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Abstract

Purpose
Primary liver disease is one of the major health problems in the world, and the prognosis of liver cancer is
very poor. Liver cancer cells develop strong resistance to clinical chemotherapy drugs, leading to repeated
liver cancer.

Materials and Methods
RNA-sequence was applied to related signal pathways that significantly altered. Flow cytometry and
Western blot were performed to detect the changes of cell cycle, apoptosis and MAPK pathways.
Immunofluorescence and flow cytometry were used to detect changes in cell mitochondrial membrane
potential and intracellular ROS levels. Western blot, immunofluorescence, qRT-PCR and mCherry-GFP-LC3
were used to detect the effect of autophagy. Western blot and qRT-PCR were utilized to detect the effect
of ER Stress.

Results
EM-6 is a novel monomer purified from Elephantopus mollis H.B.K. Mechanistically, compared with
cisplatin (CDDP), EM-6 significantly inhibited the proliferation of human hepatocellular cancer cell lines
and had less toxicity to human normal epithelial cells. EM-6 can induce mitochondrial membrane
potential disruption, which leads to the accumulation of ROS, S-phase arrest and activation of the IRE1α-
ASK1-JNK/p38 pathway to promote apoptosis in Huh-7 cells. In addition, EM-6 blocked protective
autophagy by inhibiting the initiation of autophagy, and inhibiting the formation of autophagolysosomes
triggered Huh-7 cell apoptosis.

Conclusion
Taken together, our findings suggest that EM-6 activates mitochondrial apoptosis through the ROS/MAPK
pathway and promotes the activation of ER stress and the inhibition of autophagic flux to exacerbate
apoptosis. These studies demonstrated the promising future of EM-6 in the clinical treatment of
hepatocellular cancer.

1. Introduction
Primary liver cancer (PLC) is the fourth most common malignant tumor and represents approximately 4%
of all new cancer cases diagnosed worldwide. Currently, liver cancer remains a global public health
challenge, and its incidence has been increasing worldwide [1]. By 2025, more than one million people will
be affected each year [2]. As the main type of primary liver cancer, HCC accounts for more than 80%-90%
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of PLCs. Most patients with HCC have a poor prognosis, which results in small differences in the
incidence and mortality of liver cancer worldwide [3]. Moreover, most patients are diagnosed with HCC at
an advanced stage, which is not suitable for surgery. The postoperative recurrence rate within 2 years is
still as high as 50% in a small number of people [4]. Chemotherapy is a common treatment method for
HCC. Sorafenib, lenvatinib, which is noninferior to sorafenib, and regorafenib increase survival and are
the standard treatments in advanced hepatocellular carcinoma [5]. However, these agents often cause
severe toxicity and side effects in the body, and hepatocellular cancer cells are easily resistant to
chemical drugs. In this regard, finding a new drug with high efficiency and less toxicity is highly
important.

Elephantopus mollis (Asteraceae) is a popular perennial medicinal plant that has been used medicinally
in China for at least 500 years. It is most commonly used for its anti-inflammatory, antipyretic, diuretic,
cough and pain relief effects [6]; its antiviral, antitumor and liver protection effects have been proven [7].
Recently, two sesquiterpene lactones, isodeoxyelephantin (ESI) and deoxyelephantin (ESD), have been
shown to exert antitumor effects on various malignancies [8]. Shao et al. reported that ROS accumulation
and ASK1/JNK signaling pathway activation by EM23, a natural sesquiterpene lactone family member
isolated from Elephantopus mollis, are critical for the induction of apoptosis in human cervical cancer
(CaSki and SiHa) cell lines [9].

The mitogen-activated protein kinase (MAPK) family comprises serine/threonine protein kinases.
Activated MAPK can transmit extracellular signals to regulate cell growth, proliferation, differentiation,
migration, and apoptosis [10]. The main members of the MAPK signaling pathway have gradually
become new targets for antitumor research [11–12]. At present, the known MAPKs mainly include p38
MAPK, extracellular signal-regulated kinase (ERK), and c-Jun NH2-terminal kinase (JNK) [13]; they are
activated by complex and diverse higher-level kinases, which ultimately drive specific target genes to
express corresponding transcription factors so that cells can adapt to different external stimuli. Liu et al.
demonstrated that CDCA suppresses AML progression by synergistically promoting LD accumulation and
lipid peroxidation via the ROS/p38 MAPK/DGAT1 pathway through mitochondrial dysfunction in
leukemia cells and inhibition of M2 macrophage polarization [14]. 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 [15]. However, the effect of
EM-6 on MAPK family activity in HCC is unknown.

