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1. Introduction
1.1. Cancer statistics: A threat not slowing down

The growing number of individuals living with cancer underscores its continued
significance in global health care. In 2022 alone, nearly 20 million new cancer cases were
diagnosed, over 9.7 million cancer-related deaths were reported, and more than 53 million
people were living with cancer within five years of their diagnosis (1). Breast cancer is
the most frequently diagnosed cancer in women, representing 23.8% of all newly
identified female malignancies. Each year, over 2.3 million women are diagnosed, and
more than 8.1 million are living with the disease within five years of their initial diagnosis.
In Hungary, breast cancer is the most frequently diagnosed cancer in women and the third
most common malignancy overall, with over 7600 new cases and more than 30.000 five-
year prevalent cases reported in 2022 (1). Despite advances in therapy, recurrence and
drug resistance remain major clinical challenges. Tumors may initially respond well, but
resistance often emerges over time, reducing treatment efficacy and limiting long-term

survival (2).
1.2. Mechanisms of drug resistance

Drug resistance remains one of the main challenges in oncology, contributing to the
majority of treatment failures (3, 4). Malignant cells can evade therapeutic effects through
several adaptive strategies (Figure 1), including the enzymatic inactivation of anticancer
drugs or active removal from the intracellular environment (5, 6). Additionally, tumors
may enhance their ability to repair treatment-induced DNA damage by increasing the
activity of DNA repair pathways (7), or develop resistance by decreasing the availability
of therapeutic targets at the protein level (8). Changes in survival-related signaling
pathways can also make treatments less effective (9), or transient cell cycle arrest may
help cancer cells avoid drugs that specifically target rapidly dividing cells (10). Each of

these mechanisms is discussed in detail below, along with relevant examples.

One key pathway in drug resistance by drug inactivation involves cytochrome P450
enzymes, such as CYP3A4 and CYP3AS, which are capable of metabolizing and
inactivating a wide range of chemotherapeutic drugs. For example in pancreatic tumor
models, both in vitro and in vivo, tyrosine kinase inhibitor (TKI) therapies were found to

be ineffective as long as CYP3AS remained active (5).
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Figure 1. The most common mechanisms of drug resistance in tumor cells. These include:
(1) drug efflux, (2) metabolic inactivation of therapeutic agents, (3) enhanced DNA
damage repair, (4) evasion of apoptosis, (5) downregulation of drug targets, and (6)
alterations in cell cycle regulation. This figure is adapted from Vajda et al. (11).

Another major contributor to drug elimination mechanisms is P-glycoprotein
(ABCB1/Pgp), a member of the ATP-binding cassette (ABC) transporter family, which
mediates drug efflux. This transporter uses energy from ATP hydrolysis to actively export
compounds from the cell, thereby reducing intracellular drug concentrations and limiting

treatment efficacy (6).

Most chemotherapeutics drugs induce significant DNA damage, to which tumor cells
often respond by upregulating key DNA repair proteins such as BRCA1, BRCA2, and
PARPI1 (12).

Apoptosis can be avoided through the dysregulation of apoptotic signaling pathways. One
example is chronic myeloid leukemia, where treatment with imatinib — a drug that induces
apoptosis via a Bcl-2—dependent pathway in Bcr/Abl-positive leukemia cells — can
become ineffective when tumor cells increase the expression of the anti-apoptotic protein

Bcl-2, thereby blocking the cell death process (9).

Reduced expression of targets, such as topoisomerases I and 11, leads to resistance to their
inhibitors (13) . Furthermore, the efficacy of many drugs depends on cell cycle phase —
e.g., paclitaxel is only effective in M phase, not in G1 or G2 arrest (10, 14).
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1.3. Cellular senescence: A state between life and death

When cells experience DNA damage, their response depends on how severe the injury is.
If the damage is relatively minor, the cell can typically initiate repair to regain normal
function. In contrast, when the damage is too extensive to repair, the cell may undergo
programmed death, such as apoptosis, or die uncontrollably through necrosis (15).
However, between these two there is an intermediate response — cellular senescence —

where cells remain viable but irreversibly exit the cell cycle.

The term "senescence" originates from the Latin word senex, meaning "old," and is
commonly used to describe cellular states linked to aging. Cellular senescence was first
identified by Hayflick and Moorhead in the 1960s, when they observed that normal
human fibroblasts lose their ability to divide after a limited number of cell divisions — a
phenomenon now known as the Hayflick limit. This state of permanent growth arrest,
later termed replicative senescence, became a foundational concept in aging and cancer
biology (16). Senescence has since been recognized as a protective response that limits
the proliferation of damaged cells. Importantly, even though these cells can no longer
divide, they remain metabolically active and affect their microenvironment through the

secretion of various signaling molecules (17).

This activity has been linked to several beneficial processes. Senescent cells promote
wound healing by secreting factors such as PDGF-AA, which stimulate the differentiation
of fibroblasts and myofibroblasts, thereby accelerating tissue repair (18). Cellular
senescence has also been identified as an important process during embryonic
development. In embryogenesis, cells with senescence-associated features are present in
both mouse and human embryos (19, 20). Additionally, Kang et al. demonstrated that pre-
malignant senescent hepatocytes, through the secretion of chemokines and cytokines, can
trigger an antigen-specific immune response — termed "senescence surveillance" — which
is critical for suppressing tumor development in the liver (21). Moreover, senescent cells
can induce senescence in neighboring cells via paracrine signaling, thereby reinforcing

their tumor-suppressive role by preventing further proliferation (22, 23).

However, studies have shown that senescent cells can have several detrimental effects,
such as their contribution to aging. A direct connection has been demonstrated between
telomere shortening, cellular senescence, and organismal aging (24). For example, studies

have shown that the number of senescent cells increases significantly with age in mice,
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with elevated levels observed in organs such as the liver, skin, lungs, and spleen (25).
Today, cellular senescence is widely recognized as one of the hallmarks of aging. While
senescence may serve a beneficial role by limiting the proliferation of damaged cells, its
accumulation can contribute to tissue dysfunction, chronic inflammation and tumor
progression as well (26). Many studies showed that through the secretion of various
factors, — known as the senescence-assotiated secretory phenotype (SASP) — senescent
cells can negatively modulate the immune system, thereby contributing to cancer
progression and relapse (27, 28). Ruhland et. al. showed that IL6-secreting senescent cells
within the tumor stroma promote a pro-tumorigenic environment by recruiting
immunosuppressive myeloid-derived suppressor cells, which inhibit cytotoxic T-cell
responses and establish a chronic inflammatory microenvironment that facilitates early
tumor growth (29). Another study demonstrated that CCL2 chemokines secreted by
senescent hepatocytes recruit CCR2" immature myeloid cells, which initially contribute
to senescent cell clearance but later suppress NK cell activity, thereby blocking tumor
immune surveillance (30). SASP components have also been linked to angiogenesis,
invasion, and metastasis. IL6, in particular, has been shown to support blood vessel
formation (27), while other SASP signals can drive epithelial-to-mesenchymal transition
(EMT) (31). Additionally, SASP activity may contribute to the reprogramming and
dedifferentiation of nearby cells, potentially giving rise to cancer stem cell-like
phenotypes (32).

Because of its complex role, cellular senescence is often described as a double-edged
sword, contributing to both beneficial and harmful effects on surrounding tissues,

depending on the physiological or pathological context (Figure 2).

Short-term senescence Long-term senescence

Beneficial Detrimental

Embryonic A y k Tumor
Development Progression

- Tissue Repair “2;,., Immune
Sy Suppression

(_'}@ Tummt e Chronic
Suppression —— Inflammation

. - R

Q\a Immune .
é’/ Surveillance A g Tissue Aging

Figure 2. Dual role of cellular senescence. Transient senescence contributes to beneficial

biological processes, while persistent senescence is associated with detrimental effects.
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1.4. Many faces of cellular senescence

Cellular senescence can be classified into two main types based on the initiating trigger:
replicative senescence and stress-induced senescence. Replicative senescence results
from telomere shortening after repeated cell divisions. In contrast, stress-induced
senescence occurs in response to various internal and external stressors, such as oncogene
activation (oncogene-induced senescence, OIS), cancer therapy (therapy-induced

senescence, TIS), ionizing or UV radiation, and oxidative stress (33, 34).

OIS is a well-characterized cellular response that acts as a barrier to tumor development
by halting cell proliferation following oncogenic activation. The initial discovery showed

G12V

that the expression of mutant HRas in human diploid fibroblasts induce cellular

senescence through the activation of the p53 and p16™%*? pathways (35).

TIS can be induced by several chemotherapeutic drugs, such as doxorubicin, etoposide,
and cisplatin, both in vitro and in vivo (36-38). Later, evidence from clinical samples has
revealed elevated levels of senescence markers — such as SA-B-gal, p21, p16 — following
neoadjuvant chemotherapy in patients with breast and prostate cancer (38, 39).
Traditionally, TIS has been considered a beneficial outcome of cancer treatment, as it
stops tumor cells from proliferating without necessarily causing cell death (40). However,
increasing evidence suggests that TIS is not always a stable endpoint; some cells can
escape this state over time (41, 42). These findings raise the possibility that TIS may

contribute to therapy resistance and tumor relapse.

1.5. How to identify senescent cells?

Identification is essential for investigating cellular senescence, yet remains challenging
due to the broad and variable nature of the phenotype. While many markers have been
established through in vitro studies, no single marker is sufficient on its own. Instead,
combining multiple markers is considered a more reliable approach for detecting
senescence (43, 44). Moreover, even using a combination of various markers,
differentiating one type of senescence from another is nigh impossible. This section

highlights the key markers commonly used to identify senescent cells.

1.5.1. Morphological and molecular changes

The altered morphology of senescent cells was first described by Hayflick and Moorhead,

who observed that cells undergoing replicative senescence appeared enlarged and
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flattened, often accompanied by an increased nuclear size (45). Later, the enlarged
nucleus has been linked to structural changes in the nuclear envelope, most notably the
loss of Lamin B1, which is frequently used as a marker of senescence (46). Another
characteristic of senescent cells is their stable arrest in the cell cycle. This arrest is
typically enforced by the upregulation of key regulatory proteins, including p16, p21,
p27, and p53 (47). At the same time, senescent cells show reduced expression of

proliferation-associated markers such as Ki67 (48).

1.5.2. Senescence-associated f-galactosidase

Senescence-associated (-galactosidase (SA-B-Gal) is one of the most commonly used
markers to detect senescent cells both in vitro and in vivo. This marker reflects increased
lysosomal content, a characteristic feature of senescent cells. While B-galactosidase
normally functions at an acidic pH of around 4.5, in senescent cells the enzyme remains
active at pH 6.0, allowing its detection through histochemical staining (49). First
described by Dimri et al. in 1995, SA-B-Gal positivity has since been widely applied in
aging and cancer research. However, its use has limitations, as -galactosidase activity
can also be detected in certain non-senescent contexts, such as in cells undergoing contact

inhibition or starvation (50).

