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Abstract

Objective: Nemo-like kinase (NLK) is an evolutionarily conserved serine/threonine kinase that regulates the activity
of a wide range of signal transduction pathways. Metformin, an oral antidiabetic drug, is used for cancer prevention.
However, the significance and underlying mechanism of NLK and metformin in oncogenesis has not been fully
elucidated. Here, we investigate a novel role of NLK and metformin in human non-small cell lung cancer (NSCLQ).

Materials and methods: NLK expression was analyzed in 121 NSCLCs and 92 normal lung tissue samples from benign
pulmonary disease. Lentivirus vectors with NLK-shRNA were used to examine the effect of NLK on cell proliferation and
tumorigenesis in vitro. Then, tumor xenograft mouse models revealed that NLK knockdown cells had a reduced ability
for tumor formation compared with the control group in vivo. Multiple cell cycle regulator expression patterns induced
by NLK silencing were examined by western blots in A549 cells. We also employed metformin to study its anti-cancer
effects and mechanisms. Cancer stem cell property was checked by tumor sphere formation and markers including
CD133, Nanog, c-Myc, and TLF4.

Results: Immunohistochemical (IHC) analysis revealed that NLK expression was up-regulated in NSCLC cases (p < 0.001)
and correlated with tumor T stage (p < 0.05). Silencing of NLK suppressed cell proliferation and tumorigenicity
significantly in vitro and in vivo, which might be modulated by JUN family proteins. Furthermore, metformin selectively
inhibits NLK expression and proliferation in NSCLC cells, but not immortalized noncancerous lung bronchial epithelial
cells. In addition, both NLK knockdown and metformin treatment reduced the tumor sphere formation capacity and
percentage of CD133+ cells. Accordingly, the expression level of stem cell markers (Nanog, c-Myc, and TLF4) were
decreased significantly.

Conclusion: NLK is critical for cancer cell cycle progression, and tumorigenesis in NSCLC, NLK knockdown, and
metformin treatment inhibit cancer cell proliferation and stemness. Metformin inhibits NLK expression and might be a
potential treatment strategy for NSCLC.
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Introduction

Lung cancer is the most common cancer worldwide, and
is the leading cause of cancer mortality killing 1.4 million
people annually [1]. Non-small cell lung cancer (NSCLC)
comprises approximately 80 % of all lung cancer cases.
Despite recent developments in treatment strategies for
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NSCLC, the prognosis remains unsatisfactory, with an
overall 5-year survival rate of only 10-15 % [2]. Therefore,
it is critical to identify new proteins responsible for
NSCLC development and progression to provide targets
for the successful treatment of lung cancer.
Serine/threonine kinases (STKs) play a key role in
cellular signaling through their ability to phosphorylate
transcription factors, cell cycle regulators, and a wide
array of other cytoplasmic and nuclear effectors [3].
Their dysregulation is frequently linked to disease and
targeted therapeutic approaches have been aimed at
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identifying drugs with the ability to modulate their func-
tion [4, 5].

Nemo-like kinase (NLK) is an evolutionarily conserved
serine/threonine kinase that belongs to the proline di-
rected protein kinase superfamily which consists of
mitogen-activated protein kinases (MAPKs) and cyclin-
dependent protein kinases (CDKs) [6]. Previous studies
suggested that it is involved in multiple developmental
processes in Drosophila [7-9], and recent work shows
that NLK can regulate the activity of a wide range of
transcription factors either directly or indirectly [10, 11].
Aberrant expression of NLK has been reported in hu-
man cancer including colon [12], hepatocellular [13],
and prostate carcinomas [14]. However, at present, the
significance of NLK expression in oncogenesis is still not
fully understood.

Metformin, an oral antidiabetic drug, can effectively
reduce morbidity and mortality of malignant tumor pa-
tients with type 2 diabetes [15]. It is also widely used in
the prevention of breast cancer, prostate cancer, and
other tumors [16, 17]. However, the role of metformin in
NSCLC has not been carefully characterized. It is sug-
gested that metformin plays an anti-tumor effect mainly
by acting on serine/threonine kinases like AMPK and
mTOR [18]. We hypothesized that NLK maybe a down-
stream effector of metformin.

