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A B S T R A C T

Although mesenchymal stem cells (MSCs) have been reported to inhibit tumor growth, the mechanism con-
trolling this tumor suppression function is unclear. Here, we report that high-density (40,000 cells/cm2) cultured
adipose tissue-derived MSCs (40K-ASCs) expressed interferon (IFN)-β and tumor necrosis factor-related apop-
tosis-inducing ligand (TRAIL); we also found that serum deprivation during cell culture induced the expression
of IFN-β and TRAIL. In addition, the mRNA expression of IFN-β, but not TRAIL, was increased during the washing
step required for the transplantation of normal-density (5000 cells/cm2) cultured ASCs (5K-ASCs). When the
human lung cancer cell line H460 was co-cultured with 40K-ASCs, necrotic cell death was dramatically increased
in vitro. When ASCs were injected after four washes, both 5K-ASCs and 40K-ASCs substantially reduced tumor
weight in H460-derived cancer animal models. These results suggest that serum deprivation during the culture of
40K-ASCs or during the washing step of 5K-ASCs can induce IFN-β and/or TRAIL expression, ultimately leading
to the tumor suppression capability of ASCs.

1. Introduction

Although mesenchymal stem cells (MSCs) are utilized in re-
generative medicine, the development of tumor tropism and promotion
of tumorigenesis in pre-existing tumors limit their applicability in
cancer patients [1,2]. MSCs support tumor growth through differ-
entiation to tumor-associated fibroblasts [3–6]; suppression of immune
responses [7]; promotion of angiogenesis [4,8,9]; stimulation of epi-
thelial-mesenchymal transition [10,11]; interaction with cancer stem
cells [12,13]; promotion of tumor metastasis [1,14–17]; and inhibition

of tumor cell apoptosis [18–20]. MSCs have also been reported to
prevent tumor growth through apoptosis induction, cell cycle and cel-
lular signaling regulation, and immune cell infiltration induction [21].

Interferons (IFNs) are pleiotropic cytokines that regulate the innate
and acquired immunity, activate host defenses against viral and bac-
terial infections, and function in tumor surveillance. IFNs comprise two
main families: type I (IFN-α, -β, -ε, -κ, and -ω) and type II (IFN-γ) [22].
IFN-α and IFN-β are secreted by many cell types, including lymphocytes
(natural killer [NK] cells, B-cells, and T-cells), macrophages, fibroblasts,
endothelial cells, and osteoblasts [23]. They stimulate both
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macrophages and NK cells to elicit potent anti-tumor, anti-viral, and
immunomodulatory functions [24,25]. Moreover, MSCs that are primed
or genetically modified with type I and II IFNs exert antitumor effects
via nuclear factor-κB (NF-κB), signal transducer and activator of tran-
scription (Stat), or tumor necrosis factor-related apoptosis-inducing li-
gand (TRAIL) pathways [26–30].

Previously, we reported that adipose tissue-derived MSCs (ASCs)
cultured at a high density expressed type I IFNs and suppressed tumor
growth in MCF-7 breast cancer cells [31]. Herein, we investigated
TRAIL expression in ASCs cultured at a high density, analyzed the
mechanisms controlling IFN-β and TRAIL expression, and evaluated the
tumor suppression potential of ASCs against H460 lung cancer cells in
vitro and in vivo.

