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Abstract: Melanoma is the most common type of skin cancer and its incidence is rapidly increasing. AKT, and its 
related signaling pathways, are highly activated in many cancers including lung, colon, and esophageal cancers. 
Costunolide (CTD) is a sesquiterpene lactone that has been reported to possess neuroprotective, anti-inflammatory, 
and anti-cancer properties. However, the target and mechanism underlying its efficacy in melanoma have not been 
identified. In this study, we elucidated the mechanism behind the anti-cancer effect of CTD in melanoma in vitro and 
in vivo by identifying CTD as an AKT inhibitor. We first verified that p-AKT and AKT are highly expressed in melanoma 
patient tissues and cell lines. CTD significantly inhibited the proliferation, migration, and invasion of melanoma cells 
including SK-MEL-5, SK-MEL-28, and A375 that are overexpressed p-AKT and AKT proteins. We investigated the 
mechanism of CTD using a computational docking modeling, pull-down, and site directed mutagenesis assay. CTD 
directly bound to AKT thereby arresting cell cycle at the G1 phase, and inducing the apoptosis of melanoma cells. 
In addition, CTD regulated the G1 phase and apoptosis biomarkers, and inhibited the expression of AKT/mTOR/
GSK3b/p70S6K/4EBP cascade proteins. After reducing AKT expression in melanoma cells, cell growth was signifi-
cantly decreased and CTD did not showed further inhibitory effects. Furthermore, CTD administration suppressed 
tumor growth and weight in cell-derived xenograft mice models in vivo without body weight loss and inhibited the 
expression of Ki-67, p-AKT, and p70S6K in tumor tissues. In summary, our study implied that CTD inhibited mela-
noma progression in vitro and in vivo. In this study, we reported that CTD could affect melanoma growth by targeting 
AKT. Therefore, CTD has considerable potential as a drug for melanoma therapy.
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Introduction

The high mortality and poor prognosis of mela-
nomas lead to a low five years survival rate [1, 
2] for these patients, despite the deployment 
of targeted therapies. To date, surgery is still 
the critical treatment for malignant melanoma. 
Drugs such as PD-1, encorafenib, binimetinib, 
and CDk4/6 inhibitors, are commonly used to 
treat melanomas either alone or in combina-

tion [3-5]. The benefits of tyrosine kinase inhibi-
tors, immunomodulatory therapies [6], and tra-
ditional chemotherapy [7] have effectively 
improved the overall survival of patients with 
melanoma. Nevertheless, more than 50% of 
the patients with melanoma are unresponsive 
to immunotherapeutic agents, such as BRAF, 
KIT, and MEK inhibitors [8-11]. Furthermore, 
melanoma pathogenesis involves numerous 
signaling pathways related to tumor growth and 
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metastasis [12]. Therefore, finding new inhibi-
tors with low toxicity and high specificity is a 
high priority.

The signaling pathway of MAPK (mitogen-acti-
vated protein kinase) plays a significant role in 
melanoma research. However, previous studies 
reported that activation rates of BRAF and 
NRAS variations were increased in benign nevi 
with minimal malignant potential [13, 14]. 
Moreover, several tumors or cell lines that gen-
erate secondary resistance to BRAF inhibitors 
continued to proliferate and survive, although 
MAPK signaling continued to be inhibited [15, 
16]. Thus, activation of the MAPK signaling 
pathway alone is insufficient to decipher the 
pathogenesis of melanoma. Additionally, the 
PI3K-AKT pathway can be activated along with 
MAPK signaling activation in melanomas. 
Segrelles. et al. (2002) reported that the AKT-
dependent signaling pathway and MAPK signal-
ing played an important role in early and later 
stages of skin carcinogenesis, respectively 
[17]. Thus, these two pathways represent fun- 
damental mechanisms in melanoma pro- 
gression.

Deregulation of AKT has been reported in sev-
eral cancers and is associated with biological 
processes including cell proliferation, survival, 
apoptosis, and transcription. PI3K/AKT/mTOR 
and NF-κB pathway activation or the phospha-
tase tensin homolog (PTEN) or cyclin-depen-
dent kinase inhibitor 2A (CDKN2A) damage 
contribute to the overall stimulation of prolifer-
ation and growth of melanoma cells [18]. 
Previous studies have revealed that the active 
form of phospho-AKT (p-AKT) was high 
expressed in primary melanoma tumors when 
compared with normal adjacent tissue. These 
findings contribute to a reciprocal 5-year sur-
vival rate in human metastatic melanoma [19]. 
In combination with the downstream target pro-
tein mTOR, the aberrant expression of AKT1 
lead to highly metastatic melanomas. These 
melanomas result in 67% and 17% in lung and 
brain metastases of BRAFV600E/Cdkn2aNull 
mice, respectively. Furthermore, mutant AKT1 
and AKT3 expression has been found to accel-
erate metastases in melanoma and breast can-
cer cells, respectively [20-22]. This suggests 
that AKT is a key factor in melanoma metasta-
sis. Moreover, recent studies showed that 
p-AKT can rebound under BRAF inhibitor thera-
py alone or together with MEK inhibitor therapy 

[23]. PI3K-AKT signaling inhibition showed a 
potential for enhancing or prolonging the anti-
tumor effect of BRAF inhibitors [24, 25] in mel-
anoma brain metastases [26]. Therefore, tar-
geting AKT can compensate for the disadvan-
tage of the BRAF inhibitors, further confirming 
AKT as a crucial therapeutic target in me- 
lanoma.