In this study, we demonstrate that the expression of
NLK is up-regulated in NSCLC compared with benign
lung tissue. Knockdown of NLK in both A549 and SK-
MES-1 cells reduced their proliferation in vitro, as well
as tumor growth in vivo. As underlying mechanisms, cell
cycle regulators are modulated by NLK suppression and
lead to G1 phase arrest. The effects from NLK silencing
are recapitulated by metformin treatment, which also re-
duces NLK expression in NSCLC cells. Furthermore,
both knockdown of NLK and metformin treatment sig-
nificantly reduced cancer stem cell stemness. Taken to-
gether, our findings indicate that NLK plays a crucial
role in proliferation and tumorigenesis of NSCLCs, and
suggest that NLK could be a potential therapeutic target
in NSCLC treatment. Meanwhile, metformin can be a
potential drug for NSCLC, specifically through inhib-
ition of cancer cell proliferation, down-regulation of
NLK, and reduction of the cancer stem cell population.

Materials and methods

Clinical samples

Two-hundred thirteen formalin-fixed, paraffin-embedded
tissue specimens were obtained from the Department of
Pathology at the Third Affiliated Hospital of Kunming
Medical University (Tumor Hospital of Yunnan Province).
The specimens consisted of 121 primary NSCLC and 92
lung tissue samples from benign pulmonary diseases
(including 45 samples of pneumonia, 42 inflammatory
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pseudotumors, 4 bullas, and 1 sillicosis). For the NSCLC
cases, there were 60 adenocarcinomas and 61 squamous
cell carcinomas, respectively, including 85 males and 36
females, with ages ranging from 33 to 73 years (mean age,
55.5 years). All patients underwent primary tumor resec-
tion plus lymph node dissection. Patients with a diagnosis
of relapse and who had received preoperative radiation,
chemotherapy, or biotherapy were excluded from the
study to avoid any changes in tumor marker determin-
ation resulting from treatment. Patients diagnosed with
multiple primary cancers in other organs or tissues were
also excluded. The study was approved by the ethics
committee of the Third Affiliated Hospital of Kunming
Medical University, and all patients gave written informed
consent and authorization for use of biological specimens.
Demographic and clinical data were obtained from the pa-
tients’ medical records.

Cell lines

Lung cancer cell lines used in this study were NCI-H522,
NCI-H2342, NCI-H2405, NCI-A549 and SPC-A-1 (hu-
man lung adenocarcinoma cell lines), SW900, NCI-H1869
and SK-MES-1 (human lung squamous cancer cell lines),
NCI-H661, NCI-H1299 and NCI-H1581 (human large cell
lung cancer cell lines), and BEAS-2B (human lung epithe-
lial cell line). The SPC-A-1 cell line was purchased from
Chinese Academy of Sciences Cell Bank, and others were
obtained from ATCC Bioresource Center. All cancer cell
lines were grown in RPMI 1640 supplemented with 10 %
FCS and ampicillin/streptomycin. BEAS-2B was cultured
in BEGM.

Pathology

A routine histological examination was performed with
hematoxylin-eosin staining (Fig. 1a, b) and reviewed in-
dependently by three pathologists. Benign lung tissues
were collected from a normal part of benign pulmonary
diseases identified by pathologists. All carcinomas were
classified in accordance with the 7th edition of the AJCC
cancer staging system [19].

Immunohistochemistry (IHC) analysis

Samples were processed for immunohistochemical ana-
lysis to determine NLK expression levels and distribu-
tion patterns. 4-pm sections of paraffin-embedded
tissues were mounted on charged glass slides and baked
at 60 °C for 2 h. The slides were allowed to cool to room
temperature, deparaffinized in xylene, and rehydrated in
a graded alcohol series. Sections were microwave-treated
for 10 min in a citrate buffer (pH 6.0) for antigen re-
trieval, and endogenous peroxidase activity was blocked
by incubation in 0.3 % hydrogen peroxide for 10 min.
Rabbit polyclonal antibodies (HPA018192, Sigma, USA)
were used to detect NLK protein at a 1:25 dilution in
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Lung cancer tissue

