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Abstract Evidence suggests that the cytokine tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)
is a promising candidate for cancer therapeutics. Studies
have also shown that claudin-7 (CLDN7) expression is
variably dysregulated in various malignant neoplasms, with
arole in lung cancer that has not been definitively decided.
This work investigated the differential sensitivity of
CLDN7-overexpressing human NSCLC H460 cells to
TRAIL in vitro and in mouse xenografts, and explored the
molecular mechanisms responsible for these effects. NCI-
H460 cells were transfected or not with green fluorescent
protein-tagged CLDN7. Each group was then exposed to
mesenchymal stem cells (MSCs) or red fluorescent protein-
tagged MSCs transduced with lentivirus expressing mem-
brane-bound TRAIL. The effects and related mechanisms
of these treatments were evaluated in vitro, and in vivo in
murine xenografts. Our results indicate that TRAIL
induced apoptosis in H460 cells in vitro, and in established
xenograft tumors TRAIL was associated with a decrease in
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tumor size, tumor weight, and circulating tumor cells.
CLDN7 was found to inhibit the MEK/ERK signaling
pathway, leading to inhibition of death receptor 5
(TNFRSF10B). The cytotoxicity of TRAIL was confirmed
in H460 cells and in vivo, and CLDN7 suppressed the
cytotoxicity of TRAIL in H460 cells. Our results indicate
that TRAIL may be a useful therapy to enhance apoptosis
in CLDN7-negative lung cancer cells.
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Introduction

The development of various cancers has been associated
with the disruption of tight junctions [1], the paracellular
barriers in epithelial cells that regulate the flux of ions and
proteins and maintain cellular polarity [2]. Claudins are
transmembrane protein components of tight junctions,
whose dysfunction may be involved in the loss of tissue
cohesion during the pathogenesis of cancer [3].

In humans, claudins comprise a family of 24 closely
related members [4]. Several of these have been implicated
in lung carcinomas, and their expressions in these tissues
have been investigated at both the protein and mRNA
levels. Paschoud et al. [5] found that lung squamous cell
carcinomas tested positive for claudin-1 but negative for
claudin-5, while the reverse was true of adenocarcinomas.
In the study of Moldvay et al. [6], significant differences in
immunohistochemical claudin-2 expression were found
between small cell lung carcinoma and squamous cell
carcinoma.

Claudin-7 (CLDN7) is expressed in epithelial cells of
several organs, largely outside the tight junction area and
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along the basolateral membrane [7, 8]. More and more
studies show that abnormal CLDN7 expression is related to
various malignant neoplasms, including breast carcinomas
[9], colorectal cancer [10], and esophageal cancer [11]. Lu
et al. [12] showed that CLDN7 expression was either
downregulated or its localization was disrupted in human
lung cancer tissues. In non-small cell lung cancer
(NSCLC), Yamamoto et al. [13] found that reduced
CLDN7 expression was associated with poor outcome,
particularly in squamous cell carcinoma.

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is a type 2 transmembrane death ligand that
causes apoptosis in various tumors and cancer cells [14—
17], including human H460 non-small cell lung cancer
(NSCLC) cells [18]. TRAIL binds to the death domain-
containing receptors TNFRSF10A (tumor necrosis factor
receptor [TNFR] superfamily, member 10a, also known as
DR4) and TNFRSF10B (TNFR superfamily, member 10b,
also known as DRS) and activate caspase 8, leading
directly to the activation of caspase 3 and subsequent
apoptosis [19, 20].

This work investigated the differential sensitivity of
CLDN7-overexpressing human NSCLC H460 cells to
TRAIL in vitro and in mouse xenografts, and explored the
molecular mechanisms responsible for these effects. To our
knowledge, no studies have previously shown the tumor-
suppressive effects of MSC-delivered TRAIL or the
underlying mechanisms of these effects in human NSCLC
H460 cells overexpressing CLDN7.

We found that CLDN7 lowered the sensitivity to TRAIL
of H460 cells by downregulating the TRAIL receptor
TNFRSFI10B. Intriguingly, a set of H460-secreted factors,
consisting of interleukin (IL)6, IL8, matrix metallopro-
teinase (MMP)2, and MMP9, also changed after TRAIL
treatment. In vivo mouse models confirmed that CLDN7
expression moderated the cytotoxicity of TRAIL-trans-
duced MSCs in H460 xenograft tumors. Collectively, our
results indicate that TRAIL could be used in human lung
cancer therapy. However, tumors with CLDN7 expression
may not be sensitive to TRAIL-induced cell death.

Materials and methods
Overview of study design

The study design comprised three broad sets of experi-
ments. First, we examined the role of TRAIL in human
lung cancer H460 cells and CLDN7-transfected H460 cells,
by exposure to TRAIL-transduced mesenchymal stem cells
(MSCs) and standard assays of apoptosis and subcellular
localization. Second, we established H460 and CLDN7-
positive H460 xenografts in mice and observed differences
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in tumor weight, tumor size, survival time, and circulating
tumor cells (CTCs) after TRAIL treatment. ELISA was
used to detect the plasma levels of TRAIL. Then the cor-
relation between TRAIL and CTCs was confirmed. Finally,
RT-PCR, immunoprecipitation and Western blot were used
to determine the possible mechanisms of TRAIL in
CLDN/7-transfected H460 cells.

