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Synthesis and pharmacological evaluation of novel epidermal
growth factor receptor inhibitors against prostate tumor cells
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Abstract. The aim of the present study was to investigate
the activities of novel synthetic epidermal growth factor
receptor (EGFR) inhibitors (ZINC05463076, ZINC2102846
and ZINC19901103) against prostate tumors, in vitro models
and investigate the potential underlying mechanisms. A
panel of prostate tumor cell lines (LNCaP, DU-145, PC-3 and
LNCaP-AlI cells) were used to evaluate antitumor activity of
ZINC05463076, ZINC2102846, and ZINC19901103 in vitro.
Cell growth and clonal formation were determined by MTT
assay and Soft agar colony formation assay, respectively. An
EGFR kinase assay following treatment of the compounds
was performed by ELISA. Cell cycle-regulating proteins,
including cyclin-dependent kinase (CDK)1, CKD2, CKD4
and inhibitory effects of these compounds on downstream
signaling were analyzed by western blotting. Flow cytometry
was performed to investigate apoptosis and cell cycle phases
of the treated cells. It was revealed that all compounds
synthesized in the present study demonstrated significant
EGFR inhibition abilities, compared with approved EGFR
inhibitor drug gefitinib. Treatment of LNCaP, DU-145, PC3
and LNCaP-AI cells with these compounds revealed cell
proliferation inhibition and colony formation suppression
dose-dependently in vitro. The agents impaired phosphoryla-
tion of EGFR and extracellular signal-regulated kinase 1/2
and suppressed their downstream signaling. In addition,
these novel synthetic agents decreased the expression level
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of survivin, which may induce G, cell cycle phase arrest
and cell apoptosis in PCa cells subsequently. Collectively,
ZINC05463076, ZINC2102846 and ZINC19901103 exhib-
ited significant antitumor activity in human prostate tumors
in vitro, by inhibiting EGFR and promoting apoptosis, which
suggested a rationale for clinical development in prostate
tumor therapy.

Introduction

Prostate cancer (PCa) is one of the most common types of
cancer and is the second leading cause of cancer-associated
mortality in males in the USA (1). The majority of prostate
tumor cells remain androgen-sensitive initially, as the cancer
cells develop from the normal epithelium (2). At a later stage,
these tumor prostate cancer cells progress to the aggressive
androgen-independent state with increased invasion capacity
and proliferation, in a number of cases (3). Chemotherapy,
as the first-line treatment, has been used for treatment of
patients with androgen-independent PCa in combination
with docetaxel; however, the median survival time of these
patients is only approximately 18 months (4). Therefore, new
approaches for treating PCa with high efficiency and safety
are required.

Previous findings suggest the proliferation of
androgen-independent PCa is mediated by autocrine
factors (5). For example, epidermal growth factor receptor
(EGFR)-mediated signaling pathways have been suggested
to play a role in the progress of androgen-independent PCa,
which may interact with the androgen receptor (AR) directly
in the absence of ligands and promote tumor cell growth, the
ability of invasion and metastasis by activating the down-
stream signaling pathways (6). Previous findings also detected
that EGFR is overexpressed in the majority of PCa cells and
its expression level was revealed to be significantly associated
with progression from an androgen-dependent tumor to an
androgen-independent tumor; conversely, interruption of the
EGFR-mediated signaling pathway promotes apoptosis and
inhibits proliferation in these tumor cells (7). Accordingly,
targeting EGFR may serve as a potential approach to treat
androgen-independent PCa (8).

Since the discovery of protein kinase activity in 1954,
multiple kinase inhibitors have been identified in various
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studies, which have been widely used in clinical prac-
tice (9,10). Accordingly, high-throughput docking has been
considered to be the key entrance for drug discovery since
2000, which may forecast an optimized conformation for
the protein and ligand molecule (11,12). The present study
investigated three potential drugs of ZINC05463076,
ZINC2102846 and ZINC19901103 by docking simulation
based on known protein kinase inhibitors, and explored their
therapeutic effects on PCa (13).

