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A novel ribosomal protein S6 kinase 2 inhibitor attenuates the malignant 
phenotype of cutaneous malignant melanoma cells by inducing cell cycle arrest 
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ABSTRACT
Malignant melanoma (MM) is a highly life-threatening tumor causing the majority of the cuta-
neous cancer-related deaths. Previously, ribosomal protein S6 kinase 2 (RSK2), the downstream 
effector of the MAPK pathway, represents a therapeutic target in melanoma. AE007 is discovered 
as a targeted RSK2 inhibitor, and subsequent results showed that AE007 inhibits RSK2 by directly 
binding to its protein kinase domain. AE007 causes cell cycle arrest and cellular apoptosis, thereby 
dramatically inhibiting proliferation, migration, and invasion of melanoma cells. Nevertheless, 
melanocytes and keratinocytes are not affected by this compound. In addition, suppression of 
RSK2 abrogates the inhibitory effect of AE007 on melanoma cell proliferation. AE007 treatment 
significantly inhibits the expression of Cyclin D1, Cyclin B1, CDK2, and Bcl-2, while raises the 
cleavage of PARP. Moreover, RNA sequencing results show that AE007 treatment can affect the 
genes expression profile, including the expression of cell cycle and DNA replication genes. In 
conclusion, AE007 is a promising melanoma therapeutic agent by targeting RSK2.
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Highlights

● Identification of AE007 as a novel RSK2 
inhibitor.

● AE007 inhibit melanoma progression in vitro 
and in vivo.

● AE007 causes cycle arrest and apoptosis in 
melanoma.

Introduction

Malignant melanoma is one of the most lethal 
disease of cutaneous cancers [1]. Over the past 
years, several novel systematic therapies including 
immune-checkpoint inhibitors, targeted therapies, 
or the combination of both, have contributed to 
improve survival rate of melanoma patients [2]. 
However, long-term clinical efficacy is often com-
promised because of innate or acquired resistance 
and dose-limiting toxicity [3]. Therefore, it is 
necessary to clarify the disease pathogenesis and 
find new therapeutic drugs with low toxicity for 
melanoma treatment.

There are numerous genomic mutations in mel-
anoma patients. The mainly mutation genes 
include BRAF, NRAS, KIT and are associated 
with the treatment and prognosis [4]. Mutations 
of these genes usually lead to abnormal activation 
of RAS/RAF/MEK signaling pathway [5]. 
Therefore, targeting the signaling pathways is pro-
mising treatment for advanced melanoma patients. 
RSK2 is an important downstream effector of the 
MAPK pathway that controls proliferation, trans-
formation, cell cycle progression, and apoptosis 
[6]. RSK2 phosphorylates various nuclear proteins 
including c-Fos [7], p53 [8], cyclic AMP respon-
sive element-binding (CREB) [9], activating tran-
scription factor 4 (ATF4) [10], nuclear factor of 
activated T cells 3 (NFAT3) [11]. RSK2 is also 
dysregulated in several malignancies, such as 
breast [12], lung [13], and prostate cancers [14], 
and malignant melanoma [15]. Previously, we 
found that knockdown of RSK2 expression in 
melanoma cells induces autophagy and inhibits 
its proliferation, migration and invasion. More 
importantly, RSK2 inhibition significantly attenu-
ated BRAF inhibitor resistant melanoma cells 
malignant phenotype. These findings highlighted 
the significance of targeting RSK2 in melanoma.

Many efforts have been made in discovering 
RSK2 inhibitors. SL0101, isolated from the tropical 
plant Forsteronia refracta, was identified as the 
first small-molecule, RSK-specific inhibitor. 
SL0101 inhibits proliferation of the human breast 
cancer cell line MCF-7, but not alters proliferation 
of a normal human breast cell line MCF-10A [16]. 
Moreover, BI-D1870 and FMK were discovered as 
a specific inhibitor of RSK2 in non-tumor cells 
[17,18]. LJH685 functions as RSK2 inhibitor in 
MAPK-driven cancers including melanoma, while 
high EC50 limits its clinic use [19]. Carnosol were 
reported to suppresses the growth of gastric cancer 
and melanoma by targeting RSK2 [20,21], and 
could be a promising treatment for melanoma.