Recently, the pharmacological research meth-
ods have been developed to examine inhibitors 
targeting multiple components of the PI3K-AKT 
pathway, including PI3K inhibitors, duple PI3K/
mammalian target of rapamycin pathway 
(mTOR) inhibitors, mTORC1 inhibitors, dual 
mTORC1/mTORC2 inhibitors, and AKT inhibi-
tors [27]. Several of these inhibitors were 
extracted from natural compounds. In this 
study, we investigated the natural compound 
costunolide (CTD) (Supplementary Figure 1A) 
that possesses strong effects against growth 
in vitro and in vivo in colon, breast, and pros-
tate cancer [28-31]. However, its pharmacolog-
ic function in melanoma has not been evaluat-
ed. Here we explored the potential inhibition of 
AKT pathway activity in melanoma cells in 
response to CTD treatment. We also investigat-
ed the anti-cancer effects of CTD against mela-
noma in vitro and xenograft growth in vivo. Our 
findings indicated that CTD is a novel potential 
AKT inhibitor that can attenuate skin carcino-
ma through AKT pathway, which therefore con-
tribute to melanoma treatment in future.

Materials and methods

Melanoma tissue microarray

A total of 79 pairs of melanoma and adjacent 
tissue samples were collected from patients 
ages 13 to 77 years old at the point of surgery 
from Huashan Hospital of Fudan University in 
2019. The patients had not received chemo-
therapy or radiotherapy. The paraffin-embed-
ded section of tumor samples were provided by 
the Service Bio Company (Shanghai, China). 
The involvement of human subjects in this 
study was approved by the Research Ethics 
Committee of Huashan Hospital of Fudan 
University, and written informed consent have 
been obtained from all patients.

Chemicals and reagents

Costunolide (CAS: 551-21-9) was provided by 
Jonk Biological Technology Co. Ltd (Wuhan, 
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China) and had a purity ≥ 97% from HPLC and 
NMR analysis. Media (DMEM and MEM) were 
obtained from Gibco (Grand Island, NY, USA). 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide were obtained from Sig- 
ma-Aldrich. Primary antibodies tests were pre-
formed in this project including phosphorylated 
of AKT, GSK3β (Ser 9), mTOR (Ser2448), 
p70s6k and 4EBP1, MEK, ERK, and the corre-
sponding total antibodies. p53, cleaved cas-
pase 3, Bax, cyclinD1, CDK4, and CDK6 were 
purchased from Cell Signaling Technology 
(Beverly, MA). Bcl-2 and antibodies to detect 
β-actin were acquired from Santa Cruz 
Biotechnology (Santa Cruz, CA).

Cell culture

Three human melanoma cell lines, SK-MEL5, 
SK-MEL-28, and A375, were obtained from the 
Korea Cell Line Bank (Seoul, Korea) and were 
cytogenetically tested and authenticated. Cells 
were maintained in MEM and DMEM that sup-
plemented with 1% penicillin-streptomycin 
(100 units/mL) and 10% fetal bovine serum 
(Gibco), respectively. In addition, the human 
epidermal keratinocyte cell line used in this 
study was HaCaT (Mice Model Lab of Kyungpook 
National University Life Science). All cells were 
cultivated in standard incubators at 37°C with 
5% CO2. All cells were maintained in the culture 
for a maximum of 10 generations after thaw.

Cell viability assay

Well-conditioned cells were plated in 96-well 
plates (5 × 103 cells/well for HaCaT; 4 × 103 
cells/well for SK-MEL-5 and SK-MEL-28; and 2 
× 103 cells/well for A375), and then treated 
with DMSO (Sigma-Aldrich Co. LLC) and differ-
ent concentrations of CTD (1.25, 2.5, 5 µM). 
Cell proliferation was measured every 24 h for 
4 days by MTT assay. For soft agar colony for-
mation assay, cancer cells (8 × 103 cells/well) 
were seeded in triplicate in 1 mL of cell culture 
medium with 2 mM glutamine, 5 μg/mL genta-
mycin, and 0.3% soft agar. The mixture was lay-
ered onto 0.5% solidified agar in cell culture 
medium in six-well plates. 2-3 weeks later, cells 
were photographed with a microscope and the 
number of colonies were counted using the 
Image-Pro Plus software (v.6.1) program (Media 
Cybernetics, Rockville, MD).

Cell cycle and apoptosis analysis

Cells were plated into 60-mm dishes (2.0 × 105 
cells) for 24 h, and exposed to different concen-

tration of CTD or DMSO for another 24 h before 
harvest. Before cell cycle analysis, cells were 
fixed in 70% ethanol at -20°C, and then re-sus-
pended cell using 0.6% Triton X-100 buffer 
after being washed with PBS. The cells were 
incubated with RNaseA (200 μg/mL) for 30 min 
at room temperature. For apoptosis, cells were 
co-stained using annexin V and propidium 
iodide (10 μg/mL). After staining, the cell cycle 
distribution and apoptosis were analyzed  
using BD FACS Calibur flow cytometer (BD 
Biosciences, San Jose, CA, USA).

