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Abstract |Senescent cells accumulate with age in all tissues. Although senescent cells 

undergo cell-cycle arrest, these cells remain metabolically active and their secretome — 

known as senescence-associated secretory phenotype (SASP) — is responsible for a systemic 

pro-inflammatory state, which contributes to an inflammatory microenvironment. Senescent 

cells can be found in the ageing prostate and the SASP and can be linked to benign prostatic 

hyperplasia and prostate cancer. Indeed, a number of signalling pathways provide biological 

plausibility for the role of senescence in both BPH and prostate cancer, although proving 

causality is difficult. The theory of senescence as a mechanism for prostate disease has a 

number of clinical implications, and could offer opportunities for targetting in the future.  

 
 
Introduction  
 

Benign prostatic hyperplasia (BPH) and prostate cancer are two common disorders affecting 

the prostate and both share an increased incidence with advancing age. Autopsy studies 
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have shown that up to 80% of men over 80 years of age develop prostatic enlargement or 

harbour prostate cancer cells, supporting the fact that almost all ageing men will at some 

point be affected by either one or both conditions1–3. 

 

The prostate gland is an accessory male sex gland located around the urethra that is 

responsible for the synthesis of essential elements of semen. The zonal anatomy of the 

prostate, first published by John McNeal in 1981, describes four distinct areas4. The 

peripheral zone, which is present from birth, represents ~70% of the volume of the glandular 

prostate and accounts for ~70% of all prostate cancers5. The transition zone, which is 

wrapped around the prostatic urethra, is virtually nonexistent in pubertal boys, but age-

related growth progressively makes it the main component (around 60% based on MRI 

volumetry) of the prostate volume, laminating the peripheral zone, in adult men 6. Less 

frequently, prostate cancer can arise from the much later developing transition zone, or 

from two zones also present from birth, the central zone and anterior fibromuscular stroma, 

although tumours arising in the fibromuscular stroma are most likely to develop from cells 

originating in either the peripheral zone or transition zone5. The mechanisms that initiate 

both BPH and cancer and drive progression remain poorly understood, although 

inflammation is emerging as a prominent driver of both pathologies7,8.  

 

The ageing phenotype and many age-related diseases such as osteoarthritis and 

atherosclerosis have been linked to cellular senescence and the accumulation of senescent 

cells in tissues9. This replicative senescence, which was first described in 1961 by Hayflick 

and Moorhead, is a protective mechanism designed to stop the multiplication of cells with 

irreversible DNA damage10. Thus, senescence has been proposed to be a tumour 

suppression mechanism 11. Senescent cells accumulate with age in all tissues studied12; 

although senescent cells are unable to replicate, they are metabolically active and secrete a 

raft of inflammatory mediators, which have been termed ‘senescence-associated secretory 

phenotype (SASP)’. As a result, senescent cells are proposed to contribute to the 

phenomenon termed ‘inflammageing’, which is a state of chronic low-grade systemic 

inflammation observed in elderly animals and humans 13. Furthermore, the accumulation of 

senescent cells leads to secondary events such as increased fibrosis, disorganised tissue 

architecture and, by extension, macroscopic modifications of organ structure and decreased 
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organ function14,15. The exact role of senescent cells and the reason for their persistence 

throughout evolution remains unclear. However, several murine studies support the view 

that the removal of senescent cells, by agents termed ‘senolytic’ drugs, could result in 

prolonged lifespan and a reduction in age-related diseases16–19.  

 

Cellular senescence and the inflammatory microenvironment surrounding senescent cells 

could provide an approach for the future treatment of two very common age-related 

prostate disorders. Thus, in this Review, we critically evaluate the existing knowledge 

regarding the role of cellular senescence in the pathogenesis of BPH and prostate cancer. 

We discuss the evidence that senescent cells can be found in the ageing prostate and 

consider how the SASP and inflammation can be linked to BPH and prostate cancer. 

Furthermore, we discuss possible signalling pathways that provide biological plausibility for 

the role of senescence in both BPH and prostate cancer and consider the clinical implications 

of these findings, highlighting the difficulties of proving causality and the grey areas in the 

field. 

 

Senescent cells in the ageing prostate 

 

The increased presence of senescent cells in ageing tissue has been demonstrated in many 

solid organs, and the amount of senescent cells has been linked to an ageing phenotype, 

most notably in the skin20,21. The identification of senescent cells, both in vitro and in vivo, 

was made possible by the development of several senescence biomarkers, and their 

application to prostate tissue confirmed the presence of senescent cells in the prostate. 

 
Biomarkers of senescence 
 
Although the mechanism of cellular senescence had been long known and studied in vitro, 

the actual presence of senescent cells in vivo was not confirmed in the skin until 1995 using 

a newly discovered senescence marker, senescence-associated β galactosidase (SA-β 

galactosidase) 22. Other senescence markers have since been developed and new staining 

techniques used across various tissue types.  
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Senescent cells are unable to replicate, typically blocked in the G1 phase of the cell cycle 23. 

Consequently, one of the most commonly used senescence markers is p16INK4A, a kinase 

involved in G1 phase cell cycle arrest , which is also known as cyclin-dependent kinase 

inhibitor 2A (CDKN2A)21. Cathepsin D, a lysosomal protease, has also been proposed as a 

good marker of senescence, able to predict accurately the onset of cellular senescence after 

a variety of treatments24. Most senescence markers have been used and validated on skin 

specimens, thanks the availability of such tissue samples and visible ageing phenotype 

displayed, but studies have shown that the same markers can also be detected among other 

tissues such as prostatic, endothelial or skeletal muscle tissue  16,20,21,25.   

 

No senescence marker demonstrates perfect specificity and use of a combination of markers 

is advised to minimize false-positive or false-negative staining. For instance, SA-β 

galactosidase expression is the consequence of an increased lysosomal activity , which can 

be due to senescence but can also be secondary to increased cell activity unrelated to 

senescence 26. Co-staining should, therefore, be recommended with Ki-67 to confirm the 

absence of cell proliferation, alongside a marker of senescence such as p16INK4A or other 

novel biomarkers. Over the past 5 years, SA-β galactosidase staining has benefitted from 

precise quantification methods and image visualization advances such as electron 

microscopy, which enable improved spatial resolution and structure identification27,28. 

 

The ideal senescence biomarker to identify age-induced senescent cells would be one 

directed specifically at a senescence-specific feature rather than indirect effects of 

senescence, such as increased metabolic activity. A marker of telomere-associated DNA 

damage (TAF) has been used to detect and quantify senescent fibroblasts in the skin of 

young and aged healthy volunteers and could be a promising candidate as telomere 

shortening and dysfunction seem to have a prominent role in cellular senescence29. 

Likewise, the use of a gene panel has also been recommended for assessing therapy-induced 

senescence to minimize the risk of non-specific staining 30.  

 
 
Evidence of senescence in the prostate 
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Defining reliable biomarkers that detect senescence in human prostate tumours has proven 

challenging (Table 1). Widely used senescence markers such as p16INK4A staining has been 

detected in prostate cancer cells, complicating the detection and quantification of senescent 

cells in human prostate cancer tissues. For instance, one study including 104 radical 

prostatectomy specimens reported increased p16 staining in prostate adenocarcinoma  and 

prostatic intraepithelial neoplasia compared with non-malignant or BPH samples. The 

intensity of immunostaining was stronger in adenocarcinoma and PIN than adjacent benign 

or hyperplastic tissue in 86/91 (94.5%) of samples and 71/75 (94.6%), respectively 31. 

Similarly, tissue microarrays constructed from 80 radical prostatectomy specimens detected 

positive staining of p16INK4A in 19% of prostatic intraepithelial neoplasia (PIN), 25% of the 

low-grade carcinoma, and 43% of the high-grade carcinoma specimens but none in the 

normal prostate and nodular hyperplasia specimens 32.  

