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Abstract: Nemo-like kinase (NLK), an evolutionarily conserved serine/threonine kinase, has 

been recognized as a critical regulator of various cancers. In this study, we investigated the role 

of NLK in human small-cell lung cancer (SCLC), which is the most aggressive form of lung 

cancer. NLK expression was evaluated by quantitative real-time polymerase chain reaction 

in 20 paired fresh SCLC tissue samples and found to be noticeably elevated in tumor tissues. 

Lentivirus-mediated RNAi efficiently suppressed NLK expression in NCI-H446 cells, resulting 

in a significant reduction in cell viability and proliferation in vitro. Moreover, knockdown of 

NLK led to cell cycle arrest at the S-phase via suppression of Cyclin A, CDK2, and CDC25A, 

which could contribute to cell growth inhibition. Furthermore, knockdown of NLK decreased 

the migration of NCI-H446 cells and downregulated matrix metalloproteinase 9. Treatment with 

NLK short hairpin RNA significantly reduced SCLC tumor growth in vivo. In conclusion, this 

study suggests that NLK plays an important role in the growth and metastasis of SCLC and 

may serve as a potential therapeutic target for the treatment of SCLC.
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Introduction
Lung cancer is the leading cause of cancer-related deaths among men in both developed 

and developing countries and has surpassed breast cancer as the leading cause of 

cancer-related deaths among women in many developed countries.1 Lung cancer can be 

classified into small-cell lung cancer (SCLC) and non-small-cell lung cancer (NSCLC) 

based on the histopathological features of the disease. SCLC accounts for ~15% of 

all new cases of lung cancer, with .150,000 cases every year worldwide.2 Clinically, 

SCLC is distinguished from NSCLC by aggressive growth and widespread metastasis.3 

Most patients with SCLC already show clinically detectable metastases at diagnosis and 

have extremely poor prognosis even when treated with combined modalities.4 In fact, 

the 5-year survival rate for SCLC patients is rather low (3%–8%) compared to that for 

all forms of lung cancer (,15%).5 Chemotherapy is the primary treatment for SCLC; 

however, the drugs that are currently used for SCLC are less effective than those used 

for NSCLC.6 Therefore, gaining a deeper understanding of the molecular pathogenesis 

of human SCLC is critical for identifying novel potential targets for therapy.

Nemo-like kinase (NLK), an evolutionarily conserved serine/threonine protein 

kinase, plays an important role in diverse signaling pathways by phosphorylating a 

variety of transcription factors.7 Alteration of NLK has been shown to be associated 

with increased risk of cancer. NLK is known to be a tumor suppressor in various types 

of cancer as a negative regulator of the canonical Wnt/β-catenin signaling pathway, 

which phosphorylates T-cell factor and lymphoid enhancer factor, promoting the 
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dissociation of the β-catenin/T-cell factor complex.8 It has 

been shown that NLK expression was suppressed in human 

ovarian cancer, and low NLK expression could be related to 

poor outcome.9 NLK also blocks the development of NSCLC 

by negatively modulating the Wnt signaling pathway. 

Knockdown of NLK resulted in a significant promotion of 

proliferation of A549 cells via enhancing the transcriptional 

activity of β-catenin/T-cell factor.10

Intriguingly, noncanonical Wnt signals inhibit canonical 

Wnt signaling using the MAP3K7-NLK signaling cascade.11 

NLK has also been reported to be positively associated with 

the progression of multiple human cancers, including hepa-

tocellular carcinoma (HCC), gallbladder cancer (GBC),12 

nasopharyngeal carcinoma,13 and oral adenosquamous 

carcinoma.14 Overexpression of NLK is closely related to the 

progression of GBC, and NLK could be used as a potential 

prognostic marker for GBC patients.12 Moreover, NLK posi-

tivity was found to be an unfavorable prognostic indicator of 

overall survival in nasopharyngeal carcinoma.13 Furthermore, 

knockdown of NLK made laryngeal cancer cells more sensi-

tive to Taxol treatment.15 A previous study showed that NLK 

overexpression inhibited growth and survival of DLD-1 colon 

cancer cells.16 Recently, an immunohistochemical analysis 

of 406 cases of primary colorectal cancer tissue and paired 

noncancerous tissue samples indicated that NLK expression 

was significantly higher in colorectal cancer tissues as well 

as associated with tumor invasion and metastasis.17 This 

discrepancy can be possibly explained by the fact that NLK 

can exert differing effects depending on the cellular context. 

