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Abstract
Colorectal cancer (CRC) is one of the most common human malignancies in the digestive tract with high
mortality. Alantolactone (ATL), as a plant-derived sesquiterpene lactone, has shown a variety of
pharmacological activities, such as antibacterial, anti-in�ammatory, anti-virus and so on. However, the
exact molecular mechanism of ATL in colorectal cancer remains largely unknown. Here, we performed a
study to explore the effect and mechanism of ATL on colorectal cancer. The CCK-8 assay, colony
formation assay, Wound-healing and Transwell assays were performed to evaluate the cytotoxic effect,
antiproliferative effect, anti-migratory and anti-invasive properties of ATL respectively. The xenograft
tumor model was established in Balb/c mice to evaluate the anti-tumor effect. The expression levels of
proteins involved the MAPK-JNK/c-Jun signaling pathway were measured by Western blot and RT-qPCR
both in cells and tumor tissues. The results showed that ATL could inhibit the cells activities of various
colon cancer cell lines. Moreover, ATL could induce HCT-116 cells nuclear pyknosis, mitochondrial
membrane potential loss, G0/G1 phase arrest, as well as enhance the proportion of apoptosis cells and
inhibit colony formation. The migration distance and invasion rate of cells were signi�cantly reduced
after treated with ATL. Additionally, in the xenograft model, ATL (50mg/kg) signi�cantly decreased the
tumor tumor volume and weight (p  0.001). For the anti-colon cancer mechanism, the ATL showed the
anti-proliferative and pro-apoptosis effect by activating MAPK-JNK/c-Jun signaling pathway. In
conclusion, ATL exhibits anti-proliferation and apoptosis-promoting potential in colon cancer via the
activation of MAPK-JNK/c-Jun signaling pathway.

Introduction
The latest global cancer statistics released by the World Health Organization (WHO) indicate that
colorectal cancer (CRC) is one of the most common malignant tumors worldwide, and the fourth leading
cause of cancer-related mortality, with approximately 900,000 deaths reported every year[1]. Moreover, the
incidence of CRC has increased rapidly in recent years, especially in developing countries in Africa and
Central America, as well as in China [2]. CRC not only threatens human health, but also causes heavy
losses to the global economy. By 2020, the medical care expenditure due to CRC in America has been
estimated to reach $17 billion [3].

The known etiological factors of CRC include diet, underlying diseases, genetics, and age. However, the
exact pathogenic mechanisms underlying CRC remain unclear [4]. Clinical �rst-line therapeutic strategies
for CRC are all “aggressive”, including surgical resection, radiotherapy, and chemotherapy, all of which
elicit only temporary effects, and the overall survival rates of CRC patients remain low [5]. Accumulating
evidence has indicated that abnormal signaling related to various pathways is involved in the pathology
of CRC, such as cell proliferation, invasion, and metastasis [6]. The mitogen-activated protein kinase
(MAPK) signaling pathway transforms extracellular stimuli into multiple cellular responses that affect
tumorigenic processes, including cell proliferation, metabolism, apoptosis, and differentiation [7].
Therefore, targeting the MAPK pathway constitutes a promising strategy for CRC prevention and therapy
[8]. Numerous studies have revealed that adjuvant chemotherapeutic herbal medicines can inhibit the
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proliferation and invasion of cancer cells, prevent recurrence and metastasis, improve the quality of life,
and prolong the survival of CRC patients via regulation of the MAPK pathway [9]. Moreover, some herbal
compounds, such as quercetin, epigallocatechin-3-gallate, resveratrol, and sulforaphene, are reported to
exert anticancer effects by stimulating the MAPK pathway, thereby inducing apoptosis and inhibiting
proliferation [10].

Alantolactone (ATL), a sesquiterpene compound, is primarily found in Inula helenium L, a medicinal plant
with antiviral, antibacterial, and antitumorigenic properties[11]. Recent studies have shown that ATL
exhibits a variety of pharmacological activities, prominent among which is its antitumorigenic effect
against a wide range of cancer types, such as lung cancer, breast cancer, cervical cancer, myeloma,
glioblastoma, and colorectal cancer[12]. The underlying mechanisms include inducing G1 phase arrest
and oxidative DNA damage, as well as the promotion of apoptosis and mitochondrial dysfunction[12, 13].
However, the molecular mechanisms underlying the effects of ATL in CRC require further investigation.

