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Suppressed PLIN3 frequently occurs in prostate cancer, promoting
docetaxel resistance via intensified autophagy, an event reversed
by chloroquine
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Abstract

Lipid metabolism reprogramming is one of the adaptive events that drive tumor development and survival, and may account
for resistance to chemotherapeutic drugs. Perilipins are structural proteins associated with lipophagy and lipid droplet integ-
rity, and their overexpression is associated with tumor aggressiveness. Here, we sought to explore the role of lipid droplet-
related protein perilipin-3 (PLIN3) in prostate cancer (PCa) chemotherapy. We investigated the role of PLIN3 suppression
in docetaxel cytotoxic activity in PCa cell lines. Additional effects of PLIN3 depletion on autophagy-related proteins and
gene expression patterns, apoptotic potential, proliferation rate, and ATP levels were examined. Depletion of PLIN3 resulted
in docetaxel resistance, accompanied by enhanced autophagic flux. We further assessed the synergistic effect of autophagy
suppression with chloroquine on docetaxel cytotoxicity. Inhibition of autophagy with chloroquine reversed chemoresistance
of stably transfected shPLIN3 PCa cell lines, with no effect on the parental ones. The shPLIN3 cell lines also exhibited
reduced Caspase-9 related apoptosis initiation. Moreover, we assessed PLIN3 expression in a series of PCa tissue speci-
mens, were complete or partial loss of PLIN3 expression was frequently noted in 70% of the evaluated specimens. Follow-
ing PLIN3 silencing, PCa cells were characterized by impaired lipophagy and acquired an enhanced autophagic response
upon docetaxel-induced cytotoxic stress. Such an adaptation leads to resistance to docetaxel, which could be reversed by the
autophagy blocker chloroquine. Given the frequent loss of PLIN3 expression in PCa specimens, we suggest that combination
of docetaxel with chloroquine may improve the efficacy of docetaxel treatment in PLIN3-deficient cancer patients.
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Introduction

Prostate Cancer (PCa) is the second most diagnosed malig-
nancy and the fifth most common cause of cancer-related
deaths among men worldwide, counting roughly 1.3 mil-
lion new cases and 360,000 deaths in 2018 [1]. Radical
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prostatectomy and radiotherapy offer high cure rates in
early stages of the disease, whereas for metastatic hormone-
sensitive PCa, androgen deprivation therapy (ADT) is the
treatment of choice [2, 3]. Even though patients respond
well to ADT, they usually develop advanced metastatic
castration-resistant PCa (mCRPCa) [4] and, then, chemo-
therapy is added to the standard treatment. For patients with
metastatic castration-resistant PCa, docetaxel chemotherapy
offers a survival benefit [5-8]. Docetaxel is an antineoplastic
drug and one of the few drugs approved for treatment of
patients with metastatic PCa. Docetaxel binds and stabilizes
cellular microtubule filaments, leading to proliferation inhi-
bition, impaired mitotic spindle formation and cell death via
apoptosis and mitotic catastrophe [9].

Numerous factors steer cancer resistance to cytotoxic
stimuli induced by chemotherapeutic agents, resulting
in tumor relapse and disease progression [10]. Metabolic
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reprogramming is one of them and also considered an
emerging cancer hallmark [11]. During cancer progres-
sion, tumors tend to alter or enhance their lipid metabo-
lism, as a consequence of the reduced nutrient and oxygen
supply. This alteration facilitates their adaptation to their
unique microenvironment [12, 13]. Interestingly, lipophagy
is also involved in this metabolic shift [14]. Lipophagy is a
recently introduced term that describes the close interplay
between the autophagy pathway and Lipid Droplets’ (LDs)
breakdown. Furthermore, the majority of autophagy-related
proteins are also involved in lipophagy [15]. Lipophagy is a
regulatory process, as cells can utilize different amount of
lipids, according to their needs; these molecules are seques-
tered for degradation by the autophagic machinery to pro-
vide the essential energy through f-oxidation [15, 16]. In
dividing cells, intracellular lipids are metabolized in order
to generate ATP, sustain redox balance, provide necessary
components for new membranes, and regulate cell signal-
ing processes [16—18]. Therefore, lipophagy is an essential
and elaborately regulated cellular function, responsible for
intracellular degradation of accumulated LDs, maintenance
of intracellular levels of fatty acids (FAs), and collectively,
for cellular energy homeostasis [17, 18].

LDs are essential and dynamic organelles that function
as storage of intracellular neutral lipids, mainly triglycer-
ides and cholesterol [19, 20]. LDs consist of a hydrophobic
core -where neutral lipids are actually stored- surrounded
by a phospholipid monolayer membrane. LD-associated
proteins, known as PAT proteins (named after Perilipin/
ADRP/TIP47), are found on the LD surface [21]. PAT pro-
teins belong to a recently discovered family of five proteins
associated with LDs, known as perilipins. Members of this
family are PLIN1 (Perilipin), PLIN2 (ADRP or Adipophi-
lin), PLIN3 (TIP47), PLIN4 (S3-12), and PLIN5 (OXPAT).
Perilipins are considered essential for the development,
integrity, and modification of LDs [21, 22]. Moreover, it has
been shown that PLIN3-positive and PLIN2-positive LDs
display an increase during tumor progression and especially
in clear cell carcinomas [21]. Another proposed scenario
suggests that most tumors are more likely to favor the use of
PLIN3-positive and/or PLIN2-positive LDs [21], due to their
small size [23, 24], as compared to PLIN1-posistive LDs. As
a result, small LDs can be generated and consumed faster,
in order to meet the energy demands of rapidly proliferating
cancer cells [21].