H460 cell culture and transfection

Cells of the human non-small cell lung cancer cell line
NCI-H460 was purchased from the American Type Culture
Collection (Manassas, VA, USA) and grown in RPMI 1640
culture medium containing 10 % fetal bovine serum,
100 units/mL of penicillin, and 100 pg/mL streptomycin in
humidified air (5 % CO, atmosphere) at 37 °C.

A portion of the parental H460 cells were transfected
with green fluorescent protein (GFP)-tagged CLDN7
(H460-GFP-CLDN7) was transfected into H460 cells using
Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, CA,
USA). After a 48-h incubation, transfected cells were
transferred from 6-well plates to 100-mm plates. To con-
firm and localize the presence or non-presence of CLDN7
in parental H460 cells and H460-GFP-CLDN7 cells, the
subcellular localization of GFP-CLDN7 was examined
under a fluorescent microscope, and RT-PCR and Western
blot was performed (described below).

Mesenchymal stem cells (MSCs) transduced
with TRAIL

Mesenchymal stem cells (MSCs) have been used as
delivery vehicles for targeted anti-tumor therapies [21, 22].
MSC:s (a kind gift from Dr. Jin-Jin Wang) were transduced
or not with membrane-bound TRAIL and red fluorescent
protein (RFP) using a lentivirus (RFP-MSC-TRAIL), as
previously described by Loebinger et al. [22]. RT-PCR,
Western blot, and ELISA were performed (described
below) to confirm the differential presence of TRAIL in the
MSC and RFP-MSC-TRAIL treatment groups.

Coculture

A dividing partition was inserted into a well of 6-well
dishes (Fig. 4a). Parental (i.e., non-transduced) MSCs or
RFP-MSC-TRAIL cells were plated into one compartment
of the well (3 x 10° cells/well) in the culture media
described above. H460 or H460 CLDN7-GFP cells were
plated into the other compartment of the well
(3 x 10° cells/well). After 24 h, the bulkhead was
removed. Differential migrations of RFP-MSC-TRAIL
cells toward the H460 and H460-GFP-H460 cells were
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noted. The 4 treatment groups of cells after coculture were
used in the following studies.

Cytotoxicity/cellular proliferation MTT assay

To determine the cytotoxic effect of exposure to TRAIL on
H460 and CLDN7-GFP-H460 cells compared with
untreated (control) H460 cells, cellular proliferation was
assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay. Cells (2 x 10% per
well) after coculture were plated into 96-well microtiter
plates and allowed to adhere. MTT (10 pL, at 5 mg/mL)
was added to each well at a final concentration of 500 pg/mL.
The mixture was further incubated for 1 h at 37 °C, and the
liquid in the wells was removed. Four hours later, cells
were lysed with dimethyl sulfoxide (DMSO) and absor-
bance rates were measured at 550-560 nm using a micro-
plate reader (Bio-Rad, Hercules, CA, USA).

Quantitative analysis of apoptosis with annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide
(PI) double staining and flow cytometry

To further determine the cytotoxic effect of exposure to
TRAIL on H460 and CLDN7-GFP H460 cells compared
with untreated (control) H460 cells, differential apoptotic
rates were determined with annexin V-FITC/PI double
staining assays. In accordance with the manufacturer’s
instructions (Apoptosis Detection Kit, KeyGEN, Nanjing,
China), cells were washed and resuspended in binding
buffer prior to the addition of FITC-labeled annexin V and
PI for 10 min. Suspensions were immediately analyzed by
flow cytometry using a FACSCalibur machine (BD Bio-
sciences, Baltimore, MD, USA). Cells in the stages of early
apoptosis were defined as FITC'/PI™ cells. Survival rates
of H460 cells in monoculture (%) were subtracted from the
percentage of surviving H460 cells in the coculture, to
determine the relative survival advantage.

Caspase assay

The cytotoxic effect of exposure to TRAIL on H460 and
CLDN7-GFP H460 cells compared with untreated (control)
H460 cells was also investigated by measuring caspase 3
and caspase 9 activity (indicators of apoptosis) using cas-
pase colorimetric assay kits in accordance with the manu-
facturer’s instructions (KeyGEN). Briefly, cellular protein
was extracted using the lysis buffer supplied, and total
protein concentrations were determined with a Bradford
protein assay. Caspase 3 or caspase 9 substrate was then
added, and after 2 h at 37 °C in the dark, caspase 3 or
caspase 9 was measured using a microtiter plate reader at
405 nm.

Cytokine array

H460 or H460 CLDN7-GFP cells were left untreated, or
(described below) were treated with recombinant human
TRAIL (100 ng/mL, R&D Systems) for 48 h. As per the
manufacturer’s recommended protocol, a cytokine/chemo-
kine array kit (Ray Biotech, Norcross, GA, USA) was used to
detect a panel of 13 secreted cytokines and chemokines:
IL1A, IL1B, 1L2-8, IL17, MMP2, MMP9, and TRAIL.

