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Abstract: Non-small-cell lung cancer (NSCLC) is exceptionally deadly because the tumors
lack sensitive early-stage diagnostic biomarkers and are resistant to radiation and chemotherapy.
Here, we investigated the role and mechanism of Rafkinase inhibitory protein (RKIP) in NSCLC
radioresistance. The clinical data showed that the RKIP expression level was generally lower
in radioresistant NSCLC tissues than in radiosensitive tissues. Reduced RKIP expression was
related to NSCLC radioresistance and poor prognosis. In vitro experiments showed that RKIP
knockdown increased radioresistance and metastatic ability in NSCLC cell lines. Mechanistically,
RKIP reduction activated the Shh signaling pathway by derepressing Smoothened (Smo) and
initiating glioma-associated oncogene-1 (Glil)-mediated transcription in NSCLC. In addition,
the inappropriately activated Shh—Glil signaling pathway then enhanced cancer stem cell (CSC)
expression in the cell lines. The increasing quantity of CSCs in the tumor ultimately promotes
the radiation resistance of NSCLC. Together, these results suggest that RKIP plays a vital role
in radiation response and metastasis in NSCLC. RKIP reduction enhances radioresistance by
activating the Shh signaling pathway and initiating functional CSCs. This role makes it a promis-
ing therapeutic target for improving the efficacy of NSCLC radiation treatment.
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Introduction

According to WHO’s International Agency for Research on Cancer criteria, lung
cancer is the leading cause of cancer-related morbidity, and non-small-cell lung cancer
(NSCLC) accounts for 80%—85% of all lung cancer cases.! Approximately 2/3 of the
patients were diagnosed with an advanced stage of cancer and the main therapy was
radiation treatment combined with chemotherapy.? Among these patients, however,
only 10% achieved a complete response, and the total 5-year survival rate remained
a dismal 15%.3 Radiation resistance is the major biological factor that affects the
efficacy of radiotherapy.*’

Raf kinase inhibitory protein (RKIP), also known as PEBP-1, was first found in
the bovine brain in 1984 and is a member of the phosphatidylethanolamine-binding
protein (PEBP) family.® RKIP is an inhibitory protein in the Raf/mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway and acts
via direct interaction with Raf-1 kinase. Therefore, RKIP is a crucial modulator in
the MAPK signaling pathway that controls many cellular functions such as cellular
proliferation, cell differentiation, cell survival and angiogenesis.” RKIP also plays
an important role in suppressing tumor progression and metastasis through the
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coordination of intracellular signals such as the phospho-
inositide 3-kinase-AKT pathway or the nuclear factor nuclear
factor kB pathway.>® A substantial amount of previous
research evidence suggested that RKIP acts as a metastasis
suppressor in multiple types of cancers such as squamous
cell lung cancer, breast cancer, melanoma, squamous cell
esophageal cancer, colorectal cancer and hepatocellular
carcinoma.”!® In addition to modulating various cellular
functions, RKIP also proves to be a good prognostic marker
for disease-free survival in cancer patients. Survival curves
suggest that low RKIP expression is associated with worse
prognosis and easier relapse of the tumor focus.'" In addi-
tion to enhancing metastasis and affecting prognosis, RKIP
depletion is also closely related to tumor chemotherapy sen-
sitivity and radiosensitivity.!> ¢ For example, in the study of
nasopharyngeal carcinoma, low RKIP expression is signifi-
cantly correlated with clinical stage, lymph node metastasis
and radiosensitivity.!”'* Some researchers believe that the
overexpression of RKIP could increase the radiosensitivity
of nasopharyngeal carcinoma.!!

The sonic hedgehog (Shh) signaling pathway is highly
conserved in the human genome and plays an important role
in tissue patterning, cell proliferation and differentiation."
It also contributes to tumorigenesis when it is mutated or
misregulated.?*?' When the Shh ligand binds to its trans-
membrane protein receptor, known as Patched-1 (PTC1),
the receptor is inactivated and loses its catalytic inhibition
of G-protein-coupled receptors such as the signal transducer
Smoothened (Smo). Once activated, Smo will trigger the
transcription of the Shh target gene, a zinc finger tran-
scription factor known as glioma-associated oncogene-1
(Glil).22 Glil is a transcriptional activator that induces the
expression of numerous target genes. Its targets regulate
proliferation, differentiation, extracellular matrix interactions
and stem cell activation.?*?* Increasing research evidence
has demonstrated that the Shh signaling pathway plays a
key role in multiple types of cancers including basal cell
carcinoma,” pancreatic cancer, colon carcinoma, gastric
cancer, breast cancer and esophageal cancer.??*?’ Notably,
recent evidence suggests that Hedgehog signaling may
contribute to NSCLC.?® Glil expression is associated with
poor overall survival,?” and the depletion of Glil significantly
inhibits the growth of stem-like cells from NSCLC.** Cancer
stem cells (CSCs) are a subset of cells within the tumor
that have been proposed to be responsible for the initiation
and progression of various cancers.’* CSCs from tumor
cell lines, tissue samples and xenograft models have been
isolated based on different markers such as ALDH1, CD133