Migration and invasion assay in vitro

Transwell chambers (8-μm pore size; Costar, 
BD Biosciences, USA) were used in the in vitro 
migration and invasion assay, which was car-
ried out following previously described meth-
ods [32]. In brief, cells (1 × 105) were re-sus-
pended using DMEM without FBS and seeded 
in the upper chamber. The lower chamber was 
cultured in complete medium, after 24 h a dif-
ferent dose of CTD was administered. After 
another 24 h the medium was discarded, fixed 
in 4% formaldehyde, made permeable with 
100% methanol, and stained with 0.5% crystal 
violet. The upper compartment cells were 
removed with a cotton swab and photographed 
with a microscope. In the invasion assay the 
transwell insert membrane was coated with 
matrigel while it was uncoated in the cell migra-
tion assay. For the scratch wound healing 
assay, cells were seeded into 6-well plates for 
24 h, and cell monolayers were scratched using 
a sterile pipette tip. Then the cells were washed 
with PBS, treated with CTD for 24 h, and photo-
graphed. The data was analyzed using Image-
Pro Plus software (v.6.1).

Computer docking model

Schrödinger Suite2019 was used for silico 
docking to confirm binding and communication 
of CTD with AKT. The crystal structures of AKT1 
and AKT2 were derived from the protein data 
bank [33], and standard protein preparation 
protocols were followed. Hydrogen atoms were 
imported when the pH was 7 and all water mol-
ecules were protein preparation. The ATP-
binding site-based receptor grid of AKT was 
generated for research docking. The CTD com-
pound was prepared for docking using default 
parameters from the LigPrep program. The 
docking of CTD with AKT1 and AKT2 was 
accomplished using default parameters under 
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extra precision (XP) mode in the Glide program. 
This enabled the presentation of the best dock-
ing structure.

Western blot analysis

Melanoma cells were lysed and protein expres-
sion analyzed by western blotting following pre-
viously described methods [34].

Binding analysis using CNBr-CTD-conjugated 
beads

CTD-sepharose 4B beads and vehicle-sepha-
rose 4B beads were prepared according to the 
manufacturer’s protocol (GE Healthcare Bio-
Science, Uppsala, Sweden). Cell lysates (500 
μg) were introduced to CTD-sepharose 4B (or 
sepharose 4B only as a control) beads in a 
reaction buffer (50 mM pH = 7.5 Tris-HCl, 5 mM 
EDTA, 150 mM NaCl, 1 mM dithiothreitol, 
0.05% NP-40, 2 mg/ml bovine serum albumin 
20 × protease inhibitor). After incubation over-
night with rotation at 4°C, the beads were 
washed three times with buffer (50 mM Tris-
HCl; pH 7.5, 150 mM NaCl, 5 mM EDTA, 1 mM 
dithiothreitol, 0.01% NP-40, and 0.2 mM 
PMSF). Finally, the AKT binding was visualized 
by immunoblotting.

Site directed mutagenesis by PCR

Given that the mutant site of an ALA-to-Pro 
(GCC > CCC) was analyzed. An EZchange™ Site 
directed mutagenesis kit (enzynomics, KOREA) 
for Site Directed mutagenesis assay were con-
ducted to investigate the alanine (ALA) of AKT 
as a binding site of CTD. Plasmids were isolated 
from the resulting colonies and screened for 
the desired modifications. Finally, the transfor-
mants for the desired mutations were screened 
using sequencing as appropriate (GenoTech 
Corp, Korea). The plasmids of AKT mutant were 
transfected into 293T cells using FuGENNE HD 
Transfection Reagent (Promega) and confirmed 
by pull-down assay.

Lentiviral construction and infection

For preparing the Akt1/2 knock down cells in 
melanoma the lentiviral expression vector of 
pLKO.1-mock, shAKT1 and shAKT2 were trans-
fected into HEK293T cell with packaging vec-
tors pMD2.0G and psPAX using the FuGENNE 
HD Transfection Reagent (Promega) following 

the manufacturer’s protocols. 48 h later, the 
viral particles were collected through filtration 
using a 0.45-μm filter and infected the cultured 
melanoma cells together with 8 mg/ml poly-
brene (Millipore, Billerica, MA) for 36 h. Then 
the stable cells were selected using 1 μg/ml 
puromycin and used for subsequent experi-
ments. For AKT overexpression, the plasmids of 
pUSE-CA-AKT1 and pUSE-CA-AKT2 were trans-
fected into melanoma cells by FuGENE HD 
Transfection Reagent. Concurrently mock plas-
mids were transfected into a control group. The 
stable cells were selected using 1 μg/ml G418 
for 1 week. The selected cells were used for 
subsequent experiments.

