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ABSTRACT

Carnosol is a phenolic diterpene that is isolated from rosemary, sage, and 
oregano. It has been reported to possess anti-oxidant, anti-inflammatory, and anti-
cancer properties. However, the molecular mechanism of carnosol’s activity against 
gastric cancer has not been investigated. Herein, we report that carnosol is an 
RSK2 inhibitor that attenuates gastric cancer growth. Carnosol reduced anchorage-
dependent and -independent gastric cancer growth by inhibiting the RSKs-CREB 
signaling pathway. The results of in vitro screening and cell-based assays indicated 
that carnosol represses RSK2 activity and its downstream signaling. Carnosol 
increased the G2/M phase and decreased S phase cell cycle and also induced apoptosis 
through the activation of caspases 9 and 7 and inhibition of Bcl-xL expression. Notably, 
oral administration of carnosol suppressed patient-derived gastric tumor growth in 
an in vivo mouse model. Our findings suggest that carnosol is an RSK2 inhibitor that 
could be useful for treating gastric cancer.

INTRODUCTION

Gastric cancer is one of the most common malignant 
cancers. It is the second most frequently diagnosed cancer 
and the third leading cause of cancer-related mortality in the 
world [1]. Although the mortality rate has declined due to 
improved prevention and treatment, the five-year survival 
rate of gastric cancer patients is approximately 15 to 35% 
[2]. Early detection or diagnosis of gastric cancer is difficult 
and, thus, most patients are diagnosed at advanced stages. 
Other difficulties that gastric cancer patients experience 
include high recurrence rates, metastasis and development 
of resistance to chemotherapy [3, 4].

The Ras/MAPK (mitogen-activated protein kinase) 
pathway plays a central role in transducing extracellular 

signals to intracellular target proteins involved in cell 
growth, proliferation, cell motility and apoptosis [5]. 
The RSK (90 kDa ribosomal S6 kinase) is a serine/
threonine kinase that is a downstream effector of the Ras/
ERKs (extracellular signal regulated kinases) signaling 
pathway [6]. The RSK family contains four isoforms 
(RSK1 to 4) and is classified structurally as the RSK-
like protein kinase/mitogen and stress activated kinase-1 
(RLPK/SSK1) and RSK-B (MSK2) [7]. The structure of 
the RSKs contains two functional kinase domains. The 
N-terminal kinase domain (NTKD) of RSKs is responsible 
for downstream substrate phosphorylation, whereas the 
C-terminal kinase domain (CTKD) of RSKs activates the 
NTKD through autophosphorylation of the hydrophobic 
motif [8-10]. RSK1 mRNA is predominantly found in 
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the lung, kidney and pancreas, whereas both RSK2 and 
RSK3 mRNA are more abundant in skeletal muscle, 
heart and pancreas [7]. RSKs regulate diverse cellular 
processes including growth, survival and motility, and 
phosphorylate downstream targets such as CREB [11], 
c-Fos [12], Bad [13], GSK3β [7], ATF1 [14] and histone 
H3 [15]. Therefore, RSK is a multifunctional effector of 
the MAPK signaling pathway as well as an important 
therapeutic target in various cancers.

Many phytochemicals have been found to possess 
preventive or therapeutic activities against cancer, 
presumably without causing severe side effects compared 
to conventional treatments [16, 17]. A large amount of 
cancer research has focused on the identification and 
development of new chemotherapeutic agents that are 
derived from plants. A number of different phytochemicals 
found in the diet have been reported to exert inhibitory 
effects against various types of cancer cells in vitro and 
in vivo [18]. For example, rosemary contains various 
phenolic diterpenes, such as carnosic acid, carnosol 
and rosmarinic acid, which have been reported to exert 
antioxidant [19], anti-inflammatory [20], antidiabetic [21] 
and anticarcinogenic activities [22]. Carnosol is a natural 
polyphenol compound and is isolated from rosemary, 
sage and oregano [23, 24]. The anticancer properties of 
carnosol include inhibition of cell proliferation, induction 
of cell apoptosis, and reduction of cell motility mediated 
through various signaling proteins such as p38 MAP 
kinase, ERKs, p53, AMPK, activation of caspase 9, and 
3, STAT3, NF-κB and COX2 [25-28]. Previous studies 
suggest that carnosol strongly inhibits TPA/DMBA-
induced skin carcinogenesis by suppressing ornithine 
decarboxylase expression [29]. Additionally, the anti-
cancer activity of carnosol in various animal models has 
also been reported in a prostate cancer xenograft model 
[30], in colon carcinogenesis using the APCmin mouse 
model [31], as well as in carbon tetrachloride-induced 
hepatocellular carcinogenesis [32].

