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Increasing doses of Polyphenon E®, a standardized green tea 
extract, were given to PNT1a and PC3 prostate epithelial cells 
mimicking initial and advanced stages of prostate cancer (PCa), 
respectively. Cell death occurred in both cell lines, with PNT1a 
being more sensitive [half-maximal inhibitory concentration 
(IC50)  =  35 μg/ml] than PC3 (IC50 = 145 μg/ml) to Polyphenon 
E®. Cell cycle arrest occurred at G0/G1 checkpoint for PNT1a, 
and G2/M for PC3 cells. Endoplasmic reticulum stress (ERS) and 
unfolded protein response (UPR) occurred in both cell lines, with 
each exhibiting different timing in response to Polyphenon E®. 
Autophagy was transiently activated in PNT1a cells within 12 
h after treatment as a survival response to overcome ERS; then 
activation of caspases and cleavage of poly (ADP ribose) polymer-
ase 1 occurred, committing cells to anoikis death. Polyphenon E® 
induced severe ERS in PC3 cells, causing a dramatic enlargement 
of the ER; persistent activation of UPR produced strong upregu-
lation of GADD153/CHOP, a key protein of ERS-mediated cell 
death. Thereafter, GADD153/CHOP activated Puma, a BH3-only 
protein, committing cells to necroptosis, a programmed caspase-
independent mechanism of cell death.  Our results provide a 
foundation for the identification of novel targets and strategies 
aimed at sensitizing apoptosis-resistant cells to alternative death 
pathways.

Introduction

Today, prostate cancer (PCa) is the second leading cause of male 
cancer-related deaths in USA and Europe, but is forecast to become 
the leading cause of death with an increasing number of elderly 
people within these populations (1,2). Aggressive PCa is largely 
incurable; nevertheless, due to its long latency and high prevalence 
among elderly patients, PCa is an ideal target for chemoprevention 
(3). Green tea extracts (GTE) are very promising natural agents 
for chemoprevention of PCa, displaying strong inhibitory effects 
on PCa progression in animal models (4,5). A  proof-of-principle 
clinical trial performed by us demonstrated that GTE administration 

effectively reduces PCa incidence in humans. The study was per-
formed on a selected cohort of patients at high risk to develop the 
disease (i.e. patients bearing high-grade prostate intraepithelial neo-
plasia) (6,7). Antitumor activity of GTE is attributed to flavan-3-ols, 
specifically epigallocatechin gallate (EGCG). EGCG decreases cell 
viability and promotes cell death in many cancer cell lines, includ-
ing PCa cells, with no effect on normal prostate epithelial cells in 
primary culture (8). Although the mechanism of action of GTE has 
been studied in vitro and in vivo, the molecular targets of green tea 
catechins is still a primary research focus (9,10). Recent findings 
indicate that GTE flavan-3-ols target endoplasmic reticulum (ER) 
function (11). ER, which has a key role in biotransformation, pro-
tein synthesis and calcium homeostasis, is a potential target of the 
antitumor activity of tea flavan-3-ols. EGCG reduces microsomal 
vessel uptake of glucuronide by 90%, interfering with carcinogen 
reactivation (12). Recently, we showed that chronic administra-
tion of GTE in TRAMP (transgenic adenocarcinoma of the mouse 
prostate) mice caused the collapse of Golgi, interfering with pro-
tein N-glycosylation processes, causing accumulation of immature 
proteins within the ER lumen and imbalance in the production of 
secreted proteins (13).

Disruption of protein processing in the ER is directly related to the 
capacity of EGCG to inhibit the enzyme glucosidase II, a phenom-
enon known to occur in rat liver microsomes and in mouse hepatoma 
cells (14,15). Accumulation of immature unfolded proteins in the ER 
triggers the unfolded protein response (UPR), which may activate 
antiproliferative and proapoptotic pathways caused by GTE in several 
systems.

The aim of this study was to understand more of the mechanisms 
of GTE action on PCa cells. A specific focus was on the role played 
by ER as a cell stress sensor component. ER is indeed capable to 
activate the complex network of UPR signaling involved in pro-
moting cellular survival through adaptive mechanisms, or initiat-
ing apoptosis and elimination of faulty cells in cases of continuous 
severe stress.

We used two prostate cell lines (PNT1a and PC3) known to mimic 
different stages of PCa. PNT1a are SV40 immortalized, benign but 
not normal, prostate epithelial cells mimicking initial stages of PCa. 
In these cells p53 is inactivated by the expression of the T antigen of 
the SV40 virus. PC3 are metastatic, androgen-independent cells capa-
ble of mimicking advanced stages of PCa. Expression of p53 is absent 
in PC3 cells. We also present supplementary results with two addi-
tional PCa cell lines: DU145 cells, metastatic, androgen independ-
ent, expressing a mutated form of p53; and LNCaP cells, androgen 
responsive with wild-type p53. Cells were exposed to half-maximal 
inhibitory concentrations (IC50) of Polyphenon E®, a standardized 
GTE (please see the ‘Materials and methods’ section for full descrip-
tion of composition) and followed for their response. EGCG, which 
comprises 65% of Polyphenon E®, has a half-life of 30 min in tissue 
culture medium (16), but accumulates in the ER (17) where acts as a 
trigger of the further events we report here.

Materials and methods

Green tea extract
Polyphenon E® is a standardized GTE composed of (-)-EGCG, 65%; (-)-EGC, 
4%; (-)-epicatechin, 9%; (-)-epicatechin-3-gallate, 6%; (-)-gallocatechin-
3-gallate, 4%; (-)-catechin-3-gallate, 0.2%; gallocatechin, 0.2%; catechins, 
1.1% and caffeine, 0.7%. Polyphenon E® was supplied by Polyphenon 
Pharma (New York). Fresh 5 mg/ml Polyphenon E® stock solution was pre-
pared in deionized sterile water and diluted immediately in complete medium 
at the final concentration required for each experiment.

Abbreviations: AIF, apoptosis-inducing factor; ATF4, activating transcrip-
tion factor 4; DCFH-DA, dichlorofluorescein diacetate; EGCG, epigallocat-
echin gallate; eIF2α, eukaryotic initiation factor 2-alpha; ERS, endoplasmic 
reticulum stress; GTE, green tea extract; IC50, half-maximal inhibitory con-
centration; mRNA, messenger RNA; PARP-1, poly (ADP ribose) polymerase 
1; PBS, phosphate-buffered saline; PCa, prostate cancer; PERK, protein kinase 
RNA-like ER kinase; PI, propidium iodide; ROS, reactive oxygen species; 
UPR, unfolded protein response; XBP1, X-box binding protein 1.