2. Materials and methods

2.1. Cell culture

In accordance with the procedures approved by the Institutional
Review Board of the Yonsei University Wonju College of Medicine,
human adipose tissues from three healthy donors (24–38 years of age)
were obtained through elective liposuction procedures under anesthesia
at the Wonju Severance Christian Hospital (Wonju, Korea). Informed
consent was obtained from all donors. Mononuclear cells were isolated
using a modified protocol as described by Zuk et al. [32]. Briefly, li-
poaspirates were thoroughly washed with phosphate-buffered saline
(PBS) to remove contaminated blood cells and local anesthetics.
Mononuclear cells were then obtained by digestion with 0.075% type
IA collagenase (Sigma-Aldrich, St. Louis, MO, USA) in PBS, cen-
trifugation at 1200×g for 5min, and resuspension in low-glucose
Dulbecco's modified Eagle's medium (DMEM; Gibco, Rockville, MD,
USA) containing 10% fetal bovine serum (FBS) and penicillin/strepto-
mycin. Debris was removed by filtration through a 100-μm mesh filter
(Cell Strainer; Becton Dickinson, Franklin Lakes, NJ, USA). Mono-
nuclear cells (5× 106) were seeded in a 100-mm culture dish with low-
glucose DMEM containing 10% FBS and penicillin/streptomycin. After
2 days, the medium was replaced to remove non-adherent cells.
Thereafter, the cell culture medium was changed twice weekly, and the
cells were passaged with 0.25% trypsin/0.1% EDTA (Gibco) until they
reached 90% confluence. For experiments, ASCs were seeded at 5,000,
10,000, 20,000, or 40,000 cells/cm2 (5K-ASCs, 10K-ASCs, 20K-ASCs,
and 40K-ASCs, respectively) and cultured for the indicated times (1–5
days).

The human lung cancer cell line H460 was purchased from the
Korean Cell Line Bank (Seoul, Korea). H460 cells were maintained in
low-glucose DMEM (Gibco) supplemented with 10% FBS and peni-
cillin/streptomycin. H460 and ASCs were indirectly co-cultured using a
Transwell plate. 5K-ASCs or 40K-ASCs were cultured for 3 days (upper
chamber) and then co-cultured with H460 cells (lower chamber) for a
further 2 days to observe changes in cell morphology or for 1 day to
analyze apoptosis rates through annexin-V staining. For direct co-cul-
ture, H460 cells were labeled with carboxyfluorescein diacetate succi-
nimidyl ester (CFSE, Sigma-Aldrich). Briefly, H460 cells were sus-
pended in PBS (1× 107 cells/ml) and incubated with 5 μM CFSE in the
dark at room temperature for 15min. An equal volume of FBS was
added, incubated for an additional 5min at room temperature in the
dark, and washed three times with cold PBS. The same number of 40K-
ASCs cultured for 3 days before co-culture with CFSE-labeled H460
(H460∗) cells was seeded and then cultured for an additional 2 days.

2.2. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted from 1×105 cells using TRIzol reagent
according to the manufacturer's instructions (Gibco). Total RNA (2 μg)
was reverse-transcribed with MMLV reverse transcriptase (Bioneer,
Daejeon, Korea) for 1 h at 42 °C with oligo-dT primers. PCR was

performed using Taq DNA polymerase (Bioneer). The specific primers
used for the RT-PCR assays were 5′-TTCGAAGCCTTTGCTCTGGCAC-3′
(sense), 5′-AGATGGTCAATGCGGCGTCC-3′ (antisense) for IFN-β;
5′-AAGGGCTTCAGTGACCGGCT-3′ (sense), 5′-GGAGTCTTTCTAACGA
GCTGACGG-3′ (antisense) for TRAIL; and 5′-CAAGGCTGAGAACGGGA
AGC-3′ (sense), 5′-AGGGGGCAGAGATGATGACC-3′ (antisense) for
GAPDH. Amplified products were subjected to 2% agarose gel electro-
phoresis and photographed using the FluorChem FC2 system (Alpha
Innotech, Santa Clara, CA, USA). All results were normalized against
GAPDH.

2.3. Immunoblotting

To detect TRAIL protein expression, cells were lysed in sample
buffer (62.5 mM Tris-HCl [pH 6.8], 1% sodium dodecyl sulfate, 10%
glycerol, and 5% β-mercaptoethanol), boiled for 5min, subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and trans-
ferred to an Immobilon membrane (Millipore, Billerica, MA, USA). The
membrane was blocked with 5% skim milk in Tris-HCl-buffered saline
containing 0.05% Tween 20 and then incubated with primary anti-
bodies against TRAIL (1:1000; R&D Systems, Minneapolis, MN, USA);
caspase (Cas)-3, cleaved Cas-3, and Cas-8 (1:1000; Cell Signaling
Technology, Danvers, MA, USA); and GAPDH (1:1000; Santa Cruz
Biotechnology, Dallas, TX, USA). The membranes were then incubated
with horseradish peroxidase-conjugated secondary antibodies (1:2,000,
Santa Cruz Biotechnology), treated with EZ-Western Lumi Pico (Dogen,
Seoul, Korea), and visualized using the FluorChem FC2 system (Alpha
Innotech).