It is therefore important to study the effects of altered expres-

sion of NLK in the different contexts to fully understand its 

biological role. To date, the functional role of NLK in human 

SCLC has not yet been elucidated.

In the current study, we detected NLK expression in 

20 SCLC cases and found that its expression was elevated 

significantly in human SCLC. Targeted disruption of NLK 

was achieved by the lentivirus-mediated short hairpin (sh) 

RNA method. The effects of NLK on cell growth, cell cycle 

regulation, and cell migration were evaluated, and expres-

sions of downstream molecules were observed.

Materials and methods
Cell culture
Human SCLC NCI-H446 and human embryonic kidney 293T 

cell lines were purchased from the Cell Bank of Chinese 

Academy of Science (Shanghai, People’s Republic of China). 

NCI-H446 cells were maintained in Roswell Park Memo-

rial Institute (RPMI) 1640 medium supplemented with 10% 

fetal bovine serum, 100 IU/mL of penicillin, and 100 μg/mL 

of streptomycin (Thermo Fisher Scientific, Waltham, MA, 

USA). 293T cells were maintained in Dulbecco’s Modified 

Eagle’s Medium (Thermo Fisher Scientific) supplemented 

with 10% fetal bovine serum. These cell lines were incubated 

at 37°C in a humidified atmosphere containing 5% CO
2
.

Quantitative real-time polymerase chain 
reaction
Total RNA from fresh SCLC tissues and NCI-H446 cells 

was isolated using TRIzol® reagent (Thermo Fisher Sci-

entific) and synthesized into cDNA by Moloney murine 

leukemia virus (M-MLV) reverse transcriptase (Promega 

Corporation, Fitchburg, WI, USA). Real-time poly-

merase chain reaction (RT-PCR) was conducted using an 

SYBR Premix Ex Taq according to the manufacturer’s 

protocol (TaKaRa, Dalian, People’s Republic of China). 

The quantitative RT-PCR (qRT-PCR) procedure was as 

follows: denaturation at 95°C for 1 minute, 40 cycles of 

denaturation at 95°C for 5 seconds, and extension at 60°C 

for 20 seconds. The β-actin gene was amplified as an inter-

nal control. Relative quantitation of gene expression was 

calculated using the 2−ΔΔCT method. The following primers 

were used: NLK, 5′-ATCATCAGCACTCGCATCATC-3′ 
(forward) and 5′-GACCAGACAACACCAAAGGC-3′ 
(reverse); β-actin, 5′-GTGGACATCCGCAAAGAC-3′ 
(forward) and 5′-AAAGGGTGTAACGCAACTA-3′ 
(reverse).

Construction of NLK siRNA-containing 
lentivirus and transduction into SCLC 
cells
The NLK shRNA and control shRNA lentiviruses 

were obtained from GeneChem (Shanghai, People’s 

Republic of China). The siRNA target sequences were: 

5′-GAATATCCGCTAAGGATGC-3′ and 5′-CAGATCCA 

AGAGATGGAAA-3′. The stem-loop-stem oligonucle-

otide (shRNA) corresponding to each siRNA was inserted 

into the pGCSIL-green fluorescence protein (GFP) vector. 

Recombinant lentiviruses were produced by cotransfecting 

293T cells with the lentivirus expression vector and pack-

aging plasmids pHelper 1.0 and pHelper 2.0 (GeneChem) 

using Lipofectamine 2000 (Thermo Fisher Scientific). The 

supernatant was collected at 48  hours after transfection, 

and lentiviral particles were purified by ultracentrifugation 

(4,000× g) at 4°C for 10 minutes.

For cell infection, NCI-H446 cells were seeded in six-well 

plates at a density of 3×104 cells/well and transduced with the 

constructed lentivirus-containing NLK shRNA (Lv-shNLK) or 

non-silencing shRNA (Lv-shCon) at a multiplicity of infection 

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2016:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3739

Lentivirus-mediated knockdown of NLK

of 30. The lentiviral vectors expressed GFP, which allowed for 

measurement of infection efficiency in transduced cells.

