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Abstract: Evidence suggests that over-expression of TWIST, an epithelial-mesenchymal transition inducer, might 
have a correlation with cancer progression and chemoresistance. However, its roles in radioresistance of cancer 
have rarely been reported. High TWIST expression was detected in nasopharyngeal carcinoma (NPC) and associated 
with poor prognosis. Thus, in the present study, we aimed to determine whether knockdown of TWIST can increase 
radiosensitivity of NPC cells. Chitosan-encapsulated TWIST-siRNA nanoparticles were constructed and used to si-
lence TWIST expression in CNE2 cells. The cell viability and apoptosis as well as possible MAPKs pathways were 
assessed after irradiation treatment. The results showed that the nanoparticles successfully suppressed TWIST 
expression in CNE2 cells, and TWIST depletion significantly sensitized CNE2 cells to irradiation by inducing activa-
tion of ERK pathway but not JNK or p-38 pathways. The data suggested that TWIST depletion might be a promising 
approach sensitizing NPC cells to irradiation. Further investigations are needed to confirm the results.
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Introduction

Nasopharyngeal cancer (NPC) is an epithelial 
malignant tumor originates from nasopharyn-
geal region, with high incidence in Southeast 
Asia and North Africa. Radiotherapy has been 
the effective primary mode of treatment for 
locoregional NPC for a period of time [1]. 
Nevertheless, despite great achievements in 
radiation technology, local recurrence, nodal 
and distant metastasis still occurs in a propor-
tion of patients who undergo radiotherapy 
mostly due to the existence of radioresistance 
[2]. Hence, to find new methods for increasing 
the radiosensitivity of NPC cells to irradiation is 
warranted and gene therapy might be a promis-
ing approach.

Previously, epithelial-mesenchymal transition 
(EMT), a key event of embryogenesis, plays fun-
damental roles in the differentiation of normal 
tissues and organs [3]. EMT may be inhibited 
for maintaining epithelial integrity and homeo-
stasis in adult tissue and aberrant activation of 

EMT in epithelial tumors usually implies the 
malignant tendency of the disorders [4]. Thus, 
EMT has been regarded as a key process of 
cancer progression. Reports confirmed that 
EMT might be a critical event in invasion and 
metastasis for nasopharyngeal carcinoma [5, 
6]. Some molecules such as TWIST, Snail and 
Slug are thought to be inducers of EMT [7]. 

TWIST, a basic helix-loop-helix transcription fac-
tor, has been detected to be over-expressed in 
a variety of carcinomas. Recent reports have 
shown that high expression of TWIST is associ-
ated with tumor aggressive of renal cell cancer 
[8], bladder cancer [9] and cervical cancer [10]. 
Besides, TWIST mediates Benzo(a)pyrene-
enhanced malignant capacity of lung cancer 
cells [11] and act as a key factor promoting 
Kindlin-3-induced breast cancer metastasis 
possibly by inducing angiogenesis [12]. A recent 
meta-analysis revealed that elevated TWIST 
expression in cancers might indicate poor prog-
nosis [13]. Thus, TWIST plays an important role 
in the genesis and progression of carcinomas, 
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and targeting TWIST has been regarded as a 
promising treatment for cancers [14]. 

EMT has been indicated to have a correlation 
with radioresistance of cancer cells [15]. 
Nevertheless, with respect to TWIST, a number 
of studies have focused on its roles in chemo-
resistance of cancer cells to anti-cancer drugs 
[16, 17]. To our knowledge, the roles of TWIST 
in radioresistance of cancer cells have scarcely 
been published in the open literature. Our 
recent study showed that over-expression of 
TWIST was detected in nasopharyngeal carci-
noma [18], leading us to hypothesize that 
TWIST suppression might increase radiosensi-
tivity of NPC cells to irradiation.

