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Abstract

Premature cellular senescence is the process of permanent cell cycle arrest in response to various
inducers, such as DNA damage, oxidative stress, chemotherapy agents, and irradiation. Senescent cells
produce and secrete numbers of cytokines, chemokines, growth factors, which compose specific
senescence-associated secretory phenotype (SASP). Senescence is considered to be an important barrier
against tumor progression. On the other hand, senescent cells can also exert protumorigenic effects in
their microenvironment. Based on this concept, the major aim of this thesis was to determine tumor cells
senescence in terms of different inducers, namely chemotherapeutic agent docetaxel (DTX) and
cytokines IFNy and TNFa, and to demonstrate the role of immunotherapy in senescent cells elimination.
Our results show that DTX-induced senescent cells can exert a tumor-promoting effect when co-injected
with proliferating cells in mice. Importantly, we demonstrate that IL-12-based immunotherapy
suppresses  senescence-accelerated tumor growth. These results suggest that IL-12-based
immunotherapy can be effectively used in anti-tumor therapy mainly in a case when the
microenvironment is altered by the presence of tumor senescent cells. On the other hand, the data we
obtained in vitro show that bystander or ,,secondary* senescence can be induced by conditioned medium
from DTX-treated senescent cells (but not from cells treated with IFNy and TNFa cytokines). Notably,
elevated levels of dysregulated pSTAT3 are commonly observed in several solid tumors. Further,
persistent signaling via IL-6 and activation of the JAK/STAT signaling pathway, which can be also
induced by genotoxic chemotherapy, is important for senescence induction and SASP control. In our
study, we evaluated existing and new STAT3 inhibitors as potential tools for cancer treatment. Our data
show that both proliferative and senescent murine tumor cell lines are sensitive to BP-1-102 and
STATTIC analogues in cytotoxicity tests and pSTAT3 inhibition in a micromolar range. STAT3
inhibitors can be a potential tool for tumor growth inhibition and elimination of the harmful effects of

chemotherapy and increasing its effectiveness.
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Abstrakt

PredCasna bunéfna senescence je proces trvalého zastaveni bunééného cyklu v reakci na rtzné
induktory, napiiklad na poskozeni DNA, oxidacni stres, chemoterapeuticka ¢inidla nebo ozafeni.
Senescentni buiiky produkuji a vylucuji mnozstvi cytokind, chemokinti, ristovych faktord a dalSich
latek, které tvoii specificky sekrecni fenotyp (senescence-associated secretory phenotype; SASP).
Senescence je povazovana za diilezitou bariéru proti progresi nadoru. Senescentni buiiky vSak mohou
také ve svém mikroprostiedi ptisobit protumorigenné. Na zaklad¢é tohoto konceptu bylo hlavnim cilem
této prace charakterizovat senescenci nadorovych bun¢k z hlediska riznych induktord, konkrétné
chemoterapeutika docetaxel (DTX) a cytokini IFNy a TNFa, a demonstrovat roli imunoterapie pfi
eliminaci senescentnich bunék. Nase vysledky ukazuji, Ze senescentni buiiky indukované DTX mohou
mit u¢inek podporujici rist nadoru, pokud jsou injikovany spolecné s proliferujicimi buitkami u mysi.
Z vysledka také vyplyva, Ze imunoterapie pomoci IL-12 potlacuje urychleny riist nadord. Tyto vysledky
naznacuji, ze imunoterapii zaloZenou na IL-12 Ize G¢inné€ pouZzit v protinadorové terapii, zejména v
ptipadé, ze mikroprostiedi je ovlivnéno pfitomnosti senescentnich nadorovych bun¢k. Data, ktera jsme
ziskali in vitro, na druhou stranu ale ukazuji, Ze ,,sekundarni“ (bystander) senescence muze byt
indukovana kondicionovanym médiem piipravenym z kultury senescentnich bun¢k osetienych DTX
(nikoliv vSak z bung€k oSetfenych cytokiny IFNy a TNFa). U fady solidnich nadort jsou bézné
pozorovany zvySené hladiny dysregulovaného pSTAT3. Pro indukci senescence a kontrolu SASP je
také dilezita trvala signalizace prostfednictvim IL-6 a aktivace signalni drahy JAK/STATS3, kterou lze
také vyvolat genotoxickou chemoterapii. V nasi studii jsme vyhodnotili stavajici a nové inhibitory
STAT3 jako potencidlni nastroje pro lécbu rakoviny. NaSe data ukazuji, ze jak proliferujici, tak
senescentni mysi nadorové buiiky jsou citlivé k analogiim slouc¢enin BP-1-102 a STATTIC v testech
cytotoxicity a inhibice pSTAT3 v mikromoldrnich koncentracich. Inhibitory STAT3 mohou byt
potencialnim nastrojem pro inhibici ristu nadoru a eliminaci Skodlivych ucink chemoterapie a

zvySovani jeji ucinnosti.
Kli¢ova slova:

Bunééna senescence, docetaxel, rust nadoru, ,bystander” senescence, IL-12 imunoterapie, STAT3

draha, IFNy
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Aims of this thesis

The main objectives of the thesis were to better understand senescence induction by different agents in

tumor cells using in vitro and in vivo models, to cast more light on interactions between

stressed/senescent cells and the immune system, and to elucidate the efficacy of immunotherapy in

senescent cells elimination.

Specific aims were:

1.

To set up an in vivo model in order to investigate the impact of senescent cells on tumor growth
in non-immunocompromised syngeneic animals and to analyze tumor growth acceleration after
co-administration of tumor cells with senescent cells treated with DTX.

To evaluate the effect of IL-12-based immunotherapy on tumors affected by senescent cells.
To determine the differences in cell phenotypes after senescence induction with chemotherapy
with DTX or cytokines (IFNy+TNFa) in distinct murine tumor cell lines.

To analyze the phenotype of senescent cells and the depth of cellular senescence induced by
different agents in murine tumor cell lines.

To evaluate the ability of medium obtained from senescent cells of distinct origin and treated
by different agents to induce SASP-associated bystander senescence effect.

To evaluate the efficacy and cytotoxicity of existing and new STAT3 inhibitors in murine cell

lines and to compare STAT3 phosphorylation inhibition in proliferating and senescent cells.



1. Introduction

1.1. Cellular senescence

Cellular senescence is a phenomenon that leads normal or cancer cells to have limited ability to
proliferate in culture (Iwagami et al. 2016). Cellular senescence is considered to be a growth arrest
process of the cells in either G1 or G2/M phases of the cell cycle in response to different stresses
(Tchkonia et al. 2013; Watanabe et al. 2017). The term ,,senescence® initially was described in 1961 by
Hayflick and Moorhead stating that normal human diploid fibroblasts incur a precise number of cell
divisions in culture before entering into a stable growth arrest (Gonzalez et al. 2016; Hayflick and
Moorhead 1961). Senescent cells can be characterized as enlarged cells, which have increased protein
content, vast gene expression changes, upregulation of senescence-associated B-galactosidase (SA-B-
gal), a perceptible change in chromatin organization known as senescence-associated heterochromatin
foci (SAHF) (Chien et al. 2011; Schwarze et al. 2002; Tchkonia et al. 2013). Senescence can be induced
by various stresses, DNA damage, oxidative damage, telomere dysfunction, application of several
chemotherapeutic drugs, which affects DNA structure or microtubules (Collado and Serrano 2006). The
accumulation of senescent cells can also contribute to tumorigenesis through the secretion of various
bioactive molecules, such as cytokines, chemokines, growth factors, proteases termed together as the
senescence-associated secretory phenotype (SASP) (Lecot et al. 2016). Senescent cells denote as
metabolically active for long periods, viable, rather resistant to apoptosis, and emerge to be removed by
the immune system (Kuilman et al. 2010; Tchkonia et al. 2013). So far, not all senescent cells can display
all known senescent markers and there is no single characteristic that can exclusively contribute to a
certain senescent state (Campisi 2013). Thus, cellular senescence is rather a heterogeneous phenotype

of cells driven by variety of inputs leading to different outputs (Salama et al. 2014).
1.2.Senescence-associated phenotype
The senescence cellular phenotype is characterized by specific changes that cells undergo while aging
or after a stress response. Senescent cells withstand morphological, functional, and biochemical
changes, which are called markers of cellular senescence (Bernadotte et al. 2016).
1.2.1. Morphology of the senescent cells and senescent markers
The classic hallmark of cellular senescence is potentially growth arrest in response to various stimuli

(Campisi 2011). Since the defining characteristic of the senescent cells is proliferative arrest both in

vitro and in vivo, thus, an important marker of senescent cells is an absence of proliferation markers.



Cellular senescence is accompanied by morphological changes in the cells. Depending on the trigger,
senescent cells are commonly enlarged; they adopt a flattened morphology with an increased cell
granularity, multinucleated (Campisi 2013; Kuilman et al. 2010). A flat cell morphology phenotype can

also be observed in cells that undergo H-Ras"'?

-induced senescence (Serrano et al. 1997), DNA damage-
induced senescence (Chen et al. 2001), or stress-induced senescence (Kuilman et al. 2010; Parrinello et
al. 2003). For example, melanocytes can undergo RAS"'%-induced senescence as a result of endoplasmic
reticulum (ER) stress caused by the unfolded protein response, which is determined in massive
vacuolization (Denoyelle et al. 2006; Kuilman et al. 2010).

A different biomarker that refers to the senescent state of cells is histochemical staining for SA-B-gal.
Its activity derives from the lysosomal acidic B-galactosidase enzyme encoded by the GLB gene that is
overexpressed in senescent cells and is detectable at pH 5.9-6.0; however, the activity of SA-B-gal in
normal cells can be detected at pH 4.0. (Campisi 2013; Kurz et al. 2000). SA-B-gal was the first marker

used to identify senescent cells in situ in tissue and nowadays it is widely used to identify senescent cells

both in culture and in tissue (Dimri et al. 1995).

6[NK4a 1 CDKNIA

Another marker of cellular senescence is elevated levels of pl and p2 , cyclin-dependent
kinase inhibitors, and tumor suppressor proteins that are upregulated in stressed/senescent cells (Campisi
2013). p21 inhibits the activity of Cdk2, Cdkl1, and Cdk4/6 complexes that inactivate pRb. Then pRb
binds to MDM2, preventing p53 degradation (Campisi 2001).

High mobility group box-1 (HMGBI1) is also used as a marker for the detection of senescent cells. In
senescent cells, HMGBI travels from nucleus to the cytoplasm and extracellular space, contributing the
release of SASP factors, including IL-6 and IL-1B (Wang and Dreesen 2018).

In addition to the executive proliferative arrest of cells and repression of proliferation genes, senescent
cells secrete a diversity of cytokines, chemokines, and other immune modulators. These changes are

referred to as SASP (Chien et al. 2011; Coppe et al. 2008).

1.2.2.  SASP

Tumor cells undergo senescence as a result of different stimuli and, thus, secrete dozens of factors,
proteases, cytokines, chemokines, and other soluble molecules (Campisi 2005; Kuilman et al. 2010).
The first study from microarray analysis indicating the changes in the secretome of senescent human
cells was performed using fibroblasts undergoing replicative senescence in response to massive
inflammatory response as seen in wound healing (Shelton et al. 1999). SASP of senescent cells has a lot
of paracrine effects, which play a role in different processes such as triggering an epithelial to
mesenchymal transition, stimulate angiogenesis, accelerate the invasion of transformed cells, immune
suppression, and protumorigenesis (Coppe et al. 2008; Davalos et al. 2010; Rao and Jackson 2016).

The SASP includes diverse families of soluble factors, such as cytokines, chemokines, growth factors

(Davalos et al. 2010). The most noted cytokine of the SASP is IL-6. IL-6 is a pro-inflammatory cytokine,
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which is secreted mainly after DNA damage and oncogene-induced senescence (OIS). Another
interleukin, which is upregulated in senescent cells, is IL-1 (Garfinkel et al. 1994). IL-1 is overexpressed
in senescent endothelial cells and secreted by chemotherapy-induced senescent epithelial cells (Chang
et al. 2002; Maier et al. 1990). The majority of senescent cells overexpress IL-8 together with GROa
and GROB (the murine is called KC). Notably, the expression of IL-6 and IL-8 by senescent cells
depends on the secretion and expression of IL-1 (Orjalo et al. 2009).

The insulin-like growth factor (IGF) is also a part of the SASP and affects the microenvironment
senescent cells. High levels of IGF are expressed by human epithelial, endothelial, diploid fibroblast
senescent cells (Wang et al. 1996).

In addition to soluble signaling cytokines and growth factors, senescent cells also secrete elevated levels
of serine proteases and matrix metalloproteinases (MMPs). Stromelysin-1 and -2 (MMP-3 and -10,
respectively) and collagenase-1 (MMP-1), which are members of the MMP family, are constantly
activated in human and mouse fibroblasts undergoing replicative or stress-induced senescence. MMP-1
and MMP-3 that are produced by senescent cells can also regulate the activity of soluble factors present
in the SASP by cleavage MCP-1, -2, -4, and IL-8 (Davalos et al. 2010).

The SASP has an extensive connection with the immune system that can lead to immune suppression or
senescent cells elimination. This includes macrophage infiltration, which is involved in clearing
senescent cells (Xue et al. 2007). Macrophage attracting chemokine, monocyte chemoattractant protein-
1 (MCP-1), is a protruding component of the SASP (Freund et al. 2010). However, tissue macrophage
response appears to decrease with aging, which correlates with the accumulation of senescent cells in
old age (Tchkonia et al. 2013). Senescent cells secrete SASP factors that recruit myeloid-derived
suppressor cells (MDSC). This leads to the inhibition of CD8+ T lymphocytes to kill tumor cells
(Krizhanovsky et al. 2008; Lecot et al. 2016; Toso et al. 2014). By changing the composition of the
SASP through STAT3 inhibition, the secretion of some cytokines is reduced, which leads to tumor
regression and an anti-tumor response by CD8+ lymphocytes (Toso et al. 2014). Finally, the SASP is a
malleable phenotype, which varies among different cell types but can overlap due to the stimulus that

induced the senescence response (Campisi 2013).