2.4. Membrane-bound antigen analysis

To confirm whether ASCs express membrane-bound TRAIL
(mbTRAIL) or DR5, a TRAIL receptor, ASCs were stained with anti-
bodies conjugated with Fluor 488 or allophycocyanin (APC) against
mbTRAIL (i.e., mbTRAIL-Fluor 488 antibody) or DR5 (i.e., DR5-APC
antibody), respectively (BD Biosciences, San Jose, CA, USA). A total of
5× 105 cells were resuspended in 0.2ml PBS and incubated with
mbTRAIL-Fluor 488 or DR5-APC antibodies for 20min at room tem-
perature. Fluor 488- or APC-conjugated mouse IgGs were used as the
control isotype at the same concentration as the specific primary anti-
bodies. The fluorescence intensity of the cells was evaluated by flow
cytometry (BD FACSAria III; BD Biosciences), and the data were ana-
lyzed using BD FACSDiva software (BD Biosciences).

2.5. Enzyme-linked immunosorbent assay (ELISA)

To determine the concentration of secreted TRAIL (sTRAIL), ASCs
were cultured at different seeding densities (5K–40K). After 5 days of
culture, conditioned medium (CM) was recovered by centrifugation and
then stored at −80 °C until analysis. Secreted TRAIL concentrations
were measured using a human TRAIL Quantikine ELISA kit (R&D
Systems) according to the manufacturer's instructions.

2.6. MTT assay

H460 cells were plated at 1× 104 cells/cm2 in 96-well plates and
cultured for 1 day. Since the CM of 40K-ASCs may be deficient in
glucose and amino acids [31] and this nutritional deficiency may in-
fluence H460 cell death, the CM obtained after a 5-day culture of 40K-
ASCs was concentrated using centrifugal filter units (Millipore). The
H460 cells were then treated with recombinant TRAIL (rTRAIL; R&D
Systems) and concentrated- or normal CM from 40K-ASCs cultured for
1–5 days and further cultured for 1 day. Methylthiazolyldiphenyl-tet-
razolium bromide (MTT; Sigma-Aldrich) dissolved in PBS was added to
each well (final concentration: 5mg/ml) and incubated at 37 °C for 2 h.
MTT formazan was dissolved in 100 μl dimethyl sulfoxide and
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incubated for a further 15min with shaking before measuring the op-
tical density at 570 nm of each well on a microplate reader (BioTek
Instruments, Winooski, VT, USA).

2.7. Annexin-V/7-AAD staining

The PE-Annexin-V apoptosis detection kit I (BD Biosciences) was
used according to the manufacturer's instructions. Cells were harvested,
washed twice with cold PBS, and re-suspended in binding buffer. Cells
were stained with PE-Annexin-V and 7-aminoactinomycin D (7-AAD)
for 15min at room temperature in the dark. Cells were then analyzed
without washing on a flow cytometer (BD FACSAria III) within 1 h.

2.8. Cell cycle analysis

The cellular DNA content of live cells was analyzed by Vybrant
DyeCycle Ruby staining (Molecular Probes, Eugene, OR, USA) ac-
cording to the manufacturer's instructions. Briefly, H460∗ cells were
directly co-cultured with 40K-ASCs for the indicated time periods,
trypsinized, and resuspended in 0.5 ml DMEM. Cells were incubated
with 5 μM ruby stain at 37 °C for 20min in the dark. DNA content was
evaluated on a flow cytometer (BD FACSAria III), and then the cell cycle
stage of H460∗ was analyzed.

