Drug Design, Development and Therapy

3

Dove

ORIGINAL RESEARCH

Plumbagin elicits differential proteomic responses
mainly involving cell cycle, apoptosis, autophagy,
and epithelial-to-mesenchymal transition pathways
in human prostate cancer PC-3 and DU 145 cells
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Abstract: Plumbagin (PLB) has exhibited a potent anticancer effect in preclinical studies,
but the molecular interactome remains elusive. This study aimed to compare the quantitative
proteomic responses to PLB treatment in human prostate cancer PC-3 and DU145 cells using
the approach of stable-isotope labeling by amino acids in cell culture (SILAC). The data were
finally validated using Western blot assay. First, the bioinformatic analysis predicted that PLB
could interact with 78 proteins that were involved in cell proliferation and apoptosis, immu-
nity, and signal transduction. Our quantitative proteomic study using SILAC revealed that
there were at least 1,225 and 267 proteins interacting with PLB and there were 341 and 107
signaling pathways and cellular functions potentially regulated by PLB in PC-3 and DU145
cells, respectively. These proteins and pathways played a critical role in the regulation of cell
cycle, apoptosis, autophagy, epithelial to mesenchymal transition (EMT), and reactive oxygen
species generation. The proteomic study showed substantial differences in response to PLB
treatment between PC-3 and DU145 cells. PLB treatment significantly modulated the expres-
sion of critical proteins that regulate cell cycle, apoptosis, and EMT signaling pathways in
PC-3 cells but not in DU145 cells. Consistently, our Western blotting analysis validated the
bioinformatic and proteomic data and confirmed the modulating effects of PLB on important
proteins that regulated cell cycle, apoptosis, autophagy, and EMT in PC-3 and DU 145 cells. The
data from the Western blot assay could not display significant differences between PC-3 and
DU145 cells. These findings indicate that PLB elicits different proteomic responses in PC-3 and
DU14S5 cells involving proteins and pathways that regulate cell cycle, apoptosis, autophagy,
reactive oxygen species production, and antioxidation/oxidation homeostasis. This is the first
systematic study with integrated computational, proteomic, and functional analyses revealing
the networks of signaling pathways and differential proteomic responses to PLB treatment
in prostate cancer cells. Quantitative proteomic analysis using SILAC represents an efficient
and highly sensitive approach to identify the target networks of anticancer drugs like PLB,
and the data may be used to discriminate the molecular and clinical subtypes, and to identify
new therapeutic targets and biomarkers, for prostate cancer. Further studies are warranted to
explore the potential of quantitative proteomic analysis in the identification of new targets and
biomarkers for prostate cancer.

Keywords: EMT, proteomics, SILAC

Introduction
Prostate cancer is the second most common cancer in men worldwide, after lung
cancer.' There were over 903,500 new prostate cancer cases reported worldwide and
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an estimated 258,400 men died from this disease in 2008.2
The incidence of prostate cancer varies significantly among
different countries and ethnic groups. It is quite frequently
diagnosed in North America and Europe but is rare in
Asians.>”® The age-standardized incidence rate of prostate
cancer in the People’s Republic of China was 4.3 per 10°, but
it is 83.8 per 10° in the US.3* In the US, 196,038 men were
diagnosed with prostate cancer, and 28,560 American men
died from this disease in 2010.%" In the United Kingdom,
40,975 men were diagnosed with prostate cancer in 2010,
and 10,793 men died from this disease in 2011.* Although
the 10-year survival rate for early prostate cancer was over
98% in the US, many patients were diagnosed with locally
advanced or metastatic forms of prostate cancer in clinic.*!
This will substantially and negatively affect the therapeu-
tic outcomes. Current prostate cancer therapy includes
surgery, radiation, hormone therapy, and chemotherapy.'
Androgen-deprivation therapy with antiandrogens remains
the main treatment for later-stage prostate cancer, and it can
effectively suppress prostate cancer growth during the first
12—24 months.'>!* However, androgen-deprivation therapy
eventually fails and tumors may relapse, despite the absence
of androgenic stimulation, and progress into the castration
resistant (ie, hormone-refractory) stage, which accounts for
the unappreciated failure of current therapies and the increase
in prostate cancer mortality.'””> On the other hand, chemo-
therapy usually brings drug resistance and severe adverse
reactions in patients. Therefore, new anticancer drugs that can
prevent the progression of prostate cancer and can execute
prostate cancer cells with improved efficacy and reduced side
effects are certainly and urgently needed.

Numerous abnormal biological events at cellular and sub-
cellular levels occur in the process of prostate cancer initiation,
development, progression, and relocation with the involvement

of cell survival, cell death, cell invasion, activation of onco-
genes, loss of tumor suppressor genes, and dysregulation of
related signaling pathways.'*'” Comprehensively and globally
exploring the molecule targets and underlying mechanisms
will help identify new therapies for the treatment of prostate
cancer.'*!%1 Recently, targeting programmed cell death and
other important pathways has become a promising approach
to treat prostate cancer through regulating cancer cell apop-
tosis and autophagy. On the other hand, emerging evidence
suggests that the epithelial-mesenchymal transition (EMT)
process is activated during prostate cancer development,
growth, progression, and metastasis.?*2! It has been proposed
that EMT is coopted by prostate cancer cells during their meta-
static dissemination from a primary organ to secondary sites?
and, thus, intervention of this process may represent a novel
strategy to prevent prostate cancer metastasis. Moreover, it
has been reported that sirtuin (Sirt) 1, a class I1I nicotinamide
adenine dinucleotide (NAD")-dependent histone deacetylase,
induces EMT by cooperating with EMT transcription factors
and enhances prostate cancer cell migration and metastasis
through deacetylation of its target proteins and modulation
of EMT;? thus, Sirt] may represent a new therapeutic target
for prostate cancer therapy.

Plumbagin ([PLB] 5-hydroxy-2-methyl-1,4-naphtho-
quinone, Figure 1A), an active naphthoquinone compound,
possesses a wide spectrum of pharmacological activities,
including anti-inflammatory, neuroprotective, anticancer,
hypolipidemic, antiatherosclerotic, antibacterial, and anti-
fungal activities in in vitro and in vivo models.?* Recently,
increasing attention has been drawn to its anticancer effect.
It has been proposed that the anticancer effect of PLB is
mainly ascribed to induction of intracellular reactive oxygen
species (ROS) generation, apoptosis and autophagy, and cell
cycle arrest.?* In vitro and in vivo studies by our laboratory

A B
® 1501 2 1507
] IC,,=15.9 uM (24 hours) [ 24 hours 8 IC,,=6.9 M (24 hours) [124 hours
o ‘: 1G4, =13.6 UM (48 hours) HE 48 hours 0 IC,,=4.8 M (48 hours) Il 48 hours
<
¢ 100- = 100
m :
— o
o] Y
o
E 50+ ‘? 50
e —_
© e}
O OH 5 o g o : !
SO - B N S N HE v P

PLB concentration (uM)

PLB concentration (uM)

Figure | Chemical structure of PLB (5-hydroxy-2-methyl-1,4-naphthoquinone) and effect of PLB on cell viability in PC-3 and DU 145 cells.
Notes: PC-3 and DU145 cells were treated with PLB at 0.1 to 20 uM for 24 or 48 hours. (A) Chemical structure of PLB, and (B) cell viability of PC-3 and DU 45 cells.

Data are the mean * SD of three independent experiments.

Abbreviation: IC, half maximal inhibitory concentration; PLB, plumbagin; SD, standard deviation.
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and other groups have showed that PLB induced cancer
cell apoptosis and autophagy via modulation of cellular
redox status, inhibition of NF-xB activation, upregulation
of p53 via c-JNK phosphorylation, and inhibition of phos-
phatidylinositide 3-kinase (PI3K)/Akt/mTOR pathway.>=!
Several previous studies also found that ROS-mediated apop-
totic pathways contributed to the anticancer effect of PLB in
tumor-bearing nude mice.*?** Although the characterization
and identification of individual targets and related signaling
pathways provided important evidence for the mechanism of
actions of PLB in tumor cell killing in vitro and in vivo, the
comprehensive and global understanding on the beneficial
effect of PLB is lacking and the molecular interactome of
PLB is unknown. Stable-isotope labeling by amino acids in
cell culture (SILAC) is a practical and powerful approach to
uncover the global proteomic responses to drug treatment and
other interventions.* In particular, it can be used to systemi-
cally and quantitatively assess the target network of drugs,
evaluate drug toxicity, and identify new biomarkers for the
diagnosis and treatment of important diseases such as cancer
and Alzheimer’s disease.?>” In this regard, we investigated
the molecular targets of PLB in prostate cancer PC-3 and
DU145 cells using a combination of bioinformatic, pro-
teomic, and functional approaches with a focus on whether
there were differences in the proteomic response between the
two cell lines with regard to cell cycle, apoptosis, autophagy,
and EMT pathways.

Materials and methods
Prediction of the interactome of PLB
and pathway analysis by molecular

docking and bioinformatic approach
Protein targets were obtained from a third-party protein struc-
ture database named PDBBind.* In this database, every ligand
binding pocket is examined manually and hydrogen is added
using Sybyl. According to the developer of PDBBind, the
missing atoms were fixed and the amino acids residues with
alternate location indicators were refined. There are a total
of 1,780 Protein Data Bank (PDB) entries of human proteins
available in PDBBIind, and a total of 301 nonredundant PDBs
corresponding to 353 ligand binding pockets were identified
from it, 86% of which have resolutions of less than 2.5 A. The
docking boxes for each of the pockets were defined by expand-
ing the circumscribed cube of the pocket with a margin of 8 A
in six directions (up, down, front, back, left, and right).

The 2D structure of the PLB was downloaded from
PubChem. The hydrogen and Gasteiger charge were added

and the file format was transformed into Mol2 using Vega ZZ.
The docking program AutoDock 4.2 was used to dock the
PLB molecule into all 353 pockets, generating a score vec-
tor of 353 dimensions. Z-scores were then calculated using
the methodologies we applied before.**! Here, an empirical
threshold of —0.6 of the Z-score was set to indicate that the
binding of PLB towards this target was likely to be true.

The Database for Annotation, Visualization and Integrated
Discovery (DAVID)* was used to provide biological func-
tional interpretation of the potential targets of PLB derived
from molecular docking calculations. UniProtKB protein
IDs of these targets were converted into gene lists by using
the gene accession conversion tool in the DAVID database.
The DAVID database adds biological function annotation
(including gene ontology, pathway, and disease association)
derived from some public data sources such as Gene Ontol-
ogy terms (GOTERMS) or Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways. Enrichment scores and Fisher’s
exact test P-values (and corresponding false discovery rate
[FDR]) were then calculated to identify which functional-
related gene groups are significantly enriched in the target
list. These significant enriched gene groups could explain the
mechanism of action of PLB systematically.

Chemicals and reagents

Fetal bovine serum, PLB, dimethyl sulfoxide (DMSO),
apocynin (Apo, 4’-hydroxy-3’-methoxyacetophenone, an
inhibitor of nicotinamide adenine dinucleotide phosphate
[NADPH] oxidase), thiazolyl blue tetrazolium bromide
(MTT), Dulbecco’s phosphate buffered saline (PBS), *C,-
L-lysine, L-lysine, °C, *N,-L-arginine, and L-arginine were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
Dulbecco’s Modified Eagle’s Medium and RPMI-1640
medium were bought from Coring Cellgro Inc. (Herndon,
VA, USA). Sirtinol ([STL] a specific Sirtl and Sirt2 inhibitor,
(E)-2-((2-hydroxynaphthalen-1-yl)methyleneamino)-N-(1-
phenylethyl)benzamide) was obtained from BioVision Inc.
(Milpitas, CA, USA). Western blot substrate was purchased
from Thermo Fisher Scientific (Waltham, MA, USA). The
polyvinylidene difluoride membrane was bought from EMD
Millipore (Billerica, MA, USA). Primary antibodies against
human p21 Wafl/Cipl, p27 Kip1, p53, cyclin B1, cyclin D1,
cyclin-dependent kinase 1 (CDK1/CDC2/CDKN1), cyclin-
dependent kinase 2 (CDK2/CDKN?2), cytochrome ¢, p38
mitogen-activated protein kinase (p38 MAPK), phosphory-
lated (p-) p38 MAPK at Thr180/Tyr182, AMPK, p-AMPK
at Thr172, protein kinase B (Akt), p-Akt at Ser473, mTOR,
p-mTOR at Ser2448, PI3K, p-PI3K/p85 at Tyr458, and EMT
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antibody sampler kit (No #9782) were all purchased from
Cell Signaling Technology Inc. (Beverly, MA, USA). The
EMT antibody sampler kit contains primary antibodies to
N-cadherin, E-cadherin, zona occludens protein-1 (ZO-1),
vimentin, slug, snail, zinc finger E-box-binding homeobox
1 (TCF8/ZEBI1), and B-catenin. The antibody against human
B-actin was obtained from Santa Cruz Biotechnology Inc.
(Dallas, TX, USA).

Cell culture and treatment

Two human prostate cancer PC-3 and DU145 cell lines
were purchased from the American Type Culture Collec-
tion (ATCC) (Manassas, VA, USA) and maintained in
RPMI-1640 (PC-3 cells) and Dulbecco’s Modified Eagle’s
Medium (DU145 cells) containing L-glutamine, phenol
red, L-cysteine, L-methionine, sodium bicarbonate, and
sodium pyruvate supplemented with 10% heat-inactivated
fetal bovine serum at 37°C in a 5% CO,/95% air humidified
incubator. Cells were seeded into the plates for 24 hours
to achieve a confluence of ~80% prior to drug treatment.
PLB was dissolved in DMSO with a stock concentration of
100 mM, and was freshly diluted to the indicated concentra-
tions with culture medium with 0.05% (v/v) final concentra-
tion of DMSO.

Cell viability assay

The effect of PLB on the cell viability of PC-3 and DU145
cells was examined by MTT assay. Briefly, cells were seeded
into a 96-well plate at a density of 8,000 cells/well and
treated with PLB at 0.1-20 uM for 24 and 48 hours. After
the treatment with PLB, the cells were incubated with 10 uL
(5 mg/mL) MTT for 4 hours at 37°C. Cell viability was deter-
mined by reduction of MTT. The absorbance was measured
using a Synergy H4 Hybrid microplate reader (BioTek Inc.,
Winooski, VT, USA) at a wavelength of 450 nm. The half
maximal inhibitory concentration values were determined
using the relative viability over PLB concentration curve.