1.5.3. Senescence-associated secretory phenotype (SASP)

A hallmark of senescent cells is their secretory behavior, commonly referred to as the
SASP. This complex profile includes a wide range of cytokines, chemokines, proteases,
and growth factors, which vary depending on the cell type and the senescence-inducing
stimulus. Commonly assessed SASP components include interleukins (e.g., IL6, ILS),
chemokines (e.g., CCL2, CXCL1), extracellular matrix-modifying enzymes (e.g., MMP-
1, MMP-9), and growth factors such as VEGF and TGF-§ (17). While the SASP can
contribute to beneficial processes like immune clearance of senescent cells and tissue
repair, it can also promote chronic inflammation and tumor progression (17, 18, 51, 52).
Although SASP profiling is widely used to detect senescent cells, its heterogeneity limits
its reliability as a universal biomarker. Therefore, SASP components should be selected
carefully based on the experimental context and used in combination with other

senescence markers for accurate identification.
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The most commonly used senescence markers, along with their associated molecular

features and detection methods are summarized in Table 1.

Table 1. The most commonly used senescence markers and their detection methods (53).

Cellular Senescence

Expected

Hallmark Biomarker 5 Detection
Morphological changes Size, morphology %T;Ziiﬁ’ mig;i)gs}ét)py
Lysosomal activity SA-B-galactosidase increased Staining
DNA damage YH2AX increased IF
Cell cycle arrest p21, p53, pl6INK4a, pRB increased WB, IF
Nuclear membrane Lamin Bl decreased WB, IF, gPCR
SASP Cytokine secretion increased ELISA, WB

1.6. Senotherapeutics

To counteract the negative effects caused by the presence of senescent cells, senotherapy
approaches have been developed. These are separated into two main categories:
senolytics, which selectively eliminate senescent cells, and senomorphics, which suppress
their harmful secretory phenotype (SASP) without inducing cell death (54). In general,
senomorphic agents suppress SASP expression by targeting key signaling pathways such
as NF-kB, mTOR, IL-1a, and p38 MAPK (54). For instance, rapamycin, a well-
characterized senomorphic compound, inhibits the mTOR pathway, thereby reducing the
secretion of SASP-associated inflammatory cytokines (55). The first senolytic agents
were identified by Zhu et al., who demonstrated that the combination of the tyrosine
kinase inhibitor dasatinib and the flavonoid quercetin effectively eliminated senescent
cells (56). Subsequently, other plant-derived compounds, such as piperlongumine and
fisetin, also showed senolytic activity (57, 58). The largest group of senolytic agents
targets anti-apoptotic Bcl-2 family proteins, including Bcl-2 and Bcl-xL, which are
commonly upregulated in senescent cells to support their survival. Inhibitors such as
navitoclax (ABT-263), ABT-737, and A-1331852 have demonstrated selective senolytic
effects through this mechanism (59-61). Although senotherapeutics show great promise
in extending healthspan and treating age-related diseases, their clinical translation
remains challenging due to off-target effects. For example, rapamycin treatment has been

associated with insulin resistance, while the elimination of senescent cells can impair
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tissue repair and delay wound healing, underscoring the need for more selective and safer

therapeutic strategies (18, 62).

1.7. Emerging evidence on senescence escape

In recent years, increasing evidence has questioned the long-standing view of senescence
as a stable, irreversible growth arrest. Traditionally, senescence has been seen as a
favorable outcome of cancer therapy, especially when complete elimination of tumor cells
cannot be achieved, as it halts cell proliferation and limits disease progression (40).
However, a growing number of studies now suggest senescent cells can escape this

arrested state.

In the early years, Robertson et al. demonstrated that a small subset of p53- and p16-
deficient non-small cell lung cancer cells was able to escape therapy-induced senescence
and re-enter the cell cycle, particularly in the presence of Cdc2/Cdk1 overexpression (41).
Saleh et al. investigated the ability of TIS cells to escape growth arrest in several cancer
cell lines, including H460, A549, and HCT116 BTG1-RFP, following treatment with
different drugs. Their findings showed that, in the majority of cases, the senescent cells
eventually resumed proliferation (42, 63). Milanovic et al. demonstrated that lymphoma
cells escaping therapy-induced senescence upon p53 or Suv39hl inactivation exhibit
enhanced stemness and increased tumorigenic potential (64). Yang et al. reported a
spontaneous reversion of AS549 senescent cells to a proliferative state following

Adriamycin exposure, without requiring p53 inactivation (65).

These findings collectively underscore the potential for TIS cells to regain proliferative

capacity and actively contribute to relapse during cancer treatment.
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2. Objectives

In my PhD research, I set the following objectives:

To characterize therapy-induced senescence (TIS) in a panel of breast cancer

cell lines using multiple senescence-associated markers.

To investigate the reversibility of TIS and the characteristics of repopulating

(REPOP) cells.

To profile the drug resistance and sensitivity landscape of TIS cells.

To analyze transcriptomic and proteomic changes associated with TIS.

To evaluate the response of TIS cells to senolytic treatments and test their

therapeutic potential.
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3. Methods

3.1. Cell lines and culture conditions

Human breast cancer cell lines (MCF7, T47D, MDA-MB-231, Hs578T) were acquired
from the Developmental Therapeutics Program of the National Cancer Institute (NIH,
Bethesda, MD, USA). Cells were maintained in Roswell Park Memorial Institute (RPMI)
medium (Thermo Fisher Scientific, MA, USA) supplemented with 10% fetal bovine
serum (FBS; Thermo Fisher Scientific), 5 mM L-glutamine (Euroclone, Pero MI, Italy),
and 50 U/mL penicillin—streptomycin mixture (Capricorn Scientific, Ebsdorfergrund,

Germany). Cultures were incubated at 37 °C and 5% CO:..

3.2. Drugs

The following drugs were used during this study.

(R)-MG132, 4-Methylsalicyclic acid, 5-Azacytidine, 5-fluoro-2'-deoxycytidine,
Actinomycin D, Belinostat, Bortezomib, Dimethyl 2-oxoglutarate, Doxorubicin,

Simvastatin, Thymoquinone (Merck Life Science, Darmstadt, Germany)

A-1331852, ABT-737, Amifostine, Chlormethine, Covidarabine, Cyclophosphamide,
Dasatinib, Dexamethasone, Docetaxel, Fisetin, Gemcitabine, Glasdegib, Histamine,
Ivosidenib, Laromustine, Lenalidomide, Meloxicam, Metformin, Methylprednisolone,
Mitoxantrone, Navitoclax, Paclitaxel, Piperlongumine, Pixantrone, Plerixafor,
Pracinostat, Pravastatin, Quercetin, Quizartinib, Ricolinostat, Romidepsin, Selinexor,
Sorafenib, Sunitinib, Temozolomide, Thalidomide, Tipifarnib, Troxacitabine, Valproic

acid, Venetoclax, Voreloxin, Vorinostat, Zosuquidar (MedChemExpress, New Jersey,

USA)

AT-7519, Bisantrene, Carfilzomib, Chlorambucil, Cladribine, Clofarabine, Crenolanib,
Cytarabine, Dinaciclib, Duvelisib, Enasidenib, Gefitinib, Gilteritinib, HDAC-42,
Homoharringtonine, Ibrutinib, Idasanutlin, Ixazomib, Masitinib, Melphalan, Nintedanib,
Panobinostat, Pevonedistat, SB-1317, Vincristine, Volasertib (Selleck Chemicals LLC,
Houston, USA)

3.3. TIS induction

TIS was induced by treating cells with doxorubicin (DOX) — 120 nM (MCF7), 70 nM
(T47D), 150 nM (MDA-MB-231), and 200 nM (Hs578T) — for 5 days. Following the 5-
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day treatment, the medium was removed, and cells were washed with PBS. Fresh medium
was added to allow cells to recover. To confirm the onset of senescence, cultures were
maintained under standard conditions (37 °C, 5% CO.) for an additional 7 days, allowing

for the establishment of the senescent phenotype.

The concentrations applied were determined based on preliminary cytotoxicity dose-
response experiments, in which 1 million cells were seeded per T75 flask and treated with
arange of drug concentrations. The selected doses induced over 90% cell death over time,

while still allowing repopulation.

To generate re-TIS cells, REPOP cells were replated and subjected to a second round of

DOX treatment to re-induce senescence.

3.4. SA-B-Gal staining

Cells were seeded into 96-well tissue culture plates and stained using the Senescence [3-
Galactosidase Staining Kit (Cell Signaling Technology, Danvers, MA, USA). Cells were
fixed using a fixative solution, washed with PBS, and incubated overnight at 37 °C in X-
gal staining solution under CO»-free conditions. On the following day, the staining
solution was removed and replaced with 70% glycerol to prepare the samples for

brightfield microscopy.

3.5. Drug treatment and viability assays

To assess drug sensitivity, 10.000 cells per well were seeded into 96-well tissue culture
plates. TIS was established as described in Section 3.3. Following TIS induction, the
number of viable cells in three replicate wells was determined and averaged. An
equivalent number of CTR cells was then plated to ensure comparable cell density for

subsequent drug testing.

On the following day, both TIS and CTR cells were exposed to a concentration gradient
of selected compounds and incubated for five days under standard conditions. Drug
treatments were also applied to re-TIS cells under similar experimental conditions. To
generate re-TIS cells, 10.000 REPOP cells per well were plated in 96-well plates and
subjected to a second round of doxorubicin treatment for five days. After treatment, cells
were gently washed with pre-warmed PBS and replenished with fresh culture medium.

Cells were then maintained for seven additional days to allow for phenotypic

19



stabilization. On Day 12, the re-TIS cells were treated with the selected drug panel for

comparative analysis.

Cell viability was assessed using the PrestoBlue™ Cell Viability Reagent (Thermo Fisher
Scientific, MA, USA), following the manufacturer’s instructions. Cells were incubated
with 5% PrestoBlue™ diluted in PBS for 1.5 hours at 37 °C in 5% CO.. Fluorescence
intensity was measured using an EnSpire microplate reader (PerkinElmer, Waltham, MA,
USA). Viability values were normalized to untreated controls. Dose-response curves
were generated using the nonlinear regression (sigmoidal dose-response) model in

GraphPad Prism v8.0.1 for Windows (GraphPad Software, Boston, MA, USA).

3.6. Immunocytochemistry and fluorescent staining

TIS and CTR cells were seeded onto glass-bottomed 8-well chamber slides (ibidi,
Grifelfing, Germany) at a density of 20.000 cells per well. Senescence induction was

conducted as described in Section 3.3.

3.6.1. Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (PFA) for 15 minutes at room temperature,
followed by two washes with PBS. Permeabilization and blocking were performed for 1
hour at room temperature using a solution containing 0.5% bovine serum albumin (BSA)

in PBS, 0.1% Triton X-100, 5% goat serum, and 1% fish gelatin.