The importance of perilipins in tumor metabolism has
been poorly studied [21]. Cancer cells have the potential
to exploit an aberrant lipid metabolism along with altered
lipophagy. This is intensified during the extreme stress con-
ditions of anti-cancer therapy, leading, in turn, to metabolic
adaptations that would allow cancer cell survival and tumor
relapse [14]. It has been suggested that lipophagy plays a
significant role in turning various cell types resistant to cell
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death stimuli [16]. Hence, critical molecules involved in
lipophagy, such as perilipins, could serve as potential tar-
gets in order to tackle the development of tumor resistance
to chemotherapy or radiotherapy [25].

In the current study, we investigated the role of PLIN3
in cell viability and autophagic response of PCa cell lines
treated with docetaxel. This led to the striking finding that
loss of PLIN3 expression induced resistance to docetaxel.
To this end, the response of the autophagic flux to docetaxel
treatment was explored in PLIN3-depleted PCa cells, along
with their shControl cell counterparts. Moreover, the pos-
sible involvement of apoptosis-related molecules in impaired
chemotherapy treatment efficacy of PCa cells was also inves-
tigated. Finally, to investigate the importance of PLIN3 in
the clinic, the expression of PLIN3 in a series of PCa tissue
specimens was evaluated.

Materials and methods
Cell lines and cell culture conditions

The prostate cancer cell line 22Rv1 was purchased from
the American Type Culture Collection (Igcstandards-atcc.
org/Products/All/CRL-2505.aspx, Manassas, USA) and the
prostate cancer cell lines DU145 and PC3 were purchased
from the Cell Line Services (clsgmbh.de/p708_DU-145.html
and clsgmbh.de/p1699_PC-3.html respectively, Germany).
All cell lines were cultured under aseptic conditions using
DMEM Low Glucose (Dulbecco's Modified Eagle Medium)
(Biosera, UK), supplemented with 10% (v/v) Fetal Bovine
Serum (Biosera, UK) and 1% (v/v) Penicillin/Streptomycin
(Biosera, UK). Cell cultures were maintained under standard
conditions at 37 °C with 5% CO, in a humidified incuba-
tor (Heraeus, 12L.L011001). Validation of the Authentica-
tion of the PCa cell lines was issued by Eurofins-Forensik
(Germany).

RNA interference and development of stably
transfected cell lines

All PCa cell lines were stably transfected employing a 2nd
generation Lentiviral system. Two different lentiviral-based
plasmid vectors were designed; one was carrying a unique
sequence for the ShRNA of PLIN3 and the other was free of
any coding sequence. In addition, specific genes conferring
resistance in two antibiotics (Puromycin & Ampicillin), a
gene responsible for expressing the fluorescent mCherry pro-
tein, and a single EcoRI restriction site were also included in
the aforementioned vectors. Both plasmids were purchased
from GenePharma (Shanghai GenePharma, China). Each
plasmid was further amplified into DH5-Alpha competent
bacteria cells, followed by Ampicillin-induced selection of


lgcstandards-atcc.org/Products/All/CRL-2505.aspx
lgcstandards-atcc.org/Products/All/CRL-2505.aspx
clsgmbh.de/p708_DU-145.html
clsgmbh.de/p1699_PC-3.html

Medical Oncology (2021) 38:116

Page3of15 116

the successfully transformed bacterial clones. Then, plasmid
DNA was extracted and purified using the NucleoSpin Plas-
mid Miniprep kit (REF#740,588.10, Macherey—Nagel, Ger-
many). In order to confirm the desirable extracted plasmid
product, each plasmid of interest was digested with EcoRI
restriction enzyme, producing a single linear DNA mol-
ecule, detected through gel electrophoresis. Subsequently,
lentiviral particles were produced after transient transfection
of HEK293T host cells with the aforementioned described
lentiviral vector [LVION (U6/mCherry&Puro&Amp)],
combined with the appropriate envelope plasmid (pcz-
VSV-G) (cat#8454, Addgene) and packaging plasmid
(pCMVRS8.74) (cat#22,036, Addgene). HEK293T cells
were transfected using Lipofectamine®*® transfection rea-
gent (cat#11,668,019, Thermo-Fisher Scientific Inc., USA).
Afterwards, the supernatant from HEK293T, containing the
newly produced lentiviral particles was collected. This was
followed by centrifugation at 1000 g for 10 min, filtration
through a sterile filter (0.22 pm) and either storage in ali-
quots at — 80 °C, or immediate use to infect the PCa target
cells for 48 h. Finally, the successfully transfected cells were
selected in Puromycin (at a concentration of 4 pg/mL) and
gradually passaged into culture. Microscopy images were
acquired with the Cell IQ imaging system (X 10 magnifica-
tion) in order to evaluate any morphological changes in the
aforementioned PCa cell lines post stable transfection.

Treatment with docetaxel and chloroquine

Stably transfected PCa cell lines (DU145, 22Rv1 and PC3)
were allowed to recover from the selection phase. All experi-
ments were simultaneously conducted in “shPLIN3” cells
(transfected with shRNA for PLIN3) and their relative
“shControl” cell counterparts (transfected with non-coding
sequence).

Docetaxel was purchased as an infusion solution of
20 mg/ml (Actavis Pharma, Iceland). Initially, all shControl
PCa cells were exposed to escalated concentrations of doc-
etaxel (investigated doses were 1 nM, 2 nM, 10 nM) for 24 h,
in order to establish the concentration that allows approxi-
mately a mean value of more than 50% of cell viability. The
optimal docetaxel dose used was 0.5 nM, 1 nM and 2 nM for
DU145, 22Rv1 and PC3 cell lines, respectively.

All PCa cell lines were treated with 20 uM chloroquine
(cat# C6628-25G, Sigma-Aldrich, USA) for 24 h. Experi-
ments were repeated three times.

Cell viability/cytotoxicity assays

Regarding cell viability and proliferation experiments, the
growth rate for each PCa cell line was determined using the
resazurin-based assay AlamarBlue (cat# 88,952, Thermo-
Fisher Scientific Inc., USA); as previously described [26].