Detection of cell surface TNFRSF10A
and TNFRSF10B via flow cytometry

The procedure determining the H460 or H460 CLDN7-
GFP cell surface expression of the TRAIL receptors
TNFRSFI10A and TNFRSF10B was in accordance with the
manufacturer’s recommendations (R&D Systems, Minne-
apolis, MN, USA). In brief, cells were harvested by tryp-
sinization and washed twice in ice-cold phosphate-buffered
saline (PBS). After washing, cells were incubated with
anti-TNFRSFI10A or anti-TNFRSF10B mouse antibody
(dilution ratio 1:50) overnight at 4 °C. Afterwards, cells
were washed again three times with PBS, and incubated
with FITC/phycoerythrin (PE)-conjugated goat anti mouse
IgG (dilution ratio 1:50) for 40 min in the dark at room
temperature. Finally, cells were washed three times with
PBS and resuspended in 0.5 mL PBS for flow cytometry.

Immunoprecipitation

To determine whether CLDN7 and TRAIL interact with each
other, we performed immunoprecipitation. Transfected cells
were washed once with PBS, lysed for 30 min in lysis buffer
(50 mM Tris—HCI1 pH 7.5, 150 mM NacCl, 1 % Nonidet
P-40) containing protease inhibitors (Cocktail, Roche, Basel,
Switzerland) and phosphatase inhibitors (1 mM NaF and
1 mM Na3VOQ,), and centrifuged at 15 000 x g at4 °C for
15 min. Supernatants were pre-cleared with EZ View Red
protein G-Sepharose (Sigma) for 1 h at 4 °C, and 5 ng of
antibody specific for each target protein were added in each
sample. Immune complexes were precipitated by EZ View
red protein G-Sepharose overnight at 4 °C and washed 3
times with lysis buffer. The immune complexes were boiled
(100 °C) for 10 min in SDS sample buffer (100 mM Tris—
HCI pH 8.8, 0.01 % bromophenol blue, 20 % glycerol, 4 %
SDS) containing 10 mM dithiothreitol, and resolved via
10 % SDS-PAGE.

In vivo effects of TRAIL on H460-GFP-CLDN7
xenografts

Our University Ethics Committee approved the research
protocols performed in this study. NOD SCID mice (4 to
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6-weeks-old, NOD.CB17-Prkdcscid/NcrCrl; Charles River,
Wilmington, MA, USA, 30 mice in each treatment group)
were injected subcutaneously with H460 (1 x 107 cells in
200 pL PBS), or H460-GFP-CLDNT7 cells (1 x 107 cells in
200 pL PBS) mixed with MSCs (1 x 10’ cells) or TRAIL-
transfected MSCs (RFP-MSC-TRAIL: 1 x 107 cells) into
the axilla of each mouse. The mice were examined at 0, 10,
20, 30, 40, 50, and 60 days, and tumor growth was evalu-
ated by measuring the length and width of the tumor mass
after euthanasia. The tumors were resected and the tumor
weight and volume were determined. Tumors were mea-
sured using calipers, and tumor volumes were calculated
(tumor volume = length x width? x 0.52) [23].

Survival curves

One hundred mice were used to establish xenografts for
observing survival time (20 mice in each treatment group:
H460; H460-GFP-CLDN?7 cells; H460 mixed with MSCs;
H460 mixed with TRAIL-transfected MSCs; H460-GFP-
CLDNT7 cells mixed with TRAIL-transfected MSCs. The
survival status of the mice was observed until the experi-
ments were terminated, at which time all the mice had died
except for those in the H460 mixed with TRAIL-trans-
fected MSCs group.

Isolation and enumeration of CTCs

The CellSearch system (Veridex, Warren, NJ, USA) is the
only test sanctioned by the United States Food and Drug
Administration for enumeration of CTCs in clinical prac-
tice [24]. Blood samples (1 mL) from mouse models were
drawn into CellSave tubes, which were maintained at room
temperature and processed within 72 h of collection. CTCs
were defined as nucleated epithelial cell adhesion molecule
(EpCAM)-positive cells, lacking cluster of differentiation
(CD) 45 but expressing cytoplasmic cytokeratins 8, 18, and
19. All CTC evaluations were performed by qualified and
trained personnel. To further investigate the association
between the number of CTCs and prognosis, we defined 3
risk groups; low (CTC < 1), medium (CTC 1-5), and high
risk (CTC > 5).

Enzyme-linked immuno sorbent assay (ELISA)

Blood samples for TRAIL determination were collected in
ethylenediaminetetraacetate tubes, placed on ice, and cen-
trifuged at 2,500xg for 20 min. Recovered serum was
stored at —80 °C in aliquots until assayed. For the mea-
surement of circulating TRAIL, analyses were performed
in duplicate using a dedicated, commercially available
ELISA kit (R&D Systems) in accordance with the
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manufacturer’s instructions, and analyzed with an ELISA
reader at 450 nm.

RNA isolation and reverse transcriptase-polymerase
chain reaction (RT-PCR)

RT-PCR was performed during the in vitro studies to
confirm the non-presence of CLDN7 mRNA in parental
H460 cells and H460-GFP-CLDN7 cells, to confirm the
differential presence of TRAIL mRNA in MSCs and the
RFP-MSC-TRAIL cells, and to determine expression lev-
els of the functional TRAIL receptors (TNFRSF10A and
TNFRSF10B) (in vivo experiments).