1.2.3.  Regulation of the SASP

Numerous SASP components are positively regulated by different mechanisms. The first mechanism is
regulation of the activated DNA damage response (DDR) pathway components mediated by proteins
ataxia telangiectasia mutated (ATM), checkpoint kinase 2 (CHK2), and Nijmegen breakage syndrome
1 (NBS1) (Campisi 2013; Pazolli et al. 2012; Rodier et al. 2009). Importantly, SASP stimulation occurs
only after persistent DDR signaling provided by DDR proteins (Campisi 2013; Coppe et al. 2008). Both
DNA segments with chromatin alterations reinforcing senescence (DNA-SCARS) and telomere

dysfunction-induced foci (TIF) are important for the impact of the DDR on the SASP. Recently, it was
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found that persistent activation of the ATM leads to the degradation of G9a and G9a-like protein (GLP)
histone methyltransferases and it causes de-repression of SASP genes (Takahashi et al. 2012). Similarly,
ATM activation triggers the removal of macroH2A.1, which is a tumor-suppressive histone variant,
from the chromatin of SASP coding genes, causing SASP activation (Chen et al. 2015). Taken together,
stable DDR provokes the SASP through ATM signaling, which results in chromatin remodeling and

activation of the transcription machinery.

pP3SMAPK ATM/ATR
mTOR !
PcGs Persistent DDR
GATA4
G9a/ GLP
[A e \ Removal macroH2A
ctivate tumor suppressors HMGB2 activaion
NF-«<B
ST @ EA
l \ Stabilize Activate Chromatin h
21 Secreted transcripts transcription remodeling
HMGB1 =~
FN IL-6, IL-8, etc
Cell cycle INUNININY
arrest Induce SASP faCtOFS

Fig.1. Control mechanisms of SASP induction in cellular senescence. SASP expression is
upregulated by the activation of tumor suppressors, stabilization of transcripts, activation of
transcription of certain genes, and chromatin remodeling. The SASP could be induced by DDR without
pI3-dependent signaling pathway, which is activated in senescent cells. Taken and modified from

(Watanabe, Kawamoto, Ohtani and Hara 2017).

The second regulation of the SASP is mediated by the nuclear factor kB (NF-xB), CCAAT/enhancer-
binding protein-f transcription factors (C/EBP-B) through the ATM, p38MAPK, and mammalian target
of rapamycin (mTOR), which leads to the regulation of p53 and p21 in senescent cells (Chien et al.
2011; Freund et al. 2011; Herranz et al. 2015). NF-«B activates the transcription of genes for IL-6 and
IL-8. These pro-inflammatory cytokines help maintain senescence growth arrest (Kuilman et al. 2008).
Moreover, recent data show that the transcription factor GATA binding protein 4 (GATA4) is activated
in senescent cells and depends on the ATM and ataxia telangiectasia and Rad3-related (ATR) kinases,
but not p16™*** or p53. Here, GATA4 acts as an upstream activator of NF-xB, which leads to SASP
initiation (Kang et al. 2015). Particularly, rapamycin reduces the pro-inflammatory phenotype of

senescent human fibroblasts by inhibiting the translation of IL-1, which targets the expression of I1L-6



(Lecot et al. 2016; Orjalo et al. 2009) (Fig.1). Notably, mTOR inhibitor rapamycin can suppress
senescent fibroblasts to stimulate prostate tumor growth in mice (Laberge et al. 2015).

The third type of SASP regulation is processed through cytokines, which is discussed below.
Altogether, SASP induction does not affect cell cycle arrest and can be used in cancer therapy and other

age-related diseases.

1.3. Types and triggers of senescence

Cellular senescence can be induced replicatively in normal cells or by a variety of stimuli including
oxidative damage, DNA damage, changes in chromatin structure, overexpression of mitogenic signals,
mitogen-activated protein kinase/extracellular signal-regulated kinase kinase (MEK), E2F1 (Gonzalez

et al. 2016; Schwarze et al. 2002).

1.3.1.  Replicative senescence

Replicative senescence is a state of cell cycle arrest, which is expressed as loss of cell proliferation, also
known as Hayflick limit. It causes an increase of telomere shortening and expression of cell cycle-
dependent kinase inhibitors (Nardella et al. 2011). When a DNA double-strand break occurs, it triggers
DNA damage reaction, which leads to YH2AX-positive senescence-related DNA damage foci formation.
Further, ATM and DDR are activated and this leads to p53 phosphorylation, and p21 activation (d'Adda
di Fagagna et al. 2003; Nardella et al. 2011). Earlier, cellular senescence was recognized as the process
that prevented normal human fibroblasts to divide in culture indefinitely (Campisi 2000; Smith and
Pereira-Smith 1996). This phenomenon is now known as replicative senescence and it is driven by
telomere shortening. Telomeres are repetitive DNA sequences (TTAGGG) that cap the ends of linear
eukaryotic chromosomes and are essential for genomic stability (Campisi 2001). Telomerase, the
enzyme that synthesizes telomeric DNA de novo, causes telomere shortening with each cell cycle during
replication (Chan and Blackburn 2004; Meyne et al. 1989). Telomerase is expressed in the early
embryonic cells, germline cells, and mostly in tumor cells (Campisi 2001). When telomeres are
shortened from their maximum 10-15 kb to a size 4-6 kb, human cells gain senescent phenotype and
irreversible growth arrest (Chiu and Harley 1997). Interestingly, cellular growth arrest occurs before the
telomeres become too short to expose chromosomal integrity (Campisi 2001). However, cells can avoid
replicative senescence due to oncogene activation, in which telomerase activation becomes maligned
(Bernadotte, Mikhelson and Spivak 2016; Griffith et al. 1999). Moreover, telomere shortening correlates
with SAHF, facultative heterochromatin domains, which are associated with irreversible cell cycle arrest
and occurs in senescent cells (Bernadotte, Mikhelson and Spivak 2016; Narita et al. 2006). SAHF
contains a histone H2A variant, heterochromatin protein 1 (HP1), and silent heterochromatin domains

which consist of di-, tri-methylated lysine 9 of histone H3 (H3K9me2/3) (Narita et al. 2003; Salama,
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Sadaie, Hoare and Narita 2014). In addition, telomeres can be shortened as a result of DNA double-
strand break damage that functions through the ATR-dependent H2AX phosphorylation (Hovest et al.
2006). Thus, telomere shortening and association with other markers of cellular senescence make

telomere shortening a useful biomarker of replicative senescence, which also mediates tissue potential.

1.3.2.  Oxidative stress in senescence

Cellular senescence can be induced prematurely in the early passage of cells by agents that cause DNA
damage, changes in heterochromatin, and robust mitogenic signals. One of such processes, which leads
to DNA damage, is oxidative stress (Chen et al. 2007). Mitochondria are the main source of reactive
oxygen species (ROS) and the target of oxidative damage, which can resolve the efficacy of
mitochondria and induce more ROS production (Kong et al. 2014). Peroxisomes are also involved in
ROS production. Oxygen consumption in peroxisomes leads to the production of hydrogen peroxide,
which oxidizes several molecules (Bonekamp et al. 2009). Commonly, ROS are formed during oxidative
metabolism that causes damage in cells (Barnes 2017). ROS regulates protein phosphorylation, ion
channels, and transcription factors through redox reactions (Bedard and Krause 2007). Firstly, strong
ROS production by oxidative stress activates [kBs kinase, which phosphorylates IxB and correlates with
NF-kB activation. Then, ROS transfers into the nucleus for stimulation of IL-8 expression, thus, increase
p53 protein expression and play role in cellular senescence induction (Lee et al. 2010). Secondly, DNA
damage activates DDR reaction through activating of p53 and increase p21 expression to cause cellular
senescence (Rai et al. 2009). Thirdly, ROS activates the p38 MAPKs pathway, which then leads to the
upregulation of p19 expression and limits self-renew to induce senescence (Ito et al. 2006). Finally,
microRNAs (miRNAs) turned out to be important players in oxidative stress and are responsible for
cellular senescence induction (Li et al. 2009). Reactive oxygen and nitrogen species (RONS) induce
cellular senescence through its actions on the SASP. For example, RONS act through regulation of
mTOR; inhibition of Forkhead box (FOXO) proteins, which are involved in insulin/IGF1-mediated
protection from oxidative stress (Chandrasekaran et al. 2017); inhibition of sirtuins’ activity, which leads
to the increased production of RONS by superoxide dismutase (SOD) inhibition (Liguori et al. 2018).
Oxidative stress also plays an important role in senescence by altering protein-protein and protein-DNA
interactions, transforming protein conformation and changing catalytic activity, affecting protein
transport, changing signaling pathways to activate Smad3 and NF-kB (Faner et al. 2012). Furthermore,
mild oxidative stress can cause single-strand breaks in telomeric regions, which cause telomere
shortening (von Zglinicki 2002; von Zglinicki et al. 2000). Thereby, oxidative stress can be considered

as an admirable in vitro model for senescence research.



1.3.3.  Oncogene activation in cellular senescence

OIS is a key type of senescence for tumor suppression. OIS depends on the expression of p16™&*? p53,
and p21. Cells that have mutations in these genes can bypass OIS by continuously proliferating;
suggesting that overexpression of oncogenes will trigger senescence as a mechanism against
tumorigenesis. OIS was discovered in rodent cells and in primary tumors, where severe overexpression
of the RAS transforming oncogene was observed (Gonzalez et al. 2016; Serrano et al. 1997). Here,
cycle-arrested cells acquire typical senescent features, including an increase in p53, p21, pl6™&+
expression, changes in cell morphology, SA-B-gal expression (Brenner et al. 1998). Oncogene activation
can stimulate cell proliferation, which can be recognized as tumor formation and act as genetic stress
and cause irreversible cell growth arrest (Liu et al. 2018). For OIS induction, RAS and RAF oncogenes
hyper-activate mitogen-activated protein kinase (MAPK) cascade, which leads to an increase of p53 and
p16™5% expression via p38 stress kinase (Kwong et al. 2013; Wang et al. 2002). Similarly to RAS,
overexpression of Mos and cell division cycle 6 (Cdc6) induces an increase of p16™***expression, which
can lead to cellular senescence (Bartkova et al. 2006; Di Micco et al. 2006). OIS also can be induced by
the activation of such oncogenes as E2F1, cyclin E, BRAF, protein kinase B (AKT), and the inactivation
of tumor suppressor genes neurofibromin 1 (NF1), phosphatase and tensin homolog (PTEN) (Courtois-
Cox et al. 2008). It has been demonstrated that miRNA can regulate OIS. For example, miRNA34a has
been found to mediate B-RAF-induced cellular senescence by downregulating the expression of MYC
oncogene (Christoffersen et al. 2010). Moreover, several secreted factors are associated with senescence
induced by oncogenes. SASP that is produced, while OIS induction, can also provoke tumor-suppressive
responses, which could play role in clearing senescent cells and prevent tumor growth (Liu, Ding and

Meng 2018; Rao and Jackson 2016).

1.3.4. DNA damage by irradiation or cancer therapy-induced senescence

Senescence can be induced in response to chemotherapy or irradiation (Saleh et al. 2018). Therapy-
induced senescence (TIS) was first described in tumor cell lines lately after the discovery of OIS (Chang
et al. 1999; Perez-Mancera et al. 2014). A variety of senescence-inducing drugs cause DNA damage,
which produces single or double-strand breaks, stressing the close relationship between genomic stress
and senescence (Ewald et al. 2010). In prostate cancer cell lines, 250 nM of doxorubicin cause apoptosis,
whereas 25 nM doses generate TIS (Ewald et al. 2009; Schwarze et al. 2005). Other agents include DNA
methyltransferase inhibitor 5-azacytidine (5-AZA), which inhibits DNA methylation, and Sirtinol, a
histone DNA acetylase inhibitor, which induces senescence through mechanisms that alter DNA
structure (Ewald, Desotelle, Wilding and Jarrard 2010). For example, LNCaP and DU145 cancer cells
cultured continuously in 400 nM 5-AZA become senescent in 7 days, while H1299 lung and MCF7

breast cancer cells turned to be senescent within 10 days after 24h exposure to 100 nM Sirtinol (Ota et
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al. 2006; Schwarze et al. 2005). Lately, TIS was also induced in human xenografts and cancer cells in
mouse models exposed to the PTEN inhibitor VO-OHpic only in PTEN hemizygous cells (Alimonti et
al. 2010; Ewald, Desotelle, Wilding and Jarrard 2010). DNA damage within senescence markers has
also been observed in lung tumors after treatment with carboplatin and microtubule-targeting drug DTX
(Roberson et al. 2005). Ultimately, TIS may be reached by inducing direct damage or by targeting events

that regulate damage response.

1.3.4.1. Taxanes: Docetaxel

As discussed above, TIS within DNA damage can be induced after taxanes treatment. DTX is a
microtubule-stabilizing taxane, which is widely used for the treatment of early, high-risk breast, prostate
cancers, and small cell carcinoma of the lung (Crown and O'Leary 2000; Morse et al. 2005). DTX is
synthesized from an inactive taxoid precursor, 10-deacetyl baccatin III, which is extracted from the
needles of the European yew, Taxus baccata (Hernandez-Vargas et al. 2007). Treatment of cells with
DTX causes inhibition of such cellular events as transport, secretion, endosomal uptake, and mitotic cell

division (Morse, Gray, Payne and Gillies 2005).

1.3.4.2 Interaction of the taxanes with the microtubules

Treatment with taxanes causes the stabilization of microtubules against depolymerization by binding to
the B subunit, which leads to the formation of abnormal bundles of microtubules (Trebunova et al. 2012).
Abnormal bundles withstand physiological disassembly, accumulate in tumor cells, and inhibit cell
proliferation causing cell cycle arrest at the G2/M phases, cytotoxicity, apoptosis, and eventually cell
death (Clarke and Rivory 1999; Trebunova et al. 2012). Mitotic arrest after taxane induction is
dependent on the activation of the spindle-assembly checkpoint budding uninhibited by benzimidazoles
1 (Bubl), mitotic arrest deficient 2 like 1 (MAD2L1) genes, which monitor any defects in microtubule
kinetochore attachment or in the tension of the mitotic spindles (Hernandez-Vargas, Palacios and
Moreno-Bueno 2007; Weaver and Cleveland 2005). Strong mitotic arrest with high concentrations of
DTX leads to the induction of mitosis-related genes Aurora kinase 1 (AURKA) and Polo-like kinase 1
(PLK1) (Hernandez-Vargas, Palacios and Moreno-Bueno 2007).

On the molecular level, DTX is related to the activation of such signaling pathways as Raf-1 kinase,
phosphorylation of B-cell lymphoma 2 (Bcl-2) protein, N-terminal kinase pathway, induction of p27
protein (Blagosklonny et al. 1996; Brown et al. 2004; Hernandez-Vargas, Palacios and Moreno-Bueno
2007; Wang and Wieder 2004). Moreover, DTX downregulates B-cell lymphoma-extra large (Bcl-x1),
thus inhibiting an anti-apoptotic function of the Bcl-2 family (Haldar et al. 1997). In addition, DTX

treatment is related to the increase of p53 and p21 levels in human leukemia cells (Avramis et al. 1998).



Xu et al. showed that human stromal cells can undergo senescence induction by DTX with increased

lysosomal activity, reduced DNA synthesis, indicating typical cell cycle arrest (Xu et al. 2019).