Whether there exists a novel RSK2 inhibitor 
which functions better than Carnosol in melanoma 
needs to be further clarified. Here, we used an in- 
silico strategy that combined ligand-based and 
structure-based virtual screening to identify the 
novel RSK2 inhibitor (AE007). We further observed 
that AE007 significantly inhibited the melanoma 
progression in vitro and in vivo via inducing cell 
cycle arrest and apoptosis. More important, the 
inhibitory effect of AE007 on melanoma was stron-
ger than that of Carnosol. Altogether, we identify 
a novel RSK2 inhibitor which will provide a novel 
strategy for melanoma treatment in clinic.

Materials and methods

Virtual screening

An in-silico strategy was proposed for identifying 
RSK2 inhibitors from the SPECS database. On the 
basis of existing RSK2 bioactivity data, three 
QSAR models were developed, namely two- 
dimensional MOE descriptors (MOE2D), molecu-
lar fragment descriptors (MACCS), and 2-point 
pharmacophore descriptors (CATS). These models 
were employed for considering the validation 
results to determine their capability of conducting 
the classification of RSK2 inhibitors. Subsequently, 
the validation results of these models showed that 
they can effectively classify RSK2 inhibitors. After 
application of a series of selection criteria and 
ADMET analysis, compounds were performed 
for SPR binding assays and its inhibitory activities 
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on melanoma, based on their IC50 values, as pre-
viously described [22].

Cell culture

The American Type Culture Collection (ATCC; 
Manassas, VA) provided the human malignant 
melanoma cell lines SK-MEL-5, SK-MEL-28, 
A375, B16F10, human melanocyte cell line 
(PIG1), normal human epidermal keratinocytes 
(HaCaT), and human embryonic kidney cell line 
(HEK293T). High-glucose Dulbecco’s modified 
Eagle’s medium (DMEM; Biological Industries, 
Israel), RPMI 1640 medium supplemented with 
10% fetal bovine serum (FBS; Biological 
Industries, Israel), or medium 254 (Gibco; 
Thermo Fisher Scientific; USA) was used for 
these cell lines at 37°C in 5% CO2 humidified 
incubators according to the protocol. All cell 
lines were routinely tested for mycoplasma to 
ensure no contamination.

Cell viability

A total of 2–4 × 103 cells per well were seeded into 
96-well plates and treated with AE007 or DMSO 
(100*L/well) for 1-, 2- and 3-day period. The four 
different time periods were involved for consider-
ing treatment effect during different periods for 
a comprehensive understanding. Then, the CCK-8 
reagent (Selleck, USA) was added, followed by 
incubation for 2–3 hours at 37°C. Using a micro-
plate reader, the optical density (OD) at 450 nm 
was determined (Thermo Fisher Scientific, USA). 
In addition, four replicates per group were estab-
lished. Cell viability curves were generated and 
half-maximal inhibitory concentrations (IC50) 
were determined using GraphPad Prism software 
(San Diego, Calif).

Colony formation assay

We plated cells in 6-well plates at 0.5–1 × 103 

density overnight (TC20 Automated Cell 
Counter, Bio-Rad). AE007 or DMSO (vehicle, 
1:5000) were then added to the cells for 48 hours. 
A complete growth medium was used to culture 
the cells for approximately 14 days until colonies 
began to appear. Crystal violet (0.5%, Beyoutime, 

China) and 4% paraformaldehyde were applied to 
the colonies at room temperature.

Wound curative assay

Cells were seeded until they reached 90–95% con-
fluence. Then cells were treated with DMSO (vehi-
cle) or different concentrations of AE007 after 
scratching the cell layer with a 10 μL pipette tip. 
Images were taken under microscope at the indi-
cated time points after scraping. The wound sur-
face area was quantified using Image J.

