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Background: Lung cancer is a leading cause of cancer-related mortality worldwide and non-small-cell lung carcinoma (NSCLC) is
responsible for almost 80% of lung cancer-related deaths. Identifying novel molecules that can repress the invasiveness and
metastasis of lung cancer will facilitate the development of new antilung cancer strategies. The aim of this study is to determine
the roles of NUAK1 (a downstream of Akt) and miR-204 in the invasiveness and metastasis of NSCLC and to reveal the correlation
between NUAK1 and miR-204.

Methods: The expression of NUAK1 in primary human NSCLC tissues was evaluated by immunohistochemistry. Real-time PCR
was employed to measure the expression level of miR-204. The effect of NUAK1 and miR204 on the prognosis of NSCLC patients
was evaluated by log-rank test. The siRNA transfection was used to manipulate the expression levels of NUAK1 and miR204 in
cancer cells. Chemotaxis assay, Scratch assay, and Matrigel invasion assay were performed to evaluate the migration and invasion
of cells. Cellular F-actin measurement was used to measure F-actin polymerisation in lung cancer cells. Western blot was used to
detect the expression levels of corresponding proteins. The Luciferase assay and RNA immunoprecipitation were used to confirm
the actual binding site of miR-204 to 30UTR of NUAK1.

Results: Increased expression of NUAK1 is correlated with the invasiveness and metastasis of human NSCLC. Knockdown of
NUAK1 inhibited cell migration and invasion. In addition, this study showed that NUAK1 influenced mTOR phosphorylation and
induced the phosphorylation of p70S6K1 and eukaryotic initiation factor 4E-binding protein1 (4E-BP1), two downstream targets of
mTOR in NSCLC cells. At the same time, decreased expression of miR-204 promoted NSCLC progression and, contrarily,
manipulated upregulation of miR-204-inhibited cell migration and invasion. There is clinical relevance between miR-204
downregulation and NUAK1 upregulation in human NSCLC. Furthermore, we found that miR-204 inhibited NSCLC tumour
invasion by directly targeting and downregulating NUAK1 expression. Finally, our data suggested that the downregulation of miR-
204 was due to hypermethylation of its promoter region.

Conclusions: Our results indicate that NUAK1 is excessively expressed in NSCLC and plays important roles in NSCLC invasion.
The miR-204 acts as a tumour suppressor by inhibiting NUAK1 expression in NSCLC. Both NUAK1 and miR-204 may serve as
potential targets of NSCLC therapy.

Lung cancer is a leading cause of cancer-related mortality
worldwide and non-small-cell lung carcinoma (NSCLC) is
responsible for almost 80% of lung cancer-related deaths

(Buyukcelik et al, 2004; Jemal et al, 2011). Despite recent
improvements in chemotherapy and molecular-targeted therapy,
the outcome of lung cancer remains poor. The invasiveness and
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metastasis of tumour cells are critical challenges in the clinical
management of NSCLC. Identifying novel molecules that can
repress the invasiveness and metastasis of lung cancer cells will
facilitate the development of new antilung cancer strategies.

The NUAK1 is a novel member of the AMP-activated protein
kinase (AMPK) catalytic subunit family and is directly activated by
Akt (Suzuki et al, 2004). Recent studies provide evidences that
NUAK1 is closely involved in tumour progression. NUAK1 has
been found to induce tumour cell survival during nutrient
starvation in an Akt-dependent manner (Suzuki et al, 2003). High
expression of NUAK1 was involved in tumour progression of
colon cancer clinically (Kusakai et al, 2004). In addition, NUAK1
enhanced the invasive and metastatic potential of breast cancer
cells under regulation by Akt (Chang et al, 2012). Furthermore, in
a recent study in our laboratory, we demonstrated that upregula-
tion of NUAK1 promoted glioma invasion (Lu et al, 2013).
Although these studies indicate the importance of NUAK1 in
cancer progression, its roles in NSCLC still remain to be
investigated.

MicroRNAs (miRNAs) are small, noncoding single-stranded
RNAs that originate from encoding genes in nucleus. MicroRNAs
downregulate gene expression by binding partially and comple-
mentarily to the 30-untranslated regions (UTRs) of target
mRNAs in post-transcriptional level, leading to mRNA degrada-
tion or inhibition of translation (Lagos-Quintana et al, 2001; Lim
et al, 2005). Approximately 20–30% of all genes are targeted by
miRNAs and a single miRNA may target as many as 200 genes
(Krek et al, 2005). Although their biological functions remain
largely unknown, recent studies suggest that miRNAs are
involved in cancer progression and metastasis by targeting
oncogenes and tumour suppressor genes (Garzon et al, 2009;
Ryan et al, 2010). Many miRNAs are known to be up- and/or
downregulated in a variety of cancers and can have either
tumour-promoting or tumour-suppressing effects (Volinia et al,
2006; Ventura and Jacks, 2009; Ventura et al, 2009). In addition,
a growing body of evidences indicate that certain miRNAs
can function as potential biomarkers for cancer diagnosis,
progress, and response to treatment (Lu et al, 2005; Garzon and
Marcucci, 2012).

The human miR-204 is located in the 7q32 region and is
transcribed from the cluster of miR-183 family. There is emerging
knowledge about the roles of miR-204 in cancers (Chen et al,
2013). In fact, recent advances in miRNA-related researches have
shown that miR-204 has important roles in tumourigenesis,
including the regulation of carcinogenesis in gastric cancer (Lam
et al, 2011; Sacconi et al, 2012; Zhang et al, 2013), squamous cell
carcinoma of the head and neck (Lee et al, 2010), peripheral nerve
sheath tumours (Gong et al, 2012), bladder cancer (Pignot et al,
2013), and the migration and invasion of endometrial cancer cell
lines (Chung et al, 2012). Imam et al (2012) reported that
chromosomal loci containing miR-204 is frequently lost, resulting
in its lower expression in multiple cancers. The miR-204 acted as a
potent suppressor of tumour growth and metastasis for ovarian
cancers, breast cancers, and pediatric renal tumours (Imam et al,
2012). On the other hand, however, miR-204 showed tumour-
promoter activity in human prostate cancer (Turner et al, 2011).
The functions and experimental targets of miR-204 varied
depending on cellular types used in experiments, suggesting a
significant influence of the molecular background on miRNA
target selection. Till now, the roles of miR-204 in NSCLC have
never been described and this prompted us to identify and validate
the role of miR-204 in NSCLC.

