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EM-2 inhibited autophagy and promoted G,/M phase
arrest and apoptosis by activating the JNK pathway in
hepatocellular carcinoma cells

Jie Yang', Zhen-dong Li%, Chang-yan Hou', Zi-yu Li', Qiang Li%, Shen-yu Miao®, Qing Zhang*, Xiao-ying Zhang®, Xiao-feng Zhu® and
Jian-wei Jiang'

This study aimed to investigate the inhibitory effect of EM-2, a natural active monomer purified from Elephantopusmollis H.B.K., on
the proliferation of human hepatocellular carcinoma cells and the molecular mechanism involved. The results from the MTT assay
revealed that EM-2 significantly inhibited the proliferation of human hepatocellular carcinoma (HCC) cells in a dose-dependent
manner but exhibited less cytotoxicity to the normal liver epithelial cell line LO2. EdU staining and colony formation assays further
confirmed the inhibitory effect of EM-2 on the proliferation of Huh-7 hepatocellular carcinoma cells. According to the RNA
sequencing and KEGG enrichment analysis results, EM-2 markedly activated the MAPK pathway in Huh-7 cells, and the results of
Western blotting further indicated that EM-2 could activate the ERK and JNK pathways. Meanwhile, EM-2 induced apoptosis in a
dose-dependent manner and G,/M phase arrest in Huh-7 cells, which could be partially reversed when treated with SP600125, a
JNK inhibitor. Further study indicated that EM-2 induced endoplasmic reticulum stress and blocked autophagic flux in Huh-7 cells
by inhibiting autophagy-induced lysosome maturation. Inhibition of autophagy by bafilomycin A1 could reduce cell viability and
increase the sensitivity of Huh-7 cells to EM-2. In conclusion, our findings revealed that EM-2 not only promoted G,/M phase arrest
and activated ER stress but also induced apoptosis by activating the JNK pathway and blocked autophagic flux by inhibiting
autolysosome maturation in Huh-7 hepatocellular carcinoma cells. Therefore, EM-2 is a potential therapeutic drug with promising

antitumor effects against hepatocellular carcinoma and fewer side effects.
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INTRODUCTION

Primary liver disease is one of the major health problems in the
world, and liver cancer is the most debilitating liver disease and
the second leading cause of cancer-related mortality [1]. Most
patients suffer from hepatocellular carcinoma (HCC), which
accounts for more than 90% of all patients with liver cancer [2].
Chemotherapy is the conventional treatment for cancer, which is
beset with serious side effects. There are numerous chemotherapy
drugs available for liver cancer treatment, such as oxaliplatin,
capecitabine, gemcitabine, and 5-fluorouracil. However, most
patients with HCC have a poor prognosis after chemotherapy,
with a 5-year survival rate between 17% and 53% and a recurrence
rate as high as 50% within 2 years [3, 4], mostly because HCC cells
develop strong resistance to clinical chemotherapy drugs [5].
Therefore, it is urgent to develop efficacious treatments for HCC
that have few side effects.

Accumulating studies have reported that monomers purified
from some Chinese herbal medicines exhibit better antitumor
effects with lower toxicity [6, 71. Elephantopusmollis HB.K. is a
traditional Chinese herbal medicine with a long history in the
treatment of epistaxis, jaundice, edema, bruises, dysentery, etc
[8, 91. Increasing evidence suggests that Elephantopusmollis H.B.K.
has noteworthy pharmacological effects, including antimelano-
genic [10], antiproliferative [11], and proapoptotic activities [12].
Recently, Shao et al. reported that ROS accumulation and ASK1/
JNK signaling pathway activation by EM23, a natural sesquiter-
pene lactone family member isolated from Elephantopusmollis,
were critical for the induction of apoptosis in human cervical
cancer (CaSki and SiHa) cell lines [13]. However, the antitumor
effectors and underlying molecular mechanism of EM-2, a novel
monomer purified from Elephantopusmollis H.B.K., on HCC remain
poorly understood.
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The mitogen-activated protein kinase (MAPK) family is a kind of
serine/threonine protein kinase superfamily that is activated in
response to numerous cellular stressors. To date, the known
MAPKs mainly consist of p38 MAPK, extracellular signal-regulated
kinase (ERK), and c-Jun NH,-terminal kinase (JNK). MAPKs play
critical roles in controlling cellular responses to environmental
stressors and in regulating numerous cellular activities including
gene expression, cell growth, migration, differentiation, and
apoptosis, which have made these proteins a priority for research
related to many human diseases [14, 15]. Tumorigenesis and
development are complicated processes affected by multiple
signaling pathways, including MAPK signaling pathways. Xu et al.
found that apoptosis and S-phase arrest were induced via ROS-
dependent JNK and ERK activation in the human pancreatic
cancer cell line Miapaca-2 upon treatment with sophoridine [16].
Similarly, Mhaidat et al. revealed that ER stress is involved in
docetaxel-induced JNK-dependent apoptosis of human melanoma
[17]. In our previous studies, PP-22, a Paris polyphylla monomer,
was shown to induce autophagy and apoptosis in CNE-2
nasopharyngeal carcinoma cells by activating p38 signaling and
endoplasmic reticulum stress [18]. However, the effect of EM-2 on
MAPK family activity in HCC is unknown.

