostatectomy samples,
in tumor samples SA B-gal activity and also induction of
pl6™K4 but not p21WAFVCIPL 1hRNA level were detect-
able. Taken together, the data suggest that the p16™*
-pRb- E2F1 CyclinD1signaling pathway mediates atraric
acid -induced cellular senescence [91].

Anthranilic acid esters are specific AR antagonists
[102]. One anthranilic acid ester derivatives is C28 which
mediates inhibition of AR transactivation, nuclear trans-
location and also induces cellular senescence [102].
Suggesting, cellular senescence is mediated by various
AR antagonists and does not rely on specific antagonist
structure.

Chemotherapy-induced cellular senescence
Despite many progresses in treatment options, the main
challenge of patients with metastatic, hormone-refrac-
tory disease is the limited survival of approximately
12 months and missing therapy options that prolong the
survival of these patients [103, 104]. The combination of
chemotherapy with hormone therapy or other therapies
emerged as an effective strategy for men with sympto-
matic hormone-refractory PCa to reduce pain, increase
quality of life and improve response rates [105, 106].
Recent studies investigated the combination of enza-
lutamide with the chemotherapy docetaxel in men with
metastatic CRPC resulting in reduced PSA levels and
improved patient outcomes [19, 20]. Moreover, docetaxel
combined with ADT [107] shows extended overall sur-
vival compared to ADT alone [108, 109]. This indicates
that combination treatments have the potential to be
beneficial.

Most cancer cells undergo growth arrest or cell death
in response to chemotherapy [110]. The induction of
cellular damage by anticancer drugs causes initially a
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transient growth arrest [111, 112]. However, after drug
removal some of the cancer cells, that survived the treat-
ment, regain their proliferative capacity or die by mitotic
catastrophe [113]. Notably, a small population of the can-
cer cells undergo prolonged growth arrest with features
of senescence [114]. Numerous evidences suggest that
high doses of chemotherapeutic drugs lead to cell death,
whereas low doses of drugs show rather a more pro-
nounced cytostatic effect, which presumably reflect the
amount of DNA damage [114]. In contrast to cell death,
the drug-induced senescence requires several days to
establish [41].

Accumulating data demonstrate that selected chemo-
therapeutic drugs induce permanent growth arrest with
phenotypic characteristics of cell senescence in PCa
[114-116]. These drugs use different mechanisms to ini-
tiate senescence involving DNA damage, oxidative stress,
and DNA methylation alterations [117]. It has been
shown that DNA damaging agents such as doxorubicin
are more effective in inducing senescence in vitro than
microtubule targeting agents like docetaxel [118].

Docetaxel at a dose of 5 nM initiates senescence fea-
tures in the androgen-dependent LNCaP cell line (AR
positive and wild-type p53) evident by morphological
changes, proliferative failure and multinucleation [116].
However, docetaxel did not induce a senescent pheno-
type in hormone-refractory DU145 cells (AR negative
and mutant p53) at any dose. However, both DU145
and LNCaP cells develop a senescence-like phenotype
when treated with low doses of doxorubicin (25 nM)
for 3 days [116]. On the other hand, increased concen-
trations of doxorubicin (100 nM and 250 nM) induced
apoptosis [115]. Doxorubicin belongs to the family of
anthracyclines, which intercalate into DNA and inhibit
topoisomerase II leading to inhibition of DNA and RNA
synthesis [119, 120]. The detailed underlying mechanism
by which doxorubicin induces cellular senescence has not
yet been investigated.

However, the effect of doxorubicin-induced senescent
cells in the microenvironment has been analyzed. Inter-
estingly, doxorubicin-induced senescent cancer cells
increase the proliferation of co-cultured cells in vitro
by paracrine signaling [121]. However, this proliferative
bystander effect was significant less compared to cocul-
ture with senescent fibroblast indicating different effects
in the environment. In contrast, senescent cancer cells
did not increase proliferation and growth of LNCaP and
DU145 xenografts in nude mice [121]. It has been shown
that tumors were even smaller in the presence of senes-
cent cells, which persisted 5 weeks in the tumor suggest-
ing that the induction of senescence in PCa would not
promote tumor growth [121].
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Different markers that are upregulated during drug-
induced senescence (docetaxel, doxorubicin and 5-aza-
cytidine) in LNCaP and DU145 were identified including
CSPG2, CXCL14, Adlican and COLIA1 [116]. Impor-
tantly, some of the upregulated genes have pro-tumori-
genic effects, while others may inhibit tumor growth.
Studies found increased levels of the protease CSPG2
in the peritumor extracellular matrix of breast cancers,
which suggest that CSPG2 promotes tumor invasion
[122].