positivity and side population.’' CSCs are highly undiffer-
entiated cells that are resistant to both drugs and irradiation.
It has become clear that targeting the CSCs in the tumor
would be indispensable in curing cancer. Effective therapy
has been lacking because of the complexity of CSCs, and
a profound understanding of the regulatory mechanism of
CSCs is urgently required. The hedgehog pathway has been
implicated in the regulation of CSCs in various cancers and
is known to increase tumor invasiveness and chemoresistance
involving EGFRs.*>* Our hypothesis, which is consistent
with the RKIP-regulated changes in radiosensitivity, is that
RKIP silencing inappropriately activates the Shh—Glil path-
way in the stem cells of NSCLC and that such cells, with
almost unlimited replicative potential, would significantly
improve tumor resistance to irradiation.

Our research found that RKIP expression was elevated in
NSCLC samples that were more sensitive to radiotherapy and
that the silencing of RKIP could increase the radioresistance
of cancer cells and could promote tumor cell migration and
invasion in vitro. Moreover, we found that RKIP expres-
sion is related to the Glil levels in NSCLC cell lines. Glil
activation and further functions such as increasing CSC
expression were required for the increased radioresistance
in RKIP silencing cell lines. RKIP depletion in NSCLC cell
lines activates Smo, a crucial regulatory protein in the Shh
signaling pathway. To summarize, our research strongly
recommends RKIP as a highly promising drug target for
increasing radiosensitivity and improving the efficacy of
radiotherapy in NSCLC.

Materials and methods

Patients and specimens

Specimens were obtained from 93 NSCLC patients of
the radiation oncology department of the First Affiliated
Hospital, China Medical University, between 2011 and 2016.
The patients were all enrolled with no surgical indications,
and the Karnofsky Performance Status scores were above 70.
Each of the patients underwent a spiral contrast-enhanced
computed tomography (CT) simulation before the treatment
began, and radical radiotherapy was administered at 2 Gy per
fraction per day, 5 days per week, for a total dose of 60 Gy.
When the therapeutic dose reached 40 Gy (20 times), the
patient underwent another CT scan, which was combined
with the initial one on the treatment planning system to com-
pare the tumor volume and evaluate the radiation response.
If the reduction rate of the tumor volume was <30%, then
the tumor was considered low sensitivity; 30%—60% was
considered moderate sensitivity; and >60% was considered
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high sensitivity. All the patients who received radiotherapy
underwent follow-up for a maximum period of 64 months
and a median period of 14 months. The overall survival was
defined as the interval from the initiation of primary radio-
therapy to the date of cancer-related death or to the latest
date recorded if the patient was still alive.

Immunohistochemistry
Immunohistochemical staining of RKIP was performed
on formalin-fixed and paraffin-embedded tissue sections.
Antigen retrieval tissue sections were incubated with 1:400
dilutions of anti-RKIP (ab76582, Abcam, Cambridge, MA,
USA) overnight at 4°C and then incubated with biotinylated
secondary antibody followed by streptomycin biotin peroxi-
dase solution. Finally, the sections were stained with diamin-
obenzidine and counterstained with hematoxylin. Primary
antibodies were omitted in the negative controls.
Immunohistochemical staining was examined under high
magnification (400x). For each slice, 5 fields of view were
selected randomly, and 200 cells were counted in each field of
view. Cells with brownish yellow particles in the cytoplasm
were considered positive. The percentage of stained cells
was categorized as no positive cells =0, <25% positive
cells =1, 26%-50% positive cells =2, 51%—75% positive
cells =3, and >75% positive cells =4. Staining intensity was
categorized as absent staining =0, light yellow =1, brownish
yellow =2, and brown =3. The staining score (ranging from
0 to 7) for each tissue was calculated by adding the quantity
score and the intensity score. A combined staining score of
0-2 was considered low expression (—), 3—5 was moderate
expression (+), and 6—7 was high expression (++). A score
of >3 was considered positive.

Ethics approval and consent to participate
This study was approved by the ethics committee of China
Medical University. Written informed consent was obtained
from all participants in the study.

Cell lines and cell culture

The human lung adenocarcinoma cell line A549 and the
human squamous cell lung carcinoma cell line SK-MES-1
were purchased from the Cell Bank of Type Culture
Collection of Chinese Academy of Sciences, Shanghai
Institute of Cell Biology, Chinese Academy of Sciences.
These two cell lines were cultured in Dulbecco’s Modified
Eagle’s Medium (HyClone, LA, USA) or minimum essential
medium (HyClone, LA, USA) supplemented with 10% fetal

bovine serum (FBS) (Clark, USA) in a humidified incubator
containing 5% CO,.

