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Abstract. Non-small cell lung cancer (NSCLC) has a high 
mortality rate and poor prognosis. The aim of the present 
study was to silence EZH2 and explore the antitumor effect 
of small interfering RNA (siRNA)-EZH2 in combination 
with radiotherapy, which is a main treatment for NSCLC. 
The results showed that irradiation in the presence of siRNA-
EZH2 arrested A549 cells in the G0 and G1 phases, delayed 
cell cycle progression and effectively inhibited cell prolif-
eration, compared with cells that received radiotherapy alone. 
The combined therapy enhanced the percentage of apoptotic 
A549 cells in vitro and reduced the tumor size, in addition to 
increasing the survival rate in tumor xenograft experiments. 
This study demonstrates the antitumor activity of ionizing 
radiation therapy in combination with siRNA-EZH2 in 
NSCLC, both in vitro and in vivo, as well as providing a scien-
tific rationale for targeting EZH2 to enhance the sensitivity of 
cancer to radiotherapy in NSCLC patients.

Introduction

As a result of poor prognosis, lung cancer is a major cause of 
cancer-related mortality. Non-small cell lung cancer (NSCLC) 
accounts for approximately 80% of all lung cancer cases 
and has a 5-year overall survival rate of less than 15% (1,2). 
Approximately 40% of patients diagnosed with NSCLC 
have unresectable stage III disease or medically inoperable 
disease (3). Although there have been recent advances and 
developments in numerous therapeutic strategies, including 
surgery, chemotherapy and radiotherapy, poor survival remains 
an issue due to the high systemic toxicity and drug resistance. 
Therefore, the development of novel approaches for the diag-
nosis, treatment and prevention of NSCLC, including targeted 

gene treatment as an adjuvant modality or as a radiosensitizer 
to treat this lethal disease, is urgently needed to enhance the 
survival rate in patients.

One of the targets currently being evaluated for the treat-
ment of lung cancer is EZH2. EZH2 is a catalytically active 
component of the PRC2 complex, which is a human homolog 
of the Drosophila protein ‘Enhancer of Zest’. EZH2 is 
involved in the transcriptional repression of specific genes 
by the trimethylation of lysine 27 and, to a lesser extent, 
lysine 9 of histone H3. EZH2 contains a SET domain with an 
intrinsic histone lysine methyltransferase activity and directly 
interacts with and regulates the activity of the DNA methyl
transferases (DNMTs) DNMT1, DNMT3a and DNMT3b. 
Various studies have found that the abnormal expression of 
EZH2, a potential marker used to distinguish aggressive from 
indolent or benign cancers, is involved in the tumorigenesis of 
several malignancies, including melanoma, prostate, breast, 
bladder and endometrial cancers (4). EZH2 also provides 
proliferative advantages to eukaryotic cells through interaction 
with pathways of key elements that control cell growth arrest 
and differentiation (4-6). As a transcriptional repressor, EZH2 
is involved in controlling cell growth and proliferation by 
promoting the S-phase entry and G2/M transition. EZH2 also 
promotes the repression of certain genes. This involves histone 
deacetylation by histone deacetylase-1 (HDAC-1) with which 
EZH2 interacts through its PRC2-binding partner EED (7,8).

Recently, the successful use of small interfering RNA 
(siRNA) to downregulate gene expression in several model 
systems has led to an increasing number of attempts to 
explore this methodology in a potentially therapeutic setting. 
The knockdown of EZH2 by siRNA inhibits breast cancer 
cell proliferation, whereas the pharmacological inhibition of 
EZH2 results in the apoptosis of breast cancer cells (9). At 
present, few studies concerning NSCLC and its response to 
radiotherapy treatment in combination with silencing EZH2 
using siRNAs have been published. Therefore, combining 
siRNA‑EZH2 targeting with irradiation has potential as a 
therapeutic option.

