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Abstract 
 
Prostate cancer (PCa) is one of the most diagnosed cancers in men worldwide, promp-ng extensive 

research into effec-ve treatment strategies. This type of cancer is an androgen dependent tumor. 

The ini-al therapeu-c op-ons involve prostatectomy and androgen depriva-on therapy (ADT), 

which in most of the cases is sufficient to treat the cancer. However, in some cases the phenotype 

of PCa becomes more aggressive, developing resistance to ADT. In this context, chemotherapies and 

androgen target therapies are needed to control tumor progression. All these treatments aim to 

trigger apoptosis and programmed cell death. However, new research indicates that most of the 

an-cancer therapies in clinics can induce senescence; consequently, cancer cells use cellular 

senescence as an alterna-ve survival strategy to avoid apoptosis. 

Cellular senescence is a state in which cells don’t divide and undergo a stable irreversible growth 

arrest. Various internal and external factors, including normal aging processes, DNA damage, stress, 

cellular insults, and therapies can trigger this phenomenon.  

Since senescent cancer cells stop prolifera-ng, cellular senescence ini-ally acts as a protec-ve 

mechanism against tumor progression and ini-a-on of poten-al malignancies. However, senescent 

tumor cells, despite being non-prolifera-ve, remain metabolically ac-ve and exhibit a dis-nct 

secretory phenotype, called senescence-associated secretory phenotype (SASP), which contribute 

to tumor progression, prolifera-on, and metastasis over -me.  

For these reasons, the elimina-on of detrimental senescent cells using specific drugs named 

senoly-c is needed.  

 

In this PhD project, we have used single-cell RNA sequencing as a powerful technique to inves-gate 

in depth the survival mechanisms of senescent tumor cells. I have developed a bioinforma-c 

algorithm named Senescence Index Tool (SIT), to iden-fy senescent cells in two prostate cancer 

mouse models, the Ptenpc-/- and the Ptenpc-/-; Timp1-/-. The SIT is based on two main features of 

senescence: the upregula-on of canonical senescence markers and the cell cycle arrest.   

In this context, the an-apopto-c gene Mcl-1 has been iden-fied as a key player in the survival of 

senescent cells. Remarkably, Mcl-1 shows elevated expression levels in senescent tumor cells, 

including the senescent cells where Bcl-2, a well-known senoly-c target, is expressed at low levels. 

 

We have inves-gated both in vitro and in vivo the poten-al of targe-ng Mcl-1 as an innova-ve 

senoly-c therapy in comparison with Navitoclax, the gold standard used in the clinics. While the Bcl-
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2 inhibitor Navitoclax demonstrated efficacy in reducing metastases, the Mcl-1 inhibitor S63845 

resulted in the complete elimina-on of senescent tumor cells and the associated metastases.  

MCL-1 also emerged as a pro-survival factor of senescent cells in the applica-on of SIT on datasets 

of human single-cell RNA sequencing. Moreover, the SASP analysis in the human senescent cells 

highlighted the presence of factors involved in the promo-on of migra-on of tumor cells, enhancing 

the role of senescence in promo-ng metastases. 

In conclusion, in this project, we have discovered that, although senescent tumor cells are a 

heterogenous popula-on, they rely on Mcl-1 for survival. Indeed, a potent senoly-c therapy 

targe-ng Mcl-1 impacts metastases outcomes.  By expanding our comprehension of prostate cancer 

possible treatment, this research offers a promising opportunity to enhance therapeu-c effects and 

counteract aggressive phenotypes and therapy-induced senescence. 
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1 Introduc1on  
 
1.1 Prostate cancer 

 
Prostate cancer (PCa) is the second most common diagnosed solid tumor in men, with one out of 8 

men being diagnosed with PCa during their lifespan, represen-ng a major cause of cancer-related 

mortality in men1. The prostate is a gland of the male reproduc-ve system, which has the func-on 

of producing and secre-ng fluids, part of semen, to maintain sperm viability.  
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Figure 1: Global geographical incidence, mortality and prevalent cases of prostate cancer  
(Top) Global incidence of prostate cancer in 2020; (Middle) Global mortality from prostate cancer in 2020; (Bo;om) Global incidence 
of prevalent cases in 2020. Figures are adapted from the Global Cancer Observatory (h;ps://gco.iarc.fr/today/home) 
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Different risk factors influence prostate cancer onset and outcome, including age, race, na-onality, 

diet/obesity and familiarity. Diet and obesity are the only modifiable risk factors and it has been 

demonstrated that the adop-on of a low-fat diet is associated with a lower risk of developing 

prostate cancer2. Furthermore, the risk of developing prostate cancer increases with age, with 70% 

of men diagnosed with the disease being over 65 years old. The race is considered another important 

risk factor for PCa. African Americans have the highest incidence rate globally. Interes-ngly, the 

disease is common in North America and Europe, while it is rare in Asia, Africa, and South America 

(Fig. 1) 3,4.  

 

In addi-on, PCa risk is strongly associated with familiar background. In fact, individuals with a familial 

history of PCa have the highest incidence of the disease (20.2% of men up to age 72), followed by 

breast cancer (13.6%) and colorectal cancer (12.8%)5.  

Benign prosta-c hyperplasia (BPH) can occur during aging, causing an increase in the size of the 

prosta-c gland. However, this condi-on is not directly linked to PCa onset. 

 
Figure 2: Prostate cancer development and gene=c altera=on during progression.  
Prostate hyperplasia PIN develops into malignant adenocarcinoma, which can acquire metastaLc phenotype and spread outside to 
the lymph nodes, bones, or viscera. Figure adapted from3. 
 
Oxida-ve stress, DNA damage, gene-c and epigene-c altera-on, inflamma-on, gene-c factors and 

telomere shortening are processes known to ini-ate prostate cancer tumorigenesis, which is a mul--

step process. In fact, in pathological condi-ons, the prostate gland starts to proliferate abnormally 

rising to prostate hyperplasia (PIN), without affec-ng the gland structure. Subsequently, when 

tumoral cells invade the stroma surrounding the glands, PCa is classified as low-grade intraepithelial 

neoplasia (LGPIN). If the stromal infiltra-on is massive, high-grade PIN (HGPIN) of the tumor is 

reached. Subsequently, when the migratory and invasive capability of tumor cells is enhanced, PCa 

develops as adenocarcinoma and then progresses as metasta-c prostate cancer when tumor cells 
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reach distant organs and form new niches called metastases (Fig. 2)6,7. The most common sites of 

metastases forma-on are pelvic lymph nodes (99%) and bones (84%), however distant lymph nodes 

(10.6%), liver (10.2%), lungs (9.1%) and brain (<2%) can be uncommon sites of metasta-za-on. Of 

note, metastases in son -ssues are associated with poorer survival8. 

 

Since prosta-c tumor cells express high levels of androgen receptor (AR), PCa is considered a 

hormone dependent-tumor. Typically, prostate cancer is detected through a blood test to measure 

prostate-specific an-gen (PSA) level, a serine protease ac-vated by AR and elevated in pa-ents with 

prostate cancer. When a high level of PSA is detected, appropriate examina-ons like echography, 

mul-parametric magne-c resonance imaging or micro-ultrasound technology on the prostate with 

subsequent prostate biopsy are needed to diagnose prostate cancer9 . 

PCa treatment depends on the stage of the disease at diagnosis and involves a combina-on of 

surgical removal, hormonal therapy, androgen depriva-on therapy and chemotherapy3 (Fig.3). 

When prostate cancer is diagnosed at the localized stage, standard treatments include surgical 

excision (prostatectomy) and irradia-on using radiotherapy (beam therapy) or brachytherapy 

(implanta-on of radioac-ve sources)10.  

To target the androgen sensi-vity of prostate tumor cells, pa-ents undergo androgen depriva-on 

therapy (ADT), also known as chemical castra-on. ADT aims to lower androgen levels to control 

tumor progression. Several strategies have been developed for ADT. Luteinizing hormone-releasing 

hormone (LHRH) using agonists or antagonists, AR blockers such as Enzalutamide, Apalutamide or 

Darolutamide, and Abiraterone, an inhibitor of CYP17, an enzyme involved in androgen synthesis, 

are the gold standard therapy in the castra-on-sensi-ve phase3 (Fig.3). 

Response to the therapy is achieved through regular monitoring of PSA levels and/or radiological 

examina-ons. Of note, a decrease in PSA levels indicates a posi-ve response to the therapy. 

However, in case of biochemical relapse, when PSA levels increase, prostate cancer transforms from 

castra-on sensi-ve prostate cancer (CSPC) phase to a castra-on resistance prostate cancer phase 

(CRPC). 

CRPCs are the most lethal form of PCa, characterized by the metastasis’s onset. In CRPC phase, 

chemotherapy with the administra-on of Docetaxel, Cabazitaxel and Radium-223 is employed as 

pallia-ve treatment (Fig.3). 
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Figure 3 : Prostate cancer treatments across the progression 
SchemaLc scheme of disease stage and the treatment approaches starLng from the diagnosis. Figure adapted from 3. 
 
PCa is the most heritable cancer since its onset is related to gene-c factors. Germline muta-ons in 

DNA repair genes such as BRCA1, BRCA2, ATM, ATR, PALB2, CHECK2, and mismatch repair genes 

(MSH2, MSH6 and PMS2) increase the PCa suscep-bility11. Interes-ngly, men harboring these 

muta-ons represent a large propor-on of those developing metasta-c prostate cancer12.   

Moreover, the accumula-on of soma-c muta-ons in the prosta-c epithelium is associated with PCa 

development. Aberra-ons can occur in either oncogenes or tumor suppressor genes, resul-ng in 

altera-on of transcrip-on and transla-on of tumor cells. These changes affect the func-onal 

homeostasis of the prostate gland. 

The most common gene-c aberra-ons in prostate cancer pa-ents consist of TP53 and SPOP 

muta-ons, RB1 and PTEN dele-on, MYC amplifica-on and TMPRSS2–ERG fusion13. Of note, the 

androgen receptor (AR), one of the key modulators of PCa, undergoes amplifica-on in the late stage 

of the disease, in the CRPC phase. More than one gene-c altera-on can coexist in a pa-ent. 

Muta-ons can drive tumor development and/or can be acquired during tumor progression and 

treatment, resul-ng in therapy resistance and enhanced aggressiveness. For instance, although AR 

amplifica-on is completely absent in primary tumors, gene-c altera-ons in AR emerge during 

treatment and progression of prostate cancer to CRPC, indica-ng a role in ADT therapy resistance14.   
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1.1.1 Phosphatase and Tensin-Homolog-Gene (PTEN) 

 

The loss of Phosphatase and Tensin-Homolog-Gene (PTEN) is one of the most frequent muta-ons in 

advanced and metasta-c prostate cancer pa-ents15. PTEN is a tumor suppressor gene and its 

inac-va-on or dele-on has been associated with different types of cancer, including glioma, kidney 

disease, breast, lung, and prostate cancers16. The human PTEN gene locus is located on chromosome 

10 and has a cri-cal role in regula-ng cell survival mediated by phosphoinosi-de 3-kinase (PI3K)-

AKT signaling13,17,18. In par-cular, PTEN func-ons as a phosphatase with dual specificity, meaning it 

can convert phospha-dylinositol 3,4,5-trisphosphate (PI(3,4,5)P3 or PIP3) into phospha-dylinositol 

4,5-bisphosphate (PI(4,5)P2 or PIP2). This mechanism makes PTEN the direct antagonist of the PI3K-

AKT pathway. When PTEN is lost or mutated, AKT and the downstream mTOR pathway are ac-vated, 

eventually promo-ng uncontrolled cell prolifera-on, increased angiogenesis, and resistance to 

apoptosis19,20. The most diffused muta-on in PTEN happens within exon 5, which encodes the 

cataly-c domain, resul-ng in PTEN loss-of-func-on21. However, PTEN can also show point- or 

epigene-c muta-ons at lower rates of loss of heterozygosity (LOH).  

 

Progression from localized to metasta-c disease and from CSPC to CRPC has been thought to involve 

the deregula-on of key genes in growth control. PTEN loss-of-func-on muta-ons can be found in 

over 12-17% of localized and mCSPC tumors. However, PTEN dele-ons are more prevalent in mCRPC, 

being present in over 40% of tumors13. This suggests that these muta-ons play a significant role both 

in the transforma-on of normal cells into cancerous ones and in the progression of the disease. In 

conclusion, approximately 70% of PCa exhibit muta-on or loss of PTEN, being absent in the benign 

prosta-c epithelium or in PIN. However, PTEN altera-ons are enriched in HGPIN, prostate 

adenocarcinoma, and metasta-c prostate cancer pa-ents. Therefore, PTEN altera-ons confer 

malignant capabili-es to prostate cancer22.  

 

The use of prostate cancer gene-cally engineered mouse models (GEMMs) has significantly 

enhanced knowledge of different stages of the disease, including the molecular mechanisms of 

metastasis forma-on23,24. For example, loss of PTEN alone can lead to the development of 

adenocarcinoma25. However, when combined with other genomic altera-ons like muta-on in Kras 

(KrasG12D )26, loss of Smad427, and loss of TIMP128, it can ac-vate the metasta-c poten-al of prostate 

cancer (PCa). 
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1.2 Senescence 

 

Cellular senescence is a stable cell cycle arrest that occurs in diploid cells in physiological and/or 

pathological condi-ons, limi-ng the prolifera-ve capability of the cells. Since the cell growth arrest 

in senescence is irreversible, it differs from the reversible cellular quiescence, in which cells remain 

capable of star-ng division upon s-mula-on29.   

The term “cellular senescence” by Hayflick and Moorhead dates back to the 1960s. They observed 

that human fibroblasts had a limited prolifera-ve capability and can reach a maximum number of 

cell divisions30. This observa-on was defined as replica-ve senescence and it arises from a 

progressive reduc-on in telomere length with each cell division, serving as a natural response to 

control genomic instability and the subsequent accumula-on of DNA damage30. In addi-on, the 

accumula-on of senescent cells has been reported during aging and age-related disorders. Of note, 

cellular senescence can occur in cells subjected to different insults, including treatment with chemo-

radiotherapy or targeted therapies, loss of tumor suppressor genes and overexpression of 

oncogenes, as well as genotoxic stress and metabolic shock29,31-33. 

 

1.2.1 Hallmarks of senescence 

 

Senescent cells can be iden-fied through a variety of biomarkers. However, it is essen-al to note 

that none of these individual markers can be universally applied to all types of senescence29. The 

primary characteris-c that iden-fies all senescent cell types is the cell cycle arrest, specifically in the 

G1 or G2 phase, which differs from the growth arrest during quiescence that occurs in the G0 phase 

of the cell cycle34. 

Addi-onally, senescent cells are characterized by several other hallmarks. These include increased 

senescence-associated β-galactosidase (SA-β-gal) ac-vity at pH 6, which can be revealed using 

proper kits as blue color staining followed by microscopic examina-on.  

Senescent cells lack prolifera-ve markers such as KI-67 protein or 5-bromodeoxyuridine (BrdU). 

Senescent cells also express cell cycle inhibitors, such as p16INK4a, p21Waf1/Cip1, p15INK4b and p27Kip1 as 

well as exhibit the hypophosphoryla-on of Re-noblastoma (RB)29,35. Morphologically, senescent 

cells commonly exhibit altered cell size, with a smoother shape than prolifera-ng cells. They also 
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display the forma-on of senescence-associated heterochroma-n foci36, loss of lamin B137, DNA 

damage foci38, and senescence-associated distension of satellites39.  

Addi-onally, it is known that senescent cells upregulate certain microRNAs (miRNAs) and secrete 

many factors, including growth factors, cytokines, chemokines, and proteases. This secretory 

phenotype is commonly referred to as the senescence-associated secretory phenotype (SASP) or 

senescence-messaging secretome. 

Further, senescent cells are metabolically ac-ve. To maximize energy produc-on, arrested cells 

engage in abnormal fa9y acid oxida-on, oxida-ve phosphoryla-on, and glycolysis processes, 

eventually increasing their oxygen consump-on40,41. Indeed, senescent cells onen exhibit impaired 

respiratory chain func-on and an overabundance of reac-ve oxygen species (ROS) in their 

mitochondria42. It is known that cellular senescence is linked to an increased quan-ty of 

mitochondria, but these mitochondria have a reduced membrane poten-al, resul-ng in amplified 

ROS genera-on. Intriguingly, mitochondrial dysfunc-on can directly trigger senescence43,44. 

 

In conclusion, there are four main hallmarks of senescence that can be used to iden-fy senescent 

cells (Fig. 4). 

1- Cell cycle arrest: Inhibi-on of the cyclin ac-vity occurs in cellular senescence by upregula-on 

of p21Waf1/Cip1 and p16INK4a. Mainly, p21Waf1/Cip1 plays a role in the early events of senescence, 

while p16INK4a is involved in the later phases of senescence 45,46. 

2- DNA damage: A DNA damage response of cells induces cellular senescence by ac-va-on of 

canonical p53/p21 pathway47.  

3- Secretory phenotype. 

4- Altered metabolism. 

 

 
 
 
 
Figure 4 : Hallmarks of 
senescence 
Cells can become 
senescent aNer different 
sLmuli (yellow circles) and 
are characterized by a 
variety of features, such as 
SASP, increased SA-β-gal 
acLvity, increased 
expression of specific 
markers and many others. 
Figure adapted from 32. 
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1.2.2 Types of senescence 

 
Over the years, numerous studies have iden-fied different subtypes of senescence. Developmental 

and replica-ve senescence naturally occur during embryogenesis and the aging process, 

respec-vely, under normal physiological condi-ons. On the other hand, various forms of senescence 

can be triggered by pathological stressors like tumorigenesis, chemotherapy, and radiotherapy. 

 

Senescence in physiology 
 

During embryogenesis and development, senescence is essen-al to maintain fetal integrity. In 

mammalian embryos, mul-ple -ssues are affected by senescence, including limbs, nervous system, 

gut endoderm and mesonephros, where senescent cells a9ract macrophages for their phagocytosis 
48,49.  In some cases, the occurrence of cellular senescence in embryogenesis is essen-al to avoid 

morphological defects in adult. Indeed, a canal that connects mesonephric tubules, kidney and 

cloaca, called the Wolffian duct, is subjected to cellular senescence impac-ng vagina forma-on. If 

senescence is avoided, an abnormal func-on of the duct occurs in the vagina morphogenesis, 

causing defects in the adults50.  

 

Apart from embryonic development, cellular senescence occurs in many physiological progresses in 

adults. Indeed, placental syncy-otrophoblasts and megakaryocytes undergo senescence during 

their matura-on51,52. If senescence is avoided in megakaryocytes, myeloprolifera-ve disorders, like 

primary myelofibrosis, can occur, indica-ng the physiological relevance of senescence in this 

context51.  

