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RASSF1A promotes radiosensitivity in nasopharyngeal carcinoma by 
promoting FoxO3a and inhibiting the Nrf2/TXNRD1 signaling pathway 
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Radiotherapy is widely used as the first-line treatment for nasopharyngeal carcinoma (NPC). However, the resistance of 
some patients to treatment lowers its clinical effectiveness. Compared to typical epithelial cells, NPC markedly lowers the 
Ras-association domain family 1A (RASSF1A) protein expression. RASSF1A overexpression sensitizes NPC cells to radio-
therapy. Mechanistically, RASSF1A promotes the expression of Forkhead box O3a (FoxO3a) in the nucleus and inhibits the 
Nuclear factor E2-related factor 2 (Nrf2) signaling pathway via binding to the Kelch-like ECH-associated protein 1 (Keap1) 
promoter. Through elevating intracellular ROS levels, RASSF1A overexpression inhibits the expression of thioredoxin reduc-
tase 1 (TXNRD1), a crucial Nrf2 target gene, and increases NPC sensitivity to radiation. Immunohistochemical staining of 
NPC tissue sections revealed that the expression of RASSF1A is negatively correlated with that of TXNRD1. The traditional 
Chinese medicine component andrographolide (AGP), which induces RASSF1A expression, increased the sensitivity of NPC 
cells to radiotherapy in vitro and in vivo. Our findings implied that RASSF1A increases the sensitivity of NPC to radiation 
by increasing FoxO3a expression in the nucleus, inhibiting the Nrf2/TXNRD1 signaling pathway, and elevating intracellular 
ROS levels. AGP targets RASSF1A and may be a promising adjuvant sensitizer for enhancing radiosensitivity in NPC. 
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Nasopharyngeal carcinoma (NPC) is a squamous cell 
carcinoma of the head and neck (SCCHN), which origi-
nates in the nasopharyngeal epithelium. It exhibits a unique 
geographical distribution, mainly occurring in southern 
China and Southeast Asia, with a worldwide age-standard-
ized rate of 3.0/100,000 in China [1, 2]. Its etiology is mainly 
associated with the Epstein-Barr virus (EBV), as well as 
environmental factors, genetic susceptibility, and other 
factors [3]. Since NPC is very sensitive to radiotherapy, the 
NCCN Clinical Practice Guidelines stipulate radiotherapy 
as the standard therapy for early-stage as well as interme-
diate- to advanced-stage NPC [4–6]. However, increased 
tumor size, dysregulation of key genes, and reduced oxygen 
tension may lead to clonal selection and tolerance of tumor 
cells to radiotherapy [7, 8]. Approximately 20% of patients 
experience treatment failure due to tumor radioresistance, 
which results in reduced sensitivity to radiotherapy, leading 
to treatment resistance and tumor recurrence. There-
fore, understanding the molecular mechanism underlying 
NPC-related radioresistance and identifying therapeutic 

targets are important for enhancing treatment outcomes in 
patients with NPC.

The Ras-association domain family 1A (RASSF1A) gene is 
increasingly attracting attention as a tumor suppressor. It is 
a common gene, the expression of which is either decreased 
or silenced in cancer. RASSF1A is usually downregulated via 
promoter methylation and rarely by mutation or deletion 
[9–11]. RASSF1A serves as a signaling pathway hub and 
plays a critical role in signaling by mediating ERK, Hippo, 
NF-κB, IL-6/STAT3, and other related pathways [12, 13]. The 
RASSF1A signaling network may modulate various biolog-
ical functions, such as cell cycle arrest, apoptosis, autophagy, 
migration, and regulate the microtubule network [14]. 
However, studies that have investigated the effects exerted by 
RASSF1A on sensitivity to radiotherapy and the mechanisms 
underlying such effects are scant.

