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Identification of novel therapeutic targets in the secretome
of ionizing radiation-induced senescent tumor cells
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Abstract. Cellular senescence is a state of irreversible growth
arrest that can be triggered by multiple mechanisms, including
telomere shortening, the epigenetic derepression of the
INK40/ARF locus and DNA damage. Senescence has been
considered a tumor-suppressing mechanism that permanently
arrests cells at risk for malignant transformation. However,
accumulating evidence shows that senescent cells have
deleterious effects on the tissue microenvironment. Some of
these effects could be attributed to the senescence-associated
secretory phenotype that has the ability to promote tumor
progression. However, secreted proteins from senescent
tumor cells and their effects on the tumor microenviron-
ment due to ionizing radiation (IR) exposure have not yet
been fully elucidated. In the present study, we analyzed
cytokines secreted from IR-induced senescent MCF7 cells
by using cytokine microarrays and confirmed by western blot
analysis that increased secretion of osteoprotegerin (OPG),
midkine (MDK) and apolipoprotein E3 (ApoE3) occurs in
these cells. Invasive, migratory and wound-healing activities
were observed in MDA-MB-231 and MCF-10A cells following
treatment with recombinant human OPG, MDK and ApoE3
proteins. Additionally, tube-formation activity was assessed
in OPG-, MDK- and ApoE3-treated human umbilical vein
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endothelial cells (HUVECSs). We found that OPG, MDK and
ApoE3 affected cell motility and tube-formation activity.
Since OPG markedly affected cell motility, we examined the
effect of senescent conditioned media containing neutralizing
OPG antibodies on migration and wound-healing activity.
Our results demonstrated that IR-induced senescent tumor
cells influence the tumor microenvironment by increasing
the production of cytokines, such as OPG, MDK and ApoE3.
Furthermore, these data suggest that OPG is likely a promising
target capable of reducing the deleterious effects on the tumor
microenvironment during radiation therapy.

Introduction

Cellular senescence is irreversible cell cycle arrest, a process
that was originally identified in normal human fibroblasts (1).
It has been recently shown that various stresses, such as DNA
damage, lack of nutrients, oxidative stress, improper cell
contacts and oncogene activation, could trigger cellular senes-
cence in normal and cancer cells (2). Thus, cellular senescence
has been accepted as a general biological program in the last
decade.

Senescent cells are metabolically active and exhibit
characteristic flattened, enlarged morphologies with senes-
cence-associated f-galactosidase activity. Senescent cells
also undergo many molecular changes in gene expression,
protein processing and chromatin organization (3,4). Since a
variety of DNA-damaging agents, including ionizing radia-
tion (IR) and chemotherapeutic drugs, can prematurely induce
cancer cell senescence, premature senescence might serve
as a tumor-suppressing mechanism as potent as apoptosis
both in vitro and in vivo (5). Senescent cells are detected in
early-stage premalignant lesions in the tissues of mouse tumor
models and human cancer patients, supporting the notion that
cellular senescence is an anticancer barrier in early human
tumorigenesis (6-8).
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As described above, mounting evidence supports that
cellular senescence is a strong tumor-suppressing mechanism.
However, senescent cancer cells have multiple facets facilitated
by their altered secretory profiles. Collectively, these changes
are referred to as the senescence-associated secretory pheno-
type (SASP) (9). The SASP is comprised of three major classes
of secretory proteins, including chemokines and cytokines,
matrix-remodeling proteases and growth factors (9). Senescent
tumor cells promote cancer progression, stimulate angiogen-
esis, induce epithelial-to-mesenchymal transitions, facilitate
tissue repair and contribute to cellular senescence (10,11). The
SASP could also trigger specific innate immune responses,
which ultimately contribute to the elimination of senescent
cancer cells (12,13). Thus, the SASP could have both beneficial
and detrimental effects on the tumor microenvironment.