 

Wound healing is another physiological reac-on to -ssue injury in which cellular senescence is 

implicated. Of note, senescence can be either beneficial or detrimental in the -ssue repair process, 

depending on the injury site. In cutaneous and corneal wound healing, the occurrence of senescence 

posi-vely reduces fibrosis, thanks to the secre-on of matricellular protein CCN1, reduc-on in 

fibroblast growth factor2 (FGF2) and increased expression of metalloproteases (MMPs)53. On the 

other hand, wound healing ac-vity is nega-vely impaired when senescence occurs in lung fibroblast, 

mesenchymal stem cells (MSC) and diabetes-induced cell 53. 
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Another mechanism of physiological senescence is the replica-ve senescence. This mechanism is 

caused by telomere shortening, which is perceived as a DNA-damage response. This ac-vates the 

DNA damage kinases ATM, ATR, CHK1 and CHK2 ac-vity, which enhances cell cycle protein 

produc-on and the p53-p21Waf1/Cip1 pathway.  

 

Oncogene-induced senescence 

 
Induc-on of senescence can occur by either oncogene ac-va-on or tumor suppression gene 

inac-va-on and it is termed oncogene-induced senescence (OIS). Oncogene ac-va-on results in 

prolifera-ve stress and senescence induc-on that act as a protec-ve mechanism limi-ng tumor 

growth. Indeed, senescence is a physiological tumor-suppressive mechanism that prevents benign 

lesions from developing into malignant tumors. Par-cularly, cell cycle arrest prevents malignant cells 

from prolifera-ng, passing carcinogenic muta-ons to the child cells, and improves the immune 

clearance of damaged cells. 

OIS was first observed with HRASG12V oncogenic ac-va-on, which involves Raf/MEK/MAPK 

pathways, and ac-va-on of p53 and p16INK4a cascades54. From this study, a variety of 

interconnec-ons between senescence onset and oncogene ac-va-on were discovered, such as the 

involvement of KRASG12V in lung adenoma and pancrea-c intraductal neoplasia55, the presence of 

KRASG12D muta-on in lung adenoma56, the role of NRASG12D in T-cell lymphoma57, the involvement of 

BRAFV600E in skin melanocytes and lung adenoma and melanoma, as well as aberrant ac-va-on of 

Rheb58 and Akt159 in prostate intraepithelial neoplasia60.  

On the other hand, OIS can be driven by the inac-va-on of oncogenes. MYC-driven OIS is an example 

in which inac-va-on of the oncogene MYC induces cellular senescence and regression in different 

tumors, including lymphoma, osteosarcoma, and hepatocellular carcinoma (HCC)61.   

In addi-on, the deple-on or inac-va-on of tumor suppressor genes is a different mechanism for 

triggering senescence. The first discovery that the inac-va-on of a tumor suppressor gene can 

induce senescence was demonstrated in the prostate epithelium lacking Pten expression. This 

senescence response occurring upon PTEN loss is known as PTEN Induced cellular senescence 

(PICS)62.  

PICS, contrary to OIS, occurs even without the presence of DNA damage response (DDR). In the case 

of PICS, the loss of PTEN results in the ac-va-on of p53 via the mTOR signaling pathway and the 

inhibi-on of p19Arf-MDM2 signaling. Furthermore, PTEN deple-on mediates the increase of p16INK4a 
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gene, a key player in senescence response. The induc-on of PICS has been documented in 

precancerous lesions, indica-ng its poten-al involvement in inhibi-ng the advancement of these 

lesions into invasive cancer63. However, in murine models of prostate cancer, the dele-on of PTEN 

leads to the development of a benign prosta-c intraepithelial neoplasia, characterized by the 

presence of numerous senescent tumor cells63. Addi-onally, PICS induc-on has been observed as a 

response to different therapies, such as chemotherapy and radia-on, sugges-ng its poten-al role in 

the treatment response64,65.  

Another tumor suppressor gene that plays a crucial role in the regula-on of cellular senescence is 

TP53. TP53 induces senescence through mul-ple mechanisms by ac-ng as a transcrip-on factor and 

by regula-ng the expression of genes involved in the cell cycle. One of the primary pathways through 

which p53 induces senescence is by upregula-ng the expression of p21Waf1/Cip1, which inhibits the 

ac-vity of cyclin-dependent kinases (CDKs) and prevents cell cycle progression62. Addi-onally, TP53 

promotes senescence by ac-va-ng the expression of pro-senescent factors such as p16INK4a 62. 

In the context of cancer, loss of TP53 func-on or altera-ons in its pathway, like in MDM2 gene that 

interacts with TP53, favor the prolifera-on of poten-ally cancerous cells, thus contribu-ng to tumor 

development and progression28,66. Indeed, when both PTEN loss and p53 inac-va-on are present, 

the cells are able to bypass senescence, evading PICS62. As a result, the damaged cells can con-nue 

to proliferate and acquire addi-onal gene-c altera-ons, leading to the development of invasive 

prostate cancer. 

 

Therapy induced senescence  

Cellular senescence occurs in the ini-al stages of tumorigenesis and in more advanced tumors as a 

response to treatment. Conven-onal an-cancer therapy, chemotherapy and radiotherapy are 

known to trigger senescence in cancer cells through different mechanisms (Fig. 5).  

Therapy-induced senescence, known as TIS or pro-senescence therapies, are used as therapeu-c 

strategies with favorable outcomes in the treatment of cancer, as they impair the prolifera-on of 

cancer cells and promote a strong an-tumor immune response67.  

Among the an-cancer therapies tested in the clinic, a variety of chemotherapies induce senescence, 

either as main targeted effect or as a side effect. The chemotherapeu-c dosage and posology are 

crucial in determining whether a cell will undergo apoptosis or senescence. Generally, lower doses 

of chemotherapy induce cellular senescence while higher doses trigger apoptosis of most cancer 

cells68-70.  
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At a molecular level, some chemotherapy treatments have the capacity to impact DNA and the DDR 

machinery. This leads to the accumula-on of DNA damage and triggers the ac-va-on of TP53, as 

well as downstream molecules like p21Waf1/Cip1 and PAI1, resul-ng in a senescence response. Among 

chemotherapies, Doxorubicin, Etoposide and Camptothecin are topoisomerase inhibitors that 

inhibit cell replica-on, and they are commonly used for the treatment of colon, breast and lung 

cancer71-74. Alkyla-ng agents are another group of chemotherapy agents used as pro-senescence. 

Cispla-n, Carbopla-n, Oxolipla-n and Temozolomide, which induce massive DNA damage in cancer 

cells by cross-linking the DNA, are the commonly used alkyla-ng agents in cancer therapy75. In 

addi-on, microtubule inhibitors such as Paclitaxel and Docetaxel arrest the prolifera-on of cancer 

cells by interfering with microtubule dynamics76,77. The dose is essen-al with this pro-senescence 

therapy to avoid side effects on normal cells. Moreover, by preven-ng DNA synthesis, Methotrexate 

and Gemcitabine cause genotoxic stress, which induces senescence. 

Other pro-senescence treatments aimed to block the cell cycle are Palbociclib, Ribociclib and 

Abemaciclib, which impede CDK4/6 complex forma-on preven-ng cell cycle progression. CDK4/6, 

over-expressed in many cancers78, are cyclin-dependent kinases important for the cell cycle 

progression from G1 phase to S phase, whereas the inhibi-on of CDKs induce senescence. Another 

important cyclin-dependent kinase in pro-senescence therapy is CDK2, a cyclin-dependent kinase 

that becomes a target when resistance to CDK4/6 inhibi-on occurs.  

Although clinical resistance to CDK4/6 inhibitors is associated with RB1 loss, the amplifica-on of 

CDK6 or CCNE1, encoding for cyclin E1, the inhibi-on of CDK2 offers a promising approach to 

overcome this problem and become a poten-al therapy for promo-ng senescence79.  

In addi-on, a way to induce senescence is by targe-ng serine/threonine kinases that control the 

mito-c process. Par-cularly, aurora kinases (AURKs), such as Aliser-b and Baraser-b, and polo-like 

kinases (PLKs), including BI-2535 and Bi-6727, are studied as pro-senescence therapy in preclinical 

and clinical models80-83. 
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Figure 5: Therapy-induced senescence treatments in cancer.  
SchemaLc representaLon of different therapies which induce senescence in cancer cells and their area of acLon inside the cells. 
Figure adapted from 84. 
 
Similar to chemotherapy, radia-on therapy is one of the main treatments for mul-ple cancer types. 

This an-cancer therapy has the ability to induce through localized radia-on an acute DNA damage 

response that ac-vates ATM, ATR and p53-p21Waf1/Cip1 signaling causing apoptosis and cellular 

senescence85,86.  

Addi-onally, some drugs can cause senescence in specific cancers based on the phenotypes of the 

malignancy. For example, Vorinostat, a histone deacetyla-on inhibitor, induces senescence in 

urothelial carcinoma and leukemia87,88. Drugs inhibi-ng the VEGF pathway can promote senescence 

in preclinical models of colorectal and renal cancer89,90. Finally, some therapeu-c an-bodies, such 

as the an--CD20 an-body Rituximab are able to drive senescence in lymphoma91. 

 

1.2.1 SASP 

 

Senescent cells are characterized by a peculiar secretome called senescence-associated secretory 

phenotype (SASP). SASP is a mixture of many growth factors, proinflammatory cytokines, 

chemokines, pro-angiogenesis factors, proteases, and reac-ve oxygen species (ROS)92. The nuclear 

factor-kB (NF-kB) and the transcrip-on factor CCAAT/enhancer-binding protein-beta (C/EBPβ ) are 

the main responsible for SASP transcrip-on93. The SASP can trigger senescence in a paracrine way, 
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affec-ng the neighborhood cells, and in an autocrine manner, establishing a pro-inflammatory 

tumor microenvironment (TME). 

This secretome has both beneficial and deleterious func-ons, depending on the -ming and the 

condi-on in which is produced (Fig. 6). At the beginning of senescence, SASP factors suppress tumor 

prolifera-on by causing cell cycle arrest and promo-ng immune surveillance94. IL-1α, secreted by 

senescent tumor cells, ac-vates the NF-kB pathway and the transcrip-on of IL-6 and IL-895, 

enhancing the recruitment of an--tumor immune cells, M1-like macrophages, T helper cells and 

natural killer (NK) cells. These infiltra-ng immune system aims to eliminate senescent cells. However, 

IL-6 and IL-8 are also known as driver factors of cancer prolifera-on96. Par-cularly, IL-6 factor 

promotes both angiogenesis97 and the recruitment of myeloid-derived suppressor cells (MDSCs), an 

immune cell subset that antagonize CD8+ T cells and NK cells, favoring a pro-tumoral  TME98,99.  

Addi-onally, several different SASP factors have the ability to promote angiogenesis, migra-on and 

metastasis forma-on by remodeling the TME. CXCL5 and VEGF are implicated in blood vessel 

density100,101. Again, metalloproteases family, such as MMP1 and MMP3, favor tumorigenesis and 

migra-on of cancer cells28,102. The balance of advantages and disadvantages of senescence depends 

on whether senescent cells' presence is transient or slowly accumulates over -me, eventually 

causing an inflammatory TME.  

In conclusion, senescent cells communicate and impact the surrounding -ssues through various 

mechanisms mediated by the SASP. Altogether, they can promote senescence, inflamma-on, 

recruitment of immune cells, and alter the TME metabolism103.  

 

Figure 6 : Posi=ve and nega=ve effects of SASP 
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Based on the contest, SASP factors can have both beneficial and detrimental effects on the surrounding cells. Moreover, the same 
factors can either trigger senescence or promote tumor aggressiveness. Figure adapted from 84. 
  

1.2.2 SenolyBc therapy 

 

Although cellular senescence has beneficial effects in the beginning, the persistence of senescent 

cells in tumors can be detrimental. This scenario underlines the need for developing therapies to 

remove or reshape senescent cells selec-vely. Indeed, drugs that eliminate senescent cells are 

known as senoly-c, while drugs that modulate the SASP are named senomorphic (Fig. 7).  

Since many cancer therapies uninten-onally trigger senescence as a side effect, many studies are 

focused on the discovery of vulnerabili-es to eliminate these detrimental cells. The main objec-ve 

is to enhance the posi-ve aspects of senescence while restric-ng the deleterious effects, thereby 

op-mizing the overall therapeu-c outcome53,84,104. 

  

Cells becoming senescent start to increase the expression of many an--apopto-c factors of BCL-2 

family105. Hence, different senoly-c drugs aim to inhibit these factors, thereby inducing apoptosis. 

Among them, Navitoclax (ABT-263) and ABT737, selec-ve inhibitors of BCL-2, BCL-XL and BCL-W, re-

ac-vate the apoptosis pathway in senescent cells106-108. In many preclinical models of different 

cancer types, Navitoclax in combina-on with pro-senescence therapy, such as Etoposide, 

Doxorubicin, and Olaparib, was able to regress tumor growth by elimina-ng senescent cells109-112. 

However, administering Navitoclax to pa-ents has shown many side effects related to the high 

toxicity or the lack of efficacy, depending on the drug dose, inducing thrombocytopenia and 

neutropenia113,114. Due to the side effects of Navitoclax, Venetoclax (ABT199) and galacto-

conjugated navitoclax drug (Nav-Gal) have been developed. Venetoclax, a BCL2-selec-ve inhibitor, 

aims to reduce the side effects on hematological cells but is inac-ve in elimina-ng senescent 

cells105,115. However, Nav-Gal is a nanopar-cle specifically ac-vated by high SA-β-gal ac-vity, one 

hallmark of senescent cells, which significantly reduces side toxicity 111. Moreover, inhibitors of BCL-

XL, such as A1155463 and A1331853, have been developed for senoly-c therapy and tested in lung 

and colon cancers 116. 
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Figure 7 : Schema=c representa=on of senoly=c and senomorphic therapies.  
a) SenolyLc therapies aim to kill senescent cells by inducing cell death; b) Senomorphic therapies block the pro-tumorigenic SASP. 
Figure adapted from 104. 
 
Other senoly-cs include proteolysis-targe-ng chimera (PROTAC) drugs. PZ15227 is a BCL-XL specific 

PROTAC that confiscates the cereblon E3 ubiqui-n ligase to degrade BCL-XL117. ARV-825 is a PROTAC 

drug containing bromodomain and extraterminal domain (BET) BRD2, BRD3 and BRD4 inhibitors and 

E3 ligase binder pomadomide118,119. ARV-825 downregulates XRCC4 inhibi-ng the p53 pathway, 

interfering with the DDR response and ac-va-ng the apopto-c response118. 

 

Given the crucial role of p53 in senescence, there is a growing interest in targe-ng p53 ac-vity as a 

poten-al approach for senoly-c therapy. Researchers have developed specific interven-ons to 

interfere with p53-related processes and induce apoptosis in senescent cells. One approach involves 
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the use of the FOXO4-DRI pep-de. This pep-de is designed to disrupt the interac-on between p53 

and FOXO4, a protein that can inhibit p53-mediated apoptosis in senescent cells. By interfering with 

this interac-on, FOXO4-DRI promotes the apopto-c elimina-on of senescent cells120.  

Another strategy to modulate p53 ac-vity is through the use of compounds such as UBX0101, which 

prevents the interac-on between p53 and MDM2, a nega-ve regulator of p53. Therefore, UBX0101 

helps to maintain p53 ac-vity, allowing it to induce apoptosis in senescent cells121. 

 

Considering that SASP is primarily responsible for the adverse effects of senescence, the use of SASP 

inhibitors with senomorphic proper-es may be a remarkable alterna-ve for senoly-c therapy.  

Since senescent cells are also characterized by ac-va-on of peculiar pathways, including SRC, PI3K 

and mTOR, p38 MAPK, NF-kB signaling, inhibi-on of those will disrupt senescent cell homeostasis. 

For example, Mewormin acts on NF-kB pathway preven-ng the release of SASP122. Rapamycin is a 

mTOR inhibitor that suppresses SASP by diminishing NF-kB pathway123. Ruxoli-nib is a JAK inhibitor 

that reduces inflamma-on in TME limi-ng the ac-on of SASP124,125. SB203580 is a p38 MAPK 

inhibitor that represses SASP ac-vity in breast cancer126. 

Unconven-onal approaches to kill senescent cells are based on immune cell modula-on, such as the 

development of CAR T cells targe-ng urokinase-type plasminogen ac-vator receptor (uPAR), a 

membrane protein expressed in senescent cancer cells 127.  

In addi-on, hormones like androgen, estrogens, melatonin, and glucocor-coid can have 

senomorphic effects by controlling cytokine and SASP release128-131. 

The combina-on of pro-senescence therapy and senoly-c/senomorphic therapies represents a 

promising approach in cancer treatment as it can promote, on one hand, the arrest of tumor growth 

and, on the other hand, the elimina-on of a pro-inflammatory TME caused by the SASP. 

 

1.2.3 Senescence and metastasis formaBon 

 

Metastasis, the primary cause of cancer recurrence and mortality in pa-ents132, has been the subject 

of many studies over the past few decades, significantly increasing our understanding of its 

connec-on with cellular senescence133. 

The metastasiza-on process consists of the release of cancer cells, called circula-ng tumor cells 

(CTCs) or disseminated cancer cells (DCcs) inside the bloodstream un-l they stop in a secondary site, 

promo-ng tumors in distant organs.  
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Many studies have described the rela-onship between senescent tumor cells and metastasis, 

par-cularly but not limited to prostate cancer, thyroid cancer, and melanoma28,134,135 .  

In fact, SASP factors could promote the epithelial-to-mesenchymal transi-on (EMT) by increasing 

the migratory phenotype of cells and impac-ng the angiogenesis and vasculariza-on136. Among 

secreted factors, IL-6 and IL-8 are the drivers of SASP-mediated EMT in many cancer, including 

colorectal137-139; C-X-C-mo-f ligand CXCL1 is a crucial element in the development of the 

premetasta-c niche in the liver in colorectal cancer models 140; CCL5 drives the spread of tumor cells 

in the lung and lymph nodes; Osteopon-n (OPN) induces the expression of SNAIL, SLUG and TWIST, 

key mediators of EMT and metastasis141; Connec-ve -ssue growth factor (CTGF ) enhances vessel 

forma-on in prostate cancer142.  

In addi-on, SASP induces cytoskeleton and ac-n reorganiza-on by impairing focal adhesions and 

boos-ng cell migratory phenotype143. Senescent cells can release factors involved in the remodeling 

of extracellular matrix (ECM) such as TGF-β and MMPs which reduce matrix s-ffness favoring the 

invasion28,144,145. In PCa model, it has been demonstrated that TIMP1 loss in PTENpc-/- mouse is 

characterized by senescence and that the reprogramming of SASP factor and up-regula-on of GDF-

15, FGF1 and MMPs support for metastasis forma-on in prostate cancer28. 

SASP-mediated EMT involves not only neighboring tumor cells but also the senescent cells 

themselves. Senescent cells have higher migratory capability as compared to prolifera-ng cancer 

cells134. CXCL12, a SASP factor, has been shown to promote in vivo an environment favoring the 

invasion of senescent cells but also non senescent cancer cells134.  

In breast cancer, it has been proved that the pro-senescence doxorubicin treatment causes the 

spread of tumor cells and metastasis forma-on. In fact, by removing p16INK4a posi-ve cells aner 

doxorubicin treatment, tumor re-growth and metastases loci were reduced. This result suggests that 

chemotherapy promotes metastasis146.  