Although previous studies suggest that carnosol 
might be useful in cancer prevention and therapy, the 
direct molecular targets of carnosol in gastric cancer have 
not yet been investigated. In this study, we identified direct 
targets of carnosol and investigated its efficacy against 
gastric cancer in vitro and in vivo. Herein, we report that 
carnosol is a potent RSK2 inhibitor that augments the 
efficacy of gastric cancer treatment.

RESULTS

Carnosol suppresses gastric cancer cell growth

Carnosol is an ortho-diphenolic diterpene 
compound with an abietane carbon skeleton (Figure 
1A). To evaluate the effect of carnosol on cytotoxicity, 
we treated GES1 normal gastric epithelial mucosa cells 
with this compound. Results showed that carnosol had no 

cytotoxic effects on GES1 cells (Figure 1B). To determine 
whether phosphorylated RSK is differentially expressed 
in normal gastric or gastric cancer cells, we performed 
Western blot analysis. Results showed that gastric cancer 
cells highly express phosphorylated RSK compared with 
normal gastric cells (Supplementary Figure 1). We next 
determined whether carnosol could affect gastric cancer 
cell growth. HGC27, SGC7901 or BGC803 gastric cancer 
cells were treated with various concentrations of carnosol. 
Results indicated that carnosol significantly inhibited 
both anchorage-dependent (Figure 1C) and anchorage-
independent (Figure 1D) gastric cancer cell growth in a 
dose-dependent manner.

Carnosol is a potent RSK2 inhibitor

To identify potential molecular targets of carnosol, 
we used in vitro kinase assays to screen the effect of 
carnosol against 14 different kinases. The results indicated 
that 10 μM carnosol strongly suppressed RSK2 activity, 
but had little effect on any other kinase (Figure 1A). We 
next determined whether carnosol could affect RSK2 
downstream signaling. Following serum starvation 
for 48 h, JB6 cells were treated with carnosol for 1 h 
before treatment with epidermal growth factor (EGF) 
for 30 min. Results indicated that phosphorylation of 
CREB, GSK3β and histone H3 was strongly inhibited 
by carnosol treatment but phosphorylation of RSKs was 
not affected (Figure 2B). In addition, SGC7901 gastric 
cancer cells were treated with carnosol for 1 h and 
various signaling molecules were analyzed by Western 
blot. Results indicated that phosphorylation of CREB, 
GSK3β and histone H3 was substantially inhibited by 
carnosol treatment, whereas other signaling molecules 
were not affected (Figure 2C). To confirm whether 
carnosol has an effect on RSK2 signaling, we performed 
an in vitro kinase assay using a recombinant active RSK2 
protein. These results showed that carnosol exerted 
strong dose-dependent inhibitory effects against RSK2 
autophosphorylation and phosphorylation of its substrate, 
ATF1 (Figure 2D).

Carnosol directly binds with RSK2

To further study the potential interaction between 
carnosol and RSK2, we created a computational docking 
model (using several protocols in the Schrödinger Suite 
2016) of carnosol binding at the ATP pocket of NTD 
RSK2 and CTD RSK2, respectively. The computational 
docking model results indicated that carnosol formed 
several contacts with NTD RSK2 and CTD RSK2 at their 
respective ATP binding pockets (Figure 3A, 3B). Images 
were generated with the UCSF Chimera software program 
[34]. Next, to confirm the computational docking results, 
we performed in vitro pull-down assays with carnosol-
conjugated Sepharose 4B beads (or Sepharose 4B beads 
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as a negative control) and a recombinant RSK2 protein or 
SGC7901 and BGC803 gastric cancer cell lysates. Results 
indicated that carnosol directly binds to RSK2, but not 
with CREB in cells (Figure 3C, 3D).