Radiotherapy is one of the major regimens used to treat
cancer patients. We previously reported that premature senes-
cence is efficiently induced by IR treatment in a variety of
carcinoma cell lines and in a human tumor xenograft mouse
model (14-16). To minimize the side effects of radiotherapy,
we must expand our knowledge of the SASP brought on by
IR-induced senescent tumor cells. In the present study, we
listed the top 20 cytokines that were increased in IR-induced
senescent MCF7 cells using cytokine microarray analysis.
From this list, we demonstrated that osteoprotegerin (OPG),
midkine (MDK) and apolipoprotein E3 (ApoE3) can influence
the tumor microenvironment and that OPG is likely a prom-
ising target capable of reducing the side effects associated with
radiation therapy.

Materials and methods

Reagents and antibodies.Recombinanthuman proteins of OPG,
MDK and ApoE3 were purchased from Biovision (Milpitas,
CA, USA). Phospho-pRb antibody was purchased from Cell
Signaling Technology (Danvers, MA, USA). p53 antibody was
purchased from Leica Biosystems (Wetzlar, Germany). p21
antibody was purchased from Santa Cruz Biotechnology (CA,
USA). Actin antibody was purchased from ABM (Richmond,
BC, Canada). The neutralizing OPG antibody was purchased
from R&D Systems (Minneapolis, MN, USA). The Matrigel
matrix and Transwell upper chambers were purchased from
Corning (Cambridge, MA, USA). The Ultracel-3K filter was
purchased from Millipore (Billerica, MA, USA). Crystal violet
dye was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture and irradiation. MCF-7 cells were cultured in
Dulbecco's modified Eagle's medium (DMEM) (Welgene,
Inc., Daegu, Korea), MDA-MB-231 cells were cultured in
RPMI-1640 media (Welgene, Inc.), and human umbilical vein
endothelial cells (HUVECs) were grown in EBM-2 media
(Lonza, Walkersville, MD, USA) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin and streptomycin (all
from Welgene, Inc.) at 37°C in a 5% CO, incubator. For irra-
diation, cells were exposed to y-rays with a '*’Cs y-ray source
(Modle 68; JL Shepherd and Associates, Glenwood, CA, USA)
at a dose rate of 200-300 cGy/min.

Senescence-associated f-galactosidase staining. Cells were
washed in phosphate-buffered saline (PBS), fixed at room
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temperature (RT) for 3-5 min in 3.7% formaldehyde, washed
with PBS, and incubated at 37°C in 0% CO, with fresh staining
solution consisting of 1 mg/ml 5-bromo-4-chloro-3-indolyl
B-D-galactoside (X-Gal, from a stock solution of 20 mg/ml in
dimethylformamide) in 40 mM citric acid/sodium phosphate,
pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium
ferricyanide, 150 mM NaCl and 2 mM MgCl,. Staining was
maximal at 12-16 h.

Collection of conditioned media (CM). MCF7 cells were
seeded at 5x10* cells/ml in 100 mm culture dishes prior to
overnight culture and exposed to either 0 or 6 Gy radiation.
Cells were kept in a CO, incubator for 3 days, washed with
PBS three times and incubated in 5 ml of fresh serum-free
media without antibiotics. CM were collected after an addi-
tional 24 h of incubation, centrifuged to remove any residual
cells, and filtered with a syringe filter with a pore size of
0.2 pm. Filtered CM were concentrated 5- or 10-fold using a
Centricon-10 concentrator (Millipore) at 4°C. After collecting
CM, the number of cells on the dish was counted and normal-
ized to the volume of CM used in each experiment.

Sample preparation for cytokine microarray analysis.
Proteins from CM were obtained using a gel matrix column
that was included in the antibody array assay kit (Full Moon
Biosystems, Sunnyvale, CA, USA). The column was vortexed
for 5 sec and hydration-treated for 60 min at RT. After
hydration, the column was centrifuged at 750 x g for 2 min.
After centrifugation, the column was placed into a collec-
tion tube, and 100 ul of the protein sample was transferred
into the column and centrifuged at 750 x g for 2 min. The
concentration of the purified sample was measured with the
bicinchoninic acid assay (BCA) protein assay kit (Pierce,
Rockford, IL, USA) using a NanoPhotometer™ (Implen, UK),
and the purity of the purified sample was confirmed with an
ultraviolet spectrophotometer.

