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Abstract

Malignant melanoma is an aggressive tumor of the skin and still lacks effective preventive and 

therapeutic treatments. In melanoma, both the BRAF/MEK/ERK and PI3-K/AKT signaling 

pathways are constitutively activated through multiple mechanisms, which result in cell cycle 

progression and prevention of apoptosis. Therefore, the development of novel strategies for 

targeting BRAF and PI3-K are of utmost importance. In the current study, we found that Ashitaba 

(Angelica keiskei) chalcones, 4-hydroxyderricin (4HD) and xanthoangelol (XAG), suppressed 

melanoma development by directly targeting both BRAFV600E and PI3-K, which blocked the 

activation of downstream signaling. This led to the induction of G1 phase cell cycle arrest and 

apoptosis in melanoma cells. Importantly, 4HD or XAG dramatically attenuated tumor incidence 

and volume in the BRAF-activated Pten-deficient melanoma mouse model. Our findings suggest 

that 4HD and XAG are promising chemopreventive or potential therapeutic agents against 

melanomagenesis that act by targeting both BRAF and PI3-K, providing hope for rapid clinical 

translation.
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Introduction

Melanoma is an aggressive tumor of the skin and strikes tens of thousands of people around 

the world each year (1). The American Cancer Society estimates that in the United States for 

2018, about 91,270 new melanomas will be diagnosed and 9,320 people are expected to die 

of this disease. The number of cases is rising faster than any other type of solid cancer. 

However, effective preventive and therapeutic treatments are still insufficient and new drugs 

are desperately needed for clinical application.

The serial accumulation of molecular and genetic alterations is believed to occur in 

melanocytic transformation (2). Indeed, molecular alterations in many genes and metabolic 

pathways have been observed in melanoma. Over 50% of melanomas harbor activating 

V600E mutations in BRAF (3). This mutation is considered to be critical for the 

proliferation and survival of melanoma cells, through the activation of the RAF/MEK/ERKs 

mitogen activated protein kinase (MAPK) pathway (4–6). Moreover, other mechanisms e.g., 

upregulation of phosphoinositide 3-kinase (PI3-K)/protein kinase B (AKT) signaling, 

increased expression of growth factor receptors on the cell membrane have been shown to be 

involved (7,8). The PI3-K/AKT pathway is one of the most important signaling networks in 

cancer. Accumulating evidence suggests that activation of this pathway plays a substantial 

and important role in melanoma (9–11). Aberrant expression and activity of the PI3-K/AKT 

signaling cascade has been shown to increase the development of melanoma or 

melanomagenesis. The PI3-K/AKT signaling pathway participates in the initiation, 

progression and invasion of melanoma by inhibiting cell senescence and apoptosis pathways 

(12,13). Therefore, in melanoma, the BRAF/MEK/ERKs and PI3-K/AKT signaling 

pathways play a vital role in fundamental signal transduction and mediation of many of the 

physiological processes involved. Strategies targeting both BRAF and PI3-K should be a 

promising approach to develop clinically effective therapies for the treatment of melanoma.

The chalcones, 4-hydroxyderricin (4HD) and xanthoangelol (XAG), are considered to be 

major active compounds of the Japanese herb Ashitaba exerting various biofunctions such as 

anti-inflammatory effects, prevention of obesity and anti-diabetes activities (14–16). 

However, the effects of either compound on skin carcinogenesis are still unknown. In the 

present study, we demonstrated that 4HD or XAG suppressed melanomagenesis. We 

identified two target proteins of 4HD and XAG and demonstrated their effects on 

downstream signaling cascades. Furthermore, we conducted experiments to show the effect 

of 4HD or XAG on cell cycle and apoptosis in melanoma cells. Finally, we demonstrated the 

effects of 4HD or XAG in the BRAFV600E/PTEN-null mouse model, which expresses 

highly active BRAF/MEK/ERKs and PI3-K/AKT pathways (17).

Materials and Methods

Cell culture

SK-MEL-28, SK-MEL-5 and SK-MEL-31 cells were purchased from American Type 

Culture Collection (ATCC; Manassas, VA) and normal human epidermal melanocytes 

(NHEM) were purchased from PromoCell (Heidelberg, Germany). The cells were routinely 

screened to confirm mycoplasma-negative status and to verify the identity of the cells by 
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Short Tandem Repeat (STR) profiling before being frozen. Each vial was thawed and 

maintained in culture for a maximum of 2 months. Enough frozen vials of each cell line 

were available to ensure that all cell-based experiments were conducted on cells that had 

been tested and in culture for 2 months or less. All cells were cultured in Eagle’s Minimum 

Essential Medium (MEM) with 10% FBS and 1% antibiotics. Cell culture medium, 

gentamicin, penicillin, and L-glutamine were all obtained from Invitrogen (Grand Island, 

NY). Fetal bovine serum (FBS) was from Gemini Bio-Products (West Sacramento, CA). 

NHEM cells were cultured in melanocyte growth medium with Supplement Mix 

(PromoCell, Heidelberg, Germany). All cell culture conditions were performed following 

ATCC and PromoCell protocols.

