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Wentilactone A induces cell apoptosis by targeting AKR1C1
gene via the IGF-1R/IRS1/PI3K/AKT/Nrf2/FLIP/Caspase-3
signaling pathway in small cell lung cancer
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Abstract. Wentilactone A (WA), a marine-derived compound,
inhibits proliferation of NCI-H446, as demonstrated by
previous research; however, the anti-SCLC mechanism under-
lying WA was not fully investigated. The present study aimed
to investigate the anti-SCLC mechanism underlying WA
in vitro and in vivo. Cell Counting Kit-8 was used to assay
cell growth, flow cytometry was conducted to analyze cell
apoptosis and nude mice xenografts were used to examine
SCLC growth following WA treatment. Bioinformatics
was used for verification of the target gene of WA. Reverse
transcription-quantitative polymerase chain reaction and
western blot were used to examine aldo-keto reductase
family 1 member C1 (AKRICI) mRNA and protein levels,
and AKRI1Cl-associated proteins prior to and following WA
treatment. Cell growth, apoptosis and growth of nude mice
xenografts were assayed prior to and following transfec-
tion with AKRIC1 knockdown or overexpression carriers,
respectively. It was determined that AKRICI1 was a target
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gene of WA. Decreased AKRICI1 expression and WA treat-
ment promoted apoptosis in SCLC via the insulin like growth
factor-1 receptor/insulin receptor substrate 1/phosphoinositide
3-kinase/AKT/nuclear factor-erythroid 2-associated factor
2/Fas-associated death domain-like interleukin-1-converting
enzyme-like inhibitory protein/Caspase-3 pathway. WA
attenuated the proliferation and induced the apoptosis of
SCLC cells in vitro and in vivo by targeting the AKRICI1 gene.
WA may be a novel AKRI1Cl-targeted drug candidate for the
treatment of SCLC in the future.

Introduction

Lung cancer is a major cause of cancer-associated mortality,
accounting for about 25% of all cancer mortalities globally
in 2015 (1). Small cell lung cancer (SCLC), 15% of all lung
cancer cases, is an extremely aggressive malignancy with a
tendency of fast growing rates, early distant metastases and
poor prognosis (1). The 5-year survival rate of all patients with
SCLC is <10% (2). There are three kinds of SCLC treatment:
The first is treatment with chemotherapeutic drugs (3). The
second type involves targeted chemotherapy, which utilizes
compounds that function in tumor cells with specific mutations
prevent their proliferation, including gefitinib and imatinib (3).
The third is immunotherapy (3). Although, SCLC is sensitive
to chemotherapy and radiotherapy, there remains no effective
way to fully treat SCLC (4). The majority of patients relapsed
following first-line treatment (4).

The effect of available molecular targeted drug is not satis-
factory (3,5), therefore, it is of great significance to develop
the molecule-targeted drugs with a good therapeutic effect but
limited side effects.

Marine is rich in biological resources and has a compli-
cated ecological environment (6,7). Marine nature products
with diverse structures are an important source of drug
discovery (8). For example, Wentilactone A (WA), as a small
molecule marine-derived endophytic fungus, can inhibit the
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proliferation of SCLC cell line NCI-H446, as indicated by
previous research (9); however, this previous study did not
investigate the mechanism of WA inhibiting the prolifera-
tion of SCLC cells. The present study aimed to examine the
anti-SCLC mechanism underlying WA in vitro and in vivo.

