
Abstract. Background/Aim: Mesenchymal stem cell-based
tumor therapy is still limited due to the insufficient secretion of
effectors and discrepancies between their in vitro and in vivo
efficacy. We investigated whether genetically engineered adipose
tissue-derived mesenchymal stem cells (ASCs) overexpressing
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)
had inhibitory effects on H460 tumor growth both in vitro and
in an H460 xenograft model. Materials and Methods:
Genetically engineered adipose tissue-derived mesenchymal stem
cells (ASCs) overexpressing tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) were obtained from plasmid
transfection with pCMV3-TRAIL and -interferon (IFN)-β
(producing ASC-TRAIL and ASC-IFN-β, respectively). Death of
H460 cells co-cultured with ASCs, ASC-TRAIL, and ASC-IFN-
β or exposed to their conditioned medium was evaluated via
apoptosis and cytotoxicity assays. In addition, in an H460
xenograft model (n=10 per group), the antitumor potential of

TRAIL-overexpressing, and IFN-β-overexpressing ASCs was
investigated. Results: Conditioned medium obtained from ASC-
IFN-β increased apoptosis of H460 cells more than did ASC-
TRAIL. Additionally, in H460 xenograft models, while native
ASCs promoted tumor growth, ASC-TRAIL and ASC-IFN-β both
dramatically suppressed tumor growth. Interestingly, in the
context of ASC-IFN-β, tumors were detected only in 20% of nude
mice, with smaller sizes and lower weights than those of the
control group. Conclusion: TRAIL-overexpressing ASCs can be
used to treat tumors; ASC-IFN-β in particular secrete a higher
level of TRAIL.

Mesenchymal stem cells (MSCs) have the potential to
migrate and repair damaged tissues and wounds, including
tumors, which are considered as wounds that do not heal (1-
3). However, in the tumor microenvironment, MSCs can act
as a double-edged sword, either promoting or suppressing
tumor growth (4, 5). Numerous mediators secreted by MSCs
are pro-tumorigenic: Immunosuppressive agents, angiogenic
agents, mediators of the transition of MSCs into cancer-
associated fibroblasts, epithelial–mesenchymal transition-
promoting agents, and tumor metastasis-promoting agents (5,
6). In contrast, MSCs have also been reported to prevent
tumor growth through anti-angiogenesis, cell-cycle arrest and
apoptosis, down-regulation of survival signaling, and
immune cell infiltration (7, 8).

Despite the anti-tumorigenic potential of MSCs, MSC-based
tumor therapy is still limited due to the insufficient secretion
of effector molecules and discrepancies between their in vitro
and in vivo efficacy (8). To overcome these limitations, genetic
modifications of MSCs have been proposed (9-11). Tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) can
specifically induce apoptosis of tumor cells via binding to its
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cognate transmembrane death receptors, TRAIL-R1 or
TRAIL-R2. In fact, TRAIL has already been overexpressed in
MSCs for tumor treatment approaches (12, 13). Additionally,
the overexpression of interferons (IFNs) in MSCs can also
lead to the up-regulation of TRAIL (14, 15). IFNs comprise
two main families, type I (IFN-α, -β, -ε, -ĸ, and -ω) and type
II (IFN-γ) (16), and induce the expression of IFN-stimulated
genes, thereby leading to alterations in the state of
differentiation, rate of proliferation, and functional activity of
endothelial cells, immune effector cells and tumor cells. Of
note, in melanoma and other cell lines, IFNs have been shown
to activate the extrinsic apoptotic cascade through TRAIL
expression (15, 17, 18).

In previous work, we reported that adipose tissue-derived
mesenchymal stem cells (ASCs) cultured at high density
expressed IFN-β and TRAIL and suppressed the growth of
H460 human lung cancer cells (8). However, although ASCs
expressing IFN-β and TRAIL induced dramatic cell death of
H460 cells in vitro, their tumor regression activity was not
sufficient in vivo in the xenograft model (8). Here, we
investigated whether genetically engineered MSCs
overexpressing TRAIL (transfected with the pCMV3-
TRAIL/pCMV3-IFN-β) exert a suppressive effect on tumor
growth and which line (TRAIL- or IFN-β-overexpressing
cells) shows greater antitumor potential in vitro and in vivo.

