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[ABSTRACT] Nasopharyngeal carcinoma (NPC) is the third most common malignancy with a high recurrence and metastasis rate in
South China. Natural compounds extracted from traditional Chinese herbal medicines have been developed and utilized for the treat-
ment of a variety of cancers with modest properties and slight side effects. Maackiain (MA) is a type of flavonoid that was first isol-
ated from leguminous plants, and it has been reported to relieve various nervous system disorders and exert anti-allergic as well as anti-
inflammatory effects. In this study, we demonstrated that MA inhibited proliferation, arrested cell cycle and induced apoptosis in
nasopharyngeal carcinoma CNE1 and CNE2 cells in vitro and in vivo. The expression of the related proteins associated with these pro-
cesses were consistent with the above effects. Moreover, transcriptome sequencing and subsequent Western blot experiments revealed
that inhibition of the MAPK/Ras pathway may be responsible to the anti-tumor effect of MA on NPC cells. Therefore, the effects of
MA and an activator of this pathway, tertiary butylhydroquinone (TBHQ), alone or combination, were investigated. The results
showed TBHQ neutralized the inhibitory effects of MA. These data suggest that MA exerts its anti-tumor effect by inhibiting the
MAPK/Ras signaling pathway and it has the potential to become a treatment for patients with NPC.
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nancy originating in the epithelium of the nasophary-
nx "L In 2020, there were 133 354 new cases and 80 008
deaths from NPC worldwide, which accounted for 0.7% and
0.8% of all cancers, respectively. Over 70% of new cases
were distributed in East and Southeast Asia, with a high in-
cidence in South China ™. Radiotherapy, especially intensity-
modulated radiotherapy (IMRT), is the most widely used
treatment modality for non-metastatic NPC, which was signi-

ficantly related with better 5-year locoregional control and
3, 4]

Introduction

Nasopharyngeal carcinoma (NPC) is a common malig-
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tend to develop localized recurrence and/or distant metastasis
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after treatment °'. Therefore, exploring potential novel effect-

ive drugs is an urgent requirement for the treatment of NPC.
Due to their hypotoxicity and unique pharmacological

activities, many natural ingredients extracted from traditional
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Chinese folk herbs have been used for the treatment of vari-
ous diseases. Maackiain (MA) is a type of flavonoid that
exists in several herbs including Sophora tonkinensis ¥,
P10 and Sophora flavescens " . It has

been reported to exert biological activities in multiple dis-
1 031

Millettia speciosa
eases, in addition to its traditional anti-bacteria and anti-
inflammatory [ *
MA can relieve the symptoms of Alzheimer disease, Parkin-

! roles. Recent research has revealed that

son's disease and depression by inhibiting the activity of
monoamine oxidase B (MAO-B) "®. MA has also been
shown to preserve normal renal function by reducing oxidat-
ive stress as well as inflammation associated with type 2 dia-
betes '\, In addition, it alleviates the symptoms of osteoclast-

U8 and ex-

related disorders by dampening osteoclastogenesis
erts protective effect against sepsis by activating the
AMPK/N1f2/HO-1 pathway .

Accumulating evidence indicates that MA may be a po-
tential anti-tumor compound. For example, MA is the vital
ingredient of the botanical drug, antitumor B (ATB) ** and
can induce the apoptosis of HL-60 leukemia cells 1. MA
also exerts anti-cancer effect in triple negative breast cancer
cells ™. However, the effect of MA on NPC, as well as its
mechanisms has not been clearly understood. In this study,
the effect of MA on the proliferation, cell cycle and apoptos-
is of NPC cells were explored both in vitro and in vivo. The
results showed that MA is an excellent anti-NPC agent. Then,
the underlying mechanism was investigated, which sugges-
ted that MA maybe a suppressant of the MAPK/Ras signal-
ing pathway. In addition, tertiary butylhydroquinone
(TBHQ) ®*! a known MAPK/Ras pathway activator was
found to reverse the anti-tumor effect of MA.

