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Abstract. Accumulating evidence indicates that cancer stem 
cells (CSCs) are a source of resistance to radiation therapy (RT); 
however, the mechanism of this resistance remains unclear. 
2-Methoxyestradiol (2-ME2) is a metabolic product of estrogen 
in the body. Recent studies have found that 2-ME2 regulates 
the activation of transcription factors, including nuclear factor 
(NF)-κB/hypoxia-inducible factor-1 (HIF-1), thus contributing 
to tumor cell apoptosis and chemosensitivity. Therefore, 2-ME2 
is being studied as a potential anticancer drug. The purpose of 
this study was to determine the effect and mechanism by which 
2-ME2 inhibits nasopharyngeal carcinoma CNE-2 stem-like 
cell (NPCSC) proliferation and migration and reduces NPCSC 
radioresistance. This study has important significance for 
reducing the radioresistance of these cells to improve the cure 
rate of NPC. First, the NPCSCs were collected in a serum-free 
culture system and then identified by relevant experiments. The 
NPCSCs were treated with 2-ME2 (0-8 µM) combined with 
X-ray exposure and Cell Counting Kit-8 (CCK-8), Transwell 
assay, colony formation assay, western blot analysis, RT-PCR, 
flow cytometry and RNA interference technology were used to 
explore the effect and mechanism of 2-ME2 on NPCSCs. The 
results showed that the microspheres collected in the serum-free 

culture system possessed CSC traits and radioresistance. 
2-ME2 obviously inhibited NPCSC growth and migration and 
reduced NPCSC radioresistance. 2-ME2 decreased NF-κB 
p65 and HIF-1α protein expression, downregulated NF-κB 
p65 nuclear localization, and reversed epithelial-mesenchymal 
transition (EMT). NF-κB p65 knockdown reduced HIF-1α 
expression, reversed EMT, and enhanced the suppressive 
effect of 2-ME2 on NPCSCs. Collectively, these data indicate 
that 2-ME2 inhibits NPCSC proliferation and migration and 
reduces the radioresistance of NPCSCs via NF-κB/HIF-1 
signaling pathway inactivation and EMT reversal.

Introduction

Nasopharyngeal carcinoma (NPC) is a type of malignant 
tumor that originates in the nasopharyngeal epithelium. The 
primary treatment method for NPC is radiation therapy (1,2). 
NPC is sensitive to radiation; however, according to the 
cancer stem cell (CSC) theory, NPC stem cells (NPCSCs) are 
resistant to radiation (3-5). Many factors, including nuclear 
factor (NF)-κB (6) and hypoxia-inducible factor-1 (HIF-1) (7), 
which are overexpressed in cells under hypoxic conditions, 
contribute to the radioresistance of CSCs (8,9).

NF-κB, a nuclear transcription factor, is overexpressed in 
various cancers containing NPCs, and p65 is a key subunit 
required for functional NF-κB activity (10,11). Previous studies 
have found that NF-κB regulates epithelial-mesenchymal 
transition (EMT), thus contributing to cancer occurrence and 
progression (12). Decreased protein expression of the epithelium 
marker E-cadherin (E-cad) and increased protein expression 
of N-cadherin (N-cad) and vimentin are direct evidence of 
the occurrence of EMT (13). 2-Methoxyestradiol (2-ME2), 
an endogenous estradiol metabolite, is being investigated in 
clinical trials as an anticancer agent (14). 2-ME2 regulates 
NF-κB activation to influence apoptosis and chemoresistance 
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in various tumor cell lines, including leukemia K562 cells (15), 
medulloblastoma cells (16), prostate cancer cells (17) and 
pancreatic cancer cells (18). Thus, we speculated that 2-ME2 
may play a vital role in the proliferation, migration and radiore-
sistance of NPCSCs via the regulation of NF-κB p65 activity.

Solid tumors generally have a hypoxic microenviron-
ment (19). HIF-1α, a unique subunit of HIF-1, which functions 
in the cellular response to oxygen levels and which is over-
expressed in solid tumors, is closely associated with CSC 
resistance to treatment (20-22). A previous study found that 
2-ME2 decreased the HIF-1α-binding activity, affected the 
expression of downstream genes, inhibited tumor growth and 
angiogenesis and augments paclitaxel efficacy in head and 
neck squamous cell carcinoma (23). However, whether 2-ME2 
affects NPCSC proliferation, migration and treatment resis-
tance through the regulation of HIF-1α remains unclear.