Reagents and antibodies

4HD and XAG were extracted and purified from Ashitaba (Angelica keiskei) powder that 

was provided by Japan Bio Science Laboratory Co., Ltd (Osaka, Japan). The powder was 

mixed with water and then extracted with ethyl acetate (EtOAc; 1.5 L × 3 times) under 

reflux. The combined EtOAc extracts were concentrated to give a brownish yellow colored 

viscous mass (48.245 g), which was chromatographed on a silica gel column. The column 

was eluted with hexane/EtOAc in a linear gradient (90:10, 80:20, 50:50, 25:75), followed by 

CHCl3/MeOH in a linear gradient (90:10, 80:20, 70:30, 60:40, 0:100) to obtain 6 fractions 

(Fr. 1–6) on the basis of thin layer chromatography (TLC) profiles. Fr. 3 (6.385 g) was re-

chromatographed on a silica column with CHCl3/MeOH (100:1 to 30:1) and RP-18 with 

80% MeOH to purify 4HD (3.163 g). Fr. 4 (5.873 g) was produced following a similar 

elution procedure as for Fr. 3 and washed on a LH-20 Sephadex column with MeOH to 

purify XAG (2.989 g). Then the 4HD and XAG were identified by NMR spectra 

(Supplementary Fig. S1A, B). The NMR spectra were obtained on a Bruker AVANCE-500 

spectrometer (Bruker, Karlsruhe, Germany) with tetramethylsilane (TMS) as the internal 

standard. High-resolution electrospray ionization mass spectrometry (HRESIMS) was 

performed on the Q-T of Micro mass spectrometer (Waters, Manchester, UK). The silica gel 

(100–200 and 200–300 mesh) and Sephadex LH-20 for column chromatography were 

purchased from Qingdao Marine Chemical Group Co. (Qingdao, China) and GE Healthcare 

(Uppsala, Sweden), respectively. All solvents used were of analytical grade (Tianjin Fuyu 

Chemical and Industry Factory, Tianjin, China).

Tris, NaCl, and SDS for molecular biology and buffer preparation were purchased from 

Sigma-Aldrich (St. Louis, MO). Antibodies to detect actin (SC-47778), cyclin D1 

(SC-8396), Bcl-2 (SC-7382), GAPDH (SC-25778) and BRAF (SC-166) were from Santa 

Cruz Biotechnology, Inc. (Santa Cruz, CA). Unless otherwise specified, the antibodies p-

MEK (#9121), MEK (9122), p-ERKs (#9101), ERKs (#9102), p-AKT (Ser473) (#9271), 

AKT (#4691), PI3-K (#4249), cleaved PARP (#9541), PARP (#9542), cleaved caspase-3 

(#9661) and caspase-3 (#9662) were from Cell Signaling Technology (Danvers, MA).

Pull-down assays

4HD or XAG (2.5 mg) was coupled to CNBr-activated Sepharose 4B (GE Healthcare 

Biosciences, Pittsburgh, PA) matrix-beads (0.5 g) in 0.5 M NaCl and 40% DMSO (pH 8.3) 

overnight at 4°C, according to the manufacturer’s instructions. SK-MEL28 cell lysates (500 
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µg) were mixed with 4HD or XAG-conjugated Sepharose 4B beads or with Sepharose 4B 

beads alone as a control in reaction buffer (50 mM Tris-HCl pH 7.5, 5 mM EDTA, 150 mM 

NaCl, 1 mM dithiothreitol (DTT), 0.01% NP-40, 2 µg/mL bovine serum albumin, 0.02 mM 

phenylmethylsulfonyl fluoride (PMSF), and 1 × protease inhibitor cocktail). After gentle 

rocking at 4°C overnight, the beads were washed 5 times with buffer (50 mM Tris-HCl pH 

7.5, 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% NP-40, and 0.02 mM PMSF). Binding 

was examined by Western blotting.

In vitro kinase assay

An in vitro BRAF activation kinase assay was conducted according to the instructions 

provided by Millipore (Billerica, MA). Briefly, reactions were performed in the presence of 

10 µCi [γ32P] ATP with active MEK1 (1 µg), 4HD or XAG (0, 5, 10, or 20 µM) in 40 µL of 

reaction buffer (40 mM MOPS/NaOH pH 7.0, 1 mM EDTA, 10 mM MnCl2, and 0.8 M 

ammonium sulphate) at 30°C for 30 min. Reactions were stopped by adding 10 µL protein 

loading buffer and the mixture was separated by SDS-PAGE. The relative amounts of 

incorporated radioactivity were assessed by autoradiography.

An in vitro PI3-K assay was conducted at 30°C for 10 min with 100 ng of PI-3K and 

different doses of 4HD, XAG or LY294002. Each sample was mixed with 20 µL of 0.5 

mg/ml phosphatidylinositol as substrate at room temperature for 5 min and then incubated 

an additional 10 min at 30°C with reaction buffer (0.25 mM ATP containing 10 µCi 

[γ-32P]ATP, 10 mM Tris-HCl (pH 7.6), and 60 mM MgCl2). The reaction was stopped by 

adding 15 µl of 4 N HCl and 130 µL of chloroform: methanol (1:1). After vortexing and 

fractionation, the lower chloroform phase was spotted onto a silica gel plate (EMD Millipore 

Corp.) that was preheated at 110°C for 1 h. The resulting radiolabeled spots were visualized 

by autoradiography.