Carnosol induces G2/M phase cell cycle arrest

To evaluate the effect of carnosol on cell cycle in 
HGC27 or BGC803 gastric cancer cells, we performed 
flow cytometry (FACS) analysis. Cells were synchronized 

Figure 1: Anti-cancer effects of carnosol. (A) Chemical structure of carnosol. (B) Effect of carnosol on the viability of normal gastric 
cells. Cells were treated with carnosol for 48 h. (C) Effect of carnosol on gastric cancer cell growth. Cells were treated with carnosol at 
various concentrations and then incubated for 72 h. For (B and C), cell viability and growth were measured at an absorbance of 570 nm. 
(D) The effect of carnosol on anchorage-independent growth of gastric cancer cells. Cells were treated with carnosol and incubated for 2 
weeks. Colonies were counted using a microscope and the Image-Pro PLUS (v.6) computer software program. All data are shown as means 
± S.D. of triplicate values from 3 independent experiments and the asterisk (*) indicates a significant (p < 0.05) inhibitory effect of carnosol.
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Figure 2: Carnosol is a potent RSK2 inhibitor. (A) Screening ofthe effect of carnosol on various kinases. The effect of carnosol on 
kinase activity of DNA-PK, MEK1, TOPK, ERK2, RSK2, PI3K (p110α/p65α), PI3-K (p110α/p85α), PI3-K (p110β/p85α), PI3-K (p110γ/
p85α), PDK1, AKT1, AKT2, GSK3β or mTOR was determined using active kinases and the specific substrate for each kinase. (B) Effect 
of carnosol on EGF-induced activation of various signaling proteins in JB6 cells. Serum-starved (0.1% FBS; 24 h) JB6 cells were treated 
with various doses of carnosol for 1.5 h followed by treatment with EGF for 30 min. (C) Effect of carnosol on various signaling proteins in 
SGC7901 gastric cancer cells. Cells were treated with carnosol at 20 or 40 μM for 3 h and then signaling pathway proteins were examined 
by Western blotting. (D) Carnosol suppresses RSK2 kinase activity in a dose-dependent manner. The effect of carnosol on RSK2 activity 
was assessed by an in vitro kinase assay using RSK2 (active, 300 ng) and ATF1 (substrate, 300 ng) proteins. The effect of carnosol on RSK2 
activity was determined by Western blotting. For (B–D) data, similar results were obtained from 3 independent experiments.
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by serum starvation for 24 h and cell cycle was released 
with serum with or without carnosol for 24 h. The results 
indicated that carnosol induces accumulation of cells in 
the G2/M phase and reduces the number of cells in S phase 
(Figure 4A, 4B). We also examined the effect of carnosol 
on cell cycle marker protein expression. Results indicated 
that expression of cyclin B1 and p53 was increased by 
carnosol treatment and expression of phosphorylated 
CDC2 and CDK2 was decreased (Figure 4C).

Carnosol augments gastric cancer cell apoptosis

To investigate the effect of carnosol on gastric cancer 
cell apoptosis, we measured the viability of carnosol by 

counting SGC7901 or BGC803 gastric cancer cells found 
in suspended (dead) and attached (live) fractions after 
treatment for 48 h with different doses of carnosol. The 
results indicated that the number of suspended cells was 
significantly increased in carnosol-treated cells compared 
with control (Figure 5A, left panel), while that of attached 
cells was significantly decreased in carnosol-treated 
cells (Figure 5A, right panel). To determine whether the 
increased cell death was due to apoptosis, we measured 
annexin V expression at 48 h after carnosol treatment 
and found a significantly higher level of early apoptosis 
compared to untreated control cells (Figure 5B-5C). 
Increased apoptosis was also confirmed by measuring the 
expression levels of pro-apoptotic or anti-apoptotic marker 

Figure 3: Carnosol directly binds to RSK2. (A) Modeling of carnosol binding with the N terminal domain (NTD) at the ATP binding 
pocket (i) of RSK2. Ligand Interaction Diagram (LID) of the binding (right panel). (B) Modeling of carnosol binding with the C terminal 
domain (CTD) at the ATP binding pocket (left panel) of RSK2. Ligand Interaction Diagram (LID) of the binding (right panel). The NTD 
RSK2 and CTD RSK2 structures are shown inas ribbon representation and carnosol is shown as stick representation. Carnosol directly 
binds to RSK2 using a (C) recombinant protein or (D) gastric cancer cell lysates. The recombinant protein or cell lysate was incubated with 
carnosol-conjugated Sepharose 4B beads or with Sepharose 4B beads alone. The pulled down proteins were analyzed by Western blotting. 
Similar results were obtained from 3 independent experiments.
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Figure 4: Carnosol induces G2/M phase arrest. (A-B) The effect of carnosol on cell cycle was examined in HGC27 or BGC803 
gastric cancer cells. Cells were synchronized by serum starvation for 24 h and treated with serum and/or carnosol for 24 h in 10% serum 
and medium. Cells were stained with propidium iodide(PI) and cell cycle was analyzed by Fluorescence Activated Cell Sorting (FACS). 
(C) The effect of carnosol on cell cycle marker proteins was determined. Synchronized cells were treated with serum and/or carnosol for 
24 h in 10% serum and analyzed by Western blotting. Band density was measured using the Image J (NIH) software program. For (A–C), 
similar results were observed from 3 independent experiments.
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proteins and results indicated that cleaved caspase 9 and 
7 were strongly induced by carnosol treatment and anti-
apoptotic BcL-xL was markedly reduced (Figure 5D).