Western blot analysis
After 5 days of lentivirus infection, NCI-H446 cells were lysed 

and the total protein content was determined by measuring its 

absorbance. Aliquots of 30 μg of total protein from each sample 

were subjected to 10% sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis followed by transfer to polyvinylidene 

difluoride membranes (EMD Millipore, Billerica, MA, 

USA). Nonspecific binding was blocked by incubation in 

Tris-Buffered Saline Tween-20 (TBST) (25 mM Tris, pH 7.4, 

150 mM NaCl, and 0.1% Tween 20) containing 5% skim milk 

at room temperature for 2 hours. Then, the membranes were 

probed with primary antibodies overnight at 4°C, followed by 

incubation with horseradish-peroxidase-conjugated secondary 

antibodies at room temperature for 2 hours. The signals were 

visualized using the ECL Plus Western Blotting Detection 

System (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, 

USA) and exposure to ECL Hyperfilm (GE Healthcare Bio-

Sciences Corp.).

Rabbit anti-NLK (ab116715) antibody was obtained 

from Abcam (Cambridge, UK); rabbit anti-cyclin-dependent 

kinase 2 (CDK2; #2546), rabbit anti-matrix metalloprotei-

nase 9 (MMP-9; #2270), and rabbit anti-β-actin (#4967) 

antibodies were from Cell Signaling Technology (Danvers, 

MA, USA); mouse anti-Cyclin A (#sc-271682), mouse anti-

CDC25A (#sc-56263), horseradish-peroxidase-conjugated 

goat anti-rabbit (#sc-2054), and goat anti-mouse (#sc-2005) 

secondary antibodies were from Santa Cruz Biotechnology 

Inc. (Dallas, TX, USA).

In vitro cell viability assay
After lentivirus infection, NCI-H446 cells were seeded at a 

density of 3×103 cells/well in 96-well microplates and incu-

bated at 37°C for 1–5 days. At each termination of culture, 

cell viability analysis was performed by a Cell Counting Kit-8 

(CCK-8) assay according to the manufacturer’s instructions 

(Dojindo Laboratories, Kumamoto, Japan). After an incu-

bation of 2 hours at 37°C, the absorbance was measured at 

450 nm using a microplate reader iMark (Bio-Rad Labora-

tories Inc., Hercules, CA, USA).

Colony formation assay
After lentivirus infection, NCI-H446 cells (1×103 cells/well) 

were reseeded in six-well plates and incubated for 9 days in 

order to form normal colonies. The medium was replaced every 

3 days. Then, the cells were washed with PBS and fixed with 4% 

paraformaldehyde for 30 minutes. The fixed cells were stained 

with freshly prepared crystal violet (Beyotime) for 20 minutes. 

Cell colonies were captured and counted under a microscope.

Cell cycle analysis
Cell cycle distribution was analyzed by flow cytometry using 

propidium iodide (PI) staining. After 4 days of lentivirus 

infection, NCI-H446 cells were reseeded in 6 cm dishes at 

a density of 1.5×105 cells/dish. After culturing overnight at 

37°C, cells were harvested, fixed in 70% ethanol, and stored 

overnight at 4°C. The cells were then treated with NaCl/PI 

staining solution (50 µg/mL PI and 100 µg/mL RNase A). 

Following incubation for 1 hour in the dark at room tempera-

ture, cells were analyzed by flow cytometry (FACSCalibur; 

Becton Dickinson, San Jose, CA, USA). The fractions of the 

cells in G0/G1-, S-, and G2/M-phases were analyzed with 

dedicated software (Becton Dickinson).

Transwell assay
Cell migration was examined using the Transwell chambers 

(8.0 µm pores, 24 wells; Corning Incorporated, Corning, 

NY, USA). After 4 days of lentivirus infection, NCI-H446 

cells were reseeded in upper chambers at a concentration of 

3×104 cells/well in 200 μL serum-free medium. The upper 

chambers were filled with RPMI 1640 containing 10% fetal 

bovine serum. After incubation for 24 hours at 37°C, the 

nonmigrated cells on the upper surface of the filter were 

gently removed using cotton swabs and the migrated cells on 

the lower surface were fixed with 4% paraformaldehyde, and 

stained with crystal violet. Migrated cells were captured and 

counted (five random fields per well) under a microscope.