828

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/35/4/828/269605 by guest on 11 April 2024

mailto:saverio.bettuzzi@unipr.it?subject=
mailto:federica.rizzi@unipr.it?subject=


Polyphenon E® and ER stress

Cell lines and cultures
PC3, LNCaP and DU145 cells were purchased from the American Tissue 
Culture Collection. PNT1a cells (18) were a kind gift from Prof. N.J.Maitland 
(Yorkshire Cancer Center Unit, York, UK). PNT1a, LNCaP and DU145 cells 
were routinely grown in RPMI 1640. PC3 cells were cultured in Ham’s-F12. 
Culture media was supplemented with 10% fetal bovine serum (Lonza, Basel, 
Switzerland), 2 mM l-glutamine, 100 U/mL penicillin and 100 µg/mL strep-
tomycin. Cell harvesting was performed by Trypsin/EDTA (Sigma–Aldrich, 
Steinheim, Germany) treatment. Cells were incubated at 37°C under a 5% CO2 
atmosphere.

Dose–response curve and calculation of IC50

PNT1a and PC3 cells were plated in triplicate in 96-well plates at a density of 
0.8 × 104 and 1 × 104 cells per well, respectively, and allowed to adhere over-
night. DU145 and LNCaP cells were plated at a density of 1 × 104 cells per 
well. Medium containing increasing concentrations of Polyphenon E® (0-5-
10-15-20-25-30-35-40-45-50-60 μg/ml for PNT1a cells; 0-20-40-60-80-120-
140-180-200-220 μg/ml for PC3; 0-5-10-15-20-22.5-25-30-35-50 μg/ml for 
LNCaP cells; 0-80-90-100-120-140-160-180-220-300 μg/ml for DU145 cells) 
was added to each well and cells were incubated for 24 h. A dose–response 
curve was obtained by measuring the effect of increasing doses of Polyphenon 
E® on cell proliferation using the WST-1 assay (Roche, Lewes, UK). The 
assay was based on the reduction of water-soluble tetrazolium salt-1 to soluble 
formazan by electron transport across the plasma membrane of actively divid-
ing cells. Formazan formation was detected at 450 nm spectrophotometrically. 
The IC50 at 24 h of Polyphenon E® was obtained by linear regression analysis 
using the GraphPad Prism 5.01 program. IC50 specific to each cell line were 
used in all subsequent experiments. Results are expressed as means ± SD of 
three independent determinations.

Cell cycle analysis
PNT1a and PC3 cells were seeded in triplicate into 75 cm2 culture flasks (1.4 × 
106 and 1.7 × 106 cells, respectively) and treated with IC50 doses of Polyphenon 
E®. Both floating and adherent cells were collected, washed in phosphate-
buffered saline (PBS)–bovine serum albumin 2%, fixed with 70% cold etha-
nol and stored at −20°C overnight. DNA staining was performed following 
resuspension of the pellet in buffer containing propidium iodide (PI) at 20 μg/
ml (Invitrogen, Milan, Italy). The cell suspension was then analyzed for DNA 
content and cell cycle phase distribution by FACS analysis (Becton Dickinson, 
Franklin Lakes, NJ). Data were analyzed using the CellQuest 3.0.1 computer 
program (Becton Dickinson).

Trypan blue assay
PNT1a and PC3 cells (0.46 × 106 and 0.6 × 106, respectively) were seeded in 
25 cm2 culture flasks and treated with either fresh medium (control) or IC50 
Polyphenon E®-supplemented medium for 12, 24 and 48 h. Cells were trypsi-
nized at the indicated times and stained with a solution of trypan blue 0.04% 
(vol/vol) in PBS for 5 min. The number of dead cells was counted in a Bürker 
chamber. The percentage of live cells, with respect to the control, was cal-
culated by assuming the control sample had 100% viable cells. Results are 
expressed as means ± SD of three independent determinations.

Protein extraction and western blotting
Both Polyphenon E®-treated and untreated cells were washed twice with ice-
cold PBS and lysed in radioimmunoprecipitation assay buffer containing pro-
tease and phosphatase inhibitors. Total cellular protein extracts (50 μg) were 
resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis under 
reducing conditions and transferred to PVDF membranes (Millipore S.p.A., 
Milan, Italy). Membranes were blocked and hybridized with primary antibody 
overnight and then incubated with the appropriate secondary antibody labeled 
with horseradish peroxidase diluted 1:5000. The following primary antibodies 
were used: rabbit polyclonal anti-Cyclin D1 (1:500), mouse monoclonal anti-
p21 (1:500), rabbit polyclonal anti-GRP78/BiP (1:500) from Sigma–Aldrich; 
rabbit monoclonal anti-LC3B (1:1000), rabbit polyclonal anti-caspase-3 
(1:1000), -caspase-9 (1:1000), -caspase-7 (1:1000), -PARP-1 (1:1000) -Bax 
(1:1000), -Bak (1:1000), -PUMA (1:1000), -AIF (1:1000) from Cell Signaling 
Technology (Danvers, MA); rabbit polyclonal anti-GADD153/CHOP (1:500) 
and mouse monoclonal anti-β-actin (1:2000) from Santa Cruz Biotechnology 
(Santa Cruz, CA); rabbit monoclonal anti-p-eIF2α (1:500) and rabbit poly-
clonal anti-ATF4 (1:500) from Abcam (Cambridge, UK). Chemiluminescence 
Blotting Substrate, POD (Roche Diagnostics Corporation, Milan, Italy) was 
used for signal detection. All results are representative of three separate 
experiments.

Reactive oxygen species determination in PNT1a and PC3 cells
The production of intracellular reactive oxygen species (ROS) was detected 
using the 2,7-dichlorofluorescein diacetate (DCFH-DA; Sigma–Aldrich) 

assay. Briefly, PNT1a and PC3 cells were seeded in black 96-well plates (25 
× 103 cells per well) and allowed to attach overnight. After 24 h of treatment 
with H2O2 or increasing doses of Polyphenon E®, cells were washed twice 
with PBS and loaded with 10 μM DCFH-DA (Sigma) in PBS for 30 min at 
37°C. After incubation, cells were washed with PBS and ROS generation 
was measured by the fluorescence intensity of dichlorofluorescein (excita-
tion 475 nm, emission 535 nm) on a Enspire Multimode Plate Reader (Perkin 
Elmer, Waltham, MA). Inside the cells, DCFH-DA is cleaved by non-specific 
esterases forming non-fluorescent DCFH, which is oxidized to the fluorescent 
compound dichlorofluorescein by ROS. In the same wells the protein determi-
nation was performed by a modified Lowry assay (19).