Andrographolide (AGP), a diterpene lactone compound 
extracted from Andrographis paniculata, is used as an anti-
inflammatory herb in traditional Chinese medicine. AGP 
exerts anticancer activity by inhibiting tumor angiogen-
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esis, inducing tumor cell apoptosis, regulating autoimmune 
mechanisms, and affecting the tumor cell cycle [15–17]. 
Interestingly, AGP sensitizes cancer cells, such as human 
laryngeal cancer cells and human colorectal cancer cells, to 
the therapeutic effects of anticancer drugs, including carbo-
platin and cisplatin [18–19]. In addition, AGP is correlated 
with sensitivity to radiotherapy. Research has demonstrated 
that AGP may increase RASSF1A expression [17]. However, 
studies investigating the association between AGP and cell 
proliferation, sensitivity to radiotherapy, and mechanisms 
underlying NPC are unavailable.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is 
a crucial transcription factor, the ubiquitination and 
rapid degradation of which is promoted by the Kelch-
like ECH-associated protein 1 (Keap1). Normally, in the 
cytoplasm, Nrf2 is anchored to Keap1. In the presence of 
ROS, Nrf2 detaches from Keap1, enters the nucleus and binds 
to antioxidant response element (ARE) sequences, thereby 
activating downstream gene targets, including thioredoxin 
reductase 1 (TXNRD1), NAD(P)H: quinone oxidoreductase 
1 (NQO1), and heme oxygenase 1 (HO-1) [20]. Recent studies 
have reported that such activation of Nrf2 is closely linked 
with the mechanism underlying cancer resistance to chemo-
therapy. For example, Forkhead box O3a (FoxO3a) reverses 
the resistance of colorectal cancer cells to 5-fluorouracil 
(5-FU) by blocking the Nrf2/TRXNRD1 signaling pathway. 
The Nrf2/ Keap1 pathway modulates the radiosensitivity of 
NPC cells by eliminating ROS [21]. Thus, RASSF1A may 
affect the sensitivity of NPC to radiotherapy by modulating 
FoxO3a and the Nrf2/TXNRD1 axis against ROS.

In this study, we investigated the mechanism underlying 
radiosensitivity in NPC, identified the biological functions 
of RASSF1A, and revealed promising pathways that sensitize 
NPC to radiation.

Materials and methods

Reagents. Antibodies, including anti-GAPDH (1:10000, 
ab8245), anti-Lamin A/C (1:20000, ab108595), anti-
RASSF1A (1:1000, ab23950), and anti-β-tubulin (1:1000, 
ab78078), were purchased from Abcam (Cambridge, MA, 
USA). Anti-TXNRD1 (1:5000, 11117-1-AP) were purchased 
from Proteintech Group (Wuhan, China); RPMI1640, 
DMEM, and PBS were obtained from KeyGen Biotech-
nology (Nanjing, China). Matrigel was purchased from 
Corning (New York, NY, USA). SYBR Green Master Mix 
was purchased from Takara Biomedical Technology (Dalian, 
China). The diaminobenzidine (DAB) and UltraSensitive™ 
SP IHC Kit were purchased from Maxin Biotechnology 
(Fuzhou, China).

Cell culture. Human NPC CNE1, HONE1, and C666-1 
cells were obtained from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). The cells were 
cultured in DMEM (C666-1) and RPMI-1640 (CNE1, 
HONE1), supplemented with 10% fetal bovine serum 

(Procell Life Science&Technology Co., Ltd., Wuhan, China), 
100 μg/ml streptomycin, and 100 U/ml penicillin, and 
incubated in a 37 °C humidified incubator with 5% CO2. We 
added AGP (APExBIO, Houston, TX, USA) to the culture 
medium to obtain a concentration of 5 μM (Supplementary 
Figure S1). After using this medium to culture cells (HONE1) 
for two days, we obtained HONE1+AGP. Meanwhile, we 
used the same dose of dimethyl sulfoxide (DMSO) cultured 
cells as a control group (HONE1+DMSO).

Cell viability assay. Cell viability was detected via a 
CCK-8 assay (APExBIO, Houston, TX, USA). Following 
radiotherapy using diverse doses (2, 4, 6, and 8 Gy), the cells 
were seeded in 96-well microplates at a density of 3,000 cells/
well. After 48 h, cells were cultured with WST-8 (100 μl/well) 
for a further 1.5 h. Cellular dehydrogenase reduces WST-8 
tetrazolium salt to an orange formazan product that dissolves 
in a tissue culture medium. The number of viable cells was 
estimated using formazan-based absorbance at 460 nm. 
Here, cell viability = ((Atreated–Ablank)/(Acontrol–Ablank)) × 100%. 
All experiments were performed thrice.

Western blot analysis. Protein samples were collected 
and placed in a lysis buffer. The samples were then separated 
via sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE). Next, they were transferred to polyvi-
nylidene fluoride (PVDF) membranes (Bio-Rad Laborato-
ries, California, USA). The membranes were blocked with 
skimmed milk for 1 h to prevent non-specific binding. Subse-
quently, membranes were incubated overnight with primary 
antibodies at 4 °C. The membranes were then incubated with 
HRP-binding secondary antibody for 2 h. A GE ImageQuant 
LAS 500 system (GE Healthcare, Little Chalfont, Bucking-
hamshire, UK) with ECL luminescent liquid was used to 
detect proteins. The relative expression levels of each protein 
were evaluated via ImageJ software.