The aim of the present study was to identify whether
ZINCO05463076, ZINC2102846 and ZINC19901103, three
potent and specific antagonists of EGFR, exerted antineo-
plastic effects on PCa cell lines (LNCaP, PC-3, DU-145
and LNCaP-AI) and the potential underlying mechanisms.
The findings revealed that the three compounds exerted
anti-proliferative effects on PCa cell lines and promoted
tumor suppression via G,/G, cell cycle arrest, and further
inhibited tumor cell migration and invasion. The present
study investigated the effects of these compounds on the
expression levels of members of the inhibitor of apoptosis
(IAP) family, which is associated with anti-apoptotic and
pro-apoptotic proteins, including survivin, cyclin-dependent
kinase (CDK)1, CDK2 and CDKG®6 in pancreatic cancer cell
lines by western blotting. The results of the present study
revealed that the blockade of EGFR by ZINC05463076,
ZINC2102846 and ZINC19901103 may be a potential
targeted therapeutic strategy against PCa.

Materials and methods

Protein and ligand database preparation. A structure-based
virtual screening was performed to identify potential EGFR
kinase inhibitors. The docking-ready 3D coordinates of
the X-ray structure of EGFR kinase (PDB: 1XKK) and
its cognate ligand were downloaded from the scPDB
(http://bioinfo-pharma.u-strasbg.fr/scPDB). The present study
selected the X-ray structure 1XKK as it had been successfully
used in previous structure-based virtual screenings (14,15). A
commercially available compound database from the Specs
company (http:/www.specs.net) was selected to screen against
EGFR kinase. The docking-ready file of the Specs database was
downloaded from the ZINC database (http://zinc.docking.org),
which is a free database of commercially available compounds
for virtual screening.

Docking computation. Surflex-Dock, a docking software,
implemented in SYBYL-X (version 1.3; http:/www.tripos.
com) was used to perform virtual screening. Surflex-Dock uses
a protocol file to describe the profile of a binding site. In the
present study, the bound-ligand of 1XKK was used to guide
the protocol generation in the default mode. Subsequently, a
flexible ligand docking virtual screening was performed using
Surflex-Dock in the default mode with the groom option.
In order to evaluate the docking accuracy, a self-docking
experiment was performed using the computed 3D structure
of cognate ligand.

Virtual screening. The top pose of each molecule was analyzed
by virtual screening. The root-mean-square-deviation (RMSD)
between the top pose and the bound-ligand was used to
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measure of the difference between values predicted by docking
computation (16). A RMSD of <2 A is usually considered an
upper limit of drug discovery (17). The docked molecules
were ranked in descending order by docking score (the greater
the score, the more potential activity is). The present study
focused on the molecules with a significantly good score.
In order to evaluate the significance of the docking score,
the present study determined a P-value by using the inverse
cumulative distribution of docking scores of the 15,966 decoy
molecules (http://dud.docking.org), which have been used to
evaluate the performance of docking-based virtual screening
approaches (18). Sock scoring included a dock score =10 pKd,
crash score =-2 pKd and polar score =2 pKd.

Cells and cell culture conditions. LNCaP,PC-3 and DU-145 cell
lines were obtained from the Cell Resource Center (Institute
of Basic Medical Sciences, Chinese Academy of Sciences,
Shanghai, China). The LNCaP, PC-3 and DU-145 cell lines
were grown in RPMI-1640 medium (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS), 20 mM HEPES buffer, 50 ug/ml
gentamycin, 0.1 IU/ml insulin and 5 pg/ml transferrin. The
fibroblasts were cultured in Dulbecco's modified Eagle's
medium supplemented with 10% FBS, 2 mmol/L-glutamine
and 1% penicillin-streptomycin.

To establish LNCaP-Al (androgen-independent) cells, a
specific subline of LNCaP cells, LNCaP cells were maintained
in RPMI-1640 supplemented with androgen-depleted 10%
FBS for 3 months (19). The majority of the cells died in the
final 12 weeks. Two of the few survival colonies were trans-
ferred to 96-well plates and cultured for an androgen-depleted
experiment. The two isolates were assigned as LNCaP-Al
no. 1 and 2 cell lines. Western blotting revealed that there
was a markedly lower AR expression level in the two isolates,
compared with the controls, and cell growth assays also
confirmed their androgen independence (data not shown).
LNCaP-AlI cells were seeded in 16-well microculture plates
in FBS-containing RPMI-1640 medium. All the cells in this
experiment were plated at a constant density (3x10° cells/well
in a 6-well plate) to obtain identical experimental conditions
in order to achieve a high accuracy of the various evaluations
performed. All cultures were incubated at 37°C in a humidi-
fied, 95% air and 5% CO, atmosphere. The medium, containing
RPMI-1640, 10% neonatal calf serum, 100 U/ml of penicillin
and 100 ug/ml of streptomycin, was replaced every 2-3 days.