2.9. Animal studies

All animal experiments were performed according to institutional
guidelines and approved by the Institutional Animal Care and Use
Committee at Yonsei University Wonju College of Medicine. Five-week-
old athymic nude mice were purchased from Central Lab Animal Inc.
(Seoul, Korea). To completely remove FBS from cells, H460 or ASCs
were washed with PBS three times, once with Hank's Balanced Salt
solution (HBSS; Sigma-Aldrich), and then resuspended in HBSS for
transplantation into nude mice. H460 and ASCs were mixed just prior to
co-injection. Cells were suspended in 100 μl HBSS and subcutaneously
injected into the flanks of nude mice. Mice were examined three times
weekly, and the tumor volume (L×W×H×0.52mm3) was measured
weekly using Vernier calipers for 3 weeks. Mice were sacrificed by
cervical dislocation; thereafter, tumors were excised and photographed,
and tumor weights were measured using an electronic balance.

2.10. Statistical analysis

Data are expressed as the mean ± standard deviation (SD). For
multiple comparisons of the mean between different groups, one-way
analysis of variance was used, followed by the Scheffé post-hoc test
against the control sample. Significance was set at P≤ 0.05.

3. Results

3.1. TRAIL expression in 40K-ASCs

Previously, we reported that ASCs cultured at high density ex-
pressed type I IFNs and induced cell death in MCF-7 breast cancer cells
[31]. Since type I IFNs are known to induce the pro-apoptotic factor
TRAIL [33,34], we investigated TRAIL expression after culturing ASCs
at different cell densities (5K-, 10K-, 20K-, and 40K-ASCs) for 5 days.
IFN-β and TRAIL were expressed only in 20K- and 40K-ASCs, according
to RT-PCR and immunoblotting (Fig. 1A and B). In 40K-ASCs, IFN-β and
TRAIL mRNAs were expressed from day 1 and 2, respectively (Fig. 1C).
However, TRAIL protein expression was detected from day 4 (Fig. 1D).
Additionally, TRAIL expression in 5K-ASCs was confirmed by exo-
genous IFN-β treatment in a dose-dependent manner (Fig. 1E). TRAIL is
a type II transmembrane protein [35], and its extracellular carboxyl-
terminal region can be proteolytically cleaved from the cell surface in a
vesicle-associated or secreted form [36,37]. Therefore, we analyzed

sTRAIL and mbTRAIL expression in 5K-ASCs and 40K-ASCs after 5 days
of culture. The mean fluorescence intensity of mbTRAIL increased by
approximately 5-fold in 40K-ASCs on day 5 compared to that in 5K-
ASCs on day 1. The mean fluorescence intensity of DR5 slightly in-
creased in 5K-ASCs at day 5 and 40K-ASCs at both day 1 and 5, but
there was no significant difference between the three groups (Fig. 1F).
Furthermore, sTRAIL was detected in 20K-ASCs and 40K-ASCs in a cell
dose-dependent manner (Fig. 1G). Taken together, these results in-
dicate that when ASCs were cultured at a density> 20K, IFN-β was
expressed, which, in turn, induced TRAIL expression.

3.2. Cell death of H460 by 40K-ASCs

Next, we investigated whether 40K-ASCs expressing IFN-β and
TRAIL would induce cell death in the TRAIL-sensitive H460 lung cancer
cells. H460 cells were incubated with concentrated- or normal CM re-
covered from 40K-ASCs cultured for 1–5 days (40K-ASC-CM) or in-
directly co-cultured with 40K-ASCs for the same time period using a
Transwell system. H460∗ cells were directly co-cultured with 40K-ASCs.
When the H460 cells were treated with concentrated- or normal 40K-
ASC-CM, their viability was lowest in the 5-day 40K-ASC-CM group, but
the viability in the concentrated CM group was also lower similar to
that in the 5 ng/ml rTRAIL group (Fig. 2A). When the H460 cells were
co-cultured with 40K-ASCs, the cellular contents, indicative of necrosis,
leaked out of the cells, leading to the presence of floating cytosolic
particles in the culture medium (Fig. 2B). To determine whether this
leakage of cellular contents was related to the necrotic death of
H460 cells co-cultured with 40K-ASCs, annexin-V-PE/7-AAD staining
was performed. H460 cells co-cultured with 40K-ASCs were annexin-V-
negative/7-AAD-positive, suggesting necrotic cell death (Fig. 2C). In
addition, when H460∗ cells were cultured alone, the G0/G1 population
was high at day 2, but dead-sub-G0 populations were rarely observed
(Fig. 2D). However, approximately 30% of H460∗ cells directly co-
cultured with 40K-ASCs showed sub-G0 cell death from day 1, and
more than 60% sub-G0 cell death was observed on day 2 (Fig. 2D).
These results suggest that 40K-ASCs could induce necrotic cell death in
H460 cells.