In this study, we investigated the anti-CRC activity of ATL in various CRC cell lines and xenograft tumor
model, and found that ATL exerts its antiproliferative and proapoptotic effects, at least partly, via the
activation of the MAPK-JNK/c-Jun signaling pathway.

Materials And Methods

Materials and reagents
Alantolactone (purity ≥ 98% [HPLC], CAS:546-43-0) was purchased from Chengdu Biopurify
Phytochemicals Ltd (China). SP600125 (an inhibitor of c-Jun N-terminal kinase [JNK]), PD98059 (an
inhibitor of extracellular-regulated protein kinase [ERK]), and SB203580 (an inhibitor of p38 MAPK) were
purchased from MedChemExpress (Monmouth Junction, NJ, USA). Propidium iodide (PI) and annexin
V/PI were purchased from BD Pharmingen (San Diego, CA, USA). Transwell plates and Matrigel were
purchased from Corning Incorporated (Corning, NY, USA). Cell Counting Kit-8 (CCK-8) was purchased from
Dojindo (Kumamoto, Japan). Primary antibodies against cleaved caspase-3 (#9661S), caspase-3
(#9662S), cyclin-B1 (#4138S), cyclin-E (#4129S), cyclin-dependent kinase 4 (CDK4) (#12790), JNK1/2
(#9255), p-JNK1/2 (#9252), p38 (#9212), p-p38 (#9215), ERK1/2 (#4348), p-ERK1/2 (#4377), and β-actin
(#4970) were supplied by Cell Signaling Technology (CST, Danvers, MA, USA). p21 (#A16633), p53
(#A3185), c-Jun (#A11378), p-c-Jun (#AP0048), and secondary goat anti-rabbit (#AS014) or rabbit anti-
mouse (#AS003) antibodies were supplied by Abclonal (Wuhan, China). Anti-Bcl-2 (#ab196495) and anti-
BAX (#ab53154) antibodies were obtained from Abcam (Cambridge, MA, USA).

Cell culture
The human CRC cell lines (LS174T, HT29, SW480, SW620, HCT116, and CT26) were obtained from the
American Type Culture Collection (Manassas, VA, USA). CT26 cells were cultured in 1640 medium
supplemented with 10% FBS and a 1% P/S solution. LS174T cells were cultured in Dulbecco’s modi�ed
Eagle’s medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS; Gibco, Waltham, MA, USA) and a
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1% (v/v) penicillin–streptomycin (P/S) solution (Gibco). HCT116 and HT29 cells were cultured in McCoy’s
5A medium supplemented with 10% FBS and a 1% P/S solution. SW480 and SW620 cells were cultured
in Leibovitz’s L-15 medium supplemented with 10% FBS and a 1% P/S solution. All the cells were cultured
at 37°C in a humidi�ed atmosphere with 5% CO2.

Cell viability assay
Cells (1.5 × 104/well) were seeded into 96-well plates and treated with different concentrations of ATL (0–
100 µM) for 24 h. Subsequently, the cells were incubated with a 10% CCK-8 solution at 37℃ for 0.5 h.
Cell viability was assessed by determination of the optical density (OD) at 450 nm using Varioskan Flash
(Thermo Fisher Scienti�c, Waltham, MA, USA) following the manufacturer’s instructions, and results were
presented as means ± SD.

Wound-healing assay
HCT116 cells were seeded into a 6-well plate at a density of 1 × 105 cells/mL. When the cells had reached
80–90% con�uence, a scratch was made with a sterile pipette. Following washing, �oating cells were
removed and serum-free medium was added. The cells were treated with 2.5, 5, or 10 µM ATL for 24 h. At
0 h and 24 h, the scratch width was observed and recorded under an inverted microscope. The percent
wound closure was determined using ImageJ software. At least three randomly selected areas were
assayed for each well.

Transwell chamber invasion assay
Cell invasion assays were conducted using Matrigel-coated transwell chambers. FBS medium (20%) was
added to the lower chamber, and 2 × 105 HCT116 cells were plated onto the upper chambers and
incubated with 2.5, 5, or 10 µM ATL. After 24 h, noninvading cells were removed, and the remaining cells
stained with crystal violet. Subsequently, invading cells were �xed, stained, visualized, and counted. The
assays were performed in triplicate. Cell invasion rate was determined as (%) = [OD (administration) − OD
(blank)]/[OD (control) − OD (blank)] × 100%.