In our previous work, we isolated 25 monomer compounds
(named EM-1 to EM-25) from Elephantopusmollis H.B.K.
The MTT assay results showed that among the 25 monomers,
EM-2, EM-3, EM-10, and EM-12 had strong antitumor effects. In
this study, we demonstrated that EM-2 exhibited excellent
antitumor effects in human HCC cells with few adverse effects
on normal cells. The compound affected Huh-7 HCC cells by
activating the JNK pathway and promoting G,/M arrest and
apoptosis. Moreover, we showed that EM-2 induced endoplas-
mic reticulum stress and inhibited autophagy in Huh-7 cells by
blocking autolysosome maturation and thus increasing the
sensitivity of Huh-7 cells to EM-2. These data suggested that EM-
2 is a potential drug with promising antitumor effects for the
treatment of HCC.

MATERIALS AND METHODS

Materials

EM-2 a monomeric sesquiterpene lactone called 2f3-methoxy-2-
deethoxyphantomolin, was kindly provided by Professor Guo-cai
Wang (College of Pharmacy, Jinan University). The degree of
purity of EM-2 used in the present study was =98% as
determined by high-performance liquid chromatography. EM-2
was dissolved in dimethyl sulfoxide (DMSO) and diluted DMEM/
F12 medium (Gibco, CA) without fetal bovine serum (Gibco, CA).
DMSO and trypsin-EDTA were purchased from Sigma. MTT was
purchased from Beyotime Biotechnology (Shanghai, China).
Polyvinylidene fluoride (PVDF) was purchased from Millipore
(Burlington, MA). Antibodies against p38, p-p38, ERK1/2, JNK1/2,
p-JNK1/2, c-Jun, p-c-Jun, Bcl-2, Bax, Caspase-9, Caspase-3,
cleaved-Caspase-3, PARP, Cyclin A,, Cyclin By, Cyclin D;, CDK4,
Myt1, cdc2, p-cdc2 (Tyr15), p53, IR1q, p-IR1q, elF2a, p-elF2q, Bip,
ATF4, p62, and LC3 were purchased from Cell Signaling
Technology (Boston, MA). In addition, anti-Wee1, anti-p-ERK1/
2, anti-p21, goat anti-rabbit IgG-HRP, and goat anti-mouse IgG-
HRP antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA), and anti-Cathepsin L was purchased from BD
Biosciences.

Cells and cell culture

Human hepatoma cell lines Hep3B, CRL-8024, SMMC-7721, QGY-
7703, and Huh-7; LO2 cells (normal liver epithelial cells) and MIHA
cells (immortalized normal liver cells) were obtained from the
Cancer Center of Sun Yat-Sen University (Guangdong, China). Cells
were maintained in DMEM/F12 medium with 10% FBS and
cultured at 37 °C in an atmosphere containing 5% CO,.
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Cell viability assay

Cells were seeded into 96-well plates at a density of 5000 cells per
well and allowed to attach overnight in DMEM/F12 medium
containing 10% FBS. The cells were then incubated with different
concentrations of EM-2 (0, 1.25, 2.5, 5, 10, and 20 uM) for 48 h
before the MTT assay. Then, 20 pL of MTT solution (5 mg/mL) was
added to each well, and the plates were incubated for another 4 h
at 37 °C before the optical densities were measured at 570 nm by
a microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).

EdU staining assay

Huh-7 cells were treated with different concentrations of EM-2 for
24 h after they were seeded in 96-well plates at a density of 5000
cells per well. Then, EdU staining assays were performed to detect
cell proliferation activity using a Cell-Light™ EdU Apollo488
Imaging kit (RiboBio, Guangzhou, China) according to the
manufacturer’s instructions.

Colony formation assay

Huh-7 cells were seeded in 6-well plates at a density of 500 cells
per well and then exposed to different concentrations of EM-2 (O,
0.25, 0.5 uM) for 7 days. Then, cell colonies were fixed with 4%
paraformaldehyde for 20 min and stained with 0.5% crystal violet
solution (Sigma, USA) for 30 min. After three gentle washes and air
drying, the stained colonies were counted, and photographed.