Another SASP gene involved in the extravasa-on of tumor cells is IL-1α. The endothelial surface 

adhesion molecule regulates the mechanical a9achment of CTCs to vascular vessels and the 

penetra-on of CTCs in the bloodstream.  

The interconnec-on between metastasis and senescence is also given by the receptor CD36147. This 

protein is upregulated in response to different types of senescence147, and its ac-va-on in senescent 

cells s-mulates NF-kB-dependent chemokines and cytokines produc-on.  

Since cells that form metastasis express high levels of CD36, the forma-on of metastasis is reduced 

by blocking the receptor in human oral carcinoma148.  Moreover, due to the frequent amplifica-on 
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of CD36 in metasta-c cancers and its correla-on with a poor survival prognosis149, nowadays, CD36 

is used as a diagnos-c biomarker for metasta-c tumors148.  

Collec-vely, these studies provide evidence that the SASP plays a role in facilita-ng tumor 

metastasis. Senescence may contribute to tumor cell dissemina-on by enhancing the migratory 

capabili-es of tumor cells within the local environment and by preparing the distant organ 

microenvironment to support tumor seeding. This highlights the interconnec-on between 

senescence and metastasis in cancer progression133. 

 

1.3 Cell death modaliBes 

 

Cells subjected to different types of stress can also undergo cell death. Cell death is a mechanism by 

which dangerous and useless cells are eliminated. Like senescence, cell death plays a crucial role in 

many physiological func-ons, such as development, homeostasis and the immune system. 

Moreover, dying cells can signal with the surrounding cells by releasing molecules known as alarmins 

or damage-associated molecular pa9erns (DAMPs)150,151.  

Cells can die in mul-ple ways, which differ from the signals involved in the ini-a-on, execu-on, and 

propaga-on.  The different cell death modali-es are described mainly in the work of Galluzzi et al.152 

and can be classified as: 

Necroptosis: it is triggered by extracellular and intracellular perturba-ons which are detected by 

specific receptors such as FAS, TNRF1, TLR3 and TLR4153,154. Necroptosis ac-va-on depends on RIPK3 

and MLKL sequen-al ac-va-on and on RIPK1 cataly-c ac-vity155,156. 

Ferroptosis: it is controlled by G glutathione (GSH)-dependent enzyme glutathione peroxidase 

(GPX4) and takes place aner lipid peroxida-on, which depends on ROS produc-on and iron 

availability157,158. Par-cularly, GPX4 is the main inhibitor of ferroptosis by reducing lipid peroxida-on, 

specifically of phospha-dylethanolamine-containing polyunsaturated fa9y acids (PUFAs)159.  

Pyroptosis: it is the result of the caspases ac-va-on, par-cularly of CASP1, CASP3, CASP4 and CASP5, 

and cri-cally depends on the forma-on of plasma membrane pores by members of the gasdermin 

protein family152.  

Parthanatos: it is driven by the hyperac-vity of poly (ADP-ribose) polymerase 1 (PARP1), a 

component of DDR response, and the degrada-on of DNA mediated by Macrophage migra-on 

inhibitory factor (MIF) and apoptosis-inducing factor mitochondria associated 1 (AIF)160-162.  
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Apoptosis:  it can be ini-ated by two pathways: the intrinsic pathway (mitochondrial pathway) and 

the extrinsic pathway (death receptor pathway). The intrinsic pathway allows the outer membrane 

of the mitochondria to permeate, leading to the release of cytochrome c and ac-va-on of the 

enzyme caspases. In contrast, the external pathway is triggered by external signals such as cytokines 

or death ligands, which bind to death receptors on the cells’ surface. This binding results in the 

forma-on of death-inducing signaling complexes (DISCs), which ac-vate caspase and induce 

apoptosis. 

The balance between cells’ homeostasis and apoptosis is mediated by two opposite signaling: the 

pro-apopto-c one, aiming at cell death, and the an--apopto-c one, which prevents cell death.  

Specifically, apoptosis is regulated by a group of proteins belonging to the BCL2, apoptosis regulator 

(BCL2) protein family, which is characterized by BCL2 homology (BH) domain, fundamental in the 

cascade. 

The an- and the pro-apopto-c signaling control the mitochondria outer membrane permeabiliza-on 

(MOMP), which is the crucial step in the apoptosis leading to the release of cytochrome C. More 

specifically, BCL2-associated X, apoptosis regulator (BAX), and BCL2 antagonist/killer 1 (BAK) form 

hetero/homodimers to release the BH3-only proteins, leading to the forma-on of lipid pores and 

altera-on of mitochondrial permeability, eventually leading to cell death. This phenomenon is 

blocked by the an--apopto-c BCL2 family members, which antagonize BAX and BAK by either 

sequestra-ng them or impeding the pore forma-on. The an--apopto-c members include BCL2 itself, 

BCL2 like 1 (BCL2L1, BCLXL), Myeloid Cell Leukemia Sequence 1 (MCL1), BCL2 like 2 (BCL2L2, BCL-

W), and BCL2 related protein A1 (BCL2A1).  

Of note, senescent cells are known to be resistant to apoptosis163. When an irreparable damage 

occurs, a cell has two possible outcomes: either undergo apoptosis or senescence. The decision 

between apoptosis and senescence is based on the severity and dura-on of the DNA damage 

signaling. If the DNA damage is intense but short-term, it triggers apoptosis. On the other hand, if 

the damage is mild but prolonged, it leads to cellular senescence68. 

These findings imply that both senescence and apoptosis pathways might be ac-vated 

simultaneously during certain processes or stress responses and that the specific outcome, whether 

apoptosis, senescence or a combina-on of the two, depends on each cell type's unique 

characteris-cs and signaling mechanisms.  

In summary, the cell's internal state determines which response (apoptosis, senescence, or both) 

will occur first. 
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2 Aim 

The studies about cellular senescence in prostate cancer and its influence on tumor progression and 

metastasis forma-on gained more a9en-on in recent years. In par-cular, the dual faces of cellular 

senescence in cancer therapy open more interest in the field of research focused on the elimina-on 

of senescent cells (senolysis) combined with pro-senescence therapy.  

In this work, by using different prostate cancer mouse models and single-cell RNA sequencing (sc-

RNA seq) technologies, we aimed to iden-fy senescent cells in prostate cancer at single-cell 

resolu-on and find new vulnerabili-es for their elimina-on. 

Therefore, the specific aims of this project were: 

1. The finaliza-on of the 10x single-cell RNA-seq analysis in different gene-cally engineered 

mouse models (GEMMs) and the iden-fica-on and characteriza-on of senescent cells at 

single-cell resolu-on.  

2. Iden-fica-on of senescence vulnerabili-es for senoly-c therapy through 10x single-cell RNA 

seq data. 

3. In vitro and in vivo valida-on of the vulnerability with therapy-induced senescence (TIS). 

4. Clarifica-on of the interconnec-on between metastases onset, senescence and senoly-c 

therapy in vitro and in vivo at single-cell level. 
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3 Methods 
 

The methods sec-on is par-ally reported in the publica-on related to this PhD thesis where I’m first 

author 164,165. 

Mouse Models. All mice were maintained under specific pathogen-free condi-ons in the animal 

facili-es of the IRB ins-tute. Experiments were performed according to the state guidelines and 

approved by the local ethical commi9ee (‘‘Dipar-mento della Sanità e Socialità, Esperimen- su 

animali’’ Canton Ticino), authoriza-on number TI-51/2018. Prostate-specific Ptenpc-/- transgenic 

mice152 were crossed with Timp1-/- mice (Jackson Laboratory, 6243) to generate Timp1 knock out in 

Ptenpc-/- 28. NRG male mice, at 12 weeks of age, were used for subcutaneous cell injec-on of PC3 

shCtrl and shTIMP1.  

In vivo Treatments. Docetaxel (TEVA Pharma AG 6984894) intraperitoneally at 10mg/kg once a 

week. ABT263 (MedChemExpress HY-10087) by oral gavage 50mg/kg, daily. S63845 

(MedchemExpress HY-100741) at the dose of 25 mg/kg by oral gavage. Mice were monitored for any 

suffering of distress or weight loss by measuring total body weight of mice weekly and monitoring 

the behavioral changes every day for a total of 4 weeks of treatment. 

Prostate Cancer Cell Culture. PC3 and LNCaP human prostate cancer cells were purchased from 

ATCC and were cultured according to the manufacturer’s instruc-ons. Cells were cultured in RPMI 

1640 supplemented with 10% FBS and 1% P/S. HEK-293T (human embryonic kidneys) and TrampC1, 

cells were obtained from ATCC. RapidCap were obtained from Trotman laboratory166. Cells were 

cultured in DMEM supplemented with 10% FBS and 1% P/S. All cell lines were kept under controlled 

temperature (37C) and CO2 (5%) and used for experiments at early passages. All the cell lines were 

tested nega-ve for Mycoplasma (MycoAlertTM mycoplasma detec-on kit, LT07-418, LONZA).  

In vitro treatments. Palbociclib was used at the concentra-on of 10 μM; Docetaxel was used at 1 

nM; ABT263 was used at the of 2.5 μM; S63845 was used at 10 μM,  UMI-77 was used at 10 μM ; 

AZD5991 was used at 10 μM.  

Genera@on of shTIMP1 Human Prostate Cancer Cell Line. PC3 cell line was transfected with shRNA 

using the human TIMP1-directed shRNA RHS4430-200284918-V3LHS_317110. To prepare len-viral 

par-cles, HEK-293T cells were transfected using JetPRIME transfec-on reagents (JetPRIME, Polyplus 



Single-cell transcriptomics iden2fies Mcl-1 as a target for senoly2c therapy in cancer 

 

 38 

transfec-on, 114-07/712-60) as per the manufacturer’s instruc-ons. PC3 cells were infected with 

the filtered len-viral supernatant obtained from transfected HEK-293T cells. Infected human 

prostate cancer cells were subsequently selected using Puromycin (3mg/ml). 

Genera@on of Pten-/- TrampC1 murine prostate cancer cell line. TrampC1 cells were purchased 

from ATCC and cultured according to manufacturer’s instruc-ons (DMEM, 10% heat-inac-vated FBS, 

100 U/ml penicillin, 0.1 mg/ml streptomycin). The transfec-on of the PTEN CRISPR/Cas9 KO plasmid 

(Santa Cruz Biotechnology) was performed using jetPRIME® transfec-on reagent according the 

manufactory protocol at the 1:2 DNA / jetPRIME® ra-o. 24h aner transfec-on, the GFP transduced 

cells were sorted to purity 99% and plated as single cell on 96-well plates. At day 7 aner cell sor-ng 

the grown cell colonies were moved into 24-well plates for further expansion.  

Genera@on of shMCL-1 human and murine Prostate Cancer Cell Line. LNCaP and RapidCap cell line 

was transfected with shRNA using the human and mouse MCL-1-directed shRNA RHS4696-

200751526 and RMM4431-200332978, respec-vely. To prepare len-viral par-cles, HEK-293T cells 

were transfected using JetPRIME transfec-on reagents (JetPRIME, Polyplus transfec-on, 114-

07/712-60) as per the manufacturer’s instruc-ons. Both LNCaP and RapidCap cells were infected 

with the filtered len-viral supernatant obtained from transfected HEK-293T cells. Infected prostate 

cancer cells were subsequently selected using Puromycin (3mg/ml). The shRNA was ac-vated in 

both the cell lines adding Doxycycline in the cell culture media (1mg/ml). 

Immunohistochemistry (IHC). IHC -ssue sec-ons were processed as follows: deparaffinized, 

unmasked, pre-staining, blockings and secondary stainings. Deparaffiniza-on was performed using 

three-step procedure, first and second step the slides were immersed in OTTIX plus solu-on 

(Diapath, Cat No. X0076) for 5 mins each followed by third and last step of OTTIX shaper solu-on 

(Diapath, Cat No. X0096) for 5 mins. The slides were drained off the excess solu-on and were then 

immersed in ionized water for 5 mins. Further, un- masking or an-gen retrieval procedure was 

followed which involved immersing the sec-on slides in pH solu-ons (depending upon the 

an-bodies) either pH 6 (Citrate, Company: Diapath, Cat No. T0050) or pH 9 (DAKO, Cat No. K800421-

2) in water bath at 98oC for 20-25 mins. The slides were allowed to cool at room temperature for 20-

25 mins. The sec-on slides were washed with 1xPBST (0.5% Tween20), 2 -mes for 3 mins each, 

followed by staining procedure. Blocking procedure began by incuba-ng the slides with 3% H2O2 

(VWR chemicals, Cat no: 23615.248) for 10 mins followed by 1xPBST washes as before and 

performing protein block. Protein blocking was performed using Protein-Block solu-on (DAKO 
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Agilent technologies, Cat No. X0909) for 10 mins at room temperature. Depending upon an-bodies, 

if they were developed in mouse host, the -ssues were blocked for mouse cross-reac-vity using 

bio-nylated An--Mouse an-body (Vector Laboratories, Cat No. BP-9200). Sec-ons were stained 

with respec-ve primary an-bodies at room temperature for 1 hour followed by 3 washes with 

1xPBST as before. These slides were further incubated with respec-ve secondary an-bodies, An--

Mouse (Vector Laboratories, Cat No. BP-9200), An--Rabbit (Vector Laboratories, Cat No. BP-9100). 

During secondary an-body incuba-on, Vectastain ABC solu-on was prepared (Company: Vector 

laboratories, Cat No. PK-6100) at the dilu-on of 1:150 of both Solu-on A and Solu-on B in 1xPBS 

solu-on followed by 30 mins incuba-on at room temperature. Upon comple-on of secondary 

an-body stainings, slides were washed for 3 -mes with 1xPBST followed by ABC solu-on staining for 

30 mins at room temperature. Aner ABC, slides were washed 3 -mes with 1xPBST and final steps of 

IHC stainings were performed. DAB staining was performed using DAB solu-on (Company: Vector 

laboratories, Cat No. SK-4105. One drop of Chromogen in 1ml of Diluent solu-on) and allowed to 

stain for no more than 3-4 mins at room temperature. Immediately slides were washed 3 -mes with 

1xPBST and counter staining was performed using hematoxylin solu-on (Diapath, C0303). At the end 

of IHC staining, sec-ons were dehydrated using deparaffiniza-on procedure aner which slides were 

mounted with coverslip using aqueous moun-ng media (Diapath, 060200).  Tumor -ssue samples 

were fixed in 10% neutral-buffered formalin (Thermo Scien-fic, Cat No. 5701) overnight. Tissues 

were washed thoroughly under running tap water followed by processing using ethanol and 

embedded in paraffin according to standard protocols. Sec-ons (5 mm) were prepared for an-body 

detec-on and hematoxylin and eosin staining. 

Senescence associated β -galactosidase (SA-β -gal) Assay. For -ssue-specific SA-β-gal assay, tumor 

samples were immediately frozen in OCT solu-on at -80oC and sec-ons of 4 mm were prepared. 

Senescence-associated SA-β-gal staining was performed using Senescence β-Galactosidase Staining 

Kit (Cell Signaling Cat. No 9860) according to the manufacturer’s instruc-ons. Counter staining was 

performed using Eosin staining (Alcohol-based Diapath, C0352). For in vitro experiment, SA-β-gal 

staining was performed using Senescence β -Galactosidase Staining Kit (Cell Signaling Technology, 

Cat. No 9860) according to the manufacturer’s instruc-ons. 

Prolifera@on and cell death Assay. Prolifera-on assay PC3, TrampC1, Pten -/- TrampC1 and Rapidcap 

cell lines was performed by pla-ng 1x104 cells per well of 96-well plate in at least sextuplicate. 

Prolifera-on was monitored and analyzed by using Incucyte S3 in vitro system (Essenbioscience). 
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Migra@on Assay. Migra-on assay were performed in PC3 by pla-ng 20x104 cells per well of 96-well 

plate in at least sextuplicate. Wound was performed using Incucyte Wound Maker and cell migra-on 

was monitored and analyzed by using Incucyte S3 in vitro system (Essenbioscience). 

Condi@on Media Assay. Cell supernatants were harvested and spun down at 1500 rpm for 10 mins 

and the supernatant was filtered using 0.22 μm filters. Condi-oned media was administered to 

parental cells at -me zero or 48 hours prior the assay for prolifera-on and migra-on assay, 

respec-vely. The condi-oned media in all the experiments was normalized based on the number of 

cells present in the well at the moment of the harves-ng. 

Western Blot. Prostate -ssues, tumor samples or cells were lysed using 1x RIPA buffer (Cell signaling, 

9806) supplemented with Phenylmethane- sulfonyl fluoride (PMSF; Millipore Sigma, catalog 329-98-

6) and incubated on ice for 30 mins. Samples were centrifuged at 14’000 rpm for 15 mins. Protein 

concentra-on was determined by the BCA kit (Thermo Fisher 23227). Equal amounts of protein were 

subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 10% and transferred on to 0.45 

mm nitrocellulose membrane (Thermo Scien-fic, 88018). Aner protein transfer, membranes were 

blocked in 5% milk solu-on and membranes were probed with the indicated an-bodies overnight at 

4℃. The membranes were incubated with horseradish peroxidase-conjugated (HRP-linked) 

secondary an-bodies an--rabbit IgG (Promega, W4011, 1:5000) or an--mouse IgG (Cell signaling, 

W4021, 1:5000) and developed using enhanced chemoluminescence (ECL) substrate (Thermo Sci- 

en-fic, 32106). Membranes were exposed to Fusion Solo S imaging system (Vilber). Blots were semi-

quan-ta-vely analyzed by densitometry using ImageJ 1.52 v (Na-onal Ins-tutes of Health). 

An@bodies. For IHC an--Cleaved Caspase 3 (Cell signalling #9661), an--Ki67 (RTU-Lab Vision #RM-

9106-R7 Dilu-on Ready to use), an--Luciferase (Abcam #ab181640), Mcl-1 (Cell signaling #5453) 

were used. For Western blot an--Cleaved Caspase 3 (Cell signalling #9664), an--BCL-2 (Cell signalling 

#3498S), an--Mcl-1 (Cell signalling #5453) an--HSP90 (Cell signalling #4874), p27 kip1 (Cell signalling 

#3698S), p15 ink4b (Abcam #53034), p16 ink4a (Abcam #211542), p21 (Abcam #107099), p19 ARF 

(5-C3-1) (Santa Cruz Biotechnology #SC-32748), PAI-1 (Abcam #66705), ), Mcl-1 (Cell signaling 

#5453), secondary An--Rabbit (Promega #W4011), secondary An--Rat (Thermo Fisher #31470). 