In the current study, for the first time, we demonstrated that
NUAK1 played a key role in NSCLC progression. In addition, we
found a downregulation of miR-204 in NSCLC tissues and cells.
Functional assays showed that the expression of miR-204 was
inversely correlated with the expression of NUAK1 and the

invasive potential of NSCLC. Moreover, NUAK1 was confirmed to
be a direct target gene of miR-204.

MATERIALS AND METHODS

Patients and tissue specimens. This study was conducted on a
total of 207 paraffin-embedded NSCLC samples that were
histopathologically diagnosed at the Department of Pathology of
Weifang Medical University from 2002 to 2006. The histological
characterisation and clinicopathological staging of the samples
were determined according to the Union for International Cancer
Control (UICC) Tumour–Node–Metastasis (TNM) classification.
For western blot, 20 pairs of selected frozen (liquid nitrogen)
NSCLC tissues and adjacent nontumour tissues (ANTs) were
evaluated. For the use of these clinical materials for research
purpose, prior patients’ consents and approval from the Institu-
tional Research Ethics Committee were obtained. Clinical informa-
tion of the specimens is described in detail in Supplementary
Table 1.

Immunohistochemistry. Primary antibody used for immunos-
taining was the NUAK1 polyclonal antibody (sc-130117, 1 : 100
dilution; Santa Cruz, Dallas, TX, USA). Briefly, slides were
deparaffinised in xylene and transferred through two changes of
100% ethanol. For antigen retrieval, the slides were boiled in a
pressure cooker at maximum heat for 2min containing
0.01mol l� 1 sodium citrate (pH 6.0) and cooled for 30min at
room temperature. Endogenous peroxidase activity was blocked in
0.3% H2O2 for 10min at 37 1C. After incubation, the slides were
washed 3 times in PBS for 3min each. Then slides were incubated
with the primary antibody overnight at 4 1C. Routine controls
using PBS instead of the primary antibody were included to verify
specificity. After washing with PBS, the bound primary antibody
was detected by Biotinylated Goat Anti-Rabbit IgG (Hþ L) (1 : 200
dilution; Vector Laboratories, Burlingame, CA, USA) and the
chromogenic substrate 3,3-diaminobenzidine tetrahydrochloride
(DAB). The specimens were counterstained with haematoxylin,
mounted, and examined by light microscopy (Olympus IX71,
Tokyo, Japan).

Immunohistochemical evaluation. The degree of immunostain-
ing of the sections was viewed and scored separately by two
independent investigators who were blinded to the histopathologic
features and patient data of the samples. The results were evaluated
by an immunohistochemical score (IHS) (Li et al, 2008). The IHS
was calculated by combining an estimate of the percentage of
immunoreactive cells (quantity score) with an estimate of the
staining intensity (staining intensity score) as follows: no staining is
scored as 0, 1–10% of cells stained scored as 1, 11–50% as 2, 51–
80% as 3, and 81–100% as 4. The percentage of positive cells was
calculated by counting more than 1000 cancer cells in randomly
selected high-power fields (� 400). Staining intensity was rated on
a scale of 0–3, with 0¼ negative, 1¼weak, 2¼moderate, and
3¼ strong. When there was multifocal immunoreactivity and there
were significant differences in staining intensities between foci, the
average of the least intense and most intense staining was recorded.
The raw data were converted to IHS by multiplying the quantity
and staining intensity scores. Theoretically, the scores could range
from 0 to 12. The HIS score of 9–12 was considered strong
immunoreactivity, 5–8 was considered moderate, 1–4 was
considered weak, and 0 was scored as negative. In addition, 0–4
was regarded as low expression and 5–12 was regarded as high
expression. The NSCLC patients were divided into two groups
based on NUAK1 expression level, namely, the low NUAK1
expression group and the high NUAK1 expression group for
clinical survival analysis.
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Cell culture. Lung cancer cell lines, including SPC, A549, NCI-
H1299, and Calu1, were obtained from the American Type Culture
Collection (Manassas, VA, USA). The cells were cultured in RPMI-
1640 (SH30809.01B, HyClone, Logan, UT, USA) and supplemen-
ted with 10% fetal bovine serum (SH30070.03, HyClone) and 1%
penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) at 37 1C
in a humidified atmosphere of 95% air and 5% CO2. The BEAS-2B
immortalised human bronchial epithelial cell line (Shanghai
Institutes of Biological Sciences, Shanghai, China) was cultured
in LHC-9 medium as instructed by the provider. The chemotaxis
chambers and membranes were from Neuroprobe (Gaithersburg,
MD, USA). The human EGF (epidermal growth factor) was
purchased from R&D Systems (Minneapolis, MN, USA). To
inhibit hypermethylation in the promoter region of miR-204 gene,
DNA methyltransferase inhibitor 5-Aza-20-deoxyazacytidine (5-
aza-dC; Sigma, St Louis, MO, USA) was used to treat the
forementioned cell lines (Ambros, 2008). Cells were seeded in
10 cm dishes (1� 106 cells per dish) 24 h before drug treatment.
The cells were treated with 5 mM 5-aza-dC for 72 h and
dimethylsulphoxide (DMSO; Sigma) was used as negative control.