Mouse xenograft tumor
All animal experiments were conducted in accordance 

with the humane treatment of animals under an animal 

protocol approved by the Institutional Animal Care and Use 

Committee of the First Affiliated Hospital of China Medical 

University and adhered to the animal care guidelines of the 

Ethics Committee of China Medical University. A total of 

12 six-week-old athymic (nu/nu) mice were obtained from 

the Shanghai Laboratory Animal Center, Chinese Acad-

emy of Sciences (Shanghai, People’s Republic of China). 

Mice were kept under specific pathogen-free conditions in 

a temperature-controlled room (22°C±2°C) and fed with 

laboratory chow and water ad libitum.

NCI-H446 cells infected with Lv-shCon or Lv-shNLK 

were collected and suspended in serum-free medium. Then, 

12 nude mice were randomly assigned to two groups: 

Lv-shCon- and Lv-shNLK-treated groups. Each mouse was 

injected subcutaneously with NCI-H446 cells (3×106) post 
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infection into the flank region of nude mice. The diameter 

of the tumor in the greatest axis (a) and shortest axis (b) was 

measured with a Vernier caliper every 3–4 days using the 

following formula:

	
Tumor volume (mm ) ( )23

1

2
= ×a b

	
(1)

Tumor growth was followed for 3 weeks from the first 

injection. The mice were then sacrificed by cervical disloca-

tion, and the tumors were excised to measure their weights.

In vivo metastasis assay
A total of 5×105 cells infected with Lv-shCon or Lv-shNLK 

were intravenously injected through the tail vein of 6-week-

old nude mice (ten mice per group). After 8 weeks, the mice 

were euthanized and the number of surface metastases per 

lung was determined under a dissecting microscope. The 

lungs were excised and embedded in paraffin, whereby 

hematoxylin and eosin staining was performed to confirm 

the presence of tumors.

Statistical analysis
All data are shown as the mean ± standard deviation from three 

independent experiments. Statistical analysis was performed 

using SPSS 16.0 software package (SPSS Inc., Chicago, IL, 

USA). Student’s t-test was used to determine the statistical 

significance of the differences among the experimental groups. 

A P-value of ,0.05 was considered statistically significant.

Results
Expression patterns of NLK in SCLC 
and adjacent lung tissues
To explore the role of NLK in human SCLC, we first evalu-

ated its expression in 20 paired SCLC and adjacent lung tissue 

samples by qRT-PCR. As shown in Figure 1, the mRNA 

levels of NLK in .75% of SCLC tissues were increased 

by over threefold, as compared to matched normal tissues. 

Our results showed that NLK expression was significantly 

elevated in SCLC tissues and might be associated with the 

development of SCLC.

Knockdown of NLK in SCLC cells by 
lentivirus-mediated shRNA
NCI-H446 cells were transduced with shRNA-expressing 

lentivirus (Lv-shCon or Lv-shNLK). GFP expression was 

observed by fluorescent microscopy 4 days after lentivirus 

infection. As shown in Figure 2A, .80% of NCI-H446 cells 

expressed GFP in the Lv-shCon and Lv-shNLK groups, 

indicating a successful infection rate. The inhibitory effect 

of NLK shRNA on its endogenous expression in NCI-H446 

cells was examined by qRT-PCR and Western blotting. 

As shown in Figure 2B, the transcription level of NLK 

was markedly reduced in the Lv-shNLK group (P,0.01), 

in contrast to the uninfected (Con) and Lv-shCon groups. 

However, there was no significant difference between the 

Lv-shCon and Con groups. Immunoblotting also verified 

the downregulation of NLK expression in NCI-H446 cells 

at the translational level (Figure 2C). Therefore, lentivirus-

delivered shRNA could specifically downregulate endog-

enous NLK expression in SCLC cells.