Experiments were repeated three times. For all PCa cell
lines, 250 cells/well were seeded in 96-wellplates in 6pli-
cates and incubated for 24 h, in order to achieve proper cell
attachment on the well surface. Subsequently, each cell line
was either exposed or not to docetaxel, and cell viability was
recorded 4 days later. Measurements were captured using the
FLUOstar Omega microplate reader (BMG Labtech GmbH)
and presented as Relative Fluorescence Units (RFUs), com-
prising the background fluorescent signal subtracted from
the fluorescent signal of each individual well. These meas-
urements were proportional to the living cells in each well.
Correlation between the docetaxel-treated group and the
untreated control group was calculated utilizing the follow-
ing two equations: (a) Normalized values = RFUs at 4th
day/RFUs at 1st day, and (b) Fold reduction values = Nor-
malized values of docetaxel-treated group/Average of nor-
malized values of the untreated group.

Western blot

For immunoblotting, all PCa cell lines were seeded in
6-well plates at a density of 3 x 10° cells/well the day prior
to docetaxel treatment. Subsequently, cells were treated
with different docetaxel concentrations (at 0.5 nM, 1 nM
and 2 nM for DU145, 22Rv1 and PC3 respectively) 24 h
before collecting the whole cell extracts. Lysates were pre-
pared after incubation of cells in sucrose-based lysis buffer
(0.25 M sucrose, 25 mM Tris—HCI, pH 7.4) with protease/
phosphatase inhibitors for 30 min on ice under frequent
agitation, followed by scraping and manual homogeniza-
tion. Protein concentration was determined using the BCA
protein assay kit (cat#23,225, Pierce, USA). Protein sam-
ples (20 pg) were resolved by discontinuous SDS-PAGE
(8-12%, depending on the studied protein) and transferred
onto PVDF membranes (cat# ISEQ00005, Merck-Millipore,
USA) at 120 mA for 90 min at 4 °C. Subsequently, mem-
branes were blocked in 5% non-fat dried milk for 1 h at
RT, and incubated O/N at 4 °C with the appropriate rabbit
primary antibodies against PLIN3 (1:1000,ab47638, Abcam,
UK), LC3A (1:1000, ab62720, Abcam, UK), p62 (1:1000,
ab64134, Abcam, UK), LAMP2a (1:1000, ab18528,Abcam,
UK) and Caspase-9 (1:1000, ab47537,Abcam, UK). Next,
membranes were incubated with anti-Rabbit HRP-conju-
gated secondary antibody (1:2000, BioRad, USA) for 1 h at
RT, followed by detection of the chemiluminescent signal
using ECL substrates (Thermo-Fisher Scientific Inc., USA).
Each membrane was re-probed with mouse antibody against
B-actin to confirm equally loading of samples in the SDS-
PAGE (1:5000, NB 600-501, Novus Biologicals, USA). Blot
images were developed using the Chemidoc® MP imaging
system (BioRad, USA) and band intensity was analyzed with
the ImageLab software (BioRad, USA). Experiments were
repeated three times.
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Immunohistochemistry

Formalin-fixed paraffin-embedded tissues of 30 surgical
specimens from patients with prostate cancer, treated with
radical prostatectomy were retrieved from the archives
of the Department of Pathology, University Hospital of
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Alexandroupolis. Three pm thick tissue sections were depar-
affinized, and antigen retrieval followed by heating in a dry
oven for 30 min at 80 °C, in the EnVision FLEX Target
Retrieval Solution pH 9.0 (DAKO, Glostrup, Denmark).
Endogenous peroxidase was quenched with EnVision Flex
Peroxidase Block (DAKO) for 10 min. Next, samples were
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«Fig. 1 Effect of PLIN3 knockout on PCa cell viability: a Western
blot analysis depicting PLIN3 stable silencing of DU145, 22Rv1 and
PC3 cell lines (B-actin was used as the loading control). b Compara-
tive graph of the proliferation rates between shControl and shPLIN3
cells for DU145, 22Rv1 and PC3 cell lines respectively, assessed with
the AlamarBlue assay 4 days post seeding. Statistical significance is
indicated by asterisks, *p <0.05. ¢ The relative basal ATP levels of
sh-treated DU145, 22Rv1 and PC3 cell lines (shControl vs. shPLIN3
cells) was assessed with the ViaLight plus kit. Statistical significance
is indicated by asterisks, *p <0.05, **p <0.01, ***p <0.001. d Cell
viability of PCa cell lines to escalated doses of docetaxel (I nM,
2 nM and 10 nM) indicating their respective IC50 profile, 4 days
post treatment, assessed with the AlamarBlue assay. The optimal
docetaxel dose used was 0.5 nM, 1 nM and 2 nM for DU145, 22Rv1
and PC3 cell lines, respectively. e Response to docetaxel 4 days
post treatment for shControl-DU145 vs. shPLIN3-DU145 cell lines
(**p<0.01); £ shControl-22Rv1 vs. shPLIN3-22Rv1 (**p<0.01);
g shControl-PC3 vs. shPLIN3-PC3 (p=ns). Comparisons refer to
shControl cells vs. shPLIN3-cells exposed to docetaxel. Bars show
standard deviation and the statistically significant differences between
shControl cells and shPLIN3 cells are indicated by asterisks. Results
with no statistical significance are not shown in the graphs. Key labe-
ling for the three PCa cell lines (square box) refers to Figs. 2b—g.
RLUs correspond to Relative Light Units. DTX and UN correspond
to docetaxel treatment and untreated cells, respectively

incubated with the primary rabbit polyclonal anti-PLIN3
antibody (1:100, ab47638, Abcam,UK) for 1 h. Thereafter,
sections were incubated with the respective secondary anti-
body (EnVision Flex/HRP, DAKO) for 30 min at RT. Color
was developed after 5 min of incubation time with DAB
solution, followed by light counterstaining with Hematoxy-
lin QS (Cat. #H-3404, Vector Laboratories Inc., USA).