Plasmid construction and transfection. Cells were plated in a
35mm dish for 24 h before transfection into the complete medium.
The transfection was performed with Lipofectamine 2000 (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. For transient transfections, two Stealth siRNAs
against human NUAK1 (#1: 50-GAAGTTATGCTTTATTCAC-30,
#2: 50-CATCCTCTGATTCTAGGTG-30) and a scrambled siRNA
were synthesised by Invitrogen. BLOCK-iT Fluorescent Oligo was
used to examine the transfection efficiency (Invitrogen). The
transient transfected cells were named SiNUAK1#1/H1299,
SiNUAK1#2/H1299, and Scr/H1299 cells. At 72 h after transfec-
tions, cells were harvested and used for further experiments. For
stable transfection, a siRNA expression plasmid containing target
sequence (50-CATCCTCTGATTCTAGGTG-30) and a vector
containing a scrambled sequence were selected by using
600 mgml� 1 neomycin. The stable transfected cells are named
siNUAK/H1299 and Scr/H1299 cells for subsequent studies.

The 30UTRs of NUAK1 containing predicted miR-204 target
sites were amplified by PCR from A549 cell genomic DNA and
cloned into pcDNA3.1 expression vector (GenePharma Company,
Shanghai, China). The A549 cells were transfected with
pcDNA3.1-NUAK1 plasmid or pcDNA3.1 vector using Lipofecta-
mine 2000 (Invitrogen) following the protocol. After 24 h of
transfection, cells were trypsinised, diluted, and reseeded into
10 cm culture dishes. Stable transfected cells were obtained by
using selection medium (culture medium with 700 mgml� 1 G418).
Single cell clones were isolated for clone expansion. Stable
transfected cell clones were named A549/NUAK1 and A549/
CON cells. The cells were maintained and passaged in culture
medium with G418 (400 mgml� 1). The 30UTRs of NUAK1 were
amplified and then cloned into the downstream of the luciferase
gene in a modified pGL3 control vector (Promega, Madison, WI,
USA) (Li et al, 2013).

The miR-204 mimics, miR-204 inhibitor oligonucleotides, miR-
204 mutants, and corresponding control oligonucleotide mimics
(NC) were synthesised by GenePharma company (Shanghai,
China). A DNA fragment containing the hsa-miR-204 precursor
with 300 bp flanking sequence of each side was amplified into
retroviral transfer plasmid pMSCVpuro (GenePharma). Retroviral
production and infection were performed as described previously.
Following transduction, puromycin (1.5 mgml� 1) was used as a
selection antibiotic to select the infected cells for 10 days (Li et al,
2013). Stable transfected cell clones were named miR-204/H1299,
miR-204 inhibitor/H1299, miR-204 mutant/H1299, and miR-NC/
H1299 or miR-204/A549, miR-204 inhibitor/A549, miR-204
mutant/A549, and miR-NC/A549 cells, respectively.

RNA extraction and real-time quantitative PCR. Total miRNAs
of cultured cells, 15 surgically resected fresh NSCLC tissues and 80
of 207 randomly chosen paraffin-embedded, archived clinical
NSCLC specimens were extracted using the mirVana miRNA
Isolation Kit (Ambion, Austin, TX, USA) and RecoverAll Total
Nucleic Acid Isolation kit (Ambion) according to the manufac-
turer’s instruction. Complementary DNA was synthesised with
5 ng of total RNA using the TaqMan miRNA Reverse Transcrip-
tion Kit (Applied Biosystems, Foster City, CA, USA), and the
expression levels of miR-204 were quantified with the miRNA-
specific TaqMan MiRNA Assay Kit (Applied Biosystems) (Cai
et al, 2013). The corresponding 95 NSCLC patients were divided
into two groups based on miR-204 expression level, namely, the
low-miR-204 expression group (below the median value) and the
high-miR-204 expression group (above the median value), for
clinical survival analysis.

Bisulphite genomic sequencing. Genomic DNAs from BEAS-2B
immortalised human bronchial epithelial cell line, NSCLC cell
lines, and clinical specimens were bisulphite modified with the
Epitect Bisulphite Kit (Qiagen, Duesseldorf, Germany). Bisulphite-
treated DNAs were amplified with BSP (bisulphite-sequencing
PCR) primers located in the miR-204 promoter (Ying et al, 2013).
The PCR products were cloned using the pGEM-T Easy Vector
System (Promega). Plasmids from single colonies were purified and
sequenced.

Western blot assay. For western blot, cells or tissues were directly
lysed in 1� SDS sample buffer. Protein samples were separated by
SDS–PAGE, transferred to polyvinylidene difluoride membranes
(Millipore Inc., Billerica, MA, USA), immunoblotted using the
appropriate primary and the HRP-conjugated secondary antibodies,
and were visualised by using enhanced chemiluminescence reagents
ECL (Pierce, Rockford, IL, USA). Blotted membranes were stripped
and reblotted with an anti-b-actin monoclonal antibody (Cell
Signaling, Danvers, MA, USA) as loading control. The intensities of
bands in western blots were quantified by densitometry analysis
using AlphaImager HP (Alpha Innotech, San Leandro, CA, USA)
and NIH Image J software (Rockville, MD, USA). Western blot data
shown in the paper are representatives from three independent
experiments. The following commercial antibodies were used in this
study: NUAK1 (4458, 1 : 1000 dilution; Cell Signaling), p-cofilin (sc-
21867-R, 1 : 1000 dilution; Santa Cruz), p-LIMK (3841, 1 : 1000
dilution; Cell Signaling), LIMK (3842, 1 : 1000 dilution; Cell
Signaling), MMP-2 (13132, 1 : 1000 dilution; Cell Signaling),
MMP-9 (3852, 1 : 1000 dilution; Cell Signaling), MT-MMP (3852,
1 : 1000 dilution; Cell Signaling), p-mTOR (5536, 1 : 1000 dilution;
Cell Signaling), p-4E-BP1 (2855, 1 : 1000 dilution; Cell Signaling),
p-P70S6K (9234, 1 : 1000 dilution; Cell Signaling), b-actin (4970,
1 : 1000 dilution; Cell Signaling), and HRP-linked Anti-rabbit IgG
antibody (7074, 1 : 2000 dilution; Cell Signaling).