Total RNA was isolated from cells using an RNeasy
Mini Kit (Biomed, Beijing, China). RNA (1 pg) was
reverse-transcribed using avian myeloblastosis virus
(AMV) reverse transcriptase (Promega, Madison, WI,
USA) and amplified using specific primers and conditions
for target genes. The TRAIL primers were: 5'-CCCAAT
GACGAAGAGAGTATGA-3' (sense) and 5'-GGAATAG
ATGTAGTAAAACCC-3' (antisense). The CLDN7 prim-
ers were: 5-GGGTGGAGGCATAATTTTCA-3" (sense)
and 5'-AGTGCACCTCCCAGGATGAC-3' (antisense). The
TNFRSFI0A primers were: 5'-CAGAGGGATGGTCAAGG
TCAAGG-3' (sense) and 5'-CCACAACCTGAGCCGATG
C-3' (antisense). The TNFRSFI10B primers were: 5'-CACCA
GGTGTGATTCAGGTG-3’ (sense) and 5'-CCCCACTGTG
CTTTGTACCT-3' (antisense). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal normali-
zation control. The GAPDH primers were: 5'-GAAGGCTG
GGGCTCATTT-3' (sense) and 5-GGGGCCATCCAC
AGTCTT-3' (antisense).

PCR amplification of cDNA was performed in reaction
volumes of 15 pL. Finally, products were resolved by 1 %
agarose gel electrophoresis, and visualized by ethidium
bromide staining and an ultraviolet imaging system (UVP,
Upland, CA, USA).

Western blot

Western blot was performed to determine which pathways
are affected by TRAIL in H460 or H460-GFP-CLDN7
cells. Cells were lysed as described above (under Immu-
noprecipitation). Tumor tissues were obtained from mouse
models and lysed as described in Immunoprecipitation.
Crude lysates were then centrifuged at 14,000xg for
10 min, and cleared lysates were collected and separated
by 10 % SDS-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes. Membranes were
blocked in 5 % milk-Tris-buffered saline with Tween-20
and incubated with primary antibodies. Anti-TRAIL and
anti-CLDN7 antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) were used to identify transfection
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efficiency, and detection of B-actin was used as an internal
control.

Cell signaling-related proteins obtained from tumor
tissues were probed using the following antibodies: anti-
TNFRSF10A, anti-TNFRSF10B, anti-caspase 8, anti-cas-
pase 9, anti-caspase 3, fas-associated protein with death
domain (FADD), anti-ERK, anti-phospho-extracellular-
signal-regulated kinase (ERK), anti-MEK, and anti-phos-
pho-MEK antibodies (Santa Cruz). The reaction was fol-
lowed by probing with peroxidase-coupled secondary
antibodies including anti-mouse IgG, anti-rabbit IgG, or
anti-goat IgG antibodies at dilutions ranging from 1:1,000
to 1:2,000 (Amersham Biosciences, Needham, MA, USA),
and binding results were visualized via enhanced chemi-
luminescence (Amersham Pharmacia, Piscataway, NJ,
USA).

TNFRSF10B small interfering RNA (siRNA)
and MAP2K (MEK) siRNA

To further verify the role of the MEK/ERK signaling
pathway, TNFRSF10B and MAP2K (MEK) siRNA were
applied to H460 or H460-GFP-CLDN7 cells and repro-
duced the experiments described above. TNFRSF10B
siRNA was purchased from Qiagen (Doncaster, Victoria,
Australia), with a mixture of two target sequences (ACC
AGGTGTGATTCAGGTGAA and CCGACTTCACTTG
ATACTATA for TNFRSF10B). MAP2K (MEK) siRNA
was purchased from Cell Signaling Technology (Beverly,
MA, USA). The siRNA were transfected using HiPerfect
transfection reagent (Qiagen) in accordance with the
manufacturer’s protocol.

Statistical analyses

Data were recorded from three independent experiments.
Statistical analyses were performed with GraphPad Prism 5
(GraphPad Software, La Jolla, CA, USA). P < 0.05 was
considered statistically significant, and error bars throughout
indicate standard error of the mean. A paired ¢ test was used
for normalized data, and nonparametric data were analyzed
using the Wilcoxon matched-pairs test followed by Mann—
Whitney test. Correlation was determined using Spearman’s
nonparametric correlation. The Kaplan—Meier estimator was
used to compare different patient groups, and P-values were
calculated using the log-rank (Mantel-Cox) test.

Results

Transfection of CLDN7 in H460 cells and TRAIL
in MSC cells

We transfected NCI-H460 cells with GFP-tagged CLDN7
(H460-GFP-CLDN7) or did not (H460). The subcellular
localization of overexpressed GFP-CLDN7 was examined
under a fluorescent microscope. The GFP-CLDN?7 signal
was observed at the membrane (Fig. 4a).