Quantitative proteomic study using
SILAC

Quantitative proteomic experiments were performed using
SILAC as described previously.**3%4 The protein quantitation
kits for acidification, desalting, and digestion were purchased
from Thermo Fisher Scientific. Briefly, PC-3 and DU145
cells were cultured in the medium with (heavy) or without
(light) stable-isotope labeled amino acids ("*C, L-lysine and
BC, PN, L-arginine). PC-3 and DU145 cells were passaged
five times by changing medium or splitting cells. Then, cells

were treated with 5 uM PLB for 24 hours together with stable
isotope-labeled amino acids. Following that, the cell samples
were harvested and lysated with hot lysis buffer (100 mM Tris
base, 4% sodium dodecyl sulfate (SDS), and 100 mM dithio-
threitol). The protein was denatured at 95°C for 5 minutes and
sonicated at 20% amplitude (AMPL) for 3 seconds with six
pulses. After that, the samples were centrifuged at 15,000x g
for 20 minutes and supernatant was collected in clean tubes.
The protein concentration was determined using the lonic
Detergent Compatibility Reagent (Thermo Fisher Scientific).
Subsequently, equal amounts of heavy and light protein
sample were combined to reach a total volume of 30-60 UL
containing 300—600 pg protein. The combined protein sample
was digested using FASP™ protein digestion kit from Protein
Discovery Inc. (Knoxville, TN, USA). After protein was
digested, the resultant sample was acidified to a pH of 3 and
desalted using a C ¢ solid-phase extraction column. The pep-
tide mixtures were then analyzed using the hybrid linear ion
trap—Orbitrap (LTQ Orbitrap XL; Thermo Fisher Scientific
Inc.). The mass analysis of peptides was performed using a
10 cm-long 75 wm (inner diameter) reversed-phase column
packed with 5 um-diameter C,  material with 300 A pore size
(New Objective, Woburn, MA, USA) with a gradient mobile
phase of 2%—40% acetonitrile in 0.1% formic acid at 200 uL/
min for 125 minutes using liquid chromatography—tandem
mass spectrometry (MS). The Orbitrap full MS scanning was
performed at a mass (m/z)-resolving power of 60,000, with
positive polarity in profile mode (M+H"). Peptide SILAC
ratio was calculated using MaxQuant version 1.2.0.13.
The SILAC ratio was determined by averaging all peptide
SILAC ratios from peptides identified of the same protein.
The protein IDs were identified using Scaffold 4.3.2 from
Proteome Software Inc. (Portland, OR, USA) and the pathway
was analyzed using Ingenuity Pathway Analysis (IPA) from
QIAGEN (Redwood City, CA, USA).

Cell cycle distribution analysis

The effect of PLB on cell cycle of PC-3 and DU145 cells
was determined using propidium iodide as the DNA stain
by flow cytometry as described previously.* Briefly, PC-3
and DU145 cells were treated with PLB at concentrations of
0.1, 1, 5, and 10 uM for 24 hours. In separate experiments,
PC-3 and DU145 cells were treated with 5 uM PLB for 4,
8,12, 24, 48, and 72 hours. Cells were trypsinized and fixed
by 70% ethanol at —20°C overnight. The cells were stained
using 50 pg/mL propidium iodide. A total number of 1x10*
cells was subject to cell cycle analysis using a flow cytometer
(BD Biosciences, San Jose, CA, USA).
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Western blotting analysis

PC-3 and DU145 cells were washed with PBS after
24 hours’ treatment with PLB at indicated concentrations,
and lysed with the RIPA buffer containing protease inhibitor
and phosphatase inhibitor cocktails. Protein concentrations
were measured by bicinchoninic acid assay and denatured
for 5 minutes at 95°C. A quota of protein (20 ng) was
electrophoresed on 7%—12% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis mini-gel and transferred onto
methanol activated polyvinylidene difluoride membrane at
100 V for 2 hours at 4°C. Membranes were probed with
indicated primary antibody overnight at 4°C and then blotted
with the respective secondary antibody. Visualization was
performed using BioRad system (Bio-Rad Laboratories Inc.,
Hercules, CA, USA). Protein level was normalized to the
matching densitometric value of internal control.

Measurement of intracellular ROS levels
CM-H,DCFDA was used to measure intracellular levels of
ROS according to the manufacturer’s instruction. Briefly,
cells were seeded into 96-well plate (1x10*cells/well) and
treated with PLB at 0.1, 1, and 5 uM for 24 hours. Follow-
ing that, the cells were incubated with 5 uM CM-H,DCFDA
in PBS for 30 minutes at 37°C. In separate experiments,
the intracellular ROS level was measured when cells were
exposed to 5 UM PLB over 72 hours. Additionally, cells
were pretreated with Apo (0.1 uM) for 1 hour with addition
of 5 uM PLB followed by further incubation for 24 hours.
The fluorescence intensity was detected at wavelengths of
485 nm (excitation) and 530 nm (emission).

Statistical analysis

Data are expressed as the mean + standard deviation. Multiple
comparisons were evaluated by one-way analysis of vari-
ance followed by Tukey’s multiple comparison. A value of
P<0.05 was considered statistically significant.

Results
PLB likely interacts with a number

of important functional proteins

Using Vega ZZ and AutoDock 4.2 programs, we examined
the interactome of PLB. There were 78 proteins that pos-
sibly interacted with PLB, including those involved in cell
proliferation and apoptosis (eg, SRC, JAK2, Akt, BRAF,
CDKN2A, CLK1, AURKA, and MAPK1); nucleic acid bio-
synthesis and metabolism (eg, GATM, MGMT, ALDHILI,
DHFR, DHODH, TYMP, TPH1, and NNMT); carbohy-
drate metabolism (eg, GLA, GALE, PYGL, and PYGM);

amino acid and protein metabolism (eg, ASS1, BCAT?2,
SDS, and METAP1); phospholipid and lipid metabolism
(eg, PLA2G2A and PPARA); inflammation and immune
response (eg, TNFA, MASP2, and MIF); steroid metabolism
and transport (AKR1C1, 1C2 and 1C3, and SHBG); blood
coagulation (eg, PROCR and F9); and signal transduction
(eg, ESR1, GR, PGR, and JAK?) (see Figures 2-5; Table 1).
The Z’-score values were —2.478, —2.276, —2.150, —2.084,
and —2.081 for activated CD42 kinase 1, integrin-o-L,
Janus kinase-2 (JAK?2), tyrosyl-tRNA synthetase (YARS),
and tryptophan 5-hydroxylase 1 (TPH1), respectively. PLB
appeared to interact with several functional protein families
or subfamilies, such as the nuclear receptors (AR, GR, PGR,
RARA, RARB, RARG, RXRA, RXRB, PPARA, THRB,
ESR1, and ESR2), AKRs (I1C1, 1C2, and 1C3), ALDHs
(5 and 7), and oncoproteins and kinases (ABL, AKT, BRAF,
CDKN2A, CLK1, CSNK2A1,JAK2, PAK1, MAPK1, SRC,
AURKA, RPS6KAT1, and MAPKAPK2). The interaction
between PLB and selected targets included H-bond forma-
tion, charge interaction, and n-1 stacking with the involve-
ment of a number of critical amino acid residues in the active
site of targets (Table 2).

As shown in Table 3, ten functional clusters were identi-
fied to be significantly enriched (enrichment score >3) in
the target list derived from molecular docking calculations.
The cluster 2 is NADPH oxidation and reduction. It has
been proved that PLB could bind to Nox-4, a renal NADPH
oxidase, and inhibit its activity. Cluster 6, the regulation of
apoptosis, indicates that PLB could inhibit cell growth by
inducing cell apoptosis.

As shown in Table 4, ten KEGG pathways significantly
enriched (FDR <0.1) in the target list were discovered.
The first significant pathway reported by DAVID database
is “Metabolism of xenobiotics by cytochrome P450” (the
enrichment fold is 7.48 and FDR =0.012). Six proteins,
AKRIC1, AKR1C2, AKR1C3, ADHS5, ADH7, and GSTM4,
were included in this pathway.

KEGG pathway analysis and the enriched gene cluster 8
(glucose metabolism) also suggested the antidiabetic effect
of PLB. Seven drug targets in the insulin signaling pathway,
MAP3K1, AKT1, BRAF, PYGM, GSK3B, MAPK10, and
PYGL, showed high binding affinities with PLB. It agrees
well with previous observations that PLB could significantly
reduce the blood glucose and restore plasma insulin levels
in diabetic rat models.** Actually, PLB is isolated from the
roots of Philodendron scandens and that herb is widely used
to treat type II diabetes in Asia. Importantly, five of the top
enriched KEGG pathways were associated with cancer.
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Figure 2 Molecular interactions between PLB and selected predicted targets.
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Figure 3 Molecular interactions between PLB and selected predicted targets.
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Figure 4 Molecular interactions between PLB and selected predicted targets.
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These include ErtbB/EGFR/HER signaling, VEGF signaling,
MAPK signaling, and colorectal cancer and prostate cancer
pathways. This provides a basis for our following bench-
marking experiments where PLB would be used to kill
prostate cancer cells.

Our proteomic study reveals that PLB
regulates a large number of functional
proteins

Overview of proteomic response to PLB treatment
in PC-3 and DU 145 cells

To verify the above bioinformatic data, we further car-
ried out proteomic experiments to evaluate and compare

the interactome of PLB in PC-3 and DU145 cells treated
with PLB at 5 uM. There were 1,225 and 267 protein mol-
ecules identified as the potential targets of PLB in PC-3
and DU145 cells (Figures 6 and 7), respectively. These
included a number of molecules involved in cell proliferation,
cell metabolism, cell migration, cell invasion, cell survival,
and cell death, such as CDK1/CDC2, MAPK, mTOR, PI3K,
Akt, and E-cadherin. PLB increased the expression level of
533 protein molecules, but decreased the expression level of
682 protein molecules in PC-3 cells (Figure 6). In DU145
cells, PLB enhanced the expression of 73 protein molecules,
but suppressed the expression of 193 protein molecules
(Figure 7). Subsequently, these proteins were subject to [PA
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Figure 5 Molecular interactions between PLB and selected predicted targets.
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pathway analysis. As shown in Figures 8 and 9 and Tables 5
and 6, 341 and 107 signaling pathways and cellular functions
were potentially regulated by PLB in PC-3 and DU145 cells,
respectively.

PLB regulates cell cycle regulators of PC-3 cells
It has been reported that PLB-induced cell cycle arrest is
an important contributor to PLB’s anticancer effect.’*4¢ We

treated PC-3 and DU145 cells with 5 uM PLB for 24 hours
and then cell samples were subject to quantitative proteomic
analysis. The results showed that PLB regulated cell cycle
at G /S and G/M DNA damage checkpoints in PC-3 cells
with the involvement of a number of functional proteins
(Table 5). These included RPL11, RPL5, HDAC2, PA2G4,
GNL3, and SKP1 at G /S checkpointand YWHAQ, PRKDC,
YWHAG, YWHAE, YWHAH, YWHAB, YWHAZ, SFN,
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Table 2 Molecular interactions of PLB with selected potential target proteins

Target PDB ID CDOCKER H-bond Residues involved Charge Residues T-T0 Residues
protein interaction energy number in H-bond interactions involved in charge stacking involved in
(CIE kcal/mol) formation interactions T-T stacking
ABLI |OPL 18.9346 | O-Asn316 0 - 0 -
ACPP ICVI 26.6927 3 O-Arg4011, 0 - | Tyr4182
O-Tyr4178,
O-Tyr4278
ADH5 IMé6H 18.8434 0 - 0 - 0 -
ADH7 IDIT 22.8913 0 - 0 - | Phe93
AKRICI IHI 24.3975 | O-GIn | Lys84 | Tyr216
AKRIC3 IYRO 25.8425 | O-Asn|28 0 - 0 -
Aktl/Akt 3CQW 249918 0 - 0 - 0 -
ALDHILI 1S3l 26.7855 | O-His106 0 - 0 -
AR/NR3C4 IE3G 28.3581 0 - 0 - 0 -
ASSI 2NZ2 19.5889 | O-Lysl76 0 - 0 -
AURKA IMUO 243512 3 O-Lysl4l, 0 - 0 -
O-Arg220,
O-Trp277
BCAT2 IKTA 25.82 3 H-Ala3 14, 0 - 0 -
O-Lys79,
O-GIn316
BMP7 IM4U 19.8572 0 - 0 - 0 -
BRAF 1Uwj 23.1585 0 - 0 - 0 -
CA4 G54 27.6704 | O-His96 0 - 0 -
CDKN2A 1olIQ 31.8477 2 H-Asp 45, 0 - 0 -
O-Lys33
CLKI 1257 29.7806 | O-Lysl91 - 0 -
CRABP2 ICBS 25.3587 2 O-Arg55, 0 - 0 -
O-Arglll
ESRI/NR3AI IGWQ  26.8968 | H-Leu346 0 - 0 -
ESR2/NR3A2 IQKM 28.2648 0 - 0 - 0 -

Abbreviations: ABLI, c-abl oncogene |; ACPP, prostate acid phosphatase; ADH, alcohol dehydrogenase; AKR, aldo—keto reductase; Akt, v-Akt murine thymoma viral
oncogene homolog; ALDH, aldehyde dehydrogenase; AR, androgen receptor; ASS, argininosuccinate synthase; AURKA, aurora kinase A; BCAT, mitochondrial branched-
chain amino-acid transaminase; BMP, bone morphogenetic protein; BRAF, v-Raf murine sarcoma viral oncogene homolog B; CA, carbonic anhydrase; CDKN, cyclin-dependent
kinase inhibitor; CLK, CDC-like kinase; CRABP, cellular retinoic acid binding protein; ESR, estrogen receptor; ID, identification; PDB, Protein Data Bank; PLB, plumbagin.

SKP1, and CDK1 at G /M checkpoint (Figure 10). However,
the proteomic analysis did not reveal any remarkable effect
of PLB on proteins that regulate cell cycle in DU145 cells.