Materials and methods

Chemical compounds and reagents. The molecular weight
of WA was 304 g/mol. The density of WA was 1.53 g/cm®.
The boiling point was 651.2°C at 760 mmHg. The WA used
was supplied by the Institute of Oceanology of the Chinese
Academy of Sciences, Qingdao, China, (chemical structure
depicted in Fig. 1A, was dissolved in 100% dimethyl sulfoxide
(DMSO) (final concentration of WA was 1 mg/ml), stored
at -20°C and diluted with culture medium (final concentra-
tion of WA was 10 yuM) (RPMI-1640 with 10% fetal bovine
serum (FBS) and penicillin and streptomycin (10 u1/ml).
RPMI-1640, FBS, trypsin-EDTA, penicillin and streptomycin
were purchased from Biowest (Nuaillé, France). DMSO
was purchased from Bio-Light Biotech (Shanghai, China).
The BCA protein assay kit, Annexin V-fluorescein isothio-
cyanate/propidium iodide (PI) apoptosis detection kit and
Annexin V-APC Cell Apoptosis Analysis kit (with PI) were
purchased from Tianjin Sungene Biotech Co., Ltd. (Beijing,
China). Recombinant human insulin like growth factor-1
(IGF-1; 100-11) was purchased from PeproTech China
(Suzhou, China). Anti-IGF-1 receptor (R) (ab182408; 1:1,000),
anti-phosphorylated (p)IGF-1R (ab39398; 1:1,000), insulin
receptor substrate 1 (IRS1) (ab40777; 1:1,000), anti-p-IRS1
(ab46800; 1:1,000), anti-Caspase-3 (ab13847; 1:1,000),
anti-cleaved(c)-Caspase-3 (ab2302; 1:1,000), anti-aldo-keto
reductase family 1 member C1 (AKRI1C1)/AKRIC2 (ab96087,
1:1,000), anti-p-PI3K (ab182651; 1:1,000), anti-PI3K (ab1678,;
1:1,000), anti-AKT (ab179463; 1:1,000) and anti-p-AKT
(ab81283; 1:1,000) were purchased from Abcam (Cambridge,
UK). Anti-Fas-associated death domain-like interleukin-1-con-
verting enzyme-like inhibitory protein (FLIP) (ARG54328;
1:1,000) was purchased from Arigo Biolaboratories (Taiwan,
R.O.C. China). Anti-cleaved (c)-FLIP (sc-8347, 1:1,000) was
purchased from Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA). The chemiluminescence reagent was obtained
from EMD Millipore (Billerica, MA, US). AKRICI gene
expression lentivirus and AKR1C1 shRNA lentivirus were
purchased from Shanghai Genepharma Technology Co., Ltd.
(Shanghai, China). RevertAid First Stand cDNA Synthesis Kit
was obtained from Thermo Fisher Scientific, Inc. (Waltham,
MA, USA). TRIzol® reagent was purchased from Thermo
Fisher Scientific, Inc.

Cell lines and culture. Human SCLC cell lines NCI-H446,
NCI-H1688 and LTEP-sm cells were purchased from Tongpai
Biological Technology Co., Ltd (Shanghai, China). NCI-H446,
NCI-H1688 and LTEP-sm cells were cultured in RPMI-1640
containing 10% FBS (Biological Industries, Cromwell, CT,
USA), supplemented with 100 U/ml penicillin and 125 pg/ml
streptomycin at 37°C in a 5% CO, incubator.

Cell proliferation assay. NCI-H446,NCI-H1688 and LTEP-sm
cells were treated with 10 xM WA at 0,24 and 48 hat 37°C. Cell
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growth was measured by Cell Counting Kit-8 assay (CCK-8;
Dojindo Molecular Technologies, Inc., Kumamoto, Japan),
according to the manufacturer's protocols. Experiments were
repeated in triplicate.

Scratch assay. NCI-H446, NCI-H1688, LTEP-sm cells were
placed on 6-well plates (Costar; Corning Incorporated, Corning,
NY, USA) at a cell density of 5x10° cells/well in RPMI-1640
medium at 37°C. At time O h, a 200 pl pipette tip was used to
perform scratches in the confluent monolayer. At 48 h, images
were captured of scratches, using the marked plate bottom for
orientation, with an Olympus 1X71 fluorescence microscope
(x200), Olympus DP72 camera and DPController Software
(Olympus Corporation, Tokyo, Japan). Measurements of
scratch distance were completed by measuring the difference
between the length of the initial scratch and the length of the
scratch at 48 h.

Cell apoptosis analysis. Cell apoptosis was determined by
Annexin V-APC/PI apoptosis detection kit. Following treat-
ment with WA (10 M) at 37°C for 0, 24 or 48 h, cells were
collected and washed once with PBS and then suspended
in 400 ul binding buffer (supplied with the kit) for 30 sec.
Following the addition of 4 ul Annexin V-APC at room
temperature, mixed and incubated in darkness for 10-15 min
at room temperature, then resuspended cells were centrifuged
at room temperature (600 x g for 3 min) to remove clear super-
natant extract. Additionally, 4 1 PI was added to every sample.
Cells were re-suspended in PBS for flow cytometry analysis.

cDNA microarray analysis. Total RNA of NCI-H446 cell was
extracted prior to or following a 48 h 10 uM WA treatment
at 37°C using the RNeasy mini kit (Qiagen GmbH, Hilden,
Germany). The microarray experiment was performed
by Shanghai Genminix Informatics, Co., Ltd. (Shanghai,
China) using Affymetrix Human Transcriptome Array chip
(version 2.0), AGCC Flution Control software, GeneChip
System 3000Dx version 2.0 microarray scanner (Affymetrix;
Thermo Fisher Scientific, Inc.) and Genminix-Cloud
Biotechnology Information platform (Genminix Informatics
Co., Ltd.), according to the manufacturer's protocols.