The objective of this study was to determine the anti-
tumor effects of 2-ME2 on NPCSCs and to demonstrate the 
underlying mechanism involved in the antitumor effects of 
2-ME2 through the suppression of the NF-κB/HIF-1 signaling 
pathway. 2-ME2 could potentially become a novel radio-
therapy sensitization agent for clinical use.

Materials and methods

Reagents. The human NPC cell line CNE-2 was obtained 
from the Tumor Laboratory of Chongqing Medical university 
(Chongqing, China). Penicillin-streptomycin (1%), fetal bovine 
serum (FBS), RPMI-1640 culture medium and Dulbecco's 
modified Eagle's medium/F12 (DMEM/F12; 1:1 volume) 
were purchased from Gibco (Grand Island, NY, uSA). B27 
supplement (2%) was purchased from Invitrogen (Carlsbad, 
CA, uSA). Accutase was purchased from Innovative Cell 
Technologies, Inc. (San Diego, CA, uSA). Human recombinant 
basic fibroblast growth factor (bFGF) and epidermal growth 
factor (EGF) were purchased from Peprotech, Inc. (Rocky Hill, 
NJ, uSA). 2-ME2 was purchased from Selleck Chemicals 
(Shanghai, China). Real-time polymerase chain reaction 
(RT-PCR) kits were purchased from Takara Biotechnology 
Co., Ltd. (Dalian, China). Transwell chambers with an 8-µm 
aperture were purchased from Beijing Mingyangkehua 
Biotechnology Co., Ltd. (Beijing, China). Anti-CD133-PE 
antibody for flow cytometry (FCM) was purchased from 
Miltenyi Biotec (Beijing, China). The lentiviral vector 
encoding NF-κB p65-shRNA (pMAGic 7.1) was obtained 
from Shanghai Sunbio Co. (Shanghai, China). Mouse anti-
human primary antibodies directed against NF-κB p65, 
lamin B1, vimentin, E-cad, and N-cad were purchased from 
Cell Signaling Technology, Inc. (Beverly, MA, uSA). The 
mouse anti-human primary antibodies directed against 
HIF-1α and GAPDH and secondary goat anti-mouse IgG 
antibody were purchased from Wuhan Boster Biological 
Engineering Co., Ltd. (Wuhan, China). A modified BCA 
protein assay kit, an allergic ECL chemiluminescence reagent 
kit and an SDS-PAGE gel preparation kit were purchased from 
Beyotime Biotech (Jiangsu, China). Cell proliferation-toxicity 
testing kits [Cell Counting Kit-8 (CCK-8)] were purchased 
from Dojindo Laboratories Co., Ltd. (Kumamoto, Japan). 
An inverted fluorescence microscope was obtained from 
Nikon Corporation (Tokyo, Japan), an upright fluorescence 

microscope was obtained from Olympus Corp. (Tokyo, Japan), 
a flow cytometer was obtained from Bio-Rad Laboratories, Inc. 
(Hercules, CA, uSA), and a linear accelerator for radiotherapy 
was obtained from Varian Medical Systems, Inc. (Palo Alto, 
CA, uSA).

Cell culture. To culture the parental CNE-2 cell lines, CNE-2 
cells were cultured in RPMI-1640 supplemented with 1% 
penicillin-streptomycin and 10% FBS, placed in an incubator 
with 5% CO2 at 37˚C, and passaged every other day.

To enrich stem-like cells, a non-adhesive culture system 
of serum-free medium (SFM) consisting of DMEM/F12 
supplemented with 20 ng/ml bFGF, 20 ng/ml EGF, 2% B27 
supplement and 1% penicillin-streptomycin was used to 
collect NPCSCs. The parental CNE-2 cells were re-suspended 
in T25, placed vertically in an incubator, shaken several times 
a day, and passaged every 4-6 days until the cells formed 
microspheres.

To culture the NPCSCs, the microsphere suspension was 
cultured in SFM and passaged every 4-6 days. When the cells 
were passaged, the tumor spheroids were dissociated with 
Accutase into single cells, transferred to new T25 containing 
new SFM, and placed in an incubator with 5% CO2 at 37˚C.