In our previous study, we isolated 25 sesquiterpene lactone monomers from Elephantopus mollis H.B.K.
and found that EM-6 has excellent antitumor effects. Preliminary studies have shown that EM-6 has good
inhibitory effects on HepG2, MDA-MB-231 and MDA-MB-468 cells. In this study, we demonstrated that
EM-6 induces mitochondrial membrane potential damage and results in ROS-mediated S phase arrest
and apoptosis. The compound affected the ROS/MAPK pathway to induce Huh-7 cell apoptosis.
Moreover, we showed that EM-6 blocked the completion of autophagy by inhibiting the initiation of
autophagy and the formation of autophagolysosomes. EM-6 also activated ER stress and induced cell
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apoptosis through the IRE1α-ASK1-JNK/p38 pathway in Huh-7 cells. These data suggested that EM-6 is a
potential drug with promising antitumor effects for the treatment of HCC.

2. Materials and Methods
Chemicals and reagents

EM-6 was donated by Professor Wang Guocai, School of Pharmacy, Jinan University. The purity of EM-6
was ≥ 95%, as determined by high-performance liquid chromatography. EM-6 was dissolved in dimethyl
sulfoxide (DMSO), aliquoted and stored at -80°C.

Antibodies PARP(#9542), Caspase-9(#9502), Caspase-3(#9668), Bax(#5023), Bcl-xL(#2764), Bcl-
2(#15071), Mcl-1(#5453), Bip( #3183), PERK(#3192), p-PERK(#3179), IRE1α(#3294), ATF-6(#65880),
XBP-1 s( #12782), CHOP( #2895), ASK1(#3762), p-ASK1(Ser967) (#3764), Atg5(#12994), Beclin-
1(#3495), p62(#88588), LC3(#12741), Cathepsin D(#2284), CyclinA2(#4656), CyclinD1(#2978),
CDK2(#2546), p27(#3698), p21( #2947), p38MAPK(#8690), p-p38(#4511), p44/42MAPK (Erk1/2) (#4695
), p-p44/42 MAPK (Erk1/2) (#4377),SAPK/JNK(#9252),p-SAPK/JNK(#4668),c-Jun(#9165),p-c-
Jun(#9261),β-Actin(#3700), GAPDH(#5174) were purchased from Cell Signaling Technology (Boston,
MA). Goat anti-mouse IgG (H + L) (Cat no: SA00014-10) and goat anti-rabbit IgG (H + L) (Cat no: SA00014-
9) were purchased from Proteintech.

Cell culture

HepG2, BEL-7402, Huh-7, SMMC-7721, MHCC97-H, LO2 and HBE cells were purchased from the American
Type Culture Collection (ATCC). HepG2, Huh-7 and MHCC97-H cells were cultured in high-glucose DMEM
containing 10% FBS. BEL-7402, SMMC-7721, LO2 and HBE cells were cultured in RPMI-1640 medium
supplemented with 10% FBS. The cells were cultured at 37°C in an atmosphere containing 5% CO2.

Cell viability assay

Cells were seeded into 96-well plates at a density of 5000 cells per well and treated with different
concentrations of EM-6 for 48 hours. MTT solution (5 mg/mL) was added to each well, and the cells were
cultured for 4–6 h. The absorbance was subsequently measured at 570 nm by a microplate reader (Bio-
Rad Laboratories, Hercules, CA, USA).

EdU staining assay

Cells were seeded into 96-well plates at a density of 5000 cells per well and treated with different
concentrations of EM-6 for 24 h. Then, EdU staining assays were performed to detect cell proliferation
activity via a KFluor488-EdU detection kit (KeyGEN, Jiangsu, China) according to the manufacturer’s
instructions.

Colony formation assay
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Cells were seeded in 6-well plates at a density of 1000 cells per well and then exposed to different
concentrations of EM-6 for 7 days. Then, the cells 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.

Reactive oxygen species detection

Cells were seeded in 6-well plates at a density of 3×105 cells per well and then exposed to different
concentrations of EM-6 for 24 h. DCFH-DA probes were added, and the mixture was incubated at 37°C for
1 h. The fluorescence intensity of DCF was detected via flow cytometry.

