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Abstract. Neuron‑specific enolase (NSE) is generally consid-
ered as a marker for diagnosis and evaluation of the response 
to therapy in small cell lung cancer (SCLC). However, the 
role of NSE in the progression of SCLC remains to be eluci-
dated. In the present study, the functions of NSE in SCLC, in 
addition to the potential mechanisms, were investigated using 
a loss‑of‑function approach with NSE‑targeting small inter-
fering (si)RNA. The knockdown of NSE markedly decreased 
the proliferation of NCI‑H209 cells, as indicated by MTT assay 
(P<0.05). Furthermore, the silencing of NSE resulted in the 
formation of smaller and fewer colonies compared with that 
in the control group (P<0.001). Flow cytometric analysis indi-
cated that the silencing of NSE resulted in a decreased S‑phase 
population among NCI‑H209 cells (P<0.05). Transwell assay 
demonstrated that the silencing of NSE suppressed the migra-
tion of NCI‑H209 cells (P<0.001). NCI‑H209 cells transfected 
with NSE siRNA‑1 or negative control were collected and the 
protein levels of metastasis‑associated genes were detected 
using western blot analysis. The results indicated that the 
knockdown of NSE led to downregulation of the pro‑metastatic 

gene vascular endothelial growth factor (VEGF; P<0.05) and 
the upregulation of metastasis suppressor genes NM23 and 
E‑cadherin (P<0.05). Taken together, the results of the present 
study demonstrated that the silencing of NSE suppressed the 
migration, proliferation and colony formation ability of SCLC 
cells and decreased the S‑phase population. In addition, the 
knockdown of NSE resulted in the upregulation of E‑cadherin 
and NM23 and the downregulation of VEGF. Collectively, 
these results indicated that intracellular NSE may have an 
important role in the progression of SCLC.

Introduction

Lung cancer has been the most common malignancy in the 
world, with ~1,820,000 new cases and ~1,600,000 patients 
succumbing to disease per year, for several decades (1). Small 
cell lung cancer (SCLC), a malignant tumor type, accounts 
for almost 15% of all newly diagnosed lung cancer cases (2). 
SCLC most frequently results from smoking and has a particu-
larly aggressive behavior. Of patients with SCLC, it is reported 
that 60‑70% have developed metastasis at the point of diag-
nosis (3). Untreated patients with SCLC rapidly succumb to 
the disease within 2‑4 months (4). Patients with limited‑stage 
SCLC are usually treated with chemo‑ and radiotherapy and 
with consecutive prophylactic cranial irradiation in the case 
of intracranial metastasis (5,6), while chemotherapy is the 
primary choice for patients with extensive‑stage disease (7). 
Despite treatment, patients with SCLC eventually relapse due 
to resistance. The 5‑year survival rate is <3% (8), making 
SCLC the lung cancer subtype with the highest mortality rate.

In the 1980s, numerous researchers began to search 
for prognostic markers and therapeutic targets for SCLC. 
A number of serum components have been suggested as 
diagnostic biomarkers and indicators of the clinical response 
to chemotherapy in patients with SCLC (9), among which 
neuron‑specific enolase (NSE) is generally acknowledged as 
a diagnostic and therapeutic marker of SCLC (10‑12). NSE is 
the r‑subunit of the glycolytic enolase enzyme that catalyzes 
the decomposition of glycerol in the glycolytic pathway 
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and consists of a, b and c subunits and aa, bb, cc, ac and bc 
isozymes (13). The upregulation of NSE is frequently reported 
in SCLC (14). Molina et al (15) compared the serum levels of 
squamous cell carcinoma antigen, carcinoembryonic antigen, 
CYFRA21‑1, several mucins and NSE in patients with SCLC, 
and determined that the detection sensitivity of NSE was 
81.2% and was superior to that of other markers. It has also 
been determined that the level of NSE has prognostic value. 
Liu et al (16) reported that a normal serum NSE level (hazard 
ratio, 0.447; P=0.017) at the time of diagnosis was an indepen-
dent positive prognostic factor for patients with limited‑stage 
SCLC, but not for extensive‑stage SCLC. Furthermore, NSE 
levels were reported to be a predictor of complete response and 
survival following chemotherapy (17,18) and to be associated 
with the tumor burden, for which it is generally regarded as a 
reliable marker to evaluate the response to chemotherapy (19). 