Materials and Methods

Cell culture and reagents

Human NPC cell lines, CNE1, CNE2 and immortalized
normal nasopharyngeal epithelial NP69 cells were purchased
from the Cell Bank of Central South University, Changsha,
China. All NPC cells were cultured in Roswell Park Memori-
al Institute 1640 (RPMI-1640) medium supplemented with
10% fetal bovine serum (FBS). NP69 cells were cultured in
keratinocyte medium (KM) with addition of a keratinocyte
growth supplement (KGS, #2152). All the cells were incub-
ated at 37 °C in a humidified atmosphere of 5% (V/V) CO,.
MA was purchased from Biopurify (China, #BP0907) and
dissolved in DMSO prior to use.
Cell counting kit-8 assay

CNEI and CNE2 cells were seeded in 96-well plates at a
density of 3000 cells/well. After incubation for 24 h, the cells
were treated with indicated concentrations of MA (0, 20, 40,
60, 80 and 100 pmol-L™"), and then cultured for another 24,
48 and 72 h. Subsequently, 10 uL CCK-8 reagent (Dojindo,
Japan, #CKO04) was added to each well before incubation at
37 °C for additional 2 h. The absorbance was measured on a
microplate reader (TECAN, Switzerland) at 450 nm.

®

Ethynyl-2-deoxyuridine assay

An ethynyl-2-deoxyuridine (EdU) cell proliferation as-
say kit (Sangon Biotech, Shanghai, China) was used to evalu-
ate the effect of MA on cell proliferation. In brief, NPC cells
(5 % 10% were seeded into 24-well plates and treated with dif-
ferent concentrations of MA (0, 5, 10 and 20 umol-L™"). After
incubation for 24 h, 10 pmol-L™" EdU solution was added and
the cells were incubated at 37 °C in an atmosphere of 5%
CO, for another 2 h. After washing and fixation, the cells
were stained with TAMRA and Hoechst 33342 dyes. Images
were captured by an inversed fluorescent microscope (Olym-
pus, Tokyo, Japan). The number of EdU-positive cells were
counted using ImageJ software.

Cell cycle and apoptosis assay

The cell cycle was assessed using a PI/RNase staining
buffer solution (BD Biosciences, USA, #550825) according
to the manufacturer’s instructions. The cells (3 x 10°) were
seeded on 6-well plates and then subjected to corresponding
treatments. Next, the cells were collected, fixed at —20 °C in
70% ethanol overnight and then washed twice with pre-
cooled PBS. After re-suspending in 500 pL of PI/RNase
staining buffer, the cells were incubated at room temperature
for 30 min. The cell cycle was determined by a flow cytomet-
er (BD Accuri™ C6, Piscataway, NJ, USA) and the results
were analyzed with Modfit LT 4.1 software.

An Annexin V FITC Apop Dtec Kit I (BD Biosciences,
USA, #556547) was used to determine the effect of MA on
cell apoptosis. Briefly, the cells were treated with MA (0, 20,
40, 80 pmol-L™") for 24 h. Then, the cells were re-suspended
in 1 X binding buffer and incubated with 5 pL of Annexin V-
PE and 5 pL of 7-AAD in the darkness for 15 min. The
stained cells were assessed by a flow cytometer (EMD Milli-
pore Guava Easy Cyte Accuri C6, USA) and FlowJo 7.6 soft-
ware was used for data analysis.

Western blot analysis

Total cellular protein was extracted with cell lysis buffer
(Beyotime, China, #P0013) containing phosphatase and pro-
teinase inhibitors. A BCA protein assay kit (Beyotime, China,
#P0011) was utilized to determine protein concentrations.
Protein samples (30-60 pg) were separated by 12.5% SDS-
PAGE (EpiZyme, China, #P0011) and transferred onto PVDF
membrane (Millipore, Ireland, #ISEQ00010). The membrane
was blocked with 5% skimmed milk for about 2 h, before in-
cubation with appropriate primary antibodies at 4 °C
overnight followed by HRP-labeled secondary antibodies
(Beyotime, China, #A0208). The blots were visualized by
BeyoECL Plus (Beyotime, China, #P0018S) and photo-
graphed by the ChemiDocTM MP Imaging System
(BIORAD, USA, #12003154). The grey scale values were
quantified by Image Lab 6.0 software.