3.3. IFN-β and TRAIL stimulate necrotic cell death in H460 cells

Since 40K-ASCs expressed both IFN-β and TRAIL and induced ne-
crotic cell death in H460 cells, we next determined whether both IFN-β
and TRAIL were required to induce necrotic cell death. Compared to
control H460 cells, H460 cells cultured with either IFN-β or TRAIL for 3
days showed substantially increased apoptotic cell death, confirmed by
morphological microscopy and annexin-V/7-AAD staining (Fig. 3A) and
the cleavage of Cas-3 and Cas-8 (Fig. 3B). IFN-β and TRAIL induced the
apoptotic body, early apoptotic population (annexin-V-positive/7-AAD-
negative, 17.3 ± 2.4% for IFN-β and 25.0 ± 3.2% for TRAIL), and the
expression of cleaved-cas-3 and -8 in H460 cells (Fig. 3A and B).
However, when H460 cells were indirectly co-cultured with 5K-ASCs,
IFN-β induced necrotic cell death in H460 cells. The dying cells, which
were still attached to the bottom of the culture plate, were identical to
the necrotic H460 cells observed at the beginning of the co-culture with
40K-ASCs, and the late apoptotic (annexin-V-positive/7-AAD-positive,
19.9 ± 0.8%) and necrotic population (annexin-V-negative/7-AAD-
positive, 24.5 ± 2.7%) was observed, but not early apoptotic popula-
tion (annexin-V-positive/7-AAD-negative) (Fig. 3A). Additionally, both
Cas-3 and cleaved Cas-3 levels were reduced compared to those in IFN-
β-treated H460 cells, and cleaved Cas-8 was not observed in H460 cells
co-cultured with 5K-ASCs under IFN-β treatment (Fig. 3B). Incubation
with 40K-ASC-CM induced cell death in H460 cells, but their viability
was recovered by neutralization with anti-IFN-β and anti-TRAIL anti-
bodies. Moreover, cell viability was recovered synergistically at low
concentrations of anti-IFN-β (0.05 μg/ml) and anti-TRAIL (0.1 μg/ml)
antibody treatment (Fig. 3C). As previously reported, glucose deficiency
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was observed in media when ASCs were cultured for 5 days at a cell
concentration of> 10K or when cultured at 40K for more than 3 days
[31]. Indeed, in the absence of both serum and glucose, TRAIL induced
necrotic cell death in H460 cells, but not apoptosis (Fig. 3A). These
results suggest that both IFN-β and TRAIL played key roles in inducing
necrotic cell death in H460 cells, which depended on nutrient depletion
(i.e., serum and glucose) during co-culture with 40K-ASCs.

3.4. Tumor suppression by ASCs

40K-ASCs induced H460 cell death in vitro by expressing IFN-β and
TRAIL. Therefore, we investigated whether 40K-ASCs could control
tumor growth in an in vivo tumor model. H460 cells were sub-
cutaneously injected with or without 5K-ASCs or 40K-ASCs into nude
mice. When H460 cells were co-injected with 5K-ASCs or 40K-ASCs,
tumor volumes were 2.5-fold and 1.5-fold greater than those in the
control group after 1 week, respectively. However, from week 2, the
tumor volumes of mice in the control group were greater than those of
mice in the ASC co-injected groups (Fig. 4A and B). Furthermore, tumor

weight was reduced by 15% and 23% at the end of 3 weeks in the 5K-
ASC and 40K-ASC co-injected groups, respectively (Fig. 4C). These re-
sults show that 5K-ASCs and 40K-ASCs could suppress tumor growth in
vivo, suggesting that IFN-β and TRAIL expression in 40K-ASCs may
more effectively inhibit tumor growth.