Construction of shRNA expression

lentivirus

For RNA interference experiments, four sShRNA targets of
RKIP were designed and separately cloned into the pGFP-
puro-RKIP lentiviral vector. The infectious lentivirus was
produced by transfecting the lentivector and packaging
vectors into 293T cells. The puromycin resistance gene
(pac) and luciferase full-length cDNA were cloned into the
expressing construct and used for the lentivirus package.
In addition, a negative control plasmid with scrambled
shRNA and a positive pac shRNA plasmid were constructed.
All shRNA plasmids were synthesized by GenePharma
(Shanghai, China).

Transfection and isolation of stable cell

clones

To generate NSCLC cell lines with RKIP KD, lentiviral
pGFP271-puro-RKIP shRNA and control lentiviral
pGLV3-puro-control shRNA were used to infect A549 and
SK-MES-1 cell lines, respectively, according to the manu-
facturer’s instructions. The efficiency of transfection was
assessed by fluorescence microscopy. Cells were selected
using puromycin for 2 weeks, and NSCLC cell lines with
stable KD of RKIP and control cell lines with empty vector
were obtained.

Western blot

Proteins were exacted from cells and tissues using RIPA
buffer supplemented with the protease inhibitor PMSF.
The protein concentrations were measured using the bicin-
choninic acid Protein Assay Kit (Beyotime, China). An equal
amount of protein in each sample was separated on a sodium
dodecyl sulfate—polyacrylamide gel and transferred to poly-
vinylidene difluoride membranes. The membranes were
blocked with 5% nonfat dry milk in PBS for 1 h at room
temperature and incubated with primary antibodies at 4°C
overnight. After incubation with a secondary antibody, the
blots were visualized using enhanced chemiluminescent
substrate detection reagent (Beyotime, China). Anti-RKIP,
anti-SMO, anti-Glil and anti-CD133 (1:1,000) were pur-
chased from Abcam (Cambridge, UK). As a loading control,
the expression of B-actin was detected using monoclonal
mouse anti-fB-actin antibody (1:5,000) from Santa Cruz
Biotechnology (CA, USA) according to the manufacturer’s
instructions.
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Irradiation conditions

The NSCLC cells were irradiated using a 6-MV X-ray linear
accelerator (model: Varian Medical System, CA, USA) at
a dose rate of 300 cGy/min. The radiation doses were 0, 2,
4,6, 8, 12 and 16 Gy. Cells were placed in the incubator,
and samples were collected at the indicated time points
(0, 1, 12 and 24 h).

Cell proliferation assay

The cell viability of the RKIP-KD A549 and SK-MES-1
cells was determined by the MTT assay. Cells (2,000 cells
per well) were seeded in 96-well plates. After treatment with
different radiation doses (0, 2, 4, 6 and 8 Gy), the cells were
incubated for another 24 h. Each radiation dose was applied
to three wells of cells. The cell viability assay was performed
using the MTT Cell Proliferation and Cytotoxicity Assay Kit
(Beyotime, China) according to the manufacturer’s instruc-
tions. First, 10 UL of MTT (5 mg/mL) was added to each
well. The cells were incubated at 37°C for an additional 4 h.
At the end of the incubation, 100 puL of formazan solution
was added to each well. The absorbance of each well was
monitored by a spectrophotometer at 570 nm (A570). The
experiments were performed in triplicate.

Colony formation assay

Cells were seeded in triplicate in six-well plates at a density
of 1x103 cells per well. After overnight attachment, the plates
were exposed to 0, 2,4, 6 or 8 Gy of irradiation. After incuba-
tion for 12 days, the colonies were washed twice with PBS,
fixed with methanol and stained with 0.5% crystal violet. The
colonies containing more than 50 cells were counted as surviv-
ing clones. The experiments were performed in triplicate.

TUNEL assays

The TUNEL method was used to label the apoptotic cells
using a TUNEL Apoptosis Detection Kit (US Everbright,
Suzhou, China) according to the manufacturer’s protocol.
After treatment with 0 and 4 Gy of irradiation, cells were
incubated at 37°C for 24 h in six-well plates. The cells were
washed twice with PBS and fixed in 1 mL of 4% paraform-
aldehyde for 10 min at 4°C, then permeabilized with 0.1%
Triton X-100 at 25°C for 5 min. The cells were washed twice
with PBS and then stained with the TUNEL mixture for 1 h at
37°C in the dark, stained with streptavidin-TRITC for 30 min
at 37°C in the dark, and finally stained with 4’,6-diamidino-2-
phenylindole for 10 min. The cells were washed with PBS.
Afterward, the cells were counted and examined under a
fluorescence microscope (Olympus 1X71, Tokyo, Japan).
Apoptotic cells were identified by the karyopyknosis and

karyolysis of the nucleus. The apoptotic ratio was obtained
by the following calculation: apoptotic ratio = apoptotic cell
number/seeded cell number x100%.

Apoptosis analysis

Apoptosis was determined by double staining with Annexin
V-PE and 7AAD according to the manufacturer’s instruc-
tions (Keygene, China). After treatment with 0, 4 or 8 Gy of
irradiation, cells were incubated at 37°C for 24 h, harvested,
suspended in 500 UL of binding buffer and labeled with
Annexin V-PE/7AAD reagent for 15 min in the dark at room
temperature. The stained cells were immediately analyzed by
FACScan flow cytometry. All of the samples were assayed
in triplicate, and the cell apoptosis rate was calculated as
follows: apoptosis rate = (apoptotic cell number/total cell
number) X100%.