1.3.5. Cytokine-induced senescence

Cytokine-induced senescence (CIS) is an extrinsic senescence pathway that leads to permanent cell
cycle arrest (Wieder et al. 2017). High levels and persistent signaling of IL-1, IL-6, transforming growth
factor beta (TGFf) within activated DDR induce senescence in normal bystander cells accompanied by
the activation of the JAK/STAT, IL-1/NF-«B, and TGFB/SMAD signaling pathways (Hubackova et al.
2012). Secreted cytokines trigger appropriate signaling pathways by autocrine stimulation of plasma
membrane receptors, thereby functioning as positive-feedback loops. As a result, combined DNA
damage and cytokine signaling pathways lead to the regulation of transcription factors. These factors
promote senescence by enhancing cytokine and cell cycle inhibitory proteins expression; induce
stimulating and maintaining aging phenotype and induction of cytokine trans-activator genes
themselves. Paracrine effects of secreted cytokines also adjust the function of surrounding cells, as well
as cells of the immune system, which are responsible for cleansing senescent cells (Bartek et al. 2008).
Thus, CIS main goal is to transform a fatal disease into a state of silent tumor persistence by activating

different signaling pathways.

1.3.5.1. STATI pathway

STATI is a member of the STAT protein family, which specifically can be activated by IFNy (Hu and
Ivashkiv 2009). STATI1 adjusts such processes as cell proliferation, differentiation, and cell death.
STATI plays a main role in innate and adaptive immunity and defends against pathogens. STATI
activates via tyrosine 701 (Y701) phosphorylation by members of JAK family proteins. Serine 727
(Ser727) phosphorylation is integral for full transcriptional activation in response to cellular stress and
upon IFNy stimulation. Alternative splicing results in two STATI isoforms, STAT1a and STATIp.
Notably, among the seven members of STAT proteins, STAT1 and signal transducer and activator of
transcription 3 (STAT3) have similar structures and can regulate each other, however, they have
opposite effects on survival and cell growth. Particularly, STAT1 activation promotes apoptosis and
arrests cell growth through the regulation of p21“*! and p27*"! transcription, whereas STAT3 protects
cells from apoptosis (Chin et al. 1996; Dimberg et al. 2003; Jiao et al. 2012; Meissl et al. 2017). Signal
transducer and activator of transcription 1 (STAT1) is an essential transcription factor in the IFNy
signaling pathway. For the pro-inflammatory Tu1 cytokines, senescence signaling pathways have been
decoded in permanent growth arrest that needs concurrent activation of interferon y (IFNy) signaling,
tumor necrosis factor (TNF) receptor 1, and downstream stabilization of the pl16™**/Rb pathway

(Braumuller et al. 2013; Wieder et al. 2017). IFNy is a member of type I IFN. It consists of two subunits,
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interferon vy receptor 1 (IFN-yR1) and interferon y receptor 2 (IFN-yR2). Intracellular carboxy termini
of [FNy receptor subunits carry non-receptor tyrosine kinases Janus-activated kinase (JAK) 1 and JAK?2,
which phosphorylate receptor upon ligand binding (Haan et al. 2006; Zaidi and Merlino 2011). Such
phosphorylation leads to the activation and, respectively, phosphorylation of the signal transducer and
activator of transcription (STAT) proteins (Platanias 2005). When combined, IFNy with TNFa drive
tumor cells into senescence, as they induce activation of JunB, stabilization of p16™** permanent arrest
in Go/G1 phases of the cell cycle, E2F2 transcription factor suppression, and retinoblastoma protein
(RDb) hypo-phosphorylation at Ser795 (Braumuller et al. 2013; Gurzov et al. 2012).

However, not only STAT1 but STAT3 can also be weakly activated by IFNy, but the mechanism of
such activation of STAT3 is not well described (Qing and Stark 2004); although, STAT3 is known to
be activated through IL-6/IL-6R. Recently, it was described that IL-6 through STAT3 activation

regulates senescence in human fibroblasts (Kojima et al. 2013).

1.3.5.2. STAT3 pathway

STATS3 belongs to the STAT family transcription factors, which together include seven proteins, such
as STAT1, STAT2, STAT3, STAT4, STATS5a, STATSb, STAT6. STAT3 after its activation translocate
into the nucleus where it binds to gamma-interferon-activation sites (GAS) and, thus regulates gene
transcription (Carpenter and Lo 2014; Darnell et al. 1994). The structure of the STAT3 protein is
characterized by four domains involved in oligomerization, DNA binding, transactivation activity, and
Src homology domain 2 (SH2) mediating phosphorylation-dependent dimerization. The SH2 domain
contains tyrosine 705 (Y705), which is phosphorylated in response to extracellular signaling by Jak and
Src family kinases. STAT3 proteins with phosphorylated Y705 form dimers through reciprocal binding
of SH2 domains, and further transferred to the nucleus to bind to specific DNA response elements
(Bromberg et al. 1999; Yu and Jove 2004) (Fig.2). After the exposure of cells to cytokines (IL-6, IFNy)
and growth factors (EGFR), cytoplasmic STAT3 becomes phosphorylated at tyrosine-705 (Y705) (Fu
1999; Matikainen et al. 1999; Puthier et al. 1999). IL-6 and IL-8 are known to be responsible for SASP
response maintenance in the microenvironment in terms of senescence induction. Yun et al. showed that
inhibition of the IL-6/STAT3 signaling pathway reduces the growth of DNA-damaged tumor cells and
leads to senescence induction (Yun et al. 2012). Notably, STAT3 is commonly constitutively activated
in human cancers (Abou-Ghazal et al. 2008). Tumorigenic STAT3 activation associates with a
mesenchymal-epithelial transition, invasion, migration, metastasis, tumor survival, and therapeutic
resistance. STAT3 has the ability to regulate both oncogenes and tumor suppressor genes (Carpenter
and Lo 2014). Activated STAT3 also occurs in the immune system cells. STAT3 activation in Ty 17 cells
stimulates CD39 and CD73 expression, hence increasing their immunosuppression (Chalmin et al.
2012). STAT3 interacts with FOXP3 in regulatory T (Trg) cells (Chaudhry et al. 2009). Additionally,

in dendritic cells, STAT3 depletion improves their ability to present antigens and stimulate anticancer
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immune responses (Iwata-Kajihara et al. 2011). Interestingly, the inhibition of STAT3 in hematopoietic
and cancer cells results in the reduction of cancer cells and the improvement of anticancer immune
responses (Kortylewski et al. 2005). Moreover, the deletion of the STAT3 gene by homologous
recombination leads to the improvement of cancer immunosurveillance (Zhang et al. 2015). An effort
has been made to inhibit STAT3 by RNA interference or by injecting small inhibitors of STAT3 target
genes (Emeagi et al. 2013; Sen et al. 2012).
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Fig.2. STAT proteins structure with specific disease-association sites. STAT proteins are composed

of N-terminal domain (ND), following coiled-coil domain (CCD), DNA-binding domain (DBD), linker
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domain (LD), Src homology 2 domain (SH2), tyrosine-phosphorylation site (pY), and C-terminal
transcriptional activation domain (TAD). The amino acid length is determined by the "COOH" location.

The disease-associated sites are shown in red clouds. Taken from (Verhoeven et al. 2020).

1.3.5.3. STAT3 inhibitors

STAT3 inhibitors are widely studied in cancer studies. Different types of STAT3 inhibitors and
inhibition sites in the JAK/STAT signaling pathway already exist (Belton et al. 2016). For instance,
tofacitinib, which is a first selective STAT3 pathway inhibitor, inhibits JAK1 and JAK3 and has little
effect on tyrosine kinase 2 (TYK2) (Fig.3). Interestingly, ruxolitinib, both JAK1 and JAK?2 inhibitors,
was firstly approved for the treatment of hematopoietic malignancies and successfully used as an
anticancer drug. First-generation of TYK?2 inhibitors target the JHI domain and compete with ATP in
binding to the enzymatic pocket. These inhibitors are potent inhibitors of wild-type (overexpressed)
TYK2, mutated (overactive) TYK2, and TYK2 fusion proteins carrying the JH1 domain. Since JAKs
show high homology in the JH1 domain, it is difficult to design ATP-competing inhibitors with high
selectivity for one particular member of the JAK family. The next generation of TYK?2 inhibitors target
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the JH2 domain and have recently completed phase II clinical trials for the treatment of psoriasis (Avalle

etal. 2012; Woss et al. 2019).

CD4* Th17 M1, M2, M3
CD4° FOXP3" Treg Macrophages

e TP130 Receptor Tyrosine Cytoki
B Activation A kine
ADAM-17 1 iL6 Kinase Receptor
Protease Inhibitors o —~ o
/ sgnate Ligand \ {ur) (ero) PD-1
“ (e} — ) immune
2 KITR* NS A ‘ Response
\ FLT3-ITD* — —
L PDGFR ( 1-11) E::_ )
[ EGFR/EREE L \CSE/
-
e ageseason FETEFTTTETITR T SLLLTL
Ly sns — o T B sc:cs‘a—| ¥
ADAM-17  IL-ORn ° l l g \ sie?  TKInhibitors
AKT RAF 9 l vy
ABL . 8 1 Ligid pesouidation
}— SH2 Domain < _1“05« 1 dslMA breaks/ matations
B oR P v o Inhibitors .+ 1PTP

----------- P STAT \
e = i
] o ,/— ;;\\ Degradation RO

Y
Manomer cytosolic
STAT pool Anti-parallel
\\ / Dimer
PS-STAT3 &

Parallel-pY
HomarHeterodimer

Nuclear —
Import

Nucleotide

PIAS Mimetics
ﬂ l -
Astivated: CD25, CO71, IRPZ, PRPLAZ, CF15E, CO125,
Oligomerization / DBD mhlblmﬁl L3RG, WARa, CI5, SOCS1-3, OSM, AKT1, GLUT1, C-MYC
D-Type Cyefing, MCL-1, A1, NOX4, BEL-2, BEL-xl, VEGF
s:‘“ mm"l' ! .Em"l'"'lrﬁ”“":::' HIFA/HIFZE, STAT3, STATSA, STATSS, AXL, IFNT, IFNZ
ransoription Compiex Forma Ruprassed: MIRTS 16, BIM, BAX P21, C/ERRA, STATT

Fig. 3. Schematic representation of possible JAK/STAT inhibition strategies. Taken from: (de
Araujo et al. 2020).

Additionally, ADAMI17 has been studied for the treatment of colon cancer, above targeting of IL-6
trans-signaling in the context of the ligand-releasing protease. More recently, a number of small
inhibitors that bind to the SH2 domain, required for STATs activation, have been described (Brachet-
Botineau et al. 2019).

Targeting the SH2 domain is attractive due to its possibility to block STAT3 phosphorylation,
dimerization, and nuclear translocation together. For example, BP-1-102 is a STAT3 inhibitor, an analog
of S31-201, which was made as a new orally available STAT3 inhibitor (Wu et al. 2020). BP-1-102
blocks JAK2/STATS3, and NF-kB signaling by the inhibition of phosphotyrosine peptide binding to the
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SH2 domain of STAT3 and targets Bcl-xL (Zhang et al. 2010; Zhang et al. 2012). It was shown that BP-
1-102 has an impactful antitumor effect in vivo in human lung and breast xenografts studies (Zhang et
al. 2012). The other widely used STAT3 inhibitor, which binds to the SH2 domain, is STATTIC (6-
nitro-1-benzothiophene 1,1-dioxide). STATTIC can inhibit activation, dimerization, and nuclear
translocation of STAT3 (Schust et al. 2006). Some data showed that STATTIC can enhance the
radiotherapy and chemotherapy sensitivity of colorectal carcinoma, squamous cell carcinoma and
nasopharyngeal carcinoma (Adachi et al. 2012; Pan et al. 2013; Spitzner et al. 2014). Interestingly,
STATTIC can increase the induction of immunogenic cell death by doxorubicin in cancer cells having
constitutively active STAT3 (Jafari et al. 2020). Due to the role of STAT3 in tumor growth, inhibition
of STAT3 can lead to a strong anticancer immune response. Moreover, an alternative strategy to inhibit
STAT3 activation is preventing DNA binding through targeting the DNA binding domain (DBD). A
small molecule of inS3-54, niclosamide, and other inS3-54 analogues were determined to inhibit DBD
in STAT3 signaling (Shih et al. 2018). STAT3 has been shown to promote PD-L1 expression in breast
cancer, resulting in decreased immune responses, as evidenced by gene silencing and pharmacological
inhibition (Zerdes et al. 2019). Lipid siRNA suppresses STAT3 activity and tumor growth in mouse
models of syngeneic glioblastoma, by directly targeting nanoparticles (Linder et al. 2019). Although no
therapy targeting STAT3 has been approved for cancer treatment yet, results of many therapeutic trials
at an early stage provided important information about clinical effects on STAT3. For example, some
clinical trials have assessed safety, tolerance, pharmacokinetics, and preliminary antitumor activity
AZD9150 in patients with advanced/metastatic carcinoma. Another clinical study of determination
effectivity of AZD9150 in combination with durvalumab in patients with advanced pancreatic, lung, or
colorectal cancers. Numerous clinical trials with STAT3 inhibitors treatments of patients with tumors
have been conducted but there is still a demand for novel inhibitors for those, who are likely to respond
to the treatment. A better understanding of the pathogenesis of STAT3-enhanced tumors, particularly
factors that alter the sensitivity and mediate resistance to STAT3 inhibitors, is essential for better patient

selection and increased clinical efficacy of STAT3 inhibitors (Yang et al. 2019).

1.3.5.4. Other STAT proteins in cellular senescence

Among STATI1 and STAT3 proteins and their role in cellular senescence, several STAT candidate
proteins have been proposed to connect with senescence. For instance, STATS is a transcription factor,
which refers to two related proteins, STATSA and STATSB, which play an important role in cytokine
mediation and hormone signals. STATSA and STAT5B constitutive activation has been described in
several human cancers (Mallette et al. 2007a). Mallette et al. showed that throughout STATS5A-induced

senescence, pl5™<4®

and CDK4 protein kinase, are mediators of Rb activation in response to low MYC
activity. Such mechanisms keep Rb hypophosphorylated, inhibiting E2F activation, which is necessary

for cell progression. During STAT5-induced senescence, downregulation of MYC was partially

14



proteasome-dependent and correlated with its localization to promyelocytic leukemia (PML) bodies,
which are highly increased under senescence induction. Interestingly, STATS is able to induce
senescence in cells, in which p53 or Rb pathways are intact, but not in cells, in which both of the
pathways have been deactivated (Mallette et al. 2007b; Wu et al. 2007).

Another study showed that STAT6 appeared to induce cellular senescence. STAT6 is activated by IL-
4, which is known to inhibit the growth of various human cancer cell lines. IL-4 induces cell cycle arrest

1 Vafl/Cipl i the human carcinoma cell line. An increased

in the G1 phase through the upregulation of p2
expression of p21 followed by growth inhibition and cellular senescence by IL-4 was reduced, when
p38 MAPK and STAT6 were silenced. However, overexpression of STAT6 can lead to senescence even

without IL-4 stimulation in human Caki-1 cells (Kim et al. 2013).