To test this hypothesis, in the present study we 
aimed to knock down TWIST expression in NPC 
cells in order to increase their sensitivity to irra-
diation by using RNA interference technique. 
Notably, poor stability of siRNA in culture and in 
vivo, and low cellular uptake markedly compro-
mised the gene silencing effect [19]. To over-
come the disadvantages, a number of virus 
vectors such as retrovirus, lentivirus and ade-
novirus have been explored for siRNA delivery 
[20]. Nevertheless, though the virus carriers 
achieved high transfection efficiency, the safe-
ty issues hampered their clinical application. 
Thus, a safe and efficient carrier for delivery of 
siRNA was required. In the present study, we 
used a promising non-viral vector, nanoparticle, 
for siRNA delivery. TWIST expression has been 
successfully silenced in cultured NPC cells and 
its roles in radiosensitivity of the cells were also 
assessed. Then, possible signaling mecha-
nisms in this process were further investiga- 
ted.  

Materials and methods

Synthesis of Chitosan/pshRNA nanoparticles

TWIST siRNA contained in pSilencer™ 2.1-U6 
neo plasmid vectors (Ambion, Austin, TX, USA) 
were synthesized as described in our previous 
study [21]. In brief, the TWIST siRNA inserting 
sequence had sense and antisense sequences 
as follows: TWIST sense sequence: 5’-GATC- 
CGCTGAGCAAGATTCAGACCTTCAAGAGAGGTC 
TGAATCTTGCTCAGCTTTTTTGGAAA-3’; antisen- 
se sequence: 5’-AGCTTTTCCAAAAAAGCTGAGC= 
AAGATTCAGACCTCTCTTGAAGGTCTGAATCTTG 
CTCAGCG-3’. The unrelated nonspecific scram-

bled oligonucleotide was designed as control: 
sense: 5’-GATCCGTATTGCCTAGCATTACGTTTCA- 
AGAGAACGTAATGCTAGGCAATACTTTTTTGG 
AAA-3’; antisense: 5’-AGCTTTTCCAAAAAA GTA- 
TTGCCTAGCATTACGTTCTCTTGAAACGTAATG 
CTAGGCAATACG-3’. Single strand sense and 
antisense sequences were annealed into oligo-
nucleotide pairs containing terminal BamHI 
and HindIII restriction sites. As a result, TWIST 
siRNA vector and control siRNA vector were 
generated. 

The generated plasmids were diluted with 5 
mmol/L sodium sulfate solution to a concentra-
tion of 0.20 g/L, which were then heated at 
55°C for 45 min. Likewise, a solution of Chi- 
tosan (CS) at a concentration of 0.02% was 
also heated at 55°C for 45 min. Next, these two 
solutions were combined and vortexed at maxi-
mal speed for 1 min at 25°C and then incubat-
ed for 1 h. The constructed nanoparticles were 
named as TWIST-CS/siRNA and control-CS/ 
siRNA, respectively. The morphological charac-
teristics of nanoparticles were observed by 
using transmission electron microscopy (TEM).

Cell culture and plasmid transfection

The human nasopharyngeal cell line, CNE2 cell 
line, was obtained from ATCC and conserved in 
our laboratory. Cells were cultured in Dulbecco's 
Modified Eagle’s Medium (DMEM, HyClone, 
Logan, UT) containing 10% fetal bovine serum 
in a humidified atmosphere containing 5% CO2 
at 37°C. Cells were seeded into 6-well plates at 
a density of 3.0×105 cells/well, respectively. 
DMEM comprising 40 μl nanoparticle solution 
(1.5 ml) was added into the wells. After 6 h 
incubation, the medium was replaced by 
DMEM. Stably expressed clones were selected 
by using medium containing G418 (500 μg/ml) 
for 21 days. The stable transfectants were 
named CNE2-siTWIST and CNE2-siControl 
respectively. 

Colony survival assay

Cells were seeded in 24-well plates (1000 

cells/well) and they were treated with different 
doses of X-ray radiation. The radiation doses 
were 0, 2, 4, 6, and 8 Gy, respectively, during 
which the dose efficiency was 300 cGy/min. 
The cells were rinsed with phosphate-buffered 
saline (PBS) and then they were maintained at 
37°C for the formation of cell colonies. After an 
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incubation period of 14 days, the colonies were 
fixed with methanol and stained with crystal 
violet. The colonies were visually counted with 
a cutoff value of 50 viable cells. 