ELISA. The method of ELISA was established to estimate
the phosphorylation degree of EGFR. Cells were plated in
6-well flat-bottom plates to full confluence and incubated for
24 h at 37°C in a humidified atmosphere containing 5% CO,.
Supernatants were removed and evaluated using an ELISA kit
(cat. no. ab126441; Abcam, Cambridge, MA, USA), according
to the manufacturer's protocol. Color development was
determined using a microplate reader (MK3; Thermo Fisher
Scientific, Inc.) set to 490 nm.

Cytotoxic and anti-proliferative activities. The cell viability
was assessed using a standard MTT dye reduction assay,
according to the manufacturer's instructions (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany). Accordingly, each



Figure 1. The result of self-docking. Cyan, Co-crystal ligand; magenta, The
top pose.

of the three substances, ZINC05463076, ZINC2102846,
ZINC19901103, were analyzed at five different concentra-
tions ranging from 0.01 to 100 xgmol, 6.25, 12.5, 25, 50 and
100 pmol. Briefly, 3x10° PC-3, DU-145, LNCaP or LNCaP-Al
were plated into each well of 6-well flat-bottomed microplates
and incubated overnight at 37°C in 5% CO,. Subsequently,
they were untreated (controls) or treated for 72 h with each
experimental compound at 37°C. Results were expressed as
the mean cell number.

Soft agar colony formation assay. Single cell suspension of
LNCap pre-treated cells with ZINC05463076, ZINC2102846
or ZINC19901103 at their half-maximal inhibitory concen-
trations (ICs,s), 13.34 and 13.19 gmol/l ZINC05463076 for
LNCaP and LNCaP-AI cells, respectively, for 72 h at 37°C
were acquired by passing the cells through a fine needle. A
total of 5,000 LNCaP and LNCaP-AlI cells following treat-
ment with ZINC05463076, ZINC2102846 or ZINC19901103,
respectively, were mixed with vehicle-controlled cells in
the RPMI-1640 medium containing 0.3% agarose (Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China).
These mixtures were seeded on the top of the base layer
containing 0.5% agar in 60 mm petri dishes (Beijing Solarbio
Science & Technology Co., Ltd.). The cultures were incubated
in a 37°C, humidified, 95% air and 5% CO, atmosphere for
three more weeks. The medium was replenished every 72 h. At
the end of this assay, only colonies with a diameter >0.5 mm
was counted by a light microscope (original magnification,
x40; Olympus Corporation, Tokyo, Japan).

Flow cytometry analysis of cell cycle arrest. Cell cycle analysis
was performed in sub-confluent cells. Following treatment of
cells with 20 ymol of the three compounds ZINC05463076,
ZINC2102846 or ZINC19901103 at for 24 h at 37°C, the cells
were washed twice with cold PBS and fixed with 70% ethanol.
Next, the cells were washed twice with PBS and 10 mg/ml
RNase A was added. The cells were subsequently stained
with propidium iodide (PI; 12.5 ug/ml) from the Cycle TEST
PLUS DNA Reagent kit (BD Pharmingen; BD Biosciences,
Franklin Lakes, NJ, USA) and incubated at 4°C for 30 min
in the dark. The cells were then subjected to flow cytometry
using a FACScan flow cytometer (BD Biosciences). Data
acquisition was performed using a flow cytometer (Accuri C6;
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BD Biosciences) and cell cycle distribution was determined
using FlowJo software (version 10; FlowJo, LLC, Ashland,
OR, USA). The number of gated cells in the G,, G,/M or S
cell cycle phase was presented as a percentage. At least 10,000
singlets were analyzed.

Cell extracts and western blot analysis. Cells were grown to
approximately 80% confluence, rinsed twice with cold PBS
and lysed in the presence of SDS lysis buffer (Pierce; Thermo
Fisher Scientific, Inc.) for 30 min on ice, according to the
manufacturer's instructions. The protein concentration of the
lysates was determined using a Pierce BCA Protein Assay kit
(Thermo Fisher Scientific, Inc.).