As a useful predictive marker, NSE has been investigated 
intensively in SCLC and other neuroendocrine neoplasms, 
including neuroblastoma. However, the role of NSE in 
regulating SCLC and the exact mechanisms remain to be 
elucidated. In the present study, the influence of NSE knock-
down on cell proliferation and migratory ability, cell cycle and 
protein levels of metastasis‑associated genes in SCLC cell 
lines were evaluated for the first time.

Materials and methods

Cell lines and culture. The NCI‑H209, NCI‑H345, NCI‑H446 
and NCI‑H146 SCLC cell lines were purchased from the 
American Type Culture Collection and cultured in Dulbecco's 
modified Eagle's medium (DMEM; Gibco; Thermo Fisher 
Scientific, Inc.) containing 10% fetal bovine serum (FBS; 
HyClone; GE Healthcare Life Sciences) and 100 mg/ml peni-
cillin and streptomycin in an incubator containing 5% CO2 at 
37˚C.

RNA interference. Small interfering (si)RNAs against NSE 
were designed and synthesized by GenePharma Co., Ltd. 
(Shanghai, China). The sequences of the siRNAs targeting 
human NSE were siRNA‑1: 5'‑GGA CAA AUA CGG CAA 
GGA UTT‑3' and siRNA‑2: 5'‑GCC GGA CAU AAC UUC 
CGU ATT‑3' and the sequence of the negative control siRNA 
was: 5'‑UUC UCC GAA CGU GUC ACG UTT‑3'. For RNA 
interference experiments, the siRNAs were transfected at 
a working concentration of 50 nmol/l into NCI‑H209 cells 
(1x105 cells/well) using Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. The functional assays were performed 48 h following 
transfection.

Western blot analysis. Western blot analysis was performed 
as previously reported (20). Total protein was extracted by 
radioimmunoprecipitation assay buffer (Sangon Biotech Co., 
Ltd.), and the concentration was determined by the bicin-
choninic acid method. Protein (30 µg/lane) was separated 
by 10% SDS‑PAGE and transferred to PVDF membranes 
(Merck KGaA), followed by blocking in 5% skimmed milk at 
25˚C for 1.5 h. Subsequently, the membranes were probed with 
anti‑NSE (cat. no. 8171S), anti‑vascular endothelial growth 
factor (VEGF; cat. no. 9698S), anti‑NM23 (cat. no. 3338S) and 

anti‑E‑cadherin (cat. no. 14472S) antibodies (1:1,000 dilution; 
Cell Signaling Technology, Inc.) and anti‑GAPDH antibody 
(1:1,000 dilution; cat. no. MB001; Bioworld Technology, 
Inc.) at 4˚C overnight, followed by incubation with peroxi-
dase‑conjugated goat anti‑mouse IgG (H+L; 1:2,000 dilution; 
cat. no. 33201ES60; Yeasen Biotechnology Co., Ltd.) as the 
secondary antibody with ECL at 37˚C for 2 h. Ultimately, the 
intensity of the protein bands was visualized using an X‑ray 
image film processing machine (Kodak). The band intensity 
was quantified by densitometric analysis using Image‑Pro Plus 
version 4.5 software (Media Cybernetics, Inc., Rockville, MD, 
USA).

MTT and clone formation assay. For the cell viability assays, 
the cells transfected with NSE siRNA‑1 or control siRNA for 
24 h were seeded in 96‑well plates at 1.5x103 cells per well 
in a final volume of 150 µl. After 12 h of incubation, the cell 
viability was determined using an MTT assay as described 
previously (21).