Gene chip data analysis. GeneSifter program was used to analyze
gene chip data, which extracts patterns of gene expression from
Affymetrix gene expression data and uses Kyoto Encyclopedia
of Genes and Genomes (KEGG) (http://www.kegg.jp/), Gene
Ontology (GO) and Z-score reports to summarize the biological
significance of a gene list (10,11). All analyses were based on the
GeneSifter software (version 5.0; Geospiza, Inc., Seattle, WA,
USA). This program uses t-test and false discovery rate analysis
to identify differentially expressed genes (12,13). Standard
selection criteria to further identify differentially expressed
genes were as follows: llog2 ratiosl=1 and P<0.05 (log2
ratios=1.0 represented up-regulated and log2 ratios<—1.0 repre-
sented downregulated). The association of expression profiles
between the experimental and control groups was demonstrated
by unsupervised hierarchical clustering analysis tree. Using the
KEGG database, differently changed pathways were identified.
Functional differences of the expressed genes were analyzed by
GO and assigned into hierarchical categories.
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Figure 1. WA inhibited the proliferation of SCLC cells. (A) WA chemical structural formula. (B) The ICs, values of WA were detected by Cell Counting
Kit-8 assay for SCLC cells following 24 and 48 h. “P<0.05. (C) Migration distance was detected by scratch assay. “P<0.01 vs. NC. (D) Tumors were harvested
following 20 days. (E) The subcutaneous tumor volume growth curve of WA treatment was demonstrated. (F) The weight of the metastatic tumors in each
group. "P<0.05. (G) The body weight of the nude mice in each group. WA, Wentilactone A; NC, control group; SCLC, small cell lung cancer.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR) (9,14). RT-qPCR was performed to determine
the expressio of AKRIC1 mRNA in each cell sample, using
GAPDH as an endogenous control for calibration. Total
RNA was isolated using RNA Reagent (Tiangen Biotech Co.,
Ltd., Beijing, China), and genomic DNA was removed using
Recombinant DNase I (Takara Biotechnology Inc., Dalian,
Liaoning, China). RNA concentration and quality were
measured by NanoDrop 2000 (Thermo Fisher Scientific,

Inc., Wilmington, DE, USA). Following analysis, samples
with an OD 260/280 ratio from 1.9 to 2.1 were selected
for further analysis. The primer sequences were designed
using an online tool (http://bioinfo.ut.ee/primer3/), and the
primers were purchased from BGI-Tech Solutions (Shanghai,
China). The gene primer sequences were: AKR1C1, forward,
CGTTGCCAGCTCATTGCTCTT, and reverse, TATGGC
GGAAGCCAGCTTCAAT; GAPDH forward, GAGTCA
ACGGATTTGGTCGT, and reverse, GACAAGCTTCCC
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GTTCTCAG. ABI 7500 real-time PCR system (Applied
Biosystems; Thermo Fisher Scientific, Inc.) was used for
the RT-qPCR reaction. The PCR solution (20 ul) contained
10 ul SYBR green (RR091A, Takara Biotechnology Ltd.,
Dalian, China), 0.5 pl primer, 7 ul ddH20 and 2.5 ul cDNA.
Thermal cycler conditions for RT-qPCR were as follows:
Pre-denaturation at 95°C for 180 sec. Denaturation at 95°C
for 10 sec. Annealing for 20 sec at 60°C. Extension at 72°C
for 20 sec. Melting curve analysis was at 60°C for 6 sec. Using
relative quantitative method and taking the control group as
blank control, the relative transcriptional levels of mRNA
of target genes were calculated using the 2-24°4 method (15).
This method was used for subsequent cell experiments. The
experiment was repeated 3 times.

Transfection procedure. NCI-H446, NCI-H1688 and LTEP-sm
cells were respectively transfected with AKRIC1 expressing
vector (OE group), shRNA vector specific for AKRIC1 (KD
group) and control green fluorescent protein (GFP) vectors
(NC group). The negative control vector contained a GFP
marker for cell tracking. The AKRIC1 expressing vector
(pLenti-EF1a-GFP-puromycin-AKRIC1-Amp cDNA expres-
sion lentiviral vector) contained a green fluorescent protein
marker. The shRNA vector specific for AKRIC1 vector was
pGLV-H1-GFP-puromycin-shRNA-AKRICI vector. All were
purchased from Shanghai GenePharma Co., Ltd. (Shanghai,
China). Empty lentiviral vector was used as control. To further
investigate the biological significance of the AKRICI gene
in SCLC cells, NCI-H446, NCI-H1688 and LTEP-sm cells
were transfected with AKR1C1 gene retroviral vector plasmid
(OE group) or lentiviral vector carrying sh-AKRIC1 plasmid
(KD group). Following 48 h transfection, fluorescence micros-
copy (x200) demonstrated the observed transfection efficiency.
Following 72 h infection, the efficiency was validated by
western blot analysis.