RT-gPCR and RNA sequencing

Total RNA was isolated from cultured cells using TRIzol reagent
(Invitrogen, CA, USA) and reverse-transcribed using a HiScript Il Q
Select RT SuperMix reverse transcription kit for qPCR (Vazyme
Biotech, Nanjing, China). gqPCR assays were performed with
ChamQ SYBR Color gPCR Master Mix (Vazyme Biotech, Nanjing,
China), and the primers used in the present study are listed in
Table 1. After extraction and treatment with DNase, total RNA was
sent to BGI (Shenzhen, China) for RNA sequencing on a BGISEQ-
500 sequencer.

Cell cycle distribution and apoptosis analysis

Propidium iodide (PI) staining was performed to analyze the cell
cycle distribution. Cells were seeded in 6-well plates and exposed
to different concentrations of EM-2 for 48 h before they were
harvested and fixed with 70% ethanol for 12h at 4°C. After
resuspension in  phosphate-buffered solution (PBS) and

Table 1. Primer sequences for qRT-PCR.

Gene sequence

ATF4 Forward 5-CTTTCTCTCCTCCTGCTTCT-3’
Reverse 5-GAGTCACACGACCCAATCA-3’

ATF6 Forward 5-CTGTGGTGAAACCTCCACCT-3’
Reverse 5-CATGGTGACCACAGGAGATG-3/

EIF2AK3 Forward 5-TTTTGCTGCAGAACGGACATG-3’
Reverse 5-ATCTTCACCGGGACACTTCAC-3/

DDIT3 Forward 5-GAGTTGGAGGCGTGGTATGA-3/
Reverse 5-CCTTGGTGGCGATTGGTGAA-3’

HSPAS5 Forward 5-ACGAGAACACAGAAGACGGG-3’
Reverse 5/-ATCCCAATCACTGTCCCAAC-3/

ERN1 Forward 5-CGGCCTCGGGATTTTTGGAA-3’
Reverse 5-CCTGCAGGACTGGATCTTCT-3/

SERP1 Forward 5-GTCGCCAAGACCTCGAGAAA-3’
Reverse 5-GCAAGGCACTGTGGTATGGA-3/

GAPDH Forward 5-GTAACTCCGCAGAAAAGCCAGAC-3’
Reverse 5-CAAAAGAAACTAACACACACACA-3’
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centrifugation (1500 rpm, 5 min), the cells were stained with PI
according to the instructions of the Cell Cycle Analysis Kit (4A
Biotech, Beijing, China). Apoptosis was assessed according to the
instructions of the Annexin V-FITC/PI apoptosis detection kit (4A
Biotech, Beijing, China). Both cell cycle distribution and apoptosis
were analyzed using flow cytometry (Becton, Dickinson and
Company, VT).

Immunofluorescence assay

Huh-7 cells were seeded at a density of 1 x 10° cells per well on
20 mm glass coverslips that were placed at the bottom of a 12-
well plate and allowed to adhere overnight, followed by exposure
to EM-2 (0, 8 uM) for 24 h. After washing twice with 1x phosphate-
buffered saline, cells were treated with 4% paraformaldehyde for
10 min and 0.1% Triton X-100 for another 10 min, followed by
incubation with 10% goat serum (Boster, Wuhan, China) for 1.5 h
at 37 °C. Cells were incubated with LC3B/MAP1LC3B (Novus, USA)
and p62 primary antibody overnight at 4 °C. Then, the cells were
incubated with FITC-conjugated goat anti-rabbit 1gG (H+L)
(ABclonal, Wuhan, China) or DyLight 649-conjugated goat anti-
mouse IgG (H+L) (Abbkine, CA, USA) for 1.5h at room
temperature in the dark. Cell slides were then sealed with
Antifade Mounting Medium (with DAPI) (Solarbio, Beijing, China).
The fluorescence intensities of LC3 and p62 staining were
observed under a confocal laser scanning microscope (Lecia TCS
SP8, Germany) or an inverted fluorescence microscope (Lecia
DMi8, Germany).

Western blot assay

Cells were homogenized in 1x RIPA buffer (Cell Signaling
Technology, MA, USA), and the protein supernatant was separated
by centrifugation at 12,000 x g for 15min at 4°C. The protein
concentrations were determined by using a BCA Protein Assay Kit
(Thermo Scientific, Shanghai, China). Protein samples were loaded
into SDS-PAGE gels and transferred to 0.45 pm PVDF membranes
(Millipore, Billerica, MA, USA). After they were blocked with 5%
skimmed milk in 1x TBST for 1h at room temperature, the
membranes were incubated with primary antibody overnight at 4
°C followed by secondary antibody for 1 h at room temperature.
The immunoreactive bands were visualized with a Gel Imaging
system (Bio-Rad, CA, USA) using an ECL kit (Bio-Rad, CA, USA) and
analyzed using Image) software.