NPCSC re-differentiation assay. NPCSCs were collected, 
dissociated into single cells with Accutase, seeded in a 6-well 
plate with RPMI-1640 containing 10% FBS, and placed in an 
incubator with 5% CO2 at 37˚C. After 3-5 days, the changes in 
cellular morphology were observed using an inverted micro-
scope.

Transwell migration assay. The parental CNE-2 cells and 
the NPCSCs were dissociated into single cells that were then 
re-suspended (2x105 cells/ml) in SFM. The upper chamber was 
loaded with a 100-µl cell suspension, and the lower chamber 
was loaded with a 500 µl 10% serum-containing medium. 
The cells were fixed after 24 h with methanol and stained 
with crystal violet. Five random fields were analyzed, and the 
number of cells invading through the membrane was counted 
under a microscope (Olympus Corp.). Three independent 
experiments were performed.

Soft agar colony assay. The parental cells and the NPCSCs 
were dissociated into single cells and then re-suspended 
(103 cells/ml) with SFM in 0.3% agar overlaid in 6-well plates 
(2 ml/well) containing a 0.6% agar base. After the cells were 
incubated for 3 weeks, the spheroids >0.2 mm in diameter were 
evaluated using fluorescence microscopy. Three independent 
experiments were performed.

RT-PCR. To quantify gene expression, RT-PCR was performed 
with SYBR-Green. In brief, an RNAiso reagent was used to 
extract total RNA, and a reverse transcriptase kit was used to 
synthesize the cDNA according to the manufacturer's instruc-
tions. Then, PCR was performed. The expression levels of 
target genes relative to GAPDH were determined using a 
SYBR-Green-based comparative CT method (relative 
fold-change, 2-ΔΔCt). The primers were designed by Sangon 
Biotech Co., Ltd. (Shanghai, China), and are as follows: NF-κB 
p65 forward, 5'-GGAGCACAGATACCACCAAGA-3' and 
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reverse, 5'-CGGCAGTCCTTTCCTACAAG-3'; HIF-1α 
forward, 5'-CTGCCAACCCCGAAATGACAT-3' and reverse, 
5'-CGCCGCTTAATAGCCCTCTG-3'; Bmi-1 forward, 
5'-CCTGATGTGTGTGCTTTGTG-3' and reverse, 5'-GGTC 
TGGTCTTGTGAACTTGG-3'; Twist1 forward, 5'-GAGCAA 
GATTCAGACCCTCAA-3' and reverse, 5'-CATCCTCCAGA 
CCGAGAAG-3'; Oct4 forward, 5'-AGCCCTCATTTCACCAG 
GCC-3' and reverse, 5'-TGGGACTCCTCCGGGTTTTG-3'; 
GAPDH forward, 5'-ACGGGAAGCTCACTGGCATGG-3' 
and reverse, 5'-GGTCCACCACCCTGTTGCTGTA-3'.

The NPCSCs are treated with 2-ME2 and grouped. The 
NPCSCs were dispersed into single cells, suspended in 
pre-made 4, 8 and 0 µM (control) 2-ME2 solution and then 
placed in an incubator with 5% CO2 at 37˚C for 24 h.

Colony formation assay. Cells that had been treated with 
2-ME2 for 24 h or that were in the early log phase were 
dispersed, plated in 6-well plates at 200, 400, 800 and 
2,000 cells/well and then treated with 0, 2, 4 and 8 Gy irra-
diation. The cells were incubated for 12 days to allow colony 
formation. Subsequently, the cells were fixed and stained with 
0.5% crystal violet, and the number of colonies containing 
>50 cells was counted. Survival curves were fitted using the 
multi-target click model in GraphPad Prism 5.0 software. Each 
point on the survival curve represents the mean surviving frac-
tion (SF) from at least three independent experiments.

Flow cytometric assay. The expression of CD133+, a surface 
marker of CSCs, was analyzed using FCM. The cells were 
dissociated into single cells, washed and re-suspended in PBS. 
Then, the cells were counted, adjusted to 1x106 cells/group, and 
incubated with the appropriate concentration of anti-CD133-PE 
(Miltenyi Biotec). The proportion of CD133+ cells in each 
sample was detected by FCM.