Assessment of PLIN3 expression was performed at X200
magnification. The percentage of cells with absent, weak or
strong cytoplasmic expression was recorded per each optical
field and the mean value from all optical fields was used to
score each case.

RNA isolation, cDNA synthesis, real time-PCR

Real time-PCR (RT-PCR) experiments were performed
as previously described [27]. Briefly, total RNA samples
(500 ng) were collected using the NucleoSpin RNA Plus kit
(cat# 740,984.50, Macherey—Nagel, Germany), and synthe-
sis of cDNA was performed using the PrimerScript RT Rea-
gent Kit (cat# RR037A, TaKaRa, Japan). Expression levels
of each studied gene were measured through real time qPCR,
using the KAPA SYBR FAST gqPCR kit (cat# KK4611,
KAPA Biosystems, USA), suitable for LightCycler® 480
instrument (KR0392-v7.14, Kapa Biosystems, USA).
Specific primer sets were designed by Roche tool in
order to amplify human MAP1LC3A: (FW) 5'-CATGAG
CGAGTTGTTCAAGA-3'"; (REV) 5'-CCATGCTGTGCT
GGTTCA-3’, human SQSTM1/p62: (FW) 5'-AGCTGC
CTTGTACCCACATC-3; (REV) 5'-CAGAGAAGCCCA
TGGACAG-3' and human HPRT1: (FW) 5-TGACCT

TGATTTATTTTGCATACC-3'; (REV) 5'-CGAGCAAGA
CGTTCAGTCCT-3'. All primer sets were purchased from
Roche.

The relative expression levels of autophagy related genes
were determined according to the 2-8AC formula, where
AACt refers to ACt (target)-ACt (reference), and ACt
refers to the difference in threshold cycle values of either
MAPILC3A or SQSTM1/p62 to the HPRT-1 housekeeping
gene. All samples were analyzed in triplicates.

ATP analysis

PCa cells were seeded 16 h prior the assay, at a density of
2% 10* cells/well in 96-well plates compatible with lumi-
nescence detection (cat# LT27-102, Lonza, USA). The fol-
lowing day, cells were lysed and basal intracellular ATP
levels were measured using the ATP Bioluminescence
assay ViaLight™ plus kit (cat# LT07-221, Lonza, USA),
according to the manufacturer’s instructions. Measurements
were obtained using the FLUOstar Omega microplate reader
(BMG Labtech GmbH) and presented as Relative Light
Units (RLUs). Background luminescent signal was sub-
tracted from the luminescent signal of each individual well.

Statistical analysis

Analysis was performed using the GraphPad Prism 7.0
package. Data were analyzed as continuous variables by
the unpaired two-tailed- t-test with Welch’s correction. All
comparisons with p value <0.05 were considered statisti-
cally significant. Data are expressed as means + SD. Non-
significant results are not indicated in the figures.

Results

Characterization of three PCa cell lines
after shRNA-mediated silencing of the PLIN3 gene

In order to assess the role of lipophagy in PCa, PLIN3 was
silenced in three PCa cell lines, namely DU145, 22Rv1 and
PC3. Following stable transfection with PLIN3-specific
shRNA, effective silencing was confirmed (Fig. 1a). Prolif-
eration assays indicated that all three sShPLIN3 PCa cell lines
exhibit a slower proliferation rate compared to scramble
shRNA (shControl) (Fig. 1b). However, assessment of basal
intracellular ATP levels showed that all three shPLIN3 PCa
cell lines exhibited elevated ATP levels compared to their
shControl counterparts (Fig. 1c). Among them, shPLIN3
PC3 cells demonstrated the highest ATP levels, followed by
shPLIN3 DU145 and shPLIN3 22Rv1 cells. It is worth men-
tioning that upon evaluation of the microscopy images of
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all PCa cell lines, morphological appearance between each
shPLIN3 cell line and their shControl counterparts remained
unaltered (supplementary Fig. 1).
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Differential exposure of three PCa cell lines
to docetaxel treatment

All shControl PCa cell lines were exposed to escalating
doses of docetaxel (1 nM, 2 nM, 10 nM). Determination
of IC50 values for each PCa cell line showed that PC3 cell
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«Fig. 2 Expression levels of autophagy-related proteins and genes in
DU145, 22Rv1 and PC3 cell lines post docetaxel treatment (shCon-
trol vs. shPLIN3 cells): a Protein expression levels of LC3A, LC3A-
II, p62 and LAMP2a after exposure of shControl and shPLIN3
DU145 cells to docetaxel (0.5 nM for 24 h), b gene expression levels
of LC3A and p62, after exposure of shControl and shPLIN3 DU145
cell lines to docetaxel (0.5 nM for 24 h). Statistical significance is
indicated by asterisks, *p <0.05, **p <0.01. ¢ Protein expression lev-
els of LC3A, LC3A-II, p62 and LAMP2a after exposure of shCon-
trol and shPLIN3 22Rv1 cells to docetaxel (1 nM for 24 h), d gene
expression levels of LC3A and p62after exposure of shControl and
shPLIN3 22Rv1 cell lines to docetaxel (I nM for 24 h). Statistical
significance is indicated by asterisks, *p<0.05. e Protein expres-
sion levels of LC3A, LC3A-II, p62 and LAMP2a after exposure of
shControl and shPLIN3 PC3 cells to docetaxel (2 nM for 24 h), f
gene expression levels of LC3A and p62, after exposure of shCon-
trol and shPLIN3 PC3 cell lines to docetaxel (2 nM for 24 h). Sta-
tistical significance is indicated by asterisks, *p <0.01, **p<0.001,
*#%p <0.0001. Key labeling for the three PCa cell lines (square box)
refers to the respective treatment condition of each experiment. Bars
show standard deviation and results without statistical significance
are excluded from the graphs. In Western blot analysis, f-actin was
used as the loading control. DTX and UN correspond to docetaxel
treatment and untreated cells respectively

line was more resistant to docetaxel, compared to 22Rv1
and DU145 cell lines, with the latter one being the most
sensitive (Fig. 1d).

