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A B S T R A C T

Radiation resistance and recurrent have become the major factors resulting in poor prognosis in the clinical
treatment of patients with nasopharyngeal carcinoma (NPC). New strategies to enhance the efficacy of radio-
therapy have been focused on the development of radiosensitizers and searching for directly targets that
modulated tumor radiosensitivity. A novel potential radiosensitizer 1,8-Dihydroxy −3-(2′-(4″-methylpiperazin-
1″-yl) ethyl-9,10-anthraquinone −3-carboxylate (RP-4) was designed and synthesized based on molecular
docking technology, which was expected to regulate the radiosensitivity of tumor cells through targeting Rac1.
In order to assess the radiosensitization activity of RP-4 on NPC cells, the highly differentiated CNE1 and poorly
differentiated CNE2 cells NPC lines were employed. According to the results, RP-4 showed higher binding af-
finity toward the interaction with Rac1 than lead compounds. We found that RP-4 could inhibit cell viability and
proliferation in CNE1 and CNE2 cells and significantly induced apoptosis after non-toxic concentration of RP-4
combined with 2Gy irradiation. RP-4 could effectively modulated the radiosensitivity both CNE1 cells and CNE2
cells through activating Rac1/NADPH signaling pathway and its downstream JNK/AP-1 pathway. What's more,
Rac1/NADPH signaling pathway were significantly activated in Rac1-overexpressed CNE1 and CNE2 cells after
treated with RP-4. Taken together, Rac1 and its downstream pathway may probably be the direct targets of RP-4
in regulating radiosensitivity of NPC cells, our finding provided a novel strategy for the development of ther-
apeutic agents in response to tumorous radiation resistance.

1. Introduction

According to the epidemiological investigation, nasopharyngeal
carcinoma (NPC) has an ethnic and geographical distribution in
southern China, where the morbidity is 25-fold higher than other
countries [1]. Radiation therapy is considered to be a first-line therapy
modality for most of the cancers including breast cancer, head and neck
cancer, and many others [2]. However there is no specific selectivity
between normal tissues and tumor cells when patients receiving
radiotherapy, and what makes matter worse is that the majority of
tumors cells are remaining in a hypoxic condition which consequently
leading to the resistance to radiation [3]. Therefore, it is really an ur-
gent to develop potent strategies to improve the radiosensitivity for
treatments. Recently, the research and development of radiosensitizer
targeted to DNA damage repair was emerging [4]. For example, the
nitro-compound is a classical electron-affinic radiosensitizers, however,

the serious side effects of which makes it difficult to achieve a wide
range of applications in clinic [3].

In our previous study, the Rac1 protein was discovered to be a
promising mitochondrial target in the radiosensitization process of
GXHSWAQ-1 (1, 8-dihydroxy-3-acetyl-6-methyl-9, 10 anthraquinone,
which contains an anthraquinone planer basic skeleton) by using the
method of proteomic approach with an isobaric tag for relative and
absolute quantitation [5]. We also reported that one of the anthraqui-
none compounds Rhein showed significant radiosensitization activity
on NPC cells and possessed strong binding affinity with Rac1 [6]. Rac1
is a member of Rho family of GTPases including Cdc42 and RhoA. It
closely associates with many cell biological functions, such as cell
trafficking, actin polymerization, gene transcription, and cell pro-
liferation [7,8]. It has been reported that the small GTPase Rac1 par-
ticipates in regulating the activation of NADPH oxidase complex which
resulting in intracellular superoxide production, such as an increase of
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reactive oxygen species [3,9,10]. The induced generation of ROS pro-
duction was considered to result in DNA damage followed by the
apoptosis mediated by mitochondrial intrinsic pathways [11]. We
previously identified that irradiation could significantly activate Rac1,
NADPH oxidase and then increase ROS production in NPC CNE1 cells,
thereby promoting the apoptosis of the cells [12]. Obviously, the acti-
vation of Rac1/NADPH signaling pathway was strongly linked to the
radiation sensitivity of nasopharyngeal carcinoma. Inspired by our
discovery, we conceived a series of ideas to design and research new
radiotherapy sensitization agents specifically directing at this key target
and signaling pathway. Previous studies have identified the radio-
therapy sensitization activity of GXHSWAQ-1, whereas the poor water
solubility become a big obstacle in practical application. In order to
obtain a novel radiosensitizer with an improved water solubility that
strongly targeting at Rac1 protein, we conducted a drug design through
molecular docking technique based on the anthraquinone compound
Rhein. And a novel Rhein derivative, 1,8-Dihydroxy −3-(2′-(4″-me-
thylpiperazin-1″-yl) ethyl-9,10-anthraquinone −3-carboxylate (RP-4
for short) was designed and synthesized by introducing N-(2-Hydro-
xyethyl) piperazine to Rhein without altering the anthraquinone nu-
clear structure.

In this work, we devoted to explore whether the radiotherapy sen-
sitization effects of new compound RP-4 on NPC cells was targeting
Rac1 and mediating Rac1/NADPH pathway and its downstream JNK/
AP-1 pathway during radiotherapy treatment using different differ-
entiation levels of NPC cell models. In addition, we expected to obtain
desirable radiosensitizers based on these key targets of radiotherapy
sensitization through structure modification on anthraquinone com-
pound. We believed that the results we reported would provide new
strategies for the development design of radiotherapy sensitization
agent with an anthraquinone nucleus structure.