Cell cycle analysis

After treatment with 4 Gy irradiation, the cells were incubated
for an additional 24 h, harvested and resuspended in 500 uL.
of cell cycle rapid detection solution (DAKEWE, China)
at room temperature. Samples were immediately analyzed
by FACScan flow cytometry. The distribution of cell cycle
phases was determined using FlowJo software. All of the
samples were assayed in triplicate, and the fraction of every
cell cycle phase was calculated.

Wound-healing assay

Cells were seeded in six-well plates and grown to confluence.
The plates were washed twice with PBS, and serum-free
medium was added to the plates. Three parallel “wounding”
lines were scratched into the cell monolayer with a separate
sterile 1,000-uL pipette tip used for each plate. The width
of the wound area was photographed and measured under
the inverted phase contrast microscope (40x magnification,
Nikon, Japan) to assess cell migration at 0, 6, 12, 24 and
48 h after scratching.

Cell migration and invasion assay

For Transwell migration assays, 200 UL containing 2x10*
infected cells was plated into each top chamber with an
8-mm pore filter insert (Corning, NY, USA). For invasion
assays, 200 uL containing 2x10* cells was plated into each
top chamber with the insert covered with Matrigel. In both
assays, cells were plated in medium without serum, and
500 UL of serum-containing medium (20% FBS) was used
in the lower chamber as a chemoattractant. After 48 h of
incubation, the cells on the upper surface of the filter were
removed using a cotton swab, and cells that had invaded
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through the bottom surface of the filter were fixed with
methanol, stained with crystal violet, and imaged and counted
in 10 randomly selected viewing fields under the microscope
(100x magnification).

Other drugs used

Commercial N-Shh (R&D Systems, MN, USA) was used
at 50 nM. Cyclopamine (Selleck, Houston, TX, USA) was
used at 8 uM. Treated cells were incubated for an additional
24 h before further experiments.

Statistical analysis

Statistical analysis was performed using GraphPad Prism and
the SPSS 20.0 software, and the data were represented as the
mean £ SD from at least three independent experiments. The
data were tested for normal distribution. Student’s z-test was
used for comparisons between groups and one-way analysis
of variance (ANOVA) used for comparisons in the same
group at different doses or time points. The Spearman’s rank
correlation coefficient was used to determine the correlation
between two parameters. P-values <0.05 were considered
to be statistically significant. The choices of methods are
listed below.

The Western blot results used Student’s #-test to make
comparisons between different cell lines and one-way
ANOVA to test for significant differences between different
drug treatments in the same cell line.

The cell proliferation assay and the colony formation
assay used Student’s #-test to make comparisons between dif-
ferent cell lines and one-way ANOVA to test for significant
differences between different doses in the same cell line.

The apoptosis assay used Student’s #-test to make com-
parisons between different cell lines and one-way ANOVA
to test for significance differences between different doses
in the same cell line. The cell cycle analysis used Student’s
t-test to compare the differences in the G -M phase changes
between different cell lines.

The cell migration and invasion assay used Student’s
t-test to compare the results in different cell lines. The
wound-healing assays used Student’s #-test to compare the
results in different cell lines and one-way ANOVA to test for
significance in the same cell line at different time points.

Results
RKIP reduction is associated with NSCLC

response to irradiation and poor prognosis
Immunohistochemistry was performed in 44 radiosensitive
NSCLC tissues and 49 radioresistant ones. We observed
that RKIP expression was significantly reduced in the

radioresistant NSCLC tissues compared with that in the
radiosensitive ones (Figure 1A). The relationships between
RKIP expression level and clinicopathological features
are summarized in Table 1. As shown in the table, the
expression levels of RKIP were positively correlated with
NSCLC radiosensitivity (r=0.378, P<<0.001), and tumors
with high RKIP expression were frequently radiosensitive.
In addition, the expression level of RKIP was related to the
T stage of the tumor. As radioresistance is a major cause
of the poor prognosis of NSCLC patients, we observed
the ability of RKIP to predict overall survival in clinical
practice. Kaplan—Meier analysis revealed that lower RKIP
expression in NSCLC tissues is significantly correlated with
clearly decreased overall survival (Figure 1B). A univariate
Cox proportional hazards regression analysis indicated that
both clinical T stage and RKIP expression level significantly
affected the overall survival of NSCLC patients (Table 2).
A multivariate Cox proportional hazards regression analysis
has confirmed that a low expression level of RKIP is an
independent predictor for decreased patient overall survival
(Table 2). Taken together, the result indicates the importance
of the RKIP expression level in reflecting NSCLC radiosen-
sitivity and prognosis.