In vivo analysis

Six-weeks-old nude mice were obtained from 
Charles River and were maintained in a special-
ized environment for 1 week before in vivo 
experiments. The study of animal experiments 
was approved by the Ethics Research 
Committee of Kyungpook National University 
(Dae-gu, South Korea). SK-MEL-5 cells (5 × 106 
in 200 mL PBS) were subcutaneously injected 
into the right hind flank of three groups of mice 
(n = 8). After the tumor volume reached 100 
mm3 the mice were randomly divided into three 
groups and treated with the vehicle or 2 differ-
ent doses of CTD (5 mg/kg and 7.5 mg/kg). 
CTD was administered intraperitoneally once 
every two days for 4 weeks. Body weight was 
recorded twice per week. The tumor volume 
calculation formula was length × width × depth 
× 0.52. Tumors were weighed, and frozen in liq-
uid nitrogen or fixed in 10% formalin and 
embedded in paraffin after mice were eutha-
nized and tumors extracted.

Immunohistochemistry analysis

The melanoma, tissue staining of immunohisto-
chemistry was examined as previously de- 
scribed [35]. Briefly, after antigen exposure tis-
sues were prepared by boiling the samples in 
sodium citrate buffer for 10 min. Then the sam-
ples were exposed to 3% H2O2 for 10 min and 
blocked with 5% BSA. Slides were incubated 
with specific primary antibodies at 4°C in a 
humidified chamber overnight. The slides were 
then incubated with secondary antibody for 30 
min at room temperature. Slides were stained 
using 3,3’-diaminobenzidine and finally coun-
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terstained with hematoxylin. At last, the sec-
tions were photographed and analyzed using 
the Image-Pro Plus software (v.6.1) program. 
The expression of the indicated proteins was 
quantified based on the percentage of positive 
cells.

Statistical analysis

All quantitative results were expressed as 
mean values ± SD. Significant differences were 
compared using two-tailed independent sam-
ple t-test between groups, and p-values of 
<0.05 were considered to be statistically 
significant.

Results

AKT is highly expressed in melanoma cells and 
reciprocally associated with patient survival

To examine the expression of AKT in melanoma 
patients. Melanoma microarray was conducted 
and results revealed that phosphorylated and 
total AKT were dramatically upregulated in can-
cer tissues, compared with adjacent tissues 
(Figure 1A, 1B). This is consistent with results 
where AKT expression was significantly ampli-
fied at the mRNA level in melanoma patient tis-
sues, compared with normal tissues in The 
Cancer Genome Atlas database (Figure 1C) 
(http://gepia.cancer-pk u.cn/index.html). More- 
over, patients with high AKT expression had 
slightly lower survival rates than those with low 
AKT expression (P = 0.048, Figure 1D). (http://
gepia.cancer-pku.cn/). AKT expression in cul-
tured melanoma cells was also investigated by 
western blot assay and results showed that the 
expression of AKT in melanoma was much 
higher than in HaCaT (Figure 1E). These results 
indicate that AKT may be a potential target in 
melanoma treatment.

AKT is a potential direct target of CTD

Our previous results revealed that CTD target-
ing AKT directly independent of p53. Hence, to 
further determine the interaction between CTD 
and AKT a computer docking model was con-
ducted to predict the communication between 
CTD and AKT1/2. Results of the docking model 
showed that CTD formed hydrogen bonds at 
Ala230 in the backbone of AKT1 (Figure 2A, 
upper panel) and at Ala232 of AKT2 (Figure 2A, 
lower panel), respectively. These results sug-

gest that CTD binds to AKT1/2 with a strong 
affinity. Moreover, the ex vivo pull-down assay 
also revealed that sepharose 4B beads conju-
gated with CTD, but not sepharose 4B beads 
alone, bound with AKT in melanoma cell 
lysates, suggesting CTD significantly binds with 
AKT (Figure 2B). To confirm that ALA is the bind-
ing site of CTD, we then conducted an ex vivo 
pull-down assay using a 293T cell lysate after 
transfecting mutant plasmids through direct 
site-mutagenesis. The results revealed that 
CTD bound less with mutant AKT, compared 
with the positive (overexpression AKT1/2) and 
negative (mock) groups. The results indicated 
that the ALA site of the AKT is a target binding 
site of CTD (Figure 2C).

CTD suppresses proliferation of melanoma 
cell, induces cell cycle arrest, and apoptosis

To estimate the threshold value between a 
therapeutic dose and toxic dose. We first deter-
mined the outcome of CTD on the growth of 
healthy HaCaT skin cells through MTT assay 
(Supplementary Figure 1B). Results suggested 
that there is no toxicity of CTD on melanoma 
from 1.25~5 μM. Moreover, cell proliferation 
was suppressed in a time- and dose-dependent 
fashion after CTD treatment on melanoma cells 
(Figure 3A). Through detailed statistical analy-
ses (Supplementary Figure 1C), the dose of 
CTD ranging from 0 to 5 μM was considered as 
optimal. In addition, CTD attenuated the colony 
formation of melanoma cells by anchorage-
independent growth assay (Figure 3B). This 
manifest not only in clone size, but also in 
quantity of colony formation, compared with 
DMSO-treated group (Supplementary Figure 
1D).