In the present study, we aimed to silence EZH2 and explore 
the antitumor effect of siRNAs on lung cancer when applied 
in combination with radiotherapy. We hypothesized that the 
inhibition of the EZH2-mediated signal transduction pathway 
using siRNA is an effective strategy to increase the sensitivity 
of NSCLC patients to radiotherapy.
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Materials and methods

Cell lines and culture. The human lung adenocarcinoma A549 
and HTB-56 cell lines were obtained from the American 
Type Culture Collection (ATCC, Manassas, VA, USA). The 
cells were maintained in Dulbecco's modified Eagle's medium 
(DMEM, Gibco, Carlsbad, CA, USA) and supplemented with 
10% heat‑inactivated FBS and 1% penicillin/streptomycin at 
37˚C in a humidified incubator with 95% air and 5% CO2.

siRNA transfection. A549 and HTB-56 cells were plated on 
six‑well plates at a density of 2x105 cells/well and grown 
overnight until 50-80% confluence was achieved to obtain 
maximum transfection efficiency. The cells were transfected 
with validated siRNA for EZH2 and a negative control vector 
(Qiagen, Lafayette, CO, USA) at a concentration of 100 nM 
using Lipofectamine 2000 transfection reagent (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer's instruc-
tions. The medium was replaced with standard culture medium 
6 h post-transfection.

Irradiation treatment. On the days after siRNA transfection, 
sub-confluent cell monolayers were treated with γ-ray irra-
diation from a 60Co source (PLA General Hospital, Beijing, 
China) at ~2 Gy/min every 3 days for 2 weeks.

Western blot analysis. To assess EZH2 expression, 30 µg 
of total cell protein extracts were obtained from A549 and 
HTB-56 cells following centrifugation at 12,000  x  g for 
30 min at 4˚C. The cells were lysed in buffer containing 
20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 
1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophos-
phate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 µg/ml 
leupeptin supplemented with proteinase (Roche Diagnostics, 
Mannheim, Germany) and phosphatase inhibitor cocktails 
(Sigma, St. Louis, MO, USA). The protein concentrations of 
cell lysates were determined using a BCA protein assay kit 
(Pierce Biotechnology, Inc., Rockford, IL, USA). The cell 
lysates were separated by SDS-PAGE and analyzed according 
to standard western blotting procedures. After transfer-
ring to PVDF membranes and probing with 1:1,000‑diluted 
anti‑EZH2 primary antibodies (Cell Signaling Technology, 
Beverly, MA, USA) and β-actin, the membranes were incu-
bated with horseradish peroxidase‑conjugated secondary 
antibody and visualized with ECL reagents (Pierce 
Biotechnology, Inc.).

Cell proliferation. Cell proliferation was assayed using 
a cell proliferation MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-di-phenyltetrazolium bromide] kit (Roche Diagnostics) 
according to the manufacturer's instructions. A549 and 
HTB-56 cells were seeded in triplicate onto 96-well tissue 
culture plates at a density of 5x103  cells/well. The cells 
were transfected with siRNA-EGFR and treated with irra-
diation at ~2 Gy/min. Cell proliferation was determined by 
assessing the mitochondrial reduction of MTT. Cell growth 
was analyzed on a plate reader at a wavelength of 570 nm 
using a Universal Microplate Spectrophotometer (BioTek 
Instruments, Winooski, VT, USA). Experiments were 
performed in triplicate.

Cell cycle analysis by flow cytometry. For the cell cycle 
analysis, A549 and HTB-56 cells were plated at 1x105 cells/
well on six-well plates. Following treatment with siRNA and 
irradiation, cells from each group were harvested with 0.125% 
trypsin, washed twice with ice-cold PBS and fixed with 70% 
(v/v) ethanol overnight at 4˚C. The cells were resuspended to 
a concentration of 1x106 cells/ml in PBS and incubated with 
100 µg/ml RNase A and 50 mg/ml propidium iodide (PI) at 
room temperature for 30 min. The distribution of the cells 
throughout the cell cycle was determined by flow cytometry 
(Becton Dickinson, San Jose, CA, USA) and analyzed with 
CellQuest software version 3.3 (Becton Dickinson). Each test 
was performed a minimum of three times.

