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Abstract

Objective Zunyimycin C is a novel halogenated type II polyketide derived from the fermentation product of the Strepto-
myces species with notable antibiotic activity. However, it is still unclear whether zunyimycin C could inhibit the activity of
cancer cells. In this study, human lung adenocarcinoma cell line A549, the large-cell lung cancer cell line NCI-H460 and the
non-small-cell lung cancer cell line NCI-H1299 were employed to determine the in vitro anticancer properties of zunyimycin
C and underlying molecular mechanisms.

Materials and methods The cellular viability and proliferative properties of lung cancer cells were investigated using the
Cell Counting Kit-8 and colony formation assay, respectively. The mRNA expression of apoptotic genes related to lung
cancer was studied using reverse-transcription polymerase chain reaction. The apoptotic ratio was measured through flow
cytometry. The protein expression was visualized via western blotting using specific antibodies.

Results Zunyimycin C could inhibit cell proliferation and induce apoptosis in a dose-dependent manner. The expression
levels of apoptosis-related proteins (i.e., BAX, cleaved-caspase-3, and cleaved-caspase-9) were increased compared with the
control group. However, the levels of Bcl-2 and phosphorylated AKT were decreased by administration by zunyimycin C.
Conclusions Collectively, these results implied that zunyimycin C could inhibit cell proliferation and induce apoptosis via
AKT phosphorylation.

Keywords Zunyimycin C - Lung cancer * Cell proliferation inhibition + AKT * Apoptosis

Introduction

Lung cancer is the most common type of cancer worldwide,
and the mortality rate associated with this disease ranks first
among all malignancies (Torre et al. 2015; Hong et al. 2015;
Chen et al. 2016; Byers and Rudin 2015). Currently, the
treatment of solid tumors using chemotherapy is often
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accompanied by the occurrence of toxic side effects.
Moreover, the use of numerous anticancer drugs in clinical
practice is affected by the development of drug resistance
(Trédan et al. 2007), which eventually leads to treatment
failure and great suffering to the patients (Robles and Harris
2017). Therefore, there is an urgent need to actively identify
effective drugs for the treatment of lung cancer.

Recently, >60% of anticancer drugs used in clinical
practice are derived from natural products (Newman et al.
2003). Among those, plant-derived natural products are rich
in resources and have various active ingredients (Had-
jithomas et al. 2017; Luo et al. 2014; Chen et al. 2017; Zhou
et al. 2017). A lot of valuable traditional Chinese medicines
(TCMs) were applied as alternative or complementary
medicines in the United States and Europe (Wang et al.
2014). Imperatorin isolated from a TCM Angelica dahurica
and induced apoptosis of the multidrug-resistant liver can-
cer cells, triggered by the Mcl-1 degradation (Li et al.
2014). Marine biological resources are also extremely rich,
and their antitumor activity is almost prominent (Kang et al.
2017; Mei et al. 2017). It had been reported that
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renieranycin M isolated from Thai blue sponge was an
effective antilung cancer drug (Pinkhien et al. 2016).
However, the microbial metabolites are structurally diverse
and possess activity against lung cancer (Barka et al. 2016;
Wang et al. 2014; Fouillaud et al. 2016), with the
microorganism-derived natural products being linked to
particular biological activity, lower toxicity, etc. These
products demonstrate advantages over synthetic drugs
(Wang et al. 2016), with the main active ingredients
including polysaccharides, anthracyclines, organic acid
esters, anthraquinones, alkaloids, and macrolides, etc.