2. Material and method

2.1. Chemistry

2.1.1. Synthesis route
2.1.1.1. Synthesis of 1,8-Dihydroxy-3-(2′-bromoethyl)9,10-
anthraquinone- 3-carboxylate (1). Rhein (248.2mg, 1mmol),
potassium carbonate (1 g, 7.24mmol) suspended in anhydrous
dimethyl formamide (DMF, 10mL) in a dry round bottom flask and
warmed to 60 °C. Then 1,2-dibromoethane (432 μL, 5mmol) was added
and stirred at 60 °C for 1 h under N2. TLC (petroleum ether: ethyl
acetate= 4: 1) showed complete consumption of the starting material,
the mixture's color turned from yellow to deep purple. The mixture was
poured into ice water (50mL) and acidified with HCl (2M). The
solution color changed to yellow and precipitation was observed. The
precipitation was filtered to give crud product as an orange solid. The
residue was purified by column chromatography on silica gel
(petroleum ether/ethyl acetat 8:1) to give the desired product as an
orange-red solid (Compound 1).

2.1.1.2. Synthesis of 1,8-Dihydroxy −3-(2′-(4″-methylpiperazin-1″-yl)
ethyl- 9,10-anthraquinone- 3-carboxylate (compound 2, RP-
4). Compound 1 (117.4mg, 0.3 mmol)was dissolved in anhydrous
1,4- dioxane (5mL), then N- methylpiperazine (166 μL, 1.5 mmol)
was added and stirred at 85 °C for 2 h under N2. Removed all solvent
in vacuum, the residue was purified by column chromatography on
silica gel (Dichloromethane/Methanol 30:1) and recrystallization from
dichloromethane+petroleum ether to give the desired product as a
yellow solid. The structure of compound was confirmed by IR spectra
using Perkin-Elmer 1600 series FTIR spectrometer (USA). 1H- and 13C-
NMR spectra were run on a Bruker 300 Ultrashield NMR (Switzerland)
at 300 and 75.5MHz, respectively, using CDCl3 (Merck) as solvent. All
the reagents purchased from Aladdin Inc.(Ontario, CA 91761,USA).

2.2. Molecular docking

The interaction of chemical compounds with macromolecule Rac1
was employed by (Molecule Operating Environment) MOE 2008, a
software package for molecular docking study.

2.2.1. Preparation of the ligands
The 3D structures of GXHSWAQ-1 and RP-4 were generated using

MOE 2008 builder, and subjected to energy minimization using the
Merck Molecular Force Field 94× (MMFF94x), which was more pre-
ferable for organic molecules [13]. Hydrogen and partial charges were
calculated by protonation 3D function in MOE [14]. The structure files
of the ligands were saved as PDB format for further docking study.

2.2.2. Preparation of the macromolecule
The crystal structures of the protein Rac1 (PDB code: 1I4D) was

downloaded at the website of Protein Data Bank (http://www.pdb.org).
The non-target proteins inside the macromolecule were manually re-
moved from the structure coordinate. The energy optimization of the
recptor was employed with the Amber89 force field which was different
with the preparation of ligands [15]. In addition, the processing of
hydrogen and partial charges was absolutely the same with the ligands.

2.2.3. Molecular docking procedure
The active site of the receptor was predicted using Site Finder of

MOE, a method to comprehensively evaluate the pocket shape, size and
the number of hydrophobic residues, and select the optimal pocket as
active site for docking program. The ligand molecules were docked in
the active site of Rac1, the default London dG scoring function of MOE
was employed to rank the binding affinity of the ligand and the re-
ceptor. The docking result was described as the binding energy (London
dG values) and most resonable comformation of the ligand interaction
with recptor.

2.3. Biologic evaluation

2.3.1. Cell culture and groups
The highly differentiated human NPC CNE1 cell line and poorly

differentiated human NPC CNE2 cell line were friendly provided by
Guangxi Cancer Institute (Nanning, China). The two lines of differently
biological human NPC cells were applied as the experimental cell
models.

Rac1 was separately knocked down by shRNA in both CNE1 and
CNE2 cells which were named as CNE1-Rac1(−) and CNE2-Rac1(−)
cells, while the overexpressed Rac1 cell lines were named as CNE1-
Rac1(+) and CNE2-Rac1(+) cells. All of the above cell lines were
cultured in RPMI 1640 medium (Gibco) with 10% fetal calf serum
(Gibco), penicillin (50 unit∙mL−1) and streptomycin (50 μg∙mL−1) and
were kept in a cell incubator at 37 °C with humid atmosphere at 5%
CO2.

In order to explore the relationship between RP-4 and radiotherapy
sensitization, the NPC CNE1 and CNE2 cells were divided into four
groups, they were control which was untreated with irradiation or RP-
4, 2Gy irradiation treatment group, RP-4 treatment group and 2Gy ir-
radiation combined with RP-4 treatment group. Both the 2Gy irradia-
tion group and RP-4 combined 2Gy irradiation groups were irradiated
at room temperature using a Siemens linear accelerator (Siemens,
Concord, CA)at a dose rate of 266 cGy/min.

2.3.2. Determination of cell viability
Cell viability was determined by MTT assay. The logarithmic phase

of CNE1 and CNE2 cells were chosen as the experimental objects. The
cells were digested by trypsin and plated in 0.1mL of RPMI 1640
medium at a density of 5000 cells in 96-well plates. After attaching for
24 h, the cells were exposed to RP-4 at the final concentration of 0,
6.25, 12.5, 25, 50 and 100 μg∙mL−1. The cells were terminated from the
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exposure after another 24 h by incubating with 20 μL MTT (0.5mg/mL;
Sigma) at 37 °C for 4 h in the dark. The formazan crystal was dissolved
by 100 μL DMSO, and the absorbance values of which were read at
492 nm using a Synergy H1 multimode plate reader (BioTek). The
viability of the cells was scored by the percentage of absorbance re-
lative to control.