Western blot analysis. Cytoplasmic, nuclear or total protein 
extraction and sample preparation for western blot analysis were 
performed as previously described (24). The membranes were 
then incubated with one or more of the following primary anti-
bodies: anti-NF-κB p65, anti-lamin B1, anti-E-cad, anti-N-cad, 
and anti-vimentin (all 1:1,000), as well as anti-GAPDH and 
anti-HIF-1α (each 1:200). The proteins of interest were then 
detected with goat anti-mouse secondary antibody (1:3,000). 
The band intensities were detected using a western blot 
analysis system. The proteins were normalized to GAPDH or 
lamin B1 and quantified using the ChemiDoc™XRS. Three 
independent experiments were performed.

Cell viability test. Cells that had been treated with 2-ME2 
(0-8 µM) for 24 h were dispersed into single cells, counted, 
and then seeded into 96-well plates at 2x104 cells/well. Each 
group was set in 8 repeated wells and each well was loaded 
with 20 µl of CCK-8. After the plates were placed in an incu-
bator for 3 h, cell viability was detected using ELISA.

Immunofluorescence staining. The cells that had been 
treated with 2-ME2 (0-8 µM) for 24 h were plated 
onto poly-L-lysine-coated glass coverslips, fixed in 4% 
paraformaldehyde for 20 min at room temperature, 

permeabilized with 0.1% Triton X-100 and blocked with 
10% BSA. The slides were incubated overnight at 4˚C with 
mouse anti-NF-κB p65 followed by incubation with secondary 
fluorescein-conjugated antibodies [goat anti-mouse-IgG, 
tetraethyl rhodamine isothiocyanate (TRITC)] at room 
temperature for 1 h. The slides were counterstained with 
4'-6-diamidino-2-phenylindole (DAPI) and analyzed under 
a fluorescence microscope. Three independent experiments 
were performed.

p65-shRNA-infected cells. Gene knockdown targeting NF-κB 
p65 was performed as previously described (24). Two oligo-
nucleotides were used to target NF-κB p65. The cells were 
grown to the log phase in T25, dispersed into single cells and 
transfected with the virus shRNA or virus non-carrier in SFM. 
The levels of NF-κB p65 gene silencing and protein expres-
sion were evaluated by RT-PCR and western blot analysis, 
respectively.

Statistical analysis. The values are expressed as the 
means ± standard deviation (SD). Differences between groups 
were analyzed by Student's t-tests. Differences among three 
groups were analyzed using one-way ANOVA, and differences 
between any two groups were analyzed using least significant 
difference (LSD) tests. All statistical analyses were performed 
using SPSS version 16.0 for Windows. Values of *p<0.05 were 
considered significant, and values of **p<0.01 were considered 
very significant.

Results

NPCSCs which were derived from CNE-2 cells acquired 
stem-like characteristics and radioresistance. The parental 
CNE-2 cells were cultured and routinely passaged in 
RPMI-1640 medium containing 10% FBS (Fig. 1A left, upper 
panel). Cells formed microspheres in the SFM approximately 
8-10 days after being suspended (Fig. 1A right, upper panel). 
The microspheres maintained a strong ability to grow after 
repeated passages (Fig. 1A left, panel below) and differentiated 
into spindle adherent cells when re-cultured in medium 
containing 10% FBS (Fig. 1A right, panel below). These data 
demonstrated that the spherical cells have strong self-renewal 
and differentiation abilities. These abilities were subsequently 
identified as stem cell characteristics of NPCSCs. To identify 
the stem cell characteristics of the spherical cells, soft agar 
cloning and Transwell assays were used to detect the self-
renewal and migration abilities, respectively, of these cells 
in vitro. The number of CNE-2 colonies was significantly 
reduced compared with the number of spherical cells (Fig. 1B; 
p<0.01). The number of CNE-2 cells that migrated to the other 
side of the membrane was significantly decreased compared 
with the number of spherical cells that migrated (Fig. 1C; 
p<0.01). The cell surface antigen CD133+ was used as a 
CSC-specific marker, and the proportion of CD133+ cells was 
detected by FCM. The results revealed that the proportion 
of CD133+ cells was 85.2±5.88% for spherical cells and 
1.47±0.45% for CNE-2 cells (p<0.01) (Fig. 1D). Several genes, 
including Bmi-1, Twist1, and Oct4, which are associated with 
CSC properties, were quantitatively analyzed by RT-PCR. We 
found that the expression levels of these genes were significantly 
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increased in spherical cells compared with those in the CNE-2 
cells (Fig. 1E). Colony formation assay was used to investigate 
the radiosensitivity of the spherical cells. The survival curve 
of the SF was generated using GraphPad software with a 
multi-target single-hit model. This result demonstrated that 
the spherical cells were more resistant to radiation therapy 

compared with the CNE-2 cells (Fig. 1F). We concluded that 
the spherical cells presented strong stemness, and we used 
these cells in subsequent experiments as NPCSCs.