Cell viability assay

Cells were plated in 96-well plates (1×104 cells/
well). MTT assays were used to assess cell via-
bility. 200 μl sterile MTT dye (5 mg/ml, sigma, 
USA) was added. After 4 h incubation at 37°C in 
5% CO2, MTT medium mixture was removed 
and 200 μl of dimethyl sulfoxide (DMSO) was 
added to each well. Absorbance was measured 
at 490 nm using a multi-well spectrophotome-
ter (Thermo Electron, Andover, USA). 

Apoptosis analysis assay

Cells were plated on polylysine-coated slides 
and washed with twice PBS buffer and resus-

pended at a concentration of 1×105 cells/ml. 
Apoptosis was evaluated by using the Annexin 
V-FITC Apoptosis Detection kit (Beytime, China). 
5 μl Annexin V-FITC was added after the addi-
tion of 195 μl binding buffer, and the cells were 
incubated for 10 min at 25°C. After the addi-
tion of 190 μl binding buffer, 10 μl propidium 
iodide (PI) were added and the cells were 
placed on ice in the dark. Then, the samples 
were analyzed by flow cytometry within 1 h.

Semiquantitative RT-PCR assay

Total RNA was isolated with TRIzol Reagent 
(Invitrogen) and first strand cDNA was synthe-
sized from 1 µg total RNA using Oligo d(T) prim-
er (Invitrogen) and ReveTra Ace (TOYOBO, 
Osaka, Japan). PCR was done on the cDNA 
product using the following primers for TWIST: 
F: 5’-GGAGTCCGCAGTCTTACGAG-3’ and R: 5’-  
TCTGGAGGACCTGGTAGAGG-3’. for GAPDH: F: 
5’-CAGTGCCAGCCTCGTCTCAT-3’ and R: 5’-AGG- 
GGCCATCCACAGTCTTC-3’. Thermal cycler para- 
meters included one cycle at 94°C for 0.5 min, 
and 30 cycles involving denaturation at 94°C 
for 30 s annealing at 58°C for 45 s and exten-
sion at 72°C for 60 s. Extension was performed 
for an additional 10 min after the completion of 
the indicated cycles. The bands were quantified 
by densitometric scanning of band intensities 
and normalized to the levels of GAPDH using 
Image-Pro Plus 5.0 software (Media Cyber- 
netics, Silver Spring, MD, USA).

Western blot analysis 

Cells were harvested, washed with ice-cold 
PBS, and lysed with RIPA buffer (150 mM NaCl, 
50 mM Tris base pH 8.0, 1 mM EDTA, 0.5% 
sodium deoxycholate, 1% NP-40, 0.1% sodium 
dodecyl sulfate, 1 mM DTT, 1 mM PMSF, and 1 
mM Na3VO4) supplemented with protease 
inhibitor. Proteins were running on a 10% SDS–
polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes 
(Millipore, Bedford, USA). Blots were then incu-
bated in fresh blocking solution with an appro-
priate dilution of primary antibody at 4°C for 24 
h. the membranes were visualized by elec- 
trochemiluminescence. 

The sources of antibodies were as follows: 
TWIST, GAPDH rabbit polyclonal (Abcam); p- 
JNK, JNK, ERK, p-ERK, p-38, p-p38, caspase-3 
mouse monoclonal (Santa cruz). 

Figure 1. Transmission electron microscopic image of 
CS/siRNA nanoparticles (A). Effects of nanoparticles 
on TWIST mRNA and protein expressions assessed 
by RT-PCR and western blot assays. Expression of 
TWIST mRNA (B) and protein (C) of CNE2-siTWIST 
cells were significantly lower than those of CNE2-
nontransfection or CNE2-siControl cells, respectively 
(*P<0.01 vs 1 or 3). 1, CNE2-nontransfection; 2, 
CNE2-siTWIST; 3, CNE2-siControl.
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The bands were visualized and quantified using 
Image-Pro Plus 5.0 software (Media Cyberne- 
tics, Silver Spring, MD, USA). The p-JNK, pERK, 
p-p38 band intensities were normalized to JNK, 
ERK, p-38 band intensities respectively and 
the intensities of TWIST and Caspase-3 were 
adjusted by the GAPDH band intensity.