Statistical analysis

All the data are presented as the mean * standard error of the
mean (SEM). Student’s t test and one-way ANOVA were performed
to analyze the significance of the difference between two groups
or among multiple groups, respectively. Statistical analysis was
performed using SPSS 16.0 (SPSS software, IBM, USA) and
GraphPad Prism 7.0 (GraphPad software, San Diego, CA, USA).
P values < 0.05 were considered statistically significant.

RESULTS

EM-2 inhibited cell proliferation in human hepatocellular
carcinoma cells

EM-2 is a monomeric sesquiterpene lactone extracted from
Elephantopusmollis H.B.K., and its chemical structure is depicted
in Fig. 1a. To investigate the cytotoxic effects of EM-2 on human
liver cancer cell lines (Huh-7, Hep3B, QGY-7703, CRL-8024, and
SMMC-772), normal liver epithelial cells (LO2) and normal
immortal liver cells (MIHA), were exposed to different concentra-
tions of EM-2 for 48 h. The results from the MTT assay showed that
EM-2 significantly inhibited the proliferation of human HCC cell
lines in a dose-dependent manner; furthermore, EM-2 showed less
cytotoxicity in normal human liver epithelial LO2 cells (Fig. 1b) and
exhibited better antitumor effects than other liver cancer
chemotherapy drugs, such as oxaliplatin, fluorouracil, sorafenib,
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or cisplatin (Fig. 1c). The ICsq values of EM-2 against different cell
lines after 48 h of treatment are presented in Table 2.

Colony formation and EdU assays were performed to further
investigate the inhibitory effect of EM-2 on Huh-7 cell prolifera-
tion. The results showed that the numbers of colonies formed and
EdU-positive cells significantly decreased with increasing EM-2
concentrations in Huh-7 cells (Fig. 1d—g). Overall, these findings
suggested that EM-2 inhibited the proliferation of human HCC
cells in a dose-dependent manner.

EM-2 activated the MAPK signaling pathway

To determine which pathway was associated with EM-2 mediated
inhibition of HCC cell proliferation, we performed RNA-seq analysis
of total RNA extracted from Huh-7 cells with or without EM-2
treatment. The sequencing results were analyzed by GO function
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis, which showed that EM-2 treatment significantly
activated the MAPK signaling pathway and tumor necrosis factor
(TNF) signaling pathway in Huh-7 cells (Fig. 2a). Furthermore, the
Western blotting results showed that EM-2 treatment increased
the expression levels of p-ERK1/2, p-JNK, and p-c-Jun in a dose-
dependent manner but failed to alter the expression of total ERK1/
2, JNK, and c-Jun as well as the levels of p-p38 (Fig. 2b). To further
verify whether EM-2 induced increases in p-ERK1/2 levels, we
treated Huh-7 cells with 4 uM EM-2 for 0, 3, 6, 12, 24, and 36 h and
examined p-ERK1/2 levels by Western blotting. Our results
demonstrated that the level of p-ERK1/2 increased in a time-
dependent manner upon EM-2 treatment (Fig. 2c). All these data
suggested that EM-2 activated the JNK and ERK1/2 proteins of the
MAPK signaling pathway in Huh-7 cells.

EM-2 induced G,/M arrest and apoptosis in Huh-7 hepatocellular
carcinoma cells

To further investigate the effect of EM-2 on the physiological
functions of Huh-7 cells, an Annexin V/PI double staining assay
was performed to examine the apoptosis activity of Huh-7 cells
upon EM-2 treatment. The results showed that apoptosis was
induced by EM-2 in a concentration-dependent manner in Huh-7
cells after 48 h of treatment, and the apoptosis rate was up to
83.94% when treated with 8 uM EM-2 (Fig. 3a, c). Cell cycle
progression was also analyzed by flow cytometry. The results
showed that treatment with EM-2 for 24 h significantly induced
Gy/M arrest in Huh-7 cells based on the significant increase in the
G,/M fraction in a concentration-dependent manner, but the S
fraction had little change, and the Gy/G; fraction decreased
(Fig. 3b, d). In addition, the expression levels of proteins associated
with apoptosis and the cell cycle were detected by Western blot
assay. We found that after treatment with EM-2 for 24 h, the
expression levels of Bcl-2, Caspase-9, and Caspase-3 decreased but
those of cl-Caspase-3, cl-Caspase-9 and cl-PARP increased. The
expression levels of Cyclin A2 and Cyclin B1 increased while those
of CDK4 and Cyclin D1 decreased (Fig. 3e, f). In addition, we also
observed an obvious increase in the levels of p-cdc2, Wee1, and
Myt1, while there was no change in the level of total cdc2.
Interestingly, our results suggested that although the expression
of p21 and p53 were both elevated as the concentration of EM-2
increased, the increase in p21 expression was much more
significant than that of p53 (Fig. 3f). Taken together, these results
suggested that EM-2 induces G,/M arrest and apoptosis in Huh-7
cells in a concentration-dependent manner.