The primary antibodies used in this study were pur-
chased from Cell Signaling Technology: Proliferating Cell
Nuclear Antigen (PCNA) (D3H8P) XP® rabbit mAb
(1 :1000, #13110S), Cyclin D1 (92G2) rabbit mAb
(1 : 1000, #2978S), CDK4 (D9G3E) rabbit mAb (1 : 1000,
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#12790S), CDK6 (D4S8S) rabbit mAb (1 : 1000, #133318S),
P16 INK4A (E6NSP) rabbit mAb (1 : 1000, #18769S), P21
Wafl/Cipl (12D1) rabbit mAb (1 : 1000, #2947S), B-cell
lymphoma-2 (Bcl-2) (D55G8) rabbit mAb (1 : 800, #42238S),
Bax (D2EI11) rabbit mAb (1 : 1000, #5023S), Caspase-3
(D3R6Y) Rabbit mAb (1 : 800, #142208S), cleaved Caspase-3
(Asp175) antibody (1 : 800, #9661S), poly ADP-ribose poly-
merase (PARP) (46D11) rabbit mAb (1 : 1000, #9532S), S-
actin (13ES5) rabbit mAb (1 : 1000, #4970S), c-Raf antibody
(1:1000, #9422T), phospho-c-Raf (Ser259) antibody
(1 : 1000, #9421T), mitogen-activated protein kinase kinase
(MEK) 1/2 (D1AS5) rabbit mAb (1 : 1000, #8727T), phospho-
MEK1/2 (Ser217/221) (41G9) rabbit mAb (1 : 1000,
#9154T), P44/42 MAPK (Erk1/2) (137F5) rabbit mAb
(1 : 1000, #4695T) and phospho-p44/42 MAPK (Erkl1/2)
(Thr202/Tyr204) (D13.14.4E) XP® rabbit mAb (1 : 1000,
#4370T).
RNA-sequence and KEGG pathway enrichment analysis

Total cellular RNA was extracted by a TransZol Up Plus
RNA Kit (Transgen, China, #ER501). RNAs were quantified
using both a NanoDrop 2000 spectrophotometer and agarose
gel electrophoresis. A MGIEasy RNA Library Prep Kit (Mgi
Tech, China, #1000005276) was used to construct mRNA lib-
raries and 1 pg of total RNA per sample was used for cDNA
synthesis. The cDNA was then attached to an adapter after
the ends were repaired and then inserted with a polyA tail. A
BGISEQ-500RS genome sequencer and the BGISEQ-500RS
high-throughput sequencing kit (Mgi Tech, China, #940-
10037-00) were utilized for double-terminal sequencing with
a 100 bp read length. The sequenced raw data were collected,
while FastQC ' and Trimmomatic *” were used for quality
control. Differential expressed genes (DEGs) were obtained
after alignment and transcript assembly. The DEGs were then
imported in order to perform KEGG pathway enrichment
analysis.
In vivo experiments

Briefly, male athymic Balb/c nude mice (4—5 weeks,
18-21 g) were purchased from the Animal Laboratory Cen-
ter of Guangxi Medical University. The animals were ac-
climated in a SPF-free barrier system for one week. Then,
CNE1 or CNE2 cells (1 x 10° cells suspended in 0.1 mL
PBS) were subcutaneously injected into the right flank of
each mouse. Tumor size was monitored with calipers every
other day and the volume (V) was calculated according to fol-
lowing equation: ¥ = length x width® x /6. Once the tumor
volume reached 80—120 mm’, the mice were randomly di-
vided into three groups (n = 5): a control (0.2 mL normal sa-
line) group, a MA (20 mg-kg ") treatment group and a cisplat-
in (5 mg-kg ") treatment group. Normal saline or the corres-
ponding drugs were intra-peritoneally injected every two
days for 14 d. The mice were then sacrificed by cervical dis-
location and tumor tissues were collected and weighed. In ad-
dition, the liver and kidneys as well as parts of tumor tissues
were fixed with 4% paraformaldehyde for hematoxylin—eos-
in (H&E) staining and immunohistochemical (IHC) analysis.