3.5. Mechanism of TRAIL expression in ASCs

Since serum depletion is known to induce the expression of type I
IFNs in macrophages [38], we investigated whether serum depletion
would induce IFN-β and TRAIL expression in ASCs. Interestingly, when
40K-ASCs were cultured in serum-free medium, IFN-β expression was
undetectable at 3, 24, and 72 h but was detectable at 6, 12, 96, and
120 h. TRAIL mRNA expression was detectable from 3 h and was highly
expressed from 24 h (Fig. 5C). TRAIL protein expression in 40K-ASCs
was detectable from 48 h and increased gradually in a time-dependent
manner (Fig. 5D). However, 5K-ASCs cultured in serum-free media did
not express IFN-β or TRAIL (Fig. 5A and B). Moreover, when 40K-ASCs
expressing IFN-β and TRAIL were re-seeded at a low density (5K), IFN-β

Fig. 1. TRAIL expression in ASCs cultured at high density. A–B) Expression of IFN-β and TRAIL in ASCs at different cell seeding densities. ASCs were cultured at doses
of 5000 (5K), 10,000 (10K), 20,000 (20K), or 40,000 (40K) cells/cm2 for 5 days, and the expression of IFN-β and TRAIL was evaluated by RT-PCR (A) and
immunoblotting (B). C–D) TRAIL expression in 40K-ASCs after culture for the indicated time periods using RT-PCR (C) and immunoblotting (D). E) TRAIL expression
in 5K-ASCs treated with IFN-β. After treatment with IFN-β for 48 h, TRAIL expression was analyzed by immunoblotting. F) Expression of membrane-bound TRAIL
(mbTRAIL) in ASCs. 5K-ASCs or 40K-ASCs were cultured for 1 or 5 days, and the mean fluorescence intensity (MFI) of mbTRAIL was analyzed by flow cytometry after
staining with Fluor 488-conjugated mbTRAIL antibody and APC-conjugated DR5 antibody. G) Expression of secreted TRAIL (sTRAIL). ASCs were cultured for 5 days,
and conditioned media were harvested by centrifugation. Data represent the mean ± SD from three independent experiments. *P ≤ 0.05; **P≤ 0.01. ns: non-
specific band.
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and TRAIL mRNA was expressed during sub-culturing, but TRAIL pro-
tein expression was not observed (Fig. 5E and F). These results suggest
that serum-free high-density culture of stem cells may induce IFN-β and
TRAIL expression.

Although nude mice co-injected with H460 tumor cells and 40K-
ASCs showed reduced tumor weight in our xenograft tumor model, 5K-
ASCs also significantly reduced tumor weight (Fig. 4). We therefore
investigated whether inducing IFN-β and TRAIL expression before
transplanting 5K-ASCs into experimental animals would increase their
anti-tumor activity. First, we examined whether IFN-β and TRAIL could
be expressed in 5K-ASCs after four washes with PBS and HBSS—a
routine procedure to completely remove serum components before
transplantation. 5K-ASCs cultured for 5 days were treated with trypsin,
washed three times with PBS and once with HBSS, resuspended in
HBSS, and incubated at room temperature for the indicated times. IFN-β
mRNA expression was observed in the washed 5K-ASCs; it gradually
increased until 4 h and decreased thereafter (Fig. 6A). However, TRAIL
mRNA and protein expression was not detected (Fig. 6A and B). Next,
we investigated whether IFN-β and TRAIL expression could be detected
in 5K-ASCs at any of the five washing steps, and whether the expression
of these cytokines would be altered when ASCs were washed with PBS

or HBSS supplemented with serum. Interestingly, IFN-β mRNA expres-
sion was observed only in ASCs after serum-free washing (Fig. 6C–F).
Moreover, when 5K-ASCs were washed with serum-free PBS, IFN-β
mRNA expression was observed after the second wash (Fig. 6C). Taken
together, these results indicate that when ASCs were exposed to stresses
such as serum starvation at a high cell density, IFN-β was expressed,
leading to the induction of TRAIL expression in normal media. How-
ever, during washing with PBS or HBSS, TRAIL was not expressed even
if IFN-β mRNA was expressed. It is possible that when ASCs are cultured
at a high concentration, the serum concentration gradually decreases,
causing cellular stress that may lead to the expression of type I IFNs and
TRAIL.