Chemotaxis assay. Chemotaxis assays were performed by using
transwell chambers as described previously (Zhang et al, 2009a). Briefly,
the chemoattractant (EGF) was loaded into the lower chemotaxis
chamber and 5� 105 cells per ml cells suspended in the binding
medium (RPMI-1640, 0.1% BSA, and 25mM HEPES) were added to
the upper chambers. The polycarbonate filter (8mm pore size) was
pretreated with 10mgml� 1 fibronectin overnight, dried in air, and
inserted between the upper and lower chambers. Then, the chamber
was incubated at 37 1C in 5% CO2 for 3h. The filter membrane was
then rinsed, fixed, and stained. The numbers of migrating cells were
counted at � 400 in three separate fields by light microscope.

Scratch assay. The Scr/H1299 and SiNUAK1/H1299 cells were
plated in 35mm dishes for 2 days to grow into a monolayer. Then,
it was lined out with an even trace in the middle using a 10-ml
pipette tip. The cells were then incubated at 37 1C in 5% CO2

within an appropriate time and the distance of the wounds was
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measured under a light microscope. All samples were tested in
triplicate, and the data were expressed as mean±s.d.

Cellular F-actin measurement. The F-actin content was detected
as described previously (Zhang et al, 2009b; Li et al, 2013). In brief,
the cells were suspended at 4� 105 per ml in medium
supplemented with 2% (w/v) BSA and 10mM HEPES (pH 7.2)
and preincubated for 3 h at 37 1C. The cells were followed by the
stimulation of 10 ngml� 1 EGF at 37 1C at different time points.
The cells were then fixed with 4% paraformaldehyde for 10min,
permeabilised with 0.1% Triton X-100 for 30min, and incubated
with Alexa-fluro 568 phalloidin in F-actin buffer (10mmol l� 1

HEPES, 20mmol l� 1 KH2PO4, 5mmol l� 1 EGTA, 2mmol l� 1

MgCl2, PBS, pH 7.4) at room temperature for 60min. The cells
were washed 5 times. F-actin content was measured with a
microplate fluorescence reader with an excitation wavelength of
578 nm and an emission wavelength of 600 nm. The relative
F-actin content over different time periods was calculated by the
following equations: F-actin Dt/F-actin 0¼ fluorescence Dt/
fluorescence 0.

Matrigel invasion assay. A Boyden chamber invasion assay was
performed as previously described (Albini et al, 1987; Lu et al,
2013). The cells were suspended in serum-free medium at a final
concentration of 4� 105 per ml and incubated at 37 1C for 30min.
Then, the cells, in the presence or absence of 10 ngml� 1 EGF, were
promptly added to a 35mm dish containing dried fibronectin-
coated glass coverslips. After an incubation of 24 h, the cells were
washed gently twice with cold PBS and fixed. The attached cells
were counted under a light microscope at � 200.

Gelatin zymography. Cells transfected with control or NUAK1
siRNA were treated with 10 ngml� 1 EGF for 12 h in serum-free
medium. The conditioned medium was collected and analysed on
10% SDS–polyacrylamide gel incorporated with 0.1% gelatin (Das
et al, 2011). The gel was stained with 0.2% Coomasie Brilliant Blue
in 40% isopropanol for 25min and destained in 7% glacial acetic
acid. In our experiments, MMP-9 and MMP-2 were the only
gelatinases detected at 92 and 72 kDa, respectively, and were
visualised as decolourised bands over blue background.

Luciferase reporter assay. Cells (3.5� 104) were seeded in
triplicates in 48-well plates and allowed to settle for 24 h. Then,
100 ng of pGL3-NUAK1-30UTR, plus 1 ng of pRL-TK Renilla
plasmid (Promega), were transfected using the Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s recommen-
dation. Luciferase and Renilla signals were measured at 48 h after
transfection using the Dual Luciferase Reporter Assay Kit
(Promega) according to a protocol provided by the manufacturer.

RNA immunoprecipitation (RIP). Co-immunoprecipitation
(Co-IP) of miRNP with anti-Ago1 (Abcam, Cambridge, MA,
USA) or IgG (Sigma) was performed as previously described (Tan
et al, 2009). RNA co-immunoprecipitated with anti-Ago1 or IgG
antibodies was extracted using TRIzol LS (Invitrogen) as described
in a previous publication (Cheng et al, 2008). Total RNA was
subjected to DNA digestion as described above.

Xenografted tumour model in vivo and immunohistochemistry
(IHC). To investigate whether NUAK1 and miRNA-204 could
affect NSCLC metastasis in vivo, 5� 105 corresponding cells (Scr/
H1299, SiNUAK1/H1299, miR-NC/H1299, or miR-204/H1299)
were implanted into 4-week-old male nude mice by tail vein
injection individually with 10 mice per group. To investigate the
molecular mechanism that mediates the downregulation of miR-
204 in NSCLC tumours, H1299 cells (5� 105) were implanted
individually into 20 4-week-old male nude mice by tail vein
injection. The mice were randomly divided into two groups with
10 mice per group. In the first week after tumour inoculation,
200 ml 5-aza-dC (400 mM) or DMSO (negative control) was

intravenously injected through tail vein into corresponding nude
mice group once a day for 1 week (Yoo and Jones, 2006). All
animals received humane care according to the criteria outlined in
the Guide (Publication No. 85-23, revised 1985) for the care and
use of laboratory animals. The study protocol was approved by the
Review Committee for the Use of Human or Animal Subjects of
Weifang Medical University. The animals were killed and
autopsied 4 weeks after tumour inoculation. Metastasis formation
was determined by macroscopic observation and histological
examination of lung tissues. The lung tissues were serially cut into
5 mm slices, and every tenth section was stained with H&E to
evaluate the presence or absence of lung metastasis. Two
independent pathologists calculated the number of metastases in
whole lungs. Furthermore, metastatic lung tissues were subjected to
western blot for NUAK1 expression.

Statistical analysis. All statistical analyses were carried out using
the SPSS 13.0 statistical software package (Chicago, IL, USA).
Comparisons between groups for statistical significance were
performed with a two-tailed paired Student’s t-test. The w2 test
was used to analyse the relationship between NUAK1 or mir204
expression and clinicopathologic characteristics. Survival curve was
plotted using the Kaplan–Meier method and compared by the log-
rank test. Po0.05 was considered statistically significant in all cases.