Both shControl and shPLIN3 PCa cell lines were exposed
to docetaxel. PLIN3 silencing reduced docetaxel-induced
cytotoxicity in DU145 and 22Rv1 cells (p <0.01; Fig. le-f
respectively). shPLIN3 DU145 and shPLIN3 22Rvl1 cells
exhibited a onefold and 0.5-fold increase in viability com-
pared to their shControl cells (p =0.0057, p =0.0002).
Therefore, it seems that both shPLIN3 DU145 and shPLIN3
22Rv1 cell lines may activate or intensify survival pathways
upon exposure to docetaxel that partially block docetaxel-
induced cytotoxicity.

In contrast, as both shControl and shPLIN3 PC3 cells
were exposed to the highest docetaxel dose and demon-
strated similar sensitivity, it was suggested that PC3 cells
may already possess active basal pathways that could poten-
tially reduce docetaxel efficacy which remained unaffected
upon PLIN3 gene silencing (Fig. 1g).

Comparative steady state of autophagic flux levels
in untreated shPLIN3 and shControl PCa cell lines

We have previously shown that the autophagic machinery
is an important mechanism involved in resistance of can-
cer cells to chemotherapy [28]. Therefore, we studied the
involvement of autophagic pathway in the aforementioned
differential response of shPLIN3 prostate cancer cell lines
to docetaxel.

Initially, we examined the basal expression levels of
autophagy-related proteins LC3A, LC3A-II, p62 and the
lysosomal membrane protein LAMP2a in the untreated

groups (shControl vs. shPLIN3 cells). Western blot analysis
showed that shPLIN3 DU145 cell line exhibited higher basal
levels of LC3A (0.7-fold higher), p62 (0.4-fold higher) and
LAMP2a (0.5-fold higher), compared to the parental cell
line, while LC3A-II levels remained unaltered (supplemen-
tary Fig. 2a). RT-PCR showed elevated levels of LC3A gene
(0.5-fold higher) and a marginal increase of the p62 gene
expression in shPLIN3 DU145 cell line compared with the
shControl DU145 cells (supplementary Fig. 2b). The lack
of LC3A-II accumulation combined with the increased gene
transcription of LC3A and p62 in shPLIN3 DU145 cells
suggest autophagosome consumption. Thus, shPLIN3 cells
seem to have higher basal levels of autophagy flux compared
to their parental cells.

A different pattern of expression was noted in the case of
shPLIN3 22RV1 cell line. This cell line demonstrated higher
basal protein levels of LC3A-II (0.6-fold higher) accom-
panied by reduced levels of p62 protein, as compared to
their shControl cells (supplementary Fig. 2¢). Comparison
of mRNA basal levels showed no particular change in the
expression of LC3A gene and a slight decrease of p62 gene
(0.3-fold decrease) between shControl and shPLIN3 22Rv1
cells (supplementary Fig. 2d). Hence, no apparent effect of
PLINS3 silencing on autophagic flux was noticed in untreated
cells.

Regarding PC3 cell lines, PLIN3 silencing resulted in
increased protein expression of LC3A-II, and LAMP2a,
accompanied by reduced expression levels of p62, compared
to shControl PC3 cells (supplementary Fig. 2e). Although
consumption of p62 upon enhanced auto-lysosomal fusion
could suggest intensified autophagic flux, RT- PCR analy-
sis showed similar LC3A mRNA expression and decreased
expression of p62 gene (0.5-fold decrease) (supplemen-
tary Fig. 2f). Thus, there was no evident alteration in the
autophagic flux upon shPLIN3 silencing in PC3 cell lines.

Differential autophagic response of PCa cell lines
to docetaxel

Next, we examined whether exposure to docetaxel affects
the autophagic flux in PCa cells. Exposure of shControl and
shPLIN3 DU145 cells to docetaxel resulted in differential
autophagic responses. Soluble LC3A, membrane-bound
LC3A-II and p62 proteins increased in shControl DU145
cell line (Fig. 2a). Moreover, a significant reduction of
LC3A mRNA expression and a marginal reduction of the
p62 mRNA levels was observed, suggesting a blockage of
the autophagic flux in the shControl cell line (Fig. 2b). On
the contrary, exposure of shPLIN3 DU145 cells to docetaxel
was accompanied by decreased p62 and LAMP2a proteins
levels, while LC3A and LC3A-II protein levels remained
unchanged (Fig. 2a). Simultaneous increase of LC3A and
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p62 mRNA levels confirmed enhanced autophagic flux
(Fig. 2b).

As in shControl DU145 cell line, exposure of shControl
22Rv1 cells to docetaxel was also accompanied by increased
LC3A protein levels (both soluble and membrane-bound
forms), while p62 and LAMP2a protein levels remained
unaltered (Fig. 2¢). LC3A and p62 mRNA levels displayed a
decreasing trend, suggesting a suppression of the autophagic
flux upon exposure of the parental cells to docetaxel
(Fig. 2d). In contrast, exposure of shPLIN3 22Rv1 cells to
docetaxel, lead to a reduction of the membrane-bound LC3A
and p62 protein levels (Fig. 2¢), accompanied by increased
LC3A and p62 mRNA levels, thus suggesting an enhance-
ment of autophagic flux (Fig. 2d).

Treatment of shControl PC3 cells with docetaxel had no
effect on LC3A, LC3A-II, p62 and LAMP2a protein levels
(Fig. 2e). Regarding mRNA expression patterns, the shCon-
trol PC3 cells exhibited reduced LC3A mRNA levels and
unchanged p62 levels, thus suggesting that docetaxel had
no apparent effect on their autophagic flux (Fig. 2f). In con-
trast, exposure of shPLIN3 PC3 cells to docetaxel resulted
in decreased soluble and membrane-bound LC3A, p62 and
LAMP2a protein levels (Fig. 2e). Moreover, the simulta-
neous significant increase of LC3A and p62 mRNA levels
suggested enhanced autophagic flux (Fig. 2f).