In vitro CDK4 and CDK6 activation kinase assays were conducted according to the 

instructions provided by SignalChem (Canada). Briefly, reactions were performed in the 

presence of 10 µCi [γ32P] ATP with 2 µg Rb-C fusion protein (701–928 amino acid) from 

Cell Signaling Technology, 4HD or XAG (0, 10, or 20 µM) in reaction buffer at 30°C for 30 

min. Reactions were stopped by adding 10 µL protein loading buffer and the mixture was 

separated by SDS-PAGE. The relative amounts of incorporated radioactivity were assessed 

by autoradiography.

Molecular modeling

The computer modeling of 4HD or XAG with BRAFV600E and PI3-K was performed using 

the Schrödinger Suite 2015 software programs (18). The BRAFV600E and PI3-K crystal 

structures were prepared under the standard procedure of the Protein Preparation Wizard in 

Schrödinger Suite 2015. Hydrogen atoms were added consistent with a pH of 7 and all water 

molecules were removed. The ATP binding site-based receptor grid was generated for 

docking. 4HD or XAG was prepared using the LigPrep program (Schrödinger) and the 

lowest energy conformations for docking were determined by using default parameters 

under the extra precision (XP) mode and the program Glide. The protein-ligand docking 
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analysis was conducted using the induced fit docking program of Schrödinger, which can 

provide ligand binding flexibility with binding pocket residues.

MTS assay

SK-MEL-5, SK-MEL-28 and SK-MEL-31 cells (1 × 103 cells/well) were seeded into 96-

well plates in 100 µL of 10% FBS/Eagle’s MEM. The cells were treated with 4HD or XAG. 

After incubation for 1, 2, 3 or 4 days, NHEM cells (1 × 104 cells/well) were seeded into 96-

well plates for determining cytotoxicity. After an overnight incubation, cells were treated 

with different concentrations (5, 10 or 20 µM) of 4HD or XAG or vehicle control and 

incubated for 1 or 2 days. Then 20 µL of the CellTiter 96 Aqueous One Solution (Promega, 

Madison, WI) were added to each well and cells were then incubated for an additional 1 h at 

37°C. Absorbance was measured at an optical density of 492 and 690 nm using the Thermo 

Multiskan plate-reader (Thermo Fisher Scientific, Waltham, MA).

Anchorage-independent cell growth assay

Cells (8 × 103/well) were seeded into 6-well plates with 0.3% Basal Medium Eagle agar 

containing 10% FBS and different concentrations of 4HD or XAG and then cultured for 2 

weeks. Colonies were scored under a microscope using the Image-Pro PLUS (v6.) computer 

software program (Media Cybernetics. Rockville, MD).

Western blot analysis

Equal amounts of protein were determined using a protein assay kit (Bio-Rad Laboratories, 

Hercules, CA). Lysates were resolved by SDS-PAGE and then transferred onto 

polyvinylidene difluoride (PVDF) membranes (EMD Millipore Corp.) and blocked with 5% 

nonfat milk for 1 h at room temperature. Blots were probed with appropriate primary 

antibodies (1:1000) overnight at 4°C and followed by incubation with a horseradish 

peroxidase (HRP)-conjugated secondary antibody (1:5000) for hybridization. Protein bands 

were visualized with a chemiluminescence reagent (GE Healthcare Biosciences).

Cell-cycle analysis

SK-MEL-28 cell cycle was evaluated using a published method (19). In brief, after arresting 

the cells in the G0-phase, the cells were treated with various concentrations of 4HD, XAG or 

vehicle control for 6, 12, 18, 24 or 48 h. After fixing with ethanol, cells were stained with 

propidium iodide and the cell-cycle phase was determined by flow cytometry.

Flow cytometry for analysis of apoptosis

For analysis of apoptosis, SK-MEL-28 cells (2.5 × 105/well) were seeded into 60-mm dishes 

overnight and then the cells were treated with 4HD or XAG for 72 h. Cells were trypsinized 

and washed twice with cold PBS and then resuspended with phosphate-buffered saline and 

incubated for 5 min at room temperature with annexin V-FITC plus propidium iodide. Cells 

were analyzed using a FACSCalibur flow cytometer (BD Bioscienes, San Jose, CA).
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Animal studies

All animal studies were performed following guidelines approved by the University of 

Minnesota Institutional Animal Care and Use Committee (Minneapolis, MN), protocol 

approval number (1501-32220A). BRAF V600E/PTEN-null mice (B6.Cg-Braftm1Mmcm 

Ptentm1Hwu Tg(Tyr-cre/ERT2)13Bos/BosJ) were purchased from The Jackson Laboratory. 

The mice were housed and bred in a virus and antigen-free room. Mice were genotyped by 

standard PCR analysis according to the Jackson Laboratory genotyping protocol. Mice with 

the BRAFV600E mutation heterozygote and PTEN loss with Cre were used in this study. 