Carnosol inhibits patient-derived gastric tumor 
growth in vivo

To examine the anti-tumor activity of carnosol in 
vivo, patient-derived gastric tumor tissues were injected 
into the back of the neck of athymic nude mice. Mice were 
orally administrated carnosol at 100 mg/kg or vehicle 5 
times a week over a period of 31 days. Results indicated 
that carnosol significantly decreased the volume and 
weight of gastric tumors relative to the vehicle-treated 
group (Figure 6A, 6B; p < 0.05). Additionally, mice 
tolerated treatment with carnosol without significant 
loss of body weight similar to the vehicle-treated group 
(Supplementary Figure 2A). We then examined the effects 
of carnosol on the Ki-67 tumor proliferation marker by 
using immunohistochemistry. The expression of Ki-67 
was significantly decreased by treatment with carnosol 
(Figure 6C). Furthermore, to evaluate potential toxic 
effects of carnosol on tissue morphology, the liver and 
spleen tissues were stained with hematoxylin and eosin 
(H&E). Results indicated no obvious morphological 
changes (Supplementary Figure 2B, 2C). To validate 
the results of the in vivo PDX model, we investigated 
the effect of carnosol on RSK2-CREB signaling by 
Western blot analysis of PDX gastric tumor samples. The 
phosphorylation of CREB, a direct downstream protein 
of RSK2, was strongly inhibited in the carnosol-treated 
group but the expression of total CREB was relatively 
unchanged (Figure 6D).

DISCUSSION

Gastric cancer remains one of the most common 
malignant diseases for which targeted therapies are 
emerging as treatment options. Promising target therapies 
by small molecule-induced blockade of the activity 
of specific oncogenic signaling pathways have been 
studied. Previous findings indicate that RAS/MAPK 
signaling is frequently activated by multiple types of 
genomic amplifications or mutations in gastric cancer 
[35]. Therefore, targeting of the RAS/MAPK signaling 
pathways could assist in the application of a molecular 
targeted therapy against gastric cancer. RSKs are 
downstream effectors of the MAPK signaling pathway 
and are heavily involved in tumorigenesis, survival 
and metastasis of various tumors mediated through 
their regulation of various substrates, including kinases 
and transcription factors [7, 8]. Additionally, RSKs 
are highly activated in various gastric cancer cell types 
(Supplementary Figure 1). Therefore, RSKs inhibitors 
might be promising therapeutic agents against gastric 
cancer. In the present study, we reported that carnosol 

strongly suppresses RSK2 kinase activity (IC50 ~ 5.5 
μM; Figure 2D) and carnosol appears to be most potent 
against RSK2 compared with other kinases (Figure 2A). 
Additionally, carnosol significantly suppressed anchorage-
dependent and -independent gastric cancer cell growth, 
but had little effect on normal gastric cell growth (Figure 
1B-1D).

In previous studies, MAPK signaling was shown to 
play a role in the G1/S phase transition through cyclin D1 
expression [36, 37] and also in the G2/M phase transition 
through the regulation of Myt1 [38] and the CDC2-cyclin 
B1 complex [39]. During the G2/M phase, the CDC2-
cyclin B complex is in an inactive form because of the 
phosphorylation of CDC2 at Tyr15 by Wee1 and Myt1 
[40, 41]. RSK directly phosphorylates the C-terminal of 
Myt1 and down-regulates its inhibitory activity against the 
CDC2-cyclin B complex [38, 41]. Therefore, we suggested 
that the inhibitory effect against RSK2 activity by carnosol 
treatment might reduce the phosphorylation of CDC2 at 
Tyr15 through regulation of Myt1 activity (Figure 4C). 
Additionally, RSK leads the G2/M phase transition by 
activating the phosphorylation of CDC25A and CDC25B 
[42]. Therefore, we determined whether G2/M phase is 
arrested by carnosol treatment in gastric cancer cells. 
Flow cytometric analysis revealed that carnosol induced 
G2/M phase arrest mediated through changes in cyclin 
B1, CDK2 and p53 expression as well as CDC2 activity 
(Figure 4A-4C).