Cytokine microarray analysis. For each sample, 75 ul of
labeling buffer was added to a 50-ug sample of protein.
Subsequently, the sample was treated with 3 ul of 10 ug/ul
biotin/DMF solution and incubated at RT for 1 h with mixing.
To stop the reaction, the sample was treated with 35 ul of
stop reagent and incubated at RT for 30 min with mixing.
The cytokine-profiling antibody array slide (Full Moon
Biosystems) was treated with 30 ml of blocking solution in a
Petri dish and incubated at 55 rpm for 1 h at RT with shaking.
After blocking, the slide was rinsed with Milli-Q grade water.
The labeled sample was mixed with 6 ml of coupling solution.
The blocked array slide was incubated in coupling mixture
at 60 rpm for 2 h at RT with shaking in a coupling dish.
After coupling, the slide was washed six times with 30 ml
of washing solution in a Petri dish on a shaker at 55 rpm for
5 min and rinsed with Milli-Q grade water. Thirty microliters
of 0.5 mg/ml Cy3-streptavidin (GE Healthcare, Chalfont St.
Giles, UK) was mixed with 30 ml of detection buffer. The
coupled array slide was incubated with detection mixture in
a Petri dish at 55 rpm for 20 min at RT with shaking, washed
six times with 30 ml of washing solution in a Petri dish at
55 rpm for 5 min with shaking and rinsed with Milli-Q grade
water.
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Table I. List of the top 20 cytokines with increased levels of secretion following IR-induced senescence in MCF7 cells.
Fold-change
(senescent cells/

List of cytokines proliferating cells) Gene ID
Serpin peptidase inhibitor clade E member 1 (Serpinel) 5.15 P05121
Midkine (MDK) 4.56 P21741
Apolipoprotein E3 (ApoE3) 3.36 Q13791
Transforming growth factor 31 (TGF-f1) 3.16 P01137
Galectin-3 299 P17931
Galectin-1 2.61 P09382
Osteoprotegerin (OPG) 2.55 000300
Receptor activator of nuclear factor kB ligand (RANKL) 249 014788
Ferritin heavy polypeptide 1 (FTH1) 2.14 P02794
Nicotinamide phosphoribosyltransferase (NAMPT) 1.98 P43490
Insulin-like growth factor binding protein 5 (IGFBP5) 1.94 P24593
Aminoacyl tRNA synthetase complex-interacting multifunctional protein 1 (AIMP1) 1.88 Q12904
Chemokine (C-X3-C motif) ligand 1 (CX3CL1) 1.83 P78423
Fibroblast growth factor 5 (FGF5) 1.67 P12034
Kallikrein-related peptidase 3 (KLK3) 1.57 P07288
Nephroblastoma overexpressed (NOV) 1.51 P48745
Thyroglobulin (TG) 1.49 P01266
Adenomatous polyposis coli (APC) 1.48 P25054
Betacellulin (BTC) 1.47 Q86UF5
Myostatin (MSTN) 1.46 014793

Cytokine microarray data acquisition and analysis. We
scanned the slide using a GenePix 4000B scanner (Molecular
Devices, Sunnyvale, CA, USA). The slides were completely
dried and scanned within 24-48 h after drying. The slides
were scanned at 10-um resolution, with optimal laser power
and PMT. Using GenePix Software (Molecular Devices),
grids were applied to the scanned images, and the pixels
were quantified. The obtained numerical data were analyzed
using Genowiz 4.0™ (Ocimum Biosolutions, Indianapolis,
IN, USA). Following analysis, the protein data were annotated
using UniProt DB (www.uniprot.org).

Western blot analysis. To prepare samples for western blot
analysis, CM was collected and boiled with sodium dodecyl
sulfate (SDS) sample buffer [250 mM Tris-HCI, 8% (w/v) SDS,
40% (v/v) glycerol, 8% (v/v) p-mercapto-ethanol, and 0.02%
(w/v) bromophenol blue] and subjected to SDS-polyacryamide
gel electrophoresis. Thereafter, the gel was transferred to a
nitrocellulose membrane for immunoblotting. Membranes
were blocked with 5% (w/v) skim milk in Tris-buffered saline
with 0.1% (v/v) Tween-20 (TBST) solution and incubated with
the appropriate primary and secondary antibodies for 1 h at
RT. After washing, the membranes were subjected to enhanced
chemiluminescence assays (Thermo Fisher Scientific, Waltham,
MA, USA) and exposed to X-ray film (Agfa Gevaert NV,
Mortsel, Antwerp, Belgium) to illuminate the protein bands.