Preclinical mouse models have helped explore the role of senescence in prostate cancer. For 

example, p53-dependent cellular senescence was shown to be a potent tumour-suppressing 

mechanism in a PTEN-negative mouse model. Transgenic mice were produced to study the 

effects of PTEN and/or Trp53 genes inactivation in the prostate. PTEN-negative prostates 

contained large amounts of senescent cells compared to wild-type mice (% of cells positive 

with SA-β galactosidase staining ~20% versus <1%). Loss of Trp53, inactivating cellular 

senescence, rendered PTEN-negative carcinomas lethal, increasing tumour size and 

significantly impairing cumulative survival (p<0.0001)33. This type of PTEN-loss-induced 

cellular senescence, unrelated to DNA damage, is distinct from the oncogene-induced 

senescence pathway and, additionally to being an interesting pre-clinical model of cancer-

associated senescence, could provide an interesting target for cancer therapy34.  

 

The role of therapy-induced senescence has also been studied in preclinical models. In a cell 

culture study using LNCaP and LAPC-4 prostate cancer epithelial cell lines, androgen 

deprivation induced very little apoptosis, but seemed instead to act by inducing senescence, 

as demonstrated in vitro by increased SA-β galactosidase activity and decreased cell 

proliferation measured by Ki-67 co-staining 35. These findings were further verified and 

confirmed in vivo using mice bearing LuCaP xenograft tumours, in which surgical castration 

led to increased SA-β galactosidase staining (from 5% of tumour cells at baseline to 22% of 

tumours 10 days after castration on frozen section of tumour samples) , decreased Ki-67, 
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and minor apoptosis detected as cleaved caspase 336. Induction of senescence was also 

demonstrated after chemotherapy. The comparison of the expression of 17 genes increased 

during the senescence process of human prostate epithelial cells to other growth-inhibitory 

events such as apoptosis allowed for the definition of a nine-gene panel specific to 

senescence. Using LNCaP cell lines, a greater than two-fold induction of the 

senescence gene panel was detected in 30/45 data points after treatment with doxorubicin 

or docetaxel 30. 

 

These results highlight that, although they share common signalling pathways, senescence-

triggering mechanisms have a variety of origins, including therapy-induced, oncogene-

induced and age-induced senescence. However, whether cells rendered senescent through 

different mechanisms share the same secretory phenotypes (SASPs) is still unclear. For 

instance, whether prostatic intraepithelial neoplasia (PIN), a premalignant lesion that has 

been shown to exhibit senescence markers in a PTEN-negative mouse model, along with a 4–

15-fold increase in transcript levels of several SASP cytokines (including IL-1α, IL-1β and 

TNFα) shares the same SASP as BPH is not known, although both disorders rarely progress to 

cancer37. Furthermore, many studies into prostate cancer senescence were conducted in 

preclinical models, including mouse models, of which the PTEN-knockout model was the 

most frequently used 38. These findings have to be interpreted with caution as previous 

studies on senescence in tumours have shown that the results obtained with human 

prostate xenograft models were not easily reproduced in clinical studies in humans 39. 

Furthermore, the mouse prostate differs from the human prostate in both morphology and 

tissue structure. Both arise from the urogenital sinus, and share similar cell composition and 

molecular characteristics, but while the human prostate forms a single anatomical structure, 

the mouse prostate is divided into four lobes distributed around the urethra. The main 

histological difference can be found in the stromal component, less developed in mice 40.  

 

Clinical studies have mostly considered non-cancerous tissues. In 2000, the first study 

investigating the presence of senescent cells in the human prostate reported the detection 

of SA-β galactosidase activity in cell cultures obtained from non-cancerous radical 

prostatectomy specimens and prostate biopsy samples with histologically confirmed BPH. 

Staining was detected in 43% of prostatectomy and 31% of biopsy cultures, exclusively in 
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epithelial cells. Interestingly, a strong correlation was found between the presence of SA-β 

galactosidase staining and prostate weight, but no correlation with patient age was 

observed, suggesting that the amount of senescent cells does not necessarily correlate with 

age 41. A subsequent study of senescence in snap-frozen, non-cancerous hyperplastic tissue 

obtained from radical prostatectomy specimens detected SA-β galactosidase staining at least 

focally in all samples. Focal to extensive staining was noted, depending on patient samples, 

often displaying multiple foci in each tissue sample. Again no staining was noted in stromal 

cells42.  

 

The presence of senescent epithelial cells in the non-malignant areas of formalin-fixed 

paraffin-embedded radical prostatectomy specimens was confirmed using cathepsin D and 

p16INK4A co-staining. Tissue microarrays were constructed from 7 biopsy cores from normal 

transition zone tissues, 19 cores from hyperplastic tissues and 2 control cores (all free from 

prostate cancer) and subsequent quantitative analysis of cathepsin D staining showed a 

correlation between cathepsin D level and prostate weight as well as, for the first time, 

staining of stromal cells, albeit to a lesser extent43. Immunochemistry staining for p16INK4A 

was performed in another study using paraffin-embedded sections of prostate BPH 

specimens obtained from two patients. Many p16-positive epithelial cells were noted, as 

well as less frequent p16-positive cells in the prostate stroma 44. The latter finding is 

interesting since a differential growth is noted between the stromal and epithelial 

compartments in symptomatic BPH, and senescent cells were likely to be present also in the 

stroma 45. 

 

To explore senescence in malignant tissues, staining of nuclear promyelocytic leukaemia 

protein (PML) bodies has been used in conjunction with p16INK4A staining to detect and 

quantify senescent cells. Seven BPH samples were used, and tissue microarrays were 

constructed containing 49 cores from normal prostate, 55 cores from tissue adjacent to 

prostate tumours, 32 cores with PIN and 64 cores from prostate adenocarcinoma. All 

samples with BPH displayed strong p16INK4A staining. PML bodies were found in the epithelial 

cells of 26.54% of normal tissue cores, 0% of PIN, 100% of BPH samples and 3.13% of 

tumours 46. Phosphorylated ERK (phospho-ERK) has also been used as a senescence marker 

in combination with p16INK4A and PML bodies to assess senescence in human normal 
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prostate, BPH and prostate cancer samples. BPH tissue displayed very high levels of 

phospho-ERK, p16INK4A and PML bodies, confirming the importance of senescence 

involvement in BPH. ERK activation was also seen in prostate carcinomas, with a lower 

intensity compared to BPH. Nuclear phospho-ERK levels in epithelial cells were inversely 

correlated with the Gleason pattern (P < 0.05) 47. These two studies reinforce the idea that 

senescence plays a central role in BPH, while prostate cancer appears to be less associated 

to the senescence of epithelial cells. Of note, both studies only considered epithelial cells so 

no conclusion can be drawn on the presence of senescent cells in the stroma and the 

potential influence of a senescent stroma on adjacent prostate epithelial cells, likely to be 

the main role senescence plays in epithelial cancer 48. 

 

Age-related disease and cellular senescence  

 

The prostate is the only male organ that shows persistent growth through adulthood. The 

transition zone, located around the prostatic urethra, will progressively and intermittently 

grow with age to become the main component of the prostate volume (Figure 1) 49. This 

proliferation affects both the glandular (epithelial) and stromal compartments of the 

prostate and displays a disorganised, chaotic architecture 50 (Figure 2).  

 

Histological studies have shown a non-proportional increase in glandular epithelium and 

stroma with increased stromal-to-epithelial ratio in symptomatic enlarged prostates 45. 

Stromal and epithelial cell proliferation leads to the formation of nodules. Stromal nodules 

are characterised by the presence of fibroblastic cells, smooth-muscle cells and immature 

mesenchymal cells, as well as increased vascularisation and substantial lymphocytic 

infiltrate, showing analogies with the foetal prostate51. The inductive role of the stroma and 

the response of adult BPH epithelium to stromal influences has supported the ‘embryonic 

reawakening’ theory of BPH (Box 1)52. Interestingly, the senescence pathway has been 

shown to be activated in vivo as early as in the embryonic urogenital development stage, 

supporting its ability to promote embryonic-like features in tissues 53.  