2-ME2 inhibits NPCSC proliferation and migration and 
reduces NPCSC radioresistance. The compact and spherical 

Figure 1. The NPCSCs are enriched from CNE-2 cells in a serum-free culture system, and stemness is analyzed using cancer stem cell (CSC)-related assays. 
(A) The NPCSCs were enriched from CNE-2 cells in a serum-free culture system, passaged and re-differentiated in a serum-containing media. (B) Comparison 
of colony formation between NPCSCs and parental CNE-2 cells using a soft agar colony assay. (C) Comparison of the migratory abilities of NPCSCs and 
parental CNE-2 cells by Transwell assay. (D) The proportion of CD133+ cells was detected by flow cytometry (FCM). (E) The relative RNA expression levels of 
the stemness-related genes Bmi-1, Twist1, and Oct4 were detected by RT-PCR. (F) Colony formation assay was used to detect the radiosensitivity of NPCSCs 
and CNE-2 cells. The survival curve of the surviving fraction was generated using GraphPad software with a multi-target single-hit model. All representative 
micrographs were taken at x200 magnification. The data are expressed as the means ± SD of three independent experiments. **p<0.01 compared with the 
parental CNE-2 cells. NPCSCs, nasopharyngeal carcinoma stem-like cells.
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growth of NPCSCs that had been treated with 2-ME2 for 
24 h dispersed gradually with increasing concentrations of 
2-ME2 as observed under an inverted microscope (Fig. 2A). 
A CCK-8 assay was used to detect cell proliferation. Cell 
proliferation clearly decreased with increasing concentrations 
of 2-ME2 (Fig. 2B). A Transwell assay was used to detect the 
migratory abilities of these cells. The numbers of cells crossing 
the membrane were 190±12, 96±7, and 37±5 (Fig. 2C) for the 
groups treated with 2-ME2 (0, 4 and 8 µM, respectively), 
which indicated that 2-ME2 inhibited NPCSC migration. 
To determine the radiosensitivity effect of 2-ME2 on the 
NPCSCs, a colony formation assay was performed (Fig. 2D). 
As depicted in Fig. 2E, the shoulder area of the survival 
curves significantly narrowed, and the SFs at each dose (2, 
4 and 8 Gy) decreased in a 2-ME2 concentration-dependent 

manner. The SER of the 4 and 8 µM groups was 1.20 (p<0.05) 
and 1.39 (p<0.05), respectively, indicating that 2-ME2 reduced 
NPCSC radioresistance.

2-ME2 decreases the proportion of CD133+ cells, inhibits 
the NF-κB p65/HIF-1α signaling pathway, and reverses 
EMT in NPCSCs. To determine the molecular mechanism of 
2-ME2 inhibition of NPCSC growth and migration and the 
reduction of NPCSC radioresistance, FCM, cellular immu-
nofluorescence and western blot analyses were performed. 
The FCM results indicated that the proportion of CD133+ 
cells decreased significantly in the groups treated with higher 
concentrations of 2-ME2 (Fig. 3A), thus demonstrating 
that 2-ME2 may decrease NPCSC stemness. According to 
cellular immunofluorescence, the location of NF-κB p65 in 