Primary antibodies against y-H2A.X, Bcl-2, and Bcl-XL (Thermo Fisher Scientific,
Waltham, MA, USA) were applied overnight at 4 °C. After incubation, cells were washed
with PBS and incubated with Alexa Fluor 488-conjugated secondary antibody (Thermo
Fisher Scientific, Waltham, MA, USA) diluted in blocking solution. Nuclear staining was
carried out using DAPI (Dojindo EU, Munich, Germany). Imaging was performed with

a Zeiss LSM-710 confocal microscope using a 40x objective.

3.6.2. Fluorescent staining

The following dyes and detection kits were used according to the manufacturer’s
protocols (Dojindo EU, Munich, Germany): Nucleolus Bright Red, SPiDER-BGal
Cellular Senescence Detection Kit, MitoBright Red, LysoTracker Red. All samples were

imaged under a Zeiss LSM-710 confocal microscope at 40x magnification.
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3.7. Crystal violet staining

Cells were plated in 6-well plates at a density of 100.000 cells/ well. Following five days
of doxorubicin treatment, cells were washed with pre-warmed PBS and fresh medium
was added. The next day, treatment with navitoclax was initiated at the previously
determined 1Cso concentration, and administered three times per week for a duration of
two weeks. For staining, a stock solution of 0.5% (w/v) crystal violet (Merck, Darmstadt,
Germany) was prepared in 25% methanol. A 10-fold diluted working solution was then
prepared using the same methanol concentration. Cells were washed twice with PBS, and
the plates were placed on ice. Fixation was carried out using ice-cold 100% methanol for
5-10 minutes. After fixation, 1 mL of the diluted crystal violet solution was added to each
well and incubated at room temperature for 5-10 minutes. Excess stain was removed by
washing the wells multiple times with distilled water. Plates were then air-dried

overnight.

3.8. Western Blotting

Cells were lysed using a buffer containing 50 mM HEPES (pH 7.3), 150 mM NaCl, 10%
glycerol, 1% Triton X-100, 1 mM EDTA, and 1.5 mM MgCl., supplemented with
protease inhibitors. Samples were separated by SDS-PAGE then transferred to PVDF
membrane (Bio-Rad, Hercules, California, USA). Membranes were probed overnight at
4°C with primary antibodies against CDKNIA (p21), LMNBI (Cell Signaling
Technology, Danvers, MA, USA), Bcl-2 (Thermo Fisher, Waltham, MA, USA), and Bcl-
XL, ACSM2A, GSDMC, PSMAS, PDE1A (Proteintech, Rosemont, USA), followed by
incubation with HRP-conjugated secondary antibodies. Signal detection was performed
using an ECL chemiluminescent detection system (WesternBright ECL kit, Advansta,
San Jose, USA) and a Chemidoc MP device (Bio-Rad, Hercules, California, USA). Band
intensities were quantified by densitometry using Image Lab software (Bio-Rad,

Hercules, California, USA).

3.9. Statistical analysis of in vifro experiments

All experiments were performed with a minimum of three independent biological
replicates. Statistical analyses were carried out using GraphPad Prism version 8.0.1
(GraphPad Software, Boston, MA, USA). Data were analyzed using either a one-way
analysis of variance (ANOVA) or unpaired two-tailed Student’s t-test, as appropriate. P-
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values were interpreted according to the following thresholds: p <0.05 (*), p <0.01 (**),
p <0.001 (***), and p < 0.0001 (****). Differences with p > 0.05 were considered not

statistically significant (n.s.).

3.10. In vivo experiments

All animal studies were conducted in accordance with the European Union directives on
the protection of animals used for scientific purposes, and were approved by the
Hungarian Animal Health and Animal Welfare Directorate. Experimental protocols were
performed according to the Committee on the Care and Use of Laboratory Animals of the
Department of Experimental Pharmacology at the National Institute of Oncology
(Budapest, Hungary) (Permit numbers: PEI/001/1738-3/2015 and PE/EA/1461-7/2020).

1 mm?® fragments of mammary tumors derived from Brcal/7;p537/~ FVB mice (a
generous gift from Sven Rottenberg, NKI) were implanted into the mammary fat pad of
wild-type female FVB mice (Department of Experimental Pharmacology, National
Institute of Oncology, Budapest, Hungary) under anesthesia (20 mg/kg zolazepam, 12.5
mg/kg xylazine, 3 mg/kg butorphanol, 20 mg/kg tiletamine). Tumor growth was
monitored at least three times weekly using caliper measurements, starting from the time
tumors became palpable. Tumor volumes were calculated using the standard formula: V
= (length x width?)/2. When tumors reached approximately 200 mm?, treatment with
DOXIL was initiated at the maximum tolerated dose (6 mg/kg, intravenous). Navitoclax
treatment began two days later, administered for 10 days at 50 mg/kg. Mice were
euthanized when tumors reached ~2000 mm?. Survival data were evaluated using
Kaplan—Meier curves, and statistical differences between groups were assessed using the

log-rank (Mantel-Cox) test.

3.11. RNA isolation and transcriptome analysis

The bioinformatic processing and analysis of the bulk RNA-seq data were performed by

Anna Lovrics.

MCF7, T47D, MDA-MB-231 and Hs578T TIS cells were harvested on Day 12. CTR and
REPOP cells were harvested at ~80% confluency. Cells were homogenized in TRIzol™
Reagent (Thermo Fisher Scientific, Massachusetts, USA). Total RNA was extracted from
samples using Direct-zol® MiniPrep kit (Zymo Research, Irvine, California, USA)

following the manufacturer's instructions. To prevent DNA contamination, an in-column
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DNAse I treatment was performed. The prepared total RNA samples were sent to
Xenovea Ltd. (Szeged, Hungary) for transcriptome analysis. The RNA concentration was
determined by using the Qubit RNA HS Assay Kit on the Qubit 3.0 Fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA). Quality CTR was assessed by Labchip GX Touch
HT instrument on DNA 5K/RNA/CZE Chip (Perkin Elmer, Waltham, MA, USA) with
RNA Pico Sensitivity Assay Reagents (Perkin Elmer, Waltham, MA, USA). NextFlex
PolyA beads 2.0 kit and NextFlex Rapid Directional RNA-seq Kit 2.0 with UDIs (Perkin
Elmer, Waltham, MA, USA) were used for mRNA capture and strand-specific library
preparation. The library quantities were measured by Quant-iT 1x dsDNA HS Assay kit
(Thermo Fisher, Waltham, MA, USA) with Fluostar Omega (BMG Labtech, Ortenberg,
Germany). The fragment size distribution of the libraries was determined by capillary
electrophoresis on Labchip GX Touch Nucleic Acid Analyzer on XMark HT chip by
using DNA NGS 3k Assay kit (Perkin Elmer, Waltham, MA, USA). Pooled libraries were
sequenced with 50M 150 bp paired-end reads on NovaSeq 6000 platform (Illumina, San
Diego, CA, USA). A standard RNA sequencing pipeline was used for analysis:
preprocessing with the Fastq Toolkit (v2.2.5), mapping reads by STAR (v2.7.10) and
obtaining gene counts using Subread's (v2.0.3) Feature counts function. Next, limma
(v3.58.1) and fgsea (v1.28.0) pipelines were applied to obtain differential gene

expression and enriched gene sets respectively.

3.12. Single-cell RNA sequencing

The bioinformatic processing and analysis of the single-cell RNA-seq data were

performed by Csaba Kiss and Sandor Spisdak.

MCF7 and T47D cells from CTR, TIS at day 12, and repopulating REPOP conditions
were collected via trypsinization. For each sample, 15,000 cells were used. Two
biological replicates of single-cell suspensions were prepared using Scipio Bioscience’s
RevGel-seq™ technology — a reversible hydrogel-based, instrument-free 3" scRNA-seq
platform — in conjunction with the Asteria™ benchtop kit. This method enables uniform
coupling of cells with solid polymer-barcoded beads in a homogeneous phase. Following
cell capture, standard steps were performed including cell lysis, mRNA capture on
barcoded beads, reverse transcription, PCR amplification, and ¢cDNA sequencing.
Sequencing was performed on a NovaSeq platform using 75 bp paired-end sequencing

chemistry to yield approximately 35,000 raw reads per cell.
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Read alignment to the Human_Scipio 2022 A reference genome was carried out using
the Cytonaut platform (v2.1.0). Output files (features.tsv.gz, barcodes.tsv.gz, and
matrix.mtx.gz) were imported into R and processed using the Seurat package (v5.1.0).
Doublets were identified and removed using DoubletFinder (v2.0.4). MCF7 and T47D
datasets were then processed separately, with all cells per sample type merged into a
single Seurat object. Further filtering excluded cells with >10% mitochondrial RNA
content, >30,000 UMIs, <500 detected genes, or <1,000 UMIs. Standard Seurat
workflows were followed: NormalizeData (LogNormalize method, scale factor =
10,000), identification of variable genes with FindVariableFeatures, scaling with
ScaleData, and principal component analysis using RunPCA. Batch correction was not
applied, as sample consistency was high and correction risked masking biological
variation. For clustering, FindNeighbors was run using the first 15 principal components
(PCs) for MCF7 and 20 PCs for T47D, followed by FindClusters (resolution = 0.3 for
MCF7, 0.5 for T47D). UMAP embeddings were calculated with RunUMAP using the
same respective PCs. Cell cycle stage inference was conducted with CellCycleScoring.
Differential gene expression analysis was performed using FindMarkers, and gene set
enrichment analysis (GSEA) was conducted using the clusterProfiler package (v4.6.2).
For combined analysis, MCF7 and T47D datasets were merged into a single Seurat object
and processed using the same pipeline, employing 15 PCs for both FindNeighbors and
RunUMAP, and clustering at resolution 0.5. Trajectory inference was performed using
Monocle3 (v1.3.1), focusing on the transitions CTR—TIS and TIS—REPOP for both cell
lines. The top 200 trajectory-associated genes were identified and compared across cell
lines and conditions, yielding 92 overlapping differentially expressed genes (DEGs),
including CDKN1A. Pseudobulk TMM-FPKM values for these genes were calculated,

Z-score normalized, and visualized via heatmap.