In parental (non-transfected) H460 cells there was no
detectable endogenous CLDN7 mRNA as determined by
RT-PCR, or protein CLDN7 determined Western blot
when compared to H460-GFP-CLDN?7 cells (Fig. 1a, b).

RFP-labeled MSCs transfected with TRAIL (RFP-MSC-
TRAIL) proliferated, as shown by the MTT assay. Levels
of TRAIL were detected using RT-PCR and Western blot
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assays. In both RT-PCR and Western blot assays, levels of
TRAIL mRNA and TRAIL protein were lower in non-
transfected MSCs compared with transfected MSCs
(Fig. 1a, b). Secreted TRAIL protein was significantly
higher in transfected cells than non-transfected ones using
ELISA (Fig. 1c; P < 0.05).

Effects of TRAIL-transfected MSCs
on the proliferation, apoptosis, cytokine secretion,
and mobility of H460 or CLDN7-GFP H460 cells

After the coculture experiments (Fig. 4a), we found that
the proliferation rate of H460 cells was significantly
decreased after treatment with TRAIL (Fig. 2a; P < 0.05).
However, the proliferation rate of CLDN7-GFP H460 cells
did not statistically differ from that of H460 cells (Fig. 2a).
TRAIL showed no significant effects on CLDN7-GFP
H460 cells (Fig. 2a).

>
=]

I
0

=
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=

Quantitative analysis of apoptosis was conducted via
annexin V/PI double staining and flow cytometry. The
treatment of H460 cells with TRAIL resulted in a signifi-
cant difference in the apoptotic ratio when compared with
non-treated H460 cells (P < 0.05; Fig. 2b). H460-GFP-
CLDN7 cells treated with TRAIL showed no higher
apoptotic ratio than did the non-treated H460-GFP-CLDN7
cells.

We also analyzed the activities of caspase 3 and 9 in
H460 and CLDN7-GFP H460 cells, and found that TRAIL
treatment resulted in significantly higher caspase 3 and 9
activities compared with untreated H460 cells (P < 0.05;
Fig. 2d). However, CLDN?7 inhibited TRAIL-induced
activation of caspase 3 and 9 in H460 cells (Fig. 2c).

H460 cells secreted the cytokines IL6, IL8, MMP2 and
MMPY (Fig. 2d). H460claudin7 cells did not secrete
MMP2 and MMP9 but secreted lower levels of IL6 and IL.8
than did H460 cells. In contrast, a slightly increased
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Fig. 2 CLDN7 moderates the cytotoxicity of TRAIL to H460 cells
in vitro. a The growth curve of cell lines was determined by MTT
assay. b The proportion of apoptotic cells (early apoptosis) was
determined by double-staining with annexin V/FITC and PI. ¢ The
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activity of caspase 3 and 9 was detected in each group as described in
“Materials and methods” section. d A typical secretion profile of
H460 cells using the cytokine array membrane. The positive and
negative controls are placed at upper left corner
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secretion of IL6, IL8, MMP2, and MMP9 were detected in
H460 cells after TRAIL treatment. However, when H460
cells were treated with MEK siRNA, a decreased secretion
of the four cytokines was detected (Fig. 2d).

Changes in TNFRSF10B and TNFRSF10A levels
after TRAIL treatment in H460 or CLDN7-GFP H460
cells

The expression levels of the functional TRAIL receptors
were examined using RT-PCR (Fig. 3a), Western blot
(Fig. 3b), and flow cytometry (Fig. 3c). We confirmed
that both TNFRSFIOB and TNFRSFIOA mRNA and
TNFRSF10B and TNFRSF10A protein levels in H460 cells
with TRAIL treatment showed no changes compared with
that of non-treated H460 cells (Fig. 3a, b). However, a
redistribution of TNFRSF10B on the plasma membrane of
H460 cells with TRAIL treatment was observed by flow
cytometry (Fig. 3c). Interestingly, H460-GFP-CLDN7
showed lower levels of TNFRSFI0A and TNFRSF10B
than did H460 cells (Fig. 3).

TRAIL-transfected MSCs migrate toward CLDN7-GFP
H460 cells

The ability of TRAIL-transfected MSCs to migrate toward
lung cancer cells was detected using a dividing partition
that was inserted into a well of 6-well dishes (Fig. 4a).
H460-GFP-CLDN7 cells and H460 cells were used to
attract TRAIL-transfected MSCs, and non-transfected
MSCs used as a control. There was a significantly
increased migration of TRAIL-transfected MSCs toward
the CLDN7-GFP H460 cells, but no significantly increased
migration toward the H460 (Fig. 4a).

To investigate why H460-GFP-CLDN7 cells could
attract TRAIL-transfected MSCs, we performed immuno-
fluorescence and co-immunoprecipitation studies. First, we
utilized immunofluorescence to determine the cellular
localization of CLDN7 and TRAIL between CLDN7-GFP
H460 cells and TRAIL-transfected MSCs. It seems that
CLDN7 and TRAIL co-localized in the cell membrane
(Fig. 4b).

To determine whether CLDN7 and TRAIL could inter-
act with each other, we performed co-immunoprecipitation
and Western blot analyses. No interaction between CLDN7
and TRAIL was found using co-immunoprecipitation
analysis (Fig. 4c).