Cell apoptosis analysis by f low cytometry. A549 and 
HTB-56 cells were seeded at a density of 1x105 cells/well 
and treated with irradiation in the presence or absence of 
siRNA‑EZH2. To determine the apoptotic rate, the cells 
were recollected with PBS and stained with PI and Annexin 
V-FITC. Following staining, cell apoptosis was analyzed by 
flow cytometry.

In vivo tumor xenograft studies. A549 cells (1x105  cells/
animal) were subcutaneously injected into the left dorsal 
flank of 6- to 8-week-old female nude mice. After 2 weeks, 
the tumors reached 4-5 mm in diameter and the mice were 
randomly separated into three treatment groups (n=8 animals 
per group). Radiotherapy (2 Gy/dose every 3 days for 2 weeks) 
was administered to the animals in the presence or absence 
of siRNA-EZH2 (60 µg/dose). Control animals were injected 
with only PBS and all intratumoral injections were performed 
under anesthesia. Subcutaneous tumor growth was measured 
every third day and the mean tumor volume was calculated as 
width2 x length x 0.52. The research protocol was approved 
by the Animal Ethics Committee of PLA General Hospital. 
Measurements were performed in a coded and blinded fashion. 
The therapeutic effect was determined by statistical analysis 
using the Student's t-test.

Results

Effective inhibition of cell proliferation following combina-
tion treatment. Using western blotting, we found that the 
transfection of siRNA-EZH2 into A549 and HTB-56 cells 
downregulated EZH2 expression by ~87 and ~75%, respec-
tively (Fig.  1). In addition, the expression of EZH2 was 
markedly higher in A549 than in HTB-56 cells. In the subse-
quent experiments, we tested the hypothesis that cooperative 
anti-proliferative effects occur by combining siRNA-EZH2 
treatment with ionizing radiation in A549 and HTB-56 cells. 
The two cell lines were irradiated with 2 Gy γ-rays at different 
time points in the presence or absence of siRNA-EZH2. 
Following treatment, daily analysis of cell viability on days 
1-5 demonstrated that the combined treatment significantly 
inhibited cell proliferation (P<0.001) in A549 and HTB-56 
cells. The number of A549 and HTB-56 cells was reduced 
by 79.7 and 62.8%, respectively, following irradiation in the 
presence of siRNA‑EZH2. In cells that received only radio-
therapy, the number of A549 and HTB-56 cells was reduced 
by 59.3 and 55.1%, respectively (Fig. 2).
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Effects of irradiation on the cell cycle in the presence of 
siRNA-EZH2. The cell cycle distribution of A549 and HTB-56 
cells was investigated via FACS in the radiotherapy only and 
combination-treated groups. Following irradiation, the S-phase 
fraction of A549 and HTB-56 cells was altered in the presence 
and absence of siRNA-EZH2 (Fig. 3). The downregulation 
of EZH2 in A549 and HTB-56 cells for 48 h produced a 17 
and 11% increase, respectively, in the number of cells in the 
G2/M phase following irradiation compared with the cells that 
received only radiotherapy. This result indicates that siRNA-
EZH2 arrested the cells in the G2/M phase, delaying cell cycle 
progression. Furthermore, the change caused by the siRNA 
differed between the A549 and HTB-56 cells, although they 
received the same treatment.

Effects on cell apoptosis following combined treatment. The 
results of the flow cytometry showed that irradiation treatment 
combined with siRNA-EZH2 induced changes in the percentage 
of apoptotic cells in A549 and HTB-56 cells compared with 
cells that received irradiation alone (Fig. 4). Some divergence 
in apoptosis was observed between the A549 and HTB-56 cells. 
The percentage of cells undergoing apoptosis in the A549 and 
HTB-56 cells was 14.35±1.05 and 12.23±2.18%, respectively, 
following irradiation with 2 Gy γ-rays, and 23.41±2.35 and 
15.35±3.14%, respectively, following treatment with irradia-
tion coupled with siRNA-EZH2. A significant difference was 

found between the irradiation-only and combination therapy 
groups (P<0.01).