Quan@ta@ve Real-Time PCR (RT-qPCR). RNA extrac-on from cells or -ssues samples was performed 

using Trizol (Ambion, life technologies, 15596026), according to the manufacturer’s instruc-ons. 
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cDNA was obtained using ImPROM II kit (Promega, A3800) according to the manufacturer’s instruc- 

-ons. RT-qPCR was performed using Gotaq® qPCR Master Mix, Promega® (A6002) on Step One Real- 

Time PCR systems (Applied Biosystems). Primers used for RT-qPCR are listed in Supplementary Table 

1. Expression levels were calculated using the ddCT method167. 

Single Cell Sequencing Analysis. Prostate tumors were resected from Ptenpc-/- and Ptenpc-/-; Timp1-/- 

mice (all three lobes, AP, DLP and VP) and from NRG mice injected subcutaneously with 2.5 *106 

PC3 ShTIMP1. Sample were processed for single cell suspension followed by RNA sequencing and 

analysis using the following procedure:  

Single Cell Suspension. Prostate tumors or xenograns tumors were isolated, minced and processed 

for single cell suspension. Tissues were digested in 2 ml of Diges-on Buffer composed by RPMI 10% 

FBS + 1% P/S, 500 mL of Collagenase D (1 mg/mL), 50mL of DNAse (100 U/mL) and 125mL of HEPES 

(25 mM). The cell suspension was incubated for 50 minutes at 37°C on a rocker. Then, the diges-on 

was stopped adding 1 mL of RPMI 10% FBS + 1% P/S. The cells suspension was filtered through a 100 

�m cell strainer and kept on ice for 4 minutes. Then cells suspension was filtered again through a 40 

�m cell strainer and spun down at 1500 rpm for 5 min at 4°C. FACS staining was performed using 

EPCAM-FITC (an--Mo CD326, eBioscience, clone G8.8 #11-5791-82) for the murine prostate tumors, 

while PC3 shTIMP1 were sorted thanks to GFP posi-vity.  

Single-cell transcriptomes was performed using 10X Chromium single cell plaworm (10X Genomics, 

Pleasanton, CA. USA). FACS-sorted Epcam+ prostate cells were used as the input source for the 

scRNA-seq. Cells were suspended in a phosphate buffer solu-on containing 0.04% weight/volume 

bovine serum albumin (BSA). The recommended volume of single cell suspension was loaded on a 

Chromium Single Cell Controller (10x Genomics) targe-ng ~10000 cells per murine prostate samples 

while for xenograns tumors we used a target cell recovery between 5000 and 10000 cells per sample. 

Bar- coded single-cell gel beads in emulsion (GEMs) were created by 10x Genomics! Chromium TM 

and then reverse transcribed to generate single-cell RNA-seq libraries using Chromium Single Cell 3’ 

Library and Gel Bead Kit v2 (10X Genomics) according to manufacturer’s instruc-ons. Resul-ng short 

fragment libraries were checked for quality and quan-ty using an Agilent 2100 Bioanalyzer and 

Invitrogen Qubit Fluorometer. Unique molecular iden-fiers (UMIs), which were incorporated into 

the 5’ end of cDNA during reverse transcrip-on, were used to quan-fy the exact number of 

transcripts in a cell.  
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Human single-cell RNA sequencing data were downloaded from GEO under the code GSE137829.  

Single-Cell Sequencing data preprocessing and quality control. Sequencing data were processed by 

CellRanger168 (version 3.1.0 for murine alignment and version 6.0.0 for xenogran derived-samples) 

and reads were aligned to mouse genome (mm10 v3.0.0) or human genome (GRCh38) with STAR 

(v.2.5.1b)169. To reduce the ‘dropout’ phenomenon, RMagic package was used on gene-counts170. 

Single cell sequencing analysis was performed in epithelial cells purified from both Ptenpc-/- and 

Ptenpc-/-; Timp1-/- tumors or on GFP+ cells in PC3shTimp1 xenogran. For each cell, we calculated 

different quality measures: percent of mitochondrial genes, number of genes and gene biotype. We 

removed cells that had more than 25% expression on mitochondrial genes, fewer than 100 total 

genes expressed and we considered only protein coding genes defined using getBM (biomaRt 

package). All the samples were integrated using Seurat 171-174 package (FindIntegra-onAnchors and 

IntegrateData func-on aner library-size normaliza-on of each cell using NormalizeData func-on 

with default parameters).  

We iden-fy features that are variable in the samples with (FindVariableFeatures func-on) and 

Principal component analysis (PCA) dimensionality reduc-on was run using the top 2000 features 

iden-fied. Number of the included components (PCs) was assessed using the ElbowPlot func-on 

and fineen PCs were conserved. Graph-based clustering approach was used to cluster the cells using 

FindNeighbours (k = 20) and FindClusters func-ons (0.25<res<2 with 0.25 difference). For 

visualiza-on of the data, the dimensional reduc-on technique t-distributed stochas-c neighbor 

embedding (t-SNE) and Uniform Manifold Approxima-on and Projec-on (UMAP were applied using 

the RunTSNE and RunUMAP func-ons from Seurat.  

In murine single cell sequencing cells posi-ve for CD45 (Ptprc gene) and nega-ve for Epcam were 

removed. Inside the Epcam+ cells, we defined epithelial subtypes based on canonical markers: 

Cd24a, Krt8 and Krt18 for luminal cells; Trp63, Krt5 and Krt14 for basal cells and Pax2, Pate4 and 

Calml3 for semi-vesical cells52. For xenogran sc-RNAseq data, all the analysis were performed aner 

regression of nCount_RNA and nFeature_RNA features, due to differences between the samples.  

Single-Cell Sequencing data processing. Differen-ally expressed genes (DEGs) were iden-fied using 

FindAllMarkers or FindMarker func-ons. Genes were iden-fied as differen-ally expressed in a 

par-cular set of cells if FDR < 0.05 and minimum expression in at least 30% of cells.  
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Pathway analysis were performed using clusterProfiler175 package: for enrichment analysis we used 

gseGO (ont = “BP”) func-on while for over-representa-on analysis we used enrichGO func-on. The 

outputs of pathway analysis were simplified using simplify func-on with cutoff=0.6 and gene set 

were considering significant with FDR<0.05. In case of mul-ple comparisons for pathway we used 

compareClusterResult func-on. To analyze the ac-vity of 14 relevant signaling pathways, we used 

Pathway RespOnsive GENes (PROGENy)176 analysis. To study senescence heterogeneity, all the 

analysis were performed using exclusively the genes found up-regulated in total senescent cells 

compared to not senescent cells (3757 genes).  

ss-GSVA scores for different published gene sets and cell death pathways were calculated using 

gsva177 func-on (method="ssgsea). Correla-on analysis was performed using cor.test func-on 

(alterna-ve = two.sided , method = "pearson", conf.level = 0.95) and adjusted pvalues were 

calculated with p.adjust func-on using (method = "BH . For classifica-on of cells based on Mcl1 

expression levels we classified into quar-les: Mcl1+ corresponds to first, second and third quar-les, 

while for Bcl2 expression we used the median levels to classify in Bcl2+ and Bcl2-. All plots were 

designed using Seurat package and ggplot2 package.  

For out-of-clustering methods, the cells were projected to the combina-on of twelve senescence-

related available datasets using scmap-cluster v1.16.0 (threshold = 0.15) and the func-on SingleR 

from SingleR package with default parameters. 

Signatures. Apopto-c pathway: Bcl2, Bcl2l1, Mcl1, Bcl2l12, Bcl2a1a, Cflar, Gadd45a, Traf1, Ptpn13, 

Birc3 (an-- apoptosis), Bbc3, Bcl2l11, Pmaip1, Bak1, Bax, Pidd1, Bid, Apaf1, Fas, Tnfrsf10b (pro-

apoptosis); Ferroptosis pathway: Map1lc3a, Atg5, Atg7, Ncoa4, Alox15, Lpcat3, Acsl4, Vdac2, Vdac3, 

Cybb, Gpx4, Gss, Gclc; Necroptosis pathway: Mlkl, Trpm7, Ripk1, Ripk3; Parthanatos pathway: Aifm1, 

Rnf146, Parp1, Parg; Pyroptosis pathway: Gsdmd, Nlrp3, Nlrc4, Aim2, Casp1, Pycard, Mefv; Sasp 

signature: Cxcl1, Cxcl2, Hc, Csf3, Csf2, Csf1, Il10, Il13, Il6, Cxcl13, Cxcl10, Icam1, Ccl2, Cxcl15, Ccl20, 

Vegfc, Vegfa, Inhba, Il1a, Il1b, Bmp2, Gdf15, Tg�1, Tg�2, Tg�3, Bmp6, Ogg1 125,178 

Quan@fica@on and sta@s@cal analysis. All experiments were performed on biological replicates as 

men-oned in the respec-ve figure legends. Sample size for each experimental group/condi-on is 

reported in the appropriate figure legends. All data points are presented for quan-ta-ve data, with 

an overlay of the mean with SEM. Sta-s-cally significant differences between control and 

experimental groups were determined using Mul-ple Student’s t-tests (two-tailed, unpaired), one-
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way ANOVA with Tukey mul-ple comparison difference test, Wilcoxon test, and log-rank (Mantel-

Cox) test as indicated in the appropriate figure legend and text. All sta-s-cal analyses were 

performed using GraphPad Prism 8, Microson Excel 2016 or R-Studio. 
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4 RESULTS 
 
4.1 Iden@fica@on of senescent cancer cells in different mouse models of prostate cancer 

 

In order to examine prostate cancer senescent cells at the single-cell level, we collected the epithelial 

frac-on of four prostate tumors from two different mouse models of prostate cancer, the Pten-null 

prostate condi-onal (Ptenpc-/-) and the Ptenpc-/-; Timp1-/- mouse models28,50. These mouse models 

develop prostate tumors that progress into locally invasive and metasta-c prostate cancer, 

respec-vely. Previous studies have shown that both Ptenpc-/- and the Ptenpc-/-; Timp1-/- prostate 

tumors contain either a prolifera-ve or a senescent popula-on, as indicated by posi-ve staining for 

SA-b-Gal and the expression of various senescence markers at protein levels (Fig. 1a, Supplementary 

Fig. 1a). The epithelial tumor cells, posi-ve for Epcam marker, were isolated through Fluorescence-

ac-vated cell sor-ng (FACS) and analyzed by 10X Genomics single-cell RNA sequencing. Almost 4000 

cells were analyzed for their transcriptomic profiles (Fig. 1b, Supplementary Fig. 1b). By using a 

graph-based clustering method and Uniform Manifold Approxima-on and Projec-on (UMAP), we 

iden-fied dis-nct epithelial cell clusters (Supplementary Fig. 2a-d). Since during tumor dissec-on 

normal cells may be incorporated in the sample and sequenced, to study exclusively prostate cancer 

cells, the three main prostate epithelial popula-ons, including luminal, basal and semi-vesical cells 

were iden-fied using canonical markers. We used Cd24a, Krt18 and Krt8 for luminal cells; Krt14, 

Trp63 and Krt5 for basal cells; while for semi-vesical cells Calml3, Pate4 and Pax2. Cluster 8 and 9, 

composed of normal semi-vesical cells, were removed from future analysis (Supplementary Fig. 2a-

d). 

In order to iden-fy senescent tumor cells at the level of individual cells, we created a senescence 

signature by combining the expression of p16INK4a, p15INK4b, p19Arf, p21Waf1/Cip1, p27Kip1 and PAI-1, 

which are the most highly upregulated senescence markers detected in whole tumor lysates using 

western blot analysis 31,179(Fig. 1c, Supplementary Fig. 1a).  

Among the different clusters iden-fied, clusters 3, 4, 5 and 7 showed higher expression levels of the 

senescence signature (Supplementary Fig. 2e). Of note, while cluster 3,4,5 defined luminal prostate 

tumor cells, cluster 7 represented basal prostate tumor cells, thereby demonstra-ng that 

senescence can equally occur in cells of both phenotypes (Supplementary Fig. 2b).  

As one prominent characteris-c of senescent tumor cells is their lack of cellular 
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prolifera-on31,32,179,180, we defined three cell cycle arrest signatures to analyze the different clusters 

iden-fied. Par-cularly, single-sample Gene Set Enrichment Analysis (ssGSEA) was applied by u-lizing 

three available gene sets of cell prolifera-on (Kegg, Reactome, WikiPathway) (Fig. 1d and 

Supplementary Fig. 2f). ssGSEA is a computa-onal method used to assess the enrichment or ac-vity 

of predefined gene sets in individual samples or cells. Indeed, the enrichment score is obtained by 

comparing the expression levels of genes within a signature to the expression levels of all genes in a 

cell, reflec-ng the up/down-regula-on of the signature on the whole transcrip-on profile.   

Combining the senescence signature (Fig. 1c) with each of the three cell cycle arrest signatures 

allowed us to establish three different Senescence Scores (SK, SR, SWP) (Fig. 1e, Supplementary Fig. 

2g).  Cancer cells were iden-fied as senescent if they had the highest score level of all the senescence 

scores SK, SR and SWP, simultaneously (Fig. 1f). This newly defined algorithm, based on the 

abundance of specific genes and cell cycle arrest markers, was named Senescence Index Tool (SIT for 

short).  

Mathema-cally, The SIT development consisted of four steps:  

• Defini-on of senescence signature, given by the average expression of known senescent 

markers p16INK4a, p15INK4b, p19Arf, p21Waf1/Cip1, p27Kip1 and PAI-1 using AddModuleScore 

func-on of Seurat package. 

• Defini-on of cell cycle arrest signatures using ssGSVA and available cell cycle gene set 

(1)		𝐶𝑒𝑙𝑙	𝐶𝑦𝑐𝑙𝑒	𝑎𝑟𝑟𝑒𝑠𝑡	𝑠𝑖𝑔𝑛𝑎𝑡𝑢𝑟𝑒𝑖 =	−𝑠𝑠𝐺𝑆𝑉𝐴	𝑠𝑐𝑜𝑟𝑒𝑖	𝑤𝑖𝑡ℎ	(𝑖 = 𝐾,𝑊𝑃,𝑅) 

• Verifica-on of the co-occurrence of senescence signature and cell cycle arrest signatures and 

the defini-on of senescence scores K, WP and R 

(2)	𝑆𝑒𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒	𝑠𝑐𝑜𝑟𝑒! = 𝐶𝑒𝑙𝑙	𝑐𝑦𝑐𝑙𝑒	𝑎𝑟𝑟𝑒𝑠𝑡	𝑠𝑖𝑔𝑛𝑎𝑡𝑢𝑟𝑒!	#$%&(()*) + 𝑆𝑒𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒	𝑠𝑖𝑔𝑛𝑎𝑡𝑢𝑟𝑒#$%&(()*) 

	𝑤𝑖𝑡ℎ	(𝑖 = 𝐾,𝑊𝑃, 𝑅) 

• Iden-fica-on of senescent cells: cells with senescence scores K, WP and R belonging to the 

fourth quar-le (highest value) are considered senescent cells 

 

To validate the reliability of the SIT, we next inves-gated the differences between senescent and 

non-senescent prostate tumor cells at the gene expression level. By performing Gene Set Enrichment 

Analysis (GSEA) on biological processes from the Gene Ontology collec-on, we observed selec-ve 

ac-va-on and suppression of different pathways. Among the pathways posi-vely ac-vated in 

senescent cells, though with higher normalized-enrichment-score (NES), wound healing and 

migra-on (locomo@on, cell mo@lity, epithelium migra@on, @ssue migra@on), which are features 

characteris-c of senescent cells31,103,181, appear. Conversely, pathways related to oxida-ve 
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phosphoryla-on and mitochondrial respira-on were suppressed, in line with previous findings 

demonstra-ng that senescent cells have dysfunc-onal mitochondria and rely for their survival on 

the tricarboxylic acid (TCA) cycle182-184 (Fig. 1g).   

 

.0.1

0.2

a

Pt
en

pc
-/-

Ti
m

p1
-/-

 ; 
Pt

en
pc

-/-
W

T

c

FACS 
SORTING

Epcam + cells

LIBRARY 
PREPARATION

Sequenc ing

DATA 
PROCESSING

Pten pc-/-

Pten pc-/- ; Timp1 -/-

UMAP_1

U
M

A
P

_2

Transcrip tomic profiles for 4000 ce lls

-2

0

2

NES

ACTIVATED

0 20 40 60 80 20 40 60 80
oxidation-reduction process
ATP metabolic process
ATP synthesis coupled electron transport
mitochondrial ATP synthesis coupled electron transport
electron transport chain
respiratory electron transport chain
oxidative phosphorylation
mitochondrial respiratory chain complex assembly
energy coupled proton transport, down electrochemical gradient
ATP synthesis coupled proton transport
ribonucleotide biosynthetic process
circadian rhythm
response to mechanical stimulus
negative regulation of ERK1 and ERK2 cascade
response to wounding
tissue migration
epithelium migration
regulation of locomotion
regulation of cell cycle
cell adhesion
biological adhesion
cell motility
localization of cell
locomotion
movement of cell or subcellular component
tissue development

Significance

SUPPRESSED

Not senescent Senescent

migration
TF
Oxydat ive phosphorylation
SASP
Senescence
API-1 TF fam ily
Wound -

Jun
Junb
Fosb

Nfkb1

Tgfb1

Gdf15

Bmp2

Il1a

Inhba

Vegfa

Ccl20

Cxcl15

Ccl2

Icam1

Cxcl10

Cxcl13

Il6

Csf1

Cxcl2

Cxcl1

-0 .8
-0 .4

0.0

0.4

0.8
Averag e Expressio n

Percen t Expresse d

50
60
70
80
90
100

Senescent cellsNot Senescent cells

Cldn4
Dst
Pdgfa

Ier2
Sdc4
Thbs1
Lmna
Cd44

Uqcrq
Cox7c
Fth1
Prdx6

Egr1
Sox9
Sox4
Klf4
Foxp1
Irf9

Senescent cells
Not Senescent cells

Ex
pr

es
sio

n 
Le

ve
l

0

1

2

3

4

5

Atf3

-0.05

0.00

0.05

0.10

ss
-g

sv
a 

sc
or

e

SASP score

p65

0.0

0.2

0.4

0.6

Ex
pr

es
sio

n 
Le

ve
l

0.1

0.2

0.3

0.4

REACTOME_SENESCENCE_
ASSOCIATED_SECRETORY_PHENOTYPE

pvalue = <2e-16pvalue = <2e-16

ss
-g

sv
a 

sc
or

e

Jun

Ex
pr

es
sio

n 
Le

ve
l

0

1

2

3

4

Egr1

d

e

f

g

h

i j

k l

m n

o

Low

High

z-score

0

1

2

3

4

Ex
pr

es
sio

n 
Le

ve
l

Senescent cells
Not Senescent cells

Senescence Index Tool (SIT)

-5

0

5

-10 0 10 20
UMAP_1

U
M

A
P_

2

Senescence_signature

-5

0

5

-10 0 10 20
UMAP_1

U
M

A
P_

2

Cell_cycle_arrest_signatureR

-0.4

-0.2

-5

0

5

-10 0 10 20
UMAP_1

U
M

A
P_

2

Senescence_scoreR

0

1.9

-5

0

5

-10 0 10
UMAP_1

U
M

A
P_

2

300µm

0

b



Single-cell transcriptomics iden2fies Mcl-1 as a target for senoly2c therapy in cancer 

 

 49 

Figure  1 : Iden8fica8on of senescent cells in prostate cancer with scRNA-seq 
a RepresentaIve images of SA-β-Gal in WT, Ptenpc−/− and Pten pc−/−; Timp1−/− genotypes (Scale bar 300 μm). Data are 
representaIve of two independent experiments. b SchemaIc representaIon of single cells isolaIon and sequencing 
(n = 4 mice). c UMAP plot of cancer epithelial cells colored by Senescence_signature. d UMAP plot of cancer epithelial 
cells colored by Cell_cycle_arrest_signatureR. e UMAP plot of cancer epithelial cells colored by Senescence_scoreR. f 
UMAP plot of cancer epithelial cells showing senescent cells (blue) and not senescent cells (orange) found through 
SIT. g Bar plot showing enrichment pathway analysis of senescent cells compared to not senescent cells. gseGO 
funcIon results: Weighted Kolmogorov Smirnov (WKS) test followed by FDR correcIon. h Heatmap of differenIally 
expressed genes between senescent and not senescent cells. Row annotaIon showing the funcIons of different 
genes (migraIon, SASP, wounding, TF). Wilcoxon Rank Sum test followed by FDR correcIon. i Violin plot of the most 
upregulated gene in senescent cells: Jun. j, k Violin plot of key transcripIon factors involved in senescence 
transcripIonal program: Egr1, and Ap3. l Violin plot showing expression of p65/RelA in senescent cells. m Boxplot 
showing the SASP score of senescent and not senescent cells (two sided Wilcox-test: p value < 2.2e−16; N = 3992 cells, 
Not senescent cells (les) minimum = −0.0537, lower-quarIle = −0.0146, median = −0.0088, upper-quarIle = −0.0039, 
maximum = 0.0408, Senescent cells (right) minimum = −0.0353, lower-quarIle = 0.0018, median = 0.0154, upper-
quarIle = 0.0466, maximum = 0.1172). n Boxplot showing ss-gsva score of published gene set of Reactome 
collecIon77 (senescence_associated_secretory_phenotype) in senescent and not senescent cells (two-sided Wilcox-
test: pvalue < 2.2e−16; N = 3992 cells, Not senescent cells (les) minimum = 0.0634, lower-quarIle = 0.1183, 
median = 0.1363, upper-quarIle = 0.1607, maximum = 0.2952, Senescent cells (right) minimum = 0.0527, lower-
quarIle = 0.1527, median = 0.2183, upper-quarIle = 0.2768, maximum = 0.4215). o Expression of fundamental SASP 
genes where dot size and color represent the percentage of the cell expressing and the averaged scaled expression 
value, respecIvely. 