RSK enhances cell survival through regulation of 
pro- or anti-apoptotic proteins including bcl-2, bcL-xL, bad 
and caspases activity [43, 44]. Therefore, we investigated 
whether carnosol could induce cellular apoptosis. Our 
results suggested that gastric cancer cells underwent 
increased apoptosis induced by carnosol treatment through 
the inhibition of the RSK/CREB signaling pathway 
(Figure 5A-5C). Blocking this signaling pathway resulted 
in increased cleavage of caspase-9 and -7 and decreased 
BcL-xL expression (Figure 5D).

Although advances have occurred in our 
understanding of human malignancies and molecular 
mechanisms of cancer biology, only 5% of anticancer 
drugs developed have been approved by the Food and Drug 
Administration (FDA). This is because the pre-clinical 
testing conducted did not consider tumor heterogeneity 
and human stromal microenvironmental conditions [45]. 
Therefore, studying tumor heterogeneity for improving 
drug efficacy is imperative. To overcome this limitation, 
researchers developed the patient-derived xenograft (PDX) 
model, which involves the direct implantation of a patient’s 
primary tumor into compromised immune deficient mice 
[46]. In the current study, we investigated the antitumor 
effects of carnosol in gastric PDX models. Results indicated 
that oral administration of carnosol significantly inhibited 
gastric tumor growth by inhibiting RSKs/CREB signaling 
and was not toxic (Figure 6A, 6B and Supplementary 
Figure 2A-2C). In conclusion, our findings demonstrate that 
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Figure 5: Effect of carnosol on gastric cancer cell apoptosis. (A) Carnosol induces cell death. Cells were seeded in a 6-well plate 
and treated with carnosol at the indicated doses for 72 h. The number of suspended or attached cells was determined using a hematocytometer. 
(B–C) Carnosol induces apoptosis. Cells were seeded with carnosol in medium supplemented with10% FBS and then incubated for 72 h. 
Cells were stained with annexin V and propidium iodide(PI) and apoptosis was determined by Fluorescence Activated Cell Sorting (FACS). 
For (A–C), data are shown as mean values ± S.D. (n = 3) and the asterisk (*) indicates a significant (p < 0.05) difference compared to 
untreated control cells. (D) Carnosol strongly induces expression of apoptotic marker proteins. Cells were treated with carnosol for 72 h and 
the levels of caspase 9, cleaved caspase 7 and BcL-xL proteins were determined by Western blotting using β-actin as the loading control. 
Similar results were observed from 3 independent experiments. Band density was measured using the Image J (NIH) software program.
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Figure 6: Carnosol attenuates gastric cancer patient-derived xenograft tumor growth in vivo. Mice were divided into 2 
groups to assess the effect of carnosol on gastric cancer patient-derived xenograft. Groups are as follows: 1) vehicle group or 2) administration 
of 100 mg/kg of carnosol. Mice were orally administered carnosol or vehicle 5 times a week for 18 days. (A–B) Carnosol inhibits gastric 
tumor growth. For (A–B), data are shown as means ± S.E. of values obtained from experiments. The asterisk (*) indicates a significant 
difference between tumors from untreated or treated mice as determined by t test (p < 0.05). (C) Immunohistochemistry analysis of tumor 
tissues. Tumor tissues from treated or untreated groups of mice were stained with anti-Ki-67. The number of Ki-67-positive stained cells 
(right panel) was quantified from immunohistochemistry results (n = 10; *; p < 0.05). (D) Carnosol inhibits RSK-mediated CREB signaling 
protein expression in gastric tumor tissues. Tumor tissues from each group were immunoblotted with antibodies to detect RSKs, CREB, 
phosphorylated RSKs, phosphorylated CREB and β-actin. β-Actin was used to verify equal protein loading. Band density was measured 
using the Image J (NIH) software program.
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carnosol is a potent RSK2 inhibitor that could be useful for 
preventing or treating gastric cancers.