Colony formation assay
HCT116 cells were seeded into 6-well plates at a density of 1000 cells/well and exposed to 2.5, 5, or 10
µM ATL. The medium was replaced every 2 days. The cells were cultured for 8 days until colonies formed.
Then, the cells were �xed in 4% paraformaldehyde for 15 min and stained with 0.01% crystal violet for 10
min at room temperature. Colony formation rate was determined as (%) = [OD (administration) − OD
(blank)]/[OD (control) − OD (blank)] × 100%.

Flow cytometry analysis of cell cycle and apoptosis
HCT116 cells were treated with or without 7.5, 15, or 30 µM ATL for 24 h and subsequently harvested (at
least 1×106 cells per group). Cells were harvested separately and immediately �xed in 75% ice-cold
ethanol. For analysis of cell cycle progression, cells were stained with PI staining buffer (10 mg/mL PI
and 100 mg/mL RNase A) for 30 min, and �uorescence intensity was measured in a Guava easyCyte
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6HT-2 system (Millipore, MA, USA). Mod�t analysis software was used to determine the percentage of
cells in the different phases of the cell cycle. For apoptosis analysis, 5 µL of annexin V–FITC and 5 µL of
PI were added to the cells. After incubation at room temperature for 15 min in the dark, the cells were
detected using Guava easyCyte 6HT-2 (excitation, 488 nm; emission, 530 nm) and then analyzed using
Flowjo software.

Hoechst 33258 �uorescence staining
HCT116 cells were seeded on sterile circular coverslips in a 24-well plate at a density of 4 × 105 cells/well
and then incubated with or without ATL (7.5, 15, or 30 µM) for 24 h. The cells were washed twice with
PBS, �xed in 4% formaldehyde for 15 min, and washed again with PBS. The cells were then stained with
Hoechst 33258 (10 µg/mL) for 15 min and rinsed with PBS. Images were obtained using a �uorescence
microscope (Olympus, Center Valley, PA, USA).

JC-1 �uorescence staining
HCT116 cells (2 × 105 cells/well) were seeded in 6-well plates. After 12 h of incubation, the cells were
treated with ATL (30 µM) for 24 h, and then incubated with the JC-1 probe (2 µg/mL) at 37°C for 10 min.
Finally, images were captured using a �uorescence microscope (Olympus CKX41, Tokyo, Japan).

Immunoblotting analysis
Cultured HCT116 cells were homogenized in lysis buffer containing protease and phosphatase inhibitor
cocktail tablets (Roche Diagnostics GmbH, Mannheim, Germany). The supernatant was collected after
centrifugation (4°C, 12,000 × g, 15 min). Proteins (30 µg) were separated by 10% SDS–PAGE and
transferred onto a PVDF membrane. The membrane was blocked in 5% (w/v) skimmed milk for 2 h at
room temperature and immunoblotted with primary antibodies. The blots were then washed and
incubated with HRP-conjugated secondary antibody at room temperature. Finally, the blots were observed
using enhanced chemiluminescence (ECL) reagents. Protein expression was analyzed using a GS-700
imaging densitometer (Bio-Rad, Hercules, CA, USA). β-actin was used as an internal control.

Cell transfection
The human JNK expression plasmid pRP-EGFP-hMAPK8 (pRP[Exp]-EGFP/Puro-CAG > 
hMAPK8[NM_001278547.1]) was purchased from vector builder (Guangzhou, China). The pRP-EGFP-
hMAPK8 plasmid was electroporated into HCT116 cells by AmaxaTM Cell line NucleofectorTM Kit 
(Basel, Switzerland) as previously described [14].

In vivo antitumor study and immunohistochemistry
Healthy six-week-old BALB/c mice were purchased from the Shanghai Laboratory Animal Center. All
animals were handled according to the principles of the declaration recommendations of the Animal
Experimentation Ethics Committee at Shanghai University of Traditional Chinese Medicine (Animal
license key:PZSHUTCM18122106). CT26 colon cancer cells (1×106 in 100 µL of PBS) were harvested and
subcutaneously injected into the right �ank of mice. Three days afterwards, all the tumor-bearing animals
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were divided into the following groups (n = 6 mice per group), control group, and two alantolactone-
treated groups (dosage 25 mg/kg and 50 mg/kg). Alantolactone was dissolved in vehicle solution (1%
DMSO + 2% Tween80 + 97% saline) and administered by intraperitoneal injectiononce once a day. At the
end of experiment, all the mice were euthanized under anesthesia and the tumors were removed and
weighted. Tumor volume was determined by measuring length (L, mm) and width (W, mm) to calculate
volume (V = 0.5×L×W2).