Equal amount of total proteins (40 pg) was subjected
to 10% SDS-PAGE and then transferred to a polyvi-
nylidene difluoride membrane (GE Healthcare, Chicago,
IL, USA). Membranes were blocked with 5% skim milk
at room temperature for 1 h, followed by incubation with
primary antibodies against phosphorylated (p-) ERK1/2
(cat. no. 4370; 1:1,000), ERK1/2 (cat. no. 4060; 1:1,000), p-Akt
(cat. no. 4691; 1:1,000), Akt (cat. no. 4691; 1:1,000), Cyclin D1
(cat. no. 2922; 1:1,000), cyclin dependent kinase 2 (CDK2;
cat. no. 2546S; 1:1,000), cyclin dependent kinase 4 (CDK4;
cat. no. 12790; 1:1,000), survivin (cat. no. 8457; 1:10,000)
and B-actin (cat. no. 8457; 1:10,000; all from Cell Signaling
Technology, Inc., Danvers, MA, USA) at 4°C overnight. Then
following three washes with TBST, the membranes were incu-
bated with horseradish peroxidase-conjugated polyclonal goat
anti-rabbit IgG secondary antibody (cat. no. sc-2004; 1:10,000;
Santa Cruz Biotechnology Inc. Dallas, TX, USA) for 1 h at
room temperature. The membrane was washed with PBS and
visualized colorimetrically using 3,3,5,5 tetramethylbenzine
solution, which lead to protein quantifying using a gel docu-
mentation system (Bio-Rad Laboratories, Inc.). Alternatively,
normalization was performed with respect to the amount of
b-actin in the same sample. Quantification of band densities
was performed using ImageJ software (version 1.6.0_20;
National Institutes of Health, Bethesda, MD, USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was purified from the cell lines, LNCaP,
DU-145, PC-3 and LNCaP-AI cells, using QTAGEN RNeasy
mini kit (Qiagen, Inc., Valencia, CA, USA) and submitted
to DNase treatment (all from Qiagen, Inc.), according to the
manufacturer's protocol. cDNAs were generated by reverse
transcription from 1 ug total RNA. Objective genes were
measured by qPCR using SYBR Premix Ex Taq (Takara Bio
Inc., Otsu, Japan) and ABI prism 7500 Real-Time PCR System
(Applied Biosystems; Thermo Fisher Scientific, Inc.). Primers
were synthesized and designed by Shanghai GenePharma Co.,
Ltd, China. The oligonucleotide primers used were as follows:
Extracellular signal-regulated kinase (ERK)l forward,
5'-GCTGAATCACATCCTGGGTAT-3' and ERK1 reverse,
5'-AGATCTGTATCCTGGCTGGAA-3'; ERK2 forward,
5'-GCAGGTGTTCGACGTGGGAAT-3"' and ERK2 reverse,
GTGCAGAACATTAGGTGAATA-3'; EGFR forward, 5-TGT
TTGGGACCTCCGGTCAG-3' and EGFR reverse, 5-GGC
AGGTCTTGACGCAGTGG-3"; GAPDH forward, 5-ATG
TTCGTCATGGGTGTGAACCA-3' and GAPDH reverse,
5'"TGGCAGGTTTTTCTAGACGGCAG-3'. Reactions were
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Figure 2. Distribution of docking score of the decoy molecules. Histogram and inverse cumulative distribution of docking scores. Among the 15,966 decoy

molecules, only 1% of molecules have scores >9.29 pKd.

performed for 35 cycles of 95°C for 5 min, 95°C 30 sec, 62°C
for 30 sec, 30 sec 72°C for 30 sec, and a final extension at 72°C
for 10 min. The quantification cycle (Cq) values obtained for
each gene were referenced to GAPDH and quantification was
performed using the 2"24%4 method (20).