For localized melanoma induction on the dorsal skin, adult (6–8 weeks of age) mice were 

treated topically with 2.5 µL of 1.9 mg/ml (5 mM) 4-hydroxytamoxifen (4-HT; Sigma-

Aldrich, H6278) for 3 days. 4HD and XAG were dissolved in PBS with 2.5% 

dimethylsulfoxide (DMSO), 5% polyethylene glycol 400 (PGE 400) and 5% tween 80. The 

compounds were administered to mice by oral gavage at a dose of 10 or 50 mg/kg BW. The 

relevant solvent was administered to control animals in the melanoma prevention studies. 

For the early treatment study, the compounds or solvent were administered to the mice daily 

after 4-HT treatment. For the late treatment study, the compounds or solvent were 

administered to the mice daily beginning at day 23, when the animals had readily 

measurable melanoma lesions.

Immunohistochemical analysis of mouse melanoma tissues

A Vectastain Elite ABC Kit obtained from Vector Laboratories (Burlingame, CA) was used 

for immunohistochemical staining according to the protocol recommended by the 

manufacturer. Mouse melanoma tissues were fixed in 10% Buffered Formalin Phosphate 

(Fisher Chemical) and embedded in paraffin for examination. Sections were stained and 

analyzed by immunohistochemistry. Briefly, all specimens were baked at 60°C for 2 h, 

deparaffinized and rehydrated. To expose antigens, samples were unmasked by submerging 

each into boiling sodium citrate buffer (10 mM, pH 6.0) for 10 min, and then treated with 

3% H2O2 for 10 min. The slides were blocked with 50% goat serum albumin in 1 × PBS in a 

humidified chamber for 1 h at room temperature. Then, the mouse tissue sections were 

hybridized with PCNA (1:3000), cyclin D1 (1:75), or Bcl-2 (1:50) antibody at 4°C in a 

humidified chamber overnight. The slides were washed and hybridized with the secondary 

antibody from Vector Laboratories (anti-rabbit 1:200 or anti-mouse 1:200) for 1 h at room 

temperature. Slides were stained using the Vectastain Elite ABC Kit (Vector Laboratories, 

Inc., Burlingame, CA).

Statistical analysis

All quantitative data are expressed as mean values ± standard deviation (S.D.) or standard 

error (S.E.) of at least 3 independent experiments. Significant differences were determined 

by a Student’s t test or one-way ANOVA. A probability value of p < 0.05 was used as the 

criterion for statistical significance.
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Results

4HD or XAG binds to target kinases at the ATP-binding pocket

Induced fit docking was conducted to determine whether 4HD or XAG could bind with 

BRAFV600E or PI3-K. The structure of 4HD (left) or XAG (right) is shown in Fig. 1A. The 

results indicated that 4HD or XAG formed interactions within the ATP-binding pocket of 

BRAFV600E and PI3-K (Fig. 1B, C and Supplementary Fig. S2A, B). For the binding of 

4HD with BRAFV600E, the carbonyl oxygen of 4HD interacts with the residue CYS532 

hydrogen of BRAFV600E and the distance is 2.06 Å. For the binding of XAG with 

BRAFV600E, the 4’-hydroxy oxygen of XAG interacts with the residue CYS532 hydrogen 

of BRAFV600E and the distance is 1.78 Å. The 4’-hydroxy hydrogen of XAG interacts with 

the residue CYS532 oxygen of BRAFV600E and the distance is 1.90 Å. The 4-hydroxy 

hydrogen of XAG interacts with the side chain GLU501 oxygen of BRAFV600E and the 

distance is 2.84 Å. For 4HD binding with PI3-K, the 2’-hydroxy hydrogen of 4HD interacts 

with the residue VAL851 oxygen of PI3-K and the distance is 2.19 Å. The 2’-hydroxy 

oxygen of 4HD interacts with the residue VAL851 hydrogen of PI3-K and the distance is 

2.10 Å. The carbonyl oxygen of 4HD interacts with the residue VAL851 hydrogen and the 

distance is 2.63 Å. For XAG binding with PI3K, the 2’-hydroxy hydrogen of XAG interacts 

with the residue VAL851 oxygen and the distance is 2.03 Å. The 2’-hydroxy oxygen of 

XAG interacts with the residue VAL851 hydrogen and the distance is 1.97 Å. The carbonyl 

oxygen of XAG interacts with the residue VAL851 hydrogen and the distance is 2.80 Å. The 

4-hydroxy oxygen of XAG interacts with the side chain LYS802 hydrogen of PI3-K and the 

distance is 3.03 Å and the 4-hydeoxy hydrogen of XAG interacts with the side chain ASP 

oxygen of PI3-K and the distance is 2.82 Å. Furthermore, we observed ex vivo binding 

between 4HD or XAG and BRAF and PI3-K (p110) in SK-MEL28 cell lysates (Fig. 1D). 

Taken together, our data indicated that 4HD or XAG interacts with BRAFV600E and PI3K.

4HD or XAG suppresses BRAF and PI3-K kinase activity

Based on the results of the computer computational modeling and the ex vivo binding assay, 

we predicted that 4HD or XAG is a potential inhibitor of BRAFV600E and PI3-K. In order 

to elucidate the mechanisms and the activity of 4HD and XAG, we conducted a kinase-

profiling assay to determine the effect of each compound on the in vitro kinase activity of 

BRAFV600E, PI3-K and other candidate kinases, which included the previously predicted 

targeted kinases. Kinase-profiling was performed by Millipore’s KinaseProfiler based on the 

protocols provided by Millipore. Data are presented as percentage of kinase activity 

remaining after treatment with 4HD or XAG (Supplementary Table S1). At a concentration 

of 10 µM, 4HD or XAG inhibited the activity of BRAFV600E and the activity of PI3-K. 