The harvested tumors were �xed in 4% paraformaldehyde for 24h. Subsequently, tumor tissues were
embedded in para�n and cut into 5 µm sections. Tissue sections were incubated with antibodies against
PCNA (1:8000 dilution, #13110), CyclinD1 (1:50 dilution, #2978), p-JNK (1:50 dilution, #4688), and p-c-
Jun (1:50 dilution, #3270). All the primary antibodies were purchased from Cell signaling Technology
(CST, Danvers, MA, USA). The signal was dectected by the HRP-Goat-antiRabbit secondary antibody, and
colour was labeled by 3,3’-diaminobenzidine (DAB).

Statistical methods
Comparisons between multiple groups were performed using one-way analysis of variance (ANOVA) in
GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA). Data were presented as means ± SD. p-values 
< 0.05 (two-sided) were considered signi�cant (*p < 0.05, **p < 0.01, ***p < 0.001).

Results

ATL impaired the viability of different CRC cell types
CCK-8 was used to detect the concentration-dependent cytotoxic effects of ATL in SW480, SW620, HT29,
LS174T, and HCT116 CRC cells. The results showed that ATL suppressed the viability of these cells
(Fig. 1). The 50% inhibitory concentration (IC50) was (from low to high) 11.84 µM for HCT116 cells, 12.86
µM for SW620 cells, 17.9 µM for SW480 cells, 22.22 µM for LS174T cells, and 33.97 µM for HT-29 cells.
As HCT116 cells showed the lowest IC50, they were selected for subsequent experiments.

ATL suppressed the proliferation of CRC cells
A cell viability assay was performed to con�rm the suppressive effects of ATL on HCT116 cells under
different concentrations and at different time points. The results showed that ATL treatment decreased
the viability of HCT116 cells in a dose- and time-dependent manner (Fig. 2A). To further explore the
repressive effect of ATL on HCT116 cells, a colony formation assay was performed to determine cell
proliferation. Crystal violet staining results showed that ATL signi�cantly suppressed (p < 0.001) HCT116
cell colony number and size in a dose-dependent manner after 7 days of low-density cell culture when
compared with control cells (Fig. 2B, left panel). This indicated that ATL can inhibit the proliferation of
CRC cells.

ATL induced G0/G1 phase arrest in CRC cells
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To further evaluate the inhibitory effects of ATL, �ow cytometry was applied to measure the cell cycle
distribution of HCT116 cells following ATL treatment. Compared with the control group, the proportion of
cells in the G0/G1 phase was signi�cantly increased in ATL-treated cells, whereas the proportion of cells
in the S and G2/M phases was decreased (Fig. 3A). The cell cycle is precisely regulated through the
activity of speci�c proteins, including p21, cyclin-B1, cyclin-D1, and cyclin-E. p21 functions as a tumor
suppressor, and is involved in the regulation of cell proliferation by inhibiting the CDK complex. Cyclin-B1,
cyclin-D1, and cyclin-E play crucial rate-limiting roles for entry into mitosis. Accumulation of cyclin-E at
the G1/S transitional period accelerates cell entry into the S phase. We therefore analyzed the protein
levels of p21, cyclin-B1, cyclin-D1, cyclin-E, and CDK4 in HCT116 cells by immunoblotting. The results
showed that ATL treatment increased the protein level of p21 in a time- and concentration-dependent
manner (Fig. 3B), while decreasing those of cyclin-B1, cyclin-D1, cyclin-E, and CDK4, also in a time- and
concentration-dependent manner.