However, overexpression of the chemokine CXCL14
inhibits the growth of LAPC4 xenografts suggesting a
tumor-suppressive role in PCa [123]. It still needs to be
elucidated which effects chemotherapy-induced genes
have for the progression of PCa. Since these senescence-
induced genes are also upregulated in p53 deficient cells,
it seems that the induction of senescence by chemothera-
peutics is effective independent of the p53 status [41,
114].

Mitoxantrone is another member of the anthracyclines
that is used to treat PCa and has been combined with
prednisone to reduce pain and improve the quality of
life for patients with advanced, hormone-refractory PCa
[105]. This drug induces SASP factors and increases the
mRNA expression of the senescence markers p16™K<4
and p21WAFVCIPL iy three different prostate epithelial
cancer cell lines BPH-1, RWPE-1, and PC3 and prosta-
tectomy samples from PCa patients [32].

Another class of anticancer drugs that induce senes-
cence through alterations in the DNA structure and
function are antimetabolites. 5-azacytidine belongs to
this class and functions at low concentrations as DNA
methyltransferase inhibitor. Continuously treated DU145
and LNCaP cells become senescent within 7 days indi-
cating that epigenetic changes can lead to cellular senes-
cence [116].

Ewald et al. developed a high-throughput method to
identify new compounds that induce senescence in PCa
cell lines. The four lead compounds diaziquone, bith-
ionol, dichlorophene, and pyrithione induce a persistent
growth arrest associated with increased SA B-Gal stain-
ing and elevated expression of the senescence marker
genes Glbl (encodes beta-galactosidase-1), BRAK and
CSPG2. Diaziquone is an DNA alkylating agent with a
broad antitumor activity including transplantable murine
tumors [124]. Interestingly, the cyclin dependent kinase
inhibitor p27X"! is induced by diaziquone in LNCaP,
PC3 and DU145 cells (Table 1). The negative regulator of
p27"iP1 the ubiquitin-ligase Skp2, is an important regula-
tor of the TIS, since overexpression of the ligase inhibits
the effects of diaziquone on senescence and the induction
of p27XiP! [125]. In line with these findings, an elevated
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Skp2 expression is associated with a poor prognosis in
PCa [126].

Pyrithione is a Zn>" ionophore that generates oxidative
stress through ERK activation (Fig. 1) leading to growth
arrest [127, 128]. Yet, it remains unknown how bithionol
and dichlorophene induce senescence [115].

In conclusion, TIS should be considered exhibiting
both beneficial and also adverse effects for the patient. A
major positive effect of senescence relies on the growth
inhibition of target cells, which restrict the disease pro-
gression [42]. Moreover, studies reported the spreading
of senescence towards neighboring cancer cells suggest-
ing tumor-suppressive effects [45, 129]. However, TIS
might also promote tumor progression with SASP being
presumably an important factor.

Effects of senescent cells on the tumor
microenvironment

Therapy-induced SASP

In general, senescent cells secrete several inflammatory
cytokines, such as IL6 and IL8 also termed CXCLS, [26,
130], chemokines, growth factors and proteases (Fig. 1).
Senescent cells become apoptosis-resistant through
upregulation of the Bcl-2 antiapoptotic protein fam-
ily and other factors [25, 26]. SASP can alter the tissue
microenvironment [130], contributing to age-related
pathologies [131, 132]. It can agitate the structure and
function of normal tissues and promote malignant phe-
notypes in nearby cells [133, 134]. Although cellular
senescence is generally considered as a natural tumor
suppressor mechanism, senescent prostate fibroblasts
populating aged tissue, may secrete soluble growth fac-
tors, which are able to change the microenvironment and
affect also non-senescent fibroblasts [133]. In addition,
senescence of aged normal prostate contributes to pros-
tate tissue growth leading to BPH [135]. Senescent fibro-
blasts are metabolically active and release high levels of
epithelial growth factors and matrix metalloproteinases
[136, 137]. Thus, an accumulation of senescent fibro-
blasts can alter the surrounding microenvironment; pro-
mote growth and tumor progression of initiated human
prostate epithelial cells [138, 139].