Effects of combination therapy on subcutaneous tumor 
growth. When tumors were established 2 weeks after A549 
cell injection, the nude mice were divided into three groups: 
a control group without any treatment and two groups treated 
with irradiation for 2 weeks in the presence and absence of 
siRNA‑EZH2. The tumor growth and survival rates were 
evaluated following the application of the different therapeutic 
methods. The tumor size was measured 6 weeks later and 
was 2.1±0.03 cm3 in control animals, 0.7±0.04 cm3 following 
radiotherapy alone and 0.23±0.01 cm3 following combination 
therapy. Treatment with irradiation for 2 weeks induced the 
inhibition of tumor growth in all the mice (Fig. 5). Although 
complete tumor regression was not observed in the combi-
nation therapy and irradiation-only groups, treatment with 
siRNA‑EZH2 and radiotherapy caused an increased inhibi-
tion of A549 tumor growth and increased the survival rate of 
tumor-bearing mice, thus, demonstrating the enhanced effect 
of the combined treatment in vivo.

Discussion

For most NSCLC patients, radiation therapy is crucial in 
the treatment of the disease. However, long-term survival of 

Figure 1. EZH2 protein expression was analyzed by western blotting. Lanes show the control group, cells treated with γ-ray irradiation at ~2 Gy/min and cells 
treated with irradiation in the presence of siRNA-EZH2. The corresponding β-actin levels are shown as a loading control. siRNA, small interfering RNA.

Figure 2. Effect of combination therapy on the growth of the A549 and HTB-56 human lung cancer cell lines in vitro. The cells were treated with γ-ray irradia-
tion at ~2 Gy/min in the presence and absence of siRNA-EZH2. Data show the standard deviations of the mean. Each experiment was performed in triplicate. 
siRNA, small interfering RNA.
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Figure 3. Effect of combination therapy on the cell cycle in A549 and HTB-56 cells. Representative profiles of an analysis of cell cycle kinetics are shown. The 
cells were treated with γ-ray irradiation at ~2 Gy/min in the absence and presence of siRNA-EZH2. Cell cycle analysis was performed 2 days after treatment. 
siRNA, small interfering RNA. 

Figure 4. Effect of combination therapy on apoptosis in A549 and HTB-56 cells. The cells were evaluated by flow cytometry following treatment. The cells 
were treated with γ-ray irradiation at ~2 Gy/min alone and treated with irradiation in the presence of siRNA-EZH2. Cell apoptosis analysis was performed 
2 days after transfection with siRNA-EZH2. siRNA, small interfering RNA; PI, propidium iodide. 
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more than 5 years remains poor. Additionally, the resistance 
to radiation from different lung cancer types limits the 
therapeutic efficacy of current treatments (10). Therefore, 
according to the rules for the development of more effective 
and less toxic treatments, there is a search for new modali-
ties via molecular, biological, genetic and immunological 
methods with the aim of enhancing the survival and quality 
of life of NSCLC patients. This is an urgent challenge in 
current clinical cancer therapies. It has been demonstrated 
that EZH2 is overexpressed in a number of malignancies  
with aggressive forms and that the cell growth of breast 
cancer is significantly influenced following the knockdown 
of EZH2 with siRNA  (9,11). The purpose of the present 
study was to test the hypothesis that therapeutic efficiency 
increases following irradiation therapy in combination with 
siRNA-EZH2 downregulation in human A549 and HTB-56 
cells in vitro and in vivo.