PLB regulates apoptosis and autophagy in PC-3

and DUI45 cells

Apoptosis and autophagy are two predominant programmed
cell death pathways and they have been considered to be
promising targets for the treatment of cancer via regulating
mitochondria-dependent, mitochondria-independent, or PI3K/
Akt/mTOR-mediated pathways.”>! As shown in Tables 5 and
6, PLB regulated apoptotic signaling pathway and mitochon-
drial function involving a number of functional proteins. These
included ACIN1, CAPNS1, MAPK1, RRAS, LMNA, CAPN2,
SPTANI1, CYCS, CDKI1, PARPI, AIFM1, HSD17B10,
UQCRH, ATP5D, PRDXS5, ATP5L, UQCRB, MT-CO2,
ATP5H, VDAC2, PDHA 1, NDUFAS, SOD2, PARK7, GPD2,
NDUFABI, CYB5R3, NDUFB6, OGDH, ATP5F1, COX4lI1,

AIFM1, SDHA, ATP5J, COX7A2, COX6B1, COX17,
ATP50, CPT1A, ATP5A1, VDAC3, NDUFS3, ATP5Cl,
FIS1, MT-ND1, PRDX3, NDUFB11, ATP5B, NDUFSS,
UQCRI10,CAT, UQCRC2,CYCI1,COXS5A, CYCS, VDACI,
UQCRCI, and COX5B. Notably, the proteomic analysis
revealed a regulatory effect of PLB on apoptotic signaling
pathways in PC-3 cells (Figure 11) but not in DU145 cells.
Moreover, Akt/mTOR signaling pathway plays a central
role in the regulation of cell metabolism, growth, prolifera-
tion, and survival through the integration of both intracel-
lular and extracellular signals.®> mTOR complex 1 and 2
are two distinct complexes in mTOR signaling pathway
that transduce a variety of signals to downstream targets,
including Akt, p70S6K, Atgs, elF4G, PPAR-o, and PPAR-y,
to modulate cell growth, cell proliferation, energy metabo-
lism, and autophagy.’> Aberrant mTOR signaling pathway
has been implicated in the pathogenesis of many diseases
including cancer, and targeting mTOR signaling pathway
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Table 3 The top enriched clusters (Enrich score >3) by the DAVID database for the target list of PLB derived from molecular docking

calculations
Category Term Count Fold enrichment P-value FDR
Cluster | Enrichment score: 7.89
GOTERM_BP_FAT Response to organic substance 22 5.16 5.44x10-'° 9.05%x10~?
GOTERM_BP_FAT Response to endogenous stimulus 17 7.10 1.19x107° 1.98x10°8
GOTERM_BP_FAT Response to hormone stimulus 16 737 2.66x107° 4.42x10°8
Cluster 2 Enrichment score: 5.86
SP_PIR_KEYWORDS Oxidoreductase 16 6.60 1.31x10® 1.72x107
GOTERM_BP_FAT Oxidation reduction 16 423 3.57x10°¢ 5.93x10-*
SP_PIR_KEYWORDS NADP 7 10.40 5.44x10°* 7.13x10*
Cluster 3 Enrichment score: 4.70
UP_SEQ_FEATURE Active site: proton acceptor 20 7.00 3.18x10°" 4.25x10°"°
SP_PIR_KEYWORDS Transferase 27 4.49 5.82x107" 7.62x10°1°
SP_PIR_KEYWORDS ATP 13 12.77 3.42x10°1° 4.48x10°
Cluster 4 Enrichment score: 3.91
SP_PIR_KEYWORDS NAD 9 11.04 1.44x107¢ 1.88x10*
UP_SEQ_FEATURE Nucleotide phosphate-binding region: NAD 6 18.18 1.87x10*° 2.50x10*
UP_SEQ_FEATURE Binding site: NAD 4 18.42 1.29x1073 1.71x1072
Cluster 5 Enrichment score: 3.83
SMART ZnF-C4 I 54.28 2.21x10°" 1.97x10-"*
UP_SEQ_FEATURE DNA-binding region: nuclear receptor I 56.29 3.34x10°"* 4.45%x107'*
UP_SEQ_FEATURE Zinc finger region: NR C4-type I 56.29 3.34x10°"* 4.45x10~'*
Cluster 6 Enrichment score: 3.56
GOTERM_BP_FAT Regulation of apoptosis 18 3.79 2.98x10°¢ 4,96x10-°
GOTERM_BP_FAT Regulation of programmed cell death 18 3.75 3.41x10°¢ 5.67x10°°
GOTERM_BP_FAT Regulation of cell death 18 3.73 3.58x10°¢ 5.96x10-*
Cluster 7 Enrichment score: 3.52
UP_SEQ_FEATURE Binding site: substrate 12 9.30 5.58x10® 7.46x107
GOTERM_MF_FAT Steroid dehydrogenase activity, acting on the 5 29.32 2.21x10°° 2.99x10~*
CH-OH group of donors, NAD or NADP as
acceptor
GOTERM_MF_FAT Steroid dehydrogenase activity 5 25.54 3.89x10°° 5.26x10™*
Cluster 8 Enrichment score: 3.42
GOTERM_BP_FAT Hexose metabolic process 10 8.8l 1.69x10°¢ 2.82x10°°
GOTERM_BP_FAT Glucose metabolic process 9 9.95 2.95x10°¢ 4.90x10-*
GOTERM_BP_FAT Monosaccharide metabolic process 10 7.62 5.58x10¢ 9.28x10°°
Cluster 9 Enrichment score: 3.35
GOTERM_MF_FAT Identical protein binding 14 3.46 1.53x10* 2.06x10°3
GOTERM_MF_FAT Protein dimerization activity 12 3.51 5.19x107* 6.99x1073
GOTERM_MF_FAT Protein homodimerization activity 9 4.27 1.10x1073 1.49x1072
Cluster 10 Enrichment score: 3.26
GOTERM_MF_FAT Vitamin binding 7 8.53 1.58x10 2.13x1073
GOTERM_MF_FAT Retinoid binding 4 30.16 2.87x10™ 3.87x107?
GOTERM_BP_FAT Diterpenoid metabolic process 4 29.41 3.12x107* 5.18x1073

Notes: Clusters were sorted by the enrichment score. Only the top three terms in each cluster were listed.
Abbreviations: FDR, false discovery rate; NAD, nicotineamide adenine dinucleotide; NADP, nicotinamide adenine dinucleotide phosphate; PLB, plumbagin.

may be a promising strategy for cancer therapy.>* As showed
in Figures 12 and 13, PLB exhibited a capability of modulat-
ing mTOR signaling pathway in both cell lines. The results
showed that PLB decreased the expression of FKBP1, Rho,
Rac, elF3, elF4B, and elF4G, but increased the expression
of Erk1/2, Ras, PP2, and elF4A in PC-3 cells (Figure 12),
whereas there were less targets regulated by PLB in DU145
cells, ie, only FKBP1, eIF4A, and 40S ribosome (Figure 13).
Taken together, the results suggest that the regulatory effects

of PLB on apoptosis, mitochondrial function, and mTOR
signaling pathway contribute to the cancer cell killing of
PLB in PC-3 and DU145 cells.

PLB regulates EMT pathways in PC-3 cells

EMT has a close association with cell migration and inva-
sion and it plays an important role in cancer metastasis.?!
Suppressing the progress of EMT will be clinically helpful
for cancer therapy. We analyzed the effect of PLB on
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Table 4 The top enriched KEGG pathways (FDR <0.1) by the DAVID database for the target list of PLB derived from molecular
docking calculations

Pathway Gene count Fold enrichment P-value FDR
Metabolism of xenobiotics by cytochrome P450 6 7.48 0.0011 0.012
Progesterone-mediated oocyte maturation 7 6.09 8.58x10* 0.010
ErbB signaling pathway 7 6.02 9.12x10~* 0.010
VEGEF signaling pathway 6 5.98 0.0029 0.033
Fc epsilon Rl signaling pathway 6 5.75 0.0034 0.039
Neurotrophin signaling pathway 9 5.43 1.95x10+ 0.002
Colorectal cancer 6 5.34 0.0047 0.053
Prostate cancer 6 5.04 0.0060 0.068
Insulin signaling pathway 7 3.88 0.0083 0.092
MAPK signaling pathway 10 2.80 0.0078 0.086

Note: Clusters were sorted by the enrichment fold.
Abbreviations: FDR, false discovery rate; KEGG, Kyoto Encyclopedia of Genes and Genomes; PLB, plumbagin.

g

Figure 6 Proteomic analysis revealed molecular interactome regulated by PLB in PC-3 cells.

Notes: PC-3 cells were treated with 5 LM PLB for 24 hours and the protein samples were subject to quantitative proteomic analysis. There were 1,225 molecules and 341
related pathways regulated by PLB in PC-3 cells. Red indicates an upregulation; green indicates a downregulation; brown indicates a predicted activation; and blue indicates a
predicted inhibition. The intensity of green and red molecule colors indicates the degree of down- or upregulation, respectively. Solid arrows indicate direct interaction and
dashed arrows indicate indirect interaction.

Abbreviation: PLB, plumbagin.
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Figure 7 Proteomic analysis revealed molecular interactome regulated by PLB in DU 145 cells.

Notes: DU145 cells were treated with 5 UM PLB for 24 hours and the protein samples were subject to quantitative proteomic analysis. There were 267 molecules and 107
related pathways regulated by PLB in DU 145 cells. Red indicates an upregulation; green indicates a downregulation; brown indicates a predicted activation; and blue indicates
a predicted inhibition. The intensity of green and red molecule colors indicates the degree of down- or upregulation, respectively. Solid arrows indicate direct interaction

and dashed arrows indicate indirect interaction.
Abbreviation: PLB, plumbagin.

EMT-related proteins and signaling pathways using SILAC-
based proteomic approach. The proteomic data showed
that PLB regulated epithelial adherent junction signaling
pathway in PC-3 cells involving a number of functional pro-
teins. These included RAP1B, MYL6, ARPC1B, ACTA2,
IQGAP1, TUBB, CDC42, ACTR3, ARPC3, TUBA1C, VCL,
CTNNBI1, ACTNI1, ACTR2, TUBB3, LMO7, TUBB4B,
RRAS, TUBB2A, TUBA4A, RACI1, ACTGI1, TUBAIB,
TUBAIA, MYHY, ZYX, ACTN4, and ARPC4 (Table 5;
Figure 14); whereas the proteomic analysis did not show
remarkable regulatory effect of PLB on EMT-associated
proteins and signaling pathways in DU145 cells.

PLB regulates Sirt|-mediated pathways in PC-3

and DUI45 cells

The Sirt family of proteins (Sirt1-7) encode a group of evo-
lutionarily conserved, class 111, and NAD*-dependent histone
deacetylases involving many critical cellular processes,

including cell cycle regulation, cell differentiation, genomic
stability, tumorigenesis, oxidative stress response, aging, and
energy metabolism through PPAR-, p53-, nuclear factor-xB
(NF-xB)-, AMPK-, and mTOR-mediated signaling path-
ways.** The proteomic data showed that PLB regulated
NAD biosynthesis, phosphorylation, and dephosphorylation
with the involvement of ACP1 and nicotinamide phos-
phoribosyltransferase (NAMPT) in PC-3 cells (Table 5).
NAMPT, also known as pre-B-cell colony-enhancing factor 1
or visfatin, is a rate-limiting step in the NAD" biosynthesis
salvage pathway, and NAD* is an essential substrate for Sirt1.%
Moreover, PLB treatment regulated the p53 signaling pathway
with the involvement of PRKDC, PCNA, GNL3, SERPINBS,
SEN, ST13, and CTNNBI, and modulated NF-xB signaling
pathway with the involvement of ITGB1, MAPK1, RRAS,
ITGA2, and ITGA6 in PC-3 cells (Table 5). Notably, PLB
treatment regulated PPAR signaling pathway in both PC-3
and DU145 cells involving a number of protein molecules,
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Figure 8 Proteomic analysis revealed a network of signaling pathways regulated by PLB in PC-3 cells.
Notes: A network of signaling pathways was analyzed by IPA according to the 1,225 molecules and 341 related pathways which were regulated by PLB in PC-3 cells.
Abbreviations: IPA, Ingenuity Pathway Analysis; PLB, plumbagin; TCA, tricarboxylic acid cycle.

such as HSP90B1, IL18, MAPK1, HSP90ABI, RRAS, and
HSP90AA1(Tables 5 and 6). Taken together, the proteomic
data suggest that PLB may exhibit a regulatory effect on Sirt1-
mediated signaling pathways in both PC-3 and DU145 cells.

PLB regulates redox homeostasis involving ROS-

and Nrf2-mediated signaling pathways in both PC-3
and DUI45 cells

Our previous study has shown that induction of ROS genera-
tion and modulation of related signaling pathways contribute
to the anticancer effects of PLB.** In this study, we observed
that PLB regulated several critical signaling pathways related

to ROS generation and redox homeostasis in PC-3 and
DU145 cells. Our quantitative proteomic study showed that
PLB treatment regulated oxidative phosphorylation, nuclear
factor erythroid 2-related factor 2 (Nrf2)-mediated oxidative
stress response (Figures 15 and 16), and superoxide radi-
cal degradation in PC-3 and DU145 cells (Tables 5 and 6).
A number of functional proteins — SOD1/2, GSTK1, GSTP1,
MGST1, HSD17B10, DHRS9, AKR1A1, ADHS5, ESD,
ALDHI1A3, 1L1, 3A2, 9A1 — were found to be involved in
these pathways as well as 18 A1, NQOI1, and mitochondria
complexes. Notably, Nrf2-mediated signaling pathway
plays a critical role in the maintenance of intracellular redox
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Figure 9 Proteomic analysis revealed networks of signaling pathways regulated by PLB in DU145 cells.
Notes: Networks of signaling pathways were analyzed by IPA according to 267 molecules and 107 related pathways which were regulated by PLB in DU 145 cells.
Abbreviations: cAMP, cyclic adenosine monophosphate; IPA, Ingenuity Pathway Analysis; PLB, plumbagin.

homeostasis in response to various stimuli via regulating
antioxidant responsive elements in the target genes.**’ The
proteomic data indicate that modulation of the expression
of functional proteins involved in Nrf2-mediated signaling
pathway may be an important contributor to the anticancer
effect of PLB.