RKIP reduction increases the

radioresistance of NSCLC cell lines in vitro
To explore the effect of RKIP reduction on the radiore-
sistance of NSCLC cells, we regulated RKIP expression
by stably transfecting an antisense RKIP short hairpin
RNA (shRNA) expression lentivirus into the human lung
adenocarcinoma cell line A549 and the squamous cell carci-
noma cell line SK-MES-1. We thereby obtained two specific
cell lines with low expression of RKIP (A/RKIP-knockdown
[KD] and SK/RKIP-KD) and their corresponding control
cell lines (A-EV and SK-EV). Western blotting was used
to verify the effects of the transfection (Figure 2A), and the
expression levels of RKIP in A/RKIP-KD and SK/RKIP-KD
were significantly lower than in the corresponding control
lines (Figure 2B) (P<<0.05). The radiosensitivity of the cell
lines was also detected. The surviving fraction of NSCLC cell
lines after irradiation is shown in Figure 3A. The radiobiologi-
cal parameters of A-EV were D =2.161, Dq=0.533, SF,=0.476,
k=0.463, and N=1.280, while those of A/RKIP-KD were
D=2.433, D =2.656, SF,=0.822, k=0.411, and N=2.979.
Meanwhile, the radiobiological parameters of SK-EV were
D;=2.588, D =0.015, SF,=0.464, k=0.386, and N=1.006,
while those of SK/RKIP-KD were D=2.108, Dq=3.395,
SF,=0.914, k=0.474, and N=5.005. The results showed that
NSCLC cell lines with downregulated RKIP expression had
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Figure | RKIP reduction is correlated with NSCLC radiation resistance and poor overall survival.
Notes: (A) Representative results of RKIP staining in radiosensitive (a), and radioresistant (b) and negative control (c) NSCLC tissues. Original magnification 400x.
(B) Kaplan—Meier survival analysis of NSCLC patients based on RKIP expression level. Patients with lower RKIP expression have clearly worse overall survival than patients

with higher RKIP expression.

Abbreviations: NSCLC, non-small-cell lung cancer; RKIP, Raf kinase inhibitor protein.

a higher survival fraction at 2 Gy irradiation and an obvious
increase in quasi-threshold dose compared to RKIP-positive
NSCLC cell lines (P<<0.05). Furthermore, a methylthiazol
tetrazolium (MTT) assay was performed to determine the
impact of RKIP depletion on the viability of NSCLC cells
under irradiation. As shown in the data (Figure 3B), the cell
viability rate was clearly higher in cell lines with low RKIP
expression subjected to varying degrees of radiotherapy
(P<<0.05). Taken together, the results revealed that RKIP
reduction enhances NSCLC radioresistance in vitro.

RKIP reduction enhances the migration
and invasion of NSCLC cells

Metastatic progression can accelerate in cancer cells during
treatment with drugs or irradiation,* and thus metastasis in
NSCLC can seriously affect the efficiency of radiotherapy.
To explore how RKIP reduction could affect the metastatic
behaviors of NSCLC cell lines, Transwell chambers were

applied to test the migration and invasion abilities of the
cancer cells. As shown in the data, cell lines with low RKIP
expression have stronger migration and invasion abilities
(Figure 4A and B) (P<<0.05). Furthermore, a wound-healing
assay was conducted to determine the influence of RKIP
reduction on the metastatic ability of cancer cells. The results
revealed that reduced RKIP expression clearly increased the
metastatic abilities of NSCLC cells (Figure 4C). Overall,
RKIP reduction enhanced the migration and invasion of
NSCLC cell lines, which means that NSCLC cells with low
RKIP expression will exhibit a less satisfactory response
to radiotherapy.

RKIP reduction decreases radiotherapy-
mediated apoptosis

Radiation-mediated apoptosis, to some extent, could be
considered an aspect of radiosensitivity.’> Therefore, we
measured the radiation-mediated apoptotic rates of NSCLC

submit your manuscript

5610

Dove

OncoTargets and Therapy 2017:10


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

Dove

RKIP reduction enhances radioresistance in NSCLC

Table | Correlation between RKIP expression and clinico-
pathological characteristics in NSCLC (n=93, ) test)

Variables N RKIP P-value
Low High

Gender 0.058
Male 75 23 52
Female 18 10 8

Age 0.520
=60 46 18 28
>60 47 15 32

Pathological types 0.164
SCC 63 19 44
ADC 30 14 16

Primary tumor (T) stage <0.001
TI-2 58 12 46
T3-4 35 21 14

Lymph node (N) metastasis 0.334
NO-1 25 I 14
N2-3 68 22 46

Clinical tumor/node/metastasis stage 0.800
Il 21 8 13
11l 72 25 47

Radiation response <0.001
Radioresistant 44 24 20
Radiosensitive 49 9 40

Notes: P<0.05 by y? test, RKIP expression vs NSCLC primary tumor (T) stage;
RKIP expression vs NSCLC radiation response.