Figure 2. 2-Methoxyestradiol (2-ME2) inhibits NPCSC proliferation and migration and reduces NPCSC radioresistance. (A) NPCSCs were seeded in suspen-
sion and treated with various concentrations of 2-ME2 (0-8 µM) for 24 h. Images of the NPCSCs were captured using inverted microscopy. (B) After the 
NPCSCs were seeded in suspension and treated with 2-ME2 (0-8 µM) for 24 h, the cells were collected and dissociated with Accutase. A Cell Counting 
Kit-8 (CCK-8) assay was used to measure cell viability. (C) After the NPCSCs were seeded in suspension and treated with 2-ME2 (0-8 µM) for 24 h, a 
Transwell assay was used to measure the migratory ability of the NPCSCs (magnification, x200). The quantification of the migrated cells is shown on the right. 
(D) To investigate the effect of 2-ME2 on the radiosensitivity of NPCSCs, a colony formation assay was used. Cells were treated with 2-ME2 for 24 h followed 
by 2-8 Gy irradiation and allowed to grow for 12 days. (D) Representative images of colony formation are shown. (E) Survival fractions were obtained from 
the results of the colony forming assays. Survival curves were fitted using the multi-target click model. 2-ME2 enhanced the radiosensitivity of NPCSCs, with 
SERs of 1.20 for the 4 µM 2-ME2 group and 1.39 for the 8 µM 2-ME2 group. All data are presented as the means ± SD from three independent experiments. 
**p<0.01 compared with controls treated with 0 µM 2-ME2 (DMSO replaced). NPCSCs, nasopharyngeal carcinoma stem-like cells.
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the nucleus is representative of significantly decreased activa-
tion (Fig. 3B). Furthermore, western blot analysis revealed 

that the protein expression of NF-κB p65 in the nucleus 
and cytoplasm and the protein expression of total HIF-1α 

Figure 3. Effect of 2-ME2 on NPCSCs at the molecular level. (A) Flow cytometry (FCM) results showed that the proportion of CD133+ cells in NPCSCs 
treated with 4 or 8 µM 2-methoxyestradiol (2-ME2) was reduced significantly, thus indicating that 2-ME2 attenuated the stemness traits of these NPCSCs. 
(B) Immunofluorescence assays showed that the p65 subunit of nuclear factor-κB (NF-κB) was localized in the cytoplasm and nucleus in the NPCSCs. However, 
the nuclear accumulation of NF-κB p65 was blocked significantly in a dose-dependent manner when NPCSCs were treated with 2-ME2 (0-8 µM) for 24 h. 
(C) Western blot analysis showed that nuclear and cytoplasmic p65 levels were decreased in a dose-dependent manner by 2-ME2 treatment for 24 h (left panel). 
The changes in protein expression were analyzed by densitometric quantification (right panel). Lamin B1 was used as a nuclear loading control. (D) Western 
blot analyses revealed that the protein expression of NF-κB p65, hypoxia-inducible factor-1α (HIF-1α) and mesenchymal markers in NPCSCs treated with 
2-ME2 for 24 h was effectively reduced in a dose-dependent manner, whereas the protein expression of the epithelial marker E-cadherin was increased (left 
panel). The changes in protein expression were analyzed by densitometric quantification (right panel). The results revealed that 2-ME2 inhibited the protein 
expression of NF-κB p65 and HIF-1α and reversed epithelial-mesenchymal transition (EMT). Objective magnification, x400. The data are expressed as the 
means ± SD of three independent experiments. *p<0.05; **p<0.01 compared with the respective controls. NPCSCs, nasopharyngeal carcinoma stem-like cells.
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were reduced (Fig. 3C and D), which indicated that the 
NF-κB/HIF-1 signaling pathway was inhibited. Additionally, 
the expression of the EMT marker E-cad increased, whereas 
the expression of N-cad and vimentin decreased (Fig. 3D), 
which indicated reversal of EMT. Based on these results, we 
concluded that 2-ME2 decreased the cell stemness, inhibited 
the NF-κB/HIF-1 signaling pathway, and reversed EMT in 
NPCSCs.

NF-κB p65 knockdown enhances the effect of 2-ME2 on 
NPCSCs. Lentiviral infection was performed in NPCSCs using 
a virus-shRNA-NF-κB p65 solution and stably transfected 
cell lines. NPCSCs transfected with the lentivirus-mediated 
RNA targeting NF-κB p65 (CSC-shR) and with the empty 
retroviral vector (CSC-NC) were also established (Fig. 4A). 
To investigate the role of NF-κB p65 in the effect of 2-ME2 
on NPCSCs, CCK-8, Transwell, and colony formation assays 