In vitro cell migration and invasion assays. The Transwell
migration and Matrigel invasion assays were conducted using

the methods described by the manufacturers using modified
Boyden chambers with 8-ym pore filter inserts for 24-well
plates (Costar, Cambridge, MA, USA). For the invasion assay,
filters were pre-coated with 10 ul ice cold 0.1% Matrigel (BD
Biosciences, San Jose, CA, USA) in DPBS. Cells (1x10%) in
200 ul of serum-free media were added to the upper chamber.
For the negative and positive control groups, cells were incu-
bated in serum-free media and media containing 1% serum,
respectively. For the experimental groups, the lower chamber
was filled with 600 pl of either serum-free media containing
1 pg/ml of protein (OPG, MDK, or ApoE3) or CM containing
20 pg/ml of neutralizing OPG antibody. After 16 h of incuba-
tion, the membranes were incubated with 3.7% formaldehyde
solution for 20 min to fix the cells and stained with crystal
violet solution for 30 min. Subsequently the non-invasive cells
in the inserts were removed with cotton swabs. The invasive
cells on the underside of the membrane were counted using
a light microscope (Olympus CKX41; Olympus, Shinjuku,
Tokyo, Japan) and photographed.

Wound-healing assay. MDA-MB-231 cells were dispensed
into 12-well plates at a high density and incubated in complete
media in a CO, incubator for 16 h. Then, the media were
replaced with serum-free media for an additional 16 h. After
scraping the cell monolayer with a sterile 200-ul pipette tip,
the debris was removed by washing with DPBS, and the wells
were refilled with 1 ml of fresh serum-free media. For the
negative and positive control groups, cells were incubated in
serum-free media and media containing 10% serum for 30 h,
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Figure 1. Western blot analysis of differentially secreted proteins in proliferating and IR-induced senescent MCF7, HCT116, and H460 cells. (A) Cell mor-
phology, senescence-associated [3-galactosidase (SA-fB-Gal) staining, and western blot analysis in IR-induced senescent MCF7 cells. Representative images
are shown. (B) Western blot analysis of conditioned media (CM) collected from MCF7 cells during proliferation (Prol) and IR-induced senescence (Sene).
CM was concentrated 5- and 10-fold prior to western blot analysis. (C and D) Western blot analyses of senescent CM obtained from IR-induced senescence
in HCT116 (C) and H460 cells (D). Specific antibodies were applied as indicated to detect each protein in western blot analyses. (E) Western blot analysis
of CM collected from MCF7 cells during proliferation and doxorubicin-induced senescence (upper) and cell morphology and SA-B-Gal activity (lower) in

doxorubicin-induced senescent MCF7 cells.

respectively. For the experimental groups, cells were incubated
in either serum-free media containing 1 yg/ml of recombinant
protein (OPG, MDK, or ApoE3) or CM containing 20 pg/ml
of neutralizing OPG antibody for 30 h. Cells were washed
with DPBS, fixed with 3.7% paraformaldehyde for 30 min, and
stained with 0.5% (w/v) crystal violet (Sigma-Aldrich). After
washing with water, cells were air dried and inspected with
a light microscope (Olympus CKX41; Olympus). Data are
expressed as percentage of wound healing (WH %) calculated
by dividing the migrated distance by the scratched distance.

Tube formation assay. Each well of a 48-well plate was coated
with 100 ul of Matrigel (BD Biosciences) and incubated at 37°C
for 30 min. For the negative and positive control groups, gels
were overlaid with HUVECs (4x10*) suspended in serum-free
media and media containing 0.5% serum and growth factors
(VEGF, EGF, FGF and IGF), respectively. For the experimental
groups, gels were overlaid with HUVECs (4x10*) suspended in
media containing 0.5% serum, growth factors (VEGF, EGF,
FGF and IGF), and 1 pg/ml of recombinant protein (OPG,

MDK, or ApoE3). After 16 h of incubation, the area of tube
growth was photographed under a microscope. To quantify
HUVEC tube formation, the numbers of branch points and
branches were counted, and the tube area was quantified using
Fuji Multi Gauge V2.3 software (Fuji, Tokyo, Japan).