 
Differen-al expression analysis between senescent and non-senescent prostate tumor cells revealed 

significant deregula-on of genes involved in transcrip-on regula-on, wound healing, SASP and 

oxida-ve phosphoryla-on (Fig. 1h). Notably, among transcrip-onal factors, c-Jun was the first up-

regulated genes (with fold change higher than 4 -mes).  c-Jun has been recently described as a key 

transcrip-on factor (TF) and regulator of senescence185, as it cri-cally controls the senescence 

epigene-c reprogramming. Addi-onal genes encoding proteins that interact with c-Jun to form the 

AP-1 complex, including c-Fos and Aw3, and other members of AP-1 transcrip-on factor family were 

found upregulated in senescent cells (Fig. 1i-k, Supplementary Fig. 2h). Accordingly, AP-1 

downstream targets genes were significantly up-regulated in the senescent cells (Supplementary Fig. 

2i), proving the transcrip-onal reprogramming of these cells by ac-va-on of AP-1 TF cascade.  

Upon examining the dis-nc-ve pathways associated with cellular senescence, we finally observed 

that senescent tumor cells overexpressed genes signatures linked to autophagy, NF-kB pathway 

ac-va-on, the SASP and other validated senescence signatures186-190 (Supplementary Fig. 2j). The 

up-regula-on of the previously validated senescence signatures provides evidence of the reliability 

of SIT, since they are not prostate cancer related or PICS related.  

Of note, the SASP, one of the hallmarks of senescence, is regulated by NF-kB transcrip-on factor. 

Consistently we found that RelA/p65 was the most upregulated gene of the NF-kB pathway in 

senescent cells191,192. In addi-on, SASP factors including Cxcl1, Cxcl15, Il6 and Il1a exhibited 

enhanced expression levels as reported by previous data from our and different research teams (Fig. 
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1l-o). 

Furthermore, different out-of-clustering methods were used to validate the consistency of SIT. To 

this aim, scmap193 and SingleR194 sonware were applied. Both methods are commonly used in sc-

RNA seq data analysis to assist in cell type annota-on, cell type predic-on, and iden-fica-on of 

biological states. As both methods require a query dataset and reference dataset, for this work we 

used as reference a dataset composed of 12 different datasets from both available single cell and 

bulk RNA seq (Table 1). 

 

Reference #Samples Descrip1on PMID 

GSE115301 480 10 sc-RNAseq of ER:RasG12V IMR90 (+4OHT) co-culture with GFP+ cells 31018144 

GSE115301 141 smart-Seq2 of 100 growing and 41 senescent IMR90  31018144 

GSE61130 6 Non-senescent cells (EV - 4OHT) and  
Senescent cells (EV + 4OHT) IMR90 ER:RAS cells 26280535 

GSE130727 37 
WI-38, IMR-90, HUVEC, HAEC cells characterized by  

replicaYve exhausYon, ionizing radiaYon or doxorubicin treatment and expression of 
HRASG12V.  

31251810 

GSE102639 10 A549 cells treated with aliserYb, baraserYb,  
tozaserYb or etoposide and untreated 29045843 

GSE132369 6 ProliferaYng or senescent (IR) profiling of IIMR90 cells 32001510 

E-MTAB-9970 60 13 cancer cell lines treated with a liserYb or etopside or proliferaYve  34320349 

GSE98440 8 proliferaYve and senescent MSC cell line 29706538 

GSE98440 6 proliferaYve and senescent HUVEC cell line 29706538 

GSE98440 8 proliferaYve and senescent IMR90 cell line 29706538 

GSE109270 12 PDX2 KRAS mut NSCLC tumors treated with vehicle or with SHP099  29808006 

GSE158743 10 U2OS cells 7 days post IR or untreated 33459422 

Table  1: Datasets used for out-of-clustering analysis 

The two tools differ in the predic-on step. In scmap, the mapping process used a machine learning 

approach to compare the expression profiles of cells in the query dataset with those in the reference 

dataset, calcula-ng a similarity score. The la9er indicates the most likely cell type for each cell in the 

query dataset, based on specific expression markers for each cell type. By comparing the similarity 

score, scmap infers the cell types in the query dataset.  

On the other hand, singleR defines a similarity score comparing the expression of genes in the query 

dataset to those in the reference dataset using the Spearman correla-on coefficient. The cells are 

assigned based on the similarity score, indica-ng the closest match to the gene expression profile of 

the query cell to the reference dataset. The analysis reported that the SIT and the scmap overlap. 

Indeed, 52% of senescent tumor cells recognized by the SIT were also recognized as senescent by 

the scmap. Note that 26% of cells classified as senescent using the SIT, results unassigned with the 

scmap (Fig. 2a-b). However, these unassigned cells upregulate canonical senescent markers and the 
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Fridman_senescence signature (Fig. 2c).  Thus, the lack of assignment in the senescent category was 

probably due to the different experimental models we used for the comparison. Moreover, by 

comparing the SIT with SingleR the results were even be9er. Indeed, 88.5% of senescent tumor cells 

recognized by the SIT were also categorized as senescent by using this method (Fig. 2d-f).   

 
Figure  2:  Out-of-clustering analysis for valida=on of Senescence Index Tool. 

a Scmap cluster projecIon of the SIT classificaIon to the senescence datasets of Table 1. b UMAP plot showing the 
scmap results. Yellow dots = not senescent cell for scmap (N= 2746 cells); green dots = senescent cells for scmap (N= 
831 cells); grey dots = unassigned cells for scmap (N=415 cells). (Bouom) Pie-charts of percentage of scmap results in 
SIT classificaIon. c Dotplot showing expression of Mcl1, Bcl2, Fridman_senescence signature and Senescence 
signature in scmap result. d UMAP plot of cancer epithelial cells showing senescent cells (blue) and not senescent 
cells (orange). e UMAP plot showing the SingleR results. Pink dots = Not senescent cells for SingleR (N= 2243 cells); 
grey dots = Senescent cells for SingleR (N=1749 cells). (Bouom) Pie-charts of percentage of SingleR results in SIT 
classificaIon f Dotplot showng expression of Mcl1, Bcl2, Fridman_senescence signature and Senescence signature in 
SingleR results.  

 

4.2 Senescent tumor cells differently segregate at single cell RNA-seq level based on their 
transcrip@onal profile 
 

The SIT was employed to inves-gate the poten-al heterogeneity among senescent tumor cells. The 

analysis revealed that these cells formed eight dis-nct subpopula-ons, irrespec-ve of the gene-c 

background (Fig. 3a). By performing differen-al expression analysis, commonali-es and significant 

differences between the eight subpopula-ons were outlined. Specifically, Sene_1, Sene_3 and 

Sene_5 exhibited a peculiar gene expression program compared to the other popula-ons (Fig. 3b-
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d).  

 
Figure  3 : Senescent cells are a heterogeneous popula8on 
a UMAP view of only senescent cells, colored by clusters found with FindCluster funcIon (res = 0.5) (top) and 
percentage of clusters in the two genotypes (bouom). b Heatmap showing expression of differenIally expressed 
genes found in total senescent cells related to pathways acIvated in total senescent cells. c Heatmap showing 
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differenIally expressed genes between various senescent clusters (Sene_clusters) using FindAllMarker funcIon. 
Wilcoxon Rank Sum test followed by FDR correcIon. d Venn diagrams showing the differenIally expressed genes in 
each Sene_cluster. Overlapping areas indicate the number of genes commonly modulated among subpopulaIons. 
The numbers report only unique differenIally expressed genes or transcripts common between two clusters. e 
Dotplot showing ssGSEA of previously published senescence signature (Casella_signature, Hernandez_signature, 
Fridman_senescence_up, Basisty_signature, Purcell_signature, Cellular senescence from Gene Ontology collecIon, 
Oncogene-induced senescence and Cellular senescence gene sets from Reactome collecIon) in all the senescent 
clusters. f Heatmap showing pathway acIvity of 14 relevant signaling pathways calculated using PROGENy between 
different senescent subpopulaIons (les) and between senescent and not senescent cells (right). g FeaturePlot 
showing expression levels of different secreted factors upregulated in specific Sene_clusters and not expressed in the 
other senescent cells. 

 

Notably, the senescent clusters displayed different levels of expression for different senescence 

signatures186-190 (Fig. 3e). By inves-ga-ng the pathway ac-vity inside the different senescent 

clusters, JAK-STAT, NF-kB, p53, MAPK and TNFa signaling, known to be upregulated in senescence 

tumor cells, were mostly ac-vated in the Sene_1-5 clusters.  

Instead, Sene_0 and Sene_6 clusters were built on upregula-on of WNT and PI3K pathways 

associated with premature senescence195-201 (Fig. 3f). Intrigued by these data, we exploited the 

difference among the SASP factors. Interes-ngly certain SASP genes such as Tnf, Cxcl2, Cxcl17, Gas6, 

Wnt5a and TgK1 were specifically expressed by some of the Sene_clusters being undetectable in 

others (Fig. 3g). Previous data have highlighted the importance of Cxcl2 and Cxcl17 as crucial 

chemokines involved in myeloid cells’ recruitment, which represents the most abundant immune 

popula-on in CRPC125,202,203.  

In summary, these findings revealed the transcrip-onal heterogeneity of senescent tumor cells and, 

for the first -me, the SASP factors, typically upregulated during senescence, have been iden-fied 

within specific sub-clusters rather than being present in all senescent cells. 

 

4.3 Mcl-1 is the key factor that antagonizes cell death in senescent prostate tumor cells 
 

The SIT allowed the detec-on of senescent tumor cells and the inves-ga-on of senescent 

heterogeneity. However, in order to iden-fy new therapeu-c vulnerabili-es, we then moved to 

inves-gate the common gene-c pathways expressed by these kinds of cells. Par-cularly, senescent 

cells are known to be resistant to programmed cell death, a9ributed to the increased expression of 

BCL2 and BCL-XL31,32. However, a comprehensive analysis of the cell death modali-es in senescent 

prostate tumor cells was missing. Therefore, aiming to iden-fy a shared vulnerability, we u-lized the 

SIT to annotate the deregulated pro-survival pathways in senescent prostate tumor cells (Fig. 4a). 

We decided to inves-gate the state of various molecular mechanisms of cell death to dissect 
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modali-es of survival of senescent cells. We studied the major cell death pathways, including 

apoptosis, ferroptosis, necroptosis, parthanatos and pyroptosis (Fig. 4b-c). Apoptosis and 

necroptosis were iden-fied as the most enhanced cell death pathways. Moreover, by separa-ng the 

genes involved in pro-apopto-c and an--apopto-c pathways, we observed significant upregula-on 

of the la9er in senescent tumor cells. This finding was in line with the capability of senescent cells 

to bypass cell death.  

Therefore, we conducted a more in-depth analysis at the gene level, inves-ga-ng many of the genes 

involved in the pro-survival pathway, with the aim of iden-fying the genes with the greatest 

significance and impact. We correlated the pro-survival genes (n=47) (Supplementary Fig. 3a) to the 

senescence scores (SK, SR, SWP) iden-fied with SIT, and only 12 genes posi-vely correlated with all 

senescence scores with Pearson’s coefficient R higher than 0.4 and FDR <0.05 (Fig. 4d, 

Supplementary Fig 3b). As a posi-ve control of the goodness of the analysis, Bcl2, the main target 

for the elimina-on of senescent cells, was included in the shorted list of impac-ng genes108,204.  

Then, the senescent tumor cells were classified based on Bcl2 expression (Bcl2+ and Bcl2- ) (Fig. 4e). 

Surprisingly, we found that roughly 50% of senescent tumor cells were not expressing Bcl2 at high 

levels (Fig. 4e). On the contrary, Mcl-1, a member of the BCL2 gene family, was the most correlated 

gene and was more upregulated than Bcl2205 (Supplementary Fig.3b-c). Moreover, Mcl-1 was 

expressed both in the Bcl2+ and Bcl2- clusters and, when studying the co-expression of Bcl2 and the 

other pro-survival genes, Mcl-1 emerged as the gene mostly expressed by all the senescent cells (Fig. 

4f-h, Supplementary Fig. 3d).  

We subclustered the senescent cells based on Bcl2 and Mcl1 expression in Bcl2+Mcl1+, Bcl2-Mcl1+, 

Bcl2+Mcl1- and Bcl2- Mcl1-, and we interrogated the difference in term of gene expression, with 

par-cular focus on SASP factors and the pathways. Both Bcl2+Mcl1+ and Bcl2-Mcl1+ senescent cells 

overexpressed genes involved in the regula-on of angiogenesis and migra-on, and were enriched in 

SASP genes (Fig. 4i-j and Supplementary Fig. 3e-g).  

Altogether, these data suggest that the majority of senescent tumor cells rely on elevated levels of 

Mcl-1 and that these cells ac-vate gene pathways that may contribute to tumor progression through 

diverse mechanisms. 
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Figure  4 : Mechanisms of survival in senescent cells 

a Violin plot showing ss-GSVA score acIvaIon of different cell death modaliIes between senescent and not senescent 
cells. b Violin plot showing ss-GSVA score acIvaIon of apoptosis between senescent and not senescent cells, 
separaIng in pro and anI-apoptoIc genes. c Heatmap of 20 differenIally expressed genes of different cell death 
modaliIes. FDR < 0.05. d CorrelaIon plot between Senescence_scoreK and survival related-genes with Pearson 
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correlaIon coefficient higher than 0.4 and FDR < 0.05. e UMAP plot showing Bcl2 expression levels in senescent cells 
(top) and classificaIon of them in Bcl2+ or Bcl2- (bouom). f Heatmap showing z-score expression levels of 12 survival 
related-genes, posiIvely correlated with Senescence_scoreK,WP,R, in Bcl2+ and Bcl2- senescent cells. g mRNA 
expression levels of 12 survival related-genes in Bcl2+ and Bcl2- senescent cells (N = 862 cells, Bcl2 - cells: Bcl2 
median = 0.0596; Ptpn13 median = 0.1857; Mcl1 median = 0.654; Birc3 median = 0.234; Cflar median = 0.160; Bcl2l11 
median = 0.140; Apaf1 median = 0.068; Pmaip1 median = 0.165; Bbc3 median = 0.091; Trpm7 median = 0.331; Ripk1 
median = 0.169; Gclc median = 0.175. Bcl2 + cells: Bcl2 median = 0.169; Ptpn13 median = 0.324; Mcl1 median = 1.045; 
Birc3 median = 0.274; median = 0.314; Bcl2l11 median = 0.145; Apaf1 median = 0.083; median = 0.178; Bbc3 
median = 0.113; Trpm7 median = 0.402; Ripk1 median = 0.261; Gclc median = 0.179). h Co-expression of Bcl2 and 
Mcl1 in senescent cells. i UMAP plot showing the classificaIon of senescent cells based on Bcl2 and Mcl1 expression 
levels. j Dotplot showing over-representaIon results of biological process (GO) pathway analysis by considering 
senescent cell subclassificaIon. Hypergeometric test followed by FDR correcIon. 

 

4.4 Inhibi@on of Mcl-1 works as potent senoly@c therapy 
 

Intrigued by these findings, we next checked whether cells treated with drugs that cause therapy-

induced senescence (TIS) had high expression levels of Mcl-1. We took advantage of various human 

(PC3, PC3 shTIMP1 and LNCaP) and mouse (TrampC1, TC1, TrampC1Pten-/-, TC1Pten-/-, and 

RapidCap) prostate tumor cells. To assess senescence, the different cell lines were treated with two 

different pro-senescence drugs, Docetaxel and Palbociclib (Fig. 5a-d, Supplementary Fig. 4a,b). The 

induc-on of senescence was established by checking the upregula-on of senescence markers. Aner 

TIS, Mcl-1 and Bcl2 upregula-on occur both at protein and mRNA levels (Supplementary Fig. 4a,b).  