Plasmid construction and transfection. RASSF1A 
shRNA and scramble shRNA were synthesized and cloned 
into an LV3 vector (Hanbio, Shanghai, China). RASSF1A 
was amplified and subcloned into an MSCV-PIG vector to 
construct an overexpression plasmid. Lipofiter (Hanbio, 
Shanghai, China) was used to transfect the shRNA and 
plasmids into cells according to the manufacturer’s instruc-
tions. The cells were cultured in six-well plates until the 
achievement of 50–70% confluence; subsequently, 4.0 μg of 
plasmid and 4.0 µl Lipofiter (Hanbio, Shanghai, China) were 
mixed and added to each well. An empty vector was used 
as negative control (NC). After 48 h, the mRNA and protein 
expressions of RASSF1A were assessed and the cells were 
subjected to the following experiments. Following trans-
fection, cells were collected for subsequent experiments. 
The targeting sequence of shRNA is listed (Supplementary 
Table S1).

Colony formation assay. A colony formation assay was 
used to evaluate cell proliferation capacity. The cells were 
treated with or without AGP (5 μM) for two days. Cells that 
stably overexpressed RASSF1A or downregulated RASSF1A 
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or the vector were exposed to 0, 2, 4, 6, 8, or 10 Gy (2 Gy/
fraction), respectively, using a 6-MV X-ray beam from an 
Elekta linear accelerator (VARIAN CLINAC IX, CA, USA) 
at a dose rate of 600 cGy/min. Next, the cells were plated 
in 6-well microplates at approximately 1,500 cells/well, and 
cultured for 14 days. The resulting clones were fixed with 
methanol, stained with crystal violet solution, and automati-
cally counted under a microscope. All experiments were 
performed in triplicate.

In vivo study. Four-week-old male BALB/c nude mice 
weighing 18±2 g were purchased from GemPharmatech 
(Nanjing, China). All mice were fed water and diet ad libitum 
under conditions involving a standard environment and 
a 12 h light/dark cycle. The Nanjing Medical University’s 
Animal Care and Use Committee approved all mouse-related 
protocols. HONE1/HONE1-AGP cells (1×107) were injected 
into the subdermal space of mice. When the tumor volume 
reached approximately 200 mm3, tumors were treated with 
radiotherapy (4 Gy) thrice a week for two weeks. Tumor 
volumes were measured daily after the first radiotherapy; 
Tumor volume = (L × W2)/2 (L, largest diameter; W, smallest 
diameter). Mice were treated with an Elekta 6-MV photon 
linear accelerator. Prior to radiation therapy, each mouse 
was anesthetized with pentobarbital (40 mg/kg), and a lead 
shield was used to ensure that only the xenograft tumor was 
exposed. Radiotherapy was administered on days 1, 3, 5, 
8, 10, 12, and 14 at a dose of 4 Gy, which corresponds to a 
dose rate of 600 cGy/min. Tumor size was measured every 
2 days for approximately 2 weeks. Subsequently, the mice 
were sacrificed, and the tumors were collected for immunos-
taining analyses.

Flow cytometry. Following radiotherapy, cells were 
collected for flow cytometry. A ROS assay kit (KeyGen 
Biotechnology, Nanjing, China) was used to test intracel-
lular ROS levels on the basis of the manufacturer’s instruc-
tions. Properly diluted DCFHDA (10 μmol/l) was added to 
adherent cells that had been incubated for 20 min at 37 °C 
without culture solution. The cells were collected in PBS for 
flow cytometry analysis aimed at estimating ROS levels. The 
mean fluorescence intensity was calculated after correcting 
for autofluorescence, and the fold change was calculated. 
FACS Calibur flow cytometry (BD Biosciences, Franklin 
Lakes, NJ, USA) was performed and the data were analyzed 
via FlowJo software (Version X; TreeStar, Ashland, OR, USA).