Inhibition of autophagy reverses resistance
to docetaxel in PCa cells

The enhanced autophagic flux recorded in shPLIN3 PCa cell
lines upon docetaxel treatment, suggested an autophagy-
induced resistance. Hence, we further examined whether
autophagy blockage could restore sensitivity of shPLIN3
PCa cells to docetaxel. Next, all shControl and shPLIN3 PCa
cell lines were exposed to docetaxel, chloroquine (a potent
autophagy flux inhibitor), and a combination thereof.

Addition of chloroquine to docetaxel had no effect on the
viability of shControl DU145 cells. Interestingly, addition of
chloroquine sensitized shPLIN3 cells to docetaxel, reducing
their viability by 30% (Fig. 3a). Similarly, both shControl
22Rv1 and shControl PC3 cells showed unaltered viabil-
ity upon concurrent exposure to docetaxel and chloroquine
(Fig. 3b—c, respectively). In contrast, a strong sensitization
was observed upon simultaneous treatment of both shPLIN3
22Rv1 (60% decrease) and shPLIN3 PC3 (50% decrease)
cells with docetaxel and chloroquine (Fig. 3b—c, respec-
tively). It should be noted that chloroquine per se, at the
concentration applied, did not affect the viability of either
DU145 or PC3 cells, while 22Rv1 cells showed a minor
unexpected reduced cell viability (10% for shControl and
20% for shPLIN3 cells) upon chloroquine treatment, with-
out any noteworthy impact to the overall result (Fig. 3a—c,
respectively).

@ Springer

Involvement of Caspase-9 to docetaxel response

Next, we examined whether Caspase-9-driven apoptosis
initiation is involved in the resistance of shPLIN3 PCa cells
to docetaxel. To this end, all PCa cell lines were exposed to
the aforementioned docetaxel concentrations for 24 h, 48 h,
and 72 h, followed by evaluation of Caspase-9 protein levels
(Fig. 4). A higher dose of docetaxel was also used for all cell
lines (10 nM for 24 h). In order to assess the potential of PCa
cells to initiate apoptotic response, the ratio of cleaved Cas-
pase-9/pro-Caspase-9 was determined (Fig. 4).

The expression patterns of the apoptotic initiation were
similar in shControl DU145 and shControl 22Rvl1 cells in a
time dependent manner. In both cell lines, apoptosis initiation,
increased 72 h after exposure to docetaxel. This response was,
however, significantly less intense in both shPLIN3 DU145
and shPLIN3 22Rv]1 cells (Fig. 4a-b, respectively).

In PC3 cell line, the Caspase-9-driven apoptosis initiation
was the least intense among the studied PCa cell lines. More-
over, the ratio of active cleaved-Caspase-9 to pro-Caspase-9
levels showed faster response at 24 h, but decreased 72 h
post exposure to docetaxel in both shControl and shPLIN3
cells. Also, shPLIN3 PC3 cells displayed weaker apoptosis
initiation compared to shControl cells (Fig. 4c).

Overall, shControl PCa cells demonstrated a higher
potential to initiate a Caspase-9 related apoptotic response
to docetaxel in a time dependent manner, compared to their
shPLIN3 PCa cell counterparts.

PLIN3 expression in prostate cancer

Following the above in vitro data, suggesting PLIN3-related
resistance of PCa to docetaxel chemotherapy, the question
whether PLIN3 is down-regulated, at least in a subset of
prostate carcinomas, was raised. Thus, we examined the
expression of PLIN3 protein in a series of tissue specimens
from patients treated with radical prostatectomy (Fig. 5).
Immunohistochemical staining demonstrated strong expres-
sion of PLIN3 in normal prostate glands (Fig. 5a). Lack
of cytoplasmic PLIN3 expression in the whole cancer cell
population was recorded in 13/30 (43.4%) patients (Fig. 5b).
Weak PLIN3 expression in 20-90% (median 50%) of cancer
cells was noted in 7/30 patients (23.3%) (Fig. 5c), while
strong PLIN3 expression was recorded in 10/30 (33.3%)
patients and this concerned 10-80% (median 50%) of the
total cancer cell population (Fig. 5d).

Discussion

Chemotherapy with docetaxel or cabazitaxel is the only
approved therapy for metastatic castration-resistant pros-
tate cancer [29]. Despite their approval for clinical use,
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their activity remains quite low. The benefit obtained by doc-
etaxel over mitoxantrone chemotherapy is confined by a 16%
increase of biochemical responses, a 2,4 month increase of
median survival and a 10% increase of parameters related to
the quality of life [8]. Cabazitaxel does not further improve
the results obtained with docetaxel [29]. Understanding