Differential responses to PLB treatment in PC-3

and DU45 cells

There were substantial differences in the response to PLB treat-
ment between PC-3 and DU145 cells. In PC-3 cells, the PLB-
regulated network of signaling pathways included granzyme A
signaling pathway, remodeling of epithelial adherent junc-
tions, Rho signaling pathway, endocytosis signaling pathway,
integrin signaling pathway, protein ubiquitination signaling
pathway, EIF4/p70 S6K signaling pathway, Nrf2-mediated
signaling pathway, EIF2 signaling pathway, mTOR signaling
pathway, mitochondrial dysfunction, fatty acid B-oxidation,
tricarboxylic acid cycle, and glycolysis (Figure 8). These
signaling pathways played a critical role in the regulation
of cell proliferation, migration, and programmed cell death.
In DU14S5 cells, different network of signaling pathways in

response to the PLB treatment was observed. These mainly
included palmitate biosynthesis, fatty acid biosynthesis, aspi-
rate biosynthesis, L-cysteine degradation, glutamate degrada-
tion, PPAR-o/RXRa activation, protein kinase A signaling
pathway, granzyme A signaling pathway, glutamate receptor
signaling pathway, Nrf2-mediated signaling pathway, EIF2
signaling pathway, mTOR signaling pathway, and EIF4/p70
S6K signaling pathway. These pathways played important
roles in the regulation of cell and energy metabolism, cell
growth, cell survival, and programmed cell death.
Moreover, the proteomic data showed differences in the
top five signaling pathways in response to PLB treatment in
both cell lines (Tables 7 and 8). In PC-3 cells, the top five
signaling pathways were EIF2 signaling pathway, EIF4/p70
S6K signaling pathway, mTOR signaling pathway, protein
ubiquitination signaling pathway, and mitochondrial dys-
function signaling pathway (Table 7). In DU145 cells, the
top five signaling pathways were EIF2 signaling pathway,
granzyme A signaling pathway, PPAR-0/RXRa signaling
pathway, mTOR signaling pathway, and protein kinase
A signaling pathway (Table 8). mTOR signaling pathway was
regulated by PLB in both cell lines, indicating that it may play
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Table 6 Potential molecular targets, signaling pathways, and cellular functions regulated by PLB in DU 145 cells

Ingenuity canonical pathways LogP Protein molecules
v-Glutamyl cycle 1.41 GCLC
14-3-3-mediated signaling 5.5x10"" PLCDI
3-Phosphoinositide biosynthesis 4.52x10"! PPPIR14B
3-Phosphoinositide degradation 4.78x10"! PPPIR14B
Actin cytoskeleton signaling 1.63 PFNI, TMSB10/TMSB4X, and MSN
Adenine and adenosine salvage | 2.25 PNP
Adenine and adenosine salvage Il 1.71 PNP
Adenosine nucleotides degradation || 1.33 PNP
Agranulocyte adhesion and diapedesis 3.82x10"! MSN
Aldosterone signaling in epithelial cells 2.04 PLCDI, DNAJBI I, and HSP90AAI
AMPK signaling 4.98x10"! FASN
Amyotrophic lateral sclerosis signaling 6.16x107" SODI
Androgen signaling 1.41 CALMLS and HSP90AAI
Antioxidant action of vitamin C 6.2x10"! PLCDI
Arsenate detoxification | (glutaredoxin) 1.95 PNP
Aryl hydrocarbon receptor signaling 4.85x10"! HSP90AAI
Aspartate biosynthesis 2.07 GOT2
Aspartate degradation Il 1.71 GOT2
Axonal guidance signaling 4.63x10"! PLCDI and PFNI
B-cell receptor signaling 4.06x10"! CALML5
Breast cancer regulation by stathmin | 9.96x10"! CALMLS and PPPIR14B
Calcium signaling 1.05 CALMLS and TPM3
Calcium-induced T-lymphocyte apoptosis 7.81x10" CALMLS
cAMP-mediated signaling 3.35x10"! CALMLS
Cardiac hypertrophy signaling 8.85x10°! PLCDI and CALML5
Cardiac B-adrenergic signaling 5.03x10™ PPPIR14B
Caveolar-mediated endocytosis signaling 7.35x10"" COPA
CCR3 signaling in eosinophils 5.5x10"! CALML5
CCRS signaling in macrophages 7.52x10"! CALML5
CD28 signaling in T helper cells 5.47x10"! CALMLS5
CDKS5 signaling 6.12x107! PPPIR14B
Cellular effects of sildenafil (Viagra) 1.29 PLCDI and CALML5
Chemokine signaling 7.4x10" CALMLS
Citrulline biosynthesis 1.65 GLS
Clathrin-mediated endocytosis signaling 3.89x10"! CLTA
Corticotropin releasing hormone signaling 5.66x10" CALMLS
CREB signaling in neurons 1.08 PLCDI and CALML5
CTLAA4 signaling in cytotoxic T-lymphocytes 6.57x10"! CLTA
Dendritic cell maturation 4x107! PLCDI
D-myo-inositol (3,4,5,6)-tetrakisphosphate biosynthesis 5.23x10™" PPPIR14B
D-myo-inositol-5-phosphate metabolism 1.22 PLCDI and PPPIR14B
D-myo-inositol (1,4,5)-trisphosphate biosynthesis .13 PLCDI
D-myo-inositol (1,4,5,6)-tetrakisphosphate biosynthesis 5.23x10"" PPPIR14B
Dopamine receptor signaling 7.04x10"" PPPIR14B
Dopamine-DARPP32 feedback in cAMP signaling 1.98 PLCDI, CALMLS, and PPPIR14B
EIF2 signaling 7.34 RPS28, RPL22, EIF4A3, RPL29, RPL21,
RPS12, RPS14, and RPLI0A
Endothelin-| signaling 4.14x10"! PLCDI
eNOS signaling 1.22 CALMLS5 and HSP90AA|
Erk/MAPK signaling 3.86x10™ PPPIR14B
Eumelanin biosynthesis 1.95 MIF
Fatty acid biosynthesis initiation Il 2.25 FASN
fMLP signaling in neutrophils 5.8x10"! CALML5
FXR/RXR activation 5.2x10"! FASN
Gap junction signaling 4.49%10"! PLCDI
(Continued)
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Table 6 (Continued)

Ingenuity canonical pathways LogP Protein molecules
Glioblastoma multiforme signaling 4.7x107" PLCDI
Glioma signaling 6.28x10"" CALMLS
Glucocorticoid receptor signaling 2.81x10 HSP90AAI
Gluconeogenesis | .17 ALDOA
Glutamate degradation Il 2.07 GOT2
Glutamate receptor signaling 1.95 CALMLS and GLS
Glutamine degradation | 2.25 GLS
Glutathione biosynthesis 2.07 GCLC
Glycolysis | .17 ALDOA
Granulocyte adhesion and diapedesis 4.04x10"! MSN
Granzyme A signaling 4.63 HISTIHIB, HISTIHIC, and HISTIHIE
Guanine and guanosine salvage | 2.25 PNP
Guanosine nucleotides degradation IlI 1.44 PNP
Gaq signaling 4.68x10"! CALMLS
HIFl o signaling 5.97x10" HSP90AAI
Huntington’s disease signaling 8.63x10 CLTA and GLS
Hypoxia signaling in the cardiovascular system 7.75x10"" HSP90AAI
ICOS-ICOSL signaling in T helper cells 5.8x10" CALMLS
IL-8 signaling 3.93x10"! CSTB
ILK signaling 1.81 KRT18, TMSB10/TMSB4X, and PPPIR 4B
iNOS signaling 9.32x10"" CALMLS
Insulin receptor signaling 5.01x10" PPPIR14B
L-cysteine degradation | 1.95 GOT2
Leptin signaling in obesity 7.24x10" PLCDI
Leukocyte extravasation signaling 3.67x10"! MSN
LXR/RXR activation 5.38% 10" FASN
Melatonin signaling 1.78 PLCDI and CALML5
MIF regulation of innate immunity 9.61x10 MIF
MIF-mediated glucocorticoid regulation 1.05 MIF
Mitochondrial dysfunction 4.16x10™" VDAC2
Mitotic roles of polo-like kinase 7.69x10" HSP90AAI
mTOR signaling 3.73 RPS28, EIF4A3, FKBPIA, RPSI12, and RPS14
Neuregulin signaling 6.57x10" HSP90AAI
Neuropathic pain signaling in dorsal horn neurons 6.08x10" PLCDI
Nitric oxide signaling in the cardiovascular system 1.5 CALMLS and HSP90AAI
nNOS signaling in skeletal muscle cells 1.38 CALMLS
nNOS signaling in neurons 9.05%x10"" CALMLS
Nrf2-mediated oxidative stress response 1.85 SODI, DNAJBI I, and GCLC
Nur77 signaling in T-lymphocytes 8.28x10" CALMLS
Oncostatin M signaling 1.04 MT2A
P.Y purigenic receptor signaling pathway 5.44x10" PLCDI
p70S6K signaling 5.44x10"' PLCDI
Palmitate biosynthesis | (animals) 2.25 FASN
Pentose phosphate pathway 1.51 G6PD
Pentose phosphate pathway (oxidative branch) 1.85 G6PD
Phenylalanine degradation IV (mammalian, via side chain) 1.41 GOT2
Phospholipase C signaling 3.07x10"! CALMLS
Phospholipases 8.28x10" PLCDI
PI3K signaling in B-lymphocytes 1.3 PLCDI and CALML5
PI3K/Akt signaling 5.32x10"" HSP90AAI
PPAR signaling 6.32x10" HSP90AAI
PPARA/RXRA activation 3.83 PLCDI, HELZ2, FASN, HSP90AAI,
and GOT2
Production of nitric oxide and reactive oxygen species 3.98x10"! PPPIR14B
in macrophages
Prostate cancer signaling 6.84x10" HSP90AAI
(Continued)
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Table 6 (Continued)

Ingenuity canonical pathways LogP Protein molecules

Protein kinase A signaling 3.15 PLCDI, HISTIHIB, HISTIHIC, CALMLS,
HISTIHIE, and PPPIR 4B

Protein ubiquitination pathway 7.92x10" DNAJBI | and HSP90AAI

Purine nucleotides degradation Il (aerobic) 1.26 PNP

Purine ribonucleosides degradation to ribose-1- 1.65 PNP

phosphate

RANK signaling in osteoclasts 6.57x10"! CALML5

Regulation of actin-based motility by Rho 6.44x10"! PFNI

Regulation of EIF4 and p70S6K signaling 3.12 RPS28, EIF4A3, RPS12, and RPS14

Regulation of IL-2 expression in activated and anergic 6.99x10°! CALMLS

T-lymphocytes

RhoA signaling 1.33 PFNI and MSN

RhoGDI signaling 4.12x10"! MSN

Role of macrophages, fibroblasts, and endothelial cells 1.29 PLCDI, CALMLS, and MIF

in rheumatoid arthritis

Role of NFAT in cardiac hypertrophy 1.04 PLCDI and CALML5

Role of NFAT in regulation of the immune response 4.16x10™! CALMLS5

Role of osteoblasts, osteoclasts and chondrocytes in 3.35x10! CALMLS

rheumatoid arthritis

Signaling by Rho Family GTPases 3.14x10"! MSN

Sperm motility 1.35 PLCDI and CALML5

Sphingosine- | -phosphate signaling 5.76x10"! PLCDI

Stearate biosynthesis | (animals) 1.03 FASN

Sucrose degradation V (mammalian) 1.6 ALDOA

Superoxide radicals degradation 1.78 SODI

Superpathway of citrulline metabolism 1.38 GLS

Superpathway of inositol phosphate compounds 9.96x10~! PLCDI and PPPIR14B

Superpathway of methionine degradation 1.08 GOT2

Synaptic long-term depression 4.8x10™! PLCDI

Synaptic long-term potentiation 2.34 PLCDI, CALMLS, and PPPIR14B

Systemic lupus erythematosus signaling 3.32x10"! LSM2

T-cell receptor signaling 6.2x10"" CALMLS

Telomerase signaling 6.12x107" HSP90AAI

Thrombin signaling 3.79x10"! PLCDI

TR/RXR activation 6.7x10"" FASN

tRNA charging 9.82x107! GARS

Urate biosynthesis/inosine 5’-phosphate degradation I.41 PNP

UVA-induced MAPK signaling 6.57x107" PLCDI

Virus entry via endocytic pathways 6.53x10"! CLTA

Xanthine and xanthosine salvage 2.55 PNP

Xenobiotic metabolism signaling 75110 HSP90AAI and GCLC

o-adrenergic signaling 6.61x107" CALMLS

Abbreviations: Akt, protein kinase B; ALDOA, fructose-bisphosphate aldolase A; AMPK, AMP-activated protein kinase; cAMP, cyclic adenosine monophosphate; CALML,
calmodulin-like protein; CCR, C-C chemokine receptor; CDK, cyclin-dependent kinase; CREB, cAMP response element-binding protein; CTLA4, cytotoxic T-lymphocyte
antigen 4; G6PD, glucose-6-phosphate |-dehydrogenase; EIF, eukaryotic initiation factor; FASN, fatty acid synthase; fMLP, N-formyl-methionyl-leucyl-phenylalanine; FXR,
farnesoid X receptor; HIF, hypoxia-inducible factor; HSP, heat shock protein; ICOS, inducible co-stimulator; ICOSL, ICOS ligand; IL, interleukin; ILK, integrin-linked kinase;
iNOS, inducible nitric oxide synthase; LXR, liver X receptor; MAPK, mitogen-activated protein kinase; MIF, migration inhibitory factor; mTOR, mammalian target of rapamycin;
NFAT, nuclear factor of activated T-cell; NNOS, neuronal nitric oxide synthase; Nrf2, Kelch-like ECH-associated protein | and Cullin 3; PI3K, phosphoinositide 3-kinase; PLB,
plumbagin; PLCD, |-phosphatidylinositol 4,5-bisphosphate phosphodiesterase-31; PPAR, peroxisome proliferator-activated receptor; RANK, receptor activator of nuclear
factor-kB; RhoA, Ras homolog gene family, member A; RhoGDI, Rho GDP-dissociation inhibitor; RPS, ribosomal protein S; RXR, retinoid X receptor; SOD, superoxide

dismutase; TR, thyroid hormone receptor; UVA, ultraviolet A.

a central role in the antiproliferative and autophagy-inducing

effects of PLB in PC-3 and DU145 cells.