However, 4HD or XAG, at the same concentration, had little effect on the activity of ERKs, 

MEK or other kinases. We also found that 4HD or XAG did not affect CDK4 and CDK6 

activation (Supplementary Fig. S3A, B). We then conducted in vitro kinase assays to verify 

the kinase profiling results. The density of specific bands was calculated using the Image J 

analysis software program. The results showed that 4HD suppressed BRAFV600E activation 

by 17.4 ± 4.1% at 20 µM, whereas XAG strongly suppressed BRAFV600E activation in a 

dose-dependent manner. XAG at 5, 10, or 20 µM reduced BRAFV600E kinase activity by 

23.7 ± 8.5, 50.6 ± 9.1, or 81.4 ± 6.4%, respectively (Fig. 1E). Moreover, either 4HD or XAG 
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at 0.05 µM strongly suppressed PI3-K (p100/p85) activity by 42.5% and 46.6% (Fig. 1F), 

respectively. Taken together, these results indicate that BRAFV600E and PI3-K (p110/85) 

are effective targets of 4HD and XAG.

4HD or XAG suppress human melanoma cell colony formation and proliferation

Based on the previous results, we then determined whether 4HD or XAG had any effect on 

the anchorage-independent growth and proliferation of human melanoma cells. To determine 

whether 4HD or XAG exerted any cytotoxic effects against normal melanocytes, NHEM 

cells were treated with different concentrations of 4HD or XAG for 1 or 2 days. The results 

showed that 4HD or XAG had no cytotoxicity at concentrations less than 20 µM 

(Supplementary Fig. S4A, B). Next, we examined the effects of 4HD or XAG on melanoma 

SK-MEL-5 and SK-MEL-28 cell colony formation and proliferation. The results showed 

that either 4HD or XAG inhibited SK-MEL-28 and SK-MEL-5 melanoma cell colony 

formation in soft agar and proliferation in MTS assay in a dose dependent manner (Fig. 2A, 

B). These results indicate that 4HD or XAG can effectively inhibit melanoma cell growth. In 

addition, we examined the effect of 4HD and XAG on proliferation in SK-MEL-31 

melanoma cells, which harbors wild-type BRAF (Supplementary Fig. S4C). The results 

showed that 4HD only at 20 µM significantly inhibited proliferation of SK-MEL-31 cells, 

whereas XAG at 10 or 20 µM significantly inhibited proliferation of SK-MEL-31 cells. As 

low as 5 µM 4HD or XAG significantly inhibited growth of SK-MEL-5 and SK-MEL-28 

cells. These results indicated that 4HD and XAG were less effective on inhibiting growth of 

wild-type BRAF cells (SK-MEL-31) compared to BRAFV600E mutant cells (SK-MEL-5 

and SK-MEL-28), which suggested selectivity.

4HD or XAG suppresses the BRAF and PI3-K downstream kinase signaling pathways in 
melanoma cells

We have shown that 4HD or XAG can inhibit BRAFV600E and PI3-K activation. Here, we 

examined the effect of 4HD or XAG on the downstream signaling of BRAFV600E and PI3-

K in SK-MEL-28 cells, which express the BRAFV600E mutation. Treatment of SK-

MEL-28 cells with either 4HD or XAG led to a substantial inhibition of phosphorylated 

AKT (Ser473), downstream of PI3-K in a dose-dependent manner. In addition, 4HD slightly 

suppressed the phosphorylation of MEK1/2 and ERK1/2, which are downstream of BRAF. 

Notably, XAG also decreased the phosphorylation of MEK1/2 and ERK1/2 in a dose-

dependent manner (Fig. 2C). These data indicate that either 4HD or XAG can suppress 

melanoma cell growth by inhibiting the activation of BRAF/MEK/ERKs and PI3-K/AKT 

signaling pathways.

4HD or XAG induces G0/G1 cell cycle arrest in melanoma cells

In order to determine whether 4HD or XAG can affect cell cycle progression, the SK-

MEL-28 melanoma cells were first cultured with 4HD or XAG (15 µM) for 6, 12, 18, 24 or 

48 h and then stained with propidium iodide. Results showed that either 4HD or XAG 

induced G0/G1 cell cycle arrest, as compared with untreated controls (Fig. 3A, 

Supplementary Fig. S5A). Notably, XAG strongly induced G0/G1 arrest as compared with 

the control. Moreover, the treatment of SK-MEL-28 cells with either 4HD or XAG led to 

G0/G1 cell cycle arrest in a dose-dependent manner at 18 h (Fig. 3B, Supplementary Fig. 
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S5B). Furthermore, 4HD or XAG decreased cyclin D1 expression in a dose-dependent 

manner, which was associated with G0/G1 cell cycle arrest in melanoma cells (Fig. 3C). 

Overall, these results indicate that the inhibition of cell cycle progression plays a role in 

4HD or XAG attenuation of melanoma cell growth.