To evaluate the role of Mcl-1 in the survival of senescent tumor cells, we treated them with either 

S63845, a potent Mcl-1 inhibitor206,207  or the Bcl2 inhibitor ABT263108,204. Of note, S63845 proved 

to be more efficient than ABT263 in driving senolysis, both in terms of selec-vity and potency. These 

data were collected through different assays such as SA-β-Gal staining, quan-fica-on of prolifera-on 

by crystal violet and Incucyte imaging analysis (Fig. 5a-d, Supplementary Fig. 4c). The removal of 

senescent cells by S63845 led to apoptosis as shown by upregula-on of Cleaved Caspase 3 at protein 

level (Supplementary Fig. 4d).  Further valida-on was performed using two addi-onal Mcl-1 

inhibitors, UMI77 and AZD5991208,209 (Supplementary Fig. 4e-h).  
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Figure  5 Mcl-1 targe=ng as senoly=c an=-migratory therapy 

a RepresentaIve pictures of crystal violet and SA-β Gal of PC3 shTIMP1 treated cells (Scale bar 100 μm). Data are 
representaIve of three independent experiments. b Cristal violet and SA-β Gal quanIficaIon (Cristal violet n = 4 for 
Docetaxel and Palbociclib, n = 5 for Docetaxel ABT263, Palbociclib S63845 and Palbociclib ABT263, n = 7 for Docetaxel 
S63846; SA-β Gal n = 4 for Vehicle, Docetaxel, Docetaxel S63845, n = 3 for Palbociclib, n = 6 for Palbociclib ABT263 
and n = 7 for Docetaxel ABT263 and Palbociclib S63845, n = biological independent samples from three independent 
experiments). c RepresentaIve pictures of crystal violet and SA-β Gal of LNCaP treated cells (Scale bar 100 μm). Data 
are representaIve of three independent experiments. d QuanIficaIon of crystal violet and SA-β Gal staining (Cristal 
violet n = 6 for Docetaxel, Palbociclib and Palbociclib ABT263, n = 7 for Docetaxel S63845, Docetaxel ABT263 and 
Palbociclib S63845; n = biological independent samples, SA-β-Gal n = 6 for Vehicle, Docetaxel ABT263 and 
Palbociclib, n = 7 for Docetaxel, Docetaxel ABT263 and Palbociclib S63845, n = 4 for Palbociclib ABT263, n = biological 
independent samples from three independent experiments). e SchemaIc representaIon of the experimental 
design. f RT-qPCR analysis of Docetaxel treated cells and the remaining clones upon ABT263 (ABT263R) and S63845 
(S63845R) treatment (for Bcl2 n = 5 for Vehicle and ABT263R, n = 6 for S63845R; for Mcl1 n = 6 for Vehicle and 
S63845R and n = 4 for ABT263R, n = biological independent samples from three experiments). g RepresentaIve 
pictures of wound healing assay (Scale bar 600 μm). Data are representaIve of two independent 
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experiments. h Percentage of wound confluence over Ime normalized to Ime 0 (for c.m. Docetaxel and c.m. 
ABT263R n = 8, for c.m. S63845R n = 6, n = biological independent samples from two independent 
experiments). i RepresentaIve pictures of proliferaIon assay (Scale bar 600 μm). Data are representaIve of two 
independent experiments. j Fold change in proliferaIon normalized to Ime 0 (for c.m. Docetaxel, c.m. ABT263R and 
c.m. S63845Rn = 6, n = biological independent samples from two independent experiments). b, d, f, h, j The p values 
were determined by one way ANOVA followed by Tukey’s mulIple comparison test. b, d, f Data are represented as 
mean ± SD. h, j Data are represented as mean ± SEM.  

 

Interes-ngly, aner ABT263 administra-on, a popula-on of ABT263 resistant (ABT263R) cells, s-ll SA-

β-Gal posi-ve, persisted, whereas the treatment with S63845 reduced the percentage of surviving 

senescent tumor cells (S63845R) (Fig. 5a,c). ABT263R cells exhibited higher mRNA levels of Mcl-1, 

whereas S63845R cells did not (Fig. 5e, f), sugges-ng that Mcl-1 can be a new target for the 

elimina-on of ABT263R senescent cells.  

Using an inducible shMCL1 in LNCaP and RapidCap cells, we validated Mcl-1 gene-cally as a target 

for senolysis (Supplementary Fig. 4i). The levels of Mcl-1 in both the cell lines were efficiently 

reduced aner Doxycycline administra-on (Supplementary Fig. 4j,m). Of note, the silencing of Mcl-1 

in cells treated with TIS properly eliminated senescent tumor cells (Supplementary Fig. 4k-l, n-o).  In 

cells treated with Doxycycline and S63845 alone, the killing of senescent cells was comparable 

(Supplementary Fig. 4l,o). However, in cells treated with the combina-on of Doxycycline and S63845, 

the percentage of death cells was not increased (Supplementary Fig. 4l,o). These data indicate that 

Mcl-1 is essen-al for the survival of senescent cells and that S63845 is a specific Mcl-1 inhibitor. 

 
Addi-onally, we explored the poten-al effect of senescent tumor cells resistant to senoly-c therapy 

on the prolifera-on and migra-on of neighboring tumor cells. In line with our previous findings28, 

Condi-oned media (c.m.) from senescent PC3 shTIMP1 cells treated with Docetaxel enhanced the 

migra-on and prolifera-on of parental PC3 cells, while c.m. from S63845 treated cells completely 

blocked the prolifera-on and migra-on of PC3 parental cells. This resulted in an improved outcome 

than that seen in cells treated with ABT263 (Fig. 5g-j).  

Intrigued by the fact that senescent tumor cells can migrate by themselves, we performed co-culture 

experiments using Docetaxel-treated GFP+ PC3 ShTIMP1 cells and untreated parental PC3. We 

observed that a small percentage (15%) of senescent cells could migrate, as shown by the overlap 

of SA-β-Gal+ and GFP+ cells. This phenomenon was abolished in S63845 treated cells (Supplementary 

Fig. 5a-e). Similar pro-tumorigenic effects were observed in murine Tomato+RapidCap cells. These 

cells were treated either with c.m. from Docetaxel, ABT263, or S63845 treated cells or were co-

cultured with parental untreated cells. Also in murine cell lines, S63845 treatment demonstrated 

superior results compared to ABT263 administra-on (Supplementary Fig. 5f-n). 
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In summary, these results indicate that senescent tumor cells treated with TIS can migrate and 

promote the prolifera-on and migra-on of neighboring prostate tumor cells. In addi-on, senoly-c 

therapy with S63845 can significantly a9enuate these pro-tumorigenic effects in vitro.  

 

4.5 Mcl-1 inhibi@on increases the efficacy of conven@onal treatment in prostate cancer 
 

To further corroborate our data, we subcutaneously injected PC3 Luc-shTIMP1 in NRG mice. As 

previously demonstrated by our group, this tumor cell type upon TIS exhibits migratory and invasive 

behavior, leading to metastases due to the elevated ac-vity of MMPs28.  

Once the tumors reached the volume of 100 mm3, mice were treated with Docetaxel followed by 

either S63845 or ABT263 treatments (Fig. 6a,b). As expected, Docetaxel induced senescence in 

primary prostate tumors, whereas S63845 treatment properly eliminated senescent prostate tumor 

cells, as confirmed by a reduc-on in SA-β-Gal and MCL-1 posi-ve cells and a increase in Cleaved 

Caspase 3 posi-ve tumor cells (Fig. 6c,d). It should be noted that S63845 therapy killed senescent 

tumor cells more efficiently than ABT263. These findings were in line with the bioinforma-c and in 

vitro analysis showing that senescent cells rely on Mcl1 more than Bcl2. However, the two therapies 

were comparable in tumor growth progression.  

Since the interconnec-on between senescence and metastases has recently emerged133, we took 

advantage of the xenogran model and of the luciferase expression in PC3 Luc-shTIMP1 cells to 

perform immunohistochemistry (IHC) analysis in different metasta-c organs.  

Importantly, while mice treated with Docetaxel developed metastases to the lungs and the liver, 

mice treated with the combina-on of Docetaxel and S63845 showed a stronger reduc-on in 

metastases forma-on. This effect was superior in mice treated with Docetaxel in combina-on with 

ABT263 in terms of the number of metastases (Fig. 6e, f).  
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Figure  6 : S63845 is a potent senolysis in vivo in PCa. 

a SchemaIc representaIon of the experimental design. b Growth curve of tumors in vivo in mm3 (n = 5 for Untreated, 
ABT263, S63845, Docetaxel, Docetaxel + ABT263, Docetaxel + S63845, n = independent animals from one 
experiment). The p values were determined by two-way ANOVA followed by Tukey’s mulIple comparison test at Ime 
point 39 days post injecIon, separately for single treatment (Untreated, Docetaxel, ABT263, S63845) and Docetaxel 
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treated groups (Docetaxel, Docetaxel + ABT263, Docetaxel + S63845). Data are represented as 
mean ± SEM. c RepresentaIve pictures of immunohistochemistry for Cleaved Caspase 3 (CC3), Ki67, MCL-1 and SA-β 
Gal. Data are representaIve of one experiment. d From les, quanIficaIon in percentage (CC3 n = 6, Ki67 n = 6, MCL-
1 n = 9 and SA-β Gal n = 6; n = mulIple areas of four animals from one experiment. The p values were determined by 
One-way ANOVA test followed by Tukey’s mulIple comparisons test). Data are represented as mean ± SD. e H&E, 
Luciferase and phospho-S6 immunohistochemical staining in lung and liver metastases in Docetaxel, 
Docetaxel + ABT263 and Docetaxel + S63845 treated NRG mice. Data are representaIve of one experiment. f Bar 
graph represenIng metastases quanIficaIon (n = 9 for Docetaxel and Docetaxel ABT263, n = 6 for Docetaxel 
S63845; = mulIple areas of 4 animals from one experiment). For metastases count the p values were determined by 
Two-way ANOVA followed by Šídák’s mulIple comparisons, while for the count of metastases foci per 
mm3, the p values were determined by one Way ANOVA followed by Tukey’s mulIple comparisons test. Data are 
represented as mean ± SD g UMAP plot of senescent and not senescent cells, defining using SIT, in xenogras PC3 
shTIMP1 cells treated with Docetaxel alone or in combinaIon with ABT263 or S63845 (Docetaxel % senescent 
cells = 35.5%, Docetaxel + ABT263 % senescent cells = 15.6%, Docetaxel + S63845 % senescent cells = 14%). h UMAP 
plot of senescent cells showing MCL-1 expression in xenogras PC3 shTIMP1 cells treated with Docetaxel alone or in 
combinaIon with ABT263 or S63845. i MCL-1 expression for each treatment, where dot size and color represent the 
percentage of cells expressing the indicated gene and the average scaled expression value, respecIvely. j G2M 
signature for each treatment, where dot size and color represent percentage of cells expressing and the averaged 
scaled expression value, respecIvely. k ss-GSVA of Issue migraIon signature for each treatment, where dot size and 
color represent percentage of cell expressing and the averaged scaled expression value, respecIvely. l Marker genes 
expressions for each treatment, where dot size and color represent percentage of cell expressing and the average 
scaled expression value, respecIvely.  

 

Intrigued by the effect of these treatments on tumor cells at single-cell resolu-on, we performed 

10X Genomics single-cell RNA sequencing. We sorted prostate tumor cells by taking advantage of 

the GFP signal since the ShTIMP1 plasmid was carrying this fluorescent reporter, and we applied the 

SIT to these data. 

The use of the SIT in 10X Genomics data of primary senescent prostate tumors cells indicates that 

S63845 treatment led to a stronger elimina-on of senescent tumor cells when compared to ABT263 

treatment (Fig. 6g, Supplementary Fig. 6a). Of note, sc-RNA seq data showed that in prostate tumor 

treated with Docetaxel and ABT263, the remaining senescent tumor cells increased MCL-1 levels and 

upregulated genes linked to angiogenesis, cell migra-on and wound healing (Fig. 6h,i, 

Supplementary Fig. 6b), mirroring the more invasive capability of these cells.  

Since senescent cells coexisted with other tumor cells, we inves-gated the prolifera-ve and pro-

migratory capability at single-cell levels. Indeed, the non-senescent cells resistant to Docetaxel and 

ABT263 had an increased prolifera-on and pro-migratory capability compared to the non-senescent 

cells remaining aner the combina-on of Docetaxel and S63845 (Fig. 6j-l).  

These results were in line with the reduc-on in Ki67 staining and the decreased number of 

metastases found in mice treated with S63845 (Fig. 6c-f). Valida-on of the elimina-on of the 

senescent tumor cells and the down-regula-on of metastasis-related genes in mice treated with 

Docetaxel and S63845 was obtained through RT-qPCR of whole tumor lysates (Supplementary Fig. 

6c,d).  
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To corroborate these findings, the same experiment was performed in Ptenpc-/- mice (Supplementary 

Fig. 7a). Gland scoring analysis with IHC showed normaliza-on of prostate glands in mice treated 

with Docetaxel and S63845 compared to the other mice. (Supplementary Fig. 7b and Supplementary 

Fig. 8a).  

To assess the effec-veness of S63845 and ABT263 in elimina-ng senescent cells in the tumors, 

p16INK4a and SA-β-Gal immunohistochemistry analysis, along with RT-qPCR for p21Waf1/Cip1 and PAI-1, 

were conducted. Mice treated with both S63845 and ABT263 showed a decrease in senescent cells 

(Supplementary Fig. 7c-e). However, S63845 demonstrated a stronger senoly-c effect and a robust 

apopto-c response compared to ABT263. This reduc-on in senescence markers was accompanied 

by a decrease in MCL-1 and BCL2 levels (Supplementary Fig. 7e). 

Furthermore, treatment with S63845 and ABT263 led to a decrease in tumor-infiltrated MDSCs and 

tumor-associated macrophages (TAMs), which are the two most prominent immune popula-ons in 

prostate tumors characterized by PTEN loss99,210 (Supplementary Fig. 7f-g and Supplementary Fig. 

8b). Interes-ngly, a notable upregula-on of Perforin, a marker of T and NK cell ac-va-on, was also 

observed (Supplementary Fig. 7h). 

 

4.6 SIT applica@on on human scRNA-seq data reveals up-regula@on of MCL-1 and pro-tumorigenic 
SASP factors 
 

The study reported above aimed to develop a bioinforma-c tool for iden-fying senescent tumor 

cells inside prostate cancer samples and discovering new targets for senoly-c therapy. The majority 

of the study was based on human and murine cell lines or murine GEMMs. The SIT, the algorithm 

specifically developed to spot senescent cells, was developed star-ng from epithelial tumor cells of 

murine GEMMs. However, we wanted to expand the applicability of the SIT in human prostate cancer 

biopsies, inves-ga-ng published scRNA-seq data collected from CRPC pa-ents211.  

We conducted an analysis on 6 biopsies from CRPC pa-ents sequenced with 10x Genomics scRNA-

seq. Using canonical markers, we classified the different cell types (epithelial, immune and stromal 

cells) in the samples, and then we focused the a9en-on on epithelial cells (Fig. 7a and 

Supplementary Fig. 9a).  

Among these pa-ents, three had received the first-line therapy of the LHRH analog goserelin 

combined with the AR inhibitor bicalutamide, two had undergone surgical castra-on along with 

bicalutamide, and the remaining pa-ent was treated with the chemotherapeu-c drug docetaxel 

(Table 2). 



Single-cell transcriptomics iden2fies Mcl-1 as a target for senoly2c therapy in cancer 

 

 63 

Pa#ent ID Age 

PSA level 
at 

diagnosis 
(ng/ml) 

The 
Gleason 
score at 

diagnosis  

First-line therapy Second-line 
therapy 

Time from 
treatment 

start to 
CRPC (mo) 

Time from 
CRPC to 

now (mo) 

Pa$ent #1 82 8.88 4 + 5 = 9 Goserelin, bicalutamide None 9 0.5 
Pa$ent #2 82 56.53 4 + 3 = 7 Goserelin, bicalutamide None 15.9 3.2 
Pa$ent #3 86 55.16 4 + 4 = 8 Goserelin, bicalutamide None 15.9 3.7 

Pa$ent #4 78 >149 4 + 3 = 7 Bilateral orchidectomy, 
bicalutamide 

Docetaxel, 
Abiraterone 12.5 18.6 

Pa$ent #5 65 15.6 4 + 4 = 8 Bilateral orchidectomy, 
bicalutamide None 27.8 2.6 

Pa$ent #6 70 72.72 NEPC Docetaxel None 14.8 3.7 
Table  2: Clinical data of CRPC pa=ents 

Various studies suggested that both ADT and chemotherapies can induce senescence212-214. 

Therefore, the applica-on of SIT had a comprehensive relevance in this dataset.  

The clinical story, the line of treatment, the gene-c background, and also the quality of the sample 

aner the biopsy could influence the classifica-on of SIT. However, due to the higher heterogeneity 

of human samples, we applied the SIT for each pa-ent separately. We iden-fied a range of senescent 

cells, varying between 3% and 19% (Fig. 7b-c and Supplementary Fig. 9b).  

We next inves-gated the differences between senescent and non-senescent prostate tumor cells in 

each pa-ent. Interes-ngly, MCL1 was predominantly over-expressed in the senescent cells of 

Pa-ent1, Pa-ent5 and Pa-ent6, with elevated average expression in the senescent compartment 

overall (Fig. 7d).  On the other hand, BCL2 was expressed in less than 25% of cells and in lower levels 

(Fig. 7d).   

Since the SASP reprogramming impacts the tumor's aggressiveness, the common SASP factors up-

regulated in at least two pa-ents were studied. Among them, we spot the overexpression of GDF15, 

CCL2, CXCL1, CXCL8, CXCL2 and others in the senescent popula-on (Fig. 7e). Our team demonstrated 

that the GDF15 gene is part of the pro-tumorigenic SASP in the metasta-c model of Ptenpc-/-; Timp1 
-/-28. Moreover, it is known that CXCL1 is a SASP factor involved in the forma-on of the premetasta-c 

niche140 and CXCL8, named also IL-8, is a major secreted factor involved in EMT transi-on and 

angiogenesis in several cancer138 .  

In sum, these data suggested that human senescent cells iden-fied through SIT increased the 

expression of secreted factors that promote invasive and metasta-c cancer.  
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Figure  7 Applica=on of SIT on human CRPC samples 

a (Les) UMAP plot showing the different cell type of 6 CRPC human samples (Right) UMPA plot colored by paIent 
IDs. b UMAP plot indicaIng the cell classified as senescent (blu) or not senescent (orange) with SIT. c Barplot of 
percentage of senescent and not senescent cells in each paIent. d (Les) Violin Plot with expression of MCL1 and BCL2 
in each paIent between the two populaIons (Right) Dotplot of MCL1 and BCL2 expressions in senescent and not 
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senescent cells of all paIents. e Doplot of SASP factors. f Dotplot represenIng the results of pathway analysis 
between senescent and not senescent cells in each paIent. Dimension of dot is -10*logFDR. Color is representaIve 
of the NES. Only pathway with FDR<0.05 are reported. g Boxplot of ss-GSVA scores for gene sets related to 
senescence.  

 

Addi-onally, pathway analysis of senescent cells of each pa-ent revealed ac-va-on of pathways 

associated with cell aging and cell growth, together with signaling related to migra-on and wound 

healing (Fig. 7f). The transcriptomic profile of senescent cells indicated a pro-migratory phenotype, 

consistent with the findings of SIT on murine samples and with the in vitro and in vivo experiments.  

Ribosome-related pathways were suppressed during senescence (Fig. 7f).  

Moreover, upon examining the dis-nc-ve features of cellular senescence, we focused on different 

senescence-related signatures. Casella signature, Fridman_senescence_up, Purcell_signature and 

Reactome_SASP gene list were over-expressed in all senescent cells compared to other tumor cells 

(Fig. 7g and Supplementary Fig. 9c). Notably, a recently developed gene signature called SenMayo215, 

designed explicitly within the context of aging, demonstrated increased ac-vity in senescent cells, 

both when considering them collec-vely or when evalua-ng each pa-ent separately. 

