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Inhibition of rhotekin exhibits antitumor effects
in lung cancer cells
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Abstract. Lung cancer is the leading cause for cancer-related
death, however, the pathogenesis mechanism is poorly
understood. Although the rhotekin (RTKN) gene has been
reported to encode an effector for the Rho protein that has
critical roles in regulating cell growth, the role of RTKN in
lung cancer has not been investigated. In clinical lung cancer
patient tumor samples, we identified that the RTKN gene
expression level was significantly higher in tumor tissues
compared to that of the adjacent normal tissues. To inves-
tigate the molecular mechanisms of RTKN in lung cancer,
we established RTKN stable knock-down A549 and SPC-A-1
lung adenocarcinoma cell lines using lentiviral transfec-
tion of RTKN shRNA and evaluated the antitumor effects.
The results showed that RTKN knock-down inhibited lung
adenocarcinoma cell viability, induced S phase arrest and
increased cell apoptosis. In addition, RTKN knock-down
inhibited lung cancer cell invasion and adhesion. Further
analysis showed that the S phase promoting factors cyclin-
dependent kinase (CDK)1 and CDK2 levels were decreased
in RTKN knock-down cells, and that the DNA replication
initiation complex proteins Minichromosome maintenance
protein complex (MCM)2 and MCM6 were decreased as
well in RTKN knock-down cells. These results indicated that
the RTKN protein was associated with lung cancer in clinic
samples and exerted anticancer activity in lung adenocar-
cinoma cells through inhibiting cell cycle progression and
the DNA replication machinery. These findings suggest that
RTKN inhibition may be a novel therapeutic strategy for lung
adenocarcinoma.
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Introduction

Lung cancer is the leading cause of cancer-related death world-
wide, with an increasing mortality each year (1). Non-small
cell lung cancer (NSCLC) accounts for 80-85% of all lung
cancers. NSCLC subtypes include adenocarcinoma, squa-
mous cell carcinoma and large cell carcinoma. The majority
of patients diagnosed with NSCLC are diagnosed at advanced
stages with local or distant metastases. Standard NSCLC treat-
ment includes chemotherapy and surgery which have severe
side effects and limited efficacy (2). Targeted therapy, which
specifically attacks cancer cells with designated molecular
targets, has emerged as a promising strategy due to its high
efficacy and reduced side effects (3,4). Several drugs targeting
key oncogenesis signaling molecules have been developed and
showed efficacy for specific patient groups, such as erlotinib
targeting epidermal growth factor (EGF) (5), bevacizumab
targeting vascular endothelial growth factor (VEGF) (6) and
crizotinib targeting anaplastic lymphoma kinase (ALK) (7).
However, due to the complexity of pathogenic pathways in
individual patients, it is urgent to uncover the largely unknown
molecular origins of lung cancer and provide new targets for
lung cancer therapy.

The rhotekin (RTKN) gene encodes a scaffold protein
which interacts with active GTP-bound Rho proteins and
interferes with the conversion to inactive GDP-bound Rho
proteins (8). Rho proteins regulate critical cell functions
including cell growth and transformation, cytokinesis, tran-
scription, and smooth muscle contraction. Rho signaling
pathway dysregulation was implicated in several forms of
cancer (9). Although the RTKN gene has been reported to be
associated with several cancer types such as bladder cancer,
gastric cancer and breast cancer (10-12), the role of RTKN in
lung cancer has not been investigated.

Cancer cells are characterized by uncontrolled prolif-
eration (13). Cell cycle progression and DNA replication are
essential events for cell proliferation (14). Cell cycle was
finely tuned by a number of factors including cyclins and
cyclin-dependent kinases (CDKs) (15). CDKI1 is a catalytic
subunit of the M-phase promoting factor (MPF), which
promotes G1/S and G2/M transitions of eukaryotic cells (16).
CDK?2 is part of a cyclin-dependent protein kinase complex.
CDK2 activity is essential during G1/S transition (17).
Minichromosome maintenance protein complex (MCM) is
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involved in the initiation of DNA replication. The complex
formed by MCM2, 4, 6, and 7 was shown to regulate the heli-
case activity of the pre-replication complex (18,19).