Caspase activity assay
PNT1a and PC3 cells were seeded in 25 cm2 culture flasks and allowed to 
attach at 37°C for 24 h prior to treatment with IC50 Polyphenon E®. Caspase-3 
assay was performed by spectrophotometric determination of the amount 
of chromophore p-nitroanilide released from the specific cleavage of the 
labeled substrate Asp-Glu-Val-Glu-p-nitroanilide (DEVD-pNA) by caspase-3 
(20), using the CPP32/Caspase-3 Colorimetric Protease Assay kit (MBL 
International Corporation, Watertown, MA). Briefly, PNT1a and PC3 cells 
(controls or treatments) were harvested in lysis buffer. Caspase-3 activity was 
detected at an absorbance of 450 nm using 100 μg of total protein per sample. 
Results are expressed as means ± SD of three independent determinations.

RNA extraction, reverse transcription and quantitative real-time PCR
Total RNA was extracted as previously reported (21) and 2 μg aliquots were 
electrophoresed to check the quality of RNA preparation. For reverse tran-
scription reaction, ImProm-II™ Reverse Transcription System kit (Promega, 
Milan, Italy) was used following the manufacturer’s protocol. Briefly, 1 μg of 
total RNA from each experimental condition was combined with 1 μl of Oligo 
dT Primers (0.5 μg/μl) and heated to 70°C for 5 min. Following a brief chill 
on ice, the reverse transcription mix was incubated at 25°C for 5 min. The first 
strand synthesis reaction was carried out for 60 min at 42°C. Two microlit-
ers of each complementary DNA preparation were used for quantitative real-
time PCR with the set of primers described below. Thermal cycling conditions 
were: 95°C for 30 s, 58°C for 30 s and 72°C for 30 s. Analysis of results was 
performed by DNA Engine Opticon 4 (MJ Research, Walthman, MA) using 
the 2X SYBR Premix Ex Taq (Takara Bio, Otsu, Shiga, Japan).

Primers sequences used were the following: CHOP/GADD153-fw: 5′-CTT 
CTC TGG CTT GGC TGA CT-3′, CHOP/GADD153-rv: 5’-TCC CTT GGT 
CTT CCT CCT CT-3′; GRP78/BiP-fw: 5′-GCC GTC CTA TGT CGC CTT 
C-3′, GRP78/BiP-rv: 5′-TTT GTT TGC CCA CCT CCA AT-3′; XBP-1u-fw: 
5′-CCT TGT AGT TGA GAA CCA GG-3′, XBP-1u-rv: 5′-GGA AGG GCA 
TTT GAA GAA CA-3′; XBP-1s-fw: 5′-GCT GAG TCC GGC AGG TGC-3′,  
XBP-1s-rv: 5′-GGA AGG GCA TTT GAA GAA CA-3′; GAPDH-fw: 5′-AAC 
CTG CCA AAT ATG ATG AC-3′, GAPDH-rv: 5′-TTG AAG TCA GAG GAG 
ACC AC-3′.

PCR products were quantified by the relative quantification 2−ΔΔCt method 
(22) using glyceraldehyde 3-phosphate dehydrogenase as reference gene for 
data normalization. The relative abundance of transcripts in treated samples 
was expressed as fold change relative to controls. Results are expressed as 
means ± SD of two independent determinations.

Morphological analysis
Phase-contrast microscopy.  PNT1a and PC3 cells were grown in 25 cm2 cul-
ture flasks and treated either with fresh medium or IC50 doses of Polyphenon 
E® for 24 h. Phase-contrast images were acquired using an inverted micro-
scope (Zeiss Axio Vert 200; Carl Zeiss, Gottingen, Germany) equipped with a 
color digital camera (Axio Cam MR; Carl Zeiss) with Axio Vision 4.8 program 
(Vysis, Downers Grove, IL).

Immunocytochemical analysis. PNT1a and PC3 cells were cultured on glass 
slides and treated with either fresh medium or IC50 doses of Polyphenon E® for 
24 h. Following treatment, cells were fixed with 4% paraformaldehyde in PBS for 
15 min, permeabilized with methanol for 3 min at −20°C and blocked with horse 
serum 3% (vol/vol) in Dulbecco’s modified PBS for 20 min. Cells were incubated 
with mouse monoclonal anti-human LC3B antibody, dilution 1:50 (Santa Cruz 
Biotechnology) in 3% bovine serum albumin in Dulbecco’s modified PBS solu-
tion for 1 h. A secondary fluorescent anti-mouse CF 488ATM antibody (Biotium, 
Hayward, CA), at dilution 1:200 in Dulbecco’s modified PBS–bovine serum 
albumin 3%, was used for detection. Fluorescence images were acquired with a 
laser confocal microscope system (LSM 510 Meta scan head integrated with the 
Axiovert 200 M inverted microscope; Carl Zeiss, Jena, Germany).

Analysis of living cells by confocal microscopy. Cell morphology was monitored 
with a laser confocal microscope system (LSM 510 Meta scan head integrated 
with the Axiovert 200 M inverted microscope; Carl Zeiss). A special flow chamber 
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(23) containing cells seeded on coverslips (0.25 × 106 and 0.30 × 106 cells for 
PNT1A and PC3, respectively) and treated with IC50 doses of Polyphenon E® for 
24 h was maintained in a commercially available incubation system fitted with a 
microscope stage. The system allows control of temperature, CO2 partial pressure 
and humidity (Kit Cell Observer; Carl Zeiss). Cells were loaded with 2 μM cal-
cein-AM (Invitrogen), 2 μg/ml PI (Invitrogen) and 1 μM DRAQ5™ (Biostatus, 
Shepshed, UK) (24). Calcein-AM and DRAQ5™ are vital probes for detection of 
cells and nuclei morphological features, respectively. PI is a non-vital probe that 
stains nucleic acid in dead cells where cell membrane integrity is lost. Samples 
were observed through a ×40 objective. Image acquisition was carried out in mul-
titrack mode (i.e. through consecutive and independent optical pathways).

Statistical analysis
Data are expressed as mean values ± SD for the indicated number of inde-
pendent determinations. Statistical significance was calculated by two-sided 
Student’s t-test, and P values are indicated in the figure legends.