 

The chaotic architecture observed in prostatic nodules with intense proliferation, 

remodelling, inflammation and embryonic-like features can be seen in other age-related 
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diseases, such as osteoarthritis or atherosclerosis54. The presence of SA-β-galactosidase-

positive senescent cells has been reported in the adult cartilage of patients suffering from 

osteoarthritis, whereas no staining was observed in control patients without osteoarthritis55. 

Conversely, the transplantation of senescent cartilage cells into the knee region was capable 

of inducing an osteoarthritis-like condition in mice 17. The role of p16INK4A -positive senescent 

cells in driving the formation of atherosclerotic plaques has also been proven in vivo in mice, 

whereas the removal of senescent cells using senolytic drugs improved atherosclerosis 18,56.  

 

Senescence and the ‘testosterone paradox’ 

 

Testosterone levels are known to decrease during ageing, with hypogonadal levels of 

testosterone found in ~30% of healthy men >70 years and 50% of those >80 years in the 

Baltimore Longitudinal Study on Aging, which included 890 men57. As prostatic development 

and growth are androgen-dependent, a parallel decrease in prostatic diseases could be 

expected; however, prostate cancer and BPH incidences show the opposite trend3,58.  

In a randomized case-control study nested in the Prostate Cancer Prevention Trial (PCPT), 

men in the highest quartile of testosterone levels presented with a reduced BPH risk (OR 

0.67, 95%CI 0.48-0.93, p<0.002) 59,60. Similarly, a meta-analysis of 20 studies provided a 

summary relative risk of prostate cancer for an increase of 5 nmol/L of testosterone of 0.99 

(95% CI 0.96-1.02), failing to show a significant increase in prostate cancer risk 61. A 2019 

review discussing animal and human studies offered a potential explanation for this effect by 

summarising the findings of several studies suggesting that a decrease in serum testosterone 

levels is associated with an increase in pro-inflammatory cytokines including IL-6, IL-1β and 

TNFα62.  

Although this effect has not yet been confirmed in humans, the involvement of senescence 

in the process is very likely. Hence, testosterone appeared to play a protective role against 

ageing in a mouse model of age-related vascular disease, while reduced testosterone levels 

were associated with increased cell senescence and vascular remodelling 63.  
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Inflammation and senescence in BPH and prostate cancer 

 

Cellular senescence creates an inflammatory microenvironment through the accumulation 

of senescent cells and the SASP11. Inflammation, induced by a variety of pathways, is already 

considered an enabling characteristic of cancer and a contributing factor to diseases such as 

BPH64,65.  

 

The role of inflammation in BPH  
 
Defining the baseline inflammatory content in the prostate is challenging as most studies 

investigating these questions have used samples that are limited by some degree of 

selection or spectrum bias (for example, specimens from radical prostatectomies or 

transurethral resections). Furthermore, despite valiant efforts in the field, recent expert 

consensus on a standardized system for quantifying and classifying inflammation is lacking 
66.  

 

Indeed, acute and chronic prostatitis are common in the adult population with up to 80-90% 

of men having some degree of inflammation and around 9% experiencing prostatitis 

symptoms over the course of one year  67,68. An association between the level of 

inflammation and severity of clinical symptoms has been demonstrated in a comprehensive 

study of tissue microarrays from 282 patients with BPH, showing that IPSS score (21 versus 

12, p=0.02) and prostate volume (75 versus 64cc, p=0.02) were both significantly higher in 

men with high-grade prostatic inflammation 69. This relationship between BPH and 

inflammation appears to persist even in the presence of prostate tumours: in an autopsy 

study of 167 prostates, inflammation was found in 67.6% of specimens and was more 

prevalent in BPH tissue compared with normal prostate (75% versus 50%, p<0.01). However, 

in glands that harboured both prostate cancer and BPH, chronic inflammation was located in 

the periphery of BPH nodules only in 11 cases, of cancer foci only in 1 case, of both or 

neither in 3 and 3 cases, respectively (p=0.006) 70. 

 

Many experts believe that a cascade of biochemical events (including the secretion of 

several mediators and cytokines, among which IL-17, IL-6, IL-8, IL-1, TNFα ) eventually results 
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in the development of BPH nodules65. The MTOPS study (Medical Therapy of Prostatic 

Symptoms) was a randomised study comparing the long-term risk of BPH progression 

between men treated with finasteride, doxazosin, a combination of both or a placebo 71. An 

ancillary study looked at inflammatory markers in the transition zone biopsies of 859 men 

enrolled in the MTOPS trial. Four markers for inflammatory cells, CD45 a pan-leukocyte 

marker, CD4, CD8, and CD68 for activated macrophages, were used to define the degree of 

inflammation present in the transition zone, ranging from negligible-mild to severe. The risk 

of clinical BPH progression for men in the highest tertile of moderate/severe inflammation 

was doubled compared to men in the lower 2 tertiles combined (HR 2.03, p=0.001) 72. 

Interestingly, even if causation still cannot be established, this study confirms the temporal 

precedence of inflammation before BPH progression.  

 

Inflammation and prostate cancer 

 

Studies into the inflammatory content of cancerous radical prostatectomy or transurethral 

resection specimens from living patients have attempted to associate the degree of 

inflammation with clinical outcome, with conflicting results. One of the earliest papers, from 

1994, studied haematoxylin and eosin (H&E)-stained slides from a very heterogeneous 

cohort of 325 men treated with various modalities, including prostatectomy, transurethral 

resection, oestrogens, surgical castration and watchful waiting. Prostatic inflammation was 

defined based on the amount of tumour infiltrating lymphocytes, graded from 1 – rare or 

absent, to 3 – dense infiltrate. Men with low levels of prostatic inflammation (grade 1) had a 

lower 10-year overall survival (50% versus 75 and 80% for grade 2 and 3, respectively, 

p=0.0017) and progression-free survival (60% versus 85% and 75% for grade 2 and 3, 

respectively, p<0.0007) 73. However, in 1999, another group reported that high-grade 

inflammation was considerably less prevalent in malignant tissue than in adjacent benign 

tissue compartments and that biochemical-recurrence-free survival was, in fact, shorter in 

men with heavily inflamed tumours 74. Since then, studies have reported contrasting results, 

supporting either an antitumourigenic or protumourigenic role for T and B lymphocytes, 

depending on the soluble mediators secreted and regulation of other immune cells 75. 
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Exactly how inflammation is associated with prostate carcinogenesis is unclear, but, in a 

similar manner to BPH, oxidative stress in response to infectious agents, environmental 

toxins or direct injury (for example, due to urine reflux) with subsequent DNA damage have 

all been proposed as initiating events 76,77. Furthermore, areas of highly proliferating 

epithelia (as determined by Ki-67 staining) that are rich in inflammatory cells have been 

described in the peripheral zone and suggested as precursors of PIN77. Proliferative 

inflammatory atrophy (PIA) and prostatic inflammation have been postulated as a response 

to injury, whereby a subsequent cascade of genetic alterations — such as MYC 

overexpression, ETS fusions, GSTP1 methylation, PTEN loss and telomere shortening — 

progressively lead from PIA to PIN and cancer78,79. Cellular senescence is likely to be 

implicated in the process: a strong PTEN-loss-induced cellular senescence response that is 

associated with PIN has been demonstrated in vivo in mice, whereas, in PTEN-negative 

tumours, senescent cells can induce infiltration by granulocytic myeloid-derived suppressor 

cells that render T-cells inactive, suppressing the antitumour immune response 80 .This latter 

finding is particularly interesting, as increased T-cell density has been associated with PTEN 

loss (as well as with ERG positivity and TP53 mutations) and poorer outcome in African-