Benign lung tissue

benign lung tissue. Pathologic tissue section no. 1828, scale bar, 20 um

Fig. 1 NLK expression is up-regulated in NSCLC tissues. a Hematoxylin and eosin staining of lung squamous cell carcinoma tissue. b, ¢
Immunohistochemical staining for NLK, showing positive immunostaining in NSCLC tissue. Pathologic tissue section no. 3257, scale bar,
20 um. d Hematoxylin and eosin staining of benign lung tissue. e, f Immunohistochemical staining for NLK, showing negative immunostaining in

phosphate-buffered saline (PBS). After two washes in
PBS, slides were incubated with ABC (Vector Laborator-
ies, Burlingame, CA, USA), washed, overlaid with 3-30-
diaminobenzidine (DAB, Dako Corporation, Carpinteria,
CA, USA), and counterstained with hematoxylin. Human
hepatocellular carcinoma tissues were used as positive
controls, and negative controls were obtained by replacing
the primary antibody with non-immunized serum.
Sections were scored semi-quantitatively for the ex-
tent of immunoreaction as follows: 0, 0 % immunore-
active cells; 1, <5 % cells; 2, 5-50 % immunoreactive
cells; and 3, >50 % immunoreactive cells. In addition, the
intensity of staining was scored semi-quantitatively as O,
negative; 1, weak; 2, intermediate; and 3, strong. The final
immunoreaction score was defined as the sum of both pa-
rameters (extent and intensity), and samples were grouped
according to the summed score as negative (0), weak
staining (1-2), moderate staining (3) and strong staining
(4—6) [20]. Final immunoreaction scores >0 were defined
as positive. All slides were evaluated independently for
protein expression by three separate observers, and slides
with an incongruent grading were scrutinized a second
time and a consensus was reached.

Short hairpin RNA (shRNA)

To stably suppress NLK expression, we constructed two
shRNA against NLK. sh-NLK1: 5-CGGATAGACCTA
CCGGATATG-3; sh-NLK2: 5-GAATATCCGCTAAGG
ATGC-3" with scramble shRNA: 5-TTCTCCGAACGT
GTCACGT-3’). The double-stranded shRNA was inserted
into the pFU-GW-RNAi plasmid containing GFP gene

and then linearized with Hpa I (GTTAAC) and Xho I
(CTCGAQG), termed as pFU-GW-NLK-shRNA. To pro-
duce lentiviruses, 293 T cells were transiently cotrans-
fected with pFU-GW-NLK-shRNA together with pHelper
1.0 vector and pHelper 2.0 vector by Lipofectamine 2000
(11668-027, invitrogen, USA). Packaged viruses were har-
vested from supernatant of the 293 T transfected cells.

Cell infection

Lentiviral infections were carried out as follows: briefly,
when the cells reached 30-50 % confluence NLK-shRNA
or the scramble RNA were added into the medium at a
multiplicity of infection (MOI) of 30 PFU/cell for A549
and 15 PFU/cell for SK-MES-1, and cells were incubated
for 10 h with Polybrene (5 pg/ml) at 37 °Cin 5 % CO,. In-
fection efficiency was determined by monitoring the GFP
signal (the transfection efficiency of cells were more than
90 %). A parallel culture of cells without any treatment
served as the negative control.

Construction of the plasmid vector and DNA transfection
Based on the NLK sequence available on the National
Center for Biotechnology Information database, the full-
length NLK sequence was synthesized and subcloned
into pEGFP-NL1. The clones were confirmed by restriction
analysis and DNA sequencing of both strands (Invitrogen,
Shanghai, China). The empty vector or the pEGFP-N1-
NLK vector was transfected into cells using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s instructions. The empty pEGFP-N1 vector
was used as the negative control.
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Immunoblot

Cells were harvested 72 h after transfection and lysed in
RIPA buffer (89900, Pierce, USA). The lysates were cen-
trifuged at 14,000 rpm for 20 min at 4 °C, and the super-
natants collected. Protein concentration was measured
using the BCA assay (23227, Thermo, USA). For each
sample, 50 pg of protein lysate was loaded per well.
Samples were electrophoresed on 10 % SDS-PAGE gels
and transferred onto polyvinylidene fluoride (PVDE)
membranes (ISEQ00010, Millipore, USA) by electro
blotting. Membranes were pretreated with 5 % nonfat
dry milk in TBS-T for 2 h, followed by incubation with
primary antibody for 16 h. All the following primary
antibodies used were diluted at 1:1000 and purchased
from Abcam, USA: NLK (ab26050), Cyclin A2 (ab38),
Cyclin D1 (ab6152), Cyclin D2 (ab3085), Cyclin D3
ab28283), Cyclin E1 (ab3927), Cyclin E2 (ab32103),
CDK2 (ab2363), CDK4 (ab108357), CDK6 (ab3126), p21
(ab7960), p27 (ab32034), c-Jun (ab32137), c-Jun pSer63
(ab32385), c-Jun pSer73 (ab30620), JunB (ab128878),
JunB pSer259 (ab30628),JunD (ab28837), JunD pSer255
(ab2883). The membranes were washed three times with
TBS-T. Then, the membranes were incubated with
horseradish peroxidase (HRP)-labeled secondary anti-
body (1:10, 000, #7076, Cell Signaling, USA) for 1 h
before detection by ECL (RPN2135, GE healthcare, UK).
a-tubulin was used as an internal loading control
(1:1000, #2125, Cell Signaling, USA).