2.3.3. Determine the activity of the intracellular NADPH oxidase
The activity of NADPH oxidase of CNE1 and CNE2 cells was mea-

sured by nitroblue tetrazolium assay. Briefly, 5×105 cells in 2mL
suspension were seeded in 6-well plates. After adherently growing for
24 h, the cells were dealt with or without RP-4 and irradiation. Then
cells of each group were harvested in the microcentrifuge tube, washed
with PBS for three times and incubated with 200 μL nitroblue tetra-
zolium (NBT) solution (1mg∙mL−1, Solarbio, Beijing, China) for 20min
at 37 °C. 200 μL 1mol·L−1 HCl was added to terminate the reaction on
the ice for 5min. Centrifuged the reaction mixture to abandon the su-
pernatant at 1200 g for 10min. 100 μL DMSO was added to dissolve the
triphenylmethyl crystallization, and the absorbance value of each
sample was read at 560 nm.

2.3.4. Measurement of intracellular ROS
The logarithmic phase of CNE1 and CNE2 cells were seeded in 6-

well plates at the density of 1× 105 cells mL−1 with triplicate for each
group. After different treatments, the cells were centrifuged to get rid of
the medium and washed by PBS at least twice. The collected cells were
incubated with the oxidant-sensitive dye 2,7-dichlorodihydro-
fluorescein diacetate (DCFH-DA, cat. no. D6883; Sigma-Aldricht LLC,
St. Louis, MO) at 37 °C for 20min in the darkness. The cells of negative
control were suspended in 400 μL PBS instead of incubating with DCFH-
DA. After the incubation, the cells except of negative control, were
centrifuged to abandon the supernatant, washed and resuspended with
PBS. Finally, all the samples were analyzed by flow cytometry tech-
nology to detect the intracellular ROS production(BD Biosciences).

2.3.5. Apoptosis assay
The apoptosis rates of CNE1 and CNE2 cells were performed by flow

cytometry. 2× 105 cells were suspended in 2mL of medium and were
seeded in 6-well plates for four groups with triplicate. After each group
underwent different treatments, the cultural media was changed by
complete medium for further incubation for 24 h. The cells were har-
vested with trypsin and suspended in the binding buffer at the density
of 1× 105 cells mL−1,then dyed with Annexin V-PE/7-AAD apoptosis
detection kit (cat. no. V13241; Thermo Fisher Scientific). 5 μL
AnnexinV and 1 μL 7-AAD were added to cell suspension and incubated
at room temperature for 15min in the darkness. After the incubation,
another 400 μL binding buffer was added to each sample, and then
analyzed by flow cytometry.

2.3.6. Western blotting analysis
The whole lysates of each group were collected to obtain the protein

samples for Western blot analysis. The concentration of the total protein
was quantified by BCA protein assay kit. Protein samples were sepa-
rated on 10% SDS-PAGE gels, and electrophoresed in Tris-glycine buffer
at a constant voltage of 100 V. The protein samples were subjected to
transferring from the gel to nitrocellulose membrane (Millipore, MA,
USA) at a constant voltage of 100 V for 1.5 h. The membranes were
blocked with 5% skim milk for 2 h at room temperature, followed by
incubation of primary antibodies at 4 °C over night. The following
primary antibodies were uesed, including GAPDH (Genesion, GP0003,
Guangzhou, China), Rac1, p67 phox, p47 phox, p38, phosphorylate-p38
(P-P38), AP-1, phosphorylate-AP-1 (P-AP-1), JNK1/2, and phosphor-
ylate-JNK (P-JNK) (Abcam, Cambridge, UK). The membranes were
washed with PBS for three times, and then incubated with secondary
antibody (Anti-Rabbit IgG (H+L), DyLight 800 labeled or Anti-Mouse
IgG (H+ L) HSA, DyLight 680 labeled) for 1.5 h at room temperature in

the darkness. Then the membranes were washed with PBST for three
times in dark and the protein blots were visualized using the Odyssey
Infrared Imaging System (odyssey, LI-COR biosciences, Bad Homburg,
Germany). The intensity of the bands were quantitatively deternmined
by ImageJ software. GAPDH was used as loading control. The relative
protein expression was described as the gray value of the target protein
relative to the internal reference protein of GAPDH, and the relative
protein expression rates of different groups were compared with con-
trol.

2.3.7. Rac1-GST pull-down assay
The activation of Rac1 were performed by pull-down assay and

Western blot described as before [12]. The CNE1 and CNE2 cells after
different treatments were lysed by 1×magnesium containing lysis
buffer (MLB) for 5min on the ice to obtain the cell lysates. 2000 μg
protein samples of each group were quantitatively contained in 500 μL
cell lysates which were determined by BCA protein assay kit. Cell ly-
sates treated with GTPγS to activate endogenous Rac1 and compared to
lysates treated with GDP to inactivate the small GTPase. Then 10 μL
(10 μg) of GST PAK1 PBD beads (glutathione S-transferase (GST), p21-
activated kinase 1 (PAK1), protein-binding domain (PDB)), Magnetic
Beads; EMD Millipore, Billerica, MA) was added in the 500 μL cell lysate
for incubation of 1 h at 4 °C, during which gently blend the lysates every
10min. The beads was then washed with 1×MLB for three times. At
last, 24 μL ultrapure water, 16 μL loading buffer and 2 μL β-mercap-
toethanol (BME) were added in each sample, instantaneous centrifuged
a few seconds and bathed in the boiling water for 5min. The PAK1 PBD
beads and Rac1 protein complexes of every sample was detected by
Western blot and the protein bands were visualized using the Odyssey
Infrared Imaging System.