4HD or XAG induces apoptosis in melanoma cells

Annexin V staining was used to determine the effect of 4HD or XAG on apoptosis in SK-

MEL-28 cells (Fig. 4). Results showed that apoptosis was induced in a dose-dependent 

manner after exposure to 4HD or XAG (Fig. 4A, B). The cleavage of PARP and caspase 3 

facilitates cellular disassembly and Bcl-2 is an important anti-apoptotic protein. Consistent 

with the results of Annexin V staining, our Western blot results demonstrated that in the 

presence of 4HD or XAG, the levels of cleaved PARP or caspase 3 were increased, whereas 

the levels of Bcl-2 were decreased in melanoma cells (Fig. 4C). All these data suggest that 

4HD or XAG treatment potently induces apoptosis in human melanoma cells.

Effect of 4HD or XAG on melanomagenesis in the BRAFV600E mutant and PTEN loss 
mouse model

To determine whether treatment with either 4HD or XAG has a preventive effect on 

melanomagenesis in vivo, experiments were conducted in a mouse model. BRAFV600E 

mutant and PTEN-loss mice were treated topically on the back with 4-HT for 3 days. On day 

4, mice were randomly assigned to groups as follows: 1) mice administered 4HD (10 mg/kg, 

n = 10; or 50 mg/kg, n = 10); 2) XAG (10 mg/kg, n = 10; or 50 mg/kg, n = 10) or 3) solvent 

control (n = 10) daily (Fig. 5A). The animals were monitored daily and tumor volume and 

body weight were measured once a week. Our results showed that 4HD or XAG strongly 

suppressed the occurrence and development of melanoma (Fig. 5B; Supplementary Fig. S6). 

Either 4HD or XAG significantly reduced the volume of melanoma tissue and led to 

significantly decreased tumor weight at the endpoint of the experiment. Notably, 4HD 

treatment decreased melanoma volume by 54% (10 mg/kg) and 97% (50 mg/kg), 

respectively. Moreover, XAG treatment decreased melanoma volume by 68% (10 mg/kg) 

and 97% (50 mg/kg), respectively. Based on our findings, 4HD or XAG attenuated activation 

of BRAFV600E and PI3-K. We also determined the levels of phosphorylated ERK1/2 and 

AKT (Ser473), which are downstream of BRAFV600E and PI3-K. We found that these 

agents markedly inhibited the phosphorylation of ERK1/2 and AKT (Fig. 5C). This was 

associated with the reduced expression of PCNA, cyclin D1 and Bcl-2, which are associated 

with melanoma cell proliferation and apoptosis (Fig. 5D).

To determine whether treatment with either 4HD or XAG had inhibitory effects on 

melanomagenesis when tumors were measurable, mice were treated topically on the dorsal 

surface with 4-HT for 3 days. After 23 days, when tumors were observed, the mice were 

randomly assigned to groups as follows: 1) administered 4HD (10 mg/kg, n = 10; or 50 

mg/kg, n = 10); 2) XAG (10 mg/kg, n = 10; or 50 mg/kg, n = 10) or 3) solvent control (n = 

10) daily (Fig. 6A). Our results showed that 4HD or XAG at 10 mg/kg BW significantly 

reduced the volume of melanoma tissue by 43% and 72%, respectively. At 50 mg/kg BW, 

tumor volume was significantly reduced by 82% and 91%, respectively. Similar inhibitory 

effects were observed on final tumor weight (Fig. 6B; Supplementary Fig. S7). We found 
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that these agents markedly inhibited tumor growth. In addition, our results also showed that 

4HD or XAG clearly inhibited the phosphorylation levels of ERK1/2 and AKT in a dose-

dependent manner (Fig. 6C), which resulted in reduction of the expression of PCNA, cyclin 

D1 and Bcl-2 (Fig. 6D).

Discussion

Over the past few decades, melanoma has been on the rise around the world. According to 

the World Health Organization (WHO), 132,000 cases of melanoma occur globally each 

year. Targeted therapy that depends on activated oncogenes and the downstream signaling 

cascades has emerged as an impressive approach for advanced melanoma. In this study, we 

report that the natural compounds, 4HD or XAG (Fig. 1A), effectively suppress 

melanomagenesis by targeting BRAFV600E and PI3-K.

Computer simulation and computational modeling are useful tools for analyzing and 

increasing our knowledge of complex interactions, with the aim of identifying and 

elucidating a drug’s molecular target(s). Using this method, we found that the Ashitaba 

(Angelica keiskei) chalcones, 4HD and XAG, are potential inhibitors against BRAFV600E 

and PI3-K (Fig. 1B, C, D). Kinase activity assays showed that either 4HD or XAG 

suppresses the activity of BRAFV600E and PI3-K, with the subsequent reduction of 

phosphorylation of downstream kinases, MEKs, ERKs and AKT (Fig. 1E, F and 4). These 

findings indicate that 4HD and XAG are inhibitors of both BRAFV600E and PI3-K. Over 

50% of melanomas harbor activating V600E mutations in BRAF [3]. In the clinic, selective 

inhibitors have shown marked tumor regression and improved survival of late-stage BRAF-

mutated melanoma and BRAFV600E-mutant metastatic melanoma patients (20–23). For a 

short period following treatment, the patients have an improved quality of life. However, 

most patients relapse with lethal drug-resistant disease, eventually resulting in death (24). 