Here we report that the RTKN gene expression level was
significantly higher in tumor tissue of lung cancer patients.
Further analysis in RTKN stable knock-down A549 and
SPC-A-1 lung adenocarcinoma cells indicated that RTKN
knock-down exhibited antitumor activity as evidenced by
decreased cancer cell viability, induction of cell cycle arrest,
increased apoptosis, and decreased invasion and migration.
Detailed analysis showed that RTKN knock-down decreased
the cell cycle regulators CDK1 and CDK?2 expression, as
well as the DNA replication modulators MCM2 and MCM6
expression.

Materials and methods

Clinical patient samples. Primary tissues were collected from
patients who received surgery for lung cancer at our institution.
All the patients had given their informed consent. Dissected
samples were frozen immediately after surgery and stored at
-80°C until needed.

Cell culture. A549,H460,H128,H1299, SPC-A-1 and SK-MES
human lung adenocarcinoma cell lines were obtained from the
Chinese Academy of Sciences (Shanghai, China). The cells
were cultured in RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS), 100 U/ml penicillin and 100 pgg/ml
streptomycin (Invitrogen) and maintained in an incubator with
a humidified atmosphere of 95% air and 5% CO, at 37°C.

Establishment of stable RTKN knock-down cell lines. A549
and SPC-A-1 stable knock-down cell lines were constructed
using the pLKO.1-EGFP vector-based lentiviral transduction
system. shRNA target RTKN and non-target control shRNA
(NC) were synthesized and cloned into the pLKO.1-EGFP
vector using Agel and Ecoll restriction sites. pLKO.1-EGFP-
RTKN or pLKO.I-EGFP-NC and the packing vector psPAX?2
and pMD2G were co-transfected with into 293T cells.
Lentivirus particles were produced in 293T cells. A549 and
SPC-A-1 cells were transfected by the lentiviruses and selected
using the EGFP green fluorescence marker. Three shRNA
sequences targeting the RTKN gene are: RTKN-F1: CCGGG
AACTGCGGTTAGAGCTGTATCTCGAGATACAGCTCT
AACCGCAGTTCTTTTTC and AATTGAAAAAGAACTG
CGGTTAGAGCT-GTATCTCGAGATACAGCTCTAACCG
CAGTTC; RTKN-F2: CCGGGAAGCAG-TGCTGTGATGA
AATCTCGAGATTTCATCACAGCACTGCTTCTTTTTC

and AATTGAAAAAGAAGCAGTGCTGTGATGAAATCT
CGAGATTTCATCACAGCACTGCTTC; and RTKN-F3:
CCGGAAGAACCCTTGGAGCAAACATCTCGAGATGTT

TGCTCCAAGGGTTCTTTTTTTC and AATTGAAAAAA
AGAACCCTTGGAGCAAACATCTCGAGATGTTTGCTC
CAAGGGTTCTT.

Quantitative RT-PCR. Total RNA was extracted using TRIzol
reagent, reverse transcribed to cDNA, and quantified by
real-time PCR using SYBR Green Universal Master Mix (all
reagents were from Thermo Fisher Scientific, Waltham, MA,
USA). Results were normalized by using human GAPDH
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mRNA levels as internal control. Relative mRNA levels were
expressed as fold change to control. The primer pairs used are
as follows: RTKN (forward) GCCGCTGCTTACTATTGC
and (reverse) GTGCTTCCCGACTTTCTG; GAPDH
(forward) CACCCACTCCTCCACCTTTG and (reverse) CCA
CCACCCTGTTGCTGTAG; CDKI1 (forward) ACCATACCC
ATTGACTAAC and (reverse) ATAAGCACATCCTGAAGAC;
CDK?2 (forward) CCAGGAGTTACTTCTATGCCTGA and
(reverse) TTCATCCAGGGGAGGTACAAC; MCM2
(forward) CTACCAGCGTATCCGAATC and (reverse) GTTG
AGGGAGCCATCATAG; and MCMG6 (forward) CCAAACA
TCTGCCGAAATC and (reverse) TCAGTGTCCCTGTAAA
GTC.

Western blotting. Cells were lysed with RIPA lysis buffer
containing protease inhibitor cocktails (both from Thermo
Scientific). Protein concentrations were determined using BCA
protein assay kit (Thermo Scientific). Equal amounts of lysates
(20-40 pg of protein) were resolved with 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Protein blots were transferred to a nitrocellulose membrane
and probed with the corresponding primary antibodies. The
membrane was then incubated with appropriate horseradish
peroxidase (HRP)-conjugated secondary antibodies, and
the protein expression was detected by Immobilon Western
Chemiluminescent HRP Substrate (Millipore, Billerica, MA,
USA). Antibodies used were all from Abcam (Cambridge, MA,
USA): RTKN (Ab154954), CDK1 (Abl8), CDK2 (Ab6538),
MCM2 (Ab4461), MCM6 (Ab190948), and GAPDH (Ab8254).