Cell proliferation assay following transfection. AKR1C1 over-
expression or knockdown carrier transfected NCI-H446 cells
were respectively plated in 96-well plates at 4x10° cells/well.
Following adherence overnight, cell viability was measured
at 0, 24, 48 and 72 h following WA treatment at 37°C. Cell
viability was determined by CCK-8 assay (Dojindo Molecular
Technologies, Inc.), according to the manufacturer's protocols.
The procedure also included adding reconstituted CCK-8 in
an amount equal to 10% of the RPMI-1640 medium volume
and returning to the incubator at 37°C for 1 h. Absorbance was
measured at wavelength 450 nm. Experiments were performed
in triplicate, and three different experiments were performed
under the same experimental conditions.

Western blot analysis. Prior to WA treatment for the
indicated time perods (0, 12, 24 and 48 h), NCI-H446 and
NCI-H1688 and LTEP-sm cells were seeded to six-well
plates, and split by radio immunoprecipitation assay buffer
containing phosphatase inhibitor, protease inhibitor and
phenylmethanesulfonyl fluoride (1:1,000). Then the protein
concentration was quantified by BCA protein assay kit.
Using 10% SDS-PAGE, the same amount of protein (10 ug)
was separated, transferred to nitrocellulose membranes and
incubated with the aforementioned corresponding primary
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and secondary antibodies. Using the chemiluminescence
reagent, the immunocomplexes were visualized and detected
on images.

Nude mice xenograft model. The nude mice xenograft
models were established by injection of 2x10° cells into
the right armpit of 5-week old BALB/c male athymic mice
(body weight, 18-22 g; National Rodent Laboratory Animal
Resource, Shanghai, China). The mice were kept at room
temperature, with a 12 h light/dark cycle with ad libitum
access to food and water for 20 days. The mice were random-
ized into 6 groups (6 mice per group; total=36): Vehicle
control (1% DMSO); 10 mg/kg WA; cells transfected with
AKRICI overexpression carriers, and 1% DMSO; cells
transfected with AKRIC1 overexpression carriers, and
10 mg/kg WA; cells transfected with AKR1C1 knockdown
carriers, and 1% DMSO:; and cells transfected with AKR1C1
knockdown carriers, and 10 mg/kg WA when xenografts
were palpable. Vehicle or drugs were administered intrave-
nously every four days until sacrifice; where body weight
and tumor size were measured and recorded simultaneously.
Tumor size was measured using an electronic caliper, and the
tumor volumes were calculated using the formula: (Length
x width?)/2. Following 20 days, mice were sacrificed, and
the tumors were collected, weighed and imaged. Tumor
inhibition effect was calculated using the following equation:
Tumor suppression (%)=(1-T/C) x100, where T is the average
tumor weight of the treated group and C is the average tumor
weight of the control group. All protocols were approved
by the University Animal Ethics Committee of the Second
Military Medicine University.

Immunohistochemistry. All tumor xenograft tissues were
fixed with 10% formalin for 24 h at room temperature and
embedded in paraffin. Liquid paraffin wax was added to an
iron mold and cooled slightly, then the tissue was placed in
the paraffin wax and orientated correctly. Additional liquid
paraffin was added, and the wax was frozen. The wax block
was cut into 5 ym sections each for 3 consecutive slices,
slides were incubated with 8% goat serum (Dako; Agilent
Technologies, Inc., Santa Clara, CA, USA; 250 ul normal
goat serum added to 5 ml 50 mM Tris-Cl) at 4°C for 2 h and
incubated with 50 ul the primary anti-AKRI1C1 antibody at
4°C overnight. Sections were washed with PBS three times,
each time for 5 min. Subsequent to removing the PBS liquid,
50 ul biotin-labeled secondary antibody (ab6788; Abcam:;
1:500) was dropped onto each slice, which was then incu-
bated at room temperature for 10 min. All stained sections
were examined under a light microscope (magnification,
x200). The sections were stained and analyzed histologically
according to the operating manual.

Statistical analysis. Statistical analysis was performed using
SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL, USA).
All numerical results are expressed as the mean + standard
deviation. Significant differences among groups were deter-
mined with a one-way ANOVA. When the differences were
significant, a Student-Newman-Keuls test at a 5% probability
was conducted. P<0.05 was considered to indicate a statistically
significant difference.
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Figure 2. WA induced cell apoptosis of SCLC cells. (A) The apoptosis cells of SCLC were assessed via a flow cytometry assay. The number of cells undergoing

apoptosis in the WA treatment group was significantly higher, compared with the 0 h group.