Aromatic polyketides are known as an important class of
natural products with antitumor activity (Liu et al. 2002),
such as phoslactomycins (Kawada et al. 2003). These
polyketides are mostly isolated from microorganisms
(Herman et al. 2017; Son et al. 2017). Zunyimycin C is a
novel halogenated type II polyketide derived from the fer-
mentation product of Streptomyces species FJS 31-2 (L
et al. 2017). The type strain was isolated from the soil of
Fanjing Mountain Range in Guizhou Province, China
(Chinese Common Species Conservation Center Strain
number: CGMCC4.7321). And zunyimycin C has highly
similar chemical structures with the anthrone natural pro-
duct BABX (Kodali et al. 2005). Numerous anthrone
derivatives exhibit excellent anticancer activity (Li et al.
2018; Lu et al. 2017). Previous research indicated that
zunyimycin C showed a good inhibitory effect on the
methicillin-resistant  Staphylococcus aureus and Enter-
ococci (Li et al. 2017). Currently, the anticancer activity of
zunyimycin C on lung cancer cells remains unclear.
Therefore, this study was conducted to investigate the
effects of zunyimycin C on lung cancer cells and determine
the underlying mechanism involved in this process.

Materials and methods
Reagents and antibodies

RPMI-1640 medium and DMEM medium were purchased
from Hyclone (Logan, UT, USA), while fetal bovine serum
(FBS) was purchased from Biological Industries (Beit
Haemek LTD, Israel). Real-time reverse-transcription
polymerase chain reaction (RT-PCR) kits were purchased
from Takara (Beijing, China). AKT and phosphorylated
AKT (p-AKT) (Serd73), Bcl-2, BAX, cleaved-caspase-3,
cleaved-caspase-9, f-actin, GAPDH (housekeeping protein,
widely used as a standardized control) and peroxidase-
conjugated antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). The Trizol reagent and
Fluorescein Isothiocyanate (FITC) Annexin V Apoptosis
Detection Kit were purchased from Beyotime (Shanghai,
China). Zunyimycin C was provided by the Central

Laboratory of the First People’s Hospital of Zunyi City,
China, and the purity of zunyimycin C was >90%, as
measured through high-performance liquid chromato-
graphy. Zunyimycin C was dissolved in dimethyl sulfoxide
(DMSO) (Sigma, Shanghai, China) as mother liquor and
diluted by culture medium before use, the final DMSO
concentration in cell culture was <0.1%.

Cell culture

The lung adenocarcinoma cell line A549 and the non-small-
cell lung cancer (NSCLC) cell line NCI-HI1299 were
donated by the Department of Oncology of the Affiliated
Hospital of Zunyi City, China. The bronchial epithelial cell
line 16HBE was provided by the Central Laboratory of the
First People’s Hospital of Zunyi City, China. The large-cell
lung cancer cell line NCI-H460 was purchased from the
China Center for Type Culture Collection. The three lung
cancer cell lines were cultured in RPMI-1640 medium
containing 12% FBS, 100 U/mL penicillin and 100 pg/mL
streptomycin (Solarbio, Beijing, China) in 5% CO, at 37 °
C. The cell line 16HBE was cultured in DMEM medium
containing 10% FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin in 5% CO, at 37 °C.

Cell viability

Cell viability was measured using the Cell Counting Kit-8
(CCK-8, Yiyuan Biotechnologies, Guangzhou, China)
assay. Four types of cells in the logarithmic growth phase
were selected, digested, and counted via trypsinization. The
cells were prepared into a cell suspension at a density of
0.6 x 10* cells per well and seeded in a 96-well culture plate
with 100 pL. per well (four replicate wells per group). The
cells were cultured for 24 h at 37 °C, 5% CO,, and saturated
humidity. The medium was changed, with different con-
centrations (5, 10, 20, 40, 80 uM) zunyimycin C treatment
for 24, 48, and 72 h. First, the medium was removed and
changed, then 10 uL of CCK-8 solution was added to each
well and the plate was incubated for an additional 1.5 h (Shi
et al. 2018). The microplate reader (Thermo Fisher Scien-
tific Oy, Vantaa, Finland) detects the absorbance at 490 nm
(A) and calculates the percent inhibition. The percent
inhibition = (control group A value — zunyimycin C con-
centration A value)/control group A value x 100%.