Therapy-induced SASP, such as by chemotherapy and
ionizing radiation, develops from an acute stress-asso-
ciated phenotype and usually arises 5 to 8 days after the
onset of treatment in PCa [140, 141]. Acute stress-asso-
ciated phenotype in senescent cells is a relatively rapid
cellular response to cytotoxic agents. It is secreted 24 h
after treatment and before the appearance of the senes-
cence markers SASP [141]. Similarly, induction of cellular
senescence by DNA damage treatment like bleomycin,
mitoxantrone, radiation and non-DNA damage treat-
ment including docetaxel, paclitaxel, vincristine of the
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primary prostate fibroblast cell line PSC27 showed that
p38, a stress-inducible mitogen-activated protein kinase
(MAPK), is mostly activated by DNA damage treatment
rather than by non-DNA damage treatment [141]. Nota-
bly, p38 regulates the SASP in normal human fibroblasts
via the PI3K/AKT/mTOR pathway [132]. In addition, it
was also demonstrated that the ATM-TRAF6-TAKI1 axis
is formed rapidly after genotoxic treatment in PSC27
cells. TAK1 phosphorylates p38, occurring at a time
between the acute stress-associated phenotype and the
expression of SASP [141].

Another important regulator of SASP is epigenetic reg-
ulator lysine demethylase KDM4. KDM4 belongs to the
demethylase subfamily, that target histone H3 on lysine 9
and 36 positions and thereby change chromatin remod-
eling [142]. Decreased methylation of H3K9/H3K36 and
upregulation of KDM4 are correlated with poor survival
of PCa patients after chemotherapy [143]. It has been
shown that treatment of PSC27 cells with different chem-
otherapeutic agents such as cisplatin, carboplatin, satra-
platin, mitoxantrone and doxorubicin induced the KDM4
family members and increased senescence markers
including p16™4, p21WAF/CIPlan( the particular SASP
factor CXCL8 [143]. Consistently, similar results were
observed in biospecimens of PCa patients after chemo-
therapy. In line with this, by using the KDM4 inhibitor
ML324 the expression of CXCL8, CSF2, CCL20, IL-1a,
CXCI1 and IL-6, as SASP factors, reduced at mRNA and
protein levels with unchanged senescence markers [143].
It suggests that KDM4 inhibition affects the SASP by epi-
genomic remodeling while retaining cellular senescence.

IL-1a is considered as a SASP factor. Interestingly,
IL-1a binds to its cell surface receptor (IL1R1) on senes-
cent cells but is not secreted by senescent cells and thus
may not impose effects on neighbor cells in the micro-
environment. However, its abundance on senescent cells
surface increases significantly in the presence of senes-
cence stimuli, where it plays a key role in establishing and
maintaining the SASP [76].

Exosomes

In addition, senescent cells secrete small extracellular
vesicles (sEVs) [144]. sEVs are heterogeneous populations
of membrane vesicles [145], including exosomes and
exomeres [146]. Exosomes are surrounded by a phospho-
lipid bilayer. Their size range is approximately 30—100 nm
[147]. Exosomes derive from the intraluminal vesicles in
late endosomal compartments by the inward budding of
the endosomal membranes and are released from cells
upon fusion of the outer membrane of late endosomal
membrane with the plasma membrane [148]. Most cells
are able to secrete exosomes (Fig. 1). They carry com-
ponents, such as proteins, mRNA, microRNA, IncRNA,
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circRNA, and DNA [149]. Proteins that are found in
exosomes include membrane transporters such as annex-
ins, flotillins, GTPases, heat shock proteins, tetraspa-
nins, lactadherin, platelet-derived growth factor receptor,
transmembrane proteins, lipid-related proteins and phos-
pholipases [150]. It is important to emphasize that the
exosomes content varies between cells from which they
originate. Thus, their content might be used as specific
biomarkers of various diseases. Besides these specific
markers, exosomes have common markers. Because of
their endosomal origin, exosomes contain protein mark-
ers such as flotillin, CD9, CD63, etc., which are found in
exosomes from different cells [150].

Exosomes play an important role in intercellular com-
munication and signaling [151]. It is noteworthy that they
are involved in regulating the tumor-normal cell commu-
nication in the tumor microenvironment [152]. They can
impose different effects on recipient cells based on their
content [153].

Cancer cells secrete exosomes, which may participate
in modulating their signaling pathways associated with
tumor promotion, immune escape, drug resistance, and
anti-apoptotic features [154, 155]. Additionally, cancer
cell-derived exosomes can stimulate apoptosis and con-
sequently inhibit tumor growth. For example, exosomes
secreted by HEK293, a human embryonic kidney cell
line, and HT-1080, a fibrosarcoma cell line, can suppress
growth and proliferation of p53-deficient cells [156].
Also, isolated exosomes from A549 senescent cells, lung
carcinoma epithelial cells, with normal PTEN, delivered
this factor to PTEN-deficient PC3 cells causes growth
arrest [150].