Cell counting

Briefly, for cell counts, cells were seeded in 24-well
plates at a density of 1 x 10* cells per well and three dupli-
cate wells were set up for each group. Cells were harvested
with trypsin/EDTA every 24 h for 7 days, and counted in
an electronic cell counter (Coulter Z1, Beckman-coulter,
Fullerton, CA, USA). Growth curves were generated to as-
sess proliferation. All experiments were done in triplicate.

MTS assay

Cell proliferation was also quantified by performing
the 3-(4, 5-dimethylthiazol -2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay.
Briefly, 4 x 10% cells were plated per well in 96-well culture
plates in 150 pl of medium, and six parallel wells were
assigned to each group, as well as a negative control
(without cells). Over a 7-day period, every 24 h, 30 pul
of MTS substrate was added to each well, and then
incubated for 2 h in the dark. The absorbance at
490 nm was measured for each sample using a plate
reader (BMG Labtech, Offenburg, Germany). The
concentrations required to inhibit growth by 50 %
(IC50) were calculated from survival curves using the
Bliss method [21]. All experiments were performed
three times independently.
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Flow cytometric analysis

Flow cytometric analysis of cell cycle phase distribution
and CD133+ cell percentage were carried out utilizing
DNA content or CD133-PE antibody (130-098-826,
Meltenyi Biotec, Germany). Cells were harvested by
trypsinization and washed three times with cold PBS by
centrifugation at 300 g for 5 min. For cell cycle analysis,
cells were fixed in pre-chilled 70 % ethanol overnight at
4 °C. The fixed cells were collected, washed twice with
PBS, suspended in PBS containing 10 pg/ml propidium
iodide (Sigma, USA) and 100 pg/ml RNase A (Roche,
Switzerland), then incubated at 37 °C for at least 30 min
in the dark to eliminate intracellular RNA. For CD133+
cell analysis, resuspended cells were incubated with
CD133-PE or IgG1-PE antibody (130-093-193, Meltenyi
Biotec, Germany) at 4 °C for 15 min, followed by centri-
fugation and resuspension in PBS. Analysis was done on
a FACS Aria system (BD Immunocytometry Systems,
San Jose, CA, USA) and analyzed by Cell Quest software
(Becton Dickinson Ltd). All of the samples were assayed
three times.

Nude mice xenograft assay

Athymic female BALB/c nude mice (45 weeks of age,
20-25 g) were obtained from Beijing Vital River Labora-
tory Animal, Inc. (Beijing, China). All experimental pro-
cedures were approved by the Institutional Animal Care
and Use Committee of Kunming Medical University.
Mice were randomly divided into 3 groups (# = 5/group).
Animals had free access to water and standard food, and
their health was monitored daily. The mice (5 per cage)
were housed under specific pathogen free conditions
with controlled light (12 h light, 12 h darkness) and
temperature (21 °C). Since Matrigel can act as a growth-
promoting factor after tumor cell injection [22, 23], we
generated mouse tumor models by subcutaneously in-
oculating A549, A549-scramble or A549-shRNA cells
mixed with Matrigel as previous described [24]. Briefly,
8 x 10° cells were suspended in 50 pl PBS and mixed
with 50 ul Matrigel (354234,BD,USA) in a 1-ml syringe,
allowed to warm at room temperature for 10 min with
gentle mixing, and then injected into the right flank of
the nude mice. The length (a) and width (b) of the xeno-
graft tumors were measured every 3 days with a Vernier
caliper. Tumor volumes (cm®) were calculated by the
following formula: volume = ab2/2. Mice were sacrificed
7 weeks after inoculation, and tumors were excised and
weighed.