RESULTS

Increased expression of NUAK1 in primary human NSCLC and
NSCLC cell lines. To investigate whether NUAK1 protein is
overexpressed in clinical samples of malignant lung tumour tissues,
we performed immunohistochemical analysis. We mainly assessed
the corelation between NUAK1 expression and clinicopathologic
features of patients with lung squamous cell carcinomas and
adenocarcinomas. As for lung tumour tissues, except for few samples
that showed nucleolus staining, most lung tumour tissues showed
strong cytoplasmic staining with NUAK1. On the contrary, in the
normal lung tissues, few cells showed positive staining with NUAK1
(Figure 1A). Among all paraffin-embedded lung cancer tissue
samples, positive NUAK1 expression rates are as following: 74.76%
(77 out of 103) for lung squamous cell carcinomas and 71.15% (74
out of 104) for lung adenocarcinomas. Inversely, among 40 paraffin-
embedded normal lung tissues, positive NUAK1 expression rate is
only 22.5% (9 out of 40), markedly lower than that of lung cancer
tissue samples. In addition, there is no statistical difference of
NUAK1 expression between lung squamous cell carcinomas and
adenocarcinomas (Supplementary Table 1).

To further reveal the role of NUAK1 in human NSCLC cancer,
western blot was performed to measure NUAK1 expression in a
series of NSCLC cell lines and the immortalised human bronchial
epithelial cell line BEAS-2B. The results showed that all the NSCLC
cell lines have higher expression of NUAK1 than BEAS-2B cell line
(Figure 1B). In addition, western blot analyses on 20 pairs of
selected human frozen (liquid nitrogen) NSCLC tissues and
adjacent ANTs showed that the expression of NUAK1 was
significantly increased in cancer tissues compared with matched
adjacent noncancerous tissues (Figure 1B). These results clearly
showed notable upregulation of NUAK1 in both clinical primary
NSCLC cancer tissues and human NSCLC cell lines.

Increased expression of NUAK1 is correlated with metastasis
and progression of human NSCLC. To further understand the
influences of NUAK1 on NSCLC, we analysed the relationship
between NUAK1 expression and clinicopathologic features of the
patients. We found that NUAK1 expression was strongly
correlated with lymph node metastasis (P¼ 0.009) and distant
metastasis (P¼ 0.001) in both aforementioned types of lung
cancers respectively, but not with tumour size, age, gender, and
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Figure 1. The expression of NUAK1 in NSCLC tissues and NSCLC cell lines. (Aa) Squamous cell carcinoma without lymph node metastasis,
(Ab) squamous cell carcinoma with lymph node metastasis, (Ac) adenocarcinoma without lymph node metastasis, and (Ad) adenocarcinoma
with lymph node metastasis were examined by immunohistochemical staining. Scale bar: 10 mm. (B, left) Expression of NUAK1 protein in
cultured human bronchial epithelial cell line (BEAS-2B) and NSCLC cell lines (SPC-A1, A549, H1299, and Calu1). (B, right) Expression of NUAK1
protein in paired NSCLC tissues (T) and adjacent nontumour tissues (ANTs), with each pair obtained from the same patient. b-Actin was used as
a loading control. The results were from a representative of at least three repeated experiments. (C) Kaplan–Meier analysis of correlation
between NUAK1 level and survival of NSCLC patients in stage I–II subgroup. (D) Kaplan–Meier analysis of correlation between NUAK1 level and
survival of NSCLC patients in stage III–IV subgroup. (E) Kaplan–Meier analysis of correlation between NUAK1 level and overall survival of NSCLC
patients with low (n¼87) and high (n¼ 120) NUAK1 expression. P-values were calculated by the log-rank test, Po0.05 was considered
statistically significant.
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histological grade (Supplementary Table 1). Further quantitative
analysis indicated that the average mean score of NUAK1 staining
was obviously increased in lung cancer tissues with lymph node
and distant metastasis (Figure 1A), confirming that high expres-
sion of NUAK1 was correlated with metastasis of human NSCLC.

Moreover, Kaplan–Meier analysis using log-rank test was
performed to assess the potency of NUAK1 expression on survival
of patients. We examined the prognostic value of NUAK1
expression in different subgroups of patients stratified in relation
to the UICC staging. Significant correlation between high NUAK1
expression and shorter overall survival time was found in UICC
staging subgroups. Patients with tumours exhibiting high NUAK1
expression had significantly shorter overall survival than those with
low expression of NUAK1 in either staging Iþ II subgroup
(n¼ 101; P¼ 0.002, log-rank; Figure 1C) or staging IIIþ IV
subgroup (n¼ 106; P¼ 0.006, log-rank; Figure 1C). The median
survival time of staging Iþ II subgroup with low NUAK1
expression (43±3.44 months, 95% confidence interval: 36.256–
49.744) was significantly longer than that of patients with high
NUAK1 expression (29±2.560 months, 95% confidence interval:
23.981–34.019). Similarly, the median survival time of staging
IIIþ IV subgroup with low NUAK1 expression (27±2.596
months, 95% confidence interval: 21.911–32.089) was significantly
longer than that of patients with high NUAK1 expression
(18±1.985 months, 95% confidence interval: 14.109–21.891).
The results showed that NUAK1 could be a valuable prognostic
marker for lung cancer patients at all disease stages.