Materials and Methods

Cell culture. This study was approved by the Institutional Review
Board of Yonsei University Wonju College of Medicine (CR319048).
Human adipose tissues from three healthy donors (24-38 years of
age) who provided written-informed consent were obtained through
elective liposuction procedures under anesthesia at the Wonju
Severance Christian Hospital (Wonju, Republic of Korea). ASCs
were isolated using a modified protocol described by Zuk et al. (19).
Briefly, after removing contaminated blood cells and local
anesthetics via a washing step with phosphate-buffered saline (PBS),
adipose tissues were digested with 0.075% type IA collagenase
(Sigma-Aldrich, St. Louis, MO, USA) in PBS to obtain mononuclear
cells. Mononuclear cells (5×106) were then seeded in 100-mm
culture dishes with low-glucose Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, Rockville, MD, USA) containing 10%
fetal bovine serum (FBS; Gibco) and penicillin/streptomycin. After
2 days, the non-adherent cells were removed by changing the media
and adherent cells were considered to be ASCs. Cells from passages
3-5 were used in all experiments. To confirm that IFN-β was able to
induce TRAIL expression in ASCs, ASCs were exposed to 1000
U/ml of IFN-β for 2 days with or without Janus kinase 1 (JAK1)
inhibitor (100 nM) or JAK2 inhibitor (20 μg/ml).

The human lung cancer cell line H460 was purchased from the
Korean Cell Line Bank (Seoul, Republic of Korea). H460 cells
were maintained in DMEM (Gibco) supplemented with 10% FBS
and penicillin/streptomycin. For indirect co-culture, H460 cells and
ASCs were seeded on lower and upper chambers of Transwell
plates (Corning, Corning, NY, USA), respectively, and co-cultured
for 2 days. 

Transfection of ASCs. X-tremeGENE HP DNA transfection reagent
(Roche, Basel, Switzerland) was used for gene editing of ASCs.
Briefly, ASCs were seeded in 100-mm culture dishes at a density of
5.2×105 cells and cultured for 24 h. Ten micrograms of pCMV3-
TRAIL or pCMV3-IFN-β plasmid DNA (SinoBiological, Wayne, PA,
USA) were diluted with 1 ml of serum-free DMEM and reacted with
20 μl of the X-tremeGENE HP reagent for 20 min at 20-25˚C. The
transfection complex was then added to the cells in a dropwise
manner. Cells were incubated for 3 days, and then the conditioned
medium (CM) was recovered by centrifugation and stored at −80˚C
until further analysis. The transfection efficiency of the X-tremeGENE
HP reagent was compared to that in the context of Lipofectamine 2000
(Invitrogen, Eugene, OR, USA) using the pCMV3-green fluorescence
protein (GFP) plasmid (SinoBiological); GFP expression was
evaluated by flow cytometry 3 days post-transfection. 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. The H460 cells were plated at a density of 1×104
cells/cm2 in 96-well plates. After 24 h, the cells were treated with
recombinant TRAIL (1-100 ng/ml; R&D Systems, Minneapolis,
MN, USA) and IFN-β (10-1000 U/ml; R&D Systems) or CM for an
additional 48 h and then MTT (Sigma, St. Louis, MO, USA)
dissolved in PBS was added to each well (final concentration, 5
mg/ml) and plates were incubated at 37˚C for 2 h. The MTT
formazan crystals formed were then dissolved in 100 μl dimethyl
sulfoxide under agitation for 15 min and the optical density was
then determined at 570 nm using a microplate reader (Molecular
Devices, San Jose, CA, USA).

Immunoblotting. Proteins were extracted separately from the cells and
CM. The cells were lysed in sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer (62.5 mM Tris-HCl,
pH 6.8; 1% SDS; 10% glycerol; and 5% β-mercaptoethanol), and the
CM was mixed (1:1) with 2× sample buffer. Protein samples were
boiled for 5 min, subjected to SDS-PAGE, and transferred to
Immobilon polyvinylidene difluoride membranes (Millipore,
Billerica, MA, USA). The membranes were blocked with 5% skim
milk in Tris-HCl buffered saline containing 0.05% Tween 20 and then
incubated with primary antibodies against signal transducer and
activator of transcription 1 (STAT1), phospho (p)-STAT1, caspase-3,
cleaved caspase-3 (1:2,000; Cell Signaling Technology, Danvers, MA,
USA), TRAIL (1:1,000; R&D Systems, Minneapolis, MN, USA),
IFN-β, and glyceraldehyde 3-phosphate dehydrogenase (1:1,000;
Santa Cruz Biotechnology, Dallas, TX, USA), followed by
peroxidase-conjugated secondary antibodies (1:2,000; Santa Cruz
Biotechnology). The membranes were treated with EZ-Western Lumi
Pico or Femto (DOGEN, Seoul, Republic of Korea) and visualized
using the ChemiDoc XRS+ system (Bio-Rad, Hercules, CA, USA).