1.4. Molecular mechanisms of senescence induction

Cellular senescence is controlled by several tumor-suppressing genes. Senescence plays an important
role in suppressing cancer (Bringold and Serrano 2000). The most important tumor-suppressing genes
encode the p53 and pRb proteins (Lundberg et al. 2000). Together, p53 and pRb are the most common
lost-function genes in mammalian cancers. p53 and pRb pathways are essential for cell cycle arrest and
the establishment of senescence in response to a variety of stimuli (Campisi 2001). pRb is a tumor-
suppressor protein, which exists only in its active, hypophosphorylated form in senescent cells. Since
senescent cells express abundant levels of p16, p27, p21, these proteins inhibit cyclin-dependent protein
kinases (CDKSs) that phosphorylate and, thus, inactivate pRb throughout the cell cycle (Campisi 2001).
p16 is a tumor-suppressor encoded by INK4a locus (Bringold and Serrano 2000). It partially increases
with the help of Ets1 transcription factor, which stimulates p16 expression and accumulates in senescent
cells. While Id1, which is a DNA-binding protein inhibitor, negatively regulates Etsl activity, its
expression decreases (Ohtani et al. 2001). As a result, an increase of the Ets overcomes the repression
of p16 by BMI-1, an oncogene of polycomb complex of chromatin-remodeling proteins (Jacobs et al.

1999).

1.4.1. The role of p53 in senescence

As has been discussed above, there are distinct pathways involved in senescence, but we can summarize

that the p53 pathway’s activation is the most important. p53 is a tumor-suppressor protein, which

ARF
47,

increases when cells senesce (Itahana et al. 2001). Its activation depends on the expression of p1l a

4ARF 9ARF

tumor suppressor, encoded by the INK4a locus. Human pl , correspond to pl in mice; activates
p53 through mouse double minute 2 homolog (MDM2) expression. MDM2 is a protein that facilitates
p53 degradation (Campisi 2001). Therefore, p14*** prevents the negative-feedback regulation of p53

by MDM2 (Bringold and Serrano 2000; Campisi 2001). On the one hand, p14** is induced by the E2F1
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transcription factor, DNA damage, and Ras, and on the other hand, is repressed by T-box transcription
factor 2 (TBX2) (Jacobs et al. 2000). INK4A/ARF locus is a key target of epigenetic stressors that
promote senescence, which is repressed by H3K27 methylation and H2AK119 ubiquitination in
proliferating cells (LaPak and Burd 2014). RNA polymerase I inhibitors cause nucleolar stress and
trigger a strong p53-mediated senescence response (van Deursen 2014). The next mechanism of p53
activation is linked to promyelocytic leukemia (PML) tumor suppressor. PML can be induced by
replicative senescence or oncogenic Ras (Ferbeyre et al. 2000). PML binds to CREB-binding
protein/p300 acetyltransferase (CBP/p300), which then acetylates pS3 and, thus, stimulates its activity
(Campisi 2001; Pearson et al. 2000).

1.5. Bystander senescence

Senescent cells effect their tissue environment by different pathways, mainly through the SASP (Coppe
et al. 2008), production and release of ROS (Passos et al. 2010), shed the microvesicles containing
proteins and miRNA (Weilner et al. 2016). These may act as molecules that can induce the so-called
senescent bystander effect (Acosta et al. 2013). Nelson et al. showed that long-lived soluble factors from
senescent cells cultivated in a medium affected the formation of the DNA damage foci. Nevertheless,
such factors can be transmitted between cells via gap junctions (Nelson et al. 2012). It was also shown
that the co-culture of senescent and proliferating cells induce permanent cell senescence as a bystander
effect. As a result, it led to stronger p38/MAPK activation and nuclear PML/YH2AX co-localization,
which are considered additional markers of senescence (Nelson et al. 2012). Notably, there was evidence
that TGFB and IL-1P are two cytokines, which are responsible for bystander senescence in human
diploid fibroblasts (Hodny et al. 2013). Here, an exposure of BJ fibroblasts to either TGFf or IL-1
resulted in the appearance of persistent DDR from increased levels of ROS (Hubackova, Krejcikova,
Bartek and Hodny 2012). So, activation of the DDR, production of ROS, SASP effect, all these factors

play a promising role in the induction of bystander senescence.

1.6. Senescence reversibility

Cellular senescence was originally defined as irreversible, but its reversibility can be challenged. The

6™%% and RAF1 indicated that senescence is irreversible (Kato et al. 1998;

first senescence studies on pl
Zhu et al. 1998), but later there were results, which showed that cellular senescence can be reversible
under certain circumstances. Although Rb-dependent heterochromatin structures within other factors
lock cells in a senescent state. There are different ways for cells to reverse arrest and enter the cell cycle
(Kuilman, Michaloglou, Mooi and Peeper 2010). For example, the inactivation of some factors revokes

cell arrest, while the inactivation of the p53 signaling pathway enables senescent reversal. Also, there

are some studies, which describe that, in addition to the levels of p16™*** tumor suppressor protein, the
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strength of the oncogenic input contributes to the reversibility of senescence (Beausejour et al. 2003;
Kuilman, Michaloglou, Mooi and Peeper 2010). Nevertheless, a cell cycle cannot be considered only in
terms of senescence. The non-senescent arrest caused by the withdrawal of serum growth factors leads
to low metabolism, absence of cellular size growth, protein synthesis. Such a state of cells is called
quiescence. Quiescent cells do not divide and retain the ability to re-enter cell proliferation. In
senescence, induction of p21, pl6, pS7 can cause cell cycle arrest, which leads to the deactivation of
growth-promoting pathways such as mTOR and MAPK. The loss of proliferative potential determines
cellular senescence in cell culture, distinguishing it from reversible quiescence. Ectopic expression of
p21 causes cell cycle arrest that becomes irreversible after 3-4 days, which means that the cells cannot

6™ and/or

proliferate even after p21 is removed (Blagosklonny 2011). Thus, inactivation of p53, pl
Rb, overexpression of Cdc2/Cdk1 and Survivin, development of polyploidy, the survival of cancer stem
cells and/or restoration of the nuclear landscape leads to senescence reversibility (Chakradeo et al.

2016).

1.7.Role of cellular senescence in carcinogenesis and cancer therapy

Although cellular senescence is considered to be a protective mechanism, it plays a dual role in cancer
(Halazonetis et al. 2008; Myrianthopoulos et al. 2019). Firstly, senescent cells secrete SASP factors,
which contribute to tumor suppression by recruiting the cells of the immune system in a paracrine
manner (Gorgoulis et al. 2018; Pateras et al. 2015). If senescent cells are not cleared in time, they start
to facilitate the development of a protumorigenic microenvironment via SASP, thus promoting cancer
progression (Jackson et al. 2012). Secondly, SASP seems to be involved in tumor recurrence and adverse
prognosis (Myrianthopoulos et al. 2019). Hence, TIS is linked to cancer cell stemness, which causes
harmful aggressive growth potential upon escape from cell cycle arrest, driving tumor relapse

(Milanovic et al. 2018).

Recent findings showed that senescence could be a primary mode of treatment response during
chemotherapy in patients with breast cancer (te Poele et al. 2002). Notably, patients with prostate cancer
obtained complete regression after a year of radiation treatment, whereas for patients with desmoid
tumors it took up two years (Bataini et al. 1988; Cox and Kline 1983). In addition, Maspin and insulin-
like growth factor-binding protein 3 (IGFBP-3) are senescence-associated growth inhibitors, which
correlate with a good prognosis; while p21 and p16 are associated with an adverse prognosis, despite
the fact that both p21 and p16 are tumor-suppressing genes (Roninson 2003; Shay and Roninson 2004).
Furthermore, Bcl-2 is an anti-apoptotic protein, which can induce senescence and is established to be
the marker of a good prognosis in several types of cancer (Crescenzi et al. 2003). Developments of these
therapeutic approaches allow senescence to be a promising tool, a benefit to medicine in cancer
treatment. Taken together, not only senescence induction but also the elimination of senescent cells or

their adverse effects are important for tumor growth inhibition.
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1.8. Elimination of senescent cells by the cells of the immune system

Different immune cells, such as macrophages, natural killer (NK) cells, and cytotoxic T cells have
different capabilities to identify and eliminate senescent cells. Senescent cells can undergo apoptosis by
senolytics and then be removed by macrophages with subsequent tumor regression. For example, Kang
et al. showed that CD4" T cells require macrophages to eliminate pre-malignant senescent hepatocytes,
afterward blocking liver tumor progression. However, CD4+ T cells can directly kill senescent cells by
recognizing MHC class Il molecules, which are normally absent in healthy cells (Kang et al. 2011).
Importantly, activated regulatory T cells (Tr) secrete IL-13 to stimulate IL-10 production by
macrophages. IL-10 upregulates STAT3-mediated VAV in macrophages, which then activates Racl to
enhance apoptotic cell absorption by macrophages (Kang et al. 2011; Proto et al. 2018; Song et al. 2020).

NK cells can eliminate senescent cells through the interaction between NKG2D receptor and its MICA
ligand-activated on senescent cells. Interestingly, human senescent fibroblasts and endothelial cells
highly express major histocompatibility complex (MHC) Ib molecule HLA-E through the p38 signaling
pathway. HLA-E inhibits immune cytotoxicity targeting senescent cells by associating with the NKG2A
receptor expressed on NK cells. Due to the expression of p53 by senescent tumor cells, they recruit NK
cells by the induction of CCL2 chemokine without affecting the ligand expression of RAE-1 protein in
tumor cells (Iannello et al. 2013; Pereira et al. 2019; Song, An and Zou 2020).

Therefore, it may be possible to produce T cells expressing the NKG2D-chimeric antigen receptor,
which recognizes NKG2D ligand on the surface of senescent cells for targeting senescent tumor cells

based on cancer research (Baumeister et al. 2019; Song, An and Zou 2020).
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2. Materials and methods

2.1. Tumor cell lines

TC-1 cell line was established in vitro by co-transfection of murine C57B1/6/TGN lung cells with human
papillomavirus type 16 (HPV16) E6/E7 genes and activated Ha-Ras®'?Y plasmid DNA (Lin et al. 1996).
B16F10 (B16) is murine C57B1/6 mice melanoma cell line (Overwijk and Restifo 2001). TC-1 and B16
were maintained in RPMI-1640 medium (Merck KGaA, Darmstadt, Germany) supplemented with 10%
foetal bovine serum (FBS; Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA) and antibiotics
(Gentamicin, Nystatin). Transgenic adenocarcinoma mouse prostate-C2 (TRAMP-C2) tumor cells were
established from a heterogeneous 32-week TRAMP model (Foster et al. 1997). TRAMP-C2 cell were
maintained in Dulbecco’s Modified Eagle Medium (DMEM) medium (Merck KGaA, Darmstadt,
Germany) supplemented with 5% FBS, 5% Nu-Serum IV(BD Biosciences, Bedford, MA, USA), 5
mg/ml human insulin (Merck KGaA, Darmstadt, Germany), dehydroisoandrosterone (DHEA; 10 nM,
Merck KGaA, Darmstadt, Germany) and antibiotics. All the tumor cell lines were cultured under the
standard conditions (5% CO», 37°C, 95% relative humidity) and were purchased from American Type
Culture Collection (ATCC) (Manassas, VA, USA).

2.2.1In vitro methods

2.2.1. Western immunoblotting

Western blotting was used for detection and quantification of selected cellular proteins. Western blotting
is divided into four main steps: electrophoretic separation proteins by size, transportation onto a solid
membrane, marking target protein with specific primary and secondary antibody and visualization of
the target protein (Mahmood and Yang 2012). For this study, cells were washed with PBS, harvested in
95°C-heated Laemmli SDS sample lysis buffer. Concentration of proteins was determined by the
PierceTM BCA Protein Assay (Thermo Scientific, USA). 100 mM DTT and 0.01% bromphenol blue
were added to lysates before separation by SDS-PAGE (10% gels were used). The equal protein amount
(approximately 35ug) was loaded into each well. After electrophoresis separation, proteins were
electrotransferred onto a nitrocellulose membrane using wet or semi-dry transfers and detected by
specific antibodies combined with horseradish peroxidase-conjugated secondary antibodies. The
following antibodies were used: anti-mouse p21%"“P! (p21) rabbit monoclonal antibody (ab109199)
and anti-mouse p16™ ** (p16) rabbit polyclonal antibody (ab189034) were purchased from Abcam
(Cambridge, UK), anti-mouse GAPDH rabbit monoclonal antibody (14C10) was purchased from Cell
Signaling Technology (Danvers, MA, USA), anti-mouse GAPDH rabbit monoclonal antibody (1:1,000;
cat. no. 2118S; Cell Signaling Technology, Inc.); anti-mouse pSTAT3 (Tyr705) rabbit monoclonal
antibody (Cell Signaling Technology, cat. no. 91458S, dilution 1 : 2000), and anti-mouse GAPDH rabbit
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monoclonal antibody (Cell Signaling Technology, cat. no. 2118, dilution 1 : 10000); IgG-HRP goat anti-
rabbit secondary antibody (Cell Signaling Technology, cat. no. 7074S, dilution 1 : 2000); IgG-HRP goat
anti-rabbit secondary antibody (170-6515) was purchased from Bio-Rad Laboratories (Hercules, CA,
USA). GAPDH was used as a loading control.