Besides growth arrest, exosomes play an active role
in PCa development and also therapy resistance such
as docetaxel resistance [147]. Indeed, exosomes derived
from PCa cells influence PCa progression, mesenchymal
stem cell differentiation into pro-angiogenic and pro-
invasive myofibroblasts [157], drug resistance [158], and
bone metastasis. The functional properties of the exo-
some-generated myofibroblasts reinforce the hypothesis
that cancer exosomes have a cancer-promoting influence
[157]. Furthermore, PCa-derived exosomes can modulate
osteoblast function in the bone metastatic niche, spe-
cifically due to their miRNAs [159, 160]. In more detail,
exosomal miR-141-3p derived from MDA-PCa-2b cells
regulates osteoblast activity and increases osteopro-
tegerin expression [159]. Also, exosomal hsa-miR-940
derived from C4-2 cells stimulates the osteogenic dif-
ferentiation of human mesenchymal stem cells [161]. In
addition, exosomes containing circRNAs not only regu-
late cancer progression but also affect chemosensitivity
in human cancer [162]. For example, exosome-mediated
circ-XIAP, circRNA X-linked inhibitor of apoptosis,
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enhances docetaxel resistance of PCa cell lines by regu-
lating miR-1182/TPD52 axis because circ-XIAP directly
targets miR-1182. Thus, circ-XIAP can be transported via
exosomes into the microenvironment [147].

For diagnosis of AR-antagonists resistance, the exo-
somal AR splicing variant 7 (ARv7), and P-glycoprotein
(P-gp) have been reported. ARv7 splice variant lacks the
androgen binding domain and mediates resistance to
androgen-targeted therapy. It is suggested that exoso-
mal ARv7 mRNA could be a marker to diagnose enzalu-
tamide or abiraterone resistance [163]. P-gp encoded by
the multidrug resistance protein 1 (MDRI) gene, acts as
a drug efflux pump and contributes to the development
of resistance against chemotherapy [164]. P-gp protein
levels were not only present and detectable in exosomes
secreted from docetaxel-resistant PCa cells (PC3-R) but
higher levels were detected in exosomes isolated from the
serum of patients with docetaxel-resistant cancers [165].
In addition, the CD44v8-10 mRNA may be involved in
docetaxel-resistance in PCa. Therefore, serum exosomal
CD44v8-10 mRNA could be considered as a diagnos-
tic marker for docetaxel-resistant CRPC [166]. Beside
CD44v8-10 mRNA, prostate specific membrane anti-
gen (PSMA) may serve as a marker. PSMA is a cell sur-
face antigen highly expressed in prostate especially in
advanced PCa compared to other organs [167]. PSMA
could be an excellent target for the isolation of PCa-
specific exosomes. Because PSMA is highly expressed
in plasma of patients with advanced PCa and castration-
and chemotherapy resistant PCa compared to plasma
of healthy volunteers or PCa patients without metasta-
sis. This suggests higher levels in exosomes [168]. Thus,
PSMA is a good candidate to be a diagnostic marker and
also help to isolate PCa-related exosomes more accu-
rately. So far, it is unclear that exosomes in the tumor
microenvironment can lead to cellular senescence in
PCa.