®

The animal study protocol was approved by the Ethics Com-
mittee of Guangxi Botanical Garden of Medicinal Plants
(GXBGMP-20211201, Dec. 16", 2021).
H&E staining and IHC analysis

The liver, kidney and tumor samples were fixed in 4%
paraformaldehyde, embedded in paraffin and sliced into 4 um
sections. After dewaxing with xylene and hydrated with
gradient alcohol, the sections were stained with hematoxylin
and eosin (H&E) staining solutions. For immunohistochem-
istry (IHC) analysis, the paraffin-embedded sections were
heated in an antigen-retrieval buffer bath at 95 °C for 20 min
and blocked with 5% BSA at room temperature for 30 min,
before incubation with primary antibodies against ki67
(1 : 300, Abcam, #abl16667), cleaved caspase-3 (1 : 300,
Cell Signaling Technology, #9661S) and phospho-Erk1/2
(1 :200, Cell Signaling Technology, #4370T) at 4 °C
overnight and subsequently with secondary antibody at 37 °C
for 30 min the next day. The sections were then incubated
with diaminobezidin (DAB) and counterstained with
haematoxylin. At last, the sections were observed under an
inverted light microscope.
Statistical analysis

Statistics analysis was performed by IBM SPSS Statist-
ics 24.0 software. Two-tailed Student’s ¢-tests or one-way
ANOVA were used to evaluate the significant differences of
experimental data between two groups. Data are represented
as the means =+ standard deviations (SDs). P < 0.05 was con-
sidered to be statistically significant.

Results

MA inhibited the proliferation of NPC cells

In order to explore the effect of MA (Fig. 1A) on NPC
cell lines, CNEI1 and CNE2 cells were treated with various
concentrations of MA (0, 20, 40, 60, 80 and 100 umol-L’l)
for 24, 48 and 72 h. Then, CCK-8 assay was used to assess
cell viability. The results indicated that MA inhibited the pro-
liferation of CNE1 and CNE2 cells in a dose- and time-de-
pendent manner (Figs. 1C and 1D). The ICs, values of MA
were 116.65 + 3.05, 41.71 + 2.16 and 20.28 + 1.18 pmol-L"'
in CNEI cells and 80.28 + 3.81, 25.14 + 2.13 and 16.36 +
0.47 pumol-L™" in CNE2 cells at 24, 48 and 72 h, respectively.
However, the viability of immortalized normal nasopharyn-
geal epithelial NP69 cells was much less affected by similar
concentrations of MA (Fig. 1B). Their IC50 values were
347.33 £ 35.76, 248.10 + 28.31 and 166.48 £ 9.54 pmol-L™
at 24, 48 and 72 h, respectively.

Furthermore, EQU assay confirmed that MA signific-
antly inhibited NPC cell proliferation at the concentrations of
5, 10 and 20 pmol-L™' (Figs. 1E and 1F). These results
demonstrated that MA exerted obvious anti-tumor effect
against NPC cells, with little toxicity to normal cells.

MA arrested NPC cells at GyG; phase

To further explore the inhibitory mechanism of MA on
cell proliferation, flow cytometry (PI staining) was used to
assess the phases of cell cycle distribution after treatment
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CNE2 cells were incubated with MA for 24 h. "P < 0.05, “P < 0.01,

as mean £ SD (n = 3).

with different concentrations of MA for 24 h. As shown in
Figs. 2A and 2B, MA significantly increased the number of
both CNE1 and CHE2 cells at G¢/G; phase (P < 0.05) at 10
and 20 pmol-L™". Moreover, the impact of MA on the bio-
chemical regulators of cells at Go/G; phase was confirmed by
Western blot analysis. As shown in Figs. 2C and 2D, MA
dose-dependently downregulated the expression of PCNA,
CDK6, CDK4 and Cyclin D1 and upregulated the expression
of P21 and P16 in both cell lines.
M4 induced the apoptosis of NPC cells