For the clone formation assay, the cells transfected 
with siRNA or control were re‑seeded in 6‑well plates at 
1,000 cells per well and cultured at 37˚C for 2 weeks. The 
medium was replaced every 3 days. At the end of the experi-
ment, the cells were washed twice with PBS, fixed with 
4% paraformaldehyde at 37˚C for 30 min and stained with 
0.5% crystal violet. Following washing with PBS, images 
of the plates were captured and the numbers of colonies 
were counted under a light microscope (magnification, x10; 
Olympus Corporation).

Transwell assay. The Transwell assay was performed in 
modified Boyden chambers (BD Biosciences) as described 
previously (22). In brief, 105 cells suspended in serum‑free 
DMEM were added to each of the upper chambers present 
in the insert with 8‑µm pore filters in a 24‑well culture plate. 
DMEM with FBS (10%) was added to the lower chamber. 
After 8 h, the cells on the upper and lower sides were fixed 
with 4% paraformaldehyde at 37˚C for 30 min and stained 
with 0.5% crystal violet. The cells on the upper side, which had 
not transgressed through the membrane, were gently removed 
with a cotton swab and images of the cells located on the lower 
side of the membrane were captured under a light microscope 
(magnification, x100; Olympus Corporation), followed by 
counting of the migrated cells. 

Cell cycle analysis. Cell cycle analysis was performed as previ-
ously described (20). In brief, the NCI‑H209 cells transfected 
with NSE siRNA‑1 or control siRNA for 48 h were collected 
and fixed with 75% ice‑cold ethanol, prior to being stored 
at ‑20˚C for 3 h. Subsequently, the cells were centrifuged at 
7,000 g at 37˚C for 1 min, resuspended in 1 ml lysis/propidium 
iodide (PI) buffer (0.1% Triton X‑100, 0.05 mg/ml PI and 
1 mg/ml RNase A; Sigma‑Aldrich; Merck KGaA), incubated 
at 37˚C for 30 min and analyzed using a FACSCanto II flow 
cytometer (BD Biosciences) with FACSDiva software (version 
4.1; BD Biosciences).

Statist ical analysis. All statist ical analyses were 
performed using SPSS software vision 16.0 (SPSS, Inc.). 
A two‑tailed Student's t‑test was performed to evaluate the 
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differences between two groups. Values are expressed as the 
mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Silencing of NSE reduces the proliferation and clone forma‑
tion ability of SCLC cells. To determine the function of NSE in 
SCLC cells, the protein levels of NSE were first examined in a 
panel of SCLC cell lines, the NCI‑H209 cell line exhibited the 
highest expression and was therefore used for the subsequent 
knockdown experiments. (Fig. 1A). The expression of NSE was 
then knocked down in NCI‑H209 cells using specific siRNAs 
against NSE and the silencing efficiency was evaluated by 
western blot analysis. The two siRNAs reduced the protein levels 
of NSE by >80% (Fig. 1B). The knockdown of NSE markedly 
decreased the proliferation of NCI‑H209 cells, as determined 
with an MTT assay (Fig. 1C). Furthermore, the silencing of 
NSE resulted in the formation of smaller and a fewer colonies 
compared with observations in the control group (Fig. 1D).

Silencing of NSE inhibits the cell cycle of SCLC cells. Based 
on the observation that NSE affected the proliferation of 
NCI‑H209 cells, experiments were then performed to examine 
whether the silencing of NSE affects the cell cycle of SCLC 
cells. As presented in Fig. 2, the proportion of cells in the 
S‑phase was significantly decreased following the knockdown 
of NSE (P<0.05). The proportions of cells in the G1‑phase and 
G2/M‑phases were increased, although these changes were not 
significant (P>0.05). Taken together, these results indicate that 
the depletion of NSE suppressed the proliferative and colony 
formation ability of the cells through repressing cell cycle 
progression of the NCI‑H209 cells.