Colony formation assay

The colony formation assay was performed to evaluate the
colony-forming capability of cells (Pan et al. 2016). Initi-
ally, A549, H1299, and H460 cells were treated with 20, 40,
60 uM zunyimycin C (control group contains 0.75%o
DMSO, for the maximum concentration 60 UM zunyimycin
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Fig. 1 Zunyimycin C effectively inhibited the proliferation of lung
cancer cells. a The chemical structure of zunyimycin C. b 16HBE,
H1299, A549, and H460 cells were treated with the indicated con-
centrations of zunyimycin C for 48 and 72 h, and ICs, values were

C contains 0.75%0 DMSO. The same method was applied in
the following assays) for 48 h. Subsequently, the medium
was removed, the cells were washed twice with phosphate-
buffered saline, collected, and reinoculated in six-well
plates at a density of 800 cells per well. The medium was
changed every 2 days. After 1 week, the formed colonies
were fixed using 10% methanol, followed by staining with
0.1% crystal violet (Solarbio, Beijing, China). The plates
were photographed by a digital single lens reflex camera
(Canon 5D Mark III, Japan) and the number of colonies was
counted.

Annexin V-FITC/propidium iodide (Pl) apoptosis
assay

Early apoptosis and necrosis were identified via double
fluorescence staining with annexin V-PI. Staining for FITC-
labeled annexin V binding to membrane phosphatidylserine
and PI binding to cellular DNA were detected using an
Annexin V-FITC Apoptosis Detection Kit (Beyotime,
Shanghai, China) according to the instructions provided by
the manufacturer. Briefly, H460, H1299, and A549 cells
were seeded in six-well plates at a density of 2x 10° cells
per well. After 24 h, the cells were incubated in the presence
or absence of zunyimycin C (20, 40, 60 uM) for 48 h to
induce apoptosis. After 48 h treatment, the cells were col-
lected, digested with 0.25% ethylenediaminetetraacetic
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calculated. ¢, d The proliferation of cells was measured using the
CCK-8 assay. Data were shown as means + SD. *p <0.05, compared
with the control (0 uM). Data were obtained from at least three inde-
pendent experiments

acid-containing trypsin, and washed twice with phosphate-
buffered saline. Approximately 100,000 resuspended cells
were centrifuged at 1000 rpm for 5 min, the supernatant was
discarded, and the cells were gently resuspended in 195 uL
of Annexin V-FITC binding solution. Subsequently, 5 uL of
Annexin V-FITC and 10 pL of PI staining solution were
added, gently mixed, and incubated at room temperature
(20-25 °C) for 10-20 min in the dark. The samples were
analyzed using a BD Accuri C6 Plus Flow Cytometer (BD
Biosciences, CA, USA).

Western blotting

H460, H1299, and A549 cells were plated in six-well plates
at a density of 2x 10° cells per well. After 24 h, the cells
were treated with zunyimycin C at a concentration of 20,
40, and 60 uM. After 48 h, the cells were centrifuged and
the pellets were resuspended in cell lysis buffer (50 mM
Tris-HCI pH 7.4, 150 mM NaCl, 1 mM ethylenediamine-
tetraacetic acid, 1% Triton, 0.1% sodium dodecyl sulfate,
5Smg/mL leupeptin, and 1 mM phenylmethane sulfonyl
fluoride) for 20 min on ice repeated freezing and thawing
for five times. After cold centrifugation at 14,000 rpm for
15 min, the supernatant was collected. The lysed protein
was quantified using a Bicinchoninic Acid Protein Assay
Kit (Solarbio, Beijing, China). Lysed protein (20 mg) was
boiled in 4xsample buffer and separated through
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Fig. 2 Zunyimycin C inhibited colony formation in lung cancer cells.
The H460, H1299, and A549 cells were treated with 20, 40, and 60 pM
of zunyimycin C for 48 h, followed by two washes to remove the
compound. Subsequently, the cells were plated to perform the clono-
genic assay. a Representative images of colonies formed from the