Reduction of NUAK1 impaired NSCLC cell migration. In the
attempt to understand the biological function of NUAK1, we
performed cell chemotaxis assay and scratch assay. As shown in
Figure 1B, A549 cells showed relatively lower NUAK1 protein
expression, whereas H1299 cells showed relatively higher NUAK1
expression. We selected these two cell lines to verify our
hypothesis. PcDNA3.1-NUAK1 plasmid was stably transduced
into A549 cell lines to generate A549/NUAK1 cells (Figure 2A).
Ectopic NUAK1 expression of A549/NUAK1 cells showed
increased chemotaxis compared with control A549/CON cells,
whereas there was no obvious difference between parental A549
and A549/CON cells (Figure 2C). In addition, we got the RNA
interference (RNAi)-mediated NUAK1 knockdown H1299 cells
(SiNUAK1/H1299) and the RNAi control H1299 cells (Scr/H1299)
(Figure 2D). The robust chemotaxis of SiNUAK1/H1299 cells
decreased compared with Scr/H1299 cells when induced by EGF
(Figure 2E). These results indicated that NUAK1 played an
important role in the chemotaxis of lung cancer cells. The change
in cell proliferation, however, did not interfere with the chemotaxis
of cells because it only tooko3 h to complete the chemotaxis assay
in this study, shorter than the doubling time (Figure 2B). In
addition, a scratch assay has also been used as an assay for
directional movement. When a scratch was created in the fluent
monolayer cells, there was a significant difference between the
migration distance of Scr/H1299 and SiNUAK1/H1299 cells, and it
took a longer time for SiNUAK1/H1299 cells to fill the gap, further
supporting that NUAK1 played an important role in directional
migration (Figure 2F).

Knockdown of NUAK1 impaired the EGF-induced F-actin
polymerisation in H1299 cells. The ligand-induced transient
F-actin assembly plays a vital role in cellular chemotactic capacity
(Zhang et al, 2010). We performed F-actin polymerisation assay to
examine whether the reduction of NUAK1 impaired F-actin
polymerisation of H1299 cells. The EGF elicited a transient actin
polymerisation at 15 and 60 s in Scr/H1299 cells. In SiNUAK1/
H1299 cells, the actin polymerisation in response to EGF
stimulation was significantly inhibited, indicating that NUAK1
played a key role in cytoskeleton rearrangement (Supplementary
Figure 1A).

As a serine kinase, LIM kinase 1 (LIMK1) specifically
phosphorylates members of the cofilin/actin depolymerising factor
family and is implicated in the regulation of actin cytoskeletal
dynamics. F-actin dynamics is regulated by phosphorylating cofilin
at Ser3 that is critical for cell migration and chemotaxis (Arber
et al, 1998; Ghosh et al, 2004; Nishita et al, 2005). To test the
hypothesis that NUAK1 mediates EGF-induced activation of
LIMK1 and cofilin, which in turn regulates actin polymerisation,
we examined the evidence for LIMK1 and cofilin activation. As
shown in Supplementary Figure 1B, phosphorylation of LIMK1
and cofilin was suppressed in NUAK1 knockdown cells. This result
indicates that NUAK1 plays an important role in EGF-induced
cofilin recycling and actin polymerisation.

Reduction of NUAK1 impaired NSCLC cell invasion. To further
explore the effect of NUAK1 on invasion, we employed a Transwell
invasion assay. The EGF (10 ngml� 1) was used as a chemoat-
tractant to stimulate H1299 cells to penetrate through the matrigel
and migrate through the filters. Compared with control cells,
SiNUAK1/H1299 cells showed dramatically reduced invasive
ability Supplementary Figure 2A). We detected the rate of cell
proliferation in both SiNUAK1/H1299 and Scr/H1299 cells, and
the results showed that knockdown of NUAK1 did not
significantly influence cell proliferation.

Knockdown of NUAK1 is relevant to decreased activation of
MMP-2 and MMP-9. We have proved that knockdown of
NUAK1 can reduce the invasive ability of NSCLC cells. As MMPs
are known to be involved in NSCLC invasion (Takemoto et al,
2007; Weng et al, 2013; Xu et al, 2013), we detected the expression
of MMPs in SiNUAK1/H1299 and control cells. As shown in
Supplementary Figure 2B, western blotting assay showed that there
was no obvious difference in the expressions of MMP-2 and MMP-9
between SiNUAK1/H1299 and Scr/H1299 cells. On the other hand,
MT1-MMP, which facilitates the activation of MMP-2 and MMP-9,
had a remarkable lower expression in SiNUAK1/H1299 cells.
Furthermore, the active forms of MMP-2 and MMP-9 in cell
culture medium were detected by gelatin zymography. Interest-
ingly, the amounts of active MMP-2 and MMP-9 were down-
regulated in SiNUAK1/H1299 cells (Supplementary Figure 2C).
These results are consistent with our previous research on glioma
cell lines and strongly suggest that NUAK1 stimulates MMP-2 and
MMP-9 activation via MT1-MMP production.

The mTOR pathway is pivotal in cancer progression, and
activation of mTOR is associated with cancer cell survival,
proliferation, migration, and invasion (McAuliffe et al, 2010;
Imam et al, 2012). Previous studies showed that NUAK1 promoted
migratory and invasive properties of glioma through Akt-mTOR
activation (Lu et al, 2013). In order to examine whether NUAK1
influences mTOR phosphorylation and induces the phosphoryla-
tion of p70S6K1 and eukaryotic initiation factor 4E-binding
protein 1 (4E-BP1), two downstream targets of mTOR in NSCLC
cell (Khan et al, 2012), western blot was performed to analyse the
EGF-induced phosphorylation of mTOR pathway. As shown in
Supplementary Figure 2D, EGF-induced phosphorylation of
mTOR, 4E-BP1, and P70S6K was significantly decreased in
SiNUAK1/H1299 cells compared with Scr/H1299 cells.

MiR-204 directly targets NUAK1. Emerging data imply that
miRNAs can regulate tumourigenesis and malignant progression
by functioning as tumour suppressors or oncogenes. In mammals,
the imprecise matching between miRNAs and their targets
indicates that any given miRNA can bind different mRNAs and
may engender an enormous regulatory potential (Ambros, 2008).
To disclose the biological events accompanying the alterations
of cell invasion caused by NUAK1, online miRNA target prediction
databases (miRNA.org (http://www.microrna.org/microrna/search
Genes.do) and Targetscan (http://www.targetscan.org/)) were used
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to determine the miRNAs that can target NUAK1. The databases
predicted miR-204 (Figure 3A), miR-182, miR-96, and miR-708 as
the potential miRNAs targeting NUAK1. The four miRNA mimics
and negative control (NC) mimics were synthesised (GenePharma
Company) and transfected into H1299 and A549 cells (Figure 3B).
As shown in Figure 3C, western blot analysis confirmed that the
NUAK1 protein levels were indeed reduced drastically in miR-204-
transduced cells but pronouncedly elevated in miR-204-silenced cells
compared with those in the corresponding control cells. The
enhanced miR-182, miR-96, and miR-708 in H1299 cells, however,
could not repress NUAK1 expression (Supplementary Figure 3).
Based on these results, we hypothesised that NUAK1 was a target of
miR-204 in NSCLC, as shown in Figure 3A. Furthermore, RIP
analysis following miR-204 transfection demonstrated that mRNAs
of NUAK1 could be specifically recruited to the miRNP complex
isolated by anti-Ago1 antibody (Figure 3D).