EM-2 induced apoptosis and G,/M arrest in Huh-7 cells by
activating JNK

Previous studies reported that the MAPK signaling pathway is
involved in regulating numerous cellular processes, such as cell
growth and proliferation, cycle, migration, differentiation, and cell
death, in eukaryotes [19]. To investigate the relationship among
MAPK family proteins, apoptosis, and G,/M phase arrest in Huh-7
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Fig. 1 Cytotoxic effect of EM-2 on human hepatocellular carcinoma cell lines. a The chemical structure of EM-2. b Cell viability analysis of
various human hepatoma cell lines and normal liver epithelial cell lines cultured in the presence of EM-2 as determined by the MTT assay.
c Cell viability analysis of Huh-7 cells treated with EM-2 and various liver cancer chemotherapy drugs as determined by the MTT assay. d Huh-7
cells were seeded in 6-well plates at a density of 500 cells per well and treated with different concentrations of EM-2 (0, 0.25, and 0.5 pM) for
7 days. The results represent three independent experiments. e Statistical analysis of colony formation (*** compared with the control group,
P <0.001). f The effects of EM-2 on Huh-7 cell proliferation were determined by EdU staining; the red dots represent the population of
daughter cells. After exposure to EM-2 (2 uM) for 24 h followed by EdU staining, the cells were examined under a multifunctional fluorescence
microscope. Scale bars, 50 pm. g Statistical analysis of the EdU staining assay (** compared with the control group, P <0.01).

Table 2. 1C5, of EM-2 against various human hepatocellular carcinoma
cell lines and normal liver epithelial cell lines for 48 h.

Cell lines 1C50 (1M)
Hep3B 8.81+0.11
CRL-8024 >20
SMMC-7721 8.77+0.26
QGY-7703 8.55+0.21
Huh-7 5.89+0.08
MIHA 14.45+0.29
LO2 >20

(Means + standard deviation).

cells after EM-2 treatment, we further examined Huh-7 cell
apoptosis levels and the cell cycle distribution in the presence
of the MEK inhibitor trametinib and/or the JNK inhibitor SP600125.

The flow cytometry and MTT assay results showed that Huh-7
cell apoptosis levels increased and cell viability decreased in the
(Trametinib+, EM-24) group compared with those of the
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(Trametinib—, EM-2+) group (Fig. 4a, ¢, d). Additionally, the
results from the Western blot analysis showed that the protein
levels of cl-PARP increased in the (Trametinib+, EM-2+) group
compared with the (Trametinib—, EM-2+) group (Fig. 4g). This
result suggested that ERK activation induced by EM-2 in Huh-7
cells was cytoprotective, and suppression of ERK activity could
render Huh-7 cells sensitive to EM-2. However, when Huh-7 cells
were pretreated with the JNK inhibitor SP600125 before exposure
to EM-2, opposing results were obtained. Compared with the
(SP600125—, EM-2+) group, the (SP600125+, EM-2+4) group
showed decreased apoptosis levels and increased cell viability,
which revealed that EM-2 induced apoptosis by activating JNK
(Fig. 4b, e, ). Furthermore, consistent with the flow cytometry and
MTT results, the protein levels of p21 and cl-PARP were decreased
upon SP600125 treatment (Fig. 4h). The above results indicated
that EM-2 induced Huh-7 cell apoptosis by activating JNK.

EM-2 induced endoplasmic reticulum stress in Huh-7
hepatocellular carcinoma cells

There are many stimulating factors that can activate the JNK/SPAK
pathway, such as TNF, ROS, and endoplasmic reticulum (ER) stress.
As one of the most important cellular organelles, the ER plays a
critical role in maintaining cell homeostasis. Triggered by
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Fig. 2 EM-2 activated the MAPK signaling pathway. a KEGG pathway enrichment analysis was performed in Huh-7 cells treated with EM-2
(4 pM). b Huh-7 cells were exposed to EM-2 (0, 2, 4, and 8 uM) for 24 h, and the expression levels of proteins associated with the MAPK
pathway were analyzed by Western blotting. ¢ Huh-7 cells were exposed to 4 pM EM-2 for 0 to 36 h, and the protein levels of ERK and p-ERK
were analyzed by Western blotting. Representative immunoblot of an experiment repeated three times is shown.