“"P<0.001 vs. 0 h. (B) WA increased protein expression of

c-Caspase-3 and attenuated protein expression of c-FLIP in SCLC cells. Protein expression was measured by western blot analysis. GAPDH was used as the
reference protein. ““P<0.001, “P<0.01 vs. 0 h. WA, Wentilactone A; PI, propidium iodide; SCLC, small cell lung cancer; c-Caspase-3, cleaved-Caspase-3;
c-FLIP, cleaved-Fas-associated death domain-like interleukin-1-converting enzyme-like inhibitory protein.

Results

WA significantly inhibits the proliferation of SCLC cells. As
depicted in Fig. 1B, WA inhibited the proliferation of SCLC
cells in a dose- and time-dependent manner. The 48 h ICy,
value of WA was 3.44+0.38 pymol/l for NCI-H446 cells.
The value was 0.41+£0.18 umol/l for NCI-H1688 cells and
0.57+0.10 gmol/1 for LTEP-sm cells. The result of the scratch

assay demonstrated that the migration ability of NCI-H446
cells was significantly decreased following 48 h WA treat-
ment (P<0.01). Compared with the 48 h WA treatment group,
the migration distance of NCI-H1688 cells was significantly
decreased (P<0.01). Compared with the 48 h WA treatment
group, the migration distance of LTEP-sm cells was decreased
(P<0.01) (Fig. 1C). Further analysis on the inhibitory effect of
WA in SCLC cells indicated that WA suppressed the growth
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kinase. HIF-1, hypoxia inducible factor 1; HTLV, human T-lymphotropic virus; WA, Wentilactone A; NC, control group.

of NCI-H446 cell xenograft tumor and no mice succumbed
to causes other than interventional sacrifice (Fig. ID-G). WA
inhibited the growth of SCLC in vivo and in vitro.

WA inhibits the growth of SCLC via inducing apoptosis of
tumor cells. The rates of cellular apoptosis were assessed in
three SCLC cell lines NCI-H446, NCI-H1688, LTEP-sm by
flow cytometry. The results demonstrated that the numbers
of early and late apoptotic cells at 24-48 h post-treatment of
WA in SCLC cells (Fig. 2A). Compared with the NC group
of NCI-H446 cells, the numbers of early and late apoptotic
cells in the WA treatment group was significantly increased
(P<0.01). Compared with the NC group of NCI-H1688 cells,

the numbers of early and late apoptotic cells following treat-
ment of WA also significantly increased (P<0.01). Following
treatment with WA, the numbers of early and late apoptotic
LTEP-sm cells was significantly increased (P<0.01). Western
blot results indicated that the apoptosis-associated protein
levels of c-FLIP were decreased in WA treatment groups in
NCI-H446 (P<0.01), NCI-H1688 (P<0.001) and LTEP-sm
(P<0.001) cells, compared with the NC group; and the protein
levels of c-Caspase-3 were increased in the WA treatment
groups compared with the NC group (P<0.001 for NCI-H446,
P<0.001 for NCI-H168 and P<0.01 for LTEP-sm). These
results indicated that WA induced cell apoptosis by regulating
the FLIP-dependent apoptosis pathway. The apoptosis must
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Figure 4. (A) Transfection efficiency was detected by fluorescence microscopy. (B) AKRICI protein level was detected by western blot analysis. AKRIC1 was
significantly upregulated following transfection with AKR1C1 gene retroviral vector plasmid, and downregulated following transfection with lentiviral vector
carrying sh-AKRI1C1 plasmid. GAPDH was used as a reference. "P<0.05 and “P<0.01 vs. CON group. AKRICI, aldo-keto reductase family 1 member CI;
NC, control group; KD, lentiviral vector carrying sh-AKRIC1 plasmid; OE, transfected with AKR1C1 gene retroviral vector plasmid; CON, control group.

be contributing factors leading to the growth attenuation in
SCLC cells.