2.4. Statistical analysis

All the data of the experiments represented for three individual
repeated experiments (n=3) which were shown as mean ± standard
deviation (SD). One-way ANOVA was used to analyze the statistical
differences among multiple groups, followed by L-SD t-test for pairwise
comparison. p-value<0.05 was considered to be statistically sig-
nificant. Figures were obtained by the Statistical Analysis System
(GraphPad Prism 5, GraphPad Software, Inc., San Diego, CA).

3. Result

3.1. Chemistry properties of RP-4

The melting point of RP-4 is 144–146 °C. The structure of RP-4 was
identified as 1,8-Dihydroxy-3-(2′-(4″-methylpiperazin-1″-yl) ethyl-
9,10-anthraquinone −3- carboxylate. Complete IR, 1H NMR (CDCl3)
and 13C NMR(CDCl3) data of RP-4 were listed in follows, IR (KBr,
cm−1): 3188, 3088, 2973, 2931, 2801, 2744, 1718, 1673, 1626, 1604,
1569, 1468, 1450, 1405, 1383, 1354, 1287, 1273, 1259, 1235, 1199,
1151, 1089, 1013, 763, 747, 698, 594. 1H NMR (500MHz, CDCl3) δ
11.97 (s, 2H), 8.39 (s, 1H), 7.92 (s, 1H), 7.86 (d, J=7.5 Hz, 1H), 7.72
(s, 1H), 7.33 (d, J=8.4 Hz, 1H), 4.51 (t, J=5.9 Hz, 2H), 2.82 (t,
J=5.9 Hz, 2H), 2.63 (s, 4H), 2.45 (s, 4H), 2.30 (s, 3H). 13C NMR
(126MHz, CDCl3) δ 192.80, 180.91, 164.31, 162.80, 162.39, 138.00,
137.76, 133.89, 133.48, 125.35, 124.91, 120.39, 120.27, 118.24,
115.83, 63.42, 56.47, 55.06, 53.36, 46.00. Water solubility of RP-4 was
greatly improved compared with GXHSWAQ-1 and the liposome–water
partition coefficients (expressed as LogP) of RP-4 predicted by Chem
Bio Draw Ultra was 1.22, which was significantly lower than
GXHSWAQ-1 (LogP=1.71).

3.2. Rac1 expression level of two NPC cell lines

In our previous study, the Rac1 protein was discovered to be a
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promising mitochondrial target in the radiosensitization process of
GXHSWAQ-1. Rac1 is known to closely relate to the radiosensitization
[12]. The expression of Rac1 in both CNE1 and CNE2 cells was detected
by Western blotting analysis, it was clear from the results that a higher
expression of Rac1 was detected in the poorly differentiated CNE2 cells
compared with CNE1 cells, which suggested that CNE2 cells was more
sensitive to radiotherapy (Fig. 1).

3.3. Molecular docking result

Molecular docking was widely applied to predict the interaction of
the compounds and target proteins. In order to study the binding affi-
nity of Rac1 with GXHSWAQ-1 and RP-4, molecular docking was con-
ducted using MOE 2008. The docking energy was considered to be
better when its London dG value was more negative than −7.5 kcal/
mol [16], and the more negative London dG values predicted higher
binding affinity between targets and ligands. Among different mole-
cular interactions, hydrogen bond was considered to be the major
molecular interaction force which contributed great to stabilize the
receptor-ligand complexes. Besides, compared with side chain hy-
drogen bond interaction, the backbone hydrogen bond was superior in
stabilizing the complexes. According to the docking conformations of
the two compounds, both GXHSWAQ-1 and RP-4 interacted with Rac1
in a similar pattern and embed within Rac1 binding pocket (Fig. 2c).
Two hydroxyl groups of GXHSWAQ-1 on anthraquinone ring partici-
pated in forming two side chain hydrogen bond interactions with amino
residue ThrC17 of Rac1, meanwhile creating a stable chelation inter-
action with magnesiumion. (Fig. 2a) Similarly, both ThrC17 and mag-
nesium ion were involved in forming chelation interactions with one of

the hydroxyl group of RP-4 on its anthraquinone ring. In addition, the
sidechain hydrogen bond interactions was found to form with LysC116,
while a backbone hydrogen bond interactions was formed between the
residue GlyC15 and RP-4, which greatly enhanced the binding affinity
of RP-4 and Rac1(Fig. 2b). The docking results showed that RP-4 pos-
sessed higher binding affinity toward the interaction with Rac1 than
GXHSWAQ-1 (shown as Table 1), which suggested a rational structure
modification. Inspired by the docking simulation results, we hypothe-
sized whether the high binding affinity predicted desirable pharmaco-
logical activity, therefore, we next conducted a series of in vitro
bioactivity experiments to verified the interaction of RP-4 with Rac1,
and evaluate the possibility of RP-4 to be a radiosensitizer by targeting
Rac1 protein.