numerous intracellular and extracellular factors, ER stress usually
causes disruption of cellular homeostasis, which can be salvaged
by an adaptive mechanism called the unfolded protein response
(UPR) in order to maintain cell survival [20]. However, the UPR may
also promote apoptosis, and increasing evidence has reported
that ER stress causes dimerization and autophosphorylation of
inositol requiring-enzyme 1 alpha (IRE1a), which triggers the
activation of ASK1 (apoptotic signaling kinase 1) and thereby
activates JNK [21]. Therefore, to demonstrate whether ER stress
was activated in Huh-7 cells upon EM-2 treatment, the protein
expression levels of ER stress-related proteins were examined by
Western blotting. The increased levels of p-IRE1a, p-elF2a, ATF4,
and Bip indicated that EM-2 could induce ER stress (Fig. 5a).
Meanwhile, the mRNA levels of these proteins were detected by
RT-gPCR in Huh-7 cells treated with different concentrations of
EM-2. Consistent with the Western blotting results, the mRNA
levels of ER stress-related genes, such as EIF2AK3(PERK), ERN1
(IRE1a), DDIT3(CHOP), HSPA5(Bip), SERP1, ATF6, and ATF4,
significantly increased with increasing EM-2 concentrations
(Fig. 5b). These findings demonstrated that EM-2 induced ER
stress in Huh-7 HCC cells.

EM-2 blocked autophagy flux in Huh-7 cells by inhibiting
autolysosome maturation and cell proliferation

Accumulating evidence suggests that blocking autophagic flux
activates ER stress [22, 23]. We also observed that EM-2 treatment
could induce ER stress in Huh-7 cells (Fig. 5), so we speculated that
EM-2 treatment also has a similar effect on autophagy flux to
activate ER stress. To determine whether autophagy is involved in
apoptosis and G,/M arrest in Huh-7 cells treated with EM-2, the
expression of proteins associated with autophagy was detected by
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Western blotting. The results showed that the protein expression
levels of LC3-ll increased with increasing EM-2 concentrations
(Fig. 6a). Similarly, an enormous increase in LC3 fluorescence
intensity was observed in Huh-7 cells treated with 8 yM EM-2
compared to cells in the control group (Fig. 6¢). Interestingly, we
also found that the fluorescence intensity and protein expression
levels of p62 increased significantly in a dose-dependent manner
upon EM-2 treatment (Fig. 6a, c). Meanwhile, the expression levels
of precursor-Cathepsin L increased, while the expression levels of
mature-Cathepsin L decreased in EM-2-treated Huh-7 cells, which
indicated that EM-2 inhibited autophagy-mediated lysosome
maturation (Fig. 6b). Moreover, pretreatment with bafilomycin
A1, an autophagy inhibitor, significantly aggravated the damage
to Huh-7 cell viability caused by EM-2 (Fig. 6d), which means
autophagy promoted cell survival, and blocking autophagy
promoted cell death. These results revealed that EM-2 blocked
autophagy by inhibiting autophagy-mediated lysosome
maturation.

DISCUSSION

Liver cancer is the third most common cancer in China, and every
year, 50% of global new cases are in China [1]. Although there are
various chemotherapeutic drugs available for the clinical treat-
ment of liver cancer, poor prognosis and high recurrence rate
have always been impending problems due to the acquired
resistance of HCC cells to chemotherapeutic drugs [5]. In this
study, we first demonstrated that EM-2, a novel natural monomer
extracted from Elephantopusmollis H.B.K., had a strong inhibitory
effect on the proliferation of human hepatoma cell lines in a dose-
dependent manner but exerted little cytotoxicity in LO2 normal
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Fig. 3 EM-2 induced G2/M arrest and apoptosis in Huh-7 hepatoma cells. a Huh-7 cells were exposed to EM-2 (0, 2, 4, and 8 uM) for 48 h,
and Annexin V-FITC/PI staining analysis was conducted to evaluate the percentage of apoptotic cells using flow cytometry. b Huh-7 cells were
exposed to EM-2 (0, 2, 4, and 8 uM) for 24 h, and Pl staining analysis was conducted to analyze the cell cycle distribution using flow cytometry.
¢, d The percentage of apoptotic cells and cell cycle distribution fractions of Huh-7 cells are displayed as the mean * standard deviation of
triplicate determinations (** compared with control group, P < 0.01; *** compared with control group, P < 0.001). e, f Huh-7 cells were exposed
t0 0, 2, 4, or 8 UM EM-2 for 24 h. The protein expression levels of genes associated with apoptosis and the cell cycle were analyzed by Western
blot analysis. Representative immunoblot of an experiment repeated three times is shown.
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Fig. 4 EM-2 induced apoptosis and G2/M arrest in Huh-7 cells by activating JNK. a, b Apoptosis levels were analyzed by the Annexin
V-FITC/PI staining assay in Huh-7 cells with or without trametinib (a) and SP600125 (b) pretreatment prior to EM-2 (4 pM) exposure for 48 h. ¢, e
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blot in Huh-7 cells with or without trametinib (g) and SP600125 (h) pretreatment prior to EM-2 (4 pM) exposure for 24 h. All experiments were