Knockdown of NSE represses the migration of NCI‑H209 cells. 
As elevated NSE is reported to be positively associated with 
the metastatic status of patients with SCLC (12), the present 
study investigated whether NSE regulates the migration of 
NCI‑H209 cells. The NCI‑H209 cells were transfected with 
NSE siRNA‑1 or negative control for 48 h and their migratory 
ability was examined using a Transwell assay. As presented in 

Figure 1. Silencing NSE represses cell proliferation and colony formation. (A) Evaluation of the expression of NSE in small cell lung cancer cell lines using 
western blot analysis compared with GAPDH. (B) Silencing efficiency of NSE by siRNAs was evaluated using western blotting. (C) Silencing of NSE 
suppressed the proliferation of NCI‑H209 cells, as determined using an MTT assay. *P<0.05 vs. control at the corresponding time points. (D) Silencing of 
NSE reduced the colony formation of NCI‑H209 cells. *P<0.05 and **P<0.001 vs. control. NSE, neuron‑specific enolase; siRNA, small interfering RNA; 
NC, negative control; OD, optical density.
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Fig. 3A, the silencing of NSE markedly reduced the number of 
cells that transgressed through the filter compared with that 
in the negative control group. The expression levels of several 
metastasis‑associated proteins, including E‑cadherin, NM23 
and VEGF, were then examined following the silencing of 
NSE in NCI‑H209 cells. As presented in Fig. 3B, the knock-
down of NSE increased the protein levels of suppressors of 
metastasis E‑cadherin and NM23 but decreased the protein 
level of pro‑metastatic gene VEGF.

Taken together, these results indicated that the knockdown 
of NSE suppressed the migratory ability of NCI‑H209 cells by 
regulating the expression of a panel of metastasis‑associated 
genes.

Discussion

NSE is generally regarded as a useful tumor marker for 
patients with SCLC (23). In the present study, loss‑of‑function 
experiments were performed to examine the function of NSE in 
regulating the progression of SCLC and the underlying mecha-
nisms. The silencing of NSE suppressed the proliferation, clone 
formation and migratory ability of the NCI‑H209 SCLC cells. 
Mechanistically, NSE silencing led to a reduction in the S‑phase 
population of NCI‑H209 cells, which meant that the cells in the 
G1‑phase no longer progressed to the S‑phase. Furthermore, it 
was indicated that the depletion of NSE markedly repressed the 
migration of SCLC cells by regulating the expression of a panel of 
metastasis‑associated genes. Collectively, the results of the present 
study are the first, to the best of our knowledge, to demonstrate 
the cancer‑promoting function of NSE in SCLC cells.

NSE, the r‑subunit of the glycolytic enolase enzyme, is 
specifically expressed in neuroendocrine cells and neuro-
genic tumors (24). It is almost undetectable in the serum of 
healthy individuals. In patients with SCLC, necrotic SCLC 
cells excrete a large quantity of NSE, which leads to elevated 
protein levels of NSE in the serum of patients with SCLC. 
Therefore, NSE has been widely used as a serum biomarker for 
SCLC. Elevated NSE has also been detected in SCLC tissues 
and pleural fluid (25,26). In view of previous studies reporting 
that NSE was elevated in patients with SCLC, the present 
study aimed to determine the functional contributions of NSE 
in the progression of SCLC. The downregulation of NSE by 
siRNAs reduced the proliferation and colony formation of 
the NCI‑H209 cells, indicating that NSE may function as an 
oncogene by promoting the proliferation and malignant trans-
formation of SCLC cells. Uncontrolled cell‑cycle progression 
has been considered as one of the important contributors in 
the carcinogenesis of cancer cells. In the present study, the 
cell cycle profile of NCI‑H209 cells following the silencing of 
NSE was analyzed. The results indicated that the knockdown 
of NSE led to downregulation of the S‑phase population of 
NCI‑H209 cells. Taken together, the results of the present 
study support the hypothesis that NSE promotes the cell cycle 
progression of NCI‑H209 cells and increases the proliferation 
and tumorigenesis of these cells.

