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Abstract

Background—The treatment of non-localized prostate cancer involves androgen deprivation 

(AD) therapy which results in tumor regression. Apoptosis has been implicated in the tumor 

response to AD, but constitutes a small fraction of the total tumor at any time. Cellular senescence 

is a response to sub-lethal stress in which cells are persistently growth arrested and develop 

distinct morphological and biochemical characteristics. The occurrence of senescence in prostate 

tumor tissue after AD therapy has not previously been investigated.

Methods—Phenotypic and molecular characteristics of senescence were examined in models of 

androgen-sensitive prostate cancer after AD and compared with androgen-intact controls.

Results—In vitro in LNCaP cells, AD induced elevated senescence-associated β-galactosidase 

(SA-β-gal) staining, decreased proliferation, and increased flow cytometric side scatter while 

minimally affecting cell viability. The increased expression of the senescence-related proteins 

Glb1, the cyclin-dependent kinase inhibitor p27Kip1 and chromatin-regulating heterochromatin 

protein 1γ (HP1γ) were detected in LNCaP cells after AD in vitro by immunoblot and 

immunofluorescence microscopy. In mice bearing LuCaP xenograft tumors in vivo, surgical 

castration similarly increased SA-β-gal staining, increased expression of p27Kip1 and HP1γ, and 

decreased expression of the proliferation marker KI-67, with minimal induction of apoptosis 

identified by detection of cleaved caspase 3 and TUNEL. Immunohistochemical analysis of 

human prostate tumors removed after AD shows similar induction of Glb1, HP1γ and decreased 

KI-67.

Conclusions—We conclude that AD induces characteristics consistent with cellular senescence 

in androgen-sensitive prostate cancer cells. This finding may explain incomplete tumor regression 

in response to AD.
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Introduction

Prostate cancer growth is driven by androgen in the majority of clinical cases, and androgen 

deprivation (AD) is the standard treatment for advanced disease. The response of prostate 

cancer cells to AD and its affect on clinical outcomes have been a focus of intense 

investigation. Removal of androgens by surgical or chemical castration results in decreased 

proliferation in androgen-sensitive tumors and the presence of apoptosis in a subset of cells 

[1]. However, AD commonly results in incomplete tumor regression, and the development 

of castration-independent tumors eventually develops. The processes that regulate this 

transition to castration-independence and factors that affect the time to tumor recurrence are 

incompletely understood.

During the regression of androgen-sensitive tumors, apoptosis occurs in a subset of prostate 

cancer cells and growth arrest in others in vitro and in vivo [2,3]. In CWR22 xenograft 

tumors, apoptosis peaks 2 days after castration, then rapidly decreases [2]. The non-

apoptotic bulk of the tumor persists and expresses the cyclin-dependent kinase inhibitor 

(CDKI) proteins p16Ink4a, p21Waf1/Cip1, and p27Kip1 [4–7]. Decreased expression of the 

proliferation marker KI-67 is also seen. Similarly, patient tumors after AD show histological 

signs of regression, decreased proliferation, but few apoptotic cells [3]. The fate and impact 

of non-apoptotic tumor cells after AD remains undefined.

In many ways, the phenotype of non-apoptotic, androgen-dependent prostate cancer cells 

after AD is similar to that displayed by senescent cells. Senescence is a distinct phenotypic 

response to sub-toxic stress. It is characterized by a flattened appearance in vitro, persistent 

growth arrest, and specific biochemical characteristics including the increased expression of 

secreted proteins. Senescence occurs in both non-transformed and cancer cells in response to 

sub-lethal insults involving DNA damage, oxidative stress, and the activities of oncogenic 

and stress-signaling pathways [8–10]. While there is no universal biomarker for senescence, 

this phenotype has been identified both in vitro and in vivo using multiple biomarkers 

including senescence-associated β-galactosidase (SA-β-gal) activity, CDKIs, HP1 sub-types, 

DNA damage and other damage-signaling events [8,11–14].