Senotherapeutics

Senescence induction benefits are debatable because
there are increasing reports that specific SASP may cause
tumors to grow [93]. Consequently, targeting specifically
senescent tumor cells with senotherapeutics may be a
useful strategy for PCa treatment [93]. Senotherapeutics
reduce the proportion of senescent to non-senescent cells
by either killing senescent cells specifically (senolytic) or
by inhibiting part or all of their characteristics (senom-
orphics) [169, 170]. Senolytic compounds enhance the
death of senescent cells by temporarily blocking the pro-
survival/anti-apoptotic pathway activated in senescence
cells. This includes the activation of PI3K/AKT and/or
Bcl-2/Bcl-xl pathways, which are activated during the
senescence process [28, 171].
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Notably, senescent cells and cancer cells have the same
trait of resistance to apoptosis. Thus, medications that
target anti-apoptotic proteins, such as Navitoclax (ABT-
263), ABT-737, and A1155463 (A-115), which inhibit
Bcl-2 family members, exhibit senolytic characteristics
[28, 31, 172, 173]. It was reported that ABT-263 and
A-115 induce cell death in XRA-TIS PCa cells. In fact,
treating LNCaP and PC3 cell lines with 0.625 uM ABT-
263 or 0.3125 uM A-115 for 6 days after cellular senes-
cence induction by a single dose of XRA (8 Gy) led to
enhancement of cell death by up to 80%. It suggests that
ABT-263 and A-115 can be used as senolytics to induce
apoptosis in XRA-TIS PCa cell lines [21]. However, treat-
ment with ABT-263 after inducing cellular senescence
in LNCaP cells by either SAL [88] or enzalutamide [21,
88] does not increase the death rate of senescent cells.
In addition, less cleaved PARP (c-PARP) was detected
in the AR ligand-induced senescent LNCaP cells than
the control-treated cells, indicating resistance to induc-
tion of apoptosis in the former one [88]. Thus, it can be
implied that Bcl-2 family inhibitors are efficient to kill
XRA-TIS cells but may not have any senolytic effect in
AR ligand-induced senescent PCa cells [21, 88]. Inter-
estingly, various senescence inducers may lead to senes-
cent cells expressing a different elevated pro-survival/
anti-apoptotic pathway. This might restrict the ability of
a single senolytic drug to target only one of these routes
selectively [88]. Therefore, it can be concluded that DNA
damage, by XRA-TIS, is the key factor to sensitizing the
Bcl-2 family senolytics [21].

The anti-apoptotic protein Myeloid cell leukemia-1
(Mcl-1) belongs to the Bcl-2 family which suppresses
apoptosis [174]. Numerous tumor types typically exhibit
overexpression of Mcl-1, which is strongly correlated
with carcinogenesis, a poor prognosis, and medication
resistance [175, 176]. When prostate cancer cells (PC3
and LNCaP) were treated with docetaxel and palbociclib,
they became senescent, and using of S63845, a Mcl-1
inhibitor, reduced the percentage of SA [-gal positive
cells. It leads to apoptosis of senescent cells and enhance-
ment of cleaved caspase 3 [177]. As a result, S6345 can
be suggested as another senolytic drug, which targets and
inhibits Mcl-1 in PCa cell lines [176, 177].

In addition to the aforementioned compounds,
HSP90 inhibitors like geldanamycin can also be consid-
ered as senolytic drugs. These kinds of inhibitors sup-
press the pro-survival AKT-pathway because HSP90
protects AKT from proteasomal degradation [178].
Pungsrinont et al. introduced Ganetespib, a HSP90
inhibitor, as a senolytic compound in pretreated PCa
cells. It significantly enhanced apoptosis and c-PARP
protein levels after SAL-induced cellular senescence
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but not after enzalutamide-induced cellular senescence
in the LNCaP cell line [88]. Additionally, this inhibitor
increased cell detachment and decreased the percent-
age of SA B-Gal positive cells following SAL-induced
cellular senescence. It is proposed that AR antago-
nist-treated LNCaP cells are resistant to ganetespib-
induced apoptosis and ganetespib has a high senolytic
activity after SAL-treated cells [88]. Using MK2206, an
AKT inhibitor, as a senolytic drug with AR antagonist-
specificity leads to increased cell detachment and also
a high level of c-PARP in LNCaP cell line indicating
MK2206 as a senolytic for enzalutamide-induced cellu-
lar senescence. While MK2206 had the opposite effect
on the AR agonist-induced senescent cells, it suggests
that SAL can develop a defense mechanism against this
inhibitor [88]. As a result, dependent on the kind of AR
ligand, MK2206 or ganetespib revealed specific seno-
lytic activity in PCa cell lines.

In addition to senolytic compounds, some SASP
inhibitors are termed senomorphics. They can directly
or indirectly attenuate the SASP of senescent cells by
suppressing the transcription factor NF-kB, the JAK-
STAT signal transduction pathway, the serine/threonine
protein kinase mTOR, or other pathways that con-
tribute to the initiation and maintenance of the SASP
without cytotoxicity [178]. For instance, rapamycin
and metformin as senomorphics lead to the reduction
of SASP expression. Metformin weakens SASP effects
by reducing the expression levels of pro-inflammatory
cytokines mostly regulated by NF-kB, chemokines and
serpin genes in the context of RAS-induced senescence
in metformin-treated senescent cells [179]. In the PC3
cell line treated with conditioned medium derived from
senescent fibroblast cells followed by metformin treat-
ment, NF-kB function was suppressed by inhibiting
its translocation into the nucleus, and IkB and IKKa/p
phosphorylation were reduced [179]. Rapamycin is an
mTORC1 complex inhibitor. IL-6 and IL-8 secretion
was reduced under rapamycin treatment from senes-
cent PSC27 adult prostate [180]. Furthermore, IL-1a
protein levels but not its transcript were reduced in
senescent cells [180], indicating a post-translational
control in the presence of rapamycin. Notably, IL-1a
reduction decreased transcriptional activity of NF-«B,
which regulates a large portion of the SASP [132, 180].
As a consequence, it suggests that rapamycin and met-
formin reduce the stimulation of proliferation, migra-
tion, and invasion effects of SASP from senescent cells
on nearby cells [180, 181].