3.4. The inhibitory effects of RP-4 on the growth of NPC CNE1 and CNE2
cells

In order to assess the biological activity of RP-4 on NPC cells, the
different differentiation levels of NPC CNE1 and CNE2 cell lines were
employed. The viability of NPC CNE1 and CNE2 cells after treatment
with different concentrations of RP-4 were detected by MTT assay. The

Fig. 1. The different expression level of Rac1 between the two nasopharyngeal carcinoma cell lines. The protein expression level was measured by western blotting.
GAPDH was used for loading control. All the data represented for three individual repeated experiments.
*P < 0.05 for Rac1 expression in CNE1 cells vs. CNE2 cells.

Fig. 2. View of the interaction modes of minimum energy conformation of GXHSWAQ-1 and RP-4 with Rac1. a) GXHSWAQ-1-Rac1 complex b) RP-4-Rac1 complex c)
Superimposed view of the most dominant conformations of GXHSWAQ-1 and RP-4 in the binding pocket of Rac1. The sidechain hydrogen bond interactions were
represented by green dotted arrows and backbone hydrogen bond interactions were represented by blue dotted arrows, purple dotted arrows indicated chelation
interactions. The greasy residues were shown as green circles while polar residues were shown as pink circles. In picture c, the structure of RP-4 are shown with blue
marked ball-stick model and GXHSWAQ-1 was marked with yellow. Purple indicates areas of hydrogen bond interaction, green and blue represents for hydrophobic
regions and mild polar molecule regions, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Calculated London dG scoring of the ligand docking with
Rac1.

Ligand London dG (kcal/mol)

GXHSWAQ-1 −15.5737
RP-4 −19.9711
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experimental results indicated that RP-4 decreased the survival rates of
CNE1 and CNE2 cells in a concentration dependent way (Table 2). The
half inhibition concentration (IC50) of RP-4 on CNE1 and CNE2 cells
were 66.28 μg. mL−1 and 46.47 μg. mL−1, respectively. 10% inhibition
concentration (IC10) of RP-4 on CNE1 and CNE2 cells were 8.44 μg.
mL−1 and 4.01 μg. mL−1, which was observed to have no cytotoxic
effects, therefore these concentrations were chosen for the subsequent
experiments.

3.5. RP-4 induced the expression of active Rac1 GTPase increasing

Most reports have shown that the Rac1 GTPase was closely asso-
ciated with the chemotherapy resistance of tumor cells [17]. Rac1
GTPases act as the molecular switches between the inactive GDP-Rac1
and the active GTP-Rac1 through which regulate varieties of signal
transduction pathways and cellular function [18,19]. Based on our
early findings, the mitochondrial target Rac1 protein was discovered to
be closely associated with radiosensitization process, we further in-
vestigated whether the active Rac1 participated in the radio-
sensitization signaling pathways of nasopharyngeal carcinoma medi-
ated by RP-4. The activation of Rac1 and total protein of Rac1 was
separately determined by Rac1-GST pull-down assay and western
blotting analysis. Here, we observed an obvious increasing expression
of Rac1 in both CNE1 and CNE2 cells after the treatment with RP-4
compared with control, and simultaneously, a remarkable increasing of
Rac1-GTP in CNE1 cells, while no prominent increase in CNE2 cells.
GTPγS treatment trapped Rac1 in the GTP-bound, active form, resulting
in a strong signal when endogenous Rac1 is present which was con-
sidered as positive control, while GDP treatment pushed Rac1 into the
GDP-bound, inactive state, resulting in minimal or no signal. What's
more, the combined treatment of RP-4 and irradiation could sig-
nificantly increase the expression of both Rac1 and Rac1-GTP in the two
cell lines relative to the treatment with irradiation alone(show as
Fig. 3).

3.6. The effects of RP-4 combined with radiotherapy on the activation of
Rac1/NADPH signaling pathway in NPC CNE1 and CNE2 cells

To investigate whether Rac1/NADPH signaling pathway partici-
pated in the regulation of radiotherapy sensitization of nasopharyngeal
carcinoma mediated by RP-4, the expression of two components of
NADPH oxidase P47 phox and P67 phox were determined by Western
blotting analysis. Results revealed that there existed no remarkable
change on the expression of P47 phox and P67 phox in CNE1 and CNE2
cells after treatment with RP-4 in comparison with control. However,
the combined application of RP-4 and irradiation could significantly up-
regulated the expression of P47 phox and P67 phox in both CNE1 and
CNE2 cells compared with the treatment with irradiation alone (show
as Fig. 4).

3.7. The effects of RP-4 on Rac1/NADPH signaling pathway in Rac1-
overexpressed and Rac1-silenced cell lines

In order to verification whether Rac1 and Rac1/NADPH signaling

pathway were the direct targets of RP-4 in regulating radiosensitivity of
NPC cell, Rac1 protein were separately knocked down and over-
expressed in both CNE1 and CNE2 cells before treated with RP-4 under
the concentration of IC50. Results suggested that the expression of
Rac1, P47 phox and P67 phox were significantly upregulated in CNE1-
Rac1(+) and CNE2-Rac1(+) cells after treated with RP-4, while no
obvious differences were observed in CNE1-Rac1(−) and CNE2-
Rac1(−) cells compared with the cells treated without RP-4.(shown as
Fig. 5A-D).