Tissue immunohistochemistry. Primary NPC and 
chronic nasopharyngitis (CNP) tissue samples were acquired 
from Nanjing First Hospital. Immunohistochemistry (IHC) 
slice sections were deparaffinized for 10 min, subjected to 
two changes of xylene, and hydrated using an ethyl alcohol 
gradient. For recovering antigenic sites, the sections were 
placed in 10 mM pH 6 citrate for 3 min at 116 °C. Tissue 
staining was performed in accordance with the manufac-
turer’s instructions using the UltraSensitive™ SP IHC Kit. 
Anti-TXNRD1 and anti-RASSF1A antibodies were used 
as the primary antibodies. DAB was used for rapid color 

development. Semi-quantitative analysis of protein expres-
sion levels was conducted using Image-Pro Plus software 
(version 6.0; Media Cybernetics, Bethesda, MD, USA) after 
eliminating false-positive immunohistochemistry staining. 
The area and integrated optical density (IOD) values of the 
positive-expression sections were measured. The positive-
expression sections’ area and integrated optical density 
(IOD) values were calculated. The IOD/area value reflects the 
protein expression levels as well as the density of dye staining 
(Supplementary Figures S2, S3).

This study was reviewed and approved by Nanjing First 
Hospital, Nanjing Medical University, Nanjing, China 
(DWSY-2100345).

Kaplan-Meier plotter analysis. The TCGA database, 
which integrates clinical data and gene expression, and 
the Kaplan-Meier Plotter, were used to study the clinical 
relevance of TXNRD1 expression linked to SCCHN patient 
survival. A total of 518 patients with SCCHN were selected 
and divided into two groups based on low or high TR1 
expression. Log-rank test p-values were estimated, with 
statistical significance set at p<0.05.

Statistical analysis. GraphPad Prism 9 was used to analyze 
data, which are expressed as mean ± SD (La Jolla, CA, USA). 
The one-way analysis of variance (ANOVA) and Bonferro-
ni’s multiple comparison test were used to compare multiple 
groups, while the Student’s t-test was utilized to compare two 
groups. Statistics were considered significant when p<0.05. 
(*p<0.05; **p<0.01, ***p<0.001, ****p<0.0001).

Results

RASSF1A expression is decreased in NPC cell lines 
and tissues of NPC patients. WB experiments indicated 
that RASSF1A expression in the NPC cell lines C666-1, 
HONE1, and CNE1 was lower than that in the normal 
intestinal epithelial cell line (FHC), and that C666-1, 
which is a RASSF1A-deficient cell line, barely expressed 
RASSF1A (Figures 1A, 1B). IHC experiments showed that 
RASSF1A expression in tissue sections from patients with 
NPC was significantly lower than that in patients with CNP 
(Figures 1C, 1D). Moreover, the overall survival (OS) rate 
of a low-RASSF1A-expression patient group was lower than 
that of a high-RASSF1A-expression SCCHN patient group 
(Figure 1E). These data suggested that RASSF1A expression 
in NPC tissues was significantly lower than that in normal 
epithelial tissues and in patients with CNP. This suggested 
that low RASSF1A expression may predict a worse prognosis 
for patients with NPC.

RASSF1A overexpression sensitizes C666-1, HONE1, 
and CNE1 cells to radiotherapy. To demonstrate the critical 
effects exerted by RASSF1A on the radiation sensitivity 
of NPC cells, we established C666-1-RASSF1A, HONE1-
RASSF1A, and CNE1-RASSF1A cells that stably overex-
pressed RASSF1A (Figures 2A, 2B), and subjected them to 
different doses of radiation (0, 2, 4, 6, and 8 Gy). At first, 
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Figure 1. RASSF1A expression is decreased in NPC cell lines and NPC patients’ tissue and is associated with the overall survival rate of SCCHN. A, B) 
Western blotting analysis of RASSF1A protein expression in normal intestinal epithelial cell line (FHC) and three NPC cell lines (CNE1, HONE1, and 
C666-1). Tubulin was used as an internal control. These data are representative of three independent experiments. Mean ± SD (n=3); Student’s t tests; 
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. C, D) NPC and CNP paraffinized sections (400×) were used for IHC of the protein levels of RASSF1A. 
Scale bar: 50 μm. Abbreviation: IOD-integrated optical density. E) Correlation of the expression levels of RASSF1A with the prognosis of NPC patients. 
Kaplan-Meier analyses for OS of SCCHN patients based on RASSF1A expression. Log-rank test was used to calculate the p-values.