Results

Polyphenon E® induced growth arrest and cell death in human PCa 
cells
Both PNT1a and PC3 cell growth was inhibited by Polyphenon E® as 
determined by the water-soluble tetrazolium-1 assay (Supplementary 
Figure S1A and B, available at Carcinogenesis Online). PNT1a cells 
(IC50 = 35 μg/ml) displayed a 4-fold higher sensitivity to Polyphenon 
E® relative to PC3 cells (IC50 = 145 μg/ml). Polyphenon E® IC50 
values were then used for all experiments. Time-dependent increase 
in cell death was confirmed by Trypan blue cell counting (Figure 1A).

Polyphenon E® induced cell cycle arrest at G0/G1 in PNT1a and at 
G2/M in PC3 cells
Effects of Polyphenon E® on cell cycle progression were evaluated 
by flow cytometry analysis. Administration of IC50 Polyphenon E® 
to PNT1a cells for 48 h caused cell cycle inhibition at G0/G1 check-
point. A  time-dependent increase in the number of dead cells was 
demonstrated by the increase of hypodiploid population within 24 h 
(Figure  1B, white bar). Flow cytometry of PC3 cells revealed cell 
cycle arrest at G2/M checkpoint after 24 h of treatment, and a time-
dependent decline in the percentage of cells at G0/G1. The hypodip-
loid population was unaffected between 12 and 48 h (Figure 1C).

We then observed the relative expression of two critical cell cycle 
regulatory proteins: the cyclin-dependent kinase inhibitor p21, which 
regulates the progression of the cell cycle; and cyclin D1, the main fac-
tor controlling the G0/G1 checkpoint. Western blot analysis revealed 
upregulation of p21 and downregulation of cyclin D1 expression after 
48 h of Polyphenon E® administration in PNT1a cells relative to con-
trols (Figure 1D), whereas downregulation of both cyclin D1 and p21 
occurred in PC3 cells after 24 h of treatment (Figure 1E).

Polyphenon E® induced caspase-dependent apoptosis in PNT1a 
cells
We monitored the expression levels of activated caspases, key pro-
teins of apoptosis induction. Western blot analyses demonstrated that 
cleavage and activation of caspase-9, was first evident in PNT1a cells 
already 0.5 h after Polyphenon E® administration and up to 48 h 
(Figure 2A); cleavage of caspase-3 and -7 was also evident, indicat-
ing that apoptosis cascade followed initial caspase-9 activation. Poly 
(ADP ribose) polymerase 1 (PARP-1) activation was evident starting 
at 12 h. We also studied activation of the extrinsic apoptosis pathway, 
but no cleavage of procaspase-8 was detected after Polyphenon E® 
treatment in PNT1a cells.

Conversely, the caspase cascade was not activated in PC3 cells, as 
demonstrated by the absence of cleaved (active) forms of caspase-8, -7 
and -3 with respect to controls. Only caspase-9 and PARP-1 showed a 
slight increase in the activated forms during Polyphenon E® exposure 
(Figure 2B). These findings are confirmed by the fact that caspase-3 
activity increased in PNT1a cells between 6 and 48 h of Polyphenon 
E® administration, whereas caspase-3 activity did not change signifi-
cantly after Polyphenon E® treatment in PC3 cells (Figure 2C).

As the activation of proapoptotic member of the BH3-only family is 
essential to induce mitochondrial apoptosis, changes in protein expres-
sion levels of Puma (p53 upregulated modulator of apoptosis), Bax 
(Bcl-2-associated X protein) and Bak (Bcl-2 homologous antagonist 
killer) were monitored. In PNT1a cells, the proapoptotic protein Puma 
and its effector Bak were upregulated within 12 h of Polyphenon E® 
treatment (Figure 2D) relative to controls. Bax expression increased 
from 0.5 to 6 h of treatment. No change in apoptosis-inducing factor 
(AIF) expression was detected. In PC3 cells, Puma protein expression 
was strongly upregulated in Polyphenon E®-treated cells relative to 
control cells, but Bax and Bak expression was not significantly altered 
(Figure 2E). A significant increase in the expression level of AIF was 
apparent at 12 and 24 h of the treatment (Figure 2E).

Polyphenon E® induced ER stress in PNT1a and PC3 cells
We then investigated possible induction of ER stress (ERS) by study-
ing the expression level of UPR-related messenger RNAs (mRNAs) 
and proteins after Polyphenon E® administration. We found an 
increase of ER core stress proteins in both cell lines, but with dif-
ferent time courses. In PNT1a cells, western blot analysis revealed 
that Polyphenon E® administration increased the protein levels of 
PERK (protein kinase RNA-like ER kinase) targets, specifically the 
phosphorylated form of eIF2α (p-eIF2α, eukaryotic initiation factor 
2-alpha), up to 12 h of treatment (Figure 3A). Activating transcription 
factor 4 (ATF4) is moderately upregulated after the treatment. In PC3 
cells these proteins, especially p-eIF2α, increased strongly up to 48 h  
(Figure 3B).

Elevated gene expression of ERS markers GRP78/BiP (78 kDa 
glucose-regulated protein) and GADD153/CHOP (DNA damage-
inducible protein 153) mRNAs was evident in PNT1a cells relative 
to control up to 24 h (Figure 3C, 1–2, gray bars); no change in the 
level of X-box binding protein 1 (XBP1) unconventional spliced 
mRNA (u-XBP1) was evident (Figure 3C, 3, gray line). In PC3 cells 
induction of GADD153/CHOP and u-XBP1, but not GRP78/BiP, was 
increased in the presence of Polyphenon E® up to 48 h relative to 
control cells (Figure 3C, 1–2, black bars and Figure 3C, 4, gray line).

The gene expression data obtained through real-time PCR were 
validated and confirmed by western blot analysis. PNT1a cells under-
went ERS with upregulation of GRP78/BiP, GADD153/CHOP dur-
ing early stages of treatment (up to 12 h) as compared with control 
(Figure 3D); after 24 h, ERS protein levels decreased concomitantly 
with activation of caspases (compare with Figure 2A). PC3 cells dis-
played a steady increase in GADD153/CHOP from 1 to 48 h after 
Polyphenon E® administration (Figure 3E).