Generally, senotherapeutics, among other emerging
therapeutic options, may be able to slow the growth of
PCa by eliminating senescent cells.
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Conclusion and further remarks

The major challenge in the treatment of metastatic PCa
is the development of resistances to the existing ther-
apies and progression to a disease state, which is still
uncurable. Understanding the molecular mechanisms
leading to disease progression are important to develop
new treatment strategies for PCa. It is noteworthy that
a number of treatments such as radiotherapy, AR tar-
geted therapies (ADT, AR agonists, AR antagonists)
and chemotherapy have been demonstrated to induce
senescence in PCa. Hence, these standard treatments
exhibit their anticancer effects not only through induc-
tion of apoptosis but by senescence as well. Important
to note is that tumor cells that developed resistance
mechanisms against apoptosis can be still targeted
through senescence. Interestingly, the molecular path-
ways inducing the cell cycle arrest differ between the
therapies. In PCa, TIS by AR ligands seems to activate
the p15™NK*_p16NK%_pRb signaling as a key pathway
to induce cellular senescence [90, 91]. In contrast, the
p53-p21 WAFU/CIPL hathway is the most detected during
radiotherapy-induced senescence suggesting that the
type of therapy induces a preferred TIS pathway. More-
over, in chemotherapy and ADT the ROS-ERK-ETS-
p16™K4 and the p27XPL-pRb pathways are activated
to induce TIS. In line with that PCa cells have different
intracellular signaling to induce TIS.

One of the major challenges in this field is the identi-
fication of selective and pathway-specific senescence-
inducing compounds and more reliable senescence
markers.

It should be considered that TIS might have both, ben-
eficial and adverse effects. Senescent cells activate the
innate immune response, which target tumor cells and
kill them. However senescent cells secrete also soluble
inflammatory growth factors (SASP) and extracellular
vesicles like exosomes, which change tumor microen-
vironment and might promote tumor growth. Studies
demonstrated that the molecules of exosomes secreted
by senescent cells are potential markers to diagnose drug
resistance in PCa.

Still, the immediate and long-term effects of the treat-
ment-induced senescent cells on the tumor microen-
vironment are poorly understood. Thus, there is a need
to study the effects of these senescent cells on the dis-
ease progression of PCa in more detail. Recently seno-
therapeutics were introduced as new approach to target
therapy-induced senescent cells. Further analysis of the
clinical practice of senotherapeutics for PCa are neces-
sary to validate the potential adverse effects for patients.
The understanding of cellular senescence in cancer ther-
apy remains an extensive field of research that contains
many unexploited possibilities for the future.
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Different treatments leading to TIS may activate differ-
ences in the composition of SASP. Thus, it is possible that
some treatments may induce a stronger inflammatory
signaling in the tumor microenvironment compared to
others and will lead to different prognostics. Also, since
various of types of senescence inducers are known, which
may overlay the TIS such as dysfunctional mitochondria,
epigenetic changes, genomic instability, reactive metabo-
lites and oxidative stress and viral infection, the genetic
program of senescence induction and SASP composition
may differ. Artificial intelligence may be used to define
the heterogeneity of cellular senescence levels in PCa
tumors. A recent study analyzing cellular senescence of
single cell profiles in the tumor microenvironment indi-
cates associations with genomic and immune pathways
that may enable predicted immunotherapy responses and
patient prognosis including PCa [182]. Similarly, bioin-
formatic tools can be used to establish a cellular senes-
cence-related gene prognostic index in order to predict
metastasis and radio-resistance in PCa [183]. These pre-
dictions, however, must be verified to validate the link
between senescence levels as biomarkers of PCa and
patient prognosis that might be used in future as a basis
for therapeutic interventions.
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