Activation of cancer cell apoptosis is considered to be a
vital mechanism for many chemotherapeutic agents. There-
fore, after treatment with various concentrations of MA (0,
20, 40 and 80 pmol-L™") for 24 h, the apoptosis of CNE1 and
CNE2 cells was measured by flow cytometry with annexin-V
PE/7-AAD double staining (Fig. 3A). The number of apoptot-

®

sesese

P <0.001 vs the negative control group. Data are presented

ic cells was 6.21%, 8.73%, 15.93% and 28.70% in CNE1
cells, while 6.79%, 10.73%, 24.50% and 30.10% in CNE2
cells after treatment with 0, 20, 40 and 80 ;.Lmol-Lf1 of MA,
respectively (Fig. 3B). Furthermore, Western blot was per-
formed to evaluate the effect of MA on several apoptosis-re-
lated biomarkers. As shown in Figs. 3C and 3D, MA in-
creased the ratios of BAX/Bcl-2, cleaved caspase-3/total cas-
pase-3 and cleaved PARP/total PARP in a dose-dependent
manner in both cell lines.
Transcriptome sequencing and KEGG pathway enrichment
analysis

Transcriptome sequencing was conducted to explore the
mechanism associated with inhibited proliferation and pro-
moted apoptosis in NPC cells caused by MA. CNE1 cells
were treated with 10 umol-L™" of MA or an equal aliquot of
DMSO as a negative control for 24 h, and then total RNA
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was extracted and sequenced. The DEGs found were presen-
ted as a volcano plot (Fig. 4A), where 553 up-regulated and
375 down-regulated genes were identified as having a
[log2FC| greater than 1.0 and P value < 0.05. KEGG enrich-
ment analysis showed that the DEGs were mainly enriched in
the MAPK, PI3K-Akt, Ras and Rapl signaling pathways as
well as in viral carcinogenesis (Fig. 4B). It is worth noting
that most of the differential genes enriched in the MAPK sig-
naling pathway had a lower P value. In addition, there was
overlap between the MAPK and Ras signaling pathways,
which suggested the involvement of these pathways in the
anti-tumor property of MA. To further confirm this hypothes-
is, the key proteins related to the MAPK/Ras signaling path-
way were examined by Western blot. As shown in Figs. 4C
and 4D, MA inhibited the phosphorylation of the down-

stream regulators of MAPK/Ras, namely Raf, MEK1/2 and
Erk1/2, in a dose-dependent manner.
MA regulated NPC progression via the MAPK/Ras signaling
pathway

Previous experiments showed that MA played an anti-tu-
mor role by inhibiting cell proliferation, arresting cell cycle
and promoting apoptosis in vitro. Moreover, the MAPK/Ras
signaling pathway was blocked by MA. In order to explore
whether the MAPK/Ras signaling pathway was necessary for
MA to regulate NPC progression, CCK-8 and EdU assays as
well as Western blot and flow cytometry were performed in
the presence of TBHQ, a known MAPK/Ras signaling path-
way activator. As shown in Figs. 5A-5D, TBHQ partially re-
versed the anti-proliferation, cell cycle arrest and pro-apop-
totic effects of MA in CNE1 and CNE2 cells. These results
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were further confirmed by Western blot analysis. In the pres-
ence of TBHQ, the levels of PCNA, Cyclin D1, CDK6 and
CDK4 were significantly higher than those in the MA group
(Fig. SE). In both two cell lines, the ratio of cleaved caspase-
3/total caspase-3 in combination groups remarkably de-
creased, while a similar change was observed for the ratio of
Bax/Bcl-2 in the combination group of CNE2 cells. Al-
though there was no significant change in Bax/Bcl-2 ratio in
the presence of MA or combination in CNE1 cells, the ex-
pression of the anti-apoptotic protein, Bcl-2, was higher in
the combination group (Fig. 5F). Importantly, MA inhibited
the phosphorylation of downstream proteins of the
MAPK/Ras signaling pathway, which was reversed by TB-
HQ treatment (Fig. 5G).