3.13. Cytokine Expression Assay
The cytokine expression assay was carried out by Karoly Hegediis.

Total RNA was isolated from MCF7 and T47D parental (CTR) and senescent (TIS) cells
using TRI Reagent® (Molecular Research Center, Cincinnati, OH), following the
manufacturer’s instructions. RNA was resuspended in 14 pL diethyl pyrocarbonate-
treated water, and its concentration and purity were assessed using a NanoDrop 1000

spectrophotometer (Thermo Fisher Scientific, Waltham, MA). mRNA was reverse
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transcribed using the Maxima First Strand ¢cDNA Synthesis Kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol. Cytokine mRNA expression was
analyzed using the high-throughput BioMark HD real-time qPCR platform (Fluidigm,
South San Francisco, CA) with the Flex Six™ Gene Expression IFC chip (Fluidigm).
Before qPCR analysis, a 12-cycle cDNA preamplification step and an exonuclease
treatment were performed, followed by a 10-fold dilution of the final product. Cytokine
expression levels were quantified using SsoFast™ EvaGreen® Supermix with Low ROX
(Bio-Rad Laboratories, Hercules, CA) and primers specific to cytokines and reference
genes, according to the manufacturer’s recommendations. The cytokine panel included
IL6, IL10, IL13 while expression was normalized using four reference genes: G6PD,
GAPDH, PPIB, and RPIIA. This cytokine expression assay was originally developed in
our laboratory to assess immunosuppression efficiency in heart transplant patients
receiving tacrolimus and methylprednisolone. Cytokine expression data were normalized
to the average cycle threshold (Ct) of the four reference genes to ensure accurate

quantification.

3.14. Surface and secreted proteins/peptides characterization

The proteomic experiments and data analyses were carried out by Gabor Tusnady and

Tamas Lango.

To identify the targetable proteome on the surface of the CTR, TIS and REPOP MCF7
cells, we used a high-throughput surface biotinylation method similarly as described in
the previous works (66, 67). Parental and repopulated cells were cultured until they
reached ~80% confluency before labeling, while TIS cells were processed on day 7 after
doxorubicin removal. First, the culture medium was discarded, and the stage-specific cells
were washed with pre-warmed PBS (137 mM NacCl, 2.7 mM KCl, 10 mM Na2HPO4 and
1.8 mM KH2PO4; pH 7.4) three times. The surface proteins of the cells were labeled by
2 mM membrane-impermeable Sulfo-NHS-SS-biotin at room temperature in PBS (at pH
8.0) for 20 minutes. The biotinylation process was stopped by Tris buffered saline (TBS:
25 mM Tris base, 150 mM NaCl, pH 7.2), the solutions were discarded and the cells were
washed again three times with TBS. The cells were scraped into an ice-cold hypotonic
lysis buffer (20 mM Tris-HCI, 10 mM KCI, 20 mM sucrose, 10 mM iodoacetamide (IA),
pH 7.4). The cells were lysed on ice manually using a plastic micro pestle and a 1 mL

syringe with 26-gauge 'z inch needle. The remained intact cells and cell debris and nuclei
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were pelleted at 1700% g for 5 minutes at 4 °C, and the supernatant was transferred into
a 10.4 mL polycarbonate tube and centrifuged at 40,000 rpm for 1 h at 4 °C using a 70.1
Ti fixed rotor (Beckman Coulter). Biotinylated proteins were enriched in the pellet
fractions, and resuspended in the 10-times diluted lysis buffer and homogenized by 25
strokes with a Potter-Elvehjem PTFE pestle in a glass tube on ice, finally stored at -20°C.
The protein concentration of the membrane preparations was measured by the Lowry
method. Membrane preparations with same protein content were solubilized in the
presence of 0.1% (w/v) Rapigest SF Surfactant and the solutions were supplemented with
1.25 mM iodoacetamide and 1.25 mM 2,2'-Thiodiethanol. Denatured proteins were
digested overnight (~16 h) at 37 °C with proteomics grade trypsin, in a 1:50 (w/w)
enzyme-to-protein ratio. Digestion was stopped by heat inactivation at 95°C for 10
minutes, thereafter the biotinylated surface peptides were pulled down neutravidin
agarose resin for 1h at room temperature. Non-specific peptides were removed by several
washing steps. The biotinylated peptides were eluted by 10 mM Dithiothreitol in 50 mM
NH4HCO3 buffer using two consecutive incubations of 30 minutes, each at 37 °C. The
fractions were combined and alkylated with 25 mM iodoacetamide in dark at 37 °C for
45 minutes. The solutions were dried in a pre-heated vacuum concentrator, then the
peptides desalted with a reversed-phase C18 spin column as described in a previous work
(66). The samples were dried again and stored at -20°C until the mass spectrometry

analysis.

3.15. Mass spectrometry
Mass spectrometry analysis was performed by Zoltan Szabo.

All measurements were carried out on a Waters ACQUITY UPLC M-Class LC system
(Waters, Milford, MA, United States) coupled with an Orbitrap Exploris 240 mass
spectrometer (Thermo Fisher Scientific, Waltham, MA, United States). Peptides were
eluted from a C18 capillary column by an acetonitrile/water gradient in 80 minutes. Data
were collected using the data-dependent acquisition (DDA) method in the 360 and 2200
Th range with a 3 s cycle time. Raw LC-MS data files were processed using Fragpipe
v22.0. Uniprot Human reference proteome assuming 2 missed cleavages and Met
oxidation, 3-(carbamidomethylthio)propanoyl Lys (effect of biotin labelling) and pyro
Glu as variables and carbamidomethyl Cys as fixed modification. A contaminants

database was created from a labeled and enriched digest of cell medium using the same
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search settings and Uniprot Bovine database. Contaminant proteins and proteins with only
one identified peptide were removed before statistical analysis. Statistical analysis of
protein and peptide intensities was performed in Perseus 1.6.15. For differential
expression analysis Student’s t-test was used with a permutation-based false discovery

rate (FDR<0.05) limit.
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4. Results

4.1. Assay development for the analysis of therapy-induced senescence

To investigate the dynamics and biological relevance of therapy-induced senescence
(TIS) in breast cancer, we adapted an in vitro assay previously established by our group
(Figure 3A) (68). This model was initially designed to study drug-tolerant persister (DTP)
cells following chemotherapy. By modeling essential elements of the tumor response to
chemotherapy — including extensive cell death followed by the persistence of a small
surviving subpopulation — it provided a robust and reproducible platform for analyzing
treatment-resistant cell states. In that study, a single high-dose (ICs0) treatment was
applied for five days. It was observed that DTP cells remained non-proliferative for
several weeks following drug removal, and that some of these dormant cells re-entered

the cell cycle within 1-2 months and gave rise to new clones through clonal expansion.

In the present study, we further optimized this assay to specifically enable the
investigation of TIS, aiming to better understand its molecular characteristics and to
examine its reversibility (Figure 3B). Cell line-specific concentrations were applied, with
the treatment also lasting for 5 days. The concentrations applied were determined based
on preliminary cytotoxicity dose-response experiments, in which 1 million cells were
seeded per flask and treated with a range of drug concentrations. The selected doses
induced over 90% cell death over time, while still allowing repopulation. A key
difference, however, is that in this study the characterization was performed on day 12
following treatment, as by this timepoint all surviving cells had entered TIS — a conclusion
that will be confirmed in the following sections of this thesis. In addition to characterizing
the TIS state, we also examined repopulating (REPOP) cells, which had re-entered the
cell cycle after escaping senescence. In a subset of cytotoxicity experiments, REPOP cells
were subjected to a second round of treatment, allowing further analysis of a re-therapy-

induced senescent (re-TIS) state.
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Figure 3. Schematic overview of the original assay developed for the study of DTP cells
(A), and its extension for the analysis of TIS, including REPOP and re-TIS states (B).

4.2. TIS induction and cellular characterization

To ensure molecular diversity in our experimental model, we selected four breast cancer
cell lines (MCF7, T47D, MDA-MB-231, Hs578T) representing distinct subtypes. MCF7
and T47D are luminal-type epithelial lines that express estrogen (ER") and progesterone
(PR") receptors, MCF7 also carries wild-type TP53. In contrast, MDA-MB-231 and
Hs578T are triple-negative breast cancer (TNBC) cell lines — ER", PR, HER2" — of basal
origin and exhibit mesenchymal-like characteristics (69). These four cell lines were
treated with high-dose doxorubicin (DOX) at concentrations optimized for each line (120
nM for MCF7, 70 nM for T47D, 150 nM for MDA-MB-231, and 200 nM for Hs578T).
These doses resulted in extensive cytotoxicity, leaving only a small fraction of cells viable
after treatment. Quantitative analysis revealed the approximate survival rates of 7.25%
for MCF7, 8.2% for T47D, 1.85% for MDA-MB-231, and 0.29% for Hs578T (Figure
4A). The surviving cells exhibited characteristic morphological hallmarks of senescence,
including enlarged nuclei and cell bodies, a flattened morphology, increased cytoplasmic
volume, and demonstrated senescence-associated 3-galactosidase (SA-B-Gal) activity, as
indicated by positive X-gal staining (Figure 4B). Although senescence is traditionally
considered a terminal growth arrest, proliferative escape was consistently observed in
each of the examined cell lines in all experiments. A small fraction of cells exited the TIS
state and gave rise to REPOP populations. As these REPOP cells emerged, X-gal staining
was no longer detectable in REPOP cultures and was comparable with that seen in control

(CTR) populations (Figure 4B).
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Figure 4. (A) Representative growth kinetics of breast cancer cell cultures following a 5-
day treatment with high-dose DOX. DOX was administered on day 0, and the medium
was replaced on day 5. The lowest recorded cell counts following treatment are indicated
on each curve in red. (B) Detection of SA-p-Gal activity by X-gal staining in CTR, TIS,

and REPOP cells,; quantification of staining intensity is also shown.

In addition to morphological and enzymatic hallmarks of senescence, we applied a
multimarker approach by extending our analysis to include molecular indicators of TIS.
Elevated expression of the cyclin-dependent kinase inhibitor CDKNIA (p21) was
observed, along with reduced levels of LMNBI1 (Lamin B1), a structural component of
the nuclear lamina (Figure 5A). Furthermore, these cells displayed persistent DNA
damage, as well as increased mitochondrial and lysosomal content. The formation of a

single, enlarged and fused nucleolus was also noted (Figure 5B).
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key cellular senescence features in CTR and TIS cells. Scale bar: 20 um.

4.3. Drug resistance and sensitivity profile of TIS breast cancer cells

Since chemotherapy is typically administered in multiple cycles in clinical settings, we
aimed to assess how TIS cells respond to repeated drug exposure. For this, we developed
a protocol that enabled us to monitor the drug sensitivity not only on CTR and TIS, but
REPOP and re-TIS states as well using cytotoxicity assays (Figure 6A). Notably, TIS
cells exhibited marked resistance to a second round of DOX (Figure 6B). However, this
resistance was not sustained once the cells exited the TIS state. Following repopulation,
sensitivity to DOX was restored, indicating that drug resistance was closely linked to the
TIS phenotype. To further test this, REPOP cells were re-exposed to DOX. As a result,
re-TIS state successfully reinstated drug resistance, demonstrating that the TIS program
itself is capable of transiently protecting breast cancer cells against repeated

chemotherapy.
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Figure 6. (A) Schematic illustration of the experimental design, highlighting the timeline
of senescence induction, recovery phases, and subsequent drug screening steps. (B) DOX

response curves for CTR (black), TIS (red), REPOP (gray), and re-TIS (orange) cell

populations.