ATL induced apoptosis in CRC cells
Hoechst staining was performed to evaluate the morphological changes occurring in the nucleus of ATL-
treated cells. The chromatin of HCT116 cells was evenly distributed in control cells, whereas chromatin
condensation increased with increasing concentrations of ATL, indicative of an increase in cell apoptosis
(Fig. 4A). Subsequently, annexin V–FITC/PI double staining and �ow cytometry were used to verify the
apoptosis-inducing effects of ATL. The �rst, second, third, and fourth quadrants represent the proportion
of cells in the late apoptotic stage, those with mechanical injury, nonapoptotic cells, and early apoptotic
cells, respectively. In short, the sum of the �rst and fourth quadrants is the proportion of total apoptotic
cells. As shown in Fig. 4B, the percentages of apoptotic cells induced by ATL at 0, 7.5, 15, and 30 µM were
20.71 ± 2.17%, 55.00 ± 5.14%, 65.86 ± 4.75%, and 68.33 ± 2.47%, respectively (p < 0.001). To further
explore the mechanisms involved in ATL-induced apoptosis, we examined the levels of apoptosis-related
proteins by immunoblot assay. Similar to the results for the Hoechst staining and annexin V–FITC/PI
double-staining assays, the expression levels of cleaved caspase-3 and proapoptotic BAX were
upregulated, whereas that of antiapoptotic Bcl-2 was downregulated in a dose- and time-dependent
manner (Fig. 5A). These results indicated that ATL promoted the apoptosis of HCT116 cells.

ATL treatment led to the loss of mitochondrial
transmembrane potential in CRC cells
Disruption of mitochondrial transmembrane potential is closely related to cell apoptosis [15]. Maintaining
a high mitochondrial membrane potential is bene�cial for metabolic homeostasis, including inhibition of
cell apoptosis [16]. JC-1 dye is a �uorescent probe commonly used to assess changes in the
mitochondrial membrane potential, with a greater proportion of JC-1 monomers (green) indicating a lower
mitochondrial membrane potential [17]. JC-1 staining results showed that ATL treatment increased the
percentage of JC-1 monomers (Fig. 5B), indicating that the mitochondrial membrane potential was
disrupted.
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ATL suppressed the migratory and invasive abilities of CRC
cells
The wound-healing assay is a method commonly used to detect the migratory ability of cancer cells. In
the scratch-wound model, ATL treatment decreased the migratory distance of the HCT116 cells in a dose-
dependent manner (Fig. 6A). Additionally, a Transwell invasion assay was performed to examine the
invasive ability of cancer cells. The results showed that, compared with controls, the number of migrated
cancer cells was signi�cantly reduced following ATL treatment (Fig. 6B).

ATL treatment activated the MAPK-JNK/c-Jun signaling
pathway
Activation of the MAPK signaling pathway has been indicated to repress proliferation and accelerate
apoptosis [18]. Consequently, we assessed the levels of key proteins in the MAPK pathway. As shown in
Fig. 7A and B, the expression levels of p-JNK1/2, p-p38, and p-ERK1/2 were signi�cantly enhanced in
ATL-treated cells in a dose- and time-dependent manner (p < 0.05), with p-JNK1/2 expression showing the
greatest increase. Because JNK phosphorylates cJun, leading to increased expression of proapoptotic
genes, we next determined the effects of ATL administration on cJun phosphorylation/activation. The
results showed that the phosphorylation level of c-Jun was signi�cantly enhanced in HCT116 cells
following ATL treatment (Fig. 8A).

To verify whether ATL exerts its anticancer activity by activating the MAPK pathway, we pretreated
HCT116 cells with various MAPK inhibitors for 2 h before ATL treatment. As shown in Fig. 8B, ATL
treatment signi�cantly suppressed the viability of HCT116 cells, while co-treatment with the JNK inhibitor
SP600125 suppressed the anticancer effect of ATL (p < 0.001). Compared with the JNK inhibitor
SP600125, treatment with the p38 inhibitor SB203580 or ERK inhibitor PD98059 did not signi�cantly
suppress the ATL-mediated anticancer effects when compared with SP600125 (Fig. 8B). To further
con�rm whether the activation of JNK pathway mediated the anticancer effect of ATL, we transfected the
human JNK expression plasmid pRP-EGFP-hMAPK8 into SP600125 pretreated HCT116 cells. Results of
imaging by �uorescence microscope demonstrated that the transferring of pRP-EGFP-hMAPK8 plasmid
was successful (Fig. 8C). We found that JNK inhibitor SP600125 was unable to rescue the inhibitory
effect of ATL in pRP-EGFP-hMAPK8 transfected HCT116 cells (Fig. 8C), indicating that JNK is required for
ATL-mediated suppression of HCT116 cell viability.