Metastasis is the major cause of mortality in patients with 
SCLC. The correlation between serum levels of NSE and the 
metastasis status of patients with SCLC have also been inves-
tigated. Gronowitz et al (27) reported that NSE levels were 
markedly higher in patients with metastasis compared with 

Figure 2. Silencing of NSE reduces the S‑phase population of NCI‑H209 cells. NCI‑H209 cells transfected with NSE siRNA‑1 or NC for 48 h were collected 
and the cell cycle profile was analyzed using flow cytometry. *P<0.05 compared with the NC group. NSE, neuron‑specific enolase; siRNA, small interfering 
RNA; NC, negative control.
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those with early‑stage disease. Therefore, the present study 
examined whether NSE regulates the metastasis of SCLC 
cells.

Tumor angiogenesis and metastasis are the most valu-
able prognostic factors for patients with SCLC, as they are 
associated with treatment failure and poor prognosis (28). 
Angiogenesis serves a significant role in tumor growth and 
metastasis (29); tumor blood vessels not only provide nutrients 
to tumor tissues but also export a large number of tumor cells 
to the tumor host, leading to tumor spread and metastasis. 
VEGF is considered to be one of the most important regu-
lators of angiogenesis. It has been confirmed that VEGF is 
linked with a poor prognosis in a variety of human malignan-
cies (30). Ustuner et al (31) indicated that low serum VEGF is 
a significant and independent prognostic factor in patients with 
SCLC. E‑cadherin is distributed in various types of epithelial 
cell and regulates cell adhesion. The most important epithelial 
to mesenchymal transition (EMT) tumor marker is the down-
regulation or silencing of E‑cadherin, which is considered the 
prerequisite for the ability of epithelial cells to invade and 
metastasize (32). A low expression or deficiency of E‑cadherin 
may induce EMT, leading to the invasion and metastasis of 
non‑SCLC cells (33). The NM23 gene is a complementary 
DNA that was first isolated from a mouse melanoma cell line 
and has a negative regulatory role in tumor metastasis (34). 
The downregulation of NM23 has been reported to be closely 

associated with metastasis and poor prognosis in patients with 
various tumor types, including lung cancer, melanoma and 
breast cancer (35‑37).

To the best of our knowledge, there have been no previous 
reports of the interactions between NSE and the pro‑meta-
static gene VEGF, the metastasis suppressor gene NM23 
and E‑cadherin. The western blotting results obtained in the 
present study indicated that the silencing of NSE repressed the 
migration of SCLC cells, accompanied by the upregulation of 
E‑cadherin and NM23 and downregulation of VEGF. These 
results suggest that NSE may contribute to the formation 
of metastasis from SCLC, however, the potential specific 
regulatory mechanisms require further investigation.

The present study also attempted to analyze the correla-
tion between NSE levels and prognostic value in patients with 
SCLC. However, due to the limited number of samples and 
the fact that the majority of the patients with SCLC were at 
an advanced stage, and thus not suitable for surgery, it was not 
possible to perform the corresponding investigation. This is a 
limitation of the present study and warrants investigation in 
the future.

In conclusion, the results of the present study revealed 
for the first time, to the best of our knowledge, the functional 
contribution of NSE in the progression of SCLC. These results 
indicate that NSE may serve as a therapeutic target in addition 
to its use as a biomarker in SCLC.

Figure 3. Silencing of NSE suppresses the migration of NCI‑H209 cells. (A) NCI‑H209 cells transfected with NSE siRNA‑1 or NC for 48 h were collected and 
subjected to a Transwell assay under a microscope. Magnification, x100. (B) NCI‑H209 cells transfected with NSE siRNA‑1 or NC for 48 h were collected and 
the protein levels were detected using western blot analysis. *P<0.05 and **P<0.001 compared with the NC group. NSE, neuron‑specific enolase; siRNA, small 
interfering RNA; NC, negative control; E‑cad, E‑cadherin; VEGF, vascular endothelial growth factor.
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