Polyphenon E® transiently activated autophagy in PNT1a cells
We used fluorescence microscopy to study the cellular localization of 
LC3B, a protein recruited by autophagosomes to assist in the exten-
sion of their membranes. Following 6 h of Polyphenon E® treatment, 
PNT1a cells displayed an increase in LC3B punctuation (green dots) 
similar in intensity and distribution to nutrient-starved cells main-
tained in Earle’s balanced salt solution medium for 24 h (Figure 4A, 
2 and 3); LC3B punctuation approximated control levels within 24 h 
(Figure 4A, 1 and 4). For PC3 cells, the number and intensity of LC3B 
green fluorescent dots remained unchanged after 6 h of Polyphenon 
E® treatment relative to the control (Figure 4B, 1 and 3). Notably, 
Earle’s balanced salt solution treatment of PC3 cells increased overall 
green fluorescence, without typical punctuated organization, dem-
onstrating that Earle’s balanced salt solution is not able to induce 
autophagy in PC3 cells within 24 h; a similar fluorescence pattern 
was shown after 24 h of treatment with Polyphenon E® (Figure 4B, 
2 and 4).

Macroautophagy was monitored by conversion of LC3B-I (cyto-
solic) to LC3B-II (lipidated form, present in autophagosomal mem-
branes) and detected by western blot analysis. A net interconversion 
of LC3B-I to LC3B-II was evident in PNT1a-treated cells from 0.5 
to 12 h relative to controls (Figure 4C). No change in the intercon-
version of LC3B-I to LC3B-II was evident in PC3 cells, as levels of 
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Fig. 1. (A) Polyphenon E® induced cell death both in PNT1a (gray bars) and PC3 (black bars) cells. 0.46 × 106 PNT1a and 0.6 × 106 PC3 cells were seeded in 
T25 cm2 culture flasks and treated with either fresh medium (control) for 48 h or medium supplemented with IC50 doses Polyphenon E® for 12, 24 and 48 h. 
Dead cells were evaluated by Trypan blue staining. Data shown are means ± SD from three different experiments. **P < 0.01. (B and C) Polyphenon E® 
effects on cell cycle and cell cycle regulatory proteins. Polyphenon E® induced G0/G1 checkpoint arrest in (B) PNT1a cells and G2/M arrest in (C) PC3 cells. 
1.4 × 106 PNT1a and 1.7 × 106 PC3 cells were seeded in 75 cm2 culture flasks and treated with either fresh medium (control) for 48 h or medium supplemented 
with IC50 Polyphenon E® for 12, 24 and 48 h. DNA staining on fixed cells was performed with PI and DNA content was analyzed by flow cytometry. 
Black bar: G0/G1 phase; light gray bar: S phase; dark gray bar: G2/M phase; white bar: dead cells. Data are presented as means ± SD from three different 
experiments. *P < 0.05; **P < 0.01. (D and E) Western blot analysis of cyclin D1 and p21 was performed in (D) PNT1a cells and (E) PC3 cells; 50 μg/lane 
of total protein extracts were resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. 
Membranes were probed with anti-cyclin D1 and anti-p21 antibodies. β-Actin was used as internal control. Western blots are representative of experiments 
repeated three times.

831

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/35/4/828/269605 by guest on 11 April 2024



F.Rizzi et al.

Fig. 2. Polyphenon E® effects on cell death markers. (A and B) PNT1a and PC3 cells were treated with fresh medium for 48 h (controls, C) or Polyphenon E® 
IC50 (Poly-E) for the indicated time. Western blot analyses were carried out with anti-caspase-3, -7, -8, -9 and anti-PARP-1 antibodies in (A) PNT1a cells and (B) 
PC3 cells. (C) Caspase-3 activity measured in PNT1a (gray bars) and PC3 (black bars) cells treated for 6, 12, 24 and 48 h with Polyphenon E® compared with 
untreated control cells. Data were expressed as means ± SD from three independent experiments. **P < 0.01. (D and E) Western blot analyses with anti-Puma, 
anti-Bax, anti-Bak and anti-AIF antibodies in (D) PNT1a cells and (E) PC3 cells; 50 μg proteins/lane were loaded. β-Actin was used as internal control. Data 
shown are representative of experiments repeated three times.
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Fig. 3. (A and B) Polyphenon E® effects on the expression of ERS-related factors. (A) PNT1a and (B) PC3 cells were treated with either fresh medium for 48 h 
(controls, C) or Polyphenon E® IC50 (Poly-E) for the indicated time. Western blot analyses were carried out with anti-phospho eIF2α (p-eIF2α) and anti-ATF4. 
β-Actin was used as internal control. Western blots were representative of experiments repeated three times. (C) Polyphenon E® effects on mRNA expression 
of ERS-related genes. PNT1a and PC3 cells were treated with either fresh medium for 48 h (controls) or Polyphenon E® IC50 for the indicated time. The relative 
expression of (1) GRP78/BiP, (2) GADD153/CHOP was determined by real-time quantitative PCR in PNT1a (gray bars) and PC3 (black bars) cells. XBP1 
splicing was determined by real-time quantitative PCR in (3) PNT1a and (4) PC3 cells: unspliced form (black line), unconventional spliced form (gray line). 
Results are means ± SD of two independent determinations. *P < 0.05. (D and E) Western blot analyses of (D) PNT1a and (E) PC3 cells treated with fresh 
medium (C) or Polyphenon E® (Poly-E) IC50 for the indicated time. Membranes were probed with anti-GRP78/BiP and anti-GADD153/CHOP; 50 μg proteins/
lane were loaded. β-Actin was used as internal control. Western blots were representative of experiments repeated three times.
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both protein forms (cytosolic and lipidated) were increased during 
Polyphenon E® treatment (Figure  4D), indicating the formation of 
inactive autophagosomes.

Morphological analysis of PNT1a and PC3 cells treated with 
Polyphenon E®
PNT1a and PC3 cells exposed to Polyphenon E® for 24 h changed 
their morphology as compared with controls (Figure 5A). Vacuoles 
appeared in the cytoplasm of both cell lines, although more evident 
in PC3 than PNT1a cells (Figure 5A, 2 and 4). Fluorescent immu-
nostaining of the ER with an antibody against calreticulin (Figure 5B) 
confirmed that exposure of PC3 cells to Polyphenon E® induced the 
major morphological hallmarks of ERS, as indicated by enlargement 
of the ER lumen (Figure  5B, 4). Interestingly, calreticulin stain-
ing perfectly overlapped with vacuolar boundaries, indicating that 
these apparently empty compartments are enlarged portions of ER 
instead; similar, but less evident staining was evident for PNT1a cells 
(Figure 5B, 2).