Statistical analysis. Data are presented as mean + SD from
at least three separate experiments. Results were considered
significant when P<0.05 was obtained. All the statistical anal-
yses were performed using SPSS 19 (IBM® SPSS® Statistics,
IBM Corporation, Somers, NY, USA).

Results

Identification of cytokines from IR-induced senescent MCF7
cells. To examine cytokines differentially secreted from
IR-induced senescent cancer cells, we exposed MCF7 breast
carcinoma cells to 6 Gy of IR. IR-exposed MCF7 cells
exhibited specific characteristics of cellular senescence, such
as enlarged, flattened morphological changes and positive
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Figure 2. Effects of recombinant human OPG, MDK and ApoE3 proteins on wound-healing activity. The effects of recombinant OPG, MDK and ApoE3
on wound healing in MDA-MB-231 (A) and MCF7 cells (B). After treatment with each recombinant human protein as described in Materials and methods,
wound-healing activity was analyzed. NC and PC indicate the negative and positive controls, respectively. Representative images are shown in each panel.
Graphs show quantitative data from three independent experiments. Statistical significance is indicated by "P<0.05, “P<0.01 and ""P<0.001 compared to the

controls. OPG, osteoprotegerin; MDK, midkine; ApoE3, apolipoprotein E3.

senescence-associated [-galactosidase staining (Fig. 1A).
These cells also showed pRb hypophosphorylation, p53 accu-
mulation and p21 induction in western blot analyses (Fig. 1A).
Together, these results indicate that 6 Gy of IR efficiently
induced premature senescence in MCF7 cells.

To identity cytokines differentially secreted in proliferating
and senescent MCF7 cells, we collected CM from proliferating
and senescent cells and analyzed their respective cytokine
profiles using a cytokine-profiling array. Table I shows the
top 20 cytokines that were increased in IR-induced senescent
MCFT7 cells. From this list of cytokines, we selected MDK
and ApoE3 for further analysis since they have not previously
been identified as factors that demonstrate increased secre-
tion in senescent tumor cells. We also selected OPG, which is
reported to increase in secretion in senescent human fibroblasts
and epithelial cells (17). To confirm that their secretion levels
increased in IR-induced senescent MCF7 cells, we performed
western blot analysis after normalizing the volume of CM with
the number of cells on the dish following CM collection. The

levels of MDK, ApoE3 and OPG were elevated in senescent
CM compared to proliferating CM (Fig. 1B). When we exam-
ined the secretion of MDK, ApoE3 and OPG in other types of
cancer cell lines, such as HCT116 colon carcinoma and H460
lung carcinoma cells, under IR-induced senescence conditions,
we observed elevated levels of these proteins (Fig. 1C and D).
Furthermore, we found that OPG, MDK and ApoE3 were
secreted, under anticancer drug, doxorubicin-induced senes-
cence condition (Fig. 1E).

Effects of OPG, MDK, and ApoE3 on migration, invasion
and wound healing in MDA-MB-231 cells. To test the effects
of secreted MDK, ApoE3 and OPG on the tumor microen-
vironment, we treated MDA-MB-231 breast carcinoma,
MCF-10A breast epithelial and HUVEC endothelial cells
with recombinant human MDK, ApoE3 and OPG proteins
and observed phenotypes related to cell motility, invasive-
ness and angiogenesis. We first examined the effects of
these proteins on wound-healing activity. For the negative
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Figure 3. Effects of recombinant human OPG, MDK and ApoE3 proteins on cell migration and invasion. MDA-MB-231 cells were treated with each
recombinant human protein as described in Materials and methods, and cell migration (A) and invasion (B) assays were performed. NC and PC indicate the
negative and positive controls, respectively. Representative images are shown in each panel. Graphs show quantitative data from three independent experi-

ok

ments. Statistical significance is indicated by "P<0.05, “P<0.01 and
apolipoprotein E3.

and positive control groups, MDA-MB-231 and MCF7 cells
were incubated in serum-free media and media containing
10% serum, respectively. Simultaneously, additional batches
of cells were incubated in serum-free media containing
1 ug/ml of OPG, MDK, or ApoE3 recombinant proteins. OPG-,
MDK- and ApoE3-treated groups clearly showed increased
wound-healing activity in the MDA-MB-231 cells (Fig. 2A).
However, the wound-healing activity in OPG-, MDK-, or
ApoE3-treated MCF-10A cells was not significantly changed
compared to the negative control cells (Fig. 2B).