2.2.2. Reverse transcription-quantitative polymerase chain reaction (qQRT-PCR)

gRT-PCR is technique for the detection and expression analysis of the target genes in the cell sample.
The data from RT-PCR machines gives an immediate assessment of the kinetics of the PCR within the
tube and provides a visual data of the amount of PCR product in each cycle in sample (Deepak et al.
2007). In this study RNA samples from TC-1, TRAMP-C2, B16 cell lines were isolated using RNeasy
Plus mini kit (Qiagen Sciences, Inc., Gaithersberg, MD, USA), according to the manufacturer's protocol.
cDNA was synthesized with random hexamer primers using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). The temperature profile for RT
was 42°C for 30min, 99°C for Smin and 10°C for S5Smin. qRT-PCR was performed in an LC4801I system
(Roche Applied Science, Penzberg, Germany) using SYBR Select Master mix containing SYBR Green
dye (Applied Biosystems; Thermo Fisher Scientific, Inc.). The following primers were purchased from
East Port Praha sr.o. (Prague, Czech Republic): p-actin (ACTB) forward, 5'-
CATTGCTGACAGGATGCAGAAGG-3" and reverse, 5-TGCTGGAAGGTGGACAGTGAGG-3';
p21 forward, 5'-CAGATCCACAGCGATATCCA-3' and reverse, 5'-ACGGGACCGAAGAGACAAC-
3 plé forward: 5'-CGTGAACATGTTGTTGAGGC-3' and reverse: 5'-
GCAGAAGAGCTGCTACGTGA-3'. The final concentration of the primers used was 1uM. Fold
changes in transcript levels were calculated relative to B-actin, which was used as the endogenous
reference gene control. The relative expression in the control group was normalized to 1. All samples

were run in triplicate.
2.2.3.  Senescence-associated f-galactosidase staining

Elevated senescence-associated P-galactosidase activity is characteristic for senescent cells and its
determination has been used for senescent cells identification in the cell culture. Here, senescent cells
were visualized by estimation of senescence-associated B-galactosidase activity using the Senescence
B-galactosidase Staining kit (Cell Signaling Technology, Inc., Danvers, MA, USA), according to the
manufacturer's protocol. Cell culture images were obtained using an inverted fluorescence microscope

Leica DMI6000 (Leica Microsystems GmbH, Wetzlar, Germany)
2.2.4. Flow cytometry analysis

Flow cytometry is a technique that provides measurement of single cells in the suspension based on their
fluorescent or light scattering parameters (McKinnon 2018). Here, the expression of CD45 and CD80

cell surface markers on the tumor cells explanted from tumor bearing mice was measured. Cell
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suspensions were washed with buffer (PBS, 1% FBS, 0.1% NaN3) and pre-incubated with anti-
CD16/CD32 antibody for 15min at 4°C following washing step and incubated with a primary antibody
for 30min at 4°C. The following antibodies were used: PE anti-CD80 (16-10A1), PE anti-CD86 (GL1),
BV421 anti-CD45 (30-F11) (BD Biosciences, San Jose, CA). Cell size and granularity of 20,000 cells
were evaluated by analyzing side scattering (SSC) and forward scattering (FSC) of the unstained cells.
Analyzes were performed using BD FACSVerse™ flow cytometer (BD Biosciences). Data were

analyzed using FlowJo 10 software (FlowJo LLC).
2.2.5.  Annexin V/Propidium lodide (Pl) staining

Annexin V/Propidium lodide (PI) staining was used for cell viability detection and proportion of
necrotic and apoptotic cells in culture using flow cytometry (Coxon et al. 2011). In this study, cells were
harvested and cell pellets were resuspended in cold PBS. Cells were further resuspended in Annexin V
Binding Buffer (ApoFlowEx FITC Kit, ED7044, Exbio, Czech Republic). Annexin V APC (640920,
BioLegend, San Diego, USA) and PI were added to cell pellet and mixed. Cells were incubated for 15
minutes and then centrifuged, resuspended in Annexin V Binding Buffer. 50,000 cells/per sample were
measured by analyzing Annexin V/PI using a BD FACSVerse™ flow cytometer (BD Biosciences). Data
were analyzed using FlowJo 10 software (FlowJo LLC, Ashland, OR, USA).

2.2.6. Enzyme-linked immunosorbent assay (ELISA)

ELISA is a very sensitive method for the detection and quantification of such substances, such as
cytokines, chemokines, hormones, glycoproteins in a small amount of a test sample. ELISA
immunoassay requires several steps: coating with antibody, blocking sample with bovine serum
albumin, detection by addition of a substrate within color reaction, and final read the absorbance of the
test samples (Alhajj and Farhana 2020). The protein levels of murine GROa (cat no. DY453; R&D
Systems, Inc.) and IL-6 (cat no. 555240; BD Biosciences, San Diego, CA, USA) were detected in the
supernatants of non-senescent and senescent TC-1 and B16 cells using high-sensitivity ELISA kits.
Supernatants were prepared by 4-day cell treatments at 37°C followed by a medium change and another
24h of cell cultivation (1.5x10° cells/5 ml) in fresh medium. Experiments were performed according to

the manufacturer's protocols.
2.2.7. MIT assay

MTT assay is a colorimetric method, by which cell proliferation and cell viability can be detected. It is
based on the oxidative conversion of water soluble MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) compound to an insoluble formazan product. MTT method helps to define
direct cytotoxic effects on the cells after treatment the cells with specific substances (van Tonder et al.
2015). In our study, cells were seeded at the density of 2,000 cells/well (96-well F microplates; Nunc,
Roskilde, Denmark) and cultivated for 24h, then, STAT3 inhibitors were added. In the next 24h MTT
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(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide) @ was  added.  After  6h,
dimethylformamide (DMF) was added and the absorbance was measured at 560 nm by microplate

reader.
2.2.8. Immunofluorescence staining

Immunofluorescence is a sensitive immunochemical method, which allow to detect and visualize
various antigens in different cell types and tissues. Immunofluorescence method has an inherent
advantages with regards to signal amplification, targeting specificity, resolution, and analytical abilities
(Im et al. 2019). TC-1 and B16 (control and treated) cells were grown on glass coverslips coated with
0.01% poly-L-lysine solution (Sigma-Aldrich; Merck KGaA) for 1 5min at room temperature. Cells were
fixed with 4% formaldehyde and permeabilized with 0.1% Triton X100. Subsequently, the cells were
washed once with PBS, blocked in 10% FBS/PBS for 30min at room temperature, stained with diluted
primary antibodies at 1:100 for 1h at room temperature and washed twice with PBS/0.1% Tween-20.
Following washing with PBS, cells were incubated with diluted secondary antibody at 1:500 for 1h at
room temperature. To counterstain nuclei, coverslips were mounted in Mowiol containing 4',6-
diamidine-2-phenylindole at room temperature (Sigma-Aldrich; Merck KGaA). Cells were examined
using a fluorescence microscope (Leica DMI6000; Leica Microsystems GmbH). The antibodies used
were as follows: Phospho-Ser139 of histone H2A histone family, member X (yH2AX) rabbit
monoclonal antibody (cat no. 9718; Cell Signaling Technology, Inc.) and goat anti-rabbit
immunoglobulin G antibody conjugated with Alexa 488 (cat no. A11034; Invitrogen; Thermo Fisher

Scientific, Inc.).
2.2.9. EdU incorporation

Determination of cell proliferation during cell cycle has been done using nucleoside analog 5-Ethynyl-
2’-deoxyuridine (EdU). EdU incorporates into nascent DNA during S phase of the cell cycle and is not
reactive in biological systems. As a result, measurement of EdU incorporation is a fast procedurewith
reproducible result and significant signal-to-noise ratio (Flomerfelt and Gress 2016). In this work, B16
and TC-1 cells were driven to ‘primary’ or ‘bystander’ senescence as described above. DNA replication
was estimated by EdU incorporation determination with Click-iT Plus EdU Alexa Fluor 647 Flow
Cytometry Assay kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's
protocol. On day 4 of the treatments, cells were incubated with 10 uM EdU for 6 and 24h at 37°C. For
the Click-iT reaction, cells were washed once with PBS and detached using trypsin. Furthermore, the
cells were washed twice in PBS and resuspended in fresh PBS. EdU incorporation was measured using
a BD FACSVerse™ flow cytometer (BD Biosciences) and the data were analyzed using FlowJo 10
software (FlowJo LLC, Ashland, OR, USA).
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2.3.STAT3 inhibitors

BP-1-102, STATTIC and their analogues were obtained from University of Hradec Kralove,
Department of Chemistry, Faculty of Science, headed by Prof. Kamil Musilek, Ph.D.

2.4. In vivo experiments

C57B1/6 male mice, 6-8 weeks old, weight ~ 25 g, were obtained from AnLab s.r.o. (Prague, Czech
Republic) and maintained under specific pathogen-free conditions. Statistical evaluation of in vivo
experiments was performed with Analysis of Variance (ANOVA) from the NCSS, Number Cruncher
Statistical System (Kaysville, Utah, USA) statistical package was utilized. Experimental protocols were
approved by the Institutional Animal Care Committee of the Institute of Molecular Genetics (Prague,
Czech Republic). All the experiments were performed due to the EU Directive 2010/63/EU on the
protection of the animals used for scientific purposes. Results of the in vivo experiments were evaluated
by using analysis of variance from the Number Cruncher Statistical System v.10 (NCSS, LLC,
Kaysville, UT, USA).
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3. Results

3.1.Impact of senescent cells on tumor growth in the context of non-immunocompromised

syngeneic animals

3.1.1. Cell treatment with DTX induces senescence in both TC-1 and TRAMP-C2 murine tumor

cell lines

Firstly, we induced cellular senescence in TC-1 and TRAMP-C2 tumor cell lines for four days of
treatment with DTX (7.5 pM) and characterized their phenotype. Both cell lines had similar
characteristics of the senescent cells; alive cells with lack of cell proliferation, cells were flattened,
positive to p-galactosidase, with increased p16™ 4" and p21"VF! gene expression on protein and mRNA

levels (Fig.4). Moreover, we did not observe cell proliferation in cells after DTX treatment (Fig. SA).
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Fig.4. Senescence induction by DTX in TC-1 and TRAMP-C2 tumor cell lines. S-galactosidase
activity in TC-1 and TRAMP-C?2 cells treated with DTX for 4 days (4). Morphology of the control and
senescent TC-1 and TRAMP-C2 cells made by phase contrast microscope (B). Western blotting of p21
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and pl6 expression in control and senescent cells treated with DTX for 4 and 6 days (C). GAPDH was
used as a loading control. qRT-PCR analysis of p16 and p21 expression in senescent TC-1 and TRAMP-
C2 cells. Data represent means = S.D. *P < 0.05 (D). All experiments were repeated three times with

similar results. Taken from: (Simova et al. 2016).

Secondly, as senescence induction correlates with DNA damage in cells and lack of cell proliferation,
we showed that after senescent induction TC-1 and TRAMP-C2 cells displayed permanent DNA double-
strand breaks, which we evaluated from the presence of YH2AX (serine 139-phosphorylated histone
H2AX) foci in cells, (Fig.5B). Lack of cell proliferation was also observed in vivo after mice were

injected with two doses of senescent cells (standard and higher doses), which did not lead to tumor

progression (Fig.5C).
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Fig.5. Lack of cell proliferation and DNA damage response in TC-1 and TRAMP-C2 cell lines
treated with DTX. Cell proliferation in TC-1 and TRAMP-C? cells treated with DTX and counted each

25



24h and plogged as Log: ratio of final cell number to seeded cells (4). For the detection of DNA damage
response, cells were with stained yH2AX antibody and mounted with Mowiol containinh DAPI (B). Mice
were injected s.c. on day 0 with senescent DTX-treated TC-1 cells in two dosases (3 x 10" and 5 x 10°
tumor cells/per mouse) (C). All experiments were repeated three times with similar results. Taken from:

(Simova et al. 2016).

Next, DNA replication arrest, which is considered to be one of the markers of cellular senescence, was
observed by EdU incorporation in TC-1 and TRAMP-C2 cells. Only limited EdU-positive cell
populations were observed in both senescent TC-1 and TRAMP-C2 confirmed by FACS analysis and

immunofluorescence (Fig.6).
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Fig.6. Analysis of cell proliferation in TC-1 and TRAMP-C2 cells by EdU incorporation. Cellular

senescence was induced for 4 days of treatment with DTX. EdU incorporation on fixed TC-1 and

TRAMP-C2 cells were measured by FACS analysis (A) and by immunofluorescence on coverslips that
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were mounted with Mowiol containing DAPI (B). All experiments were repeated three times with similar

results. Taken from: (Simova et al. 2016).
3.1.2.  Admixture of proliferative and senescent tumor cells accelerates tumor growth in vivo

To analyze the effects of senescent cells on tumor growth, proliferating tumor cells TC-1 cells (3x10*
cells/per mouse) were co-administrated with tumor cells that had been subjected to senescence-inducing
treatment with DTX (3x10° cells/per mouse) in vivo. We showed that co-administration of TC-1 cells in
combination with senescent either TC-1 or TRAMP-C2 cells led to significant acceleration of tumor
growth (Figs.7A, B). As expected, the combination of TC-1 proliferating cells with lethally irradiated

tumor cells also resulted inexpressively accelerated tumorigenicity (Figs.7C, D).
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Fig.7. Tumor acceleration in mice by co-administrated senescent DTX-treated cells. Mice were
injected s.c. on day 0 with TC-1 cells admixed with senescent DTX-treated TC-1 cells (A), with senescent
DTX-treated TRAMP-C2 cells (B), with lethally irradiated (150 Gy) TC-1 cells (C), and lethally
irradiated (150 Gy) TRAMP-C2 cells (D). All experiments were repeated three times with similar
results. Taken from: (Simova et al. 2016).

Further, we made an analysis of explanted tumors from mice co-injected with proliferating TC-1 and
senescent TRAMP-C2 cells, in order to determine whether the accelerated tumor growth was caused by
increased proliferation of TC-1 cells or by TRAMP-C2 cells, which escape from senescence. We

cultured explanted tumor cells ex vivo for seven days and we observed that the vast majority of the tumor
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cells presented in tumors were TC-1 cells (Fig.7B). Such an analysis was made by mutual discrimination
of both cell lines (TC-1 cells are CD80-positive and TRAMP-C2 cells are CD80-negative) (Fig.8A).
The result of the analysis indicates that senescent cells did not overcome senescence in such in vivo
settings. Notably, data from the control experiment showed that when co-transplanting proliferating TC-

1 and TRAMP-C2 tumor cells in mice, both of the cell populations were presented in tumors, even

though the number of TRAMP-C2 cells was lower (Fig.8B).
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Fig.8. Analysis of explanted tumor cells by the expression of cell surface marker. Explanted tumor
were cultured ex vivo within seven days and CD80-positivity was measured by FACS analysis. For the
leukocyte exclusion CD45-positive cells were gated out (4). FACS analysis of CD80 expression on
mixture of TC-1 and TRAMP-C2, as well on proliferating cells (B). All experiments were repeated three

times with similar results. Taken from: (Simova et al. 2016).

3.1.3.  Senescence-accelerated tumor growth is suppressed by IL-12 immunotherapy

IL-12 is a cytokine connecting innate and adaptive immunities, has been widely studied in antitumor

therapy. In this study, we hypothesized that IL-12 could be a powerful tool to inhibit the growth of
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senescent cells-accelerated tumors. To verify this theory, we irradiated IL-12-producing TC-1 cells and
injected them into the vicinity of tumors in two schemes. The first schema was that tumors grew after
injection of proliferating TC-1 cell only, and the second one was that tumors grew acceleratedely
following the co-injection of the mixture proliferating cells with senescent cells. Indeed, we observed
an inhibition of tumor growth within both scenarios (Fig.9). Taken together, we have demonstrated that
IL-12 based immunotherapy can be effective against accelerated tumor growth fed by local

microenvironment altered by senescent cells.
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Fig.9. Tumor suppression by IL-12-based immunotherapy. Mice were injected s.c. on day 0 with
proliferating TC-1 cells (3 x 107 cells/per mouse), DTX-treated senescent TC-1 cells (3 x 10° cells/per
mouse), with mixture of proliferating TC-1 and senecent TC-1/DTX (3 x 10° cells/per mouse). IL-12-
producing TC-1 cells were injected on day 3. The experiment was repeated twice with similar results.