Statistical analysis

Data were expressed as mean value ± SD. 
Differences between groups were analyzed 
with Analysis of Variances (ANOVA) or a t-test. 
The analyses were performed by utilizing SPSS 
for Windows version 18.0 (SPSS Inc., Chicago, 
IL). A P value of less than 0.05 was considered 
statistically significant.

Results

Morphological characteristics of CS/siRNA 
nanoparticles

The nanoparticles of CS/siRNA plasmid were 
nearly 90-120 nm in size and approximately 
round shape with smooth surface, implying that 
the nanoparticles were successfully construct-
ed (Figure 1A).

Nanoparticle-mediated RNAi led to down-regu-
lation of TWIST

To test whether nanoparticles could down-regu-
late TWIST expression in CNE2 cells, cells were 
divided into three groups, namely, CNE2-si- 
TWIST, CNE2-siControl and CNE2-nontransfe- 
ction, respectively. CNE2-siTWIST was trans-
fected with TWIST-CS/siRNA vector, while CN- 
E2-siControl was transfected with control-CS/
siRNA vector. CNE2-nontransfection was not 
transfected with any vectors as a blank control. 
RT-PCR and western blot assays were used to 
detect mRNA and protein expression of TWIST. 

As expected, expression levels of TWIST both 
mRNA and protein in CNE2-siTWIST cells were 
significantly lower than those in CNE2-siControl 
or CNE2-nontransfection cells analyzed by 
RT-PCR and immunoblotting respectively (Fig- 
ure 1B, 1C), suggesting that nanoparticle-medi-
ated RNAi might be an effective method for 
TWIST suppression in CNE2 cells.

TWIST suppression enhanced sensitivity of 
CNE2 cells to radiation 

Colony survival assay is a good method for eval-
uation of radiosensitivity. We thus aimed to 
determine the effects of TWIST-silencing on the 
colony survival of CNE2 cells in presence of 
radiation. As shown in Figure 2A, TWIST-silen- 
ced cells, CNE2-siTWIST, presented low colony 
formation capacity compared with the other 
two control cells, respectively, indicating that 
TWIST-silencing increased CNE2 cell sensitivity 
in response to radiation. 

To further assess the roles of TWIST-silencing 
in radiosensitivity of NPC cells, the viability and 
apoptosis of CNE2 were determined in pres-
ence of irradiation. The results showed that 
knockdown of TWIST resulted in a significant 
decrease in cell viability and an increase in 
apoptosis of CNE2 cells in response to radia-

Figure 2. (A) Colony survival curves of the three types 
of cells in presence of different doses of radiation 
(0-8 Gy), respectively. (*P<0.01 vs 1 or 3). Effects 
of radiation (0-8 Gy) on the three types of cells as-
sessed by MTT (B) and apoptosis assays (C), respec-
tively (*P<0.01 vs 1 or 3). 1, CNE2-nontransfection; 
2, CNE2-siTWIST; 3, CNE2-siControl.
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tion in a dose-dependent manner compared 
with those of CNE2-siControl or CNE2-nontr- 
ansfection cells, respectively (Figure 2B, 2C). 
Notably, without X rays (0 Gy), the results of 
MTT and apoptosis assays showed little differ-
ence among the three groups of cells, demon-
strating that sole silence of TWIST slightly trig-
ger spontaneous apoptosis of CNE2 cells. In 
the following research, we used 2 Gy for further 
experiments.

Knockdown of TWIST increased irradiation-
induced CNE2 cell apoptosis possibly through 
activation of MAPK pathway

To learn possible underlying mechanisms by 
which TWIST suppression induces radiosensi-

tivity of CNE2 cells, we conducted further 
experiments. 