®

MA exerted antitumor effect in vivo

To further investigate the effects of MA on NPC cells in
vivo, Balb/c nude mice bearing CNE1 and CNE2 xenograft
tumors were treated with MA (20 mg-kg "), with cisplatin (5
mg-kg ™) as a positive control and normal saline (0.2 mL) as a
negative control. As shown in Fig. 6A, the tumors in the MA
and cisplatin groups were smaller than those in the control
group. MA treatment significantly decreased the weight of
CNE!1 and CNE2 tumors by 30.62% (P < 0.05) and 38.99%
(P <0.05), and reduced the volume of CNEI and CNE2 tu-
mors by 29.19% (P < 0.05) and 26.86% (P <0.01), respect-
ively, compared with the control group. In addition, there was
no significant difference in tumor weight and volume inhibi-
tion rate between the MA and cisplatin groups (Figs. 6B and
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6C). Moreover, the body weight curves among the three staining revealed that some morphological changes related to

groups were almost perfectly consistent (Fig. 6D). H&E cell apoptosis, including cell shrinkage and condensed nuclei
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in tumor tissues, were more likely to be observed in the MA liver and kidney tissues were seen (Fig. 6E). Furthermore,
and cisplatin groups, although no significant changes in the some key markers associated with cell proliferation, apoptos-
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is and the MAPK/Ras signaling pathways were examined by
immunohistochemistry staining. As shown in Fig. 6F, the ex-
pression of ki67 and phospho-Erk1/2 were lower in the MA
group, although MA increased the expression of cleaved cas-
pase-3. These results demonstrated that MA inhibited prolif-
eration and promoted apoptosis of NPC via the MAPK/Ras
signaling pathways in vivo, which was in accordance with the
in vitro data.

Discussion

NPC is a malignant head and neck carcinoma arising
from the epithelium of the nasopharynx. The morbidity asso-
ciated with NPC in the population of South China is about
2-10/100 000, which is significantly higher than those in
Caucasians **!. As NPC often infiltrates and is often in close
proximity to critical organs and tissues, such as the brain
stem cell area, optic nerves and main blood vessels, surgery
and radiotherapy are not often used for the treatement NPC >,
Although recent years saw significant improvement in radio-
therapy, approximately 20%—-30% of NPC patients may still
suffer from local recurrence and distant metastasis within two
years after clinical treatment 3% Moreover, several disad-

vantages, including radio-resistance, toxicity and side effects,
limit the use of existing standard chemo-radiation strategies.
Therefore, it is urgent to explore innovative effective drugs
against NPC with minimal toxicity.

Recent research has suggested that flavonoids may act as
potential therapeutic agents for various types of cancer. For
instance, genistein and quercetin inhibited cancer of the
breasts, lungs, stomach, liver, colon, prostate, cervix and
ovaries by disrupting cell proliferation, arresting cell cycle
and promoting cell apoptosis *"**. MA is a derivative of di-
hydroflavone and our previous studies showed that chloro-
form extract from Sophora tonkinensis, in which it is one of
the main components, exerted excellent anti-cancer effect in
NPC cells ™). Therefore, we hypothesize that MA may exhib-
it an equally potent impact on NPC. It is common knowledge
that proliferation and resistance to apoptosis are the major
biological characteristics of malignant tumor cells ¥ In this
study, we confirmed that MA inhibited cell proliferation, ar-
rested cell cycle at Gy/G; phase and promoted the apoptosis
of NPC CNEI and CNE2 cells. CCK-8 and EdU assays
showed that MA significantly reduced the survival rates of
CNE1 and CNE2 cells in time- and concentration-dependent
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manners. These results strongly suggested that MA acted as
an effective antitumor agent for NPC patients.

The cell cycle is a biological process that controls cell
proliferation and differentiation. Cyclins, cyclin-dependent
kinases (CDK) and cyclin-dependent kinase inhibitors
(CKIs), together form the signaling regulatory network of the
cell cycle B, Cyclin D1 and the CDK4/6 protein complex
are the main regulators of Gy/G, phase. P16 and P21 are two
typical CKls that can inhibit cell cycle *” %), In this study,
MA increased the proportion of cells at Gy/G; phase. West-
ern blot anaylsis also showed that MA dose dependently
downregulated the expression of CDK6, CDK4 and Cyclin
D1 and upregulated the expression of P21 and pl6, suggest-
ing that it can trigger the arrest of CNE1 and CNE2 cells at
Gy/G, phase.