Invasion assay

The membranes of Boyden chamber inserts 
(Corning, USA) were precoated with Matrigel 
diluted 1:4 in a serum-free medium. AE007 was 
then added to a 10% FBS medium containing the 
same concentration of AE007 in the lower cham-
bers after the Matrigel had polymerized. Cells were 
seeded in the upper chambers once the Matrigel 
had polymerized. The cells were allowed to invade 
the serum-containing medium through the 
Matrigel for 24–48 hours in the incubator. 
A crystal violet stain was applied after the cells 
were fixed in 4% formalin and the inserts were 
dismounted. The migrated cells were examined by 
microscope.

Apoptosis and cell cycle analyses

DMSO (vehicle, 1:5000) or various concentra-
tions of AE007 were applied to the cells for 
48 hours. Apoptosis status was evaluated with 
flow cytometry (Becton, Dickinson Company, 
USA), utilizing Annexin V-FITC/PI Apoptosis 
Detection Kits (BD Biosciences, New Jersey, 
USA), and data analysis were performed with 
FlowJo software. To study cell cycle, ethanol- 
fixed cells (Beyotime, China) were fixed at 4°C 
overnight and stained in propidium iodide (PI) 
at room temperature for 30 minutes. Flow cyto-
metric measurements were conducted for cell 
cycle distribution, and data evaluation was con-
ducted using ModFit software.
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Western blotting

The cells were incubated on ice for 30 minutes with 
RIPA lysis buffer (Beyotime, China) containing pro-
tease inhibitors and phosphatase inhibitors (Selleck, 
USA). After centrifuging at 13,000 rpm for 20 min-
utes, the total protein concentration was determined 
using a BCA protein assay kit (Beyotime, China). 
The temperature during the whole process was kept 
at 4°C. After mixing the cell lysate with loading 
buffer, the protein mixture was denaturated at 95°C 
for 10 minutes, then separated by electrophoresis on 
an SDS-polyacrylamide gel and electrotransferred 
onto a PVDF membrane (Millipore, USA). After 
blocking the PVDF membrane for 1–2 h at 25°C 
with Tris-buffered saline/0.1% Tween 20 (TBST) 
containing 5% skim milk, the membrane was rinsed 
three times with TBST buffer, and the primary anti-
body was incubated at 4°C overnight. Horseradish 
peroxidase-conjugated anti-rabbit/anti-mouse IgG 
antibodies were added to the membrane as second-
ary antibodies at 25°C for 1–2 h. The PVDF mem-
brane was then developed using an ECL reagent 
(NCM Biotech, China). The antibodies used were 
as follows: RSK2 (Cell Signaling Technology, MA, 
USA, #5528T, 1:1000), p-CREB (Cell Signaling 
Technology, MA, USA, #9198S, 1:1000), CREB 
(Cell Signaling Technology, MA, USA, #9197S, 
1:1000), Bcl-2 (Proteintech, CHI, USA, #12789- 
1-AP, 1:1000), PARP (Cell Signaling Technology, 
MA, USA, #9532S, 1:1000), CDK2 (Proteintech, 
MA, USA, #10122-1-AP, 1:1000), cyclin D1 (Cell 
Signaling Technology, MA, USA, #55506S, 1:1000), 
cyclin B1 (Santa Cruz Biotechnology, TX, USA, #sc- 
245, 1:1000), p-IκBα (Cell Signaling Technology, 
MA, USA, #5209S, 1:1000), GAPDH (Proteintech, 
MA, USA, #60004-1-Ig, 1:1000).

Pull down assay

Cell lysates were incubated with agarose 4B beads 
crosslinked to AE007, as described previously [23].

Purification of IκBα proteins and in vitro kinase 
assay

(His) 6-labeled IκBα protein was purified by ultra-
sound from BL21 (DE3) cells using 
a preestablished method in our laboratory [23].

Quantitative real-time PCR analysis

Cell samples were lysed with TRIzol reagent 
(Invitrogen, CA, USA). The RNA was isolated 
using the phenol/chloroform method and purified 
according to the instructions. SuperScript III First- 
Strand Synthesis System (Invitrogen, California, 
USA) was used for reverse transcription. Real- 
time PCR was performed with SYBR Green 
Master Mix (CWBIO, Jiangsu, China) in Applied 
Biosystems QuantStudio™ 3 Real-Time PCR 
System (Thermo Fisher Scientific, MA, USA). 
Gene expressions were normalized to GAPDH 
expression. Data of RNA-seq can be found in the 
NCBI’s Sequence Read Archive (SRA) database 
(BioProject ID: PRJNA792212, Submission ID: 
SUB10830073). The Real-Time PCR primers are 
in Table S1.