Combining BRAF inhibition with MEK inhibition leads to improved progression free 

survival as compared to BRAF inhibition alone (25,26). However, not all melanomas express 

the mutated BRAF protein, and not all melanomas with mutant BRAF are responsive to 

these targeted therapies. Apparently, merely inhibiting the BRAF/MEK/ERKs signaling 

pathway is not enough to completely suppress melanomagenesis. Recently, several reports 

indicate that the PI3-K/AKT pathway activation is another important pathway driving 

pathogenesis in BRAF wild-type melanomas as well as for acquired resistance in BRAF-

mutant melanomas (27,28). The lifespan of mice expressing the BRAFV600E mutant 

combined with Pten loss-activated PI3-K is less than 100 days, whereas the lifespan of 

BRAFV600E-only mutant mice is more than 800 days (17). Currently, several clinical trials 

examining the combination of PI3-K/AKT inhibitors with MAPK pathway inhibitors are 

ongoing or planned. Moreover, activating point mutations in NRAS occur in up to 20% of 

melanomas, resulting in constitutive NRAS-mediated signaling and activation of the 

BRAF/MEK/ERKs and PI3-K/AKT signaling cascades. These signaling cascades are 

prototypic survival pathways that have been implicated in tumorigenesis of NRAS mutant 

melanoma (29,30). Emerging preclinical evidence suggests that the combined targeting of 

these two pathways with selective small-molecule inhibitors might be effective in treating 

NRAS mutant melanomas (11,29). All this evidence indicates that the inhibitors, 4HD and 
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XAG, target both the BRAF/MEK/ERKs and PI3-K/AKT signaling cascades and are 

promising chemopreventive or potential therapeutic agents against melanomagenesis.

The BRAF/MEK/ERKs and PI3-K/AKT signalling cascades interact with each other to 

mediate cell proliferation and apoptosis, and have been implicated in tumorigenesis of many 

cancer cell types including melanoma (12,13,31,32). Our results showed that 4HD or XAG 

directly inhibit BRAFV600E and PI3-K activation leading to decreased cyclin D1 

expression, which results in G0/G1 cell cycle arrest in melanoma cells (Fig. 3). Moreover, 

these compounds also induced apoptosis in melanoma cells, which was evident by the 

increased levels of cleaved PARP and caspase-3 and a decrease in Bcl-2 expression levels 

(Fig. 4), which are considered markers for cells undergoing apoptosis (33,34). Notably, 4HD 

and XAG show inhibitory effects in the BRAFV600E/PTEN-null mouse model (Fig. 5, 6). 

This mouse model is a well-known mouse model for studying the mechanisms of 

melanomagenesis and new drug development (35–37). Either 4HD or XAG decreased 

phosphorylation levels of ERKs and AKT, which are downstream of BRAF and PI3-K. They 

also decreased levels of the cell proliferation markers PCNA and cyclin D1 and anti-

apoptotic Bcl-2 in the in vivo studies. These findings provide a rationale for pushing these 

drugs into rapid clinical translation.

In summary, the present study identified 4HD and XAG as novel preventive and therapeutic 

agents for suppressing melanomagenesis acting by directly targeting both BRAFV600E and 

PI3-K, and could potentially provide a new option for the clinical oral treatment of 

melanoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

4HD 4-hydroxyderricin

XAG xanthoangelol

MAPK mitogen activated protein kinase

PI3-K phosphoinositide 3-kinase

AKT protein kinase B

MEM Minimum Essential Medium

FBS Fetal bovine serum
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TLC thin layer chromatography

TMS tetramethylsilane

HRESIMS high resolution electrospray ionization mass spectrometry

PMSF phenylmethylsulfonyl fluoride

PVDF polyvinylidene difluoride

HRP horseradish peroxidase

DMSO dimethyl sulfoxide

4-HT 4-hydroxytamoxifen

PGE 400 polyethylene glycol 400
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Figure 1. 4HD or XAG binds to and effectively suppresses BRAFV600E and PI3-K activity
(A) The structures of 4HD and XAG. Computer docking model for 4HD or XAG and target 

kinases, including (B) BRAFV600E and (C) PI3-K. The binding was further confirmed by 

an in vitro binding assay. (D) SK-MEL-28 cell lysates (500 µg) were incubated with 4HD- 

or XAG-conjugated Sepharose 4B beads or Sepharose 4B beads alone and the pulled-down 

proteins were analyzed by Western blotting. (E) 4HD or XAG inhibits BRAFV600E activity 

in vitro. Reactions were performed in the presence of 10 µCi [γ32P] ATP with active MEK1, 

4HD or XAG (0, 5, 10, or 20 µM) in 40 µL of reaction buffer at 30°C for 30 min. (F) 4HD or 