Tumor sphere formation assay

Sphere formation assay was conducted as previously
described [25]. Briefly, A549 cells were separated into
four groups, untreated, infected with scramble RNA,
sh-NLK1, and sh-NLK2 with triplicates per group.
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Then each group of cells was digested into single cell
suspensions and plated on ultra-low adherent wells of
24-well plates (Corning) at 400 cells per well in
sphere formation medium (1:1 DMEM/F12 medium
supplemented with 1xITS, 1 xNEAA, 1xB27, 0.2 %
BSA, EGF 20 ng/ml and bFGF 20 ng/ml, Invitrogen,
USA). Two weeks later, for A549 cells infected with
scramble RNA, sh-NLK1, or sh-NLK2, the spheres
with diameter over 100 uM were collected by centrifuga-
tion (300 g, 5 min) and counted. The spheres from un-
treated group were digested into single cell suspensions,
treated with PBS or 5 mM metformin, and plated on
ultra-low adherent 24-well plates at 400 cells per well for
second round sphere formation. One week later, the
spheres with diameter over 100 uM were collected and
counted. Then, spheres were digested into single cell sus-
pensions for CD133+ cell analysis.

Data analysis

Results are expressed as the mean + standard deviation
(SD). The correlation between immunocytochemical la-
beling of NLK and other clinical pathology parameters
was analyzed by the x* test. One-way ANOVA was used
for comparisons of multiple groups. Comparisons be-
tween groups for statistical significance were carried out
using independent ¢ test. A p value of <0.05 was consid-
ered statistically significant. All statistical analyses were
performed by using SPSS version 18.0 software for Win-
dows (SPSS Inc, Chicago, IL, USA). Results are
expressed as the mean + standard deviation.

Results

NLK expression is up-regulated in NSCLC tissues

We first examined the expression levels of NLK in 121
NSCLCs and 92 benign lung tissue patient samples.
Representative images of NSCLC and benign lung tissue
were shown by H&E staining (Fig. 1a, d). NLK-positive
staining was confined mainly to the nucleus and cyto-
plasm (Fig. 1b, ¢) compared to a negatively stained be-
nign lung tissue (Fig. le, f). Table 1 shows the number
and percentage of NLK-positive samples for each group.
NLK-positive staining was detected in 62 out of 121
(51.2 %) of the samples taken from primary tumors of
NSCLC, but only 4 out of 92 (4.4 %) of the benign lung
samples (p < 0.001). Notably, expression of NLK was cor-
related with NSCLC Tumor size (T stage) (p =0.016).
However, there was no correlation between NLK expres-
sion and regional lymph node metastasis (p = 0.24), sug-
gesting that NLK expression may be associated with
lung cancer cell growth.

NLK knockdown inhibits proliferation of NSCLC cells in vitro
The identification of NLK in such a significant
number of NSCLC tissue samples prompted us to
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Table 1 Immunocytochemical staining for NLK in samples from
NSCLC and benign pulmonary disease

Characteristic No. of No. of positive Statistical
samples samples (%) significance

Normal lung tissues 92 4 (4.4) p=0.000

Primary tumors of NSCLC 121 62 (51.2)

Pathology

Squamous cell carcinoma 61 31 (50.8) p=0926

Adenocarcinoma 60 31 (51.7)

Tumor size (T stage)

T1/ 712 98 45 (45.0) p=0016

T3/ T4 23 17 (733)

Lymph node metastasis

Positive 60 34 (56.7) p=0.236

Negative 61 28 (459)

examine NLK protein levels in multiple human lung
cancer cell lines. By western blot analysis, out of 11
human NSCLC cell lines, H522, H2405, H1869, and
H1581 were negative for NLK expression, whereas
H2342, A549, SPC-A-1, SW900, SK-MES-1, H1299,
and H661 cells all showed positive expression of NLK
at various levels (Fig. 2a).

To further study the function of NLK in NSCLCs, we
choose to knockdown NLK in A549 and SK-MES-1
cells, both of which show high expression of NLK
(Fig. 2a). Both cell lines were either untreated or infected
with scramble shRNA or two different shRNA against
NLK. NLK protein levels were reduced by both NLK-
shRNAs in A549 and SK-MES-1 cells, confirming the ef-
fectiveness of the shRNAs and the specificity of the anti-
NLK antibody (Fig. 2b).