RT‒qPCR and RNA sequencing

Total RNA was extracted from isolated cells using TRIzol reagent (Life, CA, USA), and reverse
transcription was performed with a HiScript II RT SuperMix for qPCR (+ gDNA wiper) reverse transcription
cassette. The qPCR primers (Vazyme Biotech, Nanjing, China) used were purchased from Beijing
TSINGKE synthesis, and the primer sequences are shown in Table 1. Total cell RNA was extracted from
the cells, after which the cells were sent to BGI for RNA sequencing via the BGISEQ-500 sequencing
platform.
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Table 1

gene name Primer sequence

HSPA5 Forward 5'-CTGTCCAGGCTGGTGTGCTCT-3'

Reverse 5'-CTTGGTAGGCACCACTGTGTTC-3'

XBP-1 s Forward 5′-TGCTGAGTCCGCAGCAGGTG-3′

Reverse 5′-GCTGGCAGGCTCTGGGGAAG-3′

EIF2AK3 Forward 5′-GTCCCAAGGCTTTGGAATCTGTC-3′

Reverse 5′- CCTACCAAGACAGGAGTTCTGG-3′

ERN1 Forward 5′- CGTCCCCAGATTCACTGTCC-3′

Reverse 5′- GTACGACACCAAAACCCGAG-3′

ATF4 Forward 5′- TTCTCCAGCGACAAGGCTAAGG-3′

Reverse 5′- CTCCAACATCCAATCTGTCCCG-3′

DDIT3 Forward 5'-ACCAGGAAACGGAAACAG-3'

Reverse 5'-TCACCATTCGGTCAATCA-3'

SQSTM1 Forward 5'-GACTACGACTTGTGTAGCGTC-3'

Reverse 5'-AGTGTCCGTGTTTCACCTTCC-3'

ATG5 Forward 5'-TCAGCCACTGCAGAGGTGTTT-3'

Reverse 5'-GGCTGCAGATGGACAGTTGCA-3'

BECN1 Forward 5'-ACTCAGCTCAACGTCACTGAAA-3'

Reverse 5'-TCTTGCGGTTCTTTTCCACG-3'

ATG7 Forward 5'-ACCCAG AAGAAGCTGAACGA-3'

Reverse 5'-CTCATTTGCTGCTTGTTCCA-3'

ATG12 Forward 5ʹ-GATCCGGGGATTTCTTTCACG-3ʹ

Reverse 5ʹ-CAGCAATGTAAGACCAGTCAAGT-3ʹ

MAP1LC3B Forward 5'-ACCCTGAGTCTTCTCTTCAGGT-3'

Reverse 5'-CAGTCAGGGCCGTTTTCTCA-3'

GAPDH Forward 5'-AAGAAGGTGGTGAAGCAGG-3'

Reverse 5'-TTGACAAAGTGGTCGTTGAG-3'

Cell cycle and apoptosis analysis
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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-6 for 48 h before they
were harvested and fixed with 70% ethanol for 12 h at 4°C. The cells were incubated with the JNK
inhibitor SP600125 (20 µM), the p38 inhibitor SB203580 (15 µM), or the ERK inhibitor trametinib (25 µM)
(Selleck, USA) for 8 h and with the reactive oxygen species scavenger NAC (5 mM) for 1 h. Cells were
stained according to the instructions of the Cell Cycle Analysis Kit (KeyGEN, Jiangsu, China). Apoptosis
was detected according to the instructions of the Annexin V-FITC/PI Apoptosis Detection Kit (KeyGEN,
Jiangsu, China). Flow cytometry was used to detect cell cycle distribution and apoptosis.

Mitochondrial membrane potential

Cells were seeded in 6-well plates at a density of 3×105 cells per well and then exposed to different
concentrations of EM-6 for 24 h. The mitochondrial proton carrier uncoupler (CCCP) (10 µM) (Selleck,
USA) was used as a positive control and was pretreated for 20 min. Then, 1 mL of JC-1 staining solution
(KeyGEN, Jiangsu, China) was added, and the mixture was incubated at 37°C for 15 min. An inverted
fluorescence microscope (LeciaDMi8, Germany) was used to determine the ratio of the fluorescence
intensity.