In conclusion, the applica-on of SIT in human CRPC pa-ents under different treatments confirmed 

the poten-al role of MCL1 in senescence and highlighted the possible migratory phenotype of 

senescent human cells. These findings advance the understanding of senescence mechanisms and 

provide valuable insights into poten-al therapeu-c targets for senoly-c therapy in human prostate 

cancer pa-ents. 
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5. DISCUSSION 
 
Prostate cancer is a widely prevalent disease affec-ng men worldwide. Most of the PCa diagnosed 

cases exhibit a non-aggressive nature and they are treated with therapeu-c strategies, such as 

prostatectomy and ADT treatment, which can be sufficient to abolish the advancement of the 

tumor3,216-218. However, a significant percentage of PCa pa-ents demonstrate an aggressive 

phenotype that advances into metasta-c prostate cancer as tumor cells disseminate to distant 

organs3,219. To treat these tumors, a range of different therapeu-c approaches has been iden-fied 

to enhance pa-ent outcomes and overall survival rates216-218. Nevertheless, these treatments 

include chemotherapies that onen present substan-al side effects and may give the possibility of 

PCa developing resistance to treatment220. The chemotherapies Docetaxel and Cabazitaxel, used for 

the treatment of mCRPC cases, together with ADT treatments, are also classified as "pro-

senescence" therapies221. Thereby cellular senescence is induced84,104.  

However, the mechanism behind cellular senescence establishment, maintenance and survival 

remains an object of intense inves-ga-on. In contrast to the well-understood cell death induc-on, 

our understanding of how tumor cells may undergo senescence and persist within the tumor 

microenvironment remains limited. Recent findings reveal that pro-senescence approaches ini-ally 

reduce the tumors’ growth and prolifera-on through senescence181; however, if senescent cells are 

not promptly removed by the immune system, their prolonged persistence can be adverse in 

promo-ng more aggressive tumor and even metastases forma-on28,31,103,133. Our team, in one 

publica-on where I have contributed, demonstrated that in prostate cancer, the dual dele-on of 

PTEN and TIMP1, a metalloproteinases inhibitor, promotes a senescent phenotype and ini-ates 

metastases forma-on28. Indeed, the lack of TIMP1 promotes the release of pro-tumorigenic SASP, 

which favor the EMT phenotype and, as a consequence, the ini-a-on of metasta-c spread28.  

Thus, the gene-c background of PCa may contribute to the establishment, reprogramming and 

func-onal impact of senescence, which can increase tumor aggressiveness. For these and other 

reasons, the development of senolysis to specifically eliminate senescent cells is needed.  

Most of the currently available senotherapies for cancers are restricted to BCL-2 targe-ng84,104,108,204. 

In TIMP1 work, we have demonstrated that the administra-on of senoly-c therapy ABT-263, BCL-2 

and BCL-XL inhibitor, eliminates senescent cells and reduces the number of metastases28. However, 

the administra-on of BCL-2 inhibitors shows many side effects in clinics, opening a window for the 

discovery of new therapeu-c targets and agents for elimina-on of senescent cells113,114.  

In my Ph.D. project, I took advantage of single-cell technologies and I developed a bioinforma-c tool, 
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Senescence Index Tool, able to spot senescent cells in two different mouse models, Ptenpc-/- and 

Ptenpc-/-; Timp1-/-. The SIT classifies cells as senescent based on two of the main features of 

senescence: the overexpression of senescence markers and the posi-vity to different signatures of 

cell cycle arrest. The high expression levels of AP1 TF family members, the upregula-on of SASP 

factors and of the main pathways related to senescence, such as NF-kB, wound-healing and different 

senescence-related signatures, confirmed the reliability of SIT.  

In addi-on, using the SIT, we have demonstrated that within tumors of iden-cal gene-c 

backgrounds, senescent tumor cells can exhibit heterogeneity in terms of expression profile, 

pathway ac-va-on and, last but not least, SASP factors release. This complexity may present 

challenges in the design of therapies aimed at removing senescent tumor cells and could impact the 

future development of senoly-c treatments in clinical trials. 

In this study, we discovered a subset of senescent tumor cells that survive independently from Bcl-

2, the major target for senolysis. In addi-on, even aner exposure to the Bcl-2 inhibitor Navitoclax, 

the remaining cells maintain their ability to drive tumorigenesis through the SASP mechanism.  

Irrespec-ve of the heterogeneity observed in senescence, this study iden-fies Mcl-1 as a novel 

target for effec-vely elimina-ng senescent tumor cells. Mcl-1, belonging to the BCL2 family of BH3 

proteins that collec-vely regulate apoptosis together with Bcl-2, Bcl2-L-10, Bcl-W, and Bcl-xL, 

possesses a dis-nct structural composi-on222. While ABT263 efficiently inhibits Bcl-2 and Bcl-xL, it 

lacks the capacity to target Mcl-1222. On the contrary, the second and third genera-ons of Mcl-1 

inhibitors exhibit high selec-vity and are currently tested in certain clinical trials223.  

Our findings reveal that the effec-veness of Docetaxel treatment, a standard therapy for metasta-c 

castra-on-resistant prostate cancer (mCRPC) pa-ents, can be enhanced when administered 

together with Mcl-1 inhibitors, both in in vitro and in vivo se�ngs. Furthermore, treatment involving 

various Mcl-1 inhibitors successfully eliminates senescent tumor cells and completely suppresses 

the migratory phenotype observed in bystander non-senescent tumor cells, which is orchestrated 

by the SASP in both transgenic and xenogran models.  

Notably, this combina-on of pro-senescence therapy and S63845 demonstrates superior efficacy 

compared to the combina-on of Docetaxel with ABT263. Significantly, in the transgenic mouse 

model, the elimina-on of senescent tumor cells promotes the reac-va-on of the tumor immune 

response, as indicated by reduced MDSC infiltra-on and heightened perforin levels, a marker of T 

and NK cell ac-va-on. 

In addi-on, we expanded the applica-on of SIT on human scRNA-seq data of prostate cancer 
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pa-ents. Examining six pa-ent biopsies211, SIT iden-fied senescent cells (varying from 3-19% per 

pa-ent) and found MCL1 to be upregulated in mul-ple pa-ents' senescent cells, contrary to BCL2. 

Moreover, the high expression of factors linked to invasive and metasta-c cancer and the ac-va-on 

of pro-migratory pathways could explain the progression and advancement of CRPC pa-ents into 

metasta-c tumors.  

In summary, while senescent cells exhibit significant heterogeneity, their survival ul-mately depends 

on Mcl-1, a pro-survival factor. Notably, this study strongly supports the efficacy of Mcl-1 inhibitors 

as potent senoly-c agents.  

Intriguingly, different groups had iden-fied an interconnec-on between MCL1 and senescence in 

various contexts. A prior breast cancer study unveiled that the sensi-vity of senescent cells to 

ABT263 is influenced by NOXA, an Mcl-1 inhibitor224. Cells with high NOXA levels respond to ABT263, 

whereas those with lower levels are resistant and react to Mcl-1 inhibi-on, thereby corrobora-ng 

our findings across different contexts. In addi-on, Kohli et al.225 showed that senescent melanocytes, 

which can progress to melanoma, exhibit prolonged survival due to high expression of an--apopto-c 

protein BCL-W but they are resistant to ABT-263 treatment, targe-ng BCL-W. However, they rely on 

MCL-1 and the combina-on of ABT-263 and MCL-1 inhibitors showed poten-al as a non-invasive 

therapy to eliminate senescent melanocytes and nevi. 

Furthermore, senescent tumor cells demonstrate common a9ributes with aged cells, as 

demonstrated by the SenMayo signature215 in human CRPC scRNA-seq data. Thus, if validated in 

addi-onal models, these results could poten-ally have relevance in ameliora-ng aging and age-

related pathologies.  

In conclusion, this work expands senescence understanding and iden-fies poten-al senoly-c 

therapy target for prostate cancer pa-ents. Our findings provide a star-ng point towards more 

effec-ve, targeted, and personalized approaches for trea-ng prostate cancer and related condi-ons. 

In addi-on, these therapies could also be expanded to other therapeu-c areas in which senescence 

plays a crucial role. 
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6. EVALUATING THE LIMITATIONS OF THE SIT FOR ENHANCING 
THE APPLICABILITY  

 
The SIT is developed to iden-fy senescent cells in prostate cancer models. The tool allows us to spot 

the senescent tumor cells, to study their mechanisms of survival and to iden-fy a new target for the 

selec-vely elimina-on of this kind of cells. However, there are also some points that could be 

improved in the tool. The SIT is based on three major steps: 1) the calcula-on of senescence 

signature and the cell cycle arrest signatures, 2) the defini-on of the three senescence scores and 3) 

the iden-fica-on of the senescent tumor cells based on quar-le values.  

Regarding step 1, for the establishment of the cell cycle arrest status at single cell resolu-on we have 

used a tool called Gene Set Varia-on Analysis (GSVA) with the method “ssGSEA” (single sample Gene 

Set Enrichment Analysis)226. To compute the ssGSEA, an enrichment score is calculated using the 

Empirical Cumula-ve Distribu-on Func-ons (ECDF) of the genes within the gene set and those 

outside it and the enrichment score is determined by integra-ng the difference between these 

ECDFs. In par-cular, for a given gene set G of size N and a single sample S from a dataset comprising 

N genes, the genes are reassigned according to their rank based on expression, resul-ng in a list 

L=(r1, r2, ..., rN). The enrichment score ES (G, S) is computed by summing (integra-ng) the 

discrepancy between a weighted ECDF of the genes within the gene set and the ECDF of the 

remaining genes. This calcula-on is repeated for each signature and each sample in the dataset 226. 

However, the algorithm was developed for bulk RNA data analysis and some works have shown that 

bulk-sample-based techniques for signature scoring are more vulnerable to dropout-related issues 
227. The dropout out is a phenomenon occurring in single cell RNA sequencing where the expression 

of certain genes is not detected due to the physiological cyclic produc-on of mRNA in cells. In the 

past year, many signature scoring methods were developed for single cell RNA-seq data. Between 

them, there are AUCell 228, UCell 229, that effec-vely address dropout effects by focusing on 

expressed genes. We will try to use these methods for the defini-on of the cell cycle arrest signatures 

and to compare the results, improving the SIT. 

Moreover, in the step 2) the senescence scores are defined with the equa-on 

(2)	𝑆𝑒𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒	𝑠𝑐𝑜𝑟𝑒! = 𝐶𝑒𝑙𝑙	𝑐𝑦𝑐𝑙𝑒	𝑎𝑟𝑟𝑒𝑠𝑡	𝑠𝑖𝑔𝑛𝑎𝑡𝑢𝑟𝑒!	#$%&(()*) + 𝑆𝑒𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒	𝑠𝑖𝑔𝑛𝑎𝑡𝑢𝑟𝑒#$%&(()*) 

	𝑤𝑖𝑡ℎ	(𝑖 = 𝐾,𝑊𝑃, 𝑅) 

However, in the normaliza-on of the senescence signature between 0 and 1 some nega-ve values, 

corresponding to a lack of expression of senescent biomarkers, could give a posi-ve contribu-on in 

the senescence scores. For this reason, in the step 3) where there is the defini-on of senescent cells 
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we will introduce more criteria for the selec-on, as the exclusion of cells iden-fied as senescent if 

the senescence signature, defined as average expression of the senescent markers, is not posi-ve. 

In addi-on, the iden-fica-on of a cell as senescent is based on the quar-le division of the 

senescence scores. The type of division can be adjusted on the basis of the biological knowledge.  

To conclude, we are exploring the possibility to apply the SIT in scenarios other than prostate cancer. 

In this view we should acknowledge that in the step 1) we have performed an average expression of 

six senescent markers, which could be not expressed in the various types of senescence in all the 

different organs. We propose to improve the defini-on of the senescent markers by considering 

genes overexpressed in mul-ple senescent cell types, normal and cancer, in order to expand the 

applicability of the SIT to other organs and other senescence inducers. 

In addi-on, in collabora-on with another group studying the senescence in kidney acute injury, we 

have no-ced that the exclusively defini-on of the senescence signature is sufficient to detect 

senescent cells in organs that are not prolifera-ng. To conclude, we will improve the algorithm of SIT 

in order to expand the applicability of the tools. 
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Supplementary Figures 
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Supplementary Figure 1 : Markers of senescence in prostate cancer and sor)ng strategy for 

10X Genomics analysis. 

a, Western blots with quantification for the senescence markers (p16INK4a, p15INK4b, p19Arf, 

P21Waf1/Cip1, p27Kip1 and PAI-1) in the indicated genotypes. Data are representative of three 

independent experiments. b, Gating strategy of the epithelial tumor cells of the different 

genotypes identified by the EPCaM antibody. Data are representative of 4 animals from one 

experiment.  
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Supplementary Figure 2 : Senescence defini)on at single cells level. 
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a, UMAP plots of 10X Genomics integrated data of Ptenpc-/- and Ptenpc-/-; Timp1-/- mouse 

models. b, Epithelial marker genes expressions for each cluster of the 12 ones found with 

FindClusters function. Semi-vescical markers: Calml3, Pate4, Pax2. Luminal markers: Krt18, Krt8, 

Cd24a. Basal markers: Krt14, Trp63, Krt5. c, UMAP plot showing 12 clusters found with 

FindClusters function. d, UMAP plot of classification of cells as cancer cells and semi-vescical cells. 

e, Violin plot of Senescent signature between the 10 cancer cell clusters. f, UMAP plot of cancer 

epithelial cells colored by Cell_cycle_arrest_signatureWP and signatureK. g, UMAP plot of cancer 

epithelial cells colored by Senescence_scoreWP (SWP) and Senescence_scoreK (SK). h, Violin plot 

of the up-regulated genes in senescent cells belonging to the AP-1 TF family. i, Heatmap of target 

genes of TF upregulated in senescent cells. j, Boxplot of ss-GSVA scores for gene sets related to 

senescence: Senescence and autophagy in cancer (Wikipathway), NFKB pathway (Biocarta), 

Casella_signature, Hernandez_signature, Fridman_senescence_up, Basisty_signature, 

Purcell_signature, Cellular senescence from Gene Ontology collection, Oncogene-induced 

senescence and Cellular senescence genesets from Reactome collection. (N= 3992 cells, two-sided 

Wilcox-test: Senescence and autophagy in cancer p-value < 2.2e-16; Not senescent cells (left) 

median = 0.617 Senescent cells (right) median = 0.806; NFKB pathway p-value < 2.2e-16; Not 

senescent cells (left) median = 0.472, Senescent cells (right median = 0.757; Casella_signature p-

value = 4.6e-181; Not senescent cells (left) median = 0.226, Senescent cells (right) median = 0.287; 

Hernandez_signature p-value < 2.2e- 16; Not senescent cells (left) median = 0.286, Senescent cells 

(right) median = 0.335; GO_cellular_senescence p-value < 2.2e-16; Not senescent cells (left) 

median = 0.242, Senescent cells (right) median = 0.302; Fridman_senescence_up p-value = 2.13e-

95; Not senescent cells (left) median = 0.28, Senescent cells (right) median = 0.318; 

Reactome_cellular_senescence p-value = 3e-285; Not senescent cells (left) median = 0.353, 

Senescent cells (right) median = 0.396; Reactome oncogene_induced_senescence p-value = 1.5e-

291; Not senescent cells (left) median = 0.396, Senescent cells (right) median = 0.462; 

Basisty_signature p-value = 1.9e-93; Not senescent cells (left) median = 0.493, Senescent cells 

(right) median = 0.52; Purcell_signature p-value = 3.6e-35; Not senescent cells (left) median = -

0.053, Senescent cells (right) median = -0.013.  
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Supplementary Figure 3 : Cell-death related genes and senescence. 
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a, Heatmap of 47 cell death related-genes between senescent and not senescent cells. b, 

Correlation matrix showing Pearson correlation coefficients (R higher than 0.4) between cell 

death-related genes and Senescence_scoreK, Senescence_scoreWP and Senescence_scoreR. 

Only genes with FDR<0.05 are reported. c, Left panel, violin plot of Mcl-1 and Bcl2 in senescent 

cells and not senescent cells. Right panel, Western blots for Mcl-1 and Bcl2 in the three different 

genotypes. Western blot data are representative of three experiments. d, Co-expression of Bcl2 

and selected cell death-related genes in senescent cells. Red cells mostly express Bcl2, blue cells 

mostly express the gene of interest while purple cells co-express both targets. e, UMAP plot 

showing Mcl1 expression levels in senescent cells (top) and classification of them in Mcl-1+ or 

Mcl-1- (bottom). f, Dotplot showing SASP genes and metastatic related genes between the 

different senescent subpopulations. g, Heatmap of differentially expressed genes related to 

migration, mobility and locomotion in senescent cells Mcl-1+ and Mcl-1-.  
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Supplementary Figure 4 : Valida)on of senoly)c ac)vity of MCL-1 inhibi)on with 

pharmacological and gene)c approaches. 

TrampC1

Vehicle Palbo

Pten null TrampC1 RapidCap

S6384 5
tre atme nt

a b

c

d e

Doce Vehicle Palbo Doce

1 1.79 2.7 1 1.79 3.06

M
C

L1
H

SP
90

M
C

L1
H

SP
90

Vehicle Palbo Doce

M
C

L1
H

SP
90

g h

Veh
Doc

e
Palbo

1 1.5 1.6

1 2.62.9

Ve
hi

cle
Pa

lb
o

UMI-77 AZD5991

Ve
hi

cle
Pa

lb
o

UMI-77 AZD5991

Ve
hi

cle
Pa

lb
o

UMI-77 AZD5991

Ve
hi

cle

Um
i-7

7

AZ
D5

99
1

Ve
hi

cle

Um
i-7

7

AZ
D5

99
1

%
of

SA
b

G
al

po
si

tiv
e

ce
lls

Vehicle Palbo

Ve
hi

cl
e

U
m

i-7
7

A
ZD

59
91

Ve
hi

cl
e

U
m

i-7
7

A
ZD

59
91

Veh icle Pa lbo

V
eh

ic
le

U
m

i-7
7

A
Z

D
59

91

V
eh

ic
le

U
m

i-7
7

A
Z

D
59

91

%
of

SA
b

G
al

po
si

tiv
e

ce
lls

Vehicle Palbo

Ve
hi

cle
Pa

lb
o

UMI-77 AZD5991
TC1PC3

TC1Pten-/- RapidCap

Vehicle S6

0 12 24 36 48 60 72 84 96 10
8

12
0

13
2

14
4

0.6

0.8

1.0

1.2

Time (hours)

S6384 5
tre atme nt

Ph
as

e 
ar

ea
 co

nf
lue

nc
e 

no
rm

 o
n 

t 0

Palbociclib Palbo + S6

f

1 5.79 3.08

Vehicle Doxy

Doce

S63845  Doxy
Doxy
S63845-

Palbo

RapidCa p
LNCaP 
shM CL 1

Doxycicline

ShMCL1
Activation
RFP Repo rter

Doce/Palbo

ShMCL1

S6384 5

LNCaP
Doce

Palbo

RapidCap

MCL1

HSP90

1

1

0.48

0.44

j k

Doce
Doce S63845

Doce Doxy
Doce Doxy S63845

i

l

m n o

600 μM

 

Doxy: +-

p<
0.