ATL treatment inhibited colon tumor growth via activating
MAPK-JNK/c-Jun signal pathway in vivo
To validate the potential anti-tumor effect of ATL in vivo, tumor-bearing models were established by
subcutaneously implanting CT26 colon cancer cells to mice. Subsequently, the anti-tumor effect of ATL
was evaluated. As shown in Fig. 9A and 9D, 50 mg/kg ATL treatment signi�cantly restrained the tumor
growth in mice, no matter in the tumor volume or weight (p < 0.001) compared with the vehicle treated
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control. Similar results were observed in daily changes of tumor volume compared with the control group.
As shown in Fig. 9C, starting from the day 12 ATL treatment signi�cantly inhibited the tumor growth (p < 
0.001). However, all ATL treatments did not affect the overall body weight throughout the whole 16 days
duration of the experiment, indicating no obvious toxicity of ATL administration (Fig. 9C).

We additionally con�rmed the tumor-suppression effect of ATL was relvant to the activation of MAPK-
JNK/c-Jun signal pathway. ATL treatmeht (50 mg/kg) signi�cantly decreased the expression of PCNA (p 
< 0.001) in the tumor tissues (Fig. 10A). Immunohistochemical studies demonstrated that the levels of p-
JNK and p-c-Jun were higher, and CyclinD1 was lower in the ATL treated mice compared with the control
mice (Fig. 10C and D). Furthermore, the western blot results (Fig. 10E and F) were consistent with the
aforementioned results, which indicates a good accordance with the in vitro study. Taken together, these
results indicated that activating MAPK-JNK/c-Jun signal pathway was involved in the tumor suppressive
effect of ATL.

Discussion
Colorectal cancer, a serious life-threatening disease, is associated with a variety of endogenous and
exogenous pathogenic factors, including obesity, underlying disease, lack of physical exercise, heredity,
age, environment, and diet [1]. Several natural herbs have been reported to enhance the sensitivity of
chemotherapeutic drugs (platinum salt, taxanes, and bortezomib) in CRC patients [19]. Despite the
improvements in treatment approaches, the prognosis for CRC patients remains poor. Hence, new
therapeutic drugs must be identi�ed for use in the treatment of CRC.

In this study, we observed that ATL suppressed the viability of various human CRC cell lines. Colony
formation assays con�rmed the antiproliferative effects of ATL on CRC cells. Cell proliferation can be
divided into �ve stages: a quiescent phase (G0), growth phase (G1), DNA replication phase (S phase),
anaphase (G2), and mitosis (M phase). Moreover, different cyclin proteins are involved in the regulation
of cell proliferation at different stages[20]. Our results showed that ATL treatment induced G0/G1 phase
arrest and suppressed the levels of cell cycle-related proteins, including p21, cyclin-B1, cyclin-D1, cyclin-E,
and CDK4 in CRC cells.

Programmed cell death primarily occurs via apoptosis mediated by the activation of caspase proteins.
Apoptosis is an extremely complicated, precisely regulated, protease-dependent molecular cascade [21]
characterized mainly by the aggregation of chromatin in the nucleus [22]. Our studies con�rmed that
chromatin condensation occurred with ATL treatment. Subsequent �ow cytometry analysis con�rmed the
proapoptotic effects of ATL. Bcl-2 and BAX are two critical regulators of the mitochondrial apoptotic
pathway. As expected, we observed a reduction in the mitochondrial transmembrane potential, as well as
a downregulation of apoptosis-related proteins, including cleaved caspase-3, BAX, and Bcl-2, following
ATL treatment. Besides the antiproliferative and proapoptotic effects, we also found that ATL could
reduce the migratory and invasive abilities of CRC cells in a dose-dependent manner, without affecting
cell viability.
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MAPK signaling serves as an important signal transduction pathway in tumor suppression and induction
of apoptosis. Classical MAPKs include ERK1/2, JNK-1/2/3, and p38-α/β/γ/δ, which are involved in cell
cycle regulation and induction of cell apoptosis when activated [23]. We found that the phosphorylation
levels of JNK1/2, p38, and ERK1/2 were upregulated with ATL treatment in a time- and dose-dependent
manner, and the JNK1/2 was the most highly phosphorylated. C-Jun, a member of the activation protein
1 (AP-1) family, is the transcription factor of JNK1/2. Activated p-JNK can activate c-Jun and further
promote c-Jun phosphorylation and translocation into the nucleus, thereby directly regulating the cell
cycle and apoptosis [24]. We found that ATL treatment signi�cantly enhanced the phosphorylation levels
of JNK1/2 and c-Jun. Subsequent treatment with different MAPK inhibitors con�rmed the regulatory role
of JNK in the anticancer effects of ATL. Further experiments showed that the introduction of pRP-EGFP-
hMAPK8 plasmid prevented the rescue tendency of JNK inhibitor SP600125 in ATL treated HCT116 cells.
Together these results indicate that ATL could inhibit cancer growth at least partially through targeting
MAPK-JNK/c-Jun signaling pathway.