Apoptosis assay. Phycoerythrin-Annexin-V Apoptosis Detection Kit
I (BD Biosciences, San Jose, CA, USA) was used according to the
manufacturer’s instructions. Briefly, cells were trypsinized, washed
twice with cold PBS, and re-suspended in binding buffer. Cells were
stained with phycoerythrin-annexin-V and 7-amino-actinomycin D
for 15 min at room temperature in the dark and then analyzed without
washing using a flow cytometer (BD FACSAria III) within 1 h.

Animal studies. All animal experiments were performed in accordance
with the institutional guidelines and approved by the Institutional
Animal Care and Use Committee of the Yonsei University Mirae
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Campus, Wonju (YWCI-201911-009). Five-week-old athymic nude
mice (1520 g) were purchased from Central Lab Animal Inc. (Seoul,
Republic of 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 re-suspended in HBSS
for transplantation into nude mice. H460 (2×106 cells/mice) and ASCs
(2×106 cells/mice) were mixed immediately prior to co-injection.
Cells were then suspended in 100 μl of HBSS and subcutaneously
injected into the flanks of nude mice (n=10 per group). Sham groups
were injected only with H460 cells (2×106 cells/mouse). Mice were
examined three times weekly, and the tumor volumes (L×W×H×0.52
mm3) were measured weekly using Vernier calipers for 3 weeks. Mice
were then sacrificed by cervical dislocation; thereafter, the tumors
were excised and photographed, and the tumor weights were
measured using an electronic scale.

Statistical analysis. Data are presented as the mean±standard
deviation or standard error of the mean. To compare group means,
Student’s t-test and one-way analysis of variance followed by
Scheffe’s test were performed. Statistical significance was set at
p<0.05.

Results
Efficiency of transfection of ASCs with plasmid vectors. Viral
vectors are mostly used for the genetic engineering of MSCs;
however, safety issues related to the integration of the genetic
material of viral vectors within the human genome (and potential
for mutagenicity) as well as regarding the potential
immunogenicity of viral antigens are emerging (20, 21).
Therefore, in this study, we transfected MSCs with a non-viral
plasmid vector (pCMV3-GFP) using lipid-based transfection
reagents (Lipofectamine 2000 and X-tremeGENE HP) and
evaluated the transfection efficiency by flow cytometry. On the
second day after transfection, 10.61±2.42% of cells were GFP-
positive in the context of Lipofectamine 2000, while
46.71±3.19% cells were GFP-positive in the context of the X-
tremeGENE HP reagent (Figure 1A). Therefore, the X-
tremeGENE HP reagent was used to obtain genetically
engineered ASCs. ASCs were then transfected with pCMV3-
TRAIL or pCMV3-IFN-β plasmids (ASC-TRAIL or ASC-IFN-
β, respectively), and the expression of TRAIL and IFN-β was
detected by immunoblotting. TRAIL was expressed in ASC-
TRAIL, and both TRAIL and IFN-β were detected in ASC-IFN-
β (Figure 1B). Interestingly, the level of TRAIL secreted in ASC-
IFN-β was higher than in ASC-TRAIL, although the cellular
TRAIL expression was similar in both cell types (Figure 1B).
Previously, we reported that TRAIL expression in ASCs is IFN-
β-dependent (8). Here, ASCs exposed to exogenous IFN-β
dramatically increased the TRAIL expression level (Figure 1C).
Interestingly, JAK1 inhibitors down-regulated the expression of
TRAIL via blockage of the phosphorylation of STAT1. In
conclusion, overall, we show that approximately 50% of ASCs
were transfected with non-viral plasmids (pCMV-GFP) using the
X-tremeGENE HP reagent, and the expression of TRAIL was
approximately 32% higher in ASC-IFN-β than in ASC-TRAIL.