Active Caspase-3 detection

Cells were seeded in 6-well plates at a density of 3.0×105 cells per well and exposed to different
concentrations of EM-6 for 48 h. The JNK inhibitor SP600125 (20 µM), the p38 inhibitor SB203580 (15
µM) and the ERK inhibitor trametinib (25 µM) were used to pretreat the cells for 8 h, and the reactive
oxygen species scavenger NAC (5 mM) was used for 1 h. The cells were stained according to the
instructions of the FITC Active Caspase 3 Apoptosis Kit (BD, USA). A high-sensitivity intelligent flow
analyzer (FACS VERSE; BD, USA) was used for detection.

Immunofluorescence assay

Cells were seeded in 12-well plates at a density of 1.5×105 cells per well and exposed to different
concentrations of EM-6 for 24 h. The cells were treated with 200 µL of 4% paraformaldehyde (YuanyeBio,
Shanghai, China) for 10 min and 0.1% Triton X-100 (Solarbio, Beijing, China) for another 10 min and then
incubated with 10% goat serum (Boster, Wuhan, China) for 1 h at 37°C. The cells were incubated with a
p62 primary antibody (ABclonal, Wuhan, China) overnight at 4°C. After being washed with 1×phosphate
buffered saline containing 2% Tween 20 (Solarbio, Beijing, China), the cells were incubated with the
corresponding secondary antibody for 1 h at room temperature. The cells were then sealed with 100 µL of
DAPI (KeyGEN, Jiangsu, China) for 10 min. An inverted fluorescence microscope (LeciaDMi8, Germany)
was used to determine the ratio of the fluorescence intensity.

mCherry-GFP-LC3 detection
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The cells were seeded in 6 cm petri dishes at a density of 5×105 cells per well, exposed to 50 µL of
polybrene (4 µg/µL) (Solarbio, Beijing, China) for 24 h, and subsequently sieved with puromycin (5 µg/µL)
(Solarbio, Beijing, China) for 4 days. The virus-infected cells were seeded into Petri dishes and treated
with EM-6 (4 µM) for 24 h. Rapamycin (100 nM) (Beyotime, Shanghai, Beijing) was used to pretreat the
cells for 4 h, and bafilomycin A1 (100 nM) (Baf A1) (Selleck, USA) was used to pretreat the cells for 8 h.
Then, Hoechst 33342 was added for 15 min. A confocal laser scanning microscope (Lecia TCS SP8,
Germany) was used to observe autophagosomes and autolysosomes.

Western blot

The protein concentrations were determined with a BCA kit (Sangon, Shanghai, China). The protein
samples were separated via SDS‒PAGE and transferred to 0.22 µm PVDF membranes (Merck, Germany).
After blocking with 5% skim milk for 1 h, 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 Tanon 5200 imaging system (Tanon, Shanghai, China).

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. The statistical analysis was performed using SPSS 20 (SPSS software, IBM,
USA) and GraphPad Prism 7.0 (GraphPad software, San Diego, CA, USA). The band intensity was
quantified with ImageJ software. P values < 0.05 were considered to indicate statistical significance.

3. Results

3.1 EM-6 inhibited the proliferation of Huh-7 cells
EM-6 is a monomeric sesquiterpene lactone extracted from Elephantopus mollis H.B.K., and its chemical
structure is depicted in Fig. 1G. MTT assays showed that EM-6 exhibited antiproliferative activity against
human hepatocellular cancer cells but had little cytotoxic effect on human normal epithelial cells. The
IC50s for human liver epithelial LO2 cells and bronchial epithelial HBE cells were greater than 100 µM
(Fig. 1A, B).

According to the MTT results, Huh-7 cells were used in the following research. Compared with cisplatin
(CDDP), the conventional chemical drug for HCC, EM-6 had a stronger inhibitory effect on survival
(Fig. 1C). EdU and colony formation assays further confirmed the inhibitory effect of EM-6 on
proliferation (Fig. 1D, E). The above results showed that EM-6 inhibited the proliferation of Huh-7 cells.

RNA-seq was used to detect changes in physiological processes and signaling pathways in Huh-7 cells
after treatment with EM-6. GO function and Kyoto Encyclopedia of Genes and Genomes (KEGG)
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enrichment analyses revealed that cell cycle, autophagy and apoptosis were significantly activated
(Fig. 1F).