TRAIL-expressing MSCs reduce subcutaneous tumor
growth in mice

In contrast to the above in vitro cell proliferation data, we
next determined whether TRAIL displays anti-tumor
properties in established xenograft tumor models. As in the
in vitro experiments, CLDN7 reduced the cytotoxicity of
TRAIL in H460 cells (Fig. 5).

TRAIL-expressing MSCs resulted in a significantly
reduced tumor size and weight in nude mice carrying H460
carcinoma. However, there was no change in the tumor
growth in nude mice carrying CLDN7-GFP H460 cells
carcinoma (P < 0.05; Fig. 5b, ¢). We also found that the
TRAIL-treated H460 group had a better survival rate
compared to that of the non-treated H460, non-treated
CLDN7-GFP H460 cells, and TRAIL-treated CLDN7-GFP
H460 groups (P < 0.05; Fig. 5d). We isolated and enu-
merated the circulating tumor cells in mouse models by
using the CellSearch system. Those in the TRAIL-treated
H460 group showed fewer CTCs in their peripheral blood

C
H460 H460C1audin? H460+MSC H460+MSCTrail  H460C12din?74NV[SC H460Caudin74\[SCTrail
M1 M1 M1 M1 M1 M1
272 T 14 " 228 RN | " 86 "13.8
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: ; F= : 4 ’
' 19.7 'I 3.8 14.6 I 353 . 4.5 11.3
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DR35S

Fig. 3 The death receptor expression levels of H460 cells. a The
mRNA levels of TNFRSFI0A and TNFRSFI10B in H460 cells were
detected by RT-PCR. b The protein levels of TNFRSFI0A and

TNFRSF10B in H460 cells were detected by Western blot. ¢ The cell
surface expressions of TNFRSF10A and TNFRSF10B in H460 cells
were detected by flow cytometry
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Fig. 4 TRAIL did not interact with CLDN7. a The migration results
show that H460-GFP-CLDN7 and MSC-RFP-TRAIL cells signifi-
cantly promote reduction in gap size caused by cell migration.
b Immunofluorescence showed localization of TRAIL and CLDNT7.
Red TRAIL-transduced MSCs, green CLDN7-GFP expressing H460

than did those in the other groups (P < 0.05; Fig. 6a).
Slightly fewer CTCs were in the CLDN7-GFP H460 and
TRAIL-treated CLDN7-GFP H460 groups than in the
H460 group (P < 0.05; Fig. 6a).

To further investigate the association between the number
of CTCs and prognosis, we defined 3 risk groups; low
(CTC < 1), medium (CTC 1-5), and high risk (CTC > 5). A
significantly different survival rate between the low and the
medium risk as well as between the medium and the high risk
groups in the Cox model was confirmed (P < 0.05; Fig. 6b).

@ Springer

cells. ¢ Protein extracts from MSC-RFP-TRAIL cells or H460-GFP-
CLDN?7 cells were immunoprecipitated with anti-TRAIL or anti-
CLDN?7 antibodies and immunoblotted with anti-CLDN7 or anti-
TRAIL antibodies as indicated (Color figure online)

The TRAIL-expressing MSC-treated group had a higher
serum TRAIL level than did the non-treated group
(P < 0.05; Fig. 6¢). When the TRAIL-treated CLDN7-GFP
H460 group was excluded, the plasma levels of TRAIL and
the number of CTCs were significantly negatively correlated
in the other four groups (r = —0.554, P < 0.05; Fig. 6d).
However, when all groups were included, no association was
observed between TRAIL levels and CTCs (r = —0.153,
P > 0.05; Fig. 6e). This result further confirmed that
CLDNY7 could inhibit the effects of TRAIL on H460 cells.
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Fig. 5 The role of CLDN7 and TRAIL in xenograft mouse models.
a Macroscopic appearance of subcutaneous tumors in each group
described in “Materials and methods” section. b, ¢ Tumor volume

MEK or TNFRSF10B knockdown affects TRAIL-
induced apoptosis in H460 cells

As described above, we found that CLDN7 could inhibit
TRAIL-induced apoptosis in H460 cells, and that CLDN7
could downregulate TNFRSF10B expression in H460 cells.
We hypothesized that the distinct sensitivity of H460 and
CLDN7-GFP cells to TRAIL was due to differences in
CLDN7 expression. We therefore tested the effects of
TRAIL on H460 cells after TNFRSF10B knockdown
through transfection with TNFRSF10B-siRNA. TRAIL
showed no effects on H460 cells after TNFRSF10B
knockdown both in vivo and in vitro. The proliferation
rate of H460 cells with TNFRSF10B knockdown after
TRAIL treatment was higher than that of H460 cells with
TRAIL treatment (Fig. 7b). Whereas, H460 cells with
TNFRSF10B knockdown after TRAIL treatment had a
lower apoptotic rate than that of H460 cells with TRAIL
treatment (Fig. 7a). Moreover, there was a lower level of
caspase activity in H460 cells with TNFRSF10B knock-
down after TRAIL treatment than in H460 cells with
TRAIL treatment (Fig. 7d). TRAIL had no effect on tumor
weight and tumor size in nude mice carrying H460 carci-
noma after siRNA TNFRSF10B treatment compared with
untreated mice (Fig. 8). The anti-tumor effect of siRNA
targeting MEK was similar to that of siRNA targeting
TNFRSF10B on H460 cells (Figs. 7, 8). Interestingly,
H460 cells after treatment with siRNA MEK showed a
lower TNFRSF10B expression than the non-treated H460
cells (Fig. 7).