3.8. The effects of the activated Rac1/NADPH on downstream JNK/AP-1
signaling pathway by the combined application of RP-4 and radiotherapy
treatment in CNE1 and CNE2 cells

Anthony J. Valente etc. has reported that the ROS production in-
duced by NADPH oxidase was able to regulate the activation of JNK/
AP-1 [20]. Jun N-terminal Kinase (JNK) together with p38 belong to
MAPK families, and the long time continuous activation of JNK are
considered to associated with cell apoptosis [21]. Activator protein-1
(AP-1) is a downstream transcription factor in the MAPK pathway [22]
and is also the major downstream target of JNK [23], involves in reg-
ulating adhesion molecule expression, its activation was dependent by
Rac1/NADPH/ROS, which further promote the NADPH oxidases tran-
scription [20]. Inspired by our discovery that RP-4 combined with ir-
radiation could effectively activated Rac1/NADPH signaling pathway,
we set about investigating the effects of the activation of Rac1/NADPH
on the expression of the downstream related proteins of JNK/AP-1
signaling pathways. The expression level of these proteins including
P38, phosphorylate-p38 (P-P38), AP-1, phosphorylate-AP-1 (P-AP-1),
JNK1/2, and phosphorylate-JNK (P-JNK) in CNE1 and CNE2 cells after
various treatments were determined by western blotting analysis. Our
results showed that the treatment with RP-4 could significantly up-
regulate the expression of P38, P–P38 and P-JNK (P < 0.05) but did
not affect the expression of JNK1/2, Ap-1 or P-AP-1 in CNE1 cells
compared with control (shown as Fig. 6A,B). In CNE2 cells, only an
increased expression level of P38 was detected after the exposure of RP-
4, besides, there were no significant effects on Ap-1, JNK1/2 or the
expression of the phosphorylation of these three proteins (shown as
Fig. 6C,D). While, the treatment of RP-4 combined with radiotherapy
could significantly up-regulate the expression of P38 (P < 0 .05), P-
P38, P-AP-1 and P-JNK1/2 in both CNE1 and CNE2 cell lines compared
with 2Gy group (P < 0.01). A stronger protein phosphorylation of JNK
and AP-1 could be induced by RP-4 plus 2 Gy radiation.

3.9. The activated Rac1/NADPH affected the biological function of CNE1
and CNE2 cells by influencing NADPH oxidase activity and endogenous ROS
production

It was reported that the small GTPase Rac1 participated in the ac-
tivation of NADPH oxidase complex, thereby resulting in ROS produc-
tion [9]. Having certified that the combined use of RP-4 and irradiation
induced the activation of Rac1/NADPH and its downstream JNK/AP-1
signaling pathways, we further speculated whether the activation of
this pathway directly affected the NADPH oxidase activity and en-
dogenous ROS levels thereby leading to different influence on the
biological function of CNE1 and CNE2 cells. Our result demonstrated
that, the treatment of RP-4 under 10% inhibition concentration with
CNE1 and CNE2 cells affected neither the NADPH oxidase activity nor
the production of intracellular ROS relative to control, while the fed-
erated application of RP-4 and irradiation significantly increased both
the NADPH oxidase activity and intracellular ROS level of the two cell
lines compared with treated with irradiation alone (shown as Fig. 7).
Besides, the ROS production induced by irradiation in the highly dif-
ferentiated CNE1 cells after the treatments of RP-4 plus irradiation were
more prominent compared with poorly differentiated CNE2 cells (see in
Fig. 7 B).

Table 2
The inhibitory effect of RP4 on NPC CNE1 and CNE2 cells (n=3, x̄ ±s).

Concentration (μg⋅mL −1) Inhibition rate(%)

CNE1 CNE2

6.25 6.13 ± 1.52 15.74 ± 1.37
12.5 21.02 ± 1.67 30.77 ± 1.22
25 26.24 ± 1.33 37.32 ± 1.86
50 36.08 ± 1.55 55.74 ± 1.55
100 65.86 ± 1.43 59.83 ± 1.14
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Fig. 3. The expression of Rac1 and Rac1-GTP in each group. After different treatments, the activation of Rac1 and total protein of Rac1was separately determined by
Rac1-GST pull-down assay and western blotting analysis. Pane A: CNE1 cell treated with RP-4, 2Gy alone, as well as with RP-4 and 2 Gy radiation. Pane B: CNE2 cell
treated with RP-4, 2Gy alone, as well as with RP-4 and 2 Gy radiation. PC:positive control (GTPγS), NC: negative control (GDP). Data expressed as mean ± SD,
n=3. #P < 0.05, ## P < 0.01 compared with controls. *P < 0.05, **P < 0.01 compared with cells exposed to 2 Gy.

Fig. 4. The expression of P47 phox and P67 phox proteins in each group. After different treatments, Total cell lysates from samples were prepared for immunoblots to
test GAPDH, P47 phox and P67 phox levels. Pane A: CNE1 cell treated with RP-4, 2Gy alone, as well as with RP-4 and 2 Gy radiation. Pane B: CNE2 cell treated with RP-
4, 2Gy alone, as well as with RP-4 and 2 Gy radiation. Data represent mean ± SD, n=3. *P < 0.05, **P < 0.01, ***P < 0.001 compared with cells exposed to
2 Gy.
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3.10. The combined application of RP-4 and irradiation induced cell
apoptosis

The induced generation of ROS production was considered to result
in DNA damage followed by the apoptosis mediated by mitochondrial
intrinsic pathways. Therefore, we detected the apoptosis rate of the
cells after the activation of Rac1/NADPH pathway. Result showed that,
the apoptosis rate of the cells was moderately increased after the cell
were exposed to RP-4. In comparison, the apoptosis was significantly
increased after dealt with the combined use of RP-4 and irradiation
relative to the treatment of irradiation alone in CNE1 and CNE2 cells
(shown as Fig. 8), which indicated that RP-4 was able to increase the
radiation sensitivity of both CNE1 and CNE2 cells (Table 3).