Taken together, our proteomic study has revealed that a
number of important proteins and their associated signaling
pathways are regulated in PC-3 and DU 145 cells in response

to PLB. These cellular signaling pathways play pivotal roles

in the regulation of cell cycle, apoptosis, autophagy, EMT,

and oxidative stress with the involvement of a number of criti-
cal functional proteins, such as PI3K, mTOR, Akt, MAPK,
CDKs, cytochrome c, and E-cadherin.
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Figure 10 PLB regulates cell cycle at G,/M checkpoint in PC-3 cells.

Notes: PC-3 cells were treated with 5 UM PLB for 24 hours and the protein samples were subject to quantitative proteomic analysis. Red indicates an upregulation; green
indicates a downregulation; brown indicates a predicted activation. The intensity of green and red molecule colors indicates the degree of down- or upregulation, respectively.

Solid arrows indicates direct interaction.
Abbreviations: PLB, plumbagin; UV, ultraviolet.

Verification of molecular targets of PLB
in PC-3 and DU 145 cells by Western blot

assay

Our above bioinformatic and quantitative proteomic studies
have predicted and shown that PLB can modulate a number of
signaling pathways related to cell proliferation, cell migration,
cell death, and cell survival. In the next set of functional vali-
dation experiments, in order to further verify the quantitative
proteomic data, we tested how PLB affected the cell cycle,
apoptosis, autophagy, EMT, and redox homeostasis and the
related signaling pathways in PC-3 and DU145 cells.

PLB inhibits the proliferation of PC-3 and DU 145
cells,and induces G2/M arrest in PC-3 cells and Gl
arrest in DU 145 cells via regulation of cyclin BI,
cyclin DI, CDKI1/CDC2, CDK2, p21 Wafl/Cipl, p27
Kipl,and p53

First, we examined the effect of PLB on cell cycle distribution
using a flow cytometer in both cell lines. PLB showed differ-
ential effects on the cell cycle distribution in PC-3 and DU145
cells (Figure 17A and B). In PC-3 cells, PLB significantly

induced a G /M phase arrest. Compared with the control cells
(20.1%), the percentage of PC-3 cells in G,/M phase was
increased in a concentration-dependent manner after PLB
treatment (Figure 17A and B). The percentage was 25.4%,
28.1%, 32.3%, and 38.5% when treated with PLB at 0.1, 1,
5, and 10 uM, respectively. PLB significantly decreased the
percentage of PC-3 cells in G, phase in comparison to the
control cells. The basal level of PC-3 cells in G, phase was
60.9%; after treatment with PLB at 0.1, 1, 5, and 10 uM
for 24 hours, the percentage of PC-3 cells in G, phase was
53.2%, 53.9%, 52.5%, and 47.5%, respectively. However,
there was no significant difference observed in the number
of cells in S phase in PC-3 cells when treated with PLB
(Figure 17A and B).

We further conducted separate experiments to evaluate
the effect of PLB treatment at 5 WM on cell cycle distribution
in PC-3 cells over 72 hours. Compared to the control cells,
the percentage of PC-3 cells in G,/M phase was increased
from 23.5% at basal level to 28.6%, 28.8%, and 28.9% after
4, 8, and 12 hours treatment with 5 uM PLB and declined
to 25.4%, 18.1%, and 17.6% after 24, 48, and 72 hours

Drug Design, Development and Therapy 2015:9
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Extracellular space

Cytoplasm

Figure 11 PLB regulates apoptosis signaling pathway in PC-3 cells.

Notes: PC-3 cells were treated with 5 UM PLB for 24 hours and the protein samples were subject to quantitative proteomic analysis. Red indicates an upregulation;
green indicates a downregulation. The intensity of green and red molecule colors indicates the degree of down- or upregulation, respectively. Solid arrows indicate direct

interaction and dashed arrows indicate indirect interaction.
Abbreviation: PLB, plumbagin.

treatment of PLB, respectively (Figure 18A and B). While
5 uM PLB treatment decreased the percentage of PC-3 cells
in G, phase from 62.9% at basal level to 55.9%, 57.0%, and
56.0% after 4, 8, and 12 hours treatment and was increased
t0 59.3%, 72.4%, and 79.4% after 24, 48, and 72 hours drug
treatment, respectively (Figure 18A and B). There was a

significant decrease in the percentage of PC-3 cells in S phase
after treatment with PLB for 48 and 72 hours.

PLB exhibited a differential effect on the cell cycle
distribution of DU145 cells. PLB significantly induced
G, arrest with an increase in the percentage of DU145 cells
in G, phase (Figure 17A and B). In comparison to the control
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Figure 12 mTOR signaling pathway regulated by PLB in PC-3 cells.

Notes: PC-3 cells were treated with 5 UM PLB for 24 hours and the protein samples were subject to quantitative proteomic analysis. Red indicates an upregulation;
green indicates a downregulation. The intensity of green and red molecule colors indicates the degree of down- or upregulation, respectively. Solid arrows indicate direct
interaction and dashed arrows indicate indirect interaction.
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Nutrients -

Serum PMA
RTK INSR

mMTPRC1

Translation

B
® o x|
=) | @
s\, | e
e e

| S VEGF

"Autophag
requlator
elF4E
Neurodegenerative.
diseases

Figure 13 mTOR signaling pathway regulated by PLB in DU 145 cells.

Notes: DUI45 cells were treated with 5 uM PLB for 24 hours and the protein samples were subject to quantitative proteomic analysis. Red indicates an upregulation;
green indicates a downregulation. The intensity of green and red molecule colors indicates the degree of down- or upregulation, respectively. Solid arrows indicate direct
interaction and dashed arrows indicate indirect interaction.

Abbreviation: PLB, plumbagin.

Drug Design, Development and Therapy 2015:9 submit your manuscript 391

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Qiuetal Dove
Epithelial cell Epithelial cell
SRC,
Cell adhesion

Cell
differentiation]

PIP3 PIP2 |
P2 9 ‘

ell adhesion]

‘@

A@V@

Strong
adhesion

cell
degradation

Cytoskeleton
regulation

E-cadherl

oskeletor
artangere

Weak % =R
adhesion @ @ @ Nucleus
S 1 —
@ CTNN Torr Cell
A e
Depleti 1QGAPI T~
S PG [T

1.083

=5

o TR PR

Figure 14 PLB regulates epithelial adherent junction signaling pathway in PC-3 cells.
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Notes: PC-3 cells were treated with 5 UM PLB for 24 hours and the protein samples were subject to quantitative proteomic analysis. Red indicates an upregulation; green
indicates a downregulation; brown indicates a predicted activation. The intensity of green and red molecule colors indicates the degree of down- or upregulation, respectively.

Solid arrows indicate direct interaction and dashed arrows indicate indirect interaction.
Abbreviation: PLB, plumbagin.
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Figure 15 PLB-regulated Nrf2-mediated oxidative stress response in PC-3 cells.

Notes: PC-3 cells were treated with 5 UM PLB for 24 hours and the protein samples were subject to quantitative proteomic analysis. Red indicates an upregulation; green
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Table 7 Top five canonical pathways regulated by PLB in PC-3

cells

Ingenuity canonical P-value Ratio (H/L)
pathways

EIF2 signaling 9.19x10°¢ 94/201 (0.468)
Regulation of EIF4 6.24x10* 59/175 (0.337)
and p70S6K signaling

mTOR signaling 9.78x10°% 54/213 (0.254)
Protein ubiquitination 4.1x102 62/270 (0.23)
pathway

Mitochondrial dysfunction 5.53x102 47/215 (0.219)

Abbreviations: EIF, eukaryotic initiation factor; H, medium supplemented with
stable isotope-labeled L-arginine and L-lysine; L, medium supplemented with normal
L-arginine and L-lysine; mTOR, mammalian target of rapamycin; PLB, plumbagin.

cells (57.3%), the percentage of DU145 cells in G, phase was
increased in a concentration-dependent manner. The values
were 58.6%, 55.2%, 67.8%, and 80.4% with the PLB treat-
ment at concentrations of 0.1, 1, 5, and 10 uM, respectively.
A significant reduction of the number of cells in G,/M phase
was also observed after PLB treatment for 24 hours. The
percentage was decreased from 28.9% (control) to 13.8%
(10 uM PLB). In addition, when DU145 cells were treated
with PLB at 1 and 5 uM for 24 hours, we observed a sig-
nificant increase in the number of the cell population in
S phase; however, incubation with 10 uM of PLB reduced the
cell population in S phase (14.0% versus 5.9%) (P<<0.001;
Figure 17A and B).

In addition, treatment of DU145 cells with 5 uM PLB
for 4, 8, 12, 24, 48, or 72 hours significantly increased the
percentage of cells in S phase from 7.3% at basal level to
10.6%, 11.4%, 9.7%, 10.0%, 10.2%, and 12.7%, respec-
tively (Figure 18A and B). Although there was no signifi-
cant change in the percentage of DU145 cells in G,/M and
G, phase, there was an 8.8% and 22.9% decrease in the
percentage of DU145 cells in G,/M phase observed when
the cells were treated with 5 uM PLB for 48 and 72 hours,
respectively.

Table 8 Top five canonical pathways regulated by PLB in DU 145

cells

Ingenuity canonical pathways P-value Ratio (H/L)
EIF2 signaling 4.61x10°® 8/185 (0.043)
Granzyme A signaling 2.33x10°° 3/20 (0.15)
PPAR-0/RXRo: activation 1.47x10~* 5/179 (0.028)
mTOR signaling 1.84x10* 5/188 (0.027)
Protein kinase A signaling 7.13x10* 6/384 (0.016)

Abbreviations: EIF, eukaryotic initiation factor; H, medium supplemented with
stable isotope-labeled L-arginine and L-lysine; L, medium supplemented with normal
L-arginine and L-lysine; mTOR, mammalian target of rapamycin; PLB, plumbagin;
PPAR, peroxisome proliferator-activated receptor; RXR, retinoid X receptor.

To explore the mechanisms for PLB-induced effects on
cell cycle arrest in PC-3 and DU145 cells, the expression
levels of key regulators responsible for G, and G, check-
points were examined using Western blot assay. Cyclin Bl
and CDK1/CDC2 are two key regulators for G, to M phase
transition® and thus their expression levels were determined
in PC-3 cells. The expression of cyclin Bl was significantly
suppressed in PC-3 cells with the treatment of PLB at con-
centrations of 0.1, 1, and 5 uM for 24 hours (P<<0.001; Figure
19A and B). In comparison to the control cells, the expression
level of cyclin B1 in PC-3 cells was decreased 2.1-fold when
treated with 5 uM PLB for 24 hours. There was a 21.3% and
23.5% reduction in the expression level of CDK1/CDC2 in
PC-3 cells incubated with PLB at 1 and 5 uM for 24 hours,
respectively (P<<0.05 and P<<0.01, respectively; Figure 19A
and B). However, there was no significant change in the
expression level of CDK2 and cyclin D1 when PC-3 cells were
treated with PLB at 0.1, 1, and 5 uM for 24 hours (P>0.05;
Figure 19A and B).

In DU145 cells, the expression levels of key regulators
for G, to S transition including CDK2 and cyclin D1 were
determined. A significant inhibitory effect of PLB on the
expression of CDK2 and cyclin D1 was observed, which
was in a concentration-dependent manner (Figure 20A
and B). Treatment of DU 145 cells with PLB at 1 and 5 uM
for 24 hours resulted in a 42.1% and 42.0% decrease in the
expression of cyclin D1, respectively (P<<0.05). A simi-
lar inhibitory effect on the expression of CDK2 was also
observed (P<<0.01; Figure 20A and B). A low concentra-
tion of PLB (0.1 uM) only slightly decreased the expres-
sion of cyclin D1 and CDK2 in DU145 cells. Incubation
of DU145 cells with PLB did not significantly alter the
expression level of cyclin Bl and CDC2 (P>0.05; Figure
20A and B).

These results have demonstrated that PLB could down-
regulate CDK1/CDC2, CDK2, cyclin B1, and cyclin D1 in
PC-3 and DU145 cells with differential effects. This would
contribute to the cell cycle arrest in both cell lines when
exposed to PLB.

To further elucidate the mechanisms for the effect of
PLB on cell cycle, the expression levels of p21 Wafl/Cipl,
p27 Kipl, and p53 in PC-3 and DU145 cells treated with
PLB were determined using Western blot assay. The tumor
suppressor protein p21 Wafl/Cip1 acts as an inhibitor of cell
cycle progression, and it serves to inhibit kinase activity and
block progression through G /S in association with CDK2
complexes.*® During cell cycle stages when CDC2/cyclin B or
CDK2/cyclin A are active, p53 is phosphorylated and upregu-
lates p21 Wafl/Cipl transcription via a p53-responsive
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Figure 19 PLB regulates the expression of CDKI/CDC2, cyclin Bl, CDK2, cyclin DI, p21 Wafl/Cipl, p27 Kipl, and p53 in PC-3 cells.

Notes: PC-3 cells were treated with PLB at 0.1, |, and 5 uM for 24 hours and protein samples were subject to Western blot assay. (A) Representative blots of CDKI/
CDC2, cyclin BI, CDK2, cyclin DI, p21 Wafl/Cipl, p27 Kipl, p53, and B-actin in PC-3 cells, and (B) bar graphs showing the relative levels of CDKI/CDC2, cyclin Bl, CDK2,
cyclin DI, p21 Wafl/Cipl, p27 Kipl, and p53 in PC-3 cells. Data are the mean * standard deviation of three independent experiments. *P<<0.05; **P<<0.01; and ***P<<0.001
by one-way analysis of variance.

Abbreviation: PLB, plumbagin.
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Figure 20 PLB regulates the expression of CDK1/CDC2, cyclin BI, CDK2, cyclin DI, p21 Wafl/Cipl, p27 Kipl, and p53 in DUI45 cells.