denaturing sodium dodecyl sulfate polyacrylamide gel
electrophoresis (8—12%). Subsequently, the gels were
transferred onto a polyvinylidene fluoride membrane and
blocked using blocking solution (Beyotime, Shanghai,
China) for 1.5 h, followed by overnight incubation at 4 °C
with the following primary antibodies: Bcl-2, Bax, cleaved-
caspase-3, cleaved-caspase-9, AKT, p-AKT, GAPDH, and
B-actin (all 1:1000 dilution). Following incubation with
peroxidase-conjugated goat anti-rabbit immunoglobulin G
(1:5000 dilution) at room temperature for 2 h, proteins were
visualized using the Immobilon Western Chemiluminescent
HRP Substrate (Millipore, MA, USA) and detected using
the BIO-RAD ChemiDoc Imaging System (Hercules,
CA, USA)

Quantitative RT-PCR analysis

Total RNA was extracted using the Trizol reagent (Beyo-
time, Shanghai, China). Total RNA was used to synthesize
the first strand cDNA through the PrimeScript™ RT Master
Mix (Perfect Real Time) (Takara, Beijing, China). Real-
time PCR amplification was performed using the BioRad
CFX 96 Real-Time PCR Detection System (Hercules, CA,
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three lung cancer cells under different treatment conditions. b—-d
Number of colonies after 7 days, data were shown as means + SD. *p
<0.05, compared with the control. Data were obtained from at least
three independent experiments

USA) according to the instructions provided by the manu-
facturer for relative quantification. The amplification reac-
tion was performed using the 1 x Power TB Green Premix
Ex Taq II (Tli RNaseH Plus) (2x) (Takara, Beijing, China).
PCR primers for Bcl-2 (forward, 5'-GGTGGGGTCATGT
GTGTGG-3'; reverse, 5'-CGGTTCAGGTACTCAGTCAT
CC-3'), BAX (forward, 5-TTTTGCTTCAGGGTTTCA
TC-3’ reverse, 5'-GACACTCGCTCAGCTTCTTG-3"), and
GAPDH (forward, 5'-ACCCAGAAGACTGTGGATG
G-3'; reverse, 5'-TTCTAGACGGCAGGTCAGGT-3")
were designed and synthesized by Sangon Biotech
(Shanghai, China). The standard temperature profile inclu-
ded initial denaturing at 95 °C for 30s, followed by 40
cycles of denaturing at 95 °C for 30s, and annealing and
extension at 60 °C for 30 s. A DNA dissociation curve was
generated to confirm the specificity of amplification. The
relative standard curve method was used to determine the
relative mRNA expression using GAPDH as a reference.

Statistical analysis

The SPSS 22.0 software (Chicago, IL, USA) was used to
calculate the ICs (concentration for 50% growth inhibition)
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Fig. 3 Zunyimycin C-induced apoptosis in lung cancer cells. The
H460, H1299, and A549 cells were treated with 20, 40, and 60 uM of
zunyimycin C for 48 h. The rate of apoptosis in these cells was ana-
lyzed via flow cytometry. a—c Representative pictures and quantitative

values. Results of the experimental studies were expressed
as mean * standard deviation (SD). All other data analyses
were performed using the GraphPad Prism 6 software (La
Jolla, CA, USA). One-way analysis of variance was used to
compare and analyze the differences between the mean
values of multiple groups. A p <0.05 or p <0.001 denoted
statistical significance.