Next, we conducted migration and invasion assays in
OPG-, MDK- and ApoE3-treated MDA-MB-231 cells. Both
the migratory and invasive activities were increased following
treatment with OPG, MDK, or ApoE3 (Fig. 3). These activi-
ties were increased the most in OPG-treated cells, whereas
ApoE3-treated cells had the least impact on migration and
invasiveness (Fig. 3).

Effects of OPG, MDK and ApoE3 on tube formation in
HUVECs. To identify the possible effects of secreted OPG,
MDK and ApoE3 on angiogenesis in the tumor microenvi-
ronment, we assayed tube formation. For the negative and

P<0.001 compared to the controls. OPG, osteoprotegerin; MDK, midkine; ApoE3,

positive control groups, gels were overlaid with HUVECs
(4x10*) suspended in serum-free media and media containing
0.5% serum and growth factors (VEGF, EGF, FGF and IGF),
respectively. For the OPG-, MDK-, and ApoE3-treated groups,
gels were overlaid with HUVECs (4x10*) suspended in media
containing 0.5% serum, growth factors (VEGF, EGF, FGF
and IGF), and 1 ug/ml of OPG, MDK, or ApoE3 recombinant
proteins. Tube-forming activity clearly increased following
treatment with OPG, MDK and ApoE3 (Fig. 4A). The graphs
in Fig. 4B show the quantifications of tube-forming activity in
the OPG-, MDK- and ApoE3-treated HUVECs. OPG-treated
cells exhibited the greatest increases in branch point number,
branch number and tube area (Fig. 4). These data revealed that
OPG, MDK and ApoE3 secreted from senescent cancer cells
likely affect angiogenic activity in neighboring endothelial
cells.

Effects of the neutralizing OPG antibody on migration and
wound healing in MDA-MB-231 cells. Since OPG was the
most effective at increasing wound healing, invasion and
migration in MDA-MB-231 carcinoma cells as well as tube
formation in HUVECs, we hypothesized that OPG is one of
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Figure 4. Effects of recombinant human OPG, MDK and ApoE3 proteins on tube-formation activity. (A) Tube-formation activity in HUVECs. Following
treatments with each recombinant protein as described in Materials and methods, tube-formation activities were observed. Representative images are shown.
(B) Quantifications of tube-forming activity. To quantify HUVEC tube formation, the numbers of branch points and branches were counted, and the area
of the tubes were quantified using Fuji Multi Gauge V2.3 software. Data were obtained from three independent experiments and analyzed for statistical
significance. NC and PC indicate the negative and positive controls, respectively. Representative images are shown. OPG, osteoprotegerin; MDK, midkine;

ApoE3, apolipoprotein E3.

the most detrimental factors to the tumor microenvironment.
Thus, we examined the role of OPG in senescence using CM
and a neutralizing antibody against OPG (Neut OPG Ab).
MDA-MB-231 cells were incubated in CM in both the absence
and presence of 20 yg/ml Neut OPG Ab. For the negative and
positive control groups, cells were incubated in serum-free
media and media containing 1% serum, respectively. When
we assessed the migratory activity of MDA-MB-231 cells
in OPG-depleted CM, senescence-associated migratory
activity was diminished (Fig. 5A). Additionally, the presence
of the Neut OPG Ab also diminished senescence-associated
wound-healing activity (Fig. 5B).

Discussion

The development of cancer is not dictated solely by cell
growth. The tumor microenvironment is an indispensable
participant in the neoplastic process, fostering cell prolifera-
tion and survival (18,19). Normal cells can be recruited to the
tumor microenvironment to aid malignant progression (20).
Additionally, tumor cells produce various cytokines and
chemokines that stimulate the innate immune response
and other receptors necessary for invasion, migration and
metastasis (18). Multiple mechanisms of intercellular commu-
nication in the tumor microenvironment can contribute both
positive and negative signals to the tumor (20). Therefore,
multiple therapeutic approaches to target different cell types
in the tumor microenvironment are needed.