In this study, we address whether non-apoptotic cells in androgen-dependent prostate tumor 

models develop characteristics of cellular senescence after AD. Monitoring multiple 

characteristics and markers of senescence in LNCaP cells in vitro, in xenografts and patient 

tumors in vivo, we find that a subset of tumor cells that persist after AD develop a 

phenotype consistent with senescence.
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Materials and Methods

In vitro Cell Culture and Androgen-Deprivation Experiments

Androgen-dependent LNCaP prostate cancer cells were routinely cultured in complete and 

androgen-free medium as previously described [15]. To monitor cell growth, proliferation, 

viability and side scatter (SSC), LNCaP cells were cultured in triplicate 35 mm wells, 

stained, counted, and analyzed by flow cytometry [16]. The percentage of viable cells was 

assessed after propidium iodide staining. Apoptotic cells were identified by Annexin V 

staining [16]. For immunoblot analysis of proteins, LNCaP cells were cultured on 100-mm 

plates and the following antibodies used: p27Kip1 (#610242; BD Biosciences, Lexington, 

KY), Glb1 (#ab55176; AbCam, Cambridge, MA), α-tubulin (CP06; Calbiochem, San 

Diego, CA), and HRP-conjugated anti-mouse and anti-rabbit secondary antibodies (#31432, 

#31464; Thermo/Pierce, Rockford, IL) [16]. SA-β-gal activity and immunofluorescence 

microscopy was performed as described [16]. For each analysis, five photographs at high 

magnification were taken for each of three independent replicates per condition. The per-cell 

nuclear expression of HP1γ was measured in each image using Cell-Profiler 2.0 and 

averaged [17]. HP1γ positive and negative nuclei were counted in each image to calculate 

the percentage of positive cells per image. Antibodies utilized included HP1γ (#05-690; 

Upstate, Temecula, CA) and anti-mouse—Alexa 488 (Invitrogen, Carlsbad, CA). Nuclei 

were counterstained with Hoechst 33342 (Molecular Probes, Eugene, OR). Experiments 

were reproduced in triplicate.

Xenograft Tumors

Animal studies were performed in accordance with the guidelines of the Association for the 

Assessment and Accreditation of Laboratory Animal Care International, and approval was 

obtained from the University of Wisconsin Institutional Animal Care and Use Committee. 

LuCaP 58 and 23.1 xenograft tumors were a gift of Robert Vessella, University of 

Washington. Male athymic nude mice were purchased from Harlan (Madison, WI), and 

xenograft tumors serially cultured as previously described [18]. Mice bearing tumors of 

approximately 65 mm3 were subject to either mock surgery or castrated. Tumors were 

harvested 3 or 10 days after castration, or 10 days after mock surgery, and either frozen in 

sectioning medium or formalin-fixed and paraffin-embedded (FFPE). Tissue sections were 

processed and stained as previously described [16,18]. Stained xenograft sections were 

visualized by light microscopy, photographed, and increased expression in the population 

was measured by counting the number of positive stained cells in a high magnification 

image and dividing by the total number of cells per image. Cells were counted in three 

images from five tumors for each condition and averaged. Primary antibodies included 

p27Kip1 (#610242; BD Biosciences, Lexington, KY), KI-67 (VP-K452; Vector Laboratories 

Inc., Burlingame, CA), cleaved caspase 3 (#9661, Cell Signaling Technology, Beverly, 

MA), HP1γ (#05-690 Upstate, Temecula, CA), and Glb1 (#ab55176; AbCam, Cambridge, 

MA).

Patient Samples

FFPE-patient tissues were obtained from the University of Wisconsin TRIPP Laboratory and 

Tissue Bank, according to Institutional Review Board approval and policies. Tissue samples 
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were processed, as above, and per-cell expression was measured using the Vectra™ imaging 

system (Caliper Life Sciences, Hopkinton, MA), as previous reported [19]. Briefly, slides 

were stained using antibodies against Glb1, KI67, p27Kip1 and HP1γ with colorimetric 

secondary antibodies. Stained tissue sections were imaged, and stain spectra were 

determined to minimize background and maximize signal specificity. E-Cadherin was 

stained to identify epithelial cells. Staining localized to the nucleus and cytoplasm was 

measured using automated protocols and added together to calculate the relative expression 

of each marker protein per cell.

Statistical Methods

Data were analyzed, averages and standard error were calculated, and Student's t-test was 

performed using Microsoft Excel. Error bars in all figures represent standard error. In all 

data where Student's t-test was performed, *P < 0.05 and **P < 0.01.

Results

We had previously noticed that after the removal of androgen, LNCaP cells frequently 

demonstrate an enlarged, flattened morphology reminiscent of senescence (Fig. 1A). To 

further evaluate senescence characteristics after AD in vitro, we cultured androgen-

dependent LNCaP cells in androgen-free conditions using charcoal-stripped serum or in 

replete medium. Cells were first stained for SA-β-gal activity, a primary marker of cellular 

senescence that appears as blue perinuclear staining [13]. The percentage of SA-β-gal 

staining cells increased to 40% and 60% after 6 and 9 days of AD, respectively (Fig. 1A). 