AKRICI as a target gene of WA. Bioinformatics analyses
demonstrated that AKRI1C1 may be a target gene of WA.
According to the results of bioinformatics analysis, there are
17,873 differentially expressed genes during the progres-
sion of WA-mediated NCI-H446 cells. The association of

expression profiles between the two groups was demon-
strated by unsupervised hierarchical clustering analysis
tree (Fig. 3A). The logarithm of the fluorescence intensity
ratio was represented by fold change, and a log?2 ratio=1.0
or a log2 ratios=<-1.0 means a two-fold change (Fig. 3B).
These data indicated WA upregulated 10,560 genes and
downregulated 7,313 genes. The AKRICI1 gene under-
went the most significant change following WA treatment
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carrying sh-AKR1C1; KD+ WA group cells were infected with lentivirus particles carrying sh-AKRIC1 and WA treatment. (B) Cell Counting Kit-8 assay
was utilized to evaluate cell proliferative capacity following transfection for 48 h, NC+WA group cells revealed a significant slower proliferation compared

ko

with the NC group. "P<0.05, “P<0.01 and ““P<0.001. KD, lentiviral vector carrying sh-AKR1C1 plasmid compared with the KD group at the same time point,
"P<0.001; OE, transfected with AKRIC1 gene retroviral vector plasmid, compared with the OE group at same time point, “4¢P<0.001; AKR1C1, aldo-keto
reductase family 1 member C1; NC, control group; WA, Wentilactone A; PI, propidium iodide; APC, allophycocyanin.

(P<0.001) (Fig. 3B). Pathway analysis demonstrated that
the differentially expressed genes were mainly involved
in 159 KEGG classical pathways, particularly in the p53
signaling pathway (23 genes), mitogen-activated protein
kinase signaling pathway (44 genes), apoptosis (23 genes),
PI3K-AKT signaling pathway (40 genes), nuclear factor-xB
signaling pathway (17 genes), Janus kinase-signal transducer
and activator of transcription signaling pathway (15 genes),
vascular endothelial growth factor signaling pathway
(16 genes) and insulin signaling pathway (18 genes; Fig. 3D).
RT-qPCR analysis indicated that the mRNA expression
level of gene AKRIC1 was notably decreased in the WA
treatment NCI-H446 cells (Fig. 3E). Additionally, western
blot analysis demonstrated that the protein expression level

of AKRICI was notably decreased in the WA treatment
NCI-H446 cells (Fig. 3F).

AKRICI attenuates SCLC cells apoptosis in vitro. Following
48 h transfection, fluorescence microscopy demonstrated
that the observed transfection efficiency for NCI-H446,
NCI-H1688 and LTEP-sm SCLC cell lines were all ~99%
(Fig. 4A). Western blot analysis demonstrated the transfection
efficiency (Fig. 4B). Additionally, the anti-apoptotic effect of
AKRICI gene and pro-apoptotic effects of WA on SCLC cells
were investigated by flow cytometry analysis. As depicted
in Fig. 5A, compared with the NC group, the overexpression
of AKRICI gene decreased the apoptosis of SCLC cells.
Compared with NC group, WA treatment significantly induced
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Figure 6. WA inhibited expression of AKRIC1 gene and tumor growth. There were six groups. OE group cells were infected with lentiviral vector
LV5-AKRICI; OE+WA group cells were infected with lentiviral vector LV5S-AKRI1CI and WA treatment; NC group cells were non-WA-treatment; NC+WA
group cells were WA treatment; KD group cells were infected with lentivirus particles carrying sh-AKR1C1; KD+WA group cells were infected with lentivirus

particles carrying sh-AKR1C1 and WA treatment. (A) The weight of the metastatic tumors in each group. "P<0.05,
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P<0.001. (B) The subcutaneous tumor

volume growth curve of WA treatment was depicted. (C) The body weight of the nude mice in each group. (D) Tumors were harvested following 20 days.
(E) Immunohistochemical staining of (a) NC group, (b) NC+WA group, (¢) OE group, (d) OE+WA group, (¢) KD group and (f) KD+WA group. ““P<0.001. KD,
lentiviral vector carrying sh-AKRIC1 plasmid; OE, transfected with AKR1C1 gene retroviral vector plasmid; AKR1Cl1, aldo-keto reductase family 1 member
CI1; NC, control group; WA, Wentilactone A; IOD/AREA, Integrated optical density per stained area.

SCLC cell apoptosis (P<0.001). Compared with the apoptosis
rate 41.81+0.60% in 48 h WA-treated NC group NCI-H446
cells, the apoptosis rate was 18.86+0.23% in 48 h WA-treated
OE group NCI-H446 cells and 53.59+1.05% in 48 h
WA-treated KD group NCI-H446 cells. The aforementioned
results indicated that WA enhanced cell apoptosis; however,
overexpression of AKRICI1 reversed the effect of WA, and
knockdown of AKRICI1 promoted the effect of WA in SCLC
cells. As depicted in Fig. 5B, the CCK-8 array demonstrated that
the knockdown of AKRICI gene attenuated cell proliferation.
This attenuation is more notable in NCI-H446 cells following
WA treatment. Overexpression of the AKRICI1 gene improved
cell proliferation, and WA treatment partially reversed the
anti-apoptotic effect of the AKRICI gene. Notably, the flow
cytometry analysis and colony formation assay obtained the
same results, that the knockdown of AKRICI gene and WA
treatment attenuated SCLC cells proliferation.