Figure 4. Nuclear factor-κB (NF-κB) p65 knockdown enhances the effect of 2-methoxyestradiol (2-ME2) on NPCSCs. (A) The negative control cancer stem 
cell (CSC)-NC (upper panel) and transfected control CSC-shR (lower panel) were observed under white light (left panel) and fluorescence (right panel) 
microscopy after 72 h (magnification, x200). (B) A CCK-8 assay demonstrated that NF-κB p65 knockdown enhanced the 2-ME2-induced inhibition of NPCSC 
proliferation. (C) Representative micrographs (left panel; magnification, x400) showing the migration of CSC-NC and CSC-shR after these cells were treated 
with 2-ME2 (0-8 µM); the quantification of the migrated cells is shown on the right. (D) A colony formation assay was used to measure the effect of NF-κB 
p65 on the radiosensitivity of NPCSCs treated with 2-ME2 (0-8 µM) after exposure to 2 Gy radiation. The data demonstrated that 2-ME2 inhibited NPCSC 
colony formation after radiation exposure in a dose-dependent manner; NF-κB p65 knockdown further enhanced the anti-radioresistance effects of 2-ME2 
on NPCSCs. The data are expressed as the means ± SD of three independent experiments. *p<0.05; **p<0.01 compared with the respective negative controls. 
NPCSCs, nasopharyngeal carcinoma stem-like cells.
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were performed. The viability of the CSC-NC cells was 
significantly decreased in a 2-ME2 concentration-dependent 
manner. Additionally, NF-κB p65 knockdown enhanced the 
effect of 2-ME2 on NPCSCs (Fig. 4B). A Transwell assay 
was used to evaluate the migration of NF-κB p65-silenced 
NPCSCs in vitro. The number of CSC-shR cells that migrated 
to the other side of the membrane decreased more significantly 
with increasing concentrations of 2-ME2 compared to the 
CSC-NC (Fig. 4C). These results indicated that silencing of 
NF-κB p65 enhanced the effect of 2-ME2 on the proliferation 
and migration of NPCSCs. In addition, a colony formation 
assay was used to examine whether silencing of NF-κB p65 
affected the anti-radioresistance effect of 2-ME2 on NPCSCs. 
The data showed that 2-ME2 reduced the radioresistance 
of NPCSCs and that NF-κB p65 further enhanced the anti-
radioresistance effects of 2-ME2 (Fig. 4D).

NF-κB p65 knockdown suppresses HIF-1α mRNA and 
protein expression and reverses EMT in NPCSCs. RT-PCR 
and western blot analyses were used to explore the molecular 
mechanism involved in the effect of NF-κB p65 on NPCSCs. 
After NF-κB p65 knockdown, the mRNA and protein levels 
of p65 and HIF-1α were significantly decreased (Fig. 5A). 
The protein levels of the EMT markers N-cad and vimentin 

were decreased, whereas the protein level of E-cad was 
increased (Fig. 5B). These results suggested that NF-κB p65 
knockdown inhibited HIF-1α and reversed EMT in NPCSCs.

Discussion

Previous studies have confirmed that CSCs can be collected 
quickly and efficiently in a serum-free culture system (25,26). 
Therefore, a serum-free culture system was used in this study. 
According to these stemness identification results, compared 
with the parental cells, the stem-like spherical cells presented 
suspended growth, limitless self-renewal and re-differentia-
tion abilities, overexpression of stem-relevant genes, a higher 
proportion of CD133+ cells, stronger migration ability, and 
radioresistance. These results indicated that these stem-like 
spherical cells possess strong stemness, therefore, these cells 
were used in the subsequently described experiments as 
NPCSCs.

In the human body, 2-ME2 is an estrogen metabolite. The 
anticancer effect of 2-ME2 is currently being researched in 
studies (14). Recent studies have found that 2-ME2 regulates 
the cell cycle, apoptosis, transcription factor (including 
NF-κB, HIF-1) activation, and mitosis and that 2-ME2 plays 
an important role in the therapy resistance of malignant 