3.2 EM-6 induced S-phase arrest and apoptosis in Huh-7
cells
Apoptosis, also referred to as programmed cell death, is a fundamental process required for
morphogenetic homeostasis during early development and in pathophysiological conditions at any stage
during an individual's life [16]. Considering the RNA-seq results, the cell cycle and apoptosis were
investigated in Huh-7 cells (Fig. 1F). The proportion of Huh-7 cells in S phase significantly increased
(Fig. 2A). Western blot analysis showed that the expression of the S phase arrest-related proteins Cyclin
A2, CDK2, p27 and p21 significantly increased, while that of Cyclin D1 decreased (Fig. 2C). Taken
together, these findings showed that EM-6 could induce S-phase arrest in Huh-7 cells.

Annexin V-FITC and PI double staining was performed to detect the percentage of apoptotic Huh-7 cells.
The proportion of apoptotic cells increased in a dose-dependent manner, and the percentage of apoptotic
cells increased from 2.83–49.83% after 48 h (Fig. 2B). Western blot analysis revealed that the
antiapoptotic proteins Bcl-2, Bcl-xl and Mcl-1 decreased, while the levels of cleaved PARP and the
proapoptotic protein Bax increased (Fig. 2D). The percentage of FITC-cl-Caspase-3-positive cells
increased from 0.05–35.84% after 48 h (Fig. 2E). The above results showed that EM-6 could induce
apoptosis in Huh-7 cells.

3.3 EM-6 induced a decrease in the mitochondrial
membrane potential and accumulation of ROS
Mitochondria play a central role in apoptotic cell death. The sequencing results were analyzed by Gene
Ontology (GO) functional enrichment, which revealed that EM-6 treatment significantly altered the
oxidation‒reduction and apoptotic processes in Huh-7 cells (Fig. 3A).

The accumulation of reactive oxygen species (ROS) can cause mitochondrial membrane disorders to
induce cell death [17]. Mitochondria are the main source of ROS; therefore, we used the JC-1 probe to
detect the effect of EM-6 on the mitochondrial membrane potential (MMP). When the ratio of green to red
fluorescence intensity gradually increased, the MMP of the Huh-7 cells decreased (Fig. 3B).

EM-6 increased the level of ROS in a dose-dependent manner, and this effect was reversed by NAC (5
mM) (Fig. 3C, D). The above results indicated that EM-6 could reduce the mitochondrial membrane
potential and induce the accumulation of ROS.

3.4 EM-6 induced S-phase arrest and apoptosis through the
accumulation of ROS
Increased oxidative damage and enhanced ROS-dependent death signaling can also effectively prevent
some steps in tumorigenesis [18]. We further investigated whether EM-6 induces ROS accumulation,
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thereby activating cells to develop mitochondria-dominated endogenous apoptosis pathways as well as
S-phase cycle arrest. We used the ROS inhibitor NAC in combination with EM-6. The S phase fraction was
reduced in the NAC combination group (Fig. 4A). Moreover, Western blot analysis showed that NAC
significantly decreased the levels of Cyclin A2, CDK2, p27 and p21, while the level of Cyclin D1 increased
(Fig. 4B). In addition, colony formation and MTT assays demonstrated that NAC reversed the inhibitory
effect of EM-6 on proliferation (Fig. 4C, D).

The percentage of apoptotic Huh-7 cells decreased from 54.66–3.25% after pretreatment with NAC
(Fig. 4E). Moreover, the levels of Bax and cleaved PARP were decreased, while those of Bcl-2, Caspase-9,
Caspase-3 and PARP were significantly elevated (Fig. 4F). Moreover, the percentage of FITC-cleaved
caspase-3-positive cells decreased from 34.11–0.63% (Fig. 4G). These results indicated that, due to the
accumulation of ROS, EM-6 induced S-phase arrest and apoptosis in Huh-7 cells.

3.5 EM-6 activated the MAPK signaling pathway through
ROS
We next aimed to determine which pathway was associated with the EM-6-mediated inhibition of HCC
cell proliferation. The RNA-seq results analyzed by KEGG showed that EM-6 had a strong impact on the
MAPK pathway in Huh-7 cells (Fig. 5A). With increasing concentrations of EM-6, the levels of the MAPK
family proteins p-JNK, p-p38 and p-c-Jun significantly increased, while p-ERK had the opposite effect
(Fig. 5B).

An increasing number of studies have shown that the accumulation of ROS can activate the MAPK
signaling pathway to regulate apoptosis and cell proliferation [19–20]. After pretreatment with NAC, the p-
JNK, p-p38 and p-c-Jun levels were significantly decreased (Fig. 5C). The above results showed that EM-6
could activate the MAPK signaling pathway through ROS in Huh-7 cells.