Cellular senescence, which is an extremely stable form of
cell cycle arrest, could be triggered by exposures to various
stresses, including telomere attrition, DNA damage, oxida-
tive stress, lack of nutrition and improper cell contacts (21).

Given that neoplastic transformation involves events that
inhibit senescence, tumor cells are believed to lose the ability
to senesce. However, tumor cells can be triggered to undergo
cellular senescence following treatments with anticancer
drugs, radiation, DNA-damaging agents, or genetic manipu-
lation (22). Currently, cellular senescence is recognized as
a tumor-suppressing mechanism. Accumulating evidence
has shown that cellular senescence is as potent as apoptosis
at depriving the self-renewal capacity of cancer cells after
radiotherapy and chemotherapy (23-25). Thus, triggering
senescence is considered a key component of therapeutic
interventions necessary for treating cancer, and potential
senescence-inducing small molecules are currently in
development (26).

Senescent cells undergo a variety of characteristic
changes in cellular morphology, cell size, gene expression
pattern, granularity, chromatin configuration and enzyme
activity. Additionally, despite the importance of cellular
senescence in cancer treatments, senescent cells paradoxi-
cally secrete factors that alter the tissue microenvironment
and favor tumor growth (27-30). The SASP allows tumor
cells to proliferate inappropriately, invade surrounding
tissues, and reinforce senescence in cell-autonomous and
-nonautonomous manners (10,27,31-33). The SASP also
cell-nonautonomously affects angiogenesis and the infiltration
of immune cells (23,34,35). Since a variety of inflamma-
tory cytokines comprise the SASP, there are at least four
major processes by which cellular senescence is thought to
contribute to tumor suppression, aging, tumor promotion and
tissue repair (10,11).

Currently, exposure to IR is being increased not only for
cancer treatments, but also for diagnostic and occupational
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Figure 5. Effects of the neutralizing osteoprotegerin (OPG) antibody on cell mobility and wound-healing activity in MDA-MB-231 cells. (A) The effect of the
neutralizing OPG antibody on cell migration. Cells were treated with either 5-fold concentrated conditioned media (CM) or 5-fold concentrated CM containing
20 pug/ml of neutralizing OPG antibody (Neut OPG Ab). After 16 h of incubation, the number of migratory cells was quantified. Representative images are
shown. The graph shows the quantifications of three independent experiments. (B) The effect of the neutralizing OPG antibody on wound-healing activity.
Cells were treated with either CM or CM containing 20 yg/ml of neutralizing OPG antibody. Wound-healing activity was examined 16 h following treatment.
CM was collected from IR-induced senescent MCF7 cells as described in Materials and methods. Data were obtained from three independent experiments and
analyzed for statistical significance. NC and PC indicate the negative and positive controls, respectively. Representative images are shown.

reasons. Epithelial, mesenchymal, and tumor cells derived
from theses tissues primarily respond to IR by initiating
senescence (14,36,37). A long-standing question regarding
the bystander effects exhibited by unirradiated cells raises
the possibility that the observed irradiation effects might be
attributed to the SASP mediated by IR-induced senescent
tumor cells (37,38).

The major factors secreted by senescent cells are inflam-
matory cytokines, chemokines, growth factors, matrix
metalloproteinases, and their inhibitors, such as IL-1, IL-6,
IL-8, GRO, MCP-1, VEGF, MMP-1, MMP-3, MMP-10 and
PAI (34,36). However, secreted factors from IR-induced

senescent cancer cells and their functions in the tumor micro-
environment have not yet been fully elucidated. We previously
identified novel proteins secreted from IR-induced senescent
MCF7 cells using proteomic techniques and elucidated
their roles in the tumor microenvironment (38). To extend
our knowledge about the secretome of IR-induced senescent
cancer cells in this study, we profiled the top 20 cytokines
from IR-induced senescent cancer cells (Table I) and selected
OPG, MDK and ApoE3 for further investigation by exam-
ining their effects on the tumor microenvironment during
radiotherapy. Furthermore, we verified that the secretions of
OPG, MDK, and ApoE3 are commonly increased in MCF7
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breast, H460 lung and HCT116 colon carcinoma cell lines
following premature senescence induced by exposure to 6 Gy
IR.