Then we investigated the impact of NLK silencing on
cell proliferation; MTS assay and cell growth curve ana-
lysis were performed using both A549 and SK-MES-1
cells. MTS assay showed that knockdown of NLK signifi-
cantly inhibited cell proliferation in A549 and KS-
MES-1 cells (p<0.001 for each. Fig. 2c, d). Cell
growth curve analysis also showed that depletion of
NLK suppressed the growth rate of A549 and SK-
MES-1 cells significantly (p =0.004 for A549, p <0.001
for SK-MES-1. Fig. 2e, f) compared to cells infected
with scramble shRNA. For MTS assay or cell growth
analysis in both cell lines, no significant difference
was found between scramble shRNA-infected cells
and non-infected cells.

NLK knockdown induces G1/S phase arrest of NSCLC

cell lines

Next, Flow cytometric analysis was performed to examine
the detailed cell cycle distribution of A549 (p =0.009.
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Fig. 3a, b) and SK-MES-1 (p = 0.003. Fig. 3c, d) cells. After
NLK silencing, the proportion of cancer cells in the G1
phase was significantly increased in both cell lines, and
those in the S phase was significantly decreased concomi-
tantly. These data suggest that NLK mediates the G1/S
transition in A549 and SK-MES-1 cells.

To G1/S transition in the cell cycle is controlled by
different cyclins, cyclin-dependent kinases (CDKs), and
cyclin-dependent kinases inhibitors (CDKIs) [26]. We
examined the effect of NLK silencing on a wide range of

these molecules, including the expression of Cyclin A2,
D1, D2, D3, E1 and E2, CDK2, 4 and 6, p21 and p27.
After NLK knockdown in A549 cells, the protein levels
of the cell cycle promoters Cyclin D1, E1 and E2, and
CDK4 markedly decreased, while those of the cell cycle
inhibitors p21 and p27 were dramatically up-regulated
(Fig. 3e).

To further investigate the mechanism how NLK regu-
lates those cell cycle promoters and inhibitors, we find
out that there might exist some correlation between
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Fig. 3 Effects of NLK silencing on cell cycle of NSCLC cell lines. a-d Flow cytometric analysis and quantitation of cell cycle in A549 (a, b)
and SK-MES-1 cells (¢, d) infected with control or NLK-shRNA. e Western blots showing that knockdown of NLK in A549 cells affects the
expression of multiple cell cycle-related proteins including Cyclins, CDKs, and CDKIs. a-tubulin was used as loading control. f It is
predicted that there might exist some correlation between JUN proteins and NLK. g Western blots showing that knockdown of NLK in
A549 cells affects the expression and phosphorylation of Jun family members including c-Jun, JunB, and JunD. a-tubulin was used as
loading control

JUN family proteins and NLK (http://string.embl.de/,
Fig. 3f). Meanwhile, activation of c-Jun and JunD are re-
ported to stimulate Cyclin D1 expression and promote
cell cycle progress [27, 28]. Consistently, after NLK
knockdown, we observed a decrease in c-Jun protein
levels as well as phosphorylation on serines 63 and 73,
and phosphorylated JunD on serine 255 (Fig. 3g).

Collectively, these data indicated that NLK might play
a crucial role in regulating the cell cycle transition in
NSCLC via modulation of JUN family proteins which
further affect cell cycle regulators, specifically cyclins,
CDKs, and CDKIs.

NLK knockdown reduces tumorigenicity of lung cancer
cells in vivo

In order to examine the effect of NLK depletion on lung
cancer cell tumorigenicity in an in vivo model, we inocu-
lated A549, A549-scramble and A549-shRNA cells

subcutaneously into the left flank of female athymic
nude mice. Cells mixed with Matrigel were completely
absorbed 3 days after subcutaneous inoculation, and
palpable tumors could be detected 7 days after injection.
shRNA mediated knockdown of NLK in A549 cells re-
sulted in a markedly reduced growth rate (p <0.001) and
tumor weight (p <0.001) compared with tumors formed
from A549-scramble cells (Fig. 4). These data provide
in vivo evidence that NLK contributes significantly to
the tumorigenicity of lung cancer cells both in vitro and
in vivo.