Collectively, the results of the current study indicated that ATL could induce the apoptosis of CRC cells,
and inhibit their proliferative, migratory, and invasive abilities. Furthermore, ATL (50 mg/kg)
administration signi�cantly inhibited colon tumor growth in xenograft tumor. ATL may exert its anti-CRC
effects via activating the MAPK-JNK/c-Jun signaling pathway, at least in part (Fig. 11). These �ndings
highlight a potentially valuable application for ATL in treating CRC. However, further investigation,
particularly animal and clinical studies, will be necessary to further con�rm the potential for the
application of ATL in CRC prevention and treatment.
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Figure 1

ATL inhibited the viability of CRC cells. (A, B) SW480, SW620, HT29, LS174t, HCT116 and CT26 cells were
incubated with increasing doses of ATL (5–100 μM) for 24 h. The cytotoxic effect of ATL was measured
by CCK-8 assay. Data are presented as means ± SD (n=6). *p < 0.05, **p < 0.01, ***p < 0.001 vs. the 0-μM
group.
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Figure 2

ATL inhibited colony formation in HCT116 cells. (A) HCT116 cells were incubated with increasing doses
of ATL (5–100 μM) for 6, 12, 24, 36, or 48 h. The cytotoxic effect of ATL on HCT116 cells was measured
by CCK-8 assay; the inhibition curves of ATL are shown. (B) HCT116 cells were treated with ATL (2.5, 5, or
10 μM) for 7 days and then stained with crystal violet and imaged. The crystal violet was eluted with 70%
ethanol, and the OD value was measured to evaluate the colony formation rate. Data are presented as
means ± SD (n=3). ***p < 0.001 vs. the 0-μM group.
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Figure 3

ATL induced G0/G1 phase arrest in HCT116 cells. (A) The cell cycle distribution of Control and ATL-
treated (7.5, 15, or 30 μM) cells was assessed by �ow cytometry. Statistical analysis of the cell cycle
distribution for all cells after three independent replicates. (B) HCT116 cells were treated with ATL (7.5, 15,
or 30 μM) for 6 h or treated with ATL (30 μM) for 1, 2, 4, or 6 h. The protein expression of cyclin-D1, cyclin-
B1, cyclin-E, CDK4, p21, and β-actin in HCT116 cells was determined by immunoblotting. Protein
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expression was normalized to that of β-actin. Data are presented as means ± SD (n=3). **p < 0.01, ***p <
0.001 vs. the 0-μM group.

Figure 4

ATL induced cell apoptosis in HCT116 cells. (A) Hoechst staining was performed to detect the occurrence
of apoptosis in HCT116 cells treated with ATL (7.5, 15, or 30 μM) for 24 h. Three visual �elds were
randomly selected for the evaluation of apoptotic rates. Scale bar = 25 μm. (B) The apoptosis of HCT116
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cells was detected by �ow cytometry with annexin V–FITC/PI double staining, and the experiment was
repeated three times. Statistical analysis of apoptotic cells. Data are presented as means ± SD (n=3). **p
< 0.01, ***p < 0.001 vs. the 0-μM group.

Figure 5

ATL induced apoptosis through the exogenous channels in HCT116 cells. (A) HCT116 cells were treated
with ATL (7.5, 15, or 30 μM) for 6 h or treated with ATL (30 μM) for 1, 2, 4, or 6 h. The protein expression
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of Bcl-2, BAX, cleaved caspase-3, caspase-3, and β-actin in HCT116 cells was determined by
immunoblotting. Protein expression was normalized to that of β-actin. (B) JC-1 staining of cells treated
with ATL (30 μM) for the indicated times was observed by �uorescence microscopy. Scale bar = 25 μm.
Data are presented as means ± SD (n=3). **p < 0.05, ***p < 0.001 vs. the 0-μM group.