repeated three times.

liver epithelial cells (Fig. 1b). We also observed that EM-2 had a
better antitumor effect than some liver cancer chemotherapeutic
drugs, such as oxaliplatin, fluorouracil, sorafenib, or cisplatin
(Fig. 1c). The lowest ICso value (5.89 +0.08 uM) was observed in
Huh-7 cells upon treatment with EM-2 for 48 h (Table 1). Moreover,
the numbers of EdU-positive cells and cell colonies in EM-2-

Acta Pharmacologica Sinica (2021) 42:1139-1149

treated Huh-7 cells were significantly reduced compared with
those in the control cells, which further confirmed the inhibitory
effect of EM-2 on hepatoma cell proliferation (Fig. 1d-g).

To determine the underlying mechanisms involved in the
inhibition of hepatoma cell proliferation induced by EM-2, total
RNA from Huh-7 cells with or without EM-2 treatment was
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Fig.5 EM-2 induced endoplasmic reticulum stress in Huh-7 hepatoma cells. a Huh-7 cells were exposed to 0, 2, 4, or 8 pM EM-2 for 24 h. The
protein expression levels of proteins associated with endoplasmic reticulum stress were detected by Western blotting. b Huh-7 cells were
exposed to O, 2, 4, or 8 uM EM-2 for 24 h. The mRNA expression levels of ER stress-related pathway genes were analyzed by RT-qPCR. All
experiments were performed in three independent replicates (*P < 0.05; **P < 0.01; ***P < 0.001).

extracted and sequenced. The sequencing results were analyzed
by GO function and KEGG enrichment analysis, and the results
showed that EM-2 treatment significantly activated the MAPK
signaling pathway in Huh-7 cells (Fig. 2a). Meanwhile, we
investigated the effects of EM-2 on the physiological functions
of Huh-7 cells, including apoptosis activity and cell cycle arrest. As
the EM-2 concentration increased, the number of Annexin V-
positive cells and the levels of cl-Caspase-3, cl-Caspase-9 and cl-
PARP were increased in addition to the Bax/Bcl-2 ratio (Fig. 3a, e).
Moreover, we also found that the G,/M fraction in EM-2-treated
Huh-7 cells was significantly increased while the Go/G; fraction
was decreased as the EM-2 concentration increased. Nevertheless,
EM-2 treatment had little effect on the S fraction (Fig. 3b, d).
Moreover, the protein expression levels of Cyclin A, and Cyclin B,
were upregulated, but Cyclin D; and CDK4 expression levels were
downregulated upon EM-2 treatment. Cdc2 expression showed no
obvious changes, but the levels of p-cdc2 (Tyr15), Weel and Myt1
increased in an EM-2 concentration-dependent manner (Fig. 3f).
Interestingly, we found that the expression levels of p21 increased
significantly, but the change in the level of its upstream protein
p53 was modest, suggesting that the increase in p21 expression
was independent of the expression of p53 in Huh-7 cells, which
was probably because Huh-7 is a p53-mutant cell line [24].
Previous studies showed that activation of the TNF-a signaling
pathway is an important factor in determining p21 expression and
stabilization [25]. In our findings, EM-2 treatment significantly
activated the TNF signaling pathway in Huh-7 cells (Fig. 2a) and
thus may be indicative of p21 expression via activation of the TNF-
a pathway in a p53-independent manner.