00
01

Palbociclib
tre atme nt

S6384 5
tre atme nt

0

1

2

3

4

5

Ph
as

e 
ar

ea
 co

nf
lue

nc
e 

no
rm

 o
n 

t 0

0 50 100 150

Time (hours)

Palbo
Palbo + S63845

Palbo +  Doxy
Palbo +  Doxy S63845

Doce
Doce S63845

Doce Doxy
Doce Doxy S63845

Palbo
Palbo + S63845

Palbo +  Doxy
Palbo +  Doxy S63845

TC1TC1Pten-/- RapidCap

BCL2 MCL1
TC1
TC1 Palbo

PTC1
PTC1 Palbo

MCL1 BCL2

RapidCap
RapidCap Docetaxel
RapidCap Palbociclib

0 12 24 36 48 60 72 84 96 10
8

13
2

14
4

p<
0.

00
01

p 
= 

0.
00

94

Ph
as

e 
ar

ea
 co

nf
lue

nc
e 

no
rm

 o
n 

t 0

MCL1

BCL2

HSP90

p16 p21 p27 PAI -1 MCL1
0

2

4

6

8

Fo
ld

 C
ha

ng
e 

in
 m

RN
A 

le
ve

l

p =  0.00 01

p =  0.01 87

p< 0.0001

p =  0.03 05

p< 0.0001

p< 0.0001

p =  0.00 03

p =  0.02 12

p< 0.0001

p =  0.00 09

0

1

2

3

Fo
ld

 C
ha

ng
e 

in
 m

RN
A 

le
ve

l

p =  0.00 03 p< 0.0001 p< 0.0001

p< 0.0001

0

2

4

6

8

10

Fo
ld

 C
ha

ng
e 

in
 m

RN
A 

le
ve

l

p< 0.0001

p< 0.0001

p =  0.02 3

p =  0.01 82

Time (hours)

0.6

0.8

1.0

1.2

Vehicle S6
Palbociclib Palbo + S6

Vehicle S6
Palbociclib Palbo + S6

12
0

0.0

0.5

1.0

1.5

2.0

O
D

59
0 

no
rm

 o
n 

D
oc

et
ax

el 

p = 0.0004

p<0.0001

p = 0.0010

p = 0.4468

p = 0.9649

p = 0.2370

0.0

0.5

1.0

1.5

O
D

59
0 

no
rm

 o
n 

Pa
lb

oc
ic

lib 

p<0.0001

p<0.0001

p <0.0001

p = 0.9748

p = 0.8024

p = 0.5654

0.0

0.5

1.0

1.5

O
D

59
0 

no
rm

 o
n 

D
oc

et
ax

el p<0.0001

p<0.0001

p <0.0001

p = 0.5048

p = 0.9997

p = 0.6219

0.0

0.5

1.0

1.5

O
D

59
0 

no
rm

 o
n 

Pa
lb

oc
ic

lib 

p = 0.0002

p<0.0001

p <0.0001

p = 0.7478

p = 0.9853

p = 0.9094

Vehicle Doxy S63845  Doxy
Doxy
S63845-

Vehicle Doxy S63845  Doxy
Doxy
S63845-

Vehicle Doxy S63845  Doxy
Doxy
S63845-

MCL1

HSP90

Doxy: +-

p 
= 

0.
00

02

p<
0.

00
01 p<

0.
00

01

35KD a

25KD a

70KD a
70KD a 70KD a 70KD a

35KD a 35KD a 35KD a

70KDa

100KDa

35KDa

70KDa

100KDa

35KDa

Veh Palb
o

Palb
o S

6

Veh Doce
Doce

 S
6

HSP90

BCL2

MCL-1

CC3

25KD a

70KD a

35KD a

15KD a

0

20

40

60

80

p<0.0001

p<0.0001

p<0.0001

0

10

20

30

40

50

p<0.0001

p<0.0001

p<0.0001

0

10

20

30

40

p<0.0001

p<0.0001

p<0.0001

VEHICLE PALBOCICLIB DOCETAXEL

600 μM

600 μM600 μM

%
 o

f S
AB

  β
 G

al
 p

os
iti

ve
 c

el
ls

 



Single-cell transcriptomics iden2fies Mcl-1 as a target for senoly2c therapy in cancer 

 

 80 

a, RT-qPCR for senescence markers and western blot of pro-survival proteins of PC3 shTIMP1 

upon TIS (for Vehicle sample n=3 for each gene, for Palbociclib n = 4 for each gene, for Docetaxel 

n = 3 for p16, p21 and MCL1 while n = 4 for p27 and PAI-1, n= biological independent replicates 

from two experiments). b, RT-qPCR and western blots of senescent murine cell lines (TC1, 

TC1Pten-/- and RapidCap) for Mcl-1 (n=3 for Vehicle, Docetaxel and Palbociclib in TC1, TC1Pten-

/- and n=3 for Vehicle and n =4 for Docetaxel and Palbociclib in RapidCap, n= biological 

independent replicates from two experiments) and for Bcl2 (n=3 for Vehicle, Docetaxel and 

Palbociclib in TC1, TC1Pten-/- and n=3 for Vehicle and n =4 for Docetaxel and Palbociclib in 

RapidCap, n= biological independent replicates from two experiments). c, Incucyte Growth curve 

of TC1, TC1Pten-/- and RapidCap subjected to Palbociclib first and S63845 after (in TC1 n=7 for 

Vehicle, n= 3 for Palbociclib and S63845 and n = 5 for Palbociclib + S63845; in TC1Pten-/- n=6 for 

Vehicle and Palbociclib and n = 3 for Palbociclib + S63845 and S63845). d, Western blots of PC3 

shTIMP1 treated with TIS and S63845. Data are representative of one experiment. e, 

Representative images of SA-b-Gal of PC3. Data are representative of two experiments. f, 

Representative images of SA-b-Gal of TC1 treated with TIS and two different MCL1 inhibitors and 

its quantification (in Vehicle category (black dots) n=12 for Vehicle and UMI-77 , n = 8 for 

AZD5991; in Palbociclib treatment (pink dots) n=9 for Palbociclib, n= 11 for UMI-77 and n=12 for 

AZD5991 ; n=biological independent replicates from three experiments); g, Representative 

images of SA-b-Gal of TC1Pten-/- treated with TIS and two different MCL1 inhibitors and its 

quantification (in Vehicle category (black dots) n=11 for Vehicle, n = 12 for UMI-77, n = 3 for 

AZD5991; in Palbociclib treatment (pink dots) n=12 for Palbociclib, n= 11 for UMI-77 and n=6 for 

AZD5991) ; n=biological independent replicates from three experiments). h, Representative 

images of SA-b-Gal of RapidCap treated with TIS and two different MCL1 inhibitors and its 

quantification (in Vehicle category (black dots) n=12 for Vehicle and UMI-77, n = 6 for AZD5991; 

in Palbociclib treatment (pink dots) n=6 for Palbociclib, n= 11 for UMI-77 and n=7 for AZD5991) ; 

n=biological independent replicates from three experiments); i, Experimental design. j, Western 

blot analysis of shMCL1 in the murine RapidCap cells, and its quantification. Data are 

representative of two experiments. k, Representative pictures of crystal violet images of the 

treated RapidCap cells. Data are representative of two experiments. l, Fold change of crystal violet 

quantification in RapidCap cells subjected to Docetaxel treatment (left; n=5 for Docetaxel and n=4 

for Docetaxel S63845, Docetaxel Doxy and Docetaxel Doxy S63845) and to Palbociclib (right; n= 6 
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for Palbociclib and n=4 for Palbociclib S63845, Palbociclib Doxy and Palbociclib Doxy S63845; n= 

biological independent replicates from two experiments). m, Western blot of shMCL1 in the 

human LNCaP cells, and in its quantification. Data are representative of two experiments. n, 

Representative pictures of crystal violet images of the treated LNCaP cells. Data are 

representative of two experiments. o, Fold change of crystal violet quantification in LNCaP cells 

to Docetaxel treatment (left; n=6 for Docetaxel, n=4 for Docetaxel S63845 and Docetaxel Doxy 

and n= 3 for Docetaxel Doxy S63845) and to Palbociclib (right; n= 6 for Palbociclib and n=4 for 

Palbociclib S63845, Palbociclib Doxy and Palbociclib Doxy S63845; n= biological independent 

replicates from two experiments). a,b,f,g,h,l,o, Data are represented as mean ± SD. c, Data are 

represented as mean ± SEM. a,b,c,f,g,h, The p-values were determined by two Way Anova 

followed by Tukey’s multiple comparisons test. l,o, The p-values were determined by one Way 

Anova followed by Tukey’s multiple comparisons test.  
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Supplementary Figure 5 : Mcl-1 inhibi)on revert prolifera)on and migra)on driven by the SASP. 
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a Schematic representation of experimental design. b, Percentage of wound closure measured by 

Incucyte (n=2 for Docetaxel, n=4 for S63845R and ABT26 3R; n=biological independent replicates 

from two experiments). c, Representative pictures of wound closure upon 20 hours. Scale bar 400 

μm. Data are representative of two experiments. d, Graph showing the percentage of senescent 

GFP+ cells into the wound (n=2 for Docetaxel, n=3 for S63845R and n=4 for ABT263R; n=biological 

independent replicates from one experiment). e, Representative images showing in bright field 

the SA-b Gal positive cells, in fluorescence channel the positivity to GFP and the merge of the two 

channels. Scale bar 600μm. Data are representative of one experiment. f, Schematic 

representation of experimental design. g, Bar graph representing the fold change of crystal violet 

absorbance, and representative images below in PC3 shTIMP1 after TIS with Docetaxel (left panel 

n=6 for Vehicle, Docetaxel, and ABT263R, n=5 for S63845R; n=biological independent replicates 

from two experiment) and Palbociclib (right panel n=6 for Vehicle, Palbociclib, ABT263R and 

S63845R; n=biological independent replicates from two experiments) and h, RapidCap after TIS 

with Docetaxel (left panel n=5 for Vehicle, n=6 for Docetaxel, ABT263R, and S63845R; n=biological 

independent replicates from two experiments) and Palbociclib (right panel n=6 for Vehicle, 

Palbociclib, ABT263R and S63845R; n=biological independent replicates from two experiments). 

j, Iconographic representation of experiment layout. k, Fold change in proliferation of parental 

RapidCap upon co- culture of Docetaxel treated cells (n=6 for Docetaxel and S63845R, n=5 for 

ABT263R; n=biological independent replicates from two experiments). l, Representative images 

of co-culture of Docetaxel treated Tomato+-RapidCap and parental untreated and un-labelled 

cells. Scale bar 400 μm. Data are representative of two experiments. m, Fold change in 

proliferation of parental RapidCap after co- culture with Palbociclib treated cells (n=9 for 

Palbocicblib, n=5 for S63845R and n=3 for ABT263R, n=biological independent replicates from 

two experiments). n, Representative images of co-culture with Palbociclib treated Tomato+-

RapidCap and parental un-labelled cells. Scale bar 400 μm. Data are representative of two 

experiments. b,d,k,m, Data are represented as mean ± SEM. b,d,k,m, The p-values were 

determined by two Way Anova followed by Tukey’s multiple comparisons test; g,h, The p-values 

were determined by one Way Anova followed by Tukey’s multiple comparisons test  
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Supplementary Figure 6 : Removal of pro-metasta)c features upon S63845 treatment. 

a, Gating strategy for the sorting of tumor cells isolated by using the GFP constitutively expressed 
by PC3shTIMP1 cell line. Data are representative of one experiment. b, Dotplot showing 
enrichment results of biological process (GO) pathway analysis by considering senescent cell 
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treated with S63845 or ABT263. Color scale reports normalized enrichment score (NES). c, RT-
qPCR for transcriptional markers of senescence (for p27 and MCL-1 n=4 for Docetaxel, Docetaxel 
+ ABT263 and Docetaxel + S63845; for PAI-1 n=4 for Docetaxel and Docetaxel + S63845 and n=2 
Docetaxel + ABT263; for BCL2 n=4 for Docetaxel and n =3 for Docetaxel + S63845 and Docetaxel 
+ ABT263; n=biological independent replicates from one experiment). d, RT-qPCR for pro-
migratory features (n=4 for Docetaxel, Docetaxel + ABT263 and Docetaxel + S63845; n=biological 
independent replicates from one experiment). c,d, The p-values were determined by Two Way 
Anova followed by Tukey’s multiple comparisons test c,d, Data are represented as mean ± SD. 
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Supplementary Figure 7 :  Senoly)c treatment in transgenic Ptenpc-/- prostate cancer model. 

a, Schematic representation of the experimental design. b, Gland scoring expressed in percentage 

in the different treatment (n= 4 for Vehicle, n = 3 for Docetaxel, Docetaxel + ABT263 and Docetaxel 
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+ S63845, n= independent animals from one experiment). c, Representative pictures of the 

immunohistochemical analysis of H&E, proliferation marker Ki-67, apoptotic marker Cleaved 

Caspase 3 (CC3), and senescence markers p16 and SA-b Gal (Scale bar 300μm; insert 75μm). Data 

are representative of one experiment. d, Immunohistochemistry and SA-b Gal quantification (for 

Ki67 n= 6 for Vehicle, n=3 for Docetaxel and Docetaxel ABT263, n=4 for Docetaxel S63845, for CC3 

n= 6 for Vehicle, n=3 for Docetaxel and Docetaxel ABT263, n=4 for Docetaxel S63845, for p16 n= 

5 for Vehicle, n=3 for Docetaxel and Docetaxel ABT263, n=4 for Docetaxel S63845, for SA-b- Gal 

n= 6 for Vehicle, n=3 for Docetaxel ABT263, n=4 for Docetaxel and Docetaxel S63845, n= areas 

from 5 animals from one experiment). e, mRNA levels of marker of senescence (p21 and PAI-1) 

and the pro-survival factors (Mcl-1 and Bcl2) (for all genes and all conditions n=5 biological 

samples from 5 independent animals from one experiment). f, Representative pictures of 

immunohistochemical analysis of the immune subpopulations: Macrophages (F4/80) and 

Myeloid- derived suppressor cells (Gr1). Data are representative of one experiment. g, 

Quantification of immunohistochemistry of panel f (for macrophages n= 6 for Vehicle, n=3 for 

Docetaxel, n= 3 for Docetaxel ABT263, n= 5 for Docetaxel S63845, for Myeloid-derived suppressor 

cells n= 6 for Vehicle, n=3 for Docetaxel and Docetaxel ABT263, n=4 for Docetaxel S63845, n= 

areas from 5 animals from one experiment). h, mRNA levels of Perforin expression (n=5 biological 

replicates from 5 independent animals from one experiment). d,e,g,h, The p-values were 

determined by One Way Anova followed by Tukey’s multiple comparisons test. b,d,e,g,h, Data 

are represented as mean ± SD.  
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Supplementary Figure 8 : S63845 treatment has an effect on prostate gland and the immune 

infiltrate. 

a, % of glands scoring in the different treatments (n= 4 for Vehicle, n = 3 for Docetaxel, Docetaxel 

+ ABT263 and Docetaxel + S63845 from one experiment). The p-values were determined by two 

Way Anova followed by Tukey’s multiple comparison test. Data are represented as mean ± SD. b, 

Zoom out of pictures related to immune subsets infiltrating the prostate tumors in Supplementary 

Figure7f (Scale bar 300μm). Dashed squares represent areas visualized in Supplementary 

Figure7f. Data are representative of one experiment.  
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Supplementary Figure 9 : Exploi)ng the senescence in human CRPC samples 

a, Dotplot showing the expression of canonical marker for the different cell type in human 

scRNA-seq samples. b, Dotplot showing the average expression of the different signatures used 
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during SIT application in each patient, comparing Sene and Not sene cells. c, Boxplot of the five 

senescence-related signatures inves-gated divided by senescent and not senescent cells in each 

pa-ent. The p-values were determined by mul-ple Wilcox tests followed by Bonferroni mul-ple 

comparison correc-on. 
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Supplementary Table 

 

Primers Sequence 

H_MCL1 Fw CCA AGA AAG CTG CAT CGA ACC AT 

H_MCL1 Rev CAG CAC ATT CCT GAT GCC ACC T 

H_BCL2 Fw  GATGTGATGCCTCTGCGAAG 

H_BCL2 Rev  CATGCTGATGTCTCTGGAATCT 

H_E Cadherin Fw  CGAGAGCTACACGTTCACGG 

H_E Cadherin Rev  GGGTGTCGAGGGAAAAATAGG 

 

H_N Cadherin Fw TCAGGCGTCTGTAGAGGCTT  

H_N Cadherin Rev ATGCACATCCTTCGATAAGACTG  

H_FN1 Fw  CGGTGGCTGTCAGTCAAAG  

H_FN1 Rev  AAACCTCGGCTTCCTCCATAA  
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H_Snai1 Fw  TCGGAAGCCTAACTACAGCGA  

H_Snai1 Rev  AGATGAGCATTGGCAGCGAG  

H_Snai2 Fw  CGAACTGGACACACATACAGTG  

H_Snai2 Rev  CTGAGGATCTCTGGTTGTGGT  

H_Twist Fw  GCAAGAAGTCGAGCGAAGAT  

H_Twist Rev  GCTCTGCAGCTCCTCGAA  

H_p16 Fw  ACCAGAGGCAGTAACCATGC  

H_p16 Rev  TGTCGTTCGCGGGCGCAACTG  

H_p21 Fw  TGTCCGTCAGAACCCATGC  

H_p21 Rev  AAAGTCGAAGTTCCATCGCTC  

H_p27 Fw  TAATTGGGGCTCCGGCTAACT  

H_p27 Rev  TGCAGGTCGCTTCCTTATTCC  

H_PAI-1 Fw  TGCTGGTGAATGCCCTCTACT  
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H_PAI-1 Rev  CGGTCATTCCCAGGTTCTCTA  

H-b Actin Fw  GAGAAAATCTGGCACCACACC  

H-b Actin Rev  ATACCCCTCGTAGATGGGCAC  

m_MCL1 Fw  AAGAGGCTGGGATGGGTTTGT  

m_MCL1 Rev  AGTCCCCTATTGCACTCACAAG  

m_BCL2 Fw  TACCGTCGTGACTTCGCAGAG  

m_BCL2 Rev  GGCAGGCTGAGCAGGGTCTT  

R18s Fw  ACCGCAGCTAGGAATAATG  

R18s Rev  GCCTCAGTTCCGAAAACCA  

GADPH Fw  AGGTCGGTGTGAACGGATTTG  

GADPH Rev  TGTAGACCATGTAGTTGAGGT  

m_PAI-1 Fw  GCCAGATTTATCATCAATGA  

m_PAI-1 Rev  GGAGAGGTGCACATCTTTCTCAAAG  



Single-cell transcriptomics iden2fies Mcl-1 as a target for senoly2c therapy in cancer 

 

 94 

m_p27-1 Fw  AACGTGCCGAGTGTGTCTAACGG  

 

 
 

m_p27-1 Rev CCTCTAGGGGTTTGTGATTCT  

 

 
 

m_Perforin-1 Fw  AGCACAAGTTCGTGCCAGG  

 

 
 

m_Perforin-1 Rev GCGTCTCTCATTAGGGAGTTTTT  

 

 
 

Supplementary Table  1 : list of primers 
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