Figure 6

ATL inhibited the invasive and migratory abilities of HCT116 cells. (A) The migration of HCT116 cells
after treatment with ATL (2.5, 5, or 10 μM) was detected by wound-healing assay. The relative migrated
distances were measured three times for each scratch. (B) HCT116 cells were pretreated with ATL (2.5, 5,
or 10 μM) for 24 h and then seeded in Transwell chambers. Serum-containing medium was added for 24
h to induce cell invasion. After 24 h, noninvading cells were removed from inside the chamber, and
migrated cells were �xed, stained, and counted. The OD value of the crystal violet eluent was measured at
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595 nm, and this was repeated three times. Scale bar=100 μm. Data are presented as means ± SD (n=3).
**p < 0.05, ***p < 0.001 vs. the 0-μM group.

Figure 7

ATL activated the MAPK-JNK/c-Jun signaling pathway in HCT116 cells. (A, B) HCT116 cells were treated
with ATL (7.5, 15, or 30 μM) for 6 h or treated with ATL (30 μM) for 1, 2, 4, or 6 h. The protein expression
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of JNK1/2, p-JNK1/2, p38, p-p38, ERK1/2, p-ERK1/2, and β-actin in HCT116 cells was determined by
immunoblotting. Data are presented as means ± SD (n=3). *p < 0.05, ***p < 0.001 vs. the 0-μM group.

Figure 8

ATL activated the MAPK-JNK/c-Jun signaling pathway in HCT116 cells. (A) HCT116 cells were treated
with ATL (7.5, 15, or 30 μM) for 6 h or treated with ATL (30 μM) for 1, 2, 4, or 6 h. The protein expression
of c-Jun, p-c-Jun, and β-actin in HCT116 cells was determined by immunoblotting. Protein expression
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was normalized to that of β-actin. Data are presented as means ± SD (n=3). (B) HCT116 cells were
pretreated with various MAPK inhibitors (1 or 10 μM) for 2 h before ATL treatment (15 μM), and then cell
viability was measured. SP (SP600125), a JNK inhibitor; SB (SB203580), a p38 inhibitor; PD (PD98059),
an ERK inhibitor. (C) The pRP-EGFP-hMAPK8 plasmid was transfected into HCT116 cells by electric
transfection (the left side). Then HCT116 cells were pretreated with JNK inhibitor (10 μM) for 2 h before
ATL treatment (15 μM), and then cell viability was measured (the right side). Data are presented as
means ± SD (n=6). ###p < 0.001 vs. the 0-μM group; *p < 0.05, ***p < 0.001 vs. the ATL (15 μM) group.

Figure 9

ATL inhibited tumor growth in colon cancer xenograft model. (A) ATL (50 mg/kg) signi�cantly inhibited
tumor growth. (B) Tumor weight were measured after the sacri�ce of animal. (C) Tumor volume were
measured during the test period. (D) The mice body weight changes were monitored throughout the
study. Data are presented as means ± SD (n=5). *p < 0.05, **p < 0.01, ***p < 0.001 vs. the Control group.
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Figure 10

ATL treatment inhibited colon tumor growth via activating MAPK-JNK/c-Jun signal pathway. (A)
Expression of PCNA (brown) in the tumor tissues, as determined by immunohistochemistry. (B)
Quanti�cation of expression levels of PCNA in tumor tissue is shown. (C) Expression of p-JNK, p-c-Jun
and CyclinD1 (brown) in the tumor tissues, as determined by immunohistochemistry. (D) Quanti�cation
of expression levels of p-JNK, p-c-Jun and CyclinD1 in tumor tissue is shown. (E and F) Protein levels of
JNK1/2, p-JNK1/2, c-Jun, p-c-Jun, CyclinD1 were measured via western bloting. All the expressions were
normalized to β-actin. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the Control group.
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Figure 11

The antitumor mechanism of ATL in colon cancer model. ATL may exert its anticolorectal cancer effects
by activating the MAPK-JNK/c-Jun signaling pathway, inducing G0/G1 phase arrest, and activating the
mitochondrial-mediated apoptotic pathway.