T T T

40 60 8 100
Days

and tumor weights of each group described in “Materials and
methods” section. d Kaplan—-Meier survival curves of the groups
described in “Materials and methods” section

CLDN?7 suppresses TRAIL-induced apoptosis in H460
by blocking the MEK/ERK signaling pathway

To determine the mechanisms underlying inactivation of
TRAIL-induced apoptosis by CLDN7, an experiment was
carried out to measure changes in the MEK/ERK signaling
pathway. While total levels of MEK and ERK showed no
changes, the levels of phospho-MEK and phospho-ERK
were observed to be higher in H460 cells compared with
H460claudin7 cells (Fig. 9). To test the hypothesis that
CLDNY7 could block TNFRSF10B expression in H460 cells
by suppressing the MEK/ERK signaling pathway, siRNA
targeting TNFRSF10B or siRNA targeting MEK was used
to treat H460 cells as blockers. Inhibition of phospho-
MEK, phospho-ERK, MEK, and TNFRSF10B were
detected in H460 cells after siRNA MEK treatment (Fig. 9,
lane 3). Expression levels of other factors such as FADD,
caspase 8, caspase 9, and caspase 3 were also lower and
associated with the MEK knockdown (Fig. 9, lane 3).
Altogether, these results suggest that CLDN7 could inhibit
TRAIL-induced apoptosis in H460 cells via suppressing
MEK/ERK signaling pathway.

Discussion
As noted in the Introduction, CLDN7 is a tight junction
protein that has an important role in tumorigenesis, tumor

invasion and metastasis [7, 8]. Yamamoto et al. [13] found
that 66.7 % of non-small cell lung cancer tissues
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Fig. 7 CLDN7 moderates the cytotoxicity of TRAIL in H460 cells
after sSiRNA MEK or siRNA TNFRSFI10B treatment in vitro. a The
proportion of apoptotic cells (early apoptosis) was determined by
double-staining with annexin V/FITC and PI. b The growth curve of

(NSCLCs) had a low CLDN7 expression compared with

normal lung tissues. Lu et al. [12] found that CLDN7 was
normally expressed in bronchial epithelial cells of human
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PBS

siRNA DR5 siRNA MEK

cell lines was measured using the MTT assay. ¢ The cell surface
expressions of TNFRSFI0A and TNFRSFI10B in H460 cells were
detected by flow cytometry. d The activity of caspase 3 and 9 was
detected in each group

lungs but was either downregulated or disrupted in its
distribution pattern in lung cancer. In this work, we also
confirmed a low level of CLDN?7 in lung cancer H460 cells.
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Fig. 8 CLDN7 moderates the
cytotoxicity of TRAIL in H460
cells after siRNA MEK or
siRNA TNFRSF10B treatment
in vivo. a Macroscopic
appearance of subcutaneous
tumors in each group described
in “Materials and methods”
section. b Kaplan—-Meier
survival curves of the groups
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MEK membrane of TRAIL-sensitive H460 cells. Similar to their
p-ERK results, we found that the levels of TNFRSFI10A or
TNFRSF10B mRNA and TNFRSF10A or TNFRSF10B
1110:C protein did not change significantly after TRAIL treatment.
Caspase 3 - However, although the overall levels of TNFRSF10B did not
Caspase 9 - change, it was redistributed and accumulated in H460
B -actin membranes. Interesting, TRAIL was associated with

Fig. 9 Western blot analysis of the MEK/ERK signaling pathway
and the TRAIL signaling pathway. MEK1/2 and ERK1/2 or their
phosphorylation forms, TNFRSF10B, FADD, and caspase 3, 8, and 9
in cell lysates were determined

In addition, to investigate how CLDNT7 affects the viability
of lung cancer cells, we transfected CLDN7 tagged with
GFP into H460 cells to induce overexpression of CLDN7.
Previous research suggests that CLDN7 overexpression
induces a loss of polarization, enhances proliferation, and
promotes the tumorigenicity of colorectal cancer cells [25].
However, in our study, we found that CLDN7 was asso-
ciated with a slightly repressive effect on H460 cells. In our

increased TNFRSF10B expression in vivo. The inconsis-
tency may be caused by the microenvironment of tumor
cells. Unfortunately, we cannot answer this question with
existing data and will address it in our future research.