AKRICI attenuates SCLC tumor growth in vivo. To further
confirm the growth-attenuating effect of WA and the
growth-promotion effect of AKRICI on SCLC cells, a xeno-
graft tumor growth assay was performed. Following 20 days,
the tumors were harvested. The total weight of the WA treatment
tumors was significantly lower in nude mice, compared with the
control mice (P<0.05, Fig. 6A). The subcutaneous tumor volume
growth curve of NCI-H446 stably expressed in vivo was depicted
in Fig. 6B. The tumor volume was significantly larger in the OE
group nude mice, compared with the NC group mice at 5, 10, 15
and 20 days (P<0.05, Fig. 6B); however, the tumor volume was
reduced following WA treatment. Compared with the NC group,
there was no significant weight loss observed in the WA treat-
ment group animals (P>0.05) (Fig. 6C). Immunohistochemistry
of AKRICI antigen was detected, and results demonstrated
expression of AKRICI1 was lower in the WA treatment group
(Fig. 6E). The results revealed that WA could attenuate the



6454

JIANG et al: WENTILACTONE A INDUCES CELL APOPTOSIS IN SMALL CELL LUNG CANCER

NCI-H446 NCI-H1688 LTEP-sm
A B C D A B C D A B C D
WA = = + + = = + + - - + e
AKR1C1 - - + - + = + = + kDa
= — _._.,. .' -
c-FLIP |- - - ‘ l - l }

e |-- L'_' o

Dt e eperel GHAPARED |

300+

200+

¢-FLIP protein (% of control)

0-
NCI-H446

NCI-H1688

LTEP-sm

36

400+

3004

2004

100+

0-
NCI-H446

NCI-H1688

LTEP-sm

c-Caspase-3 protein (% of control)

Figure 7. Overexpression of AKRIC1 gene reversed the pro-apoptotic function of WA via c-FLIP and c-Caspase-3. (A) Western blot analysis was used to
analyze the expression of c-FLIP and c-Caspase-3. GAPDH was used as a reference. c-Caspase-3, cleaved-Caspase-3; c-FLIP, cleaved-Fas-associated death
domain-like interleukin-1-converting enzyme-like inhibitory protein; AKRICI, aldo-keto reductase family 1 member C1; WA, Wentilactone A.

expression of AKRICI1 and the proliferation of SCLC in vivo.
These results provide further evidence that WA serves a
tumor-attenuated role in SCLC.

Overexpression of AKRICI gene may partially reverse the
pro-apoptotic function of WA via c-FLIP and c-Caspase-3. In
the present study, it was demonstrated that overexpression of
AKRICI gene promoted the expression of c-FLIP, whilst WA
treatment inhibited the expression of the c-FLIP protein, acti-
vated c-Caspase-3 and induced apoptosis in SCLC cell lines
(Fig. 7). Palackal et al (16) demonstrated that in patients with
SCLC, differential display demonstrated that AKRIC tran-
scripts are notably overexpressed. Wang et al (17) indicated
that the downregulation of c-FLIP drove lung cancer cells into
cellular apoptosis. c-FLIP had been demonstrated to induce
apoptosis thus increasing Caspase-8 and then Caspase-3
activation (18).

WA regulates the expression of AKRICI protein via the
IGF-1R/IRS1/PI3K/AKT/nuclear factor-erythroid 2-
associated factor 2 (Nrf2) signaling pathway. To further
determine the mechanisms underlying the expression of
AKRICI gene attenuation by WA, the investigation was
focused on whether IGF-1R, IRS-1, PI3K, AKT and Nrf2
were associated with the WA-induced attenuated expression
of AKRICI and pro-apoptotic factors. Together with their
protein abundances, AKRIC1 was significantly reduced in the
NCI-H446 cells following WA treatment (P<0.001), compared
with control cells. AKRIC1 were significantly increased
in the NCI-H446 cells following IGF-1 treatment. IGF-I, an
activator of the IGF-IR pathway, promoted the expression of
AKRICI and altered the cell apoptosis following WA treat-
ment (Fig. 8A). It was determined that the IGF-1 reverses the
biological effect of WA on SCLC cells. As depicted in Fig. 8B,
together with their protein abundances, p-IGF-1R (P<0.001),

p-IRS-1(P<0.001), p-PI3K (P<0.001), p-AKT (P<0.001),
p-Nrf2 (P<0.001) and AKRIC1 (P<0.001) were significantly
reduced in SCLC cells following WA treatment, compared
with the control. The result revealed that the attenuation effect
of WA on SCLC occurs at least partially by the targeting of
AKRICI by the IGF-1R/IRS1/PI3K/AKT/Nrf2 signaling
pathway. The study demonstrated that AKR1CI may act as a
potential target for the treatment of SCLC in the future.