American men with prostate cancer, with lower biochemical recurrence-free survival (35% 

for men with CD3 infiltrate density in the top tertile versus 57% at 10 years, p=0.04 ; 14% for 

men with CD8 infiltrate density in the top tertile versus 56% at 10 years, p=0.04) and 

metastasis-free survival (64% at 10 years for men with FOXP3 infiltrate density in the top 

tertile versus 87%, p=0.03) 81,82. Senescent prostate cancer epithelial cells have also shown 

their ability to alter the composition of laminin chains, which are important components of 

the extracellular matrix (ECM), linking the ECM to cells through various cell surface receptors 

and playing an important role in cell migration 83. Senescent prostate cancer epithelial cell 

lines (M12 and LNCaP) demonstrated increased mRNA levels of 2 subtypes of LM chains (LM 

α4 and β2 chains), which individually increased the ability of the cancer cells to migrate in 

vitro (relative migration x1.4 for α4, x1.3 for β2 chains, both p<0.01).  These findings were 

confirmed in vivo in mice, where tumours overexpressing LM β2 chains displayed a higher 

tumour volume at 6 weeks (250mm3 versus 100mm3, p<0.01) 84. 
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Inflammation, BPH and prostate cancer 

 
Whether inflammation could, indeed, be a possible link between BPH and prostate cancer, is 

much more complicated to determine, as both processes are promoted by cytokines that 

regulate cell growth in a paracrine or autocrine manner7 . The evidence in this area is 

conflicting, not least because of a clear detection bias arising from the fact that PSA-

triggered sampling is common in men with prostatitis, BPH and cancer.  

In an interesting study, this bias was substantially reduced by assessing Prostate Cancer 

Prevention Trial (PCPT) participants without cancer who, after their end-of-study biopsy, 

immediately enrolled in the Selenium and Vitamin E Cancer Prevention Trial (SELECT)85. 

Most of these men, without evidence of prostate cancer at baseline, had inflammation in 

their biopsy cores (78.2% in the placebo arm and 92.4% in the finasteride arm). During 

follow-up, for men previously enrolled in the placebo arm of the PCPT, the degree of 

inflammation present at baseline (end-of-trial PCPT biopsy) was higher for patients later 

diagnosed with prostate cancer during the SELECT study (40.4% of biopsy cores with 

inflammation at baseline versus 32.1%, p<0.05). These findings establish for the first time a 

temporal precedence of inflammation before prostate cancer diagnosis (6 years on average), 

using a study design where biopsies were not triggered by a high PSA, limiting a potential 

confusion bias. Of note, these results were not confirmed for previous PCPT participants in 

the finasteride arm later diagnosed with prostate cancer (38.9% of biopsy cores with 

inflammation at baseline for patients later developing prostate cancer versus 35.2%, not 

significant) 85. Multiple studies have reported similar findings, linking increased inflammation 

with increased cancer risk, and, until 2018, prostatitis and cancer were believed to be 

associated 86. However, a meta-analysis of 38 studies concluded that, although the odds of 

cancer after clinical prostatitis are generally increased, they are attenuated if one accounts 

for detection bias. Indeed, when combining estimates of all studies without considering the 

potential influence of detection bias, a significant positive association was found between 

clinical prostatitis and prostate cancer (OR 2.10, 95%CI 1.69-2.61, p<0.001). However, when 

focusing solely on studies addressing detection bias in various ways (adjustment for prostate 

cancer screening, estimates restricted to screened men, exclusion of prostatitis in the short 

window before cancer diagnosis), the association weakened (OR 1.45, 95%CI 0.98-2.15, not 

significant) 87. Of note, ‘clinical prostatitis’ and ‘histological inflammation’ are still not 
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interchangeable terms, and lack of association in this study does not definitively prove the 

lack of causality between inflammation and cancer. 

 

Inflammation and senescence 

Prostatic inflammation can be arise through various different means, including infection, 

toxins, chemical injury or physical injury 68,88–90. However, senescence is now thought to be 

involved in the inflammatory process regardless of the origin, both as a consequence of DNA 

damage caused by these various stimuli and as an amplifying mechanism through SASP 88. 

Oxidative stress, consecutive to the release of reactive oxygen species (ROS) and reactive 

nitrogen species, is hypothesised to encourage both direct DNA damage and genetic 

instability 68. As a consequence, the senescence pathway is activated, presumably to prevent 

tumorigenesis in a highly pro-tumourigenic context. In an in vitro model using mouse 

embryonic fibroblasts deficient for Krüppel-like factor 4 - a factor preventing the 

accumulation of reactive oxygen species - ROS accumulation was associated with increased 

level of DNA damage, detected by immunostaining against g-H2AX (% of cells with DNA 

damage 55% versus 10%, p<0.001), as well as the induction of senescence (% of cells positive 

for SA-β galactosidase staining 30% versus 0%, p<0.05), through a process involving p21 and 

p53 91. Senescent cells in turn add to the inflammatory process through the secretion of the 

various components of the SASP 11. 

 

 

SASP contribution to BPH and prostate cancer 

Via SASP, senescent cells contribute to chronic inflammation and an inflammatory 

environment. Various mediators — including cytokines, chemokines, growth factors and 

proteases — have been proposed to be a component of SASP (Box 2). SASP can induce 

senescence in adjacent non-senescent cells via paracrine pathways, which contribute to the 

inflammatory environment11. In addition to its role in BPH, pro-tumourigenic effects of SASP 

have been documented in prostate cancer (Figure 3). 

 

Several components of the SASP can be linked with the pathogenesis of prostate cancer and 

BPH. A direct association has been described between senescence and BPH, whereas the 

evidence supporting a role a role of SASP in prostate cancer could be considered to be 
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somewhat circumstantial. Many of the findings obtained from studies in cell cultures and 

human xenograft mouse models still have to be replicated in humans. 

 

Interleukins 

Although senescence is considered to be a tumour suppression mechanism, a substantial 

body of evidence supports SASP as driving the pro-tumourigenic effects of senescence11,92. 

Although no direct evidence exists linking senescence-induced IL-6 levels to prostate cancer 

progression in humans, the role of IL-6 in the promotion of prostate cancer growth and 

aggressivity has been well demonstrated in vitro and in vivo, in animal models and prostate 

cancer patients 93. In a prospective study, plasma levels of IL-6 and the soluble IL-6 receptor 

IL-6sR were measured in 120 consecutive patients prior to radical prostatectomy, 44 healthy 

men without any cancer, 19 men with prostate cancer metastatic to the regional lymph 

nodes, and 10 men with prostate cancer metastatic to bone. Levels of both IL-6 and IL-6sR 

were found to be highest in patients with bone metastases (p <0.001), and associated with 

tumour volume (p ≤0.048), final Gleason sum (p ≤0.042) and risk of progression (p ≤0.029) in 

prostatectomy patients 94. Similarly, a study used tissue microarrays constructed from the 

radical prostatectomy specimens of 38 men and 26 metastatic tissue samples obtained from 

6 men at autopsy to study IL-6 and IL-8 expression by prostatic cells and the tumour 

microenvironment using immunohistochemistry and RNA in situ hybridisation. IL-6 mRNA 

was not detected in tumour cells but instead confined to the stromal compartment. IL-8 was 

the most abundantly expressed cytokine, and the intensity of IL-8 mRNA signal was 

significantly higher among high-grade compared to low-grade localised tumours (p=0.0001). 

Similarly, IL-8 expression was detected in all metastatic sites, and was significantly higher in 

lung and liver, both visceral metastatic sites involved in aggressive disease (p<0.005 and 

p<0.0001 for lung and liver lesions, respectively) 95.  