4. Discussion

Drug discovery is hard and target medicine discovery is more dif-
ficult. Target medicine should in theory efficaciously attack pathogens
but remain harmless in healthy tissue. Proper drug target selection and
validation are crucial to the discovery of new drugs. According to our
knowledge, the types of cancer tissues, microenvironment, and the
body condition determined the radiosensitivity of tumors, which re-
quires individualized treatments [24]. However, since there is no de-
finite molecular targets responsible for radioresistance of cancer cells,
no specifically selective radiosensitizer was discovered for clinical

application so far. It is necessary to perform preliminary research on
identification of molecular targets responsible for radioresistance and
focus on screening of various agents interacting with those targets. Rac1
GTPases act as the molecular switches between the inactive GDP-Rac1
and the active GTP-Rac1 through which regulate varieties of signal
transduction pathways and cellular function. In our preliminary study,
mass spectrum and bioinformatics analysis showed that Rac1 protein
might be a mostly mitochondrial target in the radiosensitization process
of nasopharyngeal carcinoma CNE1 cells. Activation of Rac1 is suffi-
cient to induce NADPH oxidase production ROS increasing [25] and
excessive ROS could trigger DNA damage and activate downstream
signaling pathways to enhance the anticancer efficacy of radiation.
Rac1 participated in the radiosensitization signaling pathways of na-
sopharyngeal carcinoma. In this study, we found the protein level of
Rac1 in highly differentiated NPC CNE1 cell line was lower than poorly
differentiated NPC CNE2 cell line. This may be why poorly differ-
entiated human NPC CNE2 cell lines showed more sensitive to radiation
than highly differentiated CNE1 cell lines [26]. Rac1 can serve as a
predictive marker of the radiosensitization. And, furthermore, it can be
used as a molecular target for designing and synthesizing more com-
pounds to enhance the radiation response in radioresistant tumors.

In our previous work, the compound GXHSWAQ-1 was synthesized
from the nuclear structure of anthraquinone compound which showed a
remarkable radiosensitization activity in nasopharyngeal carcinoma
cells [5]. But the poor water solubility limited its development to a

Fig. 5. The expression of Rac1/NADPH signaling pathway related proteins in Rac1 silenced and overexpressed cell lines treated with RP-4. A and B: Western blotting
analysis of the Rac1/NADPH pathway in CNE1 cells treated with RP-4 after silenced and overexpressed Rac1. C and D: Western blotting analysis of the Rac1/NADPH
pathway in CNE2 cells treated with RP-4 after silenced and overexpressed Rac1. GAPDH was used as a control for protein loading and integrity. N= 3. #P < 0.05
compared with Rac1-silenced cells treated without RP-4, *P < 0.05, **P < 0.01 compared with Rac1-overexpressed cells treated without RP-4.
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clinical drug. Therefore, it is an urgent necessity to conduct a structural
modification of GXHSWAQ-1 to obtain an improved water solubility
and enhanced radiosensitization activity. It was reported that the
planar tricyclic structure of anthraquinone was essential for inter-
calating into DNA base pairs and exhibit significant DNA binding affi-
nity thereby possessing remarkable cytostatic or cytotoxic activities
[27]. Based on this guiding principle, the novel compound RP-4 was
synthesized by preserved the planar tricyclic structure of anthraqui-
none. The side chain carboxyl site of anthraquinone compound Rhein
participated in an esterification reaction with 1, 2-dibromoethane to
form the carboxylic acid ester bridge chain, followed by introducing N-
methyl piperazine groups to lead compound through nucleophilic
substitution reaction (SN1). According to the liposome–water partition
coefficients (expressed as LogP) of RP-4, Rhein and GXHSWAQ-1 pre-
dicted by Chem Bio Draw Ultra, the introduction of the hydrophilic
group N-methyl piperazine greatly improved water solubility of RP-4
compared with the lead compound GXHSWAQ-1 and Rhein, which
increased its possibility to be a clinical drug. Molecular docking of RP-4
toward the target protein Rac1 demonstrated that, the planar tricyclic
structure of anthraquinone of RP-4 and GXHSWAQ-1 could embedded
in Rac1 hydrophobic pocket, which contributed a lot to improve the
stability of the ligand and the receptor complexes. Additionally, the
enhancement of the backbone hydrogen bond interactions with Rac1
promoted the binding affinity of RP-4 and Rac1. Therefore, the mole-
cular docking results predicted a more favorable binding mode between
RP-4 and Rac1. In this study, the expression of Rac1 was separately
silenced and overexpressed by lentivirus transfection in both CNE1 and
CNE2 cells. We found that Rac1 was significantly activated in CNE1-
Rac1(+) and CNE2-Rac1(+) cells after treated with RP-4. However,
the expression of Rac1 in CNE1-Rac1(−) and CNE2-Rac1(−) cells
treated with RP-4 did not change after Rac1 silencing. The results of
western blotting analysis and pulldown assay showed that RP-4 could
effectively increase the Rac1 protein expression especially in CNE1 and
CNE2 cells treated with RP-4 plus 2Gy irradiation. In addition, the re-
sults of viability experiment also showed that RP-4 inhibited the pro-
liferation of nasopharyngeal carcinoma cells significantly. These results
suggested that Rac1 serve as a potential pharmacological target of RP-4
for antitumor therapy in nasopharyngeal carcinoma.