To better understand the clinical relevance of the drug-resistant phenotype seen in TIS
cells, we tested several chemotherapeutic agents that are widely used in breast cancer
treatment (Figure 7). This included gemcitabine, an antimetabolite, as well as paclitaxel
and docetaxel, two commonly used taxanes. These drugs were able to eliminate both CTR

and REPOP cells effectively, but were ineffective against TIS and re-TIS cells.
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Figure 7. Comparison of drug responses across CTR (black), TIS (red), REPOP (gray),

and re-TIS (orange) cells treated with commonly used breast cancer therapies.
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To explore whether TIS cells exhibit resistance to a broader range of drugs, we conducted
a drug screen using 63 FDA-approved agents. TIS cells exhibited resistance to several
drug classes, including antimetabolites (5-azacytidine, 5-fluoro-2’-deoxycytidine,
cladribine, cytarabine, clofarabine and troxacitabine), topoisomerase II inhibitors
(mitoxantrone, pixantrone, voreloxin), polo-like kinase 1 inhibitors (volasertib),
alkylating agents (chlormethine, chlorambucil, and melphalan), a neddylation inhibitor
(pevonedistat), a farnesyltransferase inhibitor (tipifarnib) and an FLT3 inhibitor
(gilteritinib). (Figure 8A). Notably, the FLT3 inhibitor quizartinib remained effective
despite TIS resistance to gilteritinib. In contrast, some compounds, such as HDAC
inhibitors (belinostat, HDAC-42, panobinostat, pracinostat, ricolinostat, romidepsin,
vorinostat), PI3K inhibitors (duvelisib), and proteasome inhibitors (bortezomib,
ixazomib), showed similar response across CTR and TIS cells. Importantly, the observed
resistance in TIS cells does not appear to result solely from their non-proliferative state,
as certain drugs that require active cell division still remain effective. For instance,
although dinaciclib was ineffective, other multi-CDK inhibitors such as AT7519 and SB-
1317 induced cell death in both proliferating and senescent cells. Similarly, the BTK
inhibitor ibrutinib, as well as several multi-tyrosine kinase inhibitors (masitinib,
nintedanib, sorafenib, sunitinib) were active in the majority of cell lines. In contrast,

crenolanib showed no efficacy against TIS cells.

Altogether, TIS cells exhibited resistance to 23 of the 46 active agents in at least three out
of four breast cancer cell lines, while 17 out of the 63 tested compounds showed no
cytotoxic activity at the applied concentrations in either TIS or CTR cells. These results
indicate that TIS is associated with a distinct and potentially clinically relevant drug

resistance phenotype.

Hierarchical clustering was performed using the ICso values of 46 compounds (Figure
8B). The analysis revealed a clear separation between CTR and TIS samples across all
breast cancer cell lines, supporting the presence of a distinct drug response profile in TIS.
Mechanistically related compounds tended to cluster together, reflecting consistent
activity patterns. For example, topoisomerase II inhibitors (voreloxin, pixantrone,
mitoxantrone), antimetabolites (cytarabine, troxacitabine, clofarabine, 5-azacytidine,
cladribine; excluding 5-fluoro-2’-deoxycytidine), HDAC inhibitors (romidepsin, HDAC-

42, belinostat, panobinostat, pracinostat, ricolinostat; excluding vorinostat), proteasome
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inhibitors (bortezomib, carfilzomib; excluding ixazomib), and multi-CDK inhibitors (SB-
1317, dinaciclib; excluding AT-7519) displayed coherent clustering across conditions. In
contrast, multi-tyrosine kinase inhibitors (sunitinib, masitinib, nintedanib, crenolanib, and
sorafenib) exhibited heterogeneous clustering patterns, suggesting divergent cellular

responses despite overlapping molecular targets.
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Figure 8. (A) Heatmap representing the drug response profile of TIS cells relative to CTR
cells across a panel of 46 FDA-approved anticancer drugs. Increased resistance (>3-
fold) in TIS is highlighted in red; drugs with similar effects in both cell states are shown
in green. (B) Heatmap of ICso values, centered and scaled for each drug individually.

Hierarchical clustering was performed using Euclidean distance and Ward’s method.

To confirm that the TIS state alone is sufficient to confer protection against repeated
chemotherapy exposure, we compared the drug sensitivity profiles of TIS and re-TIS
cells. For this, cells were treated with a panel of 15 compounds previously found to be
ineffective in all four cell lines during the TIS state (Figure 9). The drug response pattern
observed in re-TIS cells closely resembled that of the original TIS populations, supporting

the notion that TIS itself is capable of transiently maintaining drug resistance.
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Figure 9. Sensitivity analysis of CTR (black), TIS (red), REPOP (gray), and re-TIS
(orange) cells treated with 15 compounds selected from those that had previously induced
resistance in all four cell lines. Concentration range: 100uM/10 (except Vincristine:

1uM/10).

Based on our findings, TIS cells exhibited broad and reproducible resistance to multiple
classes of chemotherapeutic agents, including standard drugs used in breast cancer
treatment. This resistance was shown to be reversible, as drug sensitivity was restored
upon exit from TIS and re-established after re-induction. The consistency of these patterns
across cell lines and treatment conditions suggests that the TIS state alone is sufficient to

confer a distinct and clinically relevant drug-resistant phenotype.
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4.4. Investigation of the response of TIS cells to senolytic treatments

4.4.1. Response to the senolytic agent Navitoclax

To explore whether senescent cells could be selectively targeted and eliminated during
chemotherapy, we focused on navitoclax, a well-characterized Bcl-2 family inhibitor that
has been widely studied for its senolytic potential. Given the continued uncertainty
regarding how specifically Bcl-2 inhibitors act on senescent cells, we designed a
combinatorial treatment approach in which navitoclax was administered alongside DOX
during the induction of TIS. The aim was to determine whether depleting TIS cells during
this phase could prevent subsequent repopulation. In short-term cytotoxicity assays,

navitoclax showed clear senolytic activity (Figure 10).
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Figure 10. Dose-response curves showing the sensitivity of CTR (black), TIS (red),
REPOP (gray), and re-TIS (orange) cells to navitoclax treatment.

The aim was to determine whether depleting TIS cells during this phase could prevent
subsequent repopulation. However, the results of longer treatments were inconsistent,
ranging from complete elimination of cells to no noticeable effect. (Figure 11). Our results
indicate that navitoclax must be present from the start of DOX treatment to effectively
reduce relapse, implying that Bcl-2 upregulation may occur as an early response to

chemotherapy rather than as a senescence-specific adaptation.
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Figure 11. Representative crystal violet staining of breast cancer cell cultures treated
with DOX alone (A) or in combination with navitoclax (DOX + navitoclax) (B),

illustrating long-term treatment outcomes.

To validate our in vitro findings in an in vivo context, we selected a clinically relevant
mouse model of triple-negative breast cancer (TNBC), in which a single dose of pegylated
liposomal doxorubicin (DOXIL) resulted in complete tumor regression (Figure 12A). In
this model, the absence of detectable or palpable tumors was maintained for a period of
40 to 60 days following treatment (Figure 12B), which was consistent with the response
observed in vitro. Subsequent treatment with navitoclax, however, did not improve
therapeutic outcomes. No significant difference in tumor relapse time was observed
between the DOXIL and the DOXIL-navitoclax groups (Figure 12C), and overall survival
remained unchanged (Figure 12D). These results highlight the limited therapeutic

potential of navitoclax in this setting, despite its previously reported senolytic activity.
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Figure 12. (A) Schematic representation of the experimental design used to compare
DOXIL monotherapy with the combination of DOXIL and navitoclax in an in vivo TNBC
model. (B) Representative tumor growth curve of Brcal /;p537/ tumors following
treatment with the maximum tolerated dose of DOXIL. (C) Tumor growth curves of
individual Brcal /;p537/ mice treated with DOXIL (n = 7) or DOXIL + navitoclax (n =
13). (D) Kaplan—Meier survival analysis of Brcal /;p537/ tumor-bearing mice treated
with DOXIL (n = 7) or DOXIL + navitoclax (n = 13). Statistical comparison revealed no
significant difference between groups (p = 0.3888).

4.4.2. Response to additional senolytic compounds

To further investigate the sensitivity of TIS cells to additional senolytic compounds, we
tested a panel targeting diverse molecular pathways, including several Bcl-family
inhibitors. ABT-737 (Bcl-2/Bcl-XL) and A-1331852 (Bcl-XL) selectively reduced the
viability of TIS cells, suggesting a key role for Bcl-XL in apoptosis resistance (Figure
13). In contrast, venetoclax (Figure 8A), a selective Bcl-2 inhibitor, showed similar

toxicity in CTR and TIS cells, indicating no selective senolytic effect.
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Figure 13. Cytotoxicity assay of CTR (black) and TIS (red) cells to the senolytic agents
ABT-737 and A-1331852.

To determine whether differential expression of Bcl family proteins could explain these
observations, we analyzed their expression and localization during and after doxorubicin
treatment. However, neither protein expression level nor subcellular distribution

correlated with drug sensitivity (Figure 14A, B).
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Figure 14. (A) Comparative evaluation of Bcl-2 and Bcl-XL expression intensity,
localization, and cellular heterogeneity in CTR and TIS cells on day 12 of senescence
induction. (B) Western blot analysis of Bcl-2 and Bcl-XL expression during a 12-day TIS

induction protocol, showing temporal changes associated with senescence progression.
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We also tested additional senolytic agents, including dasatinib, fisetin, quercetin, and
piperlongumine, which were previously reported to selectively eliminate senescent cells.
However, TIS cells in our system did not exhibit increased sensitivity to these agents; in

fact, in most cases, they showed resistance (Figure 15).
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Figure 15. Cytotoxicity assay of CTR (black) and TIS (red) cells to the senolytic agents

dasatinib, fisetin, piperlongumine and quercetin.

4.5. Bulk RNA sequencing analysis of TIS

To characterize the transcriptional features of the TIS state across four breast cancer cell
lines, we performed bulk RNA sequencing (bulk RNA-seq) and analyzed differentially
expressed genes (DEGs). The bioinformatic processing and analysis of the bulk RNA-
seq data were performed by Anna Lovrics. For each cell line, we included samples

representing all three cellular states (CTR, TIS, and REPOP).

Although gene expression patterns varied between cell lines, 929 genes were found to be
commonly differentially expressed in TIS compared to CTR cells (Figure 16A, B). Of
these, 896 (96.5%) were upregulated, while only 33 genes (3.5%) were downregulated.
In contrast, the transition from TIS to REPOP involved 722 differentially expressed
genes, with 706 (97.8%) downregulated and only 16 (2.2%) upregulated (Figure 16C, D).
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When CTR and REPOP cells were compared, only one gene (IFIT1) remained
upregulated in all cell lines, and no genes were consistently downregulated (Figure 16E,
F). These findings indicate that TIS is associated with strong transcriptional activation,
which is reversed upon exit from senescence and restoration of proliferative capacity.
This bidirectional regulation underscores the dynamic and reversible nature of the TIS-

associated transcriptome.