Morphological features of living cells were recorded with laser 
scanning microscope. Cells were loaded with calcein-AM, PI and 
DRAQ5™. Non-fluorescent calcein-AM became fluorescent upon 
de-esterification by intracellular esterases. Green fluorescent sig-
nal is maintained within cells in tandem with membrane integrity. 
DRAQ5™ (blue) showed nuclear morphology and DNA organiza-
tion. PI (red) enters cells with disrupted membranes and marks DNA 
in dead cells. Untreated PNT1a (Figure 6A) were polygonal and well 

adherent with loosely dispersed chromatin. No PI-positive cells were 
detected in untreated PNT1a cells. Treated PNT1a cells progressively 
became rounded with losses in cell volume and adhesion. After 24 
h of treatment, detached cells were visualized on a confocal z-stack 
section above the adhesion level (Figure 6B). The majority of cells 
were still calcein-AM positive, with pycnotic nuclei and condensed 
DNA (arrows). Several apoptotic bodies (Figure  6B, arrowheads) 
were PI positive, DRAQ5™ positive (purple staining) and displayed 
calcein-AM-negative elements. In addition, cells rich in blebs and 
positive for both calcein-AM and DRAQ5™ (DNA) were observed; 
both features are hallmarks of apoptosis (Figure 6B, inset).

Untreated PC3 cells (Figure 6C) displayed typical elongated mor-
phology; no PI-positive cells were seen. Treated PC3 cells adhesion 
and volume were unaffected, although undergoing dramatic morpho-
logical alterations (Figure 6D). After 24 h of treatment, large calcein-
negative, DNA-free vacuoles were clearly visible in the cytoplasm 
and concentrated in the perinuclear region (as highlighted in inset). 
DRAQ5™ staining of nuclei showed marginalization of chromatin 
(Figure  6D, arrows). Small blebs occurred in several calcein-AM-
positive and DRAQ5™-negative cells, indicating that they contain 
cytoplasm matrix, but not DNA.

Discussion

The prostate cell lines used in this study mimic two different stages of 
PCa progression. PNT1a cells display c-myc gene amplification and 

Fig. 4. (A and B) Polyphenon E® (Poly-E) effects on autophagy markers. Images of LC3B (green fluorescence) and cell nuclei counterstaining with 
4′,6-diamidino-2-phenylindole (blue) in (A) PNT1a and (B) PC3 cells treated with: fresh medium (1), Earle’s balanced salt solution (EBSS) medium (2) for 24 h 
and IC50 Polyphenon E® for 6 h (3) and 24 h (4). (C and D) Western blot analysis of LC3B was performed in (C) PNT1a and (D) PC3 total cell extracts (50 μg/
lane) using anti-LC3B antibody. β-Actin was used as internal control. Western blots were representative of experiments repeated three times.
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were first obtained by Cussenot et al. (18) by immortalization of nor-
mal human prostate epithelial cells with SV40 large-T antigen. Here, 
p53 is bound by T antigen, sequestered in a p53-mdm2-T antigen 
complex, and then targeted for proteosomal degradation. Therefore, 
p53 is functionally inactive in PNT1a. On occasion, PNT1a forms 
undifferentiated adenocarcinomas in nude mice, resulting in a shorter 
doubling time and reduced serum dependence than normal prostate 
epithelial cells (25). Thus, PNT1a cells represent a good model for 
the initial stages of cell transformation. PC3 cells isolated from local-
ized metastases of PCa are tumorigenic, androgen independent and 

p53 negative (26). They represent a widely used experimental model 
of advanced PCa. We performed some of the most relevant experi-
ments in two additional PCa cell lines. These included LNCaP cells, 
which are androgen responsive, poorly tumorigenic and express a 
wild-type p53 protein; and DU145 cells, which are metastatic, tumo-
rigenic, androgen independent and express a mutated p53 protein. 
EGCG and GTE have been tested for chemoprevention of cancer 
by many groups (27). The stage of disease is critical for green tea 
efficacy in PCa. Adhami et  al. (28) found that the effect of green 
tea polyphenols decreased with advancing stage of the disease. We 

Fig. 5. Polyphenon E® effects on ER morphology. PNT1a and PC3 cells were treated with either fresh medium (controls, C) or Polyphenon E® IC50 for 24 h. 
(A) Phase-contrast images of (1 and 3) control or (2 and 4) Polyphenon E®-treated PNT1a or PC3 cells, respectively. White arrows indicate vacuoles in the 
cytosol of treated cells. Magnification: ×32. (B) Confocal images of calreticulin staining (green fluorescence) of (1 and 3) control or (2 and 4) Polyphenon 
E®-treated PNT1a or PC3 cells, respectively.
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showed that oral GTE administration for a year effectively reduces 
the incidence of PCa in a selected cohort of volunteers diagnosed 
with high-grade prostate intraepithelial neoplasia, the only recog-
nized premalignant lesion of PCa (6,7). McLarty et al. (29) showed 
that short-term administration of Polyphenon E® reduced the serum 
levels of cytokines contributing to PCa progression in patients with 
organ-confined PCa. In contrast, GTE provided no benefits to men 
with castration-resistant PCa (30,31). Therefore, GTE targets cells 
within an early ‘window of opportunity’ along the multistep progres-
sion toward advanced cancer.

Consistently with the above considerations, we found that PNT1a 
(IC50 = 35 μg/ml) are more sensitive to Polyphenon E® than PC3 
(IC50 = 145 μg/ml). Previous studies have shown that EGCG does not 
affect the proliferation of normal prostate epithelial cells in primary 
culture (4,8). Herein, ‘benign’ does not mean ‘normal’, and PNT1a 
are ‘benign’ but not ‘normal’ prostate cells.

We studied the effect of Polyphenon E® on DU145 and LNCaP 
cells (Supplementary Figure S1C and D, available at Carcinogenesis 
Online). LNCaP cells (IC50 = 20 μg/ml) were the most sensitive cell 
line, where DU145 (IC50 = 130 μg/ml) displayed an IC50 similar to 
that of PC3 cells. On the whole, the sensitivity of cells to Polyphenon 
E® is as follows: LNCaP > PNT1a > DU145 > PC3.

All further experiments reported here were performed with IC50 
concentrations of Polyphenon E®, fitting with our primary objective 
to describe the Polyphenon E®-responsive molecular events leading 
to death of cells known to mimic different stages of PCa.