Cell viability assay. Cell viability was determined using the
Cell Counting Kit-8 (CCK-8) assay kit (Dojindo Molecular
Technologies, Japan) following the manufacturer's instruc-
tions. Briefly, 5,000 cells were seeded into each well of 96-well
plates in triplicates. Cells were cultured for 24 h and then 10 ul
of the CCK-8 solution was added to each well and incubated
for 1 h. The absorbance at 450 nm was measured using a
microplate reader. Results were calculated as percentage to
cells numbers at O h.

Cell cycle analysis. Cells were cultured for 24 h and then
suspended and fixed with ethanol. After an overnight incu-
bation at -20°C, cells were washed with PBS and incubated
with 1 mg/ml RNase A at 37°C for 30 min. The cells were
then incubated with 50 pgg/ml propidium iodide (PI) on ice for
10 min in the dark. Cell cycle distribution was analyzed using
FACSCalibur instrument (BD Biosciences, San Jose, CA,
USA) equipped with CellQuest software.

Apoptosis. Cell Apoptosis was determined using the
Annexin V-APC apoptosis detection kit (BD Biosciences)
following the manufacturer's instructions. Briefly, cells
were detached by trypsin, harvested and stained with
Annexin V-APC for 10 min at room temperature. Cell were
then incubated with 50 yg/ml PI on ice and analyzed using
flow cytometry on the FACSCalibur instrument. Annexin V
positive cells were considered the apoptotic fraction.

Tumor invasion assay.Cancer cell invasion was evaluated using
Matrigel and Transwells in triplicates. Cells were cultured in
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Figure 1. RTKN is overexpressed in lung cancer tumor tissue and cell lines.
(A) RTKN mRNA level was determined by RT-PCR in lung tumor tissue
and matched adjacent normal tissue. ““P<0.001. (B) RTKN protein level was
detected in lung cancer cell lines by western blotting using anti-RTKN and
anti-GAPDH antibodies.
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Figure 2. The RTKN stable knock-down A549 and SPC-A-1 lung adenocar-
cinoma cells lines. A549 and SPC-A-1 cells were transfected with lentivirus
containing three constructs of RTKN shRNA (shl, sh2, and sh3) or non-
target controls shRNA (NC). Cells without transfection were used as control
(CON). (A) RTKN mRNA levels were determined by RT-PCR. (B) RTKN
protein levels were examined by western blotting. ““P<0.001.

Dulbecco's modified Eagle's medium (DMEM) without
serum 24 h prior to seeding. Transwells (24-well plates)
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were rinsed with PBS and then each Transwell was coated
with 80 ul Matrigel at 37°C for 30 min. Cells were detached
with trypsin and resuspended with DMEM containing 1%
FBS. Cells (1x10°) in 0.5 ml suspension were seeded in
each Transwell. DMEM (0.75 ml) with 10% FBS was added
into each well of the 24-well plate under the Transwell.
Cells were incubated at 37°C for 48 h and then fixed with
4% formaldehyde. The cells were stained with 0.5% crystal
violet solution, rinsed with PBS and air dried. Residue cells
in Transwell were wiped away and the migrated cells were
visualized under a microscope. Cell numbers from triplicate
wells in each group were counted for statistical analysis.

Cell adhesion assay. Cells were detached by trypsin and
resuspended. Cells (1x10%) were plated in each well of fibro-
nectin coated 12-well plates and culture in growth medium
for 1 h at 37°C in the incubator for evaluation of adhesion.
Cell culture medium was discarded and cells were washed
with PBS twice. Cells were then fixed with 5 ml of 4% form-
aldehyde for 15 min and washed with PBS. Cells were stained
with Giemsa staining buffer for 30 min and unbound dye was
rinsed with water. The plates were air dried and cell images
were captured under a microscope. Cells in 3 triplicate wells
were counted for each group.

Data analysis. All the experiments were performed in trip-
licates. Results are expressed as mean + SD. The statistical
difference between multiple treatments and control was
analyzed using one-way ANOVA. Differences between two
groups were analyzed by Student's t-test. A p-value of <0.05
was considered statistically significant.