In the present study, following the transfection of 
siRNA‑EZH2 into A549 and HTB-56 cells, the inhibition 
of cell proliferation caused by irradiation was enhanced 
compared with radiotherapy alone. These results markedly 
suggest that the reduced expression of EZH2 by siRNA treat-
ment is closely associated with the therapeutic efficiency 
of irradiation on cancer cells. Furthermore, these findings 
demonstrate that the inhibitory efficiency of the combination 
treatment on cell proliferation was markedly higher in A549 
cells than that in HTB-56 cells due to the different expres-
sion levels of EZH2. This observation indicates a possible 
reason for the divergence of the clinical irradiation therapy 
on NSCLC patients. Additionally, we evaluated the effect of 
siRNA-EZH2 on cellular sensitivity to irradiation in terms 
of changes in the cell cycle and cell apoptosis. Different 
mechanisms, including several related signaling pathways 
that delay or inhibit molecular transitions in cancer cells, have 
been investigated and found to influence cell cycle control. 
These control pathways are critical for genomic integrity and 
for the repair and survival of cells exposed to DNA-damaging 
agents (6,12,13). We found that EZH2 silencing arrested the 
cells in S and G2/M phases, delayed the cell cycle progression 
and increased cell apoptosis when combined with irradiation 

therapy. The possible mechanism of these phenomena is that 
the process of DNA repair was blocked with a corresponding 
effect on cell cycle arrest and apoptosis. This hypothesis is 
consistent with a previous study, which reported that EZH2 
silencing with siRNA in breast cancer and ovarian cancer cells 
resulted in cell cycle arrest in the G0/G1 phase.

Based on these results, we found that the expression of 
EZH2 is different in A549 and HTB-56 cells. This may explain 
the divergent activity of radiation therapy on these cells and 
th reason for the treatment with siRNA inducing greater 
therapeutic efficiency in A549 cells compared to HTB-56 
cells in terms of cell proliferation, cell cycle progression 
and apoptosis. This finding suggests that a higher sensitivity 
to irradiation therapy was induced in A549 cells after the 
knockdown of EZH2. These data also serve as reminders that 
a biological treatment, including specific or new biomarkers of 
lung cancer, should be personalized in the clinical therapy of 
NSCLC patients. Additionally, we established subcutaneous 
lung cancer xenografts with A549 cells in immunodeficient 
mice and evaluated the inhibition of tumor growth induced by 
combined ionizing radiation and siRNA-EZH2 treatment. We 
found that the combined therapy with intratumoral injections 
of siRNA‑EZH2 into A549 tumor xenografts significantly 
increased the survival rate and inhibition of tumor growth 
(P<0.01) compared with radiotherapy alone.

Combination therapies using radiotherapy and biological 
agents to target cancer have been investigated for several years. 
Research on cancer cell growth signaling pathways provides 
potential benefits in addition to the possibility of enhancing and 
improving therapeutic outcomes. Such combination therapies 
generate more specific tumor responses and decreased toxicity 
to normal tissues. Additionally, partially effective therapeutic 
modalities may be combined without having to significantly 
reduce their doses to avoid treatment‑related toxicities. In 
the present study, by defining the proposed role of EZH2 in 
the process of lung cancer treatment following irradiation, a 
new biological marker and therapeutic target were identified 
to demonstrate that the application of gene silencing methods 
with siRNA are potentially useful as a highly specific tool in 
the modulation of tumor-promoting effects.

Figure 5. Therapeutic effect of irradiation combined with siRNA-EZH2 on subcutaneous human glioma tumor xenografts. Tumor volume was calculated 
at the indicated times as shown on the right. Tumors were measured using calipers and the statistical significance of tumor volume changes was calculated 
using the Student's t-test. Each time point represents the mean tumor volume for each group (n=10). The survival fraction following treatment is shown on 
the left. Irradiation in the presence of siRNA-EZH2 enhanced tumor growth inhibition and led to longer survival times than treatment with irradiation alone.  
siRNA, small interfering RNA.
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In conclusion, this study has shown that EZH2 silencing 
with siRNA, enhanced A549 and HTB-56 cell sensitivity to 
irradiation in vitro and in vivo and that this effect was influ-
enced by the EZH2 expression level. The information obtained 
from the present study may be used to develop new treatments 
for the clinical therapy of NSCLC patients.
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