Notes: DU145 cells were treated with PLB at 0.1, |, and 5 uM for 24 hours and protein samples were subject to Western blot assay. (A) Representative blots of CDK I/
CDC2, cyclin BI, CDK2, cyclin DI, p21 Wafl/Cipl, p27 Kipl, p53, and B-actin in DU145 cells, and (B) bar graphs showing the relative levels of CDKI/CDC2, cyclin Bl,
CDK2, cyclin DI, p21 Wafl/Cipl, p27 Kipl, and p53 in DU145 cells. Data are the mean + standard deviation of three independent experiments. *P<<0.05; **P<<0.01; and
***P<0.001 by one-way analysis of variance.

Abbreviation: PLB, plumbagin.
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element. p27 Kipl is a member of the Cip/Kip family of
cyclin-dependent kinase inhibitors.® Like p57 Kip2 and p21
Wafl1/Cipl, p27 Kip1 enforces the G, restriction point via its
inhibitory binding to CDK2/cyclin E and other CDK/cyclin
complexes.® p53 is a tumor suppressor protein that plays a
major role in cellular response to DNA damage and other
genomic aberrations.®' Activation of p53 can lead to either
cell cycle arrest and DNA repair or apoptosis. p53 is phos-
phorylated at multiple sites and by several different protein
kinases. DNA damage induces phosphorylation of p53 at
Serl5 and Ser20 and leads to a reduced interaction between
p53 and its negative regulator, mouse double minute 2
homolog.*! As shown in Figure 19A and B, the expression
level of p21 Wafl/Cipl was concentration-dependently
increased in PC-3 cells when treated with PLB for 24 hours.
In comparison to the control cells, there was a 1.7- and
1.9-fold increase in the expression of p21 Wafl/Cip1 in PC-3
cells treated with PLB at 1 and 5 uM for 24 hours, respec-
tively (P<<0.05; Figure 19A and B), and the expression level
of p27 Kip1 was increased 1.5- and 1.8-fold in DU145 cells
treated with PLB at 1 and 5 uM, respectively. In addition,
there was a significant increase (greater than twofold) in the
expression level of p21 Waf1/Cip1 in DU145 cells after treat-
ment with PLB at 5 uM for 24 hours (P<<0.05; Figure 20A
and B). Moreover, there was a 2.9- and 1.9-fold increase in
the expression level of p53 in PC-3 and DU145 cells when
treated with 5 uM PLB for 24 hours, respectively (P<<0.01;
Figures 19 and 20).

These results demonstrate that PLB can upregulate p21
Wafl/Cipl, p27 Kip1, and p53 in PC-3 and DU 145 cells. This
will contribute to the cell cycle arrest and apoptosis induced
by PLB. Importantly, these results have confirmed the regu-
latory effect of PLB on cell proliferation-related signaling
pathways which was predicted by our bioinformatic study
and revealed by our SILAC-based proteomic experiment.

PLB induces apoptosis via mitochondrial pathway
and autophagy via modulation of PI3K/Akt/mTOR
pathway

Apoptosis and autophagy, two types of predominant pro-
grammed cell death, have been found to be potential targets
of PLB for its cancer cell killing effect.** We have observed
that PLB significantly induces apoptosis and autophagy in
PC-3 and DU145 cells in concentration- and time-dependent
manners. The apoptosis and autophagy inducing effects of
PLB may be through mitochondrial- and mTOR-mediated
pathways. It has been reported that PI3K, mTOR, Akt, and
p38MAPK are the upstream regulatory factors of apoptosis

and autophagy, and cytochrome c is a responsive effector to
the variations in PI3K/Akt/mTOR and p38MAPK signaling
pathways initiating mitochondria-dependent apoptosis.*’:¢263
Released cytochrome c triggers the activation of caspase
family, such as caspase 9 and its downstream caspase 3, and
shifting the balance of antiapoptotic to proapoptotic status
with the involvement of Bcl-2 family proteins contributes to
apoptosis. Inhibition of PI3K/Akt/mTOR axis can remark-
ably promote autophagy.

Following the verification of the inhibitory effect of
PLB on cell cycle, we further tested the effect of PLB on
the expression and phosphorylation of PI3K, mTOR, Akt,
p38MAPK, cytochrome c, caspase 9, caspase 3, Bel-2, and
BAX in PC-3 and DU145 cells. Cells were treated with PLB
at concentrations of 0.1, 1, and 5 uM for 24 hours. There
was a significant decrease in the phosphorylation level of
PI3K, mTOR, and Akt (Figures 21 and 22) after PC-3 and
DU145 cells were treated with PLB. In PC-3 cells with the
treatment of PLB at 0.1, 1, and 5 uM, the phosphoryla-
tion level of PI3K decreased 26.6%, 34.9%, and 35.5%,
the phosphorylation level of Akt reduced 20.1%, 28.4%,
and 34.3%, and phosphorylation level of mTOR dropped
12.9%, 11.5%, and 31.3%, respectively (Figure 21A and B).
Similarly, the phosphorylation level of PI3K reduced 13.4%,
28.1%, and 35.4%, the phosphorylation level of Akt dropped
46.9%, 58.7%, and 58.0%, and phosphorylation level of
mTOR decreased 26.9%, 27.9%, and 36.0%, respectively
(Figure 22A and B). Moreover, the phosphorylation of
p38MAPK decreased 25.0%, 40.0%, and 50.7% in PC-3
cells (Figure 21A and B) and 37.6%, 57.4%, and 63.9% in
DU145 cells (Figure 22A and B) when treated with PLB at
0.1, 1, and 5 uM, respectively, for 24 hours.

On the other hand, the expression of cytochrome ¢ was
significantly increased in PC-3 and DU145 cells with the
treatment of PLB (Figures 21 and 22). Increased release of
cytochrome c initiates mitochondria-dependent apoptosis
through the sequential activation of caspase family and
interruption of the balance of antiapoptotic (Bcl-2) and
proapoptotic (BAX) proteins. As shown in Figures 21 and 22,
incubation of PC-3 and DU145 cells with PLB significantly
increased the cleaved level of caspase 9 and caspase 3.
In PC3 cells, there was 1.6-, 2.1-, and 2.6-fold increase in
cleaved level of caspase 9, and 1.3-, 1.3-, and 1.8-fold rise
in cleaved level of caspase 3 when treated with PLB at 0.1,
1, and 5 uM, respectively (Figure 21A and B). Similarly,
when DU145 cells were treated with PLB at 0.1, 1, and
5 UM, there was 1.2-, 1.4-, and 1.9-fold increase in cleaved
level of caspase 9, and 1.1-, 1.4-, and 2.0-fold elevation in
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Figure 21 Effects of PLB treatment on the expression and phosphorylation levels of PI3K, Akt, mTOR, p38MAPK, and cytochrome c in PC-3 cells.

Notes: PC-3 cells were treated with PLB at 0.1, I, and 5 uM for 24 hours and protein samples were subject to Western blot assay. (A) Representative blots of p- and
t-PI3K, p- and t-Akt, p- and t-mTOR, p- and t-p38MAPK, and cytochrome c in PC-3 cells, and (B) bar graphs showing the relative levels of p/t-PI3K, p/t-Akt, p/t-mTOR,
p/tp38MAPK, and cytochrome c in PC-3 cells. Data are the mean =* standard deviation of three independent experiments. *P<<0.05; **P<<0.01; and ***P<<0.001 by one-way
analysis of variance.
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Figure 22 Effects of PLB treatment on the expression and phosphorylation levels of PI3K, Akt, nTOR, p38MAPK, and cytochrome c in DU 145 cells.

Notes: DUI45 cells were treated with PLB at 0.1, |, and 5 uM for 24 hours and protein samples were subject to Western blot assay. (A) Representative blots of p- and
t-PI3K, p- and t-Akt, p- and t-mTOR, p- and t-p38MAPK, and cytochrome c in DU 145 cells, and (B) bar graphs showing the relative levels of p/t-PI3K, p/t-Akt, p/t-mTOR,
p/tp38MAPK, and cytochrome c in DUI45 cells. Data are the mean = standard deviation of three independent experiments. *P<<0.05; **P<<0.01 by one-way analysis of
variance.

Abbreviation: PLB, plumbagin.
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cleaved level of caspase 3, respectively (Figure 22A and B).
Moreover, the ratio of Bcl2 over BAX was significantly
decreased in both cells treated with PLB. The ratio was
decreased 42.4%, 52.0%, and 63.7% in PC-3 cells (Figure 21 A
andB)and21.2%,70.5%,and 80.9%inDU145 cells (Figure 22 A
and B) with the treatment of PLB at 0.1, 1, and 5 uM,
respectively. These results clearly showed that PLB induced
apoptosis via mitochondrial pathway and autophagy via
PI3K/mTOR pathway in PC-3 and DU145 cells, and these
data are in agreement with our proteomic findings.

PLB inhibits EMT in PC-3 and DU 145 cells

EMT is a critical process involving the initiation, growth,
invasion, and metastasis of cancer.?*:** EMT depends
on a reduction in expression of cell adhesion molecules.
E-cadherin is considered an active suppressor of invasion and
growth of many epithelial cancers. Tight junctions, or zonula
occludens, form a continuous barrier to fluids across the epi-
thelium and endothelium.?2!%* They function in regulation
of paracellular permeability and in the maintenance of cell
polarity, blocking the movement of transmembrane proteins
between the apical and the basolateral cell surfaces. Tight
junctions are composed of claudin and occludin proteins,
which join the junctions to the cytoskeleton. ZO-1, 2, and 3
are peripheral membrane adaptor proteins that link junctional
transmembrane proteins such as occludin and claudin to
the actin cytoskeleton.?*?2¢* Cadherins are a superfamily of
transmembrane glycoproteins that contain cadherin repeats
of approximately 100 residues in their extracellular domain.
They mediate calcium-dependent cell-cell adhesion and
the classic cadherin subfamily includes N-, P-, R-, B-, and
E-cadherins.?®?' The cytoplasmic domain of classical cad-
herins interacts with B-catenin, y-catenin, and p120 catenin.
Cancer cells often have upregulated N-cadherin in addition to
loss of E-cadherin.?®?2 Herein, we examined the effect of PLB
treatment on EMT-associated markers in PC-3 and DU145
cells using Western blot assay. Incubation of PC-3 cells with
PLB resulted in a concentration-dependent increase in the
expression level of E-cadherin and decrease in the expression
level of N-cadherin (Figure 23 A and B). There was a 1.3- and
1.4-fold increase in the expression of E-cadherin when treated
with 1 and 5 uM PLB for 24 hours, respectively; whereas
5 uM PLB suppressed 30.3% expression level of N-cadherin
(P<0.05; Figure 23A and B). Consequently, with increas-
ing concentration of PLB, an increased ratio of E-cadherin
over N-cadherin was observed. The E-cadherin/N-cadherin
ratio was increased from 1.4 at basal level to 1.7, 2.4, and
3.0, when PC-3 cells were treated with 0.1, 1 and 5 uM PLB

for 24 hours, respectively (P<<0.05; Figure 23A and B).
In DU145 cells, there was a 1.6- and 1.5-fold increase in the
expression of E-cadherin when cells were treated with 1 and 5
UM PLB, respectively (Figure 24A and B). Meanwhile, PLB
decreased the expression of N-cadherin, but no significant
effect was observed. However, the E-cadherin/N-cadherin
ratio was increased from 1.1to 1.4, 1.9, and 2.0, when DU 145
cells were treated with 0.1, 1, and 5 uM PLB, respectively
(P<<0.05; Figure 24A and B).

In order to further examine the effect of PLB on EMT in
PC-3 and DU145 cells, we measured the expression levels
of several key regulators of E-cadherin. Snail and slug (both
zinc finger transcriptional factors) together with TCF8/ZEB1
are suppressors of E-cadherin in EMT.?*?! In addition, snail
blocks the cell cycle and confers resistance to cell death, and
slug protects damaged cells from apoptosis by repressing
pS3-induced transcription of the proapoptotic Bcl-2 family
protein PUMA 22! PLB significantly reduced the expression
level of snail and slug in both cell lines (Figures 23 and 24).
In PC-3 cells, 5 uM PLB significantly suppressed the expres-
sion level of snail by 19.6%, 30.8%, and 35.4%, and of slug
by 29.2%, 40.0%, and 37.6% when treated with 0.1, 1, and
5 uM PLB for 24 hours, respectively (P<<0.01; Figure 23A
and B). In DU145 cells, 1 and 5 uM PLB significantly sup-
pressed the expression level of snail by 21.8% and 28.9%,
respectively. Treatment of cells with 5 uM PLB for 24 hours
significantly reduced the expression level of slug by 38.1%
(P<0.05; Figure 24A and B). Furthermore, PLB induced a
concentration-dependent reduction in the expression level of
TCF-8/ZEB1 in PC-3 and DU145 cells. In PC-3 cells, 1 and
5 uM PLB significantly suppressed the expression level of
TCF-8/ZEB1 by 36.2% and 51.7%, respectively (Figure 23A
and B). Similarly, there was a 57.5% reduction in the expres-
sion of TCF-8/ZEB1 in DU145 cells treated with 5 uM of
PLB (P<0.001; Figure 24A and B).

Vimentin is a type III intermediate filament protein that
is expressed in mesenchymal cells.?*22% B-catenin can act
as an integral component of a protein complex in adherent
junctions that helps cells maintain epithelial layers, and
[-catenin participates in the Wnt signaling pathway as a
downstream target.?>** Treatment of cells with 5 uM PLB
significantly suppressed the expression level of vimentin by
36.0% in PC-3 cells (P<<0.05; Figure 23A and B). PLB at
0.1 and 1 uM reduced vimentin level by 23.8%—26.4%, but
did not achieve statistical significance. In DU145 cells, treat-
ment with PLB at 0.1, 1, and 5 uM for 24 hours resulted in a
10.0%, 19.3%, and 29.7% reduction in vimentin expression
levels, respectively (P<<0.05-0.001; Figure 24A and B).
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Figure 23 Dose effect of PLB on the expression level of selected EMT markers in PC-3 cells.
Notes: PC-3 cells were treated with PLB at 0.1, |, and 5 uM for 24 hours and protein samples were subject to Western blot assay. (A) Representative blots of E-cadherin,

N-cadherin, snail, slug, TCF-8/ZEBI, vimentin, B-catenin, ZO-1, and ﬁ-actin in PC-3 cells treated with PLB at 0.1, I, and 5 uM for 24 hours, and (B) bar graphs showing the
levels of E-cadherin, N-cadherin, snail, slug, TCF-8/ZEBI, vimentin, B-catenin, and ZO-I in PC-3 cells. Data represent the mean =* standard deviation of three independent

experiments.*P<<0.05; **P<0.01; ***P<<0.001 by one-way analysis of variance.