EGCG and GTE exert prooxidant effects, increasing the production of 
intracellular ROS in vitro (32). Experiments were designed to evaluate 
the effect of Polyphenon E® concentration on ROS production in PC3 

and PNT1a cells. Our results show that ROS production was induced in 
PNT1a and PC3 cells after 24 h of Polyphenon E® treatment starting 
from a concentration of 10 and 5 μg/ml, respectively (Supplementary 
Figure S2A and B, available at Carcinogenesis Online). Concentrations 
of Polyphenon E® yielding a significant increase in ROS production 
displayed marginal effects on cell proliferation. In contrast, higher 
concentrations of Polyphenon E® that reduced cell proliferation pro-
duced an amount of ROS similar (or below) to that of untreated cells. 
Moreover, ROS production in PNT1a and PC3 cells after Polyphenon 
E® administration was similar to the amount from cells given H2O2 
(10 and 50 μM for 24 h, respectively). We chose H2O2 concentrations 
inducing ROS production without affecting significantly cell viability. 
Therefore, cell death induction observed in PNT1a and PC3 cells after 
Polyphenon E® treatment largely exceeds that caused by spontaneous 
generation of H2O2. Nonetheless, we think that generation of ROS, 
which are produced at low physiological concentration by Polyphenon 
E®, play a relevant role in the mechanism of action of GTE, possibly 
contributing to the onset of ERS as described below.

Polyphenon E® blocked cell cycle progression of PNT1a and PC3 
cells, albeit at different checkpoints: at G0/G1 checkpoint for PNT1a, 
as a consequence of p21 upregulation and downregulation of cyclin 
D1 expression, whereas at G2/M for PC3, along with lessening of 
p21 protein. Caspase-dependent apoptosis occurred in PNT1a cells 
leading to the activation of the intrinsic mitochondrial pathway and 
followed by activation of PARP-1. Conversely, no activation of the 
caspase cascade was seen in PC3 cells, even though upregulation of 
apoptotic members of the BH3-only family (Bax and Bak) and activa-
tion of AIF suggest that the mitochondrial function of Polyphenon 
E®-treated PC3 cells was altered.

Fig. 6. Polyphenon E® induces alternative death pathways in PNT1a and PC3 cells: confocal microscopy analysis. Cells were loaded with calcein-AM (green), 
PI (red) and DRAQ5™ (blue). PNT1a cells were treated with (A) fresh medium or (B) Polyphenon E® IC50 for 24 h. The image shows a confocal z-stack section 
above the adhesion level. Some cells were calcein-AM positive, with pycnotic nuclei and condensed DNA (arrows). Apoptotic bodies stained by both PI and 
DRAQ5™ are marked in purple. Inset: apoptotic cell. PC3 were treated with (C) fresh medium or (D) Polyphenon E® IC50 for 24 h. Cytoplasm shows large 
vacuoles and chromatin is condensed at the nuclear periphery (arrows). Inset: cell with massive vacuolization.
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The activation state of p53 is critical for PC3 cell apoptosis 
(33). Here, we provide evidence that induction of apoptosis after 
Polyphenon E® treatment was not strictly dependent on p53 status, 
as PNT1a cells (harboring an inactivated p53) undergo apoptosis by 
the caspase-dependent pathway. Moreover, Polyphenon E® treatment 
induced activation of caspases and PARP-1 in DU145 cells expressing 
mutated p53 (Supplementary Figure S3B, available at Carcinogenesis 
Online). Conversely, Polyphenon E® activated an alternative molecu-
lar mechanism for programmed cell death in PC3 cells, which were 
able to escape apoptosis.

Keeping in mind that all the events hereby discussed are mainly 
independent on p53 status, we found that Polyphenon E® initially 
hits ER inducing ERS, which in turn activates many signals that com-
prise the UPR. The primary role of UPR is to eliminate misfolded 
proteins and reduce the load of newly synthesized unfolded proteins 
(34). However, it is now well recognized that UPR has a 2-fold mean-
ing: mild stress triggers the activation of a prosurvival adaptation 
response module, whereas severe stress promotes activation of a pro-
death response, culminating in cell death. Signaling initiated within 
the UPR leads to changes in accumulation of key molecules involved 
in a complex network integrating prodeath and prosurvival, signaling 
and ultimately determining cell fate (34).

The ERS sensors are transmembrane receptors, involved in signal 
transduction of three distinct molecular pathways: inositol-requiring 
protein-1α, ATF6 and PERK. In both cell lines Polyphenon E® acti-
vated the PERK signaling branch, which involves phosphorylation 
of e-IF2α, a pivotal transcription factor in the transduction of PERK 
cytoplasm and nucleus signals (35). p-eIF2α reduces global protein 
synthesis, instrumental to rescue ERS, while inducing translation of 
selected mRNAs including ATF4, a transcription factor controlling 
the expression of genes involved in supporting recovery and adapta-
tion (36,37). Here, p-eIF2α was upregulated up to 12 and 48 h after 
Polyphenon E® administration, in PNT1a and PC3 cells, respectively. 
In addition, p-eIF2α inhibits cyclin D1, causing cell cycle arrest in 
both cell lines (38). We also checked for ERS markers in LNCaP 
and DU145 cells after Polyphenon E® treatment. We found that ER 
represent a common target of Polyphenon E® action in prostate cell 
lines (Supplementary Figure S4A and B, available at Carcinogenesis 
Online).

In PNT1a cells, ATF4 expression is slightly elevated after 
Polyphenon E® treatment relative to control cells. ATF4 transcrip-
tionally activates both GRP78/BiP (an intracellular reticular chaper-
one) recognized to be the master regulator of UPR for cell survival 
and GADD153/CHOP, the main executor of the UPR prodeath mod-
ule (39). In PNT1a cells, UPR caused by Polyphenon E® induced an 
early prosurvival response. This was confirmed by the upregulation 
of GRP78/BiP within 30 min and up to 6 h of treatment. After 12 
h of treatment, the GADD153/CHOP prodeath signaling overrides 
the adaptive prosurvival response of GRP78/BiP culminating in full 
activation of the intrinsic caspases pathway and apoptotic death. The 
molecular link between ERS and apoptosis remains unknown, but it 
has been proposed that overexpression of GADD153/CHOP causes 
Bax protein translocation to mitochondria, resulting in permeabiliza-
tion of the outer mitochondrial membrane and execution of the intrin-
sic apoptotic process (40). Furthermore, no activation of caspase-8 in 
PNT1a cells was seen, confirming that the apoptotic process is initi-
ated by the perturbation of the intracellular homeostasis, rather than 
the activation of a superficial cell death receptor.