the mechanisms of resistance of prostate cancer to taxane
therapy will allow the better design of clinical trials aiming
to improve the efficacy of chemotherapy in this group of
prostate cancer patients who cannot benefit from hormonal
therapies. Mechanisms postulated to be involved in pros-
tate cancer resistance to taxanes include overexpression of
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Fig.4 Expression levels of Caspase-9 protein in all studied PCa cell
lines upon treatment with docetaxel (shControl vs. shPLIN3 cells):
a protein expression levels of pro-Caspase-9 and cleaved Caspase-9
after exposure of shControl and shPLIN3 DU145 cells to docetaxel
(0.5 nM for 24 h, 48 h, 72 h and 10 nM for 24 h), b protein expres-
sion levels of pro-Caspase-9 and cleaved Caspase-9 after exposure
of shControl and shPLIN3 22Rvlcells to docetaxel (1 nM for 24 h,
48 h, 72 h and 10 nM for 24 h), c. protein expression levels of pro-
Caspase-9 and cleaved Caspase after exposure of shControl and shP-
LIN3 PC3 cells to docetaxel (2 nM for 24 h, 48 h, 72 h and 10 nM
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for 24 h). Densitometry graphs on the right side of the Fig. illustrate
the apoptosis initiation potential as calculated by the ratio of cleaved
Caspase-9/pro-Caspase-9 for DU145, 22Rvl, and PC3 cell lines
respectively. All comparisons were held against the shControl UN for
each PCa cell line, andB-actin was used as the loading control. Treat-
ment with docetaxel is designated as DTX, untreated cells as UN, and
DTX++ refers to 10 nM docetaxel. Bars show standard deviation and
statistical significance is indicated by asterisks, *p <0.05, **p <0.01,
*#%p <0.001
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Fig.5 Immunohistochemical images of prostate cancer for PLIN3 protein expression patterns: a PLIN3 staining in normal prostate tissue. b
Lack of cytoplasmic PLIN3 expression, ¢ weak PLIN3, and d strong PLIN3 expression in a representative prostate carcinoma

p-glycoprotein, alterations of tubulins and over-activity of
various signaling pathways [30].

In the current study we unveiled an additional resist-
ance mechanism that involves over-activation of autophagy
in PLIN3-deficient cells, as a survival response of PCa
cells to docetaxel. Overall, interference with the process
of lipophagy via PLIN3 permanent silencing revealed four
major findings: (i) reduced proliferating rate, (ii) acquired
chemoresistance to docetaxel-treated cells, (iii) enhancement
of the autophagic flux upon exposure to docetaxel, and (iv)
reduced Caspase-9-driven apoptosis initiation. DU145 and
22Rv1 PCa cell lines depleted for PLIN3, surprisingly man-
aged to overcome docetaxel-induced cytotoxic stress, mainly
by autophagy activation, thus, resulting in reduced drug effi-
cacy. Regarding PC3 cell lines, although both shControl and
shPLIN3 cells showed a similar sensitivity to a high given

dose of docetaxel (2 nM), shPLIN3 cells also demonstrated
enhancement of the autophagic flux post treatment with doc-
etaxel, similarly to the DU145 and 22Rv1 shPLIN3 cells.
Consumption of autophagy-related proteins (LC3A-II,
p62, LAMP2a) and increase of mRNA levels (LC3A, p62)
suggested enhanced autophagy. This is possible because
during autophago-lysosome degradative/recycling machin-
ery, autophagosomes are fused with lysosomes, where the
involved proteins LC3A-II, p62 and LAMP2a are degraded
by lysosomal hydrolases. LC3A and LC3A-II kinetics, are
considered markers of autophagic flux [31-33], particularly
when evaluated together with p62, a protein responsible
for autophagosome formation and for carrying the ubiqui-
tinated proteins marked for degradation. Hence, levels of
LC3A-II, p62 and LAMP2a are expected to decline due to
their hydrolysis upon active autophagic flux [31, 32]. In
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addition, increased mRNA levels of LC3A and p62 in all
shPLIN3 PCa cell lines upon docetaxel treatment provide
useful insights of unimpaired autophagy induction. The
term ‘Autophagic flux’ refers to the effectiveness of the
autophagic machinery in the cell, and is defined by the inter-
action of two rates: creation and consumption of autophago-
somes. Consumption is the result of autophago-lysosomal
fusion and digestion of the content with subsequent degrada-
tion of autophagosomes. Enhanced and sustained autophagy
flux demands robust transcription rates of specific genes
involved in autophagy and lysosomal genesis (i.e., LC3A,
p62, LAMP2a) combined with lack of obstacles in auto-lys-
osomal fusion and degradation. Reduced flux can be either a
result of low transcription rates of autophagy and lysosomal
genesis genes, or a blockage of auto-lysosomal fusion and
degradation (the latter features are often associated with high
p62 protein accumulation, since p62/sequestosome protein
that carries the digestible material to the autophagosomes
is expected to degrade during the digestion process). Thus,
accumulation of autophagosomal protein is not a reliable
marker of autophagy function, as it can occur either under a
robust autophagic process or blocked autophagy. Although
the process of autophagy flux is complex and demands a
variety of molecular and in vivo microscopy techniques to,
at least partly, unveil the real autophagy state [27, 31] com-
bined assessment of transcription and expression levels of
autophagosome (e.g., LC3), lysosome (eg. LAMP2a) and
p62 proteins can provide a rough index of autophagy flux
status.

The dual role of autophagy, either by being pro-death
or pro-survival in response to chemotherapeutic agents is
widely known in the literature [34, 35]. Moreover, there
is a constantly growing clinical evidence suggesting that
autophagy inhibition can be achieved by targeting any of
the five distinct autophagy-related stages (initiation, nucle-
ation, elongation, maturation, degradation); especially the
latter two, during which autophagosomes are fused with
lysosomes, leading to the degradation of unwanted cellu-
lar components [34, 35]. Therefore, in order to determine
whether the involvement of autophagy was indeed highly
responsible for docetaxel reduced efficiency, all PCa cell
lines were exposed to the combination of docetaxel and
chloroquine, a potent inhibitor of autophagy that impairs
the fusion between autophagosomes and lysosomes. Our
findings indicate that upon chloroquine-induced autophagy
inhibition, all PLIN3-depleted PCa cells were sensitized to
docetaxel treatment, confirming the autophagy-driven chem-
oresistance to docetaxel.