4. Discussion

Despite our increasing knowledge of the potential role of MSCs in
medical treatments, the reported roles in promotion or suppression of
tumor growth conflict. Until now, the promotion of tumor growth was
thought to be regulated by various trophic factors secreted by MSCs.
However, only a few reports have analyzed the factors playing crucial
roles in tumor growth suppression. In this study, 40K-ASCs expressed

Fig. 2. Cell death of H460 cells after treatment with 40K-ASCs. A) Growth inhibition of H460 cells in conditioned media obtained from cultured 40K-ASCs (40K-ASC-
CM) after 1–5 days. H460 cells were treated with 40K-ASC-CM for 24 h, and their viability was assessed using an MTT assay. Error bars represent the mean ± SD of
triplicate wells. Data are from one of three independent experiments. *P≤ 0.05. B) Morphology of H460 cells indirectly co-cultured with 40K-ASCs. H460 cells were
co-cultured with 40K-ASCs for 2 days, and then the morphology of H460 cells was observed using a light microscope (100× ). C) Annexin-V/7-AAD staining of
H460 cells indirectly co-cultured with 40K-ASCs for 2 days. Data represent the mean ± SD of three independent experiments. D) Growth suppression of CFSE-labeled
H460 cells (H460∗) directly co-cultured with 40K-ASCs. Cell cycle analysis of H460∗ cells co-cultured with 40K-ASCs or alone for the indicated time points by Vybrant
DyeCycle Ruby staining. Approximate H460∗ cell populations are marked with red squares (upper panel); only the cell cycle stages of H460∗ cells were analyzed,
represented by a bar graph (lower panel). Error bars represent the mean ± SD from triplicate analyses. Data were obtained from one of three independent ex-
periments. TW: Transwell. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Effects of IFN-β and TRAIL on cell death in H460 cells. A) Morphological changes in H460 cells with 5K-ASCs treated with IFN-β or TRAIL for 3 days (100 × )
and necrotic cell death in H460 cells by 5 ng/ml TRAIL for 1 day in serum- and glucose-deficient medium. The morphology of H460 cells was observed using a light
microscope (100 × ) and cell death mode was analyzed by flow cytometer after annexin-V-PE/7-AAD staining. B) Immunoblot of caspase (Cas)-3 and Cas-8 in
H460 cells with 5K-ASCs treated with IFN-β or TRAIL for 3 days. C) Viability of H460 cells treated with 40K-ASC-CM after the neutralization of IFN-β and/or TRAIL.
H460 cells were cultured with 40K-ASC-CM and treated with anti-IFN-β and/or anti-TRAIL neutralizing antibodies for 24 h. Cell viability was assessed by an MTT
assay. Error bars represent the mean ± SD of triplicate wells. Data were obtained from one of three independent experiments. *P ≤ 0.05 and **P≤ 0.01.