After being returned to complete medium for 9 additional days, SA-β-gal activity remained 

elevated in AD cultures and cells failed to form colonies (data not shown) suggesting a 

terminal arrest. In contrast, staining of the androgen-independent cell line PC3 

(Supplementary Fig. 1) and Du145 (data not shown) do not significantly induce SA-β-gal 

expression under AD.

Other characteristics of the cultures after AD were assessed. As previously described [15], 

the number of cells after AD decreases by approximately 50% over 9 days with the majority 

of cell loss occurring in the first 3 days (Fig. 1B). DNA staining using propidium iodide and 

cell cycle modeling was performed. Decreased proliferation after AD was seen with an 

increased G1/G0 fraction and decreased S phase (Table I). A second characteristic of 

senescence is altered morphology. To confirm our visual assessment of cellular enlargement 

and complexity, we utilized flow cytometry to evaluate side scatter (SSC), a parameter 

commonly increased in senescence [8]. A significant increase in side scatter was seen after 3 

days and continued to increase in longer term AD cultures (Fig. 1C). The majority of cells in 

the population remained viable, another senescence characteristic (Fig. 1D). Apoptosis was 

assessed by Annexin V staining and flow cytometry. Significant but smaller (3%) changes in 

apoptosis were seen at 3 and 6 days when compared with control (Fig. 1D). Therefore, AD 

induces phenotypic characteristics of cellular senescence, as well as increased SA-β-gal and 

decreased proliferation in LNCaP.

Next, we analyzed the expression of the senescence-associated proteins p27Kip1, Glb1, and 

HP1γ in LNCaP cells after AD in vitro. The expression of proliferation-regulating CDK 
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inhibitors is associated with senescence and include increased p27Kip1 in prostate cancer 

[20]. Immunoblot analysis of protein lysates collected after AD showed increased 

expression of p27Kip1 over time (Fig. 2A). Expression of lysosomal β-galactosidase Glb1, a 

protein that is the target of SA-β-gal staining [21], also increases after AD (Fig. 2A). 

Proteins in the HP1 family, including HP1γ, regulate gene expression by altering chromatin 

structure and are consistently linked with senescence in normal and cancer cells [14]. 

Immunofluorescence was performed on LNCaP cells to assess nuclear accumulation of the 

HP1γ protein. AD showed nuclear HP1γ expression increases by approximately 1.8-fold, 

and the fraction of positive cells also increased (Fig. 2B and C). Samples from control cells 

analyzed at day 0 resembled control cells cultured in androgen-containing medium (data not 

shown). Therefore, the expression of senescence-associated proteins increases with AD in 

vitro.

We next addressed whether AD similarly induces characteristics of senescence in androgen-

sensitive xenograft tumors. LuCaP 58 and 23.1 xenografts were established in athymic nude 

mice subjected to castration or mock surgery and harvested 3 or 10 days later. Frozen tumor 

sections were stained for SA-β-gal activity, while protein expression in FFPE tumors was 

assessed by immunohistochemistry (Fig. 3A). SA-β-gal staining in frozen tumor sections 

increased significantly from 5% of tumor cells in intact animals to 23% and 22% of tumors 

3 and 10 days after castration, respectively (Fig. 3B). A similar induction of SA-β-gal 

staining was seen in another androgen-sensitive line, LuCaP 23.1, after castration (data not 

shown). Expression of the CDK inhibitor p27Kip1 significantly increased after castration, 

from 22% of cells in tumors from in intact animals to 72% and 67% after castration, while 

HP1g expression increased from 15% of tumor cells to 50% and 85%, respectively (Fig. 

3B). At the same time, expression of KI-67 decreased significantly. Increased expression of 

p27Kip1 and Glb1 in AD tumors was confirmed by immunoblot analysis of four pooled 

LuCaP 23.1 tumor lysates per condition (Supplementary Fig. 2).

The increase of apoptosis, detected as cleaved caspase 3, was minor and only significant 10 

days after castration (Fig. 3B). Identification of apoptosis in xenograft tumors by TUNEL 

staining similarly detected <5% increases in apoptotic cells in castrated samples 

(Supplementary Fig. 3). These data demonstrate that AD induces similar senescence-

associated changes in phenotype and protein expression in LuCaP xenografts in vivo after 

surgical castration as those observed in vitro.