Annexin V-FITC staining. Staining cells with Annexin V-FITC
was performed to investigate the cell apoptosis. After
harvesting cells and washing with cold PBS, the cells were
washed and transferred to a 5-ml culture tube and incubated
with 5 ul FITC-conjugated Annexin V and 5 pl PI for 15 min
at room temperature in the dark (BioLegend, Inc., San Diego,
CA, USA). Each sample was added with 400 pl bind buffer
(Gibco; Thermo Fisher Scientific, Inc.) and analyzed by FACS
based on CellQuest Research Software (Largo, FL, USA).

Statistical analysis. Assays were repeated in at least three
individual experiments. The data are presented as the
mean =+ standard deviation. Statistical analyses were determined
by one-way analysis of variance using SPSS version 13.0 soft-
ware (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered
to indicate a statistically significant difference and P<0.01 was
considered to indicate a highly statistically significant difference.

Results

Molecular docking and synthesis

Self-docking study. The first step of the presents study was the
evaluation of the docking accuracy by a self-docking investiga-
tion. Self-docking was performed on the 1XKK X-ray structure
using the Surflex-Dock in GEOM mode. It was revealed that
the RMSD between the top pose and co-crystallized poses was
1.689. As shown in Fig. 1, the bind mode of the bound ligand
was successfully reproduced. Considering its performance,
Surflex-Dock was used for the subsequent virtual screening.

Virtual screening. As shown in Fig. 2, the distribution of the
score of EGFR decoy molecules was close to being normal,
with a mean of 6.80 and standard deviation of 1.03. Given that
the decoy molecules were selected randomly, the chance that
any molecule within the 15,966 is an EGFR kinase ligand are
small. As a consequence, the present study took advantage
of this distribution to estimate the P-value for a particular

Table I. Three molecules with P<0.002.

ZINC identity Dock score ~ Crash score  Polar score
ZINC05463076 11.74 -1.11 2.14
ZINC2102846 10.67 -1.72 4.18
ZINC19901103 10.59 -1.75 352

level of docking score for a given compound. Fig. 2 shows
the association between the docking score and the propor-
tion was greater than the corresponding score. In the present
study, 99% of decoy molecules revealed a docking score
<9.29, which resulted in a P-value of 0.01. Generally, given
any molecule with a docking score of S, a P-value can be
determined by accessing the proportion of decoy molecules
that have an equal or greater docking score to S. The present
study focused on the molecules with P<0.01, which means
docking a score >9.29. After virtual screening, the top
412 compounds with P<0.01 and molecules with P<0.002
(dock score =10 pKd, crash score =-2 pKd and polar score
=2 pKd) were selected to be reviewed by eye by a pharma-
cologist. The pharmacologists in Chongqing Pharmaceutical
(Group) Co., Ltd. selected three molecules listed in Table I.
ZINC identities of ZINC05463076, ZINC2102846 and
ZINC19901103 and their 2-dimensional structures are shown
in Fig. 3. The binding modes predicted by docking evaluation
for these molecules are shown in Fig. 4.

Biological evaluation

Cellular anti-proliferative activities. Each synthe-
sized compound, ZINC05463076, ZINC2102846 and
ZINC19901103, included in the present study was screened for
their cytotoxic and anti-proliferative activity against LNCaP,
PC-3 and DU-145 cell lines, as well as the LNCaP-Al cells. An
MTT assay was performed to determine the cytotoxicity. The
cytotoxic effect of each substance was analyzed at concentra-
tions ranging from 0.01 to 100 mM. During this assay, the
approved EGFR inhibitor drug gefitinib was used as a refer-
ence compound (17). The obtained results are presented in
Table II and expressed as ICs, values that reduced the growth
of treated cells compared with the untreated controls.
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Table II. MTT assay. ICy, values (xg/ml) for anti-proliferative activity of various extracts towards LNCaP, PC-3, DU-145 and

LCNaP-AI cells.

Variable LNCaP PC-3 DU LNCaP-Al
Z76 13.34+1.2 12.65+1.34 11.67£1.02 13.19+0.51
746 8.72+091 10.37+1.27 8.89+0.27 16.32+2 31
703 11.93+1.03 11.97+0.74 12.23+0.28 14.21+0.51

Values are presented as the mean + standard error of the mean of three independent Experiments performed in triplicate. Z76, ZINC05463076;
746, ZINC2102846; Z03, ZINC19901103; ICs,, half-maximal inhibitory concentration.

TR0

ZINCOS5463076 ZINC2102846

ZINC19901103

Figure 3. Two-dimensional structures of molecules of interest.