Figure 2. Effects of RASSF1A overexpression and knockdown were confirmed by western blotting. A) Effects of RASSF1A overexpression and knock-
down were confirmed by western blotting. Tubulin was used as an internal control. These data are representative of three independent experiments. 
B–F) Evaluating the relative level of each protein expression through ImageJ software. These data are representative of three independent experiments. 
Mean ± SD (n=3); Student’s t-tests; *p<0.05; **p<0.01

all cells exposed to increasing doses of radiation showed a 
valid decrease in proliferation. The CCK-8 assay showed 
that the proliferation of C666-1, HONE1, and CNE1 cells 
overexpressing RASSF1A was significantly inhibited by 
different doses of radiation, compared to that of cells trans-

fected with an empty plasmid (Figures 3A, 3B, 3D, 4A, 4C, 
4D). Similarly, in the clone formation assay, overexpression 
of RASSF1A greatly increased the sensitivity of NPC cell 
lines to radiotherapy and decreased their colony formation 
ability (Figures 3C, 3E, 4B, 4E). Meanwhile, the proliferative 
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Figure 3. RASSF1A overexpression sensitizes C666-1, HONE1, and CNE1 cells to radiotherapy. A–E) CCK-8 assay was performed to evaluate cell 
survival in RASSF1A-knockdown and -overexpressing cells after exposure to the indicated radiation doses (0, 2, 4, 6, 8 Gy) and culture for 48 h sub-
sequently. These data are representative of three independent experiments. Mean ± SD (n=3); two-way ANOVA and Tukey multiple comparison tests; 
*p<0.05; **p<0.01

Figure 4. RASSF1A overexpression sensitizes C666-1, HONE1, and CNE1 cells to radiotherapy. A–E) Colony formation assay was performed to evalu-
ate cell colony forming ability in RASSF1A-knockdown and -overexpressing cells after exposure to the indicated radiation doses (0, 2, 4, 6, 8 Gy) and 
culture for 14 days subsequently. These data are representative of three independent experiments.

capacity of CNE1-shRASSF1A and HONE1-shRASSF1A 
cells was found to be increased. Considered together, our 
results confirmed that RASSF1A overexpression greatly 
increased the radiotherapy sensitivity of the NPC cell lines, 
C666-1, HONE1, and CNE1.

RASSF1A overexpression inhibits the expression of 
TXNRD1 in vitro. Radiotherapy may elevate ROS levels in 
cancer cells, leading to oxidative stress and subsequent tumor 
cell death. TXNRD1 reduces the occurrence of oxidative 
stress by inhibiting ROS. We speculated that RASSF1A may 
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promote sensitivity of NPC to radiotherapy by inhibiting 
TXNRD1 expression, and thus examined TXNRD1 expres-
sion in cells with high/low expression of RASSF1A before and 
after radiotherapy. TXNRD1 expression in NPC cells with 
high RASSF1A expression decreased. TXNRD1 expression 
in NPC cells with low RASSF1A expression was significantly 
increased (Figures 5A–5E). These results demonstrate that 
high expression of RASSF1A may inhibit TXNRD1 expres-
sion, thus improving the sensitivity of NPC to radiotherapy.

RASSF1A expression is correlated with that of TXNRD1 
in patient tumor tissues. IHC of tissue sections from patients 
with NPC revealed that TXNRD1 expression was weaker in 
tumor tissues from patients with high RASSF1A expression, 
whereas TXNRD1 expression was higher in tumor tissues 
from patients with low RASSF1A expression. Therefore, 
we inferred that RASSF1A expression was correlated with 
that of TXNRD1 in NPC samples and that overexpression 
of RASSF1A may effectively suppress TXNRD1 expression 
(Figures 6A, 6B).

AGP enhances the sensitivity of NPC cells to radio-
therapy by elevating intracellular ROS levels in vitro. 
Because RASSF1A overexpression promotes the sensitivity 
of NPC to radiotherapy, we investigated whether AGP, which 
promotes RASSF1A expression (Figure 7A), would induce a 

similar effect in vitro. The CCK-8 assay demonstrated that the 
proliferation of tumor cells treated with AGP was significantly 
inhibited following radiotherapy (Figure 7B). Furthermore, 
the clone formation assay indicated that AGP combined with 
radiotherapy effectively inhibited tumor cell proliferation 
(Figure 7C). These results demonstrated that AGP combined 
with radiotherapy would effectively induce cancer cell death. 
AGP also significantly inhibited the expression of TXNRD1 
(Figure 7D). Considering that activated Nrf2 signaling 
reportedly inhibits ROS production, we analyzed the levels 
of intracellular ROS in HONE1-NC, HONE1-AGP (5 μM), 
HONE1-NC/4GY, and HONE1-AGP/4GY cells (Figure 7E). 
The induction of intracellular ROS upon AGP treatment 
led to marked sensitization to radiotherapy. These results 
indicated that AGP overexpressed RASSF1A sensitizes NPC 
cells to radiotherapy by elevating intracellular ROS levels.