Metformin selectively inhibits NLK expression and
proliferation in NSCLC cells

Studies on the novel role of the diabetes drug metformin
in cancer therapy are emerging, but the molecular
mechanisms remain not fully elucidated. When the
NSCLC cell lines A549 and SK-MES-1 were subjected to
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metformin treatment, their proliferative activities were
inhibited by metformin in a dose-dependent manner,
as demonstrated by assays of MTS and cell counting
(p=0.003 for A549, p<0.001 for SK-MES-1. Fig. 5a, b).
Interestingly, this growth inhibition was not observed in
the normal human bronchial epithelial cells BEAS-2B
(Fig. 5¢). As compared with the IC50 results (IC50 =
32.57, 7.97 and 13.36 mM for BEAS-2B, A549 and SK-
MES-1, respectively), BEAS-2B showed less sensitive to
metformin treatment (p <0.001. Fig. 5d). Moreover, we
proved that NLK expression is lower in BEAS-2B than
NSCLC cells and not affected by metformin treatment
(Fig. 5e). On the contrary, metformin decreased NLK
protein levels in A549 and SK-MES-1 cells along
with time (Fig. 5f). Consistent with the NLK knock-
down effect, metformin treatment significantly arrested
more NSCLC cells (p <0.001 for each group. Fig. 6a—d)
but not normal epithelial cells (Fig. 6e, f) in the G1
phase of the cell cycle. To explore the effects of
NLK in the anti-cancer activities of metformin, we
constructed plasmids expressing NLK. Transient
transfection of the plasmids led to ectopic expression
of NLK in H522 cells, an NLK protein negative ex-
pression cell line measured by Western Blot analysis
(Figs. 2a and 7a). In pEGFP-N1-NLK plasmids trans-
fected H522 cells, NLK overproduction increased cell

proliferation ability, and metformin treatment com-
promised the pro-proliferation activity of NLK
(Fig. 7b, c). Collectively, these data suggest that NLK
is involved in metformin mediated inhibition of
NSCLC growth.

NLK silencing and metformin repress cancer stemness of
A549 cells

Since cancer stem cells (CSCs) play an important role in
maintaining cancer cell populations, targeting specific
components of CSCs regulators might open up a new
strategy for cancer treatment. In our study, NLK knock-
down significantly inhibited the tumor sphere formation
from A549 cells (p =0.012, p <0.001 for each. Fig. 8a, b),
where the expression of cancer stem cell marker CD133 is
dramatically reduced (p = 0.002. Fig. 8c). Moreover, met-
formin treatment showed the same effect on CSCs prop-
erties, (p =0.002, p <0.001, p =0.007 for each. Fig. 8d, e).
Although it is considered that CD133 is one of key
biomarkers for isolation and characterization of stem cells
[29], it is confirmed that CD133 expression is not
restricted to cancer initiating cells in the human lung can-
cer cells [30]. Thus, we measured stem cell-associated
markers including Nanog, c-Myc, and KLF4. Accordingly,
we found that both NLK knockdown and metformin treat-
ment decreased the expressions of Nanog, c-Myc, and
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KLF4 significantly (Fig. 8f). Taken together, our findings
indicate that cancer stem cell stemness is significantly de-
creased by NLK silencing or metformin treatment.

Discussion

Tumorigenesis is characterized by uncontrolled cell
cycle progression, associated with aberrant alter-
ations of genes or proteins related to regulation of
cell proliferation [31]. Thus, identification of genes
and their products involved in cell growth modula-
tion is critical in developing effective strategies for
cancer therapy.

In this study, we showed by IHC that NLK expression
was up-regulated in NSCLC tissues compared with be-
nign tissues (p <0.001), and correlated with NSCLC T
stage (p <0.05). Silencing NLK with shRNA reduced the
proliferation and tumorigenicity of NSCLC cell lines
both in vitro and in vivo, suggesting a critical role for
NLK in maintaining of the malignant NSCLC pheno-
type. NLK controlled G1/S cell cycle progression by

modulating the expression of Cyclin D1, E1 and E2,
CDK4, p21 and p27. Activation of JUN family proteins
can promote cell cycle progression through induction of
cell cycle promoters like cyclins and CDKs and repres-
sion of cell cycle inhibitors like CDKIs. Our data show
that the expression of c-Jun and activity of c-Jun and
JunD are greatly reduced by NLK knockdown, which
explains the down-regulation of Cyclin D1, E1 and
E2, CDK4 and up-regulation of p21 and p27 after
NLK knockdown. All of these changes in cyclins,
CDKs and CDKIs are consistent with cell cycle arrest
by NLK knockdown. Although NLK is a crucial factor
for NSCLC tumorigenicity, some NSCLC cell lines
showed negative NLK expression. We suspect that
these cell lines are originally from different popula-
tions with various genetic backgrounds and patho-
genic factors.