Knockdown of NLK suppressed cell 
viability and proliferation in SCLC cells
To evaluate the effect of NLK knockdown on SCLC cell 

viability, a CCK-8 assay was performed in NCI-H446 cells 

post-infection. As shown in Figure 3A, the number of viable 

NCI-H446 cells was significantly reduced in the Lv-shNLK 

group on day 5 (P,0.01), in contrast to that in Con and 

Lv-shCon groups. This result indicated that knockdown of 

NLK could strongly decrease the viability of SCLC cells.

Figure 1 Expression patterns of NLK in SCLC and adjacent lung tissues.
Note: qRT-PCR analysis of NLK expression in 20 paired SCLC and adjacent lung tissue samples.
Abbreviations: NLK, Nemo-like kinase; qRT-PCR, quantitative real-time polymerase chain reaction; SCLC, small-cell lung cancer.
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Moreover, a colony formation assay was performed in 

NCI-H446 cells post-infection to evaluate the effect of NLK 

on long-term cell proliferation. Representative microscope 

images of the colonies per well and the cells per colony 

with crystal violet staining are presented in Figure 3B. The 

average number of total colonies was ∼90 in both the Con 

and Lv-shCon groups, while there was ,20 colonies in the 

Lv-shNLK group (P,0.01; Figure 3C). Our results showed 

that knockdown of NLK could potently disrupt tumorigenic 

(colony formation) ability of SCLC cells in vitro.

Knockdown of NLK blocked cell cycle 
progression in SCLC cells
To explore the mechanism by which NLK modulates cell 

proliferation, postinfection NCI-H446 cells were applied 

to flow cytometry analysis with PI staining (Figure 4A). As 

shown in Figure 4B, the percentage of NCI-H446 cells in the 

S-phase was increased by ∼30% (P,0.01), compared with 

the Con or Lv-shCon groups. In contrast, the populations 

of NCI-H446 cells in both G0/G1- and G2/M-phases were 

decreased in the Lv-shNLK group. Our results suggest that 

knockdown of NLK could inhibit SCLC cell proliferation 

by inducing S-phase cell cycle arrest.

Knockdown of NLK alleviated cell 
migration in SCLC cells
Furthermore, we determined the effect of NLK on SCLC 

cell migration using Transwell chambers. Representative 

microscope images of crystal-violet-stained NCI-H446 cells 

that migrated to the lower surface are presented in Figure 5A. 

β

Figure 2 Lentivirus-delivered shRNA targeting NLK downregulated its endogenous expression.
Notes: (A) GFP expression in the uninfected and lentivirus-infected NCI-H446 cell lines recorded by fluorescence microscopy. (B) qRT-PCR analysis of NLK knockdown 
efficiency in the uninfected and lentivirus-infected NCI-H446 cells. (C) Representative immunoblot showing NLK knockdown efficiency determined in the uninfected and 
lentivirus-infected NCI-H446 cells. The β-actin gene and protein were used as internal controls. Data are mean ± SD (n=3; t-test). *P,0.05.
Abbreviations: Con, control; GFP, green fluorescence protein; Lv-shCon, lentivirus-containing non-silencing shRNA; Lv-shNLK, lentivirus-containing NLK shRNA; NLK, 
Nemo-like kinase; qRT-PCR, quantitative real-time polymerase chain reaction; shRNA, short hairpin RNA.
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Figure 3 Depletion of NLK decreased cell proliferation and colony formation.
Notes: (A) Growth curves of the uninfected and lentivirus-infected NCI-H446 cell lines determined by CCK-8 assay. (B) Representative colony formation showing 
clonogenic survival determined in the uninfected and lentivirus-infected NCI-H446 cells. (C) Statistical analysis of colony numbers in the uninfected and lentivirus-infected 
NCI-H446 cells. Data are mean ± SD (n=3; t-test). *P,0.05.
Abbreviations: CCK-8, Cell Counting Kit-8; Con, control; Lv-shCon, lentivirus-containing non-silencing shRNA; Lv-shNLK, lentivirus-containing NLK shRNA; NLK, Nemo-
like kinase; shRNA, short hairpin RNA.

The number of migrated NCI-H446 cells was signifi-

cantly reduced in response to NLK knockdown (P,0.01, 

Figure  5B), indicating that knockdown of NLK could 

alleviate the migration of SCLC cells.