Abbreviations: ADC, adenocarcinoma; NSCLC, non-small-cell lung cancer; RKIP,
Raf kinase inhibitor protein; SCC, squamous cell carcinoma.

cell lines with different expression levels of RKIP using
both flow cytometry and the TUNEL assay system. The
flow cytometry data showed significantly lower radiation-
induced apoptosis in the A/RKIP-KD and SK/RKIP-KD cell
lines than in the corresponding control cell lines (A-EV and
SK-EV) under different doses of irradiation (Figure 5A).
The TUNEL assay results were consistent with the flow
cytometry data. Fewer apoptotic cells were observed in
RKIP-KD cell lines under 4 Gy irradiation (Figure 5C).
These experiments showed that reduced RKIP expression
could protect NSCLC cells from apoptosis induced by
irradiation, thus promoting the radioresistance of NSCLC
cells in vitro.

RKIP reduction enhances radioresistance

by affecting cell cycle progression

The cell cycle distributions of four cell lines were analyzed by
flow cytometry. As shown in Figure 5B, compared with the
A-EV and SK-EV cell lines with high RKIP expression, dis-
tribution trends such as the cell cycle arrest of the G -M phase
and the G, phase depletion caused by irradiation were reversed
in the cell lines with reduced RKIP expression. In conclu-
sion, RKIP reduction could promote the radioresistance of

Table 2 Univariate and multivariate analyses of prognostic
factors for overall survival using Cox proportional hazards
regression model (N=93)

Variables Overall survival HR (95%) CI
Univariate analysis
P-value
Gender
Male vs female 0.35 1.316 (0.740-2.341)
Age
=60 vs >60 0.955 0.986 (0.609-1.598)
Pathological types
SCCvs ADC 0.824 0.943 (0.562-1.583)
Primary tumor (T) stage
TI-2vs T3-4 0.020%* 0.549 (0.331-0.911)
Lymph node (N) metastasis
NO-1 vs N2-3 0.172 0.699 (0.418-1.168)
Clinical tumor/node/metastasis stage
Ilvs NI 0.354 0.772 (0.446—1.335)
RKIP expression
Low vs high 0.003* 1.810 (0.617-5.313)
Variables Overall survival HR (95%) CI

Multivariate analysis

P-value

Primary tumor (T) stage

TI-2vs T3-4 0.386 0.767 (0.421-1.398)
RKIP expression
Low vs high 0.042% 1.830 (1.023-3.276)

Note: *P<0.05 by univariate Cox proportional hazards regression model, #P<<0.05
by multivariate Cox proportional hazards regression model.

Abbreviations: ADC, adenocarcinoma; HR, hazard ratio; RKIP, Raf kinase inhibitor
protein; SCC, squamous cell carcinoma.

NSCLC by preventing cancer cells from entering the G,-M
phase, which is relatively sensitive to irradiation.

RKIP reduction enhances the
radioresistance of NSCLC cell lines
through activation of the Shh—Glil—

CD133 signaling pathway

To explore the signaling mechanism of RKIP in NSCLC
radioresistance, we examined whether the RKIP-regulated
variation in the radiosensitivity of NSCLC cells is medi-
ated through the Shh—Glil-CD133 signaling pathway. The
Western blot results showed that the expression levels of Smo
and Glil in the RKIP-KD cell lines A/RKIP-KD and SK/
RKIP-KD were clearly higher than in their corresponding
control cell lines as well as that of CD133, which indicates
that the number of CSCs was elevated in these cell lines
(Figure 6A). Moreover, to thoroughly understand the pattern
of RKIP and Shh pathway interaction, we introduced the ago-
nist cytokine Recombinant Human Sonic Hedgehog (N-shh)
and the antagonist cyclopamine of the Shh signaling pathway
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into the experiments. When the Shh signaling pathway status
was altered by N-shh and cyclopamine, the RKIP expression
level of the cell lines did not change correspondingly, which
indicated that RKIP occupied an upstream position in the
pathway (Figure 6A). Furthermore, when N-shh was added
to SK-EV and A-EV, SMO, Glil and CD133 all increased,
as they did in RKIP-KD cell lines A/RKIP-KD and SK/
RKIP-KD (Figure 6A). This result shows that RKIP reduction
could activate the Shh—Glil-CD133 signaling pathway just
as N-shh did. Similarly, when cyclopamine was added to
the RKIP-KD cell lines A/RKIP-KD and SK/RKIP-KD, the
activated Shh—Gli1-CD133 pathway went silent again, as in
the RKIP-positive cell lines A-EV and SK-EV (Figure 6A).
All these Western blot results were verified multiple times
and are displayed in a histogram (Figure 6B) (P<<0.05). These
results indicated that RKIP was most likely functioning in the
same way as cyclopamine, interacting with SMO and keeping
it inactivated in the cytoplasm.*® Taken together, these data
suggested that RKIP regulates the radiation sensitivity by
activating the Shh—Glil signaling pathway and increasing
the number of CSCs among NSCLC cells.