In addition, flow cytometry was conducted to 
analyze the relationship between cell prolifera-
tion and cell cycle or apoptosis under the CTD 
treatment. The results showed that the incuba-
tion of melanoma cells with CTD for 24 h lead 
to cell cycle arrest at the G1 phase. The results 
matched the reduced expression of cyclinD, 
CDK4, and CDK6, as representative markers of 
the cell cycle at the G1 phase (Figure 3C, 3D, 
Supplementary Figure 1E). Furthermore, we 
also found the apoptosis was triggered under 
CTD treatment (Figure 3E, Supplementary 
Figure 1F). To confirm the results, we examined 
total-cell lysates treated with various doses of 
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Figure 1. AKT expression in melanoma cell and patients versus that related to patient survival. A. The expression 
of phosphorylated AKT (Ser473) and total AKT was examined using immunohistochemical (IHC) analysis on a mela-
noma tumor tissue array. Data are shown on a log scale. *P < 0.05; ***P < 0.001 indicate a significant difference 
compared with adjacent tissues. B. Representative images of IHC staining on melanoma adjacent (n = 70), and 
cancer (n = 70) tissues, separately (5 × and 100 × magnification, Scale bars: 100 μm). C. The mRNA expression of 
AKT was evaluated in melanoma patients (data obtained from http://gepia.cancer-pku.cn/). D. Overall survival time 
of patients with high or low expression of AKT (data obtained from http://gepia.cancer-pku.cn/). E. The expression 
of AKT in melanoma cell lines evaluated using a Western blot assay and compared with normal skin cells.

CTD on the expression of apoptosis biomarkers 
by immunoblot. The immunoblot results indi-
cated that the expression of apoptosis markers 
including p53, cleaved caspase-3, and Bax, 
were significantly increased; the anti-apoptotic 
protein Bcl-2 was markedly decreased (Figure 
3F). These results suggest that CTD can reduce 
the growth of melanoma cells and induced 
apoptosis.

CTD suppresses migration and invasion in 
melanoma cells

Metastases is the primary cause of melanoma-
related mortality. To investigate the role of CTD 
on migration and invasion in melanoma cells 
wound healing and transwell assay were per-
formed. The results indicated that the migrated 
area was inhibited compare to the DMSO con-
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Figure 2. AKT is a target of CTD. (A) The computational docking model was conducted to predict the communication 
between CTD and AKT1 or AKT2: (a) CTD combines with AKT1; (b) Ligand interaction diagram of CTD and AKT1 con-
jugated; (c) CTD combines with AKT1; (d) Ligand interaction diagram of CTD and AKT1 conjugated. (B) The binding of 
CTD to AKT in melanoma cell lysates determined using sepharose 4B alone and costunolide-conjugated sepharose 
4B beads. (C) Transfect plasmids of the mutant AKT1 and AKT2 into 293T cell after mutant the Ala site of AKT to 
confirm bonding capability between the CTD and AKT through pull-down assay.

trol group (Figure 4A). Furthermore, cell migra-
tion was analyzed through a Transwell assay. 
Similar to the results of the wound healing 

assay, the Transwell suggested that CTD dra-
matically inhibited cell migration (Figure 4B, 
Supplementary Figure 2A). Moreover, we exam-
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Figure 3. CTD suppresses the proliferation and trigger cell cycle arrest and apoptosis in melanoma. A. Cell prolifera-
tion of melanoma following CTD (0, 1.25, 2.5, and 5 μM) treatment was determined by MTT assay. B. Anchorage-
independent cell growth assay was conducted to evaluate the effect of CTD on cell growth. C. CTD treatment induced 
cell cycle arrest at the G1 phase at 24 h. D. CTD effects on cyclinD1, CDK4, and CDK6 that makers of G1 phase. E. 
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ined the effects of CTD on cell invasion through 
a matrigel-coated Transwell assay and found 
that CTD is a strong suppressor of melanoma 

invasion (Figure 4C, Supplementary Figure 2B). 
In addition, western blot results showed that 
E-cadherin expression was increased, while 

CTD treatment triggered apoptosis at 24 hrs based on annexin V+/PI- gating. F. Apoptotic and anti-apoptotic protein 
markers were determined after CTD treatment using Western blot detection 24 hr post-treatment. Data are shown 
as means ± S.D. of values, *P < 0.05, **P < 0.01, ***P < 0.001 indicate a significant difference compare to control 
group. Three independent replicates were performed and were statistically analyzed.

Figure 4. CTD suppresses the migration and invasion of melanoma cells. A. Treatment with CTD remarkably inhib-
ited the migratory ability of the CRC cells in a wound healing assay. The representative images (Top: 50 × magnifi-
cation, Scale bars: 100 μm) and the summary bar chart (Bottom) of the cells that migrated. B. Migration analysis 
of melanoma cells in the presences of CTD, or DMSO as the control, for 24 hours by transwell assay. C. Transwell 
analysis, with the Matrigel-coated membrane, of the effects of CTD treatment on melanoma cells. D. Protein expres-
sion of epithelial-mesenchymal transition markers were checked after CTD treatment when compared with the 
control. Data are shown as means ± S.D. of values from triplicate samples and similar results were obtained from 
three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 indicate a significant difference compare to 
control group.
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N-cadherin and Vimentin expression were 
decreased in a concentration-dependent man-
ner. The western blot results concur with the 
results of migration and invasion detection 
(Figure 4D). Collectively, CTD can effectively 
suppress melanoma cell migration.