In this work, we used MSCs as specialized delivery
vehicles of TRAIL for treating H460 cells in vitro and
in vivo. Consistent with a previous study [33], we also
found that, when injected subcutaneously into mice,
TRAIL-transduced MSCs were able to localize into tumors
and mediate tumor cell apoptosis. Many previous studies
have shown the anti-tumor activities of TRAIL in various
cancer cells [34-36]. In this work, we confirmed TRAIL-
induced apoptosis in H460 cells.
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The main purpose of our study was to determine the role
of CLDN?7 in the cytotoxicity of TRAIL. Adjuvant agents
that lower resistance of cancer cells to TRAIL alter the
expression of apoptosis inhibitors [37]. Sulforaphane could
up-regulate TNFRSF10B expression and enhance TRAIL-
induced apoptosis in human osteosarcoma cells [38]. Bis-
phosphonate enhances TRAIL sensitivity to human osteo-
sarcoma cells via TNFRSF10B up-regulation [39]. The
current study showed for the first time that reduction of
TRAIL-induced tumoricidal activity in H460 cells was
through CLDN7. A further reason is that TNFRSF10B
expression was downregulated by CLDN7 in H460 cells.
However, co-immunoprecipitation analyses did not indi-
cate a direct interaction between CLDN7 and TRAIL.

Lu et al. [12] found that CLDN7 inhibits human lung
cancer cell migration and invasion through the ERK/
MAPK signaling pathway. Yan et al. [40] found that buf-
alin-induced downregulation of Cbl proto-oncogene B
(CBLB) contributed to the upregulation of TNFRSF10A
and TNFRSF10B, which might be partially mediated by
the activation of ERK, JNK and p38 MAPK. Qu et al. [41]
found that interferon-o sensitizes human gastric cancer
cells to TRAIL-induced apoptosis via activation of the
c-Cbl-dependent MAPK/ERK pathway. Our results pro-
vide an integrated insight into the mechanism of CLDN7-
regulated TRAIL cytotoxicity in H460 cells, in particular,
the role of CLDN7-mediated sensitivity of TRAIL via
MEK/ERK signaling pathway.

There is another possible mechanism between CLDN7
and TRAIL. A previous study showed that CLDN7
expression was significantly decreased in lichen sclerosus
and vulvar squamous-cell carcinoma samples compared
with the control group (vulvar tissue without lichen scle-
rosus or squamous-cell carcinoma), while that of p5S3 was
significantly increased [42]. Additionally, Kulawiec et al.

— |

& W,

Claudin 7
Fig. 10 Schematic model of the mechanism proposed for the
decreased sensitivity of H460 cells to TRAIL-induced apoptosis
when CLDN?7 is overexpressed. CLDN7 inhibits phosphorylated
MEK (p-MEK). p-MEK promotes p-ERK and TNFRSF10B

@ Springer

[43] identified tight junction proteins claudin 1 and CLDN7
in the p53 network. Many previous studies have shown that
TRAIL-induced apoptosis is associated with p53 [44, 45].
The details of this mechanism will be the focus of our
future study.

Another main finding of the present work is the changes in
some cytokines in H460 cells after TRAIL treatment. Pre-
vious studies have shown that IL8 and IL6 secretion is
dependent on activation of the MEK/ERK signaling pathway
[46—48]. In this work, we found that CLDN7 could inhibit
IL8 and IL6 secretion by suppressing the MEK/ERK sig-
naling pathway. We also found that two tissue metallopro-
teinases, MMP2 and MMP9, were increased after TRAIL
treatment. Increased levels of MMP2 and MMP9 have been
associated with the metastasis of many cancers, including
colorectal [49], papillary thyroid [50], esophageal [51], and
ovarian [52] cancers. A recent study showed that a mitogen-
activated protein kinase kinase (MAP2K)/extracellular sig-
nal-regulated kinase (ERK) MEK 1/2 inhibitor could inhibit
the mRNA expression and protein activities of MMPI,
MMP2, and MMP9 through the Ras/MEK/ERK signaling
pathway [53]. Consistent with previous studies, we found
that CLDN7 could inhibit MMP2 and MMP9 expression by
suppressing the MEK/ERK signaling pathway.

In this work, other evidence also confirmed the antitu-
mor activities of TRAIL in H460 cells. CTCs collected
from peripheral blood were recently shown to predict dis-
ease outcome and therapy response [54-56], and CTC
levels have been inversely associated with progression-free
and overall survival [57, 58]. The present study notes that
mice without or with lower CTCs had a longer survival
time than the ones with higher CTCs. Fewer CTCs were
isolated from blood samples collected from mice after
TRAIL treatment. These data showed the efficacy of
TRAIL in mice with H460 xenografts models.

expression. Inhibition of MEK/ERK signaling by CLDN7 results in
suppressing the cytotoxicity of TRAIL. However, the target tran-
scription factors of ERK remain unclear
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Conclusions

In summary, the principal findings of our study are that: (1)
TRAIL-mediated apoptosis is regulated by the expression
of CLDN7 in vivo and in vitro, (2) CLDN7 inhibits
TRAIL-induced apoptosis in H460 cells by suppressing the
MEK/ERK signaling pathway, and (3) some cytokines
(MMP2 and MMP9) also changed with expression of
CLDNT7 (Fig. 10). However, although CLDN7 could inhi-
bit the mobility of H460 cells, it is not clear how GFP-
tagged CLDN7 in H460 cells attracted TRAIL-transfected
MSCs. Furthermore, the DNA-binding proteins involved in
the regulation of the transcription of the TNFRSF10B gene
remain unknown.
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