RASSF1A overexpression sensitizes C666-1, HONE1, 
and CNE1 to radiotherapy by promoting FoxO3a expres-
sion and inhibiting the Nrf2/TXNRD1 signaling pathway. 
The expression of FoxO3a was significantly elevated in the 
nuclear proteins of AGP-treated HONE1 and HONE1-
RASSF1A cells. Simultaneously, Nrf2 expression in the 
nuclei of HONE1-RASSF1A cells increased, while its expres-
sion in the cytoplasm decreased (Figures 8A–8C). Similar 

Figure 5. RASSF1A inhibits the expression of TXNRD1 in NPC cells. A–E) Expression of TXNRD1 was detected in RASSF1A-overexpressing/RASS-
F1A-knockdown or control cells after radiation exposure (4 Gy) and culture for 24 h subsequently. These data are representative of three independent 
experiments. Mean ± SD (n=3); Student’s t-tests; *p<0.05; **p<0.01
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Figure 6. Expression of RASSF1A correlates with that of TXNRD1 in patient tumor tissues. A, B) NPC paraffinized sections (400×) were used for IHC 
of the protein levels of RASSF1A and TXNRD1. Scale bar: 50 μm. C) The expression of RASSF1A correlates with TXNRD1 in patient samples.

Figure 7. AGP enhances the sensitivity of NPC cells towards radiotherapy and inhibits expression levels of TXNRD1 in vitro. A) AGP can promote the 
expression of RASSF1A, with the best effect at the concentration of 5 μM. B, C) CCK-8 assay and colony formation assay were performed to evaluate 
cell survival in RASSF1A-AGP (5 μM) and or control cells after exposure to the indicated radiation doses (0, 2, 4, 6, 8 Gy). D) Expression of TXNRD1 
was detected in RASSF1A-AGP or control cells after radiation exposure (4 Gy) and culture for 24 h subsequently. E) Flow cytometric analysis of intra-
cellular ROS levels.
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Figure 8. RASSF1A overexpression sensitizes HONE1 to radiotherapy by promoting FoxO3a and inhibiting the Nrf2/TXNRD1 signaling pathway. A) 
Protein levels of FoxO3a, Keap1, and Nrf2 in the nucleus and cytoplasm of HONE1-RASSF1A and HONE1-NC cells were detected by western blot. B, 
C) Quantitative representation of blot band intensities measured using ImageJ software. Data are expressed as the mean ± SD, and the results represent 
three independent experiments.

Figure 9. AGP treatment sensitizes HONE1 to radiotherapy by promoting FoxO3a and inhibiting the Nrf2/TXNRD1 signaling pathway. A) Protein 
levels of FoxO3a, Keap1, and Nrf2 in the nucleus and cytoplasm of HONE1-AGP and HONE1-NC cells were detected by western blot. B, C) Quanti-
tative representation of blot band intensities measured using ImageJ software. Data are expressed as the mean ± SD, and the results represent three 
independent experiments.
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results were also observed in AGP-treated HONE1 cells 
(Figures  9A–9C). These findings indicated that AGP may 
increase the expression of RASSF1A, which in turn promotes 
FoxO3a expression in the nucleus, thereby inhibiting the Nrf2 
pathway and TXNRD1 expression, which in turn enhances 
the sensitivity of NPC cells to radiotherapy.

AGP raises the sensitivity of HONE1 cells to radio-
therapy in vivo. The results of our in vitro experiments 
prompted us to investigate whether a combination of AGP 
and radiotherapy would exert a similar effect in vivo. Both 
AGP and radiotherapy individually suppressed the size of 
xenograft tumors. However, xenograft tumors treated with 
a combination of AGP and radiotherapy were significantly 
smaller than those treated with either AGP or radiotherapy 
alone (Figures 10A–10C). To determine whether the inhibi-
tion of xenograft tumors by AGP and radiotherapy was 
associated with TXNRD1, we performed IHC on sections 
of xenograft tumors. Our results indicated that TXNRD1 
expression decreased after being treated with a combination 
of AGP and radiotherapy (Figure 10D). Therefore, it was 
concluded that AGP combined with radiotherapy effectively 
inhibits TXNRD1 expression in tumor cells, thus improving 
the sensitivity of NPC cells to radiotherapy.