CTD regulates AKT/mTOR/p70s6k signaling 
axis in melanoma cells

Given that AKT has been confirmed a target of 
CTD, the downstream of AKT signaling path-
ways were examined under the CTD treatment. 
The results showed that the AKT pathway was 
downregulated with CTD treatment through 
certain processes such as mTOR, p70S6K 
phosphorylation, and 4EBP1 phosphorylation 
(Figure 5). Furthermore, we also found that CTD 
could bind with BRAF (Supplementary Figure 
3A). The expression of ERK1/2 was increased 
following CTD treatment as we checked the 
MAPK signaling pathway, suggesting that AKT/
mTOR may be a primary pathway in melanoma 
treatment using CTD (Supplementary Figure 
3B).

CTD suppresses the melanoma cells prolifera-
tion by targeting AKT

To verify AKT expression inhibition that leads to 
the restrained growth of melanoma cells AKT 
knockdown cells were produced by infecting 
cells with virus particles containing shpLKO or 
shAKT1/2. Results of immunoblot revealed 
that the expression of AKT was reduced by 
shAKT in comparison with shpLKO (Figure 6A). 
MTT and anchorage-independent cell growth 
assays were conducted to examine cell prolif-
eration and revealed that cell proliferation and 
colony formation was inhibited in AKT1/2 
knockdown cell, compared with shpLKO-infect-
ed cells (Figure 6B, 6C). However, CTD treat-
ment failed to further inhibit colony formation 
in shAKT1/2 cells (Figure 6C, Supplementary 
Figure 4A), suggesting that AKT is a target of 
the CTD. Furthermore, the number of migrating 
and invading cells also decreased after AKT1/2 
knockdown using the Transwell assay (Figure 
6D, Supplementary Figure 4B). The western 
blot data showed a decrease in AKT down-
stream signaling after CTD treatment. However, 
there was no change in the knockdown of 
AKT1/2 cells that were simultaneously CTD-
treated (Figure 6E). Moreover, AKT overexpres-

sion in melanoma cells showed that cell prolif-
eration, migration, and invasion increased. 
AKT1/2 overexpressing cells showed more sus-
ceptible to CTD compared to mock cells 
(Supplementary Figure 5). Thus, AKT may con-
sidered a novel target of CTD in melanoma 
cells.

CTD inhibits tumor growth of cell-derived xeno-
grafts

Finally, xenograft models that built using 
SK-MEL-5 cells investigated the anti-tumor 
effects of CTD in vivo. Melanoma cells were 
implanted and then treatment with CTD at 5 
mg/kg or 7.5 mg/kg. The results showed that 
CTD treatment effectively reduced tumor 
growth relative to the vehicle group without 
causing any change in mice body weight (Figure 
7A-C). The immunohistochemical analysis 
showed that the CTD-treated groups showed 
decreased Ki-67, p-AKT, and p-p70S6K expres-
sion, compared with the vehicle-treated control 
(Figure 7D, 7E). These results indicate that 
tumor volume and weight inhibition by CTD 
treatment is dependent on activation of AKT. To 
confirm the results of the in vivo model, we 
investigated the effects of CTD on AKT and its 
downstream signaling targets through western 
blot analysis of cell-derived xenograft (CDX) 
tumor tissue samples. The phosphorylation of 
p-mTOR and p-p70S6K, which are direct down-
stream proteins of AKT, was actively sup-
pressed in the CTD-treated group (Figure 7F). 
Given that CTD drastically decreased the migra-
tion and invasive potential of melanoma cells in 
vitro, all major organs of the full necropsies 
were checked after the animals were sacrificed. 
We found that metastatic tumors appeared on 
the liver less frequently in treated mice than 
those in the control group (Supplementary 
Figure 6A). Moreover, the H&E staining results 
showed an appreciable decrease in the size 
and number of metastatic foci in the livers of 
CTD-treated mice, compared with that of vehi-
cle-treated mice (Supplementary Figure 6B). 
The necropsy results indicate that CTD treat-
ment significantly inhibited tumor metastasis  
in vivo. In addition, we also found that CTD 
downregulated the MAPK pathway in vivo 
(Supplementary Figure 6C). Collectively, combi-
nation with the in vitro study, these findings 
suggest that targeting AKT using CTD is an 
effective way to inhibit tumor growth and 
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Figure 5. CTD suppresses the signaling pathway of AKT. The effects of CTD on AKT pathway and melanoma cells 
were examined by Western blot analysis. Cells were treated with CTD for 12 hours at various doses of 0, 1.25, 2.5, 
or 5 μM. Cells were collected and cell lysates were subjected to Western blotting.

metastases, which possibly acts by blocking 
the AKT signaling pathway.

Discussion

The aberrant expression and activity of the AKT 
signaling pathway proteins have been seen in 
biological processes such as metabolism, pro-
liferation, apoptosis, and metastasis in several 
cancers, including melanoma [21, 36-40]. 
Recent studies have indicated that AKT was 
highly phosphorylated, or activated, in cancer 
tissues at different stages when compared with 
adjacent tissues in esophageal squamous and 
colon cancer [35, 39]. Additionally, AKT1/2 
knockdown in cancer cells led to decreased 
colony formation. Therefore, AKT can be con-
sidered a therapeutic agent for treating malig-
nant tumors. Several cancers are currently 
treated with AKT inhibitors including MK2206, 
GDC-0068, and GSK690693 [37]. However, 
some genetic mutations (BRAF, NRAS, AKT, and 
mTOR) exist in melanoma, and thus identifying 
new, more specific, and effective inhibitors that 
interrupt resistance pathways or those that can 
be combined with clinical drugs to improve the 
therapeutic efficacy is particularly important. 
Numerous phytomedicines exhibit melanoma 
inhibitory activities in vitro and in vivo [41]. In 
the present study, we investigated the chemo-
therapeutic activity of CTD against human 
melanoma.