MATERIALS AND METHODS

Cell lines

BGC803 and SGC7901 human gastric cancer cells 
were purchased from KeyGEN BioTECH Corporation 
(Jiangsu, China). HGC27 human gastric cancer cells 
were purchased from the Chinese Academy of Sciences 
Typical Culture Collection (Shanghai, China). GESI 
human gastric cells were obtained from CHI Scientific, 
Inc. (Maynard, MA, USA). Enough frozen vials were 
available for each cell line to ensure that all cell-based 
experiments were conducted on cells that had been 
authenticated and in culture for a maximum of 8 weeks. 
JB6 mouse epidermal cells were cultured in minimal 
Eagle’s medium (MEM) supplemented with 5% fetal 
bovine serum (FBS; Biological Industries, Cromwell, 
CT, USA) and 1% antibiotic-antimycotic. GES1 or 
BGC803 human gastric epithelial mucosa cells were 
cultured in Roswell Park Memorial Institute medium 
1640 (RPMI1640) supplemented with 10% FBS and 1% 
antibiotic-antimycotic. HGC27 human gastric cancercells 
were cultured in Minimum Essential Medium with 
Earle’s Balanced Salts (MEM/EBSS) supplemented 
with 1% non-essential amino acid (NEAA), 10% FBS 
and 1% antibiotic-antimycotic. SGC7901 human gastric 
cancercells were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM) supplemented with 10% FBS and 1% 
antibiotic-antimycotic.

Reagents and antibodies

Carnosol (purity: > 98% by HPLC) was 
purchased from Sigma-Aldrich (St. Louis, MO, USA). 
CNBr-Sepharose 4B beads were from GE Healthcare 
(Piscataway, NJ, USA). Antibodies to detect total 
ERKs, phosphorylated ERKs (T202/Y204), total RSK, 
phosphorylated RSK (S380), total AKT, phosphorylated 
AKT (S473), phosphorylated CREB (S133), total CREB, 
phosphorylated CDC2 (Y15), total CDC2, cyclin A2, 
cyclin B1, cyclin D1, p27(kip1), phosphorylated CDK2 
(T160), total CDK2, caspase 9, cleaved caspase 7 and 
BcL-xL were obtained from Cell Signaling Technology 
(Beverly, MA, USA). The antibody to detect β-actin and 
p21 was from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). Active RSK2, and ATF1 (RSK2 substrate) human 
recombinant protein for kinase assays were purchased 
from SignalChem (Richmond, BC, Canada).

Anchorage-independent cell growth

Cells (8 × 103 per well) suspended in complete 
growth medium (Basal Medium Eagle; BME) 

supplemented with 10% FBS were added to 0.3% agar 
with or without different concentrations of carnosol in a 
top layer over a base layer of 0.6% agar with or without 
different concentrations of carnosol. The cultures were 
maintained at 37°C in a 5% CO2 incubator for 2 weeks 
and then colonies were counted under a microscope 
using the Image-Pro Plus software (v.6) program (Media 
Cybernetics, Rockville, MD, USA).

Cell proliferation assay

To estimate viability, GES1 cells were seeded (3.5 
× 103 cells/well) in 96-well plates at 37°C in a 5% CO2 
incubator and incubated for 24 h. HGC27, SGC7901 or 
BGC803cells were seeded (0.8 to 1 × 103 cells per well) in 
96-well plates and incubated for 24 h. Cells were treated 
with different concentrations of carnosol. After incubation 
for 48 h, 20 μl of MTT solution (Solarbio, Beijing, China) 
were added to each well and the cells were then incubated 
for 2 h at 37°C in a 5% CO2 incubator. The cell culture 
medium was removed and 200 μl of DMSO were added to 
each well and crystal formation was dissolved. Absorbance 
was measured at 570 nm.

Pull-down assay using CNBr-carnosol-
conjugated beads

A recombinant human RSK2 protein (200 ng) or 
total cell lysates (500 μg) were incubated with carnosol-
sepharose 4B (or sepharose 4B only as a control) beads 
(50 μl, 50% slurry) in reaction buffer (50 mM Tris pH 7.5, 
5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% NP40, 
2 μg/mL bovine serum albumin). After incubation with 
gentle rocking overnight at 4°C, the beads were washed 5 
times with buffer (50 mM Tris pH 7.5, 5 mM EDTA, 150 
mM NaCl, 1 mM DTT, 0.01% NP40) and binding was 
visualized by Western blotting.