Plasmids and transfection of cells

Plasmids RSK2 (NM_004586.3) and IKBa 
(NM_020529.3) were constructed in pLVX- 
IRES-Puro vector (Clontech). Transfection of 
293 T cells was carried out with Turbofect 
Transfection Reagent (Thermo Scientific) for 
16 hours in order to select for other genes. 
After 48 hours and 72 hours, lentiviral particles 
were collected in the supernatant and used for 
transduction of melanoma cells with 2 μg/mL 
polybrene (Sigma). In a medium containing 
2 μg/mL puromycin, stable cell lines were 
selected after 24 h. Western blotting was con-
ducted for verification.

Xenograft mouse model

The animal use protocol listed below has been 
reviewed and approved by the Ethics Committee 
of Xiangya Hospital (Central South University, 
China). The guideline of animal experiment is 
required to minimize suffering and improve wel-
fare of animals in research. Three groups of mice 
were assigned at random, including the solvent 
group (vehicle), AE007 30 mg/kg group, and 
AE007 60 mg/kg group (10 mice in each group), 
as previously described [24].
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Immunochemistry

A primary anti-Ki67 (ABcam, Cambridge, UK, 
#AB16667, 1:300) was incubated by tissue sections 
overnight at 4°C in a humidified environment. 
The immunohistochemical experiment was per-
formed as described previously. Images were 
photographed using microscope and quantified 
by Image J [25].

RNA-seq analysis

Total RNA from SK-MEL-28 were used for RNA-seq 
analysis. Library was constructed and validated on 
the Agilent Technologies 2100 bioanalyzer. RNA-seq 
were performed on a BGIseq500 platform (Beijing 
Genomic Institution, BGI). Differential expression 
genes were defined with an adjusted p value of log2- 
Ratio ≥ 1 and false discovery rate (FDR) ≤ 0.001.

Figure 1. Identification of AE007 as a new RSK2 inhibitor.(a). The expression of RSK2 in HaCaT, PIG1, SK-MEL5 and SK-MEL-28. (b). 
Structure of AE007. The interaction between AE007 and RSK2 at three residues, Leu74, Leu150 and Lys195. (c). Immunoblot analysis 
of cell lysates from melanoma subjected to a pull-down assay using an anti-RSK2 antibody. The data represent three separate 
experiments. (d). Lysates of 293 T cells transfected with 1 μg and 3 μg of the RSK2 plasmid were collected and subjected to a pull- 
down assay. Immunoblotting was performed with antibodies against RSK2 and GAPDH. (e). In vitro kinase assays of RSK2 activity 
were conducted after treatment with AE007 at 5 μM and 20 μM. An immunoblot analysis of reaction mixtures was performed using 
antibodies against RSK2, p-IκBα (S32), and IκBα. The results represent three independent experiments.
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Statistical analysis

GraphPad Prism was used for statistical analysis. 
Results are representative of three independent 
experiments and data were presented as mean ± 
standard deviations. Two-tailed unpaired student’s 
t test was used for comparisons between two 
groups. One-way ANOVA analysis was used for 
comparisons between multiple groups. 
Nonparametric tests were applied if the data are 
not normally distributed. Values of p < 0.05 are 
considered significant.