To identify TIS-specific genes, we selected transcripts upregulated during senescence and
downregulated upon re-entry into the cell cycle. This analysis identified 316 mRNAs
transiently elevated during TIS. Although REPOP and CTR cells showed similar
transcriptomes — only IFIT1 was consistently upregulated across all four cell lines — 22

additional genes showed persistent overexpression in at least three cell lines.
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Figure 16. (A, B) UpSet plots showing the overlap of DEGs identified in CTR vs. TIS
comparisons. Panel (A) displays upregulated genes, while panel (B) shows
downregulated genes. Red bars indicate genes commonly altered across all four cell
lines. (C, D) UpSet plots of DEGs from TIS vs. REPOP comparisons, highlighting
upregulated (C) and downregulated (D) genes. Shared DEGs detected in all cell lines are
marked in red. (E, F) UpSet plots of DEGs from CTR vs. REPOP comparisons,
illustrating upregulated (E) and downregulated (F) genes.

4.5.1. Pathway analysis

To identify shared molecular features of the TIS phenotype, gene set enrichment analysis
(GSEA) was performed on the mRNA expression data (Figure 17A). The analysis
identified several characteristic pathways associated with the TIS state. TIS cells
exhibited markedly reduced proliferative activity, as five out of six proliferation-related
gene sets from the Molecular Signatures Database (MSigDB) “hallmark™ collection —
including G2M Checkpoint, E2F Targets, MYC Targets V1 and V2, and Mitotic Spindle
— were significantly downregulated. The only exception was the p53 pathway, which
remained unchanged. The DNA Repair gene set was also suppressed, indicating a reduced
capacity for maintaining genomic integrity during senescence. Furthermore, all seven
immune-related hallmark gene sets — including Allograft Rejection, Coagulation,
Complement, Interferon alpha and gamma responses, IL6-JAK-STAT3 signaling, and
Inflammatory Response — showed differential regulation, indicating that the TIS state
may be associated with substantial alterations in immune-related signaling pathways.
Importantly, all of these transcriptional changes were reversed in REPOP cells following

escape from senescence (Figure 17B).
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Figure 17. Gene set enrichment analysis (GSEA) of RNA-seq data from MCF7, T47D,
MDA-MB-231, and Hs578T cells, displaying the top 10 positively and negatively
enriched pathways based on normalized enrichment scores (NES). Panel (A) shows
pathway alterations in CTR vs. TIS comparisons, while panel (B) represents changes

observed between TIS and REPOP states.

4.5.2. Drug resistance analysis

To explore potential mechanisms underlying the drug resistance observed in TIS cells,
we examined the expression of known drug resistance genes, including efflux
transporters, DNA repair factors, and targets of the tested compounds (Figure 18A). In
most cases, gene expression patterns did not correlate with drug sensitivity or resistance.
For example, although CDK1,2,4,5,7, and 9 are targets of multi-CDK inhibitors (AT7519,
SB-1317, dinaciclib), no consistent link was observed between their expression and CDK
inhibitor response. Similarly, the loss of FDPS or the overexpression of BCL2, which are
associated with sensitivity to tipifarnib or venetoclax, respectively, did not explain

resistance patterns in TIS cells (70, 71).

While increased expression of RRM1/2/2B is commonly linked to resistance against
agents like DOX (72), gemcitabine, and docetaxel, these genes were found to be
downregulated in TIS cells. Similarly, although SAMHD1 and DCK are known mediators
of antimetabolite resistance (73-75), only SAMHD1 showed moderate upregulation, and
only in two cell lines. Additionally, the expression of genes targeted by several biologic

therapies — such as FLT3 (crenolanib, gilteritinib, quizartinib), EGFR (gefitinib), BTK
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(ibrutinib), MDM2 (idasanutlin), FGFR1 (nintedanib), and PSMBS5 (bortezomib,
ixazomib) — was not upregulated in TIS cells. In some cases, even when targets like
NEDDS (targeted by pevonedistat (76)) were upregulated, this did not result in increased
drug sensitivity. Conversely, downregulation of genes such as IDH2 (targeted by

enasidenib) did not lead to resistance.

A few notable exceptions were identified. Downregulation of XPO1 and PLKI1 may
explain resistance to selinexor and volasertib, respectively (77, 78). Reduced expression
of DNMT1, DNMT3A/3B was detected in TIS cells, potentially limiting the efficacy of
DNMT inhibitors (5-azacytidine, 5-fluoro-2’-deoxycytidine) (79, 80). Similarly, TOP2A
downregulation may contribute to resistance against DOX, mitoxantrone, pixantrone and
voreloxin. Among drug efflux transporters, ABCB1 and ABCG2 were consistently
upregulated in all TIS models, while ABCC1 and ABCC3 were cell line-specific. Despite
the high expression of ABCB1 in TIS cells, resistance to several known substrates of this
transporter (81) — including belinostat, bortezomib, gefitinib, sorafenib, and sunitinib —
was not observed. To test whether ABCB1 plays a functional role, we inhibited it with
tariquidar and assessed doxorubicin sensitivity (Figure 18B). The treatment had no
detectable effect, indicating that ABCB1 overexpression alone is insufficient to protect

TIS cells from chemotherapy.
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Figure 18. (A) Heatmap showing scaled expression patterns of genes linked to resistance
mechanisms for the tested compounds. For each gene, expression values were centered
and normalized across all samples to highlight relative changes. (B) Effect of ABCBI
inhibition on DOX sensitivity in CTR and TIS cells. DOX response was measured in the
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absence or presence of 1 uM tariquidar, a third-generation ABCBI inhibitor. CTR cells
are shown in black (without inhibitor) and gray (with tariquidar); TIS cells in red

(without inhibitor) and orange (with tariquidar).

4.6. Single-cell RNA sequencing analysis of TIS

To gain a deeper understanding of TIS, we performed single-cell RNA sequencing
(scRNA-seq) on MCF7 and T47D breast cancer cell lines. This allowed detailed
examination of cell state transitions in response to therapy at the single-cell level,
capturing molecular changes associated with entry into and escape from TIS. The
bioinformatic processing and analysis of the scRNA-seq data were performed by Csaba
Kiss and Sandor Spisdk. To validate the quality of the scRNA-seq datasets, the
consistency between biological replicates was assessed, and pseudo-bulk expression
patterns were compared to those from bulk RNA-seq (Figure 19A,B). Gene expression
profiles were consistent across replicates, and the similarity between pseudo-bulk and

bulk data confirmed the reliability of the sScRNA-seq results.
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Figure 19. (A,B) Comparison of pseudo-bulk RNA-seq data generated from scRNA-seq
with bulk RNA-seq results for MCF7 (A) and T47D (B) cell lines. The analysis
demonstrates consistency between single-cell and bulk transcriptomic profiles, with red

indicating upregulated and green indicating downregulated genes.

4.6.1. Clustering analysis of cell states

In this study, scRNA-seq data from MCF7 and T47D cell lines were analyzed using
unsupervised clustering and uniform manifold approximation and projection (UMAP)
(Figure 20A, B). In both models, TIS cells were found to form distinct clusters, clearly
separated from CTR populations. In contrast, REPOP cells were positioned closer to CTR
cells, particularly in the T47D dataset, where the two populations almost completely

overlapped. These findings support the interpretation that the TIS state represents a
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transient and reversible transcriptional program. In MCF7, greater heterogeneity was
observed among REPOP samples. Despite being collected at the same time point,
replicate datasets displayed variable clustering patterns, suggesting that the process of

exiting TIS may vary between cells in terms of both timing and molecular mechanisms.

To compare the two models in a unified framework, datasets from MCF7 and T47D were
integrated and jointly normalized (Figure 20C). This analysis revealed clear separation
between cell lines and between cellular states. The results suggest that cell line-specific
transcriptional programs play a major role in defining global gene expression patterns. At
the same time, the TIS state also emerges as a strong and consistent factor, introducing a
distinct signature that is clearly detectable across models. These findings indicate that

both cell type and the TIS state contribute significantly to the observed transcriptomic

profiles.
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Figure 20. (A) UMAP plot of MCF7 single-cell transcriptomes showing clear separation
of CTR (light brown), TIS (scarlet), and REPOP (dark brown) clusters. The REPOP
population displays a partial shift toward CTR, indicating progressive reversal of the
TIS-associated transcriptional program. (B) UMAP plot of T47D cells revealing clear
separation between CTR (light green), TIS (crimson), and REPOP (light brown) clusters.
(C) UMAP-based integration of single-cell transcriptomes from MCF7 and T47D models
revealed clear differences driven by both cell identity and senescence status. CTR cells
(MCF7 in light brown; T47D in light green) from each line formed separate clusters, and
TIS populations (MCF7 in scarlet; T47D in crimson) also showed distinct positions

relative to their corresponding controls.

The biological replicates from both MCF7 and T47D cell lines were analyzed to assess
the separation of CTR, TIS, and REPOP populations (Figure 21A,B). In both models, the
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three cell states formed distinct clusters, indicating consistent transcriptional differences.
These findings support that REPOP cells originate from TIS cells that have regained
proliferative capacity, and further indicate that their emergence is not due to the expansion

of a minor subpopulation of surviving CTR cells.
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Figure 21. UMAP projections of combined biological replicates for MCF7 (A) and T47D
(B) cells, showing the distribution of CTR (dark brown for MCF7, dark green for T47D),
TIS (scarlet for MCF7, crimson for T47D), and REPOP (light brown for MCF?7, light
green for T47D) populations.

4.6.2. Investigation of senescence-associated transcriptional changes

To investigate senescence-associated transcriptional changes at the single-cell level, we
analyzed the expression of key regulatory genes involved in cell cycle control. The two
previously examined senescence markers - upregulation of CDKN1A (Figure 22A and B,
top left panels) and downregulation of LMNBI1 (Figure 22A and B, bottom right panels)
- showed transcript-level changes consistent with earlier protein data (Figure 5A),
confirming the TIS phenotype and point to a marked suppression of cell cycle progression
that appears specific to the TIS state. In addition, we examined the expression of other
genes linked to cell proliferation. Both TOP2A and MKI67 — markers typically associated
with dividing cells — showed low expression in the TIS population, further supporting the
idea that these cells are in a non-proliferative state (Figure 22A and B, top right and

bottom left panels). Interestingly, a small group of TIS cells — termed ‘escapers’ —
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displayed a mixed expression profile, characterized by the simultaneous presence of
proliferation- and arrest-associated transcripts. These cells, marked within dotted regions
on the UMAP plots, may represent a transitional subset capable of re-entering the cell

cycle and giving rise to REPOP cells.
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Figure 22. Feature plots showing expression patterns of TIS- and proliferation-
associated genes in individual MCF7 (A) and T47D (B) cells. TIS populations exhibit
strong CDKNIA (p21) expression, indicative of cell cycle arrest (top left panels). In
contrast, genes typically linked to active proliferation — such as LMNBI, TOP2A4, and
MKI67 — are downregulated (top right and bottom panels), consistent with the TIS state.
A subset of TIS cells marked with dotted regions, referred to as 'escapers’, shows elevated
levels of these proliferation markers, suggesting the presence of a transcriptionally

distinct group with potential to re-enter the cell cycle.