Our findings are in agreement with other groups reporting
that autophagy enhancement is indeed associated with doc-
etaxel resistance in PCa [36, 37]. Additionally, combination
of chloroquine with docetaxel, suppressed the proliferation
rate of chemoresistant PCa cells [36]. Of interest, data from
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the clinical phase-II trial “PANDORA” indicated beneficial
response of mCRPCa to docetaxel when combined with
high dose of pantoprazole, a proton pump inhibitor (PPI),
via subsequent inhibition of autophagy induction [38].
Another research group used a potent polypeptide-mediated
complex, suitable for co-delivery of docetaxel and siRNA-
based inhibitor of ATG7, a critical autophagy intermedi-
ate, for breast cancer treatment [39]. Their findings dem-
onstrated autophagy suppression, increased apoptosis rate
and improved breast cancer chemotherapy efficacy compared
to docetaxel alone [39]. Moreover, they observed involve-
ment of autophagy in docetaxel resistance, as well as diverse
autophagy dependence among their studied breast cancer
cell lines [39]. In a similar manner, another group managed
to suppress breast cancer cells survival using docetaxel-
loaded nanoparticles accompanied with chloroquine-medi-
ated autophagy inhibition [40]. Furthermore, involvement
of chloroquine and AKT inhibition to docetaxel-based treat-
ment of cutaneous squamous cell carcinoma (cSCC) resulted
in a better overall treatment response [41]. Therefore, the
need for additional research and the importance of treatment
modalities that combine docetaxel with an autophagy inhibi-
tor should be underlined, in order to enhance chemotherapy
effectiveness.

Since autophagy and apoptosis are tightly connected dur-
ing a cytotoxic stress [34, 42], we observed reduced potential
of shPLIN3 PCa cell lines to adequately initiate Caspase-
9-driven apoptotic response, accompanied by enhanced
autophagy. A possible scenario could involve that silencing
of PLIN3, an essential lipophagy-related molecule, may lead
to unexpected and adverse response upon docetaxel treat-
ment, such as autophagy activation and reduction of apop-
totic potential, protecting cancer cells from cytotoxic stimuli
and promoting various events connected with tumor survival
and progression. In order to overcome this adaptive event of
cancer cells and ultimately their ability to resist apoptosis,
we could use new synthetic or natural compounds along with
chemotherapeutic drugs, or further evaluate molecules that
activate or inhibit Caspase-9 expression [43]. Alternatively,
in cancer cells exhibiting resistance to apoptosis, induc-
tion of autophagic cell death (ACD) using compounds that
activate autophagy (e.g., rapamycin) seems to be preferable
compared to autophagy inhibition [35].

Furthermore, the elevated basal ATP levels observed in
all shPLIN3 PCa cells when compared to their shControl cell
counterparts, could be another additional adaptive feature
of reduced response to chemotherapy [44]. This metabolic
adaptation of cancer cells could be reversed or blocked by
utilizing inhibitors that target various deregulated glycolytic
pathways, combined with inhibitors of oxidative phosphoryl-
ation [45]. This could be of high clinical impact as shutting
down the aberrant ATP supply of cancer cells; chemotherapy
efficacy may be significantly improved.
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Fig.6 Schematic representation of possible adaptive cellular path-
ways involved in PCa response to docetaxel: The chemo-naive
PLIN3-deficient PCa cells (“lipophagy interference”) are charac-
terized by reduced proliferation rate and increased basal ATP lev-
els. Exposure to docetaxel enhances their autophagy flux response
and triggers autophagy-driven chemoresistance accompanied with
reduced capability of apoptosis initiation. The induced chemore-
sistance can be successfully reversed by combining docetaxel with
chloroquine resulting in tumor regression. On the contrary, the PCa
cells that normally express PLIN3 (“lipophagy unaltered”) are char-

All our findings may have important clinical relevance as
well. PLIN3 staining in tissue samples derived from patients
treated with radical prostatectomy showed a striking lack of
PLIN3 expression in 43.4% of the total prostate cancer tissue
specimens. This loss of PLIN3 expression is in contrast to
the strong expression of PLIN3 in normal prostate glands,
implying a common genetic event involving PLIN3 loss and
impaired lipophagy during prostate carcinogenesis. Even in
patients with strong expression of PLIN3, the majority of
tumors exhibited loss of PLIN3 expression in a substantial
percentage of cancer cells. This particular finding, in paral-
lel with our aforementioned in vitro results, may have an

acterized by a higher proliferation rate and lower basal ATP levels.
Treatment with docetaxel reduces autophagy flux response, increases
susceptibility and enhances apoptosis initiation. These observations
could also be translated in a clinical context, where at a subset of PCa
tissue lacking or under-expressing PLIN3, the overall docetaxel effi-
cacy could be augmented by adding chloroquine. Ultimately, PLIN3
immunohistochemical characterization could be used as a biomarker
to treat patients by combination of docetaxel with simultaneous
autophagy inhibition

important clinical value, since a high fraction of prostate
cancer patients could be effectively treated with combination
of docetaxel and chloroquine. Hence, to summarize, we pro-
pose a treatment plan, where docetaxel efficiency could be
improved in PCa tissues lacking or under-expressing PLIN3,
with the addition of chloroquine, a widely available drug
for the treatment of malaria or COVID-19 infection. Fur-
thermore, dependent on the immunohistochemical charac-
teristics of each tumor, combination of docetaxel treatment
with autophagy inhibition can be tailored to each individual
patient, which would be of great clinical importance for PCa
treatment.
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Conclusion

In conclusion, shPLIN3 PCa cells, characterized by impaired
function of lipophagy, were able to enhance and sustain
autophagic flux in response to docetaxel treatment, which
seems to play a key role in chemoresistance. In this study,
we demonstrated that, due to lipophagy interference, unex-
pected cellular adaptive events were reversed via inhibition
of this autophagy-driven reparative cellular process with
chloroquine. As a result, shPLIN3 PCa cells were eventu-
ally sensitized to docetaxel. To this end, our findings may
pave the way to anticancer therapies that aim to combine
chemotherapy with autophagy inhibition (Fig. 6). It is cru-
cial to cautiously re-evaluate the role of the unique cancer
cell metabolism and take into consideration possible cancer
cell adaptations, which may account for chemoresistance,
in order to improve treatment efficacy and clinical outcome
of anticancer therapy.
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