Results

Zunyimycin C inhibited the proliferation of lung
cancer cells

The 16HBE, H1299, A549, and H460 cell lines were
treated with different concentrations (5, 10, 20, 40, and
80 uM) of zunyimycin C and at different times (24, 48,
and 72 h). The proliferation of these four types of cells
was tested using the CCK-8 assay. The normal 16HBE
cells were used as control. After 24h of culture, the
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Annexin V-FITC

analysis of apoptosis in H460, H1299, and A549 cells. Data were
shown as means + SD. *p<0.05, compared with the control. Data
were obtained from three independent experiments

results showed that the growth of cells was not markedly
inhibited. However, cell viability was significantly
decreased after 48 (Fig. 1c) and 72 h (Fig. 1d). The ICs
values were as follows: 59.56+5.42uM (48h) and
49.91 £ 1.44 uM (72 h) were the values of 16HBE cells;
54.98 £ 13.97 uM (48 h) and 43.56 + 1.24 uM (72 h) were
the values of H1299 cells; 44.46 +13.08 uM (48 h) and
45.85+1.27uM (72h) were the values of A549 cells;
42.63+6.00 uM (48h) and 37.37 +4.08 uM (72 h) were
for H460 cells (Fig. 1b). As shown in Fig. Ic, d, treatment
with zunyimycin C at a concentration <20 uM did not
exert a significant inhibitory effect on the four cell lines.
In contrast, higher concentrations of the drug (ICso>1i.e.,
>20 uM) induced strong cytotoxicity in the three exam-
ined lung cancer cell lines. Notably, toxicity in the normal
16HBE cell line was relatively low. Meanwhile, the assay
ultimately determined the adequate concentrations and
timings for zunyimycin C test in the next step experi-
ments, which were required to inhibit the proliferation of
lung cancer cells without direct cell damage.
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Fig. 4 Relative mRNA expression of target genes in lung cancer cells treated with zunyimycin C (20, 40, 60 uM) for 48 h. Values were presented
as the means = SD with three replicates. *p <0.05 and **p < 0.001, compared with the control

Zunyimycin C reduced the colony-forming capability
of lung cancer cells

To further demonstrate the antiproliferative activity of
zunyimycin C against the H460, H1299, and A549 cells, the
effects of the compound on colony formation were mea-
sured. As shown in Fig. 2a—d, treatment with zunyimycin C
reduced colony formation of lung cancer cells in a dose-
dependent manner.

Zunyimycin C-induced apoptosis in lung cancer cells

We hypothesized that zunyimycin C inhibited the pro-
liferation of lung cancer cells was associated with induction
of apoptosis. The H460, H1299, and AS549 cells were
treated with zunyimycin C (20, 40, and 60 uM) for 48 h and
stained with PI and Annexin V-FITC antibody to analyze
the extent of apoptosis using flow cytometry. As shown in
Fig. 3a—c, treatment of lung cancer cells with zunyimycin C
(20, 40, and 60 uM) for 48 h induced apoptosis in a dose-
dependent manner.

Zunyimycin C regulated the mRNA expression of
apoptosis-related genes in lung cancer cells

In order to identify that treatment with zunyimycin C (20,
40, and 60 uM) for 48 h could regulate the mRNA expres-
sion of apoptosis-related genes in lung cancer cells. RT-

PCR was used to determine the effects of zunyimycin C on
the mRNA levels of these genes. As shown in Fig. 4a—c, the
expression of Bcl-2 gene was downregulated, whereas that
of BAX gene was upregulated compared with the control. In
general, the regulation of these genes through treatment
with zunyimycin C was dose-dependent.

Zunyimycin C regulated the expression of
apoptosis-related proteins in lung cancer cells

To further investigate the underling mechanism of zunyi-
mycin C-induced apoptosis in lung cancer cells. The levels
of apoptosis-related proteins (i.e., Bcl-2, BAX, cleaved-
caspase-9, and cleaved-caspase-3) were analyzed by wes-
tern blot. As shown in Fig. 5, after treatment with zunyi-
mycin C (20, 40, and 60 uM) for 48 h, the expression of
apoptosis-related proteins (i.e., Bcl-2, BAX) changed. Of
note, the expression of Bcl-2 protein was markedly
decreased, whereas that of BAX protein was gradually
increased (Fig. 5a). Interestingly, treatment with zunyimy-
cin C for 48 h increased the expression of cleaved-caspase-9
and cleaved-caspase-3 proteins in a dose-dependent manner
(Fig. 5c). Furthermore, the expression of p-AKT protein
was gradually reduced after treatment with zunyimycin C
(Fig. Se). These results indicated that zunyimycin C exerted
an antitumor action potentially through regulating the
expression level of apoptosis-related proteins in lung cancer
cells.