Results

AE007 binds directly to RSK2 and inhibits its 
protein kinase activity

Considering its overexpression and functional 
diversity of RSK2 in melanoma (Figure 1a), target-
ing RSK2 may provide a strategy for the treatment 
of melanoma. To identify the optimal drugs tar-
geting RSK2, 28 compounds targeting RSK2 were 
selected by using an in-silico strategy that com-
bined ligand-based and structure-based virtual 
screening (VS). AE007 was identified as the most 
effective drug in inhibiting melanoma viability 
(Figure 1b, Figure S1a). To verify whether 
AE007 can directly bind to RSK2, we collected 
melanoma cell lysates and cultured them with 
AE007-Sepharose 4B beads. The results showed 
that RSK2 binds exclusively to the AE007- 
Sepharose 4B bead complex (Figure 1c). Then, 
serially increasing concentrations of the RSK2 
plasmid were transfected into HEK293T cells. 
The collected cell lysate was combined with 
AE007-Sepharose 4B beads after a pull-down 
assay. Interestingly, AE007 bound to RSK2 in 
a dose-dependent manner (Figure 1d). The 
in vitro kinase assay assessment was conducted to 
detect the effect of AE007 on RSK2 kinase activity. 
IκBα was considered to be a substrate of RSK2 and 
was used to indicate the activity of RSK2 in our 
experiments. As shown in Figure 1e, AE007 inhib-
ited IκBα phosphorylation in a dose-dependent 
manner, indicating that RSK2 activity was blocked 
by AE007. These finding suggested that AE007 
binds directly to RSK2 and inhibits its protein 
kinase activity.

AE007 inhibits melanoma cell growth

We next explored the effect caused by AE007 on 
melanoma cell growth. According to Figure 2a, the 
viability of melanoma cells was significantly inhib-
ited after AE007 treatment in a dose- and time- 
dependent manner. However, AE007 had obvious 
selective cytotoxicity to PIG1 and HaCaT cells 
(Figure 2b). Moreover, inhibition of RSK2 activity 
attenuates the inhibitory effect of AE007 on the 
viability of melanoma cells (Figure S1b). As 
a result of 48 hours of AE007 treatment, the 
IC50 values in A375, SK-MEL-5, and SK-MEL-28 
cells were 7.152 μM, 7.079 μM, and 9.050 μM, 
respectively (Figure 2c). We also tested the effect 
of a commercial RSK2 inhibitor Carnosol, and the 
IC50 values of A375, SK-MEL-5, and SK-MEL-28 
are 36.40 μM, 38.20 μM, and 40.41 μM, respec-
tively (Figure 2c). These results indicated that 
AE007 had a stronger inhibitory effect on mela-
noma cells than Carnosol. AE007 also inhibited 
plate colony formation of melanoma cells in 
a dose-dependent manner (Figure 2d-e). These 
finding suggested that AE007 was capable of sup-
pressing the proliferation of melanoma cells 
in vitro. A xenograft model of melanoma in nude 
mice was created to determine AE007 effect 
in vivo on melanoma cell proliferation. The mela-
noma cells growth in nude mice was significantly 
inhibited at both low and high doses of AE007, 
compared with control group, without affecting 
the body weight, indicating the compound’s mini-
mal toxicity in mice (Figures 4a-b). Moreover, we 
also tested Ki67 expression in paraffin-embedded 
mice tumor tissues and found that Ki67 staining 
was inhibited in xenograft model mice after AE007 
treatment, suggesting that AE007 inhibits mela-
noma cell growth in vivo (Figure 4c-d).

AE007 inhibits melanoma cell invasion and 
migration

Transwell assay and wound-healing assay were 
conducted to assess the effect of AE007 on cell 
migration and invasion. The number of migratory 
and invasive cells were significantly blocked with 
dosage- and time-dependent manner in melanoma 
cells (Figure 3a-d). We also investigated the effect 
of AE007 on pulmonary metastasis of B16F10 cells 
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Figure 2. AE007 inhibits the proliferation of human melanoma cells. (a). Viability of SK-MEL-5 (left panel) and SK-MEL-28 (right 
panel) cells in the indicated time point after treatment with different concentrations of AE007. The cell viability was quantified by 
CCK-8 assay. (b). Viability of PIG1 (left panel) and HaCaT (right panel) cells in the indicated time point after treatment with different 
concentrations of AE007. The cell viability was quantified by CCK-8 assay. (c). Viability of A375, SK-MEL-5 and SK-MEL-28 cells after 
treatment with Carnosol or AE007 for 48 h (left panel). Viability of PIG1 and HaCaT cells after treatment with AE007 for 48 h (right 
panel). (d). Representative results of SK-MEL-5 and SK-MEL-28 cell clone formation after treatment with vehicle, 5 μM AE007 or 
10 μM AE007. (e). Quantification of clone formation assay. P values were calculated using Brown-Forsythe and Welch ANOVA in 
a (left panel), and ANOVA nonparametric test in b (right panel). One-way ANOVA analysis was performed in a (right panel), b (left 
panel), c, and e. **, P < 0.01; ***, P < 0.001; ns, no significance.