Mechanistically, the anti-cancer effects of CTD 
are associated with the downregulation of 
STAT3, c-Myc, and nuclear factor-κB (NF-κB) 
that lead to cancer cell growth was inhibited 
and trigger apoptosis and cell cycle [42, 43]. 
However, the mechanisms underlying its che-
mo-preventive/therapeutic effects and direct 

targets on melanoma remain unresolved. AKT 
pathway activation has been reported to play 
an essential role in the intracellular signaling 
pathway downstream of many non-melanoma 
and melanoma-related growth factor receptors 
[44]. In the present study, we identified the tar-
get of CTD and demonstrated that CTD is a 
potent AKT inhibitor of melanoma in both in 
vitro and in vivo (Figures 3 and 6). Our results, 
obtained using TCGA date and western blot 
analysis, show that AKT expression was more 
significant in melanoma when compared with 
other cancers and adjacent normal tissue. Our 
results also showed that AKT expression is 
associated with decreased patient survival 
time (Figure 1), suggesting that AKT expression 
is related to poor outcomes. Besides, metasta-
sis dramatically impairs the successful treat-
ment of advanced melanoma [45]. Our results 
indicate that CTD effectively inhibited the 
migration and invasion capabilities of melano-
ma cells (Figure 4), suggesting that inhibiting 
metastasis by targeting AKT may be an effec-
tive method in treating melanoma.

Our previous study showed that CTD could reg-
ulate MDM2-P53 by targeting AKT. To further 
confirm that AKT is a target of CTD, computa-
tional modeling illustrated how CTD interacts 
with AKT1 or AKT2. The modeling showed that 
Ala230 or Ala232 is the exclusive binding site 
in the backbone of AKT1 and AKT2. Further- 
more, through a pull-down assay, we confirmed 
that CTD bound to AKT in vitro (Figure 2A, 2B). 
Conversely, after a mutation in the Ala site of 
AKT, we found that the CTD bond to AKT was 
weaker when compared with the control group 
(Figure 2C). This strongly indicated that AKT is a 
target of CTD. Liu et al. (2019) reported the pre-
dictive docking model of xanthohumol and 
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Figure 6. Effect of costunolide on AKT expression in melanoma cells. A. Expression of AKT in SK-MEL5, SK-MEL28, 
and A375 melanoma cells expressing pLKO or shRNA-AKT was evaluated. B. The cell proliferation of melanoma cell 
was evaluated after knockdown of AKT compared to the wild type. C. Anchorage-independent growth was assessed 
in SK-MEL5, SK-MEL28, and A375 melanoma cells expressing shRNA-pLKO or shRNA-AKT. D. Migration and inva-
sion were assessed in SK-MEL5, SK-MEL28, and A375 melanoma cells expressing shRNA-pLKO or shRNA-AKT. 
Data are shown as means ± S.D. of three independent replicates. *P < 0.05, **P < 0.01, ***P < 0.001 indicate 
a significant difference compare to the control group. E. Western blots of the effects of costunolide treatment after 
knockdown AKT in melanoma compared with the shRNA-pLKO group.



CTD suppresses melanoma growth through targeting AKT

1423 Am J Cancer Res 2021;11(4):1410-1427

Figure 7. CTD inhibits mice tumor growth of xenografts model. Mice were divided into 3 groups (N = 8) to determine 
the effect of CTD on a melanoma cell-derived xenograft (CDX) tumor growth. The two treatment groups received 5 
mg/kg and 7.5 mg/kg of CTD and the third group received only the vehicle. Mice were intraperitoneally adminis-
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AKT1/2 binding site, including Ala230 [40], and 
demonstrated that AKT downstream products, 
such as p70s6k, 4EBP1, were phosphorylated. 
PI3K/AKT/mTOR/P70S6K pathway is an impor-
tant intracellular signaling pathway with respect 
to cell survival and death. Therefore, CTD may 
suppress melanoma growth through its effect 
on the AKT/mTOR pathway (Figure 5). Apart 
from this, CTD failed to suppress further colony 
formation after AKT1/2 knockdown (Figure 
6A-C), which also supports the notion that CTD 
is a potential AKT inhibitor. Moreover, after AKT 
knockdown, the migration and invasion of mel-
anoma cells decreased when compared with 
that in the control group (Figure 6D).