@ Springer



1834 Medicinal Chemistry Research (2019) 28:1828-1837

A H460 H1299 A549
zunyimycinC (M) 0 20 40 60 0 20 40 60 0 20 40 60
Bcl-2 [EE—— i | -~

B-actin l--- ll----‘ I--..‘

B L5 L5
“oL PRT oL %
g 2 1.0 g 1.0
S & E EX3
2o 2 os K& 0s -
Control 20pyM  40uM 60 pM Control 20uM  40pM 60 pM 0 Control  20uM  40uM  60uM
H460 H1299 A549
C H460 H1299 A549
zunyimycin C(uM) 0 20 40 60 0 20 40 60 0 20 40 60
Cleaved-caspase-9 [~ #% -—

Cleaved-caspase-3 l—i . e l_J |- o ‘! et &

B-actin I D G —— | I----l l--..l

D
= £ = 0
g 2.0 S 207 g 201 * =
-- P T 4 T
«Q
g o] T 5 <
i ;
8 * 8 2
S 1.04 2. 1.01 S 10
8 < ]
Q@ k4 @
© 05 o 0.5 5 05
3 Q (3
3 g ]
2 0.0 2 0.0 2 0.0
o Control 20 pM 40 pM 60 uM (] Control 20 uM 40 um 60 pM o Control 20 pM 40 uM 60 uM
H460 H1299 A549
£ s S
‘5 1.5 3 1.59 s 1.5
T 3 3
= < % <
Ll Ll — "? - -
& 1.04 w o 1.04 @ 1.09
8 g 2 T
© © ©
Q. Qo Qo
2] 7] %
S o S 054 S 054
3 3 3
> > >
© © ©
2 0.0 2 0.0 2 0.0-
(&) Control 20 uM 40 uM 60 uM o Control 20 uM 40 pM 60 uM o Control 20 uM 40 M 60 uM
H460 H1299 A549
E H460 HI1299 A549
zunyimycinC (uM) 0 20 40 60 0 20 40 60 0 20 40 60
AKT | e v o | | S e w—| | ———— |
p-AKT [ (G~ — — | [S————|
saron RS [ < S
F 2.0 2.0 2.0
15 L5
g g g
Z s < Z
; — & 10 : Lo
< E < *
L L o5 205 -
0.0
Control 20 uM 40 uM 60 uM Control 20 uyM 40 uM 60 pM Control 20 uM 40 uMm 60 M
H460 H1299 AS49

Fig. 5 Zunyimycin C inhibited the expression of phosphorylated AKT and modulated the expression of apoptotic-related proteins in H1299, A549, and
H460 cells. Cells were treated with zunyimycin C (20, 40, and 60 uM) for 48 h and the expression of apoptotic-related protein (i.e., Bcl-2, BAX, cleaved-
caspase-9, and cleaved-caspase-3) was measured through western blotting. Bar graphs and quantitative analysis for the expression of Bcl-2/BAX (B),
cleaved-caspase-3, cleaved-caspase-9 (D), and p-AKT/AKT (F) after treatment for 48 h. B-actin and GAPDH were used as loading controls. Values were
presented as the means = SD. *p <0.05 and **p <0.001 compared with the control. Data were obtained from three independent experiments
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Discussion

Natural product resources are abundant, and a large number
of small molecular compounds derived from natural product
are being used as candidate anticancer agents (Kinghorn
et al. 2016; Hua et al. 2017). Zunyimycin C, a secondary
metabolite derived from Streptomyces species FJS 31-2
with an anthrone-like structure. Numerous studies have
shown that anthrone-like compounds are a class of drugs,
exhibiting antitumor activity via multi-routes, multi-targets
and multi-links (Guise et al. 2014; Wei et al. 2013; Boichuk
et al. 2014). In this research, we demonstrated that zunyi-
mycin C inhibited lung cancer cells proliferation and
induced apoptosis by modulating the expression of AKT.