3.6 EM-6 activated the JNK and p38 pathways to induce
apoptosis
The present study investigated the relationship between MAPK family proteins and apoptosis in Huh-7
cells. We further detected apoptosis in cells treated with EM-6 in combination with the p38 inhibitor
SB203580, the ERK inhibitor trametinib, and the JNK inhibitor SP600125.

Blocking p38 and JNK pathway inhibited the antitumor effect of EM-6, Cleaved-PARP were significantly
decreased (Fig. 6B, C), cell viability decreased (Fig. 6D) and apoptosis rate dropped (Fig. 6E). Interestingly,
the ERK inhibitor trametinib promoted apoptosis and decreased cell viability (Fig. 6A, D, E). The above
results showed that EM-6 induced apoptosis in Huh-7 cells through the activation of the JNK and p38
pathways.

3.7 EM-6 blocked autophagic flux in Huh-7 cells



Page 12/27

The RNA-seq results indicated that EM-6 treatment affected the autophagy of Huh-7 cells, as shown in
Fig. 1F. The constant activation of autophagy promotes cell apoptosis. Therefore, to determine whether
autophagy was activated in Huh-7 cells upon EM-6 treatment, the protein expression levels of autophagy-
related proteins were examined via Western blotting. When the expression levels of Beclin1 and Atg7
decreased but those of p62 and LC3 increased, EM-6 induced autophagy (Fig. 7B). Moreover, the mRNA
levels of these proteins were detected by RT‒qPCR in Huh-7 cells treated with different concentrations of
EM-6. Consistent with the Western blotting results, the mRNA levels of autophagy-related genes, such as
SQSTM1 and MAP1LC3B, significantly increased with increasing EM-2 concentration (Fig. 7A). We also
found that the expression of p62 increased, as determined by immunofluorescence (Fig. 7C). These
results revealed that EM-6 blocked autophagic flux. In addition, we found that EM-6 combined with
bafilomycin A1 further inhibited the viability of Huh-7 cells (Fig. 7D).

The completion of autophagy depends on the combination of autophagosomes and lysosomes, and the
mCherry-GFP-LC3 system is the gold standard for autophagic flux detection. We used rapamycin (Rap,
100 nM) to activate autophagic flux and Baf A1 to block autophagic flux. In the Rap treatment group, the
red fluorescence intensity significantly increased, indicating the activation of autophagy. The yellow
fluorescent dots represent the inhibition of autophagic flux, and there was a significant increase in the
EM-6/rapamycin combination group (Fig. 7E, F, G). These findings demonstrated that EM-6 could block
autophagic flux.

3.8 EM-6 activated ER stress-related apoptosis
Studies have reported that the inhibition of autophagic flux promotes ER stress to induce cell apoptosis
[21]. The qRT‒PCR results showed that the expression of ERN1, HSPA5, EIF2AK3, ATF4, DDIT3, and XBP-
1 s was significantly increased in a dose-dependent manner (Fig. 8A), which suggested that EM-6 could
activate ER stress in Huh-7 cells.

Furthermore, Bip, IRE1α, XBP-1 s, CHOP and p-PERK increased. Moreover, EM-6 promoted the activation of
ASK1 through Ser967 dephosphorylation (Fig. 8B). Studies have reported that the dephosphorylation of
Ser-967 is accompanied by increased autokinase activity in ASK1. This change is further accompanied
by the increased activity of the JNK and p38 kinases, which are downstream effectors of ASK1 [22].
Therefore, we speculate that EM-6 promotes apoptosis through ER stress and the IRE1α-ASK1-JNK/p38
pathway.