XAG inhibits PI3-K kinase activity in vitro. Active kinase PI3-K (p110) and different doses 
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of 4HD, XAG or LY294002, a PI3-K kinase inhibitor, were mixed with the substrate 

phosphatidylinositol and then incubated with a [γ32P] ATP mixture. The relative amounts of 

incorporated radioactivity were visualized by autoradiography.
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Figure 2. Effects of 4HD or XAG on growth and target protein expression levels in melanoma 
cells
(A) 4HD or XAG inhibits anchorage-independent cell growth. Cells (8 × 103/well) were 

seeded into 6-well plates with 0.3% Basal Medium Eagle agar containing 10% FBS and 

different concentrations of 4HD or XAG and then cultured for 2 weeks. Colonies were 

scored under a microscope using the Image J software program. (B) 4HD or XAG inhibits 

proliferation of melanoma cells. SK-MEL-5 and SK-MEL-28 cells (1 × 103 cells/well) were 

seeded into 96-well plates. The cells were treated with 4HD or XAG. After incubation for 1, 

2, 3 or 4 days, viability was estimated using the MTS assay as described in Materials and 

Methods. (C) SK-MEL-28 (70–80% confluent) melanoma cells were incubated with the 
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indicated concentrations of 4HD or XAG for 24 h and then the expression of target proteins 

was determined by Western blotting. Data are represented as mean values ± S.D. as 

determined from 3 independent experiments. The asterisks indicate a significant decrease 

compared with untreated control cells (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Figure 3. 4HD or XAG induces G1 arrest in melanoma cells
SK-MEL-28 melanoma cells (2.5 ×104/well) were cultured in 60-mm plates and then 

synchronized in the G0-phase by serum deprivation. (A) The cells were treated with 15 µM 

4HD or XAG or vehicle control for 6, 12, 18, 24 or 48 h. (B) The cells were treated with 

various concentrations of 4HD, XAG or vehicle control for 18 h. After fixing with ethanol, 

cells were stained with propidium iodide and the cell-cycle phase was determined by flow 

cytometry. (C) To determine the effect of 4HD or XAG on G1 phase-associated cyclin D1 

protein expression, Western blotting was performed using cyclin D1 and β-actin antibodies.
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Figure 4. 4HD or XAG induces apoptosis in melanoma cells
(A and B) SK-MEL-28 cells (2.5 × 105/well) were incubated with 4HD or XAG (5, 10, or 20 

µM), or vehicle control for 72 h. Cells were collected and apoptosis was detected using flow 

cytometry and Annexin V staining. Data are represented as mean values ± S.D. as 

determined from 3 independent experiments and the asterisks indicate a significant decrease 

compared with untreated control cells (*, p < 0.05; **, p < 0.01; ***, p < 0.001). (C) The 

cells were incubated with 20 µM 4HD or XAG or vehicle control for 72 h, then the effect of 

4HD or XAG on apoptosis-associated protein expression was determined by western 

blotting.
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Figure 5. Prevention of BRAFV600E/PTEN-null induced melanoma by 4HD or XAG
(A) BRAFV600E/PTEN-null mice (6–8 weeks old) were treated with 2.5 µL of 5 mM 4-HT 

by local application to the dorsal surface. Mice were randomly assigned to be administered 

4HD (10 mg/kg, n = 10), 4HD (50 mg/kg, n = 10), XAG (10 mg/kg, n = 10), XAG (50 

mg/kg, n = 10) or solvent control (n = 10). (B) Representative images of solvent control, 

4HD- or XAG-treated mice immediately after drug administration are shown at day 47. 

Tumor size in each of the treatment groups was measured every week. Tumor weight was 

measured at day 47. (C) Mice were euthanized and melanoma specimens were disrupted and 

then the expression of p-ERKs, ERKs, GAPDH, p-AKT, and AKT, as well as β-actin was 
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assessed by Western blotting. (D) Melanoma specimens were prepared for staining to detect 

PCNA, cyclin D1 or Bcl-2 by immunohistochemistry. Scale bars, 25 µm. Data are shown as 

mean values ± S.E. as determined from 3 independent experiments and the asterisks indicate 

a significant decrease compared with vehicle control mice (*, p < 0.05; **, p < 0.01; ***, p 
< 0.001).
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Figure 6. 4HD or XAG suppresses melanoma growth in BRAFV600E/PTEN-null mice
(A) Melanoma was initiated in BRAFV600E/PTEN-null mice (6–8 weeks old) by local 

administration of 2.5 µL of 5 mM 4-HT by local injection to the dorsal skin. At 23 days 

later, when the animals had readily measurable melanoma lesions, mice were randomly 

divided into 5 groups that were administered 4HD (10 mg/kg, n = 10), 4HD (50 mg/kg, n = 

10), XAG (10 mg/kg, n=10), XAG (50 mg/kg, n = 10) or solvent control (n = 10). (B) 

Representative images of solvent control, 4HD- or XAG-treated mice immediately after drug 

administration are shown at day 50. Tumor size in each of the treatment groups was 

measured every week. Tumor weight was measured at day 50. (C) Mice were euthanized and 
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melanoma specimens were disrupted and then the expression of p-ERKs, ERKs, GAPDH, p-

AKT, and AKT as well as β-actin was assessed by Western blotting. (D) Melanoma 

specimens were prepared for staining for PCNA, cyclin D1 or Bcl-2 by 

immunohistochemistry. Scale bars, 25 µm. Data are represented as mean values ± S.E. as 

determined from 3 independent experiments and the asterisks indicate a significant decrease 

compared with vehicle control mice (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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