We then analyzed peripheral-zone prostate tumors from patients who received AD therapy 

before undergoing radical prostatectomy and compared these to samples from intact patients 

matched for age, tumor grade, and Gleason score (Table II). Protein expression was 

measured as staining intensity using the Vectra™ imaging system. This system allows 

automated selection of cellular subsets (epithelial vs. stromal) and quantitation of 

fluorescence or colorimetric staining. The average tumor volume was decreased in patients 

after AD therapy as expected (17.5% vs. 6.75%; one-tailed t-test: P = 0.07) (Table II). The 

timing of AD varied in these patient samples from 3 to 12 months. We find that the 

expression of Glb1 and HP1γ increased significantly, while KI-67 decreased after AD (Fig. 

4). Expression of nuclear p27Kip1 was not significantly different between AD and intact 

groups. Large variations in p27Kip1 were noted within and between these human samples 
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(data not shown). In all, these results demonstrate that AD induces markers of senescence in 

prostate cancer cells in vitro and in vivo.

Discussion

The response of prostate tumors to androgen ablation is quite variable, with some patients 

having prolonged remission while others rapidly recur and progress. AD in xenograft and 

patient tumors is associated with decreased proliferation, but surprisingly low levels of 

apoptosis [1–3,18]. Apoptosis typically peaks within the first 72 hr after AD and diminishes 

afterward, leaving cells that are not immediately apoptotic [3]. In contrast, the hallmark 

increase of SA-β-gal activity and senescence morphology in cancer cells in vitro typically 

requires 3–6 days to develop after drug exposure [8]. The nature and fate of cancer cells that 

persist after AD and tumor regression remain largely undetermined.

The present data demonstrates that, in addition to apoptosis, AD induces a senescent-like 

phenotype in a subset of androgen-sensitive cancer cells using multiple models of androgen-

sensitive prostate cancer. Without single markers that uniquely identify senescence, we 

adopted a strategy of assessing multiple surrogate markers associated with the senescence 

phenotype [22]. Hallmarks of the senescent phenotype in vitro include viability, 

proliferation arrest, and increased cellular complexity (SSC) (Fig. 1). The presence of a 

number of molecular markers of senescence were then confirmed in these cultures including 

increased SA-β-gal activity, p27Kip1, Glb1 and the nuclear accumulation of HP1γ, a marker 

of altered chromatin structure consistently linked with senescence [14]. The presence of 

these markers was then confirmed in a series of LuCaP tumors subjected to castration. We 

estimate the percentage of terminally senescent cells in these pure tumor xenografts to be as 

high as 30% at later timepoints.

Finally, we analyzed the expression of senescence-associated proteins in a set of patient 

tumors. Glb1 and HP1γ were increased and the proliferation marker KI-67 was decreased in 

patient tumors treated with AD (Table II; Fig. 4). SA-β-gal activity was not able to be 

assessed as these were formalin-fixed samples. A positive correlation between SA-β-gal 

activity and Glb1 protein levels was demonstrated in vivo and in vitro (Figs. 1 and 3). 

Expression of p27Kip1 was not significantly altered in patient tumors after AD. We speculate 

that this may be due to heterogeneity in the small number of samples examined. 

Alternatively p27Kip1 induction may be an early response to AD within the first 3 months of 

treatment that is not detected at later timepoints. A recent manuscript found that AD induces 

a senescence-associated secretory phenotype, in part mediated by Skp2 decreases [23]. 

Given the role Skp2 plays in the degradation of p27Kip1 and the induction of senescence 

[24,25], our results are consistent with the current understanding of this phenomenon.

Our data also demonstrate a mechanistic relationship between androgen receptor signaling 

and senescence induction. The induction of senescence in cancer cells is associated with 

exposure to specific stresses involving DNA damage, oncogenic signaling and oxidative 

stress [8]. Loss of androgen signaling has been demonstrated to alter genomic integrity by 

effecting telomere stability and DNA replication [26,27]. AD also increases cellular 

oxidative stress in prostate cancer cells which may be instrumental in this response [28]. 
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Finally, AD induces the expression of CDKI protein p16Ink4a, p21Waf1/Cip1, and p27Kip1 [5–

7,20,29], which have been independently shown to induce senescence in some cancer 

models [2,11,18,30]. The relationship of androgen receptor activity and senescence will 

become clearer as the regulation of senescence becomes better defined.