In vitro antitumor effects of ASCs overexpressing TRAIL.
Next, to confirm whether ASCs overexpressing TRAIL are
cytotoxic to H460 lung cancer cells, H460 cells were treated
with CM obtained from 2-day cultures of ASC-TRAIL and
ASC-IFN-β. Remarkably, CM from ASC-TRAIL and ASC-
IFN-β induced approximately 42.65%±0.04% and
55.76±0.05% cytotoxicity in H460 cells, respectively (Figure
2A). Although H460 cells were sensitive to exogenous
TRAIL in a dose-dependent manner, 1,000 U/ml of IFN-β
led to led to approximately 13.3% cytotoxicity in H460 cells
(Figure 2B). Therefore, CM obtained from both ASC-TRAIL
and ASC-IFN-β induced cytotoxicity in the context of H460
cells in a TRAIL-dependent manner. Next, we examined the
rate of cell death of H460 cells after indirect co-culture with
ASCs, ASC-TRAIL, and ASC-IFN-β for 2 days. ASC-
TRAIL and ASC-IFN-β increased the frequency of annexin-
V-positive/7-amino-actinomycin D-positive H460 cells (dead
cells). Interestingly, ASC-IFN-β had a greater effect than
ASC-TRAIL (Figure 3A). In addition, cleaved caspase-3 was
highly expressed in H460 cells treated with CM from ASC-
IFN-β; again, the expression was higher than that using CM
from ASCs or ASC-TRAIL (Figure 3B). Overall, our results
suggest that ASCs overexpressing TRAIL induce apoptosis
of H460 cells and that the antitumor activity of ASCs can be
increased via transfection with IFN-β. 

Antitumor effects of ASCs overexpressing TRAIL in a
xenograft animal model. Previously, we reported that
although ASCs cultured at high density were able to kill
H460 lung cancer cells effectively in vitro in a TRAIL-
dependent manner, the inhibition of tumor growth was not
significant in a xenograft animal model (8). Here, to
investigate whether the TRAIL expression level influences
the antitumor activity of ASCs, nude mice (n=10 per group)
were injected with H460 cells alone or together with ASCs,
ASC-TRAIL, or ASC-IFN-β subcutaneously. In nude mice
transplanted with H460, tumor volume continued to increase
with time. The tumor volumes were higher in the group
transplanted with ASCs and H460 cells, but importantly, the
tumor volumes were significantly lower in the groups
receiving H460 with ASC-TRAIL or ASC-IFN-β than in
H460 cells alone (Figure 4A). In particular, the tumor
volume did not increase in the H460 + ASC-IFN-β injection
group and was the smallest on the 21st day (35.53±29.01
mm3). On the 21st day after transplantation, the mice were
euthanized, and the tumor weight was measured. The
average tumor weight in the H460 tumor-bearing mice
treated with ASC was approximately 73% heavier than the
H460 control group. On the other hand, the average tumor
weight in mice receiving ASC-TRAIL was 73% of the sham
control, and was even lower in that receiving ASC-IFN-β
(~7%) (Figure 4B). Of note, the injection of H460 cells with
ASC-TRAIL generated tumors in 8 out of 10 experimental
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Figure 1. Transfection efficiency and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) overexpression in adipose tissue-derived
mesenchymal stem cells (ASCs) transfected with plasmid vectors. A: Transfection efficiency in ASCs treated with the pCMV3-green fluorescence protein
(GFP) plasmid and Lipofectamine 2000 or X-tremeGene HP. The frequency of GFP-positive cells was analyzed by flow cytometry. The data are
expressed as the mean±SD from three independent experiments. B: TRAIL-overexpressing ASCs. ASCs were transfected with pCMV3-TRAIL or pCMV3-
interferon (IFN)-β using X-tremeGENE HP reagent and the TRAIL expression levels were determined. Data were obtained from one of three independent
experiments. C: TRAIL expression induced by exogenous IFN-β. ASCs were treated with exogenous IFN-β with/without Janus kinase (JAK)1/2 inhibitors
to understand whether the TRAIL expression was dependent on the JAK/signal transducer and activator of transcription (STAT) pathways. The TRAIL
expression was then determined. Data were obtained from one of three independent experiments. Significantly different at: *p≤0.05 and **p≤0.01. 



mice, while that of H460 cells with ASC-IFN-β generated
tumors in only 2 out of 10 experimental mice (Figure 4C).
These results suggest that TRAIL-overexpressing ASCs can
inhibit tumorigenesis and tumor growth in xenograft models;
in particular, IFN-β-transfected ASCs, with higher TRAIL
expression, exhibit remarkable antitumor effects.