Discussion

Although radiotherapy is recognized as a first-line treat-
ment for NPC, the resistance shown by some patients with 
NPC to radiotherapy continues to pose serious challenges 
to clinical treatment. Therefore, a proper understanding of 
sensitization to therapy targets of NPC and the mechanisms 
underlying such therapy sensitization is crucial for decision-
making associated with clinical treatment. Common 
mechanisms underlying resistance to radiotherapy include 
increased tumor size, decreased oxygen tension, and dysreg-
ulation of key genes. Thus, the exploration of sensitization to 
radiotherapy targets pertaining to clinical treatment may be 
considered vital.

RASSF1A, an oncogene, plays a significant role in many 
signaling pathways. Interestingly, the current study showed 
that viral infection may induce the loss of RASSF1A expres-
sion via promoter hypermethylation. This phenomenon has 
been observed in hepatocellular carcinoma associated with 
HAV, HBV, HCV, HPV infection-dependent cervical cancer, 
and EBV-associated NPC [14, 22]. Exogenous RASSF1A 
expression induces growth inhibition and apoptosis in tumor 
cell lines [23]. However, our study differs from previous 

Figure 10. RASSF1A promotes radiation sensitivity in NPC cells in vivo. A. Schematic of the in vivo experiment. HONE1-NC and HONE1-AGP (μM) 
were injected subcutaneously into the right flank of male nude mice. Once palpable tumors reached a volume of ~200 mm3, mice were subjected to ra-
diation on days 1, 3, and 5 at a dose of 4 Gy. On day 15, the mice were euthanized, and the tumors were isolated, weighed, and compared using ANOVA. 
B) Representative images of xenografts from the indicated treatment groups. C) Tumor growth curves. Mean ± SD (n=7); two-tailed t test; **p<0.01; 
***p<0.001. D) Representative IHC staining images.
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studies in that we focused on the effects exerted by RASSF1A 
on the sensitivity of NPC to radiotherapy leading to the 
finding that high RASSF1A expression may be considered 
as a sensitization target for radiotherapy, which findings also 
resulted in the subsequent unraveling of the mechanisms 
underlying this process.

Recent studies have reported that FoxO3a inactivation 
promotes tumorigenesis and chemoresistance in human 
cholangiocarcinoma via Keap1-Nrf2 signaling and that 
FoxO3a may reverse 5-FU resistance in colorectal cancer by 
inhibiting Keap1-Nrf2 [24]. These two studies link FoxO3a 
to the Keap1-Nrf2 pathway, providing insight into the role 
played by FoxO3a and the Keap1-Nrf2 pathway in cancer. 
However, recent studies have revealed a close relationship 
between Nrf2, which is a transcription factor, and cancer. 
The association between resistance to radiation therapy and 
Nrf2, in particular, is drawing attention. For example, Nrf2 
plays a crucial role in the resistance shown by oral squamous 
cell carcinoma (OSCC) accompanied by metabolic repro-
gramming to radiotherapy [25]. Multiple studies have 
demonstrated that targeting Nrf2 is a promising strategy for 
enhancing radiosensitivity [26–28]. In our study, we found 
that RASSF1A may promote the sensitivity of NPC to radio-
therapy by elevating the FoxO3a expression and inhibiting 
the Nrf2/TXNRD1 pathway. Therefore, we propose that 
FOXO3a and Nrf2 may act as downstream genes of RASSF1A.

Exposure to oxidative stress causes Keap1 to undergo 
conformational changes which in turn induce Nrf2 disso-
ciation. The latter protein enters the nucleus and subse-
quently assembles and joins muscle tenosynovial fibrosar-
coma (Maf) to form a heterodimer that binds to the antioxi-
dant response element (ARE) and triggers the transcription 
of several antioxidants. In response to oxidative stress, Nrf2 
regulates approximately 200 cytoprotective genes, such as 
glutathione peroxidase (GPX), glutathione reductase (GSR), 
HO-1, superoxide dismutase (SOD), thioredoxin reduc-
tase (TXNRD), ferritin (FTH), NQO1 and TXNRD1 [29, 
30]. In our study, we found that the TXNRD1 expression 
in cells highly expressing RASSF1A was decreased signifi-
cantly following radiotherapy. Moreover, Nrf2 expression 
among nuclear proteins was decreased. Therefore, it may 
be concluded that RASSF1A inhibits the expression of 
TXNRD1 via the Nrf2/ Keap1 pathway, thus promoting the 
production of ROS in tumor cells during radiotherapy to 
promote oxidative stress in cells, which kills tumor cells. 
Furthermore, it may be inferred that a combination of 
enhanced RASSF1A expression and radiotherapy would 
result in a promising strategy that may be applied at the 
clinical level for the purpose of improving the sensitivity of 
NPC to radiotherapy.