4. Discussion
Hepatocellular cancer (HCC) is the sixth leading cause of cancer incidence and the fourth leading cause
of cancer mortality, with approximately 841,000 new cases and 782,000 deaths each year worldwide [23].
More than half of the world's new cases occur in China. Patients are often diagnosed with liver cancer in
advanced stages, which contributes to its poor prognosis. Most liver cancer cases involve hepatocellular
carcinoma (HCC), for which chemotherapy and immunotherapy are the best therapeutic options. For
advanced HCC patients, natural compounds may cause lower organ toxicity and fewer side effects [24].
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In recent years, studies have reported that monomers purified from Elephantopus mollis H.B.K. exhibit
improved antitumor effects with decreased toxicity [25–26]. In our previous study, EM-2 promoted G2/M
phase arrest and activated ER stress-related apoptosis by activating the JNK pathway and blocking
autophagic flux in Huh-7 cells [26]. We isolated 17 monomers from Elephantopus mollis H.B.K. We also
observed that EM2, EM3, EM5, EM6, EM7, EM10 and EM12 had better antitumor effects on MDA-MB-231
and MCF-7 cells after treatment with 10 µM monomers for 48 h. Overall, EM6 strongly inhibited the
proliferation of human hepatoma cell lines, and we selected EM6 for subsequent experiments.

In this study, we first found that EM-6 exerted a promising antitumor effect, with an IC50 value of 1.83 ± 
0.306 µM in Huh-7 cells (Fig. 1A-B). EdU and colony formation assays further demonstrated that EM-6
inhibited proliferation (Fig. 1D-E). The RNA-seq results showed that EM-6 has an impact on the cell cycle,
apoptosis and autophagy (Fig. 1F).

The Bcl-2 family of proteins, which are composed of antiapoptotic proteins (Mcl-1, Bcl-2, Bcl-xL, etc.) and
proapoptotic proteins (Bax, Bad, etc.), play important roles in the regulation of mitochondrial membrane
permeability and membrane potential. When mitochondria are damaged, Bcl-2 family proteins lead to a
decrease in the polarity of the transmembrane potential and an increase in membrane permeability.
Cytochrome C, Smac and apoptosis-inducing factor (AIF) can be released to activate the caspase-
dependent mitochondrial apoptosis pathway. We found that EM-6 can significantly change apoptosis
and oxidation‒reduction. The JC-1 assay showed that the intensity of the green fluorescence
significantly increased. These results suggested that EM-6 caused damage to mitochondria (Fig. 3B),
leading to the destruction of the membrane potential and induction of apoptosis.

Mitochondria are the main source of ROS in eukaryotic cells, and an imbalance in redox metabolism
often leads to a greater ROS load. Therefore, we further used the ROS detection probe DCFH-DA and
found that EM-6 could significantly increase the intracellular ROS level (Fig. 3C) and that the S-phase
arrest of Huh-7 cells induced by EM-6 was almost completely reversed after the use of the ROS scavenger
NAC (Fig. 4A). These results indicated that EM-6 could induce ROS-induced mitochondrial apoptosis and
S-phase arrest.

ROS are important second messengers that can activate the MAPK pathway, which is involved in cell
apoptosis [27]. Numerous studies have shown that ROS are upstream of the MAPK signaling pathway
and that ROS can activate the MAPK pathway to induce apoptosis and cell cycle arrest [19–20]. We
found that pretreatment with the JNK inhibitor SP600125 or the p38 inhibitor SB203580 reduced the
expression of cl-PARP and the percentage of apoptotic cells (Fig. 6B-C). EM-6 combined with the ERK
inhibitor trametinib increased the level of cl-PARP and the apoptosis rate (Fig. 6A). We suspected that
ERK is associated with cell growth and survival. EM-6 inhibited p-ERK and increased Huh-7 cell apoptosis
when combined with the ERK inhibitor trametinib.

We also found that EM-6 had a significant effect on autophagy through RNA sequencing (Fig. 1F). We
confirmed that EM-6 inhibited the initiation of autophagy and blocked autophagic flux. EM-6 blocked
autophagic flux and aggravated endoplasmic reticulum stress. Moreover, EM-6 promoted the activation
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of ASK1, which is upstream of p38 and JNK [28], thus inducing various types of apoptosis. Therefore,
EM-6 could activate ER stress and induce apoptosis through the IRE1α-ASK1-JNK/p38 pathway.

Conclusion
We demonstrated that EM-6 could significantly inhibit the proliferation of various human hepatocellular
cancer cell lines, the smallest of which had an IC50 of 1.83 ± 0.306 µM. Moreover, we proved that EM-6
could induce S-phase arrest and activate the ROS/MAPK pathway to induce apoptosis. In addition, EM-6
blocked autophagic flux, induced ER stress and activated the IRE1α-ASK1-JNK/p38 pathway to induce
apoptosis in Huh-7 cells. Overall, this study clarified the antitumor effects and molecular mechanisms of
EM-6 and provided promising prospects for its future clinical application in treating HCC.
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Figure 1

EM-6 inhibited the proliferation of Huh-7 cells.