Figure 5. Nuclear factor-κB (NF-κB) p65 knockdown inhibits hypoxia-inducible factor-1α (HIF-1α) and reverses epithelial-mesenchymal transition (EMT) in 
NPCSCs. (A) RT-PCR was used to quantify NF-κB p65 and HIF-1α mRNA expression, and the results showed that NF-κB p65 and HIF-1α mRNA expression 
decreased significantly after silencing of NF-κB p65. (B) Western blot analysis showed that the protein expression of NF-κB p65 and HIF-1α and mesenchymal 
markers in the CSC-shR cells were effectively decreased compared with levels in the CSC-NC cells, whereas the protein expression of the epithelial marker 
E-cadherin was increased (left panel). The differences in protein expression were analyzed by densitometric quantification (right panel). The data are expressed 
as the means ± SD of three independent experiments. **p<0.01 compared with the CSC-NC cells. NPCSCs, nasopharyngeal carcinoma stem-like cells.
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prostatic cancer, glioma, and head and neck squamous cell 
carcinoma (15-18,23,27,28). However, the effect of 2-ME2 on 
NPCSCs remains unclear. Our study indicates that 2-ME2 
inhibits NPCSC growth and migration and reduces NPCSC 
radioresistance.

NF-κB is overexpressed in almost all cancer cells and 
mediates multiple signaling pathways to contribute to cell 
proliferation and to treatment resistance (29-31). However, 
the role of NF-κB regulated by 2-ME2 in cancer progres-
sion is complex. 2-ME2 displays different effects on NF-κB 
activation in different types of cells. For example, 2-ME2 
increased NF-κB activity in LNCaP cells, in contrast, 2-ME2 
slightly decreased NF-κB activity in PC3 cells. 2-ME2 can 
increase NF-κB activity in tumor cell lines, however, whether 
this increase stimulates or antagonizes apoptosis appears 
to be dependent on the specific type of tumor cell (17). 
2-ME2 modulation of the downregulation of glucocorticoid 
receptor (GR) levels is accompanied by NF-κB activation in 
2-ME2-responsive, but not in 2-ME2-resistant, pancreatic 
cancer cells (32). 2-ME inhibits the proliferation and induces 
the apoptosis of leukemia K562 cells via inhibition of NF-κB 
activity (15). To determine the mechanism of the anticancer 
effect of 2-ME2 on NPCSCs, we evaluated the effect of 
2-ME2 on NF-κB p65. The western blot analysis and cellular 
immunofluorescence results revealed that 2-ME2 (0-8 µM) 
reduced the nuclear and cytoplasmic protein expression and 
nuclear localization of NF-κB p65 at 24 h, which indicated 
that 2-ME2 inhibited NF-κB p65 activation in NPCSCs. We 
also found that HIF-1α protein expression was decreased 
in a 2-ME2 concentration-dependent manner. In addition, 
evidence suggests that 2-ME2 can depolymerize microtubules 
and inhibit the nuclear accumulation and transcription activity 
of HIF-1α (33,34). 2-ME2 has been shown to decrease the 
activity of HIF-1α and affect the expression of downstream 
genes in head and neck squamous cell carcinoma (23). The 
radiosensitization effects of 2-ME2 may be partially depen-
dent on HIF-1α inhibition in various tumors (35). Therefore, 
we speculated that 2-ME2 inhibits the NF-κB/HIF-1 signaling 
pathway.

For further study, we knocked down NF-κB p65 using gene 
interference technology. We found that NF-κB p65 knock-
down enhanced the antitumor effect of 2-ME2 on NPCSCs 
and that the protein and mRNA levels of HIF-1α decreased 
along with NF-κB p65, which implied that positive regulation 
of NF-κB p65 to HIF-1α existed in NPCSCs, corresponding 
with previous evidence that NF-κB can regulate HIF-1α at 
the mRNA level (36,37). Our previous study determined 
that NF-κB p65 knockdown reduced the chemoresistance of 
NPCSCs via EMT reversal (24). Our subsequent experiments 
determined that NF-κB p65 knockdown inhibited EMT and 
reduced the radioresistance of NPCSCs. Based on the above 
evidence, we conclude that NF-κB p65 knockdown may 
enhance the effect of 2-ME2 on NPCSCs via HIF-1α down-
regulation and EMT reversal.

Overall, our findings indicate that 2-ME2 inhibits NPCSC 
proliferation, migration and radioresistance possibly by inhib-
iting the NF-κB/HIF-1 signaling pathway and reversing EMT. 
2-ME2 has a potential use as a novel tumor therapy drug or 
radiotherapy sensitization agent, however, additional research 
and evidence are needed.
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