Our results are supported by recent reports that NLK
expression is significantly up-regulated in human hepa-
tocellular and gallbladder carcinoma cells and that
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targeted disruption of NLK results in suppression of cell
growth and cell cycle transition arrest [13, 32]. However,
contrasting studies demonstrate that NLK expression is
lower in tumors compared with normal tissues, and
moreover, that induction of NLK can induce apoptosis
of tumor cells [12, 14, 33].

This discrepancy in results may be attributed in part
to the ability of NLK to activate a variety of different
signaling pathways. Numerous studies show that
non-canonical Wnt-5a/Ca** [34], TGF-B [35], and p38
MAPK [36] signal transduction pathways are partially
dependent on the activation of NLK. Activated NLK can
bind directly to and phosphorylate transcription factors,
regulating their transcriptional activity or inducing deg-
radation in a proteasome-dependent manner [10, 37—42].
In addition, NLK can phosphorylate the C-terminal do-
main of CREB binding protein (CBP)/p300, and may

therefore also suppress a wide range of transcription fac-
tors in an indirect manner [11].

A further level of complexity may lie in the upstream
regulation of NLK itself. A recent study shows that p38
MAPK directly interacts with NLK to regulate its kinase
activity [36] while several studies indicate that over-
expression of NLK alone is sufficient for activation of its
kinase activity, suggesting that over-expressed NLK can
be active without the requirement of upstream kinases
[43, 44]. We propose that in different tissue-derived car-
cinomas, NLK may be differentially activated and may
act through diverse pathways to influence the expression
of various target genes resulting in distinct biological
behaviors.

Since the recognition of EGFR as a therapeutic
target, EGFR tyrosine kinase inhibitors (TKIs) have
been widely used in treating NSCLC patients, which
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has been a major breakthrough for lung cancer
treatment. Unfortunately, most patients who initially
responded to EGFR-TKIs would eventually develop
acquired resistance. Many small molecule agents, long
non-coding RNAs (IncRNA) and monoclonal anti-
bodies (McAb) targeting signaling pathways are po-
tential therapeutic regimens for overcoming resistance
such as Dacomitinib, temsirolimus, everolimus, and
GAS which were potential treatment agents for lung
cancer [45-47]. Moreover, it is proved that metformin
could overcome TKI resistance and inhibit lung can-
cer cell proliferation [48]. However, the biological role
of metformin and its mechanism in lung cancer pro-
liferation remain largely unknown.

Intriguingly, in our study metformin treatment reduces
NLK expression, arrests the cell cycle arrest and potenti-
ates anti-proliferation selectively in cancer cells but not
the normal lung epithelial cells. Furthermore, our results
clearly show that tumor sphere formation ability, CD133
+ cancer cell population, and the expression level of
stem cell markers (Nanog, c-Myc and TLF4) were
significantly reduced by both NLK knockdown and met-
formin treatment, indicating NLK may be responsible
for the inhibition of cancer cell self-renewal and stem-
ness achieved by metformin.

In summary, we have shown that NLK expression is
significantly up-regulated in NSCLC. Moreover, abnor-
mal expression of NLK is associated with the malignant
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phenotype of NSCLC. In addition, we have also demon-
strated that knockdown of NLK significantly inhibits cell
proliferation and tumorigenecity might through inhibition
of JUN family proteins. Meanwhile, cancer cell self-renewal
and stemness were inhibited by NLK knockdown. Metfor-
min treatment decreased NLK expression and recapitulated
the phenotype observed by NLK knockdown, indicating
that NLK may be a contributing factor and underlying
mechanism for the inhibition of growth and stemness ob-
served in lung cancer cells. Therefore, targeting NLK could
be a potential therapeutic strategy for NSCLC, and metfor-
min treatment may be an approach to pursue.
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