 

Using cell cultures established from the non-malignant peripheral and transition zones of 

radical prostatectomy specimens, an initial study focusing on BPH showed that prostatic 

epithelial cells produced IL-1α, inducing FGF7 and resulting in the continuous growth of the 

transition zone in an autocrine manner. This autocrine stimulation proved critical to the 

abnormal proliferation of the transition zone and the development of BPH96. Further 

experiments comparing normal prostatic peripheral zone and BPH tissue by enzyme-linked 
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immunosorbent assay (ELISA) showed that the production of IL-8 by epithelial cells induced 

FGF2 expression by stromal cells, also leading to abnormal proliferation in the transition 

zone97. The link between senescence, IL-8 expression and BPH was later confirmed in a 

subsequent study using ELISA, showing that tissue IL-8 levels correlated with both SA β- 

galactosidase activity (p<0.01) and prostate weight (p<0.05) 98. These results have to be 

interpreted with caution, keeping in mind the limitations of SA β-galactosidase staining in 

cells with increased activity. Reassuringly, these findings were corroborated by two 

subsequent studies using other markers to detect senescent cells. The first study assessed in 

vitro the activation of SASP in senescent prostate BPH-1 cells. The expression of IL-6 

(p=0.015), IL-8 (p=0.003), IL-1a (p=0.0008) and IL-1b (p<0.0001) was significantly increased 

after the onset of senescence, confirmed by p16INK4A staining 44. In the second study, samples 

of normal or hyperplastic transition zone were acquired from radical prostatectomy 

specimens and checked for the absence of carcinoma. Senescent cells were detected 

through a combination of SA β-galactosidase, p16INK4A and Cathepsin D. IL-8 expression in 

BPH samples was almost twice as high as normal samples (p<0.05). Of note, staining was 

again predominantly epithelial 43.   

 

The TGFβ1 pathway 

The TGF-β pathway has been shown to be a key player in the senescence process, through 

the stimulation of cell cycle regulators leading to cell cycle arrest (p15, p21, p27), the 

induction of reactive oxygen species production responsible for DNA damage, and the 

suppression of telomerase activity involved in telomere shortening 99. An initial study into 

the implications of this pathway in BPH used ELISA techniques on 30 prostatectomy 

specimens obtained in men aged 60–80 years and described similar expression of TGF-β1 in 

epithelial and stromal cells of both normal and enlarged prostates, but differential 

expression of its receptor, TGF-β1RI, resulting in increased TGF-β1 activity in BPH samples 
100. Further experiments using human prostate stromal cell cultures demonstrated that 

fibroblast-to-myofibroblast differentiation was able to drive prostatic stromal growth under 

TGF-β1 stimulation, but proved the inability of TGF-β1 to induce senescence, supporting the 

hypothesis that TGF-β1 is secreted by senescent cells rather than it being a senescence-

driving mechanism101. This result was supported by another study that attempted to induce 

senescence by application of TGF-β1 to cultures of human multipotent mesenchymal 
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stromal cells. Cells cultured in the presence of TGF-β1 displayed a different growth pattern 

(network-like versus a more homogeneous cellular layer), an increased proliferation and 

entered replicative senescence on average 46 days earlier (p=0.05). However, after adjusting 

for the higher number of cell divisions due to increased proliferation, no significant increase 

in the amount of senescent cells (detected by SA β-galactosidase staining) was noted after 

TGF-β1 stimulation (p>0.05) 102. Furthermore, further support for this mechanism came from 

a study that used a mouse model of human BPH, in which TGF-β1 was hypothesised to 

recruit mesenchymal/stromal stem cells to the stroma during prostatic hyperplasia. The 

activation of the TGF-β pathway and increased TGF-β1 concentration in the plasma of BPH 

mice models compared with controls was demonstrated (p<0.01). This study also 

investigated the expression of TGF-β in human BPH specimens, confirming that high levels of 

TGF-β activity were associated with stromal expansion in the pathogenesis of human BPH103. 

Further work by the same team provided more insight into the TGF-β1-induced 

transformation of prostate stromal cells into myofibroblasts. By first looking at the 

differential expression of several long non-coding RNAs and genes under TGF-β1 stimulation 

using prostate stromal cells cultures, they were able to identify one long non-coding RNA, 

DNM3OS, and the gene most prominent for upregulation, COL3A1. Both were found to be 

overexpressed, as well as TGF-β1 (DNM3OS relative expression ~2, p<0.05; COL3A1 ~1.5, 

p<0.01; TGF-β1,p<0.01) in human BPH samples (n=20) compared to controls consisting of 

normal prostate tissue obtained from cystoprostatectomy specimens (n=5).  104. The role of 

TGF-β1 in EMT of prostate epithelial cells was further supported by an in vitro study using a 

human BPH cell line (BPH-1). When exposed to stromal cells culture media obtained from 

human prostatic stromal myofibroblast cell line (WPMY-1), BPH-1 cells displayed reduced 

expression of epithelial markers (E-cadherin and CK5/8), positive expression of mesenchymal 

markers (vimentin, a-SMA) and the EMT marker Snail, and increased migratory capacity. This 

induction of EMT was inhibited by anti-TGF-β1 treatment, confirming the important role of  

TGF-β1 in the process 105.  

TGF-β has also been implicated in the promotion and progression of cancers, including 

prostate cancer 106. Analysis of normal prostate, PIN and prostate cancer tissue obtained 

from radical prostatectomy specimens, frozen prostate biopsy cores and a prostate cancer 

tissue microarray by immunochemistry demonstrated that PIN cells expressed higher levels 

of TGF-β1 than normal prostate tissue This increased expression was associated with the 
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presence of a reactive stroma, assessed by vimentin and a-actin staining, increased to 

moderate/high levels in 48% of PIN cases (p<0.001; Fisher’s exact test) compared to normal 

prostate tissue 107. TGF-β1 further proved crucial in prostate fibroblast-to-myofibroblast 

differentiation in another study using cell cultures established from radical prostatectomy 

specimens (n=3). TGF- β1-stimulated  cells  displayed a-actin,  calponin  and  tenascin  

staining, markers of a myofibroblast/smooth muscle cell phenotype 101. Furthermore, in a 

study involving 68 prostate cancer patients treated by surgery, radiation and/or 

chemotherapy, and 62 healthy volunteers, plasma levels of TGF-β1 were significantly 

upregulated among prostate cancer patients (p<0.05). Additionally, prostate cancer cell 

migration and invasion was increased in vitro after treatment with exogenous TGF- β1 108. 

Interestingly, the therapeutic potential of TGF-β signalling inhibition has been demonstrated 

in vivo in a preclinical mouse model of prostate tumour progression (transgenic 

adenocarcinoma of mouse prostate – TRAMP model). Galunisertib, a TGF-β receptor I 

inhibitor, was administered with enzalutamide, and the antitumoral effect of the 

combination compared to monotherapy with enzalutamide or galunisertib, or controls. 

Prostate tumours were harvested and analysed on Day 15. A significant reduction in tumour 

weight was noted for the combination compared to galunisertib alone and controls. 

Although a difference was noted between the combination and enzalutamide alone, it was 

not statistically significant. Reversal of EMT and re-differentiation was also noted in prostate 

tumours exposed to TGF- β inhibition 109. 

Finally, Dickkopf-related protein 3 (DKK3), which has been implicated in many age-related 

diseases such as Alzheimer’s disease, skeletal muscle atrophy or kidney disease, was found 

to regulate TGF-β-dependent activity of MMP-2 and MMP-9, promoting prostate cancer cell 

migration and invasion 110. 

 

 

CXCL-12 and CXCL-1 

Epithelial–stromal interactions are crucial to the regulation of prostate epithelial cell growth, 

and the influence of SASP — specifically CXCL-12 and CXCL-1 — has been identified in both 

BPH and prostate cancer111,112.  