Computational modeling of RSK2 with carnosol

To date, no full-length RSK2 crystal structure has been 
reported. For this study, the crystal structures of CTD (PDB 
ID:2QR8) and NTD of RSK2 (PDB ID:3G51) [9, 10] were 
retrieved from the Protein Data Bank (PDB) [33] and used 
in the computational study. The structures were prepared 
under the standard procedures of the Protein Preparation 
Wizard (Schrödinger Suite 2016). Hydrogen atoms were 
added consistent with a pH of 7 and all water molecules were 
removed. The ATP-binding site-based receptor grids of the 
RSK2 NTD and CTD were generated for docking. Carnosol 
was prepared using the LigPrep program of Schrödinger Suite 
2016 for docking by default parameters. Then the docking of 
carnosol with NTD RSK2 and CTD RSK2 was accomplished 
with default parameters under the extra precision (XP) mode 
using the program Glide. Herein, we could get the best-
docked representative structures.
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Cell cycle analysis

Cells were plated into 60-mm culture dishes (4 – 
5 × 104 cells/dish) and incubated for 24 h. Cells were 
synchronized by serum starvation for 24 h and treated with 
serum and/or carnosol for 24 h in 10% serum and medium. 
Cells were collected by trypsinization and washed with 
phosphate buffered saline (PBS) and then fixed in 1000 μl 
of 70% cold ethanol. After rehydration, cells were digested 
with RNase (100 μg/ml) and stained with propidium iodide 
(20 μg/ml). Propidium iodide staining was accomplished 
following the product instructions (Clontech, Palo Alto, 
CA, USA). The cells were analyzed by flow cytometry.

Apoptosis assay

Cells were plated into 6 well culture dishes (8 × 
104 cells/well) and incubated for 24 h. Cells were treated 
with carnosol for 48 h in 10% serum-containing medium. 
Cells were collected by trypsinization and washed with 
phosphate buffered saline (PBS). Cells were stained 
with Annexin V (BioLegend, San Diego, CA, USA) and 
propidium iodide and then apoptosis was analyzed by flow 
cytomertry.

Patient-derived xenograft (PDX) model

Female mice with severe combined 
immunodeficiency (SCID) [6–9 wk old] were maintained 
under “specific pathogen-free” conditions based on 
the guidelines established by Zhengzhou University 
Institutional Animal Care and Use Committee (Zhengzhou, 
Henan, China). A human tumor specimen of gastric tumor 
tissue was obtained from the Affiliated Cancer Hospital in 
Zhengzhou University, cut into pieces and implanted into 
the back of the neck of each mouse. Mice were divided 
into 2 groups of 10 animals each as follows: 1) untreated 
vehicle group and 2) 100 mg carnosol/kg of body weight. 
Carnosol or vehicle (5% DMSO in 10% tween 80) was 
orally administered 5 times per week. Tumor volume 
was calculated from measurements of 2 diameters of the 
individual tumor base using the following formula: tumor 
volume (mm3) = (length × width × height × 0.52). Mice 
were monitored until tumors reached 1.5 cm3 total volume, 
at which time mice were euthanized and tumors extracted.

Hematoxylin and eosin staining and 
immunohistochemistry

Tumor, liver or spleen tissues from mice were 
embedded in paraffin blocks and subjected to hematoxylin 
and eosin (H&E) staining and immunohistochemistry 
(IHC). Tissue sections were deparaffinized and hydrated 
then permeabilized with 0.5% Triton X-100/1 × PBS for 
10 min. After developing with 3, 3′-diaminobenzidine, the 
sections were counterstained with H&E. For IHC, sections 

were hybridized with the primary antibody (1:500) and a 
horse-radish peroxidase (HRP)-conjugated goat anti-rabbit 
or mouse IgG antibody was used as the secondary antibody. 
All sections were observed by microscope and the Image-
Pro Plus software (v. 6) program (Media Cybernetics).

Statistical analysis

All quantitative results are expressed as mean 
values ± S.D. or ± S.E. Significant differences were 
compared using the Student’s t test or one-way analysis 
of variance (ANOVA). A p value of < 0.05 was 
considered to be statistically significant. The statistical 
package for social science (SPSS) for Windows (IBM, 
Inc.) was used to calculate the p-value to determine 
statistical significance.
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