Taken from: (Simova et al. 2016).

3.2.Distinct phenotypes and bystander effects of senescent cells induced by DTX and
combination of IFNy and TNFa

3.2.1.  Comparison of DTX and IFNy+TNFa-induced effects in TC-1 and B16 cells

Our previous data showed that DTX induced senescence in both TC-1 and TRAMP-C2 cell lines.
Recently, we demonstrated that IFNy treatment of B16 tumor cells resulted in massive oxidative stress,
highly increased ROS production, DNA damage, and proliferation arrest (Hubackova et al. 2016).
Moreover, Braumuller et al. showed that IFNy drive selected tumor cells into senescence (Braumuller
et al. 2013). In this study, we wanted to determine the differences between two senescence inducers:
chemotherapy (DTX) and immunomodulatory cytokines (IFNy, TNFa) in TC-1 and B16 tumor murine
cell lines in detail. Firstly, we examined the impacts of DTX and IFNy+TNFo on B16 and TC-1 cells.
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Due to the fact that we already demonstrated data from TC-1/DTX, in this study we took senescent
DTX-treated TC-1 cells as a positive control of senescence induction. We observed that TC-1 cells, as
expected, responded to DTX, which resulted in senescence induction, taken together specific
senescence characteristics. On the other hand, the combination of IFNy+TNFa did not make an impact

on senescence induction in TC-1 cells (Fig.10).
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Fig.10. DTX but not IFNy+TNFa induces senescence in TC-1 cells. S-galactosidase activity in TC-
1 cells treated with DTX and IFNy+TNFo. (A). Cell size change and granularity in TC-1 cells treated
with DTX and IFNy+TNFo measured by FACS analysis (B). Autofluorescence meausuring in TC-1 cells
treated with DTX and IFNy+TNFa (C). gqRT-PCR of p21 in TC-1 proliferating cells, treated with DTX
and IFNy+TNFa (D). Western blotting of p21 expression in control TC-1 cells, senescent cells and cells

treated with IFNy+TNFo. (E). GAPDH was used as a loading control. The experiment was repeated

three times with similar results. Taken from: (Sapega et al. 2018).

Notably, DTX induced ,real senescence in B16 cells as well as in TC-1, while the effect of
IFNy+TNFa-treated B16 cells resulted in changes in the number of (-galactosidase-positive cells,

increased granularity in cells, and expression of p21 on the protein level, but not to the same extent as
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after DTX induction (Fig.11). Interestingly, B16/IFNy+TNFa cells showed higher autofluorescence,

which is inherent to senescence cells, compared to control cells but still lower than in cells treated with

DTX (Fig.11C).

A B16

IFNy+TNFa

LEL

e LD

C D ”
Ol ere 5 e
DTX 8
7] IFNy+TNFa £10
25
% 0
& & &

CTRL DTX IFNy+TNFa

GAPDH

Fig.11. DTX but not IFNy+TNFa induces senescence in B16 cells. S-galactosidase activity in B16
cells treated with DTX and IFNy+TNFo. (A). Cell size change and granularity in B16 cells treated with
DTX and IFNy+TNFo measured by FACS analysis (B). Autofluorescence meausuring in B16 cells
treated with DTX and IFNy+TNFo. (C). qRT-PCR of p21 in B16 proliferating cells, treated with DTX
and IFNy+TNFo. Data are presented as mean + standard deviation. ***P<(.01 vs. control (D). Western
blotting of p21 expression in control B16 cells, senescent cells and cells treated with IFNy+TNFo. (E).
GAPDH was used as a loading control. The experiment was repeated three times with similar results.

Taken from: (Sapega et al. 2018).

Next, we evaluated cell proliferation in vitro after treatments for four and seven days with DTX or

IFNy+TNFa in TC-1 and B16 cell lines. After 4 days of treatment, we observed a significant increase
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in numbers of control and IFNy+TNFa-treated TC-1 cells, while no cell proliferation was detected in
DTX-treated senescent cells (Fig.12A). Compared to TC-1, in B16 cells, the numbers of [IFNy+TNFa-
treated cells (cells were treated every day with IFNy+TNFa during cultivation), were decreased, as
compared to untreated proliferating cells. In DTX-treated B16 cells, we observed loss of cell
proliferation compared to the untreated cells. Interestingly, when we removed IFNy+TNFa-medium
from B16 cells and cultivated cells in a fresh medium which did not contain IFNy and TNFa cytokines
until day 7, we observed that number of B16 cells was comparable to control cells and highly increased

compared to day 0 (Fig.12B).
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Fig.12. TC-1 and B16 cell proliferation analysis during senescence induction by DTX. Cel/
proliferation in TC-1 (4) and B16 (B) cells was determined by counting cell numbers of control, treated
with DTX and IFNy+TNFa cells with on day 4 after and after 7 days (in case of B16 cells). Data are
presented as mean + standard deviation. ***P<(0.001 vs. day 0. EAU incorporation in TC-1 (C) and
B16 (D) cells was determined in fixed cells after senescence induction in cells treated with DTX and
IFNy+TNFo after 4 days of treatments measuring by FACS analysis. Mice were injected s.c. on day 0
with control TC-1 (E) and B16 (F) cells (3 x 10° cells/per mouse), senescent cells treated with DTX (3
x 10° cells/per mouse (a) and 3 x 10° cells/per mouse (b)) and cells treated with IFNy+TNFa (3 x 10°
cells/per mouse). Tumor growth was monitored. The experiment was repeated twice with similar results.

*P< 0.05 vs. TC-1/B16/ IFNy+TNFa. Taken from: (Sapega et al. 2018).
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The number of DTX-treated B16 cells on day 7 remained the same as on day 4 and day 0. These results
suggest that [IFNy+TNFa-treated B16 cells require for effective growth arrest continuous presence of

the cytokines in medium while the DTX treatments induced stable senescence.

Following cell proliferation numbers, we evaluated the cell cycle arrest after treatments by the detection
of EdU incorporation into cell DNA. We detected limited EdU-positive cells after DTX treatment in
B16 and TC-1 cells and in the case of IFNy+TNFa-treated B16 cells (Figs.12C, D). To verify in vitro
loss of cell proliferation, we injected DTX-treated senescent cells in different doses, standard testing
dose (3 x 10* cells/per mouse) and a higher dose (3 x 10° cells/per mouse) and cells which underwent
treatment with IFNy+TNFa (3 x 10* cells/per mouse) into C57/B16 mice. Our data showed that no tumor
growth was observed following the injection senescent of TC-1 and B16 cells in both doses. On the
other hand, IFNy+TNFa-treated cells did not display tumor growth arrest (Figs.12E, F). Taken together
in vitro and in vivo data, B16 cell treatment with IFNy+TNFao sustained only temporal loss of

proliferation.
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Fig.13. DNA damage detection in TC-1 and B16 cells treated with DTX and IFNy+TNFa.
Immunofluorescent staining with phosphoSer139 yH2AX on fixed TC-1 (4) and B16 (B) cells mounted
with Mowiol, containing DAPI. Scale bar, 20 um. Percentage number of cells with 1, 2, 3 micronuclei
in TC-1 (C) and B16 (D) cells treated with DTX and IFNy+TNFa. The experiment was repeated twice

with similar results. Data represent means £ S.D. *P < (.05, **P < 0.01, ***P < 0.001 vs. control.+
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Total number of 100 cells was analyzed in each group. Taken from: (Sapega et al. 2018).

3.2.2.  Senescence induction in cells is associated with DNA damage response

vyH2AX is a reliable marker of DNA double-strand breaks detection in cells. In our study, a vast amount
of senescent DT X-treated TC-1 (Fig.13B) and B16 cells (Fig.13C) had an increased number of yH2AX
foci in cells. Only a small number of TC-1 and B16-treated cells with IFNy+TNFa showed a mild

increase of YH2AX foci compared to control cells. Analysis of the number of micronuclei indicated a

significant increase in senescent cells treated with DTX in both TC-1 and B16 cell lines compared with

control cells (Figs.13C, D). Data showed that more than 3 micronuclei per cell were observed in

B16/DTX cells (Fig.13D).

300
250
200
150

GROa (pg/ml)

100

90

80 4

70

T 60 1

2 40
& 30
20
10

TC-1

B16

%
%
",

IL-6 (paiml}
== =k R R W W B
2 B 2 U e @& 9o
= - - - I
i

o
=4
L

Fig.14. IL-6 and GROa secretion in TC-1 and B16 cells treated with DTX and IFNy+TNFa. ELISA
assay of IL-6 and GROa secretion in supernatants from TC-1 (A) and B16 (B) treated cells with DTX

and IFNy+TNFo. The experiment was repeated three times with similar results. Data represent means

+8.D. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control. Taken from. (Sapega et al. 2018).
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3.2.3.  IL-6 and GROa secretion in murine tumor cell lines treated with DTX and IFNy+TNFa

Main SASP components, such as IL-6 and GROa, were analyzed in supernatants of proliferating and
senescent cells by the ELISA method. A significant increase was observed in medium from TC-1 and
B16 cells treated with DTX, compared to medium from control proliferating non-treated cells. A notable
increase of IL-6 and GROa levels was also detected in the supernatant of B16 cells treated with
IFNy+TNFa. Interestingly, the level of IL-6 in the supernatant of TC-1/DTX cells was rather high
compared to B16. IL-6 levels was also increased in the superanatant of TC-1/IFNy+TNFa cells even

though cells were not genotoxicaly stressed (Figs.14A, B).
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Fig.15. Conditioned medium from senescent cells induce bystander senescence in TC-1 cells. S-
galactosidase assay of detection cellular senescence in TC-1 cells cultivated for 4 days in fresh medium,
conditioned medium from senescent cells and conditioned medium from tumor cells (4). FACS analysis
of cell size in TC-1 cells cultivated in fresh medium, conditioned medium from senescent cells and
conditioned medium from tumor cells (B). gRT-PCR analysis of p21 expression in TC-1 cells cultivated
in fresh medium, conditioned medium from senescent cells and conditioned medium from tumor cells
(C). Western blotting analysis of p21 expression in TC-1 cells cultivated for 4 days in different media.
GAPDH was used as a loading control. Data represent means = S.D. *P < 0.05 vs. control. Taken from:

(Sapega et al. 2018).
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3.2.4. Conditioned medium from senescent cells induce bystander senescence effect in TC-1 and

B16 cell lines

SASP is abundant with numbers of molecules, which are produced and secreted by senescent cells. We
hypothesized that the senescent cell microenvironment could be effective for bystander senescent
induction in proliferating cells. To reach this, we exposed TC-1 and B16 cells to culture media partially
enriched with conditioned media (1:1) from TC-1 and B16 cells driven by senescence induction with
DTX and with B16 cells treated with IFNy+TNFa. Stress inductors were then washed out. Medium from
untreated proliferating tumor cells was used for comparison. After the exposure of TC-1 and B16 cells
with conditioned medium from senescent cells for 4 days, it resulted in an increase of senescence
markers (B-galactosidase activity, p21 expression, cell size, and granularity) in both tested cell lines
(Figs.15, 16). Interestingly, no bystander senescence effect was detected in the conditioned medium

from IFNy+TNFa-treated B16 cells (Fig.16).
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Fig.16. Conditioned medium from senescent cells induce bystander senescence in B16 cells. -
galactosidase assay of detection cellular senescence in B16 cells cultivated for 4 days in fresh medium,
conditioned medium from senescent cells, conditioned medium from tumor cells, conditioned medium
from IFNy+TNFo Bl6 cells (A). FACS analysis of cell size in B16 cells cultivated in fresh medium,
conditioned medium from senescent cells, conditioned medium from tumor cells, conditioned medium

from tumor cells, conditioned medium from IFNy+TNFo Bl6 cells (B). qRT-PCR analysis of p21
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expression in Bl6 cells cultivated in fresh medium, conditioned medium from senescent cells,
conditioned medium from tumor cells, conditioned medium from tumor cells, conditioned medium from
IFNy+TNFo B16 cells (C). Western blotting analysis of p21 expression in B16 cells cultivated for 4 days
in different media. GAPDH was used as a loading control. The experiment was repeated three times
with similar results. Data represent means + S.D. **P < (.01 vs. control. Taken from: (Sapega et al.

2018).
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Fig.17. Cell proliferation analysis during bystander senescence. 7C-1 (4) and B16 (B) cells were
cultivated in fresh medium, conditioned medium from senescent cells, conditioned medium from tumor
TC-1 and BI6 cells. Cell proliferation was determined by counting cell number on day 0 and day 4.
Data represent means £ S.D. ***P < (0.001 vs. day 0. Cell proliferation analysis in TC-1 (C) and B16
(D) cells by EAU incorporation in cell DNA was performed on fixed cells cultivated in different media
and measured by FACS analysis. Mice (8 per group) were injected s.c. on day 0 with TC-1 (E) and B16
(F) (3 x 107 cells/per mouse) cells treated in conditioned medium from senescent cells in two doses: (a)
3 x 107 cells/per mouse, (b) 3 x 10° cells/per mouse and tumor growth was monitored. The experiment

was repeated twice with similar results. *P< 0.05 vs. TC-1/B16/SM. Taken from: (Sapega et al. 2018).
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3.2.5. Bystander senescence display proliferation arrest in TC-1 and B16 cells

Cell proliferation in bystander TC-1 and B16 cells was evaluated by counting cell numbers on day 0 and
day 4 cells treated with conditioned medium from senescent cells and medium from tumor cells. We
identified that cells respond to treatment with conditioned medium from senescent cells, which resulted
in cell proliferation arrest in both tested cell lines (Figs.17A, B). Similarly to primary senescent cells,
cell proliferation analysis by EdU incorporation showed a decrease of DNA replication in TC-1
(Fig.17C) and B16 (Fig.17D) cells cultivated with conditioned medium from senescent cells. In
addition, loss of cell proliferation was confirmed in vivo. Our data showed that no tumor growth was
observed following the injection TC-1 (Fig.17E) and B16 (Fig.17F) cells treated with conditioned

medium from senescent cells in two doses (3 x 10* cells/per mouse, 3 x 10° cells/per mouse).
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Fig.18. DNA damage detection in bystander senescent TC-1 and B16 cells treated with conditioned
medium from senescent cells. /mmunofluorescence detection of yH2AX foci in fixed TC-1 (A) and B16
(B) cells treated with conditioned medium from senescent cells and medium from tumor cells for 4 days.
Scale bar, 20 um. Percentage number of cells with 1, 2, 3, >3 micronuclei in TC-1 (C) and B16 (D)
cells treated with conditioned medium from senescent cells and medium from tumor cells. Data

represent means £ S.D. **P < (.01, ¥***P < (0.001 vs. control. Total number of 100 cells was analyzed
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in each group. The experiment was repeated three times with similar results. Taken from: (Sapega et al.

2018).