Fig. 4. Anti-proliferative effect of ASCs in H460 xenograft tumor models. A) Changes in tumor volume 3 weeks after ASC injection. For 3 weeks after co-injection of
H460 and ASCs cultured at 5K or 40K, the tumor volume was measured weekly using Vernier calipers. B) Morphology of xenograft mice and tumor mass. At 3 weeks
after injection of ASCs, mice were sacrificed by cervical dislocation (Control, n = 3; 5K, n = 5; 40K, n = 6), and the tumor mass was separated and photographed.
Representative images from three mice are shown. C) Tumor weight at 3 weeks after injection with ASCs. Tumor weight was measured using an electronic balance.
Error bars represent the mean ± SD of experimental mice. **P≤ 0.01.
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IFN-β and TRAIL because of stresses such as serum depletion, which
resulted in necrotic cell death in H460 cells and suppressed tumor
growth in a murine model. Interestingly, type I IFN mRNA, particularly
IFN-β, was expressed after the second wash step of ASCs prior to
transplantation, while TRAIL was not expressed after any wash. When
the ASCs were washed with PBS and HBSS supplemented with 10%
FBS, IFN-β was not expressed. These results suggest that IFN-β ex-
pression may be regulated by serum depletion in high-density cell
culture or during the washing step. IFN-β may act in an autocrine
fashion to induce TRAIL expression, but only during cell culture. In
macrophages, serum deprivation was found to induce apoptosis
through the autocrine secretion of type I IFNs [38]. Type I/II IFNs are
well-known stimulators that can induce TRAIL expression in various
cells [30,33,34,39–41]. In our system, IFN-β was expressed in ASCs
cultured at high density (40K) or in serum-free conditions as well as
during the washing step prior to ASC transplantation. However, TRAIL
mRNA and protein expression was observed only in ASCs cultured at
high density (40K) or in serum-free media. These results suggest that
the autocrine effects of IFN-β combined with sufficient cellular energy
sources (e.g., ATP) and/or building blocks (e.g., glucose, amino acids)
are required for TRAIL expression. However, since the washing solution
lacked ATP and the building blocks for IFN-β protein synthesis, it was
hypothesized that TRAIL would not be expressed even if IFN-β mRNA
was expressed.

IFN-β and TRAIL induced apoptotic cell death in H460 cells.
However, when H460 cells were indirectly co-cultured with 5K-ASCs,
IFN-β induced necrotic cell death in H460 cells. These dying cells,
which were still attached to the bottom of the culture plate, were al-
most identical to the necrotic H460 cells observed at the beginning of
co-culture with 40K-ASCs. Rapidly growing tumors may easily undergo
hypoxia and nutrient (e.g., glucose) deficiency due to a lack of blood
supply; these metabolic stresses have been reported to mainly cause

necrosis during carcinogenesis [42,43]. Indeed, treatment of H460 cells
with TRAIL in the absence of both serum and glucose induced necrotic
cell death, as indicated by cell morphology. Taken together, we con-
cluded that serum deficiency causes ASCs to express IFN-β, leading to
increased TRAIL expression. TRAIL then induces necroptosis in lung
cancer H460 cells in an environment lacking serum and glucose.

Nevertheless, although 40K-ASCs induced the death of H460 cells
very efficiently in vitro, the tumor weight reduction in our murine xe-
nograft model was statistically significant, but not dramatic. These re-
sults suggest that ASCs may act very differently depending on the mi-
croenvironment. In fact, when 40K-ASCs expressing IFN-β and TRAIL
were re-seeded at a low density (5K), IFN-β and TRAIL mRNA was ex-
pressed during sub-culturing, but not TRAIL protein. Thus, we hy-
pothesized that TRAIL protein expression is regulated by the nutritional
status (i.e., serum and glucose) of the microenvironment. In addition to
tumor growth inhibition, TRAIL plays an important role in regulating
immune reactions [44–46]. Therefore, ASCs expressing TRAIL may be
useful for treatment of cancer as well as various inflammatory diseases.
In the future, the regulation of TRAIL expression by the micro-
environment is expected to enhance the therapeutic effects of stem cell-
based treatments for inflammatory disease and cancer.
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Fig. 5. IFN-β and TRAIL expression after serum starvation in 40K-ASCs or sub-culture of 5-day-cultured 40K-ASCs into 5K. A, C) mRNA expression of IFN-β and TRAIL
in 5K- and 40K-ASCs after serum starvation. 5K- and 40K-ASCs were cultured in serum-free medium for the indicated time points, and then mRNA expression was
evaluated by RT-PCR. B, D) TRAIL expression in 5K- and 40K-ASCs cultured with serum-free media for the indicated time points. TRAIL expression was detected by
immunoblotting. E–F) IFN-β and TRAIL expression in 5K-ASCs seeded from 5-day-cultured 40K-ASCs. 40K-ASCs were cultured for 5 days and sub-cultured at 5K for
the indicated time points. Total RNA and proteins were isolated from the ASCs, and the expression of IFN-β and TRAIL was analyzed by RT-PCR (C) and im-
munoblotting (D).
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