Cells were divided into two groups, both of 
which contained three types of cells respective-
ly, namely, CNE2-nontransfection, CNE2-siTW- 
IST, and CNE2-siControl cells. The two groups 
were exposed to 2 Gy (radiation group) and 0 
Gy (control group) irradiation, respectively. 
Then the cell viability and apoptosis were ana-
lyzed by MTT and apoptosis assays (Figure 3A, 
3B). Moreover, proteins of caspase-3 and MA- 
PK pathways including JNK, p-JNK, ERK, p-ERK, 
p-38, and p-p38 were further assessed by 
western blot.

The results showed that p-ERK expression was 
significantly elevated in CNE2-siTWIST cells in 

Figure 3. The results of the three 
types of cells treated with 2 Gy X-
rays or without irradiation. The cell 
viability and apoptosis assessed 
by MTT (A) and Flow cytometry (B) 
respectively (†P<0.01 vs 1 and 3; 
*P<0.01 vs †). (C) Expressions of 
the Caspase-3 and MAPK pathway-
related proteins assessed by west-
ern blot. 1, CNE2-nontransfection; 
2, CNE2-siTWIST; 3, CNE2-siCon-
trol.
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the radiation group, accordingly accompanied 
by increased cell apoptosis and decreased cell 
proliferation, as well as increased Casepase-3 
expression (Figure 3C). The data revealed that 
the increased radiosensitivity of CNE2-siTWIST 
cells might have an association with activation 
of ERK pathway, rather than JNK or p-38 pa- 
thways.

ERK signaling pathway played partial roles in 
TWIST-silencing-induced apoptosis in response 
to irradiation

To further test the possible roles of MAPK path-
ways, CNE2-siTWIST cells were divided into five 
groups, and marked as I, II, III, IV, and V, respec-
tively. Cells in group I was treated with DMEM 
and was not exposed to irradiation (0 Gy) as a 
control, whereas cells in the remaining four 
groups were treated with DMEM and exposed 
to 2 Gy X-rays, respectively. Nevertheless, cells 
in group III were pre-treated with 10 µM 
SP600125 (a specific JNK inhibitor), in group IV 
with 10 µM PD98059 (a specific ERK inhibitor), 
and in group V with 10 µM SB203580 (a spe-

cific p-38 inhibitor) for 2 h prior to X-ray expo-
sure. Next, the cell viability and apoptosis were 
assessed.

The results showed that there is a decrease in 
cell apoptosis in group IV (ERK inhibitor), com-
pared to group II, IV and V, respectively, con-
firming the involvement of ERK activation in 
sensitizing CNE2-siTWIST cells to irradiation. 
However, we also observed an increase in cell 
apoptosis in group IV, compared with that of 
group I (without radiation). The data showed 
that ERK pathway inhibition could only partly 
reduce CNE2-siTWIST cell apoptosis caused by 
radiation, suggesting this pathway as one of 
the signaling pathways during this period 
(Figure 4). However, in addition to this one, 
other unknown pathways might also play a role 
in this process. 

Discussion

In the present study, we established Chitosan-
encapsulated siRNA-TWIST vectors and suc-
cessfully down-regulated TWIST expression in 
cultured NPC cells, thus increasing sensitivity 
of the cells to irradiation. Activation of ERK 
pathway might play an important role in this 
process. 

In general, the silence effect of siRNA has been 
attenuated by the poor cellular internalization 
due to the negative surface charge of both 
nucleotide sequence and cell membranes [22]. 
In the present study, the siRNA plasmids were 
coated by positive-charge-featured Chitosan 
that is one of the abundant, renewable, non-
toxic and biodegradable carbohydrate poly-
mers because of its natural origin from the 
N-deacetylated derivative of chitin. Chitosan 
has thus been used as a potential drug-delivery 
carrier for cancer research [23]. The positive-
charge features of Chitosan facilitate its inter-
action with negative-charged targets including 
tumor cell membrane, thus markedly increas-
ing cellular uptake of siRNA vectors [24]. 
Moreover, the dual solubility in both lipid and 
aqueous phase of Chitosan expands consider-
ably the range of its application [25]. Therefore, 
we used Chitosan as a non-toxic vector for 
nanoparticle construction. The results con-
firmed the effectiveness of gene silencing. 