Discussion

During the study, we discovered that RKIP depletion acti-
vated the Shh signaling pathway, significantly increased the
production of Glil and subsequently enhanced the radiore-
sistance of NSCLC cells. Our experiments suggested that
RKIP is a prominent negative regulator of the Shh signaling
pathway, which plays a vital role in cancer tumorigenesis,
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metastasis and chemo/radiosensitivity.’” RKIP has been
massively reported to be dysregulated in several types of
cancers, such as prostate, cervical, colonic, nasopharyngeal
and gastric cancers.*® The RKIP expression level is ~50%
lower in prostate carcinoma in situ than in nonmalignant
cells.®® The loss of RKIP is also relevant to clinical stage,
pathological differentiation and highly malignant behaviors
in NSCLC.* Despite all the links between RKIP depletion
and enhanced resistance of cancers in the clinical background,
the molecular mechanism of how the RKIP expression level
results in enhanced radioresistance, poor prognosis and
malignant progression in cancers still remains to be found.
RKIP was initially identified as PEBP in the bovine
brain and was later identified as an inhibitory protein in the
Raf-MEK-ERK signaling pathway via its interaction with
Rafl kinase and renamed RKIP by Granovsky and Rosner.*
In recent years, RKIP has been identified as a member of a
novel class of molecules that suppress the metastatic spread
of tumors. In addition, RKIP is now well established to
be involved in MAPK signal transduction. This signaling
machinery evolved to rapidly activate nuclear transcription
factors in response to extracellular stimuli and can influ-
ence diverse cellular functions including cell proliferation,
differentiation and apoptosis. As signaling proteins, espe-
cially those from the MAP kinase superfamily, are often
linked with cancer and as RKIP is a well-known inhibitor
of the MAPK pathway, the links between molecules such as
ERK, AKT and PKC and the expression of RKIP has been
extensively studied. Reduced levels of RKIP enhance ERK

SK-MES-1
.{\e
S S
* \°Q‘l~° 3
& T P S
S * N * & L
& @““L & & B
3 2 s 9 )

Bactin [ (R GHED SIS N S S— |

RKIP | «iilb -
Smo| e e —

|
Glit I_ﬁ - |
B |

m.. ‘s R A, asese .

cn133| - e

OncoTargets and Therapy 2017:10

submit your manuscript

5615

Dove


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

Xie et al Dove

B L ) )
1.5+ l_ = L 1.5+
é% 07 §§ 1.0 1 77
2% 2% -
u%g 05 4 Eg 054 Z
- _ - #
Diid E
1.5 = 1.0 =
= = e 3 %] ,
‘s © ‘5 9 06- %
# 2 024 / .
N B i

M A-EV =3 A/RKIP-KD [ A-EV +shh A/RKIP-KD + shh
EA A-EV + cyclopamine 0@ A/RKIP-KD + cyclopamine

1.5 - 1.5 7 .
+ . 7
é% 1.0 L o . _§§ 1.0 = %
o3 2 i /
I.|><.| 5 0.5 |1|< q>, 0.5 %
=2 2 ) /
0.0 < 10000 7777 M 0_0-.- A m rﬁ‘:rm
1.5 = 1.5 =
5(:; 1.0 4 é _Sg 1.0 é
s al E %
= 3 E
0.0 -i % m ":Fi-ll 0.0~ % $3 Ii-ll
m SK-EV SK/RKIP-KD [ SK-EV + shh SK/RKIP-KD + shh
B4 SK-EV + cyclopamine M SK/RKIP-KD + cyclopamine

Figure 6 RKIP reduction enhances Shh—Glil signaling and increases CD 133 expression in NSCLC cell lines.

Notes: (A) Representative Western blot results show the expression levels of RKIP, Smo, Glil and CD133 in A/RKIP-KD, SK/RKIP-KD and the corresponding control cell
lines A-EV and SK-EV; the results when these cell lines were treated with N-shh and cyclopamine are also shown. B-actin was used as a loading control. (B) Histograms show
the relative expression levels of RKIP, Smo, Glil and CD133 in the cells by grayscale analysis. Data are presented as the mean + SD. *P<<0.05 vs cells transfected with empty
vectors; *P<<0.05 vs cells transfected with empty vectors; P<<0.05 vs cells with RKIP knockdown. All experiments were performed in triplicate.