ZINC19901003

ZINC05463076

ZINC02102846

Figure 4. The binding modes predicted by docking calculation.

As presented in Table II, the ICs, values of ZINC05463076
in the LNCaP, PC-3, DU and LNCaP-AI cells were 13.34+1.2,
12.65+1.34, 11.67+1.02 and 13.19+0.51 gmol/l, respectively.
The inhibitory effects of ZINC05463076 gradually increased
as the concentration increased, achieving a maximal inhibi-
tion of 85% (LNCaP) and almost 76% in other cells at the
maximum concentration. In LNCaP, PC-3, DU and LNCaP-Al
cells, ZINC05463076 exhibited a maximum inhibition rate of
almost 70% in all the cell lines, respectively, with ICs, values
of 8.72+0.91, 10.37+1.27, 8.89+0.27 and 16.32+2.31 umol/I,
respectively. The ICy, values of ZINC19901103 were
11.93+£1.03, 11.97+0.74, 12.23+0.28 and 14.21+£0.51 pmol/I,
in LNCaP, PC-3, DU and LNCaP-AI cells respectively.
Additionally, as shown in Fig. 5, the proliferation of LNCaP
and LNCaP-AI cell lines were significantly inhibited by treat-
ment with ZINC05463076 in a dose-dependent manner based
on colony formation assays (ZINC2102846 and ZINC19901103
exhibited similar effects; data not shown).

Kinase inhibitory activity in vitro. Designed and predicted
to be EGFR inhibitors, the activity against tyrosine kinases
of the compounds, ZINC05463076, ZINC2102846 and
ZINC19901103 were examined by an in vitro kinase assay. The
present study determined that all compounds inhibited EGFR
activities efficiently, with respective ICs, values. Furthermore,

ELISA analysis quantitatively revealed that treating LNCaP,
PC-3, DU-145 and LNCaP-AlI cell lines with the compounds
decreased the expression level of EGFR significantly (Fig. 6A).
Western blotting and RT-qPCR were performed to determine
the expression levels of the EGFR family molecules in the cell
lines (LNCaP, DU-145, PC-3 and LNCaP-AI cells). mRNA
and protein analysis demonstrated that the novel synthetic
EGFR inhibitors markedly decreased the expression levels
of EGFR and ERK1/2 (Fig. 6B and C; ZINC2102846 and
ZINC19901103 revealed similar effects; data not shown).
These results demonstrated that the molecules synthesized in
the present study maintained kinase inhibitory activity.

Agents induce cell cycle arrest in PCa cells. Flow cytometry
was performed to evaluate the capacity of the agents in inhib-
iting cell cycle progression in a panel of LNCaP, PC-3, DU-145
and LNCaP-AI cells. Compared with gefitinib, treatment with
these agents induced G, cell cycle arrest and accumulation in
the G,/G, phase, which was identical to the control compound
Gefitinib (Fig. 7). To clarify the potential mechanisms under-
lying these compounds on the cell cycle, the present study
investigated the expression levels of main regulators of the G,/S
transition. Western blot analysis revealed that treatments with
these agents significantly decreased the expression levels of
CDK1, CDK2 and CDK4, the main cyclins of the G, cell cycle
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Figure 5. ZINC2102846 inhibited proliferation in (A) LNCaP and (B) LNCaP-AlI cells. The cells were treated with increasing doses of the ZINC05463076 or
gefitinib and total cell viability was determined by clonogenic assay. Z76, ZINC05463076.
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Figure 6. Compounds inhibited EGFR kinase activity. (A) Compounds inhibited EGFR kinase activity in vitro. (B) The kinase profiling assay was analyzed to
detect the effects of Z76 on EGFR and ERK1/2 phosphorylation in LNCaP cell lines. (C) Detection of ERK1, ERK2 and EGFR mRNA by reverse transcrip-
tion-quantitative polymerase chain reaction following treatment of LNCaP cell lines with Z76 (20uM). Z76 vs. the control ("P<0.05). EGFR, epidermal growth
factor receptor; ERK, extracellular signal-regulated kinase. Z76, ZINC05463076; Z46, ZINC2102846; or Z03, ZINC19901103.

phase (Fig. 8). The results of the present study suggested that
the treatment of PCa cells decreased the expression level of
CDK and regulated subsequent molecules, including survivin,
leading to further G, cell cycle phase arrest.