(A) Several hepatocellular cancer cell lines and normal liver epithelial LO2 and bronchial epithelial HBE
cellswere exposed to different concentrations of EM-6 for 48 h, as determined by the MTT assay. The
data are presented as the means ± SDs of three independent experiments (**P<0.01, ***P<0.001).(B) The
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IC50s for human hepatocellular cancer cell lines and epithelial cells. (C) Huh-7 cells were exposed to
different concentrations of EM-6 or CDDP for 48 h, as determined by MTT assay. The data are presented
as the means ± SDs of three independent experiments (**P<0.01, ***P<0.001). (D, E) The inhibitory effect
of EM-6 on Huh-7 cell proliferation was detected by EdU and colony formation assays. The data are
presented as the means ± SDs of three independent experiments (**P<0.01, ***P<0.001). Scale bars: 250
μm. (F) GO function and KEGG enrichment analysis. A Q value ≤ 0.05 indicated a significant difference.
(G) The chemical structure of EM-6.
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Figure 2

See image above for figure legend.

Figure 3

EM-6 induced a decrease in the mitochondrial membrane potential and accumulation of ROS
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(A) GO enrichment analysis of biological processes. A Q value≤0.05 indicated a significant difference.
(B) Huh-7 cells were treated with different concentrations of EM-6 for 24 h and CCCP (10 μM) as a
positive control for 20 min. Cells were stained with the JC-1 probe and imaged via fluorescence
microscopy. Scale bars: 250 μm. The data are presented as the means ± SDs of three independent
experiments (**P<0.01, ***P<0.001). (C, D) Huh-7 cells were treated with different concentrations of EM-6
for 8 h with or without NAC (5 mM, 1 h) or with Rosup (50 μg/mL) as a positive control for 30 min and
then detected by flow cytometry. The data are presented as the means ± SDs of three independent
experiments (**P<0.01, ***P<0.001).
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Figure 4

See image above for figure legend.
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Figure 5

EM-6 activated the MAPK signaling pathway via ROS

(A) KEGG pathway enrichment analysis was performed for the RNA-seq data. A Q value ≤ 0.05 indicated
a significant difference. (B, C) Huh-7 cells were pretreated with or without NAC (5 mM, 1 h) before
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treatment with 4 μM EM-6 for 24 h. Western blotting was performed to detect MAPK family proteins. The
band intensity was quantified with ImageJ software.

Figure 6

See image above for figure legend.
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Figure 7

EM-6 blocked autophagic flux in Huh-7 cells

(A) qRT‒PCR was performed to detect the mRNA levels of genes associated with autophagy. The data
are presented as the mean ± SD of three independent experiments(***P<0.001; ns, not significant).(B)
Huh-7 cells were exposed to different concentrations of EM-6 for 24 h, as determined by Western blotting.
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The band intensity was quantified with ImageJ software. (C) Huh-7 cells were exposed to different
concentrations of EM-6 for 24 h with an anti-p62 antibody, as determined by immunofluorescence. Scale
bars: 50 μm. (D) Huh-7 cells were treated with 4 μM EM-6 for 48 h with or without Baf A1 (100 nm, 8 h)
according to the results of the MTT assay. The data are presented as the mean ± SD of three independent
experiments (**P<0.01, ***P<0.001). (E) Huh-7 cells transfected with GFP-mCherry-LC3 lentivirus were
incubated with rapamycin (100 nm, 4 h) and treated with EM-6 (4 μM; 24 h) or BafA1 (100 nM; 8 h). Scale
bars: 5 μm. (F, G) Quantification of autophagosomes (yellow fluorescent dots) and autolysosomes (red
fluorescent dots) in Huh-7 cells. The data are presented as the mean ± SD of three independent
experiments(***P<0.001; ns, not significant).

Figure 8

EM-6 activated ER stress-associated apoptosis

(A) Huh-7 cells were exposed to different concentrations of EM-6 for 24 h. qRT‒PCR was performed to
detect the mRNA levels of genes associated with ER stress. (B) Huh-7 cells were exposed to different
concentrations of EM-6 for 24 h, and the expression levels of proteins associated with endoplasmic
reticulum stress were analyzed via Western blotting. The relative expression levels of the ER stress-related
proteins in Huh-7 cells were quantified via ImageJ software.
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