4.6.3. Pathway analysis

Single-cell transcriptomic analysis revealed characteristic molecular features of TIS cells
that may underlie their survival and drug resistance. In MCF7 cells, several DNA repair
pathways — including Homologous Recombination, Base Excision Repair, and the
Fanconi Anemia Pathway — were markedly downregulated (Figure 23A), suggesting
reduced genomic maintenance capacity. ATP-dependent chromatin remodeling and key
regulators of the cell cycle and DNA replication were also suppressed, pointing to a stable
growth-arrested state. In parallel, pathways related to Estrogen Signaling, ECM-receptor
interactions, and Cell Adhesion Molecules were activated, possibly enhancing cell

survival through microenvironmental interactions.
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T47D cells showed a comparable transcriptional profile (Figure 23B), including
downregulation of the same three DNA repair pathways observed in MCF7. Additionally,
Mismatch Repair and Nucleotide Excision Repair pathways were also downregulated,
indicating a more extensive reduction in genome maintenance capacity. Beyond DNA
repair, decreased activity in the Spliceosome and the One-Carbon Pool by Folate pathway
suggests disruption in RNA splicing and folate-mediated metabolic processes, which may
further stabilize the senescent state. Altogether, these findings highlight coordinated

pathway-level changes that support TIS cell persistence and resistance to therapy.
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Figure 23. Gene set enrichment analysis (GSEA) was performed to compare gene
expression profiles between MCF7 (A) and T47D (B) TIS and CTR cells. Normalized
enrichment scores (NES) indicate the direction of pathway regulation, with positive

scores indicating upregulated pathways and negative values indicating downregulated

pathways.

4.6.4. Trajectory analysis of cell states

To explore transcriptomic transitions between cell states, trajectory analysis was
performed on CTR, TIS, and REPOP populations (Figure 24A, B). A set of 93 genes
found to be differentially expressed between CTR and TIS across both MCF7 and T47D
lines were mapped along the trajectories. In MCF7 cells, TIS populations form a distinct
cluster, while REPOP cells shift back toward CTR, indicating partial transcriptomic
recovery. In T47D, REPOP and CTR cells show near-complete overlap, suggesting full

exit from senescence and restoration of a proliferative state.
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Trajectory mapping highlighted the reactivation of the cell cycle as a key feature of the
TIS-to-REPOP transition. To rule out the possibility that this was driven solely by cell
cycle genes, the analysis was repeated with these genes excluded. The outcome remained
unchanged, supporting the conclusion that senescence is reversible and that TIS cells can

resume proliferation once cell cycle arrest is terminated.
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Figure 24. (A,B) UMAP trajectory analysis of MCF7 (A) and T47D (B) cells, showing
changes in gene expression along transitions between different cellular states. The upper
panels illustrate the shift from CTR to the TIS state, while the bottom panels trace the
progression from TIS to REPOP.

4.6.5. Drug resistance analysis

To explore potential contributors to drug resistance in TIS cells, we analyzed the
expression of selected resistance-related genes (Figure 25). No shared mechanism was
identified across both cell lines. Although certain changes — such as decreased TOP2A in
MCEF7 or reduced NEDDS8 in T47D — appeared potentially relevant, these associations
were not observed in the other cell line or in REPOP states. Notably, both models
remained resistant to topoisomerase Il inhibitors and pevonedistat despite opposing
expression trends. These observations, in line with bulk RNA-seq results, point toward a
more complex, multifactorial basis for drug resistance in TIS cells that is unlikely to be

explained by single-gene effects.
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Figure 25. Heatmap showing expression of genes linked to drug resistance, senescence,
and cell cycle control across CTR, TIS, and REPOP states in MCF7 and T47D cells.
Senescence markers are upregulated in TIS and downregulated in REPOP, while drug
resistance genes show variable expression patterns between the two models. The data
illustrate the intricate relationship between semnescence, proliferative capacity, and

treatment response.
4.7. Investigation of the immunomodulatory effect of TIS cells

To determine whether TIS cells can modulate their immune environment, we analyzed
cytokine mRNA expression levels in MCF7 and T47D cell lines (Figure 26), with a
specialized assay performed by Karoly Hegediis. IL6 showed the most pronounced
upregulation, with a 70-fold increase in MCF7 and a 32-fold increase in T47D cells. IL13
expression was also strongly upregulated, with 7-fold and 5-fold elevations in MCF7 and
T47D, respectively. IL10 expression exhibited cell line-specific differences: while T47D
TIS cells demonstrated a striking 19-fold increase, the elevation in MCF7 was modest

(1.7-fold).
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Figure 26. Cytokine expression profiling of CTR and TIS cells derived from (A) MCF7
and (B) T47D cultures. Relative expression levels of 3 immunosuppressive cytokines.
Cytokine expression data were normalized to the average cycle threshold (Ct) of the four

reference genes to ensure accurate quantification.
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These cytokines are known to contribute to immune evasion and tumor-promoting
processes: IL6 promotes the accumulation of myeloid-derived suppressor cells, which
reduce T-cell-mediated antitumor responses (82), IL10 decreases immune activity and
supports angiogenesis (83), and IL13 leads to macrophage polarization toward an
immunosuppressive, tumor-supportive state (84). Together, these changes may alter the
tumor microenvironment by reducing immune surveillance and creating conditions that

support tumor development.

4.8. Surface proteomic profiling of TIS

To identify potential therapeutic targets specific to senescent cancer cells, we analyzed
surface and secreted proteins with potential relevance for immunotherapy or targeted
inhibition. The proteomic experiments and data analyses were carried out by Gabor
Tusnady and Tamas Lango, using a biotin-based labeling method optimized for capturing
membrane-bound and secreted proteins, as developed by Lang6 et al. (66, 85). This
method was applied to MCF7 CTR, TIS and REPOP cells. Clustering analysis based on
6 CTR, 8 TIS, and 8 REPOP replicates showed that TIS cells segregated clearly from
both CTR and REPOP groups, which exhibited similar protein expression profiles (Figure
27).

Sample cluster tree

REPOP/CTR

Protein cluster tree

Figure 27. Hierarchical clustering of proteomic profiles (Z-score normalized) from
MCF7 CTR, TIS, and REPOP conditions. Euclidean distances were calculated between
data points in both the sample (columns) and protein (rows) dimensions, and clustering
was performed accordingly. TIS samples (yellow) form a distinct cluster, clearly
separated from CTR (red) and REPOP (blue) samples. Several protein clusters (C1-C7)
exhibit coordinated upregulation (red) or downregulation (blue) across sample groups.

Statistically significant proteins (FDR < 0.05) are marked on the right.
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When comparing TIS cells to CTR and REPOP states, 420 proteins were differentially
expressed between CTR and TIS, and 370 between TIS and REPOP, while only 92
proteins differed between CTR and REPOP (Figure 28). These findings support our
previous results, indicating that TIS is characterized by a distinct, yet reversible, shift in

the surface proteome.
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Figure 28. Volcano plots displaying differentially expressed proteins during the
transitions from CTR to TIS (A), TIS to REPOP (B), and CTR to REPOP (C). Significantly
altered proteins (FDR<0.05) are highlighted in red (upregulated) or blue
(downregulated), with thresholds marked by blue dotted lines. The number of significant

changes is indicated in the top corners of each panel.

Proteomic analysis identified 95 proteins that were specifically overexpressed in TIS

cells, underscoring the distinct molecular features of the senescent state (Figure 29).
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Figure 29. Heatmap showing 95 proteins selectively upregulated in TIS cells,

highlighting the unique proteomic profile associated with the senescent state.

Of these, 41 had previously been associated with cellular senescence, and 17 were linked
to alternative splicing and spliceosome. Several proteins — FBL (86), NME2 (87), FLNA
(88), ENOI1 (89), and ANXA2 (90) — have also been identified as SASP components in
senescent fibroblasts induced by irradiation, oncogenic RAS, or atazanavir treatment,

highlighting similarities between TIS and senescence observed in non-malignant cells.

We also detected plasma membrane localization of HMGBI1, a damage-associated
molecular pattern (DAMP) molecule known to translocate from the nucleus during

senescence (91, 92), as well as secretion of GDF15, an emerging marker of aging and
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senescence (93). The enrichment of spliceosome-related proteins suggests that RNA
splicing may contribute to the establishment or maintenance of the senescent state. The
remaining 52 proteins have not been previously linked to senescence and may represent

novel regulators or biomarkers of the TIS state.

Additionally, our proteomic analysis identified a cell surface protein that was exclusively
expressed on senescent cells. Given its apparent specificity for the senescent state, this
protein may serve as a promising immunotherapeutic target for the selective elimination
of TIS cells, with minimal impact on non-senescent populations. The exploitability of this
marker is currently being evaluated in collaboration with several research groups. As prior
art searches and intellectual property assessments are ongoing, the precise identity of the

protein is not disclosed at this stage.
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5. Discussion

Therapy-induced senescence (TIS) TIS has been considered a beneficial outcome of
cancer treatment, as it stops tumor cells from proliferating without necessarily causing
cell death (40). This strategy aims to halt tumor cell proliferation by inducing permanent
growth arrest, thereby reducing the need for high-dose cytotoxic treatments, which are
often associated with toxicity and the development of resistance (94). However, our
findings suggest that TIS may represent a transient, drug-tolerant state rather than a stable
endpoint, raising concerns about its long-term therapeutic value and highlighting the need

to re-evaluate its role in cancer therapy.

To effectively compare findings across studies, a clear definition of TIS is crucial, yet a
major challenge remains the lack of a universal marker for identifying senescent cells. No
single biomarker can definitively establish senescence, therefore, using a combination of
multiple markers is necessary for reliable identification of senescent cells (43, 44). In
addition, Ashraf et al. demonstrated that even the presence of multiple markers does not

guarantee that a cell is truly senescent (95).

Our results strongly supported the presence of TIS in the surviving cell populations. In
addition to classical senescence markers such morphology, X-Gal staining, CDKN1A and
LMNBI, both transcriptomic and proteomic analyses revealed TIS-associated features.
In addition to well-known senescence markers such as upregulation of CDKNIA and
downregulation of LMNBI, our transcriptomic analysis revealed a unique gene
expression profile that was consistently upregulated during TIS across all examined
breast cancer cell lines, suggesting the presence of a potential TIS-specific signature. This
included genes linked to senescence (e.g., MMP12 (96), CYP1A1 (97), BIRC3 (98),
COL4A3 (99), NTRK2 (100) and aging (e.g., CCL26 (101), GRID2 (102), CA10 (103),
CLECI2A (104). Proteomic profiling of the surfaceome showed increased secretion of
various components, including SASP-related proteins, translocated HMGBI, and
ribosomal elements. This reproducible pattern suggests the existence of a TIS-specific
molecular profile that may serve as a potential biomarker set for identifying senescent

cells in breast cancer.