Discussion

SCLC is characterized by rapid growth and early metastasis,
which indicates strikingly high malignity and metastatic
potential (1). The therapeutic potential of WA in SCLC
treatment was highlighted (9).

A recent study demonstrated that WA significantly attenu-
ated the growth of NCI-H446 cells, however the study did
not fully alleviate the notable inhibitory effect of WA on
other SCLC cell lines (9). In the present study, the notable
inhibitory effect of WA was investigated in three SCLC cell
lines NCI-H446, NCI-H1688 and LTEP-sm cells. Results of
the CCK-8 assay, flow cytometry, scratch assay and western
blot analysis indicated that WA had a notable effect on
SCLC in vitro and in vivo. It was determined in the present
study that WA inhibited c-FLIP in the three SCLC cell
lines in a time-dependent manner, inducing apoptosis by
upregulating c-Caspase-3, which was consistent with previous
studies (19-23). However, the target gene of WA is not clear.
The focus of the present study is the anti-SCLC mechanism
of WA.

In the present study, bioinformatics analyses indicated
that AKRIC1 was possibly the target gene in SCLC. Results
of RT-qPCR and western blot confirmed AKRIC1 mRNA
and protein levels were lower following WA treatment.
Tian et al (24) demonstrated that high expression of AKRIC1
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gene was associated with progression and poor prognosis of
lung cancer. AKRICI is associated with numerous impor-
tant biological processes, including the oxidation reduction
and carcinogenesis of a number of vertebrate species (25).
The effect and mechanism of AKRIC1 on SCLC remains
unclear. According to previous studies, Nrf2 was a regulator
of the AKRIC family (26-32). Yu et al (33) demonstrated
that the PI3K-Akt pathway mediated the activation of NF-E2
associated factor-2 (Nrf2). Tao et al (34) demonstrated that
IGF1R-mediated protection cells from apoptosis stopped upon

the activation of PI3K.IGF1-R pathway was essential to mediate
tumor cell survival and proliferation (35). IGF-1R overexpres-
sion increased cell survival and suppressed cell apoptosis (36).
Further analysis on the association of WA treatment with
AKRICI expression demonstrated that WA inhibited the
expression of AKRIC1 via the IGF-1R/IRS-1/PI3K/AKT/Nrf2
signaling pathway by western blot analysis.

Further mechanism analysis indicated that WA inhibited
the expression of AKRICI1 and then induced the apoptosis
of SCLC cells by the FLIP/Caspase-3 pathway. According to
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previous studies (21-23), apoptosis was known as a significant
terminal pathway to remove infected cells. There are two
central apoptosis pathways: The extrinsic pathway; and the
intrinsic pathway (22). The key regulatory proteins in both path-
ways are Caspases (23). In addition, Caspases are classified as
the initiator (Caspase-8 and -9) and effector of Caspase-3 (37).
Wang et al (17) and Safa et al (18) demonstrated that c-FLIP
was involved in chemotherapeutic drug resistance in numerous
cancer cell types and anti-apoptotic in human NSCLC; however,
c-FLIP has generally been demonstrated to act as a key negative
regulator of apoptosis in human cancer cells, despite the iden-
tified dual functionality of c-FLIP as a pro- or anti-apoptotic
factor in normal tissues. Enhanced expression of c-FLIP (long
or short isoform) has been determined in various cancer types.

Apoptosis of SCLC cells were investigated by flow cytom-
etry prior to and following WA treatment. Flow cytometry assay
and western blot analysis both confirmed WA inhibited the
expression of AKRI1CI via the IGF-1R/IRS-1/PI3K/AKT/Nrf2
signaling pathway and then inhibited c-FLIP and activated
c-Caspase-3, which induced the apoptosis of SCLC cells. This
research provided the experimental basis for the development
of SCLC targeted drugs.

In summary, the present study revealed that WA induced
the apoptosis by IGF-1R/IRS-1/PI3K/AKT/Nrf2/AKR1C1/
c-FLIP/c-Caspase-3. Most importantly, overexpression of
AKRICI gene has pro-growth and anti-apoptosis effects on
SCLC cells, which can be reversed by WA treatment. WA
holds good promise as a novel potential AKRICI targeted
drug candidate for future treatments of SCLC.
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