C-Jun N-terminal kinases (JNKs) and ERKs are members of the
MAPK family, which can be activated by multiple cellular
stressors and cytokines. As serine-threonine kinases, both play
pivotal roles in signaling cascades to perform diverse biological
functions and exert physiological effects under both normal and
pathological conditions. ERK hyperactivation plays an important
role in cancer development and progression, including tumor
proliferation, invasion, metastasis, and angiogenesis [26]. JNK is
generally activated by cellular stress and closely associated with
cell death [16, 17, 27]. In this study, we found that EM-2
treatment could activate JNK and ERK but not p38 in Huh-7
hepatoma cells (Fig. 2b, c). Pretreatment with trametinib, an ERK
inhibitor, decreased cell viability and increased the number of
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Annexin V-positive Huh-7 cells and the level of cl-PARP,
indicating that ERK activation is a prosurvival mechanism in
EM-2-treated Huh-7 cells. When JNK was inhibited by SP600125,
the apoptosis level decreased and cell viability increased in Huh-
7 cells (Fig. 4). In addition, the protein levels of p21 and cl-PARP
decreased in the presence of SP600125 (Fig. 4h). These results
suggested that apoptosis is mediated by JNK activation in EM-2-
treated Huh-7 hepatoma cells.

Previous studies reported that ER stress caused dimerization
and autophosphorylation of IRE1q, which triggers the activation
of ASK1 and thereby activates JNK [21]. Thus, to determine
whether the ER stress response in Huh-7 cells was activated by
EM-2 treatment, the mRNA and protein expression of ER stress-
related genes was detected. With increasing concentrations of
EM-2 in Huh-7 hepatoma cells, the protein levels of p-IRE1q, p-
elF2a, ATF4, and Bip increased, and the mRNA levels of EIF2AK3
(PERK), ERN1(IRETa), HSPA5(Bip), DDIT3(CHOP), ATF6, ATF4, and
SERP1 also increased significantly (Fig. 5). These results
suggested that EM-2 treatment could induce ER stress in
hepatoma Huh-7 cells.

Autophagy is a basic physiological process in cells and is usually
activated when cells are exposed to environmental stresses such
as hypoxia, malnutrition, chemicals, and radiation [28, 29]. Hoo
et al. found that impaired autophagy could promote ER stress,
which in turn activates proinflammatory signaling pathways,
increases the production of inflammatory cytokines and even-
tually contributes to the development of obesity-related inflam-
matory diseases [30]. In addition, diminished autophagy activity
with aging contributes to increased ER stress and inflammation in
adipose tissue [23]. In this study, we demonstrated that the
protein level of LC3-Il and the fluorescence intensity of LC3
increased significantly, indicating that autophagy occurred in Huh-
7 cells upon EM-2 treatment. Interestingly, the fluorescence
intensity and protein expression levels of p62 also drastically
increased, suggesting that EM-2 blocks autophagic flux (Fig. 6a, ).
Furthermore, the expression of mature-cathepsin L decreased with
increasing EM-2 concentrations (Fig. 6b). We also observed that
cells cotreated with EM-2 and bafilomycin A1 showed lower cell
viability than those treated with EM-2 or bafilomycin A1 alone
(Fig. 6d). These results indicated that EM-2 blocked autophagy flux
in Huh-7 cells by inhibiting autophagy-mediated lysosome
maturation.
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Fig. 6 EM-2 inhibited autophagy in Huh-7 cells by blocking the fusion of autophagosomes with lysosomes. a, b Huh-7 cells were exposed
to 0, 2, 4, or 8uM EM-2 for 24 h. The protein expression levels of genes associated with autophagy were analyzed by Western blotting.
¢ Immunostaining of LC3 and p62 in Huh-7 cells treated with different concentrations of EM-2 (0 and 8 uM). LC3 staining was imaged under a
confocal laser scanning microscope, and p62 staining was imaged by an inverted fluorescence microscope. d Huh-7 cells with or without
25 uM bafilomycin A1 pretreatment were exposed to 4 uM EM-2 for 48 h, and cell viability was detected by the MTT assay. All experiments
were performed in three independent replicates (*P < 0.05).
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Fig. 7 Schematic demonstrating the molecular mechanism of the
antitumor effects of EM-2 on hepatocellular carcinoma cells. EM-2
activated the JNK and Caspase-9/3 signaling pathways to trigger
apoptosis by blocking autophagic flux and inducing endoplasmic
reticulum stress. Meanwhile, EM-2 promoted p21 expression and
then inhibited cdc2/Cyclin B complex activity, causing G,/M phase
arrest. JNK C-Jun N-terminal kinase, ER endoplasmic reticulum, Baf
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CONCLUSION

We discovered that EM-2 significantly inhibited the proliferation
of HCC cells with few adverse effects on normal liver epithelial
cells. In addition, we also indicated that EM-2 could block
autophagic flux, induce ER stress, and promote apoptosis by
activating JNK in Huh-7 hepatoma cells. Meanwhile, EM-2
treatment upregulated the expression of p21 and caused G,/M
phase arrest (Fig. 7). Overall, this study illustrated that EM-2 had
a promising antitumor effect on HCC cells, which provided an
experimental basis for the future application of EM-2 in the
clinical treatment of HCC.
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