To further investigate whether the predicted binding site of
miR-204 to 30UTR of NUAK1 is responsible for this regulation, we
cloned the 30UTR of NUAK1 downstream to a luciferase reporter
gene (wt-NUAK1). We co-transfected wt-NUAK1 vector and miR-
204, miR-204 inhibitor, miR-204 mutant, or negative control into
A549 and H1299 cells (Figure 3E). We found that transfection of
miR-204 oligonucleotides abrogated the expression of luciferase,
and such suppressive effects could be reversed by anti-miR-204
oligonucleotides. However, miR-204-mediated repression of luci-
ferase activity was abolished by the mutant putative binding site
(Figure 3F). Taken together, these results indicate that miR-204
downregulates NUAK1 expression by directly targeting its 30UTR.

Increased expression of miR-204 inhibited NSCLC cell invasion
in vitro. To elucidate the functional significance of microRNA-
mediated suppression of NUAK1 in cell invasiveness, we re-

expressed open reading frames (ORFs, without their respective
30UTRs) of NUAK1 genes in miR-204-overexpressing cells and
assessed cell invasiveness by transwell matrix penetration assay. As
expected, restoration of NUAK1 significantly rescued the inva-
siveness impaired by miR-204 (Figure 3G), suggesting that
downregulation of NUAK1 was functionally important for the
inhibitory effect of miR-204 on NSCLC cell invasion.

MiR-204 was downregulated in NSCLC. To investigate the
potential role of miR-204 in the development and progression of
NSCLC, we detected the expression of miR-204 in NSCLC cell
lines and tissues. Real-time PCR analysis showed that miR-204 was
ubiquitously expressed at lower levels in a series of four human
lung cancer cell lines than in BEAS-2B cell line (Figure 4A). In
parallel, as shown in Figure 4B, miR-204 expression was markedly
decreased in most of the 15 collected frozen NSCLC tumour tissues
as compared with that in paired ANTs. These data implied that
miR-204 expression was obviously decreased in NSCLC.

MiR-204 downregulation has clinical relevance to NUAK1
upregulation in human NSCLC. To examine whether the
biological effects of miR-204 downregulation on NSCLC cell
invasion were clinically relevant, we examined the correlation of
miR-204 expression with the expression of NUAK1 in clinical
specimens of NSCLC. As shown in Figure 4C, significantly
diminished expression of miR-204 in conjunction with elevated
expression of NUAK1 was found in NSCLC lesions, suggesting that
the inhibitory effect of miR-204 on NUAK1 was clinically relevant
in NSCLC. Moreover, we showed that miR-204 expression was
more decreased in NSCLC samples from patients with lymphatic
and distant metastasis than those from patients without lymphatic
and distant metastasis, and this result is consistent with the
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forementioned high expression of NUAK1 in metastatic lymph
nodes (Supplementary Table 2).

Decreased expression of miR-204 correlates with NSCLC
clinicopathologic characteristics and the overall survival of
NSCLC patients. The decreased expression of miR-204 in lung
cancer tissues and cells prompted us to evaluate the clinical
significance of miR-204 in the progression of NSCLC. We
examined a cohort of 80 archived paraffin-embedded specimens
of NSCLC and 15 selected frozen (liquid nitrogen) NSCLC tissues

(Supplementary Table 2). In accordance with aforementioned
clinical significance of NUAK1, the data showed that miR-204 was
differentially detectable in all NSCLC specimens. The expression of
miR-204 was closely correlated with NSCLC clinical staging
(P¼ 0.003), lymph node metastasis (P¼ 0.003), and distant
metastasis (P¼ 0.006). In addition, Kaplan–Meier analysis indi-
cated that patients with low miR-204 expression in their lung
tumours had a shorter median survival time than those with high
miR-204 expression in either the stage I–II subgroup (n¼ 47;
P¼ 0.044, log-rank; Figure 4D) or the stage III–IV subgroup
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(n¼ 48; P¼ 0.007, log-rank; Figure 4E). The median survival time
of staging Iþ II subgroup with high miR-204 expression
(44.280±2.11 months, 95% confidence interval: 40.144–48.416)
was significantly longer than that of patients with low miR-204
expression (35.227±2.681 months, 95% confidence interval:
29.973–40.481). Similarly, the median survival time of staging
IIIþ IV subgroup with high miR-204 expression (30.923±4.088
months, 95% confidence interval: 22.910–38.936) was significantly
longer than that of patients with low miR-204 expression
(19.457±1.598 months, 95% confidence interval: 15.791–22.209).
Thus, decreased expression of miR-204 appeared to be a risk factor
indicating high invasion and poor prognosis.