Discussion

Although the tumorigenic potential of MSCs has yet to be
demonstrated in the context of clinical trials (22, 23), it has been
reported that MSCs with tumor tropism can promote tumor
progression or, conversely, suppress tumor growth (4, 5, 7). In
this study, we observed that ASCs overexpressing TRAIL
induced apoptosis of H460 cells and efficiently controlled tumor
growth, even in a xenograft model. In particular, ASCs
transformed with IFN-β secreted approximately 30% more
TRAIL than ASCs transformed with TRAIL; importantly, in
line with these results, ASC-IFN-β suppressed tumor growth
more efficiently than ASC-TRAIL both in vitro and in vivo. 

Type I IFNs are pleiotropic cytokines that regulate many
different cellular functions, including antiviral,
antiproliferative, and immunoregulatory responses (24). In
particular, IFN-β is known to lead preferentially to the
expression of TRAIL (15, 25). Previously, we reported that
when ASCs were cultured at high density, type I IFNs and
TRAIL were expressed (8, 26). In addition, IFN-β mRNA was
also expressed under serum-depleted conditions. Of note,

ASCs cultured at high density effectively induced cytotoxicity
of H460 cells through TRAIL in vitro but without a tumor-
suppressive effect in vivo (8). On the other hand, here we
show that ASCs transformed with IFN-β or TRAIL
overexpression plasmids had a high tumor-suppressive effect
in both in vitro and in vivo models; in particular, ASC-IFN-β
effectively controlled tumor growth in vivo. The difference
between these two studies may be due to differences in the
TRAIL expression levels. Overall, our results suggest that in
order to use MSCs as antitumor agents, the overexpression of
TRAIL through genetic modification is probably needed to
maximize their tumor-suppressive potential.

Viral and non-viral vectors are used to deliver genes to
MSCs. Since MSCs are intended for clinical application,
safety must be the first priority during the selection of
vectors. Gene delivery using viral vectors allows stable
expression with high efficiency; however, potential
immunogenicity and insertional mutagenesis are two
potential limitations of such vectors (20, 21). In fact, it has
been reported that hematopoietic stem cells engineered with
a retroviral vector developed leukemia through insertional
mutagenic transformation in four patients (27). In contrast,
although non-viral vectors have a low transfection efficiency
and induce transient gene expression, they are associated
with relatively few side-effects. Recently, to improve the
efficiency of non-viral vectors, single or combinations of
cationic lipids, surfactants, peptides, polysaccharides,
nanoparticles (gold, magnetic iron), and synthetic polymers
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Figure 2. Cytotoxicity of H460 cells induced by tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and interferon (IFN)-β. A:
Cytotoxicity of H460 cells treated with conditioned media obtained from adipose tissue-derived mesenchymal stem cells (ASCs), ASC-TRAIL, or
ASC-IFN-β for 2 days. Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The data
are expressed as the mean±SD from three independent experiments. B: Cytotoxicity of H460 cells treated with different doses of TRAIL and IFN-β
for 2 days. Cell viability was determined using the MTT assay. The data are expressed as the mean±SD from three independent experiments.
Significantly different at: *p≤0.05 and **p≤0.01.



have been used (11, 28, 29). Therefore, it is essential to
choose the optimal vector (depending on the disease
condition to be treated) and to develop new techniques to
compensate for the disadvantages of non-viral tools. If such
studies are conducted in the future, it is expected that the
therapeutic efficacy of MSCs will improve, as will
consequently the outcomes of various diseases and,
ultimately, the quality of life of patients.

In conclusion, our results suggest that genetically
engineered TRAIL-overexpressing ASCs can be used to treat
tumors, particularly, ASC expressing IFN-β, which secrete a
higher level of TRAIL.
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Figure 3. Death of H460 cells exposed to adipose tissue-derived mesenchymal stem cells (ASCs) overexpressing tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL), ASC-interferon (IFN)-β, or their conditioned medium (CM). A: Death of H460 cells indirectly co-cultured with
ASCs, ASC-TRAIL, or ASC-IFN-β for 2 days was evaluated via phycoerythrin (PE)-annexin-V and 7-amino-actinomycin D (7-AAD) staining.
Annexin-V-positive/7-AAD-negative, annexin-V-positive/7-AAD-positive, and annexin-V-negative/7-AAD-positive cells were considered dead cells.
Data are expressed as the mean±SD from three independent experiments. B: Caspase-3 activation in H460 cells treated with the CM from ASCs,
ASC-TRAIL, and ASC-IFN-β for 2 days. The expression of cleaved caspase-3 was detected by immunoblotting. The data are expressed as the
mean±SD from three independent experiments. Significantly different at: *p≤0.05.
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