Elevated expression of RASSF1A may improve the sensi-
tivity of NPC to radiotherapy. This implies that RASSF1A 
agonists may increase the therapeutic effect of radiotherapy 
in NPC. AGP is a traditional anti-inflammatory Chinese 
medicine. AGP extracted from Andrographis paniculata is 

known to exhibit biological activities that exert anti-tumor, 
antibacterial, anti-inflammatory, antiviral, anti-fibrosis, 
immunomodulatory and hypoglycemic effects, in addition 
to promoting weight loss [31]. However, as an irreversible 
antagonist of NF-κB [32], AGP can inhibit NF-κB pathway. 
In recent studies, inhibition of NF-κB signaling has been 
performed to enhance the efficacy of radiotherapy and 
chemotherapeutics for killing malignant cells [33]. Whether 
AGP promotes radiotherapy sensitization of NPC is related 
to the NF-κB pathway still needs further study. In existing 
studies, combining classical chemotherapeutics with inhibi-
tors of NF-κB activation seems to result in promising syner-
gies. Several studies have demonstrated that AGP exerts 
significant anti-tumor effects, such as the inhibition of prolif-
eration and migration-related activities of various tumors. 
The effect of a treatment involving a combination of AGP and 
capecitabine on colorectal cancer was evaluated in a clinical 
trial. We found that the combination of AGP and radio-
therapy sensitized NPC cells to radiotherapy and exerted a 
significant inhibitory effect in vivo. Thus, the combination 
of AGP and radiotherapy may lead to a new strategy that 
augments the clinical treatment of NPC.

It has been demonstrated that AGP increases nuclear Nrf2 
expression and Nrf2 binding to DNA, thus promoting the 
antioxidant capacity of cells by increasing the levels of HO-1, 
glutamate cysteine ligase, and glutathione-S-transferase 
[34]. This prompted us to speculate that such contradic-
tory results may be attributable to differences in the subject 
matter investigated by the two research studies. Our study 
was centered on NPC cells, in which ROS levels are higher 
than those of normal cells, and antioxidant defense systems 
are unbalanced [35]. Radiotherapy is known as a first-line 
treatment for NPC, while AGP is known to exert varying 
effects on cancer cells and normal cells by destroying cancer 
cells while protecting adjacent normal cells. We expect to 
further investigate the possibility of improving the sensi-
tivity of NPC to radiotherapy while mitigating damage to 
adjacent normal cells.

In conclusion, our results indicate that RASSF1A may 
promote FoxO3a expression and inhibit Nrf2/TXNRD1 
pathway-based signaling as well as TXNRD1 expres-
sion in cells, thereby enhancing the sensitivity of NPC to 
radiotherapy. We suggest that adjuvant-based targeting 
of RASSF1A in combination with radiotherapy may be a 
more effective clinical treatment strategy for NPC. AGP 
is a RASSF1A agonist that sensitizes NPC cells to radio-
therapy. Thus, further clinical studies that validate AGP as 
an adjuvant for radiotherapy in NPC may be warranted.

Supplementary information is available in the online version 
of the paper.
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Figure S1. The analysis of IC50 values of 3 NPC cell lines: CNE1, HONE1, and C666-1. 
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Supplementary Table S1. shRNA sequences of RASSF1A and the sequences of 
overexpression-RASSF1A. 

 

shRASSF1A ko-1 pLKO.1 puro Sigma Aldrich TRCN0000077856 
 

5'-CACC GCTTGAACAAGGACGGTTCTT CTCGAG 
CGAACTTGTTCCTGCCAAGAA-3' 
shRASSF1A ko-2 pLKO.1 puro Sigma Aldrich TRCN0000077856 
5'-AAAC GCTTGAACAAGGACGGTTCTT CTCGAG 
CGAACTTGTTCCTGCCAAGAA-3' 
oeRASSF1A   NM_007182.5 
5'-GAAGCTT GAATTCGCGCTAGCCATGTCGGGGGAGCC TGAG-3' 
5'-TGGGCTGGCT TACCTGCGGCCGCTTCACCCAAGGGGCA GG-3' 