Abbreviations: EMT, epithelia-mesenchymal transition; PLB, plumbagin.
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Figure 24 Dose-effect of PLB on the expression level of selected EMT markers in DU 145 cells.

Notes: DU 145 cells were treated with PLB at 0.1, I, and 5 uM for 24 hours and protein samples were subject to Western blot assay. (A) Representative blots of E-cadherin,
N-cadherin, snail, slug, TCF-8/ZEBI, vimentin, B-catenin, ZO-1, and B-actin in DU 145 cells treated with PLB at 0.1, I, and 5 UM for 24 hours, and (B) bar graphs showing the
levels of E-cadherin, N-cadherin, snail, slug, TCF-8/ZEBI, vimentin, -catenin, and ZO-1 in DU145 cells. Data represent the mean = standard deviation of three independent

experiments. *P<<0.05; **P<0.01; ***P<0.001 by one-way analysis of variance.
Abbreviations: EMT, epithelial-mesenchymal transition; PLB, plumbagin.

There was a significant reduction in the expression level
of B-catenin in both cell lines treated with PLB at 0.1, 1, and
5 uM for 24 hours. PLB at 0.1, 1, and 5 uM significantly
decreased the expression level of B-catenin by 25.7%,
26.2%, and 32.6% in PC-3 cells, respectively (Figure 23A
and B), and 1 and 5 uM PLB significantly reduced B-catenin
expression by 21.0% and 47.5% in DU145 cells, respectively
(Figure 24A and B).

Furthermore, we examined the time course of the effect
of PLB on the expression of selected EMT markers in PC-3
and DU145 cells over 48 hours. There was a significant
inhibitory effect of PLB on EMT in both cells (Figures
25 and 26). In comparison to the control cells, treatment
of PC-3 cells with 5 uM PLB significantly increased the
expression of E-cadherin by 1.7- and 2.4-fold, while the
expression of N-cadherin was decreased by 49.2% and
58.1% after 24 and 48 hours, respectively, which in turn
led to a significant increase in the ratio of E-cadherin over
N-cadherin. The expression of vimentin was significantly
decreased by 40.0% and 51.4% with the 5 uM PLB treatment
for 24 and 48 hours, respectively. Moreover, the expres-
sion of B-catenin was reduced by 4.06% and 41.7% with
the 5 uM PLB treatment for 24 and 48 hours, respectively
(Figure 25A and B). In DU145 cells, incubation with

5 uM PLB for 24 and 48 hours led to a 2.0- and 2.3-fold
increase in the expression of E-cadherin, respectively, and
resulted in a 38.8% and 45.3% reduction in the expression
of N-cadherin compared to the control cells, respectively.
Consequently, it led to an increase in the ratio of E-cadherin
over N-cadherin. Moreover, treatment of DU 145 cells with
5 uM of PLB induced a time-dependent decrease in the
expression of B-catenin and vimentin by 42.8% and 48.6%,
and 30.9% and 40.8%, to 24 hour and 48 hour treatment,
respectively (Figure 26A and B).

Finally, the expression of ZO-1 was examined in PC-3
and DU 145 cells exposed to PLB. ZO-1 and -2 are required
for tight junction formation and function. In subconfluent
proliferating cells, ZO-1 and ZO-2 have been shown to colo-
calize to the nucleus and play a role in transcriptional regula-
tion, possibly through facilitating nuclear import/export of
transcriptional regulators.'®#® There was a significant effect
of PLB on the expression of ZO-1 observed in both cell lines
(Figures 23 and 24). Treatment of PC-3 cells with 1 and 5 uM
PLB for 24 hours resulted in a 1.5-fold increase in ZO-1
expression and 5 UM PLB resulted in a 2.6-fold increase
in the expression level of ZO-1 in DU145 cells (P<0.05;
Figures 23 and 24). These results from Western blot assay
are consistent with our proteomic data.
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Figure 25 Effects of PLB on the expression level of selected EMT markers in PC-3 cells over 48 hours.

Notes: PC-3 cells were treated with 5 UM PLB over 48 hours and protein samples were subject to Western blot assay. (A) Representative blots of E-cadherin, N-cadherin,
vimentin, B-catenin, and B-actin in PC-3 cells, and (B) bar graphs showing the levels of E-cadherin, N-cadherin, vimentin, and B-catenin in PC-3 cells. Data represent the mean +
standard deviation of three independent experiments. *P<<0.05; **P<<0.01; ***P<<0.00| by one-way analysis of variance.

Abbreviations: EMT, epithelial-mesenchymal transition; PLB, plumbagin.

PLB regulates EMT via Sirtl-mediated pathway

in PC-3 and DUI45 cells

Sirtl plays an important role in the regulation of EMT and
our proteomic data suggest that PLB may regulate Sirtl-
mediated signaling pathways. Thus, we speculated that PLB
may regulate Sirt] expression in PC-3 and DU 145 cells. We
examined the effect of PLB on the expression of Sirtl in
both cell lines and evaluated the effect of STL (an inhibitor
of Sirt1%) on the expression of E-cadherin and N-cadherin
in PC-3 and DU145 cells. As shown in Figure 27A and B,

incubation of PC-3 and DU145 cells with PLB at 0.1, 1, and
5 UM resulted in a significant decrease in the expression of
Sirtl. There was a 32.4% reduction in the expression level of
Sirt] when PC-3 cells were treated with 5 WM PLB (Figure 27A
and B), and a 38.1%, 44.6%, and 56.1% decrease in the
expression level of Sirtl in DU145 cells treated with 0.1,
1, and 5 uM PLB, respectively (Figure 27A and B). Treat-
ment of PC-3 cells with 25 uM STL alone significantly
increased the expression level of E-cadherin by 111.1%
and decreased the level of N-cadherin by 46.2% compared
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Figure 26 Effects of PLB on the expression level of selected EMT markers in DU 145 cells over 48 hours.

Notes: DU145 cells were treated with 5 UM PLB over 48 hours and protein samples were subject to Western blot assay. (A) Representative blots of E-cadherin, N-cadherin,
vimentin, B-catenin, and B-actin in DU145 cells, and (B) bar graphs showing the levels of E-cadherin, N-cadherin, vimentin, and B-catenin in DU145 cells. Data represent the
mean + standard deviation of three independent experiments. *P<<0.05; **P<<0.0| by one-way analysis of variance.

Abbreviations: EMT, epithelial-mesenchymal transition; PLB, plumbagin.

to vehicle-treated cells (P<<0.05; Figure 27C and D),
resulting in a significantly increased ratio of E-cadherin/N-
cadherin (3.9 versus 1.0). Addition of 25 uM STL caused a
45.3% increase in PLB-induced expression of E-cadherin
(P<<0.05) while only slightly decreasing the expression
level of N-cadherin (by 28.4%) in PC-3 cells compared to
cells treated with 5 uM PLB, resulting in a significantly
increased E-cadherin/N-cadherin ratio (4.8 versus 2.3;
P<0.05; Figure 27C and D). The downregulation of Sirtl
by PLB may partially contribute to its autophagy-inducing
and EMT-inhibitory effects.

In DU145 cells, STL alone induced a 1.5-fold increase in
the expression level of E-cadherin and reduced the level of
N-cadherin by 25.3% compared to vehicle-treated cells, result-
ing in a significantly increased ratio of E-cadherin/N-cadherin
(1.2 versus 2.4; P<<0.05; Figure 27C and D). Incubation of STL
together with 5 uM PLB only slightly decreased the expres-
sion level of E-cadherin (by 9.7%) but significantly decreased
the expression level of N-cadherin by 16.8% compared to
PLB-treated cells, resulting in an insignificantly changed
E-cadherin/N-cadherin ratio (Figure 27C and D). These results
indicate that inhibition of Sirtl blocks EMT by restoring the
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Figure 27 The role of Sirt-1 in PLB-induced EMT inhibition in PC-3 and DU 145 cells.
Notes: Cells were treated with PLB at 0.1, I, and 5 UM for 24 hours and protein samples were subject to Western blot assay. (A) Representative blots of Sirt | and B-actin in

PC-3 and DU 145 cells; (B) bar graphs showing the relative expression level of Sirt-1 in PC-3 and DU 145 cells; (C) representative blots of E-cadherin, N-cadherin, and -actin
in PC-3 and DUI45 cells; and (D) bar graphs showing the relative expression level of E-cadherin and N-cadherin in PC-3 and DU145 cells. Data are the mean + standard
deviation of three independent experiments. *P<<0.05; **P<<0.0| by one-way analysis of variance.

Abbreviations: EMT, epithelia-mesenchymal transition; PLB, plumbagin; STL, sirtinol.

E-cadherin and N-cadherin balance, and that inhibition of Sirt1
augments the inhibitory effect of PLB on EMT in PC-3 cells,
but not in DU145 cells. The data from Western blot assay sup-
port our findings from our quantitative proteomic study where
differences in the proteomic responses to PLB treatment were
observed between PC-3 and DU145 cells.

PLB modulates ROS and redox pathways in PC-3

and DUI45 cells

Increased intracellular ROS level can cause cell death through
various mechanisms, including mitochondria-mediated
apoptosis and modulation of autophagy.®*-%® Following the
observation and verification of proapoptotic effect of PLB
in PC-3 and DU145 cells, we examined the effect of PLB on
ROS production in both cell lines. Cells were treated with
PLBat0.1, 1, and 5 uM for 24 hours. The intracellular level
of ROS was significantly increased by 1.9-fold in PC-3 cells
treated with 5 uM PLB (Figure 28A); in DU145 cells, there
was 1.1-, 1.3-, and 1.2-fold elevation in the intracellular
level of ROS when cells were treated with PLB at 0.1, 1, and
5 uM, respectively (Figure 28B). Apo, an NADPH oxidase
inhibitor, significantly suppressed the PLB-induced ROS
production in both cell lines (P<<0.05; Figure 28A and B).
Moreover, there was a significant increase in the intracellu-
lar ROS level when cells were treated over 72 hours. After
incubation of PC-3 and DU145 cells with 5 uM PLB for
72 hours, there was a 1.4- and 1.9-fold increase in the intra-
cellular level of ROS, respectively (Figure 28C and D). The
ROS-inducing effect of PLB in PC-3 and DU145 cells reveals
that PLB induces the generation of ROS in many types of
cancer cells, and this may be the shared key mechanism for
the anticancer effects of PLB on these types of cancer cells.

The data from Western blot assay further confirms our main
finding in SILAC-based quantitative proteomic study where
ROS-related pathways were regulated by PLB in both PC-3
and DU145 cells.

Discussion

Treatment of advanced prostate cancer remains a major
challenge because of poor efficacy of current therapies
and chemotherapy. There is an increased interest in seek-
ing new effective drugs for prostate cancer from natural
compounds. PLB has been found to exhibit anticancer
activities for prostate cancer in vitro and in vivo, which
are attributed to its effects on multiple signaling pathways
related to cell cycle arrest, apoptosis, autophagy, EMT, and
redox homeostasis. 2283031466970 [ the present study, we
compared the global proteomic responses to PLB treatment
with regard to cell cycle, programmed cell death, EMT and
related molecular targets, and signaling pathways in PC-3 and
DU 145 cells. The quantitative proteomic study showed that a
large number of important proteins regulate cell proliferation,
growth, cell death, and migration in both PC-3 and DU145
cells. Importantly, the proteomic analysis showed remarkable
differences in the responses to PLB treatment between PC-3
and DU145 cells. Such differences are largely validated by
our Western blot analysis, although we could not identify the
reasons for such significant differences observed with the two
commonly used human prostate cancer cell lines.

Before conducting SILAC-based quantitative proteomic
study, we performed a bioinformatic analysis to predict the
potential targets of PLB using an established approach, and we
have found that PLB might interact with 78 proteins including
those involved in cell proliferation and apoptosis; nucleic acid

Drug Design, Development and Therapy 2015:9

submit your manuscript

411

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Qiu et al

Dove

A PC-3 cells B DU145 cells
_ & 3,000- — = 3,000
o 'c [T
> 5 > 3
2 5 2 g
7 n Q f 1
O S 20004 8 $ 2,000
X o 3]
(7]
5 O s9
S 0 S O
= S 1,000 = 3 1,000
g < g <
© S © =
= (© - (O
£ 0 Qe
=£ o = E 0
C D DU145 cells
— = 40007 _ = 400079 Rk .
(4]
> g d>) g f **:** !
20 20 :
» O 3,000 » O 30004
g8 o8 '
(3] (%) v
7
5 g 2,000 5 g 2,000 4 Z
28 28 /
© = © =
S °C 1,000~ S °C 1,000 %
L = © /
3 22 |
SE E |

Time (hours)

0 05 1 2 4 8 12 24 48 72
Time (hours)

Figure 28 Effect of PLB on the intracellular ROS generation in PC-3 and DU 145 cells.
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Abbreviations: Apo, apocynin; PLB, plumbagin; ROS, reactive oxygen species.

biosynthesis and metabolism; carbohydrate, lipid, steroid,
amino acid, and protein metabolism; and signal transduction.
In particular, many of the targets predicted based on our bio-
informatic tools are associated with cell growth, apoptosis,
and related signaling pathways, which have been verified by
published data from our group and other groups.?>283046.70
To verify the above bioinformatic data and explore
whether PC-3 and DU145 cell lines would respond to PLB
treatment in similar or different manners, we further analyzed
the interactome and related signaling pathways of PLB in
PC-3 and DU145 cells using SILAC-based quantitative pro-
teomic approach. The proteomic results revealed that PLB
modulated cell cycle regulators, apoptosis- and autophagy-
related signaling pathways, EMT signaling pathways, and
redox homeostasis and related signaling pathways, which
in turn resulted in an alteration in cell proliferation, cell
migration, and cell death with the involvement of a number
of function proteins, such as CDK1, CDK2, E-cadherin,
PI3K, Akt, mTOR, cytochrome c, caspase 9, caspase 3,

Bcl-2, BAX, p53, PPAR, HSP, Erkl/2, Ras, and Rho. Our
proteomic analysis also showed that mTOR signaling path-
way was one of the top five signaling pathways regulated by
PLB in both PC-3 and DU145 cells and that PLB regulated
Nrf2-mediated oxidative response signaling pathway in both
cell lines. Importantly, these key proteomic data have been
verified by subsequent experiments.