Results

The RTKN levels are elevated in lung cancer cells in vivo
and in vitro. To study the expression pattern of RTKN
gene in lung cancer, tumor and matched benign tissue from
30 non-small cell lung cancer cases were collected and eval-
uated by RT-PCR analysis. The results showed that RTKN
gene mRNA level was significantly elevated in lung cancer
tissue compared with matched benign tissue, indicating that
the RTKN gene may be associated with the development
of lung cancer (Fig. 1A). We further detected the RTKN
expression levels in different lung adenocarcinoma cell
lines. The results showed that RTKN level was elevated
in several lung adenocarcinoma cell lines with A549 and
SPC-A-1 showing the highest levels among the cell lines
evaluated (Fig. 1B).

The RTKN knock-down inhibits lung adenocarcinoma
cell viability and induces cell cycle arrest and apoptosis.
To further study the role of RTKN in lung cancer, we
established RTKN stable knock-down A549 and SPC-A-1
lung adenocarcinoma cell lines using lentiviral system. We
designed three shRNA constructs (shl, sh2, and sh3) and
detected their knock-down efficiencies on RTKN mRNA and
protein levels in A549 and SPC-A-1 cells. The first construct
(sh1) showed the best inhibiting efficiency in both cell lines
compared with other two constructs (Fig. 2), therefore it was
selected for further experiments.
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Figure 3. The RTKN knock-down inhibits cell viability in lung cancer cells.
(A) A549 and (B) SPC-A-1 cells were cultured for 24 h and cell viability were
determined using CCK-8 assay. Results are expressed as percentage to cells
at 0 h. ""P<0.001.
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Figure 4. The RTKN knock-down induces G1 phase arrest in lung cancer
cells. (A) Cell cycle was analyzed by flow cytometry. (B) Cell cycle distribu-
tion in A was quantified using CellQuest software.

Next, we measured cell viability using CCK-8 assay.
The results showed that cell viability was significantly
lower after 12, 24,48, and 72 h in RTKN knock-down (sh1)
cells compared with non-transfected control cells (Con)
and non-target scramble control shRNA transfected cells
(NC) in both A549 (Fig. 3A) and SPC-A-1 (Fig. 3B) cell
lines.
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Figure 5. The RTKN knock-down induces apoptosis in lung cancer cells.
(A) Cell apoptosis was analyzed by Annexin V staining and flow cytometry.
(B) Annexin V stained cells were considered apoptotic and apoptosis rate
was calculated. "“P<0.001.

To explore the mechanism of reduced cell viability after
RTKN inhibition, we examined cell cycle distribution using
flow cytometry. The results showed that G1 phase was greatly
increased in RTKN knock-down cells compared to control
cells in both A549 and SPC-A-1 cells (Fig. 4).

Next, we evaluated cell apoptosis using Annexin V-APC
staining and flow cytometry. The results showed significant
increase of apoptosis percentage in RTKN knock-down
A549 and SPC-A-1 cells compared to control knock-down
cells (Fig. 5, P<0.001).

The RTKN knock-down blocks signaling pathways in cell
growth. To investigate the underlying mechanism of RTKN
shRNA induced growth inhibition, we examined signaling
molecules in cell cycle progression (CDK1 and CDK?2) and
DNA replication (MCM2 and MCM6). Quantitative RT-PCR
showed that RTKN knock-down decreased CDK1, CDK?2,
MCM?2, and MCM6 mRNA levels compared to the control
knock-down (Fig. 6A, P<0.001). Western blot analysis showed
that the protein levels of CDK1, CDK2, MCM2 and MCM6
were also decreased in RTKN knock-down cells compared to
control knock-down cells (Fig. 6B).