UPR and autophagy are highly integrated processes involved in 
restoring intracellular homeostasis upon stress (41). Autophagy is a 
regulated and evolutionarily conserved catabolic process for degrada-
tion of long-lived proteins (eventually unfolded) and damaged orga-
nelles (42). Autophagy was monitored by immunohistochemistry and 
western blot analysis of LC3B, a protein localized within the inner 
and outer membranes of the autophagosome, and a well-known bio-
marker of autophagy (43,44). A limited activation of autophagy was 
displayed for PNT1a cells between 6 and 12 h of Polyphenon E® 
administration, according to increased green fluorescence punctuation 
and interconversion of LC3B-I to LC3B-II. Both of these phenomena 

indicate the presence of a net autophagic flux. Real-time laser scan-
ning microscope of living cells suggested that PNT1a cells treated 
with Polyphenon E® die by anoikis, a type of apoptotic death induced 
by cell detachment from growth surface. Autophagy appears to be 
significant for prosurvival in PNT1a cells and offsets ERS expansion 
caused by accumulation of unfolded proteins.

Polyphenon E® caused severe and prolonged ERS in PC3 cells 
through the PERK signaling branch, as demonstrated by persistent 
activation of p-eIF2α and ATF4 up to 48 h of treatment (45). In these 
cells, we also found significant activation of XBP1 mRNA splicing 
(34), indicating that both inositol-requiring protein-1α and ATF6 
signaling branches of ERS may be involved in the cellular response 
to Polyphenon E®. The active form of XBP1 is generated by uncon-
ventional splicing reaction upon disruption of ER homeostasis and 
represents an important marker of ERS activation contributing to 
upregulation of GADD153/CHOP (40).

In PC3-treated cells, no increase in GRP78/BiP expression 
occurred. A strong upregulation of GADD153/CHOP was apparent 
within 6 h and up to 48 h. These results indicate a net prevalence 
of UPR prodeath module on prosurvival GRP78/BiP-driven mod-
ule and that the ERS response exceeded the limits of its protective 
capacity despite the continued presence of high levels of GRP78/
BiP (39). GADD153/CHOP is the key player in the Polyphenon 
E® response due to its capacity to impact mitochondrial events 
that function to integrate and amplify diverse cell death pathways 
(40,46). In addition, severe ERS in PC3 cells caused increased 
expression of the proapoptotic members of the BH3-only fam-
ily, Bax and Bak, which are also directly involved in mitochon-
drial release of AIF (47). Cells from Bax/Bak double null mice are 
resistant to ERS-induced apoptosis; hence Bax and Bak may func-
tion as executioners in ERS-induced cell death (48). A  direct or 
indirect effect of GADD153/CHOP on the Bcl-2 family remains 
unknown. GADD153/CHOP activates Puma at transcriptional 
level in a p53-independent manner (47,49). Puma transduces 
death signals primarily to the mitochondria, where it acts by bind-
ing and inhibiting the prosurvival effectors of the Bcl-2 family 
through its BH3 domain (50,51). AIF is known to play a relevant 
role in caspase-independent programmed cell death activation, 
as does cytochrome c in caspase-dependent classical apoptosis 
(52). In addition, GADD153/CHOP is an important regulator of 
p21 expression in PC3 cells, a p53-negative cell line. GADD153/
CHOP ectopic expression downregulates p21 (53); together with 
the downregulation of cyclin D1, it results in a cell cycle blockade 
at G2/M checkpoint.

Our data support the hypothesis that Polyphenon E® induces cell 
death in PC3 cells through a caspase-independent pathway, requiring 
AIF activation and PARP-1 cooperation. Laser scanning microscope 
analysis of PC3 showed that Polyphenon E® caused cell death through 
a very slow process, not involving cell detachment from the growth 
substrate. Integrity of PC3 cell membranes was conserved despite the 
fact that intracellular morphology was severely compromised due to 
enlarged ER, chromatin marginalization and cytoplasmic blebbing. 
Data from morphological analysis combined with molecular mark-
ers are compatible with necroptosis (54), a highly regulated type of 
caspase-independent cell death.

Autophagy is not a relevant process in PC3 cells, according to the 
results of LC3B detection by western blot and immunocytochemistry. 
In PC3-treated cells, we found an increase of both forms of LC3B, 
specifically LC3B-I and LC3B-II (from 12 to 48 h), without a net 
interconversion of LC3B-I to LC3B-II. The increase in LC3B-II, not 
followed by its degradation, indicates that accumulation of autophago-
somes may occur following Polyphenon E® treatment, but it does 
not provide a net autophagic flux (43). These findings were also con-
firmed by immunofluorescent analysis of LC3B. Extensive vacuoliza-
tion of PC3 cells after Polyphenon E® treatment was not consistent 
with the onset of an autophagic process, rather due to enlargement of 
the ER as a consequence of ERS. Calreticulin staining perfectly over-
lapped vacuoles boundaries in PC3-treated cells, indicating that these 
apparently empty compartments are instead enlarged portions of ER.
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Polyphenon E® appears to target cells within an early ‘window of 
opportunity’ along and the multistep process leading from onset to 
advanced cancer. Response to therapy and cell fate decisions are deter-
mined by the integration of signaling networks belonging to UPR, 
autophagy, apoptosis and necroptosis. Although cancer cells may have 
evolved strategies to escape classical apoptosis, they can be still sensi-
tive to alternative mechanism of programmed cell death. Polyphenon 
E®-induced ERS may represent the key event to resensitize cancer 
cells to chemotherapy through upregulation of prodeath proteins like 
GADD153/CHOP. This event seems very relevant in secretory cells, 
including PCa cells, which are more prone to ERS, presumably because 
of the extraordinary demand of protein translation and processing, which 
easily can exceed the capacity of the cells to assist protein folding.

All together our data show, for the first time, that ER is the main 
subcellular compartment affected by Polyphenon E®, paving the way 
for the identification of novel molecular mediators, targets and bio-
markers for better understanding of the anticancer effect of green tea 
catechins. We suggest here that EGCG or Polyphenon E® may be 
used in combination with proteasome inhibitors (i.e. Bortezomib) to 
develop a more effective therapeutic approach based on the synergis-
tic aggravation of ERS in PCa cells.

Supplementary material

Supplementary Figures S1–S4 can be found at http://carcin.oxford-
journals.org/
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