Knockdown of NLK decreased cell cycle 
and migration-related regulators
To further elucidate the molecular mechanism underlying 

NLK-mediated cell growth and migration, the alteration in 

the expression of some regulators associated with cell cycle 

and motility was determined in NCI-H446 cells by Western 

blotting. It is well known that the Cyclin A/CDK2 complex 

plays an essential role in DNA synthesis and S-phase 

progression.18 As shown in Figure 6, compared with the Con 

and Lv-shCon groups, the expression of Cyclin A and CDK2 

as well as CDC25A, a tyrosine phosphatase that contributes 

to activation of CDK2,19 was noticeably downregulated in 

the Lv-shNLK group. In addition, NLK silencing suppressed 

the expression of MMP-9, which has been shown to correlate 

with tumor invasion.20 Our results indicate that NLK might 

play an essential role in SCLC growth and metastasis via sup-

pression of the cell cycle and invasion regulatory proteins.

Knockdown of NLK inhibited SCLC 
tumor growth and lung metastasis in vivo
Since in vitro data showed that downregulation of NLK inhib-

ited the growth of SCLC cells, we investigated the effect of 

NLK shRNA treatment on tumor growth in vivo. The human 

xenograft nude mouse models of SCLC were successfully 

developed using lentivirus-infected NCI-H446 cells. As the 

time of implantation increased, the tumor volume in each 

group showed a progressive increase, but the growth rate 

in the Lv-shNLK group was significantly slower than in the 

Lv-shCon group (Figure 7A). Compared with the Lv-shNLK 

group, the tumor weight in the Lv-shNLK group was also 

reduced in NCI-H446-cells-implanted mice (P,0.01, 

Figure 7B). Representative photographs of the solid tumors 

are shown in Figure 7C and D. Furthermore, in comparison 

with tail vein injection with Lv-shCon cells, injection with 

Lv-shNLK cells resulted in a lower lung metastasis frequency 
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Figure 4 Downregulation of NLK induced S-phase cell cycle arrest.
Notes: (A) Flow cytometric analysis of cell cycle distributions in the uninfected and lentivirus-infected NCI-H446 cells. (B) Statistical analysis of G1-, S-, G2/M-phase 
populations in the uninfected and lentivirus-infected NCI-H446 cells. Data are mean ± SD (n=3; t-test). *P,0.05; **P,0.01.
Abbreviations: Con, control; Lv-shCon, lentivirus-containing non-silencing shRNA; Lv-shNLK, lentivirus-containing NLK shRNA; NLK, Nemo-like kinase; shRNA, short 
hairpin RNA.

Figure 5 Downregulation of NLK impeded cell migration.
Notes: (A) Representative crystal violet staining showing cell migration determined in the uninfected and lentivirus-infected NCI-H446 cells. (B) Statistical analysis of 
migrated cells in the uninfected and lentivirus-infected NCI-H446 cells. Data are mean ± SD (n=3; t-test). *P,0.05.
Abbreviations: Con, control; Lv-shCon, lentivirus-containing non-silencing shRNA; Lv-shNLK, lentivirus-containing NLK shRNA; NLK, Nemo-like kinase; shRNA, short 
hairpin RNA.
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β

Figure 6 Downregulation of NLK affected cell cycle and migration regulatory proteins.
Notes: Representative immunoblot showing expression alterations of Cyclin A, 
CDK2, CDC25A, and MMP-9 determined in the uninfected and lentivirus-infected 
NCI-H446 cells. β-actin protein was used as an internal control.
Abbreviations: Con, control; Lv-shCon, lentivirus-containing non-silencing shRNA; 
Lv-shNLK, lentivirus-containing NLK shRNA; MMP-9, matrix metalloproteinase 9; 
NLK, Nemo-like kinase; shRNA, short hairpin RNA.