These results indicate that a subset of prostate cancer cells respond to AD with a senescence 

phenotype. Accumulating evidence suggests senescence may serve as a prognostic marker 

of therapeutic response. Senescence in a mouse Em-myc tumor model prolongs survival 

compared with apoptotic controls [31]. This may be related to increased natural killer cell 

activity within the hepatocarcinoma model utilized [32,33]. Senescence identified in tumor 

tissue may be associated with improved responses to chemotherapy and outcomes in colon 

cancer patients [22]. The observation that senescence is part of the prostate tumor response 

to AD raises questions whether this terminal phenotype may predict the duration of response 

to AD. The mechanisms regulating this response and the clinical relevance of this 

observation will be the subject of further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Androgen deprivation of LNCaP in vitro induces phenotypic characteristics of cellular 

senescence. A: LNCaP cells were cultured in androgen-free or repletmedium for up to 9 

days, stained for SA-β-gal activity, and counterstained with nuclear fast red as described. 

Scale bars: low magnification, × 200,40 μm; inset, 20 μm. The number of cells staining 

intensely positive (blue) and the total number of cells per high power microscope image 

were counted and used to calculate the percentage of SA-β-gal positive cells used in the 

figure. B: LNCaP cultured in androgen-free or control medium were counted using flow 

cytometry. Androgen-free medium results in a decrease in the total number of viable cells. 

C: Flow cytometry was used to examine the measure of cellular complexity side scatter. AD 

increases the fraction of cells with elevated cellular complexity and size. D: AD causes a 

minor decrease in the viable fraction of cells, and an increase in apoptosis, as measured 

using Annexin V/propidium iodide staining. For all conditions and experiments, n = 3. Error 

bars represent Standard Error. Student's t-test: *P < 0.05 and **P < 0.01.
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Fig. 2. 
Androgen deprivation in vitro induces expression of senescence-associated proteins. 

Subconfluent LNCaP cells were cultured in androgen-free or supplemented medium and 

cells underwent fixation and immunofluorescence or had lysates harvested for western 

analysis. A: Increased expression of p27Kip1 and Glb1 using western blotting were observed 

after 1, 3, and 7 days culture in androgen-free medium. Cells collected at timepoint0 days 

were grown in complete medium before androgen removal. These results are representative 

of two experiments. B: The expression of HP1γ in LNCaP nuclei in control cells and after 9 

days AD was detected by immunofluorescence microscopy. Scale bar = 20 μm. C: Cells 

individually increased expression of HP1γ (left) in a greater fraction of cells (right) after 

AD. Image fluorescence was measured using a CellProfiler 2.0. Foreach condition, n = 3. 

Error bars represent Standard Error. Student's t-test:*P < 0.05 and **P < 0.01.
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Fig. 3. 
Induced expression of senescence-associated marker proteins in LuCaP 58 tumors of 

castrated mice. Xenograft tumors were established and when 65 mm3 mice were subject to 

either mock surgery or castration and harvested at 0, 3, or 10 days. A: Staining of SA-β-gal 

activity, p27Kip1 protein, and HP1γ expression increases in tumors after AD while KI-67 

decreases. Apoptosis detected as cleaved caspase 3 increases to a minor but significant 

extent. Scale bar = 20 μm. B: The number of total and positive-staining cells in each high 

power image (three images per tumor in five tumors) were counted and used to calculate the 

percentage of positive-staining cells for each marker. These data are representative of the 

results from two independent experiments. Error bars represent Standard Error. Student's t-

test: **P < 0.01.
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Fig. 4. 
Patient prostate tumors removed after AD therapy express senescence-associated marker 

proteins. Expression of senescence-associated proteins was detected in formalin-fixed tissue 

samples by IHC and measured using the Vectra™ imaging system. Nuclear and cytoplastic 

staining was measured and added together for all markers. For each condition, n = 4. Error 

bars represent Standard Error. Student's t-test: *P < 0.05 and **P < 0.01.
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Table I
Cell Cycle Modeling of LNCaP Cells+/− Androgen (P < 0.05)

Days AD Condition %G %S %G2/M

0 56 ±1 36 ±1 8 ± 1

3 +Androgen 54 ±4 32 ±3 14 ± 1*

−Androgen 74 ± 9* 21 ± 11* 4 ± 2*

6 +Androgen 79 ± 4** 18 ± 4** 3 ± 1**

−Androgen 85 ± 6** 11 ± 5** 4 ± 1*

9 +Androgen 76 ± 2** 16 ± 3** 8 ± 1

−Androgen 79 ± 4** 16 ± 3** 4 ± 2
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