Tumor growth involves a complex cascade of events,
including progressive cell proliferation and metastasis (Pan
et al. 2016). According to the CCK-8 assays, zunyimycin C
was cytotoxic against lung cancer cells. Meanwhile, the
compound also effectively inhibited colony formation of
lung cancer cells in a dose-dependent manner.

Apoptosis is the primary mechanism of programmed cell
death in mammalian tissues (Booth et al. 2014). Of note, a
decreased rate of apoptosis leads to the development of
cancer (Hassan et al. 2014). The permeabilization of the
mitochondrial outer membrane is an irreversible point in the
process of apoptosis, determined by the complex interac-
tions between the members of the Bcl-2 family (Birkinshaw
and Czabotar (2017); Andreu-Ferniandez et al., (2017)).
Tumor cells inhibit apoptosis by upregulating the expres-
sion of antiapoptotic proteins (e.g., Bcl-2) or down-
regulating the expression of proapoptotic proteins (e.g.,
BAX) (Hassan et al. 2014; Reyna et al. 2017). In this study,
we found that zunyimycin C-induced apoptosis in a dose-
dependent manner, following a decrease in the expression
of Bcl-2 protein and an increase in the expression of BAX
protein. And further RT-PCR results also showed that the
corresponding expression of Bcl-2 and BAX gene were
changed accordingly.

Bcl-2 and BAX were mitochondrial upstream proteins
that played as important regulators of mitochondrial
membrane permeability and controlled caspase-3 protein
activation downstream of mitochondria during apoptosis
signaling, among which caspase-3 is an important indi-
cator of apoptosis (Xu et al. 2016; Hansakul et al. 2014).
This process would trigger the cleavage activation of
caspase-9 and caspase-3, which in turn initiated the cas-
pase cascade to accelerate apoptosis (Zhou et al. 2018;
Ahn et al. 2018; Yu et al. 2017). Subsequently, degra-
dation of the DNA damage repair enzyme PARP results in
the accumulation of DNA damage in the cells, leading to
an increased rate of apoptosis (Deben et al. 2016; Zar-
ogoulidis et al. 2015; Fei et al. 2016). Our results showed

the upregulation of cleaved-caspase-9 and cleaved-
caspase-3 expression in parallel with the increasing con-
centration of zunyimycin C.

AKT is an important inhibitor of apoptosis proteins
in vivo and the core of the PI3K/AKT signaling pathway
(Zhu et al. 2016), which is a central node in cell signaling
downstream of growth factors, cytokines, and other cellular
stimuli (Manning and Cantley 2007). PI3K was known as
signaling networks upstream of AKT, when activated by
signals from tyrosine kinases and G-protein coupled
receptors, it promoted AKT activation, which in turn
inhibited cell proliferation and accelerated apoptosis
(Franke 2008). Our results showed that zunyimycin C
suppressed the phosphorylation of AKT in a concentration-
dependent manner. However, the effect of zunyimycin C on
the cell cycle of lung cancer cells and the upstream sig-
naling molecules of the PI3K/AKT signaling pathway (e.g.,
epidermal growth factor receptor, EGFR (Jacobsen et al.
2017)) remain to be investigated. Further, as compared with
in vitro, the environment in vivo was extremely complex,
the effects of zunyimycin C on the lung cancer cells may
not lead to antitumor activity. Therefore, the antitumor
activity of zunyimycin C in the lung tumor model needed to
be experimentally validated in vivo.

In summary, zunyimycin C exerted antitumor activity on
lung cancer cells via inhibition of growth and AKT-mediated
induction of apoptosis. Therefore, zunyimycin C may be a
promising lead compound in the treatment of lung cancer.
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