Abbreviations: EV, empty vector; KD, knockdown; NSCLC, non-small-cell lung cancer; RKIP, Raf kinase inhibitor protein; A-EV, A549 cells transfected with empty vector;
A/RKIP-KD, A549 cells transfected with RKIP-knockdown vector; SK-EV, SK-MES-1 cells transfected with empty vector; SK/RKIP-KD, SK-MES-1 cells transfected with
RKIP-knockdown vector.
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and AKT activity and increase the survival ability of tumor
cells in nasopharyngeal carcinoma.* RKIP also inhibits
the invasion and metastasis of hepatocellular carcinoma by
inhibiting the ERK/MAPK signaling pathway.** Based on
previous studies, we concluded that the interaction of RKIP
with the MAPK signaling pathway can affect the survival of
multiple kinds of tumor cells. In addition to its suppressive
role in cancer metastasis and tumorigenesis, RKIP expression
is also related to the sensitivity of tumors to chemotherapy
and radiotherapy.'*'® Some studies have found that RKIP
overexpression could increase the sensitivity of breast cancer
cells to chemotherapy.'s In our experiments, we observed that
RKIP depletion correlates with changes in radiation-induced
apoptosis, migration and invasion ability and the cell cycle in
NSCLC cell lines. Furthermore, we found that the malignant
biological behaviors and enhanced radioresistance caused by
RKIP depletion were induced through activation of the Shh
signaling pathway. A substantial amount of evidence sug-
gests that the Shh pathway is involved in NSCLC, but the
molecular mechanism remains unclear.* G/i1 is a vital target
gene of the Shh signaling pathway, and the expression level
of Glil is a significant indicator of Shh activity. We observed
that RKIP depletion could promote the expression of Glil in
NSCLC cell lines and that the increased malignant behaviors
of the tumors were associated with low expression levels of
RKIP, which activated the Shh signaling pathway. When the
Shh ligand binds to PTC1, Smo moves from the cytoplasm
and changes into an active form on the cell membrane.* The
activated Smo then triggers the transcriptional function of
Glil.* Our present data indicate that RKIP inhibits the Shh
signaling pathway through interacting with Smo, preventing
Smo from reaching the cell membrane to perform its function
in radiation-sensitive cancer cells. Conversely, in radiation-
resistant NSCLC cells, RKIP depletion decreases its inhibi-
tion of cytoplasmic Smo and promotes the effect of Smo on
Glil, which fully activates the Shh signaling pathway.

Our analysis has established an oncogenic role for the
depletion of RKIP and identified the activated Shh signaling
pathway as the mechanism of the resulting enhanced
radiation resistance in NSCLC cells. However, the ques-
tion remains of how the activated Shh signaling pathway
increases the radiation resistance of cancer cells. We sus-
pect that the CSC theory is the answer. CSCs were initially
defined as cells with self-renewal ability that are capable of
producing heterogeneous tumor cells.* Recent studies have
shown that CSCs might be responsible for tumorigenesis,
invasion and distant metastasis.*’ In addition to the malignant
behaviors above, CSCs display particular resistance to drugs

and irradiation, leading to tumor suppression failure and
relapse.*®# It is well known that many cancers are resistant
to radiotherapy, and the existence of CSCs within hypoxic
niches is clearly one possible cause of lower levels of reac-
tive oxygen species and enhanced free radical scavenging.*
Moreover, the Shh—Glil pathway is involved in several types
of tumors® and plays a vital role in CSC differentiation.>"*>
Direct effects of inhibiting the Shh pathway on CSCs have
been observed. For instance, CML stem cells resistant
to tyrosine kinase inhibitors were efficiently eliminated
by combined treatment with cyclopamine and imatinib.>
Vismodegib is also effective against CD133* pancreatic
CSCs and operates by enhancing apoptosis.** The above
evidence led us to propose that the Shh pathway activated
by RKIP depletion enhances NSCLC radioresistance through
increasing the ratio of CSCs in the tumor cell population.
To test this theory, human CD133* (AC133") was used as a
specific marker to identify cells highly enriched in CSCs.%%
CD133" CSCs have been proved to be radioresistant because
of the upregulation of the DNA damage response in
glioblastomas.”” In addition, we discovered that the CSC
biological marker CD133 was positive in RKIP-deficient
NSCLC cell lines with the Shh—Glil pathway activated.
Overall, we strongly believe that RKIP depletion activates
the Shh—Glil pathway and then increases the quantity of
CSCs in the tumor niche, thereby enhancing the radiation
resistance of the NSCLC cell lines.

In the near future, our further studies may focus on
in vivo experiments on nude mice. Experiments with xeno-
graft mouse models have provided striking evidence that
tumor radioresistance is coupled with RKIP expression and
that RKIP expression affects tumorigenesis. Metastasis has
been shown in xenograft mouse models for multiple types of
cancers. RKIP-inhibited cells revealed a significant increase
in blood vessel recruitment in cervical cancer.’® In NSCLC,
nude mice loaded with RKIP-overexpressing A549 cells
through veil injection showed inhibition of both tumor
growth and metastasis.” RKIP overexpression also enhanced
metastatic ability in colorectal cancer® and increased tumor
volume in pancreatic cancer.®’ From the evidence above,
we can see a strong connection between RKIP expression
and malignant tumor behaviors in vivo. We plan to explore
the connection between NSCLC radioresistance and RKIP
expression using tumor-bearing nude mice in our subsequent
studies. Furthermore, the theory that Shh—Glil signaling and
CSCs are involved in RKIP expression-regulated radiore-
sistance will also be tested in the xenograft mouse models.
We hope that the planned experiments on xenograft mouse
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models will support our proposed mechanism for RKIP
expression-regulated radioresistance in NSCLC.

Conclusion

These studies indicate an oncogenic role of RKIP deple-
tion in NSCLC. In addition to its well-known character as
a potential biomarker for metastasis and prognosis, RKIP is
a promising drug target for improving the radiosensitivity
of NSCLC in clinical practice by affecting the Shh—Glil
pathway and CSCs in cancer cells.
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