Given the constitutive activation of MEK-ERK 
pathway, p38, JNK have also been studied in 
relation to melanoma [11, 46, 47]. We extend-
ed the study to determine if CTD inhibited the 
activity of other proteins (Supplementary Figure 
3A); the findings revealed that CTD could bind 
to BRAF in small amounts. However, the MAPK 
pathway is not consistent in vivo and in vitro, 
which is mainly manifested in ERK expression 
(Supplementary Figures 3B and 6C). Therefore, 
CTD seems to work well during these two stag-
es of melanoma in relation to the AKT and 
MAPK/p38 pathways. However, prior studies 
have reported that the AKT and p38 MAPK/
ERK1/2 cascades play essential roles in pre-
venting endothelial cell death in melanoma 
under restrictive culture conditions [48]. 
Therefore, based on our findings and prior stud-
ies [49, 50], we postulate that the AKT pathway 
plays a central role in inhibiting melanoma 
growth.

The CDX mode helps us to understand the 
mechanism of pharmacologic effects on the 
tumor and is an essential tool in tumor research 
in vivo. Therefore, we also estimated the effects 
of CTD on the growth of melanoma CDX tumors 
in mice. The tumor volume and weight as well 
as the related immunohistochemical (IHC) bio-

marker staining after CTD treatment in the 
CTD-treated mice were significantly less when 
compared with the vehicle group (Figure 7). In 
summary, our findings indicated that AKT is a 
target of CTD, and it can decrease the viability 
of melanoma cells and reduce the growth of 
SK-MEL-5 human melanoma cells in a xeno-
graft model in nude mice. All these results indi-
cate that CTD is a potential AKT inhibitor that 
can aid in preventing or treating melanoma and 
that CTD is a potent chemo-preventive and che-
motherapeutic compound that may possibly 
contribute to the treatment of melanoma 
patients in the future.
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Supplementary Figure 1. Effects of Costunolide on cell proliferation, cell cycle, and apoptosis. A. Chemical structure 
of Costunolide. B. Cytotoxicity of Costunolide on normal HaCaT skin cells were estimated through MTT assay. The 
cells were treated with 0, 1.25, 2.5, or 5 μM Costunolide for different periods. C. IC50 concentration was detect on 
three melanoma cells. D. Corresponding images of anchorage-independent cell growth (5 × magnification, Scale 
bars: 100 μm). E. Plots indicating cell cycle distribution after administration of different Costunolide concentrations 
of (0, 1.25, 2.5, or 5 μM) to melanoma cells. F. Plots of apoptotic cell populations after administration of different 
Costunolide concentrations (0, 1.25, 2.5, or 5 μM) to melanoma cells.
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Supplementary Figure 2. Effects of Costunolide on melanoma cell migration and invasion. A. Representative photo-
graphs of migration after administration of different Costunolide concentrations to melanoma cells (5 × magnifica-
tion, Scale bars: 100 μm). B. Representative photographs of invasion after administration of different Costunolide 
concentrations to melanoma cells (5 × magnification, Scale bars: 100 μm).
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Supplementary Figure 3. The potential target of Costunolide and the associated pathways in melanoma. A. Cos-
tunolide binds to proliferation-related protein in a melanoma cell lysate. B. Western blot of the p-MEK1, p-ERK1/2 
(T202/Y204), p-MEK, MEK, p-p38, and p38 proteins in melanoma cells after treatment with Costunolide for 12 h.
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Supplementary Figure 4. Colony formation, migration, and invasion in melanoma cells after AKT1/2 knockdown. 
A. Representative colony pictures after AKT1/2 knockdown with or without Costunolide treatment (5 × magnifica-
tion, Scale bars: 100 μm). B. Representative photographs of migration and invasion after AKT1/2 knockdown (10 × 
magnification, Scale bars: 100 μm).
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Supplementary Figure 5. Effects of AKT overexpression in melanoma cells. A. Western blotting analysis of AKT 
expression in melanoma cells with AKT1/2 overexpression. B. Growth curve of indicated stable AKT-overexpressing 
melanoma cells detected using a CCK-8 for cell proliferation assay (n = 6 per group) at 0, 24, 48, and 72 h. C. Colony 
formation was examined after followed CTD treatment in expressing mock or AKT1/2 cells by soft agar assay. D. 
Representative images of anchorage-independent cell growth shown after AKT1/2 overexpression (5 × magnifi-
cation, Scale bars: 100 μm). E. Summary bar chart of cell migration through a membrane or invasion through a 
Matrigel-coated membrane. F. Representative photographs of migration and invasion after AKT1/2 overexpression 
(10 × magnification, Scale bars: 100 μm). All data are shown as mean values ± S.D., (*P < 0.05, **P < 0.01, and 
***P < 0.001) indicate a significant difference in decreased proliferation, colony number, and cell migration and 
invasion, compared with the corresponding control.
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Supplementary Figure 6. The effect of Costunolide on tumor growth and metastasis in nude mice, and MAPK path-
way was examined. A. SK-MEL-5 was intravenously injected into nude mice via the subcutaneous injection. Left, 
representative images of the excised liver after 4 weeks of injection (arrows indicate metastatic nodules). Right, 
the graph showing the number of surface metastatic foci in the liver. Data are shown as means ± S.D. (*P < 0.05, 
**P < 0.01, and ***P < 0.001) indicate a significant difference, compared with the corresponding control. B. Liver 
metastases in each mouse were confirmed by hematoxylin and eosin staining (5 × magnification, Scale bars: 100 
μm). C. Western blot of the p-MEK1, p-ERK1/2 (T202/Y204), and p-p38 proteins in xenograft tissues.