Agents promote apoptosis in PCa cells. In order to investi-
gate whether the agents of ZINC05463076, ZINC2102846 or
ZINC19901103 induced PCa cell apoptosis, the fractions of
early (negative) and late (positive) apoptosis in treated cells
were determined using a flow cytometer and Annexin V-FITC
and PI staining. The results demonstrated that they triggered
the significant increase of early and late apoptosis in all the
cell lines in a dose-dependent manner. For instance, nearly
40% of LNCap cells underwent apoptosis treatment, whereas
approximately 45% of the cells experienced apoptosis when
the concentration for ZINC05463076 was 20 ymol/l. In addi-
tion, the present study also performed western blotting to
investigate the effects of the compounds in PCa. As is evident
in Fig. 8, the agents decreased the expression level of survivin
in LNCaP cells lines compared with gefitinib at the same

concentration of 50 ymol/l, whereas the expression levels of
phosphorylated (p)-EGFR and p-ERK1/2 were also decreased
(the data for PC-3, DU-145 and LNCaP-AI cells lines are not
shown). Thus, the results of the present study revealed that
compounds inhibited tumor cell proliferation via cell cycle
arrest and apoptosis induction.

Discussion

EGFR signaling pathway was demonstrated to be highly
activated in prostate tumors and leads to significant tumor
proliferation and metastasis (18). Inhibiting the EGFR
signaling pathway selectively is a potential target for future
tumor therapeutic strategies (19). At present, most of the
known molecular EGFR-tyrosine kinase inhibitors (TKIs)
are anilinoquinazoline chemotypes, including gefitinib
and erlotinib. The primary aim of the present study was to
investigate for compounds that could substitute existing
EGFR-TKIs, particularly gefitinib and expand the scope of
drug selections. Thus, the present study rationally synthesized
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Figure 8. Apoptosis analysis of LNCaP cells in responses to ZINC2102846. Cells were harvested 48 h post-treatment, stained with Annexin V-FITC/PI and
then analyzed by (A) flow cytometry. (B) Annexin V positive/PI negative indicated early phase of apoptosis. (C) Annexin V positive/PI positive represented
late apoptosis. (D) The proteins associated with apoptosis were increased by treatment with ZINC05463076, ZINC2102846 or ZINC19901103, as revealed by
western blotting. “P<0.05 compared with untreated cells. FITC, fluorescein isothiocyanate; PI, propidium iodide; Z76, ZINC05463076; Z46, ZINC2102846;

703, ZINC19901103; CDK, cyclin-dependent kinase.

a series of derivatives and evaluated their antitumor activities
in vitro. ZINC05463076, ZINC2102846 and ZINC19901103
were selected for further investigation due to their distinct
antitumor activities in vitro.

A variety of effects have been detected in cancer cells
following the treatment of kinase inhibitors, including
anti-proliferation, cell cycle arrest and apoptosis (21).
The results of the present study demonstrated that
these compounds inhibited tumor cell proliferation and

suppressed colony formation of the four prostate tumor
cell lines markedly, even in the androgen-independent
cells. These results demonstrated that the ICs, values of
ZINCO05463076 in LNCaP, PC-3, DU-145 and LNCaP-Al
cell lines were 13.34+1.2, 12.65+1.34, 11.67+1.02 and
13.19+0.51 umol/l, respectively. The compounds of
ZINC2102846 and ZINC19901103 revealed similar results to
ZINC05463076. The results of the MTT assay demonstrated
that the proliferation inhibited in LNCaP cells was weaker
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compared with the other cells. In addition, EGFR inhib-
itor-mediated colony formation suppression and apoptosis
induction in LNCaP cells was more significant compared
with that in the other cell lines. Compared with the low
expression level of EGFR in other cells, the expression level
of EGFR was markedly higher in LNCaP cells, which may
account for a higher sensitivity to EGFR inhibitors compared
with the others following p-EGFR suppression.