MiR-204 inhibited NSCLC tumour invasion by downregulating
NUAK1 expression in vivo. To assess the biological functions of
NUAK1 and miR-204 in NSCLC in vivo, we employed an

experimental model of lung metastasis allowing characterisation
of tumour cell extravasation and colonisation in lungs of SCID
mice. To initiate the study, 1 million of Scr/H1299, SiNUAK1/
H1299, miR-NC/H1299, or miR-204/H1299 cells were trans-
planted into SCID mice via tail vein injection. As shown in
Figure 5A and Supplementary Figure 4A and B, micrometastatic
foci were scored after 4 weeks of development in the lung. The
number of tumour nodules was less in the lungs of mice injected
with SiNUAK1/H1299 and miR-204/H1299 cells than that in the
mice injected with Scr/H1299 and miR-NC/H1299 cells. Further-
more, the expression of NUAK1 in the tumour xenograft was lower
in the mice injected with SiNUAK1/H1299 and miR-204/H1299
cells than that of the mice injected with Scr/H1299 and miR-NC/
H1299 cells (Figure 5B). Thus, our results clearly indicate that
NUAK1 can promote metastasis of human NSCLC cells and miR-
204 can modulate NUAK1 in vivo. Taken together, these
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observations indicate that miR-204 can significantly inhibit
NUAK1 expression and suppress experimental metastasis of
NSCLC.

Downregulation of miR-204 is due to hypermethylation in the
promoter region of miR-204 gene. Promoter hypermethylation is
thought to be an alternative mechanism to downregulate tumour
suppressor genes in human cancers (Egger et al, 2004; Kozaki et al,
2008; Balaguer et al, 2010). To investigate whether the down-
regulation of miR-204 is due to hypermethylation of the promoter
region of miR-204, we analysed the methylation level of miR-204
via bisulphite genomic-sequencing PCR (BSP) in both NSCLC cell
lines and tissues. The BSP results showed higher methylation levels
of miR-204 in genomic DNA obtained from NSCLC cells and
clinical NSCLC tissue samples, and lower methylation levels of
miR-204 in BEAS-2B cell line, strongly suggesting an essential role
of promoter methylation in miR-204 downregulation (Figure 6A).

To further validate this finding, we treated the NSCLC cell lines
with 5-aza-dC (DNA methyltransferase inhibitor) for 72 h and
found that the inhibition of DNA methylation significantly
promoted the expression of miR-204 (Figure 6B). We also
observed that 5-aza-dC treatment obviously inhibited the invasive
ability of H1299 and A549 cells (Figure 6C). In addition, 5-aza-dC
treatment significantly suppressed experimental lung metastasis of
H1299 NSCLC tumours in SCID mice (Figure 6D). Taken
together, these findings strongly suggested that the expression of
miR-204 was regulated by promoter methylation in NSCLC cells.

DISCUSSION

In the present study, we first identified the high expression of
NUAK1 in both primary NSCLC tissues and cell lines. The
NUAK1 is functionally associated with NSCLC metastasis and high
expression of NUAK1 is a predictor of poor prognosis for NSCLC
patients. At the same time, we found a novel role of NUAK1 in
modulating the migration and invasion of NSCLC cells. Down-
regulation of NUAK1 by siRNA impaired the migration ability of
NSCLC cells, and inhibited EGF-induced polymerisation of F-actin
and phosphorylation of both cofilin and LIMK1. In addition,
downregulation of NUAK1 inhibited MT1-MMP expression and
induced decreased activation of MMP-2 and MMP-9 (Li and Tai,
2012; Perlikos et al, 2013). Furthermore, this study suggested that
NUAK1 played crucial roles in mTOR pathway.

Meanwhile, this study provides the first evidence that miR-204
plays a role in inhibiting migration and invasion of lung cancer by

directly targeting NUAK1, in accordance with the function of miR-
211 in melanoma (Bell et al, 2014). By transduction of miR-204 or
miR-204 inhibitor into H1299 and A549 cells, we clearly
demonstrated that miR-204 can significantly repress NUAK1
expression and play an important role in NSCLC invasion and
migration both in vitro and in vivo. Furthermore, overexpression of
NUAK1 without 30UTR led to increased invasion of H1299 cells
and significantly reversed the inhibitory effect of miR-204 mimics
on the migratory and invasive abilities of H1299 cells. Aside from
this, in vitro 30UTR luciferase assay and RIP analysis also
confirmed that miR-204 exerted its effects by targeting NUAK1
via its 30UTR.

To further verify the relationship between miR-204 and the
malignant phenotype of lung cancers, we observed that the
expression of miR-204 was apparently low in both NSCLC tissues
and tumour cell lines. In addition, inverse correlation between the
expression of miR-204 and NUAK1 was evidenced in our clinical
relevance and animal experiments study. Particularly, low expres-
sion of miR-204 is significantly associated with decreased survival,
lymphatic metastasis, and distant metastasis in NSCLC patients.
These data are consistent with most of the previous research
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of H1299 and A549 cells with 5 mM 5-aza-dC or DMSO treatment for
72 h. Data are presented as mean±s.d., *Po0.05. (D) The numbers of
visualised lung metastasis foci of indicated SCID mice groups
intravenously injected with 5-aza-dC (400mM) or DMSO once a day for
1 week (n¼ 10).
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(Lam et al, 2011; Chung et al, 2012; Gong et al, 2012; Sacconi et al,
2012; Chen et al, 2013; Pignot et al, 2013; Zhang et al, 2013),
further suggesting a tumour-suppressive function of miR-204.

Epigenetic modifications have been shown to be crucial
mediators underlying the downregulation of miRNA expression
and to display a tight correlation with carcinogenesis (Wynter,
2006; Ren et al, 2011). Our data demonstrated that the
hypermethylation of the upstream promoter of miR-204 led to
the downregulation of miR-204 in NSCLC cell lines and tissues.
Moreover, 5-aza-dC, the DNA methyltransferase inhibitor, can
increase miR-204 expression in NSCLC cell lines and can reduce
the invasive ability of cancer cells. Based on these findings, the
methylation status of miR-204 probably acts as a potential
biomarker for NSCLC prognosis.

In conclusion, we have shown that NUAK1 is overexpressed in
NSCLC and plays important roles in NSCLC invasion. More
remarkably, our findings suggest a novel role for miR-204 in
inhibiting NUAK1 expression and in suppressing migration and
invasion of lung cancer. Furthermore, miR-204 is partly down-
regulated by hypermethylation of its promoter. These data suggest
that expression levels of NUAK1 and miR-204 and the methylation
status of miR-204 may serve as potential biomarkers of NSCLC,
and miR-204 may have potential therapeutic value in cancer
therapy.
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