BIOENGINEERED 13561



Figure 3. AE007 inhibits melanoma cell invasiveness and metastasis in vitro. (a). Transwell assays of melanoma cells treated 
with vehicle, AE007 at 2.5 μM and 5 μM for 24 h. (b). Quantification of transwell assay. (c). Wound healing assays of 
melanoma cells treated with vehicle, AE007 at 2.5 μM and 5 μM. Images (at 40x magnification) were acquired in the 
indicated time point. (d). Quantification of wound healing assay. One-way ANOVA analysis were performed in b and d. **, 
P < 0.01; ***, P < 0.001.
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Figure 4. AE007 suppresses melanoma cell growth and metastasis in vivo. (a). Picture of the sectioned tumors. (b). Tumor volume 
and body weight in the indicated groups. (c). Ki67 staining by IHC of the sectioned tumors to identify tumor cell proliferation in the 
indicated groups. (d). Quantification of Ki67 staining. (e). Picture of metastatic nodules in lung. (f). Number of metastatic nodules in 
lung (left panel) and the body weight (right panel) in the indicated groups. P values were calculated using Brown-Forsythe and 
Welch ANOVA test in b, and Mann-Whiteny test in f. **, P < 0.01; ***, P < 0.001.
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Figure 5. AE007 induces S-phase arrest and apoptosis in melanoma cells. (a). Cell cycle analysis of SK-MEL-5 (upper panel) and SK- 
MEL-28 (lower panel) cells treated with increasing concentrations of AE007 for 48 h. A flow cytometry analysis of the cell cycle 
distribution was performed. (b). Quantification of cell cycle. (c). SK-MEL-5 cells were treated with vehicle, AE007 at 5 μM, 10 μM, and 
20 μM. Immunoblotting was performed with antibodies against RSK2, p-CREB, CDK2, cyclin B1, cyclin D1, and GAPDH. (d). SK-MEL-28 
cells were treated with vehicle, AE007 at 5 μM, 10 μM, and 20 μM. Immunoblotting was performed with antibodies against RSK2, 
p-CREB, CDK2, cyclin B1, cyclin D1, and GAPDH. One-way ANOVA analysis were performed in b, c and d. *, P < 0.05; **, P < 0.01; ***, 
P < 0.001; ns, no significance.
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Figure 6. AE007 induces apoptosis in melanoma cells. (a). Apoptosis analysis of SK-MEL-5 (upper panel) and SK-MEL-28 (lower panel) 
cells treated with AE007 for 48 h. (b). Quantification of the cell apoptosis. (c). Western blot analysis of apoptosis-associated proteins 
in SK-MEL-5 cells treated with increasing concentrations of AE007 for 48 h. (d). Western blot analysis of apoptosis-associated proteins 
in SK-MEL-28 cells treated with increasing concentrations of AE007 for 48 h. One-way ANOVA analysis were performed in b, c and d. 
**, P < 0.01; ***, P < 0.001; ns, no significance.
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in a mouse model. Consistently, mice treated with 
AE007 had significantly fewer and smaller meta-
static nodules in their lungs, compared to those 
treated with vehicle (Figure 4e-f). Additionally, the 
mice in the AE007 treatment group had similar 
bodyweight to mice in the vehicle group 
(Figure 4f). These results demonstrated that 
AE007 inhibits melanoma cell invasion and 
migration.