Senescent stromal fibroblasts obtained from the prostates of older patients (63-72 years) 

demonstrated a reduced ability to limit in vitro epithelial cell proliferation compared with 
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senescent stromal fibroblasts from younger men (40-52 years) (average cell number 235 990 

(±14 680) versus 142 000 (±16 400), p<0.001)111. In the same study, higher levels of secretion 

of CXCL12 were noted in fibroblasts from the older men compared with younger fibroblasts. 

This expression of CXCL12 protein was associated with increased epithelial cell proliferation, 

as is observed in human BPH 111.  

The paracrine mechanisms modulating epithelial cell proliferation were explored in a 

separate study using stromal fibroblasts obtained from the non-cancerous regions of radical 

prostatectomy specimens. This in vitro study demonstrated that senescent fibroblasts were 

capable of influencing the survival and proliferation of neoplastic adjacent prostate 

epithelium, via mechanisms involving CXCL-1, MMP-2 and FGF7. Direct co-culture of 

epithelial cells with senescent fibroblasts resulted in a 3-fold growth of epithelial cells, while 

culture with conditioned medium from senescent prostate fibroblasts increased epithelial 

cell proliferation of 3-fold 112. Tumour stroma has also been implicated in the carcinogenesis 

of adjacent BPH epithelium. Via the secretion of CXCL-12, prostatic cancer-associated 

fibroblasts (CAFs) were able to induce tumorigenesis in non-malignant human prostatic 

epithelial cells (BPH-1) in vitro. This mechanism was found to be dependent on the presence 

of TGF-β in vivo in a mouse model, although not directly linked with senescence113.  

 

Extracellular vesicles and microRNAs as elements of the SASP 

Extracellular vesicles are essential components of inter-cellular communication; by releasing 

their cargo into recipient cells, and through surface molecules, they can influence and 

regulate their function. Extracellular vesicles can contain proteins, lipids, DNA, mRNA and 

non-coding RNA, including short non-coding RNAs or microRNA (miRNA)114.  

The content of extracellular vesicles has been explored in urological malignancies including 

prostate cancer, as a potential biomarker, prognostic factor or even therapeutic drug 

vehicle115. MiRNAs can alter gene expression by post-transcriptional regulation of mRNA 

and, therefore, have an important regulation role, including in cell-cycle regulation and 

therefore also in senescence 104. Consequently, the role of miRNA in both cancer and ageing 

has garnered considerable interest. Notably, several miRNAs that are dysregulated during 

ageing — such as miR-106 and miR-30 families, which are both known to interact with the 

p16INK4A/Rb pathway — are also dysregulated in prostate cancer116,117.  



 20 

The potential role of extracellular vesicles released by senescent cells in cancer initiation and 

progression has led to their consideration as part of SASP118. Particularly relevant to prostate 

cancer, both therapy-induced (through external irradiation) and replicative senescence have 

been demonstrated to cause an increased release of exosome-like microvesicles and that 

these vesicles express B7-H3, a protein proposed as a potential prognostic biomarker to 

distinguish indolent from aggressive prostate cancer 119. These findings support the 

hypothesis that extracellular vesicles are increasingly released during senescence and that 

the content of these vesicles might promote prostate cancer progression and 

aggressiveness. Other studies have further explored the content and function of 

extracellular vesicles’ cargo during ageing, although without focusing on prostate cancer. 

Isolation of extracellular vesicles from the plasma of young and old mice illustrated an 

increase in extracellular vesicle levels and differential miRNA expression.  Increased 

expression of miR-146a, miR-21, miR-22, miR-223, miR-145 and let-7a within the 

extracellular vesicles of old mice was confirmed in an independent sample set (n=6, all 

p<0.05). In the same study, the exposition of young macrophages to old extracellular vesicles 

resulted in an increased expression of TGF-β1, whose role has been previously assessed in 

senescence and prostatic diseases 120. Additionally, miR-21 had already been explored in 

prostate cancer and found to be significantly upregulated in the blood and urine of prostate 

cancer patients compared with healthy subjects 121,122.  However, whether extracellular 

vesicles have a role in the induction of senescence in adjacent prostatic cells remains 

unclear. 

 

Senescence and cancer-associated fibroblasts  

The role of fibroblasts and their transformation into myofibroblasts with a wound repair 

phenotype was first described in the early 2000s107. These fibroblasts, now referred to as 

cancer-associated fibroblasts (CAFs), share several common features with ageing fibroblasts, 

including similar cell morphology and a secretory phenotype123. A study using CAFs extracted 

from radical prostatectomy specimens confirmed their role in inducing invasiveness of 

prostate cancer cell in vitro via a mechanism involving IL-6, a cytokine that is strongly 

associated with SASP 124.  
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Cathepsin D, another marker of senescence, was also reported as an essential mediator of 

CAF-induced tumourigenicity in vivo. Tissue recombinants were engineered combining 

initiated but non-malignant BPH-1 cell line with normal prostate fibroblasts, or with CAFs 

obtained from human prostate tumour samples. These recombinants were then grafted 

under the kidney capsule of adult male severe combined immunodeficient. CAFs proved 

their ability to induce tumourigenesis of BPH-1, and this transformation was inhibited when 

cathepsin D expression was knocked down (tumour volume ~16cc versus 1cc, p<0.05) 25. 

Another study of in vitro co-culture of CAFs isolated from prostate cancer patients and 

prostate cancer cell lines (PC-3 and LNCaP) demonstrated that CAFs regulate proliferation 

and migration of prostate cancer cells via TGF-β1 signalling 125. Subsequently, CAFs were 

shown to recruit myeloid cells and guide immune cell recruitment around benign BPH cells 

via the release of chemokines such as CCL-2 and CXCL-12, contributing to the inflammatory 

microenvironment 126. Of note, both of these chemokines have also been linked to 

senescence and cancer progression, although only the role of CXCL-12 has been established 

in prostate cancer as a key mediator used by CAFs to induce tumourigenicity in adjacent 

epithelial cells 113,127. 

 

Pro-tumourigenic intracellular signalling induction by SASP 

The pro-tumourigenic effects of SASP are mediated by a range of intracellular signalling 

pathways, in particular the PI3K–AKT, JAK–STAT, RAS and MAPK pathways 44. These well 

characterised signal transduction networks are highly interconnected, with complex cross-

talk, feedback mechanisms and compensatory signalling enabling both activation and 

regulation of key oncogenic phenotypes (Figure 4). Several of these pathways can be 

activated in response to SASP in a pro-tumourigenic manner and also have a role in the 

induction of senescence itself. An example of this is Pim-1, which acts in both a pro-

tumourigenic capacity downstream of JAK–STAT signalling and is also a key player in the 

mediation of senescence, responsible for the formation of a chromatin architecture 

associated with senescence (heterochromatin) and the suppression of proliferative genes 128. 

Similarly, ERK activation seems to have a role both in oncogenesis and tumour suppression 

by triggering cellular senescence, notably by enhancing the degradation of multiple proteins 

required for cell-cycle progression 129. 
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Clinical implications 
 

The theory of senescence as a potential mechanism triggering or amplifying the pathological 

processes involved in BPH and prostate cancer has potential clinical and therapeutic 

implications. The cellular volume generated by the accumulation of senescent cells could 

contribute to the increased prostate volume in BPH, as suggested by the correlation found 

between the presence of senescent cells and prostate weight 41. The pro-tumourigenic 

effects of SASP and its contribution to BPH have been documented.  

 

Senolytic agents aim at selectively removing senescent cells without causing damage to 

normal cells, by specifically targeting cells displaying hallmarks of senescence such as SA-β 

galactosidase expression, or signalling pathways activated during the senescence process 130. 

Apoptosis resistance is a common characteristic shared by senescent cells and cancer cells. 