Figure 7 Downregulation of NLK inhibited tumor growth and lung metastasis in vivo.
Notes: (A) Growth curves of xenograft tumors in nude mice treated with lentivirus-infected NCI-H446 cells. (B) Statistical analysis of weights of xenograft tumors in nude 
mice treated with lentivirus-infected NCI-H446 cells. (C) Representative images recorded under light microscope, representing the size of tumors in nude mice. (D) The 
tumor was confirmed by H&E staining. (E) Incidence of tumor lung metastasis in nude mice induced by injection of NCI-H446 cells, which were stably infected with Lv-shNLK 
or Lv-shCon. (F) Lung metastases in the mice were confirmed by H&E staining; magnification ×100. Data are mean ± SD (n=3; t-test). *P,0.05; **P,0.01.
Abbreviations: Con, control; Lv-shCon, lentivirus-containing non-silencing shRNA; H&E, hematoxylin and eosin; Lv-shNLK, lentivirus-containing NLK shRNA; NLK, Nemo-
like kinase; shRNA, short hairpin RNA.

(10% for Lv-shNLK cells and 60% for Lv-shCon cells; 

Figure 7E). Representative photographs of the lung meta-

static tumor nodes are shown in Figure 7F. Our results verify 

that knockdown of NLK could potently suppress the growth 

and metastasis of SCLC in vitro and in vivo.

Discussion
SCLC causes significant mortality worldwide, but infor-

mation on the potential molecular mechanism of SCLC is 

limited. In the current study, we investigated the functional 

relationship between SCLC and a tumor-related gene NLK. 

We first proved that NLK expression was remarkably ele-

vated in human SCLC tissues in contrast to normal tissues, 

implying the involvement of NLK in SCLC development.

Lentivirus-mediated RNAi efficiently suppressed NLK 

expression in NCI-H446 cells, resulting in a significant reduc-

tion in cell viability and proliferation, which suggests that 

NLK could be a key regulator involved in the proliferation 

of SCLC cells. Flow cytometry analysis of cell cycle showed 
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that knockdown of NLK led to an obvious accumulation of 

NCI-H446 cells in the S-phase. Cell cycle progression is con-

trolled by a set of Cyclin/Cdk complexes, and their abnormal 

expression may play an important role in the pathogenesis 

of human cancers.21 We further confirmed that the cell cycle 

arrest was accompanied by a reduction in Cyclin A, CDK2, 

and CDC25A expression in response to NLK knockdown. 

Our results were in accordance with previous reports showing 

that targeted disruption of NLK suppressed HCC cell growth 

by arresting cell cycle transition.22 Notably, ectopic miR-101 

expression repressed cancer cell growth and proliferation and 

imitated the NLK knockdown effect on HCC cells.23 NLK, 

an inhibitor of Notch signaling, has also been identified as 

a target of miR-181 in NLK cells.24 Thus, a comprehensive 

microRNA (miRNA) profiling analysis on human SCLC 

tissues should be carried out to further identify miRNAs 

that may target NLK.

It has been shown that NLK is a key regulator of cell pro-

liferation and migration. Lentivirus-mediated knockdown of 

NLK in GBC cell lines significantly reduced cell viability and 

proliferation as well as migration.25 Next, we thus evaluated 

the impact of NLK silencing on SCLC cell migration using 

Transwell chambers. Our results indicate that knockdown of 

NLK potently impeded the migration of NCI-H446 cells via 

the suppression of MMP-9.

Furthermore, we provided a deeper understanding of the 

role of NLK in SCLC development with the use of mouse 

models of SCLC. This study showed that decreased expres-

sion of NLK in SCLC cells represents an advantage for SCLC 

therapy resulting in reduced cell growth in vitro and in vivo, 

which suggests NLK as a potential therapeutic marker for the 

treatment of SCLC. However, Lv et al10 reported opposite 

results and have shown that low NLK expression is associated 

with NSCLC histological differentiation and clinical stage 

as well as the increased growth of NSCLC cells. These dif-

fering results suggest that NLK may exert different effects 

depending on the specific cancer type and therefore on the 

different signal proteins it interacts with and regulates. NLK 

is able to play a role in multiple processes due to its capacity 

to regulate a diverse array of signaling pathways, including 

the Wnt/β-catenin, activin, interleukin-6, and Notch signal-

ing pathways.7 Therefore, further investigations based on 

the downstream signaling pathways controlled by NLK in 

SCLC cells are necessary.

Conclusion
The current study suggests that NLK is a key regulator 

involved in the proliferation and migration of SCLC. 

Our findings may extend our knowledge of the molecular 

pathogenesis of SCLC and provide a novel therapeutic target 

for the treatment of SCLC.
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