EMT phenotype has been thought to have a cor-
relation with radioresistance of cancer cells 
[26]. However, the roles and mechanisms of 

Figure 4. Analysis of the results of CNE2-siTWIST 
cells treated with DMEM (I), radiation (II), radiation 
+ SP600125 (III), radiation + PD98059 (IV) and ra-
diation + SB203580 (V). The cell viability (A) and 
apoptosis (B) were assessed (*P>0.05 vs III and V; 
†P<0.05 vs I and II). 
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TWIST in radioresistance have rarely been 
reported. Emerging evidence suggests possi-
ble involvement of some signaling pathways in 
irradiation-induced cancer cell apoptosis. MA- 
PKs, mainly comprising ERK, p38MAPKs, and 
c-Jun N-terminal kinase (JNK), are suggested to 
associate with resistance of cancer cells in 
response to radiation [27]. Huang et al. [28] 
reported the involvement of ERK pathway in 
glioma radioresistance. In a study about head 
and neck cancer [29], inhibition of p38 and 
ERK might increase sensitivity of cancer cells 
to irradiation. P38 activation was also indicated 
to correlate with radioresistance of breast can-
cer [30]. Conversely, in a recent study, P38 was 
not implicated in cellular viability after radiation 
exposure [31]. Thus, the above evidence sug-
gested that the roles of MAPK pathways in 
radioresistance might differ in various cancer 
cells. In the present study, we only observed 
that activation of ERK might mediate radiation-
induced apoptosis in TWIST-silenced NPC cells, 
while inhibition of ERK significantly attenuated 
this effect, indicating that activation of ERK 
might provide an apoptotic signal when TWIST 
expression was down-regulated and the radia-
tion treatment was applied. Notably, inhibition 
of ERK could not completely reverse the effect, 
implying that ERK might only one of the major 
pathways in this process. In addition to ERK, 
other signaling pathways might also play critical 
roles in this issue. Nevertheless, the precise 
pathways are largely unknown and further stud-
ies are needed. 

To our knowledge, our data provided the first 
insight into the roles and possible mechanisms 
of TWIST-silencing in the sensitivity of CNE2 
cells to irradiation. The results suggest that 
TWIST depletion before irradiation might be a 
potential adjuvant treatment strategy for NPC. 
First, sole deletion of TWIST in CNE2 cells rarely 
resulted in spontaneous apoptosis. Second, 
the occurrence of radioresistance seriously 
leads to poor therapeutic effects of radiothera-
py on NPC. Accordingly, high-dose of irradiation 
would be clinically applied and the side-effects 
of X-rays such as tumorigenicity and bone mar-
row depression might be increased. Moreover, 
the probability of local recurrence and metasta-
sis might be elevated because of the treatment 
failure. However, third, TWIST depletion could 
significantly sensitize CNE2 cells to apoptosis 
caused by irradiation. Therefore, TWIST deple-
tion is likely to be an effective and promising 
adjuvant treatment approach before conven-

tional radiotherapy, which might lead to lower-
dose radiation application and a reduction of 
side-effects.

Several limitations might be included in the 
present study. First, we only used CNE2, a well 
characterized NPC cell line, to determine the 
roles of TWIST-silencing in radioresistance. 
Future studies using other cell lines might 
increase power for the demonstration. Second, 
only a small proportion of signaling pathways 
underlying the enhancement of radiosensitivity 
were assessed. Nevertheless, other pathways 
that might be involved in this process need to 
be deeply determined in further investigations. 
Third, the present study concerned the roles of 
TWIST-silencing in vitro, while further in vivo 
investigations might strengthen the signifi-
cance of this study. However, the data implicate 
TWIST as a potential target for sensitizing NPC 
cells to irradiation.

In conclusion, we successfully suppressed 
TWIST expression in CNE2 cells by using 
Chitosan-coated siRNA nanoparticles, leading 
to an increase in radiation-induced CNE2 cell 
apoptosis. Activation of ERK might play a criti-
cal role mediating the cell apoptosis. The data 
suggested that TWIST depletion might be a 
promising adjuvant treatment approach that 
might sensitize NPC cells to irradiation. Future 
investigations are needed to confirm the 
results.
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