Consequently, targeted cancer therapeutic agents against anti-apoptotic proteins, such as 

Bcl-2 inhibitors, used in lymphoma, display senolytic properties 130. Preliminary results have 

shown potential benefits in terms of prolonged lifespan and reduced onset of age-related 

physical dysfunction in mice treated with the senolytic association of dasatinib and quercetin 
17. Old mice, as well as young mice subjected to premature ageing via the transplantation of 

senescent cells both benefited from systemic oral administration of the association, with an 

increased post-treatment survival (+36%) and a reduced mortality hazard (65%, p=0.01) 17. 

However, these studies are very preliminary and the results might not be reproducible in 

humans. Furthermore, the systemic administration of senolytic drugs exposes the recipient 

to side-effects secondary to the destruction of non-senescent cells, or potential side-effects 

of the removal of senescent cells 130. 

 

The reason for the persistence of senescent cells through evolution remains unknown, 

although they are very likely to have a role in providing structure to tissues that could 

otherwise not be maintained owing to reduced cellular replication, such as brain or adipose 

tissue 9. Senescent cells can account for more than 50%, and up to 90% of all epithelial cells, 

therefore their removal could have deleterious implications for the structure of the tissue 41. 

However, surgery and medical treatments aiming at partially removing the prostate driving 
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prostatic tissue atrophy have been long used without serious adverse effects and the 

selective removal of intraprostatic senescent cells is, therefore, unlikely to be associated 

with serious adverse events compared with reduction in cellular volume of other organs or 

systems such as the brain or cardiovascular system .  

 

Agents targeting SASP components — SASP inhibitors or senomorphics — could also be of 

interest, and could have a potential dual effect on both BPH and prostate cancer. Among 

potential senomorphic drugs, a four-day course of the oral p38 MAP kinase inhibitor 

Losmapimod was shown to reduce plasma levels of IL-6 and TNF-a (p<0.0001) in 18 aged 

healthy volunteers (65-77 years, median 69 years), without affecting the removal of the 

senescent cells themselves, restoring the cutaneous immunity against varicella zoster virus 

altered during ageing 131.  

Monoclonal antibodies targeting IL-1α, IL-6 or IL-8 are being tested in age-related diseases 

such as type 2 diabetes – improving C-peptide and HbA1c levels- and osteoarthritis –  

reducing pain and inducing a pro-regenerative cartilage environment132.  

 

Cancer-associated fibroblasts are a key element of the tumour microenvironment and could 

provide new therapeutic targets 133. The similarities of the phenotypes displayed by 

senescent fibroblasts and cancer-associated fibroblasts are remarkable, and it is very likely 

that senescence pathways are involved in the interactions between CAFs and the adjacent 

epithelia. Senolytic drugs, or drugs inhibiting SASP components known to be critical in the 

induction of tumourigenesis such as IL-6, could be tested as a new therapeutic approach 

targeting the tumour microenvironment.  

 

Therapy-induced senescent cells in prostate cancer have also been proposed as therapeutic 

targets. Mammalian target of rapamycin (mTOR) inhibitors have shown their interest in 

reducing SASP components. Senescent adult human prostate fibroblasts (PSC27) were 

exposed to rapamycin, and displayed reduced IL-6 secretion in vitro (relative IL-6 level 

reduced by ~80%).  These results were confirmed in vivo in mice xenografts, in which 

treatment with rapamycin suppressed the ability of senescent fibroblasts to stimulate 

prostate tumour growth (tumour grafts volume 296 mm3 with rapamycin versus 589 mm3, 

p<0.01) 134. In another study, xenografts were generated from human prostate cancer LNCaP 
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and PC-3 cells and injected to male nude mice, before mice were treated with either 

docetaxel, the mTOR inhibitor temsirolimus, or a combination of both (concurrent or 

sequential administration). Concurrent treatment with temsirolimus and docetaxel proved 

more effective to delay tumour regrowth than sequential treatment (mean tumour volume 

at day 52 of 167 ± 32 mm3 versus 461 ±114 mm3, p=0.038), and more effective than 

docetaxel or temsirolimus alone.135. Androgen deprivation was also shown to induce 

senescence, detected using SA-β galactosidase staining, in LNCaP prostate cancer cells 

cultured in androgen-free medium. The percentage of cells positive for SA-β galactosidase 

staining increased to 60% after 9 days of androgen deprivation, while the global number of 

cells decreased by 50%. Further experiments were performed to confirm these findings in 

vivo by establishing androgen-sensitive xenograft tumours (LuCap 58 and 23.1) in athymic 

nude mice. The proportion of cells positive for SA-β galactosidase staining increased from 5% 

prior to castration to 22% (p<0.001) 36.  

The modulation of the tissue microenvironment by senescent cells was even proposed as a 

plausible mechanism of the evolution of prostate cancer towards androgen-independence. 

Several components of the SASP such as IL-6 and IL-8, released by senescence cells in a 

paracrine manner, are indeed capable of overriding the need for androgen ligand and 

therefore stimulating the clonal expansion of androgen-independent cells 35. Thus, targeting 

senescence might also prove beneficial in patients treated with ADT. 

 

 

Grey areas and open questions 
 

The available evidence and studies providing insight, and often comprehension, of the 

mechanisms involved provide biological plausibility for the association of cellular 

senescence, inflammation, BPH and prostate cancer. However, causation still remains to be 

demonstrated. Co-occurrence of increased senescence and cancer in the ageing organism 

might be simply a consequence of an accumulation of events occurring over time, rather 

than one phenomenon explaining the other. Many results obtained using cell cultures and 

mouse models have not been replicated in humans, and caution must be observed when 

interpreting these findings. Similarly, data have been obtained in other organs, such as 

cartilage, skin or other cancers, we have to acknowledge that these findings should only be 
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considered as hypothesis-generating as they still have to be reproduced in prostate or 

prostate cancer and that different cancer types can react differently to exogenous stimuli or 

use different intracellular pathways is well known. 

 

Some pathological processes, such as BPH and osteoarthritis, have been linked to cellular 

senescence but not to patient age41,55. Although these data could lead to the rejection of 

ageing and senescence as a causative mechanism, not all individuals age in the same way 

and time elapsed, in itself, is not a sufficient marker of ageing 136. The frontier between 

normal, physiological ageing and age-related diseases is not well defined, and accurate 

biomarkers for both ageing and senescence are needed 136.  

 

In prostate cancer, research into the presence of senescent cells in specimens obtained from 

patients with prostate cancer is crucial, as senescent cells have been identified mostly in the 

epithelium, whereas the role of senescence and SASP seems to be played mostly through 

the influence of a senescent stroma on adjacent epithelial cells 48. Although no evidence 

indicates that low-grade prostate cancer should be considered as a normal ageing process, 

the intensity of SASP signalling and the aggressivity of cancer do seem to be associated 137.  

Longitudinal studies — including, for example, biobank specimens harvested at various 

timepoints — would be needed to corroborate biological plausibility and causality. The 

follow-up monitoring of patients and the evolution of the amount and distribution of 

senescent cells throughout the trial could be key to understanding the potential causative 

role of senescence in both BPH and prostate cancer. 

 

Conclusions 

Growing evidence supports the presence of senescent cells in the prostate and the existence 

of shared senescence signalling pathways in the promotion of BPH. Further studies are 

needed to confirm the presence and role of senescent cells in prostate cancer, and 

longitudinal studies — including, for example, biobank specimens harvested at various 

timepoints — could help corroborate biological plausibility and causality. The removal of 

senescent cells using senolytic treatments and/or the reduction of the SASP with SASP 

inhibitors or senomorphics present new therapeutic opportunities that might prevent and 

control the onset of BPH and prostate cancer. 
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Key points  

• Benign prostatic hyperplasia (BPH) and prostate cancer are two common disorders 

affecting the prostate and both share an increased incidence with advancing age. 