3.2.6. DNA damage response in bystander senescent TC-1 and B16 cells

DNA damage response was determined in bystander senescent TC-1 and B16 cell lines. We observed
that the vast majority of cells cultured in conditioned senescent medium and in tumor medium displayed
an increase of YH2AX foci in both TC-1 and B16 cells (Figs.18A, B). An increase of YH2AX foci in
both TC-1 and B16 cells treated in tumor medium can be explained that tumor medium was obtained
from tumor proliferating cell, which produce lots of different cytokines, chemokines and could strike a
harmful genotoxic effect on cells. Analysis of the number of micronuclei indicated a significant increase
in cells cultured in conditioned senescent medium in both TC-1 and B16 cell lines compared with control
cells (Figs.18C, D). Data showed that more than 3 micronuclei were observed in B16 cells treated with

conditioned medium from senescent cells (Fig.18D).

3.3.Role of neural adhesion molecule L1CAM in cellular senescence

3.3.1. LICAM expression during senescence induction in TC-1, TRAMP-C2 and B16 cell line

To identify a reliable marker expressed on the cell surface of senescent cells, we determined that neural
adhesion molecule L1CAM was overexpressed on the surface of replicatively senescent cells by using
quantitative proteomic analysis. In order to investigate LICAM expression in our in vitro models, we
exposed TC-1, B16, and TRAMP-C2 cells to senescence by DTX for 4 days, verified by senescence-
associated B-galactosidase staining (Fig.19B). Then, we quantified LICAM expression in senescence-
induced murine tumor cell lines. Data showed elevated levels of LICAM transcripts in all three murine
cell lines so that LICAM could be considered to be a cell surface marker on senescent cells not only in

human cell lines but also murine (Fig.19A).
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Fig.19. LICAM is been expressed during senescence induction in B16, TC-1, TRAMP-C2 cells.
qRT-PCR analysis of L1CAM expression in B16, TC-1, TRAMP-C2 cell lines after senescence induction
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with DTX for 4 days (4). Data represent means + S.D. *P < (.05, **P < 0.01. f-galactosidase activity
in B16, TC-1, TRAMP-C2 cells treated with DTX for 4 days (B). Scale bar, 50 um. Taken from:
(Mrazkova et al. 2018).

3.4.STAT3 inhibitors effectivity in murine cell lines

3.4.1. STAT3 inhibitors screening in TC-1 and TRAMP-C2 murine cell lines; BP-1-102

derivatives

STATS3 signaling is known to play a crucial role in the DNA damage pathway and can be constitutively
activated in several solid tumors (Barry et al. 2010; Catlett-Falcone et al. 1999). In our study, we use
STATS3 inhibitors as potential targets for cancer treatment, due to its functional role in tumor progression
(Furtek et al. 2016). However, some STAT3 inhibitors are characterized by low water solubility, poor
oral bioavailability, and low cell permeability, which hamper drug development and thus, clinical studies
(Huang et al. 2020). BP-1-102 has been found to be an effective inhibitor of STAT3 both in vitro and in
vivo (Zhang et al. 2012), but with limited solubility in water and other buffer compartments.
Consequently, in this study, we evaluated the efficacy of hydrophobic substituents with

other fragments to reliably reduce the hydrophobicity of the molecule and increase the solubility in water
and buffers, improve pharmacokinetic properties, as well as simultaneously evaluate the antitumor

efficacy (Fig.20).
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of hydrophobic

fragments R1

BP-1-102 (1) 2-14

Fig. 20. Chemical structure of BP-1-102 and molecular design of BP-1-102 analogues.

Using the proposed changes in hydrophobic substituents, twelve new BP-1-102 analogues were

synthesized in the University of Hradec Kralove, Department of Chemistry, Faculty of Science, Czech
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Republic (Table 1). We checked the cytotoxicity effects of these newly synthesized BP-1-102 analogues
in vitro on TC-1 and TRAMP-C2 cell lines in the range 0 — 50 uM (Fig.21A, B).
Data showed that only two compounds out of 12, except already known BP-1-102, made cytotoxic

effects on murine cell lines.

Compound R! R?
BP-1-102 (1) CyH 2,3,4,5,6-F-
S31-201.1066 (2) CyH 4-CHs
3 H 4-CHs
4 H 2,3,4,5,6-F
5 t-Bu 4-CHs
6 t-Bu 2,3,4,5,6-F
7 OCHs 2,4,6-F
8 OCH3 2,3,4,5,6-F
9 CF3 -
10 CF3 4-CH;
11 CF3 4-F
12 CF3 3,5-F
13 CF3 2,4,6-F
14 CF3 2,3,4,5,6-F

Table 1. Synthesized final products of BP-1-102 analogues.

Selected compounds (6 and 14) were used for further study. We observed that Compound 6 was
cytotoxic in the concentration range 10-50 uM, whereas Compound 14 made a cytotoxic effect only at
high concentration (50 pM) in both tested TC-1 and TRAMP-C2 cell lines (Fig.22). Next, the
cytotoxicity of selected compounds was tested by Annexin V/Propidium lodide staining to determine
cell apoptosis and necrosis. Our data showed that Compound 6 in TC-1 cells was cytotoxic in
concentration 10uM, in which the percentage of viable cells was 32% and the percentage of cells in late

apoptosis was 31%.
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Fig.21. Cytotoxic effects of newly synthesized STAT3 inhibitors on TC-1 and TRAMP-C2 cell
lines. Cytotoxicity of BP-1-102 and newly synthesized STAT3 inhibitors for 24h of treatment on TC-1
and TRAMP-C2 was determined by MTT assay. The experiment was repeated twice with similar results.
Oleksak et al. // (manuscript in preparation).
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Fig.22. Cytotoxic effects of selected STAT3 inhibitors on TC-1 and TRAMP-C2 cell lines.
Cytotoxicity of BP-1-102 and selected newly synthesized STAT3 inhibitors (Compound 6 and 14) for
24h of treatment on TC-1 and TRAMP-C2 was determined by MTT assay. The experiment was repeated

twice with similar results. Oleksak // (manuscript in preparation).
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Fig.23. Estimation of apoptotic/necrotic TC-1 cells treated with selected STAT3 inhibitors. 7C-/
cells was treated for 24h with BP-1-102 and selected newly synthesized STAT3 inhibitors, stained with
Annexin V/PI and measured by FACS analysis (A). Representative chart of cell viability is plotted (B).

The experiment was repeated twice with similar results. Oleksak // (manuscript in preparation).

Particularly, Compound 14 in TC-1 cells made a cytotoxic effect in concentration 30uM, in which nearly
50% of viable cells and 23% of cells were in late apoptosis (Figs.23A, B). Compare to TC-1 cells, the
cytotoxic effect of Compound 6 on TRAMP-C2 cells was determined in concentration 10uM, in which
65% was viable cells and 14% of cells were in late apoptosis. However, Compound 14 in TRAMP-C2
cells made a cytotoxic effect in concentration 20uM, in which nearly 50% of viable cells and 33% of

cells were in late apoptosis (Figs.24A, B).
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Fig.24. Estimation of apoptotic/necrotic TRAMP-C2 cells treated with selected STAT3 inhibitors.
TRAMP-C?2 cells was treated for 24h with BP-1-102 and selected newly synthesized STAT3 inhibitors,
stained with Annexin V/PI and measured by FACS analysis (A). Representative chart of cell viability is
plotted (B). The experiment was repeated twice with similar results. Oleksak et al. // (manuscript in

preparation).

3.4.1.1. Inhibitory effects of Compound 6 and Compound 14 (BP-1-102 analogues) on STAT3
phosphorylation

STATS3 inhibition of selected newly synthesized inhibitors was demonstrated on receptor JAK-mediated
phosphorylation of STAT3 (Y705) in TC-1 and TRAMP-C2 cell lines with a highly constitutive total
pSTAT3 expression. TC-1 and TRAMP-C2 cells were exposed to BP-1-102 and newly synthesized
STATS3 inhibitors (Compounds 6 and 14) for 4h of treatment in approximately ICso concentrations that
were estimated by Annexin V/PI. We showed that BP-1-102, Compounds 6 and 14 effectively inhibited
pSTAT3 in selected ICso concentrations, despite the fact that Compound 14 operated at higher

concentrations in tested both cell lines. No changes in total STAT3 expression were detected (Fig.25).
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Fig.25. STAT3 inhibition of Compound 6 and Compound 14 in tumor murine TC-1 and TRAMP-
C2 cell lines. 7C-1 and TRAMP-C2 were treated with BP-1-102 and selected newly synthesized
Compounds 6, 14 for 4h to evaluate STAT3 inhibition using Western blotting. GAPDH was used as
loading control. The experiment was repeated twice with similar results. Oleksak et al. // (manuscript

in preparation).

3.4.2. STAT3 inhibition by STATTIC analogues in murine tumor cell lines

STATTIC is another small non-peptidic molecule that can inhibit STAT3 phosphorylation (Schust,
Sperl, Hollis, Mayer and Berg 2006). In this part of the work, we wanted to evaluate the efficacy of
existing and novel STAT3 inhibitors (marked K1784, K1821, K1822, K1823, K1836) in the case of
proliferative and senescent tumor cell lines. Firstly, we checked the cytotoxicity of STATTIC and newly
synthesized STATTIC analogues (Fig.26). We found that STATTIC and the compound K1823 found
that STATTIC and K 1823 made a cytotoxic effect on both TC-1 and TRAMP-C2 cell lines. However,
we observed that K1823 in TC-1 cells was cytotoxic in concentration 5 M (Fig.27A), while in TRAMP-
C2 cells made a cytotoxic effect at much higher concentration (40 uM) (Fig.27B).
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Fig.26. Chemical structure of STATTIC and molecular design of STATTIC analogues.
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Fig.27. Estimation of cytotoxicity effects of STATTIC analogues on murine tumor cell lines. 7C-/
(A) and TRAMP-C2 (B) cells were treated with STATTIC analogues for 24h and cytotoxicity effect on

cells was evaluated by MTT assay. Sapega et al. // (manuscript in preparation).

Next, the cytotoxicity of selected compounds was tested by using Annexin V/Propidium lodide staining
to determine cell apoptosis and necrosis. Our data showed that STATTIC, Compounds K1823 was
cytotoxic in TC-1 cells in concentration 5 uM, in which the percentage of viable cells was nearly 80%,
and with higher concentrations of the compounds, the percentage of apoptotic cells raised. Notably,
K1821 was cytotoxic in concentration 30 pM, in which the percentage of viable cells was 44, and

percentage of necrotic cells was 25 (Fig.28A).
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synthesized K1784, Ki1821 (B) and K1822, K1823, K1836 (C) compounds for 4h to evaluate STAT3
inhibition using Western blotting. GAPDH was used as loading control. The experiment was repeated

twice with similar results. Sapega et al. // (manuscript in preparation).

Following cytotoxicity, we evaluated STAT3 phosphorylation inhibition in terms of TC-1 cells
treatments with several STATTIC analogues, in order to answer, whether there would be STAT3
phosphorylation inhibition even if STATTIC analogues did not make a cytotoxic effect. We treated TC-
1 cells with STATTIC, K1784, K1821, K1822, K1823, K1836 for 4h and STAT3 phosphorylation
inhibition was detected by Western blotting analysis. We showed that STATTIC inhibited STAT3
phosphorylation in all three selected concentrations, whereas K1784, K1821, K1822, K1823, K1836
inhibited only at high concentration (30 uM) (Figs.28B, C). Compare to TC-1 cells treated with
STATTIC analogues, only two inhibitors (K1822 and K1836) did not make a cytotoxic effect among
the others on TRAMP-C2 cells (Fig.29A).
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and newly synthesized K1784, K1821 (B) and K1822, K1823, K1836 (C) compounds for 4h to evaluate
STAT3 inhibition using Western blotting. GAPDH was used as loading control. The experiment was

repeated twice with similar results. Sapega et al. // (manuscript in preparation).

Despite the cytotoxicity effects of the several STAT3 inhibitors, we detected inhibition of STAT3
phosphorylation in all tested analogues in the TRAMP-C2 cell line. We observed that K1823 inhibited
pSTATS3 in all selected concentrations, same as STATTIC after 4h of treatments. The rest of STATTIC
analogues (K1784, K1821, K1822, K1836) inhibited pSTAT3 at higher concentrations (15 uM and 30
uM) (Figs.29B, C).

Besides TC-1 and TRAMP-C2 cell lines, which have continuously activated STAT3, we checked B16
melanoma murine cell line on pSTAT3 levels in cells. We showed that B16 cells do not have activated
STAT3. However, treatment not only with IL-6 but also with I[FNy induced STAT3 phosphorylation
that was blocked STATTIC. We have detected STAT3 phosphorylation inhibition in B16 cells after all
selected time points treatment the cells with a combination of STATTIC and IL-6 (Fig.30A) and after
0.5h, 1h, 2h treatment with combination STATTIC+IFNy (Fig.30B). Taken together, we identified that
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STAT3 phosphorylation inhibition is not always associated with the cytotoxicity effects of STATTIC

and analog inhibitors in tumor murine cell lines.
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analysis of pSTAT3 expression in B16 cells treated with IL-6, IFNy and STATTIC. For combination
STATTIC+IL-6, B16 cells were pre-treated with STATTIC for 1h and then IL-6 was added for 0.5h, 1h,
2h, 4h. Cells were treated with 100ng/ml of IL-6 and 9.5uM of STATTIC. (A). For combination
STATTIC+IFNy, B16 cells were pre-treated with STATTIC for 1h and then IFNy was added for 0.5h,
1h, 2h, 4h. Cells were treated with 50Ul/ml of IFNy and 9.5uM of STATTIC (B). GAPDH was used as
loading control Abbreviation: S+IL-6 (STATTIC+IL-6), S+IFNy (STATTIC+IFNy). Sapega et al. //

(manuscript in preparation,).

3.4.3. STATS3 inhibition in senescent TC-1 cells

Xu et al. showed that inhibition of the JAK pathway by JAK inhibitors partially rescues SASP in
senescent pre-adipocytes in vivo (Xu et al. 2015). This effect was correlated with a significant decrease
in STAT3 phosphorylation (Wang et al. 2017). Notably, Zemskova et al. showed that DTX can activate
STAT3 phosphorylation and its transcriptional activity (Zemskova et al. 2008). In this study, estimation
of STAT3 inhibition was evaluated not only in the case of proliferative cells but also in senescent tumor
cell lines. We induced senescence in TC-1 cells for 4 days of treatment with DTX and then treated
senescent cells for 4h with STATTIC analogues. We showed that senescent TC-1 cells were sensitive
to STATTIC and STATTIC analogues, which was confirmed by inhibition of STAT3 phosphorylation
using Western blot analysis (Fig.31). Inhibition of pSTAT3 in senescent TC-1 cells treated with DTX

was more robust compared to inhibition of pSTAT3 in proliferative TC-1 cells.
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with DTX (7.5 uM) and STATTIC analogues for 4h in different concentrations. Senescence in cells was
induced by DTX for 4 days of treatment. GAPDH was used as loading control. Sapega et al.