The present study revealed that the agents exerted anti-
tumor effects on tumor cells and promoted apoptosis in a
dose-dependent manner. The results from flow cytometry
demonstrated that these compounds induced a distinct
increase in Gy/G, cell cycle arrest and decreased the G,/M
and S-phases in various types of cancer cells with concomi-
tant alterations in the mitotic cell cycle-associated proteins
CDK1, CDK2 and CDK4. Previous studies demonstrated that
the CDK-cyclin-Rb-axis acts as a shifting mechanism in cell
progression and cell cycle entry, of which alteration in cell
cycle is particularly significant (22-24). The observations of the
present study were consistent with a study by Rigas ef al (25),
which revealed that androgen-independent prostate tumor
cells, including LNCaP-AT cells with CDK1/CDK2-inhibitors
resulted in cell proliferation inhibition and cell cycle
arrest (25). Overexpression of cyclin DI in LNCaP cell lines
may promote S-phase entry and increase colony formation,
whereas decreased cyclin DI induced growth factor-induced
cell cycle progression inhibition (26,27). Blocking CDK4/6
selectively significantly may impair the capacity of PCa cells
by promoting a robust G,-arrest and induce PC, a xenograft
inhibition (28). In addition, tumor cell arrest at checkpoints
to repair damage require growth factors to proceed effec-
tively (29). The inhibition of growth factor receptor induced
the failure of this process, contributing to cell death (30).
The results of the present study revealed that targeting EGFR
reduced cell population in S phase and arrested cells at the
G,/G, cell cycle phase in prostate cells. Profound tumor cell
inhibition was observed; therefore, the cells were sensitized
with the compounds of ZINC05463076, ZINC2102846 and
ZINC19901103 we synthesized in the present study research.

Molecules, including ERK1/2 are downstream molecules
of the EGFR signaling pathway. These molecules have
been demonstrated to be constitutively active in most type
of cancer (31). The present study revealed that these drugs
induced marked reductions in the expression levels of
p-ERK1/2 and p-EGFR in a dose-dependent manner, with
little effect on the total expression levels of EGFR and
ERK in the cell lines by performing western blotting and
RT-qPCR. The results indicated that the compounds exerted
their effects on p-EGFR protein, decreased the expression
level of the upstream EGFR signaling pathway and further
resulted in EGFR phosphorylation inhibition. The results
of the present study also revealed that the three compounds
may inhibit other downstream signaling routes of the
EGFR family, including the signal transducer and activator
of transcription signaling pathway and phosphoinositide
3-kinase/protein kinase B signaling pathway (32). EGFR was
demonstrated to be highly expressed in cancer stem cells,
suggesting that targeting EGFR may have an impact on the
growth of cancer stem cells and suppress cancer relapse (33).
The present study revealed that the inhibition of EGFR and
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its downstream members affect the viability of prostate
tumor cells.

As the smallest member of the IAP family of proteins,
survivin was demonstrated to be involved in the development
of pancreatic tumors (34). Located in the cytoplasm, mito-
chondria and nuclei, the protein of survivin is highly expressed
in tumor tissues, but undetectable in normal tissues (35).
Decreased expression levels of survivin promoted apoptosis
by increasing caspase activity and regulating reactive oxygen
species production (36). Survivin is expressed in tumor cells
and is not present in terminally differentiated cells, thus it is
an attractive and promising candidate for chemotherapy and
clinical trials (37). The synthesized agents in the present study
decreased the expression level of survivin compared with gefi-
tinib (38), which indicated that the compounds may function
via EGFR and survivin modulation and subsequently decrease
the expression level of survivin. Survivin expression level in the
present study also suggested that survivin-mediated apoptosis
serves an essential role in the potential mechanism of newly
synthesized compounds.

The present study investigated antitumor compounds
and their underlying mechanisms of action. It was revealed
that the compounds, INC05463076, ZINC2102846 and
ZINC19901103, resulted in apoptosis, cell cycle arrest and
subsequently inhibition of tumor cell proliferation, including
LNCaP, PC-3, DU-145 and LNCaP-AlI cells. The compounds
demonstrated significant antitumor activities in prostate
tumors in vitro. Contribution to survivin-mediated apoptosis
and the EGFR signaling pathway blockade may be involved
in the mechanisms of these newly synthesized compounds.
The present study provided a convenient approach to synthesis
and revealed that the three compounds may be promising
anticancer agents in PCa therapy.
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