• Ageing, along with other sources of cellular damage (infection, infection, toxins, 

chemical or physical injury), results in cellular senescence and the accumulation of 

senescent cells in tissues 

• Senescent cells, although unable to replicate, remain metabolically active and secrete 

a raft of inflammatory mediators, known as senescence-associated secretory 

phenotype (SASP) 

• Senescent cells have been detected using senescence markers in almost all human 

samples of BPH, and the role of several components of the SASP established in BPH 

initiation and progression. 

• The role of cellular senescence in prostate cancer is less clearly established, and 

senescence seems to act mainly through the influence of the senescent stroma on 

adjacent epithelial cells, favouring cancer initiation, progression and metastasis. 

• The demonstration of the role of senescence in both age-related prostatic diseases 

presents new therapeutic opportunities with treatments aiming at removing 

senescent cells (senolytics) and/or targeting components of the SASP (SASP inhibitors 

or senomorphics). 
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 Table 1| Studies evaluating the presence of senescent cells in the human prostate.  

 
Marker Specimen Pathology Senescent cells 

presence 
Cellular 
location 

Reference 

SA-β 
galactosidase 

Snap-frozen 
RP and 
prostate 
biopsy 
  

BPH 43% of RP 
specimens and 
31% of biopsy 
samples 

Epithelial cells 41 

SA-β 
galactosidase 

Snap-frozen 
RP 

BPH All samples Epithelial cells 42 

SA-β 
galactosidase 
Cathepsin D 
p16INK4A 

FFPE RP 
 

BPH 
Non-hyperplastic 
prostate tissue)  

Not stated Epithelial cells 
> stroma 

43 

SA-β 
galactosidase 
p16INK4A 

FFPE BPH 
samples  

BPH 
 

All samples Epithelial cells 
> stroma 

44 

PML bodies 
p16INK4A 

FFPE BPH 
samples  
 
Tissue 
microarrays 

BPH 
 
Normal prostate 
 
Normal adjacent to 
tumours 
 
PIN 
 
Prostate cancer 
 

BPH: 100% 
 
Normal: 26.54% 
(positive for 
PML) 
Normal 
adjacent: 0% 
 
PIN: 0% 
 
Prostate cancer: 
3.13% 

Epithelial cells 46 

Phospho-ERK 
p16INK4A 
PML bodies 
 

FFPE BPH 
samples 
 
Tissue 
microarrays 

BPH 
 
Normal prostate 
 
Normal adjacent to 
tumours 
 
Prostate cancer 
 
 

BPH: All 
samples, High 
levels 
 
Normal: Not 
stated 
 
Normal 
adjacent: Lower 
levels*  
 
Prostate cancer: 
Lower levels* 
 
*compared to 
BPH 
 
 

Epithelial cells 47 

BPH, benign prostatic hyperplasia; FFPE, formalin-fixed, paraffin-embedded; Phospho-ERK, 

phosphorylated ERK; PML, promyelocytic leukaemia protein; PIN, prostatic intraepithelial 

neoplasia; RP, radical prostatectomy; SA, senescence-associated;) 
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Figure 1 | Differences between the young and ageing hypertrophied prostate. The transition 

zone occupies a very small volume in the young prostate and its architecture seems normal, 

whereas its volume is considerably increased in the hypertrophied prostate, in which the 

transition zone displays a chaotic, nodular architecture. The volume of the peripheral zone 

remains stable, but with ageing it becomes laminated by the volume of the transition zone.  

 
 

Figure 2| T2-weighted prostate MRI showing the chaotic, nodular architecture of the 

enlarged transition zone from a 72-year-old patient with symptomatic benign prostatic 

hyperplasia (BPH) before any kind of treatment.  
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Figure 3| The implications of senescent cells in benign prostatic hyperplasia (BPH) and 

prostate cancer. Cells become senescent in response to ageing (replicative senescence) or 

other cellular damage (such as through treatment with chemotherapy/radiotherapy). 

Senescent cells are unable to replicate, blocked in the G1 phase of the cell cycle, but are 

metabolically active, secreting various inflammatory mediators, which form the senescence-

associated secretory phenotype (SASP). As senescent cells accumulate, increased fibrosis, 

disorganised tissue architecture, macroscopic modifications of organ structure and 

decreased organ function can be noted.  
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Figure 4 | Key signal transducers activated by the senescence-associated secretory 

phenotype (SASP). A wide range of cytokines, chemokines, growth factors and proteases 

have been identified as part of the SASP. Each of these activate prostate cell signalling, 

typically by binding to cell surface receptors and activating common pro-tumorigenic 

pathways suck as PI3K, JAK/STAT and MAPK. As with all cell signalling, multiple layers of 

cross-talk and feedback loops enable flexibility and redundancy for the cell, and several of 

these proteins, including PIM1, NFkB and ERK 1/2, can both activate and be activated by the 

SASP. (IL-interleukin; TNF-tumour necrosis factor; FGF-fibroblast growth factor; IGF-insulin-

like growth factor, miRNA-microRNA; MMP-matrix metalloproteinase; ADAM-a disintegrin 
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and metalloproteinas; DKK-Dickkopf-related protein; WNT- Wingless-related integration site; 

PI3K- Phosphatidylinositol 3-kinase; JAK-Janus kinase; STAT-Signal Transducer and Activator 

of Transcription; PIM- proviral integration site for Moloney murine leukemia virus; AKT-

protein kinase B, mTOR-mammalian target of rapamycin; NFkB-nuclear factor-kappa B; RAS-

rat sarcoma; RAF-rapidly accelerated fibrosarcoma; MEK- mitogen-activated protein kinase 

kinase; ERK-extracellular-signal-regulated kinase; GSK3-β-Glycogen synthase kinase 3 beta; 

EMT-epithelial-mesenchymal transition) 

 
 
Box 1 | The ‘embryonic reawakening’ theory of BPH 
 
The prostate is the only organ that continues to grow in the adult man. According to the 
‘embryonic reawakening’ theory, the onset of BPH is a consequence of the reactivation of an 
inductive prostate stroma in the transition zone, leading to the recruitment of mesenchymal 
stem cells to promote tissue repair. This reactivation, responsible for the ‘reawakening’ of 
prostate epithelial stem cells and subsequent localised proliferation, happens in response to 
various stimuli including exposition to urine components or autoantigens 138. The influx of 
progenitors, located just outside these smooth muscle fibres at the bladder neck level, can 
explain the disruption of the periurethral smooth muscle fibres, an essential step in the 
development of BPH nodules 49,139.  
 
 
Box 2 | The senescence-associated secretory phenotype.  
 
A number of mediators are proposed to be a component of the senescence-associated 
secretory phenotype (SASP). These mediators can be broadly separated into the following 
categories: 
 
Cytokines 
Pro-inflammatory cytokines, including IL-6, IL1α, IL-1β and TNFα, are released by senescent 
cells and participate in the regulation of the inflammatory reaction and immune response.  
 
Chemokines 
Chemokines are able to influence inflammatory cell migration, which in turn contributes to 
the inflammatory microenvironment. Overexpression of IL-8, CCL-2, CXCL-1 and CXCL-12, 
among others including CCL-1, -3,-7,-8,-13,-16,-20,-26 and CXCL-2,-4,-5,-6, has been 
documented in senescent cells. 
 
Growth factors 
This family of mediators includes FGF and IGF, both of which are involved in the growth of 
stromal (FGF) and epithelial (FGF and IGF) compartments in BPH. 
 
Proteases 
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Proteases, including matrix metalloproteinases (MMP-1,-3, -10, -12, -13, -14), disintegrins 
and metalloproteinases (ADAMs8,22,28) are important components of SASP. With their 
ability to degrade extracellular matrix but also influence cell proliferation, migration and 
differentiation, they have an important role in cancer progression.  
 
Other  
Other mediators include active lipid compounds and glycoproteins, such as Prostaglandin E2 
and Fibronectin, both contributing to an inflammatory state. 
 
 

  
 