//(manuscript in preparation).
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4. Conclusions and discussion

The presented data contribute to the fields of cellular senescence, antitumor chemo- and immunotherapy,
and interactions of the immune system with proliferating and senescent tumor cells. Summing up, not
only senescence induction but also the elimination of senescent cells or their protumorigenic effects are
important to prevent cancer. In our first study, we demonstrated that DTX induced cellular senescence
characterized the phenotype of several DTX-treated senescent cells, and also evaluated their impact on
tumor growth and immunotherapy in the murine model. DTX is a chemotherapy agent, which stabilizes
microtubules against depolymerization, resulting in the formation of abnormal bundles of microtubules
(Trebunova et al. 2012). DTX has already been described as an inductor of cellular senescence in diverse
tumor cell lines (Di Mitri et al. 2014; Schwarze et al. 2005; Simova et al. 2011). Zhang et al. showed
that DTX induces cellular senescence in human prostate stromal line PSC27, according to increased f3-
galactosidase staining, elevated levels of p21 and other SASP-related genes (Zhang et al. 2018). Another
study showed that DTX induced senescence in detail in human prostate cancer DU145 and LNCaP cell
lines (Schwarze et al. 2005). We have investigated DTX induced cellular senescence in TC-1, TRAMP-
C2, and B16 murine tumor cell lines. We have characterized the DNA damage response, cell cycle
arrest, its durability, and the development of SASP by secretion and production of cytokines and
chemokines, which when taken together constitute the characteristics of senescence in cells.
Interestingly, TC-1 tumor cells have inactivated p53 and pRb because of the presence of E3 ubiquitin
ligases E6 and E7, so it was quite unclear how cell cycle arrest is mediated. However, p53 and pRb can
be reactivated in TC-1 cells by suppressing E6 and E7, which can be suppressed by genotoxic stress
upon DTX treatment (Mukherjee et al. 2017). This is similar to the effects in HeLa cells during genotoxic
senescence conditions (Novakova et al. 2010). We did not check p53 expression in TC-1 cells, but we
observed elevated levels of p21, which is controlled by p53 on mRNA and protein levels within other
markers of cellular senescence that clearly showed senescence induction after DTX treatment. We also
demonstrated the bystander effects of the DTX-treated senescent cells proving that the SASP from these
cells is capable to induce senescence in cells not only of the same lineage but also in different ones.

One of the major goals of this study was to set up an in vivo model and to evaluate the impacts of
senescent cells on tumor growth in non-immuno-compromised syngeneic animals. We assumed that
such a model would help explain the biological effects of senescent (tumor) cells on tumor growth and
also on the interactions with the host's immune system, which can significantly affect the tumor
microenvironment and the development of cancer in general. For this fundamental biological aspect of
tumorigenesis, it was crucial to use a syngeneic murine model and less widely used xenograft tumor
models based on animals with immunodeficiency, which is an advantage of the data presented in this

thesis.
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In our present study using C57BL/6 mice, we observed that the presence of senescent syngeneic tumor
cells did indeed enhance tumor growth in vivo. This result was different from the results of the previous
study performed by Ewald et al., in which admixture of senescent prostate cancer cells with an equal
number of proliferating cells did not result in the acceleration of xenograft tumor growth (Ewald et al.
2008). In our settings, we used also, besides a syngeneic model, an excessive amount of senescent cells
compared to the number of co-injected proliferating cells (the ratio between proliferating tumor cells: 3
x 10* cells/mouse and mixed senescent cells, either TC-1 treated with DTX or TRAMP-C2 at 3 x 10°
cells/mouse), which resulted in significantly accelerated tumor growth.

In our experiments, we have demonstrated that tumor growth acceleration can be achieved by using
senescent cells of different lineages of proliferating cells. This suggests that senescent cells can promote
the growth of tumor cells of different tissue origin, potentially contributing to the development of
secondary malignant neoplasms of the same or different tissues undergoing chemotherapy. Also, we
have shown that tumor cells, in which genotoxic stress was caused by radiation, instead of
chemotherapy, can accelerate tumor growth. These data indicate that stressed apoptotic cells after lethal
irradiation can also increase tumor growth in the same way as senescent cells.

There is still controversy about "stability" versus reversibility of the senescent phenotype. There is some
evidence, which showed that senescent cells can sometimes bypass tumor growth arrest by re-entering
the cell cycle (Beausejour et al. 2003). Notably, DTX-treated tumor cells can form polyploid senescent
cells and afterward re-enter the cell cycle and obtain chemoresistant phenotype (Ogden et al. 2015).
Nevertheless, we have made an analysis of cell surface markers of the explanted tumors after TC-1
injection; our data showed that TC-1 tumor growth acceleration was supported by the presence of
senescent TRAMP-C2 cells. Interestingly, no significant amount of bypassed senescent TRAMP-C2
tumor cells was determined, since all cells from explanted tumors were TC-1. Thus, these data indicate
that tumor growth was accelerated by the paracrine pro-tumorigenic effects of extraneous senescent
tumor cells. In addition, we have made a control experiment in which TC-1 tumor cells were injected
together with proliferating TRAMP-C2 cells (in a suboptimal dose). Analysis of cells from explanted
tumors showed that both TC-1 and TRAMP-C2 cells were present, as expected.

Senescent cells can contribute to the immunosuppressive environment. On the other hand, senescent
cells can be eliminated by both innate and specific immune reactions. So, we raised the question, can
senescent cell elimination be effective against tumor progression, since tumor growth was accelerated
by senescent cells admixture? IL-12, is a cytokine associated with innate and adaptive immunities,
activates NK cells, induces Th; immune responses, and seems to be a suitable candidate for such
treatment. In this study, we demonstrated the effectiveness and efficiency of IL-12-based
immunotherapy that inhibited tumor development, including the cases, in which tumor growth was
accelerated by the presence of senescent cells.

Taken together, we have established a murine model that is useful for research of the pro-oncogenic

effects of senescent cells that can be used in innovative therapeutic strategies. Our data reported that IL-
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12-based immunotherapy is capable of minimizing tumor-promoting effects of bystander senescent
cells, which contribute to the development of tumors and can accumulate in vivo due to stimuli caused
by endogenous oncogenes, or impacts caused by genotoxic chemotherapy and radiation therapy. We
have also shown that senescent cells can induce bystander senescence in vitro and block tumor cell
proliferation. On the other hand, in vivo, senescent cells can exert their protumorigenic effects in the
tumor microenvironment and accelerate tumor growth.

Next, we determined the differences in cell phenotypes after senescence induction with chemotherapy
using DTX compared to the immunomodulatory cytokines (IFNy+TNFa) in murine tumor TC-1 and
B16 cell lines. It has previously been demonstrated that IFNy or a combination of IFNy+TNFa causes
cellular stress and proliferation arrest or even apoptosis in selected cell types (Braumuller et al. 2013).
This can be caused by the induction of the signaling pathway of transforming growth factor-p and the
subsequent induction of the NADPH oxidase 4 protein and oxidative stress (Hubackova, Krejcikova,
Bartek and Hodny 2012). The data of this study showed that the reason why the TC-1 cells did not
undergo cell cycle arrest and thereafter senescence, was due to the lack of oxidative stress induction.
Recently, Kakimi et al. demonstrated that the cytostatic effects of IFNy on B16 cells, while B16 cells
expressed a cell cycle indicator based on ubiquitination, have been associated with G1 arrest, mediated
by p27 (Kakimi et al. 2015). In our study, we evaluated the effects of IFN+TNFa on TC-1 and B16 cell
lines. We have demonstrated that in B16 cells, the IFNy+TNFa treatment induced rather a reversible
proliferation arrest than “real senescence”, despite the fact that this treatment induced in these cells some
senescence markers. However, TC-1 cells were resistant to IFNy+TNFa treatment in terms of
proliferation arrest/senescent induction, although IFNy signaling was intact in these cells, as could be
observed from the upregulation of the cell-surface expression of the MHC class I molecules. Unlike TC-
1 cells, IFNy+TNFa-treated B16 cells produced an elevated amount of GROa, a principle component
of the SASP playing a role in senescence induction and maintenance in a paracrine manner. However,
when B16 cells treated with IFNy+TNFa were injected into mice, it resulted in tumor growth. In
addition, B16 cells did not produce a SASP capable of causing bystander senescence, suggesting that
other components or higher concentrations of IL-6 and GROa are required. These data indicate the
absence of the autocrine/paracrine cytokine loop components, which contribute to the maintenance of
cellular senescence. In this study, we showed that DTX but not IFNy+TNFa induces «primary» and
«secondary (bystander)» senescence both in TC-1 and B16 cell lines, following typical senescence
markers. The presence of micronuclei along with YH2AX foci in DTX-treated cells in the present study
indicates the formation of double-stranded DNA breaks before or during mitosis, which leads to the
activation of conserved cell cycle checkpoints and the development of senescence in daughter cells. This
study provides further insight and, in particular, demonstrates the ability of the SASP from DTX-treated
cells to induce bystander senescence.

Next, we wanted to find a candidate protein marker on a cell surface of proliferative versus senescence

normal and tumor cells. We identified significantly elevated levels of 73 proteins underrepresented on
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the cell surface of the senescent BJ human cells. One of them was L1CAM, which is normally expressed
in the neural system, colon, and kidneys. Our data showed that LICAM was expressed not only on
senescent human cell lines but on senescent murine cells as well. Mrazkova et al. showed that LICAM
was expressed upon downregulation of the ANT2 gene showed that LICAM is controlled by various
metabolisms and cell growth-related pathways during cellular senescence (Mrazkova et al. 2018). The
results of this study disclose a new potential marker in terms of cellular senescence, which can be widely
used for senescence detection on the cell surfaces.

Nowadays, the signaling pathway carried out by STAT3 has received particular attention in
pharmaceutical research due to its involvement in human inflammatory and malignant diseases. STAT3
is known to be aberrantly constitutively activated in several solid tumors (Catlett-Falcone et al. 1999;
Grandis et al. 1998). Because of this functional role in malignant progression, inhibition of STAT3
signaling activity is considered to be a potential target for cancer treatment (Furtek, Backos, Matheson
and Reigan 2016). As discussed above, IL-6 has also been described as one of the key cytokines in para-
and autocrine loops crucial for senescence development and maintenance. Further, IL-6/JAK2/STAT3
signaling is important in immune suppression. So, pharmacological inhibition of STAT3 activation is a
potentially powerful tool for cancer treatment. Among small molecules, BP-1-102 and STATTIC, both
of them specifically binds to the STAT3 SH2 domain, were previously found to be direct inhibitors of
STAT3 with reasonable in vivo tumor inhibitory activity and commercial availability (Scuto et al. 2011;
Zhang et al. 2012). However, there still is a need for agents with improved qualities in terms of their
treatment capabilities. We have tested analogues of both BP-1-102 and STATTIC inhibitors for their
cytotoxicity and the ability to block STAT3 molecule phosphorylation. In this study, 17 new STAT3
inhibitors (12 of them were analogues of BP-1-102 and 5 were analogues of STATTIC) were designed
and tested. Two potent BP-1-102 analogues (Compound 6 and 14) were confirmed and selected for
inhibition of STAT3 phosphorylation. We determined that for cytotoxic effects and inhibition of
pSTAT3 in cells, two hydrophobic substituents were necessary, which are a pentafluorophenyl moiety
and a second spatially bulky moiety of BP-1-102 inhibitors. In addition, we confirmed the cytotoxic and
inhibition effects of selected STATTIC analogues in cells. We showed that despite the absence of
cytotoxic effects of STATTIC analogues, phosphorylation of STAT3 inhibition in cells could still be
observed. These results suggest that small molecule inhibitors can act non-specifically and their
cytotoxic effects could sometimes be unrelated to their capability to bind to STAT3 SH2 domain. On
the other hand, it is likely that the viability of some tumor cells, either proliferating or senescent, with
aberrantly activated STAT3 pathway, does not depend on this activation.

In this study, we showed that STAT3 is activated in proliferative and senescent TC-1 and TRAMP-C2
tumor cell lines. Further treatment of proliferative and senescent cells with STATTIC and its analogues
resulted in the inhibition of pSTAT3 in different concentrations. Moreover, the effects of STAT3
inhibitors on senescent cells resulted in stronger inhibition compared to proliferative cells, which

indicate that senescent cells are more sensitive to STAT3 inhibitors treatment.
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STATI1 and STATS3 are considered to play opposite roles in cancerogenesis. STAT1 is involved in
immune defense and cell growth regulation and is usually considered to be a tumor suppressor. In
contrast to STAT1, STATS3 is considered to function as an oncogene (Fig.33).
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Fig.33. Schematic representation of balance between STAT1 and STAT3 signaling pathways.
Taken from and modified: (Avale et al. 2012).

Notably, there is a crosstalk between STAT1 and STAT3. Moreover, their canonic and non-canonic
effects can be partially overlapping. IFNy is a central mediator in STAT1 signaling pathway, which
induces gene expression by binding to GA. However, it can also activate the STAT3 pathway (Avalle
et al. 2012). We have observed pSTAT3 activation by IFNy in B16 cells, which did not have
continuously activated STAT3, but it was inducible by cytotoxic chemotherapy. So, the impacts of these
signaling pathways are cell type-specific and the effects probably depend rather on the balance than the
strengths of the particular signals. Moreover, the repertoire of target genes affected by both transcription
factors is largely different, which indicates the need for specific cofactors for in vivo binding (Regis et
al. 2008). Notably, STATI activity also plays a controversial role in breast carcinoma, where it is a
positive prognostic factor when expressed alone, but not when it is associated with phospho-STAT3
(Charpin et al. 2009; Widschwendter et al. 2002).

STAT] signaling also plays a role in the activation of immunosuppression and blockade of PD-1 is

associated with an increase of STAT]1 in lung cells derived from tumor-bearing mice (Friedrich et al.
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2018). On the other hand, there is still evidence that STAT3 acts as a tumor suppressor. This opposite
role of STAT3 in cancer is largely dependent on its expression as various isoforms (Dewilde et al. 2008).
Alternative splicing of STAT3 results in full-length STAT3a and truncated STAT3p. Recently, some
studies showed that STAT3p has attracted attention as a potent anti-tumor molecule that has been
observed in melanoma, esophageal squamous cell carcinoma, and breast, lung, and colon cancers
(Aigner et al. 2019; Xu et al. 2009; Zammarchi et al. 2011; Zhang et al. 2016). Thereby, it is tempting
to assume that interfering with the activation of one of the factors in tumors could lead to the
activation/reactivation of another (Avalle et al. 2012). Thus, caution should be applied when planning
therapeutic interventions using agents that may change the balance between STAT1 and STATS3
activation. Simultaneously, the ability to activate or block a particular STAT pathway can provide

distinctive therapeutic opportunities under certain conditions.
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