Notably, we observed marked differences in proteomic
responses to PLB with regard to the number of related path-
ways of potential targets between PC-3 and DU145 cells. Our
proteomic study showed that PLB altered the expression of a
large number of proteins that regulate cell cycle regulators,
apoptosis, and EMT signaling pathways in PC-3 cells but
not in DU145 cells. This is interesting when both cell lines
could be killed by PLB via ROS generation. The reasons for
the differential proteomic response are unknown, but may be
related to origin of cell lines, remarkably different cytogenet-
ics, and other possible factors. PC3 cells were obtained from
a patient with a bone metastasis of grade I'V prostate cancer
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and showed a higher metastatic potential compared to DU145
cells, and did not respond to androgens, glucocorticoids, or
epidermal or fibroblast growth factors.” The significantly
different cytogenetic characteristics of PC-3 and DU145
cells may be another contributing factor.”>’® PC-3 cells have
a unique karyotype in the absence of chromosomes 2, 3, 5,
15, and Y.™ The centromere 8 copy number was substantially
different between PC-3 and DU 145 cells.” The copy number
of centromere 8 with the highest observed frequency was two
(79.4%) in PC-3 cells and three (70.%) in DU145 cells.”
A recent study indicated that DU145 cells have no detectable
autophagy upon treatment with a known autophagic inducer,
valproic acid, indicating a defect of autophagy in this cell
line.”® In addition, the different batches and passages of cells
used for separate experiments might also contribute to the
different responses to PLB treatment as well.

In the present study, the proteomic data showed differential
responses to PLB treatment with regard to cell cycle between
PC-3 and DU145 cells. PLB regulated cell cycle at G, and
G, checkpoints involving a number of cell cycle regulators
in PC-3 cells, such as RPL11, RPL5, HDAC2, PA2G4,
GNL3, SKP1, YWHAQ, PRKDC, YWHAG, YWHAE,
YWHAH, YWHAB, YWHAZ, SFN, SKP1, and CDK1,
which consequently result in alterations in cell cycle dis-
tribution. However, the proteomic analysis did not show a
significant modulating effect of cell cycle signaling pathways
in DU145 cells. Indeed, we found a differential effect of PLB
on cell cycle distribution in PC-3 and DU145 cells using flow
cytometry. PLB concentration-dependently arrested PC-3
and DU145 cells in G,/M and G, phase, respectively. We
further explored the effect of PLB on the key regulators in cell
cycle checkpoints including CDC2, cyclin B1, CDK2, and
cyclin D in both cell lines. The CDC2—cyclin B1 complex is
pivotal in regulating the G,/M phase transition and mitosis.
We observed a significant decrease in the expression level
of cyclin B1 and CDC2 in PC-3 cells treated with PLB, pro-
viding an explanation for the effect of PLB on G,/M phase
arrest in PC-3 cells. We observed that the expression of p53
and p21 Wafl/Cipl was concentration- and time-dependently
increased in PC-3 cells treated with PLB, which probably
contributes to the inhibitory effect of PLB on cell prolifera-
tion and inducing effect on cell cycle arrest in PC-3 cells.
For DU145 cells, a significant reduction in the expression
of CDK2 and cyclin D was observed. We also found that
PLB exhibited a concentration-dependent inducing effect on
the expression of p21 Wafl/Cipl and p27 Kipl in DU145
cells. Furthermore, PLB increased the expression of p53 in
DU145 cells. The results indicate that upregulation of p53,

p21 Wafl/Cipl, and p27 Kipl expression, and suppression
of CDK2 and cyclin D by PLB may result in the G, phase
arrest in DU145 cells. These results provide further evidence
that both PC-3 and DU145 cells differentially respond to PLB
treatment and the cells are arrested in distinct phases.

Previous studies demonstrate that apoptosis and
autophagy are two predominant cell death routes regulated
by PLB in various cancer cells.??-28303346 [n agreement with
previous studies, our proteomic findings confirmed that PLB
exhibited remarkable regulatory effects on apoptosis and
autophagy in both PC-3 and DU 145 cells via modulating the
expression or activity of apoptotic and autophagic proteins
and signaling pathways, including mTOR, p38 MAPK, and
mitochondria-dependent pathways. Intriguingly, the apop-
totic signaling pathway was only observed in PC-3 cells in
response to PLB treatment. On the other hand, our Western
blot assay showed similar apoptosis- and autophagy-inducing
effects of PLB in both PC-3 and DU145 cells by regulating
the expression of cytochrome c, caspase 9, caspase 3, Bcl-2,
and BAX and the phosphorylation of PI3K, mTOR, Akt,
and p38MAPK. Although the SILAC-based proteomics did
not show a direct alteration in apoptosis in DU145 cells, the
mitochondria-related apoptosis may be attributed to multiple
modulating effects of PLB on other functional proteins
and signaling pathways, such as the p53- and p38MAPK-
mediated signaling pathways. These data also show that
SILAC-based quantitative proteomic analysis is much more
sensitive than routine protein quantification assays such as
Western blot and enzyme-linked immunosorbent assay in
terms of identification of molecular networks and discrimina-
tion of various signaling pathways that are involved in the
anticancer effects of PLB.

EMT is characterized by epithelial cells that lose their
polarization and specialized junction structures, undergoing
cytoskeleton reorganization and acquiring morphological and
functional features of mesenchymal-like cells.?*?! In clinic,
the prostate cancer patient mortality is mainly attributed to
the spread of cancerous cells to areas outside the prostate
gland and the inadequate strategies to effectively block
progression to metastasis; EMT plays a critical role in this
process.?? In primary prostate cancer cells, reduction or loss
of expression of E-cadherin and B-catenin were observed.?
In our proteomic study, we observed marked regulatory
effects of PLB on the expression of a number of functional
proteins that modulate epithelial adherent junction signaling
pathway in PC-3 cells only. These modulating effects have
been validated by our Western blotting experiments. The
validation results showed that PLB significantly increased
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the ratio of E-cadherin over N-cadherin which would result
in an EMT inhibition in prostate cancer. Furthermore, PLB
increased the expression level of ZO-1 but suppressed the
expression of snail, slug, TCF-8, and vimentin in PC-3 cells.
Although there was no remarkable alteration in proteomic
responses with regard to EMT-related function proteins and
signaling pathways in DU145 cells treated with PLB, the
validation experiments showed a similar inhibitory effect of
PLB on the expression of a number of functional proteins
that regulate EMT in DU145 cells. Taken together, our find-
ings suggest that inhibition of EMT progression is one of
the beneficial actions of PLB contributing to its anticancer
effects in prostate cancer therapy. Again, SILAC-based
quantitative proteomic analysis can discriminate the role of
EMT modulation in the anticancer effects of PLB on PC-3
and DU145 cells.

Moreover, there is increasing evidence indicating the
important role of Sirtl in the regulation of cancer cell
growth, cell death, and metastasis.**”” Sirtl deacetylates
histones, p300, p53, forkhead box class O family members,
and NF-kB, which regulate cellular stress response and cell
survival.>* It also regulates PPAR~y, AMPK, and mTOR with
regard to cellular energy metabolism and autophagy.>* Our
proteomic findings showed that the PLB regulated PPAR-Y,
AMPK, p53, and mTOR-associated signaling pathways,
which may be attributed to the regulatory effect of PLB on
Sirtl in PC-3 and DU145 cells. Importantly, the proteomic
data showed that PLB treatment had a regulated effect on
NAMPT in NAD* biosynthesis signaling pathway, which
is crucial for functional Sirtl. Consistently, our Western
blotting results showed that PLB treatment significantly
decreased the expression level of Sirtl in both cell lines. Of
note, it has been reported that silencing Sirtl can promote the
shift to an epithelial morphology in prostate cancer cells.”
In agreement with the previous study, we found that inhibi-
tion of Sirt1 increased the ratio of E-cadherin over N-cadherin
in PC-3 and DU145 cells. The results showed that suppres-
sion of Sirt1 prevented EMT progress in prostate cancer cells.
Moreover, we observed that inhibition of Sirtl enhanced
the inducing effect of PLB on the ratio of E-cadherin over
N-cadherin in PC-3 cells, which indicated that PLB inhibited
EMT through a Sirtl-mediated pathway.

Moreover, a number of studies have shown that the
ROS-inducing effect of PLB contributes to its cancer cell
killing effect in various cancer cell lines.?*3%32-3* Our quan-
titative proteomic analysis uncovered that PLB modulated
several critical signaling pathways related to intracellular
ROS generation and oxidative stress, including oxidative

phosphorylation, Nrf2-mediated oxidative stress response,
and superoxide radical degradation with the involvement of
a number of enzymes and proteins. We have confirmed that
PLB significantly promoted intracellular ROS generation in
PC-3 and DU145 cells. Taken together, these results have
revealed that the ROS-inducing effect is one of the key events
involved in the anticancer effects of PLB.

Our SILAC-based proteomic approach showed signifi-
cant advantages over the conventional proteomic methods,
such as two-dimensional polyacrylamide gel electropho-
resis or surface-enhanced laser desorption/ionization mass
spectrometry. Although they were primarily used to analyze
the protein expression profiles, they cannot quantitatively
and easily identify the individual proteins.’*’® Compared
to single-labeled SILAC proteomic approach, our double-
labeled approach ("°C,-L-lysine and "C/"*N,-L-arginine)
also showed obvious advantages. For example, Everley
et al” identified 444 proteins from the microsomal fractions
of prostate cancer cells including PC3M and PC3M-LN4
cells with varying metastatic potential using "*C,-L-lysine
SILAC-based proteomic approach. Both of these cell types
are derived from PC-3 cells and exhibit low (PC3M) and high
(PC3M-LN4) metastatic ability. Of these, 60 were upregu-
lated greater than threefold in the highly metastatic cells,
whereas 22 were downregulated by equivalent amounts. We
depicted the global proteomic responses to PLB treatment
with regard to cell proliferation, cell growth, cell migration,
programmed cell death, and ROS production in PC-3 cells
via quantification of 1,225 proteins and 341 related signaling
pathways, and the double-labeled SILAC-based proteomic
approach systematically elicited the network of potential
molecular targets and related signaling pathways for PLB
in a quantitative manner. Taken together, the double-labeled
SILAC-based approach provides a powerful strategy for
interactome characterization, new drug target identification,
and biomarker determination for diagnosis and treatment
of cancer.

Our new findings from the SILAC-based quantitative pro-
teomic analysis have important implications for the subtype
classification of prostate-cancer-based protein expression
profiles. These SILAC-based data can classify cancer sub-
types as well as reveal cancer-specific mechanistic changes.
For example, SILAC-based quantitative proteomic assay
has been used to classify diffusive large B-cell lymphoma
subtypes including activated B-cell-like and germinal-
center B-cell-like subtypes.®*®! In one study, SILAC-based
proteomic assay yielded a proteome of more than 7,500
identified proteins from mixed cancer cell lines of diffusive
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large B-cell lymphoma. High accuracy of quantification
allowed robust separation of subtypes of diffusive large
B-cell lymphoma by principal component analysis. The main
contributors to the classification included proteins known
to be differentially expressed between the subtypes such as
the transcription factors IRF4 and SPI1/PU.1, cell surface
markers CD44 and CD27, as well as novel candidates.®
SILAC-based quantification is a promising new technology
for tumor characterization and classification. SILAC-based
proteomic assay has not been commonly used for the bio-
marker identification and classification of prostate cancer.
Previous proteomic studies have revealed several biomarkers
that can discriminate the subtypes of prostate cancer.®>* For
example, lamin A has been found to be a useful discrimina-
tory biomarker for low- and high-grade prostate cancer.®
Platelet factor 4, a chemokine with prothrombolytic and
antiangiogenic activities, was identified as a stage-specific
serologic biomarker for advanced prostate cancer.® In agree-
ment with previous proteomic study,* 5 our SILAC-based
quantification revealed that PLB regulated the expression of
lamin A and its related apoptotic signaling pathway in PC-3
cells only, which further suggests the potential of SILAC-
based proteomic approach in biomarker identification and
classification of prostate cancer.

Our proteomic data also have implications for personal-
ized cancer treatment. It is well-known that cancer patients
respond very differently to chemotherapy and targeted
therapies. By incorporating the proteomic data, we can better
implement individualized therapies for cancer. A proteomic
effort will be necessary to identify useful biomarkers that can
classify patient tumor by prognosis and response to therapeu-
tic modalities, and to identify the drivers of tumor behavior
that are optimal targets for therapy. An understanding of the
effects of targeted therapeutics on signaling networks and
homeostatic regulatory loops will be necessary to prevent
severe adverse effects as well as to develop rational combi-
natorial therapies.®®*

In summary, we delineated the differences and similari-
ties in the molecular targets and related signaling pathways
responding to PLB treatment using SILAC-based proteomic
analysis in PC-3 and DU145 cells. The proteomic responses
elicited the molecular interactome of PLB in PC-3 and
DU145 cells, indicating that the prostate cancer cell killing
effect of PLB was mainly ascribed to the regulatory effects on
cell cycle, apoptosis, autophagy, EMT, and ROS generation
with the involvement of PI3K/Akt/mTOR, p38 MAPK, and
Sirt1-mediated signaling pathways. The data have important
implications for: better classification of prostate cancer;

identification of new therapeutic targets and new biomarkers
for the prognosis and response of prostate cancer; and person-
alized therapy for prostate cancer. However, more studies are
needed to elucidate the underlying mechanisms and identify
new targets of PLB for prostate cancer therapy.
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