AE007 induces cell cycle arrest and apoptosis in 
melanoma cells

To investigate the mechanism of AE007 inhibiting 
melanoma progression, SK-MEL-5 and SK-MEL 
-28 were treated with different concentrations of 
AE007 and the cell cycle were evaluated using flow 
cytometry. Results showed that AE007 increased 
the percentage of cell arrest in the G0/G1 phase 
(Figure 5a-b). Western blot analysis further vali-
dated the effects of AE007-induced cell cycle 
arrest, because AE007 treatment significantly 
reduced cyclin B1, cyclin D1, and CDK2 expres-
sion (Figure 5c-d). Moreover, flow cytometry ana-
lysis also demonstrated that AE007 increased the 
percentage of apoptotic cells in a dose-dependent 
manner (Figure 6a-b). Western blot analysis 
showed that AE007 increased the expression of 
the proapoptotic protein the cleavage of PARP in 
SK-MEL-5 and SK-MEL-28 cells, while it 
decreased the expression of the antiapoptotic pro-
tein Bcl-2 (Figure 6c-d). These finding suggested 
that AE007 arrests cell cycle progression and 
induces apoptosis in melanoma cells.

Transcriptomics identified a potential 
mechanism of AE007

To determine the molecular mechanism of AE007- 
mediated growth inhibition in melanoma cells, we 
analyzed global transcriptomic changes in mela-
noma cells treated with AE007. Bioinformatics 
analysis showed transcriptomic changes after 
AE007 treated for 24 h and 48 h (Figure 7a). 
With the relevant differentially expressed genes, 
the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) approach was used. The top ten enriched 
pathways are related to cell proliferation. 
Therefore, AE007 may inhibit melanoma 

proliferation by activating pathways associated 
with cell cycle, apoptosis, and DNA replication 
(Figure 7b). GSEA was then performed, and the 
cell cycle and DNA replication gene sets were 
found to be significantly inhibited after AE007 
treatment (Figure 7c). Moreover, several key 
genes involved in cell cycle and DNA replication 
was quantified, such as growth arrest and DNA 
damage-inducible 45 alpha (GADD45A), SOX2 
(Sex-determining region), CDKN1A (P21), and 
CCNB2 (Figure 7d). These results further vali-
dated our RNA-seq data, suggesting a potential 
mechanism for AE007 in melanoma.

Discussion

An RSK protein kinase is an enzyme that is acti-
vated by ERK1/2 and PDK1. They are activated by 
direct phosphorylation of Ser/Thr residues. RSK 
activity results in phosphorylation of cytoplasmic 
and nuclear RSK substrates, which contribute to 
cell growth and proliferation after their transloca-
tion [26]. Moreover, RSK2 is overexpressed and 
dysregulated in a variety of aggressive tumors, 
including melanoma [15], and it plays 
a substantial role in dealing with different type of 
cellular processes, including cell proliferation and 
transformation [27].

In this study, AE007 was identified by docking- 
based virtual screening (VS) and quantitative 
structure–activity relationship (QSAR) strategies 
to screen the SPECS database, and we next used 
cell-based inhibition and surface plasmon reso-
nance (SPR) binding assays to verify the validity 
of the screening results [22]. And pull-down assay 
showed that AE007 directly binds to RSK2 and 
inhibits its protein kinase domain. Furthermore, 
we found that AE007 inhibited the proliferation, 
growth, and metastasis of melanoma cells in the 
indicated dose. AE007 displayed IC50 values of 
7.152 µM, 7.079 µM, and 9.050 µM in A375, SK- 
MEL-5, and SK-MEL-28 cells, while IC50 values of 
27.870 µM, and 20.510 µM in PIG1 and HaCaT 
cells. This may be due to higher RSK2 expression 
in melanoma cells and lower RSK2 expression in 
PIG and HaCaT cells. AE007 also had inhibitory 
activity against melanoma xenografts in vivo, with-
out obvious toxicity. Furthermore, western blot 
analysis revealed that RSK2 and its downstream 
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Figure 7. RNA-seq analysis showed the effect of AE007 on the gene expression profile. (a). Heatmap of gene expression in SK-MEL 
-28 cells after vehicle or AE007 treatment. (b). KEGG pathways with the highest enrichment after AE007 treatment. (c). GSEA 
indicating that DNA replication and cell cycle were significantly inhibited after AE007 treatment. (d). Gene expression of SOX2, P21, 
GADD45A, and CCNB2 in SK-MEL-28 cells after treatment with AE007 for 48 hours. One-way ANOVA analysis were performed in b. **, 
P < 0.01; ***, P < 0.001.
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target p-CREB were decreased in melanoma cells 
after treatment with AE007. Therefore, the data 
highlights that AE007 appears to be a novel 
RSK2 inhibitor and offers a new treatment strategy 
for melanoma.