It was reported that PMA was the activator of Rac1.We have found
that the combined application of PMA and irradiation could effectively
activate Rac1 which further regulated the activation of NADPH oxidase
complex thereby resulting in ROS production and inducing CNE1 cell
apoptosis [12]. Interesting note was that RP-4 plus irradiation could up-
regulate Rac1expression in both NPC CNE1 and CNE2 cells, but

whether or not RP-4 activated the same Rac1/NADPH signaling path-
ways to enhance radiosensitivity of NPC cells. Western blotting analysis
results of two cell lines demonstrated that treatment of RP-4 alone had
little effects on Rac1/NADPH pathway, but the combined treatment of
RP-4 and irradiation with NPC cells could effectively up-regulated the
expression of two mainly subunits of NADPH, P47 phox and P67 phox.
Also we identified an remarkable enhancement of NADPH oxidase ac-
tivity and ROS production as well as an increasing cell apoptosis rate.
What's more, Rac1/NADPH signaling pathway were significantly acti-
vated in Rac1-overexpressed CNE1 and CNE2 cells after treated with
RP-4. While, after silencing Rac1 no obvious effects of RP-4 on the
expression of Rac1, P47 phox and P67 phox were observed. These results
provide strong evidence that Rac1 and NADPH oxidase may probably
be the direct targets of RP-4 in regulating radiosensitivity of NPC cells.

There is substantial evidence showing that the ROS produced by
Rac1/NADPH pathway could activated downstream JNK/AP-1 signal
pathway, which consist of c-jun N-terminal kinases (JNKs), AP-1 and
the p38 kinase [28]. JNK/AP-1 signal pathway mediated by ROS are
involved in cell growth, differentiation and apoptosis [29]. Its activa-
tion mainly is regulated by the post-translational modifications, the
level of phosphorylation of c-jun controls the activities of transcript and
DNA binding of AP-1 [30]. It has been reported that AP-1 could be
activated and phosphorylated at the N-terminal region of the c-jun by
JNK,a member of the MAPK family [31]. Similar to the properties of
JNK, p38 kinase is activated by a variety of cellular stresses including
UV irradiation, HSP, Rac1 and so on. P38 kinase are activated by MAPK
kinases-mediated dual Threonine and Tyrosine phosphorylation. These
residues phosphorylated during activation are Thr183/Tyr185 of JNK
and Thr180/Tyr182 of p38 MAPK [32]. Persistent activation of JNK
and P38 could result in phosphorylation of serine residues at the amino
end of transcription factor c-Jun, which binds to the promoter region of
AP-1, increase the transcriptional activation of AP-1, induced cells au-
tophagy and apoptosis [33,34]. The present study found that the acti-
vated Rac1/NADPH pathway induced by RP-4 and irradiation could
significantly up-regulate the expression of P38, AP-1, JNK1/2 and ef-
fects on phosphorylation of those proteins in NPC cells. As shown in
Fig. 5, RP-4 alone could significantly up-regulate the expression of P38
and P-P38, but did not affect the expression of JNK1/2 and Ap-1 in NPC
cells compared with control. When RP-4 plus 2Gy treatment, the ac-
tivities of AP-1 and the expression of P-JNK1/2 and P-P38 were re-
markably increased compared with 2Gy group. Our results suggest that
RP-4 could up-regulate Rac1, cooperatively activate JNK and P38,
cause NPC radiosensitization may probably by regulating the Rac1/
NADPH/JNK/AP-1 signaling axis. These results confirmed the role of

Fig. 6. Western blotting analysis of the expression of JNK/AP-1 signaling pathway related proteins in CNE1 and CNE2 cells. A and C: The expression level of P38, AP-
1 and JNK1/2 of CNE1 and CNE2 cells. B and D: The expression level of phospho-P38, phospho-AP-1 and phospho-JNK1/2 of CNE1 and CNE2 cells. GAPDH was used
as a control for protein loading and integrity. The relative phosphorylated P38, AP-1 and JNK1/2 and total P38, AP-1 and JNK1/2 expression intensity from 3
samples was shown. #P < 0.05 compared with control, *P < 0.05, **P < 0.01 compared with cells exposed to 2 Gy.

Fig. 7. The measurement of NADPH oxidase activity and concentration of ROS in CNE1 and CNE2 cells. A: NADPH oxidase activity of each group of cells was
measured by nitroblue tetrazolium assay, which was expressed as the percentage of absorbance relative to control. B:ROS production of the cells analyzed by flow
cytometry technology was shown as fluorescence intensity. *P < 0.05, **P < 0.01, ***P < 0.001 compared with cells exposed to 2 Gy.
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Rac1 target protein and also demonstrated the mechanism of RP-4 as a
potential radiosensitizer.

In summary, we reported the important roles of Rac1/NADPH/JNK/
AP-1 signaling pathway in mediating radiosensitivity in differently
differentiated NPC cell models. According to the results, new compound
RP-4 could effectively modulate NPC radiosensitization as a potential
radiosensitizer. We also confirmed the role of Rac1 target protein in
modulating the NPC radiosensitization. We believed our results would
provide new strategies for the development design of radiotherapy
sensitization agent with an anthraquinone nucleus structure and iden-
tify the possibility of Rac1 protein to be a potential target for the
radiotherapy treatment.
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