Apoptosis is the dominant mode of programmed cell
death that plays an irreplaceable role in the biological pro-
cess of proliferation, development, survival and death. Tu-
mor cells have developed multiple strategies in order to evade
or resist apoptosis ®” ). Drugs that effectively restore the
normal apoptotic pathways of tumor cells have the potential
to treat cancer Y. In our study, flow cytometry results
demonstrated that treatment with MA for 24 h induced apop-
tosis in CNE1 and CNE2 cells. In addition, Bcl-2 and the cas-
pase family of genes play a crucial role in regulating cell ap-
optosis. Bcl-2 and Bax are the most important pair of mo-
lecules in Bel-2 family. When the latter is highly expressed
intracellularly, the cells are sensitive to death signals and
prone to apoptosis. However, Bcl-2 plays an anti-apoptotic
role by forming a heterodimer with Bax . Caspase-3 is a
downstream apoptotic execution molecule in both intrinsic
and extrinsic cell death pathways and can initiate cell apop-
tosis after activation and cleavage by upstream molecules **!.
Western blot results revealed that MA up-regulated the ratios
of Bax/Bcl-2 and cleaved caspase-3/total caspase-3 in a dose-
dependent manner in both NPC cell lines. PARP is the down-
stream substrate of caspase-3 and can be cleaved by activ-
ated caspase-3 Y. The ratio of cleaved PARP/total PARP
was consistent with the above results, suggesting that MA ac-
ted as an apoptotic promoter in CNE1 and CNE2 cells.
However, the pathway of MA-induced apoptosis in NPC cells
remains to be further confirmed.

The mitogen-activated protein kinase (MAPK) pathway
encompasses three main cascades of which the rat sarcoma
(Ras)-rapidly accelerated fibrosarcoma (Raf)-mitogen-activ-
ated protein kinase kinase (MEK)-extracellular signal-regu-
lated kinase (Erk) is one of the most dysregulated in human
cancer. This pathway has a tertiary kinase mode in the signal
transmission process. The small G protein, Ras, can be activ-
ated by growth factors, cytokines and proto-oncogenes,
which subsequently leads to activation of the serine/threon-
ine kinase, Raf, MEK and Erk in a cascade sequence 431 The
MAPK/Ras signaling pathway plays a pivotal role in convert-
ing extracellular stimuli into intracellular responses, includ-
ing cell proliferation, differentiation, senescence, apoptosis
and has long been considered to be an attractive strategy for
antitumor therapies . In the current study, RNA-seq and

KEGG pathway enrichment analysis were performed to pre-
dict possible mechanisms of the antitumor effect of MA. The
results showed that the MAPK and Ras signaling pathways
may play a crucial role in the action of MA. The Ras-Raf-
MEK-Erk system is a common molecular approach between
these two closely related signaling pathways. Western blot re-
vealed that the phosphorylation of cRaf, MEK1/2 and Erk1/2
were blocked by MA in a dose-dependent manner. Moreover,
inhibition of MA on the signal transduction pathway in NPC
cell lines was rescued by the presence of TBHQ, a
MAPK/Ras signaling pathway activator. The results demon-
strated that MA exerted anticancer effect through suppress-
ing the MAPK/Ras pathways. However, the accurate target of
MA still needs further investigation. Furthermore, MA signi-
ficantly inhibited the growth of CNE1 and CNE2 in nude
mice without significant body weight loss and pathologic
damage to vital organs, suggesting that this compound can be
used safely in vivo. In addition, the results obtained from IHC
staining showed that MA regulated the expression of the cell
phenotype and pathway-related biomarkers, which was con-
sistent with our findings in vitro.

Conclusions

Our findings demonstrated that MA, at relatively low
concentrations with minimal toxicity, exerted anti-tumor ef-
fect in NPC. MA suppressed proliferation and induce apop-
tosis of NPC cells by inhibiting the MAPK/Ras signaling
pathway. Our study provides theoretical basis for further de-
veloping MA as a potential candidate treatment for NPC pa-
tients.
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