OPG, an essential secreted protein in bone, was originally
identified for the role it plays as a decoy receptor for the
receptor activator of nuclear factor-xB ligand (RANKL) (39).
The RANKL-RANK-OPG system is important for bone
homeostasis, as it regulates osteoclasts (40). However, OPG
acts in various biological functions due to its ability to bind
to additional ligands in vascular, immune, and tumor tissues.
OPG is also known to be involved in cell survival, cell
proliferation and cell migration (41,42). Specifically, OPG
increases endothelial cell survival and migration and has
metastasis-promoting effects (17,42). However, the role of OPG
in cancer remains unclear. There is conflicting evidence of
indirect antitumoral effects and pro-tumoral effects mediated
by TRAIL inhibition (43). Coppé et al (34) reported that OPG
secretion increased following replicative senescence induced
by 10 Gy of IR or various oncogenes; however, they did not
validate the effects of secreted OPG on the tumor microen-
vironment. In the present study, we demonstrated that OPG
exhibits pro-tumoral effects evidenced by the fact that treat-
ment of CM with neutralizing OPG antibodies successfully
diminished the pro-tumoral effects of senescence-inducing
CM. Our results indicate that OPG secreted from IR-induced
senescent cancer cells likely plays a crucial role in promoting
the migration of neighboring cancer cells and that OPG
could be a pivotal therapeutic target that can overcome the
detrimental effects of senescent cancer cells generated by
radiotherapy.

MDK, a heparin-binding growth factor, was originally
identified in embryonal carcinoma cells. MDK expression is
increased during digestion and decreased thereafter (44,45).
Whereas MDK expression is low in normal adult tissues, it
is highly expressed in various cancers, indicating that MDK
impacts tumor development (44,46,47). Additionally, it has
been demonstrated that MDK is involved in many biological
processes, including development, inflammation, tissue protec-
tion, and blood pressure regulation (45).

ApoE has been identified as an essential constituent of
plasma lipoproteins that is responsible for cholesterol trans-
port and metabolism (48). ApoE is also involved in several
biological processes not directly related to cholesterol, such
as cell proliferation, the inflammatory response and endocy-
tosis (49,50). ApoE is produced mainly in the liver, adrenal
glands, kidney, and macrophages, and secreted ApoE serves as
an autocrine and paracrine growth factor (51). ApoE has four
isoforms: ApoEl, E2, E3 and E4, which differ at amino acid
residues 112 and 158 (52). The most prevalent and well-estab-
lished genetic risk factor associated with ApoE is Alzheimer's
disease. However, differences in the structure and function
between the ApoE isoforms remains an open question.

To our knowledge, this reports provides the first evidence
that there is increased secretion of MDK and ApoE3 from senes-
cent tumor cells. We demonstrated that OPG, MDK and ApoE3
impact the tumorigenic, metastatic and angiogenic capabilities
of the cells. Thus, we propose that OPG, MDK and ApoE3 could
be promising therapeutic targets for modulating the pro-tumoral
effects of secreted factors from senescent tumor cells during
radiotherapy. Furthermore, when cancer cells senesce following
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treatments with the anticancer drug, doxorubicin, we found that
OPG, MDK and ApoE3 were secreted. These results indicate
that OPG, MDK and ApoE3 could be applied to senescent
cancer cells as therapeutic agents that could diminish the side
effects of radiotherapy and chemotherapy.

The relative concentrations of factors secreted by senescent
tumor cells as well as the concentrations of other components
in the tumor microenvironment likely determine whether
the overall effects of a senescence-inducing secretome is
pro-tumoral or antitumoral. Despite recent advances in our
knowledge of the senescence secretome, many questions
still remain. To minimize the detrimental effects of ther-
apy-induced senescence or prosenescence therapy, we must
validate the most pro-tumoral secreted factors and develop
therapeutics that take advantage of these validated targets
in vitro and in vivo.
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