A growing number of studies indicate that TIS cells can eventually escape this state;
however, the duration of the inducing treatment plays a critical role in this context.

Senescence is generally considered irreversible when the stimulus persists for more than
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4 days (105, 106). However, if the treatment lasts less than 96 hours, many cancer cells
retain the ability to evade senescence and later resume proliferation. In early studies,
Robertson et al. showed that a small fraction of non-small cell lung cancer cells — lacking
both p16 and p53, which are known to limit senescence reversibility — escaped therapy-
induced senescence after 1-3 days of camptothecin treatment, with proliferative
outgrowth observed within 20-25 days (41). Saleh et al. conducted a series of studies on
TIS escape across various cancer cell lines, using treatments of less than 24 hours. In most
cases, the cells resumed proliferation within 5 to 7 days after drug removal (42, 63).
Ashraf et al. induced senescence by treating cells with etoposide for 24 hours; however,

approximately 1.7% of the cells escaped growth arrest and resumed proliferation within

10 days (95).

In contrast to previous studies, we used a significantly longer drug exposure (120 hours),
followed by analysis of surviving cells 12 days after the initial treatment to ensure that
senescence was fully established. In our system, repopulation occurred only after more
than 25 days, closely resembling relapse dynamics observed in a clinically relevant mouse
model of triple-negative breast cancer treated with doxorubicin (107, 108). Given these
complexities, our approach prioritized not only the detection of senescence markers but

also functional validation to accurately characterize the TIS phenotype.

In addition to examining the phenomenon of TIS escape, our study aimed to characterize
the defining features of the REPOP state. Although REPOP cells closely resemble CTR
cells in drug sensitivity and gene expression, transcriptomic analysis revealed a 23-gene
signature that persisted from the TIS state. Among these, IFIT1 was consistently
upregulated in all four cell lines, while 22 other genes showed persistent expression in at
least three cell lines. IFIT1 has been previously linked to residual breast cancer and has
been identified as part of an interferon-related DNA damage resistance signature
alongside ISG15 (109, 110). Among the 22 genes, additional IFIT family members such
as [FIT3 and IFITM1 were also identified. IFIT3 has been linked to senescence regulation
and poor therapy response in various cancers (111, 112), while IFITM1 is associated with
treatment resistance and immune evasion (113, 114). These genes stayed overexpressed
even after cells escaped senescence, suggesting that TIS leaves a lasting molecular mark,
that may help the repopulating cancer cells survive, avoid the immune system, and resist

later treatments.
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Senolytic agents offer potential for eliminating senescent cells and thereby preventing
their detrimental effects. Among these, antiapoptotic Bcl-2 inhibitors were developed to
target the apoptosis-resistant phenotype characteristic of senescent cells. Although earlier
studies reported that Bcl-2 inhibitors efficiently target senescent cells (59-61), our results
did not fully support these findings. Venetoclax showed similar toxicity in CTR and TIS
cells, and although navitoclax, ABT-737, and A1331852 showed some TIS-selective
activity in vitro, the long-term efficacy of navitoclax was inconsistent and showed no
significant impact in vivo. Importantly, in our experiments, neither the expression levels
of Bcl-2 and Bcl-XL nor their subcellular distribution correlated with drug sensitivity.
These observations suggest that the effects of these compounds may be mediated by

alternative mechanisms rather than direct targeting of Bcl-2/xL in TIS cells.

Moreover, the apoptosis-resistant phenotype would also imply a broader drug resistance
in TIS cells, which was not consistently supported by our data. In our experiments, HDAC
inhibitors — despite their proposed senolytic and apoptosis-inducing potential (115, 116)
— exhibited similar toxicity in both CTR and TIS cells. Likewise, proteasome and tyrosine
kinase inhibitors, known to trigger apoptosis, did not show resistance in TIS cells (117,
118). These observations do not support the notion that TIS cancer cells are generally

resistant to apoptosis.

Although a defining feature of senescent cells is their lack of proliferation, which is
typically associated with increased tolerance to chemotherapy (119), our results indicate
a more complex relationship between TIS and drug sensitivity. Proliferation-dependent
drugs such as AT7519 (120), ibrutinib (121), masitinib, sorafenib and sunitinib (122)
effectively eliminated TIS cells, despite their non-proliferate state. In contrast, drugs
known to target non-dividing cells, like carfilzomib (123), homoharringtonine (124), and
melphalan (125), showed no effect. This paradox suggests that the chemoresistance
observed in TIS is not solely due to cell cycle arrest but involves distinct, non-canonical

protective mechanisms (126).

In our study, we detected several spliceosome-related proteins among the secreted
surfaceome components. While the role of the spliceosome in cellular senescence (127,
128) and SASP (129) is still being uncovered, its contribution to intercellular
communication remains unclear. Under stress conditions — such as chemotherapy or

hypoxia — key splicing factors like SRSF1 and SRSF3 are known to shift from the nucleus
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to the cytoplasm and may be released via extracellular vesicles (130). This mechanism
could influence neighboring cells by modulating their stress response capacity. Our
findings support the hypothesis that secreted spliceosome proteins could contribute to

adaptive responses during TIS.

Previous studies indicate that TIS cells play a dual role in immune regulation. On one
hand, they can trigger immune-mediated tumor suppression — a process referred to as
"senescence surveillance" — while on the other, they may facilitate immune evasion and
support tumor progression (21, 27, 28). Also some studies report that senescent cells are
immunogenic and subject to immune clearance (131, 132), others suggest they can escape
immune detection (133, 134). In our experiments, TIS cells showed marked changes in
signaling pathways related to immune and environmental interactions and support the
notion of an immune-evasive phenotype. The modulation of Cytokine-Cytokine Receptor
Interaction pathway and activation of Neuroactive Ligand-Receptor Interaction pathways
suggest an altered communication profile that may promote immune evasion and long-
term persistence. Furthermore, activation of Cytosolic DNA-Sensing Pathway and
Helicobacter pylori and Staphylococcus aureus Infection pathways points to adaptive
responses that help TIS cells cope with chronic inflammation or microbial stress. Several
overexpressed genes in TIS cells, including LGALS9 (135), CXCL12 (136), TREM1
(137), and MACCI1 (138), have previously been implicated in suppressing T cell activity
or promoting immune escape. The observed upregulation of IL6, IL10, and IL13
cytokines in TIS cells suggests that TIS may actively contribute to remodeling the tumor
microenvironment. These cytokines are associated with immunosuppressive
mechanisms, such as reduced T-cell activity (82), enhanced accumulation of suppressive
immune cells (82), and macrophage polarization (84). In line with previous findings by
Ruhland et al., IL6 may promote a pro-tumorigenic niche and sustaining chronic
inflammation (29). Moreover, IL6 has been implicated in angiogenesis, further
supporting tumor progression and survival (27). These findings point to a complex
immunosuppressive phenotype in TIS cells that may support their long-term persistence

and present challenges for immune-mediated clearance.
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6. Conclusions
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High-dose doxorubicin treatment successfully induced therapy-induced senescence
(TIS) in four breast cancer cell lines, as confirmed by a multimarker analysis of

senescence-associated characteristics.

Our findings demonstrate that TIS is a reversible state. All examined cell lines
escaped TIS over time and formed repopulating (REPOP) cells with control-like
morphology and transcriptional profile. After repeated treatment, REPOP cells re-

entered senescence and re-established resistance, confirming TIS reversibility.

Senolytic agents showed limited efficacy against TIS cells. While some Bcl-2/Bcl-
XL inhibitors had partial effects in vitro, the long-term effect of navitoclax was

inconsistent, and no significant difference in tumor relapse time was observed in vivo.

Our drug screening studies revealed that TIS cells have a unique resistance profile
with broad resistance to multiple chemotherapeutic agents. This phenotype was
absent in control (CTR) and REPOP cells but reappeared in re-TIS cells. Resistance
was not explained by classical mechanisms, suggesting involvement of non-

canonical regulatory processes.

Bulk and single-cell RNA sequencing revealed extensive transcriptional
reprogramming in TIS cells, including the downregulation of proliferation and DNA
repair pathways and the modulation of immune-related signaling. These changes
were reversed in REPOP cells, highlighting the dynamic nature of the TIS state.
Single-cell analyses also highlighted the heterogeneity of REPOP populations and
suggested the presence of a distinct subset of 'escaper' cells that may drive

repopulation after senescence.

Proteomic profiling of surface-expressed and secreted proteins identified 95 proteins
uniquely upregulated in TIS. This included known senescence markers and SASP
factors, as well as novel candidates related to splicing and immune modulation. These

findings could contribute to the identification of TIS-related biomarkers.
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7. Summary

Our study provides a detailed characterization of therapy-induced senescence (TIS) in
breast cancer, revealing it as a dynamic and reversible cell state. Using optimized in vitro
models and multiple molecular approaches — including bulk and single-cell RNA
sequencing and surface proteomics — we demonstrated that TIS is not a terminal growth
arrest, but rather a transitional state associated with distinct molecular and phenotypic

changes.

TIS cells showed resistance to a wide range of chemotherapeutics, including commonly
used drugs in breast cancer treatment, yet this resistance was reversible upon exit from
senescence, indicating that TIS alone temporarily protects cancer cells from treatment.
Despite extensive molecular profiling, no single resistance gene or canonical pathway
could explain the observed drug tolerance, suggesting that TIS-associated resistance
arises from multifactorial, context-dependent processes. The limited response of TIS cells
to senolytic agents further highlights their therapeutic challenge, as our results were

inconsistent across different compounds and conditions.

Whereas TIS is often viewed as a beneficial endpoint that halts tumor progression, our
results show that TIS cells can re-enter the cell cycle and repopulate cultures,
accompanied by transcriptional reversal. Transcriptomic analyses revealed widespread
gene expression changes during TIS, characterized by downregulation of proliferation
and DNA repair pathways and modulation of immune-related programs. Notably, these
changes were reversed in repopulating cells, highlighting the plasticity of this state.
Importantly, TIS cells exhibited immune-evasive features, including altered immune
signaling and increased expression of immunosuppressive factors, potentially enabling
them to escape immune clearance and persist over time, further complicating therapeutic

elimination.

In conclusion, this work redefines TIS as a reversible, adaptive resistance phenotype in
breast cancer, highlighting the limitations of TIS as a therapeutic endpoint. It also
underscores the challenges of targeting TIS cells with current agents and emphasizes the
need for novel treatment strategies. Further research will be needed to uncover regulatory
mechanisms — such as chromatin remodeling, RNA processing, epigenomic regulation
and immune evasion — that sustain the TIS state and enable its reversal, with the goal of

preventing relapse and improving long-term treatment outcomes.
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