There are several RSK2 inhibitors targeting mel-
anoma. For example, Aronchik et al. demonstrated 
that LJH685, a RSK2 inhibitor, potently and selec-
tively inhibits RSK and the phosphorylation of its 
downstream YB1 to cause the inhibition of mela-
noma growth. Moreover, we previously identified 
another RSK2 inhibitor, CX-F9, which blocks mel-
anoma cell proliferation and metastasis through 
autophagy. Additionally, Carnosol, a commercial 
inhibitor of RSK2, was shown to inhibit the pro-
gression of gastric cancer and melanoma. Carnosol 
is a phenolic diterpene isolated from Rosmarinus 
officinalis that has anticarcinogenic, anti- 
inflammatory, and antioxidant properties. 
Carnosol inhibits the invasion of B16/F10 mouse 
melanoma cells by suppressing metalloproteinase- 
9 through down-regulating nuclear factor-kappa 
B and c-Jun [21]. However, these RSK inhibitors 
reported over time, but none has been approved 
clinically owing to a number of issues, including 
the lack of appropriate pharmacokinetics and 
selectivity. Here, we identified AE007 as a novel 
inhibitor, which inhibit melanoma progression 
through inhibiting the phosphorylation of CREB. 
AE007 could be a promising melanoma therapeu-
tic agent by targeting RSK2.

Our results demonstrate that AE007 targeting of 
the RSK2 NTKD induces both cell phase arrest and 
apoptosis. RSK2 regulates cell cycle regulators 
directly, promoting cell proliferation according to 
multiple lines of evidence. The transcription factor 
c-fos is known to regulate expression of cyclin D1 by 
affecting the stability of RSK2 [28]. Activating CDK 
is also facilitated by RSK2 through direct phosphor-
ylation and activation of Cdc25c, an enzyme essen-
tial for activating the CDK/cyclin B complex [29]. 
Moreover, RSK2 inhibits FAS-induced apoptosis by 
phosphorylating caspase-8 [30]. The novel RSK2 
inhibitor AE007 inhibits melanoma cells prolifera-
tion by inducing cell cycle arrest and apoptosis. RNA 
sequencing was used identification of genes and 
pathways that are involved in the potential molecular 
mechanisms by which AE007 inhibits melanoma cell 
proliferation. As a result of AE007 treatment, 

GADD45A and P21 expression increased substan-
tially, while CCNB2 expression raised. These are 
both cell cycle and apoptosis regulators. Apoptosis 
is the way to evaluate the therapeutic effect of drugs. 
Western blot analysis determined the molecular pro-
cesses underlying the AE007-mediated pro-apoptotic 
effect in melanoma cells. PARP is activated after 
binding to DNA strand breaks; it is then cleaved, 
leading to apoptosis. Bcl-2, an apoptosis inhibitor, 
helps to suppress apoptosis in both benign and 
malignant tumors. The results suggest that AE007 
enhances apoptosis through cleavage of PARP and 
downregulating Bcl-2 expression.

In conclusion, we identified a novel RSK2 inhi-
bitor, AE007, by an in-silico screening approach. 
AE007 has antimelanoma activity and induces 
apoptosis and cell cycle arrest, resulting in new 
treatment strategy for melanoma. During the 
course of future experiments, studies will be con-
ducted on the metabolism and clearance of the 
compound, its toxicity, and other related topics 
in order to determine its safety.

Conclusion

In summary, we identified a novel RSK2 inhibitor 
(AE007), which causes cell cycle arrest and cellular 
apoptosis, thereby dramatically inhibiting prolif-
eration, migration and invasion of melanoma 
cells. Our findings will provide a strategy for the 
treatment of melanoma.
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