The RTKN knock-down inhibits lung cancer cell invasion
and adhesion. To further investigate the role of RTKN in lung
cancer cells, we examined A549 and SPC-A-1 lung cancer cell
invasion and adhesion after RTKN knock-down. The Transwell
tumor invasion assay showed that migrated cells were signifi-
cantly decreased in RTKN knock-down A549 and SPC-A-1
cells compared to control knock-down cells (Fig. 7, P<0.001).
Next, we investigated the role of RTKN in cell adhesion.
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Figure 6. The RTKN knock-down inhibits signaling pathways in cell growth.
(A) mRNA levels of CDK1, CDK2, MCM2, and MCM6 were analyzed using
RT-PCR. Results were expressed as fold change to non-transfected control
cells (Con). (B) Protein levels of CDK1, CDK2, MCM2, and MCM6 were
analyzed using western blotting with indicated antibodies. GAPDH was used
as a loading control. ““P<0.001.
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Figure 7. The RTKN knock-down inhibits lung cancer cell invasion. (A) A549
and SPC-A-1 lung cancer cell invasion was evaluated using Transwell assay.
Representative images of migrated cells are shown. (B) Migrated cells from
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three independent wells of each group were counted and analyzed. " "P<0.001.
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Figure 8. The RTKN knock-down inhibits lung cancer cell adhesion.
(A) Cell adhesion was determined as described in Material and methods.
Representative images of adhered cells are shown. (B) Adhered cells from
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three independent wells of each group were counted and analyzed. " "P<0.001.

The results showed a significant reduction in cell adhesion
in RTKN knock-down A549 and SPC-A-1 cells compared to
control knock-down cells (Fig. 8, P<0.001). Taken together, the
results indicated that the RTKN knock-down decreased lung
cancer cell invasion and adhesion.

Discussion

Non-small cell lung cancer is the major type of lung cancer
with adenocarcinoma as the main subtype. Targeted cancer
therapy showed high efficacy and low toxicity compared with
traditional chemotherapy. Identifying specific tumor genesis
pathways could promote personalized cancer therapy and
greatly improve cancer treatment outcome. We studied tumor
tissue from lung cancer patients and found that the RTKN gene
was highly expressed in tumor tissue compared with benign
tissue. We further investigated the role of RTKN in lung
cancer and underlying mechanisms using RTKN stable knock-
down lung adenocarcinoma cell lines. Our results showed that
knock-down of RTKN exhibited antitumor activity in lung
cancer cells.

Rho GTPase is a master regulator of cytoskeleton in
multiple cell functions such as cell migration, adhesion and
cytokinesis. Upon binding GTP, Rho exerts its functions
through downstream Rho effectors, such as ROCK, mDia,
Citron, PKN, Rhophilin and Rhotekin (RTKN) (9,20-22). The
RTKN gene was only identified recently and its physiological
functions remain largely unknown (8,23). RTKN has been
reported to be associated with several cancer types such as
bladder cancer (12), gastric cancer (11), and breast cancer (10).
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However, the role of RTKN in lung cancer and its molecular
mechanisms have not been reported. We identified RTKN as a
potential oncogenic factor in lung cancer, as evidenced by the
findings that the RTKN knock-down inhibited lung cancer cell
viability, invasion and adhesion.

Suppression of apoptosis and disregulation of cell viability
are key characteristics of cancer cells which enables uncon-
trolled expansion and invasion (14). Our results demonstrated
increased cell apoptosis in RTKN knock-down lung cancer
cells compared to control knock-down cells, therefore indi-
cating antitumor activity of RTKN inhibition. Cell cycle
progression was finely tuned by cyclin complexes, in which
cyclin-dependent kinases play important roles (15). CDK1 and
CDK?2 are key regulators of G1-S transition (24). Our results
showed that cells were arrested in G1 phase in RTKN knock-
down cells. Consistently, further analysis revealed that CDK1
and CDK2 levels are decreased in RTKN knock-down cells,
indicating that RTKN affected cell cycle regulatory proteins
and cell growth. DNA replication is the major event in cell
viability (25). MCM complex is required for DNA replication
and recruited to the origin recognition complex (ORC) during
late mitosis/early G1 phase (18,19). Our results revealed that
MCM2 and MCMG6 levels are decreased in RTKN knock-
down lung cancer cells, indicating that RTKN affected the
DNA replication machinery and thus cell proliferation.

Further experiments are needed to determine the protein
levels through western blotting and the cellular distribution
through immunohistochemistry staining for RTKN in human
cancer samples. Also, it is important to establish animal tumor
models to further validate the antitumor effects of RTKN
inhibition or knockdown in vivo.

In summary, our results from both clinical specimens
and cultured lung cancer cells revealed that the RTKN level
was elevated in lung cancer and that RTKN inhibition exerts
antitumor effects in lung cancer cells. These finding suggested
that RTKN may be a potential therapeutic target in lung cancer
treatment.
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